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ABSTRACT 
Human embryonic stem cells (hESCs) have remarkable capability to indefinitely self-renew in the 

undifferentiated state and the capacity to differentiate into all three embryonic germ layers. These 

cells have an enormous potential as a source for cell-based therapies and disease model systems. 

Recently, there has been of great interest to use myogenic progenitors differentiated from hESCs for 

regenerative medicine. Moreover, recent studies have provided the involvement of skeletal muscle 

cells in cancer, mainly breast tumor. Therefore, great interests have been made for identification of 

pathways related to the hESCs differentiation to muscle cells with different approaches. In our study, 

the main aim was to investigate the gene expression profiling across muscle differentiation derived 

from hESCs. We used a previously described protocol with some minor modifications to achieve and 

expand PAX7+ expressing skeletal muscle precursors and also myocytes from H9 hESCs, helping 

investigate biological processes and pathways involved in muscle differentiation.  

We successfully differentiated H9 hESCs to muscle cell and its progenitors (skeletal muscle 

progenitors, SMPs) with confirmation of high expression of stage markers for each stage. Our RNA 

sequencing data revealed 8641 differential expressed genes in nine distinct clusters over the muscle 

differentiation stages. Biological process and KEGG pathway profiling revealed different terms for 

each muscle differentiation stage which were in concordance with the stages. Moreover, our data 

identified the altered expression of a number of genes with different functions as transcription factors 

(TFs) and epigenetic factors (Epifactors), proto-oncogenes, and tumor suppressors among others. 

Among genes with only Epifactor role with proto-oncogenic function, almost all of them were 

downregulated across almost all stages, representing their involvement in stemness status of hESCs 

and cancers. Regarding tumor suppressor genes with TF role, interestingly almost all of them revealed 

higher expression at almost all muscle differentiation stages, which is consistent with their tumor 

suppressive function. In relation to the tumor suppressor genes with only Epifactor role, we identified 

that most of these genes were upregulated as expected for such genes. 

Regarding DNA methyltransferases, our data revealed lower expression of DNMT3B at all stages 

compared to stemness stage, representing the main role of DNMT3B in stemness status. However, 

DNMT3A only had lower expression at mesoderm stage and DNMT1 only at late stages. 

In another category for genes with both tumor suppressive and proto-oncogenic roles but without TF 

and Epifactor functions, our results showed expression alterations of various important genes, in 

which most of them had upregulation during muscle differentiation stages, involving several main 

cancer genes such as EPHA3, CDH11, CDKN2C, DCC, CDKN2A, among others. 

Moreover, we found that some FOX genes such as FOXA1, FOXP1, FOXP2, and FOXP4 with role 

in transcription regulation showed upregulation from somite stage toward the late stage. 
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Also, our data revealed involvement of main myokines in muscle differentiation, with their 

upregulation across the muscle stages, confirming their expected role in reduction of stemness status 

of cancer and stem cells.  

Since altered expression of genes involved in muscle cell homeostasis has been found in pectoralis 

muscle samples from breast tumors, we investigated and found the involvement of a number of The 

Cancer Genome Atlas (TCGA)-breast cancer (BRCA) genes across muscle differentiation. We also 

could show involvement of some uncharacterized and possible novel tumor suppressors from TCGA 

BRCA in muscle differentiation, mainly for BOC, PLEKHA4, BEGAIN, and N4BP2L1 with their 

higher significant expression.  

In relation to the involvement of ubiquitin proteins in muscle differentiation, we found the significant 

altered expression of a number of genes, with higher expression at stemness stage compared to late 

differentiated stages.  Moreover, for the first time, we found a highly constant expression of UBAP1, 

impaired in the hereditary spastic paraplegia, during all muscle stages, indicating its possible 

important role during all muscle differentiation stages. In addition, we found the involvement of 

UBE2C and its co-expressed genes from TCGA cancers in muscle differentiation stages. While 

UBE2C had significant overexpression in TCGA cancers, it showed significant lower expression at 

late stages of muscle differentiation compared to stemness stage, indicating its function as proto-

oncogene to maintain stemness status of the cancer and ES cells.  

In summary, our hESCs differentiation toward muscle cells could help uncover a huge number of 

known and unknown genes as TF and/or Epifactors which also have proto-oncogenic and/or tumor 

suppressive roles.  
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Chapter 1 

INTRODUCTION 

1.1 Human embryonic stem cells (hESCs) and its applications 

Human pluripotent cells (hPSCs) include embryonic stem cells (hESC), and human induced 

pluripotent cells (hiPSCs). hESC is originated from the inner cell mass (ICM) of the blastocyst while 

hiPSCs is generated from a direct reprogramming of human somatic cells to have function like 

embryonic stem cells by forced and transgenic expression of specific transcription and 

reprogramming factors [1, 2]. 

Embryonic stem (ES) cells have several key characteristics as follow: A) They are originated from a 

population of pluripotent cells. B) ES cells have the remarkable capability to indefinitely self-

renew in the undifferentiated state. C) They maintain both normal karyotype and markers of 

undifferentiated cells such as Oct-4, NANOG, SOX2, and tumor rejection antigens (Tra–1–81 and 

Tra–1–60) through prolonged culture. D) ES cells have the capacity to differentiate into all three 

embryonic germ layers in vitro or to form teratomas in vivo. (Figure 1). E) They show significant 

positive signal for cell membrane surface markers SSEA 3 and SSEA 4 (stage-specific-embryonic 

antigens) while negative for SSEA 1 [2, 3].   

hESCs are a robust cell source and flexible model system to study a number of tissues. Using an 

appropriate stimulant, hESCs are able to differentiate into given cell types and tissues.  Beside their 

applications for studding human biological pathways, disease mechanisms, and drug screenings, 

these PSCs as in vitro model have a remarkable controllable proliferation capacity to yield a sufficient 

quantity of transplantable material for cell-based therapeutics [1, 4]. 

The aim of our study is to differentiate H9 hESCs into the skeletal muscle progenitors and myocytes 

and also investigate the transcriptome profiling of the differentiation’s stages, helping uncover genes, 

pathways and biological processes involved this process. Using the RNA expression profile data, in 



 10 

our feature studies, we will consider functional studies for some genes to reveal their role in skeletal 

muscle differentiation and cancer. 

 

 

 

 

 
Figure 1. Deriving hESCs line and its differentiating into different human cell types. An hESCs line is 

generated from the inner cell mass of a blastocyst and maintained in ES medium. The provided cell line has 

potential ability to be differentiated into several cell types originated from the different embryonic lineages. 

The differentiation can be initiated by different approaches such as embryoid body formation and induction 

with some components and factors. The figure was generated using Biorender.com, accessed on 18 and 19 

March 2022. 
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1.2 hESCs differentiation to muscle progenitors and myocytes 

hESCs differentiation to skeletal muscle cells needs different stages to reach terminal differentiation 

as follow: 1-Paraxial mesoderm [expressing Brachyury (T), Mesogenin 1 (MSGN1), and TBX6], 2-

Somite stage [expressing PAX3, MEOX1, and PAX7], 3-Skeletal muscle progenitors (SMPs) 

[expressing the MRFs (MYF5, MYOD1, and MYOG)], and PAX7), and 4-Terminal differentiation 

[expression of the MRFs and muscle structural protein (Myosin heavy chain proteins such as MYH3 

and MF20)] [4] (Figures 2). The terminal muscle differentiation occurs when myogenic progenitors 

expressing PAX3 and/or PAX7 start to produce muscle determination genes, MYF5 or MYOD, to be 

as committed myoblasts [5-7]. Myogenin (MYOG) expression emerge gradually in these cells and 

they begin to establish myosin heavy chain (MHC)-expressing nascent myotubes (MHC+) [4, 

5](Figure 2). Induction of myotube fusion for multinucleated myotube formation can be initiated 

using some factors such as Insulin-like growth factor-I (IGF-I); and inhibitors of TGF-β1 and 

myostatin. Then, organized sarcomeres (the smallest functional contractile unit of a skeletal muscle 

fiber) within the myotubes are established by presence and arrangement of actin, myosin, and elastic 

myofilaments [8-11].  

In our study, we use a protocol described by Shelton, M et al. [4] (Figure 2) and will provide SMPs, 

committed myocyte and nascent myotube with the advantage of cell-based therapy to uncover the 

profile expression of genes, mainly cancer genes, transcription factors and epigenetic factors during 

muscle differentiation stages. Skeletal muscle differentiation from hESCs involves induction of 

paraxial mesoderm by GSK3 (CHIR99021) Inhibitor which activates Wnt signaling and high 

expression of the key transcription factors at this stage confirms the presence of earliest paraxial 

mesodermal cells with potential ability to differentiate toward skeletal myogenic lineage [4]. Then, 

these cells are highly proliferated to give rise to somite stage. Next, using fibroblast growth factor 2 

(FGF2) supplementation, cells are committed to the myogenic lineage with favored  SMPs expansion, 

with higher expression levels of the MRFs than PAX7 which confirm proceeding with the early 

dermomyotome-like stage [4]. The first differentiated myocytes are presented between D30-35 for 
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H9 hESCs which is dependent on the stem cell line. In the passaging protocol [4], we use  a given 

media supplemented with FGF2 from SMPs stage (D20) upward to achieve terminal differentiation 

and maturation of the myogenic cultures along with the PAX7-expressing population, helping expand 

cells after each passaging. This approach is beneficial for cell-based therapy since we are able to 

provide sufficient numbers of skeletal muscle precursors and myocytes for further studies and 

investigations. 

In our study, we use this well-defined protocol for 46 days to generate and expand skeletal muscle 

precursors and myocytes from H9 hESCs. One of the advantages of this protocol is the presence of 

SMPs since in cell therapy strategies terminally differentiated myoblasts or myocytes does not have 

ability to generate and proliferate the new cells and they have limited repair capacity following 

transplantation. However, provision of the dividing SMPs help differentiate them toward new 

myocytes and maintain the PAX7+SMPs pool interspersed among skeletal myocytes [4]. Therefore, 

in current study we will differentiate hESC cells to muscle cells and, using RNA sequencing, we 

investigate  the expression of cancer genes; transcription and epigenetic factors; and their pathways 

during its different stages. 

 
Figure 2. The overview of skeletal muscle differentiation from hESCs. The figure was generated 

using Biorender.com, accessed on 19 March 2022. 
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1.3 Myokines involvement in muscle cells differentiation 

During the past decades, an increasing advances have been made in stem cell biology, helping focus  

mainly on its applications and use in treatment and generation of disease models, including 

neuromuscular disorders [12]. These diseases are caused by muscle pathology or dysfunction of the 

peripheral nerves. However, so far, a promising treatment approach for most of them has not been 

developed. Therefore, replacing damaged skeletal muscle cells with normal myocytes or their 

myogenic progenitors generated from ES cells represents an effective therapeutic strategy for these 

disorders [8, 13]. Moreover, based on recent studies representing involvement of skeletal muscle cells 

in cancer (skeletal muscle as an endocrine organ can provide anti-inflammatory and anti-cancer 

factors[14-16]) and the stemness characteristics of cancer (cancer stemness is a major driver of cancer 

progression and its survival [17]), an increasing interest has been made in identification of pathways 

and networks related to differentiation of hESCs to muscle cells. This differentiation process can help 

identify cancer related genes at its stages. Some studies have shown that regular physical activities 

could result in the reduced risk of developing a variety of cancers, including breast cancer, and 

decrease the risk of cancer recurrence and also better overall survival (OS) in patients with cancers 

[14-16]. 

As mentioned above, skeletal muscle is an endocrine organ with anti-inflammatory and anti-cancer 

effects and some studies identified that skeletal muscle cells produce, express, and release some 

humoral factors (called myokines) [16, 18]. However, biological roles of the majority of 

these myokines have not been identified. Studies have shown that specific myokines could produce 

and release upon physical activities and could provide a healthier status involving anti-inflammatory 

factors and various processes in muscle tissues in patient with cancers [18-21]. Furthermore, studies 

on cancer cell lines have shown that serum from cancer patients who had exercises and physical 

activities could reduce human tumor cell viability. Based on this finding, it was proposed that these 

activities could have impacts on specific gene expression regulating the proliferation and apoptosis 

in human cancer cell lines, representing the anti-tumor effects of myokines [22]. The role of some of 
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these myokines are described in Table 1 [23]. Interleukin 6 (IL6) is one of the major myokines which 

is immediately produced and released from contracting skeletal muscle and resulted in the anti-

inflammation effects [20, 24, 25]. It has been shown that IL-6 released after physical activities could 

have an anti-inflammatory function through an inhibitory effect [26-28]. Moreover, myokines could 

have inhibitory role in inhibiting mammary cancer cell proliferation and viability by apoptosis 

induction or tumor-fighting immune system stimulation [15]. In addition, it has been reported that 

myokines such as IL10, CXCL1 and CCL4 could upregulate caspase 3 and 7 expression in cancer 

cells, leading to the increased cancer cell death [21].  

Based on these findings and the possible role of myokines in cancers, mainly muscle-related cancers, 

in one part of study, we look for involvement of some myokines in muscle differentiation stages, 

identifying uncharacterized biological and oncogenic pathways in muscle differentiation stages. 

Table 1. Functions of myokines upon physical activities. 

 Increase Decrease 
IL-6 Muscle atrophy and oxidation of fatty acid  Inflammation 
IL-15 Metabolism of fat, differentiation of 

myoblast, and muscle mass/atrophy of 
muscle  

 

BDNF Regeneration of muscle and oxidation of 
fatty acid  

 

SPARC Repair of muscle   
FGF21 Muscle mass and biogenesis of 

mitochondrial  
 

DECORIN Myogenesis Muscle atrophy 
MYONECTIN Biogenesis of mitochondria  Autophagy 
MYOSTATIN Muscle atrophy Muscle mass 
IRISIN Muscle mass, oxidation of fatty acid, and 

muscle hypertrophy 
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1.4 Role of ubiquitin proteins, mainly UBE2C, in muscle differentiation  

Skeletal muscle which is contributed nearly forty percent of human body weight (Figure 3A) is one of 

the most dynamic tissues of our body consisted of approximately 75% of all proteins in the body. 

Muscle mass is depended on the balance between protein synthesis and degradation and these 

processes are affected by physiological and pathological conditions [29, 30]. 

Physiological homeostasis (proteostasis) of skeletal muscle is relied on various signaling pathways 

controlled by extracellular and intracellular signals. Protein homeostasis involves the essential 

balance between cellular protein synthesis, maintenance and degradation. The two major machineries 

responsible for intracellular protein degradation include the ubiquitin proteasome system (UPS) and 

the autophagy-lysosomal pathway (ALP). ALP involves lysosomal proteolytic enzymes for 

degradation of cytoplasmic proteins and organelles involved by autophagosomes while the UPS is 

responsible for the targeted degradation of both cytosolic and nuclear proteins with the involvement 

of the ubiquitin/proteasome proteins. Muscle protein degradation in physiological and pathological 

conditions is occurred by coordinately functions of the UPS, the ALP, and proteases such as calpains 

and caspases [29, 31, 32]. 

Pectoralis muscle attaches the front of chest walls to the upper extremities (Figure 3B). On each side 

of the breastbone, two such muscles are present which include pectoralis major and pectoralis minor 

[33]. In a study conducted by Naziya Samreen et al., they showed that pectoralis muscle enhancement 

in terms of mass tissue was observed in most of their samples with breast tumors [34]. Moreover, two 

studies on pectoralis muscle from breast cancer patients with early stage non-metastatic condition 

revealed an increased expression of genes related to ubiquitin-mediated proteolysis (increased the 

protein degradation) and a decreased expression of genes related to ribosomes (decreased protein 

synthesis), indicating a change in protein homeostasis and predisposing them to muscle fatigue	
(impaired muscle functions but not necessarily loss of the muscle mass) [35]. 

 



 16 

 

Figure 3. A. Overview of the presence of skeletal muscle in human body. B. Pectoralis muscle in breast tissue. 

The figure was generated using Biorender.com, accessed on 18 March 2022 and also one part of 3A was 

extracted from following book: Warth R.J., Millett P.J. (2015) Strength Testing. In: Physical Examination 

of the Shoulder. Springer, New York, NY. https://doi.org/10.1007/978-1-4939-2593-3_3. 
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Moreover, as mentioned above pectoralis muscle of breast cancer patients showed an elevated 

expression of genes involved ubiquitin-mediated proteolysis and; therefore, based on these evidences, 

in another part of our study, we look for the expression of ubiquitin proteins, mainly UBE2C and its 

co-expressed genes extracted from The Cancer Genome Atlas (TCGA), across muscle differentiation. 

UBE2C has been reported to be overexpressed in all cancers including breast cancer, reported by 

Dastsooz et al. [36] and other researchers in different cancers[37-43].  

Ubiquitin, a highly conserved small eukaryotic protein, has a vital role in controlling substrate 

degradation. Ubiquitination is one of the evolutionarily conserved protein post-translational 

modification and polyubiquitination chain is occurred when one or multiple defined lysine (K) 

residues of ubiquitin or its N-terminal methionine residue (M1) is initially ubiquitinated [36, 44-46]. 

This process involve a multi-step process mediated by three different enzymes, including E1 

ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin-ligating enzymes. 

This system results in the proteasomal removal of its substrate or influence the substrate activity, 

localization, and interactions with other proteins [36, 45, 47, 48]. 

In the ubiquitin-proteasome system, anaphase promoting complex/cyclosome (APC/C) is mainly 

relied on the ubiquitin conjugating enzyme, E2C (UBE2C), for priming the ubiquitin chain formation 

on APC/C substrates, and also UBE2S, for extending and branching the ubiquitin. This system is 

essential to regulate protein homeostasis and control fundamental cellular processes; therefore, it is 

expected its impaired function leads to human diseases, including cancers [49, 50].  

In our previously reported study, we provided evidences that UBE2C could act as a proto-oncogene 

and its overexpression correlated with worsen OS, suggesting its role in progression and invasion of 

various tumors. However, across muscle differentiation, we observe downregulation of UBE2C and 

its co-expressed genes in our RNA sequencing data during late stages of muscle differentiation, 

representing their main role in stemness status of hESCs and cancers.  
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1.5 Genes affecting OS of patients with breast cancer and their involvement in muscle cells 

differentiation 

Using data of TCGA BRCA, we found many genes with altered expression affecting OS in breast 

cancer. Therefore, based on the issue that stem cells (SCs) and cancer stem cells (CSCs) share 

common regulatory signaling pathways, we looked for the involvement of these genes mainly their 

uncharacterized and possible novel tumor suppressors in muscle differentiation, helping identify their 

corresponding pathways. 
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Chapter 2 

MATERIA and METHODS 

2.1 H9 hESCs differentiation to skeletal myogenic progenitors and skeletal muscle cells 

2.1.1 H9 hESCs culture using feeder-free culture system 

In our study, we used H9 hESCs (a normal female karyotype 46, XX). The cells were grown and 

maintained in TeSR™-E8™ (Stemcell technologies) in 6-well plates coated with 0.5% 

Corning Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix, Phenol Red-Free 

(Cat.NO: 356231) prepared in PBS 1X or advanced DMEM/F12 (Gibco). The cells were grown in 

incubator at 37C°, 5% CO2, and 5% O2. The ES media was changed daily and when the cells reached 

70–80% confluency with healthy pluripotent colonies, they were dissociated into single cells.  

 

2.1.2 hESCs morphology 

hESCs represent some distinct and unique characteristics in its ES medium culture (TeSR™-E8™) 

compared to other adherent cells. It was very crucial to carefully monitor our ES cell morphology 

during their maintenance and precisely expand the healthy and undifferentiated cells during their 

passaging. H9 hESCs were checked daily using a light microscope for estimation of their quality and 

time of passaging. Healthy and high-quality H9 showed approximately round colonies with 

considerable dense centers, prominent nucleoli, and tightly-packed cells with a high ratio of 

nucleus:cytoplasm (Figure 4).  

For H9 cells over culturing, we considered some notes to monitor them for high quality cells based 

on recommendation provided by STEMCELL TECHNOLOGIES 

(https://www.stemcell.com/assessing-morphology-of-hpscs.html) as follow: 
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a) Approximately up to 3 days after plating, since the colonies were under spreading out and 

establishing, they usually had looser packing. At this time, some spiky colony edges were 

observed but they were not abnormal morphology since the colonies increased the dense 

centers and tightly-packed cells immediately after this time and the typical morphology was 

achieved around one to two days prior to passaging (Figure 4). 

b) Sometimes, H9 culture on Matrigel showed colonies with slightly asymmetric and merging 

status, mainly prior to the passaging time but there was no abnormal condition since it 

occurred when cell aggregates were at low-density seeding and not properly spread (Figure 

4). 

 

Figure 4. H9 hESCs with normal morphologies.	
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2.1.3 EDTA-based Passaging of H9 hESCs  

We used 0.5 mM EDTA prepared in PBS 1X to passage H9 hESCs approximately every 3 to 4 days 

when cultures were around 60%-75% confluent in the well, with large and undifferentiated colonies 

[51]. 

EDTA-based passaging (described in https://esibio.com/) decreased the H9 hESCs death and helped 

the cells to be rapidly attached on the Matrigel coated plate after seeding them. Usually, we cultured 

H9 hESCs on 0.5 % Corning Matrigel Matrix prepared in PBS 1X and passaged one well of a 6-well 

plate of H9 hESCs using 0.5 mM EDTA in PBS 1X for 6 wells (1:6 ratio) or 12 wells of 12-well 

plates (1:12 ratio) [51]. 

We performed H9 passaging with EDTA at room temperature (RT) for 4 minutes and only one or 

two wells each time. Moreover, importantly, we did not dissociate cells into single cells in routine 

H9 hESCs cultures since it could result in their poor survival and abnormal karyotypes. Usually, we 

considered small colony aggregates with at least around twenty cells. For EDTA-based passaging 

protocol we performed following procedure: 

1. A 6-well tissue culture plate was coated with 0.5 % Corning Matrigel Matrix prepared in PBS 1X 

or advanced DMEM/F12.  

2. The Matrigel-coated plate was incubated at 37C° for at least 30 min before use. 

3. Just prior to the cell dissociation for passaging, the Matrigel solution was removed from the wells 

and replaced with two mL of TeSR™-E8™ per well of a 6-well plate.  

4. The media from the cells ready for passaging was removed.  

5. The cell was washed gently with 1 mL of PBS 1X (without Ca2+ and Mg2+) and then PBS was 

removed and discarded.  

6. One mL of 0.5 mM EDTA prepared in PBS 1X was added to the cells.  

7. The culture was incubated at room temperature for 4 minutes. 
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8. When the cells within colonies represented rounded shape, and started to dissociate, gently the 

EDTA was removed from the cells. 

9. Then, one mL of the pre-warmed TeSR™-E8™ was added to the well by 1000 pipet and pipetted 

two times to uniformly dissociate cells. 

10- Around 166 uL of the cell suspension was then dispensed in each well of a new 6-well plate 

coated with the Matrigel containing 2 mL of TeSR™-E8™. 

11. The plate was placed in 37°C incubator at 5% CO2 and 5% O2 and it was rocked back-and-forth 

and side-to-side for uniformly distribution of the aggregates thought the well. 

12. The old media was replaced by 2 mL of the fresh RT pre-warmed TeSR™-E8™ daily and cells 

were monitored daily for their quality and morphology. 

 
2.2. Differentiation into the myogenic lineage 

Before starting the differentiation protocol, we considered that cells reached 70–80% confluency and 

they were undifferentiated. Moreover, the important thing in the protocol was the dissociation of 

colonies into single cells maintaining their pluripotency and viability, ensuring proper differentiation 

induction uniformly across all cells. 

2.2.1 Culture of H9 hESCs  

The cells were grown and maintained in TeSR™-E8™ in 6-well plates coated with Corning Matrigel 

matrix (prepared in advanced DMEM/F12) in incubator at 37 C°, 5% CO2, and 5% O2. When the 

cells reached 70–80% confluency with healthy pluripotent colonies, they were used for dissociation 

of colonies into single cells. 

2.2.2 Differentiation procedure [4]  

We started to differentiate the H9 hESCs in 12-well plate coated with 3% Corning Matrigel. One well 

of H9 cells in a 6-well plate was used for at least all wells of a 12- well plate (4x104 cells/cm of 

growth area and 1 mL medium/1.5 x105 cells). We started the differentiation procedure with healthy 

colonies without any signs of differentiated population. 
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1- The old TeSR™-E8™ medium was removed from the cell and washed once with PBS 1X. 

2- One mL of fresh TeSR™-E8™ medium supplemented with 10 µM Rock inhibitor (ATCC®) was 

added in each well of 12-well plate. The culture was incubated for 1 hour in a 37 C°, 5% CO2, and 

5% O2 incubator. 

3- Then, 1 mL of TeSR™-E8™ was removed and discarded and the cells were washed once with 

PBS 1X. EDTA dissociation was then performed based on the above-mentioned procedure.  

4- After EDTA dissociation, the cells were collected using 1 mL of TeSR™-E8™ supplemented with 

10 µM Rock inhibitor. 

5-Total cell number was counted using a hemocytometer. We prepared a cell suspension in TeSR™-

E8™ supplemented with 10 µM Rock inhibitor with 1.5x105 cells/mL for seeding as single cells in 

each well of 3% Matrigel coated 12-well plate. It should be noted that, for paraxial mesoderm 

induction, cell clusters of 6 to15 cells after 24 hours of seeding could showed better response to GSK3 

inhibitor (CHIR99021). Then, the cells in TeSR™-E8™ supplemented with 10 µM Rock inhibitor 

was incubated overnight in a 37 C°, 5% CO2, and 5% O2 incubator.  

 
2.2.3 Differentiation (Day 0–46)  

6- After 24 hours of incubation (on Day 0, D0), the old media was aspirated and discarded and the 

cells were gently washed with PBS 1X. The H9 hESCs without process for differentiation was 

considered as Day 0 (D0). 

7- On D0, one mL of Essential 6™ Medium (E6, Gibco™) medium supplemented with 10 µM GSK-

3 Inhibitor (CHIR99021, Sigma) was added in each well and was incubated 24 hrs. in a 37 C°, 5% 

CO2, and 5% O2 incubator. Usually, few cells are died at Day 1 (D1) of differentiation (less than 

20%), representing more efficient mesoderm induction and skeletal myogenesis. On D1, the medium 

was replaced with E6 medium supplemented with 10 µM CHIR99021 and was incubated 24 hrs. in a 

37 C°, 5% CO2, 5% O2 incubator. On Day 2 (D2) of differentiation, we assessed the Brachyury (T) 
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gene expression using Quantitative real-time PCR (qRT-PCR) to observe optimal paraxial mesoderm 

specification. 

8- On D2, the old media was removed and discarded, and then the cells were gently washed with PBS 

1X. E6 medium without any supplements was then add on the cells. This medium was used from D2 

to Day 12 (D12) of differentiation with daily medium change. Using E6, these cells are highly 

proliferated to give rise to somite stage. On Day 7 (D7), we examined the expression of somite 

markers PAX3 (Table 2) using qRT-PCR and immunofluorescence (IF) staining. 

9- On D12, the old E6 media was removed and the cells was washed with PBS 1X. Then, one mL of 

StemPro-34 complete medium (Gibco) supplemented with 5 ng/mL FGF2 (Human recombinant 

FGF2, Peprotech) was add to the cells. This media was used for up to Day 20 (D20) of differentiation 

with daily media change. These cells are committed to the myogenic lineage with favored expansion 

of SMPs. 

10- On D20, we followed differentiation protocol for the passaging differentiating cells described by 

Shelton, M et al. [4] which pre-warmed Collagenase IV was used for disassociation of cells for 20 

min in a 37 C°, 5% CO2, and 5% O2 incubator and usually we seeded around 3x105 cells in each 

well of 3% Matrigel coated 12-well plates [4]. Usually, each well of 12-well plate was divided into 

its three wells and then cells were incubated overnight in a 37 C°, 5% CO2, and 5% O2 incubator. 

After incubation, the old media was removed and discarded and then 1 mL of E6 medium 

supplemented with 5 ng/mL FGF2 (for both the proliferation and differentiation of SMPs) was added 

to each well of 3% Matrigel coated 12-well plate for 2 more weeks with daily media change. Cells 

were re-passaged again each two weeks (Day 35, 50, and so on). Some of the myogenic regulatory 

factors (MRFs) (MYOD1, and MYOG) using qRT-PCR and PAX7 using IF staining were assessed 

on D30 which should have SMPs [4]. 

Moreover, we considered our endpoint analysis at D46 and examined the expression of terminally 

differentiation markers such as MYH (called MYHC and MF20) using IF staining and MYOG using 

qRT-PCR. 
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2.2.4 IF staining for 8-well chamber slide 

1-The old media was aspirated and discarded, and then cells were washed 2 times with 200 µL PBS 

1X. 

2- 150 µL of 4% paraformaldehyde (PAF) was gently added to each well of an 8 well chamber slide. 

The cells were fixed in PAF for 15 min at room temperature.  

3- The PAF was aspirated and discarded.  

4- The cells were washed 2 times with 200 µL PBS 1X.  

5- 150 µL of 0.3 % triton (Sigma) in PBS 1X was added to each well to permeabilize cell membrane.  

6- The cells were incubated at RT for 10 min. 

7- The 0.3 % triton in PBS 1X was aspirated and the cells were washed 2 times with 200 µL PBS 1X.  

8-150 µL of 1% BSA in PBS 1x was added as blocking solution per well and the cells were incubated 

at room temperature for 1 hour. 

9- The blocking solution was aspirated and the cells were washed 2 times with 200 µL PBS 1X.  

10- 150 µL of the primary antibody prepared in blocking solution was added per well and the cells 

were incubated at 4C° overnight or 3 hours at room temperature. 

11- The primary antibody (Table 2) was removed and discarded and the cells were washed 2 times 

with 200 µL PBS 1X.  

12- 150 µL of secondary antibody prepared in blocking solution was added per well and the plate was 

covered in foil and incubated at room temperature for 45 min. All antibodies used in this study are 

given in Table 2.  

13- The secondary antibody was aspirated and discarded and the cells was gently washed 2 times 

with 200 µL PBS 1X.  

14- 100 µL of DAPI solution (1ug/mL-1) was added to each well and the plate was covered by foil 

and incubated at room temperature for 5 min.  

15- DAPI solution was removed and discarded and the cells were washed two times with 200 µL PBS 

1X and then 200 µL PBS 1X was added on the cells and observed under a fluorescent microscope. 
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Table 2. Antibodies used in our study for confirmation of muscle stage markers 

Antibody name Company Cat No.  
PAX3 Proteintech 21386-1-AP 

PAX7 Proteintech 20570-1-AP 
 Myosin Heavy Chain, Fast isoform Sigmaaldrich M4276 

 
Myosin Heavy Chain, Slow isoform Sigmaaldrich M8421 
MF20, mouse DSHB, Developmental 

Studies Hybridoma Bank 
AB_2147781  

Anti-rabbit Alexa Fluor 568, goat Invitrogen A11011 
Anti-mouse Alexa Fluor 488, goat Invitrogen A11001 
DAPI, FluoroPure™ grade Invitrogen D21490 

 
 
 
2.2.5 QRT-PCR analysis 
 
 
2.2.5.1 RNA extraction by Qiazol Reagent 

1- Growth media was removed and the cells were washed with PBS 1X. 

2- 400 µL of QiAzol Reagent (Qiagen) per one well of 12-well plate was added directly to the culture.  

3. The lysate was pipetted up and down several times to homogenize it.  

4- The homogenized lysate was incubated for 5 minutes.  

5- 100 µL of chloroform was added and then the sample was incubated for 3 minutes. 

6- The sample was centrifuged for 15 minutes at 14,000 × RPM at 4°C.  

7-The colorless upper aqueous phase containing the RNA was transferred to a new 1.5 ml tube.  

8- RNase-free glycogen was then added to the aqueous phase.  

9- 250 µL of isopropanol was added to the aqueous phase.  

10-The sample was then incubated for 10 minutes.  
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11-Then, the sample was centrifuged for 10 minutes at 14,000 × RPM at 4°C. 

12-The supernatant was removed and discarded. 

13- The pellet was then washed two times with 250 µL of 75% ethanol with centrifugation for 5 

minutes at 14,000 × RPM at 4°C. 

14- The supernatant was discarded and the RNA pellet was air dried.  

15-The pellet was then resuspended in 20–50 µL of RNase-free water and was incubated in a heat 

block at 50°C for 10 minutes. 

2.2.5.2 QRT-PCR 

The sample quality control was determined using Agilent Bioanalyzer 2100. The samples had an 

RNA integrity number ranging from 8 to 10. mRNA quantitation was carried out by qRT-PCR using 

the The SensiFAST SYBR® No-ROX, One-step Kit (Bioline, meridianlBIOSCIENCE) according to 

manufacture’ instructions and normalized on PUM1 mRNA. All oligonucleotide sequences used for 

qRT-PCR for muscle differentiation stages are given in Table 3. 

 

Table 3. All oligonucleotide sequences used for qRT-PCR for confirmation of muscle differentiation stage 

markers. 

Oligo name Oligo Sequence 
PUM1-F GGGCATGGAGCCTCTTCAGTTT 
PUM1-R GGACAGCAAGCGCATTAGGTCTTT 
F-TBXT-QPCR CCAGATCATGCTGAACTC 
R-TBXT-QPCR CTGTGATCTCCTCGTTCT 
F-PAX3-QPCR AAGATCCTGTGCAGGTAC 
R-PAX3-QPCR CTGATGGAACTCACTGAC 
F-MYOG-QPCR2 ATGGAGCTGTATGAGACATC 
R-MYOG-QPCR2 ACACCGACTTCCTCTTACA 
F-MYOG.QPCR3 GCTGTATGAGACATCCCCCTA 
R-MYOG.QPCR3 CGACTTCCTCTTACACACCTTAC 
F-MYHC-QPCR2 GTACCTCCGCAAGTCAGAG 
R-MYHC-QPCR2 TTCCCATTCTCGGTTTCAG 
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2.2.6 RNA sequencing library preparation for transcriptome sequencing 

The RNA sequencing library was prepared using Illumina TruSeq RNA Sample Prep Kit v2. We used 

1 µg of total RNA with high quality determined by Agilent Bioanalyzer 2100 (RNA integrity number 

ranging from 8 to 10). In overall, at the first step, the poly (A) mRNAs were purified using oligo-dT 

attached magnetic beads. In the next step, the mRNA was fragmented into small fragments using 

divalent cations at high temperature. Then, with the use of reverse transcriptase and random oligos, 

the first strand cDNA was produced from the fragmented mRNA. Next, the second strand cDNA was 

synthesized using DNA Polymerase I and RNase H. End repairing was carried out for these cDNA 

fragments, and the single ‘A’ base addition step was then performed. Next, the adapters ligation was 

carried out on these fragments. At the final steps, the products were purified using magnetic beads, 

enriched with PCR, and it was purified using magnetic beads to make the desired and optimal cDNA 

library. 

2.2.7 RNA Sequencing Analysis 

Sequencing was performed on the Illumina NextSeq 500 platform. After quality controls with FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 25 November 2021)), raw 

reads were aligned to the GRCh38 human genome reference (hg38) using STAR 2.7.1a [52] (with 

parameters –outFilterMismatchNmax 999 –outFilterMismatchNoverLmax 0.04). Gene expression 

levels were quantified with featureCounts v1.6.3 [53] (options: -t exon -g gene_name) using 

GENCODE basic gene annotation release 27. Multi-mapped reads were excluded from 

quantification. Gene expression counts were next analyzed using the edgeR package [54]. After low 

expressed genes filtration (1 count per million (CPM) in less than 3 samples), normalization factors 

were calculated using the trimmed-mean of M-values (TMM) method (implemented in the 

calcNormFactors function) and CPM were obtained using normalized library sizes. ANOVA-like test 

for differential expressed genes in H9 cells was carried out by fitting a Generalized Linear Model 

(GLM) to all time points and performing Quasi-Likelihood F-test (QLF) (the design matrix formula 
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= “~time” sets up time 0 as reference point). Genes with False Discovery Rate (FDR) less than or 

equal to 0.001 and |log FC| > 1 were considered as differentially expressed. K-means clustering of 

gene expression profiles was performed on differentially expressed genes only, fixing 9 as cluster 

number. CPM values were scaled as Z-scores across samples before computing distances. Gene 

expression heatmaps were generated using the ComplexHeatmap R package[55]. Gene ontology and 

pathways enrichment of clusters were performed using ClusterProfiler R package [56].  

 

2.3. Expression of TCGA-breast adenocarcinoma (BRCA) genes affecting OS across muscle cell 

differentiation 

As mentioned in introduction section, pectoralis muscle shows altered expression of genes involved 

in muscle protein homeostasis [35, 57]. Based on these evidences, using an R/Bioconductor package, 

GDCRNATool (Li et al., 2018)[58, 59], we provided genes with altered expression affecting OS from 

The Cancer Genome Atlas (TCGA, https://www.cancer.gov/about-

nci/organization/ccg/research/structural-genomics/tcga).) breast cancer (BRCA) and then 

investigated across our muscle differentiation stages, help identify their corresponding pathways. We 

also used Enrichr (https://maayanlab.cloud/Enrichr/)  [60] to look for gene ontologies (GO term : 

Biological Process, BP) of the uncharacterized genes found in TCGA-BRCA. 

In this part of study, firstly, we used GDCRNATool to extract, arrange, and analyze differential 

expression of lncRNAs and mRNAs along with clinical data of breast cancer patient from TCGA. 

This database has raw data of clinical, genomic, epigenomic, transcriptomic, and proteomic studies 

of 33 tumor types. We analyzed TCGA-BRCA tumor tissue data compared to their matched adjacent 

non-cancerous tissues. The appropriate data of these breast tumors and their matched adjacent non-

tumor tissues were extracted. We started our analysis with 1222 mRNA sequencing data and 1097 

clinical data. Next, using GDCRNATool, we studied univariate survival analysis with 

gdcSurvivalAnalysis function considering Kaplan Meier (KM) analysis. In this analysis, patient data 

were grouped into high and low-expression according to the median. Then, among genes with altered 
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expression, we only selected those were significantly associated with OS in BRCA patients and 

looked for their involvement in muscle differentiation stages [58, 59]. Finally, we only selected those 

genes with downregulation as possible novel tumor suppressor genes for our further analysis, 

including gene set enrichment analysis (GSEA) using Enrichr.  

Briefly, in this package, RNA sequencing and clinical data were downloaded from TCGA. Next, 

metadata of RNA sequencing were parsed using the gdcParseMetadata function to efficiently 

organize the RNA and clinical data. Moreover, using the gdcFilterDuplicate and 

gdcFilterSampleType, duplicated samples and samples without primary tumor and normal solid 

tissue, respectively, were excluded from the study. Then, each data of RNA sequencing and its 

matched clinical data were separately merged. In next step, normalization of RNA sequencing data 

was carried out by gdcVoomNormalization function applying the TMM method in edgeR and the 

voom method in limma. We excluded genes with low-expression, logcpm less than one, from our 

TCGA-BRCA analysis. Furthermore, gdcDEAnalysis and the gdcDEReport functions in 

GDCRNATool helped us to provide all differential gene expression and distinct differentiation 

expression of each lncRNA and mRNA, respectively [58, 59]. The gdcDEAnalysis function, which 

provides limma, edgeR, and DESeq2, was applied to find differentially expressed genes (DEGs) 

between TCGA-BRCA tumors and their matched normal counterparts [58, 59]. 

 

2.4 Investigation of ubiquitin proteins, mainly UBE2C, in muscle differentiation stages  

We explained that pectoralis muscle of breast cancer patients shows an elevated expression of genes 

involved ubiquitin-mediated proteolysis. Therefore, based on these data, in another part of our study, 

we looked for the expression of ubiquitin proteins (Table 4 [61] and 5), mainly the main member of 

ubiquitin proteins, UBE2C which is overexpressed in all TCGA cancers, and its co-expressed genes, 

across muscle differentiation. This may help find their role and pathways in muscle differentiation 

stages and also in muscle tissue-related cancers, including breast cancer. Since UBE2C is a key 

regulator of cell cycle progression and together with APC/C is involved in the initiation of ubiquitin 
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chain formation on APC/C substrates in the ubiquitin-proteasome pathway [49, 50] and also is 

contributed to the tumorigenesis of a several of cancers, mainly breast adenocarcinoma [36, 40], we 

mainly focused on this gene and its co-expressed genes in cancer and muscle differentiation stages.  

Table 4. Ubiquitin E2 enzymes [61] 
Ubiquitin E2 enzymes  
UBE2A, UBE2B, UBE2C UBE2V1, 2 
UBE2D1, 2, 3, 4 UBE2W 
UBE2E1, 2, 3 BIRC6 
UBE2G1, 2 UBE2F 
UBE2H UBE2I 
UBE2J1,2 UBE2L6 
UBE2K UBE2M 
UBE2L3 UBE2Z 
UBE2N, UBE2NL ATG10 
UBE2O ATG3 
UBE2Q1, 2, L  
UBE2R1, 2  
UBE2S  
UBE2T  
UBE2U  

 
 
 
Table 5. Ubiquitin Ligases*  

Gene name Gene name Gene name Gene name 
AMFR SCF/β-TrCP RNF5 Parkin 
APC/Cdc20 SCF/FBW7 RNF8 PELI1 
APC/Cdh1 SCF/Skp2 RNF19 Pirh2 
C6orf157 SHPRH RNF190 PJA1 
Cbl SIAH1 RNF20 PJA2 
CBLL1 SIAH2 RNF34 RFFL 
CHFR SMURF1 RNF40 RFWD2 
CHIP SMURF2 RNF125 Rictor 
DTL (Cdt2) TOPORS RNF128 MARCH-I 
E6-AP TRAF6 RNF138 MARCH-II 
HACE1 TRAF7 RNF168 MARCH-III 
HECTD1 TRIM63 MEKK1 MARCH-IV 
HECTD2 UBE3B MIB1 MARCH-VI 
HECTD3 UBE3C MIB2 MARCH-VII 
HECW1 UBR1 MycBP2 MARCH-VIII 
HECW2 UBR2 NEDD4 MARCH-X 
HERC2 UHRF2 NEDD4L ZNRF1 
HERC3 VHL mahogunin  
HERC4 HYD WWP1  
HERC5 ITCH WWP2  
HUWE1 LNX1   

* The list of these enzymes was extracted from https://www.cellsignal.com/learn-and-support/reference-

tables/ubiquitin-ligase-table#anc1. 
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Co-expressed genes with UBE2C from TCGA cancers were selected based on the following criteria 

to investigate them across muscle differentiation stages (all analyses related to this part of study were 

published in our previous study [36]): 1-Genes with the positive UBE2C expression correlations with 

strong to very strong in all 27 cancers (MYBL2, TROAP, CDC20, CENPA, KIFC1, CDK1, KIF4A, 

and KIF20A) [36], 2-Genes with products with TF binding sites on both the promoter and enhancer 

regions of UBE2C which showed positive correlations with UBE2C in all 27 cancers (FOXM1, E2F1, 

and RAD51) [36], 3-Tumor suppresser genes with the positive expression correlation with UBE2C in 

almost all cancers (BUB1B) and one with down-regulation in the most of the 27 cancers [36], 4- 

UBE2S which elongates and branches the ubiquitins added by UBE2C for formation of Lys-11 (K11)-

linked polyubiquitination on its substrates [36]. Among these genes MYBL2, FOXM1, E2F1 have TF 

function, CDK1 and BRCA1 act as Epifactors and RAD51 has role as TF and Epifactor. 
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Chapter 3 

RESULTS 

3.1 Confirmation of H9 differentiation to skeletal myogenic progenitors and skeletal muscle 

cells using stage markers 

24 hours after seeding the single cells, we revealed cell clusters with 6-15 cells each (Figure 5A), 

representing optimal cell density and cluster for mesoderm induction. On D1 of differentiation treated 

with 10 µM CHIR99021, H9 cells showed cell death but less than 25% (Figure 5B), representing 

efficient mesoderm induction. On D2 of differentiation, we examined the Brachyury (T) gene 

expression using qRT-PCR and found its significant high expression compared to D0 (stem cell), 

indicating the efficient mesoderm specification (Figure 6A). 

From D6-12 we considered for the evaluation of PAX3 as somite marker. Therefore, on D7, we found 

higher expression of somite markers PAX3 using qRT-PCR and immunofluorescence (IF) staining 

(Figure. 6B). On D20, we observed the expected highly proliferative myogenic lineage cells that 

needed to be passaged (Figure 7A). On D20, we assessed the expression of PAX7 using IF and it 

showed its higher expression compared to D0 (stem cell) (Figure 7B), indicating cell commitment to 

the myogenic lineage with preferential expansion of SMPs cells. One D30, we examined the 

expression of MYOG using qRT-PCR (Figure 7C) and the results showed its significant expression, 

indicative of progressing to the early dermomyotome-like stage. On D30 upward we observed the 

sign of myocytes with more obvious on D40 upward (Figure 8A). On D46 we looked for the terminal 

muscle differentiated marker (MF20) using IF which showed its expression in this stage (Figure 8B) 

and also some fused cells (Figure 9A), confirming the efficiency of the muscle differentiation 

processes. Moreover, to verify the presence of both SMPs expressing PAX7 and also terminal muscle 

stages, we merged the expression of PAX7 and MYH3 (MF20), which tested positive for both with 

higher rates for MF20, confirming the presence of SMPs for muscle cell-based therapy (Figure 9B). 
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Figure 5. A. Optimal H9 hESCs to be used for preparation of single cell suspension (Left) and H9 cells 

dissociated into singles cells with clusters of 6-15 cells after overnight incubation in E8 supplemented with 

Rock inhibitor (right, upper). B. CHIR99021 treatment on H9 cells with clusters of 6-15 cells on average. Cells 

on the left side are D0 in E8 medium supplemented with Rock inhibitor and cells on the right side are D1 after 

24 hrs. in E6 supplemented with CHIR, representing signs of cell death due to CHIR induction.   
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Figure 6. A. Significant higher expression of the Brachyury (T) using qRT-PCR at D2 of differentiation.  B. 

Higher expression of PAX3 using qRT-PCR and IF staining at D7 of differentiation. Nuclei were visualized 

with DAPI (1 µg mL-1). 
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Figure 7. A. High rate of proliferated myogenic lineage cells ready for passaging at D20. 7B. High expression 

of PAX7 using IF staining at D20 of differentiation, presence of SMPs and myogenic lineage. 7C. High 

expression of MYOG using qRT-PCR at D30 of differentiation. Nuclei were visualized with DAPI (1 µg mL-

1). 
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Figure 8 A. Presence of myocytes on Day 40. B. Presence of more myocytes and high expression of the 

terminal muscle differentiated marker, MF20 using IF staining. Nuclei were visualized with DAPI (1 µg mL-

1). 
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Figure 9. A. Presence of some fused myocytes in IF staining by terminal muscle differentiated marker, MF20. 

B. IF staining for both PAX7 (intense red) and MF20 (green) which shows the presence of PAX7+expressing 

SMPs reside between terminally differentiated cells. Nuclei were visualized with DAPI (1 µg mL-1). 
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3.2 Transcriptome profiling of muscle differentiation stages 

3.2.1 RNA sequencing quality control and Principal Component Analysis (PCA) 

Our RNA sequencing analysis results showed the optimal read alignments and sequencing quality 

(Figure 10). 

 
 
Figure 10. General RNA-sequencing quality controls such as Mean Quality Score, Assignment, Alignments 

Scores, and Read Distribution. 
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Principal Component Analysis (PCA), showed that cells in each stage were in the same group but 

separated according to differentiation stage, indicating robust efficiency of the protocol and good 

reproducibility during H9 hESCs differentiation to muscle cells at D0, D2, D7, D30, and D46 (Figure 

11). 

 

 
Figure 11. PCA of RNA sequencing samples for H9 hESCs differentiation to muscle cells at 5-time course 
(D0, D2, D7, D30, and D46). The color intensity represents each differentiation stage, with the lowest intensity 
for D0. Top 2000 most variable genes were considered for PCA. 
 

 

In addition to the PCA for sample distribution, we also provided loading plots from PCA for genes 

extracted from the RNA sequencing data. Observing the data from different angles enabled us to find 

important genes (Figure 12) and then find the GO:BP and MF and also KEGG pathways related to 

these genes (Figure 12). For example, for GO:BP the most significant terms were in PC1, PC2, and 

few terms in PC3. For PC1 of GO:BP, the terms were multicellular organismal process, extracellular 

matrix organization, movement of cell or subcellular component, cell migration, and cell surface 

receptor signaling pathway (Figure 12). Regarding PC2 of GO:BP, it revealed epithelium 

development, system development, regulation of multicellular organismal development, cell-cell 

signaling, and cell adhesion (Figure 12). Its PC3 showed involvement of multicellular organismal 
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process, cell adhesion, anatomical structure formation involved in morphogenesis, cell 

differentiation, and regulation of multicellular organismal process (Figure 12). In relation to the 

GO:MF, the main terms were enriched in PC1 which included extracellular matrix structure 

constituent, extracellular matrix binding, growth factor binding, calcium ion binding, and collagen 

binding. Regarding the KEGG pathways, the main pathways for these genes were in PC1 which were 

as follow: ECM-receptor interaction, protein digestion and absorption, focal adhesion, PI3K-Akt 

signaling pathway, and hypertrophic cardiomyopathy (HCM) (Figure 12). However, the main GO:BP 

and KEGG pathways analysis will be provided for each stage/s in following sections. 

 
 
 
 
 
  

 
Figure 12. PCA for genes extracted from RNA sequencing data and their GO:BP and GO:MF and KEGG 

pathways. 
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3.2.2 Confirmation of stage specific markers 

Our transcriptome profiling results confirmed the expected behavior for the regulation of stage-

specific markers as shown in Figure 13. In stem cell stage (D0), cells showed high expression of 

embryonic stem cell markers POU5F1, SOX2, and NANOG. D2 revealed the high expression of 

expected paraxial mesoderm stage markers, TBXT, MSGN1, and TBX6, in order. On D7, we observed 

expression of PAX3, MEOX1, MEOX2, and also PAX7, representing an efficient somite stage. On 

D30, we looked for SMPs markers and data revealed the high expression of MYOG, MYOD1, and 

PAX7, in order. Finally, at terminal stage, the expected markers of MYH7 and MYOG (also PAX7 for 

presence of SMPs in this protocol) showed high expression compared to D0, confirming the efficient 

muscle cell generation with expression of both terminal stage markers and PAX7+ expressing SMPs. 

It should be noted that at D7, the expression of PAX7 also was higher along with PAX3 which is 

expected [6, 62, 63]. Moreover, at D7 we also observed higher expression of SOX2, which is expected 

for somite stage [64]. 
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Figure 13. Expected pattern of specific markers of muscle differentiation stages from H9 hESCs. Data were 

extracted from RNA sequencing and average CPM were considered for comparison of gene expression 

between each stage. 
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3.2.3 Differential gene expression and time-course gene expression profiling 

Our differential gene expression analysis identified 8641 genes across the differentiation stages. The 

results of heatmap showed 9 clusters of gene expression which clearly displayed the distinct patterns 

of regulation over the time course (Figure 14). The clusters were grouped in stem stage (cluster 8), 

early stage (clusters 2, 4, and 5), middle stage (clusters 1 and 7), late stage (cluster 9) and late & stem 

stage (clusters 3 and 6) based on the gene expression in clusters (Figure 14).  

 

 
 
Figure 14. Time-course gene expression profiling and gene clusters of H9 hESCs differentiation to muscle 
cells. 
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3.2.4 Cluster profiling based on GO: Biological Processes and KEGG pathways 
 
Cluster profiling for GO: Biological Process (BP) term revealed different processes for each of these 

5 stages (D0, D2, D7, D30, and D46) (Figure 15). For example, GO: BP with muscle cell development 

was specific for the late stage (Figure 15), GO:BP term of somite development was observed for early 

and middle stage clusters. GO: BP terms of muscle system process and muscle organ development 

were found from early stage clusters to late stage clusters (it was confirmed by expressing PAX7 from 

D7) (Figure 15). Also, GO: BP term of muscle organ development was identified for both stem and 

late stage clusters (clusters 3 and 6). GO: BP term of mesenchymal development was specific for 

early and middle stage clusters. Moreover, GO: BP term of connective tissue development was 

observed for early, middle, and late stage clusters. Furthermore, GO: BP term of embryonic skeletal 

system development was seen in early and middle stage clusters (Figure 15). Other BP terms are 

given in figure 15. 

 
 
Figure 15. Cluster profiling based on GO: BP terms during H9 hESCs differentiation to muscle cells. 
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Regarding KEGG pathways, we found different key pathways for each cluster or common between 

them (Figure 16). For example, PI3K-Akt signaling pathway and Rap1 signaling pathways were 

specific for middle stage clusters and stem & late stage clusters. Moreover, signaling pathways 

regulating pluripotency of stem cells was specific for stem stage and early stage clusters. Furthermore, 

we found Wnt signaling pathway specific for early stage, middle stage, and stem & late stage clusters. 

These important pathways in muscle differentiation are also among the main cancer pathways (Figure 

16). Other KEGG pathways are given in figure 16. 

 
 
Figure 16. Cluster profiling based on KEGG pathways during H9 hESCs differentiation to muscle cells. 
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3.3 Involvement of genes with/out transcription factors (TFs) and epigenetic factors 

(Epifactors) functioning as proto-oncogenes and tumor suppressors across muscle 

differentiation stages 

Differentially expressed gene analysis revealed the significant altered expression of a huge number 

of genes during muscle differentiation stages. These genes showed alteration in all stages, or, in a 

specific stage/stages. On the basis of the ANOVA method, genes were considered differentially 

expressed if their expression varied in at least one condition. Moreover, based on Pairwise contrasts 

method, genes were considered differentially expressed in one specific condition compared to a 

reference condition. It is worth to note that our analysis found involvement of 715 transcription 

factors, 278 epigenetic factors, and 915 lncRNAs (Figure 17) 

 

 

 

 
 
Figure 17. Heatmaps of differentially expressed genes as TFs, Epifactors, and also lncRNAs across muscle 

differentiation stages. It obviously shows different specific expression patterns of these factors across this 

process.  
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Regarding cancer drivers and tumor suppressors in our muscle differentiation stages, our results 

revealed 491 tumor suppressors based on TSGene database and 293 canonical cancer drivers based 

on NCG7 database (Figure 18A). The cluster profiling for these cancer-related genes showed that 

more cancer drivers were grouped in clusters 4, 5, 7, and 8 (Figure 18A) while tumor suppressors 

were among clusters 1,2, and 9 (Figure 18A).  

3.3.1 Cancer drivers with proto-oncogenic and tumor suppressive roles from cluster 8 
 
Regarding cancer drivers with proto-oncogenic and tumor suppressive roles in cluster 8, we found 

the significant alteration of several genes in all stages shown in Figure 18B and Table S1. Data 

revealed that all these important cancer drivers and tumor suppressors had lower expression in all 

stages of muscle differentiation compared to D0 (stemness). Their order is based on significant FDR. 

Among these genes, only AXIN1, PTPN6, FOXL2, and WNK2 have roles as both proto-oncogenes 

and tumor suppressors while other genes have role only as proto-oncogene (Figure 18B and Table 

S1). The most notable altered expression was for POU5F1, USP44, LCK, and among others. Genes 

with role as only TF were POU5F (as proto-oncogene), ETV4 (as proto-oncogene), MYC (as proto-

oncogene), OLIG2 (proto-oncogene), FOXL2 (proto-oncogene and tumor suppressor), RGS7 (as 

proto-oncogene), and BCL11A (as proto-oncogene) (Table S1).  

Among these genes, there is an important gene (BCOR as a proto-oncogene) which usually show 

altered expression in muscle related cancers such as sarcoma (as internal tandem duplication (ITD) 

in its last exon, resulting its overexpression, and as fusions with other genes. BCOR downregulation 

was more significant at stages of D7, 30, and 46. 
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Figure 18. A. The cluster profiling for cancer-related genes across muscle differentiation stages. It represents 
key roles of tumor suppressor genes and canonical cancer drivers in muscle differentiation process. B. Cancer 
drivers with proto-oncogenic and tumor suppressive roles from cluster 8. The comparison between muscle 
differentiation stages and undifferentiated cells (D0) is based on log fold change. Genes are ordered based on 
their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 
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3.3.2 Cancer drivers with TF role as proto-oncogenes from clusters 4 and 8 

Looking for cancer drivers in clusters 4 and 8, we identified involvement of several proto-oncogenes 

in all stages of muscle differentiation with role only as TF given in Figure 19 and Table S2 (the order 

is based on FDR significance). All these genes showed lower expression across almost all muscle 

differentiation stages compared to D0, representing their decreased expression in differentiated cells 

compared to stemness stages. 

 

 

Figure 19. Involvement of several genes as proto-oncogenes in all stages of muscle differentiation with TF 
role. The comparison between muscle differentiation stages and undifferentiated cells (D0) is based on log 
fold change and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less 
than 0.001. 
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3.3.3 Involvement of cancer drivers with only TF role as proto-oncogenes across muscle 

differentiation stages  

Looking for TF with only proto-oncogenic role, we found that several genes had altered expression 

in all stages compared to D0, grouped in clusters 4, 5, 7, and 8 (Table S3 and Figure 20), with more 

significant for POU5F1 (lower expression) and LEF1 (overexpression). The order of genes is based 

on the significance of FDR value. Among these genes, some important ones were MYC (with lower 

expression at all stages), MYCN (significant lower expression on D2, D30, and D46), MYB 

(significant lower expression on D30 and D46) and PAX3 overexpression in all stages compared to 

D0.  

 

Figure 20. Involvement of TF genes as only proto-oncogenic role with altered expression in across muscle 
differentiation stages. The comparison between muscle differentiation stages and undifferentiated cells (D0) 
is based on log fold change and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; 
***: p-value less than 0.001. 
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3.3.4 Cancer drivers with Epifactor role with proto-oncogenic function across muscle 

differentiation stages 

Genes with Epifactor role with proto-oncogenic function were mainly observed in clusters 4, 7, and 

8. The most significant alteration was for USP44 which showed significant down regulation across 

all stages. All genes in this group, except for BAZ1A (overexpression with more significant value on 

D 2 and D7, mesoderm and somite stages, respectively), were downregulated across almost all stages 

(Figure 21 and Table S4). Again, this data confirms the important roles of these proto-oncogenes in 

stemness status compared to the differentiated cells. 

 

 

 

Figure 21. Involvement of genes with Epifactor role with proto-oncogenic function across muscle 
differentiation stages. The comparison between muscle differentiation stages and undifferentiated cells (D0) 
is based on log fold change and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; 
***: p-value less than 0.001. 
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3.3.5 Cancer drivers with both TF and Epifactor roles with both proto-oncogenic and tumor 

suppressive functions across muscle differentiation stages among clusters 4 and 7 

In relation to the genes which have both TF and Epifactor roles and function as proto-oncogenes and 

tumor suppressors, we found four genes located in clusters 4 and 7. The most significant alteration 

was for ZBTB16 with significant overexpression from D7 toward terminal stage. EZH2 showed 

significant higher expression on D2 (mesoderm stage) and D7 (somite stage). PBRM1 overexpression 

was more significant on D2 and TP53 revealed more significant lower expressions on D30 and D46 

(Figure 22). 

 

 

 

Figure 22. Altered expression of cancer drivers with both TF and Epifactor roles with proto-oncogenic 
function across muscle differentiation stages. The comparison between muscle differentiation stages and 
undifferentiated cells (D0) is based on log fold change and their FDR significance. *: p-value less than 0.05; 
**: p-value less than 0.01; ***: p-value less than 0.001. 
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3.3.6 Cancer driver genes with both tumor suppressive and proto-oncogenic roles which 

function as TF and/or Epifactor among clusters 4, 7, and 8 

Among cancer drivers, we found significant altered expression of some genes which function as both 

tumor suppressors and proto-oncogenes (from clusters 4, 7, and 8) as follow (Figure 23): SALL4 

(more significant lower expression on D30 and 46), CDX2 (more significant overexpression on D2 

and D7), CAMTA1 (significant lower expression on D46), FOXL2 (significant lower expression from 

D7 toward terminal stage), and following genes as mentioned in previous section: ZBTB16, EZH2, 

PBRM1, and TP53. 

 

 

Figure 23. Altered expression of cancer driver genes with both tumor suppressive and proto-oncogenic roles 

functioning as TF and/or Epifactors. The comparison between muscle differentiation stages and 

undifferentiated cells (D0) is based on log fold change and their FDR significance. *: p-value less than 0.05; 

**: p-value less than 0.01; ***: p-value less than 0.001. 
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3.3.7 Cancer driver genes with only TF role which function as tumor suppressors 

Cancer derivers extracted from clusters 4,5,7, and 8 revealed some TFs with tumor suppressive roles, 

with main alterations for overexpression of GATA4 at all stages, lower expression of SALL2 at all 

stages, and significant lower expression of BCL6B on D7, 30, 46 but its higher expression on D2 

(Figure S1). Other genes are shown in this figure. 

 

3.3.8 Cancer drivers with Epifactor role which function as tumor suppressors 

Our data revealed that some cancer drivers from clusters 4,5, and 8 act as only tumor suppressors. 

These genes showed almost all lower expression across muscle differentiation (Figure 24). The main 

important gene was DNMT3B which showed very significant lower expression at all stages compared 

to stemness stage. While most of these genes showed down regulation in the most of stages, ANP32A 

and PRKCD revealed significant upregulation on D2 (mesoderm stage) (Figure 24). 

 

Figure 24. Involvement of cancer drivers with Epifactor role functioning as only tumor suppressor. The 

comparison between muscle differentiation stages and undifferentiated cells (D0) is based on log fold change 

and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 
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3.3.9 Cancer drivers with roles of both TF and Epifactor which function as tumor suppressors 

from cluster 4 

We found down regulation of two cancer drivers with both TF and Epifactor roles functioning as 

tumor suppressors, including CTCFL (significant lower expression at all stages with following logFC: 

D2 vs D0: -1.81; D7 vs D0: -2.39; D30 vs D0:-4.99; and D46 vs D0: -9.10) and SMARCC1 

(significant lower expression at D30, logFC:-1.16; and D46, logFC:-1.32) (Figure S2). There were 

enriched in the cluster 4. 

 

3.3.10 Tumor suppressor genes with TF role  

As seen in figure S3, almost all of these TF genes which function as tumor suppressors (grouped in 

clusters 1, 2, and 9) showed higher expression across muscle differentiation stages, with the most 

significant higher expressions for IFI16 and FOXC1 across all stages compared to stemness stage 

(D0) (Figure S3). 

 

3.3.11 Tumor suppressor genes with Epifactor role  

Our results found several important genes with altered expression across muscle stages which were 

in clusters 1, 2, and 9. The main significant genes were SMARCA2 with higher expression at all stages, 

and EYA4 and SIRT2 with significant higher expression from D7 toward late stage compared to 

stemness stage (D0) (Figure 25).  
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Figure 25. Altered expression of tumor suppressor genes with Epifactor role across muscle differentiation. 

The comparison between muscle differentiation stages and undifferentiated cells (D0) is based on log fold 

change and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 

0.001. 
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3.3.12 Tumor suppressor genes with both Epifactor and TF roles  

Regarding genes with role of both TF and Epifactors functioning as tumor suppressors grouped in 

cluster 1 and 9, we found three genes with altered expression across muscle differentiation stages, 

with more significant overexpression for SP100 from D7 toward terminal stage compared to D0. 

NPAS2 revealed significant down regulation on D2 but significant upregulation on D30 and D46. 

JDP2 only showed significant overexpression on D46 (late stage) (Figure26). 

 

Figure 26. Involvement of tumor suppressor genes with both Epifactor and TF roles across muscle 

differentiation. The comparison between muscle differentiation stages and undifferentiated cells (D0) is based 

on log fold change and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-

value less than 0.001. 
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3.3.13 Genes with roles of both TF and Epifactor which function as both proto-oncogenes and 

tumor suppressors across all clusters 

Our data revealed that during muscle differentiation stages, there were altered expression of genes 

(in clusters of 1, 3, 4, and 7) classified as both TFs and Epifactors which have both proto-oncogenic 

and tumor suppressive functions. The more significant alterations were for FOXP1 (overexpression 

on D7, 30, and 46), FOXO1 (downregulation at all stages), and ZBTB16 (as mentioned before, 

overexpression from D7 toward late stage), in order (Figure 27). 

 Moreover, as mentioned before, EZH2 showed significant overexpression on D2 and D7 but 

PBRM1 overexpression was on D7. TP53 revealed significant down regulation at late stages (D30 

and 46) and PRDM1 showed over expression from D7 upward (Figure 27). 

 

Figure 27. Involvement of genes with role of both TF and Epifactor functioning as both proto-oncogenes and 

tumor suppressors across. The comparison between muscle differentiation stages and undifferentiated cells 

(D0) is based on log fold change and their FDR significance. *: p-value less than 0.05; **: p-value less than 

0.01; ***: p-value less than 0.001. 
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3.3.14 Proto-oncogenes without TF and Epifactor roles  

In this category, our data revealed a number of genes from clusters of 4, 5, 7, and 8 which altered 

across differentiation stages (Table S5), with more downregulation at late stages as expected for 

proto-oncogenes. However, more significant changes were found for downregulation of LCK, 

BUB1B, RMI2, and KDR at all stages and RHOH on D7, 30, and 46; and overexpression of COL2A1 

at all stages and RHOH on D2 (Figure 28 and Table S5).  

 

 

 

Figure 28. Significant altered expression of some genes functioning as proto-oncogenes. The comparison 

between muscle differentiation stages and undifferentiated cells (D0) is based on log fold change and their 

FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 

 

 

 

 

 

 

 

 

*** 

*** 

*** 

*** 

*** *** 

*** 

*** 

*** 
*** 

** 

*** 

*** *** 

*** 

*** 

*** 

*** 

*** *** 
*** 

*** 

*** 
** 



 61 

3.3.15 Tumor suppressor genes without TF and Epifactor roles 

We also found a number of genes (174) without TF and Epifactor roles which function as tumor 

suppressors from clusters of 1, 9, and 2 (Table S6). Most of these genes revealed overexpression 

across muscle differentiation as expected for tumor suppressors. Some of the most significant genes 

are also given in Figure 32. The most significant alteration was for EMP1 with downregulation on 

D2 but upregulation on D7, 30, and D46. Almost all genes showed overexpression across 

differentiation stages for example, PCDH9, VIM, WNT5A, and AHNAK revealed significant 

overexpression at all stages while GAS1, DMD, and IGFBPS overexpression on D7, 30, and 46. 

However, IGFBPS showed significant lower expression on D2. Moreover, SRPX revealed significant 

upregulation on D30 and 46 while significant NUPR1 overexpression was on D2, 30, and 46 (Figure 

29). The altered expression of other genes is given in Table S6. 

 

 

 

Figure 29. Significant altered expression of some tumor suppressors without roles of TF and Epifactor. The 

comparison between muscle differentiation stages and undifferentiated cells (D0) is based on log fold change 

and their FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 
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3.3.16 Tumor suppressor genes and proto-oncogenes without TF and Epifactor roles among 

all clusters 

Our results revealed several main genes with function of both tumor suppressive and proto-oncogenic 

roles but not as TF and Epifactors. Most of them showed over expression during muscle 

differentiation stages. The most significant alteration was for EPHA3 with down regulation on D2 

but upregulation at other stages (D7, 30, and 46) compared to D0. Some of other important genes 

which are also involved in cancers included TGFBR2, CDKN2C, DCC, BTK, FAS, NOTCH2, 

CHEK2, BLM, CDKN1A, MSH2, CDH1, PTCH1, CYLD, CASP8, NOTCH1, CBL, PML, CDKN2A 

(Figure S4 and Table S7), and among others. Among these genes in this category, some of them 

showed alteration at all stages as follow: CDH11, DCC, LRIG3, DDR2, CDK6, and CDKN2A with 

overexpression at all stages; CDH1 and WNK2 lower expression at all stages, EPHA3 with significant 

downregulation on D2 and over expression on D7, 30, and 46; BTK with significant overexpression 

on D2 but lower expression on D7, 30, 46; and WIF1 with significant down regulation on D2 and D7 

but upregulation on D30 and D46. All other genes with altered expression are given in Table S7. 
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3.3.17 The involvement of genes with role as both TF and Epifactor in muscle differentiation 

stages 

In this part of expression analysis, we looked for the expression of genes with both TF and Epifactor 

roles across muscle differentiation stages (Figure S5A). We found several genes with altered 

expression at all stages (Figure S5 A and B), specific changed expression at a specific stage, two or 

more stages (Figure S5 A and 30A-D), helping identify altered pathways in these stages. Our results 

revealed that some of these genes had altered expression (down ¯ or upregulation ) at all muscle 

differentiation stages compared to D0 as follow (Figure S5 A and B): CTCFL (¯), FOXO1 (¯), 

PRDM14 (¯), DPF3 (), PRDM8 (), SCML4 (), SNAI2 (), ZHX1 (), and ZNF516 (). Based on 

Enrichr database (https://maayanlab.cloud/Enrichr/enrich#), the biological processes (GO:BP) 

related to these genes with most important one was regulation of transcription, DNA-templated 

(GO:0006355) (Figure 31A  and Table S8). The main enriched genes for these pathways were SNAI2, 

FOXO1, and ZNF516, in order (Figure 31A). 

In this category (genes with both TF and Epifactor roles), the genes with only altered expression on 

D2 (paraxial mesoderm) were as follow (Figure S5A and 30A): PCGF6 (), SATB1 (¯), and ZNF217 

(¯). Based on Enrichr database, more enriched genes were PCGF6, ZNF217, and SATB1 (Figure 

31B). The main enriched GO:BPs included negative regulation of transcription, DNA-templated 

(GO:0045892), regulation of transcription by RNA polymerase II (GO:0006357), regulation of 

transcription, and DNA-templated (GO:0006355); then for negative regulation of G0 to G1 transition 

(GO:0070317) and regulation of G0 to G1 transition (GO:0070316) (Figure 31B and Table S9 ). 

Regarding changed expression of the genes with both TF and Epifactor roles at somite stage (D7), 

ATF2 (), CHD1 (), PBRM1 (), SMARC1 (), and HMG20B (¯), showed only altered expression 

at this stage (Figure S5A and 30B). Enrichr database revealed that the more enriched genes were 

CHD1, ATF2, and PBRM1 in order. ATF2 is involved in positive regulation of myoblast proliferation 

(Figure 31C and Table S10). 
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Figure 30. Genes with both TF and Epifactor functions changed only at specific stage (A: D2, B: D7, C: D30, 

and D: D46) of muscle differentiation process compared to undifferentiated cells (D0). The comparison 

between muscle differentiation stages and undifferentiated cells (D0) is based on logFC. *: p-value less than 

0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 
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Figure 31. Main GO:BP terms identified for the involvement of genes with role as both TF and Epifactor in 

muscle differentiation stages. A, B, C, D and E, show major significant GO:BPs identified for genes with 

altered expression on D2, 7, 30, 46, respectively. GO:BP terms are listed based on adjusted p-value (the value 

less than 0.05 were considered statistically significant.) 
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Some of these genes only had altered expression on D30 which included DEK (¯), PRDM5 (¯), 

ZNF711 (), and DNAJC1 () (Figure S5A and 30C). Enrichr database showed that the main enriched 

genes were PRDM5 (involved in histone H3-K9 methylation (GO:0051567), histone lysine 

methylation (GO:0034968), regulation of macromolecule metabolic process (GO:0060255), protein 

deacetylation (GO:0006476), and histone deacetylation (GO:0016575)) and DEK (Figure 31D and 

Table S11). 

In relation to the terminal differentiation (D46), JDP2 (), VPS72 (¯), ZGPAT (¯) showed only 

alteration at this stage (Figure S5A and 30D). Enrichr GO:BP identified ZGPAT as the major enriched 

gene involved in regulation of transcription, epidermal growth factor-activated receptor activity, 

protein tyrosine kinase activity, and epidermal growth factor receptor signaling pathway (Figure 31E 

and Table S12). 

 Other combinations of altered expression can be observed in Figure S5A. For example, there were 

genes with similar altered expression, down- or up-regulation, only at both first stages (D2 and D7 

such as EZH2 () and VDR (¯)). Enrichr database revealed that both these genes are involved in 

several main GO: BP terms such as regulation of gene expression, multicellular organismal process, 

nucleic acid-templated transcription, cellular macromolecule biosynthetic process, cellular response 

to vitamin D, retinoic acid receptor signaling pathway, calcidiol 1-monooxygenase activity, 

keratinocyte proliferation, chromatin silencing at telomere, and regulation of transcription by RNA 

polymerase II (Table S13). 

Genes with similar altered expression only at both late stages  (D30 and D46) included ASH1L (), 

BRPF1 (¯), CBX2 (¯), CHD7 (¯), CHD9 (), DNAJC2 (¯), DOT1L (¯), GATAD2A (¯), MBD2 (), 

PRDM16 (), RAD51 (¯), RAG1(), RARA (), SMARCA1 (), SMARCA5 (¯), SMARCC1 (¯), 

SSRP1 (¯), TP53 (¯), YEATS4 (¯), ZBTB7C (), and ZNF687 (¯). Based on the Enrichr database, we 

found main enriched GO:BP terms of these genes for regulation of nucleic acid-templated 
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transcription, ATP-dependent chromatin remodeling, transcription by RNA polymerase II, chromatin 

organization, among other (Figure S6A and Table S14).  

One of several interesting findings was about altered expression of forkhead-box (FOX) gene family, 

FOXA1, FOXP1, FOXP2, and FOXP4; and some other genes such as HP1BP3, NCOA1, PRDM1, 

PRDM6, and RCOR3 across muscle differentiation. They revealed only overexpression from D7 

toward terminal differentiation (D30 and D46) compared to D0, representing their important roles in 

this differentiation process. Again based on the Enrichr database, the most significant enriched 

GO:BP terms for this category were regulation of transcription by RNA polymerase II (GO:0006357) 

and regulation of transcription, DNA-templated (GO:0006355) with involvement of all above-

mentioned FOX genes enriched in the two terms. Overall, the main enriched genes were FOXP1 and 

FOXP2 (Figure S6B and Table S15). 

In this category, the gene that showed altered expression (overexpression) only on D2, 7 and D30 

was SATB2 with involvement in chromatin remodeling (GO:0006338) and chromatin organization 

(GO:0006325) extracted from the Enrichr database. 

 

3.3.18 The involvement of genes with role as only Epifactor in muscle differentiation stages 

In another investigation in differential expression of muscle differentiation stages, we looked for 

genes with only function as Epifactor. Regarding the role of main Epifactors, DNA 

methyltransferases (DNMTs), our results revealed the down regulation of DNMT3B at all stages 

compared to D0 (stem cell) while DNMT3A only downregulated on D2 (mesoderm stage) and 

DNMT1 only on D30 and 46 (late myogenic stages) (Figure 32). This data represents the major role 

of DNMT3B in stemness status compared to differentiated cells. Moreover, it shows that DNMT3A 

expression may important to compensate the expression of other DNA methyltransferases at different 

muscle differentiation stages. 
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Figure 32. Altered expression of DNMTs across muscle differentiation stages. The comparison between 
muscle differentiation stages and undifferentiated cells (D0) is based on logFC and their FDR significance for 
upper part and on average CPM for lower part. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-
value less than 0.001. 
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Overall, in relation to the genes with only Epifactor role, some genes showed significant altered 

expression at all stages of muscle differentiation as follow: Gene with higher expression at all 

stages compared to D0: ASXL1, BMI1, CBX8, CHD3, DND1, ERBB4, FBRS, JAK2, MLLT6, MSL3, 

NCOA6, PCGF5, PHC2, PHF20L1, RAI1, RB1, SAP30L, SETD7, SMARCA2, SMARCD3, SMYD2, 

TET2, YAF2, and ZCWPW1. Gene with lower expression at all stages compared to D0: CBX7, 

DNMT3B, JADE1, JARID2, NAP1L2, PADI3, PHC1, PKN1, TDRKH, and USP44 (Figure S7 and 

S8). Enrichr GO:BP terms analysis revealed that in this category, the main enriched GO:BP were 

negative regulation of transcription, DNA-templated and regulation of transcription by RNA 

polymerase II with enrichment of most of these genes in these two terms. The major enriched genes 

were SMARCA2, RB1, and CHD3, in order (Figure 33A and Table S16). 

It is worth to note that among the genes in this category with only altered expression at all stages, 

only DTX3L showed lower expression on D2 and D7 (mesoderm and somite stages) but higher 

expression on D30 and D46 (myogenic progenitors and terminal stages) (Figure S7 and S8). This 

gene is involved in regulation of receptor catabolic process, protein localization to early endosome 

and endosome, chromatin binding, histone H2B ubiquitination, ubiquitin-protein transferase activity, 

double-strand break repair via nonhomologous end joining, and among others (Table S17, extracted 

from Enrichr database). 

In addition, some genes as only Epifactor role showed only altered expression on D2 (paraxial 

mesoderm stage) which included CHUK, HLCS, MEAF6, PRMT8, and WSB2 with higher expression; 

and DNMT3A, HDAC7, HDAC9, HLTF, INO80D, PRKAA2, PRKCA, TLE1, and UBE2H with lower 

expression (Figure S7 and Figure 34A). Regarding this category, the main enriched GO:BP term from 

Enrichr database was protein deacetylation (GO:0006476) and the most enriched gene was HDAC9 

involved in regulation of blood vessel endothelial cell migration, histone modification, cell migration 

involved in sprouting angiogenesis, intracellular signal transduction, and cellular protein 

modification process (Figure 33B and Table S18). 
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Figure 33. The enriched GO:BPs for genes as only Epifactor. (A)  genes with altered expression at all stages. 

(B) genes with only expression alteration on D2. (C) genes with only higher expression at somite stage (D7). 

(D) genes with only expression changes on D30. (E) genes with only changed expression at terminal stage 

(D46). (F) genes with altered expression only on both D2 and D7. GO:BP terms are listed based on adjusted 

p-value (the value less than 0.05 were considered statistically significant.) 
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Figure 34. Altered expression of genes with only Epifactor role at all stages of muscle differentiation. The 

comparison between muscle differentiation stages and undifferentiated cells (D0) is based on significance of 

expression (+1 for overexpression and -1 for lower expression). (A), (B), (C), and (D):  Genes specific for D2, 

D7, D30, and D46, respectively.  

 

 

 

 

Genes as only Epifactor with only higher expression at somite stage (D7) included ASF1B, ATAD2, 

BAZ1B, GADD45A, SCMH1, and USP16 while genes with only lower expression at this stage were 

CHD5, GSE1, and KDM4B (Figure S7 and Figure 34B). The main enriched gene in this category on 

the basis of Enrichr database was BAZ1B involved in DNA repair, regulation of gene expression, 

epigenetic, cellular response to DNA damage stimulus, chromatin remodeling, histone modification, 

regulation of transcription by RNA polymerase II (among the most enriched GO:BP), regulation of 

transcription, DNA-templated (among the most enriched GO:BP), chromatin organization, and 

double-strand break repair (Figure 33C and Table S19). 

A B 

C D 
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Among genes as only Epifactor with only changed expression on D30 were as follow: ARID4A, 

EID2B, HDAC8, PRKAA1 (higher expression) and ASF1B, BRCA1, CDK1, CTBP2, DDB2, HAT1, 

HIRIP3, PAXIP1, PKM, SAFB, SAP30, TOP2A, and WDR5 (lower expression) (Figure S7 and 34C).   

The main enriched Enrichr GO:BP terms were positive regulation of histone H3-K4 methylation 

(GO:0051571), regulation of histone H3-K4 methylation (GO:0051569), and positive regulation of 

histone methylation (GO:0031062) with involvement of PAXIP1, BRCA1, and WDR5; positive 

regulation of peptidyl-lysine acetylation (GO:2000758, with involvement of PAXIP1, BRCA1, and 

PRKAA1), and chromosome organization (GO:0051276, with involvement of HDAC8, SAFB, DDB2, 

TOP2A) (Figure 33D and Table S20). 

At terminal stage (D46), we observed some important Epifactor genes with only changed expression 

at this stage as follow (Figure S7 and Figure 34D): APOBEC3B, HSPA1A, and KDM1B with 

upregulation; and APEX1, CHD1L, CLNS1A, EXOSC4, HDAC2, KANSL2, LRWD1, MBTD1, PARG, 

SUDS3, SUPT3H, TAF9, TDG, and UBE2N with downregulation. Their most enriched GO:BP terms 

were DNA metabolic process, histone modification, and DNA repair and the main enriched genes 

found from Enrichr database were TDG, APEX1, PARG, and UBE2N (these genes are involved in 

DNA metabolic process.) (Figure 33E and Table S21). 

There were some Epifactor genes that showed altered expression only on D2 and D7 as follow (Figure 

S7): ACTL6B, APOBEC3C, BAHD1, and KDM4C with lower expression; and ANP32B, BAZ1A, 

PBK, PHF10, TAF9B, and UHRF1 with higher expression. The most enriched GO:BP terms were 

regulation of transcription by RNA polymerase II (GO:0006357), regulation of transcription, DNA-

templated (GO:0006355), and chromatin remodeling (GO:0006338). The most enriched gene in this 

category was BAHD1 involved in chromatin remodeling, assembly, and organization and regulation 

of transcription (Figure 33F and Table S22). 

We found that several Epifactor genes showed expression changes from D7 toward the late stages 

(D30 and D46) with significant downregulation and upregulation (Figure S7 and Table S23). Most 

of them are enriched in GO:BP terms of regulation of transcription (Figure S9A). Another interesting 
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part was the overexpression or lower expression of lots of Epifactor genes only on both D30 and D46 

(Figure S7 and Table S24). Most of them were enriched in GO:BP terms of chromatin remodeling 

and organization, nucleosome organization, cellular response to UV, regulation of signal transduction 

by TP53, DNA metabolic process, ribosome biogenesis, histone H4 acetylation, and nuclear 

polyadenylation-dependent rRNA catabolic process (Figure S9B). 

 
 
3.4. Involvement of myokines in muscle differentiation 
 
In this part of our study, we investigated the possible involvement of some important myokines at 

muscle differentiation stages, helping identify their uncharacterized biological pathways. Overall 

based on the late stage of differentiation, the most significant alterations were for overexpression of 

DCN, MSTN, FNDC5, CXCL1, SPARC, IL6, and IL15; and downregulation of FGF21. This data may 

represent that the overexpression of almost all of these genes can be contributed to their main roles 

as anti-cancer effects based on previously reported studies. 

Our results revealed that the most notable significant alterations for them at each stage were as follow: 

D2 (IL10 and CXCL1), D7 (FGF21 and DCN), D30 (FGF21, DCN, MSTN, and FNDC5), D46 

(FGF21, DCN, MSTN, and FNDC5) (Figure 35). SPARC and DCN showed high significant 

overexpression, in order, from D7 upward. Moreover, IL-10 revealed overexpression only on D2. 

Furthermore, IL15 and MSTN showed overexpression on D30 and D46 while BDNF overexpression 

was observed on D2 and D30. Moreover, FNDC5 showed overexpression on D2, D30, and D46. 

Also, IL6 and CXCL1 showed overexpression on D46 and their lower expression on D2. FGF21 was 

the only gene in this category that showed significant downregulation at all stages compared to D0 

(Figure 35). 
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Figure 35. Altered expression of myokines across muscle differentiation. The comparison between muscle 

differentiation stages and undifferentiated cells (D0) is based on CPM and their significant FDR value for two 

upper bar plots and based on logFC and FDR for lower bar plot. *: p-value less than 0.05; **: p-value less than 

0.01; ***: p-value less than 0.001. 
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3.5 Involvement of breast cancer genes in muscle differentiation 
 
Using GDCRNATool, we extracted various genes with altered expression affecting OS patients from 

TCGA breast cancer (Table S25) and then we used these genes to investigate across different stages 

of muscle differentiation. Our results revealed that a number of these genes are involved in muscle 

differentiation (Figure S10-12 and Table S26). Some of these genes had altered expression at all 

stages compared to D0 as follow (Figure S10 and Table S26). The genes with lower expression were 

MAL2, GRHL2, CD24, FAM155B, EPB41L4B, TPD52, ESRP1, SUSD3, KLK10, DNMT3B, KIF17, 

STXBP1, SYN2, KRTCAP3, CLDN7, and XG. However, the genes with higher expression included 

DIRAS3, LIMCH1, WLS, FREM1, C2orf88, AFAP1L2, RASSF9, LEF1, PDLIM4, ACSL5, CTHRC1, 

PPP1R14C, COL3A1, and PCDH17 (Figure S10 and Table S26). Among TCGA BRCA genes with 

altered expression at all muscle differentiation stages compared to D0, HPGD, NR3C2, ALDH1A1, 

SORCS1, and FER1L4 revealed lower expression at first stages (D2 and 7) but higher expression at 

late stages (D30 and 40). Moreover, only EMP1, BOC, and CRYAB showed downregulation on D2 

but upregulation at other stages compared to D0 (Figure S10 and Table S26). However, some genes 

showed expression changes at specific stage or stages but not at all stages given in Figures S11 and 

12. 

 
Among the genes with significant OS from TCGA breast cancer, we found several uncharacterized 

and novels ones with higher expression (SLC35A2, DONSON, BRI3BP, NDUFAF6, C2CD4D, and 

SEZ6L2) (Table 6) and lower expression (N4BP2L1, BOC, RIC3, XG, BEGAIN, and PLEKHA4) in 

TCGA-BRCA (Table 7). However, here, we mainly focus on uncharacterized and novels ones with 

possible tumor suppressor role. 
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Table 6. Uncharacterized genes affecting OS with possible new proto-oncogene roles in breast cancer. 

Symbol HR lower95 upper95 pValue logFC PValue FDR 
SLC35A2 1,63 1,186 2,25 0,0025 1,28 

 
6,69E-90 
 

2,40E-88 
 

NDUFAF6 1,6 1,16 2,19 0,0047 1,04 1,08E-31 6,30E-31 
LINC01094 1,51 1,1 2,09 0,01 1.05 4.95e-26 2.29e-25 
AC055854.1 0,66 0,48 0,91 0,013 2.096 1.8e-09 3.77e-09 
AC124798.1 0,67 0,49 0,92 0,013 1.11 2.28e-15 6.49e-15 
AC098934.1 1,50 1,09 2,06 0,014 2.08 1.85e-30 1.027e-29 
LINC01977 1,43 1,04 1,97 0,026 1.7 6.45e-18 2.06e-17 
CYP4F23P 0,70 0,51 0,97 0,031 1.58 3.03e-08 5.86e-08 
SEZ6L2 1,39 1,008 1,91 0,044 1,129 1,81E-08 3,54E-08 
DONSON 1,39 1,007 1,91 0,046 1,21 2,24E-39 1,71E-38 
BRI3BP 1,38 1,002 1,90 0,047 1,021 8,77E-38 6,32E-37 
C2CD4D 0,73 0,53 0,99 0,048 1,186 8,88E-21 3,25E-20 

 

 

Table 7. Down regulation of TCGA BRCA genes affecting OS functioning as possible new tumor suppressors 

in breast cancer. 

Symbol HR lower95 upper95 pValue logFC PValue FDR 
RIC3 0,73 0,53 1,00 0,049 -3,022 3,14E-64 5,66E-63 

BEGAIN 0,69 0,50 0,95 0,023 -1,406 8,85E-28 4,39E-27 
BOC 0,72 0,52 0,99 0,042 -2,221 1,82E-81 5,45E-80 

XG 1,39 1,006 1,91 0,044 -1,374 4,33E-28 2,17E-27 
N4BP2L1 0,73 0,53 0,99 0,047 -1,46 7,72E-91 2,84E-89 

PLEKHA4 0,61 0,44 0,84 0,0028 -1,2 1,40E-27 6,87E-27 

LINC00987 0,69 0,50 0,96 0,024 -1.88 3.57e-77 9.62e-76 

AC109587.1 0,71 0,51 0,98 0,033 -1.16 8.66e-73 2.038e-71 

AC105942.1 0,50 0,50 0,96 0,029 -1.08 3.76e-29 1.97e-28 
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Using Enrichr, we found that the uncharacterized novel tumor suppressor genes from TCGA-BRCA 

had directly or indirectly roles in myogenesis based on Enrichr GO:BP (Figure 36 and Table S27). 

This myogenesis involvement is mainly for BOC gene (positive regulation of myoblast differentiation 

(GO:0045663), positive regulation of muscle cell differentiation (GO:0051149), regulation of 

myoblast differentiation (GO:0045661), regulation of muscle cell differentiation (GO:0051147)) and 

PLEKHA4 involved in regulation of Wnt signaling pathway which is critical for induction of 

mesoderm lineage (positive regulation of Wnt signaling pathway, planar cell polarity pathway 

(GO:2000096)), positive regulation of non-canonical Wnt signaling pathway (GO:2000052), positive 

regulation of canonical Wnt signaling pathway (GO:0090263) (Figure 36 and Table S27). Moreover, 

based on Enrichr, BEGAIN gene is involved in muscle differentiation since it has function in 

regulation of postsynaptic neurotransmitter receptor activity (GO:0098962 and GO:0099601) and 

modulation of chemical synaptic transmission (GO:0050804) (Figure 36 and Table S27), with 

important role in neuromuscular junctions (NMJs), a cellular synapse between a motor neuron and a 

skeletal muscle fiber [65]. Looking at our muscle differentiation data, it also showed their direct 

involvements in muscle differentiation (PLEKHA4 and BEGAIN revealed significant upregulation 

only on D30 and D46 but BOC showed downregulation on D2 while upregulation on D7, 30, and 46) 

(Figure 37A and B). Furthermore, based on Enrichr, XG seems to be involved in muscle 

differentiation since it is involved in homotypic cell-cell adhesion (GO:0034109)  (Figure 36 and 

Table S27), which is important during mesoderm lineage and other stages of muscle differentiation 

[66]. In our muscle differentiation, it also showed significant downregulation at all stages (D2, 7, 30, 

46) compared to D0 (Figure 37A and B). 

RIC3, based on Enrichr, has key role in regulation of protein localization to cell surface and synaptic 

transmission, cholinergic (positive regulation of protein localization to cell surface (GO:2000010), 

synaptic transmission, cholinergic (GO:0007271), protein localization to cell surface (GO:0034394), 

regulation of protein localization to cell surface (GO:2000008), and positive regulation of cellular 

protein localization (GO:1903829)) (Figure 36 and Table S27). These processes are important in 
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muscle lineage and looking at our muscle differentiation stages, RIC3 had significant downregulation 

only at late differentiated stages (D30 and D46) compared to stemness stage (Figure 37A and B). 

Regarding N4BP2L1, while based on Enrichr it did not show involvement in any biological processes 

(Figure 36 and Table S27), it is reported to be involved in Inflammatory Leiomyosarcoma 

(https://www.genecards.org) which is originated from muscle tissues and our muscle differentiation 

revealed its significant overexpression at late stages (D30 and D46) (Figure 37A and B). Therefore, 

for the first time, we proposed its role in muscle differentiation and also breast cancer. 

Altogether, we found an interesting overexpression of these genes, mainly three genes with direct 

involvement in muscle differentiation (PLEKHA4, N4BPL2L, and BEGAIN revealed upregulation 

only at late differentiated stages, D30 and D46), and BOC with upregulation on D7, 30, and 46 but 

down regulation in D2. In this category, the main downregulated genes across the differentiation 

stages were XG (at all stages: D2, 7, 30, and 46) and RIC3 (on D30 and D46) (Figure 37A and B). 

Regarding uncharacterized and possible novel proto-oncogenes from TCGA BRCA, main significant 

downregulation, as a characteristic of proto-oncogenes in differentiated cells, was for SEZ6L2 on D2, 

D7, and D46; and BRI3BP on D30 (Figure 37C). 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 36. Enrichr GO:BP terms for the novel tumor suppressor genes from TCGA-BRCA. GO:BP terms are 

listed based on adjusted p-value (the value less than 0.05 were considered statistically significant.). 
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Figure 37. (A) Altered expression of novel tumor suppressors based on CPM and their significant FDR 

compared to D0. (B). Significant expression of the novel tumor suppressors is shown separately based on 

logFC compared to D0. (C) Significant expression of Proto-oncogenes from TCGA-BRCA across muscle 

differentiation stages compared to D0. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less 

than 0.001. 
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3.6 Involvement of ubiquitin proteins in muscle differentiation and cancer  

As mentioned previously in different sections, pectoralis muscle from breast cancer patients had an 

elevated expression of genes involved in ubiquitin-mediated proteolysis [35, 57]. Therefore, we 

investigated the expression of ubiquitin proteins and their associated proteins across muscle 

differentiation stages. 

Regarding E2-conjugating enzymes and some of their associated proteins, we found the significant 

altered expression of a number of genes. Some of these genes had higher expression in the stemness 

condition compared to muscle cell progenitor stage (D30) and/or terminal stage (D46) such as 

UBALD1 (lower expression at all stages), UBE2O, UBE2S, UBA2, UBE2C, UBE2T (lower 

expression on D30 and D40), UBE2N and UBE2V2 (significant lower expression only on D46). 

UBE2H and UBE2L6 showed only lower expression on D2 (Figure 38A and B). However, some 

genes had higher expression across this muscle process; For example, significant higher expression 

of UBA7, UBASH3B, UBAP1L, and UBE2D4 at late stages (D30 and D46); UBE2QL1 on D30; 

UBE2E3 and UBE2J1 on D7, 30, and D46; and UBTD2 on D7 and D46 (Figure 38A and B). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* 
* * 

* 

* 



 81 

 

 
 

 
Figure 38. Altered expression of some important E2-conjugating enzymes and their associated proteins across 

muscle differentiation stages compared to DO. A. The expression pattern based on count per million (CPM) 

compared to D0. B. The expression pattern is based on significance of expression alteration (+1 for over 

expression and -1 for lower expression) compared to D0. *: p-value less than 0.05; **: p-value less than 0.01; 

***: p-value less than 0.001. 
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In relation to the ubiquitin ligases, some genes revealed significant expression changes at all muscle 

differentiation stages with lower expression for CDH1, HECW1, HERC5, and RNF125 and 

overexpression for HECTD2 and HECW2 (Figure 39A and B). Some genes only showed significant 

changes at both late stages (D30 and D46) with lower expression for CDC20, DTL, RNF138, 

RNF168, RNF5, and UBE3D; and higher expression of PJA2 and TRIM63 (Figure 39A and B). 

However, some genes showed lower or higher expression specifically on both D2 and D7 with lower 

expression of LNX1, MARCH2, and RNF128; and higher expression of MAP3K1 and NEDD4 (Figure 

39A and B). In addition to these changes, some of these genes showed significant altered expression 

at specific stages [NEDD4L (¯) and WWP1 () on D2; RFFL (¯) on D7; MARCHE1 (), MARCHE6 

(), and TOPRS (¯) on D30; and CBL (¯) and PELI1(¯) on D46; MARCH4 (¯) on D2 and D46]. 

Moreover, other combinations can be observed (MARCH3 (¯) on D2 and () on D30). Furthermore, 

PRKN revealed overexpression on D7, 30 and 46 (Figure 39A and B).  

However, several ubiquitin enzymes and their associated proteins did not show significant altered 

expression during muscle differentiation, mainly interestingly UBAP1 which showed a constant 

expression at all stages (Figure 40, average CPM as follow: D0: 54.14; D2: 52.4; D7: 55.49; D30: 

56.45; D46: 52.06). For the first time in collaboration with Persian BayanGene Research and Training 

Center in Iran and also University of Miami, we found that truncating mutations in UBAP1 resulted 

in the hereditary spastic paraplegia (the Spastic paraplegia 80, autosomal dominant), a rare inherited 

disorder of weakness and stiffness in the leg muscles [67]. The UBAP1 gene has instruction for 

producing a component of the endosomal sorting complex required for transport-1 (ESCRT-I) and 

has a key role in proteasomal degradation of ubiquitinated cell-surface proteins. Therefore, its 

constant expression may reveal it important role during all differentiation stages. 
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Figure 39. Altered expression of ubiquitin ligases across muscle differentiation stages. A. The comparison is 

based on significance of expression (+1 for overexpression and -1 for lower expression) compared to D0. B. 

The comparison is based on logFC and their significant FDR value compared to D0.  
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Figure 40. UBAP1 expression across muscle differentiation stages. The comparison is based on average 
CPM. 
 
 
 
 
 
 
3.7 UBE2C involvement in tumors and muscle differentiation 

As above-mentioned sections, ubiquitin proteins are mainly involved in muscle differentiation stages. 

We showed that UBE2C had significant lower expression at late stages compared to stemness stage, 

indicating its function as proto-oncogene.  

Our previously reported study showed that UBE2C expression was notably higher in all 27 TCGA 

tumor types compared to their matched TCGA normal tissues and GTEx data [36].  Moreover, our 

study revealed that the expression of UBE2C had a moderate to very strong positive correlation with 

other genes in 27 TCGA cancers  [36]. 

The overexpression of UBE2C in cancers, including breast tumor, can confirm its key involvement 

in the stemness status of the cancer since UBE2C has higher expression at stemness stage of muscle 

differentiation compared to terminal differentiated stages. In this part of our study, we analyze the 

expression of UBE2C and its significant positively co-expressed genes from TCGA cancers, 

mentioned in method section [36], during muscle differentiation stages.  

It is worth to note that our results found the parallel lower expression of all these genes, except CDK1 

and BRCA1 genes, along with UBE2C at two late stages (D30 and D46) of muscle differentiation 
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stages, representing their possible role as proto-oncogene (Figure 41 and Table S28). These data may 

strengthen their involvement in the same networks in cancers and stemness of cancer since in muscle 

differentiation, they showed lower expression at late differentiated stages compared to stemness 

stages. Enrichr GO:BP terms revealed some important expected processes for these genes (Figure 

S13 and Table S29) such as regulation of mitotic cell cycle phase transition (GO:1901990), anaphase-

promoting complex-dependent catabolic process (GO:0031145), regulation of cell cycle phase 

transition (GO:1901987), regulation of exit from mitosis (GO:0007096), positive regulation of 

ubiquitin protein ligase activity (GO:1904668), mitotic spindle organization (GO:0007052), 

regulation of mitotic cell cycle (GO:0007346), mitotic cell cycle phase transition (GO:0044772), 

regulation of ubiquitin protein ligase activity (GO:1904666), and positive regulation of ubiquitin-

protein transferase activity (GO:0051443). 

 

 

 

 

Figure 41. UBE2C positively co-expressed genes and from TCGA BRCA show altered gene expression across 

muscle differentiation. The comparison for part A is based on logFC and their significant FDR value compared 

to D0. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 
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Chapter 4 

Discussion 

hESCs as a hPSCs type have remarkable capability to indefinitely self-renew in the undifferentiated 

state and the capacity to differentiate into all three embryonic germ layers (Figure 1)[1, 2]. These 

cells have an enormous potential as a source for cell-based therapies and disease model systems [1, 

4]. Stem cell biology advances have been increasing in the last decade and blossomed into a very 

promising and advanced scientific research field; for instance, their use in disease treatment and 

generation of neuromuscular disease models, and identification of biological pathways across various 

cell differentiation processes [12]. Recently, there has been a great interest to use 

myogenic progenitors differentiated from ES cells for regenerative medicine [8, 13]. In addition, 

since recent studies have provided the involvement of skeletal muscle cells in cancer [14-17] [34], 

interests for the identification of the pathways related to differentiation of hESCs to muscle cells have 

been interestingly increased. 

Therefore, in our study we provided a well described protocol developed by Shelton, M et al. [4] 

(Figure 2) to differentiate H9 hESCs into muscle cell and its progenitors (PAX7+ expressing SMPs). 

The presence of these SMPs along with myocytes can make its therapeutic advantages since the 

dividing SMPs help differentiate them toward new myocytes and maintain the PAX7+ expressing 

SMPs pool [4]. Using this protocol, we could successfully differentiate H9 hESCs to muscle cell and 

its SMPs for 46 days and helped uncover pathways and genes with/out proto-oncogenic, tumor 

suppressive, TF, and Epifactors roles during different muscle differentiation stages. As expected, we 

confirmed the process with confirmation of high expression of stage markers of Brachyury (T) on D2 

(mesoderm stage), PAX3 on D7 (as somite marker), PAX7 on D20 (preferential expansion of SMPs 

cells) and also the expression of MYOG on D30 (the early dermomyotome-like stage), and finally the 

MYH3 (MF20, myosin heavy chain, as terminal muscle differentiated marker) on D46 and also 

presence of PAX7+expressing SMPs. 
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Our RNA sequencing data revealed high quality of samples in terms of read counts, distribution and 

presence of stage markers. Our RNA sequencing results validated the expected presence and high 

expression of specific markers for each stage (Figure 13). The H9 hESCs presented optimal 

expression of embryonic stem cell markers POU5F1, SOX2, and NANOG (D0). Then, at paraxial 

mesoderm stage (D2), the cells had the high expression of TBXT, MSGN1, and TBX6. Higher 

expression of PAX3, MEOX1, MEOX2, and also PAX7 on D7 confirmed the efficient somite stage. 

Furthermore, SMPs markers (MYOG, MYOD1, and PAX7) revealed elevated expression on D30 to 

confirm the presence of myogenic progenitors and PAX7+ expressing SMPs. At final stage of the 

differentiation, the higher expression of genes with myosin heavy chain such as MYH7 and also 

MYOG were confirmed. Moreover, at this terminal stage, the expression of PAX7 was observed. It is 

worth to note that our study is among the few studies which confirms the presence of PAX7 expression 

along with PAX3 at somite stage [6, 62, 63] and also the expression of SOX2 as expected for somite 

stage [64]. 

Overall, our differentiation process revealed a number of differential expressed genes which grouped 

into nine clusters of gene expression with the clearly distinct patterns of regulation over the muscle 

differentiation stages. The gene clusters were grouped into stem stage, early stage, middle stage, late 

stage and late & stem stage based on the gene expression in clusters (Figure 14).  

Our cluster profiling for GO: BP identified different terms for each muscle differentiation stage 

(Figure 15) which were in concordance with expected behaviors of each stage. For instance, GO: BP 

with muscle cell development was specific for the late stage (Figure 15), among others, explained in 

results section. Furthermore, our KEGG pathways profiling revealed essential pathways for each 

stage/s (Figure 16). For example, activation of Wnt signaling pathway is the main one for 

differentiation of stem cells toward muscle lineage which is achieved using GSK3αβ inhibition. 

Several of these pathways are also involved in cancers such as PI3K-Akt signaling pathway, Rap1 

signaling pathways, Wnt signaling pathway, among others. 
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In our transcriptome profiling, we then investigated the expression of genes with different functions 

such as TF, Epifactor, proto-oncogene, and tumor suppressor; and TCGA-BRCA genes, genes 

involved in ubiquitin system, myokines, among others. 

Our differentially expressed gene analysis across the muscle stages revealed a notable altered 

expression of a various number of genes at all stages or at a specific stage/s. It should be noted that 

our data analysis revealed altered expression of a number of transcription factors, epigenetic factors, 

and lncRNAs (Figure 17). Moreover, our data showed involvement of numerous tumor suppressors 

and canonical cancer drivers found in specific clusters (Figure 18A). 

In relation to the cancer drivers as proto-oncogenes and tumor suppressors, our data revealed the 

significant downregulation of several genes at all stages or a specific stage/s (Figure 18B) compared 

to stem stage (D0).  Among this category, the most significant downregulated gene was POU5F1 (a 

TF functioning as proto-oncogene), USP44 (an Epifactor functioning as proto-oncogene), LCK (a 

gene without TF and Epifactor roles functioning as proto-oncogene) among others, indicating their 

roles in the stemness status of hESCs and cancer cells. In this category, we also found one of the main 

proto-oncogenes involved in sarcoma, as a muscle-related cancer, (BCOR). This gene shows 

overexpression in sarcoma affected by BCOR-ITD [68] and dysregulated in fusions with other genes 

[69]. In our muscle differentiation stage, significant BCOR downregulation was observed at stages of 

D7, 30, and 46 compared to D0, confirming its function as proto-oncogene and its role in stemness 

of hESCs. 

In our study, we also found some cancer drivers with only TF role functioning as proto-oncogene, 

with more significant altered expressions at all stages for lower expression of POU5F1 and MYC; 

and overexpression of LEF1 and PAX3 compared to D0. However, other important ones were MYCN 

with lower expression only on D2, D30, and D46; and MYB with lower expression on D30 and 46 

(Figure 20), indicating their role in stemness status of hESCs. These genes are involved in several 

cancers [70-74]. 



 89 

Among genes with only Epifactor role with proto-oncogenic function, almost all of the genes in this 

category were downregulated across almost all stages (Figure 21), obviously representing their 

involvement in stemness status of stem cells and cancers. 

In relation to the genes with both TF and Epifactor roles and functioning as both proto-oncogenes 

and tumor suppressors, the most significant alteration was for ZBTB16 with overexpression from D7 

toward late stage. ZBTB16 is reported to be involved in Leukemia, acute promyelocytic, PL2F/RARA 

type (https://www.omim.org/) [75]. Other genes were EZH2 (significant higher expression at 

mesoderm and somite stages), PBRM1 (overexpression at somite stage), and TP53 (significant lower 

expression at late stages of differentiated) (Figure 22). Moreover, among genes with both proto-

oncogenic and tumor suppressive functions but only as TF, our data showed a significant lower 

expression of FOXL2 from D7 toward late stage compared to D0 (Figure 23). In relation to the cancer 

derivers with only TF role which act as tumor suppressors, we identified significant overexpression 

of GATA4 and lower expression of SALL2 at all stages (Figure S1). Moreover, our data revealed 

altered expression of genes defined as Epifactors with tumor suppressive function, in which almost 

all of them had lower expression across muscle differentiation (Figure 24). The important gene in this 

category was DNMT3B with very significant lower expression at all stages compared to stemness 

stage. Furthermore, two cancer drivers which are considered as both TF and Epifactor with tumor 

suppressive function, were CTCFL with lower expression at all stages and SMARCC1 with lower 

expression on D30 and 46 (Figure S2).  

Regarding tumor suppressor genes with TF role, interestingly almost all of them revealed higher 

expression at almost all muscle differentiation stages compared to D0. The most significant values 

were for IFI16 and FOXC1 across all stages (Figure S3), indicating their important role in 

differentiated cells as expected for tumor suppressor. In relation to the tumor suppressor genes with 

only Epifactor role, most of them were upregulated. The main significant altered genes with higher 

expression at all stages compared to stemness stage (D0) were SMARCA2, and EYA4 and also SIRT2 

with higher expression from D7 to D46 (Figure 25). This represents their key roles in differentiated 
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cells compared to stemness status. Moreover, among genes with role of both TF and Epifactors with 

tumor suppressive function, our data revealed altered expressed of some genes. The main significant 

one was SP100 overexpression from D7 toward terminal stage compared to D0 as expected for tumor 

suppressors (Figure 26). 

In addition to the above-mentioned data, looking at whole data, our results showed the altered 

expression of some genes with both TF and Epifactor roles functioning as both proto-oncogenes and 

tumor suppressors, with more significant alterations for FOXO1 downregulation at all stages and 

ZBTB16, FOXP1 and PRDM1 upregulation from D7 toward late stage compared to D0 (Figure 27). 

Regarding proto-oncogenes without TF and Epifactor roles, our data found major significant 

alterations for downregulation of LCK, BUB1B, RMI2, and KDR at all stages and RHOH from D7 

toward late stage as expected for proto-oncogenes; and overexpression of COL2A1 at all stages 

(Figure 28). However, in relation to the tumor suppressor genes without TF and Epifactor role, 

interestingly, we identified a number of overexpressed genes across muscle differentiation as 

expected for these genes (Figure 29). The most significant changes were for EMP1 with upregulation 

from D7 toward the late stage. Other main significant altered genes were PCDH9, VIM, WNT5A, and 

AHNAK with overexpression at all stages; and GAS1, DMD, and IGFBPS with overexpression from 

D7 toward the late stage.  

In another category with tumor suppressors and proto-oncogenes without TF and Epifactor roles 

among all clusters, our results revealed several main genes, in which most of them had upregulation 

during muscle differentiation stages (Figure S4). The most significant alteration was for EPHA3 with 

upregulation from D7 toward the late stage compared to D0. Among these genes in this category, 

some important known genes are involved in cancers such as CDH11, CDKN2C, DCC, LRIG3, 

DDR2, LRP1B, CDK6, and CDKN2A with overexpression; and CDH1 and WNK2 with lower 

expression at all stages. 

Regarding the involvement of genes with role as both TF and Epifactor extracted from all clusters of 

muscle differentiation stages, we identified several genes with altered expression at all stages or 
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specific stage/s. The major significant alterations were for downregulation of CTCFL, FOXO1, 

PRDM14; and upregulation of DPF3, PRDM8, SCML4, SNAI2, ZHX1, and ZNF516 at all stages 

compared to D0 (Figure S5 and 30). Their main GO:BP terms were regulation of transcription (Figure 

31A).  

We also found overexpression of some FOX genes from D7 toward terminal differentiation, 

representing their important role in muscle differentiation with their function in the regulation of 

transcription with involvement of all FOXA1, FOXP1, FOXP2, and FOXP4 genes (Figure S6B and 

Table S15). 

Looking for the involvement of DNMTs with Epifactor role across muscle differentiation stages, we 

found significant DNMT3B lower expression at all stages compared stemness stage. However, 

DNMT3A lower expression was observed only at mesoderm stage and DNMT1 down regulation only 

at late stages of D30 and 46 (Figure 32). This finding may represent the key role of DNMT3B in 

stemness status compared to differentiated cells and also confirm its role in stemness of cancers since 

in several TCGA cancer DNMT3B overexpression is found. Moreover, the data may indicate that 

DNMT3A expression is important in differentiated cells. In category for the genes with only Epifactor 

role, we identified a number of genes with altered expression across muscle differentiation stages 

(Figure S7 and S8) and their main Enrichr GO:BP term was regulation of transcription and the major 

enriched genes were SMARCA2, RB1, and CHD3, in order (Figure 33A). 

In one part of our investigations, we found the involvement of main myokines in muscle 

differentiation, with their higher expression across this process. Our data revealed that the main 

significant alterations were for overexpression of DCN, MSTN, FNDC5, CXCL1, SPARC, IL6, and 

IL15, and downregulation of FGF21 (Figure 35). Therefore, their higher expression at differentiated 

stages and also their release after physical activities with anti-cancer effects may confirm the fact that 

they have role in reduction of stemness status of cancer and stem cells.  

In another part of our study, based on the fact that pectoralis muscle mass enhancement has been 

found in samples with breast tumors [34] and also these tissues in patients with breast tumors 
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represented altered expression of genes involved in muscle cell homeostasis [35, 57], we investigated 

and observed the involvement of TCGA BRCA genes affecting OS across muscle differentiation. Our 

results showed involvement of a number of these genes in muscle differentiation (Figure S10-S12 

and Table S26). Some of these genes had altered expression at all stages compared to D0 with possible 

functions as proto-oncogene and/or tumor suppressor (Figure S10 and Table S26). Moreover, we 

showed involvement of some uncharacterized and novels TCGA BRCA tumor suppressors 

(N4BP2L1, BOC, RIC3, XG, BEGAIN, PLEKHA4) at muscle differentiation stages. This involvement 

is mainly considered for  N4BP2L1, BOC, N4BP2L1, and BEGAIN based on their significant 

overexpression at late muscle stages and also their involvement in muscle related processes extracted 

from Enrichr GO:BP (Figure 36 and Table S27) [65] [66]. Briefly, BOC, PLEKHA4, BEGAIN, and 

N4BP2L1 with higher significant expression at late muscle stage may strengthen their key function 

as tumor suppressor. Overall, we could confirm the role of these breast cancer genes in muscle 

differentiation and for the first time, we presented the role of the PLEKHA4, BEGAIN, XG, RIC3 and 

N4BP2L1 in muscle differentiation. 

Regarding the involvement of ubiquitin proteins in muscle differentiation and cancers, we found a 

significant altered expression of a number of genes with higher expression in stemness condition 

compared to muscle cell progenitor stage (D30) and/or terminal stage (D46). For example, significant 

lower expression of UBE2S and UBE2C on both D30 and D40 compared to stemness stage D0 (Figure 

38A and B; and Figure 39). This may indicate their main roles in the maintenance of hESCs stemness.  

In addition to this finding, various ubiquitin proteins did not have significant changes in their 

expression at muscle differentiation stages compared to D0. One of the main ubiquitin proteins with 

constant expression at all muscle stages was UBAP1 (Figure 40). For the first time in collaboration 

with other research groups, we showed that the impaired UBAP1 could cause the hereditary spastic 

paraplegia (the Spastic paraplegia 80, autosomal dominant) which is a rare inherited disorder with 

weakness and stiffness in the leg muscles [67]. Ubap1 protein has a vital role in proteasomal 
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degradation of ubiquitinated cell-surface proteins and its constant expression may reveal its important 

role during all differentiation stages. 

In the last part of our study, we could show the involvement of UBE2C and its co-expressed genes 

from TCGA cancers at muscle differentiation stages. In our previous published study, we identified 

UBE2C overexpression in all 27 TCGA cancers and its expression had a moderate to very strong 

positive correlation with various genes in the twenty-seven cancers. In addition to UBE2C 

involvement in cancer, as mentioned above, we identified UBE2C significant lower expression at late 

stages of muscle differentiation compared to stemness stage, indicating its function as proto-

oncogene. The overexpression of UBE2C in cancers [36], mainly breast cancer, and its higher 

expression at stemness stage of muscle differentiation compared to terminal differentiated stages can 

confirm its key involvement in the stemness status of the cancer and hESCs. Furthermore, when we 

analyzed the expression of UBE2C and its positively significant co-expressed genes from TCGA 

cancers during muscle differentiation stages, our result revealed the parallel lower expression of 

almost all these genes along with UBE2C at two late muscle stages (D30 and D46), representing their 

possible role as proto-oncogenes (Figure 41). These data may confirm their involvement in the same 

UBE2C networks in cancers and its stemness. 

In summary, our hESCs differentiation toward muscle cells could help uncover a huge number of 

genes involved in this cell process contributed to the most important human body tissue. Most of 

them can be considered for our future functional studies to identify their exact roles in this process. 

Several genes showed roles as TF and/or Epifactors which also acted as proto-oncogene and/or tumor-

suppressor. We could propose several genes as new proto-oncogenes and tumor suppressors. 

Moreover, we could confirm the direct and indirect involvement of several genes with few reports 

for their involvement in different stages of myogenesis such as somite stage. We were also able to 

report lots of genes involved in cancers and their biological processes, helping identify target 

biomarkers with prognostic and diagnostic values. 
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Abstract 
 
During my PhD program I also studied some bioinformatic analyses for human genetic disorders, 

including human cancers and neuromuscular disorders. For example, I used different bioinformatic 

tools and R packages to analyze expression of mRNA, lncRNAs, and miRNA and their networks 

involved in cancers and could publish interesting data related to UBE2C and other genes in cancers. 

Moreover, I had some collaborations with other researchers to analyze the annotated data of whole 

exome sequencing (WES) and disorder panel sequencing of human genetic disorders, design some 

studies, and write the manuscripts. In these NGS data, I could find, correlate and report some mutated 

genes (such as FUT8, FANCF, and SEPN1, among others) related to rare genetic metabolic, 

neuromuscular, and neurologic disorders and strengthen their contributions to these disorders. In the 

most of these published studies, I had substantial contributions for the NGS data analysis, 

bioinformatic analyses related to the confirmation of mutations, sanger sequencing analysis, protein 

network analysis, conceptualization of some studies, and writing and editing the manuscripts. 
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SUPPLEMENTAL INFORMATION 
 
 
Table S1. Cancer drivers with proto-oncogenic and tumor suppressor roles in cluster 8 

GeneID 

Oncogene 

Tumor 

Suppressor epi_flag TF_flag 

logFC. 

D2 

logFC. 

D7 

logFC. 

D30 

logFC. 

D46 

POU5F1 1 0 not_epi TF -2,398 -10,062 -12,15 -9,700 

USP44 1 0 epiFactor not_TF -3,731 -5,234 -8,680 -8,395 

LCK 1 0 not_epi not_TF -5,825 -12,451 -9,767 -6,898 

KDR 1 0 not_epi not_TF -2,099 -1,811 -1,034 -3,144 

KAT7 1 0 epiFactor not_TF -0,981 -1,384 -1,959 -1,997 

BCOR 1 0 epiFactor not_TF -0,863 -2,012 -1,542 -1,957 

TERT 1 0 not_epi not_TF -3,219 -4,013 -6,944 -10,51 

MAP2K1 1 0 not_epi not_TF -0,897 -1,483 -1,687 -1,211 

VAV1 1 0 not_epi not_TF -6,920 -10,113 -10,11 -4,636 

RET 1 0 not_epi not_TF -1,886 -3,810 -2,790 -3,140 

ETV4 1 0 not_epi TF -0,171 -5,140 -3,275 -3,035 

MYC 1 0 not_epi TF -2,261 -1,763 -3,087 -2,138 

CARD11 1 0 not_epi not_TF -1,518 -2,832 -3,582 -2,451 

FGFR4 1 0 not_epi not_TF -1,001 -2,831 -2,707 -2,721 

ERCC2 1 0 not_epi not_TF -0,907 -0,999 -1,588 -1,997 

AXIN1 1 1 not_epi not_TF -0,197 -1,015 -1,406 -1,225 

NTHL1 1 0 not_epi not_TF -1,200 -1,543 -2,053 -1,921 

ARHGAP26 1 0 not_epi not_TF -0,497 -1,248 -1,108 -0,925 

PSIP1 1 0 epiFactor not_TF -1,215 -0,762 -2,119 -1,704 

MYCL 1 0 not_epi not_TF -0,977 -1,693 -2,523 -3,187 

OLIG2 1 0 not_epi TF -1,165 -1,892 -2,856 -4,042 

TEC 1 0 not_epi not_TF -2,254 -4,295 -3,257 -2,423 

GRM3 1 0 not_epi not_TF -5,432 -4,193 -2,847 -4,241 

PTPN6 1 1 not_epi not_TF -0,767 -2,015 -2,381 -1,817 

FOXL2 1 1 not_epi TF -1,212 -3,767 -7,811 -4,694 

CTNND2 1 0 not_epi not_TF -0,832 -0,312 0,675 -2,265 

RGS7 1 0 not_epi TF -0,557 -2,834 -0,426 -3,632 

BCL11A 1 0 not_epi TF -0,405 -2,595 -0,650 -1,715 

WNK2 1 1 not_epi not_TF -2,300 -3,944 -2,020 -2,641 
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Table S2. Involvement of several TF genes as proto-oncogenes extracted from clusters 4 and 8 with altered 

expression in most of muscle differentiation stages. 

GeneID logFC.D2 logFC.D7 logFC.D30 logFC.D46 

POU5F1 -2,40 -10,06 -12,15 -9,70 

ZNF331 -0,36 -0,59 -2,40 -2,38 

MYCN -1,86 -0,32 -2,52 -5,31 

HMGA1 -0,64 -1,24 -4,68 -4,51 

ETV4 -0,17 -5,14 -3,27 -3,03 

MYC -2,26 -1,76 -3,09 -2,14 

PATZ1 -0,19 -0,27 -0,99 -1,23 

OLIG2 -1,17 -1,89 -2,86 -4,04 

RGS7 -0,56 -2,83 -0,43 -3,63 

MYB -0,91 0,23 -2,03 -2,30 

BCL11A -0,40 -2,60 -0,65 -1,71 

 
Table S3. TF genes as only proto-oncogenic role from clusters 4, 5, 7, and 8 across muscle differentiation 

stages. 

GeneID logFC.timeD2 logFC.timeD7 logFC.timeD30 logFC.timeD46 

POU5F1 -2,40 -10,06 -12,15 -9,70 

LEF1 11,67 10,60 7,40 7,32 

ZNF331 -0,36 -0,59 -2,40 -2,38 

MYCN -1,86 -0,32 -2,52 -5,31 

HMGA1 -0,64 -1,24 -4,68 -4,51 

ETV4 -0,17 -5,14 -3,27 -3,03 

PAX3 7,71 11,25 7,74 6,59 

MYC -2,26 -1,76 -3,09 -2,14 

PATZ1 -0,19 -0,27 -0,99 -1,23 

OLIG2 -1,17 -1,89 -2,86 -4,04 

RGS7 -0,56 -2,83 -0,43 -3,63 

MYB -0,91 0,23 -2,03 -2,30 

HMGA2 0,08 2,44 1,27 -0,43 

BCL11B 1,75 -1,55 0,86 -0,54 

CREB3L2 1,10 1,68 1,38 0,94 

DDIT3 0,53 -1,24 -0,33 0,08 

BCL11A -0,40 -2,60 -0,65 -1,71 
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Table S4. Genes with Epifactor role with proto-oncogenic function from in clusters 4, 7, and 8 

GeneID logFC.timeD2 logFC.timeD7 logFC.timeD30 logFC.timeD46 

USP44 -3,73 -5,23 -8,68 -8,39 

SMARCD1 -0,12 -0,31 -1,50 -2,04 

KAT7 -0,98 -1,38 -1,96 -2,00 

MSH6 -0,15 -0,27 -1,57 -1,59 

BCOR -0,86 -2,01 -1,54 -1,96 

SET -0,07 -0,54 -2,14 -2,17 

YWHAE 0,09 0,02 -1,14 -1,29 

DAXX 0,32 -0,07 -1,21 -1,05 

SRSF3 0,24 0,01 -1,09 -1,16 

TET1 -0,60 -1,33 -2,09 -2,34 

BAZ1A 2,00 1,85 0,78 0,83 

PSIP1 -1,21 -0,76 -2,12 -1,70 

 

Table S5. Genes without TF and Epifactor roles which function as proto-oncogenes. 

GeneID cluster logFC.timeD2 logFC.timeD7 logFC.timeD30 logFC.timeD46 

LCK 8 -5,82 -12,45 -9,77 -6,90 

BUB1B 4 -0,97 -0,63 -2,89 -2,65 

RMI2 4 -1,48 -1,02 -3,04 -2,37 

RHOH 4 1,36 -4,35 -7,29 -6,88 

COL2A1 7 1,79 5,55 2,78 1,47 

KDR 8 -2,10 -1,81 -1,03 -3,14 

FANCD2 4 -0,25 -0,21 -2,39 -1,99 

KCNJ5 5 8,38 4,62 2,54 1,45 

RFWD3 4 0,27 -0,24 -1,88 -1,87 

IRS4 4 -2,37 -1,85 -5,09 -5,58 

FEN1 4 0,83 0,09 -2,00 -1,82 

LMO2 5 6,09 1,47 1,74 1,83 

BCL2L12 4 0,24 -0,92 -2,20 -2,03 

FANCA 4 0,36 -0,56 -1,89 -1,30 

CCNE1 4 0,34 -0,48 -1,75 -1,73 

HIP1 4 -0,06 0,02 -1,29 -1,30 

TERT 8 -3,22 -4,01 -6,94 -10,51 

SMC1A 4 0,30 0,03 -1,34 -0,82 

MAP2K1 8 -0,90 -1,48 -1,69 -1,21 

CXCR4 5 6,80 2,91 2,64 -0,04 

RNF43 5 4,12 0,89 0,12 0,39 
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VAV1 8 -6,92 -10,11 -10,11 -4,64 

PPM1D 7 0,00 1,54 0,04 -0,33 

SRSF2 4 0,21 0,03 -1,06 -1,42 

CCNB1IP1 4 0,28 -0,89 -1,66 -1,86 

MTOR 4 0,09 -0,24 -1,36 -1,45 

TAF15 4 0,09 -0,13 -1,21 -1,20 

AFDN 4 0,53 0,32 -0,97 -1,84 

DDX10 4 0,79 0,37 -1,05 -0,98 

FUBP1 4 -0,05 0,13 -1,05 -1,39 

PABPC1 4 0,28 -0,59 -1,33 -1,03 

HNRNPA2B1 4 -0,16 -0,05 -1,29 -1,24 

RECQL4 4 0,47 -0,38 -1,88 -1,09 

PCBP1 4 -0,18 -0,80 -1,37 -1,16 

KNSTRN 4 -0,03 0,29 -1,01 -1,33 

RET 8 -1,89 -3,81 -2,79 -3,14 

STIL 4 0,76 0,81 -1,02 -1,02 

CNBP 4 0,23 -0,32 -1,30 -1,12 

CARD11 8 -1,52 -2,83 -3,58 -2,45 

FGFR4 8 -1,00 -2,83 -2,71 -2,72 

MSI2 7 0,32 0,68 -0,04 -1,07 

ERCC2 8 -0,91 -1,00 -1,59 -2,00 

FLT4 4 -1,61 -0,65 -2,27 -2,82 

NTHL1 8 -1,20 -1,54 -2,05 -1,92 

LEPROTL1 4 0,64 0,65 -0,47 -1,36 

POLD1 4 -0,18 -0,56 -2,18 -1,49 

POLQ 4 0,40 0,60 -1,34 -0,78 

ARHGAP26 8 -0,50 -1,25 -1,11 -0,93 

ATP1A1 4 0,49 -0,12 -1,05 -0,79 

MYCL 8 -0,98 -1,69 -2,52 -3,19 

TEC 8 -2,25 -4,29 -3,26 -2,42 

GRM3 8 -5,43 -4,19 -2,85 -4,24 

PIM1 4 -1,90 -0,11 -2,38 -2,07 

TPM3 4 0,26 -0,45 -1,29 -1,18 

PREX2 4 -1,17 -0,68 -2,25 -1,84 

PIK3CB 4 -0,75 -0,24 -1,74 -1,30 

CTNND2 8 -0,83 -0,31 0,68 -2,26 
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Table S6. Tumor suppressor genes without TF and Epifactor roles. 

GeneID cluster logFC.timeD2 logFC.timeD7 logFC.timeD30 logFC.timeD46 

EMP1 1 -2,88 3,62 7,10 8,32 

SRPX 9 0,25 0,39 2,80 4,78 

GAS1 1 0,64 4,11 6,31 6,27 

PCDH9 2 3,20 4,38 6,61 5,40 

NUPR1 9 2,62 0,14 7,60 8,75 

VIM 2 3,11 2,84 4,79 4,66 

WNT5A 2 8,19 6,47 5,44 4,86 

AHNAK 1 2,58 5,74 6,11 6,71 

DMD 1 -0,23 3,40 3,45 3,22 

IGFBP5 1 -1,30 5,07 7,05 7,26 

SLIT2 2 2,49 4,35 3,30 2,79 

DAB2 2 1,76 2,54 4,02 4,97 

PLCE1 2 3,38 6,43 6,06 7,12 

EPHB3 1 -0,56 3,77 5,29 5,73 

SPARCL1 9 -3,90 1,13 6,80 7,62 

INPP4B 1 -0,82 5,13 4,85 4,64 

PDGFRL 9 -4,31 -1,00 2,72 4,38 

ROR2 2 3,78 2,87 2,99 2,93 

CLU 9 -1,40 -0,69 0,85 2,91 

BLCAP 9 -1,21 -0,56 0,95 1,10 

CXCL14 9 -0,43 2,04 3,30 6,14 

RBMS3 1 0,94 3,45 4,83 5,24 

PLD1 1 -3,04 1,56 3,88 3,46 

AGTR1 9 0,73 2,08 7,86 9,24 

GREM1 2 5,76 9,94 7,17 7,92 

CADM1 1 -0,25 2,36 3,10 2,06 

RECK 1 0,06 1,84 3,04 3,14 

IGFBP4 9 0,50 -1,13 1,52 2,36 

GBP1 9 -0,86 1,68 9,03 8,96 

DLK1 1 1,11 9,91 12,92 13,87 

PLA2R1 9 0,62 0,29 5,43 5,13 

ZNF185 1 -1,68 1,53 1,25 0,78 

GSN 9 0,13 0,99 2,58 3,32 

LSAMP 1 -0,50 3,87 5,06 5,23 

CDH13 1 1,25 5,21 5,44 5,41 
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CXCL12 9 -2,14 0,35 2,70 1,78 

SAMD9L 9 0,00 3,12 9,44 11,55 

RBL2 9 0,05 0,68 1,53 1,82 

SYNPO2 9 -4,03 -0,97 2,98 2,58 

CXXC4 1 -2,08 3,90 3,12 1,03 

PDLIM4 2 1,48 1,36 3,16 3,19 

ANGPTL4 9 -2,40 -0,18 4,19 4,64 

NDN 9 -0,39 0,48 1,87 1,83 

DLC1 2 4,64 4,61 4,96 4,94 

RND3 1 -1,31 1,05 1,25 2,01 

HPGD 9 -4,15 -2,98 1,32 2,66 

DPP4 9 -2,95 -0,44 3,62 4,98 

TOM1L2 1 -0,41 2,12 3,31 3,07 

TCEAL7 1 -0,92 1,32 1,40 1,76 

IGFBP3 1 -2,23 3,51 7,30 6,09 

BMPR2 9 0,92 1,15 2,99 2,77 

SOCS3 9 -2,32 -1,25 -0,02 2,25 

ADAMTS9 2 2,90 5,44 6,54 6,71 

UNC5C 2 6,38 5,91 6,07 5,69 

AHRR 9 0,15 1,76 3,77 4,13 

TXNIP 9 -0,65 -0,78 2,43 2,48 

EFNA5 1 -0,22 1,64 2,44 2,38 

WNT7A 9 1,88 4,59 5,65 9,36 

TNFSF12 9 -1,98 -0,56 2,21 2,77 

FBXO25 9 -0,50 0,29 1,42 1,52 

CDKN1C 1 1,43 2,37 4,18 4,49 

FHL1 9 -0,41 0,38 2,77 2,03 

HTRA1 1 -1,43 2,59 5,84 4,82 

SEMA3B 1 0,04 2,19 2,82 2,71 

LOX 9 -4,83 0,77 6,95 6,06 

TGFBI 1 0,28 3,60 7,01 5,72 

EPB41L3 2 1,94 1,22 1,79 1,98 

PCDHGC3 2 1,48 2,16 2,24 2,07 

DCDC2 9 1,01 2,15 4,29 6,29 

RNASEL 1 0,74 1,79 3,01 3,32 

BTG2 2 3,23 1,54 1,89 2,91 

HECA 9 -0,31 0,59 1,88 1,95 
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PCDH17 1 1,69 3,33 4,70 2,95 

CLDN1 9 0,78 0,32 2,57 4,64 

VEGFA 9 -0,89 -1,37 0,89 1,76 

IGF1 1 0,00 8,01 12,93 12,44 

ALDH1A2 2 11,64 7,59 10,63 11,23 

SCUBE2 9 -1,03 2,71 4,81 5,95 

XAF1 9 -3,93 -0,82 4,19 5,77 

DCN 1 -1,95 11,43 15,02 15,70 

THSD1 1 0,68 2,82 3,08 3,98 

SPARC 1 0,26 1,81 3,55 3,37 

CMTM3 2 1,46 2,08 2,00 2,11 

SEC14L2 9 0,86 0,05 1,52 2,51 

IGFBP7 1 1,49 5,05 9,47 8,37 

TNFSF9 9 0,53 0,19 1,72 3,21 

RASSF4 1 -2,43 1,41 2,59 2,50 

MYO18B 9 0,58 -1,54 4,24 4,74 

SPRY2 2 1,17 0,41 1,15 2,12 

TIMP3 1 -1,29 3,18 4,89 4,55 

TP53INP1 2 1,38 2,36 3,75 2,97 

PRKCE 1 -0,61 2,02 3,52 3,68 

SELENBP1 1 0,32 1,46 2,27 2,80 

EPHB2 9 -1,93 -0,06 1,55 1,60 

ADAMTS18 1 -0,76 7,92 5,04 4,01 

DSC3 9 -1,33 0,54 3,14 1,77 

TGFBR3 9 0,99 2,37 3,47 5,53 

S100A2 9 -0,40 0,27 2,07 4,64 

ANXA1 1 1,39 5,45 4,48 4,37 

ARHGAP29 2 1,97 3,52 3,28 4,71 

PDCD4 1 -0,46 1,07 1,40 1,59 

CEBPD 9 -2,52 -0,64 3,05 3,91 

ARL6IP5 1 -0,34 0,78 1,56 2,03 

MT1M 9 3,18 0,00 3,21 8,11 

HSPB7 9 -2,75 4,70 7,78 7,89 

RHOBTB2 9 0,68 0,79 1,43 1,78 

CD44 2 3,22 1,56 3,33 4,30 

MRVI1 1 -0,67 0,43 1,73 0,58 

HACD4 9 0,05 0,47 1,74 2,62 
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DIRAS3 2 3,50 4,98 5,30 5,34 

NAPEPLD 1 0,39 1,81 2,44 2,56 

MAL 9 0,00 0,00 8,37 11,07 

CTNNA3 2 2,67 3,43 3,84 4,04 

GPRC5A 9 -6,38 -0,25 3,72 6,60 

MARVELD1 9 0,14 0,40 1,29 1,38 

BNIP3L 9 -0,60 0,20 1,09 1,20 

RNF144A 9 0,05 0,58 0,92 1,55 

UBE2QL1 9 0,27 -1,02 2,91 0,76 

PLK2 1 0,37 1,10 1,47 1,51 

LIFR 2 1,83 0,66 3,53 3,06 

NNAT 1 0,40 1,54 2,76 2,43 

PIAS1 1 -0,16 0,83 0,94 1,01 

TMEFF2 2 3,10 2,63 4,61 4,59 

DKK3 9 -0,28 0,62 3,21 2,73 

HEPACAM 9 1,88 2,61 4,78 7,65 

ITGB3 9 -3,26 3,25 6,63 7,40 

FRK 9 -0,32 -0,95 2,05 3,21 

MARCKS 2 0,73 1,16 2,01 1,92 

SYNM 1 -0,60 1,69 0,89 0,48 

ST5 1 -0,61 0,93 1,51 1,30 

YPEL3 9 -1,42 -0,84 0,67 0,89 

NDRG2 9 -0,98 0,18 1,89 1,89 

FBXO32 9 -2,15 0,75 2,56 3,81 

PHLDA3 1 -1,54 0,74 2,04 2,18 

MAP3K8 2 1,94 1,50 1,36 1,73 

NOTCH3 1 -1,10 0,54 1,46 0,64 

WNT11 2 5,20 3,74 6,27 7,14 

CADM3 1 -0,77 1,26 1,81 0,45 

TUSC1 2 1,72 1,45 1,99 2,09 

SH3GLB1 2 0,83 1,14 1,92 1,66 

ACHE 1 -1,10 0,96 2,00 1,55 

BLNK 9 -0,05 -1,94 5,48 6,75 

EMP2 2 0,95 2,09 1,09 2,35 

ZBTB18 2 0,52 0,92 1,20 0,40 

FBLN1 2 1,26 1,47 1,40 1,25 

SASH1 9 0,25 0,41 1,01 1,20 
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GLIPR1 2 5,85 5,40 6,72 5,22 

CAMK2N1 9 -1,26 -0,08 1,68 1,45 

CFTR 1 -2,57 2,63 4,27 2,64 

APAF1 2 0,87 1,74 1,56 1,53 

EXTL1 9 0,51 0,98 3,67 3,91 

MT2A 9 -1,17 -0,12 2,37 4,60 

SSBP2 1 -0,14 2,14 2,42 2,56 

GJB2 9 -2,03 0,11 5,56 5,77 

EDNRB 1 -0,06 6,19 4,85 4,25 

CAV1 9 0,22 0,36 2,24 2,45 

SRGAP3 1 -3,22 1,94 2,98 2,72 

WFDC1 9 0,29 -1,09 4,56 2,35 

CD82 2 2,43 0,87 2,83 2,87 

NEURL1 1 0,84 4,28 4,04 4,47 

BIN1 9 0,09 0,22 1,09 1,66 

THBD 1 1,14 4,37 5,50 5,33 

PTCH2 2 2,47 1,73 3,41 3,79 

ZMYND10 9 0,67 1,45 2,82 3,45 

GORAB 1 0,08 0,46 0,97 1,07 

PCDH10 2 2,68 1,64 4,21 1,24 

IFT88 2 1,29 1,97 2,23 2,09 

CDKN2B 1 3,82 7,27 10,18 6,85 

MAPK10 1 -0,49 2,17 1,44 0,71 

PPP3CC 2 0,82 1,30 1,66 1,43 

AFAP1L2 2 1,94 2,36 2,76 3,07 

SHISA3 9 -0,03 0,50 4,03 3,78 

KLK6 9 -0,37 1,19 -0,05 2,93 

PACRG 9 1,18 1,11 3,36 3,11 

 

 

 

 

 

 

 



 200 

Table S7. Tumor suppressor genes and proto-oncogenes without TF and Epifactor roles among all clusters. 

GeneID cluster Oncogene 

Tumor 

Suppressor 

logFC. 

D2 

logFC. 

D7 

logFC. 

D30 

logFC.  

D46 

EPHA3 1 1 1 -3,58 3,10 5,83 5,23 

TGFBR2 9 1 1 -1,04 0,04 2,54 3,87 

CDH11 2 1 1 7,30 5,81 6,93 6,93 

FAT4 1 1 1 -0,13 3,93 6,32 6,96 

CDKN2C 9 1 1 1,25 3,14 6,65 8,43 

DCC 9 1 1 1,49 1,03 4,19 2,63 

BTK 5 1 1 3,15 -1,60 -1,84 -6,34 

FAS 9 1 1 0,63 2,22 3,22 5,15 

WIF1 9 1 1 -2,32 -1,64 2,92 3,41 

NOTCH2 1 1 1 -0,10 1,85 1,75 1,85 

LRIG3 2 1 1 1,94 3,69 3,30 2,77 

CHEK2 4 1 1 -0,55 -0,90 -2,09 -2,02 

BLM 4 1 1 0,42 0,39 -2,04 -2,18 

PTPRD 1 1 1 -0,23 2,22 1,96 0,97 

AXIN2 5 1 1 3,94 1,83 0,21 -0,16 

PTPRT 9 1 1 0,45 -1,74 3,58 2,41 

CDKN1A 1 1 1 0,89 2,81 4,07 5,17 

PALB2 4 1 1 0,14 -0,35 -1,29 -1,42 

MSH2 4 1 1 -0,92 -1,24 -2,84 -2,43 

DDR2 2 1 1 1,59 1,98 2,70 2,92 

IDH1 4 1 1 0,18 -1,51 -2,15 -1,81 

GPC5 1 1 1 -1,26 4,44 4,86 3,50 

SFRP4 1 1 1 -1,37 8,07 3,57 5,73 

SYK 6 1 1 0,78 -3,50 1,86 1,87 

TNFAIP3 1 1 1 0,83 2,30 2,88 3,24 

CDH1 6 1 1 -4,12 -6,93 -3,55 -1,65 

AXIN1 8 1 1 -0,20 -1,02 -1,41 -1,22 

LRP1B 1 1 1 1,90 8,19 10,54 10,37 

SOCS1 6 1 1 -3,45 -2,60 -1,23 -0,87 

PRKAR1A 2 1 1 0,49 0,73 1,15 1,26 

NDRG1 9 1 1 0,98 0,57 2,25 3,04 

PTCH1 7 1 1 0,72 1,45 -0,56 -0,71 

CYLD 1 1 1 0,02 0,84 1,39 1,45 

SUFU 2 1 1 1,31 0,89 1,41 1,56 

GPC3 1 1 1 0,83 2,85 2,83 2,39 

CASP8 2 1 1 0,92 1,06 1,35 1,83 
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NOTCH1 5 1 1 0,76 -1,06 -0,57 -1,19 

CBL 4 1 1 -0,11 -0,38 -0,99 -1,30 

PTPN6 8 1 1 -0,77 -2,01 -2,38 -1,82 

PTPRC 9 1 1 -3,63 -1,80 3,77 2,14 

CDK6 7 1 1 2,15 2,95 2,33 1,68 

ITGAV 1 1 1 0,14 2,66 2,85 2,67 

FANCG 4 1 1 -0,42 -0,20 -1,19 -0,69 

NCOA4 2 1 1 1,02 0,80 0,85 0,88 

FHIT 9 1 1 0,46 0,13 1,96 0,98 

FAT1 1 1 1 -0,08 0,59 1,41 1,27 

AMER1 5 1 1 1,29 0,24 -0,27 -0,12 

CNOT3 4 1 1 -0,12 -0,46 -0,92 -1,06 

SH2B3 4 1 1 -0,18 -1,50 -1,54 -2,02 

EXT2 9 1 1 0,23 0,44 1,02 1,14 

PML 9 1 1 -0,17 -0,38 0,91 1,06 

CDKN2A 2 1 1 2,95 4,37 5,56 5,20 

FLCN 9 1 1 0,70 -0,20 0,25 1,12 

LATS2 3 1 1 -1,22 0,75 0,34 0,09 

WNK2 8 1 1 -2,30 -3,94 -2,02 -2,64 

EXT1 1 1 1 0,08 1,43 2,04 1,24 

 

Table S8. GO:BP terms for the expression of genes with both TF and Epifactor roles across muscle 
differentiation stages. 

Index Name P-value Adjusted p-
value 

1 regulation of transcription, DNA-templated (GO:0006355) 2.778e-9 4.027e-7 

2 negative regulation of vitamin D biosynthetic process 
(GO:0010957) 0.002248 0.02107 

3 regulation of vitamin D receptor signaling pathway 
(GO:0070562) 0.002248 0.02107 

4 regulation of cardiac muscle hypertrophy in response to stress 
(GO:1903242) 0.002697 0.02107 

5 negative regulation of vitamin metabolic process (GO:0046137) 0.002697 0.02107 
6 cellular response to cold (GO:0070417) 0.002697 0.02107 
7 regulation of vitamin D biosynthetic process (GO:0060556) 0.002697 0.02107 
8 desmosome organization (GO:0002934) 0.003146 0.02107 

9 negative regulation of stress-activated protein kinase signaling 
cascade (GO:0070303) 0.003146 0.02107 

10 brown fat cell differentiation (GO:0050873) 0.003595 0.02107 
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Table S9. G0:BP terms for genes with both TF and Epifactor roles with only altered expression in Day 2. 

Index Name P-value Adjusted p-
value 

1 negative regulation of transcription, DNA-templated 
(GO:0045892) 0.0001062 0.001805 

2 regulation of transcription by RNA polymerase II (GO:0006357) 0.001340 0.005394 
3 regulation of transcription, DNA-templated (GO:0006355) 0.001411 0.005394 
4 histone H2A-K119 monoubiquitination (GO:0036353) 0.001200 0.005394 

5 negative regulation of nucleic acid-templated transcription 
(GO:1903507) 0.001586 0.005394 

6 histone H2A monoubiquitination (GO:0035518) 0.002548 0.006188 

7 negative regulation of cellular macromolecule biosynthetic 
process (GO:2000113) 0.002199 0.006188 

8 negative regulation of transcription by RNA polymerase II 
(GO:0000122) 0.003424 0.007277 

9 negative regulation of G0 to G1 transition (GO:0070317) 0.005689 0.01043 
10 regulation of G0 to G1 transition (GO:0070316) 0.006138 0.01043 

 
 
 
Table S10. G0:BP terms for genes with both TF and Epifactor roles  with altered expression at somite stage. 

Index Name P-value Adjusted p-value 
1 positive regulation of myoblast proliferation (GO:2000288) 0.001249 0.01574 

2 regulation of mitochondrial membrane permeability involved 
in apoptotic process (GO:1902108) 0.001749 0.01574 

3 macromolecule modification (GO:0043412) 0.001999 0.01574 

4 positive regulation of mitochondrial membrane permeability 
involved in apoptotic process (GO:1902110) 0.002248 0.01574 

5 covalent chromatin modification (GO:0016569) 0.003495 0.01747 

6 mitotic intra-S DNA damage checkpoint signaling 
(GO:0031573) 0.003745 0.01747 

7 positive regulation by host of viral transcription 
(GO:0043923) 0.003994 0.01747 

8 modulation by host of symbiont process (GO:0051851) 0.007975 0.03101 
9 chromatin organization (GO:0006325) 0.0004936 0.01574 

10 ATP-dependent chromatin remodeling (GO:0043044) 0.01046 0.03660 
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Table S11. G0:BP terms for genes with both TF and Epifactor roles with their altered expression at Day 30. 
Index Name P-value Adjusted p-value 

1 histone H3-K9 methylation (GO:0051567) 0.001399 0.02099 
2 granulocyte differentiation (GO:0030851) 0.003994 0.02518 
3 regulation of protein transport (GO:0051223) 0.005589 0.02518 
4 histone lysine methylation (GO:0034968) 0.006783 0.02518 
5 regulation of double-strand break repair (GO:2000779) 0.008374 0.02518 
6 negative regulation of proteolysis (GO:0045861) 0.008573 0.02518 

7 regulation of macromolecule metabolic process 
(GO:0060255) 0.0005892 0.01767 

8 protein deacetylation (GO:0006476) 0.008970 0.02518 
9 regulation of DNA repair (GO:0006282) 0.008970 0.02518 

10 histone deacetylation (GO:0016575) 0.009368 0.02518 
 
 
 
 
Table S12. G0:BP terms for genes with both TF and Epifactor roles with their altered expression at the terminal 
differentiation (Day 46). 

Index Name P-value Adjusted p-value 

1 negative regulation of transcription by RNA polymerase II 
(GO:0000122) 0.00003983 0.0005576 

2 negative regulation of transcription, DNA-templated 
(GO:0045892) 0.0001062 0.0007432 

3 regulation of transcription by RNA polymerase II 
(GO:0006357) 0.001340 0.006255 

4 negative regulation of epidermal growth factor-activated 
receptor activity (GO:0007175) 0.001949 0.006821 

5 negative regulation of protein tyrosine kinase activity 
(GO:0061099) 0.003596 0.008089 

6 negative regulation of signaling receptor activity (GO:2000272) 0.003895 0.008089 

7 regulation of epidermal growth factor-activated receptor 
activity (GO:0007176) 0.004045 0.008089 

8 histone exchange (GO:0043486) 0.005689 0.009220 
9 ATP-dependent chromatin remodeling (GO:0043044) 0.006287 0.009220 

10 negative regulation of epidermal growth factor receptor 
signaling pathway (GO:0042059) 0.006586 0.009220 
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Table S13. GO:BP terms for EZH2  and VDR genes. 

Inde
x Name P-value Adjusted p-value 

1 negative regulation of gene expression (GO:0010629) 0.0002584 0.005954 

2 positive regulation of multicellular organismal process 
(GO:0051240) 0.0002967 0.005954 

3 negative regulation of nucleic acid-templated transcription 
(GO:1903507) 0.0005371 0.005954 

4 negative regulation of cellular macromolecule biosynthetic process 
(GO:2000113) 0.0007467 0.005954 

5 cellular response to vitamin D (GO:0071305) 0.0004999 0.005954 

6 negative regulation of retinoic acid receptor signaling pathway 
(GO:0048387) 0.0006999 0.005954 

7 regulation of calcidiol 1-monooxygenase activity (GO:0060558) 0.0006999 0.005954 
8 negative regulation of keratinocyte proliferation (GO:0010839) 0.0007998 0.005954 
9 chromatin silencing at telomere (GO:0006348) 0.0007998 0.005954 

10 negative regulation of transcription by RNA polymerase II 
(GO:0000122) 0.001168 0.007176 

 
 
Table S14. G0:BP terms for genes with both TF and Epifactor roles with only similar altered expression in 

both late stages  (D30 and D46). 

Index Name P-value Adjusted p-value 

1 positive regulation of nucleic acid-templated transcription 
(GO:1903508) 2.611e-8 0.000005572 

2 regulation of transcription, DNA-templated (GO:0006355) 3.678e-8 0.000005572 
3 ATP-dependent chromatin remodeling (GO:0043044) 9.794e-8 0.000007419 

4 positive regulation of transcription, DNA-templated 
(GO:0045893) 9.773e-8 0.000007419 

5 regulation of transcription by RNA polymerase II 
(GO:0006357) 3.557e-7 0.00002156 

6 chromatin remodeling (GO:0006338) 0.000003711 0.0001874 
7 chromatin organization (GO:0006325) 0.00001327 0.0005744 

8 negative regulation of transcription by RNA polymerase II 
(GO:0000122) 0.00005471 0.002072 

9 negative regulation of nucleic acid-templated transcription 
(GO:1903507) 0.00009843 0.003314 

10 negative regulation of cellular macromolecule biosynthetic 
process (GO:2000113) 0.0002126 0.006442 
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Table S15. G0:BP terms for genes with both TF and Epifactor roles with their overexpression from Day 7 

toward terminal differentiation (D30 and D46) 

Index Name P-value Adjusted p-value 

1 regulation of transcription by RNA polymerase II 
(GO:0006357) 1.759e-7 0.00001077 

2 regulation of transcription, DNA-templated 
(GO:0006355) 2.013e-7 0.00001077 

3 negative regulation of transcription, DNA-templated 
(GO:0045892) 8.293e-7 0.00002958 

4 negative regulation of transcription by RNA 
polymerase II (GO:0000122) 0.000005182 0.0001386 

5 regulation of macromolecule metabolic process 
(GO:0060255) 0.00007916 0.001694 

6 negative regulation of nucleic acid-templated 
transcription (GO:1903507) 0.0009390 0.01435 

7 regulation of gene expression (GO:0010468) 0.0008530 0.01435 
8 response to lipid (GO:0033993) 0.001129 0.01511 

9 negative regulation of cellular macromolecule 
biosynthetic process (GO:2000113) 0.001511 0.01797 

10 chromatin organization (GO:0006325) 0.001744 0.01866 
 

Table S16. GO:BP terms for the genes with only Epifactor role with significant altered expression in all 
stages of muscle differentiation. 
 

Index Name P-value Adjusted p-value 

1 negative regulation of transcription, DNA-templated 
(GO:0045892) 2.502e-8 0.000002994 

2 regulation of transcription by RNA polymerase II 
(GO:0006357) 1.836e-8 0.000002994 

3 regulation of transcription, DNA-templated 
(GO:0006355) 2.375e-8 0.000002994 

4 chromatin organization (GO:0006325) 1.315e-7 0.00001180 
5 chromatin remodeling (GO:0006338) 8.117e-7 0.00005828 

6 regulation of nucleic acid-templated transcription 
(GO:1903506) 0.000006585 0.0003940 

7 regulation of cellular macromolecule biosynthetic 
process (GO:2000112) 0.00001143 0.0005862 

8 negative regulation of gene expression, epigenetic 
(GO:0045814) 0.00001766 0.0006433 

9 negative regulation of transcription by RNA 
polymerase II (GO:0000122) 0.00001482 0.0006433 

10 positive regulation of transcription, DNA-templated 
(GO:0045893) 0.00001792 0.0006433 
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Table S17. GO:BP terms for DTX3L gene. 
Index Name P-value Adjusted p-value 

1 regulation of receptor catabolic process (GO:2000644) 0.0002500 0.003143 
2 positive regulation of receptor catabolic process (GO:2000646) 0.0003500 0.003143 

3 positive regulation of protein localization to early endosome 
(GO:1902966) 0.0004000 0.003143 

4 positive regulation of protein localization to endosome 
(GO:1905668) 0.0004000 0.003143 

5 regulation of protein localization to early endosome 
(GO:1902965) 0.0004000 0.003143 

6 positive regulation of chromatin binding (GO:0035563) 0.0004500 0.003143 
7 histone H2B ubiquitination (GO:0033523) 0.0005000 0.003143 
8 regulation of chromatin binding (GO:0035561) 0.0006000 0.003300 

9 negative regulation of ubiquitin-protein transferase activity 
(GO:0051444) 0.0007500 0.003400 

10 positive regulation of double-strand break repair via 
nonhomologous end joining (GO:2001034) 0.0008000 0.003400 

 
 
Table S18. GO:BP terms for the genes with only Epifactor role with significant altered expression at Day 2. 

Index Name P-value Adjusted p-value 

1 positive regulation of blood vessel endothelial cell 
migration (GO:0043536) 0.000004635 0.001270 

2 positive regulation of cell migration involved in sprouting 
angiogenesis (GO:0090050) 0.00006917 0.006318 

3 histone modification (GO:0016570) 0.00006271 0.006318 

4 regulation of cell migration involved in sprouting 
angiogenesis (GO:0090049) 0.0002230 0.01527 

5 negative regulation of intracellular signal transduction 
(GO:1902532) 0.0003210 0.01759 

6 protein deacetylation (GO:0006476) 0.0004428 0.01860 
7 cellular protein modification process (GO:0006464) 0.0004753 0.01860 
8 negative regulation of gene expression (GO:0010629) 0.001319 0.04518 
9 negative regulation of tubulin deacetylation (GO:1904428) 0.003495 0.04673 

10 regulation of adenylate cyclase-activating G protein-
coupled receptor signaling pathway (GO:0106070) 0.003495 0.04673 
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Table S19.GO:BP terms for the genes with only Epifactor role with significant altered expression at Day 7. 
Index Name P-value Adjusted p-value 

1 positive regulation of gene expression, epigenetic 
(GO:0045815) 0.0002836 0.01142 

2 DNA repair (GO:0006281) 0.0002574 0.01142 
3 cellular response to DNA damage stimulus (GO:0006974) 0.0004127 0.01142 
4 chromatin remodeling (GO:0006338) 0.0009235 0.01791 
5 histone modification (GO:0016570) 0.001129 0.01791 

6 regulation of transcription by RNA polymerase II 
(GO:0006357) 0.001397 0.01791 

7 regulation of transcription, DNA-templated (GO:0006355) 0.001511 0.01791 
8 chromatin organization (GO:0006325) 0.001744 0.01809 
9 cerebral cortex neuron differentiation (GO:0021895) 0.002248 0.01923 

10 double-strand break repair (GO:0006302) 0.002317 0.01923 
 
 
 
Table S20.GO:BP terms for the genes with only Epifactor role with significant altered expression at Day 30. 

Index Name P-value Adjusted p-value 

1 positive regulation of histone H3-K4 methylation 
(GO:0051571) 2.306e-7 0.00006224 

2 regulation of histone H3-K4 methylation (GO:0051569) 4.901e-7 0.00006224 

3 positive regulation of peptidyl-lysine acetylation 
(GO:2000758) 5.763e-7 0.00006224 

4 positive regulation of histone methylation 
(GO:0031062) 0.000001310 0.0001061 

5 chromosome organization (GO:0051276) 0.000001682 0.0001090 

6 DNA replication-dependent nucleosome assembly 
(GO:0006335) 0.00003048 0.001234 

7 DNA replication-dependent nucleosome organization 
(GO:0034723) 0.00003048 0.001234 

8 response to ionizing radiation (GO:0010212) 0.00002934 0.001234 
9 chromatin assembly or disassembly (GO:0006333) 0.00004466 0.001554 

10 negative regulation of histone methylation 
(GO:0031061) 0.00005275 0.001554 
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Table S21. GO:BP terms for the genes with only Epifactor role with significant altered expression at Day 
46. 
 

Index Name P-value Adjusted p-value 
1 DNA metabolic process (GO:0006259) 7.280e-8 0.00002082 
2 base-excision repair, gap-filling (GO:0006287) 0.000003283 0.0003129 
3 histone modification (GO:0016570) 0.000002250 0.0003129 
4 regulation of DNA metabolic process (GO:0051052) 0.000007570 0.0004928 
5 base-excision repair (GO:0006284) 0.000008616 0.0004928 
6 regulation of histone modification (GO:0031056) 0.00005275 0.002155 
7 DNA deamination (GO:0045006) 0.00005275 0.002155 
8 DNA repair (GO:0006281) 0.00009864 0.003526 
9 regulation of mRNA catabolic process (GO:0061013) 0.0001415 0.004495 

10 DNA modification (GO:0006304) 0.0002184 0.005729 
 
Table S22. GO:BP terms for the genes with only Epifactor role with significant altered expression at Days 2 
and 7. 
 

Index Name P-value Adjusted p-value 
1 chromatin remodeling (GO:0006338) 1.360e-7 0.00001319 
2 chromatin organization (GO:0006325) 0.00004054 0.001966 

3 regulation of transcription by RNA polymerase II 
(GO:0006357) 0.0002532 0.008188 

4 chromatin assembly (GO:0031497) 0.0005802 0.01407 

5 negative regulation of transcription, DNA-templated 
(GO:0045892) 0.0008371 0.01624 

6 chromosome organization (GO:0051276) 0.001218 0.01969 

7 regulation of DNA topoisomerase (ATP-hydrolyzing) 
activity (GO:2000371) 0.002498 0.02642 

8 positive regulation of DNA topoisomerase (ATP-
hydrolyzing) activity (GO:2000373) 0.002498 0.02642 

9 maintenance of DNA methylation (GO:0010216) 0.002997 0.02642 

10 chromatin organization involved in negative regulation of 
transcription (GO:0097549) 0.002997 0.02642 
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Table S23. Epifactor genes with expression alteration from D7 toward late stages. 

GeneID D7 D30 D46 
TET1 ¯ ¯ ¯ 
AURKC ¯ ¯ ¯ 
BCOR ¯ ¯ ¯ 
CARM1 ¯ ¯ ¯ 
CDYL ¯ ¯ ¯ 
EXOSC5 ¯ ¯ ¯ 
EXOSC7 ¯ ¯ ¯ 
MYBBP1A ¯ ¯ ¯ 
FBL ¯ ¯ ¯ 
HMGN5 ¯ ¯ ¯ 
KAT7 ¯ ¯ ¯ 
KDM2B ¯ ¯ ¯ 
KDM6B    
KMT2C    
NEK9    
PHF2    
PRDM11    
PRMT2    
PRR14    
RING1    
RPS6KA3    
RPS6KA5    
SIRT2    
SPOP    
ARRB1    
BCORL1    
ERCC6    
CBX4    
EYA1    
EYA4    
HCFC2    
ASXL3    
KAT2B    
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Table S24. The over- and lower expression of some Epifactor genes found at both D30 and D46. 

GeneID D30 D46 GeneID D30 D46 

ACTL6A ¯ ¯ MASTL ¯ ¯ 

ACTR3B ¯ ¯ MCRS1 ¯ ¯ 

ACTR5 ¯ ¯ MDC1 ¯ ¯ 

ANP32E ¯ ¯ MSH6 ¯ ¯ 

AURKA ¯ ¯ MTF2 ¯ ¯ 

AURKB ¯ ¯ NASP ¯ ¯ 

BRD7 ¯ ¯ NAT10 ¯ ¯ 

BUB1 ¯ ¯ NCL ¯ ¯ 

CDC6 ¯ ¯ NOC2L ¯ ¯ 

CDK7 ¯ ¯ NPM1 ¯ ¯ 

CECR2 ¯ ¯ PARP1 ¯ ¯ 

CHAF1A ¯ ¯ PCNA ¯ ¯ 

CHAF1B ¯ ¯ PELP1 ¯ ¯ 

CHEK1 ¯ ¯ PPM1G ¯ ¯ 

CIT ¯ ¯ PRMT1 ¯ ¯ 

DAXX ¯ ¯ PRMT5 ¯ ¯ 

DDX21 ¯ ¯ RAD54B ¯ ¯ 

DNMT1 ¯ ¯ RAD54L ¯ ¯ 

DNTTIP2 ¯ ¯ RCC1 ¯ ¯ 

DPY30 ¯ ¯ RNF168 ¯ ¯ 

EXOSC1 ¯ ¯ RUVBL1 ¯ ¯ 

EXOSC2 ¯ ¯ RUVBL2 ¯ ¯ 

EXOSC3 ¯ ¯ SENP3 ¯ ¯ 

EXOSC8 ¯ ¯ SET ¯ ¯ 

EXOSC9 ¯ ¯ SETD1A ¯ ¯ 

HCFC1 ¯ ¯ SETD6 ¯ ¯ 

HDGF ¯ ¯ SF3B3 ¯ ¯ 

HELLS ¯ ¯ SFMBT1 ¯ ¯ 

HIRA ¯ ¯ SMARCA4 ¯ ¯ 

HJURP ¯ ¯ SMARCD1 ¯ ¯ 

INO80C ¯ ¯ SRSF3 ¯ ¯ 

JADE3 ¯ ¯ SS18L2 ¯ ¯ 

KDM1A ¯ ¯ SUPT16H ¯ ¯ 

KDM6A ¯ ¯ SUV39H1 ¯ ¯ 

LAS1L ¯ ¯ TRIM28 ¯ ¯ 
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MAPKAPK3 ¯ ¯ TTK ¯ ¯ 

TAF5 ¯ ¯ UBE2T ¯ ¯ 

TAF6 ¯ ¯ USP36 ¯ ¯ 

TEX10 ¯ ¯ USP7 ¯ ¯ 

TLK1 ¯ ¯ VRK1 ¯ ¯ 

TONSL ¯ ¯ WDR77 ¯ ¯ 

TRIM24 ¯ ¯ YWHAE ¯ ¯ 

ZMYND8 ¯ ¯ GADD45B   

ATN1   MSL1   

ZMYND11   MST1   

SMYD1   KMT2E   

RPS6KA4   HDAC6   

PIWIL4   L3MBTL4   

NEK6   MBD6   

CBX6   MBD   

APOBEC2      

 

 
 
 
Table S25. Genes with significant OS in TCGA-BRCA. 

 symbol HR lower95 upper95 pValue 
ENSG00000136274 NACAD 0,47768679 0,34676158 0,65804484 7,22E-06 
ENSG00000267194 AC002546.1 0,50573422 0,36657491 0,69772125 2,69E-05 
ENSG00000179958 DCTPP1 1,85964878 1,34812159 2,56526831 0,000121 
ENSG00000174514 MFSD4A 0,5548634 0,40248433 0,76493261 0,000282 
ENSG00000083307 GRHL2 1,81833042 1,32161278 2,50173542 0,000319 
ENSG00000171462 DLK2 0,5646934 0,40931749 0,77904963 4,00E-04 
ENSG00000111796 KLRB1 0,56989066 0,41410566 0,7842814 0,00058 
ENSG00000147676 MAL2 1,77423398 1,28964046 2,4409177 0,000601 
ENSG00000272398 CD24 1,77404005 1,28949936 2,44065116 0,000609 
ENSG00000130054 FAM155B 1,7509393 1,27271546 2,40885611 0,000781 
ENSG00000159214 CCDC24 0,5774295 0,41967965 0,7944746 0,000886 
ENSG00000123989 CHPF 1,70523957 1,23482164 2,35486802 0,000926 
ENSG00000091513 TF 0,58585091 0,42473916 0,80807544 0,000947 
ENSG00000095637 SORBS1 0,58239845 0,42330404 0,80128685 0,00106 
ENSG00000120332 TNN 0,5882474 0,42745584 0,80952223 0,00127 
ENSG00000082458 DLG3 1,69715674 1,23358216 2,33494055 0,00142 
ENSG00000123095 BHLHE41 0,59336823 0,43100096 0,81690274 0,00143 
ENSG00000177119 ANO6 1,67910692 1,21968874 2,31157341 0,00147 
ENSG00000008283 CYB561 1,67168948 1,21303876 2,30375633 0,00155 
ENSG00000175920 DOK7 0,59222571 0,43047436 0,81475538 0,0016 
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ENSG00000198624 CCDC69 0,59860846 0,43503184 0,82369163 0,00175 
ENSG00000196878 LAMB3 0,60394158 0,43848436 0,83183224 0,00178 
ENSG00000095203 EPB41L4B 1,65894814 1,20579412 2,28240369 0,00221 
ENSG00000168824 HGNC:18790 0,60579602 0,44011732 0,83384316 0,00224 
ENSG00000167553 TUBA1C 1,65145435 1,20005575 2,27264566 0,00225 
ENSG00000006625 GGCT 1,65233646 1,20088315 2,27350662 0,00228 
ENSG00000102100 SLC35A2 1,63406375 1,18565104 2,25206596 0,00251 
ENSG00000172172 MRPL13 1,64200825 1,19340953 2,25923376 0,00258 
ENSG00000132465 JCHAIN 0,61317746 0,44492666 0,84505298 0,00259 
ENSG00000171346 KRT15 0,6121907 0,44469056 0,84278257 0,00261 
ENSG00000198885 ITPRIPL1 0,61343513 0,44571445 0,84426847 0,00262 
ENSG00000139714 MORN3 0,61167041 0,44450877 0,84169475 0,00277 
ENSG00000111087 GLI1 0,61249221 0,44520017 0,84264727 0,00278 
ENSG00000105559 PLEKHA4 0,61182267 0,44462008 0,84190301 0,00282 
ENSG00000173272 MZT2A 0,6129865 0,44552901 0,84338491 0,00288 
ENSG00000174788 PCP2 0,61186349 0,4447425 0,84178358 0,00288 
ENSG00000103269 RHBDL1 0,61033231 0,44361459 0,83970531 0,00296 
ENSG00000105173 CCNE1 1,63059486 1,18499253 2,24376065 0,00297 
ENSG00000134827 TCN1 0,6148354 0,44682214 0,84602472 0,003 
ENSG00000240038 AMY2B 0,61614329 0,44769752 0,84796664 0,00311 
ENSG00000128422 KRT17 0,61870451 0,44933966 0,85190625 0,00312 
ENSG00000140538 NTRK3 0,62248879 0,45083293 0,85950308 0,00325 
ENSG00000244509 APOBEC3C 0,61885788 0,44981025 0,85143697 0,00355 
ENSG00000071553 ATP6AP1 1,60386837 1,16409168 2,20978621 0,00364 
ENSG00000139737 SLAIN1 0,62308199 0,45255511 0,85786494 0,00373 
ENSG00000144331 ZNF385B 0,62678539 0,45495874 0,86350672 0,00405 
ENSG00000076554 TPD52 1,60030649 1,1629183 2,20220189 0,00418 
ENSG00000181617 FDCSP 0,6282241 0,45601858 0,8654593 0,00423 
ENSG00000197275 RAD54B 1,59487874 1,15899903 2,19468537 0,00448 
ENSG00000186847 KRT14 0,6302628 0,45752013 0,8682267 0,0045 
ENSG00000241294 IGKV2-24 0,6275659 0,45611829 0,86345793 0,00454 
ENSG00000156170 NDUFAF6 1,59721628 1,16097767 2,19737202 0,00469 
ENSG00000113396 SLC27A6 0,63145331 0,45839684 0,86984302 0,00472 
ENSG00000103257 SLC7A5 1,59195282 1,15704419 2,19033447 0,00472 
ENSG00000162595 DIRAS3 0,63184936 0,45868846 0,87038076 0,00475 
ENSG00000137726 FXYD6 0,62870188 0,45694713 0,86501486 0,00475 
ENSG00000178363 CALML3 0,63229314 0,45917882 0,87067302 0,00478 
ENSG00000149043 SYT8 0,63089376 0,45840197 0,86829239 0,0048 
ENSG00000144229 THSD7B 0,63294167 0,45965547 0,8715553 0,00501 
ENSG00000104413 ESRP1 1,58632482 1,15296892 2,18256225 0,00507 
ENSG00000064042 LIMCH1 1,58197202 1,1496747 2,17682051 0,00521 
ENSG00000152580 IGSF10 0,63417517 0,46080462 0,87277368 0,00525 
ENSG00000162896 PIGR 0,63498789 0,46115915 0,87433941 0,00527 
ENSG00000243649 CFB 0,6386172 0,46348846 0,8799182 0,00563 
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ENSG00000145824 CXCL14 0,63782197 0,46308494 0,87849298 0,00571 
ENSG00000147255 IGSF1 0,63914467 0,46387724 0,88063364 0,00578 
ENSG00000184557 SOCS3 0,64250681 0,46566755 0,88650153 0,00584 
ENSG00000116729 WLS 0,6397986 0,46453935 0,88117884 0,00594 
ENSG00000164946 FREM1 0,64032671 0,46537823 0,88104313 0,00631 
ENSG00000150627 WDR17 0,64085239 0,46559246 0,88208429 0,00637 
ENSG00000108984 MAP2K6 0,64202723 0,46617884 0,8842078 0,00644 
ENSG00000138755 CXCL9 0,64111863 0,46595636 0,88212786 0,00652 
ENSG00000230937 MIR205HG 0,64571533 0,46829431 0,89035522 0,00661 
ENSG00000179388 EGR3 0,64504499 0,46779889 0,88944852 0,00676 
ENSG00000105825 TFPI2 0,6441002 0,46770348 0,88702583 0,00692 
ENSG00000069399 BCL3 0,64759856 0,47027574 0,89178299 0,00697 
ENSG00000136982 DSCC1 1,56279668 1,13582864 2,15026578 0,00719 
ENSG00000211890 IGHA2 0,64594835 0,46906249 0,88953877 0,00727 
ENSG00000272674 PCDHB16 1,54314286 1,12061485 2,12498513 0,00741 
ENSG00000185479 KRT6B 0,64555235 0,46903636 0,88849794 0,00742 
ENSG00000081041 CXCL2 0,64798444 0,4705594 0,89230782 0,00758 
ENSG00000135318 NT5E 1,54104505 1,11911005 2,12206103 0,00759 
ENSG00000160307 S100B 0,64818459 0,47070654 0,89258005 0,00762 
ENSG00000186891 TNFRSF18 0,64368395 0,46785985 0,88558364 0,00782 
ENSG00000157617 C2CD2 1,54422431 1,12236676 2,12464302 0,00803 
ENSG00000154839 SKA1 1,54884599 1,12581712 2,1308291 0,00803 
ENSG00000187699 C2orf88 0,6508779 0,47232779 0,8969238 0,00807 
ENSG00000129195 PIMREG 1,542571 1,12116943 2,12236013 0,00836 
ENSG00000157303 SUSD3 0,65000975 0,47238618 0,89442219 0,00848 
ENSG00000102384 CENPI 1,53827056 1,11812322 2,11629297 0,00899 
ENSG00000211943 IGHV3-15 0,65419714 0,4753662 0,9003036 0,00925 
ENSG00000143127 ITGA10 0,65414095 0,47532508 0,90022683 0,00932 
ENSG00000206053 JPT2 1,53265858 1,11398855 2,10867727 0,00934 
ENSG00000196218 RYR1 0,65460867 0,47556105 0,90106731 0,00944 
ENSG00000175063 UBE2C 1,5315361 1,11322267 2,10703833 0,00955 
ENSG00000261578 AP003119.3 1,53207741 1,11362595 2,10776446 0,00956 
ENSG00000115884 SDC1 1,52092189 1,10387644 2,09552747 0,0098 
ENSG00000251442 LINC01094 1,51374794 1,09827421 2,08639409 0,0101 
ENSG00000206075 SERPINB5 0,66064879 0,47882848 0,91150972 0,0101 
ENSG00000101194 SLC17A9 0,6545209 0,47574772 0,90047223 0,0104 
ENSG00000173432 SAA1 0,66048962 0,47941281 0,90996012 0,0106 
ENSG00000211895 IGHA1 0,66017705 0,47951671 0,90890208 0,0107 
ENSG00000111859 NEDD9 0,65932361 0,47901738 0,90749863 0,0107 
ENSG00000224650 IGHV3-74 0,65799091 0,47826114 0,90526284 0,0108 
ENSG00000101003 GINS1 1,5148851 1,10100654 2,08434444 0,0114 
ENSG00000051180 RAD51 1,51387313 1,10039808 2,08271161 0,0117 
ENSG00000103550 KNOP1 1,50745748 1,0952677 2,07476951 0,0119 
ENSG00000162373 BEND5 0,66388279 0,48245102 0,91354427 0,0124 
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ENSG00000253125 AC055854.1 0,66435321 0,48285915 0,91406612 0,0125 
ENSG00000260196 AC124798.1 0,66845333 0,48544804 0,92044838 0,0125 
ENSG00000186871 ERCC6L 1,50841349 1,09642844 2,07520269 0,0127 
ENSG00000169764 UGP2 1,50994834 1,09750008 2,07739755 0,0127 
ENSG00000241755 IGKV1-9 0,66788406 0,48517286 0,91940247 0,0133 
ENSG00000085999 RAD54L 1,50213144 1,09184944 2,06658424 0,0133 
ENSG00000196091 MYBPC1 0,66976965 0,48605143 0,92292988 0,0134 
ENSG00000214796 AC098934.1 1,49915834 1,08969132 2,06248842 0,0136 
ENSG00000148053 NTRK2 0,67019409 0,48655952 0,92313498 0,0137 
ENSG00000164934 DCAF13 1,49819547 1,08899231 2,06116209 0,0138 
ENSG00000164120 HPGD 0,67180354 0,48733061 0,9261064 0,0139 
ENSG00000184305 CCSER1 1,50109701 1,09104856 2,06525384 0,0141 
ENSG00000240864 IGKV1-16 0,6701957 0,48698066 0,92234109 0,0143 
ENSG00000078081 LAMP3 0,67115196 0,48756979 0,9238574 0,0143 
ENSG00000090889 KIF4A 1,49342637 1,08552959 2,05459376 0,0148 
ENSG00000185950 IRS2 0,67459467 0,48914715 0,93034985 0,0149 
ENSG00000227199 ST7-AS1 0,67403486 0,48968365 0,92778876 0,0151 
ENSG00000050628 PTGER3 0,675 0,49009628 0,92966429 0,0155 
ENSG00000129451 KLK10 0,6740405 0,48979457 0,92759419 0,0157 
ENSG00000196074 SYCP2 1,48231809 1,07713954 2,03990924 0,0158 
ENSG00000196557 CACNA1H 1,47284427 1,0680908 2,03097922 0,016 
ENSG00000151623 NR3C2 0,67526544 0,49083405 0,92899711 0,016 
ENSG00000088305 DNMT3B 1,48405179 1,07867418 2,04177475 0,0162 
ENSG00000029993 HMGB3 1,47463264 1,06936262 2,03349301 0,0162 
ENSG00000211652 IGLV7-43 0,67607584 0,49117981 0,93057274 0,0162 
ENSG00000079616 KIF22 1,47934976 1,07499729 2,03579648 0,0162 
ENSG00000259207 ITGB3 1,47151564 1,06811873 2,02726367 0,0164 
ENSG00000100911 PSME2 0,67675015 0,49185146 0,93115667 0,017 
ENSG00000161800 RACGAP1 1,47571758 1,07215396 2,03118436 0,017 
ENSG00000182600 C2orf82 0,67729127 0,49229129 0,93181307 0,0177 
ENSG00000151748 SAV1 0,68402767 0,49371394 0,94770232 0,0179 
ENSG00000115353 TACR1 0,68147964 0,49447289 0,93921125 0,0179 
ENSG00000151364 KCTD14 0,68016963 0,49434736 0,9358414 0,0184 
ENSG00000004838 ZMYND10 0,67881739 0,49341611 0,93388328 0,0185 
ENSG00000156127 BATF 0,6788395 0,49343218 0,9339137 0,0186 
ENSG00000102760 RGCC 0,6829155 0,4960687 0,9401391 0,019 
ENSG00000196843 ARID5A 0,6844447 0,49686506 0,94284059 0,0191 
ENSG00000272143 FGF14-AS2 0,6838943 0,49663738 0,94175637 0,0191 
ENSG00000165244 ZNF367 1,46884932 1,06767065 2,02077141 0,0194 
ENSG00000011426 ANLN 1,46563155 1,06523436 2,01652888 0,0197 
ENSG00000164128 NPY1R 0,68203824 0,49574845 0,93833104 0,0198 
ENSG00000214456 PLIN5 0,68141468 0,49530349 0,93745748 0,0198 
ENSG00000064270 ATP2C2 1,45737378 1,05757184 2,00831588 0,0199 
ENSG00000169129 AFAP1L2 0,68648255 0,49868588 0,94500029 0,02 
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ENSG00000121904 CSMD2 1,46122269 1,06171015 2,01106842 0,02 
ENSG00000117877 CD3EAP 1,46048981 1,06118185 2,01005179 0,0202 
ENSG00000272636 DOC2B 0,68676674 0,49837284 0,94637692 0,0203 
ENSG00000117245 KIF17 0,68340465 0,49674917 0,94019668 0,0206 
ENSG00000113494 PRLR 1,45683254 1,05854516 2,00497921 0,0206 
ENSG00000154655 L3MBTL4 0,68615919 0,49856682 0,94433568 0,0208 
ENSG00000167705 RILP 0,68652229 0,49883268 0,94483156 0,0208 
ENSG00000197506 SLC28A3 0,68722587 0,49908604 0,94628853 0,0209 
ENSG00000115648 MLPH 0,6814177 0,49503744 0,93796962 0,0211 
ENSG00000099204 ABLIM1 1,46768652 1,06624836 2,02026451 0,0213 
ENSG00000099769 IGFALS 0,68454973 0,49758089 0,94177317 0,0213 
ENSG00000147576 ADHFE1 0,68853207 0,50004587 0,94806586 0,0215 
ENSG00000069535 MAOB 0,68967327 0,500516 0,95031772 0,0215 
ENSG00000121211 MND1 1,45576175 1,05815015 2,0027803 0,0223 
ENSG00000183092 BEGAIN 0,69059614 0,50139344 0,95119519 0,0225 
ENSG00000205221 VIT 0,69015251 0,50149015 0,9497903 0,0226 
ENSG00000019102 VSIG2 0,68878551 0,5005753 0,94776047 0,0226 
ENSG00000155066 PROM2 1,45187966 1,05533123 1,99743407 0,023 
ENSG00000104432 IL7 0,69115341 0,50230499 0,95100198 0,0236 
ENSG00000152082 MZT2B 0,69128687 0,50245538 0,95108453 0,0236 
ENSG00000158850 B4GALT3 1,44650465 1,05126788 1,99033544 0,024 
ENSG00000146410 MTFR2 1,44830601 1,05272463 1,99253467 0,0242 
ENSG00000237248 LINC00987 0,69473256 0,50443698 0,95681592 0,0244 
ENSG00000158481 CD1C 0,69420854 0,50435127 0,95553541 0,0246 
ENSG00000176887 SOX11 1,44340625 1,04902702 1,98605142 0,0246 
ENSG00000196584 XRCC2 1,45397851 1,05585992 2,00221022 0,0252 
ENSG00000103490 PYCARD 0,69367495 0,5042154 0,95432417 0,0253 
ENSG00000182481 KPNA2 1,440097 1,04663322 1,98147671 0,0256 
ENSG00000073282 TP63 0,69671318 0,50589388 0,95950805 0,0258 
ENSG00000262772 LINC01977 1,4332744 1,04074106 1,97385843 0,0259 
ENSG00000166839 ANKDD1A 0,69753373 0,50678824 0,96007221 0,026 
ENSG00000085563 ABCB1 0,69750787 0,50663816 0,9602854 0,0261 
ENSG00000156970 BUB1B 1,44158331 1,04785174 1,98326002 0,0261 
ENSG00000178935 ZNF552 0,69224792 0,50306125 0,9525822 0,0262 
ENSG00000163491 NEK10 0,69601584 0,50578024 0,95780342 0,0264 
ENSG00000136854 STXBP1 1,43664968 1,04423344 1,97653343 0,0266 
ENSG00000117586 TNFSF4 1,43472826 1,04259677 1,97434448 0,0267 
ENSG00000198483 ANKRD35 0,6947346 0,50497369 0,95580456 0,0269 
ENSG00000198947 DMD 0,69773741 0,50693749 0,96035016 0,027 
ENSG00000185022 MAFF 0,69966961 0,5074263 0,96474613 0,027 

ENSG00000157152 SYN2 0,697418 0,506806 0,95972 0,0271 
ENSG00000185634 SHC4 0,69623475 0,50606074 0,95787478 0,0272 
ENSG00000145819 ARHGAP26 0,70041956 0,50843492 0,96489744 0,028 
ENSG00000102172 SMS 1,43494164 1,04251207 1,97509224 0,0284 
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ENSG00000175164 ABO 0,70161264 0,50931362 0,96651703 0,0287 
ENSG00000127084 FGD3 0,70053715 0,50898868 0,96417133 0,0288 
ENSG00000101447 FAM83D 1,42985517 1,03922169 1,96732404 0,0289 
ENSG00000198774 RASSF9 0,70188339 0,50969568 0,96653808 0,0293 
ENSG00000235501 AC105942.1 0,69924098 0,50826129 0,96198149 0,0295 
ENSG00000128944 KNSTRN 1,42811363 1,0380606 1,96472975 0,0296 
ENSG00000116711 PLA2G4A 0,70098655 0,5095296 0,96438392 0,0299 
ENSG00000064692 SNCAIP 0,70316472 0,5106376 0,96828088 0,0302 
ENSG00000150667 FSIP1 0,70061197 0,50925745 0,96386833 0,0304 
ENSG00000244575 IGKV1-27 0,70268353 0,51056081 0,96710153 0,0304 
ENSG00000269516 CYP4F23P 0,70359739 0,51110733 0,96858187 0,0305 
ENSG00000165092 ALDH1A1 0,70223024 0,51040882 0,96614181 0,0306 
ENSG00000215252 GOLGA8B 0,70309898 0,51095934 0,96749025 0,0307 
ENSG00000164764 SBSPON 0,70295418 0,5108535 0,96729214 0,031 
ENSG00000157456 CCNB2 1,42415857 1,03518426 1,95929139 0,0311 
ENSG00000146386 ABRACL 1,42395935 1,03503936 1,95901749 0,0315 
ENSG00000138795 LEF1 0,70508547 0,51231972 0,97038139 0,0315 
ENSG00000166803 PCLAF 1,42450385 1,03538693 1,95985786 0,0315 
ENSG00000139890 REM2 0,70281548 0,5108582 0,96690158 0,0319 
ENSG00000134762 DSC3 0,70683996 0,51295738 0,97400436 0,0322 
ENSG00000121552 CSTA 0,70713328 0,51370113 0,97340156 0,0325 
ENSG00000244513 AC109587.1 0,70859896 0,51347382 0,97787359 0,0327 
ENSG00000163659 TIPARP 0,70672028 0,5132507 0,97311812 0,0327 
ENSG00000109794 FAM149A 0,70666349 0,51356421 0,97236777 0,0332 
ENSG00000144554 FANCD2 1,41657808 1,02960702 1,94898967 0,0332 
ENSG00000157992 KRTCAP3 0,70982649 0,51553284 0,97734539 0,0332 
ENSG00000171914 TLN2 0,70470359 0,5122295 0,96950127 0,0332 
ENSG00000134531 EMP1 1,41108857 1,02534517 1,94195184 0,0333 
ENSG00000131435 PDLIM4 0,70731395 0,51395122 0,97342512 0,0333 
ENSG00000165071 TMEM71 0,70839017 0,51462292 0,97511521 0,0337 
ENSG00000197142 ACSL5 0,70874321 0,51456325 0,97620056 0,0338 
ENSG00000101213 PTK6 1,40947042 1,02246293 1,94296225 0,0339 
ENSG00000164932 CTHRC1 1,41094937 1,0247264 1,94274113 0,0341 
ENSG00000077264 PAK3 0,70952446 0,51513821 0,97726193 0,0341 
ENSG00000077274 CAPN6 0,70905597 0,5149668 0,97629666 0,0344 
ENSG00000060718 COL11A1 1,40648241 1,0192589 1,94081479 0,0344 
ENSG00000137975 CLCA2 0,70913609 0,51537056 0,97575226 0,035 
ENSG00000106089 STX1A 1,41103074 1,02558766 1,94133356 0,035 
ENSG00000070371 CLTCL1 1,40702853 1,02157248 1,93792347 0,0351 
ENSG00000160182 TFF1 0,70719542 0,51403882 0,97293306 0,0351 
ENSG00000108018 SORCS1 0,70909857 0,51534316 0,9757009 0,0354 
ENSG00000213145 CRIP1 0,7085179 0,51499886 0,97475481 0,036 
ENSG00000186081 KRT5 0,7131566 0,51738775 0,98300036 0,0366 
ENSG00000177189 RPS6KA3 0,71287722 0,51760519 0,98181769 0,0367 
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ENSG00000115541 HSPE1 1,40548038 1,02146142 1,93387148 0,037 
ENSG00000198756 COLGALT2 0,71491007 0,518682 0,98537525 0,0377 
ENSG00000182463 TSHZ2 0,71302062 0,51826648 0,98095945 0,0378 
ENSG00000112742 TTK 1,4061814 1,02202555 1,93473258 0,0378 
ENSG00000203760 CENPW 1,40459051 1,02094403 1,9324022 0,0379 
ENSG00000181885 CLDN7 1,40018876 1,01628858 1,92910616 0,0379 
ENSG00000189159 JPT1 1,40519498 1,02138415 1,9332324 0,038 
ENSG00000167614 TTYH1 0,71148328 0,51715941 0,97882479 0,038 
ENSG00000211829 TRDC 0,71436326 0,51923578 0,98281917 0,0382 
ENSG00000270547 LINC01235 1,41032482 1,02445817 1,94152984 0,0384 
ENSG00000270959 LPP-AS2 0,71372849 0,51872429 0,98204069 0,0386 
ENSG00000152056 AP1S3 1,40159485 1,01865081 1,92850004 0,0389 
ENSG00000204338 CYP21A1P 0,7174627 0,52078643 0,98841423 0,039 
ENSG00000133048 CHI3L1 0,71672235 0,52001947 0,98783019 0,0391 
ENSG00000153446 C16orf89 0,71406475 0,5189698 0,98250125 0,0394 
ENSG00000134057 CCNB1 1,39893146 1,01657248 1,92510546 0,0394 
ENSG00000221955 SLC12A8 1,39918075 1,01675243 1,92545078 0,0394 
ENSG00000122863 CHST3 0,71503249 0,51967628 0,98382682 0,0397 
ENSG00000211649 IGLV7-46 0,71591386 0,52024388 0,98517768 0,0402 
ENSG00000254389 RHPN1-AS1 1,39750426 1,01578148 1,9226755 0,0402 
ENSG00000181788 SIAH2 0,71509251 0,51976705 0,98382015 0,0405 
ENSG00000132321 IQCA1 0,7178738 0,52144207 0,98830306 0,0409 
ENSG00000137310 TCF19 1,39675241 1,01523619 1,92163885 0,0409 
ENSG00000189221 MAOA 0,71655401 0,52083166 0,9858265 0,041 
ENSG00000174371 EXO1 1,3959512 1,01465507 1,92053419 0,0413 
ENSG00000149925 ALDOA 1,3896415 1,00608 1,91943334 0,0414 
ENSG00000144857 BOC 0,71828778 0,52174594 0,98886698 0,0415 
ENSG00000211967 IGHV3-53 0,71801318 0,52154438 0,98849292 0,0416 
ENSG00000053747 LAMA3 0,71667872 0,52093662 0,98597097 0,0416 
ENSG00000086570 FAT2 0,71803441 0,52155997 0,98852185 0,0417 
ENSG00000203995 ZYG11A 1,39928992 1,01684728 1,92557164 0,0418 
ENSG00000128268 MGAT3 0,71766486 0,52152443 0,98757186 0,0419 
ENSG00000115163 CENPA 1,39661643 1,01513664 1,92145313 0,0421 
ENSG00000138180 CEP55 1,39709989 1,01539811 1,9222885 0,0421 
ENSG00000104332 SFRP1 0,71925383 0,52210578 0,99084532 0,0422 
ENSG00000162444 RBP7 0,72037145 0,52271186 0,99277452 0,0426 
ENSG00000157766 ACAN 1,38820021 1,00729767 1,91313838 0,0427 
ENSG00000169515 CCDC8 0,71825453 0,52202798 0,98824123 0,0427 
ENSG00000109846 CRYAB 0,72103471 0,52320115 0,99367339 0,0433 
ENSG00000172818 OVOL1 1,38886171 1,00885895 1,91199857 0,0434 
ENSG00000140092 FBLN5 0,72113903 0,52368103 0,99305011 0,0437 
ENSG00000115257 PCSK4 0,7176556 0,52162832 0,98734968 0,0437 
ENSG00000153956 CACNA2D1 0,71933263 0,52281468 0,98971862 0,0438 
ENSG00000118946 PCDH17 1,38654024 1,00762402 1,90794761 0,0438 
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ENSG00000088340 FER1L4 0,71864856 0,52236817 0,98868151 0,0439 
ENSG00000166173 LARP6 0,7207567 0,52355791 0,99223067 0,0439 
ENSG00000177675 CD163L1 1,38967604 1,01002519 1,91203104 0,044 
ENSG00000225698 IGHV3-72 0,7200051 0,52323556 0,9907724 0,044 
ENSG00000165309 ARMC3 0,72048344 0,52358525 0,99142667 0,0443 
ENSG00000174938 SEZ6L2 1,38749366 1,00812272 1,9096273 0,0443 
ENSG00000124343 XG 1,38532148 1,00655712 1,90661372 0,0444 
ENSG00000154065 ANKRD29 0,72132795 0,52410474 0,99276723 0,0449 
ENSG00000065328 MCM10 1,38945401 1,00995981 1,91154382 0,0449 
ENSG00000108829 LRRC59 1,38677761 1,00779551 1,90827617 0,045 
ENSG00000151914 DST 0,72216667 0,52481568 0,99372927 0,0453 
ENSG00000152583 SPARCL1 0,72084366 0,52395542 0,99171715 0,0454 
ENSG00000151322 NPAS3 0,72232829 0,52500019 0,99382469 0,046 
ENSG00000198729 PPP1R14C 0,72256387 0,525106 0,99427269 0,0462 
ENSG00000159147 DONSON 1,38587909 1,00734744 1,90665185 0,0464 
ENSG00000121207 LRAT 0,72418065 0,52607009 0,99689684 0,047 
ENSG00000171241 SHCBP1 1,38501853 1,006734 1,90544505 0,047 
ENSG00000184992 BRI3BP 1,38031826 1,00242378 1,90067168 0,0472 
ENSG00000250305 KIAA1456 0,72481162 0,52619831 0,99839143 0,0472 
ENSG00000139597 N4BP2L1 0,72531056 0,52635472 0,99946935 0,0472 
ENSG00000197565 COL4A6 0,72528382 0,52687932 0,99840058 0,0476 
ENSG00000173894 CBX2 1,38237873 1,00480681 1,90182923 0,048 
ENSG00000168542 COL3A1 1,3743095 0,99642903 1,89549536 0,0482 
ENSG00000092820 EZR 1,37813581 1,00085765 1,8976308 0,0482 
ENSG00000225556 C2CD4D 0,7264943 0,52788767 0,99982251 0,0483 
ENSG00000139547 RDH16 1,38171747 1,00432679 1,90091828 0,0485 
ENSG00000153064 BANK1 0,72651865 0,52745489 1,00070994 0,0486 
ENSG00000166405 RIC3 0,72665058 0,527552 1,00088914 0,0486 
ENSG00000129151 BBOX1 0,72661331 0,52752456 1,00083851 0,0487 
ENSG00000100558 PLEK2 0,72669791 0,52812692 0,99992982 0,0488 
ENSG00000088325 TPX2 1,38075635 1,00363346 1,89958603 0,049 
ENSG00000196405 EVL 0,72372966 0,52603126 0,99572909 0,0491 
ENSG00000100526 CDKN3 1,37567309 0,99988333 1,89269729 0,0493 
ENSG00000129596 CDO1 0,72646731 0,52786791 0,99978564 0,0495 
ENSG00000029559 IBSP 1,37340539 0,99628901 1,89326827 0,0495 
ENSG00000123096 SSPN 0,72549968 0,52731316 0,99817306 0,0495 
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Table S26.Genes with prognostic value from TCGA-BRCA across different stages of muscle differentiation.  
GeneID TF_flag epi_flag contrast logFC Pvalue Pvalue_adj significance 
ABCB1 not_TF not_epi D2_D0 2,97966596 0,00010091 0,00079491 1 
ABLIM1 not_TF not_epi D2_D0 2,81122339 2,2707E-11 1,281E-08 1 
ABO not_TF not_epi D7_D0 4,89581768 0,00445496 0,01273845 1 
ABO not_TF not_epi D30_D0 6,06325127 0,00072634 0,00183226 1 
ABO not_TF not_epi D46_D0 5,9883875 0,00080699 0,00196647 1 
ABRACL not_TF not_epi D30_D0 -2,5904469 2,9558E-06 2,0129E-05 -1 
ABRACL not_TF not_epi D46_D0 -2,4572305 4,8457E-06 2,7802E-05 -1 
AC098934.1 not_TF not_epi D30_D0 -2,7710346 6,8524E-08 1,1321E-06 -1 
AC098934.1 not_TF not_epi D46_D0 -3,5782845 5,1203E-09 1,5682E-07 -1 
ACAN not_TF not_epi D30_D0 5,28235427 0,00183021 0,00405714 1 
ACSL5 not_TF not_epi D2_D0 2,84828729 0,01059403 0,03218699 1 
ACSL5 not_TF not_epi D7_D0 2,76281274 0,01276664 0,0301332 1 
ACSL5 not_TF not_epi D30_D0 3,13874336 0,00485628 0,00933671 1 
ACSL5 not_TF not_epi D46_D0 5,7051967 2,6103E-06 1,6932E-05 1 
AFAP1L2 not_TF not_epi D2_D0 1,9363363 0,00130615 0,00597802 1 
AFAP1L2 not_TF not_epi D7_D0 2,35868522 0,00025372 0,00124321 1 
AFAP1L2 not_TF not_epi D30_D0 2,7600532 6,1875E-05 0,0002294 1 
AFAP1L2 not_TF not_epi D46_D0 3,06704578 2,2435E-05 9,6924E-05 1 
ALDH1A1 not_TF not_epi D2_D0 -6,7209137 6,6459E-06 9,6161E-05 -1 
ALDH1A1 not_TF not_epi D7_D0 -3,2348745 7,7535E-05 0,00048705 -1 
ALDH1A1 not_TF not_epi D30_D0 6,30920755 2,8849E-10 2,5609E-08 1 
ALDH1A1 not_TF not_epi D46_D0 6,24957226 3,1515E-10 2,1784E-08 1 
ALDOA not_TF not_epi D7_D0 -2,0030467 0,00424445 0,0122305 -1 
AMY2B not_TF not_epi D30_D0 2,15078876 0,00067694 0,00172597 1 
AMY2B not_TF not_epi D46_D0 2,13761207 0,00070388 0,00174603 1 
ANKDD1A not_TF not_epi D2_D0 -1,4437542 0,00277302 0,01100693 -1 
ANKDD1A not_TF not_epi D7_D0 -1,470349 0,0023859 0,00762929 -1 
ANKRD29 not_TF not_epi D2_D0 -3,3965544 0,00387441 0,01446535 -1 
ANKRD29 not_TF not_epi D7_D0 -3,2412453 0,00448847 0,01282168 -1 
ANKRD35 not_TF not_epi D7_D0 -1,4303497 1,4469E-05 0,00013531 -1 
ANLN not_TF not_epi D30_D0 -1,0217135 0,00369599 0,00739113 -1 
AP003119.3 not_TF not_epi D46_D0 -1,0079513 0,00225428 0,00476929 -1 
AP1S3 not_TF not_epi D2_D0 -2,6101306 0,0008957 0,0044037 -1 
AP1S3 not_TF not_epi D7_D0 -1,8601282 0,00645042 0,01719851 -1 
APOBEC3C not_TF epiFactor D2_D0 -1,0817092 0,00018191 0,00126385 -1 
APOBEC3C not_TF epiFactor D7_D0 -1,1356023 0,00011585 0,00066823 -1 
ARHGAP26 not_TF not_epi D7_D0 -1,247754 1,9428E-06 2,8575E-05 -1 
ARHGAP26 not_TF not_epi D30_D0 -1,1083883 7,0756E-06 3,9916E-05 -1 
ARID5A not_TF not_epi D7_D0 -1,3966405 5,8411E-05 0,00039033 -1 
ARID5A not_TF not_epi D46_D0 1,60508737 7,4703E-06 3,9481E-05 1 
ATP2C2 not_TF not_epi D2_D0 -7,6505531 6,033E-06 8,8585E-05 -1 
ATP2C2 not_TF not_epi D7_D0 -5,8289776 1,0677E-05 0,00010704 -1 
ATP2C2 not_TF not_epi D30_D0 -1,5967556 0,00917215 0,01636427 -1 
ATP6AP1 not_TF not_epi D30_D0 1,24955001 0,00055348 0,00144662 1 
BANK1 not_TF not_epi D30_D0 1,17556909 0,00724978 0,01329672 1 
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BANK1 not_TF not_epi D46_D0 1,50771127 0,00121203 0,00278063 1 
BBOX1 not_TF not_epi D30_D0 7,80669219 4,8346E-06 2,976E-05 1 
BBOX1 not_TF not_epi D46_D0 8,0064974 3,3376E-06 2,0589E-05 1 
BCL3 not_TF not_epi D7_D0 -2,8727119 0,00051212 0,00216766 -1 
BCL3 not_TF not_epi D30_D0 2,21867211 0,00021717 0,00065435 1 
BCL3 not_TF not_epi D46_D0 3,4537656 2,4427E-06 1,6084E-05 1 
BEGAIN not_TF not_epi D30_D0 1,63660657 0,00044922 0,00121011 1 
BEGAIN not_TF not_epi D46_D0 2,84387655 1,5404E-06 1,1183E-05 1 
BEND5 not_TF not_epi D2_D0 -1,6563756 0,00144907 0,00651165 -1 
BHLHE41 not_TF not_epi D2_D0 -4,1138106 8,9609E-06 0,00012101 -1 
BHLHE41 not_TF not_epi D7_D0 -5,8166981 1,3542E-06 2,2091E-05 -1 
BOC not_TF not_epi D2_D0 -3,2594177 0,00265652 0,01062608 -1 
BOC not_TF not_epi D7_D0 4,82784717 1,0581E-05 0,00010622 1 
BOC not_TF not_epi D30_D0 6,04128031 1,4997E-06 1,203E-05 1 
BOC not_TF not_epi D46_D0 7,21034287 3,2919E-07 3,4349E-06 1 
BRI3BP not_TF not_epi D30_D0 -1,3387907 2,2757E-05 0,0001016 -1 
BUB1B not_TF not_epi D30_D0 -2,8882373 7,1989E-11 9,7541E-09 -1 
BUB1B not_TF not_epi D46_D0 -2,6488916 1,9505E-10 1,5647E-08 -1 
C16orf89 not_TF not_epi D2_D0 -1,3161688 0,01031004 0,03149931 -1 
C16orf89 not_TF not_epi D7_D0 -2,0019633 0,00075433 0,00297244 -1 
C2CD2 not_TF not_epi D2_D0 -1,4300019 8,0282E-05 0,00066444 -1 
C2CD2 not_TF not_epi D30_D0 -1,1321507 0,00061063 0,00157735 -1 
C2orf88 not_TF not_epi D2_D0 1,68049527 0,00616296 0,0208791 1 
C2orf88 not_TF not_epi D7_D0 2,17237878 0,00065865 0,00265769 1 
C2orf88 not_TF not_epi D30_D0 5,27571422 1,3638E-08 3,513E-07 1 
C2orf88 not_TF not_epi D46_D0 4,48058402 1,1247E-07 1,5067E-06 1 
CACNA1H not_TF not_epi D2_D0 -1,5044769 0,0049406 0,01749368 -1 
CACNA1H not_TF not_epi D7_D0 -1,6598113 0,0025881 0,00813723 -1 
CACNA2D1 not_TF not_epi D2_D0 1,108196 0,01136426 0,03401885 1 
CACNA2D1 not_TF not_epi D30_D0 1,51594459 0,00145013 0,00331544 1 
CACNA2D1 not_TF not_epi D46_D0 1,60986591 0,00091442 0,00218671 1 
CAPN6 not_TF not_epi D2_D0 -3,5100209 2,2034E-08 1,4032E-06 -1 
CAPN6 not_TF not_epi D30_D0 3,60788977 4,3141E-09 1,5185E-07 1 
CAPN6 not_TF not_epi D46_D0 4,36977216 5,5357E-10 3,3154E-08 1 
CBX2 TF epiFactor D30_D0 -1,6086227 0,00021053 0,00063742 -1 
CBX2 TF epiFactor D46_D0 -1,9897066 3,002E-05 0,0001233 -1 
CCDC24 not_TF not_epi D2_D0 -2,6871471 3,1096E-06 5,4E-05 -1 
CCDC24 not_TF not_epi D7_D0 -1,4268612 0,00071523 0,002844 -1 
CCDC24 not_TF not_epi D30_D0 -1,0070682 0,00794748 0,0144146 -1 
CCDC69 not_TF not_epi D7_D0 -2,0207587 2,1055E-05 0,00018093 -1 
CCDC69 not_TF not_epi D30_D0 -1,0874055 0,0034832 0,00702342 -1 
CCDC69 not_TF not_epi D46_D0 -1,5127401 0,00027652 0,00078084 -1 
CCDC8 not_TF not_epi D30_D0 1,85358195 1,2546E-07 1,7838E-06 1 
CCDC8 not_TF not_epi D46_D0 2,34291245 8,012E-09 2,1391E-07 1 
CCNB1 not_TF not_epi D30_D0 -1,931419 1,7574E-07 2,2833E-06 -1 
CCNB1 not_TF not_epi D46_D0 -2,0103496 1,1075E-07 1,4875E-06 -1 
CCNB2 not_TF not_epi D30_D0 -2,0388168 1,3008E-09 6,632E-08 -1 
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CCNB2 not_TF not_epi D46_D0 -1,9785687 1,8396E-09 7,7328E-08 -1 
CCNE1 not_TF not_epi D30_D0 -1,750255 7,582E-08 1,2078E-06 -1 
CCNE1 not_TF not_epi D46_D0 -1,7285623 8,4391E-08 1,2038E-06 -1 
CCSER1 not_TF not_epi D2_D0 -2,8380818 0,00769609 0,02494411 -1 
CD24 not_TF not_epi D2_D0 -1,5614857 0,00153686 0,00682666 -1 
CD24 not_TF not_epi D7_D0 -1,7878393 0,00054237 0,00227178 -1 
CD24 not_TF not_epi D30_D0 -3,2070384 2,7299E-06 1,8945E-05 -1 
CD24 not_TF not_epi D46_D0 -1,6694897 0,00092957 0,00221778 -1 
CD3EAP not_TF not_epi D7_D0 -1,0563048 0,00033377 0,00154664 -1 
CD3EAP not_TF not_epi D30_D0 -2,6793969 2,3972E-08 5,1913E-07 -1 
CD3EAP not_TF not_epi D46_D0 -3,0686224 5,357E-09 1,6176E-07 -1 
CDKN3 not_TF not_epi D30_D0 -1,6255322 1,0345E-05 5,4098E-05 -1 
CDO1 not_TF not_epi D30_D0 1,1778521 0,03212063 0,04952179 1 
CDO1 not_TF not_epi D46_D0 1,70132803 0,00425361 0,00830678 1 
CENPA not_TF not_epi D30_D0 -1,6838551 6,8215E-07 6,4624E-06 -1 
CENPA not_TF not_epi D46_D0 -1,1052891 5,1312E-05 0,00019012 -1 
CENPI not_TF not_epi D7_D0 1,02556585 0,00354184 0,01049291 1 
CENPW not_TF not_epi D30_D0 -1,5083476 2,5562E-05 0,00011153 -1 
CENPW not_TF not_epi D46_D0 -1,4697292 3,1779E-05 0,0001291 -1 
CEP55 not_TF not_epi D7_D0 1,41554668 0,00321291 0,00969248 1 
CHI3L1 not_TF not_epi D2_D0 5,8230364 3,6586E-06 6,1402E-05 1 
CHI3L1 not_TF not_epi D7_D0 3,73567875 0,00171136 0,00580118 1 
CHI3L1 not_TF not_epi D30_D0 3,47364274 0,00386134 0,00767528 1 
CHI3L1 not_TF not_epi D46_D0 11,1105389 2,527E-10 1,9086E-08 1 
CHST3 not_TF not_epi D7_D0 1,29354586 3,7355E-05 0,00027646 1 
CHST3 not_TF not_epi D30_D0 1,31073172 3,3033E-05 0,00013744 1 
CLDN7 not_TF not_epi D2_D0 -5,8816925 2,1584E-08 1,4032E-06 -1 
CLDN7 not_TF not_epi D7_D0 -8,9835566 2,3355E-09 2,1248E-07 -1 
CLDN7 not_TF not_epi D30_D0 -4,3246975 2,5198E-07 3,0058E-06 -1 
CLDN7 not_TF not_epi D46_D0 -2,0769147 0,00018063 0,00054434 -1 
COL11A1 not_TF not_epi D7_D0 3,69949466 2,2307E-06 3,1793E-05 1 
COL11A1 not_TF not_epi D30_D0 4,71042279 2,2737E-07 2,7923E-06 1 
COL11A1 not_TF not_epi D46_D0 3,95297133 1,1902E-06 9,1771E-06 1 
COL3A1 not_TF not_epi D2_D0 6,93680293 8,0369E-07 1,9148E-05 1 
COL3A1 not_TF not_epi D7_D0 13,7003944 3,2701E-10 5,4034E-08 1 
COL3A1 not_TF not_epi D30_D0 17,2828465 3,709E-11 5,8517E-09 1 
COL3A1 not_TF not_epi D46_D0 18,0335029 2,5342E-11 4,1856E-09 1 
COL4A6 not_TF not_epi D2_D0 -1,6744312 6,2439E-07 1,5871E-05 -1 
COL4A6 not_TF not_epi D46_D0 -1,5134133 1,8743E-06 1,3106E-05 -1 
COLGALT2 not_TF not_epi D2_D0 1,42484828 6,9398E-06 9,9316E-05 1 
COLGALT2 not_TF not_epi D7_D0 2,80432296 2,6024E-09 2,2755E-07 1 
COLGALT2 not_TF not_epi D30_D0 1,23884263 3,0532E-05 0,00012881 1 
CRYAB not_TF not_epi D2_D0 -1,8171746 0,00121788 0,00564644 -1 
CRYAB not_TF not_epi D7_D0 2,46850854 1,3976E-05 0,00013197 1 
CRYAB not_TF not_epi D30_D0 2,45333222 1,5146E-05 7,2748E-05 1 
CRYAB not_TF not_epi D46_D0 2,80788916 3,6298E-06 2,2057E-05 1 
CSMD2 not_TF not_epi D2_D0 -2,1013229 0,00013268 0,00098541 -1 
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CSMD2 not_TF not_epi D7_D0 -2,4086331 3,9571E-05 0,00028906 -1 
CSMD2 not_TF not_epi D46_D0 -1,6579816 0,0008824 0,00212173 -1 
CTHRC1 not_TF not_epi D2_D0 2,59794596 0,00539131 0,01877777 1 
CTHRC1 not_TF not_epi D7_D0 5,54659854 3,2434E-06 4,2203E-05 1 
CTHRC1 not_TF not_epi D30_D0 7,2090538 2,0165E-07 2,5582E-06 1 
CTHRC1 not_TF not_epi D46_D0 6,53717608 5,5779E-07 5,0964E-06 1 
CXCL14 not_TF not_epi D7_D0 2,03862481 0,00021977 0,00111401 1 
CXCL14 not_TF not_epi D30_D0 3,29846052 1,1922E-06 1,0014E-05 1 
CXCL14 not_TF not_epi D46_D0 6,14367626 9,6166E-10 4,8466E-08 1 
CYB561 not_TF not_epi D7_D0 -1,7063274 1,6463E-06 2,5478E-05 -1 
CYB561 not_TF not_epi D30_D0 -1,4343121 1,0403E-05 5,4279E-05 -1 
CYP21A1P not_TF not_epi D30_D0 2,49542413 0,00580594 0,01090711 1 
CYP21A1P not_TF not_epi D46_D0 3,69183643 0,00013597 0,00042722 1 
DCAF13 not_TF not_epi D30_D0 -1,4213339 0,00015489 0,00049277 -1 
DCAF13 not_TF not_epi D46_D0 -1,8629529 1,1619E-05 5,6395E-05 -1 
DCTPP1 not_TF not_epi D30_D0 -1,5901975 5,9729E-06 3,5016E-05 -1 
DCTPP1 not_TF not_epi D46_D0 -1,3383624 3,3078E-05 0,00013313 -1 
DIRAS3 not_TF not_epi D2_D0 3,49734915 0,00018432 0,00127561 1 
DIRAS3 not_TF not_epi D7_D0 4,97594057 1,6238E-06 2,522E-05 1 
DIRAS3 not_TF not_epi D30_D0 5,30250588 6,6526E-07 6,3505E-06 1 
DIRAS3 not_TF not_epi D46_D0 5,34411587 5,8322E-07 5,2683E-06 1 
DLG3 not_TF not_epi D30_D0 -1,1070631 5,1139E-07 5,2515E-06 -1 
DLG3 not_TF not_epi D46_D0 -1,2576943 1,1441E-07 1,525E-06 -1 
DLK2 not_TF not_epi D7_D0 1,98946743 0,01082324 0,02625563 1 
DLK2 not_TF not_epi D30_D0 2,7046127 0,00089499 0,00219228 1 
DLK2 not_TF not_epi D46_D0 3,30851314 9,8902E-05 0,00032739 1 
DMD not_TF not_epi D7_D0 3,40160642 1,6487E-11 8,009E-09 1 
DMD not_TF not_epi D30_D0 3,45071117 1,3984E-11 3,4169E-09 1 
DMD not_TF not_epi D46_D0 3,21528591 3,1959E-11 4,9541E-09 1 
DNMT3B not_TF epiFactor D2_D0 -2,5540619 7,2044E-10 1,2374E-07 -1 
DNMT3B not_TF epiFactor D7_D0 -3,7026189 1,0276E-11 6,4183E-09 -1 
DNMT3B not_TF epiFactor D30_D0 -5,8754064 8,5927E-14 3,0229E-10 -1 
DNMT3B not_TF epiFactor D46_D0 -6,0502197 6,4638E-14 2,826E-10 -1 
DOC2B not_TF not_epi D2_D0 4,07784212 2,7892E-06 4,9722E-05 1 
DOK7 not_TF not_epi D30_D0 4,48995715 0,00022727 0,00067884 1 
DOK7 not_TF not_epi D46_D0 4,44053838 0,00025284 0,00072328 1 
DSC3 not_TF not_epi D2_D0 -1,3284952 0,01608153 0,04482529 -1 
DSC3 not_TF not_epi D30_D0 3,13775693 1,0692E-05 5,5371E-05 1 
DSC3 not_TF not_epi D46_D0 1,77489068 0,00154915 0,0034367 1 
DSCC1 not_TF not_epi D30_D0 -2,5033259 8,4097E-06 4,5859E-05 -1 
DSCC1 not_TF not_epi D46_D0 -2,2030758 2,6968E-05 0,0001128 -1 
EGR3 TF not_epi D2_D0 4,70150872 1,0555E-09 1,5642E-07 1 
EGR3 TF not_epi D7_D0 -2,4851483 5,6322E-05 0,00037882 -1 
EGR3 TF not_epi D46_D0 3,71869158 1,5446E-08 3,4064E-07 1 
EMP1 not_TF not_epi D2_D0 -2,8766273 0,00021156 0,00141644 -1 
EMP1 not_TF not_epi D7_D0 3,62355912 1,1292E-08 6,5387E-07 1 
EMP1 not_TF not_epi D30_D0 7,10425299 2,2788E-12 1,1721E-09 1 
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EMP1 not_TF not_epi D46_D0 8,31857739 4,0865E-13 4,2038E-10 1 
EPB41L4B not_TF not_epi D2_D0 -2,6641864 5,5287E-05 0,00049993 -1 
EPB41L4B not_TF not_epi D7_D0 -4,0072105 1,5694E-06 2,4749E-05 -1 
EPB41L4B not_TF not_epi D30_D0 -3,0668694 1,6086E-05 7,6421E-05 -1 
EPB41L4B not_TF not_epi D46_D0 -2,1227743 0,00036089 0,00098031 -1 
ERCC6L not_TF not_epi D30_D0 -2,6732896 2,4448E-07 2,9425E-06 -1 
ERCC6L not_TF not_epi D46_D0 -2,0512004 3,5917E-06 2,1878E-05 -1 
ESRP1 not_TF not_epi D2_D0 -4,5548183 4,1802E-08 2,201E-06 -1 
ESRP1 not_TF not_epi D7_D0 -9,3737579 2,5982E-10 4,8099E-08 -1 
ESRP1 not_TF not_epi D30_D0 -4,7303349 2,9842E-08 6,0401E-07 -1 
ESRP1 not_TF not_epi D46_D0 -3,4811922 5,3588E-07 4,9401E-06 -1 
EVL not_TF not_epi D30_D0 1,14746185 7,1867E-05 0,00025956 1 
EXO1 not_TF not_epi D30_D0 -2,1196427 2,3574E-08 5,1405E-07 -1 
EXO1 not_TF not_epi D46_D0 -1,6625751 3,5655E-07 3,6507E-06 -1 
EZR not_TF not_epi D2_D0 -1,4982402 8,0863E-05 0,00066862 -1 
EZR not_TF not_epi D30_D0 -1,8445476 1,0631E-05 5,5134E-05 -1 
EZR not_TF not_epi D46_D0 -1,1498342 0,00080859 0,0019689 -1 
FAM155B not_TF not_epi D2_D0 -1,5080816 0,00589167 0,02015523 -1 
FAM155B not_TF not_epi D7_D0 -4,1980702 2,2014E-06 3,1478E-05 -1 
FAM155B not_TF not_epi D30_D0 -3,6822107 6,3137E-06 3,6513E-05 -1 
FAM155B not_TF not_epi D46_D0 -5,0959192 5,1923E-07 4,833E-06 -1 
FAM83D not_TF not_epi D30_D0 -2,5215431 3,4696E-11 5,6707E-09 -1 
FAM83D not_TF not_epi D46_D0 -2,2921784 1,0422E-10 1,0773E-08 -1 
FANCD2 not_TF not_epi D30_D0 -2,3903971 5,7519E-10 3,9335E-08 -1 
FANCD2 not_TF not_epi D46_D0 -1,9896945 4,9207E-09 1,5285E-07 -1 
FAT2 not_TF not_epi D2_D0 -2,4837595 0,00013564 0,00100001 -1 
FBLN5 not_TF not_epi D7_D0 1,47406417 0,01876548 0,04140433 1 
FBLN5 not_TF not_epi D30_D0 7,17196941 1,3814E-08 3,5371E-07 1 
FBLN5 not_TF not_epi D46_D0 6,22514877 5,3663E-08 8,5861E-07 1 
FER1L4 not_TF not_epi D2_D0 -3,3011313 1,8515E-05 0,00021288 -1 
FER1L4 not_TF not_epi D7_D0 -2,4282381 0,00017571 0,00093147 -1 
FER1L4 not_TF not_epi D30_D0 1,87139398 0,00063355 0,00162814 1 
FER1L4 not_TF not_epi D46_D0 1,70435874 0,00131366 0,00297968 1 
FGD3 not_TF not_epi D2_D0 -4,7420516 4,2481E-05 0,0004053 -1 
FGF14-AS2 not_TF not_epi D30_D0 -1,1415726 0,00941448 0,0167478 -1 
FGF14-AS2 not_TF not_epi D46_D0 -1,9046058 0,00029039 0,00081306 -1 
FREM1 not_TF not_epi D2_D0 2,21400016 1,402E-09 1,9007E-07 1 
FREM1 not_TF not_epi D7_D0 3,71804746 2,5607E-12 2,9854E-09 1 
FREM1 not_TF not_epi D30_D0 3,7596471 2,2547E-12 1,1721E-09 1 
FREM1 not_TF not_epi D46_D0 2,93496422 4,3043E-11 5,9029E-09 1 
FSIP1 not_TF not_epi D7_D0 1,71267369 0,00258234 0,00812453 1 
FXYD6 not_TF not_epi D2_D0 -3,0437663 3,1092E-06 5,4E-05 -1 
FXYD6 not_TF not_epi D30_D0 2,0763332 4,9764E-05 0,00019203 1 
FXYD6 not_TF not_epi D46_D0 2,18152237 3,1001E-05 0,00012667 1 
GGCT not_TF not_epi D30_D0 -1,4625197 0,00244199 0,00519594 -1 
GGCT not_TF not_epi D46_D0 -1,2764485 0,00582948 0,01095604 -1 
GINS1 not_TF not_epi D30_D0 -2,4998416 5,9859E-10 4,0075E-08 -1 
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GINS1 not_TF not_epi D46_D0 -2,0191768 7,0898E-09 1,9649E-07 -1 
GLI1 TF not_epi D7_D0 -1,5995005 0,00067622 0,00271668 -1 
GLI1 TF not_epi D30_D0 -1,1399831 0,00695781 0,01282173 -1 
GOLGA8B not_TF not_epi D30_D0 1,76433654 0,0004078 0,00111308 1 
GOLGA8B not_TF not_epi D46_D0 1,12971016 0,00988041 0,01743626 1 
GRHL2 TF not_epi D2_D0 -5,2622976 1,8103E-05 0,00020864 -1 
GRHL2 TF not_epi D7_D0 -11,767106 1,27E-06 2,1093E-05 -1 
GRHL2 TF not_epi D30_D0 -4,0652129 9,3818E-05 0,00032412 -1 
GRHL2 TF not_epi D46_D0 -1,8819812 0,0106509 0,01864868 -1 
HMGB3 TF not_epi D2_D0 1,31169332 3,0129E-07 9,1713E-06 1 
HMGB3 TF not_epi D30_D0 -2,1733451 7,4769E-10 4,6699E-08 -1 
HMGB3 TF not_epi D46_D0 -2,8169915 3,4114E-11 5,143E-09 -1 
HPGD not_TF not_epi D2_D0 -4,1459969 7,5455E-06 0,0001065 -1 
HPGD not_TF not_epi D7_D0 -2,9765832 5,2837E-05 0,0003601 -1 
HPGD not_TF not_epi D30_D0 1,322597 0,00512548 0,00979183 1 
HPGD not_TF not_epi D46_D0 2,65513938 1,2782E-05 6,1108E-05 1 
HSPE1 not_TF not_epi D30_D0 -1,9291207 0,000321 0,00090542 -1 
HSPE1 not_TF not_epi D46_D0 -1,9282527 0,00031376 0,00086723 -1 
IGSF1 not_TF not_epi D2_D0 -1,5045367 8,1851E-07 1,9422E-05 -1 
IGSF1 not_TF not_epi D7_D0 -1,3174227 3,4578E-06 4,4043E-05 -1 
IGSF10 not_TF not_epi D30_D0 4,1224624 1,9522E-05 8,9537E-05 1 
IGSF10 not_TF not_epi D46_D0 5,32974713 1,9864E-06 1,3758E-05 1 
IL7R not_TF not_epi D30_D0 7,84357873 0,00126629 0,00295521 1 
IL7R not_TF not_epi D46_D0 5,80028252 0,01354883 0,02308251 1 
IRS2 not_TF not_epi D2_D0 -1,1688454 0,00176281 0,00764992 -1 
ITGA10 not_TF not_epi D7_D0 2,1861882 0,00326504 0,00981419 1 
ITGA10 not_TF not_epi D30_D0 4,6641999 9,3103E-07 8,2149E-06 1 
ITGA10 not_TF not_epi D46_D0 5,92115632 5,1033E-08 8,3097E-07 1 
ITGB3 not_TF not_epi D30_D0 6,62983447 0,00012061 0,00039955 1 
ITGB3 not_TF not_epi D46_D0 7,40100986 4,2094E-05 0,00016218 1 
ITPRIPL1 not_TF not_epi D30_D0 -1,0044371 0,00366181 0,00733621 -1 
JPT1 not_TF not_epi D46_D0 -1,0182998 0,00044193 0,00116551 -1 
JPT2 not_TF not_epi D30_D0 -1,4597476 3,5811E-05 0,00014704 -1 
JPT2 not_TF not_epi D46_D0 -1,1881112 0,00024276 0,00069848 -1 
KCTD14 not_TF not_epi D7_D0 -2,3424762 1,7356E-05 0,00015557 -1 
KCTD14 not_TF not_epi D30_D0 -1,8428049 0,0001477 0,00047299 -1 
KCTD14 not_TF not_epi D46_D0 -1,1028419 0,00661451 0,0122381 -1 
KIF17 not_TF not_epi D2_D0 -3,1352666 4,0612E-07 1,1309E-05 -1 
KIF17 not_TF not_epi D7_D0 -3,1833498 3,3275E-07 7,5182E-06 -1 
KIF17 not_TF not_epi D30_D0 -3,5883749 1,2789E-07 1,8069E-06 -1 
KIF17 not_TF not_epi D46_D0 -4,2340706 2,9566E-08 5,5182E-07 -1 
KIF22 not_TF not_epi D30_D0 -2,0611001 3,5597E-09 1,3359E-07 -1 
KIF22 not_TF not_epi D46_D0 -1,8252364 1,4855E-08 3,3264E-07 -1 
KIF4A not_TF not_epi D30_D0 -1,3851234 4,3105E-08 7,9528E-07 -1 
KIF4A not_TF not_epi D46_D0 -1,1662195 3,2233E-07 3,3831E-06 -1 
KLK10 not_TF not_epi D2_D0 -5,2720671 9,6679E-07 2,2072E-05 -1 
KLK10 not_TF not_epi D7_D0 -5,8478226 5,336E-07 1,0738E-05 -1 
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KLK10 not_TF not_epi D30_D0 -2,4698971 0,00015295 0,00048784 -1 
KLK10 not_TF not_epi D46_D0 -2,0401819 0,0005861 0,00149261 -1 
KNOP1 not_TF not_epi D30_D0 -2,3264356 1,1505E-10 1,3687E-08 -1 
KNOP1 not_TF not_epi D46_D0 -2,2694217 1,5374E-10 1,3718E-08 -1 
KNSTRN not_TF not_epi D30_D0 -1,0084963 2,0265E-05 9,2412E-05 -1 
KNSTRN not_TF not_epi D46_D0 -1,3275424 1,048E-06 8,2818E-06 -1 
KPNA2 not_TF not_epi D30_D0 -2,0284501 9,8387E-08 1,491E-06 -1 
KPNA2 not_TF not_epi D46_D0 -2,3550649 1,7773E-08 3,7962E-07 -1 
KRT17 not_TF not_epi D30_D0 2,26414264 0,01289174 0,02208785 1 
KRT17 not_TF not_epi D46_D0 4,67521546 4,5707E-05 0,00017343 1 
KRTCAP3 not_TF not_epi D2_D0 -2,2390615 5,8957E-06 8,6862E-05 -1 
KRTCAP3 not_TF not_epi D7_D0 -4,1697973 1,6531E-08 8,5693E-07 -1 

KRTCAP3 not_TF not_epi D30_D0 -3,6074529 6,1665E-08 1,0409E-06 -1 
KRTCAP3 not_TF not_epi D46_D0 -3,4495095 8,9133E-08 1,2571E-06 -1 
L3MBTL4 not_TF epiFactor D30_D0 2,3342032 0,00375092 0,00747875 1 
L3MBTL4 not_TF epiFactor D46_D0 4,36459306 1,7806E-05 7,9965E-05 1 
LAMA3 not_TF not_epi D2_D0 -3,8652711 0,00020672 0,00138933 -1 
LAMA3 not_TF not_epi D30_D0 1,53945826 0,01038309 0,0182602 1 
LAMA3 not_TF not_epi D46_D0 4,01075832 3,6485E-06 2,2139E-05 1 
LAMB3 not_TF not_epi D2_D0 -3,9684742 0,00088549 0,00436946 -1 
LAMB3 not_TF not_epi D7_D0 -3,6709997 0,00109483 0,00402684 -1 
LAMB3 not_TF not_epi D46_D0 4,17850792 7,6653E-06 4,0232E-05 1 
LAMP3 not_TF not_epi D2_D0 1,62060611 0,00390788 0,01455302 1 
LAMP3 not_TF not_epi D7_D0 2,29190477 0,00019022 0,00099091 1 
LEF1 TF not_epi D2_D0 11,6720816 9,5143E-13 1,5126E-09 1 
LEF1 TF not_epi D7_D0 10,5986541 3,29E-12 3,1965E-09 1 
LEF1 TF not_epi D30_D0 7,40049789 7,8548E-10 4,8198E-08 1 
LEF1 TF not_epi D46_D0 7,32459395 9,2332E-10 4,6939E-08 1 
LIMCH1 not_TF not_epi D2_D0 3,64968174 1,0365E-09 1,5493E-07 1 
LIMCH1 not_TF not_epi D7_D0 5,64458462 8,432E-12 6,042E-09 1 
LIMCH1 not_TF not_epi D30_D0 4,54085425 8,7331E-11 1,0987E-08 1 
LIMCH1 not_TF not_epi D46_D0 5,03064359 2,8508E-11 4,6062E-09 1 
LPP-AS2 not_TF not_epi D7_D0 2,69348192 5,1839E-06 6,0843E-05 1 
LPP-AS2 not_TF not_epi D30_D0 2,6755286 5,7051E-06 3,3797E-05 1 
LPP-AS2 not_TF not_epi D46_D0 3,61483382 1,5273E-07 1,9147E-06 1 
LRAT not_TF not_epi D7_D0 -4,6797748 3,14E-06 4,1133E-05 -1 
LRAT not_TF not_epi D30_D0 -1,714225 0,00475523 0,00917166 -1 
LRAT not_TF not_epi D46_D0 -2,1032424 0,00123775 0,00283396 -1 
MAL2 not_TF not_epi D2_D0 -2,8258812 0,00013055 0,00097323 -1 
MAL2 not_TF not_epi D7_D0 -6,5320207 1,4641E-07 4,1363E-06 -1 
MAL2 not_TF not_epi D30_D0 -3,9912453 7,1595E-06 4,0318E-05 -1 
MAL2 not_TF not_epi D46_D0 -1,6607083 0,00614938 0,0114869 -1 
MAL2 not_TF not_epi D46_D0 -1,6607083 0,00614938 0,0114869 -1 
MAOA not_TF not_epi D2_D0 2,00461815 4,8893E-06 7,646E-05 1 
MAOA not_TF not_epi D7_D0 1,59127284 5,1938E-05 0,0003555 1 
MAOB not_TF not_epi D7_D0 -1,4028799 0,0158557 0,03601472 -1 
MAOB not_TF not_epi D30_D0 2,12339915 0,00042588 0,00115595 1 
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MAOB not_TF not_epi D46_D0 1,33556546 0,01148169 0,01995743 1 
MAP2K6 not_TF not_epi D2_D0 -2,228395 7,931E-05 0,00065827 -1 
MCM10 not_TF not_epi D30_D0 -2,4616726 4,4473E-09 1,5529E-07 -1 
MCM10 not_TF not_epi D46_D0 -2,2799684 1,0313E-08 2,5479E-07 -1 
MFSD4A not_TF not_epi D2_D0 -4,7341561 0,01457209 0,04142379 -1 
MFSD4A not_TF not_epi D30_D0 2,64944571 0,00383176 0,00762082 1 
MGAT3 not_TF not_epi D30_D0 1,02409957 0,00202026 0,00441077 1 
MLPH not_TF not_epi D7_D0 -5,4016022 5,438E-05 0,0003686 -1 
MLPH not_TF not_epi D30_D0 -1,7237587 0,02688936 0,04226127 -1 
MND1 not_TF not_epi D30_D0 -2,1671366 2,1616E-08 4,8548E-07 -1 
MND1 not_TF not_epi D46_D0 -2,0461959 3,9651E-08 6,8068E-07 -1 
MORN3 not_TF not_epi D46_D0 1,00210936 0,02883322 0,04520264 1 
MRPL13 not_TF not_epi D30_D0 -1,1606095 0,00153299 0,00347806 -1 
MRPL13 not_TF not_epi D46_D0 -1,197447 0,00119266 0,00274292 -1 
MTFR2 not_TF not_epi D30_D0 -1,9938414 5,7315E-05 0,00021555 -1 
MTFR2 not_TF not_epi D46_D0 -1,740061 0,00017394 0,00052702 -1 
MYBPC1 not_TF not_epi D30_D0 10,1028254 0,00095497 0,00231726 1 
MYBPC1 not_TF not_epi D46_D0 12,6207804 9,8358E-05 0,00032597 1 
MZT2A not_TF not_epi D7_D0 -1,4907383 0,00177328 0,00597446 -1 
N4BP2L1 not_TF not_epi D30_D0 2,25866731 0,00271951 0,00568477 1 
N4BP2L1 not_TF not_epi D46_D0 2,26052275 0,00269489 0,00557401 1 
NACAD not_TF not_epi D30_D0 1,71027108 5,0335E-05 0,00019374 1 
NACAD not_TF not_epi D46_D0 1,55600574 0,0001232 0,00039266 1 
NDUFAF6 not_TF not_epi D2_D0 1,19365741 0,00016292 0,00115631 1 
NEDD9 not_TF not_epi D2_D0 1,9604881 0,0032834 0,01263645 1 
NEDD9 not_TF not_epi D7_D0 2,03797817 0,00252864 0,00798644 1 
NPAS3 TF not_epi D2_D0 1,95241983 0,0092413 0,02882219 1 
NPAS3 TF not_epi D30_D0 5,13950525 7,8909E-07 7,2363E-06 1 
NPAS3 TF not_epi D46_D0 6,21390125 9,9562E-08 1,3731E-06 1 
NPY1R not_TF not_epi D2_D0 -1,5733568 0,00784523 0,0253085 -1 
NPY1R not_TF not_epi D7_D0 2,49725118 9,3448E-05 0,00056625 1 
NPY1R not_TF not_epi D30_D0 2,56858556 7,2567E-05 0,00026146 1 
NR3C2 TF not_epi D2_D0 -4,1211832 2,6205E-06 4,7195E-05 -1 
NR3C2 TF not_epi D7_D0 -1,2591772 0,00524069 0,01449687 -1 
NR3C2 TF not_epi D30_D0 2,94094612 3,3654E-07 3,7405E-06 1 
NR3C2 TF not_epi D46_D0 3,15835478 1,4636E-07 1,8521E-06 1 
NT5E not_TF not_epi D30_D0 6,31008987 7,9416E-07 7,2676E-06 1 
NT5E not_TF not_epi D46_D0 7,33161885 1,8594E-07 2,2196E-06 1 
NTRK2 not_TF not_epi D7_D0 6,96169255 0,0003131 0,00146954 1 
NTRK2 not_TF not_epi D30_D0 10,6532041 1,9818E-06 1,4926E-05 1 
NTRK2 not_TF not_epi D46_D0 10,9984734 1,3905E-06 1,0303E-05 1 
NTRK3 not_TF not_epi D30_D0 1,90294691 0,02001818 0,03251698 1 
OVOL1 TF not_epi D2_D0 -4,1453308 0,00118846 0,00553937 -1 
OVOL1 TF not_epi D7_D0 -6,8096108 0,00025843 0,00126133 -1 
PAK3 not_TF not_epi D2_D0 -2,3326134 3,4257E-07 1,0001E-05 -1 
PAK3 not_TF not_epi D30_D0 1,88131778 1,3527E-06 1,1122E-05 1 
PAK3 not_TF not_epi D46_D0 1,48006896 1,7542E-05 7,8983E-05 1 
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PCDH17 not_TF not_epi D2_D0 1,69107034 0,00152774 0,00679134 1 
PCDH17 not_TF not_epi D7_D0 3,32767953 1,8324E-06 2,741E-05 1 
PCDH17 not_TF not_epi D30_D0 4,70004048 3,9599E-08 7,4164E-07 1 
PCDH17 not_TF not_epi D46_D0 2,94827622 6,9544E-06 3,726E-05 1 
PCDHB16 not_TF not_epi D30_D0 1,5965822 7,0275E-06 3,9683E-05 1 
PCDHB16 not_TF not_epi D46_D0 1,75857095 2,4397E-06 1,6076E-05 1 
PCLAF not_TF not_epi D2_D0 1,26162054 0,00154294 0,0068467 1 
PCSK4 not_TF not_epi D2_D0 -1,8385006 0,00048958 0,00271371 -1 
PCSK4 not_TF not_epi D7_D0 -2,2354543 0,0001031 0,00061205 -1 
PCSK4 not_TF not_epi D46_D0 -1,014286 0,01986678 0,03242769 -1 
PDLIM4 not_TF not_epi D2_D0 1,4827976 1,4506E-05 0,00017519 1 
PDLIM4 not_TF not_epi D7_D0 1,35844423 3,6048E-05 0,00026906 1 
PDLIM4 not_TF not_epi D30_D0 3,15904472 2,0809E-09 9,2376E-08 1 
PDLIM4 not_TF not_epi D46_D0 3,18770379 1,851E-09 7,7439E-08 1 
PIMREG not_TF not_epi D30_D0 -2,2998768 3,1742E-09 1,2363E-07 -1 
PIMREG not_TF not_epi D46_D0 -2,485453 1,2671E-09 5,8933E-08 -1 
PLA2G4A not_TF not_epi D7_D0 1,20334294 0,01108669 0,02680435 1 
PLA2G4A not_TF not_epi D46_D0 2,02051548 0,00020871 0,00061313 1 
PLEKHA4 TF not_epi D30_D0 1,00220423 0,01699072 0,028167 1 
PLEKHA4 TF not_epi D46_D0 2,67896471 7,12E-06 3,8008E-05 1 
PPP1R14C not_TF not_epi D2_D0 6,79578642 2,1926E-09 2,6814E-07 1 
PPP1R14C not_TF not_epi D7_D0 4,66727817 2,0139E-07 5,2699E-06 1 
PPP1R14C not_TF not_epi D30_D0 2,7014221 0,00014429 0,0004641 1 
PPP1R14C not_TF not_epi D46_D0 2,96579046 5,0705E-05 0,00018827 1 
PRLR not_TF not_epi D30_D0 2,53947668 0,00021721 0,00065435 1 
PRLR not_TF not_epi D46_D0 1,75957342 0,00388482 0,00767312 1 
PROM2 not_TF not_epi D2_D0 -2,9679643 0,00017264 0,00121398 -1 
PROM2 not_TF not_epi D7_D0 -2,5296063 0,00046534 0,00200587 -1 
PROM2 not_TF not_epi D46_D0 2,73007008 5,8611E-05 0,00021195 1 
PTGER3 not_TF not_epi D30_D0 7,20774856 6,2048E-09 2,0132E-07 1 
PTGER3 not_TF not_epi D46_D0 7,24864424 5,7733E-09 1,6964E-07 1 
PYCARD not_TF not_epi D2_D0 -1,2954751 0,01063526 0,03228983 -1 
PYCARD not_TF not_epi D7_D0 -3,6595479 6,7957E-06 7,5744E-05 -1 
RAD51 TF epiFactor D30_D0 -2,0774422 5,7045E-07 5,694E-06 -1 
RAD51 TF epiFactor D46_D0 -1,2202915 0,00011568 0,00037248 -1 
RAD54B not_TF epiFactor D30_D0 -1,1892321 0,01088935 0,01902236 -1 
RAD54B not_TF epiFactor D46_D0 -1,3149843 0,00589946 0,01107329 -1 
RAD54L not_TF epiFactor D30_D0 -2,4580123 3,2188E-09 1,2509E-07 -1 
RAD54L not_TF epiFactor D46_D0 -2,0013542 3,2344E-08 5,9104E-07 -1 
RASSF9 not_TF not_epi D2_D0 2,8788797 8,4284E-07 1,9785E-05 1 
RASSF9 not_TF not_epi D7_D0 1,4986452 0,000643 0,00260961 1 
RASSF9 not_TF not_epi D30_D0 2,447647 5,14E-06 3,1157E-05 1 
RASSF9 not_TF not_epi D46_D0 3,4967702 9,3413E-08 1,3048E-06 1 
RBP7 not_TF not_epi D2_D0 -2,3033695 0,00265333 0,01061574 -1 
RBP7 not_TF not_epi D7_D0 -2,1439337 0,00364379 0,01075304 -1 
RDH16 not_TF not_epi D2_D0 -2,0694516 0,00296663 0,01163499 -1 
RDH16 not_TF not_epi D46_D0 -1,4411773 0,01741111 0,02882567 -1 
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REM2 not_TF not_epi D7_D0 -1,844753 0,00822237 0,02094372 -1 
RGCC not_TF not_epi D7_D0 7,00449737 0,00011998 0,00068615 1 
RGCC not_TF not_epi D30_D0 8,90642335 3,566E-06 2,3409E-05 1 
RGCC not_TF not_epi D46_D0 8,99617777 3,0574E-06 1,9144E-05 1 
RHBDL1 not_TF not_epi D7_D0 -1,6458171 0,00846538 0,02141579 -1 
RIC3 not_TF not_epi D30_D0 -2,6916337 0,00026257 0,00076595 -1 
RIC3 not_TF not_epi D46_D0 -3,562487 3,041E-05 0,00012458 -1 
RILP not_TF not_epi D2_D0 -1,9712382 0,00035866 0,00213247 -1 
RILP not_TF not_epi D7_D0 -2,0646171 0,0002397 0,00119358 -1 
RPS6KA3 not_TF epiFactor D7_D0 2,89877365 3,0015E-07 6,9987E-06 1 
RPS6KA3 not_TF epiFactor D30_D0 1,54139924 0,00017527 0,00054578 1 
RPS6KA3 not_TF epiFactor D46_D0 1,83476479 3,4004E-05 0,00013617 1 
RYR1 not_TF not_epi D7_D0 -3,6082034 0,00312714 0,00949664 -1 
S100B not_TF not_epi D30_D0 6,79693768 0,00133415 0,00308783 1 
S100B not_TF not_epi D46_D0 6,09115922 0,00350609 0,00703264 1 
SAV1 not_TF not_epi D2_D0 -1,0037594 2,112E-05 0,00023615 -1 
SAV1 not_TF not_epi D30_D0 -1,4018361 5,7361E-07 5,7061E-06 -1 
SAV1 not_TF not_epi D46_D0 -1,0647172 1,1421E-05 5,565E-05 -1 
SBSPON not_TF not_epi D7_D0 5,46164808 1,1099E-07 3,3363E-06 1 
SBSPON not_TF not_epi D30_D0 3,23507503 3,589E-05 0,00014722 1 
SBSPON not_TF not_epi D46_D0 2,77439066 0,0001704 0,0005179 1 
SEZ6L2 not_TF not_epi D2_D0 -1,2014522 0,00274076 0,01091072 -1 
SEZ6L2 not_TF not_epi D7_D0 -1,742552 0,00014426 0,00079436 -1 
SEZ6L2 not_TF not_epi D46_D0 -1,3640775 0,00108009 0,00251613 -1 
SFRP1 not_TF not_epi D2_D0 -3,3276506 2,7687E-08 1,6194E-06 -1 
SFRP1 not_TF not_epi D7_D0 -1,9479983 7,8984E-06 8,4897E-05 -1 
SHC4 not_TF not_epi D7_D0 1,280908 0,02278613 0,04845967 1 
SHC4 not_TF not_epi D30_D0 3,12557649 1,1673E-05 5,9185E-05 1 
SHC4 not_TF not_epi D46_D0 2,64702476 6,9297E-05 0,00024354 1 
SKA1 not_TF not_epi D2_D0 1,77763284 3,4636E-07 1,0062E-05 1 
SKA1 not_TF not_epi D30_D0 -1,56105 2,1207E-06 1,5668E-05 -1 
SKA1 not_TF not_epi D46_D0 -1,0619957 9,9364E-05 0,00032854 -1 
SLAIN1 not_TF not_epi D2_D0 -2,9013046 6,902E-06 9,912E-05 -1 
SLAIN1 not_TF not_epi D30_D0 -1,2478892 0,00569769 0,0107309 -1 
SLAIN1 not_TF not_epi D46_D0 -2,5185389 2,3753E-05 0,00010164 -1 
SLC12A8 not_TF not_epi D7_D0 -2,105072 0,00950477 0,02354293 -1 
SLC17A9 not_TF not_epi D7_D0 -4,6127645 0,00015381 0,0008377 -1 
SLC17A9 not_TF not_epi D46_D0 -2,3002676 0,01012918 0,01783519 -1 
SLC27A6 not_TF not_epi D7_D0 -1,9561822 0,00036311 0,00164852 -1 
SLC7A5 not_TF not_epi D30_D0 -3,3640364 5,3793E-06 3,2316E-05 -1 
SLC7A5 not_TF not_epi D46_D0 -4,3230754 5,1322E-07 4,7918E-06 -1 
SMS not_TF not_epi D30_D0 -2,1349086 7,3064E-06 4,0954E-05 -1 
SMS not_TF not_epi D46_D0 -2,104009 8,3981E-06 4,3311E-05 -1 
SNCAIP not_TF not_epi D2_D0 -2,0326427 0,00013867 0,00101835 -1 
SNCAIP not_TF not_epi D30_D0 3,07518741 6,0475E-07 5,9149E-06 1 
SNCAIP not_TF not_epi D46_D0 3,00027999 7,8404E-07 6,623E-06 1 
SOCS3 not_TF not_epi D2_D0 -2,317012 1,229E-05 0,0001544 -1 
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SOCS3 not_TF not_epi D7_D0 -1,2460357 0,00228576 0,00737205 -1 
SOCS3 not_TF not_epi D46_D0 2,24608403 1,1515E-05 5,5999E-05 1 
SORCS1 not_TF not_epi D2_D0 -2,6128641 3,7194E-06 6,2125E-05 -1 
SORCS1 not_TF not_epi D7_D0 -1,0726745 0,00498577 0,01394613 -1 
SORCS1 not_TF not_epi D30_D0 1,77661679 6,1594E-05 0,0002286 1 
SORCS1 not_TF not_epi D46_D0 1,08513332 0,0036268 0,00724118 1 
SPARCL1 not_TF not_epi D2_D0 -3,8993939 0,000713 0,00367275 -1 
SPARCL1 not_TF not_epi D30_D0 6,79686842 3,3783E-09 1,2985E-07 1 
SPARCL1 not_TF not_epi D46_D0 7,62015487 1,0904E-09 5,2968E-08 1 
SSPN not_TF not_epi D30_D0 3,84457688 5,5253E-07 5,5692E-06 1 
SSPN not_TF not_epi D46_D0 4,97996621 3,6239E-08 6,4669E-07 1 
ST7-AS1 not_TF not_epi D30_D0 1,2176095 0,00302232 0,00621889 1 
STXBP1 not_TF not_epi D2_D0 -1,2197446 1,0944E-06 2,438E-05 -1 
STXBP1 not_TF not_epi D7_D0 -1,2111029 1,1785E-06 1,9873E-05 -1 
STXBP1 not_TF not_epi D30_D0 -1,0062781 8,9882E-06 4,8231E-05 -1 
STXBP1 not_TF not_epi D46_D0 -1,1897062 1,437E-06 1,0581E-05 -1 
SUSD3 not_TF not_epi D2_D0 -2,3259078 0,00022235 0,00147177 -1 
SUSD3 not_TF not_epi D7_D0 -3,2257923 2,1736E-05 0,00018517 -1 
SUSD3 not_TF not_epi D30_D0 -2,5885537 0,00010936 0,00036826 -1 
SUSD3 not_TF not_epi D46_D0 -2,1731589 0,00032819 0,00090228 -1 
SYCP2 not_TF not_epi D7_D0 2,90735087 0,00045712 0,00197433 1 
SYCP2 not_TF not_epi D30_D0 4,20378584 1,2719E-05 6,3387E-05 1 
SYCP2 not_TF not_epi D46_D0 3,31727 0,00013406 0,00042197 1 
SYN2 not_TF not_epi D2_D0 -1,6945072 0,00047636 0,00265642 -1 
SYN2 not_TF not_epi D7_D0 -3,4111537 1,1711E-06 1,9818E-05 -1 
SYN2 not_TF not_epi D30_D0 -1,32871 0,00281107 0,00584876 -1 
SYN2 not_TF not_epi D46_D0 -1,293917 0,00328582 0,00663691 -1 
TACR1 not_TF not_epi D7_D0 -3,1179657 0,02135103 0,04593732 -1 
TACR1 not_TF not_epi D30_D0 2,70520621 0,00269463 0,00564154 1 
TCF19 TF not_epi D2_D0 -1,0587722 2,0132E-05 0,00022759 -1 
TF not_TF not_epi D30_D0 7,56329667 1,1733E-06 9,9075E-06 1 
TF not_TF not_epi D46_D0 7,22691719 2,1749E-06 1,473E-05 1 
TFPI2 not_TF not_epi D2_D0 -1,8943314 0,00337426 0,01291508 -1 
THSD7B not_TF not_epi D7_D0 -2,5048598 0,01618676 0,03665337 -1 
THSD7B not_TF not_epi D30_D0 1,83280946 0,02231985 0,03584951 1 
TIPARP TF not_epi D7_D0 2,20920244 2,7606E-06 3,7368E-05 1 
TIPARP TF not_epi D30_D0 1,08633867 0,00206781 0,00449942 1 
TIPARP TF not_epi D46_D0 1,29888089 0,00049361 0,00128399 1 
TNFSF4 not_TF not_epi D7_D0 3,68287174 0,00095087 0,00358779 1 
TNFSF4 not_TF not_epi D30_D0 5,9118135 8,6468E-06 4,6742E-05 1 
TNFSF4 not_TF not_epi D46_D0 5,42607441 2,0793E-05 9,093E-05 1 
TNN not_TF not_epi D2_D0 -4,1617468 0,00022353 0,00147734 -1 
TP63 TF not_epi D30_D0 4,93245932 8,715E-05 0,00030415 1 
TP63 TF not_epi D46_D0 5,12792942 5,7164E-05 0,0002077 1 
TPD52 not_TF not_epi D2_D0 -1,5302801 0,01029356 0,03145444 -1 
TPD52 not_TF not_epi D7_D0 -3,3271917 3,9037E-05 0,00028624 -1 
TPD52 not_TF not_epi D30_D0 -2,7426573 0,00018928 0,00058257 -1 
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TPD52 not_TF not_epi D46_D0 -2,1632936 0,00112778 0,00261122 -1 
TPX2 not_TF not_epi D30_D0 -1,772836 7,9652E-09 2,4178E-07 -1 
TPX2 not_TF not_epi D46_D0 -1,4582173 8,1378E-08 1,1703E-06 -1 
TSHZ2 TF not_epi D7_D0 8,31503731 2,3942E-08 1,0989E-06 1 
TSHZ2 TF not_epi D30_D0 10,5796676 8,2706E-10 4,9622E-08 1 
TSHZ2 TF not_epi D46_D0 11,4244385 3,1472E-10 2,1784E-08 1 
TTK not_TF epiFactor D30_D0 -1,9890215 0,00029605 0,00084596 -1 
TTK not_TF epiFactor D46_D0 -1,831817 0,00057036 0,00145773 -1 
TTYH1 not_TF not_epi D2_D0 -6,224167 0,00020394 0,00137545 -1 
TUBA1C not_TF not_epi D30_D0 -1,6257969 0,00095191 0,00231048 -1 
TUBA1C not_TF not_epi D46_D0 -1,6047221 0,00104594 0,00244923 -1 
UBE2C not_TF not_epi D30_D0 -2,2586969 5,2469E-09 1,768E-07 -1 
UBE2C not_TF not_epi D46_D0 -2,0851975 1,3075E-08 3,0166E-07 -1 
UGP2 not_TF not_epi D30_D0 -1,7150758 0,00624492 0,01165168 -1 
UGP2 not_TF not_epi D46_D0 -2,1730244 0,00129795 0,00295169 -1 
VIT not_TF not_epi D7_D0 4,00729039 0,00064917 0,00262794 1 
VIT not_TF not_epi D30_D0 4,11947496 0,00049714 0,00132147 1 
VIT not_TF not_epi D46_D0 6,14086583 5,6558E-06 3,1415E-05 1 
WLS not_TF not_epi D2_D0 7,85024007 3,5721E-13 8,9241E-10 1 
WLS not_TF not_epi D7_D0 8,60666583 1,4251E-13 6,2306E-10 1 
WLS not_TF not_epi D30_D0 7,0527393 1,0845E-12 8,2459E-10 1 
WLS not_TF not_epi D46_D0 6,87481963 1,421E-12 7,3087E-10 1 
XG not_TF not_epi D2_D0 -7,5898501 1,2858E-05 0,00015903 -1 
XG not_TF not_epi D7_D0 -4,0852198 9,1854E-05 0,00055907 -1 
XG not_TF not_epi D30_D0 -1,9315496 0,00538177 0,01021894 -1 
XG not_TF not_epi D46_D0 -2,7127118 0,00078936 0,00193014 -1 
XRCC2 not_TF not_epi D30_D0 -1,4651099 0,00014247 0,00045943 -1 
XRCC2 not_TF not_epi D46_D0 -1,1408189 0,00112019 0,00259675 -1 
ZMYND10 not_TF not_epi D30_D0 2,82137077 0,0006472 0,0016603 1 
ZMYND10 not_TF not_epi D46_D0 3,44893473 7,0367E-05 0,00024671 1 
ZNF367 TF not_epi D30_D0 -1,7642869 0,00013763 0,00044548 -1 
ZNF385B TF not_epi D2_D0 -2,583476 0,00371159 0,01393481 -1 
ZNF385B TF not_epi D7_D0 2,79947811 0,00028135 0,0013517 1 
ZNF552 TF not_epi D2_D0 -1,0147181 0,00095088 0,00462689 -1 
ZYG11A not_TF not_epi D7_D0 -1,5020392 0,00200702 0,00660621 -1 
ZYG11A not_TF not_epi D30_D0 -1,3456437 0,00422149 0,00828168 -1 
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Table S27. GO:BP terms for the novel tumor suppressor genes from TCGA-BRCA. 
Index Name P-value Adjusted 

p-value 
Odds 
Ratio 

Combined 
score 

Genes 

1 positive regulation of neutrophil 
extravasation (GO:2000391) 

0.001499 0.01318 999.50 6499.56 XG 

2 T cell extravasation (GO:0072683) 0.001499 0.01318 999.50 6499.56 XG 
3 positive regulation of Wnt signaling 

pathway, planar cell polarity pathway 
(GO:2000096) 

0.001799 0.01318 799.56 5053.71 PLEKHA4 

4 regulation of neutrophil extravasation 
(GO:2000389) 

0.001799 0.01318 799.56 5053.71 XG 

5 regulation of Wnt signaling pathway, 
planar cell polarity pathway (GO:2000095) 

0.002697 0.01318 499.65 2955.69 PLEKHA4 

6 regulation of postsynaptic neurotransmitter 
receptor activity (GO:0098962) 

0.002997 0.01318 444.11 2580.41 BEGAIN 

7 positive regulation of cellular extravasation 
(GO:0002693) 

0.003296 0.01318 399.68 2284.21 XG 

8 positive regulation of non-canonical Wnt 
signaling pathway (GO:2000052) 

0.003296 0.01318 399.68 2284.21 PLEKHA4 

9 positive regulation of protein localization 
to cell surface (GO:2000010) 

0.003894 0.01385 333.03 1847.77 RIC3 

10 positive regulation of myoblast 
differentiation (GO:0045663) 

0.005388 0.01400 235.02 1227.64 BOC 
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Table S28. UBE2C positively co-expressed genes from TCGA BRCA representing altered expression across muscle differentiation 
 
 
 
 
 

CDC20 D2_D0 -0,33727 0,05257 0,113346 0 167,2348 132,3574 111,3053 27,55183 23,9415 
CDC20 D7_D0 -0,58714 0,002511 0,007944 0 167,2348 132,3574 111,3053 27,55183 23,9415 
CDC20 D30_D0 -2,60323 4,49E-10 3,42E-08 -1 167,2348 132,3574 111,3053 27,55183 23,9415 
CDC20 D46_D0 -2,80329 1,88E-10 1,54E-08 -1 167,2348 132,3574 111,3053 27,55183 23,9415 
CENPA D2_D0 0,154498 0,422564 0,554499 0 20,60144 22,92523 28,78968 6,40351 9,575521 
CENPA D7_D0 0,482037 0,021856 0,0468 0 20,60144 22,92523 28,78968 6,40351 9,575521 
CENPA D30_D0 -1,68386 6,82E-07 6,46E-06 -1 20,60144 22,92523 28,78968 6,40351 9,575521 
CENPA D46_D0 -1,10529 5,13E-05 0,00019 -1 20,60144 22,92523 28,78968 6,40351 9,575521 
KIFC1 D2_D0 -0,04003 0,785983 0,862638 0 127,21 123,6885 136,7874 39,26762 50,76878 

GeneID contrast logFC Pvalue Pvalue_adj significance D0 D2 D7 D30 D46 
UBE2C D2_D0 -0,27751 0,122964 0,220169 0 127,2681 104,9558 102,0439 26,59775 29,97714 
UBE2C D7_D0 -0,31844 0,080657 0,136839 0 127,2681 104,9558 102,0439 26,59775 29,97714 
UBE2C D30_D0 -2,2587 5,25E-09 1,77E-07 -1 127,2681 104,9558 102,0439 26,59775 29,97714 
UBE2C D46_D0 -2,0852 1,31E-08 3,02E-07 -1 127,2681 104,9558 102,0439 26,59775 29,97714 
UBE2S D2_D0 -0,85311 0,065813 0,134834 0 45,21983 24,97555 21,80253 6,548203 5,173253 
UBE2S D7_D0 -1,05286 0,02805 0,057429 0 45,21983 24,97555 21,80253 6,548203 5,173253 
UBE2S D30_D0 -2,79836 3,22E-05 0,000135 -1 45,21983 24,97555 21,80253 6,548203 5,173253 
UBE2S D46_D0 -3,12214 1,18E-05 5,72E-05 -1 45,21983 24,97555 21,80253 6,548203 5,173253 
BUB1B D2_D0 -0,96949 2,01E-05 0,000228 0 282,6046 144,3368 182,8464 38,17205 45,06637 
BUB1B D7_D0 -0,62831 0,001074 0,003966 0 282,6046 144,3368 182,8464 38,17205 45,06637 
BUB1B D30_D0 -2,88824 7,2E-11 9,75E-09 -1 282,6046 144,3368 182,8464 38,17205 45,06637 
BUB1B D46_D0 -2,64889 1,95E-10 1,56E-08 -1 282,6046 144,3368 182,8464 38,17205 45,06637 
MYBL2 D2_D0 -0,41485 0,117987 0,213135 0 281,9923 211,4935 198,1347 37,55855 56,92122 
MYBL2 D7_D0 -0,50908 0,06049 0,108188 0 281,9923 211,4935 198,1347 37,55855 56,92122 
MYBL2 D30_D0 -2,91127 3,8E-08 7,18E-07 -1 281,9923 211,4935 198,1347 37,55855 56,92122 
MYBL2 D46_D0 -2,30838 4,64E-07 4,44E-06 -1 281,9923 211,4935 198,1347 37,55855 56,92122 
TROAP D2_D0 -0,09431 0,629593 0,73697 0 45,24384 42,3512 51,86721 21,08725 19,82526 
TROAP D7_D0 0,19782 0,31778 0,415502 0 45,24384 42,3512 51,86721 21,08725 19,82526 
TROAP D30_D0 -1,09726 6,47E-05 0,000238 -1 45,24384 42,3512 51,86721 21,08725 19,82526 
TROAP D46_D0 -1,18804 2,94E-05 0,000121 -1 45,24384 42,3512 51,86721 21,08725 19,82526 
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KIFC1 D7_D0 0,105066 0,479355 0,574924 0 127,21 123,6885 136,7874 39,26762 50,76878 
KIFC1 D30_D0 -1,69541 2,14E-08 4,82E-07 -1 127,21 123,6885 136,7874 39,26762 50,76878 
KIFC1 D46_D0 -1,32471 3,81E-07 3,81E-06 -1 127,21 123,6885 136,7874 39,26762 50,76878 
CDK1 D2_D0 0,177537 0,576369 0,692463 0 95,2995 107,897 170,7889 42,25015 59,46829 
CDK1 D7_D0 0,840072 0,017566 0,039205 0 95,2995 107,897 170,7889 42,25015 59,46829 
CDK1 D30_D0 -1,17499 0,002338 0,005006 -1 95,2995 107,897 170,7889 42,25015 59,46829 
CDK1 D46_D0 -0,68198 0,046781 0,069596 0 95,2995 107,897 170,7889 42,25015 59,46829 
KIF4A D2_D0 0,443814 0,003413 0,013032 0 81,10089 110,3316 132,2295 31,05934 36,13971 
KIF4A D7_D0 0,705023 6,95E-05 0,000447 0 81,10089 110,3316 132,2295 31,05934 36,13971 
KIF4A D30_D0 -1,38512 4,31E-08 7,95E-07 -1 81,10089 110,3316 132,2295 31,05934 36,13971 
KIF4A D46_D0 -1,16622 3,22E-07 3,38E-06 -1 81,10089 110,3316 132,2295 31,05934 36,13971 
KIF20A D2_D0 -0,41363 0,006874 0,022809 0 154,5301 115,998 184,6793 56,31632 69,45122 
KIF20A D7_D0 0,257208 0,068276 0,119425 0 154,5301 115,998 184,6793 56,31632 69,45122 
KIF20A D30_D0 -1,45508 3,46E-08 6,73E-07 -1 154,5301 115,998 184,6793 56,31632 69,45122 
KIF20A D46_D0 -1,15367 5,28E-07 4,89E-06 -1 154,5301 115,998 184,6793 56,31632 69,45122 
FOXM1 D2_D0 0,471362 0,008035 0,025779 0 139,4869 193,3581 188,272 38,84602 57,36758 
FOXM1 D7_D0 0,432848 0,013195 0,030965 0 139,4869 193,3581 188,272 38,84602 57,36758 
FOXM1 D30_D0 -1,84523 1,5E-08 3,76E-07 -1 139,4869 193,3581 188,272 38,84602 57,36758 
FOXM1 D46_D0 -1,28147 1,02E-06 8,07E-06 -1 139,4869 193,3581 188,272 38,84602 57,36758 
E2F1 D2_D0 -0,20096 0,1781 0,294247 0 55,74045 48,46654 51,57509 19,29081 24,1434 
E2F1 D7_D0 -0,11146 0,444122 0,541316 0 55,74045 48,46654 51,57509 19,29081 24,1434 
E2F1 D30_D0 -1,53002 5,86E-08 1E-06 -1 55,74045 48,46654 51,57509 19,29081 24,1434 
E2F1 D46_D0 -1,20559 8,96E-07 7,34E-06 -1 55,74045 48,46654 51,57509 19,29081 24,1434 
RAD51 D2_D0 0,016537 0,94234 0,975415 0 33,57298 33,95305 34,99069 8,006882 14,40206 
RAD51 D7_D0 0,060259 0,792181 0,848669 0 33,57298 33,95305 34,99069 8,006882 14,40206 
RAD51 D30_D0 -2,07744 5,7E-07 5,69E-06 -1 33,57298 33,95305 34,99069 8,006882 14,40206 
RAD51 D46_D0 -1,22029 0,000116 0,000372 -1 33,57298 33,95305 34,99069 8,006882 14,40206 
BRCA1 D2_D0 0,547428 0,015554 0,043718 0 52,11017 76,25142 90,03006 15,88918 34,64665 
BRCA1 D7_D0 0,787233 0,001458 0,0051 0 52,11017 76,25142 90,03006 15,88918 34,64665 
BRCA1 D30_D0 -1,71506 9,75E-07 8,53E-06 -1 52,11017 76,25142 90,03006 15,88918 34,64665 
BRCA1 D46_D0 -0,59066 0,010521 0,018447 0 52,11017 76,25142 90,03006 15,88918 34,64665 
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Table S29. GO:BP terms for UBE2C positively co-expressed genes from TCGA BRCA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Index Name P-value Adjusted p-
value 

1 anaphase-promoting complex-dependent catabolic process 
(GO:0031145) 3.365e-9 4.358e-7 

2 regulation of mitotic cell cycle phase transition 
(GO:1901990) 2.970e-9 4.358e-7 

3 regulation of cell cycle phase transition (GO:1901987) 6.286e-9 5.427e-7 
4 regulation of exit from mitosis (GO:0007096) 1.659e-8 0.000001074 

5 positive regulation of ubiquitin protein ligase activity 
(GO:1904668) 7.477e-8 0.000003402 

6 mitotic spindle organization (GO:0007052) 7.880e-8 0.000003402 
7 regulation of mitotic cell cycle (GO:0007346) 1.475e-7 0.000005456 
8 mitotic cell cycle phase transition (GO:0044772) 3.276e-7 0.00001061 
9 regulation of ubiquitin protein ligase activity (GO:1904666) 4.502e-7 0.00001296 

10 positive regulation of ubiquitin-protein transferase activity 
(GO:0051443) 0.000001515 0.00003923 
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Figure S1. Involvement of cancer derivers with TFs functioning as only tumor suppressor. The comparison 

between muscle differentiation stages and undifferentiated cells (D0) is based on logFC and their FDR 

significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 

 
 
 

 

Figure S2. Altered expression of cancer drivers with roles of both TF and Epifactor functioning as tumor 

suppressors across muscle differentiation. The comparison between muscle differentiation stages and 

undifferentiated cells (D0) is based on logFC and their FDR significance. *: p-value less than 0.05; **: p-value 

less than 0.01; ***: p-value less than 0.001. 
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Figure S3. Involvement of TF genes with Tumor suppressor role across muscle differentiation stages. The 

comparison between muscle differentiation stages and undifferentiated cells (D0) is based on logFC and their 

FDR significance. *: p-value less than 0.05; **: p-value less than 0.01; ***: p-value less than 0.001. 
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Figure S4. Altered expression of some important tumor suppressor genes and proto-oncogenes without TF 

and Epifactor roles across muscle differentiation. The comparison between muscle differentiation stages and 

undifferentiated cells (D0) is based on logFC and their FDR significance. *: p-value less than 0.05; **: p-

value less than 0.01; ***: p-value less than 0.001. 
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Figure S5. A. The involvement of genes with role as both TF and Epifactor in muscle differentiation stages. 

B. Genes with role as both TF and Epifactor changed at all muscle differentiation stages compared to D0. 
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Figure S6. A. Main GO:BPs identified for the involvement of genes with role as both TF and Epifactor with 

only similar altered expression in both late stages  (D30 and D46 such as). B. Main GO:BPs identified for the 

involvement of genes with role as both TF and Epifactor with only overexpression from D7 toward terminal 

differentiation (D30 and D46) compared to D0. GO:BP terms are listed based on adjusted p-value (the value 

less than 0.05 were considered statistically significant.) 
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Figure S7. The involvement of genes with only Epifactor role in muscle differentiation stages. The comparison 

is based on significant expression value (+1 for overexpression and -1 for lower expression) compared to D0. 
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Figure S7 continued 
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Figure S7 continued 
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Figure S8. Altered expression of genes with only Epifactor role in all stages of muscle differentiation. 

The comparison is based on significant expression value (+1 for overexpression and -1 for lower expression) 

compared to D0. 

 
 
 
 
 
 

 

Figure S7 continued 
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Figure S9. A. GO:BP terms of genes with expression changes from D7 toward late stages. B. GO:BP terms 

of genes with altered expression only at both D30 and D46. GO:BP terms are listed based on adjusted p-value 

(the value less than 0.05 were considered statistically significant.) 
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Figure S10. Altered expression of genes with significant OS from TCGA breast cancer genes in all muscle 

differentiation stages. The comparison is based on significant expression value (+1 for overexpression and -1 

for lower expression) compared to D0. 

 

 

 

 
Figure S11. Altered expression of genes with significant OS from TCGA breast cancer in specific stage (D2, 

D7, D30, and D46) or stages (D2 &D37, D2&D30) of muscle differentiation but not in all stages. The 

comparison is based on significant expression value (+1 for overexpression and -1 for lower expression) 

compared to D0. 
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Figure S12. Altered expression of genes with significant OS from TCGA breast cancer in specific stages (D2 

&D46, D7&D30, D7&D46, D30&D46) of muscle differentiation but not in all stages. The comparison is based 

on significant expression value (+1 for overexpression and -1 for lower expression) compared to D0. 
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Figure S13. Enrichr GO:BP terms for UBE2C co-expressed genes from TCGA BRCA. GO:BP terms are listed 

based on adjusted p-value (the value less than 0.05 were considered statistically significant.) 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


