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General introduction




General introduction

Orthopedic implants have revolutionized the treatment of musculoskeletal disorders by
providing essential structural support and restoring function in patients with fractures,
joint degeneration, and other orthopedic conditions[1-3]. Predominantly constructed
from titanium and its alloys, these implants are valued for their superior mechanical
strength, corrosion resistance, and biocompatibility[4]. However, despite these
advantages, persistent implant-associated infections remain a significant barrier,
impacting clinical outcomes and often requiring complex surgical interventions[5]. When
occurring in the early postoperative period, they represent one of the most severe
complications in orthopedic surgery[6, 7], increase patient morbidity, healthcare
expenditures and high failure rates of implants[8]. The fundamental challenge lies in
bacterial colonization on the implant surface, where pathogens can evade host immune
defense and establish persistent biofilms[9]. Formed by microbial communities
embedded in a protective extracellular polymeric substance (EPS)[10], they offer
enhanced resistance to both antibiotics and immune system clearance, complicating the

treatment and resolution of infections[11, 12].

1.1. Biofilm formation

Biofilm formation begins with the adsorption of proteins, excreted by the bacteria, on to
the biomaterial surface, facilitating adhesion[13-15]. Once they transition to the biofilm
state, they undergo phenotypic changes, including decreased metabolic activity and
increased tolerance to antimicrobial agents[16-18]. The biofilm matrix not only impedes
antibiotic penetration but also restricts immune cell access, further exacerbating the
persistence of infection[16, 17, 19]. These adaptive characteristics render biofilm-related
infections exceptionally difficult to eradicate, often requiring prolonged antibiotic therapy

or surgical debridement[13, 20].

Among the various pathogens implicated in implant infections, Staphylococcus aureus (S.
aureus) stands out due to its ability to adhere to implant surfaces and form elastic

biofilms[21, 22]. The virulence of S. aureus is attributed to an array of surface adhesins,



toxins, and immune evasion mechanisms, all of which contribute to its persistence and
ability for chronic colonization[23]. Its ability to manipulate host immune responses and
resist antimicrobial therapies further complicates efforts to eliminate this pathogen([24-

26).

Titanium and its alloys are widely used due to their good biocompatibility[27]. And the
surface characteristics of these biomaterial influence bacterial adhesion, biofilm
formation, and host cell interactions[28],[29]. In more detail, the biomaterial surface
roughness has shown to modulate adhesion behavior of both bacterial and host cells[30].
Increased surface roughness can enhance osteoblast attachment and osseointegration
but may also create microenvironments ideal for bacterial colonization[31]. This
complicates the balance between promoting favorable interactions and minimizing
bacterial adhesion[31]. Thus, investigation into the interactions between biofilm and host
cells at the interface of infected biomaterials by appropriate models is needed.
Lipopolysaccharide (LPS) can recapitulate the early pro-inflammatory cues that typically
arise at infection implant sites[32], enabling a controlled and physiologically relevant
interaction between the pathogen and the inflamed host microenvironment, which
provides a practical in vitro infection model for dissecting the processes of host response

and bacterial colonization[33].

1.2. Macrophage response

Macrophages comprise a diverse array of subset phenotypes[34], including regulatory
macrophages that suppress immune activation[35]. Such an immune response to
orthopedic implants is a key determinant of their success[9, 36]. Upon implantation, they
serve as the first line of defense, coordinating inflammatory responses influencing tissue
integration and infection resolution[37, 38]. At the infected interface, the macrophages
predominantly differentiate into a pro-inflammatory M1 phenotype, promoting bacterial
clearance, or an anti-inflammatory M2 phenotype, promoting tissue repair and wound

healing[39]. This process is strongly influenced by the properties of the biomaterial



surface, as well as the presence of bacterial biofilms[40, 41]. S. aureus biofilms, in
particular, alter macrophage function, leading to chronic inflammation and impaired
tissue healing, ultimately contributing to implant failure[42, 43]. Understanding the
molecular mechanisms underlying host-pathogen interactions, at the bio-interface, is
essential for the development of advanced implant materials reducing infection risks

while promoting immune compatibility[44].

1.3. NFATc1 regulates macrophage differentiation

NFATc1 represents a core DNA transcriptional regulator that integrates extracellular
signals to govern macrophage activation and fate decisions[45]. NFATc1 forms the AP-1
complex with c-Jun and c-Fos to coordinate the regulation of macrophage adhesion and
inflammatory responses[46]. Compared to other transcription factors, the synergistic DNA
binding of NFATc1 and c-Jun constitutes the terminal point for regulating macrophage
adhesion and inflammation pathways. Targeting this single terminal point for inhibition
offers more precise regulation of macrophages with fewer side effects. Understanding the
structure of the AP-1 complex and the dynamics of its formation facilitates the design of
more precise and effective inhibitors. Macian et al. systematically defined the binding
interfaces, key molecular interactions, and ligand-induced conformational changes within

the AP-1 complex[47], however, the kinetics of AP-1 complex formation remain unclear.

1.4. Analytical approaches

In the research of material biology interactions, a variety of analytical techniques are of
pivotal importance. Here, both scanning- and transmission electron microscopy (EM) are
used to characterize the surface profile and the cell morphology on different titanium
surfaces. Fluorescent and spectroscopic techniques allow tracking of phagocytosis events
and the identification of surface characteristics. At the molecular scale, gene and protein
expression analyses provide opportunities to map how macrophages shift between M1
and M2, connecting surface cues with polarization outcomes. Proteomic profiling further

opens the space to discover unexpected signaling pathways and regulatory networks that



respond to topographical differences. Measurements of reactive oxygen species help
reveal how activation states unfold during bacterial challenges, linking metabolism with
immune behavior[48]. Finally, elucidating the DNA-binding kinetics offer a window into
designing drugs that specifically block NFATc1. Together, these analytical approaches form
a framework that moves from the physical interface to cellular phenotype and finally to
molecular dynamics, enabling a multifaceted understanding of how titanium surface

roughness directs macrophage behavior during host-pathogen encounters.

2. Challenges and scientific approach

2.1. Chapter 1: Engineering implant surfaces for preventing orthopaedic infections
Implant infection represents a major clinical challenge due to biofilm-mediated resistance
and the complex interplay between biomaterial properties and host immune responses.
Understanding how implant surface characteristics influence macrophage behavior is
crucial for developing infection-resistant implants. At the same time, targeted
immunomodulatory strategies, such as selective disruption of NFATc1 signaling, hold
promise for more effective and safer therapies. Chapter 1 serves as a comprehensive
overview; it discusses the current knowledge on engineering titanium implant surfaces to
modulate macrophage responses and highlights future directions for preventing S. aureus
infection in orthopedic implants. Subsequent chapters further explore these issues into
more detail, focusing on novel interventions aimed at improving patient outcomes in the

management of implant-associated infections.

2.2. Chapter 2: Surface characteristics of titanium modulates macrophage inflammatory
response

The surface properties of orthopedic implants, particularly the roughness of titanium
surfaces, play a crucial role in mediating interactions between the implant and the host
immune system[49]. Surface characteristics such as roughness can affect macrophage
behavior, which is central to immune responses during infection and inflammation[50].

The balance between M1 and M2 macrophage polarization is essential for resolving
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infections and promoting tissue regeneration[51]. This chapter investigates how variations
in surface roughness of titanium plates influence macrophage differentiation, adhesion,

and polarization, using an LPS-induced model to simulate bacterial infection.

2.3. Chapter 3: Effect of titanium surface roughness on macrophage-bacteria
interactions
Titanium's surface roughness profoundly affects macrophage interactions with bacteria

and surrounding tissues, crucial for understanding infection mechanisms and guiding the
design of implant surfaces that reduce bacterial colonization, enhance immune defense,
and improve patient outcomes[52]. Building upon the insights from Chapter 2, this
chapter explores the complex interactions between titanium surface roughness,
macrophages, and S. aureus, a leading cause of orthopedic implant infections. Chapter 3
investigates macrophage responses to S. aureus on titanium surfaces of varying roughness,
using a RAW264.7 macrophage cell line in an in vitro co-culture model to simulate

macrophage-bacteria interactions.

2.4. Chapter 4: Application of surface plasmon resonance to elucidate the cooperative
DNA binding mechanisms of NFATc1 and c-Jun

Building upon the findings of Chapters 2 and 3, which established that NFATc1-c-Jun
signaling is instrumental in modulating macrophage activity and enhancing S. aureus
clearance in orthopedic implant infections. Selecting NFATc1 as a therapeutic target for
developing targeted drugs requires a thorough understanding of its supramolecular
structure and the dynamics of its DNA binding. X-ray crystallography[53] and cryo-electron
microscopy[54], offer high-resolution snapshots of NFATc1-c-Jun complexes but fail to
provide real-time kinetic data[55]. Chapter 4 focuses on elucidating the DNA-binding

kinetics of NFATc1 with Surface Plasmon Resonance (SPR).
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2.5. Chapter 5: Structure-guided disruption of NFATc1 rewires macrophage polarization
to enhance clearance of S. aureus on implant surfaces

Conventional strategies, modulating NFATc1 have focused on upstream signaling[56],
lacking targeted effects and insufficient molecular binding dynamics[57]. This limitation
poses challenges for clinical translation[57]. Building upon the findings from Chapters 2,
3 and 4, Chapter 5 focuses on synthetic peptides targeting the NFATc1/c-Jun complex
structure and binding dynamics due to the role of the NFATcl signaling pathway in
macrophage polarization and immune infection responses. Using the model from Chapter
3, Chapter 5 further validated the function of an inhibitory peptide in regulating

macrophages[58].

12



Chapter 1 - Engineering implant
surfaces for preventing orthopaedic
infections
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Abstract

Implant-associated infections remain a major challenge in orthopedics, largely due to the
increasing prevalence of antibiotic resistance, which undermines the efficacy of standard
surgical and antibiotic therapies. Staphylococcus aureus is the predominant pathogen,
adhering to implant surfaces, forming biofilms, and interacting with host immune cells,
particularly macrophages, which play a central role in bacterial clearance. In this
systematic review, we analyze the cellular and molecular mechanisms underlying implant
infection immunity, evaluate current antimicrobial surface modification strategies, and
explore novel approaches aimed at overcoming antibiotic resistance. A comprehensive
PubMed search over the past 10 years identified 3,167 studies, of which 106 met inclusion
criteria for clinical or preclinical evidence on antibiotic resistance, surface engineering, or
immune modulation. This review reveals that engineering implant surfaces to enhance
macrophage adhesion and activation, coupled with precise regulation of NFATc1 signaling,
creates a local microenvironment that strengthens innate immunity. This integrated
strategy represents a paradigm shift in orthopedic biomaterial design, transforming
implants from passive scaffolds into active immune modulators. Future directions
combining hierarchical surface modifications with selective molecular targeting reduce
infection-driven revision surgeries, extend implant longevity, and establish new standards

for anti-infective implants in clinical orthopedics.
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1. Introduction

Orthopedic implants have revolutionized the treatment of orthopedic diseases, restoring
mobility and enhancing quality of life for millions of patients worldwide[59]. With the rise
in aging populations and the prevalence of musculoskeletal disorders[60], the number of
orthopedic implants has been steadily increasing year by year[1] and projections indicate
a steep upward trend in the coming decades[61]. In fact, infection remains one of the
most serious complications of prosthetic surgery[62], accounting for a significant
proportion of implant failures and revision surgeries[63]. Implant infections are not only
associated with significant morbidity and healthcare costs, but also pose substantial
challenges to both surgeons and patients due to their persistent nature[64]. The clinical
intractability of implant infection is largely driven by the dominance of S. aureus as the
causative pathogen[15]. S. aureus possesses an unique combination of virulence factors
that enable it to colonize on surfaces of biomaterials, form biofilms, and persist in adverse
host environments[13]. Within biofilms, bacteria can evade antibiotics and avoid immune
clearance[65]. Moreover, bacteria have the extraordinary ability to both develop
antibiotic resistance and evade the host immune response by suppressing phagocytosis
and modulating inflammatory signaling[66]. As a result, standard treatment strategies
such as systemic antibiotics combined with debridement or revision surgery often fail to

achieve complete clearance, leaving patients at risk of recurrent infection[67].

These limitations have prompted a shift in perspective: rather than relying solely on
antimicrobial approaches, new strategies aim to harness and direct host immunity as a
first line of defense. Among immune cells, macrophages play a key role in determining
infection outcomes at the implant interface[49]. Notably, biomaterial-associated
infections rarely elicit a uniform macrophage phenotype[68]. M1 and M2 macrophages
co-exist at the implant surface, with their proportions shifting dynamically as infection
progresses[69]. Early responses are typically skewed toward an M1l-dominated pro-
inflammatory state that favors pathogen clearance[70], followed by a gradual enrichment
of the M2 phenotype that facilitates resolution and integration[70]. These polarization

trajectories are not cell-intrinsic, but are critically shaped by the physicochemical
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attributes of the biomaterial, including surface roughness, topography, and chemical
functionality[71]. Recognition of this immunomodulatory dimension opens avenues for
designing next-generation implants that couple osteoconductive with the capacity to

direct macrophage fate and, by extension, infection outcomes[52].

When an implant becomes infected, the surface structure of the material also plays an
important role in infection treatment[72]. By customizing implant surfaces, this approach
holds promise for creating a new generation of orthopedic implants that actively
participate in the anti-infection process rather than passively endure microbial
colonization. This review systematically examines the cellular and molecular mechanisms
underlying implant-associated infections, evaluates current antimicrobial surface
strategies, and highlights emerging concepts in immune modulation. By integrating
insights from microbiology, immunology, and biomaterials science, we aim to find a way
toward developing innovative, immune-informed therapeutic strategies in orthopaedic

implant infection.

2. Search strategy and the selection of included studies for this systematic review

The systematic literature search was performed across PubMed. The search keywords
used were: “Implant infection,” “Staphylococcus aureus,” “Antibiotic resistance,”
“Antibacterial surface modification,” “Immune modulation,” “Macrophage,” and
“Therapeutic strategies,” combined with boolean operators (OR, AND) to develop a search
strategy. The search was restricted to studies published within the past 10 years. Studies
were considered eligible if they reported clinical or preclinical data on mechanisms of
antibiotic resistance in orthopedic implant infections, strategies for surface modification
of biomaterials to enhance antibacterial activity, or immune modulation approaches
related to implant infections. Publications in English were included when addressing these
topics. Exclusion criteria comprised non-English publications, review articles without
original experimental or clinical data, and studies lacking quantitative or mechanistic
outcomes directly relevant to infection treatment strategies. All results were imported

into EndNote 20 to screen the records. Duplicate studies from merging database outputs
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were removed (Fig. 1). The remaining 106 full-text articles were included in the systematic

review (Tab.S.1).

[ Identification of studies via databases
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Fig. 1. Eligibility criteria: The flow diagram illustrates the systematic review process, starting with 3167 initial
records identified from PubMed databases. After removing 178 duplicates, 2989 records remained for screening.
Of these, 2864 were excluded based on infected materials and immune cells. Finally, the remaining 106 full-text

articles were assessed for eligibility, and meeting the inclusion criteria, included in the systematic review.
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3. Challenges in implant infection

Despite decades of innovation in surgical techniques and significant advances in
perioperative care, implant infections remain one of the most challenging complications
in orthopedic surgery[3]. Its clinical burden stems from the interplay between bacterial
adaptability, the unique environment of biomaterial surfaces, and the limitations of
current therapeutic strategies[25]. Unlike acute infections in soft tissues, implant
infections are characterized by chronicity, and a high risk of recurrence even after
aggressive intervention[73]. A key challenge lies in the biology of S. aureus, which is
responsible for most of the implant infections in the orthopedic field[42]. Upon adherence
to implant surfaces (Fig. 2), S. aureus rapidly establishes microcolonies that mature into
biofilms[74]. Within this biofilm matrix, bacteria are encased in an extracellular polymeric
substance that functions as both a physical and biochemical shield[75]. Biofilms restrict
antibiotic penetration, reduce bacterial metabolic activity, and create microenvironments
conducive to survival[76]. These dormant subpopulations exhibit profound tolerance to

antibiotics, enabling infection to relapse long after the completion of therapy[77].

Beyond biofilm biology, S. aureus employs complex immune evasion strategies[78]. It
secretes a repertoire of proteins and toxins that impair macrophages recruitment, and
block phagocytosis by macrophages[79]. Moreover, these bacteria can survive within host
immune cells, exploiting them as a persistent niche by disrupting the cells' bactericidal
mechanisms[80]. Such strategies fundamentally undermine host defenses and make

eradication particularly challenging.
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Fig. 2. Schematic overview on bacterial cells attachment to the hip implant and the development of the biofilm

architecture through colonization. This figure is created with BioRender.com.

The therapeutic interventions against implant infection is constrained by bacterial defense
mechanisms[81]. Prolonged systemic antibiotic regimens often fail to clear the infection,
and the global rise in antibiotic resistance further narrows the spectrum of effective drugs
[82]. Surgical management, ranging from debridement and implant retention to one- or
two-stage revision arthroplasty, remains the standard of care but carries high morbidity,
cost, and variable success rates[83]. In elderly or comorbid patients, revision surgery is
associated with substantial functional decline and mortality risk[84]. These challenges
underscore the urgent need for novel strategies that transcend traditional antimicrobial

paradigms.

4. Approaches to the challenge of implant infection
To address this challenge, currently, the new interventions include the use of biofilm-
inhibitory peptides[85], phage therapy[85], and the sustained release of antimicrobial

ions, such as silver[86] or copper[87], through surface modification of implanted materials
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[88]. However, these approaches are often limited by severe side effects, including silver
or copper toxicity[89]. Efforts have also focused on physically altering implant surface
topography to reduce bacterial adhesion or enhance host immune cell activity[90]. Yet,
this strategy also faces inherent trade-offs, smooth surfaces can limit bacterial
colonization but concurrently impair immune cell attachment[91], thereby hindering host-
mediated clearance[92]. So, effective solutions must simultaneously address dual
objectives: preventing excessive S. aureus adhesion while maintaining sufficient host
immune cell attachment to the implant surface. Addressing this challenge requires a
comprehensive understanding of the local microenvironment during infection, including

the dynamic interactions among host tissue cells, S. aureus, and the implant surface itself.

5. Host cells involved in implant infection

Around infected orthopedic implants, a complex cellular milieu emerges that reflects the
interplay between innate and adaptive immunity. Bone-resident cells, and stromal
components, among others, are profoundly influenced by the presence of bacterial
biofilms [74]. Neutrophils are among the earliest responders in the acute phase, exerting
antimicrobial activity through phagocytosis, release of reactive oxygen species and
proteolytic enzymes, yet they are frequently unable to penetrate biofilm matrices[93].
Macrophages, derived from circulating monocytes, contribute to pathogen clearance and
apoptotic cell removal, but in chronic infection they sustain inflammation through
persistent secretion of pro-inflammatory mediators[93]. Dendritic cells, though less
abundant, play a pivotal role in antigen presentation, orchestrating the transition from
innate to adaptive immune responses[94]. Within the adaptive compartment, CD4* T
helper cells amplify or modulate inflammation[95], CD8* cytotoxic T lymphocytes directly
kill infected host cells[96] and regulatory T cells exert immunosuppressive effects that is
co-opted by pathogens to evade clearance[97]. B cells and plasma cells generate
antibodies, yet their efficacy is markedly diminished in the biofilm context[98]. Infection
also perturbs bone homeostasis: osteoblast activity is suppressed, impairing bone

regeneration, while osteoclast activity is enhanced under inflammatory cues, driving bone
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resorption and osteolysis[99]. Additional stromal and vascular components further shape
the local niche, with fibroblasts contributing to fibrotic encapsulation and endothelial cells
promoting angiogenesis under inflammatory conditions[100]. Notably, among the diverse
immune populations recruited to the peri-implant environment, macrophages emerge as
pivotal cells. They are central to the clearance of S. aureus during infection. Following
pathogen control, they orchestrate tissue repair by phagocytosing necrotic debris[101].

S. aureus evades immune killing by manipulating macrophage differentiation, and its
proactive strategies further complicate the challenge[102]. Factors secreted by the
bacterium inhibit phagocytosis, block reactive oxygen species production, and divert
macrophages away from the M1 phenotype[103]. Certain S. aureus strains can even
persist within macrophages, using them as intracellular reservoirs[101]. These adaptive
mechanisms directly undermine host defense mechanisms at implant interfaces[74]. This
dual role of macrophages underpins the persistence of implant-associated infections and
contributes to the remarkable recalcitrance and antibiotic tolerance characteristic of
staphylococcal biofilm disease[74]. Therefore, when implant infections occur,

macrophages represent a highly promising area for research.

6. The role of macrophages in implant infection

Macrophages are not a homogeneous population[74]. Macrophages exist in virtually
every organ and display specialized functions tailored to their microenvironment[74]:
Kupffer cells in the liver clear pathogens and senescent erythrocytes[104]; alveolar
macrophages maintain pulmonary homeostasis[105]; red pulp macrophages are in the
spleen recycle iron[106]; microglia regulate synaptic pruning and neurodevelopment [107]
and intestinal lamina propria macrophages orchestrate immune tolerance[40]. These
populations largely originate from embryonic progenitors and can self-maintain, yet their
phenotype and function remain highly plastic in response to local signals[108]. At sites of
implant infection, macrophages undergo dynamic polarization along the M1/M2
spectrum[109]. Classically activated M1 macrophages, induced by IFN-y or LPS, produce

pro-inflammatory cytokines and reactive oxygen/nitrogen species[110] whereas
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alternatively activated M2 macrophages, producing IL-4, IL-13, IL-10, or TGF-B, support
tissue repair, angiogenesis, and immune regulation[41]. M2 macrophages can be further
subdivided: M2a (IL-4/IL-13-driven, tissue repair), M2b (immune complex/TLR-induced,
immunoregulation), M2c (IL-10/TGF-B-induced, anti-inflammatory and remodeling), and
M2d (tumor-associated, pro-angiogenic)[111]. In the context of biomaterial implantation,
M1 macrophages often localize to the central lesion to combat pathogens while M2
macrophages accumulate at the periphery to promote repair and matrix remodeling[42].
Their plasticity enables them to integrate signals from the implant surface, surrounding
tissues, and pathogens. This results in phenotypes that can either promote bacterial
clearance or perpetuate persistent infection[65]. This dual role makes macrophages a

critical determinant of the outcome of implant infections.

7. The role of surface properties of implant infection

As mentioned earlier, when an infection occurs, the surface properties of an orthopedic
implant is not determined solely by its mechanical performance or integration with bone
but also by its ability to engage the host immune system[112]. Classically, Ti surface
modification has been pursued to enhance osseointegration[113]. Techniques such as grit
blasting, acid etching, and anodization generate micro- and nanoscale features that
increase surface area and promote osteoblast adhesion[114]. However, these same
modifications also govern how immune cells, especially macrophages, interact with the
implant[115]. Increasing evidence shows that the physicochemical characteristics of
biomaterial surfaces, particularly those of titanium (Ti) alloy, which is the most widely
used orthopedic alloy, profoundly influence macrophage polarization and macrophage
adhesion at the tissue—implant interface[116]. A smooth surface tends to limit immune
cell engagement, whereas roughened surfaces promote macrophage adhesion and
activation[117]. Importantly, the immune response at the interface can dictate infection
outcomes[118]. Under the infection, macrophages polarized towards the M1 phenotype
exhibit pro-inflammatory activity. Macrophages are characterized by phagocytosis,

production of reactive oxygen species (ROS), and secretion of cytokines that enhance
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bacterial clearance [119]. By contrast, polarization towards the M2 phenotype fosters
tissue repair but can simultaneously create an immunosuppressive niche that permits
bacterial persistence [120]. More specifically, the ranges of surface roughness (Ra=0.51—
1.36 um; Sa = 0.66-2.91 pum) can induce macrophage polarization toward the M2
phenotype[121], which supports tissue repair but compromises infection control. Thus,
the balance between M1 and M2 phenotypes, which is strongly influenced by surface
architecture, becomes a key determinant of whether an implant resists or succumbs to
infection. These findings have given rise to a new paradigm: implants are no longer viewed
as passive carriers but as active participants in shaping the host immune response. By
engineering customized surface roughness, macrophage behavior can be redirected
toward an anti-infective state. This approach to immune modulation through surface

engineering offers a powerful complementary strategy to antimicrobial therapies.

8. Signaling pathways of macrophage polarization

Modulating macrophage polarization and function, offers new insights into implant
infections. This necessitates further investigation into the signaling pathways regulating
macrophages to identify suitable therapeutic targets. The ability of macrophages to
differentiate toward bactericidal or reparative phenotypes is governed by complex
regulatory networks[65]. Macrophages exhibit remarkable plasticity, adopting distinct
functional phenotypes in response to environmental signals[122]. The classically activated
M1 phenotype is induced by IFN-y and microbial products such as lipopolysaccharide (LPS),
which converge on key inflammatory signaling pathways[123]. Engagement of TLR4
triggers NF-kB activation, driving robust expression of pro-inflammatory cytokines
including TNF-a, IL-6, and IL-1B[124]. In parallel, IFN-y activates STAT1, reinforcing the
transcriptional program associated with antimicrobial defense[125]. Mitogen-activated
protein kinase (MAPK) cascades, including p38, INK, and ERK, further amplify
inflammatory signaling, while IRF5 orchestrates the induction of M1-specific gene
networks[126]. In contrast, the alternatively activated M2 phenotype arises in response

to IL-4, IL-13, and IL-10. M2 macrophage initiate a distinct transcriptional program tailored
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for tissue repair, immune regulation, and resolution of inflammation[127]. Central to this
program is STAT6, which induces hallmark M2 markers such as Argl, Fizz1, Ym1, and
MRC1/CD206. PPARy and PPARS contribute by promoting lipid metabolic reprogramming
that stabilizes the M2 phenotype[128]. While IRF4 suppresses M1-associated pathways
and facilitates M2 differentiation[51], TGF-B/Smad signaling further enriches the
reparative capacity of M2 macrophages, promoting extracellular matrix remodeling and
immunosuppression[129]. Interestingly, NFATc1 also exerts influence within the M2 axis,
particularly in specialized contexts such as the tumor microenvironment, bone repair, and
tissue regeneration, where it facilitates anti-inflammatory programs and remodeling
responses[74]. These events highlight NFATc1 as a context-dependent regulator rather
than a strict determinant of M1 or M2 identity. By integrating with distinct signaling
networks, NFATcl enables macrophages to dynamically adapt to local
microenvironmental cues, thereby fine-tuning immune and tissue responses. This dual
capacity underscores the complexity of macrophage polarization and positions NFATc1 as

a pivotal node in the bidirectional regulation of inflammation and repair[45].
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Fig. 3. Signaling pathways of macrophage polarization. This figure is created with Adobe Photoshop.
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9. The role of NFATc1 signaling pathway in macrophage polarization

NFATc1 (nuclear factor of activated T cells, cytoplasmic 1) is a member of the NFAT
transcription factor family. NFATc1 was originally identified in T lymphocytes as a regulator
of activation and cytokine production[130]. NFATc1 integrates calcium signaling through
calcineurin to translocate into the nucleus and drive transcriptional programs involved in
inflammation, chemotaxis and metabolism[131]. Rather than functioning as a
unidirectional determinant of macrophage identity, NFATcl acts as a dynamic,
environment-sensitive switch. NFATc1 coordinates inflammatory and reparative responses
depending on extracellular cues[132]. In the context of macrophage polarization, NFATc1
shows a bidirectional role. During acute infection or early inflammation, it cooperates with
NF-kB and AP-1 to promote M1-associated genes including IL12, TNF, and NOS2. NFATc1
enhances bactericidal activity through ROS and nitric oxide production[133]. However, in
chronic infection or tissue repair, NFATc1l synergizes with IL-4/IL-13 signaling and
pathogen-derived factors to activate M2-associated genes such as Argl, IL10 and Mrcl
(CD206). Thereby, NFATc1 supports immunoregulatory and pro-repair phenotypes[134].
This context-dependent role is particularly evident in implant-associated infections caused
by S. aureus. In the early phase (8—12 h) after implant contamination, pathogen-
associated molecular patterns and damage-associated signals activate Toll-like receptor
pathways converging on NFATc1[135]. NFATc1 together with NF-kB drives M1 polarization
and pro-inflammatory responses to eliminate planktonic bacteria[136] while in later
stages (>12 h), as S. aureus biofilms develop, extracellular polysaccharides, surface
proteins and metabolic products remodel macrophage signaling through the IL-10/STAT3
pathway [137]. NFATc1 can redirect macrophages toward an M2-like state characterized
by expression of Argl and IL10[123], but also suppresses bactericidal functions and
promotion of immune evasion and biofilm persistence[138]. Therefore, NFATc1 emerges
as a potential therapeutic target whose modulation must be stage specific. Its activity
should be preserved during early infection to sustain M1-mediated clearance whereas in
established biofilm-associated infection selective blockade of NFATcl-driven M2

polarization may restore antimicrobial immunity and improve treatment outcomes.
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10. The molecular mechanism of NFATc1 in macrophage polarization

Designing specific inhibitors requires further understanding of the target's structure.
Therefore, we need to gain a deeper understanding of the structure of NFATc1. It (Fig. 4)
binds to DNA through its Rel homology region (RHR), making both base-specific and
backbone contacts, while c-Fos and c-Jun engage the adjacent AP-1 site[139]. Close
inspection of its structure revealed extensive protein—DNA interactions by NFAT residues
in the RHR-N domain, complemented by contributions from the AP-1 basic regions. In
addition, NFAT and AP-1 form a large protein—protein interface, mediated by hydrogen
bonds and hydrophobic contacts between NFAT RHR-C and c-Fos—c-Jun helices[140, 141].

|
b

Fig. 4. Structure of the NFAT—AP-1-DNA ternary complex[141]. a, MOLSCRIPT representation of the complex,
with NFAT RHR-N (yellow), RHR-C (green), Fos (red), Jun (blue) and DNA (grey/black); schematic at right
highlights secondary structures and interacting residues. b, DNA recognition by NFAT and AP-1, showing specific
base and backbone contacts mediated by NFAT (R421, Y424, R433) and AP-1 (K358, R537). ¢, Protein—protein
interface between NFAT and AP-1[139, 140]. This figure is created with PyMOL(TM) 3.1.6.1.

26



11. Compounds that traditionally regulate NFATc1

Conventional strategies to modulate NFATc1 have focused on upstream signaling[56].
Several classes of inhibitors that target NFATc1, a pivotal transcription factor in osteoclast
differentiation and tumor-associated bone destruction have been identified[142]. A
representative small-molecule inhibitor, NFATc1-IN-1 (A04), can suppress RANKL-induced
osteoclast genesis with sub-micromolar potency (ICso: 1.57 uM)[143]. NFATc1-IN-1 (A04)
has shown efficacy in both cellular and animal models of bone resorption but clinical data
are currently lacking and off-target effects remain to be fully characterized[143].
Nordihydroguaiaretic acid (NDGA), acting through inhibition of calcium signaling, can also
directly interfere with NFATcl activation and attenuate breast cancer—induced
osteolysis[144]. However, their poor bioavailability and limited pharmacokinetic data
pose challenges for clinical translation[57]. Classical immunosuppressants including
cyclosporin  A[145] and tacrolimus are calcineurin inhibitors[146] preventing
dephosphorylation and nuclear translocation of nFATc1. However their use is associated
with nephrotoxicity and hypertension, limiting long-term applicability[146]. More
selective strategies have emerged with the development of VIVIT peptides[147]. VIVIT
peptides block NFAT protein—protein interactions[147]. Collectively, these
pharmacological and natural modulators highlight both the therapeutic potential and
mechanistic diversity of NFATc1 inhibition. While underscoring the challenges of toxicity,
off-target effects, and pharmacokinetic limitations must be addressed for clinical

development[147].
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Table. 1. Pharmacological and molecular strategies targeting NFATc1 signaling and their biological implications
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Compared to the traditional NFATc1 antagonists, targeting the assembly process of the
NFATc1-c-Jun-c-Fos complex offers a novel approach. For instance, c-Jun mimetic peptides
designed to competitively occupy the NFATc1 binding domain demonstrate their potential
to selectively modulate macrophage responses. Despite remaining challenges in ensuring
specificity, stability, and effective delivery, this strategy represents a significant step
toward rational immunomodulation. By deciphering the molecular regulatory network of
NFATcl in macrophages, a clearer blueprint for therapeutic interventions is provided.
Compared to broad-spectrum inhibition, precisely modulating NFATcl's interaction
network may achieve dual objectives: enhancing M1 macrophage-mediated antimicrobial

defense while minimizing adverse toxic effects.

12. Integrating surface roughness modification with NFATcl targeting for implant
infection therapy

The integration of material design and molecular targeting strategies have opened
multiple translational pathways. One approach involves modifying the surface roughness
of titanium to ensure sufficient macrophage adhesion. Another strategy employs peptide
therapeutics (c-Jun mimetics) to precisely and dynamically modulate macrophage
polarization toward the M1 phenotype. This integration marks a paradigm shift: implants
are no longer passive carriers but become active platforms for immune engineering. By
combining surface roughness modification with precise molecular regulation, we can
design prostheses that not only fuse with host tissues but also establish intrinsic, long-
lasting infection defense mechanisms. Such integrated strategies represent the cutting
edge of immune orthopedics, promising to reduce infection-related surgical recurrences

and redefine the criteria for long-term implant success.

13. Future perspectives
It is important to first build a validated infection model. While a direct co-culture of S.
aureus with host cells recapitulates aspects of infection complexity, the multitude of

bacterial virulence factors complicate interpretation[148]. Simplified models using
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bacterial components, such as lipopolysaccharide (LPS), allow controlled analyses. LPS
models also can be progressively expanded to mimic more complex infectious
microenvironments[149]. Characterizing these systems requires multidimensional
approaches, combining (electron) microscopy, molecular assays and proteomics[150].
Omic analyses are powerful for revealing molecular changes in the local
microenvironment during infection[151]. Secondly, designing c-Jun-like peptides is also
challenging. First, the structure of the protein-DNA complex formed by NFATc1-c-Jun-c-
Fos must be precisely determined. Then the binding kinetics must be fully understood.
Furthermore, individual differences in patient immune status, comorbidities, and
microbiome composition may also influence implant performance. This highlights the
potential for personalized, precision-guided strategies. The dual approach of surface-
guided immune modulation and NFATc1-targeted molecular intervention has opened new
frontiers in the design of orthopedic prostheses. With a deeper understanding of the
mechanisms and the maturation of translational technologies, future implants are
expected to not only balance mechanical stability and osseointegration but also actively
coordinate host immune defenses. Thereby this strategy also redefines the standard for

anti-infective biomaterials in clinical orthopedics.

14. Conclusions

Implant infection remains a formidable clinical challenge, primarily due to a combination
of bacterial resistance and immune evasion. Surface engineering of titanium implants
offers a promising strategy to manipulate host immunity, particularly by modulating
macrophage adhesion. NFATc1, a key molecular hub regulating macrophage-mediated
antimicrobial responses, provides a potential target for precision immunomodulation,
promoting macrophage differentiation into the M1 phenotype. Combining surface
topography with targeted molecular intervention may enable the development of next-
generation orthopedic implants that not only resist infection but also actively promote

tissue integration. This dual approach paves the way for the rational design of

30



immunomodulatory biomaterials and represents a paradigm shift towards the

development of personalized, infection-resistant implants.
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Chapter 2 - Surface characteristics of
titanium modulates macrophage
inflammatory response

Based on

Cao B., Mohren R., Cillero-Pastor B., Honing M. Surface roughness of titanium implants
modulates macrophage inflammatory response. Submitted to Bone & Joint Research.
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Abstract

Titanium implant infections remain one of the challenging complications in modern
biomedical engineering. Surface properties of biomaterials play a pivotal role in
modulating immune response. This study investigates how surface properties of clinically
approved titanium implant plates influence macrophage adhesion, activation, and
polarization under both homeostatic and inflammatory conditions induced by an in vitro
LPS-model. The surface structure and chemical composition of polished (polished Ti alloy),
corundum (corundum-blasted Ti alloy) and plasmapore (Ti alloy coated with a porous
calcium-phosphate layer), were characterized with 3D scanning microscopy SEM coupled
with energy-dispersive spectroscopy (EDS) and X-ray diffraction. Macrophages cultured
on these surfaces exhibited distinct morphological and molecular responses. Interestingly,
in the absence of LPS, only corundum roughness promoted M2-like polarization,
suggesting a tissue-reparative phenotype. On the other hand, under LPS stimulation,
increasing roughness induced both M1 and M2 polarization, indicating a shift toward a
pro-inflammatory state. Proteomic analysis further revealed roughness-dependent
changes in protein expression associated with immune signaling and apoptosis. This
integrative approach not only enhances our understanding of macrophage-biomaterial
interactions but also underscores the potential of tailored biomaterial design in regulating

immune reactions for biomedical applications.

34



Implant infectoion Race to the surface

Macrophage
ol -
M2 dominant * — ‘ — ‘ M1 dominant
Polarization Polarization
M2 Mo M1

Plasmapore

oy

Corundum

Polished

Corundum

m @?m

_ Implant topography Protein digestion \ LC-MS Data analysis
Osteoblast Osteoclast MO M1 M2 LPS Staphylococcus aureus

Graphical abstract

This figure is created with Adobe Photoshop.

35



1. Introduction

Titanium (Ti), prized for its biocompatibility and mechanical strength, is extensively used
in medical implants such as orthopedic prostheses and dental implants[152]. However, Ti
implant infections remain one of the most challenging complications in modern
biomedical engineering[153]. Once established, these infections are notoriously difficult
to eradicate, often necessitating prolonged antibiotic therapy or surgical
intervention[154]. However, in many clinical scenarios, the complete removal of the
implant is not feasible, as the device provides essential mechanical or physiological
functions to the host[154]. Therefore, understanding and controlling the local immune
responses at the implant interface under infectious conditions are of paramount
importance[155]. Among various factors influencing the biological infection immune
response to biomaterials, surface properties have emerged as an important factor

influencing cellular responses, particularly in the context of immune modulation[156].

Upon the Ti implant infection environment, macrophages, as key effector cells of the
innate immune system, are central to orchestrating both antibacterial defense and tissue
integration processes. Macrophages can adopt diverse phenotypes ranging from pro-
inflammatory (M1) to pro-healing (M2), depending on environmental cues and material
properties[157]. While previous studies have explored how Ti surfaces characteristics
modulates macrophage adhesion and polarization under control conditions[121, 158],
little is known about how these surface features influence macrophage behavior during
infection[120]. In an infectious microenvironment, macrophages not only adhere to and
sense the material surface but also dynamically interact with invading bacteria, balancing

between pro-inflammatory and pro-repair phenotypes[159].

Inflammation and infection models provide essential frameworks for dissecting the
complex interplay between implant infection and immune activation[160]. Among these,
lipopolysaccharide (LPS)-induced inflammation represents one of the most widely

employed and mechanistically informative systems[161]. Lipopolysaccharide (LPS), a
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major component of the outer membrane of Gram-negative bacteria, acts as a potent
agonist of Toll-like receptor 4 (TLR4), triggering a rapid and robust innate immune
response[161]. Upon administration, LPS elicits the production of pro-inflammatory
cytokines such as TNF-a, IL-1B, and IL-6, leading to systemic inflammatory signaling that
closely mimics aspects of bacterial implant infection[162]. This model’s strength lies in its
reproducibility, temporal precision, and ability to recapitulate key molecular and
physiological features of acute inflammation without the confounding variables
introduced by pathogens[161]. Hence, the LPS model has become a cornerstone for
evaluating anti-inflammatory interventions and elucidating the signaling cascades

underlying immune dysregulation[161, 163].

In this study, we provide new insights into how implant surface properties regulate
macrophage adhesion and polarization under infectious conditions. Three clinically
relevant, approved titanium-based materials were investigated: polished Ti-6Al-4V,
corundum-blasted Ti-6Al-4V, and plasma-sprayed Ti-6Al-4V coated with a porous calcium
phosphate layer. The effect of surface characteristics both with or without LPS stimulation,
on the activation and polarization of macrophages was investigated. Based on an
integrated experimental approach, using surface characterization, cell viability assays,
gene expression profiling, and proteomic analysis, a deeper insight into the underlying
mechanisms by which surface topography and infection mediated conditions influence
macrophage adhesion, activation, and polarization is discussed. This work sheds light on
an additional facet of surface-immune crosstalk, suggesting possible strategies for

designing implant materials that preserve functionality while limiting infection risks.

2. Materials and methods

2.1. Preparation of titanium surfaces

Three types of commercially pure titanium alloy discs (purity > 99.9wt%; diameter 12mm;
thickness 1.5mm; Ti-6Al-4V) including highly polished; corundum blasted; and

plasmapore coated surfaces (B. Braun, Tuttlingen, Germany). The investigated surfaces
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consisted of polished Ti alloy, corundum-blasted Ti alloy, and Ti alloy coated with a porous

calcium-phosphate layer. All titanium discs were autoclaved before use.

2.2. Culture of macrophages

Macrophages (RAW264.7 cells, Sigma-Aldrich, USA) were cultured in DMEM medium
(Gibco, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich, USA) and
incubated at 37 °C, 5% CO2 in a 95% humidified atmosphere. The cell density was kept at
0.2-1.2 x 106 cells/mL depending on the assay. All discs were put in 24-well non-adherent
plates (Greiner-one, Germany) before cell seeding. 5x10°> monocytes resuspended in 1 mL
medium were added to the different surfaces and stimulated with 0, 50, 100, 150, 200,
250, 300 ng/mL LPS (Sigma-Aldrich, USA). Cells were incubated for different time periods

until analyses.

2.3. Cell viability: CCK-8
The effect of LPS and Ti disc on macrophage viability was examined using a CCK-8 assay.

The UV/VIS absorbance was measured using at 570 nm (Tecan Instruments, Switzerland).

2.4. Surface imaging and morphological analysis

Images of the titanium discs were obtained using a Canon 2000D camera (Canon, Japan)
to visually illustrate surface differences. Surface morphology and roughness were further
characterized applying scanning electron microscopy (JSM-IT200 InTouchScope™
Scanning Electron Microscope; JEOL, Japan). The material and cells were co-cultured for
24h. The material was washed three times with PBS at 37°C and fixed with glutaraldehyde-
osmic acid for 3 h. The fixative was aspirated, and 0.1 mol/L phosphate buffer (pH = 7.2)
was added and rinsed for 1 h. The solution was changed four times. The buffer was
aspirated and dehydrated by adding ethanol in gradient steps (ethanol concentration 30 %
-50% -70% -80 % -90 % - 100 %), with each step remaining for 30 min. Finally, the
ethanol was aspirated, a 1:1 mixture of isoamyl acetate and ethanol was added and

allowed to soak for 20 minutes with appropriate shaking, then the mixture was aspirated
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and pure isoamyl acetate was added and allowed to soak for 20 minutes with appropriate

shaking.

The elemental composition of the titanium disc surfaces was analyzed using SEM coupled
with energy-dispersive spectroscopy (EDS) and X-ray diffraction (D2 PHASER X-ray
Diffractometer; Bruker, Germany). EDS spectra were collected at randomly selected points
and averaged across three areas per sample to quantify elemental weight percentages.
The EDS analyses were conducted at a landing voltage of 10.0 kV, with a working distance
(WD) optimized for imaging, and under high vacuum mode to ensure accurate detection.
X-ray diffraction (D2 PHASER X-ray Diffractometer; Bruker, Germany) using Cu Ka radiation
(A=1.5406 &), 30 kV, 10 mA, coupled 26/6 continuous PSD fast scan mode (20-80° 26, step
0.02°); data analyzed with Profex 5.6.0. These analyses provided insights into the chemical
uniformity of each surface treatment. Surface roughness profiles were determined using
a 3D optical surface profiler (OPS-1000 3D Optical Profiler, Komaki, Japan). Measurements
were performed in the non-contact mode over a 1 mm? area of each titanium disc. Three
replicates were analyzed for each surface type, and the results were averaged to ensure

reproducibility.

2.5. Cell adhesion

Macrophage cells were cultured for 2 days. The supernatant was stored for cytokine
guantification. Cell monolayers were then washed twice with PBS, immersed in 1 mL
MilliQ and went through two freeze and thaw cycles. DNA content was quantified in cell
lysates using the Quant-iTTM PicoGreenTM dsDNA Assay Kits and dsDNA reagents

(Thermo Fisher, USA) per the manufacturer's protocol.
2.6. Cytokine secretion

The supernatant from all wells was harvested after 24h of incubation. Media were

aspirated and transferred to Eppendorf tubes and centrifuged at 400g for 5 min. TNF-a
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and IL10 (R&D Systems, USA) ELISA analyses were performed using commercially available

kits with a multi-mode spectrophotometer (Tecan Instruments, Switzerland).

2.7. RT-PCR for gene expression analysis

After 24h of culture, wells were washed twice with PBS and total RNA was isolated using
the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA quality and quantity were assessed using
a Nanodrop ND-1000 Spectrometer (Thermo Scientific, USA). 800 ng of RNA were
transcribed to cDNA using SensiFast cDNA Synthesis kit (Meridianbioscience, USA). RT-PCR
reactions of GAPDH, INDO, CXCL11, MCR-1, CCL13, TNF-q, IL-10, NFATc1, c-Jun, c-Fos were
performed using Fast SYBR Green Master Mix Kit (Meridianbioscience, USA) in an Applied
Biosystems PRISM 7500 sequence amplification system with the primers listed in Tab. S1.
Each PCR reaction consisted of 1 pL of the cDNA as template, 2 pL (10 pmol) of forward
and reverse primers (Tab. S1), 12.5 uL Mastermix, and 9.5 uL RNAase-free water. Thermal
cycle conditions consisted of denaturation at 95 °C for 40 s, annealing at 60 °C for 1 min.
After 40 cycles, the reaction was completed with a final extension step at 72 °C for 5 min.
The expression of target genes was normalized to the relative expression of housekeeping
gene GAPDH. Data was calculated using the 2-AACt method. Representative M1 markers
included TNF-a, INDO, and CXCL11, while M2 markers included IL-10, MRC1 (CD206), and
CCL13.

2.8. Immunofluorescence characterization of macrophage polarization

To evaluate macrophage polarization states on titanium plates, immunofluorescence
staining was performed using markers for M1 (CCR7) and M2 (CD36) phenotypes.
Titanium discs with varying roughness were seeded with macrophages and cultured for
24 hrs. After fixation in 4% paraformaldehyde for 15 minutes and permeabilization with
0.3% Triton X-100 in PBS for 10 minutes, samples were blocked with 5% normal goat
serum in PBS for 1 hour at room temperature. Primary antibody (Anti-CCR7 antibody, Anti-
CD36 antibody) incubation was performed overnight at 4 °C using rabbit monoclonal

antibodies diluted in 1% BSA/PBS (Bovine serum albumin/Phosphate buffered saline).
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Following PBS washes, samples were incubated for 1 hour at room temperature in the
dark with fluorophore-conjugated secondary antibodies (CF™ 568 anti-rabbit IgG, CF™
488A anti-rabbit IgG). Nuclei were counterstained with DAPI (1 ug/mL), and samples were
mounted using antifade medium prior to imaging. Fluorescence images were acquired
using a confocal microscope (Zeiss LSM 880) under consistent laser and gain settings

across all groups. Quantitative analysis was performed using Image).

2.9. Quantitative assessment of M1/M2 ratio in response to roughness

The macrophage phenotype was assessed based on established surface markers
associated with M1 and M2 polarization. CCR7, a chemokine receptor upregulated in
classically activated (M1) macrophages[164], and CD36, a scavenger receptor enriched in
alternatively activated (M2) macrophages[165], was used as a respective marker[166-168].
To assess the polarization state of macrophages in response to titanium surface roughness,
the M1/M2 ratio was redefined based on regions of interest (ROIls), rather than
fluorescence intensity. Specifically, individual cells were identified using the DAPI nuclear
signal, and ROIs were manually delineated around each cell to ensure accurate cell-based
analysis. The number of CCR7-positive ROIs (indicative of M1 polarization) and CD36-
positive ROIs (indicative of M2 polarization) were detected using ImageJ. The M1/M2 ratio
was calculated by taking the average ratio of CCR7/CD36-positive cells across the
population, providing a more cell-specific assessment of polarization. An increase M1/M?2
ratio corresponded to a shift toward pro-inflammatory polarization, whereas a lower ratio
indicated an M2-dominant, anti-inflammatory state. This quantitative index enabled
comparative evaluation of macrophage responses to different titanium surface roughness

under both inflammatory and non-inflammatory conditions.

2.10. Label free proteomics
Macrophage cells were seeded and cultured as described above. Then, they were washed
four times with 50 mM Ammonium bicarbonate (ABC; Merck). Samples were collected in

5 M Urea, 50 mM Ammonium bicarbonate (ABC) in 1.5 ml Eppendorf tubes. Cell lysis was
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performed by three freeze-thaw cycles, (using liquid nitrogen for freezing and sonicating
in an ultrasonic bath for thawing). Undissolved particles were removed by centrifugation
and proteins in solution were transferred to new tubes. Trypsin-lysC was added to a
trypsin: protein ratio of 1:25 and the mixture was incubated overnight at 37 C, adding
20%ACN/10%FA solution, yielding end concentrations of 2%ACN and 1%FA, to stop

digestion.

Peptide separation was performed on a Thermo Scientific Ultimate 3000 RSLCnano system
equipped with a Thermo Scientific Acclaim PepMap C18 analytical column (15 cm, ID 75
um, 3 um). Peptide samples were first desalted on an on-line installed C18 trapping
column. After desalting, the peptides were separated with a 30-minute gradient from 4%
to 32% Acetonitrile (ACN) with 0.1% FA at a 300 nL/min flow rate. The Thermo Scientific
Ultimate 3000 RSLCnhano system was coupled to a Q Exactive HF mass spectrometer
(Thermo Scientific). The MS was operated in the Data Independent Acquisition (DIA) mode.
Thermo Q-Exactive HF was configured to acquire 25 x 24 m/z (400-1000 m/z) precursor
isolation window DIA spectra at a resolution of 30,000 using a staggered window pattern.
Precursor spectra, mass range 385 — 1015 m/z at 60,000, were interspersed every 25
SEQUEST MS/MS spectra. For protein identification and quantitation, the DIA spectra
were analyzed with DIA-NN version 1.8.1. The DIA-NN software was operated in the
library-free modus using the Mus Musculus (Mouse TaxID 10090 _240227) protein
database. Cysteine carbamidomethylation was set as fixed modification. RT-dependent
cross-run normalization and MaxLFQ normalization. Perseus 2.0.11 software platform was

applied for label free comparative analysis.

Adjusted p-values were calculated using the Benjamini—Hochberg procedure to account
for false discovery rate (FDR). The protein expression was considered different between
conditions at p < 0.05 (Student's T-test). Principal Component Analysis (PCA) was
performed to visualize the variance in proteomic profiles across surface types and LPS

treatment conditions. PCA plots were generated using Perseus 2.0.11, with scaling applied
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to the data. Functional classification of differentially proteins, Cellular Component analysis
and Pathway analysis were carried out using the STRING v.11.5 (https://string-db.org). The
proteomics data have been deposited in the PRIDE database via ProteomeXchange(Code:

1-20260423-143013-8014702).

2.11. Statistical analysis

RT-PCR, cell viability and cytokine secretion data are presented as mean + standard
deviation and sample size was 4 (n=4). A one-way ANOVA followed by Tukey post-hoc
correction was used for comparison of group means in SPSS (version 21, IBM SPSS
statistics, USA6). The Shapiro-Wilk test was employed to assess data normality. A p value

of 0.05 was used as a threshold for statistical significance.*p < 0.05; **p < 0.01; ***p <

0.001.

3. Results

This study presents the possible correlation between titanium surface characteristics and
macrophage polarisation. We evaluated cell viability, adhesion, and morphology across
surfaces with different surface profiles. Furthermore, macrophage polarization and
proteomic alterations were examined under both basal and LPS-stimulated inflammatory

conditions.

3.1. Morphological, roughness profile, and elemental composition of the titanium discs
To characterize the surface properties of three types of commercially available and
clinically approved titanium discs, the surface morphology and roughness of polished,
corundum, and plasmapore titanium discs were analyzed using 3D scanning microscopy
(Fig. 1A), digital imaging (Fig. 1B) and scanning electron microscopy (SEM) (Fig. 1C). Four
well accepted surface descriptors reflecting the roughness[169], being mean height (Sa),
maximum height (Sz), texture aspect ratio (Str), mean peak curvature (Spc) and developed
interfacial area ratio (Sdr), are listed in Tab.1l. Hence, the Sa increased significantly

between polished (0.69+0.34 um), corundum (5.51+0.29 um), and plasmapore
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(36.44+1.80 um). Likewise, the Sz, Str, Spc and Sdr values were well in line with the surface
characteristics, supported with images obtained from the microscopy studies (FiglA, B

and C).
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Fig. 1. Surface characterization of polished, corundum and plasmapore titanium discs. (A) 3D surface scanning
microscope. Different colors represent the surface elevations; blue is the lowest location, and red is the highest

part of the surface. (B) Digital images. (C) Scanning electron microscopy (SEM) images at 20pum.
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Tab. 1. Roughness for different discs surfaces. Laser scanning microscopy surface characterization of different
titanium discs. (Sa) Arithmetical mean height; (Sz) Maximum height; (Str) Texture aspect ratio; (Spc) arithmetic

mean peak curvature;( Sdr) Developed interfacial area ratio.

Sa(um) Sz(um) Str Spc(1/m) Sdr
Polished 0.69+0.34 344.56+19.49 0.70+0.34 347.04+24.07 0.05+0.01
Corundum 5.51+0.20 73.51+8.39 5.51+0.20 2339.33+£143.94 0.39+0.48
Plasmapore  36.44+1.80 7.33+2.82 36.44+1.81 3475.04+2026.87 0.37+0.50

As surface roughness can influence both cell adhesion and viability, it is important to
assess compositional differences between samples to understand the effect of
topography on macrophage behavior. Therefore, the elemental composition and surface
chemistry of the titanium discs were analyzed using SEM-energy dispersive spectroscopy

(SEM-EDS) (Tab. 2).

Tab. 2. Elemental composition (SEM-EDS) in weight % as function the different titanium surface disks

Ti(wt. %) Al(wt.%) V(wt.%) Fe(wt.%) O(wt.%) Ca(wt.%) P(wt.%)
Polished 89.87+0.36 6.48+0.01 3.36%0.11  0.13+0.04 0.16x0.03  0.00 0.00
Corundum 88.80+0.42 6.75+0.30 0.15+0.10 0.15+0.03  3.95+0.03  0.00 0.00

Plasmapore  88.06+0.53  0.20+0.30 0.07+0.10  0.12+0.04 4.97+0.03  3.42#0.05 3.15x0.51

The analysis confirmed the presence of predominately Titanium (Ti) and trace amounts of
aluminum (Al), vanadium (V), oxygen (O), Iron (Fe), phosphorus (P) or calcium (Ca), on all
surfaces. Aluminum was found in varying amounts which is likely originating from
polishing or blasting media, whereas calcium and phosphate residues were mainly
detected on the plasmapore discs surface. Titanium was the main element ranging from,
88.87+0.36 wt.% for polished, to 88.80+0.42 wt.% for corundum, and 88.06+0.53 wt.% for
plasmapore discs (Fig. 2). The XRD patterns (Fig. 3) of the polished, corundum, and
plasmapore surfaces exhibit four prominent diffraction peaks at 35.1°, 38.4°, 40.2°, and
53°, which can be indexed to the (101), (002), and (102) planes of the a-Ti phase,
respectively. The sharpness of these peaks indicates that Ti is the predominant element

on all sample surfaces. In the polished specimen, an additional peak at 39.2° is attributed
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to the formation of a thin TiO, oxide film induced by the polishing process. For the
corundum surface, diffraction peaks at 25.3°, 43.2°, and 52.4° correspond to the (012),
(113), and (006)/(024) planes of Al,0s, respectively. Meanwhile, the plasmapore surface
exhibits a diffraction peak near 53°, which can be assigned to partially crystallized calcium
phosphate (CaP). These findings are consistent with the EDS analysis, confirming that Ti
remains the most abundant and constant surface element across all samples. Titanium
discs used in this study exhibited comparable elemental compositions, as confirmed by
elemental analysis (Tab. 2), allowing assessment of the effects of surface topography on

macrophage responses independently of material composition.
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Fig. 2. Energy-dispersive spectroscopy (EDS) spectrum of polished, corundum and plasmapore titanium discs.
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3.2. Macrophage viability in response to LPS concentration and titanium surface
roughness

Macrophage viability was first assessed following exposure to increasing concentrations
of lipopolysaccharide (LPS) (0-300 ng/mL) for 8, 12, and 24 hrs (Fig. S1). A dose- and time-
dependent reduction in viability was observed, with 250 ng/mL LPS for 24 h, was selected
for subsequent experiments, inducing inflammation while maintaining sufficient cell
survival.

The influence of surface roughness on macrophage viability was then assessed using CCK-
8 assays (Fig. 4A). Under basal conditions, cell viability remained high (>93%) across all
surfaces at all time points. At 24 h, the plasmapore surface exhibited the lowest viability
(95.09 £ 0.83%), compared to the polished (98.77 + 0.98%) and corundum (98.47 + 0.89%)
surfaces. In contrast, under LPS stimulation, viability decreased more substantially on

rougher surfaces (Fig. 4B). At 24 h, viability was highest on polished (66.4 + 1.5%),
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intermediate on corundum (61.4+ 1.1%), and lowest on plasmapore (45.8 +1.9%),
highlighting the combined effects of surface roughness and inflammatory challenge on

macrophage survival.
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Fig. 4. Macrophage cell viability evaluation by CCK-8 assay. Macrophage cell viability in response to the
roughness of Ti discs without LPS (A) and with LPS (B; 250ng/ml). Data show the mean  SD (control group: cells
cultured on 24 wells plate. n=4, *p < 0.05; **p < 0.01; ***p < 0.001).

3.3. Macrophage adhesion and morphology on titanium discs

SEM analysis revealed that surface roughness markedly influenced macrophage
morphology (Fig. 5). Under basal conditions, macrophages on polished surfaces were
predominantly rounded with limited spreading. Corundum surfaces promoted elongation
and extensive adhesion, whereas plasmapore surfaces, despite their higher roughness,
displayed reduced spreading and less defined morphology. LPS stimulation enhanced cell
spreading across all surfaces, yet corundum surfaces consistently showed superior
adherence and morphological integrity, while plasmapore surfaces exhibited lower cell
density and compromised structural definition (Fig. 5). Quantification of cell adhesion
corroborated these observations (Fig. 6). Corundum surfaces displayed the highest
macrophage  adhesion (612.23 +11.18 ng/mL),  followed by  plasmapore
(575.34 £ 11.01 ng/mL) and polished titanium (485.22 +20.54 ng/mL). These results
indicate that corundum surface roughness optimizes macrophage adhesion and

morphological adaptation under both basal and inflammatory conditions.
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Fig. 6. Macrophage adhesion quantification by Quant-iTTM assay on polished, corundum, and plasmapore Ti
discs compared to the control group (24 wells plate) with LPS stimulation or without LPS stimulation. Data show
the mean £ SD, one way ANOVA was used to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p

<0.001).
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3.4. Titanium roughness modulates cytokine secretion

To evaluate the influence of surface roughness on macrophage polarization, the TNF-a
and IL-10 secretion was quantified by an ELISA assay. Under basal and LPS-stimulated
conditions (Fig. 7) and without LPS stimulation, TNF-a production increased with surface
roughness, peaking on plasmapore (35.12 + 1.26 pg/mL), whereas IL-10 secretion was
maximal on corundum surfaces (88.84 +6.20 pg/mL), suggesting that moderate
roughness favors M2 polarization while excessive roughness enhances basal pro-
inflammatory activity. Under LPS stimulation, TNF-a levels escalated substantially, with
the highest levels observed on plasmapore (1490.58 +48.00 pg/mL). IL-10 secretion
remained highest on corundum (145.68 +9.95 pg/mL), illustrating that intermediate

roughness maintains M2-promoting cues even under inflammatory stress.
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Fig. 7. Quantification of inflammatory cytokines secreted by macrophages cultured on titanium surfaces with
LPS stimulation or without LPS stimulation evaluated by ELISA assay. The secretion level of (A) pre-inflammatory
cytokine, TNF-a, and (B) anti-inflammatory cytokine, IL-10. Data show the mean + SD, one way ANOVA was used

to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).

3.5. Gene expression of inflammatory markers depends on surface roughness

RT-gPCR analysis further characterized macrophage polarization at the transcriptional
level (Fig. 8). In the absence of LPS, M1-associated genes increased progressively with
roughness, the control group (cells cultured on standard 24-well plates; TNF-a: 0.28 +0.11,

INDO: 1.54 + 0.26, CXCL11: 0.94 *+ 0.24; p<0.01), polished surfaces (TNF-a: 0.28 * 0.10,

50



INDO: 1.58 £ 0.54, CXCL11:1.02 +£0.32) and corundum surfaces (TNF-a: 0.37 + 0.06, INDO:
2.39+0.52, CXCL11: 2.47 £ 0.64; p<0.01) reaching the highest expression on plasmapore
surfaces (TNF-a: 0.49 £ 0.04, INDO: 3.08 £ 0.73, CXCL11: 2.89 £ 0.80: p<0.01). Conversely,
M2 markers were most upregulated on corundum surfaces group (IL-10: 2.65 + 0.25, MCR-
1: 3.02 + 0.56, CCL3: 3.19 + 0.54; p<0.001), confirming the preferential induction of
reparative phenotypes by moderate roughness. LPS stimulation amplified M1 gene
expression across all surfaces, the control group (TNF-a: 60.21 £ 0.71, INDO: 55.18 + 7.86,
CXCL11:43.75+3.21), polished surfaces (TNF-a: 61.09 £ 1.12, INDO: 53.89+5.17, CXCL11:
44.47 * 2.40) and corundum surfaces (TNF-a: 68.82 + 2.05, INDO: 64.46 + 8.48, CXCL11:
58.84 + 1.45; p<0.001), with plasmapore consistently inducing the highest levels (TNF-a:
74.81 + 2.88, INDO: 67.09 + 5.69, CXCL11: 65.36 + 4.50, p<0.001), while corundum
surfaces preserved moderate M2-associated gene expression (IL-10: 3.70 + 0.09, MCR-1:
3.01 + 0.54, CCL3: 3.62 *+ 0.31; p<0.001). Transcription factors NFATc1, c-Fos, and c-Jun
mirrored these trends, indicating that surface roughness modulates macrophage

inflammatory signaling and polarization programs.
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Fig. 8. Relative gene expression of inflammatory markers and immune regulators in macrophages cultured on
titanium surfaces with LPS stimulation or without LPS stimulation evaluated by RT-qPCR analysis. The gene
expression of (A) pro-inflammatory and M1 macrophage markers (TNF-a, INDO, CXCL11), (B) gene transcription
factors (NFATc1, c-Fos, c-Jun), and (C) M2 macrophage markers (IL-10, MCR-1, CCL13). Results are shown as

mean * SD, one way ANOVA was used to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p <

0.001).

3.6. Material surface differentially modulates cell marker expression

Differential expression of CCR7 (M1) and CD36 (M2) was observed on titanium surfaces
(Fig. 9). Classically activated macrophages (M1) were identified by CCR7 (red fluorescence),
while alternatively activated macrophages (M2) were labeled with CD36 (green
fluorescence). DAPI staining was used to quantify DNA, indicating that the corundum
group promotes cell adhesion. However, the plasmapore group showed fewer adherent

cells compared to the polished and corundum groups. This is likely due to the increased
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and excessive roughness of the plasmapore surface, which makes cell collection more
difficult. Additionally, the fluorescence intensity of CCR7 was consistently higher than that
of CD36 across all groups, further confirming that most macrophages were in the M1 state.
These findings are consistent with the results obtained from ELISA (Fig. 7) and RT-PCR
analyses (Fig. 8). On surfaces with relatively low roughness (polished and corundum), both
CCR7 and CD36 fluorescence signals were lower than those observed in the plasmapore
group. In contrast, the highly rough plasmapore surface exhibited the lower levels of CD36
and the higher levels of CCR7 signals, suggesting that excessive surface roughness affects

both macrophage M1 and M2 differentiation.
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Fig. 9. Immunofluorescence analysis of macrophage polarization on titanium surfaces with different roughness.
Macrophages were stimulated without LPS (A) and with LPS (B) cultured on four types of titanium surfaces:
Control (24 wells cell plate), polished, corundum, and plasmapore. After 24 h, cells were stained with DAPI (blue,
nucleus), anti-CD36 (green, M2 marker, CF™ 488A), and anti-CCR7 (red, M1 marker, CF™ 568). Merged images

highlight colocalization of polarization markers with nuclei. The scale bar shows 100 um.
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Quantification of the ratio of CCR7 to CD36 fluorescence intensity (M1/M2 ratio)
corroborated these findings (Fig. 10), with corundum surfaces maintaining a more
balanced profile, while plasmapore surfaces shifted strongly toward M1, particularly
under LPS stimulation. In the absence of LPS stimulation, macrophages exhibited a
relatively low M1/M2 ratio across the surface topographies ranging from polished to
plasmapore, with a trend toward increased M2 polarization with increasing surface
roughness. Notably, the corundum group (0.33 £ 0.16) displayed a significantly lower
M1/M2 ratio compared to the control (0.92 + 0.19), polished (1.01 £ 0.18), and even the
plasmapore group (0.33 £ 0.16). The LPS-stimulated control group (cells cultured on 24-
well plates) exhibited an M1/M2 ratio of 8.50 + 0.09. A comparable ratio was observed on
polished titanium surfaces (8.62 + 0.08, p > 0.05), indicating no significant difference. In
contrast, the corundum surface (8.95%0.12, p < 0.01) and plasmapore surface
(9.02 £0.10, p < 0.05) showed a significantly higher M1/M2 ratio. These results suggest
that a shift toward M1 polarization with increasing surface roughness, broadly in
agreement with ELISA and RT—gqPCR data. This trend, together with cell viability data (Fig.
4), suggests that excessive roughness may impair macrophage differentiation by affecting

overall cellular function.
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Fig. 10. Quantification of macrophage polarization (M1/M2 ratio) in response to varied roughness. Macrophages
were cultured on titanium discs with varying surface roughness in the absence or presence of LPS stimulation.
The M1/M2 polarization ratio was determined by quantifying the number of CCR7* (M1) and CD36* (M2)

positive regions of interest (ROIs) per cell using ImagelJ. Data show the mean + SD (n=4).
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3.7. Proteomic profiling and molecular function enrichment in macrophages on
titanium surfaces with different roughness

To investigate how surface topography modulates the macrophage proteome under both

LPS-stimulated and unstimulated conditions, a classical bottom-up proteomics strategy

was employed using liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Proteomic analysis identified 1610 (Tab. S2, S3) high-confidence proteins, with differential

expression linked to surface roughness.

GO enrichment revealed that corundum surfaces enhanced ATP-dependent and catalytic
activity proteins, cytoskeletal elements, mitochondrial components, and immune-related
pathways, reflecting a metabolically active, immunocompetent phenotype (Fig. 11). In
contrast, plasmapore surfaces showed reduced structural protein enrichment, attenuated
immune pathways, and increased stress-response proteins, indicative of an
immunosuppressed phenotype (Fig. 11). Compared to the LPS-treated control group,
macrophages on polished titanium surfaces showed enrichment of upregulated proteins
associated with ATP-dependent activity (57.5%), catalytic activity (25.9%), and molecular
adaptor activity (5.3%). Additional upregulated functions included transporter activity
(4.3%), binding (2.6%), and molecular transducer activity (2.7%). Downregulated proteins
on polished surfaces were mainly involved in molecular function regulator activity (68.6%)
and cytoskeletal motor activity (23.4%). Comparing corundum to polished surfaces,
upregulated proteins remained enriched for ATP-dependent activity (58.2%) and catalytic
activity (27.8%). Downregulated proteins on corundum surfaces showed enrichment in
structural molecule activity (28.5%), molecular function regulator activity (45.7%), and
antioxidant activity (13.8%). Further comparison between plasmapore and corundum
surfaces indicated increased proportions of upregulated proteins linked to catalytic
activity (48.7%) and ATP-dependent activity (36.9%) on plasmapore. Downregulated
proteins on plasmapore surfaces were predominantly associated with structural molecule
activity (58.3%), followed by molecular function regulator activity (16.8%), antioxidant
activity (13.8%), and cytoskeletal motor activity (11.1%).
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Fig. 11. Pie chart depicting the molecular function classification of differentially regulated proteins in cultured
macrophages with LPS stimulation on control compared to polished surface, polished surface compared to
corundum discs compared to plasmapore discs. (A) Control compared to polished surface with LPS stimulation,
(B) polished surface compared to corundum discs with LPS stimulation, (C) corundum discs compared to

plasmapore discs with LPS stimulation.

Cellular component enrichment analysis was conducted to evaluate the impact of
titanium surface roughness on macrophages under LPS-stimulated inflammatory
conditions. Comparisons were made among control, polished, corundum, and
plasmapore surfaces (Fig. 12). Our findings indicate that increasing titanium surface
roughness significantly alters the enrichment of specific cellular components in
macrophages. These changes suggest that surface topography modulates the
inflammatory response by influencing mitochondrial function, cytoskeletal organization,
and protein synthesis and processing pathways. Compared to the LPS-treated control
group (cells cultured on 24 wells plate with LPS stimulation), macrophages cultured on

polished surfaces exhibited moderate enrichment in mitochondrial components,
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including mitochondrion, mitochondrial inner membrane, and mitochondrial matrix.
Protein synthesis and processing components were also enriched on polished surfaces,
such as cytosolic ribosome, spliceosomal complex, proteasome core complex, chaperone

complex, rough endoplasmic reticulum, and endomembrane system.
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Fig. 12. Heatmap of the enrichment of cellular components (-Log10 fold change) in macrophages stimulated
with LPS and cultured on titanium surfaces with varying roughness. The color intensity corresponds to the -

Log10 (fold change), where darker colors denote higher statistical significance.
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Transitioning from polished to corundum surfaces resulted in increased enrichment across
multiple cellular components. Structural elements, including cytoskeleton and actin
cytoskeleton, showed marked enrichment. Mitochondrial components increased
moderately (mitochondrion, mitochondrial inner membrane, mitochondrial matrix).
Components related to oxidative metabolism, such as oxidoreductase complex and
catalytic complex, were highly enriched. Protein synthesis and processing components
showed further elevation: cytosolic ribosome, spliceosomal complex, proteasome core
complex, chaperone complex, rough endoplasmic reticulum, endomembrane system, and
chaperonin-containing T-complex. Nuclear components, including nucleus/nuclear lumen

and spliceosomal snRNP complex, were also enriched.

Comparisons between corundum and plasmapore surfaces indicated additional changes
in enrichment patterns. Mitochondrial components showed increased enrichment
(mitochondrion, mitochondrial inner membrane, mitochondrial matrix), along with
oxidoreductase complex and proteasome core complex. Structural components
decreased relative to corundum (cytoskeleton, actin cytoskeleton). Nuclear and RNA-
processing components remained enriched, including nucleus/nuclear lumen,
spliceosomal complex, spliceosomal snRNP complex, ribonucleoprotein complex, and U2-
type spliceosomal complex. Cytosol/cytoplasm demonstrated the highest enrichment.
Endomembrane system, rough endoplasmic reticulum, and chaperonin-containing T-
complex maintained elevated enrichment. Intracellular non-membrane-bounded
organelles showed mild enrichment in polished versus control and polished versus
corundum comparisons but decreased in corundum versus plasmapore. Reactome
analysis confirmed that moderate roughness promotes immunometabolic engagement,
whereas excessive roughness triggers proteotoxic and biomechanical stress, potentially

compromising implant integration under inflammatory conditions (Fig. 13).
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Compared to the LPS-stimulated control group (cells cultured on standard 24-well plates),
macrophages on polished titanium surfaces showed significant upregulation of innate
immune pathways, including Fc epsilon receptor (FCERI) signaling, CD209 (DC-SIGN)
signaling, and C-type lectin receptor (CLR) signaling. Metabolic pathways such as the
tricarboxylic acid (TCA) cycle, respiratory electron transport, and gluconeogenesis were
also enriched. In contrast, pathways involved in cell cycle regulation and protein

ubiquitination were downregulated.

Macrophages cultured on corundum surfaces (compared to polished surfaces) exhibited
further upregulation of immune-related pathways, including the innate immune system,
cytokine signaling, and interferon signaling. Antigen processing and cross-presentation
pathways, as well as the endoplasmic reticulum (ER)-phagosome pathway, showed
significant enrichment. Metabolic pathways related to mitochondrial function and
glycolysis (TCA cycle, glycolysis, and mitochondrial biogenesis) were increased. Some
oxidative phosphorylation and mitochondrial translation pathways were downregulated.

Additionally, pathways linked to selective autophagy and ER stress were upregulated.

Under LPS stimulation, comparison between corundum and plasmapore surfaces
revealed distinct differences in pathway enrichment. FCERI signaling and MAPK activation
pathways remained enriched on plasma-treated surfaces; however, interferon signaling,
cytokine signaling, and antigen presentation pathways were significantly downregulated
relative to corundum. Pathways associated with cellular stress responses, heat shock
proteins, and protein folding were upregulated on plasmapore surfaces. Mitochondrial
metabolism-related pathways, including the TCA cycle, remained moderately active,
supporting the notion that macrophages attempt to meet elevated metabolic demands
induced by complex topography, albeit at the cost of inflammatory competence These
demonstrate that moderate roughness (corundum) promotes immunometabolic activity

and immune engagement, excessive roughness (plasmapore) shifts macrophages toward
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a stress-adaptive, metabolically taxed, and immunosuppressed phenotype, potentially

undermining implant-tissue integration in inflammatory environments.

4. Discussion

This study examined macrophage responses to titanium surfaces the effect of physico-
and chemical properties, both in the absence and presence of LPS stimulation. More
specifically, this research focused on the effect of surface roughness and at the presence
of polished surface (polished Ti alloy), corundum surface (corundum-blasted Ti alloy) and
plasmapore surface (Ti alloy coated with a porous calcium-phosphate layer) on
macrophage viability, adhesion, polarization, and immunometabolic programming. Under
non-inflammatory conditions, macrophage viability remained consistently high across the
three clinically established materials. This is consistent with prior observations by Melo-
Fonseca, F., et al., who reported that surface roughness within a certain threshold does
not compromise cellular viability. However, at 24 h, macrophages on the plasmapore
surface exhibited a modest reduction in viability compared to the corundum surface. This
decline is consistent with previous observations that excessively roughness impose

mechanical stress on adherent cells [170].

Upon LPS stimulation, the tolerance window narrowed dramatically, with viability
dropping to 45.8+1.9% on the plasmapore surface at 24 h whereas corundum
maintained robust survival. Excessive roughness may act as a biomechanical stressor that
sensitizes macrophages to inflammatory stimuli—a notion further supported by increased
expression of stress-responsive transcription factors such as c-Fos and NFATcl. These
findings align with prior observations that extreme topographies can disrupt cellular
homeostasis and reduce implant biocompatibility and indicate that infection synergizes
with topographical stress to trigger macrophage dysfunction, emphasizing the need for

balanced roughness in implant design[171].
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Surface roughness also governed macrophage adhesion and spreading[172]. Excessively
smooth surfaces can impair cell attachment, while overly rough textures may also hinder
stable anchorage[173]. DNA quantification and SEM revealed maximal attachment on the
corundum surface, which exceeded both polished and plasmapore surfaces under both
without and with LPS-stimulation. These observations are consistent with reports by J.
Chen et al., which similarly demonstrated optimal macrophage attachment and spreading
on moderately rough surfaces, with reduced cell density and poor morphology on
excessively rough substrates[174]. This supports the concept of an optimal roughness
threshold, where intermediate roughness provides sufficient micro-scale anchorage while
avoiding excessive mechanical strain. The improved adhesion on corundum suggests
favorable mechanical and biochemical conditions for macrophage engagement, essential

for orchestrating subsequent immune and regenerative responses.

Crucially, surface roughness directly modulated macrophage polarization and cytokine
secretion [175]. SEM results demonstrate that surface topography not only facilitates M2
polarization under non-inflammatory conditions but can also promote Mz2-like
differentiation even in the presence of an inflammatory stimulus. This also reflected by
elevated IL-10 production and upregulation of MCR-1 and CCL3. Excessive roughness acts
as a biomechanical stressor capable of activating stress-responsive transcriptional
programs. In support of this, we observed progressive upregulation of transcription
factors involved in macrophage activation and polarization, c-Fos, NFATc1, and c-Jun, with
increasing surface roughness, particularly on the plasmapore surface. These data reveal

that increasing topographical complexity drives a progressive shift toward M1 polarization.

Hotchkiss et al. demonstrated that rough titanium surfaces promote macrophage M2
polarization, leading to a more anti-inflammatory environment[176]. Interestingly,
corundum surfaces maintained a balanced M1/M2 phenotype even under inflammatory
stimulation, suggesting that moderate roughness preserves macrophage plasticity.

Immunofluorescence staining confirmed CCR7 (M1-associated)[177] and CD36 (M2-
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associated)[178] markers across all surfaces. This is also consistent with previous reports
by Jablonski al., which highlighted the overlapping expression of phenotypic markers
between M1 and M2 macrophages[179]. We observed that the M1/M2 ratio increased
alongside surface roughness, peaking on plasmapore. These are in strong agreement with
our SEM observations, ELISA cytokine profiling, and RT-PCR gene expression analyses,
reveal that roughness significantly shift toward M1 macrophage polarization. This
observation underscores that surface properties are sufficient to bias immune polarization,
acting as a mechanotransducive signal. Moderate roughness promotes a functionally
balanced macrophage state, while excessive roughness acts as a biomechanical stressor
that amplifies inflammation but diminishes viability. Proteomic analysis revealed the
molecular basis by which surface roughness governs macrophage function. On the
corundum surfaces, proteins involved in ATP-dependent and catalytic activities were
upregulated, reflecting elevated metabolic activity. In contrast, proteins downregulated
on corundum were enriched in structural, regulatory, and antioxidant functions,
suggestive of a macrophage phenotype poised for activation while maintaining redox and
structural homeostasis[180]. Enrichment of cytoskeletal and mitochondrial proteins
suggests increased mechanotransduction and oxidative metabolism[53, 54]. The
activation of proteasome and ER-chaperone networks further indicates an adaptive

response to enhanced secretory and metabolic demands[55].

In contrast, macrophages on the plasmapore surfaces exhibited downregulation of
structural and motor-related proteins but upregulation of stress-related and protein-
folding pathways. This pattern signifies a shift from functional activation to stress
adaptation. Pathway enrichment confirmed that corundum surfaces induced immune-
related signaling—cytokine, interferon, and antigen presentation pathways—coupled
with metabolic programs such as glycolysis and the TCA cycle. Conversely, excessive
roughness attenuated pro-inflammatory signaling while activating heat-shock and
oxidative stress responses, suggesting cellular exhaustion and compromised immune

competence. These findings support the concept that surface roughness acts as a
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mechanotransductive regulator, integrating physical cues into immunometabolic and
structural reprogramming of macrophages. The interplay between surface characteristics
and macrophage behavior provides key insights for biomaterial design. Corundum surface
fosters macrophage adhesion, viability, and a balanced immune phenotype—conditions
conducive to successful tissue integration. Conversely, plasmapore roughness promotes
stress-induced inflammation and cytotoxicity, which may impair osseointegration. These
findings suggest that controlling surface topography within an optimal window can fine-
tune host immune responses, achieving a balance between necessary inflammatory
activation and anti-inflammatory resolution. Such topography-driven immune modulation
represents a promising strategy for designing next-generation titanium implants with

enhanced immunocompatibility and infection resistance.

Despite its contributions, this study has several limitations. RAW-derived macrophages
might exhibit a reduced sensitivity compared to primary macrophages, possibly due to
their proliferative nature. The use of human macrophage cells followed by bacterial
infection would address some of the limitations of the current study. Moreover, future
studies employing co-culture or in vivo systems are warranted to elucidate macrophage—
material interactions. Under infectious conditions, corundum facilitates macrophage
activity, adhesion, and polarization. However, this also poses a challenge: the increased
proportion of M2-type macrophages may compromise bacterial clearance at the material
interface. Therefore, the use of corundum may require combination strategies involving

agents that modulate macrophage polarization to optimize infection control.

5. Conclusion

Surface topography emerges as a key determinant of Ti alloy infection immune
compatibility. Moderate Ti alloy with corundum-blasted roughness surfaces preserve
macrophage adhesion, viability, and balanced polarization through coordinated metabolic
and cytoskeletal activity, whereas extreme Ti alloy roughness with a calcium phosphate

coating layer triggers metabolic stress and pro-inflammatory activation. These findings
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highlight surface modification as a strategy to modulate immunomodulation in implants

infection prevention.
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Chapter 3 - Effect of titanium
surface roughness on macrophage-
bacteria interactions

Based on

Cao B., Cillero-Pastor B., Honing M. Effect of titanium surface roughness on macrophage-
bacteria interactions. Submitted to Biofilm.
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Abstract

Surface roughness of titanium implants enhances osseointegration but increases
susceptibility to S. aureus colonization during infection. Macrophages play a key role in
bacterial clearance at infected implants. Here, we investigated the impact of titanium
surface roughness on macrophage—bacteria interactions. We observed that increased
surface roughness alters the balance of macrophage polarization between the M1 and
M2 phenotypes. Specifically, during the early phase of infection (within 12 hrs), the
proportion of M1 macrophages increases, favoring a pro-inflammatory, bactericidal
response. By contrast, at later stages (12—24 hrs), M2 macrophages become more
prevalent, accompanied by reduced reactive oxygen species (ROS) generation and a
transition towards tissue repair and immune resolution. Proteomic profiling reveals that
these phenotypic transitions are mediated through key pathways, including chemokine,
HIF and sphingolipid signaling, estrogen response, necrotic and endocytic processes.
These findings provide mechanistic insight into how surface topography modulates

immune dynamics during implant-associated infection.
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1. Introduction

Titanium (Ti) implants are widely used in orthopedic and dental surgery due to their
excellent mechanical properties, corrosion resistance, and biocompatibility[181-183]. It
is the most widely used material in orthopedic implants, including joint replacements and
internal fixation devices[184-186]. Surface modification of titanium can enhance
osseointegration and implant stability[113, 187]. Micro- and nanoscale roughening have
been extensively employed to enhance implant integration by promoting osteoblast
adhesion and bone ingrowth[113, 188, 189]. However, despite their advantages in
osseointegration, rough surfaces present a paradox: they also provide a favorable niche
for bacterial adhesion and biofilm formation[13], particularly by S. aureus, being the most
common pathogen associated with implant-related infections[15, 74, 190-192]. These
infections remain a leading cause of implant failure, often necessitating revision surgery

posing significant clinical and economic burdens[193-195].

Macrophages serve as key regulators of the host response to implanted biomaterials,
orchestrating both antimicrobial defense and tissue repair[196, 197]. They are the
primary immune cells responsible for bacterial clearance[101, 198]. Upon encountering
pathogens, macrophages undergo dynamic phenotypic transitions between classically
activated M1 states[199], which mediate inflammation and bacterial killing, and
alternatively activated M2 states[200], which support resolution and tissue
regeneration[120]. Although the role of macrophages in sterile implant environments has
been well studied[201], the role of surface roughness influencing macrophage behavior
in the context of bacterial infection remains poorly understood[202]. During implant-
associated infections, the impact of surface roughness on the local microenvironment
remains unclear[203-205]. Recent studies have suggested that biomaterial surface
properties can modulate the function of innate immune cell[52], yet the temporal
dynamics of macrophage polarization in response to both topography and infection cues
are unclear[52]. Furthermore, the molecular pathways underlying this interaction at the

implant—host—pathogen interface are largely unexplored[74].

69



This study aimed to investigate how Ti surface roughness modulates macrophage—
bacteria interactions during both early and late stages of S. aureus infection. Through a
combination of phenotypic assays, ELISA, RT-PCR, and analyses of macrophage activity,
the influence of surface roughness on the regulation of macrophage polarization,
adhesion, phagocytosis, and clearance of S. aureus, was investigated. Proteomic analysis
revealed the key pathways underlying these surface-driven immunological responses.
The findings provide new insights into the immunomodulatory role of biomaterial
topography under infectious conditions and establish a framework for the rational design

of infection-resilient implants via targeted immune modulation.

2. Materials and Methods

2.2. Preparation of titanium discs for cell co-culture

Titanium discs with polished, corundum, and plasmapore surfaces were purchased with
12 mm in diameter and 1.5 mm in thickness (B.Braun, Tuttlingen, Germany). Surface
elemental analysis confirmed titanium as the predominant component across all groups
(Chapter2). The average surface roughness (Sa) was 0.69 + 0.34 um for polished discs,
1.32+0.28 um for corundum discs, and 36.44 +1.80 um for plasmapore discs. All
samples were sterilized by autoclaving at 121 °C for 1520 minutes and stored under

aseptic conditions until further use.

2.3. Culture of macrophage cells on titanium discs

Macrophage cells (RAW264.7 cells, Sigma-Aldrich, USA) were cultured in DMEM medium
(Gibco, USA) containing 10% fetal bovine serum (FBS, Sigma-Aldrich, USA) in a cell
incubator (37 °C, 5% C0O2). The cells were added to the surface of the titanium disc with
a density of 5 x 10° cells/mL. The culture medium was changed every 48h. Cells in the 24-

well plates were labeled as control group.
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2.4. Preparation of GFP-labeled S. aureus

To construct the GFP-labeled S. aureus, 2 ug of GFP plasmid (FigS1, GenScript, UK) was
added to Staphylococcus aureus (S. aureus, Sigma-Aldrich, Germany) cells in a sterile
electroporation cuvette (Sigma-Aldrich, Germany). The mixture was incubated for 30
minutes on ice to allow for plasmid uptake. Electroporation was carried out using a pulse
electroporator (Eppendorf, Germany) and in a 1 mm cuvette (25 pF, 100 Q, and 2.2 kV).
After transfection was completed, the cells were placed in rescue medium (37 °C, 1 h).
Then 100 pL of S. aureus cells was inoculated to the Karamycin agar plate (37 °C,
overnight). Successful transformation was confirmed by fluorescence microscopy,
observing GFP expression in the bacterial cells. After overnight incubation single colonies
were inoculated in Broth medium (Becton, Dickinson and Company, USA). Following 6h
incubation, the bacterial culture was adjusted to a final concentration of 10* CFU/mL for

use in subsequent co-culture experiments with macrophages.

2.5. Optimization of bacterial concentration for macrophage interaction

Macrophages were cultured in 96-well plate (37°C, 5% CO,). They were harvested by
scraping, counted, and adjusted to 5x10° cells/mL. A 100 pL suspension (5x10% cells/well)
was seeded into a 96-well plate and incubated overnight (37°C, 5% CO,). GFP labeled S.
aureus were adjusted to 102, 10% 108 and 108 CFU/mL using serial concentrations
dilutions in DMEM. The macrophages were washed with sterile PBS to remove non-
adherent cells, and 100 uL of S. aureus suspension at varying concentrations was added
to each well. After incubation (37°C, 5% CO,, 6, 8, 12, and 24 h), supernatants were
aspirated, and the macrophages were washed three times with PBS. To ensure that viable
S. aureus does not interfere with the detection of macrophage activity, medium
containing penicillin (100 U/mL) and streptomycin (100 pug/mL) was added for 1 hour at
37°C. The cells were washed to remove the dead bacteria and antibiotics. The
macrophages were detached, centrifuged, resuspended in PBS, and mixed with 0.4%
Trypan Blue for viability assessment. Cell viability was measured under a light microscope

(ZEISS, Germany) and the percentage of viable cells was calculated.
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2.6. Co-culture of macrophages and GFP-labeled S. aureus on Ti discs

The macrophages were gently washed with sterile phosphate-buffered saline (PBS) to
remove any non-adherent cells. GFP-labeled S. aureus (10* CFU/mL) was added to each
well containing macrophages and titanium discs with different surface roughness:
polished, corundum, and plasmapore. The co-culture system was incubated at 37°Cin a
5% CO; incubator for 6, 12, and 24 hrs to assess macrophage-bacteria interactions at
various stages. This setup allowed for the examination of how different titanium surface

roughness influences the dynamics of macrophage response to S. aureus over time.

2.7. Assessment of macrophage viability on different titanium surfaces

To assess the impact of titanium surface properties on macrophage viability,
macrophages were seeded onto titanium discs (polished, corundum, and plasmapore) in
24-well plates at a density of 5x10* cells/well. After overnight incubation at 37°C in 5%
CO;, for cell attachment, the medium was replaced with fresh DMEM, and macrophages
were cultured for 6, 12, and 24 hrs on the different titanium surfaces. Each condition was
performed in triplicate. After incubation (37°C, 5% CO,, 6, 8, 12, and 24 h), supernatants
were aspirated, and macrophages were washed three times with PBS. To ensure that
viable S. aureus does not interfere with the detection of macrophage activity, medium
containing penicillin (100 U/mL) and streptomycin (100 pg/mL) was added for 1 hour at
37°C. Cells were then washed again to remove dead bacteria and antibiotics.
Macrophages were detached, centrifuged, resuspended in PBS, and mixed with 0.4%
Trypan Blue for viability assessment. Cell viability was measured under a light microscope

(ZEISS, Germany) and the percentage of viable cells was calculated.

2.8. SEM and TEM imaging of macrophage morphology

To assess the macrophage morphology on different titanium surfaces, JSM-IT200
inTouchScope scanning electron microscopy (SEM, JEOL Ltd, Japan) and FEI Tecnai G2
Spirit BioTWIN transmission electron microscopy (TEM, Thermo Fisher Scientific, USA)

were employed. After co-culture, titanium discs were washed with sterile PBS to remove

72



non-adherent cells and bacteria. For SEM imaging, the discs were fixed in 2.5%
glutaraldehyde in PBS at 4°C overnight, followed by post-fixation in 1% osmium tetroxide
for 1 hour. The samples were dehydrated through an ascending series of ethanol
concentrations (50%, 70%, 90%, 100%), and critical-point drying was performed to
preserve the cell morphology. The dried samples were sputter-coated with gold and
examined using a field emission SEM at an accelerating voltage of 5 kV. For TEM imaging,
the cells were first scraped from the surface of the titanium discs using a cell scraper, then
fixed in the same glutaraldehyde solution and processed through a series of dehydration
steps. The samples were embedded in epoxy resin and polymerized at 60°C. Ultra-thin
sections (70 nm) were cut using an ultramicrotome and stained with uranyl acetate and
lead citrate. The sections were imported in a transmission electron microscope at 80 kV

to examine the morphology of macrophage cells on the titanium surfaces.

2.9. Confocal microscopy quantification of S. aureus phagocytosis by macrophages

To evaluate the effect of titanium surface roughness on macrophage-mediated
phagocytosis of S. aureus, macrophages were cultured on polished, corundum, and
plasmapore titanium discs. GFP-labeled S. aureus was added to the macrophage cultures
at a bacterial concentration of 10* CFU/mL. The co-cultures were incubated for 6, 12, and
24 hrs at 37°C with 5% CO, to allow phagocytosis to occur. After the incubation,
macrophages were washed gently with sterile PBS to remove non-adherent bacteria. Cells
were fixed with 4% paraformaldehyde for 15 minutes at room temperature, followed by
permeabilization with 0.1% Triton X-100 for 10 minutes. To visualize internalized bacteria,
macrophages were stained with DAPI (nuclear stain, Sigma, Germany) and Phalloidin—
Atto 565 (Atto 565 for actin cytoskeleton stain, Sigma, Germany). Confocal microscopy
(Zeiss LSM 800, Germany) was used to capture images of the macrophages, GFP-labeled
S. aureus. The number of internalized S. aureus per macrophage was quantified by

analyzing at 20 cells per sample from three independent experiments.
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2.10. Quantification of macrophage adhesion on titanium surfaces

Macrophage adhesion was evaluated on different titanium (Ti) surfaces, including
polished, corundum, and plasmapore. For adhesion assays, cells were seeded at a density
of 1x10° cells/well onto the different Ti surfaces or control wells and incubated at 37 °C
with 5% CO,. After cell attachment (4 h), stimulation was performed using S. aureus at a
multiplicity of infection (MOI) of 10:1. At 8, 12, and 24 h post-stimulation, adherent
macrophages were quantified by measuring DNA content using the Quant-iT™ PicoGreen
dsDNA assay kit (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. Fluorescence intensity was measured with a microplate reader

(excitation/emission: 480/520 nm).

2.11. Fluorescent probe-based ROS quantification in macrophages on different Ti
surfaces

The production of reactive oxygen species (ROS) in macrophages was assessed to
evaluate the effect of titanium surface roughness on macrophage activation during
interaction with S. aureus. Macrophages were cultured on polished, corundum, and
plasmapore titanium discs as previously described. Following bacterial co-culture with
GFP-labeled S. aureus for 6, 12, and 24 hrs, the cells were washed gently with sterile PBS
to remove non-adherent bacteria. ROS production was quantified using the fluorescent
probe 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen, USA), a non-
fluorescent compound that is converted to fluorescent dichlorofluorescein (DCF) upon
oxidation by ROS. Following the co-culture, macrophages were incubated with 10 uM
H2DCFDA at 37°C for 30 minutes in the dark. After incubation, cells were washed three
times with PBS to remove excess probe and then resuspended in PBS. Fluorescence
intensity was measured using a microplate reader at an excitation wavelength of 485 nm
and emission wavelength of 530 nm. The levels of ROS were quantified based on the
fluorescence intensity, which correlates with the amount of ROS produced within the
macrophages. The results were normalized to the number of viable cells determined by

the Trypan Blue assay.
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2.12. ELISA of pro-inflammatory and anti-inflammatory cytokines

To assess the inflammatory response of macrophages to S. aureus on different titanium
surfaces, the expression levels of pro-inflammatory and anti-inflammatory cytokines
were quantified using an Enzyme-Linked Immunosorbent Assay (ELISA). Cells were
cultured on polished, corundum, and plasmapore titanium discs as described previously.
After bacterial co-culture for 6, 12, and 24 hrs, the supernatants were collected to
measure cytokine release, and the macrophages were lysed for gene expression analysis.
The secretion of pro-inflammatory cytokines (TNF-a) and anti-inflammatory cytokines (IL-
10) was assessed using commercially available ELISA kits (Thermo Fisher Scientific, USA),
following the manufacturer's protocols. Briefly, 100 uL of culture supernatant from each
sample was added to the wells of a pre-coated 96-well plate and incubated at room
temperature. After incubation, the plates were washed, and antibodies were added,
followed by substrate solution. The absorbance was measured at 450 nm using a
microplate reader (Tecan Group Ltd, Switzerland). Cytokine concentrations were

determined from a standard curve constructed using known cytokine standards.

2.13. Expression of genes associated with inflammation

To assess the response of macrophages to S. aureus on different titanium surfaces, total
RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany) following the
manufacturer’s protocol. RNA purity and concentration were measured with a NanoDrop
spectrophotometer (Thermo Fisher Scientific, USA). cDNA was synthesized from 1 ug of
total RNA using the iScript cDNA Synthesis Kit (Bio-Rad,USA). Gene expression analysis
was performed via RT-qPCR using SYBR Green PCR Master Mix (Applied Biosystems, USA)
on the ABI 7500 Real-Time PCR System (Thermo Fisher Scientific,USA). The target genes
(Table 1) analyzed included oxidative stress response genes (CYBB (NOX2), GPX1, GPX4),
macrophage differentiation markers TNF-a, IL-10, NFATC1, RANK, c-Jun, c-Fos, and
adhesion-related genes (ITGB2 (CD18), ICAM1 (CD54)). Gene expression levels were

normalized to GAPDH and quantified using the 2222 method. The expression profiles of
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these genes were compared between different surface roughnesses and bacterial

exposure durations.

Tab. 1. Primers used for RT-PCR

Targetgene  Forward primer Reverse primer

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
INDO GCCTGATCTCATAGAGTCTGGC TGCATCCCAGAACTAGACGTGC
CXCL11 AGCTTGCCTCAATCCTGCATCC CAGATGCCCTTTTCCAGGACTTC
MCR-1 GGTTTATGGAGCAGGTGGAA AAACTTGAACGGGAATGCAC
CCL13 GATCTCCTTGCAGAGGCTGAAG TCTGGACCCACTTCTCCTTTGG
TNF-a CTCTTCTGCCTGCTGCACTTTG ATGGGCTACAGGCTTGTCACTC
IL-10 TCTCCGAGATGCCTTCAGCAGA TCAGACAAGGCTTGGCAACCCA
NFATc1 CACCAAAGTCCTGGAGATCCCA TTCTTCCTCCCGATGTCCGTCT
c-Jun CCTTGAAAGCTCAGAACTCGGAG TGCTGCGTTAGCATGAGTTGGC
c-Fos GCCTCTCTTACTACCACTCACC AGATGGCAGTGACCGTGGGAAT
Nfkb1 AGTGCAAAGGAAACGCCAGAAG GCCAGGGCTTCCGGTACTC
TLR2 ATAAGCTGAAAACACTCCCAGATG  GAAAAGAACCAAGTTGGTC
ICAM1 TGAAGGTGTATGAACTGAGCA GTGCCCATTATGACTGCGAT

2.14. Label free proteomics

The macrophages were seeded and cultured as described above. Cells were then washed
four times with 50 mM ammonium bicarbonate (ABC; Merck) and collected in 5 M urea,
50 mM ABCin 1.5 ml Eppendorf tubes. Cell lysis was achieved by three freeze—thaw cycles,
using liquid nitrogen for freezing and sonication in an ultrasonic bath for thawing.
Insoluble material was removed by centrifugation, and the resulting supernatant was
transferred to new tubes. Proteins were digested overnight at 37 °C with trypsin—LysC at
an enzyme-to-protein ratio of 1:25. Digestion was quenched by addition of 20%
acetonitrile (ACN)/10% formic acid (FA), yielding final concentrations of 2% ACN and 1%
FA.

Peptide separation was achieved using an Ultimate 3000 nano-LC system (Thermo
Scientific) equipped with an Acclaim PepMap C18 analytical column (15 cm x 75 um, 3
um; Thermo Scientific). Peptide samples were first desalted on an on-line C18 trapping
column, followed by separation on the analytical column using a 30-min gradient from 4%
to 32% acetonitrile (ACN) with 0.1% formic acid (FA) at a flow rate of 300 nl min™. The LC

system was coupled to a Q Exactive HF mass spectrometer (Thermo Scientific) operated
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in data-independent acquisition (DIA) mode. The instrument was configured to acquire
25 x 24 m/z DIA spectra spanning 400—-1000 m/z at a resolution of 30,000 with a staggered
window pattern. Full MS1 scans (385—-1015 m/z) were acquired at a resolution of 60,000

and interspersed every 25 DIA MS/MS scans.

Protein identification and quantification were performed using DIA-NN version
1.8.1(University of Cambridge, UK), employing a Mus Musculus (Mouse TaxID
10090_240227) protein database and cysteine carbamidomethylation as a fixed
modification. Data were normalized using RT-dependent cross-run normalization and
Maximal Label-Free Quantification (MaxLFQ) normalization. For comparative analysis,
Perseus 2.0.11 software (Max Planck Institute of Biochemistry, Germany) was utilized,
focusing on label-free quantification. Proteomic profiles of macrophage cells cultured
with titanium discs were compared to control groups. Differentially expressed proteins
were considered significant at a p-value < 0.05 (Student’s test). Differentially expressed
proteins were classified based on cellular component analysis and Reactome pathways
using the STRING v.11.5 classification system (EMBL Heidelberg, Germany, https://string-

db.org).

Adjusted p-values were calculated using the Benjamini—Hochberg procedure to control
the false discovery rate (FDR). The protein expression was considered different between
conditions at p < 0.05 (Student's T-test). Principal Component Analysis (PCA) was
performed to visualize the variance in proteomic profiles across surface types and LPS
treatment conditions. PCA plots were generated using the Perseus 2.0.11, with scaling
applied to the data. Functional classification of differentially proteins, Cellular Component
analysis and Pathways analysis were carried out using the STRING v.11.5 (https://string-
db.org) and Reactome Pathway Database (https://reactome.org). The proteomics data
have been deposited in the PRIDE database via ProteomeXchange(Code: 1-20260423-
143013-4812642).
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2.15. Data analysis

RT-PCR, Cell viability and cytokine secretion data are presented as mean % standard
deviation and sample size was 3 (n=3). A one-way ANOVA followed by Tukey post-hoc
correction was used for comparison of group means in SPSS (version 21, IBM SPSS
statistics, USA6). The Shapiro-Wilk test was employed to assess data normality. A p value
of 0.05 was used as a threshold for statistical significance.*p<<0.05; **p<<0.01; **xp<<

0.001.

3. Results

3.1. Effects of S. aureus infection on macrophage viability

To determine an optimal bacterial load for a macrophage infection model (Fig.1), we
quantified the effects of S. aureus on macrophage viability across a range of
concentrations (102, 10%, 10°, and 108 CFU/mL) and incubation periods (6, 8, 12, and 24
h). Viability, measured by CCK-8 assay and normalized to uninfected controls, declined in
both a dose- and time-dependent manner. Minimal cytotoxicity was observed at 102 and
10* CFU/mL, whereas 10® and 108 CFU/mL markedly impaired viability, particularly after
12 and 24 h. At 24 h, exposure to 108 CFU/mL reduced viability to less than 8.66+1.74%,
indicating extensive cell death. On this basis, 10* CFU/mL was selected for subsequent

experiments on titanium discs with varying surface roughness.
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Fig. 1. Effects of S. aureus infection on macrophage viability over time. Macrophages were co-cultured with S.
aureus at different concentrations (102, 104, 10%, and 108 CFU/mL) and incubated for 6, 8, 12, and 24 hours. Data
show the mean + SD(n=4).
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3.2. Macrophage viability on titanium surfaces under S. aureus infection

To investigate the effect of different titanium surface roughness on macrophage viability
under bacterial infection (10* CFU/mL), cell viability was measured using the CCK-8 assay
(Fig. 2) at 8 h, 12 h, and 24 h to assess time-dependent changes. As shown in Fig. 2, cell
viability decreased over time across all groups, indicating a time-dependent reduction
under bacterial challenge. At each time point, the control and polished groups
consistently exhibited higher viability compared to corundum and plasmapore surfaces.
Specifically, at 8 h, the control group showed a viability of 90.49+4.94%, significantly
higher than the plasmapore group (76.31 + 1.34%) and corundum group (80.12 + 2.18%).
The polished group (88.25 + 3.21%) also maintained higher viability than plasmapore but
was not significantly different from control (p = 0.124). At 12 h, the control group
remained 82.37 = 5.02% higher than polished 80.15 + 4.87% (p < 0.001). The corundum
71.46 £3.89% is also higher than plasmapore 65.92 + 2.74%. By 24 h, the viability decrease
was more pronounced: control 74.17 + 6.44%, polished 70.55 + 4.92% (p < 0.001),
corundum 63.84 + 3.21%, and plasmapore 60.75 + 3.56%. These indicate that surfaces
with higher roughness (corundum and plasmapore) promote a higher decrease in

macrophage viability over time and under bacterial challenges.
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Fig. 2. Cell viability on titanium discs with different surface roughness in the presence of bacterial infection. The
effect of different titanium surface roughness on cell viability in the presence of bacterial infection (10* CFU/mL).
Cell viability was measured using the CCK-8 assay and normalized to 100% for the uninfected well plate group
(0 CFU/mL). Measurements were taken at 8h, 12h, and 24h to assess time-dependent changes. Data show the
mean * SD. one way ANOVA was used to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p <
0.001).
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3.3. Titanium surface morphology differentially regulates macrophage adhesion under
S. aureus challenge

The DNA content was employed to evaluate the impact of titanium surface morphology
on macrophage adhesion under bacterial challenge. Macrophages were cultured on
control (24-well plate), polished, corundum, and plasmapore surfaces following S. aureus
stimulation. As shown in Fig. 3, macrophage adhesion was strongly influenced by the
surface roughness. At 8 h, the corundum group exhibited the highest DNA content
(662.13 + 34.75 ng), significantly exceeding that of control (435.62 +4.58 ng) and
polished surfaces (505.22 + 36.80 ng). Plasmapore surfaces also promoted adhesion
(572.01 + 58.78 ng), but to a lesser extent than corundum (p <0.05). At 12 h, DNA content
decreased across all surfaces, with corundum maintaining the highest level
(617.84+91.20 ng), followed by plasmapore (508.49 +105.79 ng), control
(425.77 £ 69.03 ng) and polished (431.75 + 63.69 ng). By 24 h, a further decline was
observed, with corundum (511.75 + 94.36 ng) still outperforming other groups. Notably,
plasmapore showed reduced adhesion compared to corundum at all time points,
particularly at 24 h (435.12 + 134.81 ng). This showed that excessive surface roughness
may hinder macrophage attachment. Overall, the most robust adhesion occurred at 8 h,
followed by a time-dependent decline at 12 and 24 h, consistent with decreasing cell
viability over time under continuous bacterial challenge.
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Fig. 3. Quantification of macrophage adhesion on titanium surfaces under S. aureus stimulation. Macrophage
adhesion was assessed on titanium (Ti) surfaces (polished, corundum, plasmapore) and compared with the
control group (24 wells plate) following stimulation with S. aureus. DNA content was quantified using the Quant-
iT™ assay at 8, 12, and 24 hours. Data show the mean + SD. one way ANOVA was used to determine statistical
significance (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).
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3.4. Surface roughness—dependent modulation of macrophage morphology and S.
aureus infection

To assess macrophage phagocytic capacity at 24 h, SEM experiments were performed to
examine cell morphology and interactions with S. aureus on titanium surfaces of varying
roughness (polished, corundum, and plasmapore) (Fig. 4). Surface characteristics
markedly influenced macrophage behavior and S. aureus. On polished surfaces,
macrophages displayed well-spread, elongated morphologies with extensive filopodia
and lamellipodia. Numerous bacteria were observed adhered to macrophage membranes
(Fig. 4, bottom left, red arrowheads). In contrast, macrophages on corundum surfaces
exhibited irregular morphology, pronounced membrane ruffling, and reduced spreading.
Fewer bacteria were associated with macrophage surfaces despite a similar overall
substrate bacterial burden (Fig. 4, middle panels). On plasmapore surfaces, macrophages
showed extensive membrane dynamics, including ruffling and phagocytic cup formation.
These indicate that surface roughness strongly influences macrophage—bacteria

interactions.

Polished

Corundum Plasmapore

Fig. 4. SEM images of macrophage morphology and S. aureus interactions on titanium surfaces. Top panels
display low-magnification views showing overall cell distribution and attachment. Insects highlight selected
macrophages for detailed visualization. Bottom panels show high-magnification images of macrophages
interacting with each surface, with red arrowheads indicating S. aureus. Scale bars: 20 um (top), 5 um (bottom).
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3.5. Nonlinear regulation of macrophage phagocytosis by titanium surface topography
High-resolution confocal fluorescence microscopy was performed to examine whether
surface topography affects bacterial internalization. GFP-labeled S. aureus (10* CFU/mL)
within macrophages were cultured on the titanium discs (polished, corundum, or
plasmapore surfaces). Intracellular uptake was assessed after 24 h of co-culture. As
shown in Fig. 5, confocal imaging revealed clear differences in phagocytic activity across
surface conditions. Macrophages on corundum surfaces exhibited the most pronounced
reduction in bacterial internalization, displaying fewer intracellular GFP-positive bacteria
and a more rounded morphology. By contrast, cells on polished surfaces maintained
robust phagocytic uptake, with extensive cytoplasmic GFP signal. Macrophages on
plasmapore surfaces, despite irregular morphology and increased cytoplasmic
vacuolization, internalized more bacteria than those on corundum, indicating a partial
recovery of phagocytic function at higher roughness levels. These demonstrate a
nonlinear relationship between titanium surface roughness and macrophage
phagocytosis. Corundum roughness markedly impaired bacterial uptake at 24 h, whereas

smoother or highly roughness surfaces sustain more efficient internalization.

Control Polished Corundum Plasmapore

A . —

—5 pm —5um S — £ | 7Y

5 um

Fig. 5. Confocal images of macrophages cultured on titanium discs with different surface properties: control,
polished, corundum, and plasmapore. Cells were incubated with GFP-expressing S. aureus (10* CFU mL™). Cell
membranes were labeled with phalloidin (red), nuclei with DAPI (blue), and internalized S. aureus appear as
GFP-positive puncta (green). Insertions show magnified regions highlighting intracellular bacteria. Scale bars: 20
um (top panels) and 5 um (bottom panels).



3.6. Surface-dependent remodeling of macrophage subcellular architecture with S.
aureus infection

Primary macrophages were cultured on Ti discs and exposed to GFP-labeled S. aureus (10*
CFU/mL). Transmission electron microscopy (TEM) was performed 24 h post-infection to
further assess subcellular localization and phagocytic capacity (Fig. 6). Macrophages on
control surfaces (24-well cell culture plate) displayed a highly active phagocytic
phenotype, with extensive filopodia. ER dilation was evident; indicative of enhanced
protein synthesis associated with phagocytic stress. Similarly, macrophages adhering to
the polished titanium surface exhibited robust phagocytic activity, adopting a flattened
morphology with well-developed pseudopodia. The intact endoplasmic reticulum and
mitochondrial structures indicated high metabolic activity. In contrast, macrophages on
corundum surfaces exhibited markedly impaired phagocytic function. These cells
predominantly exhibited a rounded morphology with reduced protrusions. Although the
endoplasmic reticulum and mitochondria appeared morphologically intact, the
diminished protrusions indicated weakened metabolic and phagocytic activity.
Macrophages located on the surface of the plasma pore exhibit significant cytoplasmic
vacuolation and larger, fused phagosome structures. Pseudopodial activity remains
pronounced, indicating partial restoration of phagocytic capacity at higher roughness
levels despite altered subcellular organization. These results show that titanium surface
topography exerts a topography-dependent modulation of macrophage phagocytosis.
Both corundum and plasmapore surfaces impaired bacterial uptake, and the corundum

surface producing the most pronounced functional decline at 24 h.
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Control Polished

Fig. 6. TEM images of macrophage phagocytosis of S. aureus on titanium surfaces with varying roughness.
Macrophages were seeded onto titanium discs with different surface topographies, control (cells cultured on
24 well plates), polished, corundum, and plasmapore. GFP-labeled S. aureus (10* CFU/mL) was added to the
cultures and co-incubated for 24 hours. Open red triangles mark S. aureus; solid red triangles indicate vacuoles;
open arrows point to pseudopodia; and solid arrows denote the endoplasmic reticulum. Scale bars: 2 pm.

3.7. Dynamic regulation of macrophage S. aureus uptake across titanium surface
roughness

Next to the SEM, Confocal and TEM analyses, the time-dependent effect on phagocytic
efficiency was assessed (Fig. 7). Macrophages were cultured on titanium discs with
varying surface roughness (polished, corundum, plasmapore) and co-incubated with GFP-
labeled S. aureus for 8, 12, or 24 hrs. Intracellular bacterial load was quantified by confocal
microscopy as GFP intensity normalized to DAPI-labeled nuclei. At 8 h, the phagocytosis
efficiency increased with surface roughness, with corundum (1.487 +0.096) and
plasmapore (1.626 + 0.101) significantly higher than control (1.143 £ 0.092) and polished
(1.172 £ 0.146). Plasmapore induced a higher internalization than corundum, indicating
that more complex topographies enhance early-phase bacterial uptake. By 12h,

phagocytic activity peaked on rough surfaces, with corundum (1.863 +0.111) and
plasmapore (2.062 + 0.178) significantly exceeding polished (1.239 + 0.052) and control
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(1.176 £ 0.069). Plasmapore remained slightly higher than corundum, reinforcing that
early-phase phagocytosis is positively correlated with roughness. After 12 h, the
phagocytosis efficiency declined across all groups, with the corundum group showing the
most pronounced reduction. At 24 h, control (0.917 + 0.055) and polished (0.949 + 0.042)
surfaces continued to show decreased uptake compared to earlier time points. Corundum
(0.553 + 0.054) exhibited the largest drop, while plasmapore (0.670 + 0.057) maintained
relatively higher internalization, though still reduced compared to 12 hr. Both corundum
and plasmapore remained significantly higher than control and polished surfaces. This
indicates that titanium surface roughness modulates macrophage phagocytosis in a time-
and topography-dependent manner. Rougher surfaces enhance early bacterial uptake (8—
12 h), but prolonged exposure leads to a general decline in phagocytic capacity, with
corundum surfaces being most affected. Plasmapore surfaces, despite the decline,

sustain higher phagocytic activity than corundum.
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Fig. 7. Macrophage uptake of S. aureus quantified by confocal microscopy. Macrophages were co-cultured with
GFP-labeled S. aureus for 8, 12, and 24 hours, and bacterial uptake was quantified using confocal microscopy.
Relative fluorescence intensity, normalized to DAPI-stained macrophage nuclei, was used to assess the
phagocytic efficiency. Data show the mean * SD. one way ANOVA was used to determine statistical significance
(n=4, *p < 0.05; **p < 0.01; ***p < 0.001).
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3.8. Surface-dependent modulation of macrophage M1-M2 polarization in response to
S. aureus infection

Immunofluorescence staining (Fig.8) was performed to further assess the effects of
titanium surface topography on macrophage polarization under bacterial challenge.
Macrophages were co-cultured with S. aureus on polished, corundum, and plasmapore
titanium surfaces, with nuclear counterstaining (DAPI). At 24 h, macrophages on polished
surfaces maintained moderate CCR7 (M1) expression with lower CD36 (M2) levels,
consistent with a still predominant M1 phenotype. In contrast, corundum group exhibited
minimal CCR7 signal and markedly elevated CD36, reflecting a strong shift toward M2
polarization. Plasmapore surfaces supported a mixed phenotype, with moderate CCR7
and high CD36 expression. Control group (cultured on 24 wells culture plates) displayed

low and diffuse staining of both markers, indicative of a relatively quiescent state.
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Fig. 8. Immunofluorescence analysis of macrophage polarization on titanium surfaces under S. aureus
stimulation. Macrophages were cultured for 24 h on four types of Ti surfaces: Control (24 wells plate), polished,
corundum, and plasmapore, followed by S. aureus stimulation. Cells were stained with DAPI (blue, nuclei), CF™
488A-conjugated anti-CD36 (green, M2 macrophage marker), and CF™ 568-conjugated anti-CCR7 (red, M1
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macrophage marker). Merged images display colocalization of polarization markers with nuclear staining. The
scale bar shows 100 um.

3.9. Early M1 activation followed by late-phase M2 polarization on rough titanium
surfaces

Imagel-assisted immunofluorescence analysis (Fig. 8) was used to quantify the M1/M2
polarization ratio of titanium surface topography on macrophage polarization under S.
aureus challenge. The M1/M2 polarization ratio was assessed by CCR7* (M1) and CD36*
(M2) macrophage populations on control, polished, corundum, and plasmapore surfaces
at 8, 12, and 24 hrs. At 8 hrs, corundum and plasmapore, exhibited significantly higher
M1/M2 ratios (6.19 + 0.27 and 6.26 * 0.27) compared to control (2.44 + 0.36, p < 0.01)
and polished (4.12 + 1.68, p < 0.05). This shows early M1 polarization and functional
activation. At 12 hrs, the M1/M2 ratio decreased noticeably, especially on corundum
surfaces (5.32 + 0.61, p < 0.05), suggesting that M1 differentiation was partially
suppressed, whereas M2 polarization continued to rise. By 24 hrs, M2-associated
phenotypes predominated, with the lowest M1/M2 ratios observed on corundum (0.56 +
0.19) and plasmapore surfaces (0.65 + 0.08, p < 0.01), while control (1.26 + 0.30) and
polished surfaces (0.90  0.78) maintained relatively higher ratios (p > 0.05), indicating a
delayed M2 transition. M2 polarization increased over time, reaching its highest value at
24 hrs. Collectively, the early M1 activation is followed by a late-phase M2 response, and
corundum surfaces exerting the strongest modulatory effect.
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Fig. 9. Quantification of macrophage polarization (M1/M2 ratio) in response to varied roughness. Macrophages
were cultured on titanium discs with different surface roughness and with S. aureus stimulation evaluated by
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Imagel). The M1/M2 polarization ratio was evaluated by the number of CCR7* (M1 marker) and CD36* (M2
marker) regions of interest (ROIs) per cell.

3.10. Time-dependent transcriptional reprogramming of macrophages by titanium
surface topography

M1/M2 ratios obtained throughout the experiments, indicated dynamic and, time-
dependent modulation of macrophage polarization being exposed to S. aureus on
titanium surfaces. Next the transcriptional responses were determined in order to asses
the influence of surface topography and bacterial challenge on the regulation of the
macrophage function (Fig. 10). To this end, the expression of key genes involved in
polarization, adhesion, phagocytosis, and inflammatory signaling were assessed by RT—
gPCR. Macrophages were cultured on polished, corundum, and plasmapore surfaces
following S. aureus stimulation. At 12 hrs, M1 genes and functional markers,
macrophages on corundum and plasmapore surfaces exhibited significantly elevated
expression of M1-associated genes, including TNF-a (corundum 67.04 + 6.75, plasmapore
76.18 £9.73, p<0.001), IDO1 (corundum 65.05+4.93, plasmapore 68.94+7.87,
p <0.001), and CXCL11 (corundum 58.92 + 3.94, plasmapore 65.45 + 4.60, p <0.01), as
well as phagocytosis functional gene TLR2 (corundum 24.94 £2.16, plasmapore
28.13 +3.50, p <0.01), ROS production functional gene Nfkb1l (corundum 4.60 + 0.39,
plasmapore 4.07 +0.37, p<0.01), and adhesion functional gene ICAM1 (corundum
0.94 £ 0.08, plasmapore 0.66 £ 0.17, p <0.05). These indicate that rougher surfaces
promote M1 polarization and functional activation, facilitating early bacterial clearance.
Following 12 hrs, M1 gene expression declined markedly, with the corundum group
showing the most pronounced reduction, indicating a temporal suppression of pro-
inflammatory M1 activity. In contrast, M2-associated genes, including IL-10, MRC1, and
CCL13, progressively increased over time, reaching maximum expression at 24 h on
corundum (IL-10 6.60 + 0.14, MRC1 6.35 + 0.30, CCL13 6.16 + 0.56) and plasmapore (IL-
10 5.95+0.21, p<0.001). This suggested a shift toward anti-inflammatory profiles.
Expression of transcription factors involved in macrophage activation (NFATc1, c-Fos, and
c-Jun) also increased over time, peaking at 24 hrs on corundum (NFATc1 4.13 +1.01, c-

Fos 4.47 £0.63, c-Jun 3.49+0.20, p <0.01). Notably, despite the upregulation, their
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functional impact on promoting M1 activity appears attenuated after 12 h, while M2
polarization dominates. These findings demonstrate that rough titanium surfaces strongly
induce M1 polarization and functional activation prior to 12 hrs. After 12 hrs, M1
responses are suppressed (corundum), and M2 markers and transcription factor
expression continue to increase, consistent with a temporal shift toward anti-
inflammatory functions. Interestingly, plasmapore surfaces, representing the highest
roughness, slightly attenuate full M2 polarization, suggesting that excessive

topographical complexity may limit late-stage anti-inflammatory responses.
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Fig. 10. Relative gene expression profiles of inflammatory and immune-regulatory markers in macrophages
stimulated with S. aureus on different titanium surfaces. Quantitative RT-PCR analysis of macrophage gene
expression after incubation on Ti surfaces (control, polished, corundum, plasmapore) with S. aureus stimulation
for 8, 12, and 24 hours. (A) Pro-inflammatory and M1 macrophage genes: TNF-a, IDO1, and CXCL11. (B)
Transcription factors involved in macrophage activation: NFATc1, c-Fos, and c-Jun. (C) M2 macrophage markers:
IL-10, MRC1, and CCL13. (D) Macrophage functional genes: TLR2 (phagocytic function), Nfkb1 (ROS production),
and ICAM1 (adhesion). Data normalized to control (24 wells plate without Ti discs) using the 2-22% method.
Results are shown as mean + SD, one way ANOVA was used to determine statistical significance (n=4, *p < 0.05;
**p < 0.01; ***p < 0.001).
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3.11. Time-resolved cytokine responses reveal M1-to-M2 shift on rough titanium
surfaces

In a follow-up study, the the time dependent influence of surface roughness on the
modulation (M1/M2 ratio) of macrophages was researched. ELISA based assays were
used to quantify the secretion of the pro-inflammatory cytokine TNF-a and the anti-
inflammatory cytokine IL-10 following S. aureus exposure at 8, 12, and 24 hrs (Fig. 11). At
8 hrs, TNF-a levels increased with surface roughness, with plasmapore
(688.45 + 45.17 pg/mL) and corundum (576.86 + 99.24 pg/mL) significantly higher than
control (482.42 +37.21 pg/mL) and polished (454.92 + 57.80 pg/mL). This suggested an
early pro-inflammatory response on rougher surfaces. IL-10 levels were also elevated on
corundum (88.17 +7.33 pg/mL) and plasmapore (55.28 + 10.73 pg/mL) compared to
control (13.55 £ 2.64 pg/mL) and polished (15.58 * 5.89 pg/mL), indicating early anti-
inflammatory signaling. By 12 h, TNF-a secretion reached its peak on rough surfaces, with
corundum  (1372.46 £51.33 pg/mL) and plasmapore (1458.58 +90.41 pg/mL)
significantly  higher than control (1142.50 £ 170.60 pg/mL) and polished
(1100.74 + 84.15 pg/mL, p<0.001). IL-10 levels continued to rise on corundum
(145.68 £9.95 pg/mL) and plasmapore (128.89+19.62 pg/mL), both significantly
elevated over control (17.01 + 8.24 pg/mL) and polished (16.15 + 7.87 pg/mL), indicating
sustained M1/M2 coexistence. At 24 hrs, TNF-a levels declined sharply, with the
corundum group showing the most pronounced decrease (303.13 + 30.83 pg/mL), while
plasmapore (387.25 +51.69 pg/mL), polished (494.08 £30.89 pg/mL), and control
(441.50 £ 6.13 pg/mL) also decreased, though less dramatically. In contrast, IL-10 levels
continued to rise, reaching a maximum on corundum (166.35+ 7.31 pg/mL) and
plasmapore (142.89 +13.13 pg/mL), while control (54.34 +7.12 pg/mL) and polished
(51.49 £9.41 pg/mL) remained lower (p<0.01). This indicates a sustained anti-
inflammatory response on rougher surfaces despite attenuation of TNF-a. These reveal
that titanium surface roughness and time interact to regulate macrophage polarization.
Before 12 h on rough surfaces display both pro- and anti-inflammatory signaling. TNF-a

declines sharply, particularly on corundum, IL-10 remains elevated, suggesting a shift
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toward M2 polarization. Notably, plasmapore surfaces induced slightly lower IL-10
compared to corundum, implying that extreme roughness may moderately limit anti-

inflammatory signaling.
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Fig. 11. Quantification of inflammatory cytokines secretion. Macrophages cultured on titanium surfaces with
GFP-labeled S. aureus for 8, 12, and 24 hours stimulation evaluated by ELISA assay. The secretion level of (a)
pro-inflammatory cytokine, and (b) anti-inflammatory cytokine, IL-10. Data show the mean + SD, one way
ANOVA was used to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).

3.12. Time-dependent ROS dynamics in macrophages regulated by titanium surface
roughness

The DCFH-DA-based fluorescence assay format (Fig. 12) was used to investigate how
titanium surface topography and bacterial stimulation jointly influence macrophage
reactive oxygen species (ROS) production. Macrophages, cultured on plasmapore and
corundum, exhibited elevated ROS levels compared to polished and control groups. The
highest levels observed on plasmapore indicated that increased surface roughness
enhances oxidative activation. Likewise, and in the absence of S. aureus, ROS production
increased with roughness over time. At 8 hrs, ROS levels ranged from control (0.28 £ 0.03)
to plasmapore (0.41 + 0.01), while at 24 hrs, levels reached plasmapore (0.57 + 0.05).
Corundum also induced oxidative activity (0.52 + 0.02), reaching at 24 h. These indicate
that surface topography can activate macrophage oxidative pathways in a roughness- and

time-dependent manner.
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In the presence of GFP-labeled S. aureus, ROS dynamics followed a biphasic pattern across
all surfaces. ROS levels increased with surface roughness before 12 hrs, peaking sharply
at 12 hrs: polished (0.79 + 0.06, p < 0.001), corundum (1.61 + 0.16, p < 0.001), and
plasmapore (1.78 £ 0.15, p < 0.001). This peak coincided with maximal expression of pro-
oxidant genes such as Nfkbl and TLR2 in RT—-gPCR assays and was associated with
enhanced M1 polarization, reflected by elevated TNF-a and CXCL11. By 24 hrs, ROS levels
markedly declined, particularly on corundum (0.26 + 0.11), concurrent with increased
expression of M2 markers IL-10 and MRC1, suggesting a transition toward redox
resolution and anti-inflammatory polarization. These findings support a model in which
titanium surface roughness interacts with bacterial stimuli to regulate macrophage
oxidative behavior in a time-dependent manner. Rough surfaces initially promoted robust
ROS production during M1-skewed activation, followed by a shift toward resolution and

redox homeostasis through M2 polarization.

A H Control M Polished Il Corundum I Plasmapore B M Control M Polished Il Corundum I Plasmapore
*

0.8

T

{Relative fold induction)

-
3]
1

1

ROS accumulation

{Relative fold induction)
e L L
Y a
1 1
ROS accumulation

12 24 12 24
Incubation Time(h) 8 Incubation Time(h}

Fig. 12. Reactive oxygen species (ROS) production in macrophages co-cultured without and with GFP-labeled S.
aureus. The figure displays the ROS production in macrophages cultured on control (24 well plates), polished,
corundum, and plasmapore Ti surfaces for 8, 12, and 24 hours. Relative fold induction is normalized to control
(macrophage cells cultured on 24 well plates). A: without GFP-labeled S. aureus. B: with GFP-labeled S. aureus.
Data show the mean * SD. one way ANOVA was used to determine statistical significance (n=4, *p < 0.05; **p
<0.01; ***p < 0.001).
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3.13. Proteomic profiling analysis of macrophages on titanium surface with S. aureus
infection

Titanium surface roughness markedly affects macrophage adhesion, polarization,
phagocytic function, and ROS production. In a subsequent study, the underlying
molecular mechanisms through unbiased proteomic analysis, was elucidated. A classical
bottom-up liquid chromatography-tandem mass spectrometry (LC—MS/MS) workflow
was employed to assess macrophage proteomic changes following S. aureus stimulation
on titanium surfaces with varying surface properties. A total of 1,956 proteins were
confidently identified across all samples (FDR < 0.01; Tab. S2), representing a broad
spectrum of immune, metabolic, and cytoskeletal regulators.

To investigate the impact of surface modifications on the macrophage response to S.
aureus, we performed a proteomic profiling followed by principal component analysis
(PCA). The first two principal components accounted for 36.38% and 19.97% of the total
variance, respectively (Fig. 12). Distinct clustering was observed for each experimental
group, indicating condition-specific proteomic signatures. Macrophages exposed to
polished surfaces segregated strongly along PC1, while those cultured on plasmapore and
corundum surfaces separated along PC2, relative to the control. These findings
demonstrate that surface topography profoundly shapes the macrophage proteomic
landscape during S. aureus challenge, with each modification eliciting a unique response
pattern.

Hierarchical clustering and principal component analysis of obtained proteomic profiling
data showed that the biological samples derived from the same roughness cluster
together and that samples from different surface roughness are different (Fig. 14).
Differential expression analysis (adjusted p < 0.05) revealed distinct proteomic signatures
associated with surface roughness (Tab. S3), encompassing both upregulated and
downregulated proteins. These changes implicated pathways related to innate immune
activation, phagocytic vesicle maturation, oxidative stress regulation, and macrophage
polarization. Notably, proteins involved in actin cytoskeleton remodeling, antigen

presentation, and redox homeostasis were differentially expressed in macrophages

94



cultured on corundum and plasmapore surfaces, consistent with enhanced phagocytic

engagement and ROS modulation observed phenotypically.
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Fig. 13. PCA of macrophage proteomic profiles in response to S. aureus under different surface conditions. PCA
scores plot of proteomic datasets derived from macrophages challenged with S. aureus alone (Control, n = 10,
yellow), or in the presence of polished (n = 10, blue), corundum (n = 10, red) or plasmapore (n = 10, green)
surfaces. Each point represents an independent replication. PC1 and PC2 explain 36.38% and 19.97% of the total
variance, respectively. Distinct clustering indicates that surface modifications markedly alter the macrophage

proteomic response to S. aureus.
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Fig. 14. Proteomic profiling data of macrophages/S. aureus (n=10), macrophages /S. aureus/polished (n=10),
macrophages /S. aureus/corundum (n = 10) and macrophages /S. aureus/plasmapore (n = 10) illustrated as
cluster heatmap of sample-to-sample distances; computed using the Pearson correlation coefficient.
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To determine the functional implications of macrophage proteome remodeling on
titanium surfaces of varying roughness, we performed Gene Ontology (GO) enrichment
analysis at the molecular function level. In S. aureus-stimulated macrophages cultured on
polished surfaces compared to control (Fig. 15), up-regulated proteins were significantly
enriched in S100 protein binding, oxidoreductase activity, and transcription factor binding,
highlighting early shifts in redox homeostasis and immune signaling. Concurrently,
pathways involved in transcriptional coactivation, SH3 domain binding, and small GTPase
interactions were among those down-regulated, indicating reduced cytoskeletal and
signal transduction activity.

Comparative analysis between polished and corundum surfaces revealed a transition
toward increased expression of proteins with transcription coactivator activity, NAD and
ubiquitin ligase binding, reflecting enhanced metabolic and post-translational regulatory
processes. In contrast, functions such as chromatin binding, RNA helicase activity, and
ATP-dependent transport were suppressed, suggesting dampened nucleic acid
remodeling and energy-driven transport under rougher surface conditions. Strikingly, the
comparison between corundum versus plasmapore revealed a further shift in
macrophage functional programming. Up-regulated proteins were enriched in ubiquitin
ligase inhibitor activity, Hsp70/Hsp90 chaperone binding, and protein kinase binding,
indicative of elevated protein quality control and stress response. Down-regulated terms
included phosphoinositide binding, actin filament binding, and RNA processing-related
functions, pointing to attenuated cytoskeletal remodeling and gene regulatory
complexity on nano/micro-structured surfaces. These reveal that increasing titanium
surface roughness drives progressive remodeling of key molecular functions in
macrophages, particularly involving redox control, protein folding, and immune signaling,
which underline their divergent inflammatory or healing phenotypes in response to

bacterial stimulation[206].
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Fig. 15. Gene Ontology molecular function classification of differentially regulated proteins in macrophages
stimulated with S. aureus and cultured on Ti surfaces. Up- and down-regulated Gene Ontology (GO) molecular
function terms were enriched among differentially expressed proteins from macrophages cultured on titanium

Values indicate enrichment scores.

surfaces with increasing surface roughness under S. aureus stimulation. Functional enrichment is shown for
three surface comparisons. A: control vs. polished, B: polished vs. corundum, and C: corundum vs. plasmapore.

To determine how the titanium surface roughness influences subcellular localization of
macrophage proteins during infection, Gene Ontology (GO) cellular component
enrichment was performed across sequential surface comparisons. In the control vs.

polished condition, up-regulated proteins were predominantly localized to phagocytic

vesicles, lysosomal compartments, and extracellular exosomes, reflecting enhanced
vesicle-mediated

immune functions

and intercellular

communication. Notably,
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components of the podosome and cortical actin cytoskeleton were enriched, suggesting

early cytoskeletal remodeling during macrophage activation.

Transitioning from polished to corundum surfaces, the enrichment shifted toward
mitochondrial and nuclear structures. Proteins associated with the mitochondrial
respiratory chain complex I, proton-transporting ATP synthase, and respirasome were
significantly up-regulated, indicating increased metabolic activity. Simultaneously,
nuclear-associated components such as the spliceosome, B-WICH complex, and mRNA
stability complexes were enriched, suggesting modulation of RNA processing and
transcriptional regulation on rougher surfaces. In the corundum vs. plasmapore
comparison, further up-regulation was observed in the cytosol, ribosome, proteasome,
and MHC class | peptide loading complex, reflecting activation of antigen presentation
and protein turnover pathways. The enrichment of U2-type spliceosomal complex and
ribonucleoprotein granules further supports a role for post-transcriptional regulation in
shaping macrophage responses. Interestingly, cytoskeletal and lysosomal components
showed both up- and down-regulated trends, indicating fine-tuned spatial reorganization
depending on surface architecture. These findings reveal that increasing surface
roughness modulates the subcellular distribution of macrophage proteins during
bacterial challenges, particularly involving vesicle trafficking, mitochondrial energetics,
and proteasomal regulation, potentially underpinning the immunomodulatory effects of

titanium implant topographies.
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Fig. 16. Cellular component enrichment analysis of differentially regulated proteins in macrophages exposed to
S. aureus on Ti surfaces with increasing roughness. Alluvial plot shows Gene Ontology (GO) cellular component
terms significantly enriched in macrophages cultured on titanium surfaces of increasing roughness under S.
aureus stimulation. Surface contrasts are indicated on the left, proteins are classified as upregulated (green) or
downregulated (yellow) in the center, and functional pathways are shown on the right. Flow width reflects the
relative contribution of proteins.

KEGG pathway enrichment analysis was performed to elucidate the impact of titanium
surface roughness on macrophage responses under S. aureus stimulation. As shown in Fig.
17A, comparison between control and polished surfaces revealed significant enrichment
in phagosome, antigen processing, and tuberculosis-related pathways among up-
regulated proteins, while down-regulated pathways included leukocyte migration and Fc
gamma R-mediated signaling, suggesting a shift in innate immune activation with initial
surface refinement. Transitioning from polished to corundum surfaces (Fig. 17B) further
amplified immune-related signaling. Notably, pathways related to phagosome, lysosome,
and Salmonella infection were enriched among up-regulated targets, while antigen
processing, bacterial invasion, and HIF-1 signaling were increasingly down-regulated. This

indicated a complex reprogramming of pathogen recognition and intracellular trafficking
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machinery on rougher surfaces. In contrast, comparison between corundum and
plasmapore surfaces (Fig. 17C) revealed divergent regulation of pathways involved in
chemokine signaling, sphingolipid signaling, and estrogen response. Those were up-
regulated on corundum, whereas necrotic, endocytic, and HIF-1-mediated processes

were suppressed on plasmapore.
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Fig. 17. KEGG pathway enrichment analysis of differentially expressed proteins in macrophages cultured on
titanium surfaces of varying roughness under S. aureus stimulation. Bubble plots show enriched KEGG pathways
associated with differentially expressed proteins in macrophages cultured on Ti surfaces. The x-axis represents
the enrichment factor, and the size of the bubbles corresponds to the number of genes enriched in each
pathway. Bubble color indicates the statistical significance (p-value), with red representing lower p-values.
Pathways are ordered vertically by up-regulated (orange arrow) and down-regulated (blue arrow) enrichment
trends.

4. Discussion

This study aimed to elucidate how titanium surface roughness modulates macrophage
polarization under S. aureus challenge. The main focus of this chapter was on three
clinically relevant textures—polished, corundum, and plasmapore type of surfaces. More
specifically, the impact of these surfaces on macrophage polarization, adhesion, and
reactive oxygen species (ROS) production was investigated. All results revealed that,
within the first 12 hrs of infection, the increasing surface roughness promoted M1
polarization and enhanced ROS release. Before 12hrs, corundum surfaces supporting the
most robust cell adhesion. However, beyond 12 hrs, macrophages progressively shifted
toward an M2 phenotype, a transition most pronounced on corundum. While corundum
roughness initially favors bactericidal M1 activity, its prolonged use under infection
conditions may facilitate a reparative M2 shift, potentially compromising bacterial

clearance.

Surface topography has long been recognized as a determinant of cell viability and
function[207]. Consistent with previous reports, macrophage viability across the tested
titanium surfaces exhibited only modest variation under basal conditions. However,
under bacterial stress, increased roughness imposed an additional metabolic burden,
resulting in reduced viability. This suggests that roughness imposes an additional cellular
burden, lowering viability under stress conditions, as also reported by Osman, Muataz A.,

et al.[208].
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Macrophage polarization is central to antibacterial immunity. Classically activated M1
macrophages mediate pathogen clearance through pro-inflammatory cytokines and
oxidative mechanisms[209], while M2 polarization is largely associated with tissue repair
[210]. During infection, an accumulation of M1 macrophages is crucial for pathogen
clearance[211], making it essential to understand macrophage polarization under S.
aureus challenge. In line with previous studies demonstrating a M1/M2 polarization
transition during S. aureus infection[212, 213], TNF-a levels were lowest at 24 hrs,
whereas IL-10 gradually increased, with maximum values on corundum surfaces at 24 hrs.
These findings indicate that within the first 12 hrs post-infection, macrophages
preferentially polarize toward the M1 phenotype with increasing surface roughness,
whereas after 12 hrs, a shift toward M2 polarization occurs, with the highest M2
prevalence observed on corundum surfaces. Immunofluorescence analysis revealed co-
expression of M1 and M2 markers (CD36 and CCR7), consistent with the well-documented
plasticity of macrophages. Fluorescence intensity of M1 markers increased with surface
roughness before 12 hrs but decreased thereafter, whereas M2 marker expression was
maximal on corundum surfaces at 24 h, further supporting a temporal switch from M1 to

M2 polarization.

To corroborate these observations, RT-PCR analysis of polarization-associated genes
showed that M1-related genes (TNF-a, IDO1, CXCL11) were upregulated within the first
12 hrs with increasing roughness, while M2-associated genes (IL-10, MRC1, CCL13)
decreased after 12 hrs, particularly on corundum surfaces. Correspondingly, the M1/M2
ratio exhibited a similar temporal trend. These dynamics likely result from the combined
effects of S. aureus infection and surface roughness. Peng, Kuo-Ti, et al. indicated that S.
aureus primarily induces M1 polarization before 12 h, shifting to M2 thereafter[214]. Our
earlier studies demonstrated that in an LPS-induced infection model, increasing
roughness enhanced M1 differentiation, elevating the M1/M2 ratio. However, beyond 12
hrs, the combined influence of S. aureus and surface topography promoted M2

polarization, particularly on corundum surfaces. Notably, in the absence of LPS
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stimulation, corundum surfaces favored M2 differentiation, and S. aureus infection
further amplified this effect. These highlight a time-dependent and topography-sensitive
modulation of macrophage polarization by S. aureus, emphasizing the critical interplay
between bacterial challenge and biomaterial surface properties in dictating immune

responses.

Effective host defense against implant-associated infection requires not only macrophage
polarization but also sufficient adhesion of M1 macrophages to the material surface[69].
In previous studies demonstrated that, in the absence of infection, corundum surfaces
supported optimal macrophage attachment. Consistently, Zhang, Yang, et al. reported
that moderately rough surfaces favor macrophage adhesion[121]. ICAM1, a key gene
associated with macrophage adhesion[215]revealed expression patterns consistent with
adhesion trends. Adhesion assays confirmed that corundum surfaces were most
conducive to macrophage attachment within the first 12 h, in line with prior LPS-induced
infection models. At 24 h, although bacterial adhesion on corundum was lower than on
plasmapore surfaces, it remained higher than on polished or control surfaces. These

results suggest that moderately rough surfaces promote early macrophage recruitment.

Upon adhesion to infected titanium substrates, macrophages primarily eliminate bacteria
via phagocytosis, accompanied by secretion of reactive oxygen species (ROS) to eradicate
intracellular S. aureus[216]. Surface roughness markedly influenced this process [217].
Consistent with previous findings by Zhang, Xinrui, et al.[218], gene expression revealed
that TLR2, indicative of phagocytic function, increased with roughness within 12 hrs,
correlating with enhanced bacterial uptake. Beyond 12 h, however, phagocytic activity
declined—most notably on corundum surfaces. Quantification of S. aureus uptake by
confocal microscopy mirrored this biphasic trend. SEM and confocal imaging further
confirmed surface-dependent morphological adaptations. On plasmapore surfaces,
macrophages displayed extensive membrane remodeling, including ruffling and

formation of phagocytic cups. In contrast, corundum-adherent cells exhibited irregular
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contours, pronounced ruffling, and reduced spreading, providing an ultrastructural basis
for altered adhesion and phagocytic performance. TEM revealed that macrophages on
rougher surfaces were predominantly rounded, with fewer protrusions and lower
phagosome density, indicative of reduced metabolic and phagocytic activity at the
subcellular level. Proteomic profiling supported these observations, showing enrichment
of mitochondrial and nuclear components and modulation of metabolic and
transcriptional pathways with increasing roughness. On corundum surfaces, proteins
associated with transcription coactivator activity, NAD binding, and ubiquitin ligase
binding were upregulated, whereas those linked to chromatin binding, RNA helicase

activity, and ATP-dependent transport were downregulated.

Upon adhesion to infected titanium substrates, macrophages primarily eliminated
bacteria via phagocytosis, accompanied by ROS—mediated killing of intracellular S.
aureus[219]. Because bacterial clearance is critically dependent on ROS levels[220],
insufficient ROS production can facilitate immune evasion, enhance host antibiotic
resistance, and potentially promote bacterial dissemination to distal sites [220].
Consistent with this, RT-PCR data revealed that expression of Nfkb1, a gene associated
with ROS production[221], increased with surface roughness during the first 12 h, but
declined thereafter—most prominently on corundum surfaces. ROS measurements
paralleled these transcriptional changes. Consistent with earlier reports linking increased
roughness to enhanced early immune activation[117], a transient augmentation of
macrophage phagocytic responsiveness on rougher surface was observed, manifested by
elevated TLR2 expression and bacterial uptake at early time points. Notably, this response
was not sustained: prolonged exposure led to a marked attenuation of phagocytosis,
most prominently on highly rough corundum surfaces, revealing a biphasic, time-

dependent modulation of macrophage function by surface topography.

Morphological and ultrastructural analyses provide mechanistic context for this

functional shift. In agreement with established models of phagocytosis—spreading
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coupling, moderately rough plasmapore surfaces promoted membrane ruffling and
phagocytic cup formation. By contrast, excessive roughness induced aberrant
cytoskeletal remodeling, characterized by irregular cell morphology, exaggerated ruffling,
limited spreading, and reduced phagosome abundance, which has also been reported by
Roberts RE, Hallett MB[222]. Similar phenotypes have been associated with metabolically
constrained or functionally impaired macrophage states in other inflammatory contexts,
suggesting that extreme topographical cues may impose physical limits on sustained

phagocytic activity.

Proteomic profiling further indicates that these phenotypic changes reflect broader
reprogramming of macrophage polarization. Although rougher surfaces enhanced
phagosome and lysosome-associated pathways—consistent with early phagocytic
activation—key immune programs involved in antigen processing, bacterial invasion, and
HIF-1 signaling were concurrently suppressed. In line with early reports[223], on
corundum, enrichment of proteins related to transcriptional co-activation, NAD binding,
and ubiquitin ligase interactions, together with depletion of chromatin-binding, RNA
helicase, and ATP-dependent transport proteins, points to a shift toward metabolic and

regulatory adaptation rather than sustained effector function.

Overall, titanium surface roughness exerts a dynamic, time-dependent influence on
macrophage-S. aureus interactions. While roughened surfaces enhance early bactericidal
activity, a subsequent shift toward an anti-inflammatory, tissue-remodeling phenotype
may create a permissive niche for bacterial persistence. Mechanistically, this biphasic
response involves metabolic reprogramming, transcriptional regulation, and immune
signaling, integrating environmental cues from surface topography and bacterial
challenge. These findings emphasize the importance of temporally coordinating immune
activation and resolution in implant design. Strategies that sustain early M1 activity while
modulating M2 transition may enhance bacterial clearance without compromising tissue

repair.
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Limitations include the in vitro model, which does not fully capture the complex
multicellular and biomechanical environment of in vivo implants. Future studies using
orthotopic infection models in immunocompetent animals are needed to validate these
temporal macrophage dynamics. Additionally, functional validation of candidate
proteomic targets (HIF-1a, sphingolipid enzymes) is necessary to confirm causality.
Extending investigations to polymicrobial infections and biofilm-resilient strains may
provide further insights. These results provide a framework for immuno-informed
biomaterial design, where surface topography can be leveraged to modulate macrophage
plasticity and host—pathogen dynamics during early infection, ultimately guiding the

development of implants that optimize both osteogenesis and immune resilience.

5. Conclusion

This study reveals that titanium surface properties dynamically regulate macrophage
behavior during S. aureus infection, orchestrating a time-dependent shift from pro-
inflammatory clearance to immune resolution. This topography-driven modulation of
macrophage polarization, phagocytosis, and bactericidal activity highlights the dualistic
role of surface features in mediating both host defense and tissue integration. By
uncovering the molecular programs underlying these transitions, a mechanistic basis for
designing next-generation biomaterials that align immune activation with infection

control is provided.
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Abstract

Background: Transcription factors (TFs) are regulators of gene expression,
orchestrating cellular processes such as proliferation, differentiation, and immune
response. NFATc1, a member of the NFAT family, is crucial forimmune regulation, while
c-Jun mediates stress and oncogenic signals. Cooperative binding of these TFs to DNA
plays a pivotal role in controlling complex transcriptional networks. However, current
methodologies fail to fully capture the dynamic and cooperative nature of these TF-
DNA interactions. The problem addressed in this work is the lack of real-time kinetic
profiling of the NFATc1 and c-Jun cooperative binding with DNA. Surface plasmon
resonance (SPR) was employed in this work to assess the individual and cooperative
DNA-binding kinetics of NFATc1 and c-Jun.

Results: Using SPR, the individual and cooperative DNA-binding kinetics of NFATc1 and
c-Jun was quantified. NFATc1 binds DNA with a dissociation constant (KD) of (4.11 +
0.07) x 10~ 7 M, while c-Jun shows a slightly stronger affinity KD = (1.95 + 0.03) x 10~ 7
M. Not surprisingly, when forming a heterodimeric complex, the NFATc1—c-Jun binding
affinity further lowers the KD = (1.63 + 0.17) x 10~ 7 M, indicating cooperative
interaction. More important, kinetic analysis revealed that the association rate (ka)
increased more than threefold, from (2.44 + 0.10) x 10° M~ 's™ " to (8.29 + 0.19) x 10°
M- 's~ 1, while dissociation kinetics remained dynamic. These results demonstrate that
NFATc1l facilitates c-Jun recruitment, enhancing cooperative DNA engagement.
Together, the findings highlight the unique ability of SPR to resolve cooperative TF-DNA
interactions with high temporal precision, providing insights not attainable through
conventional techniques.

Significance: By demonstrating that NFATc1 and c-Jun form a complex with enhanced
DNA-binding affinity and accelerated association kinetics, this study provides a
mechanistic basis for their synergistic regulation of gene expression. The findings
bridge a critical knowledge gap between structural observations and dynamic
molecular interactions, offering a framework for modeling transcriptional regulation in

immune and oncogenic contexts.
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1. Introduction

Transcription factors (TFs) are crucial regulators of gene expression, governing essential
cellular processes such as differentiation, proliferation, and apoptosis[224, 225]. Among
these, the NFAT family, particularly NFATc1, plays a vital role in immune responses, while
c-Jun, part of the AP-1 complex, mediates cellular stress and proliferation signals[225-228].
Cooperative DNA binding between TFs like NFATcl and c-Jun is a key mechanism in
regulating complex gene expression networks, especially in immune and oncogenic
contexts[229, 230]. However, the molecular mechanism of this cooperative interaction

remains poorly understood, limiting our ability to fully model their regulatory dynamics.

Techniques, such as electrophoretic mobility shift assays (EMSAs) and fluorescence
anisotropy, have frequently been used to characterize the DNA-binding kinetics of
individual TFs. Yet, they often lack the temporal resolution and precision needed to
capture cooperative interactions[231-233]. Structural studies like X-ray crystallography
and cryo-electron microscopy provide static snapshots of TF-DNA complexes and are not
designed to reveal the kinetic and thermodynamic properties of these interactions in
solution[234, 235]. These gaps hinder our understanding of the real time cooperative

binding kinetics and thermodynamics to DNA.
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Surface Plasmon Resonance (SPR) has gained its position as a valuable tool for studying
real-time, label-free biomolecular interactions, enabling precise measurement of binding
kinetics and affinity between proteins and DNA[236-238]. However, its potential for
studying cooperative TF binding is still rather limited, mainly due to challenges in

accurately analyzing multi-protein or multi-site interactions.

This study addresses some of the challenges by developing a SPR-based platform capable
of assessing the binding kinetics of multi-protein/DNA interactions. We hypothesize that
while NFATc1 and c-Jun bind DNA independently, their heterodimeric complex exhibits
enhanced affinity and cooperativity. Here we present our findings, supporting this

hypothesis, and addressing the importance, of molecular structural changes upon binding.

2. Experimental methods

2.1. Materials

The SPR (MP-SPR NaviTM 200 OTSO, Finland) was used to study protein-DNA interactions
with a peristaltic pump (BioNavis, Finland) to control the flow rate. NFATc1, c-Jun and DNA
were purchased from Sigma-Aldrich (Sigma, Netherlands). Biotin-labeled single-stranded
DNA was purchased from Sigma. The biotin-avidin Sensors Kit (BioNavis, Finland)
encompassed biotinylated chips, regeneration buffer 1 for routine cleaning of the chip
and regeneration buffer 2 to remove immobilized proteins and DNA from the chip surface,
were applied throughout the study. UV spectrophotometry (Denovix, USA) was applied to
assess the concentration and purity of DNA. All other reagents were of analytical grade
and used without further purification. The three working buffers used throughout the
experiment were: Running buffer (TSB): 50mM Tris—HCI buffer, NaCl 100mM solution, pH
7.4; DNA hybridization buffer (HSM): 10mM Hepes, 50mM NaCl, 10mM MgCl; Protein
binding buffer (PBB): 30 mM Tris-Hcl (pH 7.5), 3mM NaOAC, 20mM Nacl, 0.01mg/mL poly-
(dIdC), 0.025um polylysine (pH7.5). In addition, regeneration buffer 1 (10 mM glycine, pH
2.5) was used for chip cleaning, while regeneration buffer 2 (Bionavis formula) was used

to regenerate the chip back to its original biotinylated gold state after a series of injections.
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2.2. Design and optimization of DNA sequences

To ensure the effective analysis of DNA binding by NFATc1 and c-Jun, the design of specific
DNA sequences and optimization of their lengths were performed based on the structural
dimensions of the protein-DNA complex. Since NFATc1 interacts with DNA in conjunction
with c-Fos, forming a stable NFATcl/c-Jun/c-Fos/DNA complex, we referenced the
maximum diameter of this complete complex to refine the DNA sequence design.
Compared to the NFATcl/c-Jun complex alone, incorporating c-Fos provides a more
physiologically relevant representation of the binding scenario, ensuring that the
designed sequences fully accommodate the structural constraints of cooperative binding.
The total DNA binding region of the NFATc1/c-Jun/c-Fos/DNA complex was determined to
be approximately 22 base pairs (bp), accounting for both the NFAT and AP-1 binding sites
along with their necessary spacing. To ensure sufficient spatial availability for NFATc1, c-
Jun, and the bound DNA, the structural dimensions of the complex were analyzed.
Additionally, a shorter DNA sequence was designed to account for unspecific binding.

A Miniconda3 environment (239) was established to facilitate the use of computational
tools, particularly PyMOL(240), for structural analysis. Using PyMOL and custom Python
scripting (Text S.1), the maximum diameter of the NFATc1/c-Jun/c-Fos/DNA complex was
calculated. It provided essential parameters for the optimization of the DNA sequence
length. Based on the structural constrains of the NFATc1/c-Jun/c-Fos/DNA complex, the
DNA sequence was extended to ensure ample space for binding while minimizing steric
hindrance. Furthermore, a biotin modification was incorporated at the 5’ end of the
forward strand was implemented to facilitate the attachment of the DNA to the biotin-
functionalized SPR chip. This step ensures stable immobilization during the interaction

assays.

2.3. Optimization of DNA hybridization time
Optimal conditions for DNA hybridization were achieved when the single-stranded DNA
was dissolved in DNA hybridization buffer (HSM). Single-stranded DNA samples were

mixed in equimolar ratios and subjected to heating at 95°C for varying durations: 5 min,
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10 min, 20 min, and 45 min. After heating, the samples were allowed to gradually cool to
room temperature to promote proper formation of double-stranded DNA. The quality and
concentration of annealed DNA were assessed using UV spectrophotometry. Absorbance
values at 260 nm were recorded, and the A260/A280 ratio was calculated to evaluate
purity. Changes in UV spectra were monitored to confirm the transition from single-

stranded to double-stranded DNA.

2.4. Negative-stain EM of reconstituted NFATc1—c-Jun—DNA

NFATc1, c-Jun and DNA were mixed at a 1:1:1 M ratio and overnight incubated at 4 °C to
form the NFATc1/c-Jun/DNA complex. The molecular mass of the NFATcl—c-Jun—DNA
complex was determined by size-exclusion chromatography coupled to multi-angle light
scattering (SEC-MALS) using a Superdex 200 Increase 10/300 GL column (Cytiva, USA)
equilibrated in 20 mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM DTT. UV (260/280 nm),
MALS, and refractive index signals were recorded and analyzed in ASTRA (Wyatt
Technology, USA) using a protein—DNA conjugate model. The peak fractions containing
both proteins and DNA were verified by 260/280 nm absorbance and concentrated to 0.1
mg mL™" for EM. For negative staining, freshly purified complex was applied to glow-
discharged carbon-coated grids, incubated for 30 - 60s, blotted and stained with 1% uranyl
acetate before air-drying. Micrographs were recorded on a 120 kV transmission electron
microscope at 120,000x magnification and - 0.5 um defocus. Images were inspected
manually and contrast transfer function (CTF) parameters were estimated with CTFFIND4.
Particles were picked using manual and automated approaches in RELION4.0 (MRC
Laboratory of Molecular Biology, Cambridge, UK). Iterative 2D classifications yielded
reproducible classes with bilobed or elongated features consistent with the NFATc1l—c-
Jun—DNA complex; a selected subset of particles was used to generate reference 3D

averages.
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2.5. Surface plasmon resonance system setup

The SPR system was employed to investigate the cooperative DNA binding by NFATc1 and
c-Jun. All SPR experiments were carried out at room temperature. For the first 10 min, the
system was calibrated using TSB buffer (10mM Tris—HCI buffer, NaCl 1700mM solution, pH
7.4) generating a stable baseline signal for 10 min. Flow rate (30puL/min) was controlled
using a peristaltic pump. The instrument operating temperature was set to 22 °C. 250 uL

of regeneration bufferl (10 mM glycine, pH 2.5) was used to clean the chip for 2 min.

2.6. Construction of DNA-chip for surface plasmon resonance measurements

To enable quantitative analysis of NFATc1 and c-Jun DNA binding, a biotin-functionalized
sensor chip was constructed with surface-immobilized DNA containing the specific
binding sequences for c-Jun and NFATcl. SPR measurements were conducted using a
BioNavis 200 SPR system equipped with biotin-functionalized sensor chips. The biotin-
functionalized sensor chip was pre-treated with 250 pL of avidin solution (50 pg/mL) for
6.13 min at room temperature to establish a high-affinity avidin binding layer. Excess
avidin and unbound material were removed by washing the chip with TBS buffer (10 mM
Tris, 150 mM NacCl, pH 7.4). Biotinylated double-stranded DNA, designed to contain the
specific binding sequences for c-Jun and NFATc1, was prepared at a concentration of 100
nM in TBS buffer (10 mM Tris, 150 mM NaCl, pH 7.4). The biotinylated DNA was injected
over the avidin-functionalized chip surface at a flow rate of 10 uL/min to ensure stable
and specific attachment via the biotin-avidin interaction. Following DNA immobilization,
unbound DNA was removed by washing the chip with TBS buffer at a flow rate of 20
puL/min for 5 min. Surface stability and DNA immobilization efficiency were verified by
monitoring the baseline resonance units (RUs), ensuring consistent and reproducible

binding levels.

2.7. Analysis of NFATc1, c-Jun, and NFATc1/c-Jun complex DNA binding kinetics
SPR was applied to quantify the binding kinetics of NFATc1 and c-Jun individually with DNA,

as well as the DNA-binding dynamics of their 1:1 complex. Each experiment was
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performed in triplicate. NFATc1 and c-Jun proteins were mixed at a 1:1 M ratio in a protein
binding buffer (10 mM Hepes, 150 mM NaCl, 1 mM MgCl,, pH 7.4). The mixture was
incubated at 4 °C overnight to allow the formation of the NFATc1/c-Jun complex prior to
SPR analysis(241). SPR measurements were performed using a BioNavis SPR system. This
system has two channels. Both channels were used throughout the experiments. One was
used as a measurement/experimental channel to evaluate the binding kinetics. This
channel consisted of a biotinylated gold chip with immobilized avidin and immobilized
biotinylated-dsDNA. The reference channel included all the components of the
experimental channel, except dsDNA. Both channels were exposed to different proteins
for DNA-protein binding kinetic evaluation and non-specific binding exclusion. The SPR
response was calculated as ARU, defined as ARU = RUmeasurement — RUreference.
Protein samples, including NFATc1, c-Jun, and the NFATc1/c-Jun complex, were prepared
in a range of concentrations: 2 nM, 4 nM, 6 nM, 8 nM, 16 nM, 32 nM, and 64 nM. 250 uL
of each protein sample was injected sequentially (serial mode, Channel 1) over the DNA-
functionalized sensor surface for 6.13 min at a flow rate of 10 pL/min. A post-injection
wait time of 5 min was included to ensure equilibrium and facilitate the removal of
unbound proteins. Unbound proteins were removed by washing the chip surface with
binding buffer at a flow rate of 20 uL/min for 3 min. After each measurement, the sensor
surface was regenerated by injecting a low-pH regeneration buffer (10 mM glycine, pH 2.5)

to dissociate bound proteins and restore the surface for subsequent measurements.

2.8. Data processing of analysis binding interactions

The SPR-Navi Data Viewer and the TraceDrawer software were applied to analyze the
binding kinetics of NFATc1, c-Jun, and the NFATc1/c-Jun complex with DNA, specifically
determining the association rate constant (ka), dissociation rate constant (kd), and
equilibrium dissociation constant (KD). Raw SPR data were processed using SPR-Navi Data
Viewer. Data from Channel L1 (670 nm, biotin-functionalized DNA chip Channel) was used
as the experimental detection channel, while Channel L5 (670 nm, biotin-functionalized

avidin chip Channel) served as the reference channel to correct non-specific binding and
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background noise. Data were exported in purekinetic mode for subsequent analysis. Initial
SPR signals were transformed into positive values to facilitate analysis and improve
interpretability. Binding kinetics were analyzed using TraceDrawer software. For the
NFATc1/c-Jun complex, a fit model (1:1) with two binding sites was applied to account for
cooperative interactions with DNA. A global fitting of the dissociation phase was
performed to estimate the dissociation rate constant (kd). With kd fixed, the association
phase was globally fitted to determine the association rate constant (ka). Both the
association and dissociation phases were visually inspected to ensure that the fitted
curves closely matched the experimental data. Ka, Kd and KD were presented as mean *

standard deviation and compared using t-tests with SPSS21 (IBM, USA).

3. Results

3.1 Spatial evaluation for NFATc1 and c-Jun DNA binding during SPR detection

To assess whether NFATc1 and c-Jun can effectively bind to specific DNA sequences,
computational modeling experiments allowed the evaluation of the spatial constraints of
the NFATc1/c-Jun/c-Fos/DNA complex (Fig. 1). Using a Python script (Text S1) within a
PyMOL runtime environment configured via Miniconda3 and applying the ConvexHull
function(242) function from the scipy.spatial library(243) to construct the dot structure of
the NFATc1 complex (Fig. 1A). The calculated maximum diameter of the complex was
94.57 A (Fig. 1B), indicating the spatial requirements for NFATc1 and c-Jun binding. Based
on this, we designed a specific DNA sequence (Fig. 1C) with sufficient length to ensure
accessibility of the binding domains while allowing stable attachment to the biotinylated
SPR chip. These findings confirm that the designed DNA sequence provides an appropriate

spatial framework for NFATc1 and c-Jun interactions.
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Fig. 1. Spatial Modeling and Dimension of NFATc1/c-Jun/c-Fos/DNA complex (A) Dot structure of the NFATc1/c-
Jun/c-Fos/DNA Complex. (B) Cartoon structure of the NFATc1/c-Jun/c-Fos/DNA Complex illustrating the
complex diameter. (C) NFATc1 and DNA-specific binding sequences.

3.2. DNA sensor preparation

In optimizing the hybridization conditions for DNA sensor preparation, the kinetics of
complementary strand annealing, through the measurement of absorbance at 260 nm as
function of time (5, 10, 20, and 30 min) was estimated. As shown in Fig. 2, the absorbance
increased over time, indicating progressive formation of double-stranded DNA. At 5 min,
the mean absorbance was 26.73 + 0.11, rising to 27.62 + 0.07 in 10 min and 29.19 + 0.07
after 20 min. Next, and more prone after 30 min, the values plateaued (29.25 + 0.08),
suggesting near-complete hybridization. Based on these results, 20 min was determined

as the optimal hybridization time for DNA sensor preparation.
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Fig. 2. Kinetics of complementary DNA strand hybridization monitored by UV spectrophotometry.
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3.3. Formation and structural characterization of the NFATc1-c-Jun—DNA complex

Reconstitution of NFATc1, c-Jun and dsDNA yielded a stable ternary complex that eluted
as a single, symmetric peak on size-exclusion chromatography, consistent with formation
of the NFATc1-c-Jun—DNA assembly (Fig 3). The observed molecular mass is consistent
with the formation of a stable NFATcl-c-Jun—DNA (240 kDa) assembly. Negative-stain
electron microscopy of material from the major SEC fraction (Fig 3A, fraction 17, MW: 240
kDa) revealed well-dispersed particles with a defined NFATc1/c-Jun/DNA architecture (Fig
3A). Individual particles were readily identifiable in raw micrographs, and the
characteristic shape was preserved across fields of view (Fig 3B). Particles selected from
these micrographs supported the generation of an initial 3D reconstruction (Fig 3C), and
a NFATc1/c-Jun/DNA reference map was used to guide model alignment (Fig 3D). The
consistent morphology observed throughout the dataset indicates that NFATc1 and c-Jun

form a stable complex suitable for SPR analysis.

NFAT(RHRN)

Fig. 3. Negative-stain electron microscopy of the NFATc1—c-Jun complex. (A) SEC profile of the reconstituted
NFATc1-c-Jun—DNA with UV absorbance at 260/280 nm. (B) Representative negative-stain micrograph of the
NFATc1-c-Jun complex collected from fraction 17 shown in A. (C) Particles selected from the micrograph in Fig.3B
were used for 3D reconstruction. (D) Reference model employed during 3D reconstruction. The red arrow
indicates the representative (NFATc1—c-Jun) complex. Scale bars: 50 nm.
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3.4. Surface plasmon resonance analysis of NFATc1, c-Jun, and NFATc1/c-Jun complex
binding to DNA

3.4.1 Sensorgram overview of protein/protein-DNA interaction

To elucidate the DNA-binding mechanisms of NFATc1 and c-Jun, the optimized biotinylated
double-stranded DNA (dsDNA) probe was first tested (Fig. 4). The sensorgrams (Fig. 5)
revealed the sequential steps of surface immobilization and protein binding, confirming

successful functionalization and molecular interactions.
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Fig. 4. Schematic diagram for the step-by-step binding of the ligand onto the chip surface. (A) The biotin
functionalised gold chip. (B) Avidin binds to biotin functionalised gold chip surface. (C) Biotinlated DNA binds to
avidin. (D) c-Jun binds to biotinlated DNA. (E) NFATc1 binds to biotinlated DNA and/or c-Jun.

The SPR experimental workflow included surface regeneration, avidin immobilization,
DNA capture, and protein binding. First, the chip surface was cleaned with Regeneration
1 buffer (Block A) to remove residual material. Avidin immobilization (Block B) resulted in
a stable increase in response units (RUs), reaching approximately at 69.68+0.03 Deg,
confirming the successful attachment of avidin to the chip surface. Followed by the
attachment of biotin-labeled dsDNA via avidin-biotin interactions (Block C), leading to an
additional increase in RUs, stabilizing at approximately 69.84+0.02 Deg baseline. A single
dsDNA molecule generally has a footprint of 10 — 20 nm? when densely packed. The
observed 0.56 Deg response change suggests a moderate to low density of immobilized
DNA, leading to an estimated over average intermolecular spacing of approximately 10

nm(244).
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Block D is for DNA-protein interaction analysis, which is elaborated in the following section.
The final regeneration step (Block E) successfully removed the bound proteins, restoring
the response units to the initial baseline. This complete recovery of baseline RU

demonstrates the robustness of the sensor chip, ensuring consistent and reproducible

measurements.
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Fig. 5. Sensorgram for protein/protein-DNA interaction analysis experimental procedure. (Block A) Regeneration
1 buffer cleans the chip surface to remove residual material. (Block B) Avidin is immobilized on the surface in
buffer. (Block C) Biotin-labeled double-stranded DNA immobilization. (Block D) Various concentrations of
protein (2-64nM) are injected. (Block E) Regeneration 2 buffer cleans the surface for reuse. The x-axis

represents time (minutes), and the y-axis shows signal response (Deg). Stars indicate the injection of protein.

3.4.2. Binding interactions of NFATc1, c-Jun, and NFATc1/c-Jun complex

The cooperative DNA-binding dynamics of NFATc1 and c-Jun were investigated. To exclude
non-specific bindings, experiments included a reference channel running in parallel. This
channel included all the components of the experimental channel (Fig. 4), except dsDNA.
The measured signals from the experimental channel were deduced from those of the
reference channel, allowing for non-specific binding exclusion. In these results, for all

conditions, negative signal responses were observed.

NFATc1 binding (Fig. 6A): NFATc1 exhibited a concentration-dependent response across
the 2—64 nM range, characterized by both the association and dissociation phases. The

initial injection of 2 nM NFATc1 resulted in a signal shift of approximately - 20 mDeg, which
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progressively increased with higher concentrations: - 35 mDeg (4 nM), - 50 mDeg (8 nM),
- 75 mDeg (16 nM), - 100 mDeg (32 nM), - 125 mDeg (42 nM), - 140 mDeg (52 nM), and -
160 mDeg (64 nM). The negative signal obtained suggest that NFATc1 binding DNA induces

conformational changes(245).

Likewise, c-Jun binding (Fig. 6B) was evaluated. Following an initial 2 nM c-Jun interaction,
showed a dose-dependent response but with distinct kinetic characteristics. The
subsequent c-Jun injections produced stepwise signal reductions: -40 mDeg (4 nM), - 55
mDeg (8 nM), - 80 mDeg (16 nM), - 110 mDeg (32 nM), - 130 mDeg (42 nM), - 150 mDeg
(52 nM), and - 170 mDeg (64 nM). Compared to NFATc1, the stronger negative signal
observed for c-Jun binding to DNA indicates that c-Jun binding induces larger

conformational changes.

The injection of the NFATc1/c-Jun complex (Fig. 6C) resulted in an enhanced binding
negative signal compared to individual injections, suggesting the NFATc1/c-Jun complex
promotes conformational changes. The 2 nM of the complex resulted in a stronger initial
response of -30 mDeg, followed by substantial increases: - 55 mDeg (4 nM), - 75 mDeg (8
nM), - 100 mDeg (16 nM), - 135 mDeg (32 nM), - 160 mDeg (42 nM), - 180 mDeg (52 nM),
and - 200 mDeg (64 nM). This indicates that the NFATc1/c-Jun complex undergoes greater

conformational upon binding to DNA.
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Fig. 6. Sensorgrams of the binding interactions after reference channel subtraction. (A) Binding response of
NFATc1 at concentrations ranging from 2 nM to 64 nM, showing stepwise association and dissociation. (B)
Binding response of c-Jun, injected at increasing concentrations from 2 nM to 64 nM. (C) Injection of NFATc1/c-
Jun complex at increasing concentrations (2—-64 nM), demonstrating their interaction and binding kinetics. The
x-axis represents time (minutes), and the y-axis shows signal response (mDeg). Stars indicate the injection of

respective protein concentrations.

3.4.3. Kinetics of NFATc1 and c-Jun DNA binding

In the follow up data analysis, the binding kinetics of NFATc1, c-Jun, and their interaction,
were assessed, using the TraceDrawer software. For all conditions, negative signal
responses were observed. The negative signal was inverted to positive response signal to

calculate binding kinetics. The experimental data were fitted using a global kinetic model
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with two binding sites, reflecting the cooperative interactions between NFATc1 and c-Jun
with the DNA target. The dissociation rate constant (kd) was first estimated by globally
fitting the dissociation phase, while the association rate constant (ka) was determined by
fitting the association phase with kd fixed. The fitted curves closely matched the
experimental data, ensuring the accuracy of kinetic parameter estimation. The
sensorgrams provided detailed insights into the binding affinities and kinetics of NFATc1
and c-Jun, both individually (Fig. 7).

—ABAMNFATE!  — 32 AMNFATE! 42 nM NFATE! 52 M NFATE 64 M NFATe1

f

—
4

SignalmDeg)

+
Time(Minules)

J——
A

J—4rmcin —8nMown —16aMedun —32rModun - 4ZAM GJun 52 N c-lun — 64 M ¢-Jun

L |
§ J ==\

20 $= } t f t
“ 0 Time(Minutes) 6

SignalimDeg)

503 —"®"™ NFATm 32 NFATEI #2 it NFRTET 52 nld NrArm — B4 1 NFATSH

==

A0F ; .
= 5

Time(Minutes)

e

Signal(mDeg)

Fig. 7. Association/dissociation analysis of the binding kinetic data. (A) Binding response of NFATc1 at
concentrations ranging from 16 to 64 nM. (B) c-Jun binding response at concentrations ranging from 4 to 64 nM.
(C) Injection of NFATc1/c-Jun complex from 4 to 64 nM. The x-axis represents time (minutes), and the y-axis
shows the signal response (mDeg). The global fitting curves are overlaid on the experimental data to illustrate
the kinetic model.
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Fig.7A presents the binding response of NFATc1 at increasing concentrations (16—64 nM).
The association phase exhibited a rapid increase in signal intensity, reaching a maximum
response of approximately 60 mDeg for the highest concentration (64 nM). Dissociation
proceeded in a biphasic manner, indicating the presence of both high- and low-affinity
interactions. Similarly, c-Jun binding (Fig.7B) was analyzed. A concentration-dependent

increase in binding response was observed, reaching a plateau at higher concentrations.

Fig.7C shows the binding interaction of NFATc1/c-Jun complex with dsDNA injected at
increasing concentrations. The binding response significantly exceeded the sum of
individual NFATc1 and c-Jun interactions. The highest concentration (64 nM) resulted in a
binding signal of approximately 65 mDeg, exceeding the responses of NFATc1 or c-Jun
separately. Kinetic analysis revealed an increased ka and a reduced kd, further supporting

the hypothesis that NFATc1 and c-Jun stabilize each other’s DNA binding.

Further analysis (Table 1) confirmed that NFATc1 alone exhibited a lower DNA-binding
affinity KD = (4.11 £ 0.07) x 10~ 7 M than c-Jun KD = (1.95 + 0.03) x 10 7 M (p < 0.01).
However, the NFATc1/c-Jun complex demonstrated a slightly stronger affinity KD = (1.63 +
0.17) x 10~ 7 M (p < 0.01), yet with a significantly increased association rate ka= (8.29
0.19) x 10° M~ s " (p < 0.01) and a slightly elevated dissociation rate kd = (1.45 + 0.12)x10"~

151 (p < 0.01), indicating structural modifications that enhance DNA binding.

Table 1. Kinetic parameters of NFATc1, c-Jun, and their co-binding interactions. This table presents the
association rate constant (ka), dissociation rate constant (kd), and equilibrium dissociation constant (KD) were

measured for NFATc1, c-Jun, and their complex.

ka ((M-1s71)) kd (s1) KD (M)
NFATc1 (244£0.10)e5  (1.05+0.02)e-1  (4.11+0.07)e-7
c-Jun (5.97+0.22)e5  (1.24+0.13)e-1  (1.95+0.03)e-7

NFATc1/c-Jun (8.29 £0.19)e5 (1.45+£0.12)e-1 (1.63 £0.17)e-7
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To investigate the effect of the NFATc1 and c-Jun binding sequence on conformational
changes, NFATc1 and c-Jun binding was further investigated through sequential protein
addition experiments (Fig. 8). When equilibrium was reached, the response of the red
curve (corresponding to DNA pre-incubated with c-Jun before NFATc1 addition) exceeded
that of the black curve, in which the order of addition was reversed, indicating that prior

c-Jun binding facilitates subsequent conformational changes.

—DNA-64 nM NFATC1 > 64 nM c-Jun  — DNA-64 nM c-Jun > 64nM c-Jun NFATc1
70+

Signal{mDeg)

Time(Minutes)

Fig. 8. Analysis of comparing the DNA binding dynamics of NFATc1 and c-Jun under different sequential addition
conditions. The black curve represents DNA (64 nM) pre-incubated with NFATc1 (64 nM) before the addition of
c-Jun (64 nM), while the red curve shows the reverse order. The x-axis denotes time (minutes), and the y-axis

represents the SPR signal response (mDeg).

4. Discussion

TFs are important regulators of gene expression, orchestrating transcriptional control
through dynamic and cooperative interactions at regulatory DNA elements(246, 247).
These interactions modulate DNA-binding affinity, stability, and turnover rates, ensuring
responsiveness to cellular signals. In this study, we applied SPR to investigate the DNA-
binding kinetics of NFATc1 and c-Jun, two key TFs involved in immune and developmental
gene expression. Our findings reveal that while NFATc1 and c-Jun exhibit independent
DNA-binding activity, they also demonstrate cooperative binding, significantly enhancing
the association rate constant (ka) while maintaining a dynamic dissociation rate constant

(kd). This cooperative mechanism highlights a regulatory system where combinatorial TF
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interactions promote recruitment and turnover at target sites, thereby fine-tuning

transcriptional output.

Compared to traditional methods such as EMSA and fluorescence anisotropy, SPR offers
real-time, high-resolution monitoring of both association and dissociation phases(248),
allowing for a more detailed kinetic analysis of TF-DNA interactions. EMSA provides
endpoint measurements that lack temporal resolution (249), whereas fluorescence
anisotropy offers binding affinity estimates without detailed kinetic parameters(250). On
the other hand, SPR enables precise quantification of cooperative binding dynamics(251),
capturing transient interactions that are important for transcriptional regulation.
Furthermore, to enhance measurement sensitivity and specificity, we developed a
biotinylated DNA chip with optimized ligand density, ensuring accurate quantification of
cooperative interactions. The observed 0.56 Deg response change suggests a moderate to
low density of immobilized DNA, leading to an estimated average intermolecular spacing
of approximately 10 nm, which is consistent with previous dual polarization
interferometry studies demonstrating quantitative relationships between DNA surface
density, probe spacing and hybridization efficiency in biotin—streptavidin-based
immobilization systems(252). This methodological advancement not only improves SPR-
based TF-DNA studies but also has broader implications for biosensor development and

high-throughput TF screening.

Our kinetic measurements provide insights into TF-DNA interactions, complementing and
extending previous findings. NFATc1 alone exhibited a ka of (2.44 +0.10) x 10° M~ 1571
and a kd of (1.05 £ 0.02) x 10~ 's™?, resulting in a dissociation constant (KD) of (4.11 £ 0.07)
x 10”7 M, consistent with EMSA values (10~ & — 10~ 7 M)(253) while offering improved
temporal resolution. In contrast, c-Jun displayed a higher ka (5.97 + 0.22) x 10° M~ s~
and kd (1.24 £ 0.13) x 10~ 's™ ', leading to a KD of (1.95 + 0.03) x 10~ 7 M, aligning with
fluorescence anisotropy estimates (107 — 10™° M)(253). Upon cooperative binding, the

NFATc1/c-Jun complex exhibited a further increase in ka (8.29 £ 0.19) x 10° M~ 's™ "with a
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moderately increased kd ((1.45 £ 0.12) x 10~ 's™ "), yielding a KD of (1.63 £0.17) x 10~ 7 M.
These results align with those of Seo, Jungkyun, et al.(254), who reported similar
cooperative binding behavior in the AP-1 family, and Li, Ya-Ting, et al.(255), who identified

NFATc1 as a critical modulator of dynamic TF recruitment.

We hypothesize that c-Jun binds the composite site with higher affinity KD = (1.95 + 0.03)
x 10”7 M than NFATc1 KD = (4.11 £ 0.07) x 10~ 7 M, consistent with their distinct modes of
DNA recognition(141). The basic region of the bZIP helix in c-Jun penetrates deeply into
the major groove, forming an extensive set of base-specific and electrostatic
contacts(141). By contrast, DNA recognition by NFATc1 is distributed across flexible loops
of the Rel-homology region, most notably the E’ F loop, which depends on cooperative
contacts with both the DNA backbone and AP-1 for full stabilization(141). Under this
hypothesis, NFATc1 therefore has lower intrinsic affinity for DNA, reflecting a binding
mechanism optimized for assembly of the NFAT—c-Jun—DNA ternary complex rather than

for high-affinity binding in isolation(141).

The cooperative binding observed in this study is driven by specific protein-DNA and
protein-protein interactions, leading to conformational stabilization of the TF-DNA
complex(256-258). X-ray crystallography and cryo-electron microscopy (cryo-EM)
experiments can provide insights into the cooperative binding mechanism(259, 260).
Structural studies using X-ray crystallography and cryo-electron microscopy have provided
static snapshots of NFATc1 and c-Jun bound to DNA but fall short in explaining the kinetic
and thermodynamic principles underlying cooperative binding(261). The DNA-binding
domain (DBD) of NFATc1 adopts a Rel-like fold, allowing it to recognize NFAT-response
elements (NREs), whereas c-Jun, a member of the AP-1 family, interacts with TGAC/GTCA
motifs via its basic leucine zipper (bZIP) domain(141). Structural studies of NFAT-AP-1
complexes reveal that NFATc1 and c-Jun interact via their DNA-binding surfaces, forming
a composite interface stabilized by hydrogen bonding, van der Waals forces, and

electrostatic interactions (262). Key residues such as Arg414 and Lys432 in NFATc1, and
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Lys268 and His294 in c-Jun, play critical roles in stabilizing the TF-DNA complex through
electrostatic interactions with DNA phosphate groups(141). Additionally, NFATc1
possesses an auxiliary domain that contacts the bZIP domain of c-Jun, inducing a

conformational change that increases TF affinity for DNA(263).

Previously reported single-molecule Forster resonance energy transfer (smFRET) studies
support this dynamic model, revealing fast association kinetics and moderate dissociation
rates in AP-1 family TFs(264). Additionally, hydrogen-deuterium exchange mass
spectrometry (HDX-MS) experiments suggest that TF binding induces localized DNA
conformational changes, corroborating our hypothesis that NFATcl facilitates c-Jun
recruitment by pre-organizing the DNA-protein interface(265). Those molecular
mechanisms align with our SPR-derived kinetic data, demonstrating that cooperative
binding accelerates TF association (ka) while preserving a dynamic kd, a feature essential
for transcriptional cycling and regulatory plasticity. Our findings contribute to a deeper
understanding of TF cooperative binding dynamics and their role in transcriptional

regulation.

Future research should extend these findings by exploring additional AP-1 family
members and integrating structural techniques to capture real-time conformational
changes underlying cooperative TF binding. c-Fos, another AP-1 subunit, may influence
NFATc1 interactions; incorporating c-Fos binding assays will refine our understanding of
AP-1 heterodimer contributions to cooperative DNA binding. While our in vitro kinetic
measurements offer additional insights, further validation in native chromatin
environments is essential. Combining SPR with techniques such as single-molecule Forster
resonance energy transfer (FRET)(266) or hydrogen-deuterium exchange mass
spectrometry (HDX-MS)(267) could provide additional insights into conformational
changes during cooperative binding. Our study was conducted in an in vitro system, and

future experiments utilizing chromatin immunoprecipitation (ChlP) assays(268) or live-cell
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imaging(269) could confirm whether similar cooperative interactions occur in native

chromatin environments.

5. Conclusion

A SPR workflow, bridging the gap between static structural studies and modulation,
allowing the investigation of multiple protein-DNA interactions, was developed. The
obtained data strongly support the NFATc1 and c-Jun cooperatively binding of NFATc1 and
c-Jun to DNA, enhancing transcriptional regulation by increasing association kinetics while
maintaining dynamic dissociation rates. By integrating SPR kinetic analysis with structural
insights, a comprehensive model where NFATc1 facilitates c-Jun recruitment via protein-
protein and protein-DNA interactions is presented. As SPR technology continues to
advance, higher-resolution kinetic models will further illuminate the molecular
mechanisms underlying transcriptional regulation, contributing to a broader

understanding of gene expression control.
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Chapter 5 - Structure-guided
disruption of NFATc1 rewires
macrophage polarization to enhance
clearance of S. aureus on implant
surfaces

Based on

Cao B., Cillero-Pastor B., Honing M. Structure-guided disruption of NFATc1 rewires
macrophage polarization to enhance clearance of S. aureus on implant surfaces. In
preparation.
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Abstract

Macrophages play a key role in the clearance of Staphylococcus aureus (S. aureus) during
orthopedic implants infections. However, intermediate surface roughness of implant
materials promotes macrophage polarization toward an anti-inflammatory M2
phenotype, which compromises bacterial elimination. NFATc1, a transcription factor that
activates gene expression through binding to specific DNA elements, has emerged as a
key regulator of macrophage activation and polarization, being a promising target for
immunomodulation. In this study, guided by detailed structural and dynamic insights into
the NFATc1/c-Jun/DNA complex, a rationally designed peptide, MBB, was tested. The
MBB peptide was expected to selectively disrupt the NFATc1-DNA interaction, thereby
reprogramming macrophage polarization toward a pro-inflammatory (M1) phenotype.
Such a shift will likely enhance bacterial phagocytosis, increase reactive oxygen species
(ROS) production, and elevate TNF-a secretion. The findings underscore the potential of
structure-guided peptide design to fine-tune macrophage responses for the prevention

and treatment of biomaterial-associated infections.
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1. Introduction

Orthopedic implants have transformed modern medicine by restoring mobility and
quality of life for millions of patients [3, 268, 269]. Titanium surface roughness
modification is routinely employed to accelerate osteoblast-driven osseointegration[270,
271]. However, beyond its well-established osteogenic benefits, surface topography also
serves as a potent immunoregulatory cue, capable of reprogramming macrophage
polarization[40, 152]. Because the local microenvironment, including the physical
properties of implant materials, profoundly influences macrophage behavior[49]. Notably,
increased surface roughness—frequently employed to enhance osteointegration—has
been shown to bias macrophage polarization toward an anti-inflammatory M2
phenotype[52]. While beneficial for tissue healing, this shift can impair antimicrobial
defense by limiting the bactericidal activity and cytokine secretion associated with the
pro-inflammatory M1 phenotype, thereby compromising S. aureus clearance[120].By

shaping the host—implant interface in ways that can determine infection outcomes[272].

Implant-associated infections, most commonly caused by S. aureus, remain a major
clinical challenge[15, 273], often leading to implant failure, repeated surgeries, and long-
term antibiotic therapy[274]. The host immune response, particularly the activity of
macrophages, plays a critical role in determining the outcome of these infections[101].
As the first line of cellular defense, M1 macrophages are responsible for recognizing and
clearing bacterial pathogens at the implant interface[42]. Our previous work described
how titanium surface roughness exerts profound immunomodulatory effects on
macrophage polarization during S. aureus implant infection. It was demonstrated that
corundum roughness (Sa:5.51+0.29 um) supports early M1 polarization within the first 12
h post-infection, enhancing macrophage adhesion, phagocytic uptake of S. aureus, and
reactive oxygen species (ROS) production. However, after 12 hrs, the same surface
induced a shift toward an M2 phenotype, attenuating bactericidal functions and
suppressing ROS generation. Mechanistically, it was observed that macrophage

polarization was tightly linked to transcription factor activity, particularly NFATc1, within
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the DNA-binding complex involving c-Jun and c-Fos. Recent studies have identified the
nuclear factor of activated T cells c1 (NFATcl) as a key transcriptional regulator in
macrophage activation and polarization[137]. Through binding specific DNA maotifs,
NFATc1l orchestrates the transcriptional programs that govern macrophage cell
function[275]. Although originally characterized in macrophage biology genesis, NFATc1
has now emerged as a potential target for reprogramming macrophage phenotypes in
infectious and inflammatory contexts[276]. However, strategies to selectively modulate

NFATc1 activity in macrophages remain underexplored.

In this study, the results for a structure-guided peptide, MBB, that selectively disrupts
NFATc1-DNA interactions to reprogram macrophage polarization toward a pro-
inflammatory M1-like phenotype is reported. Leveraging computational modeling and
molecular dynamics simulations of the NFATc1/c-Jun/DNA complex, MBB was specifically
engineered to interfere with transcriptional activation pathways central to macrophage
functional states. The obtained findings establish a proof-of-concept for structure-based
peptide design targeting immune transcriptional regulators and suggest a promising

strategy for preventing and treating biomaterial-associated infections.

2. Materials and Experimental methods

2.1. Design of the Maarten-Berta-Bo peptide (MBB)

Based on the structure of c-Jun we designed a c-Jun-like structural peptide called
Maarten-Berta-Bo peptide (MBB) for competitive inhibition of the interaction between
NFATcl and c-Jun. The MBB sequence was derived by adding two additional leucine
residues in the middle of central region of the c-Jun binding motif. The final peptide
sequence was as follows: MRKLRLKLELRILARLEEKVKTLKAQNSELASTANMLREQVAQL. This
design is based on the idea that the addition of leucine residues will enhance the stability
of the MBB double helix structure, which competes with NFATc1 for binding and thus
prevents the formation of the NFATc1/c-Jun/c-Fos/DNA complex, and ultimately prevents

NFATc1 from binding to its DNA target. The 3D structure of MBB was predicted using
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AlphaFold3[277](https://alphafoldserver.com/) and the model with the highest
confidence was selected based on the predicted local distance difference test (pLDDT)
score. The peptide sequence was modeled as a monomer, and five independent models
were generated with three recycles each. The model with the highest predicted local
distance difference test (pLDDT) score was selected, and Amber relaxation was applied to
optimize side-chain geometries, ensuring a physically plausible conformation suitable for
structural comparison with native c-Jun. Structural comparisons with native c-Jun were

performed to validate the peptide design.

2.2. Design of plasmid for MBB expression

A recombinant plasmid was designed for the expression of MBB in E. coli based on the
amino acid sequence of the Maarten-Berta-Bo peptide (mBB)
(MRKLRLKLELRILARLEEKVKTLKAQNSELASTANMLREQVAQL). The MBB sequence was
synthesized and optimized for bacterial expression ensuring that the codon usage is E.
coli host system compatibility. A 6xHis tag was added to the N-terminus of the peptide to
facilitate purification by affinity chromatography. The gene encoding MBB was cloned
into the pET-28a(+) vector (GenScript, UK) using Ncol and Xhol restriction sites to create

a recombinant plasmid[278].

2.3. Cloning and transformation of E. coli

The synthetic gene containing MBB sequence was ligated into pET-28a(+) expression
vector. The ligation reaction was performed using T4 DNA ligase (Thermo Fisher Scientific,
USA) and transformed into E. coli (DH5a, Sigma-Aldrich, Germany) for plasmid
amplification. Transformants were screened on LB agar (Formedium, UK) plates
containing kanamycin (50 pug/mL). Colonies were grown overnight in LB broth containing
kanamycin and plasmid DNA was extracted using the QIAprep Spin Miniprep Kit
(Formedium, UK). Plasmids were confirmed by sequencing to ensure correct insertion of

the MBB gene.
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2.4. Bacterial expression of MBB

The recombinant plasmid containing the MBB sequence was transformed into E. coli
(BL21-DE3, Sigma-Aldrich, Germany). One colony of transformed E. coli was inoculated
into 5 mL of LB broth containing kanamycin (50 pg/mL) and incubated overnight at 37°C
with shaking (200 rpm). The overnight culture was used to inoculate a larger volume (1 L)
of LB medium containing the same kanamycin (50 ug/mL). Cultures grow at 37°C until the
OD600 reaches 0.6-0.8. Protein expression is induced by the addition of 1 mM isopropyl-
B-D-thiogalactopyranoside (IPTG, Sigma-Aldrich, Germany). Then incubated at 37°C for
an additional 6 hrs. The cells were harvested by centrifugation at 4000 rpm for 20 min at

4°C.

2.5. Protein purification

After induction, the bacterial pellet was resuspended in lysis buffer (20 mM Tris-HCI, pH
7.4, 500 mM NaCl, 5 mM imidazole, 1 mM phenylmethylsulfonylfluoride (PMSF)) and
sonicated for 10 minutes on ice (30 seconds on, 30 seconds off cycle). The lysates are then
cleared by centrifugation at 12,000 rpm for 30 min at 4°C. The supernatant containing the
soluble His-tagged MBB peptide was incubated with Ni-NTA agarose resin (Sigma-Aldrich,
Germany) for 1 hour at 4°C and then washed with 20 mM Tris-HCI (pH 7.4), 500 mM Nacl,
and 30 mM imidazole to remove non-specifically bound proteins. Target proteins were
eluted with elution buffer (20 mM Tris-HCI, pH 7.4, 500 mM NaCl, 250 mM imidazole) and
analysed by SDS-PAGE to assess purity. The eluted proteins were then dialysed against
PBS to remove excess imidazole and concentrated using Amicon Ultra centrifugal filters
(Sigma-Aldrich, Germany). The concentration of purified MBB peptides was determined
applying Bradford assay (Thermo Fisher Scientific, USA) using BSA as standard. Purified

peptides were aliquoted and stored at -80°C for subsequent functional testing.

2.6. Verification of MBB expression and purity
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The proper MBB peptide expression was confirmed by SDS-PAGE and Western blot
analysis using an anti-His labelled antibody (Thermo Fisher Scientific, USA). After Western
blot analysis using Coomassie Brilliant Blue staining and Enhanced Chemiluminescence

(ECL) detection, protein bands corresponding to His-tagged MBB peptides were revealed.

2.7. Size-exclusion chromatography (SEC)

Size-exclusion chromatography (SEC) was performed using a Superdex™ 200 Increase
3.2/300 GL column (Cytiva, USA) on a Shimadzu UFLC system to assess the purity and
homogeneity of the MBB protein. A total of 20 pL of 0.5 mg/mL MBB was injected onto
the column, which was pre-equilibrated with Tis-HCL/NaCl(20 mM Tris-HCl, 500 mM Nacl,
pH 7.4). The chromatography was conducted at a flow rate of 0.05 mL/min at a constant
temperature of 4 °C. Elution was monitored by UV absorbance at 280 nm. The system
pressure remained below 1.8 MPa throughout the run. Chromatograms were analyzed
using Shimadzu LabSolutions software, and the area under the curve (AUC) was calculated

to estimate the relative abundance of each peak.

2.8. High-resolution mass spectrometry identity and purity of synthetic MBB peptide

The structure of the MBB peptide was assessed by electrospray ionization mass
spectrometry (ESI-MS), using a Q Exactive UHMR Hybrid Quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, USA). Samples were prepared in 50% acetonitrile
with 0.1% formic acid and introduced by direct infusion at 3 pl min~. Full-scan spectra

were acquired in the positive ion mode (m/z 500-2000).

2.9. Preparation of titanium discs surface
The Titanium discs with a diameter of 12 mm and a and thickness of 1.5 mm (Bbraun, the
Netherlands) and a corundum surface, were used throughout the study. They were

sterilized by autoclaving at 121°C for 15-20 minutes and stored aseptically until use. The
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surface roughness (Sa, average surface roughness) was 5.51+0.29 um. The titanium

content in corundum was 88.80+0.40 wt.%.

2.10. Culture of RAW264.7 cells on titanium discs surface

The macrophage cells (RAW264.7 cells, Sigma-Aldrich, USA) were cultured in DMEM
medium (Gibco, USA) which contains 10% fetal bovine serum (FBS, Sigma-Aldrich, USA) in
a cell incubator (37 °C, 5% CO2). The cells were added to the surface of the titanium disc
with a density of 5 x 10° cells/mL. The culture medium was changed every other day. The

cells in the 24-well plates culture wells were labeled as control group.

2.11. Preparation of GFP-Labeled S. aureus

To construct the GFP-labeled S. aureus, 2 pg of GFP plasmid (GenScript, UK) was added to
Staphylococcus aureus (S.aureus, Sigma-Aldrich, Germany) cells in a sterile
electroporation cuvette (Sigma-Aldrich, Germany). The mixture was incubated for 30
minutes on ice to allow for plasmid uptake. Electroporation was carried out using a pulse
electroporator (Eppendorf, Germany) and in a 1 mm cuvette (25 uF, 100 Q, and 2.0-2.2
kV). After transfection was completed, the cells were placed in rescue medium (37 °C, 1
h). Then 100 pL of cells were inoculated to the Karamycin agar plate (37 °C, overnight).
Successful transformation was confirmed by fluorescence microscopy, observing GFP
expression in the bacterial cells. After overnight incubation single colonies were
inoculated in Broth medium (Becton, Dickinson and Company, USA). Following 3-6
incubation, the bacterial culture was adjusted to a final concentration of 10* CFU/mL for

use in subsequent co-culture experiments with macrophages.

2.12. Cell viability assay

RAW264.7 macrophage cells were seeded in 96-well flat-bottom plates at a density of
1x 10° cells per well in complete DMEM (10% FBS, 1% penicillin-streptomycin) and
allowed to adhere overnight at 37 °C in a humidified incubator with 5% CO,. The cells

were subsequently treated with MBB (0.1-20 uM) diluted in phosphate-buffered saline
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(PBS) for 24 h. Vehicle control wells received an equivalent volume of PBS. Following
treatment, 10 pl of Cell Counting Kit-8 (CCK-8; Sigma-Aldrich) solution was added to each
well, and plates were incubated for an additional 2 h at 37 °C. Absorbance was measured
at 450 nm using a microplate reader (Tecan Group Ltd, Switzerland). The cell viability was
calculated relative to vehicle-treated controls. Dose—response curves were generated
and ICso values determined using nonlinear regression with a four-parameter logistic
model (log[inhibitor] vs. response—variable slope) in GraphPad Prism. Confidence

intervals (95%) were calculated using profile likelihood estimation.

2.13. Macrophages adhesion and morphology studies

To visualize the effect of MBB on bacterial adhesion and clearance by macrophages, the
macrophages were treated with MBB (25 uM) for 24 hrs. Control groups included PBS.
After treatment, macrophages were exposed to S. aureus at an MOI of 10:1 for 1 hour at
37°C. The cells were then washed three times with PBS to remove unbound bacteria. For
transmission electron microscopy (TEM), macrophages were treated and exposed to
bacteria as described above. The cells were then fixed with 2.5% glutaraldehyde, followed
by 1% osmium tetroxide (Sigma-Aldrich, Germany) post-fixation. The samples were
dehydrated through a graded ethanol series and embedded in Epon resin. Thin sections
(70 nm) were cut using a Leica Ultracut UC7 ultramicrotome and stained with uranyl
acetate and lead citrate. TEM images were acquired using a JEOL JEM-1400 transmission
electron microscope. The number of internalized bacteria and the extent of bacterial
clearance were quantified from both SEM and TEM images by counting the number of
bacteria in contact with or inside macrophages in randomly selected fields. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post-hoc test,
comparing the number of internalized bacteria and the percentage of bacterial clearance

across different treatment groups.
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2.14. Phagocytosis assay using transmission electron microscopy

To assess the impact of MBB on macrophage phagocytic capacity, RAW 264.7 cells were
differentiated into macrophages and treated with MBB (0—100 uM) for 24 h. The cells
were then incubated with Staphylococcus aureus (MOI 10:1) for 1 h at 37°C. After
washing with PBS, samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) at 4°C, post-fixed with 1% osmium tetroxide, dehydrated, and embedded in
epoxy resin. Ultrathin sections (~70 nm) were stained with uranyl acetate and lead citrate
and imaged using a JEOL JEM-1400 transmission electron microscope. Quantification of
phagocytosed bacteria was performed using ImagelJ (NIH). Internalized S. aureus bacteria
were identified based on morphology and electron density. The number of bacteria per
cell was manually counted in at least 50 cells per condition. The phagocytic index was
defined as the total number of internalized bacteria divided by the number of
macrophages analyzed. Data were normalized to control values and analyzed using one-

way ANOVA followed by Tukey’s post-hoc test.

2.15. Macrophage stimulation and cytokine quantification

Macrophages were seeded in 96-well plates at a density of 1 x 10° cells per well and
cultured overnight to allow adhesion. GFP-labeled S. aureus (1 x 10* CFU/mL) was added
to the wells to stimulate the macrophages, with or without the presence of MBB (25 uM)
and/or corundum. Cells were incubated at 37 °C with 5% CO, for 8, 12, or 24 hrs. At each
time point, culture supernatants were collected and centrifuged to remove debris. The
concentrations of TNF-a and IL-10 in the supernatants were determined using
commercial ELISA kits (Thermo Fisher Scientific, USA) according to the manufacturer’s
protocols. UV/VIS absorbance was measured at 450 nm using a microplate reader (Tecan
Group Ltd, Switzerland). Cytokine concentrations were calculated based on standard
curves constructed with recombinant proteins. All experiments were performed

independently at least four times (n = 4).
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2.16. RT-PCR to detect macrophage differentiation

gPCR was performed using SYBR Green PCR Master Mix (Thermo Fisher Scientific, USA)
and gene-specific primers for TNF-a, IL-6 and IL-10. amplification was performed on a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA) and the relative expression
levels were determined using the AACt method. Relative expression levels were
determined using the AACt method and normalized to GAPDH. Data were expressed as
fold change relative to untreated controls, and statistical significance was analyzed by

one-way ANOVA followed by Tukey's post hoc test.

2.17. ROS detection assay

To assess the effect of MBB on intracellular ROS generation, RAW264.7 murine
macrophages were seeded in 96-well plates and treated with MBB (0.1-10 uM) for 24 h.
Cells were then incubated with 10 uM 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-
DA; Sigma-Aldrich) for 30 min at 37°C. Following incubation, cells were washed twice with
PBS to remove excess dye. ROS levels were quantified by measuring fluorescence
(excitation/emission: 485/535 nm) using a microplate reader (Tecan Group Ltd,
Switzerland). Oxidation of DCFH-DA by ROS vyields the fluorescent product 2',7'-

dichlorofluorescein (DCF), enabling assessment of ROS accumulation.

2.18. Immunofluorescence staining

Following stimulation, cells were fixed with 4% paraformaldehyde (PFA) in PBS for 15 min
at room temperature and permeabilized with 0.1% Triton X-100 in PBS for 10 min.
Nonspecific binding was prevented using 5% bovine serum albumin (BSA) in PBS for 1 h
at room temperature. The cells were then incubated with directly conjugated primary
antibodies against CD36 (M2 macrophage marker; CF™488A, 1:200 dilution; R&D Systems)
and CCR7 (M1 macrophage marker; CF™568, 1:200 dilution; Abcam) for 1 h in the dark at
room temperature. Nuclei were counterstained with DAPI (1 pg/mL; Thermo Fisher
Scientific) for 5 min. After final PBS washes, samples were mounted using anti-fade

mounting medium (Vectashield; Vector Laboratories).
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2.19. Image acquisition and analysis

Fluorescence imaging was performed using a Zeiss LSM 880 confocal laser scanning
microscope (Carl Zeiss) equipped with 405 nm, 488 nm, and 561 nm laser lines for DAPI,
CF™488A, and CF™568, respectively. Images were acquired with a 20x objective lens, and
laser settings were kept constant across all experimental groups. At least five randomly
selected fields per condition were imaged. Image processing and quantification were
carried out using ImageJ (NIH), with fluorescence intensity and marker colocalization used
to evaluate M1 (CCR7*) and M2 (CD36*) polarization. All experiments were independently
repeated at least three times. Image analysis was performed using ImagelJ (NIH). Regions
of interest (ROIs) positive for CCR7 (M1 marker) and CD36 (M2 marker) were identified,
and the number of ROIs per cell were determined. The M1/M2 polarization ratio was
calculated for each field as the number of CCR7* ROIs divided by the number of CD36*
ROIs. At least five random fields were analyzed per condition in three independent

experiments.

2.20. Data analysis

RT-PCR, Cell viability and cytokine secretion data are presented as mean + standard
deviation and sample size was 3 (n=3). A one-way ANOVA followed by Tukey post-hoc
correction was used for comparison of group means in SPSS (version 21, IBM SPSS
statistics, USA6). The Shapiro-Wilk test was employed to assess data normality. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test. A p
value of 0.05 was used as a threshold for statistical significance.*p<<0.05; **p<<0.01;

#%p<<0.001.

3. Results

3.1. AlphaFold-based design of MBB peptide

To rationally inhibit the interaction between NFATc1 and c-Jun, we designed MBB peptide
based on the structural features of the c-Jun transactivation domain. Guided by structural

modeling, two additional leucine residues were inserted into the central helical motif of
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c-Jun to enhance a-helical stability and preserve key interaction residues. The predicted
3D conformation of MBB, generated using AlphaFold3, revealed a well-defined a-helix
with high confidence scores across most of the peptide (pLDDT >90), suggesting a stable
helical fold consistent with native c-Jun. Notably, the N- and C-terminal regions also
retained secondary structure integrity, supporting the overall design rationale. Structural
alignment with the native c-Jun helix confirmed that MBB closely mimics the binding
interface required for interaction with NFATc1. These indicate that MBB function as a
competitive inhibitor by mimicking c-Jun structure and disrupting the assembly of the
NFATc1/c-Jun/c-Fos/DNA transcriptional complex. The molecular mass of MBB was

determined with Peptide 2.0, yielding a calculated molecular mass of 5135.1793 Da.

Very high (pIDDT >90)  Very high (90>pIDDT >90)

MBB

MBB NH,-MRKLRLKLEL RILARLEEKV KTLKAQNSEL ASTANMLREQ VAQL-COOH

Fig. 1. Structure-guided design of a MBB peptide. AlphaFold3-predicted 3D structure of the MBB peptide (MBB),
a rationally designed peptide intended to mimic the a-helical structure of the c-Jun transactivation domain. The
structure shown corresponds to the highest-confidence AlphaFold3 model, color-coded by pLDDT score: dark
blue indicates very high confidence (pLDDT >90), and cyan indicates high confidence (90 > pLDDT > 70).

3.2. SEC analysis confirms monodispersity and high purity of MBB

The designed MBB peptide was expressed in E. coli and purified via Ni-affinity
chromatography, followed by SEC to assess its purity. The resulting chromatogram
displayed a single, symmetric peak eluting at 30.1 min. Quantitative integration of the
elution profile indicated that the dominant peak accounted for >95% of the total UV signal
(AUC), supporting tan acceptable purity of the preparation. No secondary peaks or
shoulders were observed within the 20-40 min window, indicating negligible aggregation

or degradation. Collectively, we confirm the biochemical homogeneity of MBB.

Electrophoretic analysis revealed a single band at approximately 5 kDa for the purified
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MBB protein (Fig. 3), which is consistent with its expected molecular weight and in

agreement with the results obtained from size-exclusion chromatography.
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Fig. 2. Size-exclusion chromatographic analysis of purified MBB protein. Size-exclusion chromatography was
performed on a Superdex™ 200 Increase 3.2/300 GL column using a Shimadzu UFLC system. UV absorbance at
280 nm was monitored to assess sample purity.
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Fig. 3. Electrophoresis analysis of purified MBB protein. The figure shows three replicate samples of purified
MBB, with a molecular weight of 5 kDa.

3.3. Orbitrap-MS characterization of the MBB peptide

To confirm the successful synthesis and structural integrity of the MBB, high-resolution
mass spectrometry was performed using a Q Exactive UHMR Orbitrap instrument (Fig. 4).
The full MS scan revealed a series of multiply charged ion species corresponding to the
intact MBB peptide, with charge states ranging from z=3 to z = 6. The predominant signal

was observed at m/z 1027.815 (z = 5), consistent with the theoretical monoisotopic mass
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of MBB peptide (5135.1793Da). These data confirm the accurate synthesis and acceptable

purity of MBB, enabling functional characterization.
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Fig. 4. High-resolution mass spectrum of MBB peptide. Full-scan electrospray ionization (ESI) mass spectrum of
the MBB peptide acquired on a Q Exactive UHMR Orbitrap MS system.

3.4. Quantitative assessment of MBB cytotoxicity

To evaluate the cytotoxicity of MBB, macrophage cells were exposed to increasing
concentrations of the compound (0—100 puM) for 24 hrs, and viability was assessed using
the CCK-8 assay (Fig.5). MBB elicited a dose-dependent decrease in cell viability, with
maximal inhibition observed at 20 uM. Nonlinear regression of the dose—response data
using a four-parameter logistic model yielded an ICso of 26.14 uM. The fitted curve
displayed a steep Hill slope (3.752), consistent with a sharp transition between low- and
high-inhibition states. The model showed excellent agreement with the experimental
data (R? = 0.992), underscoring the robustness of the cytotoxic effect. Based on these

results, a concentration of 25 uM was selected for subsequent cellular assays.
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Fig. 5. MBB reduces macrophage cell viability in a dose-dependent manner. Macrophage cells were treated with
increasing concentrations of MBB (0-100 uM) for 24 h, followed by Cell Counting Kit-8 (CCK-8) assay to assess
cell viability (n = 4). Data show the mean + SD.

3.5. Effect of MBB on the macrophage cytokine production

An ELISA assay was used to investigate the immunomodulatory effects of MBB on
macrophages in response to S. aureus infection (Fig. 6). The secretion of the pro-
inflammatory cytokine TNF-a and the anti-inflammatory cytokine IL-10 (Fig. 6) was
quantified. The macrophages were cultured on titanium surfaces and stimulated with
GFP-labelled S. aureus, with (25 uM) or without MBB and/or corundum, for 8, 12, and 24
hrs. TNF-a levels increased markedly in response to S. aureus (1182.92+65.09pg/mL) and
S. aureus/corundum (1295.01 * 131.16 pg/mL), with a maximum at 12 hrs. MBB
treatment significantly elevated TNF-a production compared to the control at 8h (377.61
+54.63 pg/mL), 12h (824.07 + 35.05 pg/mL) and 24h (1020.80 + 102.84 pg/mL). Compared
to S. aureus group (484.64 + 25.11 pg/mL), S. aureus/MBB caused a pronounced increase
TNF-o at 24 h (657.63 £ 42.36 pg/mL). At 24 h, similarly, compared to S. aureus/corundum
group (451.19 + 33.87 pg/mL), S. aureus/corundum MBB group had significantly
enhanced TNF-a (627.83 + 17.28 pg/mL). Compared to the control, the IL-10 secretion of
the S. aureus/corundum group increased at 8h (99.31 + 8.53 pg/mL), 12h (143.02 + 7.38
pg/mL) and 24h (176.93 £10.76 pg/mL). The S. aureus/corundum/MBB group significantly
reduced IL-10 at 8h (41.31 + 7.58 pg/mL), 12h (56.18 + 2.02 pg/mL) and 24h (76.77 + 8.66
pg/mL). Also compared to S. aureus group (54.36 + 1.88 pg/mL), MBB/S. aureus
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significantly lowered IL-10 at 24 h (37.85 + 7.57 pg/mL). These results demonstrate that

MBB enhances TNF-a production while suppressing IL-10 secretion.
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Fig. 6. MBB modulates macrophage inflammatory cytokine secretion in response to S. aureus infection.
Macrophages were cultured on titanium surfaces and treated with S. aureus and/or MBB for 8, 12, or 24 h.
Cytokine levels in the supernatants were quantified by ELISA. The secretion level of (a) pro-inflammatory
cytokine, TNF-a, and (b) anti-inflammatory cytokine, IL-10 (n = 4). Data show the mean + SD. one way ANOVA
was used to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).

3.6. Effects of MBB on the macrophage gene expression

Quantitative RT-PCR analysis revealed expression profiles of inflammatory and immune-
regulatory genes. Macrophages were co-cultured with GFP-labelled S. aureus under
different roughness conditions (Fig. 7). Pro-inflammatory M1 markers, including TNF-a,
IDO1, and CXCL11, were markedly upregulated in response to S. aureus exposure. Before
12h, TNF-a expression increased (60.30 + 2.08), declining at 24 h (31.25 + 9.49). MBB
alone moderately elevated TNF-a at 12 h (37.93 + 4.06) and corundum induced a smaller
increase (22.92 + 1.34). Combined MBB/corundum treatment amplified TNF-a at 12 h
(39.97 + 4.69). In contrast, MBB/S. aureus/ corundum resulted in less TNF-a induction

(6.39 £ 69.26, p = 0.823).

IDO1 expression followed a similar pattern, with low baseline levels in controls (1.34 £
0.14) strongly induced by S. aureus at 12 h (56.25 * 8.30) and sustained at 24 h (18.43 +
3.61). MBB alone modestly increased IDO1 (12 h: 12.71 + 0.94), and corundum alone
caused minor early changes (1.43 + 0.14). The MBB/corundum combination intermediate

induction (15.54 £ 2.96), and MBB/S. aureus co-treatment produced a synergistic increase
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at 12 h (59.69 + 4.68). CXCL11 peaked at 12 h in S. aureus (56.25 + 8.30) and MBB/S.
aureus (59.69 + 4.68) groups. A moderate upregulation under MBB/corundum (15.54 +
2.96) and MBB alone (12.71 + 0.94) was observed.

In contrast, M2 markers were generally low induced. Compared to controls (0.45 £ 0.37),
IL-10 was modestly induced by S. aureus at 8 h (0.56 + 0.32), 24 h (2.61 + 0.03).
MBB/corundum surface group elevated IL-10 at 24 h (2.02 £ 0.81). MBB alone showed a
small increase at 12 h (1.55 £ 0.23). MBB/S. aureus/ corundum produced IL-10 expression
(24 h: 1.05 + 3.51). CCL13 exhibited low baseline expression at 8 h (0.49 + 0.30), with the
highest induction under corundum at 24 h (5.16 + 1.34), and moderate increases with
MBB/corundum (4.15 + 1.11) and S. aureus (2.79 + 0.61). MRC1 was minimally expressed
across all groups, with slight elevations in corundum at 24 h (3.91 + 0.92, p = 0.005) and
S. aureus at 24 h (2.41 = 0.08). Functional genes linked to macrophage activation were
also modulated. TLR2 expressions were downregulated, whereas and ICAM1 were

upregulated in S. aureus-treated groups, peaking at 24 h.

Collectively, MBB promotes the expression of pro-inflammatory M1 markers (TNF-a,
IDO1, CXCL11) and functional genes (Nfkb1, ICAM1), while suppressing M2-associated
markers, thereby driving macrophage polarization toward an M1 phenotype. This shift
was accompanied by enhanced cell adhesion, increased ROS generation, and augmented

bacterial phagocytic capacity.
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Fig. 7. Expression profiles of inflammatory and immune-regulatory genes in macrophages. Quantitative RT-PCR
analysis of pro-inflammatory M1 markers (TNF-a, IDO1, CXCL11), anti-inflammatory M2 markers (IL-10, MRC1,
CCL13), and functional genes (TLR2, Nfkb1, ICAM1) in macrophages under different treatment conditions. Data
show the mean + SD. one way ANOVA was used to determine statistical significance (n=4, *p < 0.05; **p < 0.01;
**%p < 0.001).

3.7. Immunofluorescence analysis of macrophage

To investigate the effects of MBB, S. aureus, and corundum on macrophage polarization,
macrophages were cultured on titanium surfaces and assessed for M1 and M2 marker
expression after 24 h. Immunofluorescence staining revealed a clear shift toward M1
polarization (CCR7*) in MBB-treated cells across all conditions (Fig. 8) but M2 marker
expression (CD36*) was consistently suppressed (Fig. 8). In controls, both M1 and M2

populations were detectable, reflecting a balanced basal state. S. aureus or MBB alone
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markedly increased CCR7 signal, while CD36 remained low. Corundum alone elicited
moderate CD36 expression. The MBB/S. aureus/corundum produced the strongest CCR7
staining and minimal CD36, indicating a synergistic promotion of pro-inflammatory M1
polarization. Merged images confirmed clear colocalization of CCR7 with DAPI-stained
nuclei. These results demonstrate that MBB robustly drives macrophages toward an M1

phenotype while repressing M2 differentiation.
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Fig. 8. Immunofluorescence analysis of macrophage polarization on titanium surfaces. Macrophages were
cultured for 24 h with MBB, corundum surface, S. aureus and combinations. Cells were stained with DAPI (blue,
nuclei), CF™ 488A-conjugated anti-CD36 (green, M2 macrophage marker), and CF™ 568-conjugated anti-CCR7
(red, M1 macrophage marker). Merged images display colocalization of polarization markers with nuclear
staining. The scale bar shows 200 um.
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3.8. Effects of MBB on the Macrophage M1/M2polarization ratio

To investigate the effects of MBB, S. aureus, and corundum on macrophage polarization,
macrophages were cultured on titanium surfaces and assessed for M1 (CCR7*) and M2
(CD36*) marker expression after 24 h. Quantitative analysis of M1 ratios (CCR7*/total cells)
revealed that MBB significantly enhanced M1 polarization across multiple conditions (Fig.
9). Specifically, the control group exhibited a baseline M1 ratio of 1.28 + 0.13. Treatment
with MBB alone increased the ratio to 2.79 £ 0.61. Corundum alone reduced the M1 ratio
to 0.52 + 0.08, and S.aureus alone showed a comparable reduction (0.57 = 0.19).
Corundum/S. aureus revealed a synergistic effect of MBB with corundum, elevating the
M1 ratio to 4.44 + 0.63 (p < 0.001). But MBB/S. aureus induced a modest increase (0.80 +
0.11). The MBB/S. aureus/corundum group resulted in 0.68 + 0.21, indicating a complex
interaction that attenuated M1 induction. S.aureus/corundum alone produced the lowest
M1 ratio of 0.50 + 0.09. In parallel, M2 marker expression (CD36*) was consistently
suppressed in all MBB-containing conditions, while corundum alone or S.
aureus/corundum induced M2 expression. Immunofluorescence images confirmed these
trends, showing intense CCR7 signal and minimal CD36 staining in MBB groups,
particularly in MBB/corundum co-treatment. These indicate that MBB selectively drives
macrophages toward a pro-inflammatory M1 phenotype while repressing M2

differentiation, with the strongest effect observed in combination with corundum.
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M1/M2 ratio

Fig. 9. Quantification of macrophage polarization (M1/M2 ratio). Quantification of macrophage polarization
after 24 h of stimulation with MBB, corundum, and S. aureus. M1 and M2 macrophages were identified by CCR7*
and CD36* immunostaining. Data show the mean + SD. one way ANOVA was used to determine statistical
significance (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).

3.9. TEM analysis of co-culture of S. aureus and macrophages on the corundum surface
To further investigate the impact of MBB on co-culture of S. aureus and macrophages, we
performed TEM analysis (Fig.10). Macrophages exposed to MBB alone displayed
pronounced phagocytic activity, characterized by increased formation of phagosomes,
enrichment of lysosomal compartments, and localized membrane ruffling—features
indicative of enhanced bacterial uptake. Nuclear condensation and cytoskeletal
rearrangements were also evident, consistent with activation toward a pro-inflammatory
M1 phenotype. Treatment with S. aureus alone induced moderate phagosome formation
and vesicle accumulation, whereas corundum exposure primarily resulted in cytoplasmic
disorganization and irregular vacuolization. Co-exposure to MBB and S. aureus markedly
amplified phagocytic structures, with abundant phagosomes and reinforced cytoskeletal
architecture, indicating a synergistic enhancement of bacterial clearance capacity. MBB
combined with corundum promoted extensive cytoskeletal remodeling and membrane
ruffling. The triple challenge (MBB/S. aureus/corundum) elicited both high phagosomal

activity and robust adhesion structures, accompanied by moderate cytoplasmic
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rarefaction, reflecting an integrated response to simultaneous physical and microbial
stimuli. These prove that MBB enhances macrophage bacterial phagocytosis and
adhesion, promoting polarization toward an M1-like phenotype. Furthermore,
combinatorial physical and microbial challenges remodel macrophage ultrastructure in a

manner that supports these functional adaptations.
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Control MBB Corundum S.aureus

Fig. 10. TEM images of macrophages cultured 24 h with combinations of MBB, corundum, and S. aureus. Red
triangles indicate S. aureus, red squares mark pseudopodia, red stars denote phagosomes, and red hexagrams
indicate vacuoles. Top panels show low-magnification overviews (scale bars, 1-2 um) and bottom panels show
higher magnifications (scale bars, 500 nm—1 pum).

3.10. Effects of MBB on macrophage adhesion

Macrophage adhesion was assessed by quantifying DNA content as a proxy for cell

attachment (Fig. 11). Compared with uninfected controls (453.7 + 4.8 ng mL™), S. aureus
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infection significantly reduced adhesion (354.8 + 4.6 ng mL™", p< 0.05). Corundum surfaces
markedly enhanced adhesion under non-infectious conditions (619.6 + 13.7 ng mL™, p <
0.01). The highest attachment observed in MBB/corundum-treated macrophages (648.4
+15.2 ng mL™", p < 0.001). MBB alone increased adhesion in both uninfected (475.9 + 8.7
ng mL™", p < 0.05) and infected cultures (374.4 + 8.0 ng mL™, p < 0.05). In the presence of
S. aureus, co-treatment with corundum or MBB partially restored attachment. The MBB/S.
aureus/corundum combination yielded the greatest increase, reaching 547.1 + 10.5 ng
mL™" (p < 0.01), corresponding to a 60% enhancement in adhesion. These indicate that
MBB promotes macrophage adhesion and supports M1 polarization, counteracting the
adhesion-suppressive effect of bacterial infection and synergizing with corundum to

enhance cellular attachment.
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Fig. 11. Quantification of macrophage adhesion. Macrophages were cultured on titanium surfaces and treated
with S. aureus and/or MBB for 24 h. DNA content, reflecting adherent cell number, was quantified using the
Quant-iT™ assay (n = 4). Data show the means + SD. One way ANOVA was used to determine statistical
significance (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).

3.11. Modulation of macrophage ROS responses

To examine the oxidative response of macrophages, intracellular reactive oxygen species
(ROS) levels were quantified using the DCFH-DA assay at 8, 12, and 24 h. Macrophages

were following co-culture with GFP-labelled S. aureus under various treatment conditions

(Fig. 12). At 8 h, control group cells exhibited minimal ROS accumulation (0.15 + 0.03),
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whereas MBB alone induced a moderate increase (0.43 + 0.15). Corundum alone
produced a modest response (0.22 + 0.07), while S. aureus markedly enhanced ROS levels
(0.62 £ 0.07). Combined MBB/corundum treatment further elevated ROS (0.86 * 0.04),
surpassing either stimulus alone. MBB/S. aureus (0.82 £ 0.01), S. aureus/corundum (0.76
+ 0.12), and MBB/S. aureus/corundum (0.96 * 0.19) showed slightly attenuated ROS

compared with MBB/corundum.

By 12 h, ROS peaked in S. aureus-treated macrophages (1.61 + 0.014). ROS further
increased in MBB/corundum (1.67+0.156) and MBB/S. aureus/corundum conditions
(2.00+0.17). This indicates synergistic oxidative activation. MBB/S. aureus (1.77+0.12) and
S. aureus/corundum (1.78 £ 0.142) maintained ROS levels comparable to MBB/corundum,
suggesting bacterial signals sustain oxidative activity. At 24 h, MBB alone induced
maximal ROS accumulation (2.39 + 0.28). Corundum (0.51 + 0.05) and S. aureus alone
(0.52 + 0.14) remained low. MBB/corundum maintained high ROS (2.71 + 0.13). But
MBB/S. aureus (0.73 + 0.13), S. aureus/corundum (0.35+0.12), and MBB/S.
aureus/corundum (0.65+0.21) This showed pronounced attenuation, suggesting that
bacterial factors partially dampen MBB- and roughness-induced oxidative stress. MBB
potentiates ROS production and promotes M1-like oxidative activation, particularly under

high roughness exposure.
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Fig.12. Quantification of macrophages ROS production. Macrophages were co-cultured with GFP-labelled S.
aureus and treated with MBB (10 pM), Corundum or a combination of both. Intracellular reactive oxygen species
(ROS) levels were measured at 8, 12, and 24 hours using the DCFH-DA assay. Data are presented as relative fold
induction normalized to untreated control macrophages. Data show the mean £ SD. One way ANOVA was used
to determine statistical significance (n=4, *p < 0.05; **p < 0.01; ***p <0.001).

4, Discussion

The aim of this study was to design a c-Jun—mimetic peptide (MBB) capable of selectively
disrupting NFATc1-DNA interactions. When macrophages on corundum surfaces under S.
aureus challenge, MBB prevented the shift toward an anti-inflammatory M2 phenotype
and instead promoting pro-inflammatory M1 polarization. Specifically, at 12 h post-
infection, MBB inhibited NFATcl1 binding activity, thereby suppressing macrophage
polarization toward the anti-inflammatory M2 phenotype. This was accompanied by
increased secretion of the pro-inflammatory cytokine TNF-a, reduced production of the
anti-inflammatory cytokine IL-10, and enhanced ROS generation. These findings prove
that MBB drives macrophages toward a pro-inflammatory M1 state on corundum
titanium surfaces (Sa:1.32 £ 0.28 um; Ti:88.80+0.40 wt.%) under S. aureus challenge.
NFATc1 is a pivotal transcription factor governing macrophage polarization [279, 280],
whose activity depends on direct binding DNA[281, 282]. Our previous work revealed
that NFATc1 alone cannot stably bind DNA, instead requiring the cooperative assistance
of c-Jun and c-Fos to form a stable NFATc1/c-Jun/c-Fos/DNA ternary complex. Guided by
this structural insight, we engineered MBB, a c-Jun mimetic peptide that occupies the
same NFATc1- and DNA-interacting interface as native c-Jun, thereby anchoring firmly to
NFATc1. To enhance stability, we introduced paired cysteine residues into the NFATc1—

DNA contact region of MBB, enabling intramolecular disulfide bond formation. Upon
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binding NFATc1, MBB competitively displaces c-Jun, and—by virtue of its extended “lever
arm” —sterically hinders assembly of the NFATc1 complex at this site. Thereby MBB can
effectively suppressing NFATcl’s transcriptional activity. Guided by these structural
insights, we designed a c-Jun—mimetic peptide, termed MBB, using AlphaFold3. The
predicted pLDDT score exceeded 90, indicating high model confidence, consistent with
prior benchmarks[283]. MBB was expressed in E. coli, purified to >95% homogeneity as
confirmed by size-exclusion chromatography, and validated via high-resolution mass
spectrometry and DNA sequence analysis. Cytotoxicity testing revealed an ICso of 26.14

UM, allowing us to select 25 uM for subsequent functional assays.

MBB competitively inhibited NFATc1-DNA binding. Thereby functionally reprogramed
macrophages toward a pro-inflammatory M1 phenotype—an immune state critical for
bacterial clearance at infected biomaterial interfaces. M1 macrophages are classically
associated with antimicrobial activity[281, 284, 285], whereas M2 macrophages primarily
mediate tissue repair[286, 287]. Consistent with this shift, ELISA revealed elevated
secretion of TNF-a (M1-associated cytokine[288]) and reduced IL-10 (M2-associated
cytokine [289]) in the MBB-treated group. Although neither TNF-a nor IL-10 alone
provides definitive discrimination between M1 and M2 states, immunofluorescence
analysis further supported this trend: macrophages co-expressing the M1 marker CCR7
[290] (red, CF™ 568) and the M2 marker CD36[291] (green, CF™ 488A) displayed markedly
stronger CCR7 fluorescence following MBB treatment. Complementary RT—PCR analysis
confirmed upregulation of M1-associated genes (TNF-a, IDO1, CXCL11) alongside
suppression of Mz2-associated transcripts (IL-10, MRC1, CCL13), culminating in a
substantially elevated M1/M2 ratio. These results collectively demonstrate that MBB
drives macrophage polarization toward a bactericidal phenotype under S. aureus

challenge.

Following polarization toward an M1 phenotype, an essential next step in bacterial

clearance is the firm adhesion of macrophages to the infected implant surface[292].
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Without sufficient enrichment of M1 macrophages at the site, effective eradication of
pathogens remains unlikely[293]. In our study, RT-PCR analysis revealed significant
upregulation of the adhesion-associated gene ICAM1 in the MBB-treated group.
Consistently, Quant-iT™ adhesion assays demonstrated a higher number of macrophages
attached to corundum-type titanium surfaces following MBB treatment compared with
untreated controls. Once adhered, macrophages must phagocytose invading bacteria and
subsequently eliminate the internalized pathogens to prevent intracellular bacterial
persistence—a known route to immune evasion, antibiotic resistance, and dissemination
of infection [294]. Transmission electron microscopy (TEM) of MBB-treated macrophages
revealed extensive phagosomal activity, pronounced adhesion structures, and moderate
cytoplasmic rarefaction, all indicative of heightened antimicrobial engagement. At the
molecular level, TLR2 expression—a key mediator of bacterial recognition[295]—was
markedly elevated, suggesting enhanced phagocytic responsiveness. Crucially,
intracellular ROS levels, a primary mechanism for killing engulfed bacteria[296], were
significantly higher in the MBB group, underscoring the peptide’s ability to potentiate
bactericidal effector functions. Together, these findings demonstrate that MBB not only
reprograms macrophages toward an M1 phenotype but also reinforces the sequential
adhesion—phagocytosis—bacterial killing axis essential for controlling implant-associated
infections.

Our findings highlight an immunotherapeutic strategy, leveraging structure-guided,
transcription factor-targeted peptides, to modulate macrophage polarization in the
context of biomaterial-associated infection. This approach offers a versatile complement
to existing biomaterial design paradigms, with potential applicability across diverse

tissue—material interfaces where immune evasion remains a challenge.

Limitations and future directions include the need for in vivo validation in models of
implant-associated infection to evaluate efficacy, pharmacokinetics, and safety.
Moreover, as NFATc1 is active in other immune and bone-related cells, strategies for

macrophage-specific targeting or local delivery will be essential. We did not assess the

160



direct binding of the inhibitor to NFATc1, and long-term functional consequences remain
unknown, underscoring the importance of comprehensive biochemical validation and
longitudinal studies. Additionally, because NFATc1 is active in other immune and bone-
related cells, strategies for macrophage-specific targeting or local delivery will be
essential. Further studies into the downstream epigenetic and transcriptional programs
altered by transient NFATc1 inhibition may provide deeper insight into long-term immune

modulation.

5. Conclusion

This study establishes a structure-guided immunomodulatory strategy for enhancing
macrophage-mediated clearance of S. aureus on orthopedic implant surfaces. By
rationally designing the peptide MBB to disrupt NFATc1-DNA interactions, we
reprogrammed macrophage polarization toward a pro-inflammatory M1 phenotype,
restoring antimicrobial capacity even under surface conditions that typically favor
immune suppression. Our findings underscore the critical role of transcriptional
regulation in shaping innate immune responses at the biomaterial interface and highlight
the potential of peptide-based modulation of immune transcription factors as a
therapeutic approach for preventing and treating implant-associated infections. This
work provides a framework for the development of precision immunotherapeutics that

bridge structural biology, materials science, and host defense.
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General Discussion

1. Overview of the thesis

Implant-associated infections remain not only compromising clinical efficacy but also
frequently necessitating complex surgical interventions[297]. This thesis explores the
molecular mechanisms underlying the polarization of infection-immune macrophages as
function of the surface roughness of titanium biomaterials sole or combined with S.
aureus. In addition, a new targeted immunotherapy strategy to enhance infection
resistance, is proposed. Chapter 1 addresses the clinical and biological challenges of
implant infections, highlighting the role of bacterial biofilms, modifying material surface
properties and the mechanisms of macrophage differentiation on infected surfaces.
Chapter 2 investigates how titanium surface characteristics influence macrophage
adhesion, polarization and the molecular mechanisms of implant infections. Chapter 3
utilizes this infection model to closely approximate the reality of implant infection. Here,
co-cultures of S. aureus and macrophages are employed. Based on the NFATc1-mediated
macrophage differentiation pathway in infection immunity, as identified in Chapters 2 and
3, Chapter 4 employs SPR to elucidate the cooperative DNA binding mechanisms of
NFATc1 and c-Jun, providing molecular insights into macrophage immune regulation.
Chapter 5 introduces a rationally designed novel peptide (MBB) that inhibits simultaneous
NFATc1/c-Jun/DNA binding and enhances M1 formation and thus macrophage resistance

to S. aureus infections.

2. Surface characteristics of titanium modulates macrophage inflammatory response

Chapter 2 describes how surface roughness combined with LPS stimulation intensifies
macrophage responses, especially under inflammatory conditions. It focused on how
titanium surface roughness influences macrophage behavior, particularly under
conditions of inflammation induced by LPS. A significant novelty of this research is that
surface roughness can simultaneously induce macrophage differentiation into both M1
and M2 types. As the roughness of corundum increases within a certain range, the relative

number of M2 cells increases, aligning with previous studies[1] and provides new insights
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into how topographical cues from titanium surfaces shape macrophage function at the
biointerface. When roughness reaches the level of plasmapore, the ratio of M2 cells
decreases. Importantly, pathway enrichment analysis revealed key metabolic and NFATc1
immune pathways influenced by surface roughness. This is also consistent with studies by
Zhang, Haiyun et al.[2]and Qian, Xin, et al.[3], suggesting that surface roughness
modulates both macrophage polarization and key metabolic pathways that regulate

immune responses, including the signaling pathway of NFATc1.

3. Effect of titanium surface roughness on macrophage-bacteria interactions

Chapter 3 builds on these findings while applying a more physiologically relevant infection
model using S. aureus. This facilitates a deeper understanding of macrophage interactions
with titanium surfaces under more complex microbial challenges. Unlike earlier
approaches focused on antibiotics or biomaterial coatings[25], this study integrates
surface engineering and immune modulation, focusing on how macrophage behavior can
be influenced by biomaterial design. This approach could significantly enhance the
effectiveness of implants by improving host immune responses while preventing bacterial
persistence. A key finding of this chapter is that macrophages differentiate into the M1
phenotype as roughness increases. However, after 12 hrs, the proportion of M2
macrophages increases due to the synergistic effect of S. aureus and roughness. This
demonstrates the limitations of the model in Chapter 1. This chapter observed increased
phagocytosis, elevated ROS production, and an enhanced inflammatory cytokine profile
at the corundum group. These suggest that rougher surfaces (Corundum, Sa:5.51+0.29um)
provide a more favorable environment for macrophage activity. Proteomic studies have
demonstrated that surface roughness modulates both NFATc1 macrophage polarization
signaling pathway and key metabolic pathways that regulate immune responses. The
findings offer new strategies for improving the success of titanium implants and
combatting biofilm-related infections, by regulating NFATc1. Despite these advances,
Chapter 3 identified signaling pathways. One of the pathways is the NFATc1 signaling

pathway, as a regulator of macrophage function under infectious conditions and no
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further exploration has been undertaken into methods for blocking this NFATc1 target.
Finally, given that the structure of NFATc1 has been thoroughly characterized, Chapter 4

will address the binding kinetics of this transcription factor.

4. Application of surface plasmon resonance to elucidate the cooperative DNA binding
mechanisms of NFATc1 and c-Jun

Regulation of macrophage immune function by the transcription factor NFATc1 is essential
for macrophage clearance of implant-infected S. aureus bacteria[134]. Chapter 4
describes the DNA-binding kinetics of NFATc1, using SPR and providing a theoretical
foundation for designing macrophage function-regulating peptides. NFATcl alone
exhibited a ka of (2.44£0.10)x 10° M™'s™ and a kd of (1.05+0.02)x 107" s, resulting in a
dissociation constant (KD) of (4.11+0.07)x 10~7 M, consistent with EMSA values (10~8-1077
M) [251] while offering improved temporal resolution. In contrast, c-Jun displayed a
higher ka (5.97£0.22)x 10° M 's™" and kd (1.24%0.13)x 107" s™, leading to a KD of
(1.95%0.03)x 1077 M, aligning with fluorescence anisotropy estimates (107-107° M)[251].
Upon cooperative binding, the NFATc1/c-Jun complex exhibited a further increase in ka
(8.2940.19) x 10° M 's™" with a moderately increased kd (1.45+0.12x 107" s7), yielding a
KD of (1.63%0.17) x 1077 M. These results align with those of Seo, Jungkyun, et al.[252],
who reported similar cooperative binding behavior in the AP-1 family, and Li, Ya-Ting, et
al.[253], who identified NFATc1 as a critical modulator of dynamic TF recruitment. This
provides a detailed understanding of TF cooperative binding dynamics and provides a
molecular dynamics design basis for developing c-Jun analogue peptides that modulate
NFATc1. Based on the data and molecular modelling using AlphaFold, a novel inhibitor of
the transcription was rationally designed. Chapter 5 presents an first screening of its

pharmacological efficacy.

5. Structure-guided disruption of NFATc1 rewires macrophage polarization to enhance

clearance of S. aureus on implant surfaces
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Various strategies exist to modulate macrophage activity, including cytokines, small
molecules, and genetic engineering[298]. They, broadly activate innate immune pathways
but often cause systemic inflammation and side effects[299]. As mentioned in this chapter
a newly designed antimicrobial peptide (MBB) was validated on its antagonistic activity.
The experimental data showed that MBB-treated macrophages give rise to a higher

M1/M2 ratio and increased bacterial clearance, offering precise immune modulation.

Although this study successfully demonstrated the functional impact of MBB on
macrophages and the potential for its incorporation into biomaterial surface modification
to control implantation-associated infections, an in-depth pharmacological evaluation is
still to be conducted. Structural insights into the interaction of MBB with NFATc1 and c-
Fos are yet unknown. Detailed structural analyses of the MBB/NFATc1/c-Fos complex is
anticipated to support the deepening of the mechanistic understanding and refine future

peptide design.
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Valorization

This doctoral thesis, "Macrophage—Material Interactions: NFATc1/c-Jun Signaling,
Titanium Surface Modifications and Orthopedic Implant Infections," reveals the
interactions between titanium implant surfaces, macrophages, and bacterial biofilms,

aiming at providing new therapeutic strategies for implant infection control.

1. Academic impact

The presented research advances the fields of biomaterials science, immunology, and
implant infection processes by providing new insights into macrophage responses to
titanium surface modifications and the cooperative transcriptional regulation of NFATc1
and c-Jun. Mechanistic understanding of the immune response at the infection interface
of implant materials is enhanced through the integration of advanced analytical
technologies such as SPR, proteomics, confocal microscopy and computational modelling.
Key academic contributions include identification of titanium surface roughness as a
modulator of macrophage polarization and bacterial interactions during implant
infections, bridging the gap between the science of implant biomaterials and
immunomodulation of infections; application of SPR to elucidate the mechanism of DNA
binding kinetics of NFATc1 and c-Jun, advancing the understanding of synergistic roles of
transcription factors in immune responses; and the use of novel peptides as novel

immunomodulators.

All together this thesis provides a foundation for follow-up studies investigating immune
regulation of implant-based infections, antimicrobial strategies, and transcriptional
regulation of immune cells. Most likely, they will provide new fundamental insights
supporting the effective design of infection-resistant biomaterials. Hence, the
methodologies described can be applied to broader set of studies focusing on immuno

engineering of material infection therapies and implant -infected bio interfaces.
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2. Industrial impact

The research described has direct implications for the biomedical and orthopedic implant
industry, addressing the key challenge of implant-related infections. The findings will most
likely help to optimize implant surfaces able to enhance host immune responses, thereby
reducing infection-related failure rates and extending the lifespan of implants. Key
impacts on industry include advances in biomaterial design and the development of next-
generation orthopedic implants with enhanced biocompatibility and resistance to
infection. The inhibition of the cooperative interaction of NFACTc1 and c-Jan with DNA,
enabling the rational design of MBB like peptides, will act as a basis for a new infection
control strategy, particularly when combined with material antibiotic coatings. Next local
surgical debridement of infected lesions, and systemic antibiotic treatments to meet the

pressing need to combat the urgent need for antibiotic resistance.

From an analytical technology point of view, the use of advanced Surface Plasmon
Resonance methodologies, studying complex multi protein interaction kinetics between
protein pivotal in the transcription of-DNA interactions, has widen its potential in

unrevealing DNA transcription processes.

In summary, by translating these findings into practical applications, this research has the
potential to facilitate collaboration between academia and industry to develop innovative
infection-fighting biomaterials. This could help improve clinical outcomes for patients with

implant infections.

3. Societal impact

Implant infections continue to be a major concern in orthopedics, especially regarding the
occurrence of related difficult to treat local infections and inflammation processes. Their
steady increase in implant infections threaten the health of patients, posing a significant

pressure on medical doctors, and costs control. The progress described in this thesis will
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contribute to the effectivity and success of implant surgery, increasing the sustainability
of healthcare. Key societal benefits might include improved patient care through the
development of implant designs that support immune function and resist bacterial
colonization, resulting in fewer complications, faster recovery times and improved quality

of life for patients undergoing orthopedic implant surgery.

In addition, reduced reliance on traditional antibiotics through the introduction of an
immune-modulating therapy with the introduction of the rationally designed NFATc1/c-
Jun antagonists MBB will contribute to the combat against antibiotic resistance. In
addition, it will have a significant economic impact on the healthcare system by reducing
the incidence of implant infections and the need for revision surgery and the overall
healthcare costs by optimizing the allocation of resources in healthcare facilities. Beyond
clinical applications, this research contributes to broader societal efforts to integrate
bioengineering and immunology to address infectious diseases. By fostering
interdisciplinary collaboration and translational research, it paves the way for innovative

solutions to improve public health and biomedical technology.
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Summary

This PhD thesis investigates the intricate interplay between titanium alloy surface
characteristics, macrophage immune responses and novel therapeutic strategies to
enhance the resistance of orthopedic implants to infection. The studies described provide
new insights into the role of surface morphology in regulating macrophage function and
explores the mechanisms of transcriptional regulation as a potential immunomodulatory

target.

Chapter 1 describes the clinical and biological challenges associated with orthopedic
implant infections, with particular emphasis on the enduring threat posed by bacterial
biofilms and the urgent need for more in-depth host-pathogen-material studies to find a
new approach to the treatment of infections in orthopedic implant materials. It also
reviews the latest methods employed in infection biology and implantation studies,
including advanced imaging, transcriptomics and real-time in vitro infection modelling. It
acts as a foundation for the mechanistic exploration of host-pathogen-material

interactions.

Chapter 2 investigated the effect of infected titanium surface characteristics on
macrophages, revealing that a moderately rough surface promotes macrophage adhesion
and polarization towards both M1 and M2 phenotypes. The M1 phenotype is dominant
which is critical for early antimicrobial activity, particularly in the context of foreign body-
associated infections. Proteomics revealed that key protein and NFATc1 immune pathways
are influenced by the titanium disk surface roughness, suggesting that tailored surface
engineering may provide a effective approach to the critical early treatment phase of

orthopedic implant infections.

Chapter 3 extends this inquiry utilizing a more complex biological scenario, examining
macrophage-bacteria interactions on different titanium surfaces. By constructing GFP-

expressing S. aureus strains using electron microscopy, laser confocal, and proteomics
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techniques, it was revealed that the combined effects of surface roughness and S. aureus
co-cultures can significantly reduce macrophage bacterial clearance by inducing
macrophage M1 polarization, adhesion, improved phagocytic activity, and reactive oxygen
species (ROS) generation. Altering the roughness of orthopedic implant materials opens
new frontiers in the design of bio interfaces for anti-infective implants. Proteomics proved
that surface roughness modulates both NFATcl macrophage polarization signaling

pathway and key metabolic pathways that regulate immune responses.

Chapter 4 shifts towards molecular processes, describing the cooperative DNA binding
kinetics of the transcription factors NFATc1 and c-Jun. Bases on the SPR data, itcan be
concluded that although each factor binds DNA independently, their cooperative binding
significantly enhances binding kinetics, suggesting a synergistic mechanism of gene
regulation. This mechanistic insight provides a conceptual basis for immune-targeted

immune interventions that go beyond traditional antimicrobial strategies.

Finally, chapter 5 builds on these observations, introducing a rationally designed peptide,
MBB, which structurally mimics c-Jun and selectively inhibits NFATc1/c-Jun DNA co-
binding. Functional tests demonstrated that MBB enhanced S. aureus phagocytosis and
ROS generation by macrophages. This represents a novel class of immunotherapeutic
agents for implant infections, as this peptide selectively interferes with NFATc1/c-Jun DNA
co-binding and enhances macrophage clearance of the pathogenic bacterium S. aureus in

the case of implant infections without relying on antibiotics.
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Samenvatting

Dit proefschrift beschrijft in detail de complexe interacties tussen de ruwheid van
titaniumoppervlakken, met differentiatie van macrofagen, antimicrobiéle activiteit en
vorming van een bacteriéle biofilm. Met behulp van een geintegreerde experimentele
aanpak, en de toepassing van geavanceerde analytische technieken, zijn nieuwe inzichten
in de cellulaire en moleculaire processen onderzocht. In het bijzonder, werd het
mechanisme van transcriptieregulatie als potentiéle therapeutische middel voor immuno

modulatie onderzocht.

Het beschrijft de complexe wisselwerking tussen wijzigingen in de ruwheid van
titaniumoppervlakken, immuunreacties van macrofagen, bacteriéle biofilm vorming en
nieuwe therapeutische strategieén ter verbetering van de infectiebestendigheid van
orthopedische implantaten. Deze studie biedt nieuwe inzichten in de rol van
oppervlaktemorfologie bij het reguleren van de macrofaagfunctie en onderzoekt de
mechanismen van transcriptieregulatie als een potentieel immuno modulerend

aangrijpingspunt.

Hoofdstuk 1 beschrijft de klinische en biologische uitdagingen die verbonden zijn aan
infecties van orthopedische implantaten, met bijzondere nadruk op de aanhoudende
dreiging van bacteriéle biofilms en de urgentie voor meer diepgaand onderzoek naar
interacties tussen gastheer, pathogeen en materiaal, teneinde nieuwe benaderingen te
vinden voor de behandeling van infecties in implantaatmaterialen. Het geeft ook een
overzicht van de meest recente methoden binnen infectiebiologie en
implantatieonderzoek, waaronder geavanceerde beeldvorming, transcriptomics en real-
time in vitro infectiemodellering. Daarmee wordt een basis gelegd voor mechanistisch

onderzoek naar interacties tussen gastheer, pathogeen en materiaal.

Hoofdstuk 2 onderzocht het effect van geinfecteerde titaniumoppervlakteruwheid op

macrofagen, en toonde aan dat een matig ruw oppervlak de hechting van macrofagen en
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hun polarisatie richting zowel M1-achtige als M2-fenotypes bevordert. Het M1-fenotype
domineert, wat cruciaal is voor vroege antimicrobiéle activiteit, met name in de context
van lichaamsvreemd materiaal. Proteomics-analyses onthulden dat zowel metabole als
NFATc1-gereguleerde immuun routes worden beinvloed door oppervlaktestructuur, wat
suggereert dat oppervlakte-engineering via het sturen van macrofaagimmuunreacties
een nieuwe benadering kan bieden voor de kritieke vroege behandelingsfase van

implantaatinfecties.

Hoofdstuk 3 introduceert een complexer biologisch scenario, door interacties tussen
macrofagen en bacterién op titaniumopperviakken met verschillende topografieén te
onderzoeken. Door GFP-exprimerende S. aureus-stammen te gebruiken in combinatie met
elektronenmicroscopie, laser confocale microscopie en proteomics, werd aangetoond dat
de gecombineerde effecten van oppervlaktestructuur en Staphylococcus Aureus de
bacteriéle klaring door macrofagen aanzienlijk verminderen. door M1-polarisatie,
toename van adhesie aan het oppervlak, verbeterde fagocytose en verhoogde productie
van reactieve zuurstofsoorten (ROS). De resultaten tonen aan dat het aanpassen van de
ruwheid van implantaatmaterialen nieuwe mogelijkheden biedt voor het ontwerp van
bio-interfaces. Proteomics toonde ook aan dat de oppervlaktestructuur, zowel de NFATc1-
signaleringsroute voor macrofaagpolarisatie als de metabole routes, die immuunreacties

reguleren, beinvloedt.

Hoofdstuk 4 richt zich op de DNA-transcriptie factor NFATc1 een b elangrijke regulator van
macrofaagfunctie. Met behulp van SPR werd de codperatieve DNA-bindingskinetiek van
de transcriptiefactoren NFATc1 en c-Jun onderzocht. De resultaten tonen dat hoewel
beide factoren onafhankelijk aan DNA binden, hun codperatieve binding de
bindingskinetiek aanzienlijk versterkt, wat wijst op een synergistisch mechanisme van
genregulatie. Dit mechanistisch inzicht vormt een conceptuele basis voor immuun-

gerichte interventies die verder gaan dan traditionele antimicrobiéle strategieén.
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Hoofdstuk 5 bouwt direct voort op deze moleculaire bevindingen en introduceert een
rationeel ontworpen peptide, MBB, dat structureel lijkt op c-Jun en selectief de NFATc1/c-
Jun DNA-co-binding remt. Functionele testen toonden aan dat MBB de fagocytose van S.
aureus en de ROS-productie door macrofagen verhoogt. Dit vertegenwoordigt een nieuwe
klasse immuno therapeutische middelen voor implantaatinfecties, aangezien dit peptide
selectief interfereert met NFATc1/c-Jun-co-binding en zo de macrofaagafhankelijke klaring

versterkt.
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S.aureus Staphylococcus aureus

NFATcl Nuclear Factor of Activated T-cells, cytoplasmic 1
c-Jun Cellular Jun

c-Fos Cellular Fos

CNS Staphylococcus aureus, coagulase-negative staphylococci
MRSA Methicillin-susceptible Staphylococcus aureus
CLSM Confocal laser scanning microscopy
SEM Scanning electron microscopy

Fn Fibronectin

Fg Fibrinogen

VN Vitronectin

PMN Polymorphonuclear neutrophils
PRRs Pattern recognition receptors

TLRs Toll-like receptors

NLRs Nod-like receptors

NF-kB Nuclear factor kB

MAPKs Mitogen-activated protein kinases
IRFs Interferon regulatory factors

LPS Lipopolysaccharide

IFN-y Gamma interferon

EDS Energy-dispersive spectroscopy

3D Three-Dimensional

Ti Titanium

ALP Alkaline phosphatase

OCN Osteocalcin

BSA Bovine serum albumin

PBS Phosphate buffered saline

DAPI 4',6-diamidino-2-phenylindole

ACN Acetonitrile

DIA Data Independent Acquisition

FDR False discovery rate

PCA Principal Component Analysis
SEM-EDS SEM-energy dispersive spectroscopy
Al Aluminum

C Carbon

Si Silicon

P Phosphorus
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Ca Calcium

ELISA Enzyme-Linked Immunosorbent Assay

RT-qPCR Reverse Transcription quantitative Polymerase Chain Reaction
TNF-a Tumor Necrosis Factor-alpha

INDO Indoleamine 2,3-dioxygenase

CXCL11 C-X-C motif chemokine ligand 11

IL-10 Interleukin-10

MCR-1 Mannose Receptor C-Type 1

CCL3 C-C motif chemokine ligand 3

CCR7 C-C chemokine receptor type 7

CD36 Cluster of Differentiation 36

LC-MS/MS Liquid chromatography-tandem mass spectrometry
GO Gene ontology

FCERI Fc epsilon receptor

DC-SIGN CD209

CLR C-type lectin receptor

TCA Tricarboxylic acid cycle

ROS Reactive Oxygen Species

GFP Green Fluorescent Protein

DMEM Dulbecco's Modified Eagle Medium

CFU Colony-Forming Unit

TEM Transmission Electron Microscopy

H2DCFDA 2’,7'-dichlorodihydrofluorescein diacetate
MaxLFQ Maximal Label-Free Quantification

CCK-8 Cell Counting Kit-8

KD Dissociation Constant

Kd Dissociation Rate Constant

Ka Association Rate Constant

TFs Transcription factors

EMSAs Electrophoretic mobility shift assays

HSM DNA hybridization buffer

uv Ultraviolet

SPR Surface Plasmon Resonance

RUs Resonance units

bzIP Basic leucine zipper

smFRET Single-molecule Forster resonance energy transfer
HDX-MS Hydrogen-deuterium exchange mass spectrometry
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cryo-EM Cryo-Electron Microscopy

ChlP Chromatin immunoprecipitation assays

pLDDT Predicted local distance difference test

MD Molecular dynamics

PDB Protein Data Bank

IPTG Isopropyl-B-D-thiogalactopyranoside

0D600 Optical Density at 600 nm

PMSF Phenylmethylsulfonylfluoride

Tris-HCI Tris(hydroxymethyl)aminomethane hydrochloride
SDS-PAGE Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
ECL Enhanced Chemiluminescence

SEC Size-exclusion chromatography

AUC The area under the curve

ESI-MS Electrospray ionization mass spectrometry

MgCl, Magnesium chloride

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

MOl Multiplicity of Infection
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Chapter 1 - Engineering implant surfaces for preventing orthopaedic infections

Tab. S1. Full reference list (n=106) of studies on implant surfaces, immune responses, and bacterial infections
with publication and author country information.
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Chapter 2 - Surface
inflammatory response

Cell viability (control %)}

100

roughness of titanium implants modulates

M ong/ml
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*kk
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1
Incubation Time (h)

macrophage

Fig. S1. Macrophage cell viability evaluation by CCK-8 assay. Macrophages were cultured in 96-well plates

(control: cells cultured 96-well plates) and treated with a concentration gradient of LPS. Cell viability was

assessed using the CCK-8 assay. Data show the mean + SD, one way ANOVA was used to determine statistical

significance (n=4, *p<<0.05; **p<<0.01; ***p<<0.001).

Tab. S1. Primers used for RT-PCR

Target gene

Forward primer

GAPDH GTCTCCTCTGACTTCAACAGCG
INDO GCCTGATCTCATAGAGTCTGGC
CXCL11 AGCTTGCCTCAATCCTGCATCC
MCR-1 GGTTTATGGAGCAGGTGGAA
CCL13 GATCTCCTTGCAGAGGCTGAAG
TNF-a CTCTTCTGCCTGCTGCACTTTG
IL-10 TCTCCGAGATGCCTTCAGCAGA
NFATc1 CACCAAAGTCCTGGAGATCCCA
c-Jun CCTTGAAAGCTCAGAACTCGGAG
c-Fos GCCTCTCTTACTACCACTCACC

Reverse primer
ACCACCCTGTTGCTGTAGCCAA
TGCATCCCAGAACTAGACGTGC
CAGATGCCCTTTTCCAGGACTTC
AAACTTGAACGGGAATGCAC
TCTGGACCCACTTCTCCTTTGG
ATGGGCTACAGGCTTGTCACTC
TCAGACAAGGCTTGGCAACCCA
TTCTTCCTCCCGATGTCCGTCT
TGCTGCGTTAGCATGAGTTGGC
AGATGGCAGTGACCGTGGGAAT
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Tab. S2. List of differentially abundant proteins identified (DAPs)

Gene name Protein name Changes p-value Fold change

Control vs. Polished

1 Dpysl2 DPYL2 up 0.01 4.68
2 Itgbl ITB1 up 0.00 11.91
3 Anxal ANXAL up 0.05 2.81
4 Apexl APEX1 up 0.01 5.15
5 Pabpcl PABP1 up 0.05 2.86
6 Capzal CAZA1 up 0.03 3.20
7 Thca TBCA up 0.05 2.82
8 Atp6vlel VATE1 up 0.00 8.18
9 Stmnl STMN1 up 0.04 3.07
10 Atp5fle ATP5E up 0.04 3.05
11 Timm10 TIM10 up 0.03 3.46
12 Ppp2ca PP2AA up 0.02 3.89
13 Srsf3 SRSF3 up 0.02 3.66
14 Srsf3 SRSF3 up 0.05 2.79
15 Tmpo LAP2B up 0.04 291
16 Laspl LASP1 up 0.04 3.12
17 Sh3gll SH3G1 up 0.03 3.32
18 Nomo1l NOMO1 up 0.03 3.46
19 Ppp2rla 2AAA up 0.03 3.33
20 Mybbpla MBB1A up 0.04 3.02
21 Mtdh LYRIC up 0.01 5.58
22 Ythdf3 YTHD3 up 0.00 5.62
23 Cpnel CPNE1 up 0.01 4.60
24 Acat2 THIC up 0.01 5.58
25 Gnl3 GNL3 up 0.04 2.94
26 Plcg2 PLCG2 up 0.00 5.69
27 Prpf8 PRP8 up 0.00 8.78
28 Tomm34 TOM34 up 0.03 3.34
29 Akrlal AK1A1 up 0.00 5.91
30 Qki QKI up 0.05 2.87
31 Bagb BAG6 up 0.01 4.17
32 Usol uso1 up 0.01 4.15
33 Hnrnpc HNRPC up 0.00 7.34
34 Binl BIN1 DOWN 0.05 -2.79
35 Gstol GSTO1 DOWN 0.01 -4.64
36 Psmb9 PSB9 DOWN 0.04 -2.97
37 Get3 GET3 DOWN 0.01 -4.11
38 Pik3c2g P3C2G DOWN 0.04 -2.95
39 Snx12 SNX12 DOWN 0.00 -6.53
40 Hsd17b12 DHB12 DOWN 0.04 -3.00
41 Geat KBL DOWN 0.02 -4.06
42 H2-D1 HA12 DOWN 0.01 -4.95
43 Pkl PFKAL DOWN 0.05 -2.80
44 Cbx1 CBX1 DOWN 0.01 -4.84
45 Glbl BGAL DOWN 0.04 -3.11
46 Map4 MAP4 DOWN 0.04 -3.08
47 Adh5 ADHX DOWN 0.00 -6.58
48 Dbi ACBP DOWN 0.04 -3.02
49 Serpincl ANT3 DOWN 0.03 -3.14
50 Rab6a RAB6A DOWN 0.00 -5.68
51 Rpl18 RL18 DOWN 0.05 -2.87
52 Hmgcl HMGCL DOWN 0.01 -4.33
53 Acsl1 ACSL1 DOWN 0.00 -6.99
54 Septin2 2-Sep DOWN 0.02 -3.92
55 Nsf NSF DOWN 0.03 -3.47
56 Rpl13 RL13 DOWN 0.02 -3.87
57 Ahcy SAHH DOWN 0.05 -2.86
58 Lum Lum DOWN 0.00 -23.88
59 Ruvbl1l RUVB1 DOWN 0.01 -5.25
60 Eif4al IF4A1 DOWN 0.02 -3.82
61 Arll ARL1 DOWN 0.02 -3.74
62 Sumo2 SUMO2 DOWN 0.04 -3.11
63 Ppplca PP1A DOWN 0.02 -3.94
64 Ywhae 1433E DOWN 0.04 -3.06
65 Rps1l RS11 DOWN 0.02 -3.65
66 Lsm3 LSm3 DOWN 0.02 -4.07
67 Snrpd3 SMD3 DOWN 0.04 -3.02
68 Ran RAN DOWN 0.01 -4.49
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0.02
0.02
0.01
0.04
0.01
0.04
0.01
0.01
0.04
0.03
0.01
0.00
0.01
0.02
0.02
0.05
0.03
0.03
0.03
0.00
0.02
0.00
0.01
0.01
0.03
0.01
0.03
0.04

0.05
0.01
0.02
0.00
0.04

0.00
0.00
0.02
0.01
0.04

0.03
0.04
0.01
0.02
0.03

0.02
0.03
0.03
0.05
0.04

0.05
0.03
0.01
0.03

0.02
0.03
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177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
Control vs. Corundum
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Dpp3
Arhgdia
Nudcd2
RTRAF
Trapl
Nop10
Rpl11
Blvra
Uqcrel
Ube2vl
Pgm1
Cycl
Cndp2
Rpl34
Dlst
Itpa
Ugcre2
Ehd4
Uspl4
Cnpy2
Comp
Psmb2
Psmal
Snx1
Tagin2
Psmd13
Lipa
Ddx39b
Clicl
Strap

Prdx6
Pptl
Itgbhl
Ncl
Ppia
Gc
H2ax
Ecil
Capzb
Rab1A;
Cyb5a
Pdcd5
Cycs
Ybx1
Pfnl
Ctpsl
Cct7
Samhd1
Tmpo
Ptpn18
Maprel
Snrpa
Trim28
lars2
Ncehl
Ythdf3
Acat2
Dnm1l
Acot7
Prpf8
Tbcb
Ebnalbp2
Mrpl12
lahl
Uchl3
Mbnl1
Stapl
Gstol
Impal
Vamp8
Snx12
Gcat

DPP3
GDIR1
NUDC2
RTRAF
TRAP1
NOP10
RL11
BIEA
QCR1
UB2v1
PGM1
cvl
CNDP2
RL34
0DO02
ITPA
QCR2
EHD4
UBP14
CNPY2
compP
PSB2
PSA1
SNX1
TAGL2
PSD13
LICH
DX39B
cLc1
STRAP

PRDX6
PPT1
ITB1
NUCL
PPIA
VTDB
H2AX
ECI1
CAPZB
RAB1A
CYB5
PDCD5
cyc
YBOX1
PROF1
PYRG1
TCPH
SAMH1
LAP2B
PTN18
MARE1
SNRPA
TIF1B
sYIM
NCEH1
YTHD3
THIC
DNM1L
BACH
PRP8
TBCB
EBP2
RM12
IAH1
UCHL3
MBNL1
STAP1
GSTO1
IMPA1
VAMP8
SNX12
KBL

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.01
0.05
0.01
0.03
0.00
0.03
0.02
0.04
0.01
0.01
0.03
0.01
0.01
0.01
0.04
0.02
0.03
0.05
0.00
0.04
0.04
0.04
0.02
0.05
0.04
0.02
0.00
0.01
0.02
0.04

0.01
0.01
0.00
0.03
0.02
0.04
0.05
0.05
0.04
0.03

0.03
0.03
0.04
0.03
0.04

0.00
0.00
0.00
0.02
0.00

0.02
0.05
0.01
0.00
0.05

0.01
0.04
0.01
0.04
0.03

0.02
0.05
0.00
0.01

0.00
0.01

-4.41
-2.83
-4.60
-3.46
-50.48
-3.39
-3.93
-2.89
-4.79
-5.13
-3.18
-4.45
-5.33
-4.12
-2.97
-4.01
-3.23
-2.87
-7.28
-3.05
-3.03
-3.03
-3.96
-2.88
-3.07
-3.81
-7.05
-4.55
-3.72
-3.08

221



43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
%
91
92
93
9%
95
9%
97
98
99
100
101
102
103
104
105
106

108
109
110
111
112
113
114
115

Ptprc
Hsp90b1l
Eifdal
Subl
Itgh2
Umps
Lamp2
Ap2al
Tpm1
Cd72
Pnp
Pcmtl
Glbl
Capg
Atxn10
Dbi
Serpincl
Rab6a
Ligl
Statl
Nsf
Adss2
Lum
Jak1;Jak2
Rpl10a
Ruvbl1l
Eif4al
Rpl26
Magoh
Snrpg
Lsmé
Snrpd2
Ran
Mapk1
Tubb4b
Idh3g
Rhog
Mcm?2
Top2a
Topl
Pzp
Bcl2l1
Sri
Galnt7
Ipo5
Asph
Pgp
Eif3b
Tma7
Eif3|
Ddx39a
Sfpq
Txndc5
Mpst
Dpp3
Clintl
Sec61b
Ppid
Smc3
Chtop
Tmed10
Rpl34
Dlst
Itpa
Eeflg
Gsdmd
Snx5
Upfl
Dazapl
Psma6
Comp
Psmb3
Myolc

PTPRC
ENPL
IF4A1
TCP4
ITB2
UMPS
LAMP2
AP2A1
TPM1
CD72
PNPH
PIMT
BGAL
CAPG
ATX10
ACBP
ANT3
RAB6A
DNLI1
STAT1
NSF
PURA2
Lum
JAK1
RL10A
RUVB1
IF4A1
RL26
MGN2
RUXG
LSMé6
SMD2
RAN
MKO1
TBB4B
IDHG1
RHOG
MCM2
TOP2A
TOP1
PzZP
B2CL1
SORCN
GALT7
1POS5
ASPH
PGP
EIF3B
TMA7
EIF3L
DX39A
SFPQ
TXND5
THTM
DPP3
EPN4
SCé618B
PPID
SMC3
CHTOP
TMEDA
RL34
0D02
ITPA
EF1G
GSDMD
SNX5
RENT1
DAZP1
PSA6
CcompP
PSB3
MYO1C

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.02
0.01
0.02
0.04
0.03
0.04
0.03
0.01
0.03
0.02
0.01
0.02
0.03
0.01
0.03
0.02
0.02
0.04
0.03
0.04
0.04
0.03
0.00
0.04
0.05
0.02
0.03
0.01
0.05
0.01
0.01
0.03
0.05
0.03
0.05
0.05
0.01
0.00
0.01
0.04
0.03

0.00
0.00
0.00
0.02
0.04

0.04
0.02
0.04
0.03
0.03

0.04
0.03
0.02
0.01
0.00

0.01
0.04
0.03
0.04
0.04

0.01
0.01
0.00
0.01

0.00
0.04
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Polished vs. Plasma
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Plasma vs. Corundum
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Control vs. LPS Control
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Psmd13
Slc7a5
Atp6vlcl

Lampl
Lyn
Map2k1
Ppp2ca
Hdgfl2
Skap2
Dpysl2
Dnmt1
Eno2
Ndufsé
Rab10
Ube2d2
Maprel
Dpp3
Ndufabl
Pfkp

F2

Hmgcl
Phb1
Mat2a
Ptpn18
Nfatcl
Dnm1l
Ebnalbp2
Hnrnpf
Hnrnphl
Ligl

Ppid
Atpbvilgl
Plin3
Dazapl
Ruvbl2
Psma5

Raplgdsl
Gcat

Ligl
Nfatcl
Pygb
Mpst
Fam136a
Hexa
Ranbp1l
RablA
Ywhab
Rps14
Ran
Maprel
Nudcd2
Cyb5r3
Hnrnpf

Itihd
Osbpl8
Gls
Atp2b1l
Hk2
Capn2
Hsd17b10
Prdx4
Prdx1
Diaph1
Eef2
Degs1
Gstol
Dhx15
Anp32a
Psmdi14

PSD13
LAT1
VATC1

LAMP1
LYN
MP2K1
PP2AA
HDGR2
SKAP2
DPYL2
DNMT1
ENOG
NDUS6
RAB10
UB2D2
MARE1
DPP3
ACPM
PFKAP

THRB
HMGCL
PHB1
METK2
PTN18
NFATC1
DNMIL
EBP2
HNRPF
HNRH1
DNLI1
PPID
VATG1
PLIN3
DAZP1
RUVB2
PSAS

GDS1
KBL
DNLI1
NFATc1
PYGB
THTM
F136A
HEXA
RANG
RAB1A
1433B
RS14
RAN
MARE1
NUDC2
NB5R3
HNRPF

ITIH4
0OSBL8
GLSK
AT2B1
HXK2
CAN2
HCD2
PRDX4
PRDX1
DIAP1
EF2
DEGS1
GSTO1
DHX15
AN32A
PSDE

DOWN
DOWN
DOWN

0.03
0.01
0.00

0.04
0.02
0.04
0.04
0.02
0.01
0.01
0.02
0.00
0.04
0.04
0.02
0.05
0.05
0.04
0.03

0.05
0.05
0.04
0.04
0.02
0.01
0.03
0.03
0.02
0.04
0.00
0.03
0.05
0.05
0.00
0.03
0.05

0.04
0.03

0.02
0.04
0.04
0.05
0.01

0.04
0.00
0.04
0.04
0.01

0.05
0.05

0.00
0.01

0.00
0.04
0.04
0.01
0.00

0.00
0.00
0.00
0.04

0.01
0.00

-1.82
-0.75
-1.65

2.95
3.58
3.07
3.08
3.55
4.27
-4.22
-3.90
-6.50
-3.00
-3.11
-3.87
-2.82
-2.88
-2.96
-3.16

2.83
2.80
292
3.04
3.58
5.00
3.29
3.32
3.98
-3.03
-6.94
-3.46
-2.87
-2.84
-5.84
-3.36
-2.78

3.38
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17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
20
21
22
43
a4
45
16
47
a8
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

Apibl
Clgbp
Hnrnph2
Hnrnphl
Bcat2
Timm44
Calu
Irakl
Septin7
Atp2a2
Psmb5
Aifl
Pgam2
Vamp8
Psma3
Snx3
Hsd17b12
Pfdn2
Wdrl
Cregl
Clpp
Nfatcl
Cpd
Rbm3
Dhfr
B2m
Hba
Aldoa
Jun
Myll
Ldha
Hsp90aal
Aprt
Hsp90b1
Hsp90b1
Gnai2
Lyz1l
Pgkl
Pgkl
Sod2
Eeflal
Eeflal
Ctsb
Eif4al
Eif4al
Gstm1
Cd14
Subl
Fnl
Hsp90ab1
Itga5
Tepl
Pfkl
Mdh1
Rpsa
Calr
Lmna
Rplp0
Nmel
Nmel
Assl
Gapdh
Enol
Hk1
Lyz1
Mthfd2
Bsg
Cox5b
Hspa5
Hexb
Prdx3
Vim
Fcerlg

AP1B1
C1QBP
HNRH2
HNRH1
BCAT2
TIM44
CALU
IRAK1
SEPTIN7
AT2A2
PSB5
AIF1
PGAM2
VAMP8
PSA3
SNX3
DHB12
PFD2
WDR1
CREG1
CLPP
NFAC1
CBPD
RBM3
DYR
B2MG
HBA
ALDOA
JUN
MyL1
LDHA
HS90A
APT
ENPL
ENPL
GNAI2
Lyz1
PGK1
PGK1
SODM
EF1A1
EF1A1
CATB
IF4A1
IFAA1
GSTM1
CD14
TCP4
FINC
HS90B
ITAS
TCPA
PFKAL
MDHC
RSSA
CALR
LMNA
RLAO
NDKA
NDKA
ASSY
G3P
ENOA
HXK1
Lyz1
MTDC
BASI
COX58B
BIP
HEXB
PRDX3
VIME
FCERG

0.03
0.01
0.01
0.00
0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.04
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.01
0.00
0.00
0.01
0.02
0.01
0.00
0.01
0.04
0.03
0.00
0.01
0.00
0.00

0.00
0.00
0.00
0.01
0.00

0.03
0.00
0.00
0.02
0.04

0.01
0.00
0.01
0.00
0.00

0.00
0.03
0.01
0.02
0.02

0.00
0.02
0.00
0.00

0.00
0.00

2.37
2.87
3.09
3.42
3.00
3.90
3.12
2.99
291
4.75
5.74
4.37
3.60
3.08
4.42
2.72
2.72
2.70
3.10
2.20
3.55
14.72
10.30
4.29
2.98
2.52
3.24
2.70
20.49
3.85
2.86
2.62
3.09
5.42
2.72
213
2.27
3.41
2.98
7.15
3.39

3.72
3.82
3.59
3.00
5.92

2.35
4.45
5.44
251
213
2.16
2.93
3.72
3.12
3.39
4.94

3.32
2.34
2.96
2.45
251
2.55
6.42
251
3.61
4.18

3.84
3.22
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90

91

92

93

94

95

96

97

98

929

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

Plg

Cst3
Cd72
Cbx3
Cbx1
Cbx3
Pnp
Pcmtl
Cat
Bcatl
Impdh2
Gludl
Psmd7
Marcks
Pdia3
Vavl
Nap1ll1
Atxn10
Mugl
Ptpn6
Hexa
Nedd8
Ahsg
Msrl
Dbi
Serpincl
Wars1
Rab6a
Canx
Prdx1
Rpl12
Por
Acsll
Csk
Ecil
Septin2
Statl
Cct8
Akribl
Akr1b8
Vpsdb
Tes
Pla2gda
Aldh2
Aldh3al
Anxa5
Slc25a4
Clec10a
Hnrnpal
Hcls1
Mcm5
Srp9
Ahcy
Atp6vla
Pa2g4
Rpl9
Hdgf
Atp6v0d1
Slc25a5
Kpna2
Jakl
Pkm
Rpl10a
Rab2a
Idh2
Rad23b
Psmc4
Adsl
Adprh
Acodl
Arpp19
Atp5flb
Eefld

PLMN
cy1C
CD72
CBX3
CBX1
CBX3
PNPH
PIMT
CATA
BCAT1
IMDH2
DHE3
PSMD7
MARCS
PDIA3
VAV
NP1L1
ATX10
MUG1
PTN6
HEXA
NEDD8
FETUA
MSRE
ACBP
ANT3
SYwcC
RAB6A
CALX
PRDX1
RL12
NCPR
ACSL1
CSK
ECI1
SEPTIN2
STAT1
TCPQ
ALDR
ALD2
VPS4B
TES
PA24A
ALDH2
AL3A1
ANXAS5
ADT1
CLC10
ROA1
HCLS1
MCM5
SRP09
SAHH
VATA
PA2G4
RL9
HDGF
VAOD1
ADT2
IMA1
JAK1
KPYM
RL10A
RAB2A
IDHP
RD23B
PRS6B
PURS
ADPRH
IRG1
ARP19
ATPB
EF1D

0.00
0.02
0.00
0.00
0.01
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.03
0.00
0.01
0.01
0.00
0.00
0.02
0.02
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.03
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01

0.01
0.02
0.00
0.00
0.04

0.00
0.00
0.03
0.01
0.00

0.00
0.00
0.00
0.01
0.01

0.00
0.00
0.00
0.00
0.01

0.00
0.00
0.00
0.00

0.00
0.00

3.30
2.60
4.08
4.41
3.03
2.64
3.24
3.62
2.80
3.36
3.57
4.26
3.07
7.33
2.79
3.92
2.36
7.28
2.96
2.95
3.53
4.93
2.42
2.57
2.68
3.49
3.27
2.42
4.52
11.15
3.71
2.38
3.99
2.73
2.99
3.23
4.17
4.10
3.56
4.39
2.66

2.88
2.42
3.30
3.60
218
3.69
4.23
4.09
231
3.09
3.77
4.44
4.16
3.95
3.19
2.80
2.97

3.89
3.58
3.53
3.27
3.03

3.88
3.78
3.39
20.09

6.33
4.87
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163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202

204
205
206
207
208

210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

Tm9sf2
Eef2
Arpcd
Pcbpl
Actb
Cdc42
Eifdal
Rps20
Ube2n
Arf1;Arf3
Abcel
Magoh
Sec6lal
Sumo2
Hnrnpk
Ywhag
Ywhab
Ppplca
Ppplca
Psmcl
Psmc5
Ywhae
Snrpe
Snrpg
Lsm3
Snrpd3
Psmc6
Atpév1b2
Rps15
Rps26
Rps28
Gnb1l
RpI30
Rps3
Tra2b
Pafahlb1l
Hspa8
Tptl
Dnajal
Hspd1
Eifde
Mapkl
Mapk1
Ywhaz
Ywhab
Sumol
Dynll1
Rps17
Ube2i
Phb1
Csnk2b
Rpl22
Actcl
Rackl
Ywhaq
Tuba4da
Tubalc
Tubb4b
Tubb4b
Tubalc
I1dh3g
Ctpsl
Cct2
Cct4
Cct5
Cct6a
Cct3
Nuch2
Eloc
Arf5
Erh
Rhog
Serpinfl

TM9S2
EF2
ARPC4
PCBP1
ACTB
CDC42
IF4A1
RS20
UBE2N
ARF1
ABCE1
MGN2
S61A1
SUMO02
HNRPK
YWHG
YWHAB
PP1A
PP1A
PRS4
PRS8
1433E
RUXE
RUXG
LSM3
SMD3
PRS10
VATB2
RS15
RS26
RS28
GBB1
RL30
RS3
TRA2B
LIs1
HSP7C
TCTP
DNJA1
CH60
IFAE
MKO1
MKO1
YWHAZ
YWHAB
Sumo1
DYL1
RS17
UBC9
PHB1
CSK28B
RL22
ACTC
RACK1
14337
TBA4A
TBA1C
TBB4B
TBB5
TBALC
IDHG1
PYRG1
TCPB
TCPD
TCPE
TCPZ
TCPG
NUCB2
ELOC
ARF5

RHOG
PEDF

0.02
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.04
0.00
0.00
0.00
0.01
0.04
0.00
0.02
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.01
0.02
0.00
0.01
0.01
0.03
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.02
0.04
0.00
0.00

0.00
0.01
0.00
0.02
0.00

0.01
0.00
0.01
0.00
0.00

0.03
0.00
0.00
0.01
0.02

0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.02
0.03

0.04
0.01

261
5.02
3.60
3.47
4.02
2.47
3.46
3.26
2.73
221
3.20
3.58
3.35
2.77
2.13
3.76
2.54
3.70
3.67
291
3.61
2.80
6.17
3.41
2.67
261
3.39
3.06
2.84
2.38
3.65
3.00
3.21
3.46
3.86
2.76
4.34
2.57
2.16
3.97
5.30

3.77
2.75
4.05
2.49
3.58

3.03
5.45
3.02
3.26
3.61

2.35
7.16
3.26
2.74
2.48

3.59
3.46
4.15
6.58
5.33

3.31
3.19
2.52
2.27
4.05
2.19
2.87
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236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287

289
290
291
292
293

295
296
297
298
299
300
301
302
303
304
305
306
307
308

Mcm?2
Mcmé
Csrpl
Anxall
Smarccl
Fh
Ctsc
Anp32e
Rplp2
Prdx5
G6pdx
Apoal
Ubal
Nucb1
Atp5fla
Pfdné
Anxa7
Bax
Fbinl
Ssrpl
Nsun2
Pppl1r7
Skap2
Abracl
Arapl
Cdv3
Ddx17
Ddx46
Ogdh
Grb2
Csnk2al
Serpinb6
Vdac2
Vdacl
Rbbp4
Rbbp7
Rbbp7
Asns
Hars1
Prdx2
Clnsla
Hcfcl
Hspad
Cctéb
Cyba
Alcam
Glgl
Ewsrl
Gdi2
Arhgdib
Hsphl
A2m
Mcm?7
Pcbp2
Pon3
Srsf2
Ssr4
Rpa2
Shh
Snrpc
Snrnp70
Eif4g2
Sgstm1
Bcl2l1
Hspel
Cltc
Ahcyll
Mars1
Nop58
A2m
Cpsfé
Eif4gl
Sri

MCM2
MCMé6
CSRP1
ANX11
SMRC1
FUMH
CATC
AN32E
RLA2
PRDX5
G6PD1
APOA1
UBA1
NUCB1
ATPA
PFD6
ANXA7
BAX
FBLN1
SSRP1
NSUN2
PP1R7
SKAP2
ABRAL
ARAP1
eniVE}
DDX17
DDX46
0oDOo1
GRB2
CSK21
SPB6
VDAC2
VDAC1
RBBP4
RBBP7
RBBP7
ASNS
HARS1
PRDX2
ICLN
HCFC1
HSP74
TCPW
CY24A
CD166
GSLG1

GDIB
GDIR2
HS105
A2MG
MCM7
PCBP2
PON3
SRSF2
SSRD
RFA2
SHH
RU1C
RU17
IF4G2
SQST™
B2CL1
CH10
CLH1
SAHH2
SYmc
NOP58
A2MG
CPSF6
IF4G1
SORCN

0.01
0.00
0.05
0.01
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.04
0.00
0.00
0.01
0.01
0.02
0.00
0.03
0.01
0.01
0.00
0.00
0.00
0.00
0.02
0.03
0.00
0.00
0.01
0.03
0.00
0.00
0.04
0.01
0.01
0.02
0.01
0.00
0.05

0.00
0.00
0.00
0.05
0.00

0.00
0.00
0.02
0.01
0.01

0.01
0.04
0.00
0.00
0.03

0.02
0.00
0.00
0.01
0.00

0.01
0.04
0.00
0.01

0.01
0.01

2.64
3.69
212
2.88
3.45
3.45
3.49
2.41
331
7.73
2.78
3.28
2.16
3.84
5.23
2.88
2.80
2.62
3.51
2.35
3.10
2.86
4.05
3.30
4.17
3.17
2,61
2.27
4.75
3.25
2.83
2.32
3.82
3.22
2.16
2.99
2.94
261
294
3.18
2.10
2.38
5.05
3.54
3.66
2.12
3.64

3.31
3.88
2.54
2.86
2.64
2.88
2.72
2.19
3.99
3.24
2.30

2.58
4.59
3.63
2.81
4.10

271
2.16
4.27
2.98

2.79
2.74
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309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

Ppp2r2a
Snrnp200
Abcfl
Xpol
Oxsrl
Lrpprc
Srsfl
Jpt2
Camk2d
Ketd12
Mlec
Ugtla7
Lsm8
Nap1l4
Mtch2
Luc7!
Dek
Kansl1
Fnbpl
Wnk4
Septin9
Mogs
Ubap2!
Grwdl
Tufm
Thpol
Actbl2
Hnrnpa3
Psmd11
Tm9sfa
Cfap69
Cstf2
Ahsal
Ipo5
Eeal
Dlat
Larsl
Slc15a3
Srrm2
Larp4
Etfl
Myef2
Abil
Smcol
Lonpl
Pygb
Gpr84
Eif3b
Acsl5
Amdhd2
Gfm1
Coq9
Shtnl
Ddx18
Eif3I
Aimp2
Eif3c
Uqcrlo
Apbblip
Arl6ip5
Cth
Myh9
Adpgk
Psmd2
Atplal
Ddx39a
Recl
Sfpq
Eif4a3
Ddx1
Sh3bgrl3
Slc39a8
Txndc5

2ABA
U520
ABCF1
XPO1
OXSR1
LPPRC
SRSF1
JUPI2
KCC2D
KCD12
MLEC
ub17
LSM8
NP1L4
MTCH2
LC7L2
DEK
KANL1
FNBP1
WNK4
SEPTI NS
MOGS
UBP2L
GRWD1
EFTU
TNPO1
ACTBL
ROA3
PSD11
TM9S4
CFA69
CSTF2
AHSA1
IPO5
EEA1
0oDP2
SYLC
S15A3
SRRM2
LARP4
ERF1
MYEF2
ABI1
SMCO1
LONM
PYGB
GPR84
EIF3B
ACSL5
NAGA
EFGM
coas
SHOT1
DDX18
EIF3L
AIMP2
EIF3C
QCR9
AB1IP
PRAF3
CcGL
MYH9
ADPGK
PSMD2
AT1A1
DX39A
RCC1
SFPQ
IF4A3
DDX1
SH3L3
S39A8
TXNDS

0.00
0.01
0.00
0.02
0.04
0.01
0.04
0.02
0.05
0.00
0.00
0.01
0.00
0.01
0.04
0.00
0.05
0.01
0.02
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.00
0.00
0.00
0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00

0.00
0.01
0.01
0.00
0.01

0.00
0.02
0.00
0.00
0.00

0.00
0.04
0.00
0.01
0.00

0.00
0.03
0.00
0.00
0.01

0.01
0.05
0.01
0.01

0.00
0.00

3.19
2.82
4.63
2.62
2.20
2.90
2.16
2.59
2.07
4.84
3.66
2.89
5.35
3.11
2.24
3.65
2.08
3.11
243
3.51
3.11
3.09
3.33
4.99
573
3.19
4.52
275
2.26
3.83
7.09
3.19
2.42
4.44
4.66
3.08
3.24
4.88
6.08
2.81
3.58

3.36
2.98
2.70
3.66
2.87
3.08
4.22
2.47
5.02
7.97
833

3.55
2.23
3.81
293
3.22
3.88
4.18
2.38
3.86
4.09
2.72
297
2.93
2.09
291
2.89

3.31
4.22
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382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
a11
412
213
414
415
416
217
418
419
420
a1
422
423
224
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454

Fubpl
Arrb2
Twfl
Grhpr
Ugp2
Snx18
Scpepl
Tardbp
Hnrnpll
Sf3b3
Darsl
Mthfd1
Rfc4
Nans
Mpst
Actr3
Tmed9
Aco2
Clintl
Dhrs1
St13
Grpell
Nasp
Srrt
Arhgdia
Tomm?22
Mydgf
Nudcd2
RTRAF
Trapl
Atp5pb
Sec61b
Ifitm3
Ppid
Slc25a11
Fam136a
Nhp2
Ranbp3
Arpc2
Atic
Snx1
Rbm8a
Cnih4
Tmed5
Manf
Cacybp
Ssrl
Blvra
Uqcrel
Shmt2
Cs
Tomm70
Ube2vl
;Ube2v2
Pbdcl
Prpsapl
Cycl
Tarsl
Ppill
Cndp2
Tmed10
Chordcl
Dlst
Atp5fid
Sf3a3
Rpl2211
Timm50
Itpa
Chmp4b
Eeflg
Bolal
Psmd12
Gatm

FUBP1
ARRB2
TWF1
GRHPR
UGPA
SNX18
RISC
TADBP
HNRLL
SF3B3
SYDC
C1TC
RFC4
SIAS
THTM
ARP3
TMEDS
ACON
EPN4
DHRS1
F10A1
GRPE1
NASP
SRRT
GDIR1
TOM22
MYDGF
NUDC2
RTRAF
TRAP1
AT5F1
SC61B
IFM3
PPID
M20M
F136A
NHP2
RANB3
ARPC2
PURS
SNX1
RBMSA
CNIH4
TMEDS
MANF
CyBpP
SSRA
BIEA
QCR1
GLYM
CIsy
TOM70
UB2v1
UB2Vv2
PBDC1
KPRA
Ccy1
SYTC
PPIL1
CNDP2
TMEDA
CHRD1
0D02
ATPD
SF3A3
RL22L
TIMS0
ITPA
CHM4B
EF1G
BOLA1
PSD12
GATM

0.00
0.01
0.00
0.00
0.02
0.05
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.00
0.01
0.01
0.03
0.01
0.00
0.01
0.03
0.01
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.01
0.02

0.01
0.00
0.00
0.00
0.03

0.00
0.01
0.00
0.01
0.00

0.00
0.02
0.00
0.03
0.01

0.00
0.00
0.00
0.02
0.01

0.01
0.03
0.00
0.00

0.01
0.01

3.46
2.98
3.19
3.70
2.58
2,11
3.56
3.86
2.66
3.57
2.89
2.83
2.84
3.92
2.95
2.81
231
3.04
4.45
2.76
2.28
2.83
2.55
3.25
3.24
3.40
7.17
3.57
3.28
293
3.43
2.86
3.18
2.90
3.08
3.49
3.92
3.86
2.80
2.83
2.48
4.50
2.70
3.44
4.08
4.70
231
2.32
4.44
2.72
4.26
2.64
3.77
2.88
3.89
2.62
3.36
2.39
3.06

3.49
3.87
4.55
2.62
3.10

2.97
237
4.69
4.94

3.08
2.96

229



455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527

Dcps
Ugcre2
Pelpl
Ap2b1
Srpra
Pgam1
Ampd2
Eif3k
Pycr3
Pgd
Ssr3
Paics
Ethel
Akrle2
Etfb
Pik3apl
Vps35
Set
Ranbp2
Plek

Ide
Prmtl
Copbl
Dazapl
Wdr12
Hyoul
Arpc3
Stapl
Uspl4
Glrx
Rhoa
Psma6
TIr2
Prep
Ptk2b
Lsm4
Slc25a13
Vapa
Vps29
Esd
Dstn
Seclla
Tmed2
Prpf40a
Psmb3
Psmb2
Psmal
Sael
Timm23
Skp1
Pfdn5
Corolb
Uchls
Ctsz
Asahl
Bub3
Tagln2
Psmd13
Eif2s3x
Bpntl
Aifm1
Atp6vicl
Ddx39b
Clicl
Strap
Sucla2
Psma5
Dnpep
Mpegl
Sh3pxd2b
Plxnb2
H2acl1
Mki67

DCPS
QCR2
PELP1
AP2B1
SRPRA
PGAM1
AMPD2
EIF3K
P5CR3
6PGD
SSRG
PUR6
ETHEL
AKCL2
ETFB
BCAP
VPS35
SET
RBP2
PLEK
IDE
ANM1
cops
DAZP1
WDR12
HYOU1
ARPC3
STAP1
UBP14
GLRX1
RHOA
PSA6
TLR2
PPCE
FAK2
LSmM4
cmc2
VAPA
VPS29
ESTD
DEST
SC11A
TMED2
PR40A
PSB3
PSB2
PSA1
SAE1
TIM23
SKP1
PFD5
COR1B
UCHLS
CATZ
ASAH1
BUB3
TAGL2
PSD13
IF2G
BPNT1
AIFM1
VATC1
DX39B
cLc1
STRAP
SUCB1
PSAS
DNPEP
MPEG1
SPD2B
PLXB2
H2A1B
KI67

0.02
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.04
0.00
0.02
0.01
0.00
0.04
0.01
0.02
0.01
0.00
0.01
0.04
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.05
0.01
0.01
0.00
0.00
0.00
0.00

0.03
0.00
0.00
0.01
0.05

0.02
0.01
0.03
0.00
0.00

0.03
0.00
0.00
0.00
0.01

0.00
0.01
0.02
0.01
0.00

0.02
0.01
0.01
0.00

0.00
0.00
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528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

Nolcl
Myole
Numal
Arfipl
Dpysl2
Alyref
Teofl
Aip
Srsf5
Fkbp8
Hnrnphl
Psmb10
Banf1
Eeflb
Nmt1
Epb41l2
Ctss
Stx7
Capnsl
Pptl
Tppl
Corola
H2-D1
Hbb-b1
lap
Cd74
Aldoc
Aldoa
Got2
Iltgam
Alb
Pdiad
Fcgr2
Lyz2
ltgbl
Csflr
H2azl
Anxal
Txn
Tceal
H2bc14
H1-0
Parpl
Cfp
Rpl7a
Cds
Dnmt1
Rpl27a
Rps16
Hmox1
Cd44
H1-2
H1-2
H1-1
H1-2
H1-3
H1-4
H1-3
Lgals1
Hspall
Ptbpl
Tpil
Slc2al
Hspala
cfll
Rpl13a
Cox4il
Lspl
Eif3a
Rps2
Tin1
Ezr
Ptma

NOLC1
MYO1E
NUMA1
ARFP1
DPYL2
THOC4
TCOF
AIP
SRSF5
FKBP8
HNRH1
PSB10
BAF
EF1B
NMT1
E4112
CATS
STX7
CPNS1
PPT1
TPP1
COR1A
HA12
HBB1
IGEB
HG2A
ALDOC
ALDOA
AATM
ITAM
ALBU
PDIA4
FCGR2
Lyz2
ITB1
CSFIR
H2AV
ANXA1
THIO
TCEA1
H2B1C
H10
PARP1
PROP
RL7A
CD5
DNMT1
RL27A
RS16
HMOX1
CD44
H12
H12
H11
H12
H13
H14
H13
LEG1
BIP
PTBP1
TPIS
GTR1
HS71A
COF1
RL13A
COox41
LSP1
EIF3A
RS2
TLN1
EZRI
PTMA

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.04
0.05
0.00
0.04
0.00
0.00
0.03
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.03
0.02
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.01
0.03
0.00
0.00
0.03

0.03
0.01
0.00
0.03
0.00

0.00
0.02
0.00
0.00
0.02

0.00
0.01
0.00
0.00
0.00

0.01
0.00
0.00
0.01
0.01

0.00
0.00
0.02
0.00

0.03
0.01
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601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673

U2af2
Sarsl
Rpl3
H2ax
Apex1
Grn
Prked
Pabpcl
Alox5ap
Fkbp4
Hmgb2
Hmgbl
C5arl
Cd68
Ssb
Mif
Rpl18
Dnm2
Capl
Rpl28
H1-4
H1-5
H1-1
H1-5
Rpl6
Rplpl
Rpl13
Rpl36
Tbca
Lmna
Arsb
Rab7a
Pitpna
Cnbp
Stmnl
Stmn2
Rab8a
Lrpapl
Cox6b1
Actn4
Rab10
Rab10
Ube2m
Rpl26
Rpl37a
Ywhab
Ywhag
Rps8
Rps14
Rps29
Rpl18a
Rpl23a
Rps6
RablA
Rpl23
Rps24
Gnbl
Gnb2
Cycs
Rpl31
Rpl8
Pfnl
Racl
Cripl
Rps12
Tubb4b
Hint1
Elavil
Slc9a3rl
Rpl36a
Rpl19
Srsf3
Atp5pf

U2AF2
SYSC
RL3
H2AX
APEX1
GRN
KPCD
PABP1
ALSAP
FKBP4
HMGB2
HMGB1
C5AR1
CD68

MIF
RL18
DYN2
CAP1
RL28
H14
H15
H11
H15
RL6
RLA1
RL13
RL36
TBCA
LMNA
ARSB
RAB7A
PIPNA
CNBP
STMN1
STMN2
RAB8A
AMRP
CX6B1
ACTN4
RAB10
RAB10
UBC12
RL26
RL37A
YWHAB
YWHAG
RS8
RS14
RS29
RL18A
RL23A
RS6
RAB1A
RL23
RS24
GBB1
GBB2
Ccyc
RL31
RL8
PROF1
RAC1
CRIP1
RS12
TBB4B
HINT1
ELAV1
NHRF1
RL36A
RL19
SRSF3
ATP5)J

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.01
0.00
0.00
0.00
0.01
0.03
0.02
0.00
0.04
0.01
0.00
0.01
0.00
0.00
0.00
0.02
0.00
0.02
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.00
0.03

0.00
0.00
0.02
0.00
0.00

0.00
0.00
0.00
0.00
0.00

0.01
0.02
0.01
0.01
0.04

0.00
0.00
0.00
0.00
0.00

0.04
0.00
0.00
0.00

0.02
0.02
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674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

Sirpa
FxydS
Tubb5
Hnrnpul2
Fabp5
Lgals3bp
Hplbp3
Uaplll
Khsrp
Lbr
Eif3j1
Niban1
Ddx17
Arcnl
Hnrnpd
Arhgef2
Tmpo
Tmpo
Cdc37
Arhgefl
Lcpl
Pls3
Hspad
Ddx19a
Itih3
Cda7
Laspl
Snrpa
Trim28
Tfrc
Tpd52
Dbnl
Sh3gll
Ostfl
Ndrgl
Fkbp3
Zyx
Raly
Spr

Btf3
Tpp2
Vel

Cltb
Uggtl
Nes
Rab35
Rpl10
RpI35
Cyfipl
Syncrip
Rragc
Dnph1l
Mtdh
Pld4
Pck2
Echs1
Ganab
Nup93
Srsf7
Ncehl
Hadha
Rpl24
Sp110
Rsl1d1l
Gemin5
Ythdf3
Agps
Ncaph
Acat2
Prpf31
Macroh2al
Eprs1
Hist1h2bp

SHPS1
FXYD5
TBB5
HNRL2
FABP5
LG3BP
HP1B3
UAP1L
FUBP2
LBR
EI3JA
NIBA1
DDX17
COPD
HNRPD
ARHG2
LAP2B
LAP2A
CDC37
ARHG1
PLSL
PLST
HS105
DD19A
ITIH3
CcD47
LASP1
SNRPA
TIF1B
TFR1
TPD52
DBNL
SH3G1
OSTF1
NDRG1
FKBP3
ZYX
RALY
SPRE
BTF3
TPP2
VINC
CLcB
UGGG1
NEST
RAB35
RL10
RL35
CYFP1
HNRPQ
RRAGC
DNPH1
LYRIC
PLD4
PCKGM
ECHM
GANAB
NUP93
SRSF7
NCEH1
ECHA
RL24
SP110
RL1D1
GEMIS
YTHD3
ADAS
CND2
THIC
PRP31
H2AW
SYEP
H2B1P

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.04
0.00
0.01
0.03
0.01
0.00
0.00
0.00
0.02
0.00
0.02
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.05
0.01
0.00
0.02
0.04
0.03
0.00
0.03
0.03
0.01
0.03
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.02

0.00
0.00
0.00
0.02
0.01

0.00
0.00
0.03
0.01
0.00

0.02
0.00
0.03
0.01
0.03

0.01
0.00
0.00
0.01
0.01

0.03
0.04
0.00
0.01

0.05
0.02
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747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

794
795
796
797
798

800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819

Gnl3
Plcg2
Pak2
Hmges1
Plekho2
Fermt3
Colgaltl
Matr3
Hnrnpl
Ubginl
Ubxn4
Uhrfl
Ccdcl15
Rpe
Arl8a
Hnrnpu
Amot
Acot7
Ndufsl
RbmxI1
Lrpl
Supt16h
Acaala
Tf
Nop2
Thumpd1
Raplb
Acyl
Psatl
Dctn2
Abhd12
Dpy30
Kars1
Lpxn
Sf3bl
Rrbpl
1gf2bp3
Cox6c
Rpl17
Glol
Arpc5
Dut
Pgls
Vps25
Ndufb4
Nudt21
Cotll
Glrx3
Rps21
Txndc12
Rpl14
Mrps14
Snwl
Rprdlb
Smcla
Snx2
Pfdn1
Sugtl
Hnrnpa0
Tecr
Chtop
Rpl15
Cmssl
Rps19
Sarnp
Atp6vif
Rpl34
Sec23b
Dusp3
Ppal
Arpc5l
Rpl4
Ebnalbp2

GNL3
PLCG2
PAK2
HMCS1
PKHO2
URP2
GT251
MATR3
HNRPL
uBQL1l
UBXN4
UHRF1
CC115
RPE
ARL8A
HNRPU
AMOT
BACH
NDUS1
RMXL1
LRP1
SP16H
THIKA
TRFE
NOP2
THUM1
RAP1B
ACY1
SERC
DCTN2
ABD12
DPY30
SYK
LPXN
SF3B1
RRBP1
IF2B3
COx6C
RL17
LGUL
ARPC5

6PGL
VPS25
NDUB4
CPSF5
COTL1
GLRX3
RS21
TXD12
RL14
RT14
SNW1
RPR1B
SMC1A
SNX2
PFD1
SGT1
ROAO
TECR
CHTOP
RL15
CMs1
RS19
SARNP
VATF
RL34
SC238B
DUS3
IPYR
ARPSL
RL4
EBP2

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.00
0.02
0.03
0.02
0.00
0.02
0.01
0.02
0.03
0.00
0.03
0.00
0.00
0.00
0.03
0.00
0.01
0.03
0.00
0.03
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.04
0.00
0.00
0.03
0.01
0.00
0.05
0.00
0.02
0.00
0.00
0.00
0.00

0.00
0.01
0.01
0.01
0.01

0.01
0.00
0.00
0.04
0.01

0.00
0.00
0.03
0.00
0.00

0.00
0.00
0.02
0.04
0.01

0.00
0.00
0.00
0.02

0.00
0.02
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820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
LPS Control vs. LPS Polished
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Napa
lahl
Plin3
Xrn2
Eif3f
Ndufa8
Atp5Spd
Pycard
Carsl
Csell
Inpp5d
Rtn3
Dkcl
Cwcl5
RpI38
Uchl3
lggapl
Mbnl1l
Hmgn5
Copgl
Plec
Vapb
Macroh2al
Ak2
Ak3
Pfkp
Eif4h
Corolc
Timm9
Vnnl
Varsl
Deafl
Suclg2
Actl6a

Psmb5
Emc8
Pptl
$100a6
Anxab
Ldhb
Cbx3
Impdh2
Lyn
Marcksl1
Fkbp4
Serpincl
Wars1
Canx
Ndufsé
Serpinfl
Nop58
Psmd11
larsl
Rap2c
Cpnel
Arlga
Darsl
Ndufs5
Itpa
Pgam1
Ipo7
Scly
Vps29
Cad
Tpr
Psmb1
Fkbp8
Cops6
H1-2
Assl
Enol
Eno3

SNAA
IAH1
PLIN3
XRN2
EIF3F
NDUA8
ATPSH
ASC
sycc
XP0O2
SHIP1
RTN3
DKC1
CWC15
RL38
UCHL3
IQGA1
MBNL1
HMGNS
COPG1
PLEC
VAPB
H2AY
KAD2
KAD3
PFKAP
IF4H
COR1C
TIM9
VNN1
SYvC
DEAF1
SUCB2
ACL6A

PSB5
EMC8
PPT1
S10A6
ANXA6
LDHB
CBX3
IMDH2
LYN
MRP
FKBP4
ANT3
SYwC
CALX
NDUS6
PEDF
NOP58
PSD11
sYiC
RAP2C
CPNE1
ARL8A
SYDC
NDUS5
ITPA
PGAM1
1PO7
SCLY
VPS29
PYR1

PSB1
FKBP8
CSN6
H12
ASSY
ENOA
ENOB

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.01
0.01
0.00
0.00
0.01
0.00
0.02
0.02
0.00
0.00
0.00
0.02
0.00
0.04
0.00
0.01
0.02
0.00
0.02
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.04
0.02
0.04
0.04
0.04

0.04
0.03
0.04
0.01
0.02

0.02
0.01
0.00
0.05
0.04

0.03
0.03
0.04
0.01
0.01

0.05
0.01
0.00
0.03
0.03

0.03
0.04
0.00
0.03

0.01
0.00

-2.96
-3.09
-4.08
-3.54
-2.96
-4.09
-2.48
-2.49
-4.64
-3.36
-3.53
-2.58
-3.27
-2.22
-4.39
-2.76
-2.61
-3.74
-2.49
-3.77
-3.20
-2.78
-7.06
-4.14
-2.46
-3.54
-2.42
-3.26
-4.52
-3.80
-3.44
-3.26
-3.28
-4.38

235



39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
LPS Control vs. LPS Plasma
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Eif3a
Atxn10
Alox5ap
Hmgbl
Rpl18
Rpl13
Idh2
Adprh
Rpl18a
Tubb4b
Erh
G3bpl
Myl12b
Ttll12
Hspel
Candl
Eif2a
Pak2
Hdlbp
Rpe
Ciapinl
Smarca5
Rfc4
Mpst
Vwab5a
Etfa
Grpell
Atpbvilgl
Sugtl
Uqcrel
Gatd3
Akap8
Myolc
Gk2
Eif2s3x

Itih4
Rbm25
Rpl21
Psmb9
Clgbp
Nudc
Lsm2
Get3
Pgrmcl
Psmb5
Dhx9
Eeflb
Psma3
Cregl
Cpd
Rbm3
Hbb-b1
Ldha
Gpi
Anxa2
Hsp90aal
Sod1
P4hb
H2azl
Calm1
Ctsb
Fnl
Hsp90ab1
$100a6
Mdh1
Anxa6
Nmel
Ldhb
Hspall
Hmgal
Enol
Eno2

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.03
0.02
0.03
0.01
0.03
0.01
0.00
0.01
0.02
0.01
0.02
0.00
0.05
0.01
0.04
0.03
0.05
0.05
0.02
0.01
0.00
0.04
0.04
0.01
0.03
0.03
0.04
0.01
0.04
0.02
0.02
0.04
0.03
0.03
0.04

0.00
0.05
0.03
0.01
0.01

0.02
0.05
0.02
0.00
0.04

0.02
0.02
0.01
0.01
0.05

0.02
0.01
0.04
0.00
0.00

0.03
0.01
0.00
0.00
0.01

0.03
0.04
0.05
0.02

0.01
0.00

-3.34
-3.79
-3.19
-4.93
-3.39
-4.11
-5.63
-4.20
-3.69
-4.27
-3.92
-6.40
-2.81
-4.93
-3.01
-3.28
-2.84
-2.86
-4.03
-4.37
-6.04
-3.08
-2.96
-4.16
-3.34
-3.20
-3.00
-4.09
-2.93
-4.05
-3.70
-3.12
-3.42
-3.25
-3.05

7.63
2.81
3.14
4.92
5.31

3.72
2.80
3.87
7.21
3.13

3.69
4.09
5.22
4.77
2.82
3.59
3.63
4.89
2.94
7.75
6.42

3.43
5.27
9.08
833
4.50

3.37
3.00
2.85
4.08

5.18
8.99

236



38
39
40
41
42
43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
9
95
9%
97
98
99
100
101
102
103
104
105
106

108
109
110

Ppia
Hspa5
Tmsb4x
Prdx3
Fcerlg
Plg
Cbx3
Cbx5
Impdh2
M6pr
Lyn
Adhs
Marcksl1
Prked
Ptpn6
Nedd8
Serpincl
Ranbp1l
Mif
Acsll
Srprb
Alox5
Mcm4
Arsb
Atp6vla
Pa2g4
Rpl9
Pkm
Rpl10a
Acod1
Arpc4d
Arfl
Rps13
Snrpd2
Arfe
H4cl
Rps3
Ybx1
Rps27a
Hspd1
Hmgb1l
Rps10
Actcl
Tuba4da
Idh3g
Naca
Cct4
Atp1b3
Anxall
G6pdx
Nme2
Ckb
Rac2
Eif5Sb
Atp5me
Eif3j1
Pdapl
Edc4
Ppp1r7
Naal0
Lrrfipl
Abracl
Arhgefl
Ewsrl
Srsf2
Snrpa
Ndufad
Cstb
A2m
Snx6
Oxsrl
Jpt2
Lsm8

PPIA
BIP

PRDX3
FCERG
PLMN
CBX3
CBX35
IMDH2
MPRD
LYN
ADHX
MRP
KPCD
PTN6
NEDD8
ANT3
RANG
MIF
ACSL1
SRPRB
LOX5
MCM4
ARSB
VATA
PA2G4
RL9
KPYM
RL10A
IRG1
ARPC4
ARF1
RS13
SMD2
ARF6
H4
RS3
YBOX1
RS27A
CH60
HMGB1
RS10
ACTC
TBA4A
IDHG1
NACAM
TCPD
AT1B3
ANX11
G6PD1
NDKB
KCRB
RAC2
IF2P
ATPSI
EI3JA
HAP28
EDC4
PP1R7
NAA10
LRRF1
ABRAL
ARHG1
EWS
SRSF2
SNRPA
NDUA4
CYTB
A2MG
SNX6
OXSR1
JUPI2
LSM8

0.01
0.01
0.05
0.00
0.00
0.04
0.00
0.00
0.00
0.02
0.00
0.03
0.02
0.02
0.01
0.01
0.01
0.00
0.00
0.04
0.02
0.04
0.02
0.04
0.03
0.00
0.04
0.01
0.05
0.02
0.01
0.02
0.00
0.01
0.02
0.02
0.01
0.01
0.02
0.01
0.00

0.03
0.04
0.05
0.00
0.00

0.03
0.01
0.03
0.01
0.00

0.00
0.03
0.02
0.04
0.01

0.00
0.04
0.00
0.04
0.03

0.00
0.02
0.00
0.02

0.05
0.01

4.88
4.37
2.79
7.09
8.41
3.03
7.26
18.91
5.73
3.74
13.61
3.14
3.73
3.73
5.27
4.71
5.34
5.85
7.00
2.88
3.58
3.06
3.53
3.13
3.15
10.63
3.04
5.07
2.79
4.05
4.26
3.51
9.83
5.44
3.67
3.83
4.57
5.45
3.66
5.01
5.77
3.93
3.21
3.11
2.81
6.61
9.88

3.22
4.88
3.40
4.14
24.65

11.77
3.45
3.71
2.92
4.38
4.14
5.72
2.90
7.53
294
3.48

12.46
3.66
9.43
3.89

2.84
4.94
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111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174

176
177
178
179
180
181
182
183

Rps9
Rps27
Nap1l4
Luc712
Gatd1
Hnrnpa3
Psmd11
Samm50
Bola2
Pck2
Cfap69
Ahsal
Ncehl
Qarsl
Ren2
Trntl
Dnm1l
Eif3l
Uqcrlo
Myh9
Ddx39a
Arl8a
Acot7
Rab14
Slc39a8
Baspl
Rpnl
Darsl
Cers2
Nans
Gpsl
Ndufs5
Npm3
Nudt21
Ifitm3
Cyb5b
Hypk
Chchd3
Rprd1b
HnrnpaO
Ssrl
Serbpl
Tmed10
Dlst
Atp5fld
Serpinb12
Rpl4
Rpn2
Pgam1
Paics
Aldh6al
Mesd
Prmtl
Copbl
Ybx3
Mbnl1l
Rhoa
Vapa
Vps29
Tmed2
Plp2
Uchl5
Ctsz
Lipa
Atpbvlcl
Cad

Gls
Nolcl
Binl
Sec22b
Clta

DId
Prkcsh

RS9
RS27
NP1L4
LC7L2
GALD1
ROA3
PSD11
SAMS50
BOLA2
PCKGM
CFA69
AHSA1
NCEH1
syQ
RCN2
TRNT1
DNM1L
EIF3L
QCR9
MYH9
DX39A
ARL8A
BACH
RAB14
S39A8
BASP1
RPN1
SYDC
CERS2
SIAS
CSN1
NDUS5
NPM3
CPSF5
IFM3
CYB5B
HYPK
MIC19
RPR1B
ROAO
SSRA
PAIRB
TMEDA
0D02
ATPD
SPB12
RL4
RPN2
PGAM1
PUR6
MMSA
MESD
ANM1
cops
YBOX3
MBNL1
RHOA
VAPA
VPS29
TMED2
PLP2
UCHL5
CATZ
LICH
VATC1
PYR1
GLSK
NOLC1
BIN1
SC228
CLCA
DLDH
GLU2B

0.02
0.01
0.00
0.03
0.00
0.02
0.00
0.04
0.03
0.05
0.01
0.02
0.01
0.03
0.00
0.01
0.00
0.03
0.01
0.02
0.00
0.00
0.01
0.02
0.00
0.04
0.01
0.01
0.03
0.03
0.02
0.01
0.00
0.02
0.02
0.01
0.00
0.01
0.04
0.03
0.01

0.03
0.03
0.02
0.01
0.01

0.00
0.00
0.03
0.01
0.02

0.03
0.03
0.00
0.03
0.00

0.00
0.00
0.02
0.02
0.02

0.01
0.04
0.03
0.00

0.00
0.02
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184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

231
232
233
234
235

237
238
239
240
241
242
243
244
245
246
247

249
250
251
252

254
255
256

Atox1
Degsl
Gstol
Atp5ifl
Srsf5
Anp32a
Fkbp8
Anxa3
Hnrnph1l
Eif6
Snx12
Hsd17b12
Wdrl
Dher7
Gceat
Corola
Mtco2
Cab
B2m
H2-D1
lap
Aldoc
Gotl
Iltgam
Pdia4
Lyz1
Pgkl
Eeflal
Cdi4
Slc3a2
ltga5
Itgh2
Tepl
Rps16
Bpgm
H1-2
H1-1
H1-3
H1-2
Gapdh
Enol
Fasn
Cox4il
Tpm1l
Eno3
Pcmtl
Ltadh
Tin1
Msn
Gludl
Psmd7
Snrpb
Msrl
Alox5ap
Hmgb1l
C5arl
Ligl
Hspa9
Dnm2
Fenl
Septin2
Statl
Fkbp2
Aldh2
Capzal
Rplpl
Rpl13
Tbca
Hdgf
Lum
Pitpna
Idh2
Rad23b

ATOX1
DEGS1
GSTO1
ATIF1
SRSF5
AN32A
FKBP8
ANXA3
HNRH1

SNX12
DHB12
WDR1
DHCR7
KBL
COR1A
cox2
co4B
B2MG
HA11
IGEB
ALDOC
AATC
ITAM
PDIA4
vz1
PGK1
EF1A1
cp14
ar2
ITAS
ITB2
TCPA
RS16
PMGE
H12
H11
H13
H12
G3P
ENOA
FAS
coxai
TPM1
ENOB
PIMT
LKHA4
TLN1
MOES
DHE3
PSMD7
RSMB
MSRE
ALSAP
HMGB1
C5AR1
DNLI1
GRP75
DYN2
FEN1
SEPTIN2
STAT1
FKBP2
ALDH2
CAZA1

RL13
TBCA
HDGF
LUM
PIPNA
IDHP
RD23B

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.02
0.02
0.03
0.01
0.00
0.00
0.03
0.00
0.00
0.04
0.02
0.00
0.04
0.00
0.01
0.00
0.01
0.01
0.02
0.01
0.00
0.04
0.03
0.04
0.03
0.00
0.04
0.01
0.02
0.03
0.02
0.01
0.03
0.01
0.01
0.03
0.02
0.01
0.03
0.03
0.05

0.04
0.02
0.01
0.01
0.00

0.00
0.02
0.00
0.00
0.01

0.01
0.03
0.04
0.02
0.03

0.03
0.03
0.00
0.01
0.01

0.01
0.04
0.01
0.04

0.00
0.05

239



257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

Atp5mf
Usp5
Erp29
Eefld
Eif5
Sf3b6
Pcbpl
Actrla
Psme3
Hnrnpk
Ywhab
Timm13
Psmc5
Rps14
Rps18
Rps29
Snrpe
Snrpg
Rpl18a
Rps15
Rps24
Rpl8
Pfnl
Rac2
Dnajal
Ppplcc
Rps12
Tubb4b
Tubbé
Hnrnph2
Cct3
Renbp
Phf5a
Rhog
Rpl19
Srsf3
Anxad
Bopl
Rps5
Ctsc
G3bpl
Ubal
Pfdn6
Lgals3bp
Bax
Prrc2c
Uaplll
Khsrp
Puf60
Cdv3
Ddx17
Ctcl
Hnrnpd
Caprinl
Eifla
Harsl
Cybb
Maprel
Clnsla
Hcfcl
Glgl
Ddx5
Kif5b
Laspl
Pzp
Shh
Tpd52
Sh3gll
Eif4g2
Zyx
Sf1
Bcl2l1
Hspel

ATPK
UBP5
ERP29
EF1D
IF5
SF3B6
PCBP1
ACTY
PSME3
HNRPK
1433B
TIM13
PRS8
RS14
RS18
RS29
RUXE
RUXG
RL18A
RS15
RS24
RL8
PROF1
RAC2
DNJA1
PP1G
RS12
TBB4B
TBB6
HNRH2
TCPG
RENBP
PHF5A
RHOG
RL19
SRSF3
ANXA4
BOP1
RS5
CATC
G3BP1
UBA1
PFD6
LG3BP
BAX
PRC2C
UAPIL
FUBP2
PUF60
CDV3
DDX17
CTC1
HNRPD
CAPR1
IF1AX
HARS1
CY248
MARE1
ICLN
HCFC1
GSLG1
DDX5
KINH
LASP1
pzp
SHH
TPD52
SH3G1
IF4G2

SFO1
B2CL1
CH10

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.00
0.01
0.01
0.00
0.02
0.02
0.04
0.01
0.04
0.01
0.02
0.01
0.00
0.02
0.02
0.04
0.04
0.02
0.00
0.01
0.01
0.00
0.01
0.03
0.04
0.03
0.03
0.01
0.02
0.02
0.03
0.01
0.00
0.02
0.04
0.03
0.01
0.02
0.01
0.04
0.03

0.05
0.00
0.04
0.05
0.00

0.01
0.01
0.01
0.04
0.00

0.04
0.04
0.00
0.05
0.00

0.04
0.01
0.05
0.04
0.04

0.00
0.01
0.00
0.01

0.00
0.04
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330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402

Tpp2

Gk

Cdc5l
Nomol
Snrnp200
Uggtl
Pcnp
Chd4
Camk2d
Cand1
Ugtla7
Atp5mk
Sndl
Mogs
Finb
Eifdb
Nup93
Srsf7
Srp68
Slc25a24
Dlat
Larsl
Srrm2
Sec62
Qdpr
Gemin5
Agps
Septinll
Macroh2a2
Macroh2al
Pgp
Ubginl
Hdlbp
Atplal
Rpe
Rpal
Sfpg
Nono
Ciapinl
Ndufsl
Grhpr
Smarca5
Acaala
Mthfd1
Blvrb
Sf3b5
Psmd6
Vwa5a
Etfa
Grpell
Abhd12
Park7
Nasp
Prpf8
Arpc5
Dut
RTRAF
Rps21
Atpévigl
Snwl
Atic
Snx2
Snx1
Pin4
Tomm34
Ugercl
Nsflic
Garsl
Rpl15
Shmt2
Tsfm
Cmssl
Cs

TPP2
GLPK
CDCsL
NOMO1
U520
UGGG1
PCNP
CHD4
KCC2D
CAND1
ub17
ATPMK
SND1
MOGS
FLNB
IF4B
NUP93
SRSF7
SRP68
SCMC1
0oDP2
SYLC
SRRM2
SEC62
DHPR
GEMI5
ADAS
SEPTIN11
H2AW
H2AW
PGP
uBQLl
VIGLN
AT1A1
RPE
RFA1
SFPQ
NONO
CPIN1
NDUS1
GRHPR
SMCA5
THIKA
C1TC
BLVRB
SF3B5
PSMD6
VMASA
ETFA
GRPE1
ABD12
PARK?7
NASP
PRP8
ARPC5
DUT
RTRAF
RS21
VATG1
SNW1
PUR9
SNX2
SNX1
PIN4
TOM34
QCR1
NSF1C
GARS
RL15
GLYM
EFTS
CMms1
CIsY

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.01
0.00
0.04
0.03
0.05
0.00
0.02
0.04
0.02
0.00
0.01
0.04
0.02
0.03
0.01
0.00
0.03
0.02
0.02
0.00
0.04
0.02
0.01
0.04
0.02
0.02
0.03
0.01
0.01
0.00
0.01
0.05
0.02
0.00
0.00
0.03
0.00
0.02
0.02
0.01
0.00

0.00
0.04
0.01
0.03
0.00

0.00
0.00
0.05
0.01
0.02

0.04
0.01
0.02
0.01
0.00

0.00
0.02
0.05
0.01
0.02

0.01
0.01
0.00
0.00

0.01
0.01
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403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
LPS Control vs. LPS Corundum
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Srsf9
Pbdcl
Hnrnpm
Pgm1
Oxctl
Snul3
Gatd3
Cndp2
Sf3a3
Prpsl
U2afl
Chmp4b
Snx5
Atp5po
Plin3
Ampd2
Pycr3
Ethel
Akrle2
Ehd4
Dazapl
Fmnll
Acsl4
Prep
Plec
Eif3i
Ptges3
Tapbp
Ruvbl2
Ak2
Gk2
Pdcd6ip
Pfkp
Eifah
Corolb
Suclgl
Timm8al
Atp6vOal
Ddx39b
Clicl
Sucla2
Dnpep

Rbm25
Hk2
Clgbp
Nudc
Lsm2
Get3
Pgrmcl
Dhx9
Ncf2
Eeflb
Psma3
Cregl
Cpd
Hbb-b1
H3-3a
Jun

Gpi
Fcgr2
Sod1
Ncl
H2azl
Ctsb
Hsp90ab1
Cfp
Gsn
$100a6
Anxa6
Rplp0
Nmel
Ldhb

SRSF9
PBDC1
HNRPM
PGM1
SCOT1
NH2L1
GAL3A
CNDP2
SF3A3
PRPS1
U2AF1
CHM4B
SNX5
ATPO
PLIN3
AMPD2
P5CR3
ETHE1
AKCL2
EHD4
DAZP1
FMNL1
ACSL4
PPCE
PLEC
EIF3I
TEBP
TPSN
RUVB2
KAD2
GLPK2
PDCel
PFKAP
IF4H
COR1B
SUCA
TIM8A
VPP1
DX39B
cLc1
SUCB1
DNPEP

RBM25
HXK2
C1QBP
NUDC
LSM2
GET3
PGRC1
DHX9
NCF2
EF1B
PSA3
CREG1
CBPD
HBB1
H31
JUN
G6PI
FCGR2
SoDC
NUCL
H2AV
CATB
HS90B
PROP
GELS
S10A6
ANXA6

NDKA
LDHB

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.04
0.05
0.05
0.03
0.01
0.02
0.02
0.02
0.01
0.03
0.01
0.01
0.01
0.01
0.00
0.01
0.05
0.00
0.01
0.02
0.01
0.00
0.03
0.01
0.03
0.02
0.01
0.00
0.00
0.03
0.00
0.02
0.04
0.00
0.04
0.02
0.02
0.04
0.05
0.00
0.00
0.01

0.03
0.05
0.03
0.01

0.04
0.00
0.01
0.05
0.01

0.01
0.02
0.03
0.04
0.01

0.01
0.04
0.02
0.00
0.00

0.01
0.01
0.01
0.02

0.04
0.04

-2.91
-2.80
-2.80
-3.20
-4.67
-3.57
-3.88
-3.81
-4.15
-3.33
-4.25
-5.03
-4.34
-4.43
-9.53
-4.17
-2.80
-6.16
-5.17
-4.02
-4.19
-6.11
-3.42
-4.64
-3.18
-3.76
-4.95
-9.31
-6.03
-3.36
-7.58
-4.02
-2.93
-9.58
-3.07
-3.82
-3.75
-3.04
-2.79
-17.53
-12.01
-5.29

3.14
2.87
3.21
5.39
11.01
2.95
19.23
5.13
2.79
4.60

4.61
4.03
3.22
3.01
4.88

4.56
2.99
3.56
5.94
6.63
5.17
5.51
5.29
4.48
3.97

291
2.97
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31
32
33
34
35
36
37
38
39
40
41
42
43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
%
91
92
93
%
95
%
97
98
99
100
101
102
103

Enol
Ppia
Prdx3
Fcerlg
Tpm3
Cbx3
Impdh2
M6pr
Mugl
Ptpn6
Nedd8
Fkbp4
Aimp1l
Serpincl
Ranbpl
Canx
Rpl12
Alox5
Hcls1
Mcm4
Arsb
Atpébvla
Pa2g4
Pkm
Acod1
Ctbp2
Arfl
Rpl27
Rps7
Rps13
Arfe
RpI30
Rps3
Ybx1
Rps27a
Hspdl
Hmgbl
Rps10
Tubalc
Hintl
Idh3g
Cct4
Arf5
Csrpl
Ckb
Rac2
EifSb
AtpSme
Ncfl
Ppplr7
Abracl
Vdacl
Rbbp7
Srsf2
Swap70
Snx6
Oxsrl
Lsm8
Nap1l4
Luc712
Hnrnpa3
Psmd11
Bola2
Ahsal
Immt
Trntl
Ddx39a
Arlga
Slc25a3
Slc39a8
Rpnl
Dars1
Nans

ENOA
PPIA
PRDX3
FCERG
TPM3
CBX3
IMDH2
MPRD
MUG1
PTN6
NEDD8
FKBP4
AIMP1
ANT3
RANG
CALX
RL12
LOX5
HCLS1
MCM4
ARSB
VATA
PA2G4
KPYM
IRG1
CTBP2
ARF1
RL27
RS7
RS13
ARF6
RL30
RS3
YBOX1
RS27A
CH60
HMGB1
RS10
TBA1C
HINT1
IDHG1
TCPD
ARF5
CSRP1
KCRB
RAC2
IF2P
ATPSI
NCF1
PP1R7
ABRAL
VDAC1
RBBP7
SRSF2
SWP70
SNX6
OXSR1
LSM8
NP1L4
LC7L2
ROA3
PSD11
BOLA2
AHSA1
MIC60
TRNT1
DX39A
ARL8A
MPCP
S39A8
RPN1
Ne
SIAS

0.01
0.02
0.02
0.01
0.02
0.04
0.00
0.01
0.00
0.02
0.01
0.00
0.00
0.00
0.01
0.01
0.04
0.02
0.04
0.03
0.02
0.03
0.00
0.01
0.03
0.05
0.02
0.02
0.00
0.01
0.01
0.04
0.05
0.03
0.01
0.01
0.00
0.01
0.03
0.00
0.01

0.01
0.01
0.00
0.00
0.00

0.02
0.01
0.04
0.02
0.00

0.03
0.02
0.00
0.00
0.00

0.03
0.00
0.01
0.05
0.03

0.01
0.01
0.01
0.01

0.01
0.01

4.48
3.85
3.99
4.35
3.75
2.95
6.99
4.82
6.67
3.70
5.34
13.36
6.14
6.37
4.74
4.09
2.97
3.85
3.09
3.16
3.63
3.20
6.96
4.84
3.24
2.85
4.08
3.65
6.89
5.20
4.92
2.96
2.82
331
4.91
4.35
5.65
4.17
3.20
6.30
4.54
3.99
4.21
4.59
5.93
5.84
6.44
2.78
3.61
5.41
291
3.83
6.80

3.41
3.89
5.78
11.79
12.59

3.28
8.56
4.99
2.82
3.26
3.86
5.45
4.10
5.47
4.63

4.18
4.83
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104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

Ndufs5
Ifitm3
Ndufab1
Hypk
Pfdnl
Serpinb12
Rpl22I1
Rpl4
Cnpy3
Pgam1
Paics
Mesd
RpI38
Scly
Rhoa
Dstn
Psmb2
Plp2
Lipa
Tpr
Binl
DId
Gstol
Anp32a
Anxa3
Hnrnph1
Pgam2
Hsd17b12
Pfdn2
Copsd
Nfatcl
Gcat
Corola
B2m
Aldoc
Lyz1
Anxal
Itga5
H1-2
Eno3
Pcmtl
Ltadh
Ezr
Psmd7
Snrpb
Nap1ll1
Grn
Hmgb1
CS5arl
Capl
Aldh2
Capzal
$100a11
Rab2a
Idh2
Rad23b
Atp5mf
Usp5
Actn4
Pcbpl
Rab8b
Actrla
Psme3
Hnrnpk
Ywhab
Timm13
Rps14
Rpl18a
Gnb2
Rpl8
Vamp3
Tptl
Ywhaz

NDUS5
IFM3
ACPM
HYPK
PFD1
SPB12
RL22L
RL4
CNPY3
PGAM1
PUR6
MESD
RL38
SCLY
RHOA
DEST
PSB2
PLP2
LICH
TPR
BIN1
DLDH
GSTO1
AN32A
ANXA3
HNRH1
PGAM2
DHB12
PFD2
CSN4
NFAC1
KBL
COR1A
B2MG
ALDOC
Lyz1
ANXA1
ITAS
H12
ENOB
PIMT
LKHA4
EZRI
PSMD7
RSMB
NP1L1
GRN
HMGB1
C5AR1
CAP1
ALDH2
CAZA1
S10AB
RAB2A
IDHP
RD23B
ATPK
UBP5
ACTN4
PCBP1
RAB8B
ACTY
PSME3
HNRPK
YWHAB
TIM13
RS14
RL18A
GBB2
RL8
VAMP3
TCTP
1433z

0.01
0.01
0.03
0.00
0.01
0.01
0.03
0.00
0.01
0.03
0.01
0.01
0.03
0.03
0.04
0.04
0.02
0.03
0.02
0.05
0.02
0.05
0.02
0.00
0.02
0.00
0.01
0.00
0.01
0.03
0.03
0.04
0.02
0.00
0.02
0.03
0.02
0.01
0.02
0.01
0.02

0.04
0.02
0.00
0.01
0.04

0.01
0.00
0.03
0.03
0.00

0.00
0.01
0.03
0.02
0.02

0.01
0.04
0.03
0.04
0.04

0.02
0.03
0.01
0.00

0.00
0.01

244



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234

236
237
238
239
240
241
242
243
244
245

247
248
249

Phf5a
Rpl19
Mcm?2
Anxad
Pfdné
Bax
Myl12b
Uaplll
Ttll12
Puf60
Cdv3
Eifla
Maprel
Clnsla
Hsphl
Pzp
Trim28
Tpd52
Sf1
Bcl2l1
Hspel
Tpp2

Gk
Snrnp200
Abcfl
Camk2d
Cand1
Atxn2l
Naal5
Eifdb
Slc25a24
Larsl
Slc15a3
Srrm2
Septinll
Macroh2a2
Macroh2al
Shtnl
Hdlbp
Rpe
Ciapinl
Acly
Ndufs1
Smarca5
Sf3b3
Mthfd1
Pdia6
Mpst
Vwa5a
Tmed9
Dnajb11
Gmpr2
Etfa
Grpell
Srrt
Atp5mg
Dut
Ywhab
Atpévigl
Sugtl
Mrps22
Ugercl
Garsl
Rpl15
Ube2vl
Gatd3
Acpl
Prpsl
Chmp5
Plin3
Ampd2
Ethel
Akrle2

PHF5A
RL19
MCM2
ANXA4
PFD6
BAX
ML12B
UAP1L
TTL12
PUF60
Ccbv3
IF1AX
MARE1
ICLN
HS105
PzZP
TIF1B
TPD52
SFO1
B2CL1
CH10
TPP2
GLPK
U520
ABCF1
KCC2D
CAND1
ATX2L
NAA15
IF4B
SCMC1
SYLC
S15A3
SRRM2
SEPTIN2
H2AW
H2AW2
SHOT1
VIGLN
RPE
CPIN1
ACLY
NDUS1
SMCA5
SF3B3
C1TC
PDIA6
THTM
VMASA
TMEDS
DJB11
GMPR2
ETFA
GRPE1
SRRT
ATP5L
DUT
1433B
VATG1
SGT1
RT22
QCR1
GARS
RL15
UB2v1
GAL3A
PPAC
PRPS1
CHMPS
PLIN3
AMPD2
ETHE1
AKCL2

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.00
0.03
0.00
0.04
0.03
0.03
0.04
0.01
0.03
0.04
0.05
0.04
0.03
0.03
0.02
0.00
0.03
0.01
0.01
0.04
0.04
0.02
0.05
0.01
0.02
0.04
0.00
0.02
0.05
0.03
0.01
0.05
0.03
0.02
0.01
0.04
0.01
0.02
0.05
0.01
0.01

0.02
0.03
0.02
0.02
0.00

0.00
0.01
0.02
0.01
0.03

0.05
0.03
0.03
0.01
0.01

0.00
0.04
0.02
0.03
0.04

0.04
0.02
0.03
0.02

0.04
0.00

245



250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
LPS Polished vs. LPS Plasma

©ONOUAWNR

VDDA DDEDEDDDDWWWWWWWWWWRRNNRNNNNNNNNRRERRRRBRP B B B
WNPRPOOLXINNTITRWNROOORNODTRWNRPROOOIRIOITNEWNRLROLONMUON D WNRO

Etfb
Upfl
Cwcl5
Dynclhl
Dazapl
Sh3bgrl
Acsl4
Plec
Ptges3
Tapbp
Myolc
Ak2
Timm23
Gk2
Eif4h
Pacsin2
Eif2s3x
Sucla2
Sartl

Osbpl8
Psmb5
Cops6
Cregl
Ldha
Gpi
Hsp90ab1
Hmgal
Cbx3
Mé6pr
Nap1ll1
Oat
Rpl12
Mcm4
Pa2g4
Pkm
Acod1
Atp6vld
Snrpd2
Hspd1
Hmgb1l
Cct4
Erh
Atp5fla
Rac2
Ttll12
Eif3j1
Arhgef2
Rbbp4
Arhgefl
Cstb
Snx6
Gatdl
Ncehl
Gsptl
Sgpll
Rab14
Abcf2
Npm3
Ifitm3
Cyb5b
Chchd3
Mesd
Mbnl1l
Rhoa
Vps29
Uchls
Prkcsh
Anp32a
Stk
Pptl
Itgbhl
Anxal

ETFB
RENT1
CWC15
DYHC1
DAZP1
SH3L1
ACSL4
PLEC
TEBP
TPSN
MYO1C
KAD2
TIM23
GLPK2
IF4H
PACN2
IF2G
SUCB1
SNUT1

OSBL8
PSB5
CSN6
CREG1
LDHA
G6PI
HS90B
HMGA1
CBX3
MPRD
NP1L1
OAT
RL12
MCM4
PA2G4
KPYM
IRG1
VATD
SMD2
CH60
HMGB1
TCPD
ERH
ATPA
RAC2
TTL12
EI3JA
ARHG2
RBBP4
ARHG1
CYTB
SNX6
GALD1
NCEH1
ERF3A
SGPL1
RAB14
ABCF2
NPM3
IFM3
CYB5B
MIC19
MESD
MBNL1
RHOA
VPS29
UCHLS
GLU2B
AN32A
SLK
PPT1
ITB1
ANXA1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

0.00
0.00
0.05
0.00
0.00
0.01
0.00
0.02
0.04
0.01
0.03
0.02
0.02
0.02
0.03
0.05
0.01
0.00
0.04

0.03
0.02
0.00
0.02
0.03
0.04
0.02
0.02
0.00
0.02
0.03
0.01
0.03
0.03
0.04
0.04
0.00
0.02
0.01
0.02
0.05

0.01
0.03
0.00
0.02
0.03

0.05
0.04
0.05
0.05
0.01

0.02
0.01
0.04
0.04
0.00

0.01
0.01
0.04
0.04
0.01

0.01
0.01
0.05
0.05

0.04
0.03

-6.37
-6.59
-2.81
-6.71
-5.76
-4.16
-6.58
-3.57
-2.91
-4.59
-3.46
-3.82
-4.07
-3.59
-3.18
-2.79
-4.25
-6.05
-2.89

3.14
3.99
5.82
3.65
3.27
2.98
3.85
3.63
22.05
3.58
3.42
4.91
3.17
3.44
2.96
3.10
8.14
3.55
433
4.00
2.80

4.14
3.26
5.99
3.77
3.20

2.82
3.02
2.84
2.82
5.07

3.66
4.20
2.99
3.12
6.27

5.02
4.86
291
2.99
4.94
8.30
5.52
-4.57
-2.83
-2.81
-3.72
-3.01
-3.28
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54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
LPS Polished vs. LPS Corundum
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Eeflal
Txn
Gludl
Psmd7
Dnm2
Csk
Rpl13
Ndufs6
Idh2
Atp5mf
Hnrnpk
Rps18
Snrpg
Ybx1
Ppplcc
Phb1
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75 Rpl38 RL38 DOWN 0.02 -3.58
76 Hnrnpf HNRPF DOWN 0.01 -5.43

Tab. S3 Differentially expressed proteins of macrophages cultured on titanium plates with varying surface

roughness LPS stimulation.

LPS Control vs. LPS LPS Polished vs. LPS LPS Plasma vs. LPS

Polished Corundum Corundum
Up 29 43 28
Down 44 38 48
Total 73 81 76
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Chapter 3 - Effect of titanium surface roughness on macrophage-bacteria interactions
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Fig. S1 Plasmid map of pET-28a(+) (5369 bp). Circular map illustrates the genetic elements and restriction
enzyme recognition sites of the pET-28a(+) expression vector. T7 promoter for high-level expression in E. coli
under IPTG induction. Green: filtered sites; Blus: checked sites; Red: kept sites. Kanamycin resistance gene (KanR)
for antibiotic selection in bacteria. Rop gene and ColE1 origin (ori) for plasmid replication and stability in E. col
Tab. S1. Differentially expressed proteins of macrophages cultured on titanium plates with varying surface

roughness with S. aureus stimulation.

Corundum vs Plasmapore

Polished vs Corundum Polished vs Plasmapore

Up 871 507 937
Down 793 1204 610
Total 1664 1711 1547
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Tab.S2. List of differentially abundant proteins (DAPs) identified in Groups

Gene name Protein name Changes p- Fold
value(log change(

10) log2)

Control vs. Polished
1 Mpegl MPEG1 up -9.79 1.06
2 Myh10 MYH10 up -12.08 1.63
3 Itih4 ITIH4 up -15.37 1.93
4 Tomm5 TOMS5 up -4.27 1.77
5 Plxnb2 PLXB2 up -2.02 0.32
6 Adgrgd AGRG4 up -11.60 2.38
7 Osbpl8 0OSBL8 up -6.80 0.81
8 H2acll H2A1B up -19.12 1.90
9 Hmcenl HMCN1 up -8.97 1.79
10 Bin1;Bin2 BIN1 up -6.97 1.45
11 Genl GCN1 up -1.26 0.31
12 Sbf2 MTMRD up -5.04 1.23
13 Map3k19 M3K19 up -10.89 0.60
14 Kif23 KIF23 up -5.49 2.05
15 Raplgdsl GDS1 up -3.07 0.79
16 Adgb ADGB up -0.97 1.10
17 Hk1 HXK1 up -4.24 1.01
18 Binl BIN1 up -4.91 1.61
19 Dpysl2 DPYL2 up -5.33 0.18
20 Emd EMD up -3.06 0.44
21 Alyref THOC4 up -7.01 0.54
22 Myh11 MYH11 up -3.57 1.10
23 Myh10 MYH10 up -15.41 1.15
24 Arg2 ARGI2 up -14.52 3.77
25 Prkcsh GLU2B up -8.86 0.73
26 Prdx4 PRDX4 up -15.54 1.45
27 Prdx1 PRDX1 up -10.43 1.36
28 Eftud2 uss1 up -1.56 0.18
29 Eef2 EF2 up -22.72 2.01
30 Degs1 DEGS1 up -3.12 0.62
31 Hdacl HDAC1 up -1.60 0.60
32 Gstol GSTO1 up -5.95 2.52
33 Man2b1 MA2B1 up -2.38 1.36
34 Rpl21 RL21 up -2.60 0.27
35 Gclm GSHO up -2.70 0.35
36 Grecl0 Cc10 up -2.44 0.81
37 Phb2 PHB2 up -17.08 117
38 Dhx15 DHX15 up -12.18 1.01
39 Anp32a AN32A up -11.40 0.81
40 Ppef2 PPE2 up -3.24 1.14
41 Psmb9 PSB9 up -4.65 133
42 Psmd14 PSDE up -5.07 2.73
43 Anxa3 ANXA3 up -3.41 0.27
44 Aplbl AP1B1 up -4.84 1.35
45 Myadm MYADM up -7.67 2.87
46 Nudc NUDC up -5.47 0.57
47 Hnrnphl HNRH1 up -0.92 0.15
48 Hnrnph2 HNRH1 up -4.58 0.30
49 Hnrnpf HNRH1 up -17.14 2.10
50 Hnrnpf&1 HNRH1 up -5.53 0.98
51 Api5 API5 up -1.96 0.19
52 Timma44 TIM44 up -6.72 1.22
53 Ddost 0ST48 up -11.41 1.23
54 Man2b2 MA2B2 up -9.96 177
55 Banfl BAF up -5.34 0.60
56 Sap18 SAP18 up -1.67 0.59
57 Septin7 45907 up -4.29 0.30
58 Eif6 IF6 up -16.26 0.82
59 Rpl35a RL35A up -6.74 0.80
60 Atp2a2 AT2A2 up -9.33 1.28
61 Dhx9 DHX9 up -8.78 0.84
62 Pik3c2g P3C2G up -18.34 2.36
63 Eif3d EIF3D up -2.57 0.52
64 Pgam2 PGAM2 up -20.16 2.23
65 Pgam1l PGAM1 UpP -15.87 1.76
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0.28
0.58
0.68
1.89
2.57
1.80
0.40
1.38
2,01
135
1.57
131
1.57
1.42
0.66
0.20
0.64
1.77
0.35
0.21
1.81
2.54
1.37
0.54
1.30
0.77
0.39
0.24
0.37
0.12
0.11
1.21
1.45
0.51
0.92
0.46
2.57
1.36

0.57
0.30
1.67
0.14
0.64

1.22
1.20
0.34
0.47
0.15

1.34
0.85
3.20
0.91
0.58

0.64
0.80
1.29
0.96

0.78
0.51

255



285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357

$100al11
Pa2g4
Rpl9
Hsd17b4
Slc25a5
Slcla5
Kpna2
Pkm
Rpl10a
Pitpna
Rab2a
Idh2
Mshé
Rad23b
Psmc4
Adsl
Acodl
Rab10
RablA
Lrpapl
Atp5Smf
Atp5flb
Exosc10
Atpévld
Eefld
Actnl
Tm9sf2
Idi1
Eef2
Bcl2113
Rin3
Arpcd
Eif3e
Pcbpl
Pcbp1;Pcbp2
Actb;Actgl
Cdc42
Racl
Ensa
Eif4al
Rps20
Rab10
Rab8b
Ube2n
Arf1;Arf3
Rpl26
Psme3
Magoh;Magohb
Rpl27
Rpl37a
Sec6lal
Arf4
Arfd;Arf5
Sumo2
Hnrnpk
Ywhag
Ywhag;Ywhah
Timm8b
Rps7
Ppplca
Ppplcc
Psmcl
Psmc5
Rps15a
Ywhae
Rps14
Rps23
Rps18
Rps29
Rps11
Snrpf
Snrpg
Lsm3

S10AB
PA2G4
RL9
DHB4
ADT2
AAAT
IMA1
KPYM
RL10A
PIPNA
RAB2A
IDHP
MSH6
RD23B
PRS6B
PUR8
IRG1
RAB10
RAB8B
AMRP
ATPK
ATPB
EXOSX
VATD
EF1D
ACTN1
TMO9S2
IDI1
EF2
B2L13
RIN3
ARPC4
EIF3E
PCBP1
PCBP1
ACTB ;ACTG
CDC42
RAC1
ENSA
IF4A1
RS20
RAB10
RAB8B
UBE2N
ARF1;ARF3
RL26
PSME3
MGN2 ;MGN
RL27
RL37A
S61A1
ARF4
ARF4 ;ARF5
SUMO2
HNRPK
1433G
1433F ;1433G
TIM8B
RS7
PP1A
PP1G
PRS4
PRS8
RS15A
1433E
RS14
RS23
RS18
RS29
RS11
RUXF
RUXG
LSM3

-7.07
-6.90
-6.29
-2.60
-14.16
-1.36
-9.18
-14.49
-4.01
-8.19
-1.63
-9.74
-6.88
-8.85
-1.21
-3.02
-12.50
-5.21
-4.17
-2.78
-15.59
-18.42
-18.13
-1.71
-13.83
-7.42
-8.66
-1.31
-16.45
-0.94
-5.59
-17.50

-14.18

0.66
0.60
0.51
0.54
1.23
0.76
111
0.65
0.42
117
0.25
0.76
2.69
0.93
0.33
1.40
1.82
2.54
1.10
0.09
1.44
131
2.00
0.52
1.08
0.46
217
0.65
1.03
0.82
171
1.08
1.67
0.82
1.00
0.47
0.41
0.87
0.81
1.14
1.00

0.38
0.33
291
0.75
2.15
1.47
0.30
1.30
2.15
2.48
2.49
0.12
1.21
1.62
3.40
151
0.09

1.82
0.38
1.02
1.23
0.89

0.36
0.43
0.62
0.62

1.67
1.21
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358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
a1
222
423
424
425
426
427
428
429
430

Lsmé6
Snrpd1
Snrpd2
Snrpd3
Psmc6
Eefla2
Rpsédx
Rpl18a

Rps6

H4cl
Atp6vlb2
RablA

Ran

Rapla
Rps15

Rps26

Rps28

Gnb1
Gnb1;Gnb2
Gnb2

RpI30

Rpl31

Rps3

Rpl8

Ybx1
Rps27a;Uba52
Tra2b

Racl
Racl;Rac2
Hspa8

Tptl

Dnajal

Eif4e

Mapk1
Mapk1;Mapk3
Ppplcc
Ywhaz
Ywhab
Dynll1;DynlI2
Rps17

Ube2i

Rps10

Phb1

Rpl22
Actal;Actcl
Rackl
Ywhaq
Tuba4da
Tubalc&c
Tubalc;Tubada
Tuba8
Tubb4b
Tubb2a;Tubb6
Tubb5;Tubb6
Tubb2a&5
Tubb5
Tubb2b
Tubb3;Tubb4b;Tubb5
Tubb4b;Tubb6
Ywhah
Kpnb1

Elavil

I1dh3g

Naca

Casp3

Cct7

Cct2

Cctd

Cct6a

Cct3

Wnk1

Arf5

Erh

LSM6
SMD1
SMD2
SMD3
PRS10
EF1A2
RS4X
RL18A

RS6

H4

VATB2
RAB1A
RAN
RAP1A
RS15

RS26

RS28

GBB1
GBB1;GBB2
GBB2

RL30

RL31

RS3

RL8

YBOX1
RL40 ;RS27A
TRA2B
RAC1

RAC1 ;RAC2
HSP7C
TCTP
DNJA1

IFAE

MKO1
MKO01 ;MKO03
PP1G
1433z
14338
DYL1;DYL2
RS17

UBC9

RS10

PHB1

RL22

ACTC ;ACTS
RACK1
14337
TBA4A
TBA1C
TBALC
TBA8
TBB4B
TBB6

TBB5 ;TBB6
TBB2B ;TBB5
TBB2A ;TBB2B
TBBS ;TBB6
TBB3 ;TBB4B
TBB4B ;TBB6
1433F
IMB1
ELAV1
IDHG1
NACAM
CASP3
TCPH

TCPB

TCPD

TCPZ

TCPG
WNK1
ARF5

ERH

-7.33

-12.14

-15.60

-14.06

1.62
0.67
222
2.03
0.17
2.57
0.78
0.68
0.39
137
0.15
0.55
0.86
0.37
0.65
1.98
0.28
1.01
233
0.86
0.64
0.65
1.19
0.65
0.84
191
0.98
0.69
0.52
0.66
1.56
1.03
0.78
0.61
1.27
1.29
1.07
2.15
0.30
0.98
0.85

0.50
1.14
2.33
121
1.22
0.81
0.43
1.96
0.93
1.55
2.68

1.66
2.57
2.28
1.97
1.02
0.63
0.21
0.27
1.10
1.00
4.35

0.25
0.55
0.35
1.12
0.26
1.26
0.79
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431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
a71
472
473
474
475
476
477
478
479
480
481
482

484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

Ap2m1
Rhog
Srsf3
Srsf3;Srsf7
Serpinfl
Mcm2
Mcmé
Atp1b3
Anxad
Sirpa

Fh

Fxyd5
Ctsc
Anp32e
G3bp1
Rbbp6
Tubb2a;Tubb2b
Tubb3;Tubb5
Uqcrh
G6pdx
Apoal
Hnrnpul2
Top2a
Vep

Ubal
Clqc
Nucb1
Atp5fla
Ckb

Topl
Anxa7
Acads
Ambp
Prosl
Fbinl
Ncfl
Nsun2
Myl12b
Gmps
Mat2a
Prrc2c
Hk3
Srsfé
Esytl
Pdap1l
Mylk2;Mylk3
Sf3b2
Smul
Arglul
Skap2
Ttbk2
Abracl
Ddx17;Ddx5
Srrm1
Thrap3
Mypn
Rilp
Ogdh
Mylé
Grb2
Psmb6
Csnk2al
Serpinb6
Stipl
Vdac2
Vdacl
Rbbp4;Rbbp7
Tmpo
Hars1
Maprel
Prdx2
Pafah1b2
Psap

AP2M1
RHOG
SRSF3
SRSF3 ;SRSF7
PEDF
MCM2
MCM6
AT1B3
ANXA4
SHPS1
FUMH
FXYD5
CATC
AN32E
G3BP1
RBBP6
TBB2A ;TBB2B
TBB2A ;TBB2B
QCR6
G6PD1
APOA1
HNRL2
TOP2A
TERA
UBA1
ciac
NUCB1
ATPA
KCRB
TOP1
ANXA7
ACADS
AMBP
PROS
FBLN1
NCF1
NSUN2
ML12B
GUAA
METK2
PRC2C
HXK3
SRSF6
ESYT1
HAP28
MYLK2 ;MYLK3
SF3B2
SMU1
ARGL1
SKAP2
TTBK2
ABRAL
DDX17 ;DDX5
SRRM1
TR150
MYPN
RILP
0oDo1
MYL6
GRB2
PSB6
CSK21
SPB6
STIP1
VDAC2
VDAC1
RBBP4 ;RBBP7
LAP2A
HARS1
MARE1
PRDX2
PA1B2
SAP

-13.46
-3.04
-10.20
-1.68
-16.22
-8.32
-13.88
-7.69
-10.90
-5.83
-5.97
-7.79
-12.11
-12.60
-11.24
-10.06
-8.46
-12.55

-18.16

-14.33

-13.57

1.79
0.26
0.59
0.85
3.70
1.05
1.28
2.00
1.14
1.50
0.34
0.95
1.28
1.40
0.85
242
1.86
1.80
0.17
1.08
1.56
0.11
112
0.77
0.94
1.72
0.94
0.61
0.79
0.25
173
1.78
1.75
1.03
1.47
0.36
0.71
0.46
0.42
0.54
0.42
0.64
0.34
0.40
1.28
1.23
0.92

1.36
0.54
241
1.57
117
0.55
1.03
2.08
2.44
0.28
0.66

1.69
1.65
113
0.46
0.76

0.49
0.88
0.39
0.17

0.98
1.37

258



504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

Lepl
Lepl;Pls3
Soatl
Hspad
Bcap31
Glgl
Ewsrl
Fxrl
Gdi2
Arhgdib
Ddx5
Itih2
Itih3
Laspl
Pzp
A2m;Pzp
Myh10;Myh9
Mcm?7
Pcbp2
Srsf2
Ssrd

Shh

Tsn

Tfrc
Snrnp70
Eif4g2
Raly
Lilrb4a
Stxbp2
Sgstm1
Hspel
Atplal;Atpla2
Atplal;Atpda
H2ac20
Cltc
Ahcyl2
A2m
Nomol
Tpm4
U2surp
Sri

Rrp12
Fkbp15
TxIna
Pigs
Srsfl
Stomi3
Camk2d
Atplal;Atpla2
Ketd12
Wdr43
Ugtla7
Lsm8
Rps9
Rps27;Rps27!
Rpl10
Rpl35
Eif2s1
Sndl
Mtch2
Luc7l;Luc712
Spag7
Eml2
Mybbpla
Septin9
Naal5
Hydin
Mtdh
Tufm
Tnpol
Actbl2
Hnrnpa3
Pld4

PLSL
PLSL ;PLST
SOAT1
HSP74
BAP31
GSLG1
EWS

FXR1

GDIB
GDIR2
DDX5
ITIH2
ITIH3
LASP1

pzP

A2MG ;PZP
MYH10 ;MYH9
MCM7
PCBP2
SRSF2
SSRD

SHH

TSN

TFR1
RU17
IFAG2
RALY
LRBAA
STXB2
SQST™M
CH10
AT1A1 ATP4A
AT1A1 ;ATP4A
H2A2A
CLH1
SAHH3
A2MG
NOMO1
TPM4
SR140
SORCN
RRP12
FKB15
TXLNA
PIGS
SRSF1
STML3
KCc2D
AT1A1 ;AT1A2
KCD12
WDR43
up17
LSm8

RS9

RS27L ;RS27
RL10

RL35

IF2A
SND1
MTCH2
LC7L2 ;LUC7L
SPAG7
EMAL2
MBB1A
45909
NAA15
HYDIN
LYRIC
EFTU
TNPO1
ACTBL
ROA3
PLD4

-13.78

-19.99

0.40
1.30
0.76
0.46
0.60
117
0.85
0.37
0.18
1.29
0.68
1.65
1.83
0.13
1.48
1.59
0.41
1.01
0.67
111
1.97
237
1.40
0.37
1.38
1.41
0.34
1.55
0.34
0.49
0.10
193
2.74
0.68
0.60
0.50
1.92
0.30
0.23
1.47
217
2.56
0.56
0.37
1.50
0.80
3.02

0.67
0.58
0.79
0.92
1.35

1.42
0.99
0.61
1.04
0.67

1.20
0.38
1.38
1.26
0.98

0.93
0.24
0.42
0.94

0.84
0.91
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577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649

Psmd11
Eif4b
Samm50
Pck2
Tm9sfa
Wasf2
Slc25a12
Clicé
Ganab
lars2
Cstf2
Psmd5
Ahsal
Rcc2
Ipo5
Srsf7
Arid5b
Slc25a24
Larsl
Ckap4
Qars1
Cibarl
Mobla
Slc15a3
Cnpy4
Hus1
Flna
FIna;FInc
Sec62
Etf1
Gemin5
Vps13c
Ppp4rd
Rael
Rassf4
Pabpnl
Smcol
Pgp
Gnl3
Copa
Gpr84
Eif3b
Acsl5
Slc25a1
Gfm1
Fermt3
Nckap1l
Brox
Ddx18
Eif3|
Aimp2
Gsptl
Hnrnpl
Sgpll
Erola
Eif3c
Apobr
Rnpep
Myh9
Adpgk
Psmd2
Hnrnpull
Atplal
Ddx39a
Zngl
Slc25a3
Rbm39
Amot
Gatad2b
Sfpa
Nono;Sfpq
Tram1
Rab14

PSD11
IF4B
SAMS50
PCKGM
TM9S4
WASF2
§2512
CLIC6
GANAB
SYIM
CSTF2
PSMD5
AHSA1
RCC2
IPOS
SRSF7
ARISB
SCMC1
SYLC
CKAP4
sya
CBAR1
MOBI1A
S15A3
CNPY4
HUS1
FLNA
FLNA ;FLNC
SEC62
ERF1
GEMI5
VP13C
PP4R4
RAEIL
RASF4
PABP2
SMCO1
PGP
GNL3
COPA
GPR84
EIF3B
ACSL5
TXTP
EFGM
URP2
NCKPL
BROX
DDX18
EIF3L
AIMP2
ERF3A
HNRPL
SGPL1
ERO1A
EIF3C
APOBR
AMPB
MYHS
ADPGK
PSMD2
HNRL1
AT1A1
DX39A
ING1
S25A3
RBM39
AMOT
P66B
SFPQ
NONO ;SFPQ
TRAM1
RAB14

0.51
0.17
0.48
0.89
297
0.57
0.39
161
0.68
0.30
0.42
0.72
133
0.34
0.29
0.87
2.35
0.95
0.90
1.08
0.83
0.60
0.57
1.82
0.57
1.36
0.17
2.25
0.65
0.92
1.47
0.95
2.00
1.44
0.77
1.56
1.44
0.99
0.56
0.31
1.43
0.55
0.92
0.29
1.67
0.68
1.36

0.26
0.56
1.28
0.56
0.50

0.91
0.15
1.46
0.73
0.50

0.28
0.64
0.07
1.14
0.52

2.00
2.07
0.84
0.24

0.40
0.33
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650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722

ckos4
Acly
Eif4a3
Rnh1
Atp5flc
Sh3bgri3
Slc39a8
Txndc5
Rpnl
Twfl
Dnajc3
Ugp2
Snx18
Mia2
Scpepl
Fdps
Tardbp
Hnrnpll
Tf
Sf3b3
Cyrib
Torlaipl
Darsl
Mthfd1
Pcyt2
Mtarc2
Pdia6
Trim59
Blvrb
Sf3b5
Dhrs7b
Rfc4
Mpst
Psipl
Sfxnl
Acyl
Lims1
Hadhb
Actr3
Nono
Psatl
Hagh
Vwa5a
Tmed9
Aco2
Lacth2
Dhrs1
Gmpr2
Eif2s2
Ndufa1l0
Gpsl
Abhd12
Gtpbp4
Pard3
Rtn4
Arhgdia
Prpf8
Npm3
Tomm?22
Mtap
Chmp1b2
Cotll
Trapl
Atp5pb
Sec61b
Ywhab
Arlgb
Ifitm3
Cyb5Sb
Ppid
Rpl14
Slc25a11
Chchd3

CKo54
ACLY
IF4A3
RINI
ATPG
SH3L3
S39A8
TXNDS
RPN1
TWF1
DNJC3
UGPA
SNX18
MIA2
RISC
FPPS
TADBP
HNRLL
TRFE
SF3B3
CYRIB
TOIP1
SYDC
C1TC
PCY2
45718
PDIAG
TRI59
BLVRB
SF3B5
DRS7B
RFC4
THTM
PSIP1
SFXN1
ACY1
LIMS1
ECHB
ARP3
NONO
SERC
GLO2
VMASA
TMED9
ACON
LACB2
DHRS1
GMPR2
IF2B
NDUAA
CSN1
ABD12
GTPB4
PARD3
RTN4
GDIR1
PRP8
NPM3
TOM22
MTAP
CH1B2
CoTL1
TRAP1
AT5F1
SC61B
14338
ARL8B
IFM3
CYB5B
PPID
RL14
M20M
MIC19

-1.16
-9.38
-12.60
-3.89
-7.88
-14.09
-14.88

-11.16

-11.32

-12.38

0.51
0.77
3.06
0.18
1.08
1.55
191
0.91
0.48
0.80
0.62
1.82
151
1.43
0.46
0.91
1.63
0.34
135
0.63
0.64
0.58
112
0.22
1.34
0.97
0.52
2.48
0.89
2.78
0.78
0.86
0.47
0.69
0.33
0.32
0.89
1.90
0.83
0.84
0.18

0.32
2.90
0.52
0.73
0.59

1.08
0.87
113
0.52
1.22
1.62
0.29
1.08
0.93
0.23
1.81
0.44
0.26
0.49
0.75
0.52
0.47

0.87
2.43
1.16
0.09

1.90
0.14
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723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762

764
765
766
767
768

770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795

Arpc2
Atic
Snx1;Snx2
Pfdn1
Rbm8a
Tmed5
Manf
Cacybp
Ssrl
Chtop
Blvra
Creld2
Tomm34
Spcs2
Ugercl
Garsl
Shmt2
Cs
Ube2vl
Srsf9
Pbdcl
Lmanl
Pgm1
Oxctl
Prpsapl
Cycl
Tarsl
Lsm12
Ciao2b
Tmed10
Rablb
Chchd2
Bcas2
Dlst
Atp5fid
Sf3a3
Ppil6
Idh3a
Fam162a
Nop56
Prpsl
Serpinb12
Rpl22I1
Timm50
U2afl
Eeflg
Rexo2
Bolal
Snx5
Psmd12
Efhd2
Tnfaip8I2
Tmem160
Atp5po
Uqcre2
Ap2b1
Rpn2
Lman2
Pgam1
Xrn2
Tmem43
Eif3k
Pgd
Paics
Ethel
Cyb5r3
Akrle2
Vps35
Ehd4
Set
Mesd
Csell
Scamp2

ARPC2
PURS
SNX1 ;SNX2
PFD1
RBMSA
TMEDS
MANF
CYBP
SSRA
CHTOP
BIEA
CREL2
TOM34
SPCS2
QCR1
GARS
GLYM
Clsy
uB2v1
SRSF9
PBDC1
LMAN1
PGM1
SCOT1
KPRA
Ccvl
SYTC
LSM12
CIA2B
TMEDA
RAB1B
CHCH2
SPF27
0DO02
ATPD
SF3A3
PPIL6
IDH3A
F162A
NOP56
PRPS1
SPB12
RL22L
TIM50
U2AF1
EF1G
ORN
BOLAL
SNX5
PSD12
EFHD2
TP8L2
TM160
ATPO
QCR2
AP2B1
RPN2
LMAN2
PGAM1
XRN2
TMM43
EIF3K
6PGD
PUR6
ETHE1
NB5R3
AKCL2
VPS35
EHD4
SET
MESD
XP0O2
SCAM2

1.58
0.43
0.82
0.38
2.86
1.85
0.13
1.18
2.87
0.63
0.48
133
0.33
0.60
0.82
0.24
0.76
1.57
2.19
0.26
0.77
0.56
0.58
0.78
1.50
0.44
0.60
0.33
0.62
0.61
0.62
1.50
0.51
0.98
0.89
0.76
1.75
0.60
1.23
0.23
0.25

111
137
1.25
0.88
0.25

0.52
0.53
1.22
0.88
0.67

0.55
0.82
0.60
2.63
0.91

2.48
1.20
0.18
0.37
0.52

1.22
1.97
0.24
0.51

0.50
0.64
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796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868

Anp32b
Brd4
Rnf114
Jph3
Plek

Ide
Gtf2irdl
Prmtl
Dazapl
Akrlal
RpI38
Sh3bgrl
Ybx3
Tmod2
Hyoul
Adrm1
Aldh9al
Arpc3
Uspl4
Edfl
Txnrd1
Rhoa
Acsl4
Psma6
Prep
Lsm4
Copg2
Plec
Ehd1;Ehd3
Vapa;Vapb
Clic4
Qki
Vps29
Fhi3
Comp
Esd
Dstn
Seclla
Tmed2
Srsf10
Sqor
Psma4
Psmb3
Psmb2
Psmal
Plp2
Ak3
Skp1
Slc37a2
Stubl
Uchls
Ctsz
Fam50a
Arpclb
Asahl
Vapa
Timm8al
Bub3
TagIn2
Ehd1
Npc2
Lipa
Bpntl
Aldh18al
Slc7a5
Sumo3
Uba2
Ddx39b
Clicl
Vars1
Deafl
Hnrnpc
Psma7

AN32B
BRD4
RN114
JPH3
PLEK
IDE
GT2D1
ANM1
DAZP1
AK1A1
RL38
SH3L1
YBOX3
TMOD2
HYOU1
ADRM1
AL9A1
ARPC3
UBP14
EDF1
TRXR1
RHOA
ACSL4
PSA6
PPCE
LSM4
COPG2
PLEC
EHD1 ;EHD3
VAPA ;VAPB
CLIc4
QKi
VPS29
FHL3
Ccomp
ESTD
DEST
SC11A
TMED2
SRS10
SQOR
PSA4
PSB3
PSB2
PSA1
PLP2
KAD3
SKP1
G6PT3
CHIP
UCHLS
CATZ
FAS50A
ARC1B
ASAH1
VAPA
TIMSA
BUB3
TAGL2
EHD1
NPC2
LICH
BPNT1
P5CS
LAT1
SUMO03
SAE2
DX398B
CLIc1
Ssyvc
DEAF1
HNRPC
PSA7

-11.36
-5.22
-3.70
-1.82
-10.68
-9.13
-9.91
-11.18
-4.66
-6.38
-11.01
-1.94
-1.24
-12.03
-12.93
-2.92
-7.67
-5.50
-15.52
-4.58
-3.75
-13.70

-12.73

-15.15

-13.14
-12.36

-10.03

0.97
1.36
0.71
0.51
221
1.93
2.56
1.18
0.63
0.65
0.81
0.43
0.14
1.58
0.97
0.16
0.43
0.30
0.96
1.42
0.58
3.14
0.22
1.41
1.29
1.85
1.60
0.44
0.30
2.54
0.18
0.26
0.99
0.32
3.16
0.82
0.38
1.34
2.10
0.33
0.52

1.62
1.04
0.31
2.65
0.62

0.72
1.52
1.77
1.46
0.48

222
2.00
0.16
1.02
1.25
0.52
1.86
1.40
0.80
111
0.85

0.40
0.32
1.01
0.71

0.44
0.69
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869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941

Psma5
Hnrnpf
Sartl
Culdb
Sh3pxd2b
Ddi2
Map7d1
Cntrl

Tpx2

Ppig

Ttn
H2acll
Safb
Safb;Safb2
Gls

Mki67
Irf2bp2
Rnf213
Myole
Myole;Myolf
Numal
Tpr

QNG1
Hk2
Capn2
Clta

Dld
Hsd17b10
Teofl
Dctnl
Diaph1
Aip

Atox1
Psmd4
Exoc7
Purb
Srsf5
Srsf4Srsfe
Kpna4d
Kpna3;Kpnad
Anp32a
Fkbp8
Fybl
Aplb1;Ap2b1
Clgbp
Pnn

Calu
Psmb10
Hmgb3
Pgrmcl
Impal
Copb2
Stk10

Aifl

Eeflb
Eeflb;Eefld
Nmtl
Epb4112
Hsd17b12
Psmc3
Ctbpl
Lin7c
Ymelll
Cope
Mt2

Mtl
Mtatp8
Ada

Cd74
Aldoc
Aldoa;Aldoc
Gpi

Pdiad

PSAS
HNRPF
SNUT1
cuL4s
SPD2B
DDI2
MA7D1
CNTRL
TPX2
PPIG
TITIN
H2A1B
SAFB1
SAFB1 ;SAFB2
GLSK
KI67
12BP2
RN213
MYO1E
MYO1E
NUMA1
TPR
QNG1
HXK2
CAN2
CLCA
DLDH
HCD2
TCOF
DCTN1
DIAP1
AlP
ATOX1
PSMD4
EXOC7
PURB
SRSF5
SRSF4SRSF6
IMA3
IMA3 ;IMA4
AN32A
FKBP8
FYB1
AP1B1;AP2B1
c1QspP
PININ
CALU
PSB10
HMGB3
PGRC1
IMPA1
CcopPB2
STK10
AlF1
EF1B
EF1B ;EF1D
NMT1
E41L2
DHB12
PRS6A
CTBP1
LIN7C
YMELL
COPE
MT2
MT1
ATP8
ADA
HG2A
ALDOC
ALDOA ;ALDOC
G6PI
PDIA4

-6.99
-11.23
-1.20

-11.28

-16.38

0.50

-2.46
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942
943
%44
945
%46
947
248
949
950
951
952
953
954
955
956
957
958
959
960
%1
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014

Kras;Nras
Polr2a

Pgkl

Junb
H2az1;H2az2
Pet117
Ndufbl
Eif4a2

Txn

Gstm1
Tceal
H2bc14;Hist2h2bb
Cxcl2

Parpl

Gpx1

Itga5

ltgh2
Oasla

Gusb

Cd5

Umps
Icam1
Rpl27a
Srp54

Glul

Cda4

Spn

H1-2
H1-1;H1-2;H1-4
H1-3&14
H1-2;H1-3;H1-4;H1-5
H1-2;H1-3;H1-4
H1-2;H1-3
Lgals1
Lgals3
Srpl4
Hspall;Hspa2
Hspa9
Enol

Eno2
Eno2;Eno3
Tpil
Rpséka3
cfil

Fasn
Rpl13a
Lspl
Tmsb4x
Tpm3
Tpm3;Tpm4
Akrlb7
Eno3
Lmnb2
Rarb

Hmbs

Pnp

Pcmtl

Capg
Mcm3

Rps2

Tinl

Ezr

Rdx

U2af2
Map4
Gnal3
Rpl3

H2ax
Apex1
Adh5
Nap1l1
Nap1l1;Nap1ll4
Prked

RASK ;RASN
RPB1

PGK1

JUNB

H2AV ;H2AZ
PT117
NDUB1
IF4A2

THIO
GSTM1
TCEAL
H2B1M ;H2B28
cxcL2
PARP1
GPX1

ITAS

1782
OAS1A
BGLR

cD5

UMPS
ICAM1
RL27A
SRP54
GLNA
cDaa

LEUK

H12
H11;H12 ;H14
H13 ;H14
H12 ;H13
H12 ;H13 ;H14
H12 ;H13
LEG1

LEG3
SRP14

BIP ;HS71L
GRP75
ENOA
ENOG
ENOB ;ENOG
TPIS

KS6A3
COF1

FAS

RL13A
LsP1

TYB4
TPM3
TPM3 ;TPM4
ALD1

ENOB
LMNB2
RARB
HEM3
PNPH

PIMT

CAPG
MCM3

RS2

TINT

EZRI

RAD

U2AF2
MAP4
GNA13

RL3

H2AX
APEX1
ADHX
NP1L1
NP1L1 ;NP1L4
KPCD

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-6.74
-6.05
-5.37
-11.59
-13.62
-7.60
-6.29
-6.97
-3.55
-2.09
-7.56
-19.97
-8.65
-3.44
-12.91
-3.01
-4.35
-11.71
-8.54
-10.41
-2.42
-6.92
-13.88
-3.84
-8.13
-8.63
-1.90
-6.17
-12.55
-10.84

-18.17
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1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087

Pabpcl
Hmgb2
Hmgb1;Hmgb2
CS5arl
Aimp1l
Map2kl
Ssb
Cd81
Rpl12
Rpl18
Ligl
Dnm2
Csk

Ecil
Cox6al
Msh2
H1-1;H1-3
H1-3;H1-4;H1-5
H1-1
H1-5
Acadm
Rangapl
Nsf
Vpsdb
Adss2
Tes

Gsr
Rpl6
Rpl29
Crkl
Rplpl
Rpl5
Eifl
Tbca
Alox5
Clec10a
Hnrnpal;Hnrnpa3
Hcls1
Mcm4
Cast
Rab7a
Gla
Dynltl
Hdgf
Ndufs6
Dbt
Cnbp
Dnajc2
Stmn1l
Stmn1;Stmn2
Ddx6
Sh3bpl
Rab8a
Rab10
Gfer
Acypl
Atp5fle
Cox6b1
Cyb5a
Usp5
Ctbp2
Fus
Erp29
Actn4
Snrpal
Ptpa
Tpm1
Ruvbl1
Nploc4
Actal
Actr2
Actrla;Actrlb
Abcel

PABP1
HMGB2
HMGB1 ;HMGB2
C5ARL
AIMP1
MP2K1
LA
cp81
RL12
RL18
DNLIL
DYN2
csk
ECI1
CX6A1
MSH2
H11;H13
H13 ;H14 ;H15
H11
H15
ACADM
RAGP1
NSF
VPS4B
PURA2
TES
GSHR
RL6
RL29
CRKL
RLA1
RLS
EIFL
TBCA
LOX5
CLc10
ROA1 ;ROA3
HCLs1
MCM4
ICAL
RAB7A
AGAL
DYLT1
HDGF
NDUS6
0DB2
CNBP
DNJC2
STMN1
STMN1 ;STMN2
DDX6
3BP1
RABSA
RAB10
ALR
ACYP1
ATPSE
CX6B1
CYB5
uBPs
CTBP2
FUS
ERP29
ACTN4
RU2A
PTPA
TPM1
RUVB1
NPL4
ACTB
ARP2
ACTY ;ACTZ
ABCE1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-3.71
-21.00
-2.33
-2.53
-6.28
-6.69
-5.00
-5.25
-3.20
-1.26
-7.97
-4.78
-1.63
-2.98
-6.00
-7.80
-8.27
-13.46

-14.09

-16.64

-0.09
-1.32
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1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160

Vbp1l
Copz1
Sumo2
Ufm1
Nutf2
Ywhab
Ywhah
Timm10
Timm13
Rps8
Rps13
Dynlrbl
Rpl23a
Mtpn
Rpl23
Rps25
Fau
Elob
RpI39
Cycs
Rpl32
Ybx1;Ybx3
Rps27a
Uba52
Pafahlbl
Sumol
Dynll1
Cripl
Rps12
Ppp2ca
Ube2I3
Tubalc
Tubalc;Tuba8
Psmb7
Lxn
Pkn1
Mppl
Tiall
Hnrnph2
Hintl
Nherf1
Vasp
Gaa
Tgfbi
Phf5a
Rpl36a
Cbx1
Eloc
Rpl19
Csrpl
Ncf4
Psmel
Psmel;Psme2
Psme2
G3bp2
Atp5pf
Bopl
Rps5
Gcle
Smarccl
Smnl
Dab2
Tubb5
Yy1;Yy2
Nme2
Pfdné
Rac2
Fabp5
Larp7
Cab39
Atp5me
Bax

Lyar

PFD3
Ccopz1
SUMO02
UFM1
NTF2
14338
1433G
TIM10
TIM13
RS8
RS13
DLRB1
RL23A
MTPN
RL23
RS25
RS30
ELOB
RL39
CcYc
RL32
YBOX1 ;YBOX3
RS27A
RL40
Lis1
sumo1
DYL1
CRIP1
RS12
PP2AA
uB2L3
TBA1C
TBALC ;TBA8
PSB7
LXN
PKN1
EM55
TIAR
HNRH2
HINT1
NHRF1
VASP
LYAG
BGH3
PHF5A
RL36A
CBX1
ELOC
RL19
CSRP1
NCF4
PSME1
PSME1 ;PSME2
PSME2
G3BP2
ATP5J
BOP1
RS5
GSH1
SMRC1
SMN
DAB2
TBBS
TYY1;TYY2
NDKB
PFD6
RAC2
FABP5
LARP7
CAB39
ATPSI
BAX
LYAR

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-4.53
-3.66
-3.33
-10.24
-13.61

-11.83

-11.15

-10.72
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1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233

Ssrpl
Zc3h18
Rbm15
Pepd
Osbp
Arhgap45
Abraxas2
Hplbp3
Zc3h15
Usp39
Uaplll
Srsf4;Srsf6
Psmd1
Khsrp
Fubp1;Khsrp
Ddb1
Gpsm3
Lbr
Puf60
Eif3j1;Eif3j2
Arhgapl7
Edc4
Hdgfl2
Niban1
Lrrfipl
Dnah12
Ccdc88b
Cdv3
Lrrc47
Ddx46
Aldhl6al
Spag9
Nufip2
Pfas

Cluh
Utp20
Arcnl
Nfatc2
Irag2
Hnrnpd
Hnrnpd;Hnrnpd
Khdrbs1
Gas7
Caprinl
Reep5
Eifla;Eiflax
Arhgef2
Rbbp4
Rbbp7
Asns
Tmpo
Tmpo
Pak3
Ppmlg
Cdc37
Cybb
Ptpn18
Ctcf
Hcfcl
Arhgefl
Sntbh2
Hspa4;Hsphl
Hadh
Znf638
Ddx19a
Peal5
Ddx3x
Sf3a2
Trim28
Tpd52
Dbnl
Sh3gl1
Ostfl

SSRP1
ZCH18
RBM15
PEPD
0sBP1
HMHA1
ABRX2
HP1B3
ZC3HF
UBP39
UAP1L
SRSF4 ;SRSF6
PSMD1
FUBP2
FUBP1 ;FUBP2
DDB1
GPSM3
LBR
PUF60
EI3JA EI3IB
RHG17
EDC4
HDGR2
NIBA1
LRRF1
DYH12
CCcssB
Ccbv3
LRC47
DDX46
A16A1
JIP4
NUFP2
PUR4
CLu
uTP20
COPD
NFAC2
IRAG2
HNRPD
HNRDL
KHDR1
GAS7
CAPR1
REEP5
IF1AX
ARHG2
RBBP4
RBBP7
ASNS
LAP2B
LAP2A ;LAP2B
PAK3
PPM1G
CDC37
CY24B
PTN18
CTCF
HCFC1
ARHG1
SNTB2
HS105 ;HSP74
HCDH
ZN638
DD19A
PEA15
DDX3X
SF3A2
TIF1B
TPD52
DBNL
SH3G1
OSTF1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-0.41
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1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306

Ndufad
Cstb
Ndrgl
Fkbp3
Vatl
Zyx
Mapk3
Spr

Btf3
Sf1
Ly6e
Fkbp5
Atp7a
H2bc3
Srm

Vel

Gart
Mars1
Prex1
Myof
Macfl
Pds5a
Swap70
Cep170
Cdcsl
FAM120A
Nop58
Brmel
Cltb
Dnajc8
Zc3hlla
Eif4gl
Smchd1
Uggtl
Pcnp
Snx6
Oxsrl
Lrpprc
Ecpas
Chd4
Nup98
Jpt2
Washc2
Cand1
Rps27
Rps27|
Tmsb10
Ppp2rla
Atp5mk
Apool
Nap1l4
Picalm
Syncrip
Dek
Sh3d21
Cyld
Fnbpl
Usp8
Vacl4
Ubap2!
FInb
Flna;Finb
Flna
Rraga
Nucks1
Glrx5
Safb2
Poldip3
Bola2
Echs1
Tblixrl
Psmfl
Sgta

NDUA4
CYTB
NDRG1
FKBP3
VAT1
ZYX
MKO03
SPRE
BTF3
SFO1
LY6E
FKBP5
ATP7A
H2B1B ;H2B1P
SPEE
VINC
PUR2
SYMC
PREX1
MYOF
K0754 ;MACF1
PDS5A
SWP70
CE170
CDC5L
F120A
NOP58
BRME1
CLCB
DNIC8
ZC11A
IF4G1
SMHD1
UGGG1
PCNP
SNX6
OXSR1
LPPRC
ECM29
CHD4
NUP98
JUPI2
WASC2
CAND1
RS27
RS27L
TYB10
2AAA
ATPMK
Mic27
NP1L4
PICAL
HNRPQ
DEK
SH321
CYLD
FNBP1
UBP8
VAC14
UBP2L
FLNB
FLNA ;FLNB
FLNA
RRAGA
NUCKS
GLRX5
SAFB2
PDIP3
BOLA2
ECHM
TBL1R
PSMF1
SGTA

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
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1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379

Eif2a
Eeal
Ncehl
Srp68
Acbd3
Hadha
Rpl24
Elmo1l
Ppp1rl8
Cc2d1b
Asph
larsl
Qdpr
Sp110
Rsl1d1
Nob1
Lpcat2
Map1ls
Farsa
Asrgll
Ncaph
Cpnel
Mbnl1;Mbnl2
Septinll
Septin11;Septiné
Immt
Acat2
Txnll
Pus7I
Slc38a2
Smc4
Smc2
Tcergl
Hist1h2bp
Slain2
Pdlim5
Pygb
Plcg2
Ppat
Pak2
Mrgprx1
Afg32
Rbm17
Bclafl
Gmds
Plekho2
Wipf1
Ppplrll
Dnm1l
Lrrc25
Colgaltl
Sdha
Otud6b
Agfgl
Shtnl
Matr3
Babam2
Arhgef6;Arhgef7
Naxe
Sf3al
Acatl
Tprkb
Mbnl3
Blmh
Gtf2f2
Uqcrl0
Nudcd3
Dyncllil
Mtss1
Dnttip2
Ptrh2
Ubginl
Micos13

EIF2A
EEA1
NCEH1
SRP68
GCP60
ECHA
RL24
ELMO1
PPR18
Cc2p1B
ASPH
syiC
DHPR
SP110
RL1D1
NOB1
PCAT2
MAP1S
SYFA
ASGL1
CND2
CPNE1

MBNL1 ;MBNL2

45911

SEP11 ;SEPT6

MIC60
THIC
TXNL1
PUS7L
S38A2
sMc4
sMC2
TCRG1
H2B1P
SLAI2
PDLI5S
PYGB
PLCG2
PUR1
PAK2
MRGX1
AFG32
SPF45
BCLF1
GMDS
PKHO2
WIPF1
PP1RB
DNM1L
LRC25
GT251
SDHA
0oTU6B
AGFG1
SHOT1
MATR3
BABA2

ARHG6 ;ARHG7

NNRE
SF3A1
THIL
TPRKB
MBNL3
BLMH
T2FB
QCR9
NUDC3
DC1L1
MTSS1
TDIF2
PTH2
usQLl
MIC13

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
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1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452

Nup85
Mavs
Cth
Washcl
Hdlbp
Ptgr2
Mrps23
Pdcd10
Srsf4
Ccdc115
Rpe
Hnrnpu
Finc
Oas3
Ciapinl
Acot7
Ndufs1
Nifk
Pgbpl
RbmxI1
Chchdé
Ddx1
Ubap2
Rbms1
Fubpl
Dnajc9
Yars1
Cisd1
Trex1
Dap
Dus3l
Baspl
Arrb2
Lrrc49
Rrplb
Prpf6
Ptgrl
Ndufvl
Ttcl
Grhpr
Smarca5
Lrpl
Supt16h
Rab31
Lrch4
Acaala
Ddx27
Farl
Nop2
Glyrl
Pycr2
Lrrc59
Prkx
Prpf3
Cers2
Taldol
Hnrnpab
Thumpd1
Stoml2
Mvd
Psmdé
Raplb
Pls3
Stk24
Dctn2
Cmas
Dpp3
Clint1
Prpf19
Nampt
Vmpl
Triobp
Hibadh

NUP85
MAVS
CGL
WASH1
VIGLN
PTGR2
RT23
PDC10
SRSF4
CC115
RPE
HNRPU
FLNC
OAS3
CPIN1
BACH
NDUS1
MK671
PQBP1
RMXL1
MIC25
DDX1
UBAP2
RBMS1
FUBP1
DNIC9
SYYC
CIsb1
TREX1
DAP1
DUS3L
BASP1
ARRB2
LRC49
RRP1B
PRP6
PTGR1
NDUV1
TTC1
GRHPR
SMCAS
LRP1
SP16H
RAB31
LRCH4
THIKA
DDX27
FACR1
NOP2
GLYR1
P5CR2
LRC59
PRKX
PRPF3
CERS2
TALDO
ROAA
THUM1
STML2
MVD1
PSMD6
RAP1B
PLST
STK24
DCTN2
NEUA
DPP3
EPN4
PRP19
NAMPT
VMP1
TARA
3HIDH

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-2.84

-11.56

-2.89
-0.56
-1.88

-1.96

-0.96

-0.45

-1.84
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1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525

St13
Dhrs4
Mat2b
Etfa

Rtcb
Cttnbp2nl
Grpell
Ndufs5
Rnps1
Nasp
Kars1
Srrt
Adar

Klb

Lpxn
Mrps18b
Mrps5
Ubgin4
Ogfr
Rrbpl
1gf2bp3
Coxéc
Atp5mg
Rpl17
Mydgf
Glol
Glod4
Arpc5
Ssr2
Atg3
Lap3
Dut
Ndufc2
Pgls
Uqcrq
Ndufa2
Sdhb
Cisd2
Sarlb
Rgs10
RTRAF
Nudt21
Gmfb
Denr
Txndcl7
GIrx3
Mrpl41
Acot13
Txndc12
Kgd4
Ndufb3
Atp6vigl
Uqcrfsl
Carhspl
Fam136a
Nhp2
Snwl
Rprd1b
Ranbp3
Smcla
Raverl
Tubb2b
Snx2
Ctnnbl1
Pin4
Napg
Istl
Sugtl
HnrnpaO
Rpl11
Ndufs4
Tecr
Serbpl

F10A1
DHRS4
MAT2B
ETFA
RTCB
CT2NL
GRPE1
NDUS5
RNPS1
NASP
SYK
SRRT
DSRAD
KLOTB
LPXN
RT18B
RTO5
usaL4
OGFR
RRBP1
IF2B3
COXe6C
ATP5L
RL17
MYDGF
LGUL
GLOD4
ARPC5
SSRB
ATG3
AMPL
DuUT
NDUC2
6PGL
QCR8
NDUA2
SDHB
CIsb2
SAR1B
RGS10
RTRAF
CPSF5
GMFB
DENR
TXD17
GLRX3
RM41
ACO13
TXD12
KGD4
NDUB3
VATG1
UCRI
CHSP1
F136A
NHP2
SNW1
RPR1B
RANB3
SMC1A
RAVR1
TBB2B
SNX2
CTBL1
PIN4
SNAG
IST1
SGT1
ROAO
RL11
NDUS4
TECR
SERB1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-0.21
-0.86
-2.22
-0.43

-2.72

-1.82
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1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598

Garl
Gins3
Luc7!
Tpd5212
Olal
Rpl15
Tsfm
Mtrex
Rps19
Ccdcd7
Pdhb
Rars1
Ptms
Ddx56
Snul3
Znf706
Gatd3
Tbcb
Necap2
Sarnp
Lamtor5
Erp44
Rpl34
Coro7
Acpl

Gecl
Ndufv2
Trir
Dusp3
Ppal
Uqcrb
Itpa
ArpcS|
Chmp4b
Rpl4
Ebnalbp2
Exoscl
Dcps
Cnpy3
Napa
Mrpl12
Alg5
Prkarla
Ftsj3
Plin3
Srpra
Acadshb
Cmpk1
Akap8
Ampd2
Pycr3
Paklipl
Ssr3
Trmt112
Ndufa8
Ciao2a
Ppplr2
Mecr
Etfb
Emc7
Pycard
Upfl
Hsd17b11
Pes1
Mvp
Mycbp
Stx12
Carsl
Limal
Ranbp2
Sdf2l11
Gtf2

GAR1
PSF3
LUC7L
TPD54
OLA1
RL15
EFTS
MTREX
RS19
CCD47
oDbPB
SYRC
PTMS
DDX56
NH2L1
ZN706
GAL3A
TBCB
NECP2
SARNP
LTORS
ERP44
RL34
CORO7
PPAC
CX049
GCC1
NDUV2
TRIR
DUS3
IPYR
QCR7
ITPA
ARP5L
CHM4B
RL4
EBP2
EXOS1
DCPS
CNPY3
SNAA
RM12
ALG5
KAPO
SPB1
PLIN3
SRPRA
ACDSB
KCY
AKAP8
AMPD2
P5CR3
PK1IP
SSRG
TR112
NDUA8
CIA2A
IPP2
MECR
ETFB
EMC7
ASC
RENT1
DHB11
PESC

MYCBP
STX12
sycc
LIMA1
RBP2
SDF2L
GTF2I

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-0.78
-1.80
-0.91
-1.79
-3.69
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Tm9sf3
Tmod3
Cwcl5
Isynal
Nit2
Copbl
Nup50
Ddx21
Ralb
Acinl
Sh3glbl
Mygl
Uchl3
Ap3m1
lggapl
Nudt5
Hmgn5
Sart3
Cd2ap
Git2
Nt5c
Znf207
Glrx
Pinl
Ptk2b
Vapb
Dnajc7
Eif3i
Copgl
Ripk3
Macroh2al
Zranb2
Gygl
Ptges3
Mta2
Nsdhl
Sael
Septin6
Tapbp
Myolc
Ak2
Pfdn5
Pdcd6ip
Ces
Farsb
Eifah
Rfc2
Corolb
Corolc
Suclgl
Snx1
Timm9
Apip
Celf2
Bcl10
Eif2s3x
Twf2
Aifm1
11f3
Usol
Strap
Bazlb
Pmm2
Actl6a
Unc119
Plpbp

Culdb
Ddi2
Cntrl
Ppig
Ttn
H2acll

TM9S3
TMOD3
CwcC1s
INO1
NIT2
copB
NUP50
DDX21
RALB
ACINU
SHLB1
MYG1
UCHL3
AP3M1
IQGA1
NUDTS
HMGNS
SART3
CD2AP
GIT2
NT5C
ZN207
GLRX1
PIN1
FAK2
VAPB
DNJC7
EIF3I
COPG1
RIPK3
H2AY
ZRAB2
GLYG
TEBP
MTA2
NSDHL
SAE1
45906
TPSN
MYO1C
KAD2
PFD5
PDCél
CCs
SYFB
IF4H
RFC2
COR1B
COR1C
SUCA
SNX1
TIMS
MTNB
CELF2
BCL10
IF2G
TWF2
AIFM1
ILF3
uso1
STRAP
BAZ1B
PMM2
ACL6A
U119A
PLPHP

cuL4B
DDI2
CNTRL
PPIG
TITIN
H2A1B

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-7.78

-10.66

-13.91
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Safb;Safb2
Gls

Irf2bp2
Rnf213
Myole
Myole;Myolf
Tpr

QNG1
Capn2
Myh11;Myh9
Hsd17b10
Dctnl
Diaph1
Atox1
Psmd4
Exoc7
Kpna3;Kpnad
Anp32a
Fkbp8

Fybl
Aplbl;Ap2bl
Clgbp

Calu
Hmgb3
Get3
Slk;Stk10
Pgrmcl
Impal
Copb2
Atp2a2;Atp2a3
Eeflb
Eeflb;Eefld
Nmt1
Hsd17b12
Psmc3

Lin7c
Ymelll
Cope

Mt2

Mtatp8

Ada
Aldoa;Aldoc
Gpi
Hsp90aal
Pdiad
H2az1;H2az2
Eif4a2

Txn
H2bc14;Hist2h2bb
Cxcl2

Parpl

ltgh2

Oasla

Gusb

Rpl7a

Icam1
Rpl27a
Srp54

Spn

H1-2

H1-1
H1-3;H1-4
H1-5

H1-2
H1-2;H1-3
Lgals1
Lgals3
Hspall
Enol

Eno2

Tpil
Rps6ka3
Cfll

SAFB1 ;SAFB2
GLSK

12BP2
RN213
MYO1E
MYO1E ;MYO1F
TPR

QNG1
CAN2
MYH11 ;MYH9
HCD2
DCTN1
DIAP1
ATOX1
PSMD4
EXOC7
IMA3 ;IMA4
AN32A
FKBP8

FYB1
AP1B1;AP2B1
c1aspP
CALU
HMGB3
GET3

SLK ;STK10
PGRC1
IMPA1
CcopPB2
AT2A2 ;AT2A3
EF1B

EF1B ;EF1D
NMT1
DHB12
PRS6A
LIN7C
YMEL1
COPE

MT2

ATP8

ADA
ALDOA ;ALDOC
G6PI

HSS0A
PDIA4
H2AV ;H2AZ
IF4A2

THIO
H2B1M ;H2B2B
CXCL2
PARP1

1TB2

OAS1A
BGLR

RL7A
ICAM1
RL27A
SRP54

LEUK

H12

H11

H13 ;H14
H12

H12
H12;H13
LEG1

LEG3
HSP7C
ENOA
ENOG

TPIS

KS6A3
COF1

-15.08

1.24
1.27
1.62
1l.64
0.51
0.75
0.16
1.77
0.25
0.15
2.06
1.85
1.48
0.75
0.29
3.52
0.54
0.70
0.65
0.18
132
134
0.18
2.25
0.48
0.25
0.74
0.32
0.45
0.28
1.15
1.90
0.53
0.15
0.28
1.18
3.18
0.75
0.41
1.05
0.95

0.37
0.14
0.86
0.90
3.33

3.64
2.08
0.63
0.04
3.16

0.11
1.49
0.97
0.96
1.12
1.00
3.33
132
2.75
1.28
0.12
0.33
0.16
0.55
0.23
0.48

0.69
0.68
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80
81

82

83

84

85

86

87

88

89

%0

91

92

93

94

95

%

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

Rpl13a
Tmsb4x
Tpm3;Tpm4
Akrlb7
Eno3
Rarb
Hmbs
Pnp
Pcmtl
Rps2
Tin1

Ezr

Rdx
U2af2
Map4
Gnal3
Rpl3
Apex1
Adh5
Nap1l1
Pabpcl
Hmgb2
CS5arl
Aimp1l
Map2kl
Usp15;Usp4
Cd81
Ligl
Dnm2
Septin2
Msh2
H1-1;H1-3;H1-4;H1-5
H1-1
H1-5
Acadm
Vpsdb
Gsr
Rpl6
Rpl29
Crkl
Rplpl
RplS
Eifl
Alox5
Hnrnpal;Hnrnpa3
Cast
Rab7a
Gla
Hdgf
Hdgf
Ndufs6
Stmn1;Stmn2
Ddx6
Sh3bpl
Rab8a
Rab10
Acypl
AtpSmpl
Atp5fle
Usp5
Ctbp2
Fus
Erp29
Actn4
Snrpal
Ptpa
Nploc4
Actr2
Actrla;Actrlb
Abcel
Copz1
Sumo2
Ufm1l

RL13A
TYB4
TPM3 ;TPM4
ALD1
ENOB
RARB
HEM3
PNPH
PIMT
RS2
TLNL
EZRI
RAD
U2AF2
MAP4
GNA13
RL3
APEX1
ADHX
NP1L1
PABP1
HMGB2
C5AR1L
AIMP1
MP2K1
UBP15 ;UBP4
cp81
DNLI1
DYN2
45902
MSH2
H11;H13 ;H14 ;H15
H11
H15
ACADM
VPS4B
GSHR
RL6
RL29
CRKL
RLA1
RLS
EIF1
LOX5
ROA1 ;ROA3
ICAL
RAB7A
AGAL
HDGF
HDGF
NDUS6
STMN1 ;STMN2
DDX6
3BP1
RABSA
RAB10
ACYP1
ATP68
ATPSE
uBPs
CTBP2
FUS
ERP29
ACTN4
RU2A
PTPA
NPL4
ARP2
ACTY ;ACTZ
ABCE1
copz1
SUMO02
UFM1

-15.14
-17.34
-2.24
-8.79
-6.09
-6.16
-7.21
-1.99
-2.07
-5.13
-12.73
-5.62
-10.57
-15.30

-14.81

-16.33

-14.58
-11.62

112
1.29
0.81
2.15
113
1.94
1.78
0.36
0.27
0.14
0.29
0.20
0.95
1.14
0.86
1.68
0.13
1.09
0.36
0.86
0.07
1.23
0.76
0.24
2.15
0.23
0.48
121
1.70
0.19
1.38
0.58
0.58
0.47
0.21
0.68
0.80
1.19
1.30
1.48
0.14
1.04
0.76
0.55
1.78
222
0.11
0.95
0.38
0.43
0.65
0.90
0.45

0.48
2.85
2.57
0.66
1.40

1.45
0.70
0.73
0.59
0.52

0.83
0.47
0.36
1.59
0.98
0.65
1.65
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153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

Nutf2
Ywhab
Timm13
Rps8
Rps13
Rpl23a
Mtpn
Rpl23
Fau

Elob
RpI39
Cycs
Rpl32
Ybx1
Pfnl
Rps27a
Uba52
Pafah1lb1l
Hmgbl
Dynll1
Rps12
Ppp2ca
Ube2I3
Tubalc
Tubalc
Psmb7
Lxn

Tiall
Nherfl
Tgfbi
Cbx1
Eloc
Rpl19
Csrpl
Rps3a
Psmel
Psmel;Psme2
Psme2
G3bp2
Atp5pf
Gcle
Dab2
Rplp2
Nme2
Pfdn6
Fabp5
Larp7
Cab39
Bax

Lyar
Ssrpl
Zc3h18
Rbm15
Pepd
Osbp
Arhgap45
Abraxas2
Hplbp3
Srsf4;Srsf6
Psmd1
Fubp1;Khsrp
Puf60
Eif3j1;Eif3j2
Edc4
Hdgfl2
Lrrfipl
Ddx46
Aldhl6al
Cluh
Utp20
Arcnl
Nfatc2
Hnrnpd

NTF2
14338
TIM13
RS8
RS13
RL23A
MTPN
RL23
RS30
ELOB
RL39
Ccyc
RL32
YBOX1
PROF1
RS27A
RL40
Lis1
HMGB1
DYL1
RS12
PP2AA
uB2L3
TBA1C
TBALC
PSB7
LXN
TIAR
NHRF1
BGH3
CBX1
ELOC
RL19
CSRP1
RS3A
PSME1
PSME1 ;PSME2
PSME2
G3BP2
ATP5)J
GSH1
DAB2
RLA2
NDKB
PFD6
FABP5
LARP7
CAB39
BAX
LYAR
SSRP1
ZCH18
RBM15
PEPD
0sSBP1
HMHA1
ABRX2
HP1B3
SRSF4 ;SRSF6
PSMD1
FUBP1 ;FUBP2
PUF60
EI3JAEI3)B
EDC4
HDGR2
LRRF1
DDX46
A16A1
CLu
uTpP20
CoPD
NFAC2
HNRPD

2.74
1l.64
0.50
1.06
0.36
0.71
0.31
0.31
0.56
0.46
2.07
0.50
0.49
0.74
0.12
0.91
2.75
2.02
0.18
2.77
1.40
0.79
0.27
0.64
2.03
0.63
1.56
0.30
0.75
2.78
161
0.69
0.78
0.23
0.17
1.40
2.85
0.84
2.18
0.94
0.13

0.19
0.29
1.10
213
1.04
1.57
0.43
0.48
0.48
132
0.64

1.52
0.75
1.24
271
1.06
0.46
0.55
0.65
0.87
1.07
0.49

1.58
1.08
1.29
1.42
0.93
0.90
0.53
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226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265

267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283

285
286
287
288
289

291
292
293
294

296
297
298

Hnrnpd;Hnrnpd
Gas7
Eifla;Eiflax
Rbbp7
Asns
Tmpo
Tmpo
Pak3
Cdc37
Cybb
Ctcf
Hcfcl
Sntb2
Hadh
Znf638
Peal5
Rhoa;Rhoc
Ddx3x
Sf3a2
Tpd52
Ndufa4
Fkbp3
Vatl
Spr
Btf3
Sf1
Ly6e
Fkbp5
Sord
H2bc3;Hist1h2bp
Gart
Mars1
Prex1
Pds5a
Swap70
FAM120A
Nop58
Cltb
Cpsfé
Dnajc8
Zc3hlla
Abcfl
Smchd1
Uggtl
Snx6
Chd4
Nup98
Jpt2
Washc2
Rps27
Tmsb10
Ppp2rla
Atp5mk
Nap1ll4
Picalm
Syncrip
Dek
Sh3d21
Cyld
Fnbp1l
Vacl4
Ubap2!
FInb
Flna;Finb
Finc
Rraga
Nucks1
Echs1
Tblixrl
Eeal
Acbd3
Hadha
Rpl24

HNRDL ;HNRPD
GAS7
IF1AX ;IF1A
RBBP7
ASNS
LAP2B
LAP2A ;LAP2B
PAK3
CDC37
CY24B
CTCF
HCFC1
SNTB2
HCDH
ZN638
PEA15
RHOA ;RHOC
DDX3X
SF3A2
TPD52
NDUA4
FKBP3
VAT1
SPRE
BTF3
SFO1
LYGE
FKBP5
DHSO
H2B1B ;H2B1P
PUR2
SYMC
PREX1
PDS5A
SWP70
F120A
NOP58
CLcB
CPSF6
DNJC8
ZC11A
ABCF1
SMHD1
UGGG1
SNX6
CHD4
NUP98
JUPI2
WASC2
RS27
TYB10
2AAA
ATPMK
NP1L4
PICAL
HNRPQ
DEK
SH321
CYLD
FNBP1
VAC14
UBP2L
FLNB
FLNA ;FLNB
FLNC
RRAGA
NUCKS
ECHM
TBL1R
EEA1
GCP60
ECHA
RL24

-16.09

1.30
0.71
0.26
0.76
0.90
0.48
0.17
2.95
0.22
1.68
0.81
0.44
0.94
1.09
1.24
0.54
0.47
0.20
0.66
0.85
0.73
1.04
0.78
0.69
0.45
0.31
2.79
0.28
0.84
3.65
0.44
1.00
1.48
0.87
0.75
1.10
0.39
1.08
0.91
0.79
0.22
0.33
3.19
0.30
0.72
0.11
0.67

0.55
0.48
3.04
0.63
0.88

0.33
0.19
0.58
3.43
0.29

0.51
0.35
0.57
1.08
1.71
0.85
1.07
0.45
0.29
0.29

0.39
1.51
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299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

Asph
larsl
Qdpr
Sp110
Rsl1d1l
Nob1
Lpcat2
Septin1l
Septin11;Septiné
Acat2
Pus7I
Slc38a2
Tcergl
Pdlim5
Plcg2
Ppat
Pak2
Afg312
Bclafl
Plekho2
Wipfl
Ppplrll
Dnm1l
Lrrc25
Otudéb
Agfgl
Babam2
Tprkb
Mbnl3
Blmh
Gtf2f2
Nudcd3
Dyncllil
Ptrh2
Micos13
Tmx1
Mavs
Ubxn4
Washcl
Mrps23
Rpal
Finc
Oas3
Ciapinl
Acot7
Nifk
RbmxI1
Ddx1
Rbms1
Fubpl
Dnajc9
Yars1
Cisd1
Trex1
Dap
Baspl
Lrrc49
Rrplb
Prpf6
Ndufvl
Ttcl
Grhpr
Suptl6h
Rab31
Lrch4
Etfdh
Acaala
Farl
Nop2
Glyrl
Pycr2
Lrrc59
Prkx

ASPH
syic
DHPR
SP110
RL1D1
NOB1
PCAT2
45911

SEP11 ;SEPT6

THIC
PUS7L
S38A2
TCRG1
PDLIS
PLCG2
PUR1
PAK2
AFG32
BCLF1
PKHO2
WIPF1
PP1RB
DNM1L
LRC25
QOTU6B
AGFG1
BABA2
TPRKB
MBNL3
BLMH
T2FB
NUDC3
DC1L1
PTH2
MIC13
TMX1
MAVS
UBXN4
WASH1
RT23
RFA1
FLNC
OAS3
CPIN1
BACH
MK671
RMXL1
DDX1
RBMS1
FUBP1
DNJC9
SYYC
CIsD1
TREX1
DAP1
BASP1
LRC49
RRP1B
PRP6
NDUV1
TTC1
GRHPR
SP16H
RAB31
LRCH4
ETFD
THIKA
FACR1
NOP2
GLYR1
P5CR2
LRC59
PRKX

-3.86

-18.25

-11.14

0.94
0.31
2.06
0.48
221
0.35
0.30
1l.64
2.26
0.20
1.82
1.48
1.09
1.38
137
0.94
0.63
1.02
0.38
0.61
0.14
0.42
1.09
0.40
1.24
0.54
2.19
0.22
0.27
0.58
0.76
0.18
221
1.24
1.88
0.77
0.41
113
1.75
1.87
0.39

1.02
0.61
1.28
0.25
0.35

1.23
0.27
151
0.13
0.94

0.53
0.52
1.49
133
0.72

0.20
0.46
0.53
112
0.69

0.72
1.22
0.75
1.57

0.31
0.86
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372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
214
415
416
417
218
419
420
a1
422
423
224
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

Prpf3
Taldol
Hnrnpab
Thumpd1
Stoml2
Mvd
Psmd6
Stk24
Cmas
Dpp3
Clintl
Prpf19
Vmpl
Triobp
Hibadh
Etfa
Cttnbp2n|
Grpell
Ndufs5
Rnps1
Nasp
Srrt
Adar
Lpxn
Rrbpl
1gf2bp3
Coxéc
Atp5mg
Rpl17
Arpc5
Atg3
Ndufc2
Cisd2
Sarlb
Rgs10
Nudt21
Denr
Txndc17
Glrx3
Mrpl41
Acot13
Kgd4
Ndufb3
Atp6vigl
Nhp2
Rprdlb
Ranbp3
Raverl
Ctnnbl1
Napg
Ist1
Sugtl
Rpl11
Ndufs4
Tecr
Serbpl
Garl
Luc7!
Tpd5212
Olal
Tsfm
Mtrex
Ccdca7
Ptms
Dynll2
Ddx56
Snul3
Thch
Necap2
Sarnp

Geel
Ndufv2

PRPF3
TALDO
ROAA
THUM1
STML2
MVD1
PSMD6
STK24
NEUA
DPP3
EPN4
PRP19
VMP1
TARA
3HIDH
ETFA
CT2NL
GRPE1
NDUS5
RNPS1
NASP
SRRT
DSRAD
LPXN
RRBP1
IF2B3
COXe6C
ATP5L
RL17
ARPC5
ATG3
NDUC2
CIsb2
SAR1B
RGS10
CPSF5
DENR
TXD17
GLRX3
RM41
ACO13
KGD4
NDUB3
VATG1
NHP2
RPR1B
RANB3
RAVR1
CTBL1
SNAG
IST1
SGT1
RL11
NDUS4
TECR
SERB1
GAR1
LUC7L
TPD54
OLA1
EFTS
MTREX
CCD47
PTMS
DYL2
DDX56
NH2L1
TBCB
NECP2
SARNP
CX049
GCC1
NDUV2

0.79
0.29
0.11
0.75
137
3.01
0.18
211
0.38
0.59
0.78
0.49
135
243
1.24
0.33
0.99
0.39
1.01
0.82
0.09
0.22
1.26
0.48
0.11
1.06
0.30
0.71
0.41
1.03
0.53
1.35
0.58
1.48
0.75
2.63
1.23
1.55
1.06
0.69
1.01
132
1.81
112
0.27
0.46
0.65

1.21
0.43
0.62
0.45
0.45
171
0.18
0.75
3.28
0.21
0.81

0.45
1.30
0.32
0.77
1.21
1.38
0.25
1.32
0.91
0.06

0.88
0.79
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445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
268
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

Dusp3
Itpa
Rpl4
Psmd12
Ebnalbp2
Exoscl
Dcps
Cnpy3
Napa
Mrpl12
Alg5
Ftsj3
Srpra
Acadsb
Cmpk1
Akap8
Ampd2
Paklipl
Eif3f
Ndufa8
Ppplr2
Pesl
Mycbp
Gtf2i
Tm9sf3
Cwcl5
Isynal
Nit2
Copbl
Nup50
Ddx21
Acinl
Uchl3
Ap3m1
Iggapl
Hmgn5
Arpc3
Ptk2b
Vapb
Dnajc7
Eif3i
Copgl
Ripk3
Macroh2al
Mta2
Sael
Septin6
Tapbp
Pfdn5
Pdcd6ip
Ces
Rfc2
Snx1
Apip
Bcl10
Eif2s3x
Tjp2
Aifm1
11f3
Strap
Bazlb
Pmm2
Actl6a
Mpegl
Sh3pxd2b
Map7d1
Tpx2
Myh10
Itih4
Tomm5
Cad
Plxnb2
Adgrgd

0.29
0.67
0.57
0.39
3.19
0.84
0.65
1.27
1.09
0.27
1.04
0.91
1.36
0.46
0.34
0.76
0.12
1.59
0.44
193
1.53
2.61
2.04
2.01
1.78
0.76
245
1.22
0.89
2.82
0.92
0.97
3.16
121
0.32
2.55
0.30
0.77
0.33
243
0.39

0.57
0.81
2.86
0.96
1.57
0.20
1.63
0.22
0.31
2.20
0.49

1.10
0.40
0.47
0.42
2.58
0.36
1.77
1.70
0.55
-0.86
-0.75
-0.42
-0.55
-1.95
-1.27
-1.77
-1.40
-0.51
-2.08




518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

Osbpl8
H2acll
Hmcnl
Safb

Bin2
Bin1;Bin2
Mki67
Sbf2
Map3k19
Nolc1
Kif23
Numal
Raplgdsl
Rnpepll
Hk2
Hk1;Hk2
Binl
Sec22b
Dpysl2
Emd
Alyref
Clta
Myh11
Myh10
Arg2
Prdx6

Dld
Prkesh
Prdx4
Prdx1;Prdx4
Eftud2
Eef2;Eftud2
Degsl
Gstol
Man2b1
Rpl21
Gclm
Greel0
Phb2
Dhx15
Purb
Srsf5
Srsf4
Kpnad
Kpna3
Anp32a;Anp32b
Ppef2
Psmb9
Psmd14
Scamp3
Anxa3
Aplbl
Neul
Myadm
Nudc
Pnn
Hnrnphl
Hnrnph1;Hnrnph2
Hnrnph2
Hnrnpf;Hnrnph1
Api5
Bcat2
Timm44
Psmb10
Ddost
Man2b2
Banfl
Sk

Stk10
Sap18
Septin7
Eif6
Rpl35a

0OSBL8
H2A1B
HMCN1
SAFB1
BIN2
BIN1;BIN2
KI67
MTMRD
M3K19
NOLC1
KIF23
NUMA1
GDS1
RNPL1
HXK2
HXK1 ;HXK2
BIN1
SC22B
DPYL2
EMD
THOC4
CLCA
MYH11
MYH10
ARGI2
PRDX6
DLDH
GLU2B
PRDX4
PRDX1 ;PRDX4
uUss1

EF2 ;U551
DEGS1
GSTO1
MA2B1
RL21
GSHO

Cc10

PHB2
DHX15
PURB
SRSF5
SRSF4
IMA3
IMA4
AN32A ;AN32B
PPE2

PSB9 ;PSB9_MUSMB
PSDE
SCAM3
ANXA3
AP1B1
NEUR1
MYADM
NUDC
PININ
HNRH1
HNRH1 ;HNRH2
HNRH2 ;HNRPF
HNRH1 ;HNRPF
API5
BCAT2
TIM44
PSB10
0ST48
MA2B2
BAF

SLK

STK10
SAP18
45907

IF6

RL35A

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-9.79

-11.75

-16.82

-11.69
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591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663

Atp2a2
Dhx9

Ncf2
Pik3c2g
Pip4k2a
Eif3d
Pgam2
Pgam1;Pgam2
Epb41l2
Ctss
Vamp8
Psma3

Stx7

Sfn

Sfn

Snx3
Snx12;Snx3
Snx12

Sp3

Smpd2
Pfdn2
Cfdpl
Wdrl
Dher7
Dyncli2
Dnmt3a
Pptl

Copsd
Hnrnpa2bl
Cregl

Idh1

Lgmn

Afm
Corola
Corola;Corolb
Dhfr

Mtco2
Hprtl

c3

Cab

B2m

H2-L
H2-D1;H2-L
H2-D1;H2-L
H2-D1

Hba
Hbb-b1;Hbb-b2
Hbb-b1
H3-3a;H3-5;H3c1;H3c2
Mtl

lap

Gfap
Gfap;Vim
Cd74

Aldoc
Aldoa

Gotl

ltgam
Myl1;Myl3
Ldha

c9

Ctsl

Ptprc
S$100a4
Anxa2

Alb
Hsp90aal;Hsp90abl
Aprt

Fcgr2
Hsp90b1
Hsp90ab1;Hsp90b1
$100a10
Sod1

AT2A2
DHX9

NCF2
P3C26G
PI42A
EIF3D
PGAM2
PGAM1 ;PGAM2
E4112

CATS
VAMPS
PSA3

STX7

14335
14338
SNX3
SNX12 ;SNX3
SNX12

SP3

NSMA
PFD2
CFDP1
WDRL
DHCR7
DC112
DNM3A
PPT1

CSN4

ROA2
CREGL
IDHC
LGMN
AFAM
COR1A
COR1A ;COR1B
DYR

cox2

HPRT

co3

co4B
B2MG
HALL

HALL ;HALL
HAL1;HA12 ;HAIL
HAL2

HBA
HBB1;HBB2
HBBL

H31

MT1

IGEB

GFAP

GFAP ;VIME
HG2A
ALDOC
ALDOA
AATC

ITAM
MYLL;MYL3
LDHA

co9

CATLL
PTPRC
S10A4
ANXA2
ALBU
HS90A ;HS90B
APT

FCGR2
ENPL

ENPL ;HS90B
S10AA
SODC

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-9.22
-10.80

-15.02
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664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736

Mdh2
Kras;Nras
Gnai2

Lyz2
Lyz1;Lyz2
Pgk1;Pgk2
Itgbl

P4hb

Ncl

Pgkl

Junb

Sod2

Pet117
Ndufbl
1fi204
Calm1;Calm2;Calm3
Anxal
Eeflal
Eeflal;Eefla2
Ctsb
Eif4al;Eif4a2
Eif4al;Eifda2;Eif4a3
Tceal

Cdi4

Slc3a2
H2bc14
H2bc14;H2bc3
H1-0

Sppl

Subl

Lampl

Cdk1
Hsp90ab1
Cfp

Tepl

App
Pfkl;Pfkp
Cox5a

Gsn

Cds

Dnmt1
5$100a6
Rps16

Rpl7

Mdh1

Rpsa

Calr

Psmd3
Lmnb1l
Lmnbl1;Lmnb2
Lmna

Anxab

Rplp0
Hmox1

Glul

Bpgm

Cda4

Nmel
Nmel;Nme2
Srpl4

Assl

Hspall
Hspal
Hspall;Hspa8
Ctsa

Gapdh
Lamp2
Hmgal
Hspa2
Hspa9
Hspa2;Hspa8
Enol;Eno2
Enol

MDHM
RASK ;RASN
GNAI2

vz2

LvZ1 ;Lvz2
PGK1 ;PGK2
ITB1

PDIAL
NuCL

PGK1

JUNB
SODM
PT117
NDUB1

IFI4

CALM1
ANXAL
EF1AL
EF1AL EF1A2
CATB

IF4A1 ;IF4A2
IF4AL
TCEAL
cp14

4F2

H2B1M
H2B1B

H10

0sTP

TCP4
LAMPL
CDK1
HS90B
PROP

TCPA

A4

PFKAL ;PFKAP
COX5A
GELS

D5
DNMT1
S10A6

RS16

RL7

MDHC

RSSA

CALR
PSMD3
LMNB1
LMNB1 ;LMNB2
LMNA
ANXA6
RLAO
HMOX1
GLNA
PMGE
cD44

NDKA

NDKA ;NDKB
SRP14

ASSY

HS71L
HS71L
HS71L ;HSP7C
PPGB

G3pP

LAMP2
HMGA1
HSP72
HSP7C
HSP72 ;HSP7C
ENOA ;ENOG
ENOA

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-15.23
-1.14
-14.66
-12.65
-10.47
-9.22
-12.30
-5.89
-5.96
-1.12
-15.21
-10.53
-15.32
-2.40
-1.07
-12.76
-8.11
-15.20
-17.23
-17.99
-16.66
-12.31
-9.23
-12.62
-11.87
-13.41

-10.47

-13.48
-6.24
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737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782

784
785
786
787
788

790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809

Eno2;Eno3
Ptbpl
Ap2al

Hk1

Ppia

Slc2al
Pcna
Cox5b
Cox4il
Lspl

Hspa5
Hexb
Prdx3

Vim

Fcerlg

Plg

Tpm3
Tpm1;Tpm3
Akrlb7;Akr1b8
Cst3

Gc

Lmnb2
Cd72
Mfge8
Aplgl
Eif3a

Cbx3
Cbx3;Cbx5
Glbl

Cat

Ppib

Capg

Ltadh
Impdh2
Impdh1;impdh2
Acp2

Mé6pr
Mcm3

Lyn
Ezr;Msn;Rdx
Msn
Msn;Rdx
Ptma

Gludl
Psmd7
Sarsl
Marcks
Fkbpla
Snrpb;Snrpn
Plaa

H2ax

Pdia3

Vavl

Cebpb
Psmb8
Nap1l1;Nap1ll4
Atxn10
Mugl

Grn

Ptpn6

Hexa

Ahsg

Oat

Msrl
Alox5ap
Fkbp4
Hmgb1;Hmgb2
Rbpj

Dbi
Map2k1;Map2k2
Cd68

Scp2

Ssb

ENOB ;ENOG
PTBP1
AP2A1

HXK1

PPIA

GTR1

PCNA
COX5B
COx41

LSP1

BIP

HEXB

PRDX3

VIME

FCERG
PLMN

TPM3
TPM1;TPM3
ALD1;ALD2
CYTC

VTDB
LMNB2
CD72
MFGM
AP1G1
EIF3A

CBX3

CBX3 ;CBX5
BGAL

CATA

PPIB

CAPG

LKHA4
IMDH2
IMDH1 ;IMDH2
PPAL

MPRD
MCM3

LYN

EZRI ;MOES ;RADI
MOES
MOES ;RADI
PTMA

DHE3
PSMD7

SYSC

MARCS
FKB1A
RSMB ;RSMN
PLAP

H2AX

PDIA3

VAV

CEBPB

PSB8
NP1L1;NP1L4
ATX10
MUG1

GRN

PTN6

HEXA

FETUA

OAT

MSRE
ALSAP
FKBP4
HMGB1 ;HMGB2
SUH

ACBP
MP2K1 ;MP2K2
CD68

SCP2

LA

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-14.93
-5.30
-0.97
-7.48
-16.40
-6.43
-11.06
-1.82
-5.46
-4.49
-18.54
-10.91
-13.32
-25.70
-16.93
-4.09
-1.93
-15.95
-10.06
-6.89
-6.97
-7.12
-10.90
-1.18
-6.35
-9.60
-10.49
-3.46
-4.68
-12.93

-14.05

-16.76

-12.22
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810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882

Serpincl
Wars1
Ranbp1l
Mif
Rab5c
Rab6a
Ppard
Pdhal
Fbl

Canx
Prdx1
Rpl18
Gnll
Hmgcl
Hspa9
Dnm1;Dnm2
Dnm2;Dnm3
Fenl
Tkt
Rpl28
Acsll
Acsl1;AcslS
Csk
Cd86
Cct8
Cox6al
H1-4
H1-3
Akrlbl
Akr1b8
Fkbp2
Rangapl
Nsf
Psmc2
Rabllb
Adss2
Stt3a
Pla2gda
Aldh2
Capzal;Capza2
Capza2
Capzb
Srprb
Mtx1
Rpl13
RpI36
Anxa5
Tbca
Lmna
Pent
Cox7a2
Slc25a4
Slc25a4;SIc25a5
Clec10a
Hnrnpal
Mcm4
Mcm5
Psma2
Srp9
Impdh1
Ahcy
Arsb
Atpé6vla
Atp6vlel
$100a11
Pa2g4
Acadl
Rpl9
Hsd17b4
Atp6v0dl
Slc25a5
Slclas
Kpna2

ANT3
SYwc
RANG
MIF
RAB5C
RAB6A
PPARD
ODPA
FBRL
CALX
PRDX1
RL18
GNL1
HMGCL
GRP75
DYN1 ;DYN2
DYN2 ;DYN3
FEN1
TKT
RL28
ACSL1
ACSL1 ;ACSLS
CSK
CD86
TCPQ
CX6A1
H14
H13
ALDR
ALD2
FKBP2
RAGP1
NSF
PRS7
RB11B
PURA2
STT3A
PA24A
ALDH2
CAZA1 ;CAZA2
CAZA2
CAPZB
SRPRB
MTX1
RL13
RL36
ANXAS
TBCA
LMNA
PCNT
CX7A2
ADT1
ADT1 ;ADT2
CLC10
ROA1
MCM4
MCMS5
PSA2
SRP09
IMDH1
SAHH
ARSB
VATA
VATE1
S10AB
PA2G4
ACADL
RL9
DHB4
VAOD1
ADT2
AAAT
IMA1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-12.94

-10.37

-11.27

-11.45

-10.86
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883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955

Pkm
Rpl10a
Dbt
Hces
Pitpna
Rab2a
Cnbp
Idh2
Mshé
Rad23b
Psmc4
Adsl
Acodl
Rab10
Rab8b
Lrpapl
Stmn2
Atp5mf
Gfer
Cox6b1
Cyb5a
Atp5flb
Pdcd5
Exosc10
Atp6vld
Eefld
Actnl;Actn4
Tm9sf2
Eef2
Tpm1
Bcl2113
Eif5
Rin3
Arpcd
Eif3e
Pcbpl
Pcbpl
Actb
Actal
Cdc42
Cdc42
Eif4al
Rps20
Rab10
Rab8b
Ube2d3
Ube2m
Ube2n
Arf1;Arf3
Rpl26
Psme3
Magoh;Magohb
Rpl27
Rpl37a
Sec6lal
Arf4
Arf4;Arf5
Vbp1l
Hnrnpk
Ywhag
Ywhaz
Ywhah
Timm8b
Ppplca
Ppplcc
Psmcl
Psmc5
Rps15a
Ywhae
Rps14
Rps23
Rps18
Rps29

KPYM
RL10A
0DB2
CCHL
PIPNA
RAB2A
CNBP
IDHP
MSH6
RD23B
PRS6B
PUR8
IRG1
RAB10
RAB8B
AMRP
STMN2
ATPK
ALR
CX6B1
CYBS5
ATPB
PDCD5
EXOSX
VATD
EF1D
ACTN1;ACTN4
TM9S2
EF2
TPM1
B2L13
IF5
RIN3
ARPC4
EIF3E
PCBP1
PCBP1
ACTB
ACTB
CDC42
CDC42
IF4A1
RS20
RAB10
RAB8B
uB2D3
uBC12
UBE2N
ARF1;ARF3
RL26
PSME3
MGN2 ;MGN
RL27
RL37A
S61A1
ARF4
ARF4 ;ARF5
PFD3
HNRPK
1433G
14332
1433G
TIM8B
PP1A
PP1G
PRS4
PRS8
RS15A
1433E
RS14
RS23
RS18
RS29

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-14.46
-3.95
-6.73
-6.32
-9.08
-2.03
-9.75
-9.53
-11.32
-7.66
-3.51
-2.98
-13.24
-2.86
-4.76
-5.93
-4.04
-15.69
-9.16
-4.37
-3.88
-17.16
-1.44
-17.58

-13.96

-17.84
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956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028

Rps1l

Snrpf

Snrpg

Lsm3

Lsm6

Snrpd1
Snrpd2
Snrpd3
Psmc6
Dynirbl
Eefla2

Rpsédx

Rpl18a

Rps6

H4cl
Atpévlb2
RablA

Ran
Rapla;Raplb
Rps15

Rps25

Rps26

Rps28

Gnb1
Gnb1;Gnb2
Gnb2

RpI30

Rpl31

Rps3

Rpl8

Ybx1
Rps27a;Uba52
Tra2b

Racl
Racl;Rac2
Hspa8

Tptl

Dnajal

Hspdl

Eifde

Mapk1
Mapk1;Mapk3
Ppplcc
Ywhaz
Ywhab;Ywhag;Ywhaz
Sumol
Dynll1;DynlI2
Gng2

Eif5a

Cripl

Rps17

Ube2i

Rps10

Phb1

Rpl22
Actal;Actcl
Rack1

Ywhaq
Tubada
Tubalc;Tubada
Tuba8;Tubal3
Tuba4da;Tuba8
Tubb4b
Tubb4b;Tubb5
Tubb2a
Tubb3;Tubb4b
Tubb4b;Tubb5
Tubb2a
Tubb4b;Tubb5
Tubb5
Tubb4b;Tubb6
Ywhah

Kpnb1

RS11

RUXF

RUXG

LSM3

LSM6

SMD1
SMD2
SMD3
PRS10
DLRB1
EF1A2

RS4X

RL18A

RS6

H4

VATB2
RAB1A

RAN

RAP1A ;RAP1B
RS15

RS25

RS26

RS28

GBB1
GBB1;GBB2
GBB2

RL30

RL31

RS3

RL8

YBOX1

RL40 ;RS27A
TRA2B
RAC1

RAC1 ;RAC2
HSP7C

TCTP

DNJA1

CHe0

IFAE

MKO1
MKO01 ;MKO03
PP1G

14337
1433B;1433T ;1433Z
sumo1
DYL1;DYL2
GBG2

IF5A1

CRIP1

RS17

UBC9

RS10

PHB1

RL22

ACTC ;ACTS
RACK1
14337
TBA4A
TBALC ;TBA4A
TBAS ;TBAL3
TBA4A ;TBA8
TBB4B
TBB4B ;TBB5
TBB2A

TBB3 ;TBB4B
TBB4B ;TBB5
TBB2A
TBB4B ;TBB5
TBBS

TBB4B ;TBB6
1433F

IMB1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-12.17
-7.97
-18.30
-7.68
-7.42
-2.55
-11.92
-12.58
-5.39
-5.02
-5.86
-18.99
-11.88
-7.13
-12.60
-13.41
-1.77
-11.64
-8.50
-1.02
-4.97
-15.57
-9.97
-12.39
-15.29
-12.75
-12.29
-17.19
-21.95
-17.21

-22.27

-14.11
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1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101

Pknl
Mpp1l
Hnrnph2
Hint1
Elavil
Idh3g
Vasp
Naca
Casp3
Gaa
Cct7
Cct2
Cct4
Cct5
Cctba
Cct3
Renbp
Wnk1
Arf5

Erh
Ap2m1l
Rhog
Srsf3
Srsf3;Srsf7
Serpinfl
Mcm?2
Mcmé
Atp1b3
Anxad
Rps5
Smarccl
Sirpa
Smnl
Fh

Ctsc
Anp32e
G3bp1
Rbbp6
Tubb5
Tubb5
ubb5
Uqcrh
Prdx5
Xdh
G6pdx
Apoal
Hnrnpul2
Top2a
Vep
Ubal
Clqc
Nucb1
Atp5fla
Ckb
Topl
Rac2
Atp5me
Anxa7
Acads
Ambp
Lgals3bp
Cbfb
Prosl
Fbinl
Ncfl
Npepps
Nsun2
Myl12b
Gmps
Mat2a
Usp39
Prrc2c
Hk3

PKN1
EMS55
HNRH2
HINT1
ELAV1
IDHG1
VASP
NACAM
CASP3
LYAG
TCPH
TCPB
TCPD
TCPE
TCPZ
TCPG
RENBP
WNK1
ARF5
ERH
AP2M1
RHOG
SRSF3
SRSF3 ;SRSF7
PEDF
MCM2
MCM6
AT1B3
ANXA4
RS5
SMRC1
SHPS1
SMN
FUMH
CATC
AN32E
G3BP1
RBBP6
TBB5
TBB2A
TBB2A
QCR6
PRDX5
XDH
G6PD1
APOA1
HNRL2
TOP2A
TERA
UBA1
ciac
NUCB1
ATPA
KCRB
TOP1
RAC2
ATPSI
ANXA7
ACADS
AMBP
LG3BP
PEBB
PROS
FBLN1
NCF1
PSA
NSUN2
ML12B
GUAA
METK2
UBP39
PRC2C
HXK3

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-11.10
-6.43
-6.86
-1.83
-8.23
-11.21
-9.05
-18.94
-10.61
-1.77
-9.81
-5.55
-11.91
-2.97
-10.09
-16.82
-8.53
-16.63
-6.21
-1.70
-11.37
-8.71
-12.74
-1.30
-11.71
-10.40
-15.55
-7.12
-12.46
-7.87
-0.84
-7.88
-20.26
-13.28
-11.94
-12.02
-12.12
-11.99
-3.53
-5.12
-8.94
-11.14
-3.84
-2.36
-19.65
-18.02
-3.68
-12.28
-17.12
-13.19
-7.71
-16.05
-15.14

289



1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174

Uap1ll
Srsfé
Khsrp
Ddb1
Gpsm3
Esytl

Lbr
Pdap1l
Arhgapl7
Mylk2
Sf3b2
Smul
Arglul
Ppplr7
Skap2
Ttbk2
Resdl
Mthfd1l
Abracl
Cdv3
Ddx17
Ddx17;Ddx5
Lrrc47
Thrap3
Spag9
Mypn
Nufip2
Rilp

Pfas
Ogdh
Myl6
Grb2
Irag2
Ppp5Sc
Psmb6
Samhd1
Csnk2al
Khdrbs1
Serpinb6
Stip1
Vdac2
Vdacl
Rbbp4;Rbbp7
Tmpo
Harsl
Ppmlg
Ptpn18
Maprel
Prdx2
Pafah1b2
Psap
Arhgefl
Lepl
Lcpl;Pls3
Soatl
Hspad
Hspa4;Hsphl
Glgl
Ewsrl
Fxrl
Gdi2
Arhgdib
Ddx5
Cbx5
Itih2
Itih3
Kif5b
Laspl
Pzp
A2m;Pzp
Mcm?7
Pcbp2
Srsf2

UAPIL
SRSF6
FUBP2
DDB1
GPSM3
ESYT1
LBR
HAP28
RHG17
MYLK2
SF3B2
sSMuU1
ARGL1
PP1R7
SKAP2
TTBK2
CpzIp
C1T™M
ABRAL
Ccbv3
DDX17
DDX17 ;DDX5
LRC47
TR150
JIP4
MYPN
NUFP2
RILP
PUR4
0oDo1
MYL6
GRB2
IRAG2
PPP5
PSB6
SAMH1
CSK21
KHDR1
SPB6
STIP1
VDAC2
VDAC1
RBBP4 ;RBBP7
LAP2A
HARS1
PPM1G
PTN18
MARE1
PRDX2
PA1B2
SAP
ARHG1
PLSL
PLSL ;PLST
SOAT1
HSP74
HS105 ;HSP74
GSLG1
EWS
FXR1
GDIB
GDIR2
DDX5
CBX5
ITIH2
ITIH3
KINH
LASP1
PzZP
A2MG ;PZP
MCM7
PCBP2
SRSF2

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-10.60
-19.01
-9.55
-2.06
-7.62
-3.48
-7.78
-1.26
-3.75
-10.80
-10.60
-7.81
-1.11
-3.31
-5.62
-4.35
-4.41
-5.96
-6.50
-8.30
-10.22
-14.96
-2.28
-13.95

-13.95

-16.93

-13.34
-12.59
-12.71
-12.26
-16.41
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1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247

Rhoc
Ssr4

Shh

Snrpc

Tsn

Tfrc
Snrnp70
Zprl

Dbnl
Sh3gll
Ostfl
Ndrgl
Eif4g2
Mapk3
Raly
Btf3;Btf314
Lilrb4a
Stxbp2
Sgstm1
Bcl2l1
Hspel
Atpla2;Atpda
Atplal;Atpda
H2bc3
Tpp2
Gpd2
H2ac20;Hist2h2aal
Hist2h2bb
Srm

Vel

Cltc
Ahcyl2
Macfl
Cep170
A2m
Nomol
Tpm4
U2surp
Eif4gl

Sri
Xpnpepl
Ppp2r2a
Snrnp200
Rrp12
Xpol

Nes

Pcnp
Fkbp15
TxIna

Pigs

Srsfl
Stoml3
Naa50
Camk2d
Atplal;Atpla2
Ketd12
Wdr43
Ugtla7
Lsm8
Rps9
Rps27;Rps27!
Rpl10
Rpl35
Eif2s1
Apool
Snd1
Mtchl
Mtch2
Cyfipl
Shql
Luc7l;Luc7I2
Spag7
Eml2

RHOC

SSRD

SHH

RU1C

TSN

TFR1

RU17

ZPR1

DBNL
SH3G1
OSTF1
NDRG1
IF4G2
MKO03

RALY

BT3L4 ;BTF3
LRB4A
STXB2
SQST™M
B2CL1
CH10
AT1A2 ;ATP4A
AT1A1 ;ATP4A
H2B1B
TPP2
GPDM
H2A2A ;H2A2C
H2B2B
SPEE

VINC

CLH1
SAHH3
K0754 ;MACF1
CE170
A2MG
NOMO1
TPM4
SR140
IF4G1
SORCN
XPP1

2ABA

us20
RRP12
XPO1

NEST

PCNP
FKB15
TXLNA

PIGS

SRSF1
STML3
NAAS0
KCC2D
AT1A1 ;AT1A2
KCD12
WDR43
ub17

LSM8

RS9

RS27L ;RS27
RL10

RL35

IF2A

Mic27
SND1
MTCH1
MTCH2
CYFP1
SHQ1

LC7L2 ;LUC7L
SPAG7
EMAL2

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-5.31
-13.30
-18.49
-7.61
-8.63
-1.86
-14.06
-2.47
-12.52
-10.32
-5.92
-12.50
-11.04
-5.28
-12.15
-12.35
-6.47
-2.44
-6.28
-2.28
-9.23
-16.75
-12.64
-17.47
-6.28
-0.84
-15.21
-20.70
-3.21
-6.41
-18.86
-1.09
-4.32
-4.18
-18.99
-8.65
-10.77
-1.47
-3.24
-5.69
-2.22
-2.90
-6.98
-7.56
-1.00
-12.36
-4.65
-10.49
-2.62
-5.62
-13.29
-5.14
-4.07
-6.92
-12.00
-11.24
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1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320

Mybbp1la
Septin9
Naal5
Mogs
Dnph1l
Hydin
Mtdh
Glrx5
Safb2
Gns
Tufm
Thpol
Actbl2
Hnrnpa3
Pld4
Psmd11
Eif4b
Samm50
Aarsl
Bola2
Smndcl
Pck2
Tm9sf4
Wasf2
Slc25a12
Clice
Ptbp3
Ganab
lars2
Cstf2
Nup93
Psmd5
Ahsal
Rcc2
Ipo5
Srsf7
Arid5b
Srp68
Slc25a24
Dlat
Larsl
Ckap4
Qars1
Cibarl
Nars1
Metapl
Elmo1l
Slc15a3
Ppp1ri8
Cnpy4
Hus1
Srrm2
Flna
Flna;Finc
Sec62
Atp6vih
Acaa2
Etfl
Gemin5
Vps13c
Taok3
Map1ls
Asrgll
Ppp4rd
Cpnel
Rbm14
Rael
Myef2
Immt
Rassf4
Abil
Pabpnl
Txnll

MBB1A
45909
NAA15
MOGS
DNPH1
HYDIN
LYRIC
GLRX5
SAFB2
GNS
EFTU
TNPO1
ACTBL
ROA3
PLD4
PSD11
IF4B
SAMS50
SYAC
BOLA2
SPF30
PCKGM
TM9S4
WASF2
$2512
CLIC6
PTBP3
GANAB
SYIM
CSTF2
NUP93
PSMD5
AHSAL
RCC2
IPO5
SRSF7
ARISB
SRP68
sCMC1
0DP2
SYLC
CKAP4
sYQ
CBAR1
SYNC
MAP11
ELMO1
S15A3
PPR18
CNPY4
HUS1
SRRM2
FLNA
FLNA ;FLNC
SEC62
VATH
THIM
ERF1
GEMIS
VP13C
TAOK3
MAP1S
ASGL1
PP4R4
CPNE1
RBM14
RAEIL
MYEF2
MIC60
RASF4
ABI1
PABP2
TXNL1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-11.06

-13.56

-14.93

-11.70

-1.10

-0.69

-1.90

-0.49
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1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393

Smcol
Smc2
Eprsl
Lonpl
H2bc12
Hist1h2bp
Pgp
Slain2
Copa
Gpr84
Mrgprx1
Trip10
Eif3b
Acsl5
Slc25a1
Gmds
Gfm1
Pdxk
Cmc2
Fermt3
Spats2
Nckap1l
Colgaltl
Brox
Shtnl
Matr3
Sf3al
Eif3l
Aimp2
Gsptl
Hnrnpl
Sgpll
Kihi36
Erola
Eif3c
Mtss1
Spart
Ubginl
Apobr
Cth
Rnpep
Myh9
Hdlbp
Adpgk
Psmd2
Atplal
Ptgr2
Ddx39a;Ddx39b
Recl
Pdcd10
Srsf4
Ccdcl15
Rpe
Zngl
Hnrnpu
Slc25a3
Rbm39
Amot
Gatad2b
Sfpa
Nono;Sfpg
Traml
Rab14
Sfxn3
Acly
Eif4a3
Ndufs1
Rnh1
Pgbpl
Chchdé
Atp5flc
Brk1
Sh3bgrl3

SMCO1
SMC2
SYEP
LONM
H2B1K
H2B1P
PGP
SLAI2
COPA
GPR84
MRGX1
Clp4
EIF3B
ACSLS
TXTP
GMDS
EFGM
PDXK
COXM2
URP2
SPAS2
NCKPL
GT251
BROX
SHOT1
MATR3
SF3A1
EIF3L
AIMP2
ERF3A
HNRPL
SGPL1
KLH36
ERO1A
EIF3C
MTSS1
SPART
usQlLl
APOBR
CGL
AMPB
MYH9
VIGLN
ADPGK
PSMD2
AT1A1
PTGR2
DX39A ;DX39B
RCC1
PDC10
SRSF4
CC115
RPE
ZNG1
HNRPU
S25A3
RBM39
AMOT
P66B
SFPQ
NONO ;SFPQ
TRAM1
RAB14
SFXN3
ACLY
IF4A3
NDUS1
RINI
PQBP1
MIC25
ATPG
BRK1
SH3L3

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-5.72
-11.78
-2.00
-5.04
-18.73
-12.06
-9.86
-4.02
-6.65
-12.79
-3.19
-4.13
-7.68
-1.04
-2.62
-7.06
-9.57
-13.69
-6.27
-2.58
-4.14
-2.11
-5.37
-11.52
-0.81
-2.60
-7.52
-1.55
-5.89
-5.24
-7.02
-6.17
-2.55
-11.26

-15.26

-10.73
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1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466

Slc39a8
Csdel
Txndc5
Hkdcl
Eif3h
Dus3l|
Arrb2
Rpnl
Twfl
Dnajc3
Ugp2
Snx18
Dst
Mia2
Lrpl
Scpepl
Fdps
Tardbp
Tf
Sf3b3
Cyrib
Torlaipl
Darsl
Mthfd1
Pcyt2
Mtarc2
Pdia6
Ubxnl
Trim59
Blvrb
Sf3b5
Cers2
Dhrs7b
Rfc4
Mpst
Psipl
Sfxnl
Hadhb
Actr3
Nono
Psatl
Hagh
Vwa5a
Tmed9
Aco2
Dhrs1
Gmpr2
Eif2s2
St13
Mat2b
Ndufa10
Gpsl
Abcf2
Abhd12
Gtpbp4
Mrps18b
Mrps5
Ubgln4
Sf3bl
Pard3
Rtn4
Ogfr
Arhgdia
Prpf8
Npm3
Tomm?22
Mydgf
Ssr2
Lamtorl
Nudcd2
Pgls
Mtap
Uqgcrq

S39A8
CSDE1
TXND5
HKDC1
EIF3H
DUS3L
ARRB2
RPN1
TWF1
DNJC3
UGPA
SNX18
DYST
MIA2
LRP1
RISC
FPPS
TADBP
TRFE
SF3B3
CYRIB
TOIP1
SYDC
C1TC
PCY2
45718
PDIAG
UBXN1
TRI59
BLVRB
SF3B5
CERS2
DRS7B
RFC4
THTM
PSIP1
SFXN1
ECHB
ARP3
NONO
SERC
GLO2
VMASA
TMED9
ACON
DHRS1
GMPR2
IF2B
F10A1
MAT2B
NDUAA
CSN1
ABCF2
ABD12
GTPB4
RT18B
RTO5
usQL4
SF3B1
PARD3
RTN4
OGFR
GDIR1
PRP8
NPM3
TOM22
MYDGF
SSRB
LTOR1
NUDC2
6PGL
MTAP
QCR8

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-22.46
-3.35
-10.36
-12.29
-2.18
-3.85
-3.98
-14.94
-5.78
-2.27
-9.38
-3.60
-1.92
-6.58
-4.89
-2.07
-12.73
-14.28
-14.60
-5.21
-7.26
-11.82
-14.95
-3.26
-3.25
-11.48
-8.11
-12.56
-9.00
-15.17

-11.87

-14.97
-15.50

-19.84

294



1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539

Ndufa2
Ntpcr
Chmp1b2
Gmfb
Cotll
Trapl
Atp5pb
Rps21
Ppp6c
Sec61b
Txndc12
Ywhab
Arl8b
Ifitm3
CybSb
Ufcl
Ppid
Hypk
Rpl14
Slc25a11
Uqcrfsl
Carhspl
Fam136a
Chchd3
Snwl
Smcla
Arpc2
Smc3
Tubb2b
Atic
Snx2
Pfdnl
Pin4
Rbm8a
HnrnpaO
Tmed5
Cacybp
Mrps28
Ssrl
Chtop
Blvra
Gins3
Zcchce8
Tomm34
Spcs2
Ugercl
Nsflic
Garsl
Rpl15
Shmt2
Cs
Tomm70
Rps19
Ube2vl
Pdhb
Srsf9
Pbdcl
Hnrnpm
Lmanl
Pgm1
Oxctl
Prpsapl
Cycl
Tarsl
Lsm12
Znf706
Gatd3
Ciao2b
Cndp2
Vps28
Tmed10
Rablb
Chchd2

NDUA2
NTPCR
CH1B2
GMFB
COoTL1
TRAP1
AT5F1
RS21
PPP6
SC61B
TXD12
14338
ARL8B
IFM3
CYB5B
UFC1
PPID
HYPK
RL14
M20M
UCRI
CHSP1
F136A
MIC19
SNW1
SMC1A
ARPC2
sSMC3
TBB2B
PUR9
SNX2
PFD1
PIN4
RBMSA
ROAO
TMEDS
CYBP
RT28
SSRA
CHTOP
BIEA
PSF3
ZCHC8
TOM34
SPCS2
QCR1
NSF1C
GARS
RL15
GLYM
Cisy
TOM70
RS19
UB2v1
0oDPB
SRSF9
PBDC1
HNRPM
LMAN1
PGM1
SCOT1
KPRA
Ccyl
SYTC
LSM12
ZN706
GAL3A
CIA2B
CNDP2
VPS28
TMEDA
RAB1B
CHCH2

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-1.15
-6.37
-13.89
-10.41
-6.06
-3.91
-1.97
-2.07
-8.62
-1.84
-2.99
-18.98

-16.01

-12.31

-10.93

-13.97

-16.37
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1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612

Chordcl
Rpl34
Bcas2
Dlst
Acpl
Atp5fid
Sf3a3
Sec23b
Ppile
Idh3a
Nop56
Lhpp
Serpinb12
Rpl22I11
Rpl37
Timm50
Arpc5l|
Chmp4b
Eeflg
Rexo2
Bolal
Gsdmd
Slirp
Snx5
Efhd2
Tnfaip8I2
Atg7
Tmem160
Gatm
Atp5po
Ugcrc2
Prkarla
Ap2b1
Lman2
Pgaml
Xrn2
Tmem43
Eif3k
Pycr3
Pgd
Trmt112
Ciao2a
Paics
Ethel
Cyb5r3
Akrle2
Etfb
Atp5pd
Emc7
Pycard
Pik3ap1
Vps35
Ehd4
Set
Stx12
Mesd
Csell
Scamp2
Inpp5d
Sdf2l11
Anp32b
Brd4
Dkcl
Rnf114
Jph3
Tmod3
Plek

Ide
Dynclhl
Stk3
Gtf2irdl
Naip6
Prmtl

CHRD1
RL34
SPF27
0DO02
PPAC
ATPD
SF3A3
SC23B
PPIL6
IDH3A
NOP56
LHPP
SPB12
RL22L
RL37
TIM50
ARP5L
CHM4B
EF1G
ORN
BOLA1
GSDMD
SLIRP
SNX5
EFHD2
TP8L2
ATG7
TM160
GATM
ATPO
QCR2
KAPO
AP2B1
LMAN2
PGAM1
XRN2
TMM43
EIF3K
P5CR3
6PGD
TR112
CIA2A
PUR6
ETHE1
NB5R3
AKCL2
ETFB
ATPSH
EMC7
ASC
BCAP
VPS35
EHD4
SET
STX12
MESD
XP0O2
SCAM2
SHIP1
SDF2L
AN32B
BRD4
DKC1
RN114
JPH3
TMOD3
PLEK
IDE
DYHC1
STK3
GT2D1
BIR1F
ANM1

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-1.56

-11.96

-13.21

-12.19

-10.61

-15.17
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1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685

Dazapl
Akrlal
Flii
RpI38
Sh3bgrl
Sh3glbl
Mygl
Ybx3
Mrpl39
Tmod2
Hyoul
Adrm1
Fmnl1l
Sart3
Aldh9al
Cd2ap
Git2
Nt5c
Stapl
Uspl4
Znf207
Edfl
Txnrd1
Rhoa
Acsl4
Psma6
Prep
Pinl
Lsm4
Copg2
Plec
Cnpy2
Slc25a13
Ehd1;Ehd3
Vapa;Vapb
Clica
Rdh11
Qki
Vps29
Slc25a10
Fhi3
Gygl
Comp
Esd
Dstn
Seclla
Tmed2
Srsf10
Acot9
Sqor
Psma4
Psmb3
Psmb2
Psmal
Plp2
Myolc
Ruvbl2
Ak3
Skpl
Pfkp
Stubl
Eifah
Corolb
Suclgl
Uchls
Ctsz
Fam50a
Arpclb
Asahl
Vapa
Timm9
Timm8al
Bub3

DAZP1
AK1A1
FLII
RL38
SH3L1
SHLB1
MYG1
YBOX3
RM39
TMOD2
HYOU1
ADRM1
FMNL1
SART3
AL9A1
CD2AP
GIT2
NT5C
STAP1
UBP14
ZN207
EDF1
TRXR1
RHOA
ACSL4
PSA6
PPCE
PIN1
LSM4
COPG2
PLEC
CNPY2
§2513
EHD1 ;EHD3
VAPA ;VAPB
CLica
RDH11
QKI
VPS29
DIC
FHL3
GLYG
comp
ESTD
DEST
SC11A
TMED2
SRS10
ACOT9
SQOR
PSA4
PSB3
PSB2
PSA1
PLP2
MYO1C
RUVB2
KAD3
SKP1
PFKAP
CHIP
IF4H
COR1B
SUCA
UCHLS
CATZ
FAS0A
ARC1B
ASAH1
VAPA
TIMS
TIMSA
BUB3

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-14.68
-7.98
-5.98
-14.87
-2.25
-1.52
-4.86
-1.34
-2.19
-13.08
-15.93
-20.43
-2.97
-13.93
-12.32
-2.14
-6.24
-4.66
-1.55
-14.07
-3.91
-4.07
-3.54
-9.78
-5.56
-10.22
-4.43
-3.94
-6.78
-10.92

-13.00

-11.04

-1.68

-0.65

-1.12
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Corundum vs. Plasmapore

O ONOUEWNR

B A D DD DWWWWWWWWWWNNNNNNNNNNRERRRRRRRP B
DO PWNROLOEIANUROWNRPOOVLOINOUNRWNROOONOOU A WNERO

Tagln2
Psmd13
Ehd1
Npc2
Lipa
Twf2
Bpntl
Aldh18al
Slc7a5
Sumo3
Uba2
Atp6vicl
Ddx39b
Ndufa7
Clicl
Varsl
Deafl
Usol
Hnrnpc
Suclg2
Crif3
Psma7
Psma5
Hnrnpf
Plpbp
Sartl

Mpegl
Sh3pxd2b
Tpx2
Myh10
Itih4

Cad
Adgrgd
Osbpl8
H2acll
Hmcnl
Safb

Bin2
Bin1;Bin2
Sbf2
Map3k19
Nolcl
Numal
Tpr
QNG1
Rnpepll
Hk2
Sec22b
Dpysl2
Emd
Alyref
Clta

Arg2

DId

Teofl
Prkcsh
Prdx4
Prdx1;Prdx4
Eef2;Eftud2
Aip
Atox1
Degsl
Man2b1
Rpl21
Gclm
Phb2
Atp5ifl
Psmd4
Purb
Srsf5
Srsf4
Kpnad

TAGL2
PSD13
EHD1
NPC2
LICH
TWF2
BPNT1
P5CS
LAT1
SUMO3
SAE2
VATC1
DX398
NDUA7
CLIC1
Syvc
DEAF1
uso1
HNRPC
SUCB2
CRLF3
PSA7
PSAS
HNRPF
PLPHP
SNUT1

MPEG1
SPD2B
TPX2
MYH10
ITIH4
PYR1
AGRG4
OSBL8
H2A1B
HMCN1
SAFB1
BIN2
BIN1;BIN2
MTMRD
M3K19
NOLC1
NUMA1
TPR
QNG1
RNPL1
HXK2
SC228B
DPYL2
EMD
THOC4
CLCA
ARGI2
DLDH
TCOF
GLU2B
PRDX4
PRDX1 ;PRDX4
EF2 ;U551
AlP
ATOX1
DEGS1
MA2B1
RL21
GSHO
PHB2
ATIF1
PSMD4
PURB
SRSF5
SRSF4
IMA3

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-15.16
-9.64
-10.05
-8.30
-5.15
-13.38
-3.06
-12.35
-2.24
-1.78
-11.98
-8.29
-2.03
-2.80
-18.06
-7.96
-15.16
-1.02
-5.38
-2.91
-5.42
-9.74
-14.19
-12.50
-6.33
-0.89

-3.47
-6.46
-6.84
-7.54
-12.19
-8.19
-15.13

-14.17

-1.08
-0.93
-0.83
-1.58
-1.12
-1.70
-0.67
-0.89
-0.77
-0.44
-1.09
-0.69
-0.33
-0.58
-0.93
-0.84
-1.68
-0.16
-0.26
-0.36
-1.89
-0.53
-1.28
-0.92
-0.49
-0.96

0.24
1.59
1.36
0.50
0.82
2.16
1.06
0.37
0.83
1.04
212
0.35
1.55
0.93

1.00
1.29
0.46
0.59
0.81

0.75
0.62
1.22
1.03
0.68

0.45
0.39
0.45
0.49
0.30

1.63
0.20
0.39
0.73
0.14

0.45
0.87
0.34
0.57

1.42
2.00
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
%
91
92
93
9%
95
9%
97
98
99
100
101
102
103
104

106
107
108
109
110
111
112
113
114
115
116
117
118
119

Anp32a;Anp32b
Fkbp8
Neul

Pnn
Hnrnphl
Hnrnpf
Calu
Psmb10
Ddost
Man2b2
Stk10

Eif6

Rpl35a
Dhx9

Ncf2
Pip4k2a
Aifl
Pgam2
Pgaml
Eeflb
Eeflb;Eefld
Epb41l2
Ctss
Vamp8
Psma3
Stx7

Wdrl
Dyncli2
Pptl
Hnrnpa2bl
Psmc3
Idh1

Lgmn

Afm
Mtco2

Cc3

Cab

B2m

H2-L
H2-D1;H2-L
H2-D1
Hba
Hbb-b1
Mt2

Mtl
Mtatp8
lap
Gfap;Vim
Cd74
Aldoc
Aldoa;Aldoc
Aldoa
Itgam
Myl1;Myl3
Ldha

c9

Gpi

Alb
Hsp90aal
Hsp90aal;Hsp90abl
Pdia4
Hsp90b1
Hsp90ab1;Hsp90b1
Sod1
Kras;Nras
Gnai2
Polr2a
Lyz2
Lyz1;Lyz2
Pgk1;Pgk2
ltghl
P4hb

Ncl

AN32A ;AN32B
FKBP8
NEUR1
PININ
HNRH1
HNRH1
CALU
PSB10
0sT48
MA2B2
STK10

IF6

RL35A
DHX9

NCF2
PI42A

AlF1
PGAM2
PGAM1
EF1B

EF1B ;EF1D
E41L2

CATS
VAMP8
PSA3

STX7
WDR1
DC112

PPT1

ROA2
PRS6A
IDHC
LGMN
AFAM
COX2

co3

Co4B
B2MG
HA1L
HA11;HAIL
HA12

HBA

HBB1

MT2

MT1

ATP8

IGEB

GFAP ;VIME
HG2A
ALDOC
ALDOA ;ALDOC
ALDOA
ITAM

MYL1 ;MYL3
LDHA

Cco9

G6PI

ALBU
HS90A
HS90A ;HS90B
PDIA4
ENPL

ENPL ;HS90B
soDC

RASK ;RASN
GNAI2
RPB1

Lyz2

LYZ1 ;LYZ2
PGK1 ;PGK2
ITB1

PDIA1
NUCL

-10.41
-2.66
-5.30
-7.37
-7.33
-8.58
-1.79
-15.38
-2.08
-3.44
-3.70
-5.76
-6.33
-11.04
-8.72
-4.50
-1.54
-15.00
-14.87
-19.65
-9.91
-6.59
-1.06
-2.17
-1.25
-8.67
-8.71
-8.63
-8.34
-12.93
-1.49
-4.19
-2.46
-10.05
-9.16
-11.75
-4.85
-3.94
-13.52
-3.17
-14.26
-10.52
-11.91
-11.80
-13.83
-16.99
-12.29
-2.57
-1.63
-10.97
-14.47
-22.67

-11.02

-15.07

0.71
0.57
1.47
1.72
0.59
0.75
0.11
137
0.19
0.81
0.79
0.18
0.73
0.64
0.78
2.03
0.76
0.90
1.04
1.47
1.44
0.73
0.09
0.22
0.12
0.58
0.32
0.89
0.37
0.54
0.31
0.36
0.81
0.98
1.86
0.68
1.16
0.20
1.29
0.54
131
0.43
0.88
1.48
1.66
2.61
0.71
0.20
0.31
132
1.35
0.88
0.43

0.42
0.82
0.11
0.77
0.16

0.18
0.26
0.59
0.73
2.27
0.71
0.85
0.13
0.91
0.61

0.56
0.38
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120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

Pgkl

Junb
H2az1;H2az2
Pet117
Ifi204

Eeflal
Eeflal;Eefla2
Ctsh
Eifdal;Eif4a2Eifd4a3
Txn

Tceal

Cdi4
H2bc14
H2bc14

Fnl

Gpx1
Hsp90ab1
Itga5

Tepl

App

Cox5a

Cd5

Umps

Icam1

Calr

Lmnb1
Lmnb1;Lmnb2
Lmna

Anxab

Glul

Bpgm

Cda4

Nmel
Nmel;Nme2
H1-2;H1-3;H1-4;H1-5
H1-2;H1-3;H1-4
H1-2;H1-3
Lgals1

Lgals3

Srpl4

Hspaill
Hspal
Hspa2;Hspa8
Ctsa

Gapdh
Lamp2
Hspa2;Hspa8
Enol
Enol;Eno2
Eno2;Eno3
Ap2al

Ppia

Tpil

Slc2al

Pcna

Ctsd

Cox4il

Lspl

Hspa5

Hexb

Prdx3

Vim

Fcerlg

Plg

Tpm3
Tpm1;Tpm3
Tpm4

Gc

Cd72

Rarb

Eif3a

Cbx3
Cbx3;Cbx5

PGK1
JUNB

H2AV ;H2AZ
PT117

IFI4

EF1A1

EF1A1 ;EF1A2
CATB

IFAAL ;IFAA2IFAA3
THIO

TCEAL

cp14

H2B1B
H2B1M

FINC

GPX1

HS90B

ITAS

TCPA

A4

COX5A

cD5

UMPS
ICAM1

CALR

LMNB1
LMNB1 ;LMNB2
LMNA
ANXA6
GLNA

PMGE

cDaa

NDKA

NDKA ;NDKB
H12 ;H13 ;H14 ;H15
H12 ;H13 ;H14
H12 ;H13
LEG1

LEG3

SRP14
HS71L

BIP

HSP72 ;HSP7C
PPGB

G3P

LAMP2
HSP72 ;HSP7C
ENOA

ENOA ;ENOG
ENOB ;ENOG
AP2AL

PPIA

TPIS

GTR1

PCNA

CATD

coxal

LSP1

BIP

HEXB

PRDX3

VIME

FCERG

PLMN

TPM3
TPM1;TPM3
TPM4

VTDB

D72

RARB

EIF3A

CBX3

CBX3 ;CBX5

-21.43

-12.67

-11.45
-9.03
-19.66
-22.03
-4.54
-13.19
-14.11
-7.36
-11.39
-15.88
-5.61
-6.04
-24.40
-14.10
-5.32
-14.60
-14.88
-8.58
-6.71
-1.29
-1.73
-10.55
-7.28

1.14
2.55
0.26
2.40
0.43
0.83
0.29
0.13
0.42
0.91
0.62
111
0.58
0.86
1.07
0.96
2.01
0.36
0.70
0.24
1.66
1.88
0.86
0.72
1.62
0.31
0.55
2.80
1.40
0.22
227
0.81
1.48
0.40
0.69
1.05
0.95
0.19
0.12
0.55
243
0.49
0.29
0.44
0.81
0.90
0.43

0.36
0.42
3.23
227
132
0.99
113
0.74
0.63
0.51
0.77

0.31
0.29
0.91
0.42
0.48

0.80
0.66
1.57
0.23

0.94
0.31
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193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

234
235
236
237
238

240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

258
259
260
261
262
263
264
265

Pcmtl
Cat

Capg
Lta4h
Impdh2
Impdh1;impdh2
Rps2

Lyn

Tin1

Ezr

Msn
Msn;Rdx
U2af2
Sarsl
Fkbpla
Snrpb;Snrpn
Gnal3
H2ax
Pdia3
Cebpb
Apex1
Nap1l1
Nap1l1;Napll4
Mugl
Grn
Prked
Pabpcl
Hexa
Nedd8
Ahsg
Oat
Alox5ap
Fkbp4
Hmgb2
Hmgb1;Hmgb2
Aimp1l
Cd68
Scp2
Serpincl
Wars1
Ranbp1l
Mif
Rab21
Ppard
Prdx1
Rpl18
Gnl1l
Hspa9
Dnm2;Dnm3
Tkt

Csk
Cd86
Septin2
Cox6al
H1-3;H1-4;H1-5
H1-1
H1-5
Akrlbl
Akrib8
Fkbp2
Rangapl
Nsf
Psmc2
Adss2
Stt3a
Tes
Aldh2
Capzal;Capza2
Capzb
Srprb
Rpl29
Rplpl
Rpl13

PIMT

CATA

CAPG
LKHA4
IMDH2
IMDH1 ;IMDH2
RS2

LYN

TLN1

EZRI

MOES
MOES ;RADI
U2AF2
SYSC

FKB1A
RSMB ;RSMN
GNA13
H2AX
PDIA3
CEBPB
APEX1
NP1L1
NP1L1;NP1L4
MUG1

GRN

KPCD
PABP1
HEXA
NEDD8
FETUA

OAT

ALSAP
FKBP4
HMGB2
HMGB1 ;HMGB2
AIMP1
CD68

SCP2

ANT3

SYwC
RANG

MIF

RAB21
PPARD
PRDX1
RL18

GNL1
GRP75
DYN2 ;DYN3
TKT

CSK

CD86
45902
CX6A1

H13 ;H14 ;H15
H11

H15

ALDR

ALD2
FKBP2
RAGP1

NSF

PRS7
PURA2
STT3A

TES

ALDH2
CAZA1 ;CAZA2
CAPZB
SRPRB

RL29

RLA1

RL13

-6.18
-9.87
-10.55
-21.06
-11.32
-8.05
-8.30
-5.81
-4.77
-12.48
-3.26
-11.24
-5.95
-2.93
-4.38
-9.35
-12.82
-15.76
-17.26
-19.29
-10.74
-4.78
-1.32
-14.29
-14.67
-12.65
-2.75
-14.75
-1.67
-1.02
-12.49
-1.94
-0.94
-13.90
-9.91
-18.56
-1.43
-7.70
-9.43
-10.75
-12.79

-21.14

-15.78

2.05
2.88
0.39
1.68
173
0.38
0.73
0.21
0.82
0.33
0.19
0.29
0.31
0.16
0.27
0.56
0.90
2.80
1.49
0.70
2.18
0.80
0.13
1.69
1.03
0.57
1.09
0.39
0.11
0.43
1.06
0.12
0.06
0.63
0.54
193
0.08
1.07
131
111
1.25
0.72
2.08
1.06
0.27
0.57
0.07

0.37
1.92
0.42
0.16
0.69

151
2.03
1.54
0.18
0.10

0.78
0.63
0.37
0.19
0.54
0.86
0.55
0.31
137
0.45

0.97
2.04
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266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

Rpl36
Eifl
Anxa5
Tbca
Lmna
Alox5
Hnrnpal
Hcls1
Mcm4
Psma2
Srp9
Arsb
Acadl
Rpl9
Dynlt1
Hdgf
Kpna2
Pkm
Ndufsé
Rpl10a
Dbt
Hces
Pitpna
Cnbp
Dnajc2
Stmn1;Stmn2
Mshé
Rad23b
Acodl
Sh3bp1
Lrpapl
Stmn2
Atp5Smf
Gfer
Atp5fle
Cox6b1
Cyb5a
Atp5flb
Pdcd5
Exosc10
Erp29
Eefld
Eef2
Tpm1
Eif5
Rin3
Arpcd
Eif3e
Nploc4
Actb;Actgl
Actcl;Actgl
Cdc42
Rps20
Rab8b
Actr2
Rpl37a
Arf4
Arfa;ArfS
Vbp1l
Copz1
Sumo2;Sumo3
Ywhab
Ywhag;Ywhah
Ywhah
Timm10
Timm13
Timm8b
Rps7
Ppplca
Rps15a
Rps14
Rps23
Rps18

RL36
EIF1
ANXAS
TBCA
LMNA
LOX5
ROA1
HCLS1
MCM4
PSA2
SRP09
ARSB
ACADL
RL9
DYLT1
HDGF
IMA1
KPYM
NDUS6
RL10A
0DB2
CCHL
PIPNA
CNBP
DNJC2
STMN1 ;STMN2
MSH6
RD23B
IRG1
3BP1
AMRP
STMN2
ATPK
ALR
ATPSE
CX6B1
CYBS
ATPB
PDCDS5
EXOSX
ERP29
EF1D
EF2
TPM1
IF5
RIN3
ARPC4
EIF3E
NPL4
ACTB ;ACTG
ACTG ;ACTS
CDC42
RS20
RAB8B
ARP2
RL37A
ARF4
ARF4 ;ARF5
PFD3
copz1
SUMO2 ;SUMO03
14338
1433F ;1433G
1433G
TIM10
TIM13
TIM8B
RS7
PP1A
RS15A
RS14
RS23
RS18

1.03
133
1.02
0.06
193
0.14
0.42
0.67
0.60
2.90
0.32
0.77
0.67
0.34
0.16
0.81
0.14
0.33
0.69
0.85
0.62
1.49
1.59
0.22
151
0.85
0.60
0.73
0.45
0.83
1.36
0.63
2.29
0.11
1.86
0.58
0.77
0.67
0.77
0.21
0.99

0.57
0.40
191
0.69
2.02
0.31
0.73
0.87
0.41
1.22
0.22
0.72
0.39
0.56
0.28
0.44
1.26
2.29
0.39
0.10
2.58
1.05
0.60

0.40
0.88
0.06
0.27

0.70
0.16
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339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411

Rps29
Rps13
Snrpf
Snrpg
Lsm6
Snrpd3
Dynlrb1
Eefla2
Rpsédx
Rpl23a
Rps6
Atpévlb2
Rpl23
Rapla;Raplb
Rps15
Rps24
Rps25
Rps28

Fau

Elob

Gnb1
RpI30

RpI39

Rpl31

Rps3

Rpl32

Rpl8

Ybx1

Pfnl
Rps27a
Racl;Rac2
Hspa8
Dnajal
Hspdl
Mapkl
Ywhab;Ywhag;Ywhaz
Sumol
Dynll1;DynlI2
Gng2

Eif5a

Cripl

Phb1
Actal;Actcl
Tubalc;Tubada
Tubal3
Tubb4b
Tubb4b;Tubb5
Tubb2a
Tubb5
Tubb5
Tubb3
Tubb4b;Tubb6
Tubalc;Tuba8
Kpnb1
Psmb7
Pknl

Mpp1l
Pebpl
Tiall
Hnrnph2
Hint1
Elavil

Vasp

Naca

Gaa

Cct7

Cct2

Cct5

Cct6a

Cct3

Wnk1
Phf5a
Rpl36a

RS29

RS13

RUXF
RUXG
LSM6
SMD3
DLRB1
EF1A2
RS4X
RL23A

RS6

VATB2
RL23
RAP1A ;RAP1B
RS15

RS24

RS25

RS28

RS30

ELOB

GBB1

RL30

RL39

RL31

RS3

RL32

RL8

YBOX1
PROF1
RS27A
RAC1 ;RAC2
HSP7C
DNJA1
CH60
MKO1
1433B;1433T ;14332
sumo1
DYL1;DYL2
GBG2
IF5A1
CRIP1
PHB1

ACTC ;ACTS
TBALC ;TBA4A
TBAL3
TBB4B
TBB4B ;TBB5
TBB2A
TBB5

TBB5

TBB3
TBB4B ;TBB6
TBA1C ;TBA8
IMB1

PSB7

PKN1
EMS55
PEBP1
TIAR
HNRH2
HINT1
ELAV1
VASP
NACAM
LYAG

TCPH

TCPB

TCPE

TCPZ

TCPG
WNK1
PHF5A
RL36A

-12.93
-17.43
-0.98
-5.06
-1.66
-4.20
-7.61
-7.29
-12.24
-19.81
-8.79
-0.98
-12.81
-10.86
-2.39
-10.07
-6.95
-10.41

-16.48

-14.62

-14.23

-12.38

-12.20

-15.18

0.80
2.16
0.08
0.89
0.08
0.98
0.54
249
2.10
0.73
0.50
0.09
0.63
0.31
0.33
0.90
1.39
0.84
1.66
0.99
0.78
1.53
0.43
1.09
1.02
0.10
0.92
0.64
0.46
0.24
1.67
0.65
0.66
0.46
0.53
0.89
1.39
0.49
0.29
0.86
0.93

0.21
1.25
0.19
0.61
0.73

0.49
0.81
1.38
1.00
2.62
0.85
0.61
0.32
2.09
1.45
0.65

1.61
0.85
0.38
1.02
0.20

0.26
0.14
0.14
0.17

231
1.57
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412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
a41
442
443
444
445
446
247
448
449
450
451
452
453
454
455
456
457

459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

Rhog
Rpl19
Srsf3
Serpinfl
Csrpl
Rps3a
Bopl
Rps5
Gcle
Smarccl
Sirpa

Fh
Fxyd5
G3bpl
Rbbp6
Tubb5
Tubb2a
Tubb5
Uqcrh
Apoal
Nme2
Vep
Clqc
Nucb1
Atp5fla
Ckb
Rac2
Larp7
Atp5me
Acads
Ambp
Lgals3bp
Bax
Cbfb
Prosl
Fbinl
Npepps
Nsun2
Myl12b
Gmps
Mat2a
Usp39
Prrc2c
Uaplll
Srsfé
Psmd1
Khsrp
Fubp1;Khsrp
Lbr
Eif3j1;Eif3j2
Arhgap17
Mylk2
Smul
Ttbk2
Niban1
Resdl
Mthfd1l
Abracl
Ccdc88b
Cdv3
Ddx17
Lrrc47
Thrap3
Mypn
Nufip2
Rilp

Pfas
Cluh
Grb2
Irag2
Hnrnpd
Hnrnpd;Hnrnpd|
Ppp5¢

RHOG
RL19
SRSF3
PEDF
CSRP1
RS3A
BOP1
RS5
GSH1
SMRC1
SHPS1
FUMH
FXYD5
G3BP1
RBBP6
TBB5
TBB2A
TBB5
QCR6
APOA1
NDKB
TERA
ciac
NUCB1
ATPA
KCRB
RAC2
LARP7
ATPSI
ACADS
AMBP
LG3BP
BAX
PEBB
PROS
FBLN1
PSA
NSUN2
ML12B
GUAA
METK2
UBP39
PRC2C
UAP1L
SRSF6
PSMD1
FUBP2
FUBP1 ;FUBP2
LBR
EI3JA EI3JB
RHG17
MYLK2
SMU1
TTBK2
NIBA1
CPzIP
C1T™M
ABRAL
CcssB
CDv3
DDX17
LRC47
TR150
MYPN
NUFP2
RILP
PUR4
CLu
GRB2
IRAG2
HNRPD
HNRDL ;HNRPD
PPP5

-7.16
-7.12
-11.09
-13.35
-3.23
-0.93
-12.52

-16.47

-14.12

-19.22

-14.93

0.68
0.37
0.72
0.72
0.99
0.21
0.48
112
1.09
117
1.27
0.27
0.22
0.72
0.87
0.62
0.44
1.16
0.80
0.75
0.72
0.20
0.30
1.85
0.28
0.59
0.78
0.29
0.77
197
0.32
0.70
0.97
2.36
249
0.58
1.10
213
0.22
0.34
0.47
0.29
132
2.20
1.47
1.10
1.03

0.68
0.23
0.95
1.53
1.02
0.83
2.74
0.55
0.58
0.20
1.41
193
1.94
0.45
1.80
0.49
0.27

2.72
0.18
0.99
0.21
0.69
0.12
1.34
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485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557

Psmb6
Csnk2al
Khdrbs1
Stipl
Eifla;Eiflax
Arhgef2
Rbbp4
Rbbp4;Rbbp7
Asns
Tmpo
Hars1
Ppmilg
Cdc37
Ptpn18
Ctcf
Maprel
Prdx2
Psap
Arhgefl
Sntb2
Hspa4;Hsphl
Ewsrl
Arhgdib
Ddx19a
Ddx5
Cbx5
Itih2
Itih3
Laspl
Pzp
A2m;Pzp
Mcm?7
Npm1
Pon3
Rhoc
Ssrd
Shh
Snrpc
Tfrc
Snrnp70
Zprl
Tpd52
Dbnl
Sh3gll
Ostfl
Ndrgl
Fkbp3
Vatl
Zyx
Mapk3
Raly

Spr

Btf3
Btf3;Btf314
Fkbp5
Atp7a
Hspel
Atplal;Atpda
H2bc3
H2bc3;Hist1h2bp
Tpp2
H2ac20;Hist2h2aal
Gart
Myof
Macfl
Cepl170
Cdcsl
Nop58
Brmel
A2m
Cltb
Zc3hlla
Eifagl

PSB6
CSK21
KHDR1
STIP1
IF1AX ;IF1A
ARHG2
RBBP4
RBBP4 ;RBBP7
ASNS
LAP2A
HARS1
PPM1G
CDC37
PTN18
CTCF
MARE1
PRDX2
SAP
ARHG1
SNTB2
HS105 ;HSP74
EWS
GDIR2
DD19A
DDX5
CBX5

ITIH2
ITIH3
LASP1

PzP

A2MG ;PZP
MCM7
NPM
PON3
RHOC
SSRD

SHH

RU1C
TFR1

RU17
ZPR1
TPD52
DBNL
SH3G1
OSTF1
NDRG1
FKBP3
VAT1

ZYX

MKO03
RALY

SPRE

BTF3
BT3L4 ;BTF3
FKBP5
ATP7A
CH10
AT1A1 ;ATP4A
H2B1B
H2B1B ;H2B1P
TPP2
H2A2A ;H2A2C
PUR2
MYOF
K0754 ;MACF1
CE170
CDC5L
NOP58
BRME1
A2MG
CLCB
ZC11A
IF4G1

-1.84

-13.72

0.74
0.44
0.60
1.10
0.34
0.92
0.86
1.34
0.56
0.22
0.72
0.15
0.57
0.66
1.48
0.81
0.26
0.33
0.41
1.23
1.04
0.96
0.26
0.59
0.90
0.38
0.68
0.75
0.90
0.29
0.73
0.78
0.62
0.26
0.27
0.89
0.10
1.06
2.04
0.45
0.47
2.04
0.51
0.65
2.72
0.43
0.85

0.95
0.92
0.64
0.33
0.34

2.94
1.69
0.74
0.76
0.87

0.62
0.32
0.37
0.09
0.92

0.39
0.93
0.69
2.88
1.03
1.54
1.95
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558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

Ppp2r2a
Uggtl
Nes
Fkbp15
Oxsrl
Srsfl
Chd4
Naa50
Ketd12
Cand1
Rps27;Rps271
Rpl10
Eif2s1
Tmsb10
Apool
Snd1
Mtchl
Mtch2
Cyfipl
Syncrip
Luc7l;Luc7I2
Spag7
Atxn2l
Sh3d21
Dnphl
Hydin
Mtdh
Finb
Glrx5
Safb2
Tufm
Actbl2
Hnrnpa3
Pld4
Poldip3
Eifdb
Bola2
Smndcl
Pck2
Wasf2
Ptbp3
Cstf2
Sgta
Eif2a
Psmd5
Ahsal
Ipo5
Eeal
Srsf7
Arid5b
Srp68
Dlat
Qars1
Metapl
Rpl24
Elmo1l
Slc15a3
Ppp1rl8
Cnpy4
Cc2d1b
Srrm2
Flna
lars1
Sp110
Nob1
Gemin5
Map1ls
Asrgll
Mbnl1;Mbnl2
Rbm14
Rael
Myef2
Immt

2ABA
UGGG1
NEST
FKB15
OXSR1
SRSF1
CHD4
NAAS0
KCD12
CAND1
RS27L ;RS27
RL10
IF2A
TYB10
Mic27
SND1
MTCH1
MTCH2
CYFP1
HNRPQ
LC7L2 ;LUC7L
SPAG7
ATX2L
SH321
DNPH1
HYDIN
LYRIC
FLNB
GLRX5
SAFB2
EFTU
ACTBL
ROA3
PLD4
PDIP3
IF4B
BOLA2
SPF30
PCKGM
WASF2
PTBP3
CSTF2
SGTA
EIF2A
PSMD5
AHSAL
IPOS
EEA1
SRSF7
ARISB
SRP68
0DP2
sYQ
MAP11
RL24
ELMO1
S15A3
PPR18
CNPY4
Cc2p1B
SRRM2
FLNA
sviC
SP110
NOB1
GEMI5
MAP1S
ASGL1
MBNL1 ;MBNL2
RBM14
RAEIL
MYEF2
MIC60

-4.71

-14.33

-21.10

-11.02

-5.36

0.31
0.81
0.27
0.73
1.79
1.53
0.22
2.09
0.31
0.46
0.47
214
0.63
0.21
1.22
2.53
0.41
1.10
0.27
0.43
0.43
0.61
0.87
161
1.74
112
0.42
1.27
0.62
245
1.93
0.18
0.66
0.31
0.22
0.69
0.87
1.40
1.48
0.38
0.09

2.02
1.58
0.34
1.99
0.92

0.33
0.49
1.81
0.89
0.77
0.70
1.55
0.75
0.47
1.24
1.32
1.08
1.16
0.53
0.29
0.29
0.60

0.44
1.08
3.84
2.87

1.82
0.53
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631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

Abil
Pabpnl
Txnll
Smc2
Eprsl
Lonpl
Hist1h2bp
Pgp
Slain2
Copa
Plcg2
Gpr84
Pak2
Mrgprx1
Trip10
Eif3b
Bclafl
Gmds
Cmc2
Wipf1
Ppplrll
Spats2
Colgaltl
Shtnl
Matr3
Babam2
Arhgef6;Arhgef7
Sf3al
Acatl
Tprkb
Mbnl3
Aimp2
Erola
Nudcd3
Mtss1
Spart
Ubginl
Myh9
Adpgk
Atplal
Ptgr2
Ddx39a;Ddx39b
Pdcd10
Srsf4
Ccdc115
Rpe
Hnrnpu
Amot
Gatad2b
Oas3
Sfpqg
Nono;Sfpq
Ciapinl
Sfxn3
Eif4a3
Nifk
Pgbp1l
Chchd6
Atp5flc
Ddx1
Brk1
Sh3bgrl3
Ubap2
Slc39a8
Txndc5
Hkdcl
Fubpl
Dus3|
Ttcl
Grhpr
Lrpl

Tf
Ddx27

ABI1
PABP2
TXNL1
SMC2
SYEP
LONM
H2B1P
PGP
SLAI2
COPA
PLCG2
GPR84
PAK2
MRGX1
Cip4
EIF3B
BCLF1
GMDS
COXM2
WIPF1
PP1RB
SPAS2
GT251
SHOT1
MATR3
BABA2
ARHG6 ;ARHG7
SF3A1
THIL
TPRKB
MBNL3
AIMP2
ERO1A
NUDC3
MTSS1
SPART
uBQLl
MYH9
ADPGK
AT1A1
PTGR2
DX39A ;DX39B
PDC10
SRSF4
CC115
RPE
HNRPU
AMOT
P66B
OAS3
SFPQ
NONO ;SFPQ
CPIN1
SFXN3
IF4A3
MK671
PQBP1
MIC25
ATPG
DDX1
BRK1
SH3L3
UBAP2
S39A8
TXND5
HKDC1
FUBP1
DUS3L
TTC1
GRHPR
LRP1
TRFE
DDX27

-10.62

-12.61

-15.11

0.49
1.57
0.91
0.34
1.75
0.14
0.17
3.42
0.23
1.28
0.23
0.73
0.92
0.42
3.73
2.02
0.52
1.10
0.64
247
161
121
1.09
1.07
0.85
0.50
0.67
1.46
0.53
0.21
0.40
0.40
0.21
0.14
0.69
2.66
1.27
3.02
0.12
1.04
0.19

0.23
2.50
1.01
1.50
0.31

0.27
0.62
0.45
1.03
1.01
0.44
2.38
0.38
1.34
4.03
1.59

0.25
1.70
0.73
1.01
0.70

1.79
0.80
211
222
0.52
0.49
0.69
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704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749

751
752
753
754
755

757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776

Torlaipl
Darsl
Tubb6
Lrrc59
Ubxnl
Trim59
Blvrb
Sf3b5
Cers2
Taldol
Hnrnpab
Thumpd1
Dhrs7b
Rfc4
Mpst
Psipl
Acyl
Nono
Hagh
Stk24
Dctn2
Nampt
Dhrs1
St13
Mat2b
Abcf2
Rtcb
Grpell
Dpy30
Park7
Rnpsl
Nasp
Gtpbp4
Kars1
Adar
Lpxn
Mrps18b
Mrps5
Ubgln4
Pard3
Ogfr
Rrbpl
Arhgdia
Prpf8
Npm3
Coxéc
Rpl17
Mydgf
Glol
Glod4
Arpc5
Ssr2
Atg3
Dut

Pgls
Mtap
Uqcrq
Ndufa2
Chmp1b2
Gmfb
Cotll
Trapl
Atp5pb
Rps21
Ppp6c
Txndc12
Ifitm3
Ppid
Hypk
Atpévigl
Rpl14
Uqcrfsl
Carhspl

TOIP1
SYDC
TBB6
LRC59
UBXN1
TRI59
BLVRB
SF3B5
CERS2
TALDO
ROAA
THUM1
DRS7B
RFC4
THTM
PSIP1
ACY1
NONO
GLO2
STK24
DCTN2
NAMPT
DHRS1
F10A1
MAT2B
ABCF2
RTCB
GRPE1
DPY30
PARK7
RNPS1
NASP
GTPB4
SYK
DSRAD
LPXN
RT18B
RTO5
usQlL4
PARD3
OGFR
RRBP1
GDIR1
PRP8
NPM3
COXeC
RL17
MYDGF
LGUL
GLOD4
ARPC5
SSRB
ATG3

6PGL
MTAP
QCR8
NDUA2
CH1B2
GMFB
COoTL1
TRAP1
AT5F1
RS21
PPP6
TXD12
IFM3
PPID
HYPK
VATG1
RL14
UCRI
CHSP1

-3.75

-14.43

-14.22

-12.97

-11.22

171
0.42
0.36
0.10
0.80
1.00
0.54
0.72
2.28
1.67
0.46
0.81
0.96
0.80
0.73
0.78
0.18
0.88
0.25
0.98
0.59
1.20
0.60
0.40
0.51
2.28
2.14
0.95
0.51
1.02
0.24
0.38
0.24
0.26
0.26
0.94
0.44
1.37
1.88
1.97
211
251
0.31
0.20
0.29
1.50
0.90

0.38
0.52
0.84
0.12
2.80

0.47
1.18
0.22
3.02
1.91
1.26
1.67
0.61
0.86
0.52
0.97

2.45
1.55
0.37
0.40

0.66
0.98
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777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849

Fam136a
Chchd3
Snwl
Rprdlb
Ranbp3
Arpc2
Smc3
Tubb2b
Atic
Snx2
Pfdn1
Pind
Rbm8a
Napg
Sugtl
Hnrnpa0
Cacybp
Rpl11
Mrps28
Gins3
Zcchc8
Luc7!
Spcs2
Uqgcrcl
Rpl15
Tsfm
Cmssl
Mtrex
Rps19
Ube2vl
Pbdcl
Hnrnpm
Lmanl
Cycl
Tarsl
Ddx56
Lsm12
Znf706
Gatd3
Ciao2b
Thcb
Rablb
Necap2
Sarnp
Rpl34
Bcas2
Dlst
Sec23b
Ppil6
Nop56
Trir
Lhpp
Serpinb12
Dusp3
Arpc5|
Chmp4b
Eeflg
Rexo2
Gsdmd
Efhd2
Cnpy3
Atp5po
Alg5
Prkarla
Ftsj3
Plin3
Lman2
Pgam1
Xrn2
Ampd2
Eif3k
Pycr3
Trmt112

F136A
MIC19
SNW1
RPR1B
RANB3
ARPC2
SMC3
TBB2B
PURS
SNX2
PFD1
PIN4
RBMSA
SNAG
SGT1
ROAO
CYBP
RL11
RT28
PSF3
ZCHC8
LUC7L
SPCS2
QCR1
RL15
EFTS
CMs1
MTREX
RS19
uB2v1
PBDC1
HNRPM
LMAN1
Ccvl
SYTC
DDX56
LSM12
ZN706
GAL3A
CIA2B
TBCB
RAB1B
NECP2
SARNP
RL34
SPF27
0D02
SC23B
PPIL6
NOP56
TRIR
LHPP
SPB12
DUS3
ARP5L
CHM4B
EF1G
ORN
GSDMD
EFHD2
CNPY3
ATPO
ALG5
KAPO
SPB1
PLIN3
LMAN2
PGAM1
XRN2
AMPD2
EIF3K
P5CR3
TR112

1.22
245
0.43
1.01
0.81
1.14
0.60
0.22
151
0.13
0.46
0.79
1.83
1.70
1.07
0.47
1.59
0.17
0.17
213
1.36
222
0.30
1.92
0.15
1.20
1.41
0.59
0.88
0.85
0.62
0.39
0.25
0.24
0.23
0.09
0.55
1.90
1.56
1.29
0.76

0.56
0.94
0.12
1.20
161
0.14
0.44
0.89
0.28
1.09
1.43
0.91
0.59
0.72
0.76
0.59
0.54

1.10
0.58
0.12
0.86
0.95

0.39
2.35
0.23
0.52

0.56
1.12
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850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922

Eif3f
Ciao2a
Ethel
Mecr
Atp5pd
Emc7
Pycard
Upfl
Ehd4
Set
Stx12
Carsl
Mesd
Limal
Ranbp2
Sdf211
Dkcl
Rnf114
Jph3
Tmod3
Ide
Stk3
Gtf2irdl
Dazapl
RpI38
Sh3glbl
Mygl
Tmod2
Hyoul
Adrm1
Nudt5
Sart3
Cd2ap
Git2
Nt5c
Stapl
Znf207
Glrx
Rhoa
Pinl
Ptk2b
Lsm4
Plec
Cnpy2
Ehd1;Ehd3
Vapb
Rdh11l
Qki
Vps29
Zranb2
Gygl
Comp
Esd
Tmed2
Ptges3
Srsf10
Psma4
Psmb2
Psmal
Tapbp
Myolc
Ruvbl2
Ak2
Ak3
Ces
Farsb
Eif4h
Corolb
Corolc
Suclgl
Ctsz
Snx1
Timm9

EIF3F
CIA2A
ETHE1
MECR
ATPSH
EMC7
ASC
RENT1
EHD4
SET
STX12
sycc
MESD
LIMA1
RBP2
SDF2L
DKC1
RN114
JPH3
TMOD3
IDE
STK3
GT2D1
DAZP1
RL38
SHLB1
MYG1
TMOD2
HYOU1
ADRM1
NUDT5
SART3
CD2AP
GIT2
NT5C
STAP1
ZN207
GLRX1
RHOA
PIN1
FAK2
LSM4
PLEC
CNPY2
EHD1 ;EHD3
VAPB
RDH11
QKi
VPS29
ZRAB2
GLYG
comp
ESTD
TMED2
TEBP
SRS10
PSA4
PSB2
PSA1
TPSN
MYO1C
RUVB2
KAD2
KAD3
CCs
SYFB
IF4H
COR1B
COR1C
SUCA
CATZ
SNX1
TIMS

3.21
1.53
1.80
1.26
0.78
0.15
1.23
0.22
1.58
0.20
0.62
0.27
0.39
0.24
1.34
0.37
0.47
1.02
0.48
0.64
0.64
0.60
0.33
1.87
0.92
0.28
2.05
1.22
0.54
0.29
1.42
0.82
2.03
1.04
1.94
0.46
0.19
1.19
0.59
1.42
1.34
0.82
1.54
0.16
0.48
0.81
0.13

0.70
1.56
247
0.35
1.44
0.21
0.52
0.37
0.92
0.28
0.21
0.36
0.42
0.42
0.42
0.83
1.87

0.28
1.45
1.64
0.14

0.33
0.61
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923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995

Timm8al
TagIn2
Psmd13
Apip

Celf2
Aldh18al
Uba2
Atp6vlcl
Deafl

Strap

Suclg2
Sucla2

Crif3

Unc119
Psma5

Plpbp

Culdb
Tbcld8b
H2acll
Safb;Safb2
Kif23

Myole
Myole;Myolf
Raplgdsl
Atp2b1
Hk1;Hk2
Binl

Myh11
Myh10
Myh11;Myh9
Hsd17b10
Dctnl

Eftud2
Psmb1
Gstol
Grecl0

Exoc7

Dhx15
Kpna3;Kpnad
Kpna3
Anp32a
Psmb9
Psmd14
Anxa3

Aplbl
Aplb1;Ap2b1
Clgbp
Myadm
Hnrnph1;Hnrnph2
Hnrnpf;Hnrnph1
Timm44
Hmgb3
Banfl

Copb2
Septin7
Atp2a2
Atp2a2;Atp2a3
Pik3c2g

Eif3d

Nmt1

Sfn

Sfn

Snx3

Snx12
Hsd17b12
Smpd2
Dhcr7
Capnsl
Dnmt3a
Lin7c

Ymelll
Corola
Corola;Corolc

TIM8A
TAGL2

PSD13

MTNB

CELF2

P5CS

SAE2

VATC1

DEAF1

STRAP

SUCB2
SUCB1

CRLF3

U119A

PSAS

PLPHP

cuL4s

TBC8B
H2A1B
SAFB1 ;SAFB2
KIF23

MYO1E
MYO1E ;MYO1F
GDS1

AT2B1

HXK1 ;HXK2
BIN1

MYH11
MYH10
MYH11 ;MYH9
HCD2

DCTN1

uUss1

PSB1

GSTO1

C10

EXOC7
DHX15

IMA3 ;IMA4
IMA4

AN32A

PSB9 ;PSB9_MUSMB
PSDE

ANXA3
AP1B1
AP1B1;AP2B1
ciQsp
MYADM
HNRH1 ;HNRH2
HNRH1 ;HNRPF
TIM44
HMGB3

BAF

CcopPB2

45907

AT2A2

AT2A2 ;AT2A3
P3C2G

EIF3D

NMT1

1433

14338

SNX3

SNX12
DHB12

NSMA
DHCR7
CPNS1
DNM3A
LIN7C

YMEL1
COR1A
COR1A ;CORI1C

-7.05
-11.74
-8.05
-7.09
-1.90
-8.18
-14.59
-7.66
-2.73
-13.94
-4.41
-10.79
-1.39
-7.57

-10.07

-20.11

-11.73
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996

997

998

999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068

Dhfr
Hprtl
H2-D1;H2-L
H2-K1
Hbb-b1;Hbb-b2
H3c2
Fabp4
Gotl
Got2
Ctsl
Ptprc
S$100a4
Anxa2
Aprt
Fcgr2
$100a10
Sod2
Calm1
Anxal
Slc3a2
H1-0
Subl
Lampl
Itgh2
Oasla
Gusb
Pfkl;Pfkp
Rpl7a
Gsn
Dnmt1
$100a6
Rpl27a
Rpl7
Mdh1
Rpsa
Psmd3
Rplp0
Spn
H1-2
H1-1
Hmgal
Hspa2
Hspa2
Enol;Eno2;Eno3
Eno2
Ptbpl
Cox7c
Hk1
Mthfd2
Rps6ka3
cfll
Cfl1;Dstn
Fasn
Cox5b
Tmsb4x
Tpm3;Tpm4
Akrib7
Akrlb7;Akr1b8
Mfge8
Pnp
Ppib
Mé6pr
Mcm3
Ezr
Ptma
Marcks
Map4
Plaa
Psmb8
Adh5
Atxn10
Marcksl1
Ptpn6

DYR
HPRT
HA11;HA12 ;HALL
HA1D
HBB1 ;HBB2
H3C
FABP4
AATC
AATM
CATLL
PTPRC
S10A4
ANXA2
APT
FCGR2
S10AA
SODM
CALM1
ANXAL
ar2
H10
TcPa
LAMP1
1782
OAS1A
BGLR
PFKAL ;PFKAP
RL7A
GELS
DNMT1
S10A6
RL27A
RL7
MDHC
RSSA
PSMD3
RLAO
LEUK
H12
H11
HMGA1
HSP72
GRP75
ENOA
ENOG
PTBP1
cox7c
HXK1
MTDC
KS6A3
COF1
COF1 ;DEST
FAS
COX5B
TvB4
TPM3 ;TPM4
ALD1
ALD1;ALD2
MFGM
PNPH
PPIB
MPRD
MCM3
EZRI
PTMA
MARCS
MAP4
PLAP
PSB8
ADHX
ATX10
MRP
PTNG

DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN
DOWN

-1.95
-5.88
-6.46
-1.23
-11.60
-1.10
-22.76

-10.87

-13.50
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1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141

Msrl

Dbi
Map2k1
Map2k1;Map2k2
Ssb
Usp15;Usp4
Rab5c
Pdhal
Fbl

Canx
Ligl
Dnm1;Dnm2
Dnm2
Capl
Rpl28
Acsll
Acsl1;Acsl5
Cct8

H1-4
H1-1
H1-3
Acadm
Rabllb
Pla2gda
Capzal
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Chapter 4 - Application of surface plasmon resonance to elucidate the cooperative DNA
binding mechanisms of NFATc1 and c-Jun

Text S.1 Running scripts for calculating molecular diameters
from pymol import cmd
import numpy as np
from scipy.spatial import ConvexHull
# Function: Calculate the maximum diameter of a molecule (or selection)
def calculate_maximum_diameter(selection="polymer"):
# Get the atomic coordinates of the selected part
coords = cmd.get_coords(selection, 1)
#If no atom is found, return a message
if coords is None or len(coords) == 0:
print("No atoms found in the selection.")
return
# Computing Convex Packets with ConvexHull
hull = ConvexHull(coords)
max_diameter = 0.0
atom1_index, atom2_index = None, None # To store indices of the two atoms with max diameter
# Calculate the maximum distance between two points on the convex packet
foriin range(len(hull.vertices)):
forjinrange(i + 1, len(hull.vertices)):
dist = np.linalg.norm(coords[hull.vertices[i]] - coords[hull.vertices[j]])
if dist > max_diameter:
max_diameter = dist
atom1_index, atom2_index = hull.vertices[i], hull.vertices[j]
print(f"Maximum diameter of the selection: {max_diameter:.2f} A")
# Get the coordinates of the two atoms
atom1_coords = coords[atom1_index]
atom2_coords = coords[atom2_index]
atom1_coords=[73.459, 35.4, 35.104]
atom2_coords=[-6.256, 30.055, 85.697]
print(atom1_coords+atom2_coords)
# Create pseudoatoms to mark the two atoms
cmd.pseudoatom(object="atom1_marker", pos=atom1_coords, color="blue", name="Atom1")
cmd.pseudoatom(object="atom2_marker", pos=atom2_coords, color="green", name="Atom2")
# Draw a distance object to connect the two atoms
cmd.distance("max_diameter_line", "atom1_marker", "atom2_marker")
# Label the atoms and the distance
label_text = f"Max Diameter: {max_diameter:.2f} A"
cmd.pseudoatom(object="plabel", pos=(atom1_coords + atom2_coords), label=label_text,
name="DiameterLabel")
#cmd.alter("plabel”, "color = 'red™) # Set label color to red
#cmd.alter("plabel”, "font = 'Arial'™) # Set font to Arial
#cmd.alter("plabel”, "fontsize = 10") # Set font size to 10
# Optionally, show labels and markers
# cmd.show("labels", "label")
# cmd.show("spheres", "atom1_marker or atom2_marker")
return max_diameter
# Call function to calculate the maximum diameter of protein and DNA complexes
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calculate_maximum_diameter("polymer")
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