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Abstract 

The poly(rC) binding protein 1 gene (PCBP1) encodes the heterogenous nuclear 

ribonucleoprotein E1 (hnRNPE1), a nucleic acid-binding protein that plays a tumor-

suppressive role in mammary epithelial cells by regulating phenotypic plasticity and cell 

fate. Following the loss of PCBP1 function, the FAM3C gene (encoding the Interleukin-

like EMT inducer, or “ILEI” protein) and the leukemia inhibitory factor receptor (LIFR) gene 

are upregulated. Interaction between FAM3C and LIFR in the extracellular space induces 

phosphorylation of signal transducer and activator of transcription 3 (pSTAT3). 

Overexpression and/or hyperactivity of STAT3 has been detected in 40% of breast cancer 

cases and is associated with a poor prognosis. Herein, we characterize a “feed-forward” 

mechanism that regulates the expression of LIFR in response to FAM3C/LIFR/STAT3 

signaling in mammary epithelial cells. We show that the loss of PCBP1 expression 

upregulates LIFR transcription through activity at the LIFR promoter. We also show that 

LIFR transcription is affected by modulation of FAM3C expression levels. Additionally, our 

bioinformatic analysis reveals a signature of transcriptional regulation associated with the 

FAM3C/LIFR interaction and identifies the TWIST1 transcription factor as a downstream 

effector that participates in the maintenance of LIFR expression. Finally, we characterize 

the effect of LIFR expression in cell-based experiments using both mouse and human 

mammary epithelial cells. Our experiments demonstrate the promotion of invasion, 

migration, and self-renewal of breast cancer stem cells (BCSCs) following increased LIFR 

expression, which is consistent with previous studies linking LIFR expression to tumor 

initiation and metastasis in mammary epithelial cells. 
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Chapter 1: Introduction 

1.1 Intracellular function of PCBP1 in mammary epithelium 

During mammary gland development, mammary epithelial cells carry out a 

phenotypic program that facilitates their physiological function and maintains their 

structural integrity. Epithelial cells must function optimally during the rapid growth phase 

of puberty and the lactation phase of pregnancy (1). Epithelial cells anchor themselves to 

a proteinaceous substrate known as the basement membrane and form sheets of tissue 

through their adhesive partnerships with neighboring epithelial cells (1). The PCBP1 

protein (also known as the heterogeneous nuclear ribonucleoprotein E1, or hnRNP E1) 

carries out multiple intracellular functions in mammary epithelial cells and plays a major 

role in maintaining the epithelial phenotype (2, 3). PCBP1 is one of approximately 20 

proteins belonging to the hnRNP family of nucleic acid-binding proteins and it binds to 

both DNA and RNA (3, 4). The interaction between PCBP1 and RNA facilitates the 

formation of functional ribonucleoprotein complexes that regulate RNA processing 

functions, including splicing, polyadenylation, and protein translation (2). PCBP1 therefore 

represents an essential component of the intracellular machinery in epithelial cells, and 

previous work has described its far-reaching influence on key regulatory functions in the 

nucleus and cytoplasm (2–7). 

In the late 20th century, a family of RNA-binding proteins was characterized and 

defined as capable of binding to and “packaging” heterogeneous nuclear RNA transcripts 

(hnRNAs), and thus named the hnRNP family of proteins (3, 8). PCBP1 is one of three 

hnRNPs containing nucleic acid-binding domains known as “KH” domains, which have 

been shown to bind in a sequence-specific manner to RNA and DNA with high binding 

affinity for polycytosine tracts (4, 9, 10). Previous studies have identified the accumulation 
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of PCBP1 in both the nucleus and the cytoplasm, and have also identified a nuclear 

localization sequence (NLS) within the protein structure that is thought to be responsible 

for regulating the subcellular localization of PCBP1 (3, 10–12). 

PCBP1 carries out a specific set of RNA-processing functions that appear to be 

non-redundant with other KH domain-containing hnRNPs, although some functional 

overlap has been suggested (13, 14). In the nucleus, PCBP1 interacts with protein 

components of the spliceosome, thus regulating the alternative splicing of pre-mRNA 

transcripts. Previous studies have shown that loss of PCBP1 expression and/or function 

can promote alternatively spliced variants of CD44 and PNUTS transcripts, and cause 

aberrant changes in the epithelial phenotype (15, 16). PCBP1 also interacts with 

polycytosine tracts within single-stranded chromosomal DNA (ssDNA) in both telomeric 

regions and in the promoters of certain genes. Evidence suggests that PCBP1 ameliorates 

DNA damage-induced intracellular signaling and thus monitors genomic integrity through 

its complexation with ssDNA and proteins involved in DNA repair (9). 

Numerous studies have described the role of PCBP1 as a regulator of mRNA 3’ 

untranslated region (UTR) processing through its interaction with polyadenylation 

machinery in the nucleus and with nuclease machinery in the cytoplasm (17–19). 

Evidence suggests that PCBP1 regulates the stability of multiple mRNAs and, thus, the 

expression of multiple genes through its sequence-specific binding to mRNA 3’ UTRs (3). 

In addition to its regulation of mRNA stability, PCBP1 has also been shown to regulate 

mRNA translation by binding to sequence-dependent secondary structures in 3’ UTRs (7, 

20, 21). Using a combination of polysome profiling, immunoprecipitation, and RNA-Binding 

Protein Immunoprecipitation-Microarray (RIP-ChIP), the Howe laboratory identified 36 

mRNAs that were bound by PCBP1 in their 3’ UTRs. PCPBP1 binding was shown to 

suppress the protein expression levels of 36 genes by inhibiting the elongation of 

translation (21). Several of these genes have previously been shown to affect the stability 
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of the epithelial phenotype, including FAM3C, which underscores its characterization in 

the current study (7, 21, 22). PCBP1 suppresses the translation of FAM3C and other 

proteins by forming a ternary complex with the mRNA 3’ UTR and eukaryotic elongation 

factor 1A1 (eEF1A1), (Fig. 1). The formation of the PCBP1-mediated ternary complex 

prevents the release of eEF1A1 from the ribosome, thus preventing the elongation of 

translation (22). Although the full scope of PCBP1-dependent intracellular mechanisms 

remains largely uncharacterized, investigations by the Howe laboratory and others have 

observed changes in the epithelial phenotype that occur in mammary epithelial cells 

following loss of PCBP1 expression and/or function. The Howe laboratory and others have 

also characterized the role of PCBP1 in regulating epithelial-mesenchymal transition 

(EMT) in epithelial cells in both mice and humans (21, 23, 24).  

EMT is a phenomenon that occurs in cells at various stages of growth in developing 

embryos and mature organisms. The reverse process, known as mesenchymal-epithelial 

transition (MET), provides a biological “counter-balance” that dynamically guides transient 

phenotypic gradients in healthy tissues. During pubertal development in mammals, 

branching morphogenesis of the mammary gland occurs through “programmed” control of 

EMT/MET. The plasticity of cells that is enabled by the control of EMT/MET allows them 

to become more motile and drive an increase in proliferation as cells build the ductal 

network of the gland. EMT/MET also plays an important role in phenotypic reprogramming 

and morphological adaptation by influencing how cells assume specific functional fates; 

EMT/MET has been shown to be necessary for the differentiation of mammary stem cells 

into the specific cell types that comprise mature glandular structures (1, 25).  
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Figure 1 – PCBP1 regulates the translation of FAM3C (ILEI) protein. A diagram 
extracted from Grelet et al. (2019) illustrating the mechanism of translational suppression 
of FAM3C by PCBP1. BAT, b-activated translation; UTR, untranslated region. 
  

FAM3C

Adapted from Grelet, S. et al. J Cancer Metastasis Treat 2019; 5:16
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During embryonic development, wound healing, and carcinogenesis, the 

extracellular cytokine, transforming growth factor beta (TGFb), initiates intracellular 

signaling that regulates multiple EMT-related events (26). The Howe laboratory previously 

determined that TGFb binding to its cognate receptors initiates a cascade of kinase activity 

that results in phosphorylation of PCBP1 at serine residue 43, which ablates the formation 

of the ternary complex mentioned above (7). TGFb-induced intracellular signaling and 

subsequent control of EMT have been extensively characterized for their crucial 

physiological roles, which include but are not limited to (1) regulation of embryonic 

morphogenesis during development (aka “Type 1 EMT”), (2) tissue regeneration during 

wound healing (aka “Type 2 EMT”), and (3) promotion of invasion and metastasis during 

progression of carcinoma pathology (aka “Type 3 EMT”) (27). Our understanding of how 

PCBP1 regulates EMT and responds to TGFb in the context of mammary carcinoma 

remains incomplete and prompts further investigation. Preclinical studies by the Howe 

laboratory and other investigators clearly demonstrated that PCBP1 plays a role in TGFb-

mediated EMT/MET and has a measurable impact on the progression and metastasis of 

mammary carcinoma (5, 16, 28). 

The role of TGFb in the pathology of mammary carcinoma is paradoxical. Healthy 

epithelial cells exposed to TGFb in vivo remain healthy, and their transformation into 

neoplasia is suppressed in part by TGFb-induced signaling cues. However, it has been 

suggested that once tumorigenesis occurs, TGFb exposure induces aberrant intracellular 

events that drive disease progression, including the promotion of EMT in epithelial cells 

(29). The Howe laboratory has created an experimental context to study the mechanisms 

of TGFb-dependent pathology in mammary epithelium, using both laboratory mice and 

cultured epithelial cells. Previous experiments using cultured normal murine mammary 

gland cells (hereafter “NMuMG cells”) demonstrated that the loss of PCBP1 function is 
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required for TGFb-mediated EMT to occur. A mutant form of PCBP1 possessing an 

alanine substitution at position 43 (S43A) was introduced into NMuMG cells followed by 

exposure to exogenous TGFb. The mutation allowed PCBP1 to maintain its function in the 

presence of TGFb, and EMT was suppressed  (7). Additionally, shRNA-mediated 

knockdown of PCBP1 was sufficient to induce EMT in NMuMG cells in the absence of 

TGFb (7). These data established that PCBP1 is both a key responder to TGFb-induced 

intracellular signaling and a key regulator of EMT.  

It was later shown by the Howe laboratory that NMuMG cells with shRNA-mediated 

knockdown of PCBP1 (hereafter “shPCBP1 cells”) formed tumors when implanted into the 

mammary fat pads of immunocompromised mice. The tumors progressed and caused 

pulmonary metastases, suggesting that loss of PCBP1 expression allows NMuMG cells 

to acquire a phenotype that models the pathology of mammary carcinoma (28). When 

shPCBP1 cells were implanted into mice following surgical removal of the mammary 

glands, the implanted cells were able to fully reconstruct the organ (28). These data 

demonstrate that the phenotype acquired following loss of PCBP1 expression exhibits a 

gain of differentiation potency, which suggests that PCBP1 regulates the “stemness” of 

mammary epithelial cells. shPCBP1 cells therefore provide a model by which to study 

mechanisms that occur in “breast cancer stem cells” (BCSCs), through observation of 

PCBP1’s influence upon phenotypic plasticity, cellular self-renewal, and tissue growth 

during tumorigenesis. The use of shPCBP1 cells in the current study also provides utility 

because of the correlation observed between the BCSC phenotype and increased tumor-

initiating capacity and chemoresistance of human cancer cells (30, 31). 

Analysis of clinical data from human cancer patient samples revealed that 

mutations in PCBP1 can result in loss of its expression or function, and in some cases, 

this loss has been predicted to have a deleterious effect on patient survival. The Genomic 
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Data Commons Portal maintained by the National Institutes of Health showed that out of 

2485 patient tumor samples (all including survival data), 132 (5.3%) had mutations in the 

PCBP1 gene, with 119 distinct mutations being identified. Of the 132 cases, 60 possessed 

mutations predicted to cause a consequent loss of PCBP1 protein expression and/or 

function. However, none of the 60 cases described breast cancer patients  (32). Therefore, 

it is likely that changes in the regulation of PCBP1 expression, which could affect breast 

cancer pathology, occur through intracellular mechanisms other than those affecting the 

coding sequence of the gene. 

The Howe lab has shown that PCBP1 expression can be regulated through 

changes in its rate of degradation. The E3 ubiquitin ligase ARIH1 ubiquitinates PCBP1 in 

NMuMG cells, thereby promoting proteasomal processing (5). ARIH1 knockdown in 

NMuMG cells stabilizes PCBP1 expression levels and delays EMT following treatment 

with TGFb (5). Parallel observations were made following ARIH1 knockdown in the lung 

metastatic derivative (LM2) of the MDA-MB-231 human mammary carcinoma cell line and 

SUM 159 human mammary carcinoma cell line. Additionally, knockdown of ARIH1 causes 

a loss of self-renewal capacity in SUM 159 cells, as shown by an in vitro spheroid 

formation (mammosphere) assay (5). In addition to being regulated by changes in 

proteasomal degradation rates, PCBP1 may also be transcriptionally upregulated in 

response to hypoxic conditions. However, hypoxia-dependent upregulation of PCBP1 has 

only been observed in rodent neuronal cells in vitro and similar mechanisms in mammary 

epithelial cells have not been characterized (33, 34). Taken together, these observations 

suggest that the role of PCBP1 in maintaining the epithelial phenotype is largely 

determined by its ability to maintain homeostatic functions through the stabilization of 

PCBP1 protein turnover and post-translational modifications, including phosphorylation 

and ubiquitination. 
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The characterization of PCBP1 prior to the current study revealed its multifaceted 

function and physiological importance in healthy mammary epithelial tissues. In the current 

study, we sought to further investigate PCBP1-related mechanisms that lead to advanced 

disease. Specifically, we sought to further our understanding of how changes in the 

expression of genes regulated by PCBP1 contribute to aberrant phenotypes. Previous 

study by the Howe laboratory and others have identified the FAM3C gene, which is 

translationally suppressed by PCBP1, as a contributor to aberrant morphology, motility, 

and anchorage-independent growth; however, the precise mechanism(s) of its 

contribution remain unknown  (28, 35–37). Logically, the examination of FAM3C 

expression and related intracellular events presented an opportunity to develop and test 

hypotheses in the current study. 
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1.2 The FAM3C gene and the “ILEI” protein 

FAM3C is one of four cytokine-like proteins belonging to the “family with sequence 

similarity 3” (FAM3) family of proteins. The other three family members were found to be 

similar in size, sequence, and structure, and were therefore grouped together following 

their initial characterization by Zhu et al. in 2002 (38). Although FAM3 proteins do not 

share any sequence homology with interleukins, they were originally identified through a 

search for proteins with structures similar to the four-helix bundle found in many cytokines 

(38). Later, it was revealed that FAM3 proteins do not form the four-helix bundle found in 

cytokines and therefore represent a novel class of secreted “cytokine-like” proteins 

involved in a wide range of physiological functions (39–41). FAM3C and FAM3A are 

expressed ubiquitously in mammalian tissues, whereas FAM3B is mostly expressed in the 

pancreas and FAM3D is mostly expressed in the placenta (38). Several studies have 

described the involvement of FAM3B and FAM3C in the pathology of various cancers, and 

FAM3C, also known as “The Interleukin-like EMT Inducer” (ILEI), has become the most 

characterized family member in recent years (42, 43). 

The expression and activity of FAM3C have been characterized in several recent 

studies, indicating that it plays a role in many seemingly unrelated pathologies. Although 

the mainstay of its characterization is the induction of EMT, several studies have described 

novel roles for FAM3C. For example, Malik et al. demonstrated that inflammatory stimuli 

upregulate FAM3C expression, exacerbating the symptoms of psoriasis in transgenic mice 

(44). Chen et al. demonstrated the participation of FAM3C in the regulation of glucose and 

lipid metabolism in a mouse model of type I diabetes (45). In the two preceding examples 

and in the majority of studies, FAM3C has been characterized as an inducer of intracellular 

signaling cascades; however, a recent study of Alzheimer’s disease demonstrated that 

FAM3C can act as an extracellular “adapter” molecule that regulates the activity of the g-
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secretase complex (46). In studies describing FAM3C as an inducer of EMT, evidence is 

not confined to the pathology of cancer. For example, Zhou et al. demonstrated that 

FAM3C induces intracellular signaling and EMT in a mouse model of chronic kidney 

disease (47). Bendre et al. demonstrated the involvement of FAM3C in osteogenic 

differentiation through the regulation of TGFb-1 expression (48). However, the 

mechanisms by which FAM3C participates in any of these physiological processes have 

not yet been fully elucidated. 

FAM3C has been extensively studied and implicated in the pathology of various 

cancers including mammary carcinoma, hepatocellular carcinoma (HCC), non-small cell 

lung cancer (NSCLC), oral squamous cell carcinoma (OSCC), colorectal cancer (CRC), 

and esophageal cancer (28, 49–53). FAM3C has been shown to predominantly function 

through extracellular interactions with the cell surface and subsequent activation of various 

signal transduction cascades. Previous preclinical cancer studies have conclusively 

shown that changes in FAM3C expression modulate signal transduction pathways 

including JAK/STAT, PI3K/AKT, and MAPK/ERK (28, 37, 54, 55). The activation of 

cascades is coupled with the association of EMT events in epithelial cells. However, 

experimental evidence has not yet identified the precise mechanism of FAM3C-mediated 

EMT induction. 

Recent studies have demonstrated that the biological activity of FAM3C can be 

regulated during secretory processing and/or extracellular accumulation, suggesting that 

context-specific cellular activities may influence FAM3C function and possibly the 

specificity of pathway activation (39, 56, 57). Recent evidence has shown that FAM3C 

binds to the extracellular matrix (ECM) in a manner dependent on its N-terminal 17-amino 

acid propeptide sequence. Cleavage of the propeptide by extracellular serine proteases 

liberates and “activates” FAM3C. This proteolytic processing was shown to be required 

for increased metastatic potential of EpC40 and 4T1 mouse mammary tumor cells (57). 
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Experiments have also revealed that the expression of urokinase-type plasminogen 

activator receptor (uPAR) and its conversion of plasminogen into plasmin serine protease 

play a role in the regulation of FAM3C secretion (56). Structural analysis has revealed that 

cysteine residue 185 (C185) is essential for the covalent dimerization of FAM3C (39). A 

parallel investigation using both mouse and human cell engraftment techniques provided 

evidence that dimerization is required for FAM3C-induced mammary tumor growth and 

metastasis in mice (57). Additionally, attempts to manufacture recombinant FAM3C 

protein have had limited success, as exemplified by reports of inconsistent levels of 

biological activity rendered by exogenous FAM3C treatments (37, 56). Difficulties in 

reproducing experimental data owing to the inconsistent potency of exogenous FAM3C 

have also been reported in the current study. It is possible that the manufacturing method, 

that is, the choice of E. coli versus mammalian expression systems, may play a role in the 

protein processing that is necessary for FAM3C function. For example, there are 

differences in the post-translational protein modification capabilities (e.g., glycosylation 

and ubiquitination) of prokaryotic cells compared with eukaryotic cells. Collectively, this 

evidence strongly suggests that FAM3C undergoes fine-tuned post-translational 

regulation in addition to the PCBP1-mediated post-transcriptional regulation described 

above, and that specific modifications are required for FAM3C to undergo activity-

endowing secretion, cleavage, and dimerization in mammalian cells. 

Following the identification of the FAM3 family of proteins by Zhu et al. in 2002, a 

group of researchers led by Dr. Harmut Beug at the Research Institute of Molecular 

Pathology in Vienna, Austria, began characterization of FAM3C in the context of mammary 

carcinoma (37). In 2006, Waerner et al. originally referred to FAM3C as the “Interleukin-

like EMT Inducer” (ILEI), and utilized normal, healthy murine mammary epithelial cells 

(EpH4 cells) to demonstrate the role of FAM3C in mammary carcinoma pathology (37). 

Waerner et al. produced EpH4 derivative cell lines by overexpressing FAM3C, and 
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observed that FAM3C induced EMT. By engrafting EpH4-derived FAM3C-overexpressing 

cells into immunocompromised mice, Waerner et al. demonstrated that (1) FAM3C 

expression is required for EMT, tumor formation, and metastasis and (2) FAM3C 

expression alone is sufficient to cause these outcomes to occur (37). Additional EpH4 

derivative cell lines were used to demonstrate that FAM3C knockdown is sufficient to 

reverse EMT and induce MET, and that FAM3C is required for TGFb-mediated EMT. In 

2014, Csiszar et al. continued FAM3C characterization and described the first experiments 

using human mammary carcinoma cell lines (56). Using both metastatic and non-

metastatic human mammary carcinoma cell lines, Csiszar et al. showed that high FAM3C 

expression levels correlated with increased metastatic potential. Using human tumor 

tissue sample arrays, it was shown that changes in the subcellular localization of FAM3C 

indicated that an increased secretory rate was correlated with increased severity of 

prognosis (56). The findings of Waerner, Csiszar, et al. increased our understanding of 

the EMT “frontier” of mammary carcinoma pathology and delineated the importance of 

further investigation into the mechanisms associated with FAM3C expression and 

function. 

Dr. Agnes Csiszar continued to study FAM3C by leading a team of researchers at 

the Medical University of Vienna, Austria. In 2017, Kral et al. used immunocompromised 

mice to describe the first orthotopic xenografts of human mammary carcinoma cells with 

modulation of FAM3C expression (57). Using the highly metastatic LM2 derivative of the 

MDA-MB-231 mammary carcinoma cell line, Kral et al. showed that tumor growth was 

severely attenuated by loss of FAM3C expression. However, growth was rescued by re-

expression of wild-type human FAM3C, but not by mutant FAM3C, which lacked the 

capability to form homodimers (57). Kral et al. also demonstrated that FAM3C monomers 

and homodimers both possess biological functions that can affect the mammary epithelial 
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phenotype. However, their evidence strongly suggests that the activity of the FAM3C 

homodimer is more potent and consequently required for disease progression in vivo (57). 

Near the end of the 20th century, collaboration between Dr. Harmut Beug and the 

Swiss Institute for Experimental Cancer Research produced a tumorigenic EpH4 

derivative cell line known as EpRAS (58). During the first two decades of the 21st century, 

teams led by Harmut Beug and Agnes Csiszar utilized the EpRAS mouse model to 

characterize FAM3C in parallel with the EpH4 and human cell experiments described 

above (37, 56, 57). EpRAS cells were originally used to demonstrate that TGFb-mediated 

EMT during mammary carcinoma progression in vivo requires an aberrant MAPK signaling 

pathway (58, 59). EpRAS cells were derived from the EpH4 cell line by introducing stable 

overexpression of a mutated hyperactive RAS GTPase, known as HRAS. HRAS 

possesses a substitution of glycine with serine at position 12 (G12S), and this mutation 

was previously identified to be associated with an increased risk of breast cancer (58, 60). 

EpRAS cells show a dramatically increased proliferation rate and form tumors when 

orthotopically injected into immunocompromised mice, and demonstrate metastatic 

potential following tail vein injection (37). EpRAS cells specifically propagate the 

MAPK/ERK transduction pathway and require MAPK/ERK activity for EMT and metastasis 

(61). HRAS-associated pathology is detected more frequently in African Americans, young 

women, and hormone receptor-negative tumors (60). However, HRAS mutations in human 

breast cancer cases are considered rare, which limits the EpRAS model when attempting 

to translate experimental observations into clinical relevance (58, 62). 

In 2017, work in the Howe laboratory by Howley, et al. reported the creation of a 

mouse model of mammary carcinoma metastasis for observing the context of TGFb-

mediated EMT following loss of PCBP1 expression (hereafter “the Progression Series 

Model”) (63). Although mutations in PCBP1 in human breast cancer are also rare, the 
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Progression Series Model exemplifies TGFb-mediated EMT because exposure to TGFb 

causes loss of PCBP1 function and does require mutations. NMuMG cells with loss of 

PCBP1 function (shPCBP1 cells) are tumorigenic, have metastatic potential, and behave 

similarly to EpRAS cells in vivo following engraftment into mice (59). shPCBP1 cells also 

display increased FAM3C expression and do not require the introduction of exogenous 

expression vectors such as those described in Waerner et al. (37). In the years that 

followed, the Howe laboratory continued experiments characterizing FAM3C using the 

Progression Series Model, prompting the hypotheses that will be described in the current 

study. 

In 2019, the Howe laboratory reported additional evidence of FAM3C participation 

in mammary carcinoma disease progression in vitro and in vivo, using the Progression 

Series Model. The Howe laboratory identified that FAM3C is required for TGFb-mediated 

EMT in shPCBP1 cells, which recapitulated the previous work by Beug et al. in the EpRAS 

model (28). To identify the potential mechanisms of FAM3C-mediated EMT, Woosley et 

al. performed a yeast two-hybrid assay. The yeast two-hybrid assay was constructed using 

the FAM3C coding sequence as a “bait” protein, and a human mammary carcinoma cell 

(HeLa cell) cDNA library as “prey” proteins. The data produced by the yeast two-hybrid 

assay identified potential FAM3C binding partners, and additional experiments revealed 

an extracellular interaction between FAM3C and leukemia inhibitory factor receptor (LIFR) 

(28). Woosley et al. showed that the extracellular interaction between FAM3C and LIFR 

is required to induce the phosphorylation of STAT3 at tyrosine 705 (pSTAT3). They further  

showed that the loss of FAM3C/LIFR-induced pSTAT3 attenuated cellular self-renewal in 

vitro, suggesting that FAM3C participates in the activation of a signaling pathway that 

promotes the BCSC phenotype (28). The evidence presented by Woosley et al. is the first 
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example of an extracellular interaction responsible for driving FAM3C-mediated 

intracellular signal transduction that directly affects the epithelial phenotype.  

By engrafting shPCBP1 cells into the mammary fat pads of immunocompromised 

mice, Woosley et al. demonstrated that FAM3C knockdown reduced the tumor burden 

and produced fewer pulmonary metastases (28). Extreme limiting dilution analysis (ELDA) 

showed that attenuation of the tumor burden following FAM3C knockdown resulted from 

a decrease in the number of tumor initiating cells (TICs) in the engrafted cell population 

(28). The results of the ELDA assay further suggested that FAM3C expression promotes 

“stemness” in tumorigenic mouse mammary epithelial cells. Woosley et al. also showed 

by immunoblot analysis that high levels of FAM3C expression in human mammary 

carcinoma cell lines correlates with increased metastatic potential (28). Additionally, 

immunohistochemical analysis of an array of samples from breast cancer patients with 

metastatic tumors showed increased FAM3C expression in tumors and lymph nodes, 

relative to FAM3C expression levels in normal tissue samples from healthy patients (28). 

Data generated from human tumor sample-based experiments by Woosley et al. and 

previously by Csiszar et al. demonstrated that FAM3C is a clinically relevant contributor 

to mammary carcinoma pathology (28, 56). Woosley et al. provided the first direct 

evidence of an extracellular interaction-dependent mechanism downstream of FAM3C 

secretion that regulates epithelial phenotype in vitro and disease progression in vivo. 

Therefore, the current study sought to develop experimental strategies that might reveal 

additional mechanistic evidence downstream of FAM3C/LIFR interaction.  
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1.3 An introduction to LIFR and its role in mammary carcinoma 

The leukemia inhibitory factor receptor (LIFR) was identified as a signal-

transducing receptor for leukemia inhibitory factor (LIF), a cytokine that was named after 

it was found to suppress proliferation and induce differentiation of a myeloid leukemia cell 

line (64). LIFR was later found to bind to four additional cytokines, all of which belong to 

the interleukin-6 (IL-6) family of cytokines (65). It was also found that each cytokine binds 

to LIFR with the cooperation of one or more co-receptors, creating cytokine-dependent 

extracellular complexes that ultimately determine the specific nature of the subsequent 

intracellular signal transduction (65). Identification of the co-receptors that participate in 

IL-6 family cytokine-dependent signal transduction therefore established the IL-6 family of 

cytokine receptors, which was subdivided into two groups: the “signaling receptors,” and 

the “binding receptors.” LIFR belongs to the signaling receptor group and forms a dimeric 

complex with another signaling receptor known as the IL-6 signal transducer (IL-6ST), 

also known as GP130, in response to either LIF or oncostatin M (OSM) cytokines (65). 

Additionally, LIFR can form trimeric and/or hexameric complexes with IL-6ST and 

additional receptors from the binding receptor group in response to ciliary neurotrophic 

factor (CNTF), cardiotrophin-1 (CT-1), and cardiotrophin-like cytokine (CLC) (65). 

However, evidence suggests that signal transduction may also be possible through a 

homodimeric LIFR complex in response to LIF (66). 

Following the extracellular interaction between LIFR and cytokines, complexation 

of ligands, receptors, and co-receptors facilitates intracellular proximity-dependent 

recruitment and activation of Janus-activated kinases (JAKs), either JAK1 or JAK2, 

followed by phosphorylation of four specific tyrosine residues on the receptor intracellular 

domains (67, 68). The phosphorylated tyrosine residues of LIFR act as docking sites for 

the SRC Homology 2 (SH2) domains of the STAT3 protein. Docking of STAT3 to the 

receptor via SH2 binding facilitates its proximity to activated JAKs, which allows STAT3 to 
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be phosphorylated (pSTAT3), specifically at tyrosine residue 705 (Y705). pSTAT3 can 

then homodimerize and translocate to the nucleus, where it acts directly as a transcription 

factor by binding to the regulatory regions of its target genes (67, 69). JAKs activated by 

LIFR can propagate signals through two pathways in addition to STAT3. Phosphorylation 

of the p85 protein by JAK1 following LIFR activation results in the activation of 

phosphoinositide-3 kinase (PI3K), which phosphorylates and activates members of the 

protein kinase B (AKT) family of protein kinases (67). JAK1 phosphorylation of the LIFR 

intracellular domain also recruits Src homology region 2 domain-containing phosphatase-

2 (SHP2), which initiates a cascade involving the RAS-RAF-MEK-ERK family of mitogen-

activated protein kinases (MAPK) (67). Recent evidence also suggests that LIFR 

activation can result in the phosphorylation of large tumor suppressor kinases (LATS1 and 

LATS2) and/or mammalian STE20-like kinases (MST1 and MST2), which results in 

cytosolic sequestration and deactivation of the transcription factor known as yes-

associated protein (YAP). YAP is a component of the Salvador-Warts-HIPPO (SWH, aka 

“HIPPO”) signaling pathway; however, the mechanism by which LIFR activates the HIPPO 

pathway has not yet been fully elucidated (67, 70). Following the activation of LIFR, the 

signaling pathway(s) that become activated can be dependent on the cytokine(s) involved, 

the expression level of the receptor(s) involved, availability of signaling pathway 

components, and activity levels of inhibitory mechanisms. These variables are regulated 

in concert by cells that receive signals and cells that produce cytokines. The role of LIFR 

signaling in maintaining homeostasis and related pathologies is therefore dependent on 

tissue type, specific pathology, and regulation of additional context-dependent intracellular 

mechanisms (71). 

Extensive characterization of the signaling pathways activated by LIFR has 

revealed that they are associated with cellular proliferation, survival, and self-renewal (67, 

68). For example, LIF-induced STAT3 activation is sufficient to maintain mouse embryonic 
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stem cell (mESC) pluripotency in vitro (64, 68). Additionally, constitutively active STAT3 is 

sufficient for mESC maintenance in the absence of LIF, underscoring the importance of 

the STAT3 pathway in embryonic development and cellular self-renewal (72). However, it 

was later shown that human embryonic stem cells (hESCs) require additional factors, and 

that neither exogenous LIF nor constitutively active STAT3 is sufficient to maintain hESC 

pluripotency (73). Further in vivo studies of LIF/LIFR/STAT3 revealed that STAT3 

knockout (KO) mouse embryos failed to implant and develop, whereas JAK1 KO and LIFR 

KO mice died soon after birth due to various defects (74). However, LIF KO mice survive 

to adulthood, with females becoming sterile because of the requirement for maternal LIF 

for blastocyst implantation. The survival of LIF KO mice suggests that redundancies exist 

in the LIFR-induced signaling responses to the remaining cytokines in the IL-6 family (74). 

Activation of the PI3K/AKT pathway, either through LIFR signaling or in the 

absence of cytokines, can maintain pluripotency in both mouse and primate ESCs (75). In 

contrast to the STAT3 and AKT pathways, MAPK inhibition is necessary to enhance the 

self-renewal properties of mESCs (76). Cells can inhibit MAPK through the expression of 

the STAT3 target gene known as suppressor of cytokine signaling 3 (SOCS3), which 

competitively binds to the phosphorylated tyrosine residues of LIFR/IL-6ST, thereby 

preventing the binding of SHP2 (68). Therefore, it appears that LIFR-induced increases in 

self-renewal caused by activated STAT3 and AKT supersede the differentiation programs 

promoted by activated MAPK in ESCs. However, the dichotomy of downstream effects 

rendered by LIFR highlights its ability to control an intricate network of intracellular 

mechanisms that regulate the precise timing of signals that influence the developing 

embryo. In humans, autosomal recessive inheritance of a mutation in the LIFR gene can 

cause a genetic disease known as Stüve-Wiedemann syndrome (STWS), which results 

from the loss of LIFR expression and subsequent loss of the STAT3 signaling response 
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from the IL-6 family of cytokines during development. STWS causes developmental 

disorders in bone tissue, and usually results in perinatal death (77). 

Although LIFR is expressed throughout the inner cell mass of the developing 

embryo, its expression pattern in somatic cells is confined to specific organs and tissues. 

In contrast, IL-6ST is expressed ubiquitously in adult somatic cells (65, 66). LIFR has been 

characterized for its role in the development of specific tissues, including skeletal muscle, 

central nervous system, and urinary tract (78–81). In addition to its characterization during 

development, LIFR has been well characterized for its role in the pathology of various 

human cancers and other human diseases affecting skeletal muscle, cardiac muscle, and 

kidneys (47, 71, 78, 82). However, in somatic cells, LIFR-induced signaling not only affects 

self-renewal but also drives tissue- and context-dependent phenotypic effects. This 

suggests that the LIFR gene is pleiotropic in adult organisms and offers a potential 

explanation for its paradoxical role in the pathology of various cancers (71).  

Recent preclinical experimental evidence has attempted to establish the role of 

LIFR in human cancer progression. Forty examples of primary research publications 

examining various types of cancer were extracted from a recent review by Halder et al. 

(Table 1). The majority of articles (27 of 40) found LIFR to be a promoter of cancer 

progression. Additionally, a subset of articles characterizing pathways that promote 

cellular self-renewal (JAK/STAT3 and PI3K/AKT) mostly found LIFR to be a promoter of 

disease progression (20 out of 27). However, articles characterizing breast cancer mostly 

showed that LIFR is a suppressor of disease progression (5 out of 8), but of those eight 

articles, five characterized JAK/STAT3 and P13K/AKT, and three of those five concluded 

that LIFR is a disease promoter. This highly conflicting body of evidence clearly illustrates 

that additional studies are required to fully understand how LIFR expression in tumors 

participates in the ensuing pathology.   
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Table 1 – List of primary research publications characterizing LIFR in cancer. 
Publications were extracted from a recent review by Halder et al. (2022), grouped by 
cancer type, and sorted by year of publication. The “Role” column describes the 
conclusions of the authors regarding the role of LIFR as either a suppressor or promoter 
of cancer progression in preclinical studies. Breast cancer articles show two additional 
columns indicating whether the investigation included LIFR knockout/knockdown (KO) 
and/or overexpression (OE) experiments. *Indicates that the article also characterized the 
PI3K/AKT pathway; **Indicates that the article also characterized the HIPPO and WNT 
pathways; Bold indicates the article published by the Howe laboratory (Woosley, A., 2019) 
that preceded the current study. PMID, Pubmed ID. 

 
  

KO OE Cancer Type Pathway Role Author Year Journal PMID

YES YES Breast HIPPO Suppressor Chen, D. 2012 Nat. Med. 23001183
YES YES Breast Not shown Suppressor Iorns, E. 2012 Breast Cancer Res. Treat. 22535017

Breast PI3K/AKT Promoter Li, X. 2014 Oncotarget 24553191
YES YES Breast HIPPO Suppressor Nandy, S.B. 2015 Oncotarget 25962054
YES Breast JAK-STAT3 Suppressor Johnson, R.W. 2016 Nat. Cell. Biol. 27642788

Breast JAK-STAT3 Promoter Zeng, H. 2016 Cancer Cell 27622335
YES YES Breast JAK-STAT3 Promoter Woosley, A. 2019 Oncogene 30692635

Breast JAK-STAT3 Suppressor Clements, M.E. 2021 Oncogene 34247191

Pancreas Not shown Suppressor Ma, D. 2016 Oncol. Rep. 27375070
Pancreas JAK-STAT3* Promoter Bressy, C. 2018 Cancer Res. 29269518
Pancreas HIPPO Promoter Wang, M.T. 2019 Nat. Commun. 31296870
Pancreas JAK-STAT3** Promoter Shi, Y. 2019 Nature 30996350
Pancreas JAK-STAT3 Suppressor Liu, S. 2021 Mol. Cancer Res. 33931487

Gastric PI3K/AKT Suppressor Zhang, F. 2018 J. Exp. Clin. Cancer Res. 30012200
Gastric JAK-STAT3 Suppressor Xu, G. 2019 J. Cell. Physiol. 30565675
Gastric HIPPO Suppressor Seeneevassen, L. 2020 Cancers (Basel) 32707998
Gastric HIPPO Promoter Bian, S.B. 2021 Ann. N.Y. Acad. Sci. 32827446

Prostate JAK-STAT3 Promoter Won, H. 2017 J. Leukoc. Biol. 28533357
Prostate PI3K/AKT Promoter Shao, J. 2019 Cancer Lett. 30851421
Prostate JAK-STAT3 Promoter Liu, Y.N. 2019 Clin. Cancer Res. 30962287
Prostate JAK-STAT3 Promoter Lin, S.R. 2020 Oncogene 32963351

Melanoma BMP Promoter Kuphal, S. 2013 Exp. Mol. Path. 23831429
Melanoma JAK-STAT3 Promoter Guo, H. 2015 Oncotarget 26329521
Melanoma JAK-STAT3 Suppressor Humbert, L. 2015 BMC Cancer 25885043

Nasopharyngeal PI3K/AKT Promoter Liu, S.C. 2013 J. Clin. Invest. 24270418
Nasopharyngeal HIPPO Promoter Liu, S.C. 2018 Nat. Commun. 30504771

Osteosarcoma JAK-STAT3 Promoter Liu, B. 2015 APMIS 26271643
Osteosarcoma JAK-STAT3 Promoter Lu, B. 2020 Mol. Cancer Res. 31615908

Endometrial JAK-STAT3* Promoter Tang, W. 2021 Cell Death Dis. 34400617
Colorectal JAK-STAT3 Promoter Yu, H. 2014 Nat. Commun. 25323535
Lung JAK-STAT3 Promoter Lin, W.H. 2021 Oncogene 33262462
Liver PI3K/AKT Suppressor Luo, Q. 2015 Carcinogenesis 26249360
Chordoma Not shown Promoter Gulluoglu, S. 2017 Oncol. Res. 28247842
Medulloblastoma PI3K/AKT Promoter Salm, F. 2015 PLoS One 25915540
Glioblastoma Not shown Promoter Edwards, L.A. 2017 Sci. Rep. 28246407
Oral Squamous Not shown Promoter Ohata, Y. 2018 PLoS One 29444110
Ovarian JAK-STAT3 Promoter McLean, K. 2019 Oncogene 30305729
Renal HIPPO Suppressor Lei, C. 2018 DNA Cell Biol. 29902078
Bile duct PI3K/AKT Promoter Morton, S.D. 2015 Oncotarget 26296968
Uterine JAK-STAT3 Promoter Fitzgerald, J.S. 2005 Int. J. Biochem. Cell Biol. 16125646
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It is possible that the type of cancer and the tissue from which it originates 

determine whether LIFR acts as a promoter or suppressor of disease; however, it is also 

possible that the phenotypic behavior of cultured cells, either in vitro or following injection 

into laboratory mice, is limited in its ability to produce consistent results and in its ability to 

provide an adequate parallel to the behavior of human disease. Therefore, novel 

investigations, such as those illustrated in the current study, are challenged to provide 

interpretations that demonstrate consideration of the contextual features of their 

experimental designs, and are prompted to provide a level of scientific rigor that is 

consistent with the efforts made during the preceding peer review.  

In 2019, the Howe laboratory published experiments by Woosley et al. following 

their discovery of an extracellular binding interaction between FAM3C and LIFR (28). 

Woosley et al. utilized the Progression Series Model of mammary carcinoma mentioned 

in the preceding section, which was created using normal murine mammary gland 

(NMuMG) cells with shRNA-mediated knockdown of PCBP1 (shPCBP1 cells). Woosley et 

al. demonstrated that knockdown of either FAM3C or LIFR caused a loss of self-renewal 

capacity in shPCBP1 cells in vitro, and that treatment with exogenous FAM3C could 

rescue this loss, but only when shPCBP1 cells expressed LIFR (28). It was further shown 

that the maintenance of self-renewal was directly dependent on the phosphorylation of 

STAT3 at tyrosine 705 (pSTAT3) and that pSTAT3 activation occurred exclusively through 

LIFR and only in the presence of FAM3C (28). When shPCBP1 cells with knockdown of 

either FAM3C or LIFR were injected into the fat pads of immunocompromised mice, both 

the tumor burden and pulmonary metastases were attenuated relative to cells expressing 

both proteins (28). Extreme limiting dilution analysis (ELDA) determined that the number 

of tumor-initiating cells present in the fat pad injections was significantly decreased 

following knockdown of FAM3C or LIFR, which suggests that the loss of self-renewal 

capacity following loss of FAM3C/LIFR interaction played a role in slowing the growth and 
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spread of tumors in mice (28). The authors concluded that the interaction between FAM3C 

and LIFR is responsible for inducing a STAT3-mediated “breast cancer stem cell” (BCSC) 

self-renewal phenotype in shPCBP1 cells. They also concluded that the Progression 

Series Model provides a method for further examination of TGFb-induced EMT in the 

context of mammary carcinoma dissemination and outgrowth at secondary tumor sites. 

An illustration of the hypothesized FAM3C/LIFR-induced signaling pathway and 

phenotype is shown in Figure 2 (28).  

Woosley et al. demonstrated the first example of an extracellular ligand capable of 

propagating signals through LIFR that does not belong to the IL-6 family of cytokines, and 

demonstrated how LIFR signaling affects breast cancer pathology in vivo following EMT. 

This work was further substantiated in a subsequent study by Zhou et al., through 

examination of FAM3C/LIFR-mediated EMT during renal interstitial fibrosis, although it 

was found that PI3K/AKT pathway activation played a major role as opposed to 

JAK/STAT3 (47). Clinical strategies for the treatment of mammary carcinoma are currently 

challenged by two major facets of pathology that result in poor prognosis: dissemination 

of cancer cells from the primary tumor, and increased chemotherapeutic resistance of 

those cells. Cancer cells with increased “stemness” and EMT properties have been 

previously associated with increased metastatic potential and chemoresistance (83, 84). 

The identification of FAM3C/LIFR/STAT3 as a pathway that can promote metastasis and 

cellular self-renewal in the Progression Series Model suggests that further investigation 

may identify a way to target this pathway and decrease disease severity. Therefore, the 

current study aimed to identify the intracellular mechanisms responsible for regulating the 

phenotypic effects of FAM3C/LIFR interaction in shPCBP1 cells.  
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Figure 2 – Proposed schematic of FAM3C/LIFR-induced BCSC phenotype. A diagram 
extracted from Woosley et al. (2019) illustrates the conclusions drawn from previously 
published experiments in the Howe laboratory. BCSC, breast cancer stem cell. 
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1.4 Pathological and clinical implications of FAM3C/LIFR/STAT3 

Preclinical investigations have extensively characterized the roles of FAM3C, 

LIFR, and STAT3 expression in the pathology of various cancers (71, 85, 86). However, 

investigations using cancer patient samples to demonstrate the role of STAT3 are far more 

extensive than those on FAM3C and LIFR. Although clinical trials are currently active for 

drugs that inhibit STAT3 in cancer, no clinical trials have been initiated for drugs that 

directly target FAM3C or LIFR.  

i. Clinical characterization of FAM3C 

FAM3C has recently shown promise as an emerging cancer biomarker, and 

FAM3C expression has been shown to be higher in breast cancer, hepatocellular 

carcinoma (HCC), stomach cancer, oral squamous cell carcinoma (OSCC), and gastric 

cancer patient samples when compared to FAM3C expression levels in normal tissues 

(28, 42, 51, 55, 85). Yin et al. showed that FAM3C expression in gastric cancer tumors 

correlated positively with the depth of invasion, lymph node metastasis, and vimentin 

expression (a marker of mesenchymal phenotype), and negatively correlated with E-

cadherin expression (a marker of epithelial phenotype) (85). Additionally, FAM3C 

detection in extracellular vesicles was higher in plasma samples from patients with non-

small cell lung cancer (NSCLC) than in healthy subjects (87). The establishment of 

FAM3C as a potential cancer biomarker and the detection of FAM3C in the blood of 

patients with cancer have led to its inclusion in an active clinical trial that aims to enhance 

the early diagnosis of HCC through the identification of molecules in patient blood samples 

(NCT05825196).  

Initial evidence suggesting a correlation between increased FAM3C secretion and 

worsening carcinoma progression was shown by Csiszar et al., based on a study of 

subcellular FAM3C localization in human breast cancer tumor arrays (56). Recent studies 
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in the Howe laboratory using human mammary carcinoma patient tumor microarrays 

revealed that FAM3C expression was increased in lymph nodes from cancer patients 

relative to the lymph nodes of healthy patients, suggesting that increased FAM3C 

expression correlates not only with tumor incidence but also with metastatic progression. 

However, examination of patient survival statistics from databases that provide FAM3C 

protein expression levels in breast cancer tumor samples showed variable prediction 

outcomes. For example, a dataset derived from triple-negative breast cancer (TNBC) 

patient samples showed that high FAM3C expression significantly increased the 

probability of overall survival (OS) and distant metastasis-free survival (DMFS) compared 

to low FAM3C expression (Fig. 3). These examples contradict the predictions made by 

the pre-clinical and clinical analyses cited above and therefore require further analysis to 

determine whether additional factors influence the significance of the findings. However, 

a second independent dataset derived from a mixed population of ER+ and ER- patients 

showed that high FAM3C expression significantly decreased the probability of overall 

survival versus low FAM3C expression, which aligns with the conclusions reached thus 

far regarding the role of FAM3C in pathology (Fig. 3).  

When interpreting Kaplan-Meier survival plots of FAM3C expression, additional 

factors may need to be considered. These may include (1) the detection of disseminated 

cells in the lymph nodes at the time of sample collection, (2) the disease stage and tumor 

grade at the time of sample collection, and (3) the age of the patients in the datasets. 

These examples, in addition to other clinical features, may become potentially 

confounding factors that limit the applicability of these analyses when attempting to predict 

survival correlation with gene expression. Perhaps the most important consideration is the 

fact that FAM3C is secreted into the extracellular space, making it impossible to quantify 

the true value of FAM3C protein expression as “high” or “low,” simply because the 
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Figure 3 – FAM3C protein expression has both positive and negative correlations 
with the survival of patients with mammary carcinoma. Kaplan-Meier analysis plots 
showing the survival rates of mammary carcinoma patients using two independent FAM3C 
protein expression datasets. Triple-negative breast cancer with lymph node negative 
status (TNBC, node(-)) samples derived from “KM-plotter (Liu, 2014) show overall survival 
(OS) and distant metastasis-free survival (DMFS) (top left, top right); Estrogen receptor 
positive and negative (mixed), lymph node positive and negative (mixed) (ER±, node(±)) 
samples derived from “KM-plotter (Tang, 2018) show overall survival (OS) (bottom). 
Additional analyses (not shown) either failed to reach statistical significance or had 
insufficient sample size. The hazard ratio (HR) represents the cutoff value with the highest 
hazard rate, where a value of “1” indicates no difference and a value of “2” indicates a 
100% difference. 
  

0 50 100 150 200 250

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

FAM3C (Q92520)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
33 18 8 6 2 1low     
93 77 49 17 3 0high     

HR = 0.45 (0.24 − 0.85)
logrank P = 0.012

Expression
low
high

0 50 100 150 200 250

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

FAM3C (Q92520)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
31 14 6 4 1 1low     
95 69 46 16 4 0high     

HR = 0.4 (0.22 − 0.73)
logrank P = 0.0019

Expression
low
high

OS DMFS

TNBC, node(-) (n = 126)

0 50 100 150

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

FAM3C (Q92520)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
48 31 7 0low     
17 4 1 0high     

HR = 2.99 (1.43 − 6.26)
logrank P = 0.0023

Expression
low
high

OS

ER±, node(±) (n = 65)



 27 

aforementioned sample measurements were taken from the bulk tumor tissue as opposed 

to being taken from a blood or body fluid sample. Finally, mRNA expression levels were 

not examined in this analysis, owing to our knowledge of the role of PCBP1 in the 

suppression of FAM3C mRNA translation. However, it may be possible to expand the 

number of patients in prospective datasets if the mRNA expression can be accurately 

included in this type of analysis. 

ii. Clinical characterization of LIFR 

Characterization of the signaling pathways downstream of LIFR (e.g., JAK/STAT3) 

has clearly shown an association between high signaling activity and oncogenesis, 

severity of prognosis, and decreased overall survival of cancer patients (71). The 

JAK/STAT3 pathway is the predominant pathway associated with LIFR expression and 

activity and is of paramount interest in the current study. Therefore STAT3-related 

pathology and clinical research are discussed thoroughly in the following sections, as they 

apply to mammary carcinomas and other cancers. However, the clinical characterization 

of LIFR expression itself remains paradoxical because evidence suggests that low LIFR 

expression correlates with an increased severity of prognosis (71). In the preceding 

section, preclinical investigations of LIFR expression were also described as paradoxical 

in that they identified LIFR as either a promoter or suppressor of pathology (see Table 1 

for a summary). A recent study of serial tissue sections from human patients with 

mammary carcinoma attempted to describe the pattern of LIFR expression in tumors. In 

that study, immunohistochemical staining showed that the majority of tumors (67.15%) 

had lower LIFR expression than healthy tissues, suggesting that the loss of LIFR 

expression drives disease progression. However, almost one-third of cases (32.85%) 

showed either no loss or increased LIFR expression (88). A previous study on liver cancer 
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(HCC) patient tissue samples also showed that LIFR expression is lost in tumors relative 

to adjacent healthy tissues (89). Interestingly, recent preclinical work in the Howe 

laboratory by Woosley et al. using the Progression Series Model showed that ex vivo 

cultured cells from mouse tumors and lung metastases showed a loss of LIFR expression 

relative to engrafted shPCBP1 cells (28). The observation by Woosley et al. was 

discussed by the authors as a possible model for establishing an experimental context 

that might reveal the nature of “dynamic” and paradoxical behavior of LIFR expression 

during the progression of mammary carcinoma pathology (28). Previous work by Okamura 

et al. suggested that epigenetic mechanisms, including hypermethylation of the LIFR 

promoter, may be capable of regulating LIFR expression in vivo, which might provide an 

explanation for changes in LIFR levels and in the consequent role of LIFR during disease 

progression (89). 

Analysis of the correlation between LIFR mRNA expression and survival in patients 

with mammary carcinoma suggests that LIFR plays a complex role in predicting outcomes. 

Utilizing two separate databases, RNA-seq quantification (n = 2976) and Affymetrix Gene-

chip quantification (n = 1879) were used to analyze patient survival using the Kaplan-

Meier model. The initial analysis consisted of 39 comparisons, using all patients or various 

subsets segregated by specific clinical features. The results indicated that high LIFR 

expression is predictive of increased overall survival and increased distant metastasis-

free survival, with 23 of 39 comparisons (59%) showing a significant association between 

high LIFR expression and favorable survival (Table 2). None of the comparisons in the 

initial analysis showed a significant association between high LIFR expression and 

unfavorable survival, although several comparisons suggested that trends were present 

(indicated by “❋” in Table 2). Of the 39 comparisons made in the initial analysis, 16 (41%) 

failed to demonstrate statistical significance. Therefore, the initial analysis suggests that  
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Table 2 – Initial survival analysis of LIFR expression in patients with breast cancer. 
Outcomes were generated using the Kaplan-Meier analysis engine at www.kmplot.com, 
based on mRNA abundance of LIFR using either RNA-seq or Affymetrix Gene-chip (probe 
205876_at) datasets, and restricted to patient attributes shown in the “cohort” column. 
“Favorable” indicates that an increased survival rate was shown in the group of patients 
that was associated with “High LIFR” expression levels when compared to the group of 
patients with “Low LIFR” expression levels. Only outcomes with P-values <0.05 were 
considered significant. OS, overall survival; DMFS, distant metastasis-free survival; NS, 
not significant. “❋” symbol indicates an outcome that showed a trend but that did not reach 
statistical significance, and that was selected for further analysis. 
 

  

Detection Survival Cohort n High LIFR Low LIFR
RNA-seq OS All patients 2976 Favorable Unfavorable
RNA-seq OS Node (+) 1067 Favorable Unfavorable
RNA-seq OS Node (-) 1820 Favorable Unfavorable
RNA-seq OS TNBC 126 Favorable Unfavorable
RNA-seq OS ER+, HER2- 2218 Favorable Unfavorable
RNA-seq OS ER+, PR+ 2282 Favorable Unfavorable
RNA-seq OS Grade 3 tumors 1074 Favorable Unfavorable
RNA-seq OS Basal subtype 309 NS NS
RNA-seq OS Luminal A subtype 1504 Favorable Unfavorable
RNA-seq OS Luminal B subtype 668 NS NS
RNA-seq OS HER2+ subtype 295 Favorable Unfavorable
RNA-seq OS Endocrine intervention 2302 Favorable Unfavorable
RNA-seq OS Chemo intervention 1195 Favorable Unfavorable
Gene-chip OS All patients 1879 Favorable Unfavorable
Gene-chip OS TNBC 201 Favorable Unfavorable
Gene-chip OS Node (+) 452 NS NS
Gene-chip OS Node (-) 726 NS NS
Gene-chip OS ER+, HER2- 630 NS NS❋
Gene-chip OS ER+, PR+ 141 NS NS
Gene-chip OS Grade 3 tumors 586 NS NS
Gene-chip OS Basal subtype 431 Favorable Unfavorable
Gene-chip OS Luminal A subtype 596 NS NS❋
Gene-chip OS Luminal B subtype 439 NS NS❋
Gene-chip OS HER2+ subtype 362 NS NS
Gene-chip OS Endocrine intervention 339 NS NS❋
Gene-chip OS Chemo intervention 398 Favorable Unfavorable
Gene-chip DMFS All patients 2765 Favorable Unfavorable
Gene-chip DMFS TNBC 424 Favorable Unfavorable
Gene-chip DMFS Node (+) 889 Favorable Unfavorable
Gene-chip DMFS Node (-) 1309 NS NS
Gene-chip DMFS ER+, HER2- 1002 NS NS
Gene-chip DMFS ER+, PR+ 493 Favorable Unfavorable
Gene-chip DMFS Grade 3 tumors 836 NS NS❋
Gene-chip DMFS Basal subtype 626 Favorable Unfavorable
Gene-chip DMFS Luminal A subtype 998 NS NS
Gene-chip DMFS Luminal B subtype 673 Favorable Unfavorable
Gene-chip DMFS HER2+ subtype 401 NS NS
Gene-chip DMFS Endocrine intervention 1065 Favorable Unfavorable
Gene-chip DMFS Chemo intervention 968 Favorable Unfavorable
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low expression of LIFR in breast cancer tumors is associated with disease progression, 

contradicting many previous observations, including those made by the Howe lab in the 

publication by Woosley et al. (28). 

Based on the initial analysis suggesting that high LIFR expression demonstrates 

an unfavorable trend for certain patient groups, a secondary analysis was conducted 

utilizing further segregation of the datasets, based on additional clinical features. The 

results of this analysis revealed that high LIFR expression was significantly associated 

with decreased overall survival or decreased distant metastasis-free survival in seven 

comparisons (Table 3). These findings suggest that the predictive value of LIFR 

expression as a mediator of survival outcomes may depend on the criteria used to 

segregate patient cohorts, and that confounding factors may influence the results of large 

datasets. For instance, the observation that all initial comparisons using cohorts of 1350 

patients or more were unanimous and significant in their prediction of survival outcome 

based on LIFR expression may have been influenced by unknown factors capable of 

skewing the data. This highlights the importance of considering confounding factors and 

the potential impact of including patients with little or no presence of disease, such as 

those diagnosed with cancer that later changes to ductal in-situ carcinoma (DCIS), which 

may increase the survival rate in certain groups. However, preliminary analysis of both 

RNA-seq and Gene-chip datasets (all patients) was unable to determine whether a single 

factor (e.g., presence or absence of neoadjuvant chemotherapy or similar intervention) 

might be indicative of a group of patients that caused the data to be skewed. 

It is noteworthy that several of the outcomes shown in the secondary analysis 

depict a more advanced stage of disease, which is particularly relevant considering that 

the majority of deaths caused by mammary carcinoma occur in patients diagnosed with 

metastatic mammary carcinoma (90). Furthermore, the five-year survival rate for patients 

diagnosed with metastatic mammary carcinoma is less than 25% (91). As such, it is  
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Table 3 – Secondary LIFR expression survival analysis. Outcomes were generated 
using the Kaplan-Meier analysis engine at www.kmplot.com, based on mRNA abundance 
of LIFR using the Affymetrix Gene-chip (probe 205876_at) dataset, and restricted to breast 
cancer patient attributes shown in the “cohort” column. “Favorable” indicates that an 
increased survival rate was shown in the group of patients that was associated with “Low 
LIFR” expression levels when compared to the group of patients with “High LIFR” 
expression levels. Only outcomes with P-values <0.05 were considered significant. OS, 
overall survival; DMFS, distant metastasis-free survival; NS, not significant. 
 

 

  

Detection Survival Cohort n High LIFR Low LIFR
Gene-chip OS ER+, HER2- (Grade 3 only) 171 Unfavorable Favorable
Gene-chip OS Luminal A subtype (node- only) 272 Unfavorable Favorable
Gene-chip OS Luminal B subtype (node+ only) 122 Unfavorable Favorable
Gene-chip OS Endocrine intervention (ER+, HER2-, node-) 87 Unfavorable Favorable
Gene-chip DMFS ER+, PR+, HER2- (Grade 3 only) 150 Unfavorable Favorable
Gene-chip DMFS Grade 3 tumors (node- only) 429 Unfavorable Favorable
Gene-chip DMFS Luminal B subtype (node+ only) 260 Unfavorable Favorable



 32 

possible that although the generalized Kaplan-Meier data strongly suggest that high LIFR 

expression is favorable for patient survival, closer examination of smaller cohorts with 

specific clinical features, such as molecular subtype, lymph node status, or stage of 

disease, confined to patients with advanced disease may provide a more informed 

interpretation. This interpretation may provide a role for LIFR as a prognostic indicator and 

support the notion that high LIFR expression can be unfavorable, as described in the 

current study. Examples of Kaplan-Meier plots generated from the secondary analysis are 

displayed in Figure 4. 

It is notable that LIFR protein expression levels were not detectable using either 

the online “KM-plotter” database (http://www.kmplot.com) or the databases catalogued in 

the National Institutes of Health Proteomic Data Commons (NIH PDC) portal. Based on 

previous knowledge of LIFR expression and phosphorylation patterns in mammary 

carcinoma, it was expected that LIFR would be detected in human tumor sample mass 

spectrometry data available in the “TCGA Breast Cancer Proteome” (PDC000173) and 

the “TCGA Breast Cancer Phosphoproteome” (PDC000174), which are catalogued in the 

NIH PDC portal. Interestingly, LIFR detection was reported in proteomic and 

phosphoproteomic studies catalogued at the NIH PDC, which characterized cancer patient 

tumor samples from various organs, including the brain, lung, bronchus, ovary, pancreas, 

kidney, and liver (93). Further analysis of LIFR protein expression data from potential 

future studies in breast cancer may enable observations of pan-cancer parallels when 

considering the role of LIFR in clinical settings and may reinforce the trends shown in the 

survival data mentioned above. 
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Figure 4 – High LIFR mRNA expression correlates with decreased survival in 
discreet breast cancer patient subsets. Kaplan-Meier analysis plots showing the 
survival rates of mammary carcinoma patients using an Affymetrix Gene-chip dataset 
(205876-at). Plots were selected from the outcomes listed in the secondary analysis 
shown in “Table 3”. The hazard ratio (HR) represents the cutoff value with the highest 
hazard rate, where a value of “1” indicates no difference and a value of “2” indicates a 
100% difference. OS, overall survival; DMFS, distant metastasis-free survival. 
 

  

0 50 100 150 200

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

LIFR (205876_at)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
62 48 24 11 1low     
109 70 26 7 2high     

HR = 1.95 (1.03 − 3.68)
logrank P = 0.036

Expression
low
high

0 50 100 150

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

LIFR (205876_at)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
36 30 8 0low     
86 47 13 4high     

HR = 3.1 (1.38 − 6.97)
logrank P = 0.0039

Expression
low
high

OS OS

ER+, HER2-, Grade 3
(n = 171)

Luminal B, node (+)
(n = 272)

0 50 100 150 200 250

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

LIFR (205876_at)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
143 87 36 19 4 0low     
286 159 74 29 6 1high     

HR = 1.63 (1.03 − 2.58)
logrank P = 0.035

Expression
low
high

0 50 100 150 200

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

LIFR (205876_at)

Time (months)

Pr
ob

ab
ilit

y

Number at risk
70 36 13 1 0low     
190 83 21 5 1high     

HR = 2.35 (1.2 − 4.61)
logrank P = 0.01

Expression
low
high

DMFS DMFS

Grade 3, node (-)
(n = 429)

Luminal B, node (+)
(n = 260)



 34 

iii. The identification of STAT3 as an oncogene 

The signal transducer and activator of transcription (STAT) family of proteins 

contains seven members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and 

STAT6) (92). STATs were originally characterized in the late 20th century as “acute phase 

proteins” for their role in responding to the IL-6 family of cytokines during the acute phase 

of the inflammatory response following injury or infection (93, 94). Characterization of the 

JAK/STAT pathway revealed that it is also responsive to interferon cytokines (IFNs) and  

extracellular growth factors (95). In the years that followed, it was found that STATs could 

be activated not only by the IL-6 family of cytokine receptors, but also by additional 

receptor tyrosine kinases (RTKs), including epidermal growth factor receptor (EGFR) and 

platelet-derived growth factor receptor (PDGFR). Additionally, STATs can be activated by 

members of the G protein-coupled receptor family and non-receptor tyrosine kinases 

including SRC and ABL (96–98). In the 1990s, STAT proteins were identified as mediators 

of inflammation-associated pathology related to IL-6-induced signaling  (93). By the end 

of the 20th century, IL-6-induced JAK/STAT signaling had been implicated in multiple 

inflammation-related disorders, including rheumatoid arthritis, pancreatitis, bacterial and 

viral meningitis, asthma, and Alzheimer’s disease (93, 99). 

During the 1990s, STATs were identified as oncogenic drivers following multiple 

studies revealing that STAT1, STAT3, STAT5, and STAT6 are family members 

predominantly implicated in oncogenic transformation downstream of their 

phosphorylation by an array of tyrosine kinases (100). STAT3 was first characterized by 

Yu et al. (1995) and Cao et al. (1996) as a constitutively active transcription factor in SRC-

transformed murine fibroblasts (101, 102). Additionally, Cao et al. demonstrated that 

STAT3 phosphorylation occurs due to hyperactive SRC kinase activity (102). Several 

years later, Bromberg et al. (1999) showed that constitutively active mutant STAT3 
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expression was sufficient to cause oncogenic transformation of rat fibroblast cells following 

an in vitro soft agar colony-formation assay (103). When STAT3-transformed fibroblasts 

were injected into immunocompromised mice, tumor growth occurred, whereas mice 

injected with normal fibroblasts did not form tumors (103). Consistent with in vitro studies 

conducted in the 1990s, elevated activity levels of STAT1, STAT3, and STAT5 proteins 

were identified in tumor samples from human cancer patients diagnosed with breast 

cancer, Burkitt’s lymphoma, head and neck cancer, and multiple myeloma (96). 

The involvement of STAT3 in the pathology of breast cancer was further 

characterized in 1997 by a group of scientists at the University of Michigan, led by Dr. 

Stephen Ethier (104). Sartor et al. determined that constitutive STAT3 activity downstream 

of EGFR activation is a feature common to multiple cell lines derived from patients with 

human mammary carcinoma (104). A later collaboration between the Ethier laboratory 

and a group at the Moffit Cancer Center and Research Institute in Tampa, Florida, led by 

Dr. Richard Jove, produced similar results: Garcia et al. (1997) found that the normal 

healthy human mammary epithelium does not demonstrate hyperactive EGFR/STAT3, 

whereas human mammary carcinoma cell lines frequently display constitutively active 

STAT3. They also found that hyperactive STAT3 in human mammary carcinoma cells 

could occur downstream of tyrosine kinase activity, independent of EGFR (105). A 

subsequent study conducted by the Jove laboratory (Garcia et al., 2001) found that 

selective inhibition of JAK or SRC kinases results in cell cycle arrest, growth inhibition, 

and increased apoptosis in human mammary carcinoma cell lines with elevated STAT3 

activity. Similarly, the expression of a dominant-negative mutant STAT3 resulted in a loss 

of cell survival (106). Garcia et al. also demonstrated evidence of elevated STAT3 activity 

in 78% of tumor samples (18 of 23 tumors) from human mammary carcinoma patients, 

relative to matched samples from adjacent healthy tissue specimens (106). This study 

provided the first example of the direct involvement of STAT3 in the pathology of human 
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mammary carcinoma. Subsequent studies by other groups have continued to focus on the 

involvement of STAT3 in pathology, investigating the possibility that dysregulation of gene 

expression resulting from increased binding of STAT3 to DNA could participate directly in 

oncogenesis and disease progression.  

iv. The development of STAT3 as an anticancer drug target 

 STAT3 is a transcription factor that can be described as “latent,” in that it 

accumulates in the cytoplasm but remains largely inactive until signals from multiple 

converging upstream pathways trigger DNA-binding activity that ultimately affects the 

phenotype of the cell (98). Prior to the development of STAT3 as an anticancer drug target, 

the strategy of pharmacologically inhibiting a transcription factor was previously 

established through the use of glucocorticoids to target glucocorticoid receptor 

transcription factors for novel anti-inflammatory drugs (98). At the turn of the 21st century, 

it was asserted that targeting STAT3 was logical and had several advantages. For 

example, it would be easier to inhibit one overactive transcription factor as opposed to 

inhibiting multiple overactive tyrosine kinases that could uniquely activate STAT3 with 

case-dependent outcomes. Additionally, it was hypothesized that all cancer cells possess 

common dysfunctions, (e.g. overactive tyrosine kinases), which would allow a drug 

targeting STAT3 to be potentially omnipotent for cancer therapy (98, 107).  

 Validation of STAT3 as a transcription factor capable of directly upregulating genes 

involved in the pathology of multiple types of cancer has been demonstrated by 

experimental investigations conducted at the turn of the 21st century (107). Evidence has 

demonstrated that STAT3 activates the transcription of genes involved in cell cycle 

propagation (cyclin D1/D2), promotion of angiogenesis (VEGF), and inhibition of apoptosis 

(BCL-XL, MCL-1) (107). The first evidence of the effective inhibition of STAT3 in vivo was 

provided by a group of scientists at the Moffitt Cancer Center and Research Institute, led 
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by Dr. Richard Jove and Dr. Hua Yu. Gene therapy administered by electroinjection of a 

dominant-negative mutant STAT3 expression vector into mouse melanoma tumors 

effectively inhibited tumor growth and caused tumor regression (108). Additional 

investigations have demonstrated that (1) inhibition of STAT3 using antisense 

oligonucleotides to block STAT3 translation could effectively attenuate the growth of 

cancer cells in vitro, and (2) inhibition of dimerization/activation of STAT3 using 

phosphopeptides could effectively block STAT3-mediated activation of transcription in 

vitro (107). A summary of the hypothesized mechanism of STAT3-induced pathology in 

cancer, as outlined by the Jove laboratory, is shown in Figure 5 (107). 
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Figure 5 – Summary of the mechanism(s) of STAT3 in cancer. A diagram extracted 
from Buettner et al. (2002) illustrates the hypothesized mechanism of STAT3 signaling 
induction and subsequent dysregulation of genes in human cancers. 
 
 

In accordance with the preceding inhibition studies, multiple prospective molecular 

methods for the inhibition of STAT3 have been proposed, exemplifying the advent of 

“rational drug design” for targeting specific intracellular molecular functions. During the 

decade that followed the initial preclinical investigations of STAT3 inhibitors, multiple 

synthetic drugs were developed using rational drug design methods. These methods 

included “in-silico” computer-assisted molecular screens of synthetic compounds that 

might possess binding affinity for STAT3, based on parallel acquisition of the STAT3 

protein structure derived from x-ray crystallography. (109). The proposed molecular 

methods for the inhibition of STAT3 are summarized in Table 4 (99, 109–114). 

 
  

Extracted from Buettner, R. et al. Clinical Cancer Research, 2002; 8:4
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Table 4 – List of proposed methods of STAT3 inhibition. Publications describing the 
proposed methods for STAT3 inhibition at the turn of the 21st century were extracted from 
a review by Turkson et al. (2000). The “Category” column indicates whether the proposed 
mechanism and/or synthetic molecule would directly target the STAT3 protein (direct) or 
whether it would target an upstream mediator of STAT3 activation (indirect). The 
“Reference” column lists examples of primary research that led to each corresponding 
proposed mechanism. The complete reference details can be found in the “References” 
section of this manuscript. 
 

 

  

Method Name Mechanism of Action Category Reference

Receptor/ligand 
antagonists

Synthetic molecule-mediated competitive 
inhibtion of receptor/ligand interactions Indirect

Catlett-Falcone, 
R. (1999)

Kinase inhibition
Synthetic molecule-mediated Inhibition of 
upstream kinases (e.g., JAK2, SRC) Indirect

Catlett-Falcone, 
R. (1999)

Physiological protein-
mediated inhibition

Modulation of phospatases or endogenous 
inhibitiors (e.g., SOCS3) Indirect

Endo, T. (1997); 
David, M. (1993)

Inhibitiion of dimerization
Synthetic molecule-mediated competitive 
inibition of STAT3 homodimerization Direct Becker, S. (1998)

Inhibition of nuclear 
translocation

Disruption of mechanisms required for 
STAT3 nuclear translocation Direct

Sekimoto, T. 
(1996)

Inhibition of DNA binding

(1) STAT3 "decoy" oligonucleotide-
mediated competitive inhibition of DNA 
binding, (2) expression of dominant-
negative STAT3 mutant Direct

Xiang, X. (1996); 
Niu, G. (1999)

Inhibition of STAT3 
expression

Antisense oligonucleotide-mediated 
inhibition of STAT3 mRNA translation Direct

Catlett-Falcone, 
R. (1999)
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v. Clinical use of STAT3 inhibitor drugs 

 Since the turn of the 21st century, preclinical research efforts to identify potent, 

specific inhibitors of STAT3 have succeeded in accumulating vast amounts of data from 

experiments in cultured cells and mouse models of cancer (115–117). The cumulative 

preclinical data resulting from various screening strategies strongly suggest that inhibition 

of JAKs and small-molecule interference with the SH2-binding domain of STAT3 are the 

most promising strategies for drug development (115–118). SH2-binding small molecules 

have the potential to interfere with the phosphorylation, dimerization, and nuclear 

translocation functions of STAT3, making them capable of inhibiting the key molecular 

interactions necessary for the nuclear activity of STAT3 (118). In accordance with these 

data, nine drugs for the direct inhibition of STAT3 for the treatment of various cancers 

have been approved for investigational new drug (IND) status, and clinical trials involving 

human patients have been initiated. Several other clinical trials for the treatment of various 

cancers have been initiated using INDs that target JAKs (115). Additionally, 

pyrimethamine (Daraprim), a drug previously approved by the Food and Drug 

Administration (FDA) for the treatment of toxoplasmosis, has shown potential as a STAT3 

inhibitor, and clinical trials have been initiated to repurpose it for the treatment of cancer 

(117). The JAK inhibitor ruxolitinib (Jakafi) has been approved by the FDA for the 

treatment of myoproliferative neoplasia, but none of the drugs that directly target STAT3 

have gained FDA approval (115). However, BBI608 (napabucasin), a direct STAT3 SH2-

targeting inhibitor, has progressed to several completed phase three clinical trials for the 

treatment of various cancers, and has produced the most promising data thus far (119). 

Several clinical trials using four INDs (three STAT3 inhibitors and one JAK 

inhibitor) have been initiated for the treatment of mammary carcinoma, and there are 

currently five active trials, although none of the drugs have progressed beyond phase two 

(115, 117). Bortezomib (Velcade), a drug previously approved by the FDA for the 
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treatment of multiple myeloma, has shown promise in multiple clinical trials for breast 

cancer treatment. Preclinical data have suggested that it acts as a STAT3 inhibitor, 

although the precise mechanism of action remains unknown (120, 121). The newest IND, 

TTI-101, is the first STAT3 inhibitor to be involved in a clinical trial designed exclusively 

for the treatment of breast cancer (NCT05384119), and is currently active and recruiting 

patients. A summary of clinical trials for the treatment of breast cancer using STAT3 

inhibitors is presented in Table 5. 

Preclinical investigations continue to provide evidence that reinforces the 

importance of identifying a successful drug for targeting STAT3, including evidence that 

further suggests the role of STAT3 in regulating pathological features of mammary 

carcinoma, such as EMT, self-renewal, and invasion. For example, it was shown that 

regulation of the TWIST1 gene by STAT3 is involved in the migration and invasion of 

mammary carcinoma cells, and implicates TWIST1 in the prediction of therapy resistance 

(122). The following sections describe how the current study aimed to further develop the 

findings of the Howe laboratory, as described by Woosley et al., to gain an understanding 

of FAM3C/LIFR/STAT3-mediated mechanisms of mammary carcinoma progression. 
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Table 5 – List of breast cancer clinical trials involving STAT3 inhibitors. 
Investigational new drugs for JAK/STAT inhibition in patients with breast cancer in the 
United States. The drugs listed as SH2-binding small molecules inhibit STAT3 through 
direct interaction. MOA, mechanism of action; Comp., completion; Comb., combination; 
mol., molecule; BC, breast cancer; Adv., advanced; met., metastatic; TNBC, triple-
negative breast cancer; ER, estrogen receptor; HR, hormone receptor. 

 
  

Drug Name MOA Trial Number Start Comp. Condition Comb. Treatment Phase Status

BBI608 
(Napabucasin)

SH2-
binding 
small mol. NCT01775423 3/1/09 8/6/15 All BC No comb. 1

Complete 
(Results 
pending)

OPB-31121

SH2-
binding 
small mol. NCT00955812 6/1/09 11/1/12 Adv. BC No comb. 1

Complete 
(Results 
published)

OPB-51602

SH2-
binding 
small mol. NCT01423903 2/1/10 4/1/13 Adv. BC No comb. 1

Complete 
(Results 
published)

BBI608 
(Napabucasin)

SH2-
binding 
small mol. NCT01325441 4/1/11 6/1/21 TNBC Paclitaxel 2

Complete 
(Results 
pending)

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT01594216 4/1/12 4/9/16 ER+ BC Exemestane 2

Complete 
(Results 
pending)

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT01562873 6/1/12 6/1/16

pSTAT3+ 
BC No comb. 2

Terminated 
(Results 
available)

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT02041429 2/1/14 1/1/21 TNBC Paclitaxel 2

Complete 
(Results 
published)

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT02120417 5/1/14 1/1/17 HER2- BC Capecitabine 2

Terminated 
(Results 
available)

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT02066532 6/1/14 10/14/20 HER2+ BC Trastuzamab 2

Complete 
(Results 
published)

BBI608 
(Napabucasin)

SH2-
binding 
small mol. NCT02467361 8/1/15 1/29/21

Adv. or met. 
BC

Ipilimumab
Nivolumab
Pembrolizumab 1

Complete 
(Results 
pending)

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT02876302 4/26/17 2/1/24 TNBC

Paclitaxel
Doxorubicin
Cyclophosphamide 2 Active

C188-9        
(TTI-101)

SH2-
binding 
small mol. NCT03195699 11/15/17 10/1/23 Adv. BC No comb. 1 Active

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT03012230 12/06/17 4/1/24 TNBC Pembrolizumab 1 Active

Ruxolitinib 
(Jakafi)

JAK 
inhibitor NCT02928978 5/13/18 1/1/25

High risk 
BC No comb. 2 Recruiting

C188-9        
(TTI-101)

SH2-
binding 
small mol. NCT05384119 1/9/23 2/1/25

HR+, HER2- 
met. BC

Palbociclib
Aromatase inhibitor 1 Recruiting
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vi. Characterization of STAT3 activation: impact on prognosis  

 Early studies characterizing STAT3 activation, specifically pSTAT3 Y705, and 

STAT3/DNA binding in breast cancer patients has concluded that high pSTAT3 

accumulation/DNA binding activity are correlated with a variety of poor clinical outcomes, 

including survival rates (106, 123, 124). Garcia et al. conducted the first study to link 

pSTAT3 to mammary carcinoma pathology, using rapid processing of post-surgery human 

mammary carcinoma tumor samples and non-malignant matched samples to preserve 

STAT3/DNA binding in nuclear extracts. The study showed that STAT3/DNA binding 

activity was elevated in tumors, with little to no detection in adjacent normal tissues (106). 

In a following study by Chen et al., 140 breast cancer patients had their pSTAT3 

accumulation levels evaluated by immunohistochemical staining (IHC) following tumor 

resection, and were followed clinically for 18-79 months (124). Using multivariate analysis, 

Chen et al. demonstrated a correlation between pSTAT3 accumulation and lymph node 

metastasis, as well as a decrease in survival for patients with high pSTAT3 accumulation 

in tumors (124). A recent study by Chen et al. examined 135 mammary carcinoma patients 

and found that pSTAT3 accumulation correlated with reduced relapse-free survival (RFS) 

in both TNBC patients and estrogen receptor-negative (ER-) patients, but not in ER+ 

patients (125). In fact, pSTAT3 accumulation was found to correlate with an increase in 

RFS in ER+ patients, indicating that pSTAT3-related outcomes and prognostic 

significance may vary depending on the breast cancer subtype (125). 

 Additional studies have indicated that pSTAT3 accumulation may have prognostic 

value as an indicator of increased overall survival in breast cancer; however, they also 

reveal a high degree of variability. In 2003, Dolled-Filhart et al. conducted a multivariate 

analysis of 346 lymph node-negative breast cancer tumor samples using a tumor 

microarray technique and found that pSTAT3 correlated with increased overall survival 
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following five years of clinical follow-up (126). In 2011, Sato et al. analyzed 785 archival 

breast cancer specimens by microarray, along with normal mammary epithelial 

specimens, and found that high levels of nuclear pSTAT3 correlated with improved overall 

survival, although the results did not establish statistical significance by multivariate 

analysis (127). Sato et al. also showed that nuclear pSTA3 accumulation decreases as 

disease severity and tumor grade increase when comparing advanced disease to DCIS 

and normal breast tissues (127). The data describing the efficacy of pSTAT3 as a 

prognostic indicator do not clearly establish its value in predicting the survival of breast 

cancer patients, which is perplexing when considering the promising data being collected 

through the clinical application of investigational new drugs that inhibit STAT3 

phosphorylation. Further research is necessary to ascertain how to recognize patients who 

would gain advantages through characterization of pSTAT3’s role in their diseases, 

perhaps using personalized medicine with individualized combinations of therapeutic 

interventions. 

 A formal examination of pSTAT3 protein accumulation in patients with breast 

cancer was conducted using the Kaplan-Meier survival model, as described in Sections 

1.4.i and1.4.ii. Using a cohort of 843 patients from The Cancer Genome Atlas Reverse 

Phase Protein Array (TGCA_RPPA) dataset, 27 comparisons were made to attempt to 

correlate pSTAT3 (Y705) accumulation with overall survival, with various segregations of 

the cohort that were based on the available pathological feature selections. Of the 27 

comparisons, 13 (48%) demonstrated a statistically significant increase in overall survival 

in patients with high pSTAT3 accumulation compared to those with low pSTAT3 

accumulation. Fourteen of the 27 comparisons (52%) were not statistically significant. 

However, when examining African American patients, a trend was observed that 

suggested that high pSTAT3 correlated with reduced overall survival. A second 

comparison was made with African American patients, using only those with negative 
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lymph node status. In contrast to the other comparisons, the results showed that high 

pSTAT3 correlated with reduced overall survival in this cohort, and when the comparison 

was repeated with lymph node-positive African American patients, the results failed to 

reach statistical significance. A detailed presentation of the pSTAT3 Kaplan-Meier 

analysis is presented in Table 6. 

Table 6 – Survival analysis of pSTAT3 accumulation in patients with breast cancer. 
Outcomes were generated using the Kaplan-Meier analysis engine at www.kmplot.com, 
based on protein abundance of pSTAT3 (Y705) using “TCGA_RPPA” dataset, and 
restricted to patient attributes shown in the “cohort” column. “Favorable” indicates that an 
increased survival rate was shown in the group of patients that was associated with the 
indicated level of pSTAT3 accumulation compared to the opposite level of accumulation. 
Only outcomes with P-values <0.05 were considered significant. Analyses were restricted 
to cohorts of 40 or greater patients. OS, overall survival; NS, not significant. “❋” symbol 
indicates an outcome that showed a trend but that did not reach statistical significance, 
and that was selected for further analysis. 
 

  

Detection Survival Cohort n High pSTAT3 Low pSTAT3
Protein OS All patients 873 Favorable Unfavorable
Protein OS Node (+) 452 Favorable Unfavorable
Protein OS Node (-) 407 NS NS
Protein OS TNBC 95 NS NS
Protein OS ER+, HER2- 341 NS NS
Protein OS ER+, PR+ 519 NS NS
Protein OS ER-, PR- 182 NS NS
Protein OS HER2+ 133 NS NS
Protein OS Stage 3 207 Favorable Unfavorable
Protein OS Stage 2 505 Favorable Unfavorable
Protein OS Stage 1 128 NS NS
Protein OS T = 3 (TNM) 115 NS NS
Protein OS T = 2 (TNM) 525 Favorable Unfavorable
Protein OS T = 1 (TNM) 196 NS NS
Protein OS N = regional (TNM) 287 Favorable Unfavorable
Protein OS N = regional spread (TNM) 103 Favorable Unfavorable
Protein OS M = 0 (TNM) 737 Favorable Unfavorable
Protein OS Radiation intervention 53 NS NS
Protein OS Tamoxifen intervention 203 Favorable Unfavorable
Protein OS Anastrazole intervention 60 Favorable Unfavorable
Protein OS Doxirubicin intervention 307 Favorable Unfavorable
Protein OS Cyclophosphamide intervention 410 Favorable Unfavorable
Protein OS Paclitaxel intervention 188 Favorable Unfavorable
Protein OS Caucasian Americans only 620 NS NS
Protein OS Asian Americans only 58 NS NS
Protein OS African Americans only 134 NS NS❋
Protein OS African Americans only, node (-) 69 Unfavorable Favorable
Protein OS African Americans only, node (+) 60 NS NS
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The results of the preceding Kaplan-Meier analysis suggest that high pSTAT3 

accumulation levels in patient tumors largely predict favorable survival outcomes, with the 

exception of a small cohort of patients belonging to a specific ethnic background. 

However, this conclusion does not align with preclinical and clinical data, which have 

demonstrated that high pSTAT3 activity is both a driver and a consequence of breast 

cancer development and progression. The utilization of a large dataset in the Kaplan-

Meier analysis makes it difficult to ignore the clearly one-sided results, and further studies 

are necessary to determine whether correlations between pSTAT3 accumulation and 

patient survival can be used as a prognostic indicator. The variable results in the collective 

data suggest that future analyses may benefit from repeated measures using small groups 

with closely related pathological and/or demographic features, as well as with closely 

related patterns of neoadjuvant and adjuvant treatment interventions. This may help to 

delineate the nature of pSTAT3 during prognostic characterization by limiting the 

confounding variables involved in breast cancer survival rates among patients. 
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1.5 Central hypothesis and specific aims 
 

The data provided by the Howe laboratory and other groups clearly show that 

FAM3C/LIFR interaction-induced intracellular signaling through pSTAT3 plays a role in 

the pathology of mammary carcinoma. Although previous studies have shown that the 

interaction between FAM3C and LIFR directly affects the behavior of mammary tumor 

cells in vivo, the precise mechanism(s) that regulate cellular phenotype, specifically BCSC 

self-renewal and metastasis, have not been determined. Additionally, although STAT3 has 

been clearly identified as a therapeutic target for human mammary carcinoma patients, 

the contribution of LIFR expression to STAT3-induced pathology remains unclear. 

Further characterization of FAM3C/LIFR/STAT3 signaling using the Progression 

Series Model may reveal intracellular events involving novel therapeutic targets and 

provide critical information necessary for the improvement of current therapeutic 

interventions. Additionally, further understanding of the consequences of pSTAT3 

activation in mammary epithelial cells may reveal how ensuing changes in gene regulation 

cause cancer cells to become more aggressive and/or resistant to chemotherapy. It is also 

possible that an increased understanding of the FAM3C/LIFR interaction can define 

mechanisms that are directly targetable by small-molecule inhibitors or other 

pharmacological interventions. 

Based on previous studies, several key conclusions have been drawn that provide 

a rationale for future attempts to fill the gaps in knowledge outlined above: (1) Loss of 

PCBP1 expression causes EMT and increases tumorigenicity of mammary epithelial cells 

through upregulation of FAM3C; (2) FAM3C/LIFR interaction is required for pSTAT3 

activation in shPCBP1 cells; (3) loss of FAM3C or LIFR expression attenuates tumor 

growth and metastasis of shPCBP1 cells in mice; (4) loss of FAM3C or LIFR expression 

and subsequent loss of pSTAT3 attenuates the self-renewal capacity of shPCBP1 cells in 

vitro, and (5) expression of FAM3C and LIFR correlates with the expression of genes 
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involved in stemness (28). Based on these conclusions, this study proposes an 

overarching hypothesis: 

FAM3C/LIFR-induced intracellular signaling dysregulates genes involved in 

the promotion of BCSC phenotype and metastasis. 

 

Following the proposed hypothesis, the goals of the current study are to 

experimentally characterize intracellular events using both the Progression Series Model 

and human mammary carcinoma cells to (1) identify the mechanisms regulating LIFR 

expression, (2) identify genes dysregulated by changes in FAM3C/LIFR/STAT3 signaling, 

and (3) examine how changes in LIFR expression affect the phenotypic features of 

mammary epithelial cells that contribute to disease progression. Therefore, it was 

proposed that the preceding goals could be achieved through the following specific aims: 

i. Aim 1: Characterize PCBP1-mediated increase in LIFR expression 

Previous data published by the Howe laboratory (Woosley et al. 2019) have 

demonstrated that shPCBP1 cells display increased LIFR expression relative to parental 

NMuMG cells (28). To identify how LIFR expression is regulated following the loss of 

PCBP1 expression, the activation of LIFR transcription will be examined through analysis 

of the LIFR promoter locus using luciferase reporter assays. To identify the transcription 

factors involved in regulating LIFR expression, protein/DNA binding events at the LIFR 

promoter locus will be examined using chromatin immunoprecipitation followed by  

quantitative PCR (ChIP-qPCR). Finally, publicly available datasets that quantify the 

occupancy of transcription factors at the LIFR regulatory locus will be examined and 

correlated with the outcomes from the proposed experimental strategy. 
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ii. Aim 2: Identify FAM3C/LIFR interaction-dependent gene regulation 

Previous data published by the Howe laboratory (Woosley et al. 2019) have 

demonstrated that genes involved in the regulation of self-renewal of epithelial progenitor 

cells (e.g., BMI1 and NANOG) are upregulated following loss of PCBP1 expression in 

NMuMG cells, and that expression levels subsequently decrease following knockdown of 

FAM3C or LIFR (28). To test the hypothesis asserted by the current study, transcriptomic 

analysis of shPCBP1 cells following KO of either FAM3C or LIFR will be carried out to 

identify a FAM3C/LIFR-dependent signature of gene regulation. Transcriptomic data will 

be analyzed to identify candidate genes previously established to be involved in BCSC 

self-renewal, as well as novel candidate genes. Candidate genes will be validated as (1) 

dysregulated by FAM3C/LIFR interaction and (2) involved in the phenotypic regulation of 

shPCBP1 cells. Additional experiments will be conducted to identify the role(s) of 

candidate genes in key intracellular mechanisms. 

iii. Aim 3: Identify phenotypic effects of LIFR expression 

Previous data published by the Howe laboratory and others have 

demonstrated that LIFR expression promotes the progression of mammary 

carcinoma, both in vitro and in vivo. However, a clearly defined role of LIFR in 

mammary carcinoma pathology is yet to be established. To gain an increased 

understanding of how LIFR expression influences mammary epithelial cells, the 

current study will aim to examine the modulation of LIFR expression in shPCBP1 

cells using in vitro cell-based experiments. Analysis of experimental outcomes will 

provide reinforcement of previously published conclusions, and will establish 

direction for future in vivo studies capable of addressing the paradoxical aspects 

of previously conducted pan-cancer preclinical studies in mice. 
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A graphical representation of the specific aims that were used to guide the 

experimental investigations of the current study is presented below in Figure 6. 

 

 

Figure 6 – Overarching hypothesis and specific aims. Illustration depicting the 
unknown mechanism of LIFR regulation by PCBP1 as described in “Specific Aim 1,” the 
hypothesized regulation of genes involved in the promotion of metastasis and BCSC self-
renewal downstream of FAM3C/LIFR interaction as described in “Specific Aim 2,” and the 
hypothesized phenotypic effect of increased LIFR expression as described in “Specific 
Aim 3.” BCSC, breast cancer stem cell. 
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Chapter 2: Transcriptional Regulation of LIFR 

2.1 Introduction and rationale 

Previous work by the Howe laboratory determined that NMuMG cells with PCBP1 

knockdown (hereafter “shPCBP1 cells”) showed upregulation of LIFR protein by 

immunoblot assay (28). Woosley et al. noted this observation but did not provide data that 

would explain how LIFR expression is regulated by PCBP1. Although it is possible that 

LIFR is regulated in a manner similar to FAM3C, LIFR was not found to possess a 

nucleotide sequence in its 3’ UTR that would facilitate PCBP1 binding and translational 

suppression. It was therefore hypothesized that unknown mechanisms are responsible for 

increased LIFR expression following the loss of PCBP1, and that characterization of such 

mechanisms would provide additional understanding of the role of LIFR in the phenotypic 

changes observed in shPCBP1 cells. The following sections describe the results obtained 

from the experiments aimed at identifying the mechanisms responsible for LIFR regulation 

in shPCBP1 cells. 

2.2 Results 

i. Loss of PCBP1 expression upregulates LIFR 

Following shRNA-mediated knockdown of PCBP1 in NMuMG cells, we observed 

an increase in LIFR expression and concomitant increase in STAT3 phosphorylation at 

Y705 (pSTAT3). Immunoblot analysis demonstrated an increase in LIFR protein 

expression in shPCBP1 cells relative to control cells transduced with “scrambled” non-

specific shRNA (hereafter “shSCR cells”) (Fig. 7A). To determine whether LIFR 

upregulation occurred due to an increase in transcription, LIFR mRNA levels were 
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measured by quantitative real-time PCR (qPCR). The upregulation of LIFR mRNA was 

greater than three-fold in shPCBP1 cells relative to control cells (Fig. 7B). To determine 

whether the increase in LIFR mRNA resulted from an increase in transcription initiation, 

we performed luciferase-based transcriptional reporter assays. The following section 

briefly describes the method used to identify and isolate the LIFR promoter nucleotide 

sequence for luciferase-based transcriptional reporter assays and other experiments 

performed in the current study.  

   

Figure 7 – LIFR is upregulated following loss of PCBP1 expression. (A) Immunoblot 
analysis of NMuMG cells transduced either with shRNA containing “scrambled” non-
targeting control (shSCR) or shRNA targeting PCBP1 (shPcbp1). (B) qPCR analysis of 
the cells used in panel “A”. All data points represent independent experiments, each 
performed in triplicate. Error bars represent standard error of the mean, *P<0.05, 
***P<0.001 (unpaired Mann-Whitney U test).  
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The Eukaryotic Promoter Database (EPD, www.epd.expasy.org) was used to 

identify the nucleotide sequence of the LIFR promoter based on the annotated Mus 

musculus LIFR transcription start site. EPD identified two potential regulatory regions as 

promoters, denoted “Lifr1” and “Lifr2,” upstream of two independent potential transcription 

start sites. Lifr1 was found to correspond to transcript variants 2 and 3 (NCBI Refseq 

NM_001358593.1 and NM_001113386.1, respectively), and Lifr2 corresponded to 

transcript variant 1 (NCBI Refseq NM_013584.2). Transcript variant identification was 

based on the GRCm38.p6 genomic sequencing iteration of the C57BL/6J subspecies of 

Mus musculus. It was later determined that Lifr2 was not capable of initiating transcription 

in NMuMG cells (data not shown); therefore, for the remainder of the current study, only 

the Lifr1 regulatory region will be used experimentally, and hereafter it will be referred to 

as “the LIFR promoter region.” 

To determine the length of the genomic sequence representing the LIFR promoter 

to be isolated by PCR, the coordinates of a 2238 base-pair (bp) region of the genomic 

sequence flanking the LIFR promoter (chr15:7127572 – 7129810) were entered into the 

ECR Browser online database (www.ecrbrowser.dcode.org). The ECR Browser aligns 

genomic sequences of interest with “evolutionarily conserved regions” (ECRs) from 

orthologous genes in various species. Evolutionarily conserved regions represent 

sequences of high probability of functional necessity for the transcription of genes crucial 

to cell function and survival, and are therefore considered to be more likely to represent 

regions of DNA that participate in the regulation of gene expression. Based on the 

alignments provided by the ECR Browser and comparison with previous methods in the 

Howe laboratory, a 1421 bp sequence was selected as a representative of the LIFR 

promoter for PCR-based isolation and recombinant DNA cloning into the pGL3_Basic 

firefly luciferase reporter vector (Promega). An illustration of the ECR Browser alignments 
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representing the creation of the LIFR promoter vectors used in the remainder of this study 

is shown in Figure 8. 

 

Figure 8  – The LIFR regulatory region is highly conserved. Graphic representation of 
the 2238 base-pair (bp) DNA sequence adjacent to the Mus musculus LIFR transcription 
start site (TSS), as annotated by the UCSC Genome Browser and the Eukaryotic Promoter 
Database. The coordinates for the sequence shown (chr15:7127572 – 7129810) were 
entered into the ECR Browser online tool to display the evolutionarily conserved regions 
(ECRs) relative to Mus musculus, as indicated by the species shown. Red peaks indicate 
ECRs, and the adjacent numbers indicate the percent identity to the Mus musculus 
nucleotide sequence. Yellow peaks indicate ECRs downstream of the TSS. The graphic 
below the dotted line indicates the subset of the genomic DNA sequence that was isolated 
for use in the current study. The isolated sequence includes the most highly conserved 
regions adjacent to the LIFR TSS, as indicated by ECR browser.  
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Transfection of the plasmid vector containing the LIFR promoter sequence 

upstream of the firefly luciferase open reading frame (ORF), followed by a dual-luciferase 

assay, revealed an increase in the reporter signal in shPCBP1 cells relative to control cells 

(Fig. 9). A Comparison of LIFR mRNA degradation rates before and after PCBP1 

knockdown did not provide any evidence that an increase in mRNA stability contributed to 

the observed increase in LIFR mRNA (data not shown). These results showed that the 

loss of PCBP1 expression in NMuMG cells resulted in increased LIFR expression through 

a mechanism involving increased transcriptional activity at the LIFR promoter. 

ii. FAM3C participates in regulation of LIFR expression 

Following the conclusion by Woosley et al. that pSTAT3 activation in shPCBP1 

cells requires interaction between FAM3C and LIFR, we sought to further characterize 

FAM3C/LIFR interaction-dependent gene regulation in shPCBP1 cells (28). To perform 

additional cell-based experiments, FAM3C was knocked out (KO) in shPCBP1 cells using 

CRISPR-Cas9 (hereafter “FAM3C KO cells”). Total pooled RNA isolates were sequenced 

(RNA-Seq) and differentially expressed genes (DEGs) were analyzed. Comparisons were 

made between shPCBP1 cells, multiple FAM3C KO cell line “clones,” and multiple 

“control” (CT) cell line clones (hereafter “shPCBP1 CT cells”). shPCBP1 CT cells were 

generated by treating cells with Cas9 in the absence of gene-specific guide RNAs. 

Interestingly, one of the genes that was found to be differentially expressed following 

FAM3C KO was LIFR (Fig. 10A). To validate the RNA-Seq results, a subset of cell line 

clones was selected for further study and qPCR was performed. The qPCR results also 

demonstrated a loss of LIFR mRNA following FAM3C KO (Fig. 10B). Immunoblot analysis 

showed that the loss of LIFR mRNA was sufficient to cause a loss of LIFR protein 

expression (Fig. 10C).  
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Figure 9 – Activation of a LIFR transcription reporter is increased following loss of 
PCBP1 expression. Dual luciferase reporter assay using NMuMG cells transduced either 
with shRNA containing “scrambled” non-targeting control (shSCR) or shRNA targeting 
PCBP1 (shPcbp1). The luciferase reporter construct contains the indicated region of the 
mouse LIFR proximal promoter upstream of a firefly luciferase open reading frame. All 
data points represent independent experiments, each performed in triplicate. Error bars 
represent standard error of the mean, *P<0.05, ***P<0.001 (unpaired Mann-Whitney U 
test). 
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Figure 10 – FAM3C participates in regulation of LIFR expression. (A) RNA-Seq 
analysis of total RNA isolates from the indicated NMuMG derivative cell lines; “CT” 
(control) indicates additional shPCBP1 cell lines (“clones”) treated with Cas9 in the 
absence of gene-specific guide RNAs. The FAM3C KO cell line was derived from parental 
shPCBP1 cells. Bars represent normalized counts per million paired-end reads from one 
RNA sample per cell line tested, **q<0.01 (DESeq FDR step-up). (B) qPCR validation of 
the RNA-Seq data in panel “A”. Error bars represent SEM from three independent 
experiments, each performed in triplicate, **P<0.01 (one-way ANOVA). (C) Immunoblot 
analysis of the cells shown in panel “B”. FDR, false discovery rate; SEM, standard error 
of the mean. 
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To determine whether the loss of LIFR expression could be restored by re-

expressing FAM3C, one FAM3C KO cell line was selected for further study and 

transduced with either an “empty vector” (EV) control plasmid or a vector containing the 

mouse FAM3C ORF. Following confirmation of stable overexpression (OE) of FAM3C 

(hereafter “FAM3C KO OE cells”) (Fig. 11A), qPCR analysis was performed and the 

results showed an increase in LIFR mRNA levels relative to control cells lacking FAM3C 

(Fig. 11B). Immunoblot analysis showed that restoration of FAM3C expression was 

sufficient to measurably increase the abundance of LIFR protein and concomitant levels 

of pSTAT3 relative to cells lacking FAM3C (Fig. 11C). These data suggested that FAM3C 

directly participates in the regulation of LIFR in shPCBP1 cells. To determine whether 

FAM3C expression has a similar effect on LIFR expression in human cells, a panel 

consisting of normal human mammary epithelial cell lines and human mammary 

carcinoma cell lines was sampled for comparative analysis of LIFR expression levels by 

immunoblotting (Fig. 12). Based on these results, two human metastatic mammary 

carcinoma cell lines (SKBr3 and MDA-MB-231) were selected for further study. Following 

shRNA knockdown of FAM3C in human cell lines, qPCR analysis revealed a measurable 

loss of LIFR mRNA levels relative to those in control cells, demonstrating a correlation 

between LIFR and FAM3C expression in human mammary carcinoma (Fig. 13A). 

Immunoblot analysis of the same human cell lines showed that the loss of LIFR mRNA 

was sufficient to cause a measurable attenuation of LIFR protein expression (Fig. 13B).  
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Figure 11 – FAM3C overexpression drives LIFR expression. (A) Immunoblot analysis 
of FAM3C KO cells derived from parental shPCBP1 cells (clone #3) following transduction 
with lentivirus containing either empty vector (EV) or a vector for overexpression rescue 
(OE) of mouse FAM3C protein. (B) qPCR analysis of the cells used in panel “A”. Error 
bars represent SEM from duplicate independent experiments, each performed in triplicate, 
*P<0.05 (unpaired Student’s t-test). (C) Immunoblot analysis of the cells used in panel “A” 
using the indicated antibodies.  
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Figure 12 – Endogenous LIFR expression levels in human mammary epithelium. 
Two independent immunoblot analyses of the indicated healthy human mammary 
epithelial cell lines (HMLE, MCF10A) and of human mammary carcinoma cell lines (MCF7, 
SUM159, SKBr3, and MDA-MB-231). Scales indicate the cell lines’ relative levels of 
tumorigenicity and metastasis (top). Coomassie Brilliant Blue staining analysis of the 
samples shown the top right panel (bottom). 
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Figure 13 – FAM3C expression participates in regulation of LIFR expression in 
human breast cancer. (A) qPCR analysis using SKBr3 and MDA-MB-231 human breast 
cancer cell lines transduced either with “scrambled” non-targeting control shRNA (shSCR) 
or shRNA targeting FAM3C (shFAM3C). Error bars represent SEM from duplicate 
independent experiments, each performed in triplicate, *P<0.05, **P<0.01, ***P<0.001, 
****P<.0001 (unpaired Student’s t-tests). (B) Immunoblot analysis using the cells shown 
in panel “A”. ns, not significant; SEM, standard error of the mean. 
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iii. FAM3C regulates LIFR expression through STAT3 

To determine whether the loss of LIFR mRNA observed in FAM3C KO cells was 

due to changes in the activation of transcription at the LIFR promoter, dual-luciferase 

assays were performed to compare shPCBP1 cells and FAM3C KO cells following 

transfection with the LIFR promoter luciferase vector mentioned in the preceding section. 

The assay results revealed that loss of FAM3C expression significantly affected the 

activation of the LIFR reporter (Fig. 14A). To determine whether the loss of pSTAT3 

following FAM3C KO could play a role in the loss of LIFR transcriptional activation, a vector 

containing a STAT3 cis-inducible element (CIE) upstream of a luciferase ORF was 

transfected into shPCBP1 cells or FAM3C KO cells. Following transfection, dual-luciferase 

assays were performed, and the results showed a significant loss of the pSTAT3 reporter 

signal following the loss of FAM3C expression (Fig. 14B). To determine whether pSTAT3 

participates in the activation of LIFR transcription, shPCBP1 cells were transfected with 

the LIFR promoter luciferase vector in the presence of the STAT3 inhibitor STAT3-IN-1. 

The time of exposure and concentration of the inhibitor were based on previous use of 

STAT3-IN-1 in human mammary carcinoma cell lines (128). The assay results showed 

that pharmacological inhibition of STAT3 activation also significantly affected the 

activation of the LIFR reporter (Fig. 15A). To observe the effect of STAT3 inhibition on 

LIFR mRNA levels, qPCR was performed after treatment with STAT3-IN-1. The mRNA 

abundance of LIFR was significantly decreased in cells treated with the inhibitor relative 

to that in cells treated with vehicle only (Fig. 15B). An immunoblot assay was performed 

following treatment with STAT3-IN-1, and the results showed that the inhibitor was 

sufficient to cause a measurable loss of STAT3 phosphorylation (Fig. 16A). The mRNA 

levels of the STAT3 target genes STAT3 and MYC were also affected (Fig. 16B).  



 63 

 

Figure 14 – FAM3C KO attenuates LIFR/STAT3 transcription reporters. (A) Dual-
luciferase assay using the indicated region of the mouse LIFR proximal promoter 
upstream of a firefly luciferase open reading frame (ORF), carried out in the indicated 
NMuMG-derivative cell lines. FAM3C KO cells were derived from parental shPCBP1 cells. 
(B) Dual-luciferase reporter assay measuring STAT3 nuclear activity, using a STAT3 cis-
inducible element (CIE) upstream of a firefly luciferase ORF, carried out in the indicated 
NMuMG-derivative cell lines. All data points in panels “A” and “B” represent independent 
experiments, each performed in triplicate. Error bars represent SEM. *P<0.05, ***P<0.001 
(unpaired Student’s t-tests). SEM, standard error of the mean. 
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Figure 15 – Application of pharmacological inhibition of STAT3 in shPCBP1 cells. 
(A) Dual-luciferase assay using the indicated region of the LIFR proximal promoter 
upstream of a firefly luciferase open reading frame (ORF), carried in shPCBP1 cells 
treated either with DMSO (vehicle) or 10 µM inhibitor of STAT3 (STAT3-IN-1) for 24 hours. 
Error bars represent SEM from three independent experiments, each performed in 
triplicate. (B) qPCR analysis of LIFR transcript abundance in shPCBP1 cells treated either 
with DMSO or 10 µM STAT3-IN-1 for 48 hours. Error bars represent SEM. *P<0.05, 
***P<0.001 (unpaired Student’s t-tests). SEM, standard error of the mean.  
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Figure 16 – Validation of pharmacological inhibition of STAT3 in shPCBP1 cells. (A) 
Immunoblot analysis of shPCBP1 cells treated for 48 hours with DMSO (vehicle) or the 
indicated concentrations of STAT3-IN-1, using the indicated antibodies. (B) qPCR analysis 
of the cells/treatments shown in panel “A”. Error bars represent standard error of the mean 
from triplicate technical replicates. 
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These results suggested that a feed-forward mechanism of LIFR regulation is 

present in NMuMG shPCBP1 cells. To determine whether increased LIFR signaling could 

drive LIFR gene expression, LIFR was knocked out in shPCBP1 cells using CRISPR-Cas9 

(hereafter “LIFR KO cells”). A dual-luciferase assay was then performed on shPCBP1 and 

LIFR KO cells transduced with either EV or a vector containing a viral promoter-driven 

mouse LIFR ORF. The assay results revealed that LIFR reporter activity was significantly 

higher in cells overexpressing LIFR (Fig. 17). The relative levels of LIFR expression and 

pSTAT3 in the cell lines used were confirmed by immunoblotting, which demonstrated a 

marked increase in basal pSTAT3 levels in the cell lines with LIFR OE (Fig. 18). To 

determine whether STAT3 binds to DNA at the LIFR promoter locus in live cells during 

transcription activation, chromatin immunoprecipitation followed by qPCR (ChIP-qPCR) 

was performed. Briefly, shSCR, shPCBP1, and derivative cell lines were treated with 

formaldehyde to cross-link proteins with nuclear DNA, and chromatin extracts were 

immunoprecipitated using a STAT3-specific antibody. DNA isolated from the precipitates 

was quantified by qPCR using a primer set specific to nucleotides within the LIFR promoter 

sequence mentioned above. The results clearly demonstrated the binding of STAT3 to the 

LIFR promoter and a positive correlation between STAT3 binding activity and LIFR 

expression levels (Fig. 19). 
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Figure 17 – LIFR overexpression causes an increase in LIFR transcription reporter 
signal. Dual-luciferase assay using the indicated region of the mouse LIFR proximal 
promoter upstream of a firefly luciferase open reading frame (ORF), carried out in 
shPCBP1 and LIFR KO cells (derived from parental shPCBP1 cells), each transduced 
either with empty vector (EV) or a vector containing a viral promoter-driven mouse LIFR 
ORF (OE). *P<0.05, (unpaired Student’s t-test). SEM, standard error of the mean. 
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Figure 18 – Confirmation of LIFR overexpression. Immunoblot analysis of shPCBP1 
and LIFR KO cells (derived from parental shPCBP1 cells) transduced either with empty 
vector (EV) or a vector containing the mouse LIFR open reading frame for LIFR 
overexpression (OE), using the indicated antibodies. 
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Figure 19 – STAT3 interacts with DNA at the LIFR promoter region. Chromatin 
immunoprecipitation (ChIP) analysis in the indicated NMuMG derivative cell lines, 
following live cell cross-linking, incubation of chromatin with a STAT3 antibody, and qPCR 
analysis of immunoprecipitated DNA. Arrowheads indicate the region of the LIFR proximal 
promoter targeted by the qPCR primer set. Error bars represent SEM from duplicate 
independent experiments, each performed in triplicate. *P<0.05, (unpaired Student’s t-
test). SEM, standard error of the mean. 
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2.3 Summary 

The experimental evidence shown in the preceding results section demonstrates 

that LIFR expression increases in NMuMG cells following the loss of PCBP1 expression, 

both at the transcript level as measured by qPCR and at the protein level as measured by 

immunoblot. Experiments using transcription reporters showed that LIFR expression 

levels increase because of an increase in the initiation of transcription at the LIFR 

promoter. The results also demonstrated that modulation of FAM3C expression in 

shPCBP1 cells directly affects the expression of LIFR, and a parallel effect was observed 

in human mammary carcinoma cells following loss of FAM3C expression. Transcription 

reporters also demonstrated that FAM3C-dependent STAT3 activation plays a role in 

regulating the initiation of LIFR transcription in shPCBP1 cells and that overexpression of 

LIFR in shPCBP1 or LIFR KO cells (derived from parental shPCBP1 cells) was sufficient 

to drive the initiation of LIFR transcription. Finally, the results demonstrated that the 

interaction between STAT3 and nuclear DNA at the LIFR promoter locus correlates with 

LIFR expression levels in shPCBP1 cells, as shown by ChIP-qPCR. Collectively, these 

results strongly suggest that FAM3C/LIFR interaction participates in the upregulation and 

maintenance of LIFR expression in shPCBP1 cells through a feed-forward regulatory 

mechanism. 
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Chapter 3: Analysis of the FAM3C/LIFR Transcriptomic Signature 

3.1 Introduction and rationale 

 Previously published work by the Howe laboratory identified that STAT3 is 

phosphorylated at tyrosine residue 705 (pSTAT3) following interaction between FAM3C 

and LIFR in the extracellular space, and that pSTAT3 accumulation is dependent on the 

presence of both FAM3C and LIFR in shPCBP1 cells (28). Although the regulation of 

genes downstream of pSTAT3 has been extensively characterized in various cancers, the 

regulatory landscape downstream of FAM3C/LIFR interaction in shPCBP1 cells has not 

been explored (95, 104, 107). It is possible that new analyses could identify novel 

pSTAT3-regulated genes, in addition to pathways other than JAK/STAT that might be 

activated downstream of LIFR following FAM3C interaction. Additionally, previous work 

published by the Howe laboratory demonstrated that the self-renewal capacity of 

shPCBP1 cells in vitro was attenuated following loss of FAM3C/LIFR-dependent pSTAT3. 

Therefore, it was proposed that analysis of the regulation of gene expression could reveal 

patterns responsible for the maintenance of self-renewal in the context of mammary 

carcinoma pathology, and potentially identify novel targets for therapeutic intervention. 

The following sections describe the results of the experiments aimed at investigating 

FAM3C/LIFR/STAT3-dependent changes in the regulation of gene expression in 

shPCBP1 cells. 
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3.2 Results 

i. Transcriptomic analysis reveals a FAM3C/LIFR regulatory signature 

Based on our observation that FAM3C and LIFR regulate LIFR expression, and 

the previously published work that identified FAM3C/LIFR-dependent pSTAT3, we sought 

to identify additional FAM3C/LIFR-regulated genes. Transcriptomic analysis of shPCBP1, 

shPCBP1 CT, FAM3C KO, LIFR KO, and double-knockout (DKO) cells (FAM3C KO and 

LIFR KO in the same cell line) was performed using RNA-Seq. Briefly, the parental 

shPCBP1 cell line and three additional shPCBP1 control (“CT”) cell lines were compared 

to three FAM3C KO cell lines, three LIFR KO cell lines, and the DKO cell line. All KO cell 

lines were derived from the same shPCBP1 parental cell line. As described in the previous 

section, shPCBP1 CT cells were used as an additional control and were generated by 

treating cells with Cas9 in the absence of gene-specific guide RNAs.  An initial analysis of 

the combined sequencing datasets from the 11 cell line samples was performed to identify 

the differentially expressed genes (DEGs). To validate the integrity of the dataset, a 

stringent threshold was used: DEGs were initially defined as either 1.75-fold upregulated 

or downregulated by either FAM3C KO or LIFR KO relative to the combined shPCBP1 

and shPCBP1 CT sequencing counts, and a q-value of 0.01 was used to prevent false 

discovery. A total of 372 DEGs were identified, 58 of which were dysregulated by either 

FAM3C KO or LIFR KO (Fig. 20A). Using Partek Flow software, a heatmap was generated 

that graphically represented the comparison of the expression levels of the 58 common 

DEGs identified and showed hierarchical clustering of the DEGs within each sample 

group. The DKO cell line was used as a reference and was included in the heatmap 

analysis but was not used to identify DEGs. Heatmap analysis clearly showed that most 
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of the genes dysregulated by both FAM3C and LIFR were downregulated relative to the 

control cells, and KO cell lines clustered separately from the control cell lines. (Fig. 20B). 

 

 

Figure 20 – Evaluation of RNA-Seq data integrity. (A) Venn diagram depicting the 
overlap of differentially expressed genes (DEGs) from RNA-Seq, comparing counts from 
FAM3C KO or LIFR KO cell lines (derived from parental shPCBP1 cells) to combined 
control counts (from parental shPCBP1 and shPCBP1 CT cell lines). (B) Heat map 
showing hierarchical clustering of the expression levels of the 58 genes identified in panel 
“A.” Z-scores less than zero indicate downregulated genes, and Z-scores greater than 
zero indicate upregulated genes. 
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Based on our observation that LIFR mRNA is upregulated in shPCBP1 cells 

relative to shSCR NMuMG control cells, we were interested in identifying other genes 

upregulated at the transcriptional level in shPCBP1 cells. An existing RNA-Seq dataset 

previously generated by the Howe laboratory was used to create a list of genes that were 

upregulated by 1.5-fold or greater in shPCBP1 cells relative to shSCR cells. The list of 

genes was not filtered by the q-value, to ensure that all potential candidates were 

considered. Similarly, the list of FAM3C KO and LIFR KO DEGs found in the heatmap 

analysis was recompiled to include all genes either upregulated or downregulated by 1.5-

fold or greater, and was not filtered by the q-value. Superimposition of the datasets 

identified a set of 490 DEGs that were (1) upregulated by the loss of PCBP1 relative to 

shSCR, and (2) either upregulated or downregulated by FAM3C and LIFR KO relative to 

shPCBP1 cells (Fig. 21A, Table 7).  As expected, LIFR was found in that set of 490 DEGs. 

Further examination of the 490 DEGs revealed that the majority were dysregulated in the 

same direction (either upregulated or downregulated together) following FAM3C and LIFR 

KO. Very few DEGs demonstrated opposite directionality relative to the shPCBP1 cells 

(Fig. 21B). This suggested that FAM3C/LIFR expression participates in maintaining the 

increased expression levels of a specific set of genes that are upregulated following the 

loss of PCBP1. 

To examine genes in our superimposed datasets that might be indicative of a 

FAM3C/LIFR transcriptional cascade, 59 transcription factors (TFs) were identified within 

the set of 490 DEGs using the FANTOM5 database (Table 8). Using the 

JASPAR/TRANSFAC database, 15 of the 59 TF DEGs were identified as potential STAT3 

target genes. Furthermore, the JASPAR database identified six of the 15 STAT3 target 

genes as potentially capable of binding to the LIFR promoter sequence used in the 

preceding sections. From the list of six STAT3/LIFR-participating TFs, we identified 
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TWIST1 as a gene of interest because it was previously characterized as being involved 

in EMT and BCSC self-renewal (Fig. 21C) (129–134). 

Figure 21 – Transcriptomic analysis reveals a FAM3C/LIFR regulatory signature. 
(A)Venn diagram depicting the overlap of three independent RNA-Seq dataset analyses 
using the indicated NMuMG derivative cell lines. The center area (490) indicates the 
number of differentially expressed protein-coding genes (DEGs) common to all three 
datasets, that satisfy the indicated fold-change criteria. (B) Exploded pie chart indicating 
the distribution of DEGs common to the overlap of datasets as indicated in the Venn 
diagram in panel “A”, with the indicated fractions (purple, brown, dark blue) corresponding 
to the downregulated DEGs following knockout (KO) of FAM3C and LIFR, relative to 
shPCBP1. KO cell lines were derived from parental shPCBP1 cells. (C) Heat map 
indicating the average fold change in FAM3C and LIFR KO cells relative to shPCBP1 cells 
in the subset of 15 transcription factor (TF) genes that contain STAT3 consensus elements 
in their respective promoters. Center and right columns indicate if the TF gene also 
satisfies the indicated condition. Downreg., downregulated; Upreg., upregulated; Prom., 
promoter; Assoc., associated; SEM, standard error of the mean.  
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Our RNA-Seq data showed that TWIST1 expression levels increased following the 

loss of PCBP1 expression but then decreased following KO of either FAM3C or LIFR (Fig. 

22A). Changes in TWIST1 expression levels observed in the RNA-Seq data were 

validated by qPCR and immunoblotting (Figs. 22A, B). Additionally, qPCR in the presence 

of STAT3-IN-1 demonstrated a loss of TWIST1 mRNA, validating our identification of 

TWIST1 as a STAT3-regulated gene in shPCBP1 cells (Fig. 22C). To further validate our 

identification of TWIST1 as a gene regulated by LIFR/STAT3, ChIP was performed using 

a STAT3 antibody as described in the preceding section, and DNA was measured by 

qPCR using a primer set specific to the TWIST1 promoter locus. The results demonstrated 

the binding of STAT3 to the TWIST1 promoter and showed that STAT3 binding activity 

correlated positively with TWIST1 expression in the NMuMG-derivative cell lines used 

(Fig. 22D). To investigate the landscape of intracellular signaling pathways and other 

phenotypic features potentially affected by changes in gene expression downstream of 

FAM3C/LIFR KO, gene ontology analysis was performed using the DAVID 

Knowledgebase. The results revealed a significant association between the 

shPCBP1/FAM3C/LIFR transcriptomic signature and the phenotypic context of mammary 

carcinoma pathology (Fig. 23). The preceding analysis suggests a transcriptomic pattern 

downstream of FAM3C/LIFR/STAT3 modulation that is specifically implicated in mammary 

carcinoma pathology, which is exemplified by changes in the regulation of an established 

mediator of EMT and cell fate, TWIST1 (130, 134). 
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Figure 22 – Validation of TWIST1 expression and regulation by STAT3. (A) Relative 
expression of theTWIST1 gene from bulk RNA-Seq counts generated from the indicated 
NMuMG derivative cell lines. Bars indicate average counts per million (CPM) from each 
sample group. Error bars represent SEM, *P<0.05 (unpaired Student’s t-tests) (left). 
Validation of TWIST1 expression by qPCR in a subset of cell lines (right). Error bars 
represent SEM, ****P<0.0001 (two-way ANOVA). (B) Immunoblot analysis of the cell lines 
used for qPCR in panel “A”. (C) qPCR analysis of shPCBP1 cells treated with 10 µM 
inhibitor of STAT3 (STAT3-IN-1) for 48 hours, ***P<0.001 (unpaired Student’s t-test). (D) 
Chromatin immunoprecipitation (ChIP) analysis in the indicated NMuMG-derivative cell 
lines, following live cell cross-linking, incubation of chromatin with a STAT3 antibody, and 
qPCR analysis of immunoprecipitated DNA, *P<0.05 (one-way ANOVA). Error bars for 
panels “C” and “D” represent SEM from duplicate independent experiments, each 
performed in triplicate.  
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Figure 23 – Gene ontology (GO) analysis. (A) Bar chart indicating the lowest 10 p-
values following DAVID GO analysis of the 490 differentially expressed genes (DEGs) 
from RNA-seq data (top), and descriptions of each chart item (bottom). (B) The same 
analysis conducted on the subset of 59 transcription factor (TF) genes. FE, fold-
enrichment; FDR, false discovery rate (q-value). 
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ii. LIFR and TWIST1 are co-regulated 

To determine whether TWIST1 expression could be driven by LIFR OE, shPCBP1 

cells were transduced with either EV or a vector containing the mouse LIFR ORF (LIFR 

OE), and qPCR was performed. The results showed a significant increase in TWIST1 

mRNA abundance in LIFR OE cells relative to control cells (Fig. 24A). Immunoblot 

analysis of the same cell lines confirmed that the increase in TWIST1 mRNA levels was 

sufficient to cause a measurable increase in TWIST1 protein levels (Fig. 24B). After 

observing the prediction from the JASPAR database that TWIST1 could potentially bind 

to the LIFR promoter, we sought to determine whether TWIST1 OE could drive LIFR 

expression. FAM3C KO cells (derived from parental shPCBP1 cells as previously) were 

transduced with either EV or a vector containing a mouse TWIST1 ORF. Immunoblot 

analysis revealed that the decrease in LIFR protein expression in FAM3C KO cells was 

partially reversed by TWIST1 OE (Fig. 24C). To determine whether TWIST1 binds to DNA 

at the LIFR promoter in live cells, ChIP-qPCR was performed using an antibody specific 

to TWIST1. Using the primer set described in the preceding sections for the detection of 

LIFR promoter DNA, qPCR results showed that TWIST1 binds to the LIFR promoter in 

shPCBP1 cells. As expected, binding was not detected in shSCR, FAM3C KO, or LIFR 

KO cell lines, which do not express measurable levels of TWIST1 (Fig. 25A). These results 

strongly suggest the presence of a reciprocal regulatory circuit in shPCBP1 cells that 

maintains LIFR expression through feed-forward regulation of transcription. These results 

further suggested that shPCBP1 cells achieve increased LIFR expression and signaling 

through STAT3 and TWIST1 activity (Fig. 25B). 
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Figure 24 – LIFR and TWIST1 are coregulated. (A) qPCR analysis of shPCBP1 cells 
transduced with either empty vector (EV) or a vector containing the mouse LIFR open-
reading frame (OE). Error bars represent SEM from three independent experiments, each 
performed in triplicate, *P<0.05 (unpaired Student’s t-test). (B) Immunoblot analysis of the 
cells shown in panel “A”. (C) Immunoblot analysis of FAM3C KO cells (derived from 
parental shPCBP1 cells) transduced either with EV or a vector containing the mouse 
TWIST1 open reading frame.   
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Figure 25 – TWIST1 binds to the LIFR promoter. (A) Chromatin immunoprecipitation 
(ChIP) analysis in the indicated NMuMG-derivative cell lines, following live cell cross-
linking, incubation of chromatin with a TWIST1 antibody, and qPCR analysis of 
immunoprecipitated DNA. Arrowheads indicate the region of the LIFR proximal promoter 
targeted by the qPCR primer set. Error bars represent SEM from duplicate independent 
experiments, each performed in triplicate, **P<0.01 (one-way ANOVA). (B) Schematic 
diagram of the hypothesized feed-forward regulatory circuit present in shPCBP1 cells. ns, 
not significant; SEM, standard error of the mean. 
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3.3 Summary 

 The identification by Woosley et al. of (1) a binding partnership between FAM3C 

and LIFR and (2) the subsequent induction of FAM3C/LIFR-dependent pSTAT3 

established the existence of a FAM3C/LIFR signaling axis in shPCBP1 cells (28). The 

demonstration of pSTAT3-dependent spheroid formation in vitro in shPCBP1 cells by 

Woosley et al. strongly suggests that changes in STAT3-regulated genes downstream of 

the FAM3C/LIFR interaction might be responsible for the maintenance of self-renewal 

(28). The current study sought to investigate this possibility through transcriptomic 

analysis following loss of FAM3C and LIFR expression in shPCBP1 cells. Using CRISPR-

Cas9, FAM3C or LIFR was knocked out in shPCBP1 cells, and RNA-seq was used to 

compare parental (shSCR) NMuMG cells, shPCBP1 cells, and knockout derivatives. The 

data showed a clear dysregulation signature in a set of genes following loss of FAM3C or 

LIFR expression and showed that the same set of genes was upregulated in shPCBP1 

cells relative to the parental (shSCR) NMuMG cells. Gene ontology (GO) analysis 

revealed that the dysregulated genes were associated with biological processes involved 

in EMT (migration and adhesion), stem cell self-renewal (development), angiogenesis, 

and signal transduction, all of which are relevant in the context of mammary carcinoma 

pathology. Additionally, GO analysis of a subset of genes that encode transcription factors 

revealed an association with similar biological processes, indicating that the FAM3C/LIFR 

interaction is required to maintain the expression of genes involved in regulating the 

relevant features of shPCBP1 cells. This finding was consistent with the phenotypic data 

demonstrated by Woosley et al. and additionally demonstrated by previous work published 

by the Howe laboratory (7, 28). 

 The transcription factor TWIST1 was identified and validated as a candidate gene 

suspected to play a direct role in regulating the aforementioned phenotypic features. 
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TWIST1 has been shown to regulate EMT in various carcinomas and has been shown to 

regulate the differentiation of embryonic stem cells, making it an interesting candidate for 

further study (131, 132). However, initial observations following attempts to rescue the 

phenotype of FAM3C and LIFR KO cells by overexpressing TWIST1 did not indicate that 

TWIST1 alone was sufficient for rescue (data not shown). TWIST1 overexpression was 

sufficient to upregulate LIFR in FAM3C KO cells, suggesting that it may act together with 

STAT3 at the LIFR promoter to regulate the initiation of transcription of the LIFR gene. 

Although the possibility of an interaction between TWIST1 and STAT3 at the LIFR 

promoter locus requires additional study, the current study showed by qPCR (using the 

same set of primers) that TWIST1 and STAT3 both bind to the LIFR promoter, suggesting 

that TWIST1 binds in proximity to STAT3. Collectively, our transcriptomic analysis 

provided the basis for the identification of mechanistic evidence contributing to phenotypic 

changes in NMuMG cells mediated by PCBP1 through its regulation of FAM3C, LIFR, and 

subsequent cascades. 
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Chapter 4: The Phenotypic Effects of LIFR Expression and Signaling  

4.1 Introduction and rationale 

Previous studies by our group have characterized phenotypic changes consistent 

with EMT in  epithelial cells following PCBP1 knockdown (7, 20, 135). Our group and 

others have further characterized the suppression of invasiveness, stemness, 

tumorigenesis, and metastasis by PCBP1 in various carcinomas (22, 23, 30, 136, 137). 

Additionally, numerous recent mammary carcinoma studies have implicated STAT3 

signaling as a contributor to invasive potential and metastasis through the exacerbation of 

EMT (138–140). In previous studies, PCBP1 knockdown measurably altered the 

expression levels of epithelial and mesenchymal marker genes and dramatically changed 

the morphological appearance of epithelial cells to resemble that of mesenchymal cells 

(7, 22). The data displayed in the previous section showed that increased LIFR expression 

was followed by increased pSTAT3 and increases in STAT3 target genes, including 

TWIST1. Since TWIST1 has also been extensively implicated in the regulation of EMT in 

mammary epithelial cells, it was hypothesized that the overexpression of TWIST1 in 

shPCBP1, FAM3C KO, or LIFR KO cells would cause a measurable increase in EMT, 

migration, invasion, and spheroid growth in vitro (130, 131, 133). However, experiments 

attempting to quantify increased EMT following overexpression of TWIST1 did not 

demonstrate any significant changes (data not shown). We hypothesized that increased 

LIFR expression might be capable of inducing signals in addition to pSTAT3 and in 

regulating genes in addition to TWIST1, and that unknown LIFR-mediated mechanisms 

might collectively affect the phenotype of shPCBP1 cells. The following section describes 

the experimental results that demonstrate phenotypic changes following the modulation 

of LIFR expression in mammary epithelial cells. 
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4.2 Results 

i. LIFR expression promotes an invasive BCSC phenotype 

In the current study, we observed EMT morphology following knockdown of 

PCBP1 in NMuMG cells and further observed that LIFR OE in shPCBP1 and LIFR KO 

cells caused an increase in cellular elongation that often accompanies EMT (Fig. 26). To 

determine whether LIFR expression had a direct effect on the invasiveness of shPCBP1 

cells, a 3D invasion assay was performed to compare shPCBP1, LIFR KO (derived from 

parental shPCBP1 cells as previously), and LIFR KO cells with LIFR OE (LIFR KO OE 

cells). Invasion was quantified by comparing the relative growth patterns using a software-

based method. The results showed that the loss of LIFR dramatically hinders 3D invasion 

and that its OE restores invasive growth beyond the levels detected in shPCBP1 cells 

expressing endogenous levels of LIFR (Fig. 27). Similar results were observed when the 

migration rates of the same cells were measured. LIFR KO significantly attenuated the 

migration rate, and LIFR OE rescued the loss of migration of LIFR KO cells. However, 

LIFR OE did not increase the migration rate beyond that achieved by endogenous LIFR 

expression in shPCBP1 cells (Fig. 28A). 

The mammosphere assay quantifies the capacity of mammary epithelial cells to 

self-renew by measuring the size and frequency of spheroid colony formation. We sought 

to determine whether the modulation of LIFR expression could affect the self-renewal 

capacity of shPCBP1 cells. shPCBP1, LIFR KO, and LIFR KO OE cells were compared 

by mammosphere assay, and the results showed that self-renewal was also dramatically 

affected by the loss of LIFR expression and that LIFR OE partially rescued this effect (Fig. 

28B). When the proliferation rates were compared between the cell lines used in the 

preceding culture-based experiments, the differences in growth rates were not found to 
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be significant (data not shown). These results demonstrated that LIFR expression levels 

can dramatically affect the invasion, migration, and stemness potential of shPCBP1 cells. 

  

 
Figure 26 – Knockdown of PCBP1 and overexpression of LIFR alters morphology. 
Brightfield microscopy at 5X magnification comparing the indicated NMuMG derivative cell 
lines under standard adherent culture conditions. LIFR KO cells were derived from 
parental shPCBP1 cells. KO, knockout; OE, overexpression.  
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Figure 27 – LIFR expression promotes an invasive phenotype. Representative images 
of the indicated shPCBP1-derivative cell lines’ 3-dimensional growth in Cultrex Basement 
Membrane Extract at the indicated time points, taken at 5X magnification. LIFR KO cells 
were derived from parental shPCBP1 cells.10% fetal bovine serum (FBS) was used as 
chemoattractant (left), and quantification of the mean total increase in area from zero 
hours (right). Error bars represent SEM from four independent experiments, ****P<0.0001, 
**P<0.01, *P<0.05 (one-way ANOVA). EV, empty vector; OE, overexpression; SEM, 
standard error of the mean. 
  

shPcbp1 Lifr KO
(EV)

Lifr KO
(OE)

0 h

24 h

48 h

72 h

sh
Pcb

p1

Lif
r K

O (E
V) 

Lif
r K

O (O
E)

0.0

5.0×105

1.0×106

1.5×106

2.0×106

2.5×106

R
el

at
iv

e 
Ar

ea
 (p

ix
el

s)
 @

 7
2 

h

✱✱

✱

✱✱✱✱

3D Invasion

= 500 µm



 88 

 
 
Figure 28 – LIFR expression promotes migration and BCSC phenotype. (A) 
Quantification of migration through polycarbonate chamber inserts (8.0 µm pore size) over 
24-hours following seeding in serum-free medium, in the indicated parental shPCBP1 and 
KO derivative cell lines. 10% FBS was used as chemoattractant. Calcein AM was used to 
detect only the cells that successfully migrated through the pore. Error bars represent SEM 
from three independent experiments, *P<0.05 (unpaired Student’s t-tests). (B) 
Representative images of the indicated shPCBP1-derivative cell lines following 
mammosphere assay culture for 8 days, taken at 5X magnification (left). Comparison of 
total spheroid counts (right). Error bars represent SEM from five independent experiments, 
*P<0.05, **P<0.01 (unpaired Mann-Whitney U-Test). BCSC, breast cancer stem cell; EV, 
empty vector; OE, overexpression; KO, knockout; NC, no chemoattractant; SEM, standard 
error of the mean. 
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ii. Loss of FAM3C/LIFR attenuates spheroid growth in human mammary 

carcinoma cells 

Our group previously observed the attenuation of spheroid growth in shPCBP1 

cells following knockdown of either FAM3C or LIFR using a mammosphere assay (28). To 

determine whether loss of FAM3C/LIFR expression would similarly affect spheroid growth 

in human cells, SKBr3 cells with shRNA-mediated knockdown of FAM3C (shFAM3C cells) 

were compared with control cells (HMLE normal human mammary epithelial cells and 

SKBr3 shSCR cells) using a mammosphere assay. SKBr3 shFAM3C cells showed a 

measurable reduction in spheroid formation compared to SKBr3 shSCR cells, and, as 

predicted, normal HMLE cells were not viable under these growth conditions (Fig. 29A, 

B). Notably, the size of the spheroids in both groups was variable, with large spheroids 

being present in both groups. To determine whether the proliferative rate of the cells under 

these conditions was also measurably attenuated by FAM3C knockdown, harvested 

spheroids were trypsinized, and pooled cells were counted following each experiment. 

Although shSCR and shFAM3C cells were seeded in equal numbers, shSCR cells showed 

a greater increase in growth after eight days (Fig. 29C). These results suggest that the 

loss of FAM3C/LIFR expression attenuates both the self-renewal capacity and viability of 

human mammary carcinoma cells under non-adherent, serum-free growth conditions in 

vitro. 
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Figure 29 – Loss of FAM3C/LIFR attenuates spheroid growth in human mammary 
carcinoma cells. (A) Representative images of HMLE cells and SKBr3 cells transduced 
either with shRNA containing “scrambled” non-targeting control (shSCR) or shRNA 
targeting FAM3C following mammosphere assay culture for 8 days, taken at 5X 
magnification. (B) Comparison of total spheroid counts from the cells shown in panel “A”. 
(C) Comparison of total cell counts from the SKBr3 cells shown in panel “A”, following 
trypsinization of harvested spheroids. Error bars represent SEM from duplicate 
independent experiments, *P<0.05, **P<0.01 (unpaired Student’s t-tests). SEM, standard 
error of the mean.  
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4.3 Summary 

The Howe laboratory previously published data that showed that loss of either 

FAM3C or LIFR expression in shPCBP1 cells causes attenuation of mammary tumor 

growth and metastases in mice, and also causes attenuation of spheroid formation in vitro 

(28). Using CRISPR-Cas9, LIFR was knocked out in shPCBP1 cells and phenotypic 

features were assessed. Although cellular morphology did not change dramatically, 

rescue of LIFR KO by overexpression (OE) caused cellular elongation in adherent cell 

cultures, and the same elongation was observed following OE in parental shPCBP1 cells. 

This suggests that changes in signaling downstream of the high LIFR expression levels 

achieved by OE in the current study may alter the morphology of epithelial cells. 

Additionally, LIFR OE measurably altered the phenotypic features of shPCBP1 cells, 

including increased 3D invasion and increased migration through a porous substrate. 

Similar to observations in a previous study by Woosley et al., LIFR KO attenuated spheroid 

formation in vitro (28). In the current study, we made additional observations by utilizing 

LIFR OE, which was able to rescue the KO condition. LIFR is capable of inducing signaling 

pathways in addition to STAT3, and the involvement of these additional pathways requires 

further study. However, it is likely that LIFR-induced pSTAT3 participates in regulating the 

observed phenotypic features, based on similar observations in previous studies (122, 

140–142). Finally, we observed that loss of FAM3C expression in human mammary 

carcinoma cells and the consequent loss of LIFR expression were sufficient to attenuate 

spheroid formation in vitro, which provided a parallel observation to that seen in mouse 

cells, and expanded upon the findings previously published by Woosley et al. (28). 
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Chapter 5: Discussion 

5.1 Interpretation 
 

i. Results and conclusions 
 

PCBP1 is a multifunctional nucleic acid-binding protein that has been implicated in 

the pathogenesis of various carcinomas through the suppression of EMT and 

tumorigenesis (2). Although various PCBP1-dependent mechanisms have been 

described, those responsible for disease progression in mammary carcinomas remain 

largely unknown. In the current study, we defined a mechanism of phenotypic change in 

murine mammary epithelial cells lacking PCBP1 function. Furthermore, we demonstrated 

a mechanistic explanation for the aberrant expression of the LIFR gene following the loss 

of PCBP1 expression in mouse mammary epithelial cells and provided parallel 

observations in human mammary carcinoma cells. We also provided data that describe a 

signature of gene regulation downstream of the FAM3C/LIFR interaction and identified 

TWIST1 as a transcription factor that participates in the maintenance of LIFR expression. 

Finally, we demonstrated that the aberrant expression of LIFR in shPCBP1 cells supports 

increased invasion, migration, and self-renewal capacity, and that the loss of LIFR 

expression in SKBr3 human mammary carcinoma cells causes loss of self-renewal 

capacity. 

In the current study, we sought to build upon our previous findings by identifying 

key intracellular mechanisms and dysregulated genes downstream of FAM3C/LIFR 

interaction. Our identification of a feed-forward mechanism of LIFR regulation aligns with 

a previous investigation that demonstrated an increase in LIFR mRNA levels following 

leukemia inhibitory factor (LIF)-induced pSTAT3 (143). Additionally, examination of a 

publicly available dataset that determined the genome-wide occupancy of STAT3 using 

high-throughput sequencing (ChIP-seq) in MDA-MB-231 triple-negative breast cancer 
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(TNBC) cells revealed an example of STAT3 binding to the 5’ region near the promoter of 

the LIFR gene (144). Additional publicly available ChIP-seq datasets from murine 

embryonic fibroblasts and oligodendrocyte progenitors revealed that STAT3 binds to the 

LIFR transcription start site region (145, 146). Furthermore, our identification of LIFR 

expression/pSTAT3 signaling as promoters of invasion, migration, and self-renewal aligns 

with previous findings in multiple carcinoma types, including breast cancer (147–153). 

Finally, the loss of self-renewal and viability in human mammary carcinoma (SKBr3) cells 

following FAM3C knockdown suggests that FAM3C-mediated maintenance of LIFR 

expression may be required to maintain the BCSC phenotype in human breast cancer. 

However, further studies using animal models are required to determine how LIFR 

expression directly affects the metastatic potential of the invasive mammary carcinoma 

cell lines used in the current study. 

Our transcriptomic analysis examined the overlap of DEGs that were upregulated 

by the loss of PCBP1 and dysregulated (either up- or down-regulated) by the loss of 

FAM3C and LIFR expression. Seventy percent of the DEGs identified were downregulated 

by FAM3C and LIFR KO, which allowed us to assert that the upregulation of FAM3C and 

LIFR following the loss of PCBP1 provides an interaction that allows cells to maintain the 

expression of a specific set of genes. A preliminary analysis of the DEGs using gene 

ontology (GO) revealed associations with biological processes implicated in mammary 

carcinoma pathology, which were hypothesized to be regulated by the FAM3C/LIFR 

interaction. These processes included cell migration, adhesion, differentiation, and 

development. Interestingly, GO analysis also identified angiogenesis and inflammatory 

responses as processes associated with DEGs in our dataset. STAT3 has previously been 

shown to regulate genes involved in both angiogenesis and inflammatory responses; 

therefore, it is possible that these associations are directly affected by the loss of 

FAM3C/LIFR/STAT3 signaling (93, 94, 107). However, additional studies are required to 
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identify the relevance of (1) the mechanism(s) involved, and (2) the potential phenotypic 

contribution(s) in both mouse and human mammary epithelial cells. 

Previous studies have identified TWIST1 as a transcription factor that participates 

in the regulation of the genes responsible for EMT and stem cell self-renewal (129, 131, 

132, 154). Zhao et al. demonstrated STAT3-dependent TWIST1 induction and 

subsequent STAT3/TWIST1-dependent EMT in the lung-metastatic derivative (LM2-4175) 

MDA-MB-231 human mammary carcinoma cell line (131). Similar evidence was presented 

by Lin et al. using A549 lung adenocarcinoma cells, and Cho et al. using PC-3 human 

prostate cancer cells (141). Surprisingly, TWIST1 overexpression did not significantly 

increase the invasion, migration, or self-renewal of shPCBP1 cells in the current study, 

nor did it rescue the loss of these properties in LIFR KO cells (data not shown). The direct 

effect of TWIST1 on EMT, stemness, and migration/invasion in our model requires further 

investigation. However, we found that TWIST1 participates in the regulation of LIFR. 

Therefore, it is plausible that TWIST1 influences the phenotype of shPCBP1 cells through 

the propagation of LIFR-dependent signaling.  

In light of the fact that an estimated 90% of breast cancer-related deaths are 

caused by metastatic disease, it is appropriate to continue research to identify how 

transformed cells gain the ability to invade adjacent tissues and evade sensitivity to 

chemotherapy (90). Here, we describe a signaling mechanism in a model system that 

exemplifies the relevant characteristics of advanced mammary carcinoma pathology and 

provides evidence of parallel phenomena in human breast cancer cells. We conclude that 

the loss of PCBP1 expression in NMuMG cells causes upregulation of LIFR and that 

PCBP1-dependent FAM3C expression is necessary for the maintenance of LIFR 

expression and signaling. We also conclude that LIFR-induced STAT3 phosphorylation 

and consequent STAT3 target gene regulation are dependent on the FAM3C/LIFR 

interaction and that LIFR transcription is regulated by a feed-forward mechanism involving 
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STAT3 and TWIST1. Finally, we conclude that aberrant expression of LIFR promotes 

migration, invasion, and self-renewal in NMuMG shPCBP1 cells and that loss of LIFR 

expression attenuates self-renewal in SKBr3 human mammary carcinoma cells. Although 

further studies are needed to formulate interventions for the pathology that results from 

loss of PCBP1 function, we believe that our findings elucidate a key component of the 

potential role of PCBP1 in the suppression of the metastatic cascade in mammary 

carcinoma. A graphical representation of the summarized conclusions made by the current 

study is presented in Figure 30. When considering future directions for continued research 

related to the current study, relevant questions that were not addressed in the preceding 

experiments must also be considered. The following section describes the compelling 

considerations encountered while achieving the objectives outlined in the aforementioned 

specific aims. 
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Figure 30 – Summary of conclusions. Illustration depicting the conclusions reached 
through the experiments conducted in the current study. Experimental designs were based 
upon the objectives defined in the Specific Aims (illustrated in Figure 6). 
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ii. Translational considerations 

In 2019 Woosley et al. identified that post-transcriptional upregulation of FAM3C 

occurs following loss of PCBP1 expression in NMuMG cells and results in LIFR-dependent 

induction of pSTAT3 (28). Although parallel observations were made using human 

mammary carcinoma cell lines in the current study, these cell lines did not demonstrate a 

loss of PCBP1 expression (data not shown). To further observe the physiological parallels 

in breast cancer, proteomic data from breast cancer patient tumor samples were analyzed. 

Using the National Institutes of Health Proteomic Data Commons (NIH PDC) portal, a 

dataset was obtained from The Cancer Genome Atlas (TCGA) Breast Cancer Proteome 

project (155). Protein abundance levels of PCBP1, FAM3C, and STAT3 in 108 tumor 

samples and 3 healthy control samples were plotted using heatmap analysis, and 

hierarchical clustering was used to group samples with similar expression patterns. Four 

discreet clusters containing a total of 20 samples displayed gene expression patterns that 

(1) differed greatly from the healthy controls and (2) exemplified low PCBP1, high FAM3C, 

and high STAT3 expression (Fig. 31). Of the 20 samples in the four clusters, 14 clearly 

showed loss of PCBP1 expression with concomitant increase in FAM3C and STAT3 

expression relative to the other samples in the cohort. The cohort of samples was derived 

from various stages of the disease, ranging from stage 1 to stage 4. All 14 samples that 

displayed the aforementioned expression pattern were from disease stages 2-3. 

Additionally, the 14 samples showed some of the highest FAM3C and STAT3 levels in the 

cohort. These observations suggest that a subset of human patients harbor tumors that 

maintain intracellular mechanisms parallel to those characterized in the current study. It 

should be noted that the STAT3 expression in this analysis was not specific to pSTAT3 

(Y705), which does not allow confirmation that STAT3 activation and signaling are 

responsive to FAM3C in these patients. However, it is possible to suggest that STAT3 

expression in these samples acts as a surrogate for pSTAT3, as STAT3 has been shown 
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Figure 31 – Low PCBP1 expression correlates with high FAM3C and STAT3 
expression in a subset of human mammary carcinoma patients. Heat map analysis 
derived from “The TCGA Breast Cancer Proteome” dataset, showing the expression levels 
of PCBP1, FAM3C, and STAT3 108 human mammary carcinoma tumor samples and 
three normal mammary tissue control samples. Hierarchical clustering analysis (black 
brackets) indicates similarities found between groups of samples. The top four clusters 
(red brackets and asterisk) indicate expression levels that align with the current 
hypothesis. 
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id
TCGA-BH-A18V-01A-31-A21W-30
TCGA-E2-A150-01A-12-A21W-30
TCGA-BH-A0AV-01A-32-A21V-30
TCGA-AR-A0TX-01A-41-A21V-30
TCGA-C8-A12W-01A-41-A21V-30
TCGA-C8-A12P-01A-22-A21W-30
TCGA-BH-A0C0-01A-23-A21V-30
TCGA-E2-A159-01A-12-A21W-30
TCGA-AN-A0AJ-01A-22-A21W-30
TCGA-A7-A0CJ-01A-32-A21V-30
TCGA-A2-A0YD-01A-41-A21V-30
TCGA-A2-A0T1-01A-12-A21V-30
TCGA-A8-A09I-01A-13-A21V-30
TCGA-A2-A0YF-01A-41-A21V-30
TCGA-A2-A0T7-01A-41-A21V-30
TCGA-A7-A0CE-01A-41-A21V-30
TCGA-E2-A154-01A-41-A21V-30
TCGA-AO-A0J6-01A-22-A21W-30
TCGA-BH-A0DD-01A-41-A21V-30
TCGA-A8-A08Z-01A-12-A21V-30
TCGA-AR-A0U4-01A-22-A21V-30
TCGA-BH-A18U-01A-61-A21W-30
TCGA-E2-A10A-01A-12-A21V-30
TCGA-AR-A0TY-01A-22-A21W-30
TCGA-BH-A0EE-01A-41-A21V-30
TCGA-A2-A0T2-01A-13-A21W-30
TCGA-BH-A18R-01A-22-A21W-30
TCGA-C8-A12Q-01A-51-A21V-30
TCGA-A7-A0CD-01A-22-A21W-30
blcdb9-I
TCGA-AN-A0AS-01A-22-A21W-30
TCGA-A8-A079-01A-12-A21V-30
TCGA-AR-A1AQ-01A-12-A21W-30
TCGA-BH-A0BZ-01A-41-A21V-30
TCGA-AO-A03O-01A-41-A21V-30
TCGA-A8-A08G-01A-13-A21W-30
TCGA-C8-A12T-01A-41-A21V-30
TCGA-BH-A0HP-01A-41-A21V-30
c4155b-C
TCGA-BH-A0E0-01A-41-A21V-30
TCGA-E2-A15A-01A-41-A21W-30
TCGA-A2-A0SX-01A-41-A21V-30
TCGA-A2-A0D1-01A-22-A21W-30
TCGA-D8-A13Y-01A-22-A21W-30
TCGA-A2-A0YL-01A-41-A21V-30
TCGA-C8-A12V-01A-41-A21V-30
263d3f-I
TCGA-BH-A0C7-01A-31-A21V-30
TCGA-BH-A0HK-01A-41-A21V-30
TCGA-AR-A1AW-01A-41-A21V-30
TCGA-A2-A0EX-01A-41-A21V-30
TCGA-A8-A09G-01A-41-A21W-30
TCGA-BH-A0C1-01A-41-A21W-30
TCGA-AO-A0JE-01A-41-A21V-30
TCGA-A2-A0YM-01A-22-A21W-30
TCGA-C8-A134-01A-41-A21V-30
TCGA-A8-A06N-01A-41-A21V-30
TCGA-A2-A0T6-01A-41-A21V-30
TCGA-A2-A0YC-01A-41-A21V-30
TCGA-AO-A12E-01A-41-A21V-30
TCGA-C8-A130-01A-41-A21V-30
TCGA-AO-A0J9-01A-41-A21V-30
TCGA-C8-A12Z-01A-41-A21V-30
TCGA-A2-A0YI-01A-11-A21V-30
TCGA-A2-A0EV-01A-41-A21V-30
TCGA-AO-A0JJ-01A-31-A21W-30
TCGA-A2-A0CM-01A-11-A21V-30
TCGA-AO-A126-01A-22-A21W-30
TCGA-A8-A06Z-01A-22-A21V-30
TCGA-AR-A1AV-01A-41-A21V-30
TCGA-BH-A18Q-01A-41-A21W-30
TCGA-A7-A13F-01A-51-A21V-30
TCGA-A2-A0T3-01A-22-A21V-30
TCGA-AN-A0AM-01A-22-A21W-30
TCGA-AO-A0JL-01A-41-A21W-30
TCGA-BH-A0E1-01A-41-A21V-30
TCGA-AN-A0FL-01A-12-A21V-30
TCGA-C8-A131-01A-41-A21V-30
TCGA-AR-A0TV-01A-41-A21V-30
TCGA-BH-A0E9-01B-22-A21V-30
TCGA-C8-A131-01A-41-A21V-30
TCGA-AO-A0JC-01A-41-A21V-30
TCGA-C8-A135-01A-41-A21V-30
TCGA-E2-A158-01A-31-A21W-30
TCGA-AO-A0JM-01A-41-A21V-30
TCGA-A8-A076-01A-23-A21V-30
TCGA-BH-A0DG-01A-41-A21V-30
TCGA-C8-A12U-01A-41-A21V-30
TCGA-A2-A0SW-01A-41-A21V-30
TCGA-A2-A0D0-01A-41-A21W-30
TCGA-BH-A18N-01A-41-A21V-30
TCGA-AR-A1AP-01A-22-A21W-30
TCGA-AN-A0AL-01A-22-A21W-30
TCGA-C8-A138-01A-14-A21W-30
TCGA-A2-A0YG-01A-41-A21V-30
TCGA-AR-A0TT-01A-22-A21V-30
TCGA-D8-A142-01A-41-A21V-30
TCGA-AN-A04A-01A-31-A21W-30
TCGA-AR-A0TR-01A-41-A21V-30
TCGA-A2-A0EQ-01A-41-A21W-30
TCGA-A2-A0D2-01A-12-A21W-30
TCGA-AO-A12D-01A-41-A21V-30
TCGA-AR-A1AS-01A-41-A21W-30
TCGA-AO-A12D-01A-41-A21V-30
TCGA-AO-A12F-01A-41-A21V-30
TCGA-AO-A12B-01A-41-A21V-30
TCGA-AO-A12B-01A-41-A21V-30
TCGA-A2-A0EY-01A-41-A21V-30
TCGA-BH-A0BV-01A-41-A21V-30
TCGA-C8-A12L-01A-41-A21V-30
TCGA-AN-A0FK-01A-22-A21W-30
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P1

FAM
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id

row min
row max

id 00f29c1
3-5730-

11e8-b6
64-00a0

98d917f
8

0113827
7-5731-

11e8-b6
64-00a0

98d917f
8

02282ac
a-5731-

11e8-b6
64-00a0

98d917f
8

02820bf
d-5730-

11e8-b6
64-00a0

98d917f
8

03412dd
3-5731-

11e8-b6
64-00a0

98d917f
8

03a2add
4-5730-

11e8-b6
64-00a0

98d917f
8

044d9c8
b-5731-

11e8-b6
64-00a0

98d917f
8

04ee605
b-5730-

11e8-b6
64-00a0

98d917f
8

055a7e0
e-5731-

11e8-b6
64-00a0

98d917f
8

062f14c
8-5730-

11e8-b6
64-00a0

98d917f
8

06893dc
3-5731-

11e8-b6
64-00a0

98d917f
8

073e6fc
e-5730-

11e8-b6
64-00a0

98d917f
8

07b61ba
f-5731-1

1e8-b66
4-00a09

8d917f8
086bc17

9-5730-
11e8-b6

64-00a0
98d917f

8
08ec9cf

c-5731-1
1e8-b66

4-00a09
8d917f8

09babd8
b-5730-

11e8-b6
64-00a0

98d917f
8

0a028c5
8-5731-

11e8-b6
64-00a0

98d917f
8

0acc984
e-5730-

11e8-b6
64-00a0

98d917f
8

0b1e33b
0-5731-

11e8-b6
64-00a0

98d917f
8

0c35eec
f-5731-1

1e8-b66
4-00a09

8d917f8
0c3d6c6

2-5730-
11e8-b6

64-00a0
98d917f

8
0d5bdad

a-5731-
11e8-b6

64-00a0
98d917f

8
0d7c14f

8-5730-
11e8-b6

64-00a0
98d917f

8
0e71a95

f-5731-1
1e8-b66

4-00a09
8d917f8

0eb1107
3-5730-

11e8-b6
64-00a0

98d917f
8

0f8b27b
1-5731-

11e8-b6
64-00a0

98d917f
8

100c0f7
0-5730-

11e8-b6
64-00a0

98d917f
8

1096938
5-5731-

11e8-b6
64-00a0

98d917f
8

118e770
0-5730-

11e8-b6
64-00a0

98d917f
8

11c6775
0-5731-

11e8-b6
64-00a0

98d917f
8

12bc47a
1-5730-

11e8-b6
64-00a0

98d917f
8

12e38a4
7-5731-

11e8-b6
64-00a0

98d917f
8

1400ee2
3-5731-

11e8-b6
64-00a0

98d917f
8

142788e
9-5730-

11e8-b6
64-00a0

98d917f
8

1515e5b
d-5731-

11e8-b6
64-00a0

98d917f
8

154a7ce
0-5730-

11e8-b6
64-00a0

98d917f
8

1661cee
5-5731-

11e8-b6
64-00a0

98d917f
8

1689c6c
7-5730-

11e8-b6
64-00a0

98d917f
8

176a4f4
d-5731-

11e8-b6
64-00a0

98d917f
8

17eebb7
c-5730-1

1e8-b66
4-00a09

8d917f8
1871abc

8-5731-
11e8-b6

64-00a0
98d917f

8
1925271

4-5730-
11e8-b6

64-00a0
98d917f

8
19bf61d

8-5731-
11e8-b6

64-00a0
98d917f

8
1a6a71a

8-5730-
11e8-b6

64-00a0
98d917f

8
1ace958

b-5731-
11e8-b6

64-00a0
98d917f

8
1bc59f0

2-5730-
11e8-b6

64-00a0
98d917f

8
1be39e4

d-5731-
11e8-b6

64-00a0
98d917f

8
1cda0f4

3-5730-
11e8-b6

64-00a0
98d917f

8
1e085f6

5-5730-
11e8-b6

64-00a0
98d917f

8
1f22973

c-5730-1
1e8-b66

4-00a09
8d917f8

2060908
a-5730-

11e8-b6
64-00a0

98d917f
8

2180c9b
4-5730-

11e8-b6
64-00a0

98d917f
8

229c5ee
0-5730-

11e8-b6
64-00a0

98d917f
8

2384aae
1-5732-

11e8-b6
64-00a0

98d917f
8

23b0227
9-5730-

11e8-b6
64-00a0

98d917f
8

24f1198
5-5730-

11e8-b6
64-00a0

98d917f
8

250504a
5-5732-

11e8-b6
64-00a0

98d917f
8

2614c66
2-5732-

11e8-b6
64-00a0

98d917f
8

272552b
c-5732-1

1e8-b66
4-00a09

8d917f8
2986799

7-5732-
11e8-b6

64-00a0
98d917f

8
2a88e9c

6-5732-
11e8-b6

64-00a0
98d917f

8
2bce1b4

e-5732-
11e8-b6

64-00a0
98d917f

8
2cdab2b

0-5732-
11e8-b6

64-00a0
98d917f

8
2e369cb

d-5732-
11e8-b6

64-00a0
98d917f

8
2f52363

4-5732-
11e8-b6

64-00a0
98d917f

8
309b9d1

a-5732-
11e8-b6

64-00a0
98d917f

8
31a887d

8-5732-
11e8-b6

64-00a0
98d917f

8
32be293

c-5732-1
1e8-b66

4-00a09
8d917f8

33d20b6
9-5732-

11e8-b6
64-00a0

98d917f
8

34e3e9c
e-5732-

11e8-b6
64-00a0

98d917f
8

35ee5cf
f-5732-1

1e8-b66
4-00a09

8d917f8
370a632

b-5732-
11e8-b6

64-00a0
98d917f

8
381ab28

7-5732-
11e8-b6

64-00a0
98d917f

8
392cbdd

9-5732-
11e8-b6

64-00a0
98d917f

8
3a6cce9

e-5732-
11e8-b6

64-00a0
98d917f

8
3bb9bbe

b-5732-
11e8-b6

64-00a0
98d917f

8
3cbf5a5

b-5732-
11e8-b6

64-00a0
98d917f

8
3e50185

4-5732-
11e8-b6

64-00a0
98d917f

8
3f6077a

a-5732-
11e8-b6

64-00a0
98d917f

8
40ada76

6-5732-
11e8-b6

64-00a0
98d917f

8
41ed33e

0-5732-
11e8-b6

64-00a0
98d917f

8
4338cae

9-5732-
11e8-b6

64-00a0
98d917f

8
448561e

b-5732-
11e8-b6

64-00a0
98d917f

8
45be5c5

7-5732-
11e8-b6

64-00a0
98d917f

8
46d51f1

8-5732-
11e8-b6

64-00a0
98d917f

8
47e5dbc

1-5732-
11e8-b6

64-00a0
98d917f

8
48f89bf0

-5732-1
1e8-b66

4-00a09
8d917f8

4a0d30e
1-5732-

11e8-b6
64-00a0

98d917f
8

4b1f499
9-5732-

11e8-b6
64-00a0

98d917f
8

4c687a5
4-5732-

11e8-b6
64-00a0

98d917f
8

4d75887
1-5732-

11e8-b6
64-00a0

98d917f
8

4e81b66
a-5732-

11e8-b6
64-00a0

98d917f
8

f2580e2
a-5730-

11e8-b6
64-00a0

98d917f
8

f37a3d6
0-5730-

11e8-b6
64-00a0

98d917f
8

f4921ba
5-5730-

11e8-b6
64-00a0

98d917f
8

f5ae444
4-5730-

11e8-b6
64-00a0

98d917f
8

f759489
a-572f-1

1e8-b66
4-00a09

8d917f8
f7fc14e9

-5730-1
1e8-b66

4-00a09
8d917f8

f8a8706
2-572f-1

1e8-b66
4-00a09

8d917f8
f901a81

2-5730-
11e8-b6

64-00a0
98d917f

8
f9bbb33

d-572f-1
1e8-b66

4-00a09
8d917f8

fa0f4fa2
-5730-1

1e8-b66
4-00a09

8d917f8
fad58a8

6-572f-1
1e8-b66

4-00a09
8d917f8

fb22f92f
-5730-1

1e8-b66
4-00a09

8d917f8
fc63f5c9

-5730-1
1e8-b66

4-00a09
8d917f8

fd3daffa
-572f-11

e8-b664
-00a098

d917f8
fd8a718

c-5730-1
1e8-b66

4-00a09
8d917f8

fe5d1fc9
-572f-11

e8-b664
-00a098

d917f8
fe9c091

6-5730-
11e8-b6

64-00a0
98d917f

8
ffd93750

-572f-11
e8-b664

-00a098
d917f8

fff4ec44
-5730-1

1e8-b66
4-00a09

8d917f8

aliquot_
alias 263d3f-I A2-A0C

M-01A
A2-A0D

0-01A
A2-A0D

1-01A
A2-A0D

2-01A
A2-A0E

Q-01A
A2-A0E

V-01A
A2-A0E

X-01A
A2-A0E

Y-01A
A2-A0S

W-01A
A2-A0S

X-01A
A2-A0T1

-01A
A2-A0T2

-01A
A2-A0T3

-01A
A2-A0T6

-01A
A2-A0T7

-01A
A2-A0Y

C-01A
A2-A0Y

D-01A
A2-A0Y

F-01A
A2-A0Y

G-01A
A2-A0Y

I-01A
A2-A0Y

L-01A
A2-A0Y

M-01A
A7-A0C

D-01A
A7-A0C

E-01A
A7-A0C

J-01A
A7-A13F

-01A
A8-A06N

-01A
A8-A06Z

-01A
A8-A076

-01A
A8-A079

-01A
A8-A08G

-01A
A8-A08Z

-01A
A8-A09G

-01A
A8-A09I

-01A
AN-A04

A-01A
AN-A0A

J-01A
AN-A0A

L-01A
AN-A0A

M-01A
AN-A0A

S-01A
AN-A0F

K-01A
AN-A0F

L-01A
AO-A03

O-01A
AO-A0J

6-01A
AO-A0J

9-01A
AO-A0J

C-01A
AO-A0J

E-01A
AO-A0J

J-01A
AO-A0J

L-01A
AO-A0J

M-01A
AO-A12

6-01A
AO-A12

B-01A.1
AO-A12

B-01A.2
AO-A12

D-01A.1
AO-A12

D-01A.2
AO-A12

E-01A
AO-A12

F-01A
AR-A0T

R-01A
AR-A0T

T-01A
AR-A0T

V-01A
AR-A0T

X-01A
AR-A0T

Y-01A
AR-A0U

4-01A
AR-A1A

P-01A
AR-A1A

Q-01A
AR-A1A

S-01A
AR-A1A

V-01A
AR-A1A

W-01A
BH-A0A

V-01A
BH-A0B

V-01A
BH-A0B

Z-01A
BH-A0C

0-01A
BH-A0C

1-01A
BH-A0C

7-01A
BH-A0D

D-01A
BH-A0D

G-01A
BH-A0E

0-01A
BH-A0E

1-01A
BH-A0E

9-01A
BH-A0E

E-01A
BH-A0H

K-01A
BH-A0H

P-01A
BH-A18

N-01A
BH-A18

Q-01A
BH-A18

R-01A
BH-A18

U-01A
BH-A18

V-01A
blcdb9-I c4155b-

C
C8-A12L

-01A
C8-A12P

-01A
C8-A12Q

-01A
C8-A12T

-01A
C8-A12U

-01A
C8-A12V

-01A
C8-A12W

-01A
C8-A12Z

-01A
C8-A130

-01A
C8-A131

-01A.1
C8-A131

-01A.2
C8-A134

-01A
C8-A135

-01A
C8-A138

-01A
D8-A13Y

-01A
D8-A142

-01A
E2-A10A

-01A
E2-A150

-01A
E2-A154
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stage i stage ia stage ib stage iia stage iib stage iiia stage iiib stage iiic stage iv

id TCGA-BH-A18V-01A-31-A21W-30
TCGA-E2-A150-01A-12-A21W-30
TCGA-BH-A0AV-01A-32-A21V-30
TCGA-AR-A0TX-01A-41-A21V-30
TCGA-C8-A12W-01A-41-A21V-30
TCGA-C8-A12P-01A-22-A21W-30
TCGA-BH-A0C0-01A-23-A21V-30
TCGA-E2-A159-01A-12-A21W-30
TCGA-AN-A0AJ-01A-22-A21W-30
TCGA-A7-A0CJ-01A-32-A21V-30
TCGA-A2-A0YD-01A-41-A21V-30
TCGA-A2-A0T1-01A-12-A21V-30
TCGA-A8-A09I-01A-13-A21V-30
TCGA-A2-A0YF-01A-41-A21V-30
TCGA-A2-A0T7-01A-41-A21V-30
TCGA-A7-A0CE-01A-41-A21V-30
TCGA-E2-A154-01A-41-A21V-30
TCGA-AO-A0J6-01A-22-A21W-30
TCGA-BH-A0DD-01A-41-A21V-30
TCGA-A8-A08Z-01A-12-A21V-30
TCGA-AR-A0U4-01A-22-A21V-30
TCGA-BH-A18U-01A-61-A21W-30
TCGA-E2-A10A-01A-12-A21V-30
TCGA-AR-A0TY-01A-22-A21W-30
TCGA-BH-A0EE-01A-41-A21V-30
TCGA-A2-A0T2-01A-13-A21W-30
TCGA-BH-A18R-01A-22-A21W-30
TCGA-C8-A12Q-01A-51-A21V-30
TCGA-A7-A0CD-01A-22-A21W-30
blcdb9-I
TCGA-AN-A0AS-01A-22-A21W-30
TCGA-A8-A079-01A-12-A21V-30
TCGA-AR-A1AQ-01A-12-A21W-30
TCGA-BH-A0BZ-01A-41-A21V-30
TCGA-AO-A03O-01A-41-A21V-30
TCGA-A8-A08G-01A-13-A21W-30
TCGA-C8-A12T-01A-41-A21V-30
TCGA-BH-A0HP-01A-41-A21V-30
c4155b-C
TCGA-BH-A0E0-01A-41-A21V-30
TCGA-E2-A15A-01A-41-A21W-30
TCGA-A2-A0SX-01A-41-A21V-30
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TCGA-C8-A12V-01A-41-A21V-30
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TCGA-BH-A0C7-01A-31-A21V-30
TCGA-BH-A0HK-01A-41-A21V-30
TCGA-AR-A1AW-01A-41-A21V-30
TCGA-A2-A0EX-01A-41-A21V-30
TCGA-A8-A09G-01A-41-A21W-30
TCGA-BH-A0C1-01A-41-A21W-30
TCGA-AO-A0JE-01A-41-A21V-30
TCGA-A2-A0YM-01A-22-A21W-30
TCGA-C8-A134-01A-41-A21V-30
TCGA-A8-A06N-01A-41-A21V-30
TCGA-A2-A0T6-01A-41-A21V-30
TCGA-A2-A0YC-01A-41-A21V-30
TCGA-AO-A12E-01A-41-A21V-30
TCGA-C8-A130-01A-41-A21V-30
TCGA-AO-A0J9-01A-41-A21V-30
TCGA-C8-A12Z-01A-41-A21V-30
TCGA-A2-A0YI-01A-11-A21V-30
TCGA-A2-A0EV-01A-41-A21V-30
TCGA-AO-A0JJ-01A-31-A21W-30
TCGA-A2-A0CM-01A-11-A21V-30
TCGA-AO-A126-01A-22-A21W-30
TCGA-A8-A06Z-01A-22-A21V-30
TCGA-AR-A1AV-01A-41-A21V-30
TCGA-BH-A18Q-01A-41-A21W-30
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TCGA-E2-A158-01A-31-A21W-30
TCGA-AO-A0JM-01A-41-A21V-30
TCGA-A8-A076-01A-23-A21V-30
TCGA-BH-A0DG-01A-41-A21V-30
TCGA-C8-A12U-01A-41-A21V-30
TCGA-A2-A0SW-01A-41-A21V-30
TCGA-A2-A0D0-01A-41-A21W-30
TCGA-BH-A18N-01A-41-A21V-30
TCGA-AR-A1AP-01A-22-A21W-30
TCGA-AN-A0AL-01A-22-A21W-30
TCGA-C8-A138-01A-14-A21W-30
TCGA-A2-A0YG-01A-41-A21V-30
TCGA-AR-A0TT-01A-22-A21V-30
TCGA-D8-A142-01A-41-A21V-30
TCGA-AN-A04A-01A-31-A21W-30
TCGA-AR-A0TR-01A-41-A21V-30
TCGA-A2-A0EQ-01A-41-A21W-30
TCGA-A2-A0D2-01A-12-A21W-30
TCGA-AO-A12D-01A-41-A21V-30
TCGA-AR-A1AS-01A-41-A21W-30
TCGA-AO-A12D-01A-41-A21V-30
TCGA-AO-A12F-01A-41-A21V-30
TCGA-AO-A12B-01A-41-A21V-30
TCGA-AO-A12B-01A-41-A21V-30
TCGA-A2-A0EY-01A-41-A21V-30
TCGA-BH-A0BV-01A-41-A21V-30
TCGA-C8-A12L-01A-41-A21V-30
TCGA-AN-A0FK-01A-22-A21W-30
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02282aca-5731-11e8-b664-00a098d917f8
02820bfd-5730-11e8-b664-00a098d917f8
03412dd3-5731-11e8-b664-00a098d917f8
03a2add4-5730-11e8-b664-00a098d917f8
044d9c8b-5731-11e8-b664-00a098d917f8
04ee605b-5730-11e8-b664-00a098d917f8
055a7e0e-5731-11e8-b664-00a098d917f8
062f14c8-5730-11e8-b664-00a098d917f8
06893dc3-5731-11e8-b664-00a098d917f8
073e6fce-5730-11e8-b664-00a098d917f8
07b61baf-5731-11e8-b664-00a098d917f8
086bc179-5730-11e8-b664-00a098d917f8
08ec9cfc-5731-11e8-b664-00a098d917f8
09babd8b-5730-11e8-b664-00a098d917f8
0a028c58-5731-11e8-b664-00a098d917f8
0acc984e-5730-11e8-b664-00a098d917f8
0b1e33b0-5731-11e8-b664-00a098d917f8
0c35eecf-5731-11e8-b664-00a098d917f8
0c3d6c62-5730-11e8-b664-00a098d917f8
0d5bdada-5731-11e8-b664-00a098d917f8
0d7c14f8-5730-11e8-b664-00a098d917f8
0e71a95f-5731-11e8-b664-00a098d917f8
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11c67750-5731-11e8-b664-00a098d917f8
12bc47a1-5730-11e8-b664-00a098d917f8
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176a4f4d-5731-11e8-b664-00a098d917f8
17eebb7c-5730-11e8-b664-00a098d917f8
1871abc8-5731-11e8-b664-00a098d917f8
19252714-5730-11e8-b664-00a098d917f8
19bf61d8-5731-11e8-b664-00a098d917f8
1a6a71a8-5730-11e8-b664-00a098d917f8
1ace958b-5731-11e8-b664-00a098d917f8
1bc59f02-5730-11e8-b664-00a098d917f8
1be39e4d-5731-11e8-b664-00a098d917f8
1cda0f43-5730-11e8-b664-00a098d917f8
1e085f65-5730-11e8-b664-00a098d917f8
1f22973c-5730-11e8-b664-00a098d917f8
2060908a-5730-11e8-b664-00a098d917f8
2180c9b4-5730-11e8-b664-00a098d917f8
229c5ee0-5730-11e8-b664-00a098d917f8
2384aae1-5732-11e8-b664-00a098d917f8
23b02279-5730-11e8-b664-00a098d917f8
24f11985-5730-11e8-b664-00a098d917f8
250504a5-5732-11e8-b664-00a098d917f8
2614c662-5732-11e8-b664-00a098d917f8
272552bc-5732-11e8-b664-00a098d917f8
29867997-5732-11e8-b664-00a098d917f8
2a88e9c6-5732-11e8-b664-00a098d917f8
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morphology
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primary_diagnosis
Infiltrating duct and lobular carcinoma
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Lobular carcinoma, NOS
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tumor_grade
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not reported

tumor_stage
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 to be a target gene of active nuclear pSTAT3 in previous genome-wide occupancy studies 

of the STAT3 promoter (144–146). It should also be noted that a separate dataset 

containing phosphoproteomic data from the same tumor samples mentioned above was 

analyzed, and pSTAT3 (Y705) expression was detected. However, FAM3C was not 

detected in this dataset owing to its lack of post-translational phosphorylation. 

Interestingly, pPCBP1 (S43) was not detected in the phosphoproteomic dataset, 

suggesting that the lack of PCBP1 expression in these patients may be responsible for 

FAM3C upregulation as opposed to the loss of PCBP1 suppression of FAM3C translation 

that would occur following phosphorylation of PCBP1 at serine 43 by upstream kinases 

including AKT2. 

 In the current study, we confirmed that the loss of LIFR expression and signaling 

resulted in a loss of TWIST1 expression, and that pharmacological inhibition of pSTAT3 

caused a loss of TWIST1 expression through decreased transcriptional activity in 

shPCBP1 cells. To observe parallels in breast cancer, phosphoproteomic data from the 

TCGA Breast Cancer Proteome were analyzed using the same patient tumor samples 

shown in the preceding analysis. Heat map analysis showed a clear correlation between 

high levels of pSTAT3 and high levels of pTWIST1 (Fig. 32). Conversely, low levels of 

pSTAT3 correlated with low levels of pTWIST1. Additionally, in parallel with our 

observations in the NMuMG control (shSCR) cells used in the current study, low levels of 

pSTAT3 accumulated in healthy control samples, along with low pTWIST1 levels. It should 

be noted that the true accumulation levels of TWIST1 could not be observed in these 

samples because the analysis was restricted to pTWIST1 (S68). However, a recent study 

suggested that the phosphorylation of TWIST1 at serine 68 is a beacon of protein stability, 

owing to an increased proteasomal processing rate of unphosphorylated TWIST1. This 

study also showed a correlation between pTWIST1 (S68) and total TWIST1 protein in 

invasive human mammary carcinoma cell lines and concluded that phosphorylation of   
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Figure 32 – pSTAT3 accumulation correlates with pTWIST1 accumulation in human 
mammary carcinoma. Heat map analysis derived from “The TCGA Breast Cancer 
Phosphoproteome” dataset, showing the expression levels of pSTAT3 (Y705) and 
pTWIST1 (S68) in 108 human mammary carcinoma tumor samples and three normal 
mammary tissue control samples.    
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e-5730-1

1e8-b66
4-00a09

8d917f8
31f1123

b-5731-1
1e8-b66

4-00a09
8d917f8

322d98c
f-5730-1

1e8-b66
4-00a09

8d917f8
32fb929

b-5731-1
1e8-b66

4-00a09
8d917f8

3342280
6-5730-1

1e8-b66
4-00a09

8d917f8
340c663

4-5731-1
1e8-b66

4-00a09
8d917f8

347a034
e-5730-1

1e8-b66
4-00a09

8d917f8
354511a

c-5731-1
1e8-b66

4-00a09
8d917f8

359eb41
d-5730-1

1e8-b66
4-00a09

8d917f8
3653bf0

4-5731-1
1e8-b66

4-00a09
8d917f8

36ba046
b-5730-1

1e8-b66
4-00a09

8d917f8
3798052

d-5731-1
1e8-b66

4-00a09
8d917f8

37e994c
a-5730-1

1e8-b66
4-00a09

8d917f8
38b81c2

4-5731-1
1e8-b66

4-00a09
8d917f8

3936d5b
f-5730-1

1e8-b66
4-00a09

8d917f8
39c0d98

7-5731-1
1e8-b66

4-00a09
8d917f8

3a5ab3e
5-5730-1

1e8-b66
4-00a09

8d917f8
3acc2fe

3-5731-1
1e8-b66

4-00a09
8d917f8

3b7d4a1
7-5730-1

1e8-b66
4-00a09

8d917f8
3bd9bc6

a-5731-1
1e8-b66

4-00a09
8d917f8

3c99aca
a-5730-1

1e8-b66
4-00a09

8d917f8
3ce02c4

e-5731-1
1e8-b66

4-00a09
8d917f8

3dbe8d6
c-5730-1

1e8-b66
4-00a09

8d917f8
3df574c

3-5731-1
1e8-b66

4-00a09
8d917f8

3ed36a9
7-5730-1

1e8-b66
4-00a09

8d917f8
3fefd0d5

-5730-11
e8-b664

-00a098
d917f8

408bf91
c-5731-1

1e8-b66
4-00a09

8d917f8
410b193

9-5730-1
1e8-b66

4-00a09
8d917f8

419c9ca
3-5731-1

1e8-b66
4-00a09

8d917f8
4224457

e-5730-1
1e8-b66

4-00a09
8d917f8

42ae106
e-5731-1

1e8-b66
4-00a09

8d917f8
434931e

f-5730-1
1e8-b66

4-00a09
8d917f8

43c5708
0-5731-1

1e8-b66
4-00a09

8d917f8
446252a

e-5730-1
1e8-b66

4-00a09
8d917f8

44cf621
9-5731-1

1e8-b66
4-00a09

8d917f8
457ccc0

5-5730-1
1e8-b66

4-00a09
8d917f8

46a0035
c-5730-1

1e8-b66
4-00a09

8d917f8
481f864

0-5730-1
1e8-b66

4-00a09
8d917f8

497bc8d
1-5730-1

1e8-b66
4-00a09

8d917f8
4a9352a

3-5730-1
1e8-b66

4-00a09
8d917f8

4bd2e1c
e-5730-1

1e8-b66
4-00a09

8d917f8
4cf0dff9

-5730-11
e8-b664

-00a098
d917f8

4e09c4d
3-5730-1

1e8-b66
4-00a09

8d917f8
4f1be6c

c-5730-1
1e8-b66

4-00a09
8d917f8

5036551
a-5730-1

1e8-b66
4-00a09

8d917f8
50ac297

b-5732-1
1e8-b66

4-00a09
8d917f8

514739c
f-5730-1

1e8-b66
4-00a09

8d917f8
51b7523

5-5732-1
1e8-b66

4-00a09
8d917f8

52ddbdc
4-5732-1

1e8-b66
4-00a09

8d917f8
544b6da

b-5732-1
1e8-b66

4-00a09
8d917f8

5572961
c-5732-1

1e8-b66
4-00a09

8d917f8
569a80e

b-5732-1
1e8-b66

4-00a09
8d917f8

57f1579
4-5732-1

1e8-b66
4-00a09

8d917f8
593008c

3-5732-1
1e8-b66

4-00a09
8d917f8

5a7068f
c-5732-1

1e8-b66
4-00a09

8d917f8
5b91414

1-5732-1
1e8-b66

4-00a09
8d917f8

5c93b5e
7-5732-1

1e8-b66
4-00a09

8d917f8
5dd3b29

f-5732-1
1e8-b66

4-00a09
8d917f8

5f0fb35b
-5732-11

e8-b664
-00a098

d917f8
604ba90

3-5732-1
1e8-b66

4-00a09
8d917f8

6186d8a
3-5732-1

1e8-b66
4-00a09

8d917f8
62c20d5

3-5732-1
1e8-b66

4-00a09
8d917f8

63d4ef4
4-5732-1

1e8-b66
4-00a09

8d917f8
655fbbe

e-5732-1
1e8-b66

4-00a09
8d917f8

66651b2
3-5732-1

1e8-b66
4-00a09

8d917f8
67751b6

a-5732-1
1e8-b66

4-00a09
8d917f8

687bb61
3-5732-1

1e8-b66
4-00a09

8d917f8
6982fc2

0-5732-1
1e8-b66

4-00a09
8d917f8

6a9d37a
7-5732-1

1e8-b66
4-00a09

8d917f8
6ba7f90

4-5732-1
1e8-b66

4-00a09
8d917f8

6d0649c
8-5732-1

1e8-b66
4-00a09

8d917f8
6e0efaf6

-5732-11
e8-b664

-00a098
d917f8

6f1cecb
7-5732-1

1e8-b66
4-00a09

8d917f8
702d350

e-5732-1
1e8-b66

4-00a09
8d917f8

7137193
c-5732-1

1e8-b66
4-00a09

8d917f8
7273a8e

4-5732-1
1e8-b66

4-00a09
8d917f8

73b3caf
b-5732-1

1e8-b66
4-00a09

8d917f8
74bcac5

f-5732-1
1e8-b66

4-00a09
8d917f8

7735218
c-5732-1

1e8-b66
4-00a09

8d917f8
784099e

6-5732-1
1e8-b66

4-00a09
8d917f8

796489e
d-5732-1

1e8-b66
4-00a09

8d917f8

aliquot_
alias 263d3f-I A2-A0C

M-01A
A2-A0D

0-01A
A2-A0D

1-01A
A2-A0D

2-01A
A2-A0EQ

-01A
A2-A0EV

-01A
A2-A0EX

-01A
A2-A0EY

-01A
A2-A0SW

-01A
A2-A0SX

-01A
A2-A0T1

-01A
A2-A0T2

-01A
A2-A0T3

-01A
A2-A0T6

-01A
A2-A0T7

-01A
A2-A0YC

-01A
A2-A0YD

-01A
A2-A0YF

-01A
A2-A0YG

-01A
A2-A0YI

-01A
A2-A0YL

-01A
A2-A0YM

-01A
A7-A0C

D-01A
A7-A0C

E-01A
A7-A0C

J-01A
A7-A13F

-01A
A8-A06N

-01A
A8-A06Z

-01A
A8-A076

-01A
A8-A079

-01A
A8-A08G

-01A
A8-A08Z

-01A
A8-A09G

-01A
A8-A09I

-01A
AN-A04

A-01A
AN-A0A

J-01A
AN-A0A

L-01A
AN-A0A

M-01A
AN-A0A

S-01A
AN-A0F

K-01A
AN-A0F

L-01A
AO-A03

O-01A
AO-A0J

6-01A
AO-A0J

9-01A
AO-A0J

C-01A
AO-A0J

E-01A
AO-A0J

J-01A
AO-A0J

L-01A
AO-A0J

M-01A
AO-A12

6-01A
AO-A12

E-01A
AO-A12

F-01A
AR-A0T

R-01A
AR-A0T

T-01A
AR-A0T

V-01A
AR-A0T

X-01A
AR-A0T

Y-01A
AR-A0U

4-01A
AR-A1A

P-01A
AR-A1A

Q-01A
AR-A1A

S-01A
AR-A1A

V-01A
AR-A1A

W-01A
BH-A0A

V-01A
BH-A0B

V-01A
BH-A0B

Z-01A
BH-A0C

0-01A
BH-A0C

1-01A
BH-A0C

7-01A
BH-A0D

D-01A
BH-A0D

G-01A
BH-A0E

0-01A
BH-A0E

1-01A
BH-A0E

9-01A
BH-A0E

E-01A
BH-A0H

K-01A
BH-A0H

P-01A
BH-A18

N-01A
BH-A18

Q-01A
BH-A18

R-01A
BH-A18

U-01A
BH-A18

V-01A
blcdb9-I c4155b-

C
C8-A12L

-01A
C8-A12P

-01A
C8-A12Q

-01A
C8-A12T

-01A
C8-A12U

-01A
C8-A12V

-01A
C8-A12W

-01A
C8-A12Z

-01A
C8-A130

-01A
C8-A134

-01A
C8-A135

-01A
C8-A138

-01A
D8-A13Y

-01A
D8-A142

-01A
E2-A10A

-01A
E2-A150

-01A
E2-A154

-01A
E2-A158

-01A
E2-A159

-01A
E2-A15A

-01Amorphol
ogy 8500/3 8520/3 8522/3 None

primary_
diagnos

is
Infiltratin

g duct a
nd lobul

ar carcin
oma

Infiltratin
g duct c

arcinom
a, NOS

Lobular 
carcinom

a, NOS
Not Rec

eived

tumor_g
rade Not Rec

eived
not repo

rtedtumor_s
tage Not Rec

eived
not repo

rted
stage i stage ia stage ib stage iia stage iib stage iiia stage iiib stage iiic stage iv

id c4155b-C
blcdb9-I
263d3f-I
TCGA-D8-A13Y-01A-22-A21W-30
TCGA-A2-A0D0-01A-41-A21W-30
TCGA-AR-A0TY-01A-22-A21W-30
TCGA-A2-A0T7-01A-41-A21V-30
TCGA-A2-A0YI-01A-11-A21V-30
TCGA-BH-A0E0-01A-41-A21V-30
TCGA-A2-A0T1-01A-12-A21V-30
TCGA-E2-A150-01A-12-A21W-30
TCGA-A7-A0CD-01A-22-A21W-30
TCGA-A2-A0YL-01A-41-A21V-30
TCGA-A2-A0D1-01A-22-A21W-30
TCGA-AR-A1AQ-01A-12-A21W-30
TCGA-BH-A18R-01A-22-A21W-30
TCGA-C8-A12W-01A-41-A21V-30
TCGA-AO-A0J6-01A-22-A21W-30
TCGA-A8-A08G-01A-13-A21W-30
TCGA-C8-A12P-01A-22-A21W-30
TCGA-AR-A1AV-01A-41-A21V-30
TCGA-BH-A0HP-01A-41-A21V-30
TCGA-BH-A0C7-01A-31-A21V-30
TCGA-E2-A10A-01A-12-A21V-30
TCGA-A8-A09I-01A-13-A21V-30
TCGA-BH-A0BZ-01A-41-A21V-30
TCGA-BH-A0C0-01A-23-A21V-30
TCGA-AN-A0FL-01A-12-A21V-30
TCGA-AN-A0AS-01A-22-A21W-30
TCGA-BH-A0HK-01A-41-A21V-30
TCGA-A8-A06N-01A-41-A21V-30
TCGA-A8-A06Z-01A-22-A21V-30
TCGA-C8-A12Q-01A-51-A21V-30
TCGA-BH-A18V-01A-31-A21W-30
TCGA-BH-A0DD-01A-41-A21V-30
TCGA-AR-A0TX-01A-41-A21V-30
TCGA-C8-A12Z-01A-41-A21V-30
TCGA-A2-A0T3-01A-22-A21V-30
TCGA-AO-A03O-01A-41-A21V-30
TCGA-A2-A0T2-01A-13-A21W-30
TCGA-A2-A0D2-01A-12-A21W-30
TCGA-AO-A0JC-01A-41-A21V-30
TCGA-BH-A18N-01A-41-A21V-30
TCGA-AN-A0FK-01A-22-A21W-30
TCGA-A2-A0YD-01A-41-A21V-30
TCGA-BH-A0E9-01B-22-A21V-30
TCGA-AR-A0U4-01A-22-A21V-30
TCGA-D8-A142-01A-41-A21V-30
TCGA-C8-A12U-01A-41-A21V-30
TCGA-A8-A09G-01A-41-A21W-30
TCGA-AN-A0AJ-01A-22-A21W-30
TCGA-BH-A18Q-01A-41-A21W-30
TCGA-AO-A0J9-01A-41-A21V-30
TCGA-A7-A0CJ-01A-32-A21V-30
TCGA-AO-A126-01A-22-A21W-30
TCGA-AO-A0JJ-01A-31-A21W-30
TCGA-BH-A18U-01A-61-A21W-30
TCGA-AR-A0TT-01A-22-A21V-30
TCGA-A8-A079-01A-12-A21V-30
TCGA-A2-A0YG-01A-41-A21V-30
TCGA-A7-A13F-01A-51-A21V-30
TCGA-C8-A135-01A-41-A21V-30
TCGA-A8-A08Z-01A-12-A21V-30
TCGA-AR-A0TV-01A-41-A21V-30
TCGA-AR-A1AW-01A-41-A21V-30
TCGA-C8-A12V-01A-41-A21V-30
TCGA-BH-A0AV-01A-32-A21V-30
TCGA-E2-A158-01A-31-A21W-30
TCGA-AR-A1AP-01A-22-A21W-30
TCGA-AO-A0JM-01A-41-A21V-30
TCGA-AN-A04A-01A-31-A21W-30
TCGA-E2-A15A-01A-41-A21W-30
TCGA-C8-A12L-01A-41-A21V-30
TCGA-A2-A0EX-01A-41-A21V-30
TCGA-A2-A0T6-01A-41-A21V-30
TCGA-AN-A0AM-01A-22-A21W-30
TCGA-C8-A138-01A-14-A21W-30
TCGA-AR-A0TR-01A-41-A21V-30
TCGA-C8-A12T-01A-41-A21V-30
TCGA-A2-A0EQ-01A-41-A21W-30
TCGA-A7-A0CE-01A-41-A21V-30
TCGA-C8-A134-01A-41-A21V-30
TCGA-E2-A154-01A-41-A21V-30
TCGA-A2-A0SX-01A-41-A21V-30
TCGA-BH-A0DG-01A-41-A21V-30
TCGA-A2-A0YF-01A-41-A21V-30
TCGA-A2-A0EY-01A-41-A21V-30
TCGA-C8-A130-01A-41-A21V-30
TCGA-AO-A0JE-01A-41-A21V-30
TCGA-A2-A0CM-01A-11-A21V-30
TCGA-BH-A0E1-01A-41-A21V-30
TCGA-AR-A1AS-01A-41-A21W-30
TCGA-A8-A076-01A-23-A21V-30
TCGA-AN-A0AL-01A-22-A21W-30
TCGA-AO-A12F-01A-41-A21V-30
TCGA-A2-A0EV-01A-41-A21V-30
TCGA-A2-A0YC-01A-41-A21V-30
TCGA-A2-A0YM-01A-22-A21W-30
TCGA-AO-A12E-01A-41-A21V-30
TCGA-BH-A0C1-01A-41-A21W-30
TCGA-BH-A0EE-01A-41-A21V-30
TCGA-E2-A159-01A-12-A21W-30
TCGA-AO-A0JL-01A-41-A21W-30
TCGA-A2-A0SW-01A-41-A21V-30
TCGA-BH-A0BV-01A-41-A21V-30

aliquot_
submitte

r_id
aliquot_

alias morphol
ogy

primary_
diagnos

is
tumor_g

rade
tumor_s

tage
NP_644

805.1:y7
05

NP_000
465.1:s6

8

id pS
TA

T3
 (Y

70
5)

pT
W

IS
T1

 (S
68

)

Normal 
Samples

Mor
ph

olo
gy

Pr
im

. D
iag

.
Tu

mor
 G

ra
de

Tu
mor

 S
tag

e

row min row max

id
1e0b473a-5731-11e8-b664-00a098d917f8
1f1c433b-5731-11e8-b664-00a098d917f8
2062d292-5731-11e8-b664-00a098d917f8
2169156a-5731-11e8-b664-00a098d917f8
226c484a-5731-11e8-b664-00a098d917f8
237e693d-5731-11e8-b664-00a098d917f8
2486a9c8-5731-11e8-b664-00a098d917f8
25939e72-5731-11e8-b664-00a098d917f8
26a39aa2-5731-11e8-b664-00a098d917f8
27ab3e15-5731-11e8-b664-00a098d917f8
27c280fc-5730-11e8-b664-00a098d917f8
28bae257-5731-11e8-b664-00a098d917f8
2908ad02-5730-11e8-b664-00a098d917f8
29c7453c-5731-11e8-b664-00a098d917f8
2a6ad6e7-5730-11e8-b664-00a098d917f8
2ad85b31-5731-11e8-b664-00a098d917f8
2be2f23a-5731-11e8-b664-00a098d917f8
2d036e4e-5730-11e8-b664-00a098d917f8
2d31e590-5731-11e8-b664-00a098d917f8
2e5bfb01-5731-11e8-b664-00a098d917f8
2e7bc181-5730-11e8-b664-00a098d917f8
2f76a8c8-5731-11e8-b664-00a098d917f8
2fdc32e5-5730-11e8-b664-00a098d917f8
30b60344-5731-11e8-b664-00a098d917f8
310cee7e-5730-11e8-b664-00a098d917f8
31f1123b-5731-11e8-b664-00a098d917f8
322d98cf-5730-11e8-b664-00a098d917f8
32fb929b-5731-11e8-b664-00a098d917f8
33422806-5730-11e8-b664-00a098d917f8
340c6634-5731-11e8-b664-00a098d917f8
347a034e-5730-11e8-b664-00a098d917f8
354511ac-5731-11e8-b664-00a098d917f8
359eb41d-5730-11e8-b664-00a098d917f8
3653bf04-5731-11e8-b664-00a098d917f8
36ba046b-5730-11e8-b664-00a098d917f8
3798052d-5731-11e8-b664-00a098d917f8
37e994ca-5730-11e8-b664-00a098d917f8
38b81c24-5731-11e8-b664-00a098d917f8
3936d5bf-5730-11e8-b664-00a098d917f8
39c0d987-5731-11e8-b664-00a098d917f8
3a5ab3e5-5730-11e8-b664-00a098d917f8
3acc2fe3-5731-11e8-b664-00a098d917f8
3b7d4a17-5730-11e8-b664-00a098d917f8
3bd9bc6a-5731-11e8-b664-00a098d917f8
3c99acaa-5730-11e8-b664-00a098d917f8
3ce02c4e-5731-11e8-b664-00a098d917f8
3dbe8d6c-5730-11e8-b664-00a098d917f8
3df574c3-5731-11e8-b664-00a098d917f8
3ed36a97-5730-11e8-b664-00a098d917f8
3fefd0d5-5730-11e8-b664-00a098d917f8
408bf91c-5731-11e8-b664-00a098d917f8
410b1939-5730-11e8-b664-00a098d917f8
419c9ca3-5731-11e8-b664-00a098d917f8
4224457e-5730-11e8-b664-00a098d917f8
42ae106e-5731-11e8-b664-00a098d917f8
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43c57080-5731-11e8-b664-00a098d917f8
446252ae-5730-11e8-b664-00a098d917f8
44cf6219-5731-11e8-b664-00a098d917f8
457ccc05-5730-11e8-b664-00a098d917f8
46a0035c-5730-11e8-b664-00a098d917f8
481f8640-5730-11e8-b664-00a098d917f8
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4a9352a3-5730-11e8-b664-00a098d917f8
4bd2e1ce-5730-11e8-b664-00a098d917f8
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51b75235-5732-11e8-b664-00a098d917f8
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5572961c-5732-11e8-b664-00a098d917f8
569a80eb-5732-11e8-b664-00a098d917f8
57f15794-5732-11e8-b664-00a098d917f8
593008c3-5732-11e8-b664-00a098d917f8
5a7068fc-5732-11e8-b664-00a098d917f8
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702d350e-5732-11e8-b664-00a098d917f8
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74bcac5f-5732-11e8-b664-00a098d917f8
7735218c-5732-11e8-b664-00a098d917f8
784099e6-5732-11e8-b664-00a098d917f8
796489ed-5732-11e8-b664-00a098d917f8

aliquot_alias
263d3f-I
A2-A0CM-01A
A2-A0D0-01A
A2-A0D1-01A
A2-A0D2-01A
A2-A0EQ-01A
A2-A0EV-01A
A2-A0EX-01A
A2-A0EY-01A
A2-A0SW-01A
A2-A0SX-01A
A2-A0T1-01A
A2-A0T2-01A
A2-A0T3-01A
A2-A0T6-01A
A2-A0T7-01A
A2-A0YC-01A
A2-A0YD-01A
A2-A0YF-01A
A2-A0YG-01A
A2-A0YI-01A
A2-A0YL-01A
A2-A0YM-01A
A7-A0CD-01A
A7-A0CE-01A
A7-A0CJ-01A
A7-A13F-01A
A8-A06N-01A
A8-A06Z-01A
A8-A076-01A
A8-A079-01A
A8-A08G-01A
A8-A08Z-01A
A8-A09G-01A
A8-A09I-01A
AN-A04A-01A
AN-A0AJ-01A
AN-A0AL-01A
AN-A0AM-01A
AN-A0AS-01A
AN-A0FK-01A
AN-A0FL-01A
AO-A03O-01A
AO-A0J6-01A
AO-A0J9-01A
AO-A0JC-01A
AO-A0JE-01A
AO-A0JJ-01A
AO-A0JL-01A
AO-A0JM-01A
AO-A126-01A
AO-A12E-01A
AO-A12F-01A
AR-A0TR-01A
AR-A0TT-01A
AR-A0TV-01A
AR-A0TX-01A
AR-A0TY-01A
AR-A0U4-01A
AR-A1AP-01A
AR-A1AQ-01A
AR-A1AS-01A
AR-A1AV-01A
AR-A1AW-01A
BH-A0AV-01A
BH-A0BV-01A
BH-A0BZ-01A
BH-A0C0-01A
BH-A0C1-01A
BH-A0C7-01A
BH-A0DD-01A
BH-A0DG-01A
BH-A0E0-01A
BH-A0E1-01A
BH-A0E9-01A
BH-A0EE-01A
BH-A0HK-01A
BH-A0HP-01A
BH-A18N-01A
BH-A18Q-01A
BH-A18R-01A
BH-A18U-01A
BH-A18V-01A
blcdb9-I
c4155b-C
C8-A12L-01A
C8-A12P-01A
C8-A12Q-01A
C8-A12T-01A
C8-A12U-01A
C8-A12V-01A
C8-A12W-01A
C8-A12Z-01A
C8-A130-01A
C8-A134-01A
C8-A135-01A
C8-A138-01A
D8-A13Y-01A
D8-A142-01A
E2-A10A-01A
E2-A150-01A
E2-A154-01A
E2-A158-01A
E2-A159-01A
E2-A15A-01A

morphology
8500/3
8520/3
8522/3
None

primary_diagnosis
Infiltrating duct and lobular carcinoma
Infiltrating duct carcinoma, NOS
Lobular carcinoma, NOS
Not Received

tumor_grade
Not Received
not reported

tumor_stage
Not Received
not reported
stage i
stage ia
stage ib
stage iia
stage iib
stage iiia
stage iiib
stage iiic
stage iv
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aliquot_submitter_id
aliquot_alias
morphology

primary_diagnosis
tumor_grade
tumor_stage

NP_644805.1:y705
NP_000465.1:s68

id

row min row max

id
1e0b473a-5731-11e8-b664-00a098d917f8
1f1c433b-5731-11e8-b664-00a098d917f8
2062d292-5731-11e8-b664-00a098d917f8
2169156a-5731-11e8-b664-00a098d917f8
226c484a-5731-11e8-b664-00a098d917f8
237e693d-5731-11e8-b664-00a098d917f8
2486a9c8-5731-11e8-b664-00a098d917f8
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26a39aa2-5731-11e8-b664-00a098d917f8
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2fdc32e5-5730-11e8-b664-00a098d917f8
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322d98cf-5730-11e8-b664-00a098d917f8
32fb929b-5731-11e8-b664-00a098d917f8
33422806-5730-11e8-b664-00a098d917f8
340c6634-5731-11e8-b664-00a098d917f8
347a034e-5730-11e8-b664-00a098d917f8
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3798052d-5731-11e8-b664-00a098d917f8
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702d350e-5732-11e8-b664-00a098d917f8
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aliquot_alias
263d3f-I
A2-A0CM-01A
A2-A0D0-01A
A2-A0D1-01A
A2-A0D2-01A
A2-A0EQ-01A
A2-A0EV-01A
A2-A0EX-01A
A2-A0EY-01A
A2-A0SW-01A
A2-A0SX-01A
A2-A0T1-01A
A2-A0T2-01A
A2-A0T3-01A
A2-A0T6-01A
A2-A0T7-01A
A2-A0YC-01A
A2-A0YD-01A
A2-A0YF-01A
A2-A0YG-01A
A2-A0YI-01A
A2-A0YL-01A
A2-A0YM-01A
A7-A0CD-01A
A7-A0CE-01A
A7-A0CJ-01A
A7-A13F-01A
A8-A06N-01A
A8-A06Z-01A
A8-A076-01A
A8-A079-01A
A8-A08G-01A
A8-A08Z-01A
A8-A09G-01A
A8-A09I-01A
AN-A04A-01A
AN-A0AJ-01A
AN-A0AL-01A
AN-A0AM-01A
AN-A0AS-01A
AN-A0FK-01A
AN-A0FL-01A
AO-A03O-01A
AO-A0J6-01A
AO-A0J9-01A
AO-A0JC-01A
AO-A0JE-01A
AO-A0JJ-01A
AO-A0JL-01A
AO-A0JM-01A
AO-A126-01A
AO-A12E-01A
AO-A12F-01A
AR-A0TR-01A
AR-A0TT-01A
AR-A0TV-01A
AR-A0TX-01A
AR-A0TY-01A
AR-A0U4-01A
AR-A1AP-01A
AR-A1AQ-01A
AR-A1AS-01A
AR-A1AV-01A
AR-A1AW-01A
BH-A0AV-01A
BH-A0BV-01A
BH-A0BZ-01A
BH-A0C0-01A
BH-A0C1-01A
BH-A0C7-01A
BH-A0DD-01A
BH-A0DG-01A
BH-A0E0-01A
BH-A0E1-01A
BH-A0E9-01A
BH-A0EE-01A
BH-A0HK-01A
BH-A0HP-01A
BH-A18N-01A
BH-A18Q-01A
BH-A18R-01A
BH-A18U-01A
BH-A18V-01A
blcdb9-I
c4155b-C
C8-A12L-01A
C8-A12P-01A
C8-A12Q-01A
C8-A12T-01A
C8-A12U-01A
C8-A12V-01A
C8-A12W-01A
C8-A12Z-01A
C8-A130-01A
C8-A134-01A
C8-A135-01A
C8-A138-01A
D8-A13Y-01A
D8-A142-01A
E2-A10A-01A
E2-A150-01A
E2-A154-01A
E2-A158-01A
E2-A159-01A
E2-A15A-01A

morphology
8500/3
8520/3
8522/3
None

primary_diagnosis
Infiltrating duct and lobular carcinoma
Infiltrating duct carcinoma, NOS
Lobular carcinoma, NOS
Not Received

tumor_grade
Not Received
not reported

tumor_stage
Not Received
not reported
stage i
stage ia
stage ib
stage iia
stage iib
stage iiia
stage iiib
stage iiic
stage iv
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aliquot_submitter_id
aliquot_alias
morphology

primary_diagnosis
tumor_grade
tumor_stage

NP_644805.1:y705
NP_000465.1:s68

id

row min row max

id
1e0b473a-5731-11e8-b664-00a098d917f8
1f1c433b-5731-11e8-b664-00a098d917f8
2062d292-5731-11e8-b664-00a098d917f8
2169156a-5731-11e8-b664-00a098d917f8
226c484a-5731-11e8-b664-00a098d917f8
237e693d-5731-11e8-b664-00a098d917f8
2486a9c8-5731-11e8-b664-00a098d917f8
25939e72-5731-11e8-b664-00a098d917f8
26a39aa2-5731-11e8-b664-00a098d917f8
27ab3e15-5731-11e8-b664-00a098d917f8
27c280fc-5730-11e8-b664-00a098d917f8
28bae257-5731-11e8-b664-00a098d917f8
2908ad02-5730-11e8-b664-00a098d917f8
29c7453c-5731-11e8-b664-00a098d917f8
2a6ad6e7-5730-11e8-b664-00a098d917f8
2ad85b31-5731-11e8-b664-00a098d917f8
2be2f23a-5731-11e8-b664-00a098d917f8
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aliquot_alias
263d3f-I
A2-A0CM-01A
A2-A0D0-01A
A2-A0D1-01A
A2-A0D2-01A
A2-A0EQ-01A
A2-A0EV-01A
A2-A0EX-01A
A2-A0EY-01A
A2-A0SW-01A
A2-A0SX-01A
A2-A0T1-01A
A2-A0T2-01A
A2-A0T3-01A
A2-A0T6-01A
A2-A0T7-01A
A2-A0YC-01A
A2-A0YD-01A
A2-A0YF-01A
A2-A0YG-01A
A2-A0YI-01A
A2-A0YL-01A
A2-A0YM-01A
A7-A0CD-01A
A7-A0CE-01A
A7-A0CJ-01A
A7-A13F-01A
A8-A06N-01A
A8-A06Z-01A
A8-A076-01A
A8-A079-01A
A8-A08G-01A
A8-A08Z-01A
A8-A09G-01A
A8-A09I-01A
AN-A04A-01A
AN-A0AJ-01A
AN-A0AL-01A
AN-A0AM-01A
AN-A0AS-01A
AN-A0FK-01A
AN-A0FL-01A
AO-A03O-01A
AO-A0J6-01A
AO-A0J9-01A
AO-A0JC-01A
AO-A0JE-01A
AO-A0JJ-01A
AO-A0JL-01A
AO-A0JM-01A
AO-A126-01A
AO-A12E-01A
AO-A12F-01A
AR-A0TR-01A
AR-A0TT-01A
AR-A0TV-01A
AR-A0TX-01A
AR-A0TY-01A
AR-A0U4-01A
AR-A1AP-01A
AR-A1AQ-01A
AR-A1AS-01A
AR-A1AV-01A
AR-A1AW-01A
BH-A0AV-01A
BH-A0BV-01A
BH-A0BZ-01A
BH-A0C0-01A
BH-A0C1-01A
BH-A0C7-01A
BH-A0DD-01A
BH-A0DG-01A
BH-A0E0-01A
BH-A0E1-01A
BH-A0E9-01A
BH-A0EE-01A
BH-A0HK-01A
BH-A0HP-01A
BH-A18N-01A
BH-A18Q-01A
BH-A18R-01A
BH-A18U-01A
BH-A18V-01A
blcdb9-I
c4155b-C
C8-A12L-01A
C8-A12P-01A
C8-A12Q-01A
C8-A12T-01A
C8-A12U-01A
C8-A12V-01A
C8-A12W-01A
C8-A12Z-01A
C8-A130-01A
C8-A134-01A
C8-A135-01A
C8-A138-01A
D8-A13Y-01A
D8-A142-01A
E2-A10A-01A
E2-A150-01A
E2-A154-01A
E2-A158-01A
E2-A159-01A
E2-A15A-01A

morphology
8500/3
8520/3
8522/3
None

primary_diagnosis
Infiltrating duct and lobular carcinoma
Infiltrating duct carcinoma, NOS
Lobular carcinoma, NOS
Not Received

tumor_grade
Not Received
not reported

tumor_stage
Not Received
not reported
stage i
stage ia
stage ib
stage iia
stage iib
stage iiia
stage iiib
stage iiic
stage iv
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aliquot_submitter_id
aliquot_alias
morphology

primary_diagnosis
tumor_grade
tumor_stage

NP_644805.1:y705
NP_000465.1:s68

id

row min row max

id
1e0b473a-5731-11e8-b664-00a098d917f8
1f1c433b-5731-11e8-b664-00a098d917f8
2062d292-5731-11e8-b664-00a098d917f8
2169156a-5731-11e8-b664-00a098d917f8
226c484a-5731-11e8-b664-00a098d917f8
237e693d-5731-11e8-b664-00a098d917f8
2486a9c8-5731-11e8-b664-00a098d917f8
25939e72-5731-11e8-b664-00a098d917f8
26a39aa2-5731-11e8-b664-00a098d917f8
27ab3e15-5731-11e8-b664-00a098d917f8
27c280fc-5730-11e8-b664-00a098d917f8
28bae257-5731-11e8-b664-00a098d917f8
2908ad02-5730-11e8-b664-00a098d917f8
29c7453c-5731-11e8-b664-00a098d917f8
2a6ad6e7-5730-11e8-b664-00a098d917f8
2ad85b31-5731-11e8-b664-00a098d917f8
2be2f23a-5731-11e8-b664-00a098d917f8
2d036e4e-5730-11e8-b664-00a098d917f8
2d31e590-5731-11e8-b664-00a098d917f8
2e5bfb01-5731-11e8-b664-00a098d917f8
2e7bc181-5730-11e8-b664-00a098d917f8
2f76a8c8-5731-11e8-b664-00a098d917f8
2fdc32e5-5730-11e8-b664-00a098d917f8
30b60344-5731-11e8-b664-00a098d917f8
310cee7e-5730-11e8-b664-00a098d917f8
31f1123b-5731-11e8-b664-00a098d917f8
322d98cf-5730-11e8-b664-00a098d917f8
32fb929b-5731-11e8-b664-00a098d917f8
33422806-5730-11e8-b664-00a098d917f8
340c6634-5731-11e8-b664-00a098d917f8
347a034e-5730-11e8-b664-00a098d917f8
354511ac-5731-11e8-b664-00a098d917f8
359eb41d-5730-11e8-b664-00a098d917f8
3653bf04-5731-11e8-b664-00a098d917f8
36ba046b-5730-11e8-b664-00a098d917f8
3798052d-5731-11e8-b664-00a098d917f8
37e994ca-5730-11e8-b664-00a098d917f8
38b81c24-5731-11e8-b664-00a098d917f8
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410b1939-5730-11e8-b664-00a098d917f8
419c9ca3-5731-11e8-b664-00a098d917f8
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42ae106e-5731-11e8-b664-00a098d917f8
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446252ae-5730-11e8-b664-00a098d917f8
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6a9d37a7-5732-11e8-b664-00a098d917f8
6ba7f904-5732-11e8-b664-00a098d917f8
6d0649c8-5732-11e8-b664-00a098d917f8
6e0efaf6-5732-11e8-b664-00a098d917f8
6f1cecb7-5732-11e8-b664-00a098d917f8
702d350e-5732-11e8-b664-00a098d917f8
7137193c-5732-11e8-b664-00a098d917f8
7273a8e4-5732-11e8-b664-00a098d917f8
73b3cafb-5732-11e8-b664-00a098d917f8
74bcac5f-5732-11e8-b664-00a098d917f8
7735218c-5732-11e8-b664-00a098d917f8
784099e6-5732-11e8-b664-00a098d917f8
796489ed-5732-11e8-b664-00a098d917f8

aliquot_alias
263d3f-I
A2-A0CM-01A
A2-A0D0-01A
A2-A0D1-01A
A2-A0D2-01A
A2-A0EQ-01A
A2-A0EV-01A
A2-A0EX-01A
A2-A0EY-01A
A2-A0SW-01A
A2-A0SX-01A
A2-A0T1-01A
A2-A0T2-01A
A2-A0T3-01A
A2-A0T6-01A
A2-A0T7-01A
A2-A0YC-01A
A2-A0YD-01A
A2-A0YF-01A
A2-A0YG-01A
A2-A0YI-01A
A2-A0YL-01A
A2-A0YM-01A
A7-A0CD-01A
A7-A0CE-01A
A7-A0CJ-01A
A7-A13F-01A
A8-A06N-01A
A8-A06Z-01A
A8-A076-01A
A8-A079-01A
A8-A08G-01A
A8-A08Z-01A
A8-A09G-01A
A8-A09I-01A
AN-A04A-01A
AN-A0AJ-01A
AN-A0AL-01A
AN-A0AM-01A
AN-A0AS-01A
AN-A0FK-01A
AN-A0FL-01A
AO-A03O-01A
AO-A0J6-01A
AO-A0J9-01A
AO-A0JC-01A
AO-A0JE-01A
AO-A0JJ-01A
AO-A0JL-01A
AO-A0JM-01A
AO-A126-01A
AO-A12E-01A
AO-A12F-01A
AR-A0TR-01A
AR-A0TT-01A
AR-A0TV-01A
AR-A0TX-01A
AR-A0TY-01A
AR-A0U4-01A
AR-A1AP-01A
AR-A1AQ-01A
AR-A1AS-01A
AR-A1AV-01A
AR-A1AW-01A
BH-A0AV-01A
BH-A0BV-01A
BH-A0BZ-01A
BH-A0C0-01A
BH-A0C1-01A
BH-A0C7-01A
BH-A0DD-01A
BH-A0DG-01A
BH-A0E0-01A
BH-A0E1-01A
BH-A0E9-01A
BH-A0EE-01A
BH-A0HK-01A
BH-A0HP-01A
BH-A18N-01A
BH-A18Q-01A
BH-A18R-01A
BH-A18U-01A
BH-A18V-01A
blcdb9-I
c4155b-C
C8-A12L-01A
C8-A12P-01A
C8-A12Q-01A
C8-A12T-01A
C8-A12U-01A
C8-A12V-01A
C8-A12W-01A
C8-A12Z-01A
C8-A130-01A
C8-A134-01A
C8-A135-01A
C8-A138-01A
D8-A13Y-01A
D8-A142-01A
E2-A10A-01A
E2-A150-01A
E2-A154-01A
E2-A158-01A
E2-A159-01A
E2-A15A-01A

morphology
8500/3
8520/3
8522/3
None

primary_diagnosis
Infiltrating duct and lobular carcinoma
Infiltrating duct carcinoma, NOS
Lobular carcinoma, NOS
Not Received

tumor_grade
Not Received
not reported

tumor_stage
Not Received
not reported
stage i
stage ia
stage ib
stage iia
stage iib
stage iiia
stage iiib
stage iiic
stage iv
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TWIST1 at serine 68 promotes breast cancer invasion (156). These observations suggest 

that the intracellular mechanisms characterized downstream of FAM3C/LIFR interaction 

using mouse cells in the current study can be investigated further in human disease and 

can potentially reveal properties that are targetable by clinical interventions. 

 In the current study, we observed that the loss of LIFR expression attenuated the 

phenotypic properties of shPCBP1 cells, including invasion, migration, and self-renewal. 

We also observed that recombinant TWIST1 overexpression resulted in increased 

expression of LIFR in a shPCBP1 cell line derivative that previously lacked TWIST1 

(FAM3C KO cells), suggesting that TWIST1 participation in the LIFR-promoted phenotypic 

properties was plausible. Previous studies have demonstrated TWIST1-dependent EMT 

downstream of pSTAT3 in metastatic derivatives of human mammary carcinoma cell lines, 

suggesting that TWIST1 affects breast cancer phenotypes in clinical settings in the context 

of observations made in mouse cells in the current study (131). Additionally, previous 

studies have illustrated the applicability of TWIST1 expression levels as a prognostic 

indicator in breast cancer, and have shown that high TWIST1 expression correlates with 

poor prognosis, using both tumor microarray immunohistochemistry and PCR from frozen 

specimens (157, 158).  

To examine the possibility that high TWIST1 expression levels correlate with 

patient survival, Kaplan-Meier analysis was conducted using TWIST1 mRNA levels from 

Affymetrix Gene-chip analysis in a cohort of breast cancer patients. The results clearly 

showed a significant decrease in overall survival (OS) and distant metastasis-free survival 

(DMFS) in large groups of patients with high TWIST1 expression compared to those with 

low TWIST1 expression (Fig. 33). These data align with the findings of previous clinical 

studies and suggest a mechanism responsible for the phenotypic changes induced by 

LIFR expression in the current study. Notably, overexpression of TWIST1 did not yield any 

significant phenotypic outcomes in the shPCBP1 cell line derivatives in the current study 
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(data not shown). Additionally, further segregation of the cohort in the Kaplan-Meier 

analysis described above showed that a significant decrease in OS correlated with high 

TWIST1 expression in patients with pathologies including TNBC (n=201), ER+, HER2- (n 

= 630), basal subtype (n = 431), luminal A subtype (n = 596), grade 3 tumors (n = 586), 

and HER2+ (n = 420) (data not shown). However, when the cohort was adjusted to 

exclude patients who had not received systemic chemotherapy or endocrine therapy, 

there was a reverse outcome, and low TWIST1 levels correlated with a significant 

decrease in OS (n = 584). Therefore, TWIST1 expression may fail to provide a universal 

prognostic indication for all breast cancer pathologies. Further studies are required to 

delineate the distinct clinical features associated with TWIST1 expression in breast 

cancer. However, the analyses conducted here provide strong reinforcement for previous 

preclinical and clinical characterization of TWIST1 as an oncogenic driver and as a protein 

that plays an important role in the phenotype of mammary epithelial cells. 
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Figure 33 – High TWIST1 expression correlates with reduced survival in human 
mammary carcinoma. Kaplan-Meier analysis plots showing the overall survival (OS) and 
distant metastasis-free survival (DMFS) rates of cancer patients and their corresponding 
mRNA levels of TWIST1, derived from Affymetrix gene chip experimental data. The 
hazard ratio (HR) represents the cutoff value with the highest hazard rate, where a value 
of “1” indicates no difference and a value of “2” indicates a 100% difference. 
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5.2 Additional considerations 

Our previous study demonstrated the effect of FAM3C or LIFR knockdown in 

shPCBP1 cells by revealing that increased self-renewal in vitro and decreased tumor 

burden and metastasis in vivo were dependent on FAM3C/LIFR interaction and 

subsequent pSTAT3 induction (28). Preclinical studies by other groups have likewise 

demonstrated that LIFR expression promotes breast cancer progression. As described in 

Chapter 1 (Section 1.3), more than ten examples of preclinical characterization of 

LIFR/JAK/STAT3 in various cancer types are associated with the conclusion that 

increased LIFR expression promotes disease progression (71). However, several studies 

have shown that increased LIFR expression can suppress disease progression through 

its induction of JAK/STAT3 and other signaling pathways, suggesting that the role of LIFR 

is “pleiotropic” due to its range of potential downstream regulatory effects. The ability to 

translate our understanding of LIFR expression into clinical applications is therefore 

paradoxical and appears to be dependent on the preclinical experimental context and/or 

tissue of origin.  

Considering future directions, it may be most appropriate to revisit contexts that 

have high potential for clinical translation and improved treatment efficacy. For example, 

LIFR expression has been considered in the context of therapeutic interventions for breast 

cancer using histone deacetylase inhibitor (HDACi) drugs. In 2016, Zeng et al. used 

human mammary carcinoma cell lines and patient-derived xenografts to demonstrate that 

upregulation of LIFR occurs following histone deacetylase inhibition (HDACi) and 

subsequently causes increased expression of STAT3-target genes associated with 

resistance to apoptosis. Zeng et al. concluded that LIFR-induced pSTAT3 promotes 

disease by decreasing the efficacy of HDACi therapy (159). However, in 2017, Johnson 

et al. suggested that although LIFR expression increases in human mammary carcinoma 

cell lines following HDACi treatment, upregulation of STAT3-target genes not only induces 
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stemness, but also dormancy in cancer cells (160). Although Johnson et al. further 

characterized the induction of LIFR expression following HDACi treatment in a later study 

and reached conclusions that were similar to those of Zeng et al., it was demonstrated 

that LIFR upregulation following HDACi treatment drives cancer cell dormancy, potentially 

prolonging patient survival (161). The preceding example highlights the need to fully 

understand the impact of LIFR on disease progression despite the fact that data 

interpretations from independent inquiries have yielded similar results and conclusions. 

Several additional studies by other groups have provided preclinical in vivo 

evidence suggesting that LIFR suppresses disease progression by inducing JAK/STAT3 

and other pathways including HIPPO and PI3K/AKT (70, 162). Although examination of 

the preponderance of pan-cancer preclinical data characterizes LIFR as a promoter of 

carcinoma pathology (approximately two-thirds of examples), a considerable amount of 

data has shown that LIFR can act as a suppressor of disease progression, prompting the 

need to carefully consider each case independently. For example, it is important to note 

that our experimental context showcased the manipulation of LIFR expression in 

tumorigenic cells that have previously undergone EMT. The role of EMT in the promotion 

of disease progression and the degree to which it affects the phenotype of cancer cells 

can potentially vary and may explain some of the differences in the conclusions drawn by 

other groups attempting to define the role of LIFR in disease progression. Our previous 

studies have clearly demonstrated the role of shPCBP1-mediated EMT in the progression 

of mammary carcinoma in vivo and was therefore selected as an appropriate experimental 

context for further characterization of FAM3C/LIFR/STAT3 participation in the regulation 

of pathological features. However, it is important to consider that the loss of PCBP1 

expression may not cause the same degree of EMT in all epithelial tissues, and therefore 

may not always create a parallel experimental model for studying the contribution of LIFR 

expression to carcinoma metastasis and/or disease progression. 
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In the transcriptomic analysis conducted in the current study, we focused on the 

genes hypothesized to be regulated downstream of pSTAT3 induction; however, it is 

important to note that LIFR has been shown to activate signal transduction through several 

additional pathways, including MAPK, PI3K/AKT/mTOR, and HIPPO-YAP, in a manner 

that may also be selectively responsive to coupling with other members of the IL-6 family 

of cytokine receptors (47, 70, 78, 163, 164). Additionally, there are several examples of 

carcinoma studies that implicate LIFR/STAT3 in regulatory “cross-talk” with additional 

signaling pathways, including HEDGEHOG and WNT (165–167). Preliminary pathway 

analysis of our transcriptomic data revealed associations between our set of 490 DEGs 

and both the HEDGEHOG and WNT pathways (data not shown). However, delineation of 

the relevant mechanisms related to this study requires further analysis. Additionally, it is 

not known whether FAM3C interacts with LIFR alone or if other proteins/receptors are 

recruited and are therefore required to transduce intracellular signals, including pSTAT3. 

The results demonstrated by Woosley et al. showed an electrophoretic gel shift following 

extracellular cross-linking of FAM3C to the plasma membrane, and indicated the 

possibility that other small-to-medium-sized proteins could be present (28). The discovery 

of additional receptors that interact with FAM3C/LIFR could indicate that other signaling 

pathways, such as those mentioned above, are induced and/or dependent on 

FAM3C/LIFR interactions in mammary epithelial cells. 

Although the current study illustrated a feed-forward mechanism of regulation of 

LIFR expression in shPCBP1 cells, it is possible that additional unknown mechanisms 

participate in the dramatic increase in LIFR expression observed in shPCBP1 cells relative 

to their parental NMuMG (shSCR) counterpart. The expression of LIFR in shSCR cells 

was below the level of detection by qPCR, which does not provide a “platform” for 

FAM3C/LIFR interaction following an increase in FAM3C secretion that would occur 

following loss of PCBP1 expression or function. Although it is possible that increased 
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FAM3C secretion alone is sufficient to cause an increase in LIFR expression in cells that 

express very little basal LIFR protein, it is also possible that additional intracellular 

mechanisms participate in the regulation of the LIFR gene, and that these mechanisms 

are responsive to phenotypic changes downstream of the loss of PCBP1 expression or 

function. For example, Zeng et al. and Johnson et al. showed that treatment with HDACi 

increased LIFR expression in human mammary carcinoma cells (159, 160). Additionally, 

Okamura et al. showed that treatment with DNA demethylases rescued the loss of LIFR 

expression in human hepatocellular carcinoma (HCC) cells (89). These examples suggest 

that LIFR expression can be altered by the activity of chromatin- and DNA-modifying 

enzymes that epigenetically regulate gene expression. 

The feed-forward mechanism of LIFR regulation illustrated in the current study 

hypothesized that increased pSTAT3 results in an increase in the nuclear localization of 

STAT3 dimers that activate the transcription of LIFR and other genes by binding to DNA 

at gene promoter loci. Following the identification of STAT3 as a “second messenger” 

transcription factor that plays an important role in shPCBP1 cells, it is important to consider 

the possibility that additional intracellular mechanisms contribute to the regulation of 

STAT3 activity downstream of its phosphorylation by FAM3C/LIFR. For example, it has 

been shown that STAT3 contains a critical serine residue near its C-terminus (S727) that 

can be phosphorylated in response to treatment with IL-6 family cytokines or EGF. It has 

also been shown that phosphorylation at both Y705 and S727 is required for the maximal 

transcriptional activity of STAT3 in human fibrosarcoma-derived epithelial cells (168). 

However, it was later shown using human cervical cancer (HeLa) cells that S727 and Y705 

phosphorylation events are mutually antagonistic and that S727 phosphorylation directly 

inhibits the DNA-binding activity of STAT3 (169). Additionally, S727 phosphorylation was 

shown to promote the pluripotency of LIF-induced murine embryonic stem cells (mESCs) 

in the presence of Y705 phosphorylation, although S727 phosphorylation was found to be 
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dispensable for induced pluripotency. However, during forced differentiation of cultured 

mESCs, S727 phosphorylation promotes differentiation and directly inhibits the self-

renewal phenotype induced by Y705 phosphorylation (170). Although the role of S727 

phosphorylation of STAT3 in shPCBP1 cells in the current study has not been determined, 

it is possible that factors related to the frequency of S727 phosphorylation could contribute 

to the transcriptomic landscape of FAM3C/LIFR/STAT3 signaling in our model and in 

human mammary carcinomas. 

In addition to the regulation of phosphorylation events that occur because of the 

activity of upstream kinases, STAT3 activity is also regulated by a negative feedback loop 

that involves the suppressor of cytokine signaling 3 (SOCS3) protein (107, 171). SOCS3 

has been shown to be a direct transcriptional target of STAT3 and has been shown to 

inhibit pSTAT3 induction by binding to JAKs and preventing Y705 phosphorylation (107, 

171). Examination of the publicly available ChIP-seq datasets mentioned above also 

revealed that STAT3 occupies the SOCS3 transcription start site region (144–146). In the 

current study, we hypothesized that changes in pSTAT3 activity downstream of 

FAM3C/LIFR interaction and/or LIFR overexpression would demonstrate a correlation 

between pSTAT3 induction and STAT3 target gene mRNA upregulation. We found that 

STAT3 and MYC genes (both STAT3 target genes) were downregulated upon 

pharmacological inhibition of STAT3. However, efforts made in the current study to 

determine whether SOCS3 upregulation responds directly to pSTAT3 induction in mouse 

or human cells have been inconclusive. Additional examination of the role of SOCS3 and 

its effect on JAK1/JAK2 activity could provide a better understanding of pSTAT3 induction 

and feed-forward LIFR regulation in shPCBP1 cells and cells with low expression levels 

of LIFR. 

In the current study, ChIP-qPCR was used to show that both STAT3 and TWIST1 

bind to the LIFR promoter locus in proximity to each other; however, the results did not 
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determine whether STAT3 and TWIST1 interact or whether their regulation of LIFR 

transcription is interdependent. Additional experiments aimed at revealing STAT3 and 

TWIST1 binding partnerships at the LIFR promoter could potentially reveal the presence 

of co-regulating proteins and may also reveal whether their activity and/or expression is 

dependent on PCBP1 expression levels. For example, the protein inhibitor of activated 

STATs 3 (PIAS3) has been shown to directly inhibit the transcriptional activation activity 

of STAT3 in the nucleus by binding to STAT3, thereby preventing STAT3 from binding to 

DNA (107, 172). Sun et al. showed that PIAS3 expression levels are reduced in human 

hepatocellular carcinoma (HCC) cells relative to healthy epithelial cells, and that reduced 

expression of PIAS3 was required to maintain STAT3 activation levels (172). Interestingly, 

Sun et al. also found that SOCS1 expression levels correlated inversely with STAT3 

activation, and that overexpression of SOCS1 ablated the oxidative stress-induced 

increase in STAT3 phosphorylation (172). This suggests that both PIAS3 and SOCS1, two 

proteins that were not extensively characterized in the current study, may play a role in 

the feed-forward mechanism of LIFR regulation. However, preliminary examination of 

PIAS3 expression levels by RNA-seq did not reveal any changes in mRNA abundance in 

shPCBP1 cells relative to shSCR cells and did not reveal any changes in mRNA 

abundance following FAM3C or LIFR KO. Additionally, although a small reduction in 

SOCS1 mRNA abundance was noted in LIFR KO cells relative to shPCBP1 cells, the 

expression levels of SOCS1 were very low overall and near the threshold of detection. 

Therefore, it is necessary to validate the potential downregulation of SOCS1 before 

suggesting its involvement in the mechanism described in the current study. 

Finally, it is important to consider that it has been suggested that STAT3 can 

heterodimerize with activated STAT1 protein in epithelial cells, and it has been shown that 

STAT1/STAT3 heterodimers have transcriptional regulation activity in T cells (107, 173). 

It has also been suggested that small structural differences in STAT family proteins can 
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alter transcriptional selectivity through changes in DNA-binding affinity (109, 174). 

Therefore, it is possible that the gene expression patterns maintained by 

FAM3C/LIFR/STAT3 induction in shPCBP1 cells can be modulated by the activation of 

STAT1 and/or the upstream factors that may contribute to changes in STAT1 activation. 

Further analysis of the data generated in the current study will be necessary to determine 

the effect of pathways upstream of STAT1 and whether changes in FAM3C or LIFR 

expression have a direct effect on STAT1 participation in the regulation of gene 

expression. Collectively, the additional considerations discussed above highlight a 

complex landscape of biological features that function in tandem with the mechanism of 

LIFR regulation characterized herein. The following section discusses potential 

opportunities to experimentally examine some of these features, in addition to the 

proposed extensions of the conclusions reached through the experiments in the current 

study. 

5.3 Future directions 
 

Although the current study is presented as a complete body of work that represents 

the objectives of the specific aims, there are several areas of continued research that can 

potentially expand the depth of our conclusions. For example, ongoing analysis of our 

transcriptomic data may reveal additional DEGs required for invasion and migration that 

are regulated by LIFR expression and signaling. We identified the matrix metalloprotease 

2 (MMP2) gene as a candidate DEG in our dataset, and further characterization of its 

expression in shPCBP1 cells may enable its connection to FAM3C/LIFR/STAT3 signaling. 

MMP2 has been shown to be directly regulated by STAT3, and examination of ChIP-seq 

data from MDA-MB-231 cells showed that STAT3 binds to the 5’ region near the MMP2 

promoter (142, 144, 175). Additionally, recent studies have characterized the role of 

MMP2 in invasive breast cancer and metastatic melanoma and demonstrated a correlation 
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between STAT3 activity and MMP2 expression (142, 176, 177). Coincidentally, Schmidt 

et al. identified a loss of MMP2 expression following FAM3C knockdown in human breast 

cancer cells (178). Our transcriptomic data also identified TWIST2 as a dysregulated 

transcription factor that may be involved in driving phenotypic changes in shPCBP1 cells. 

Although the expression of TWIST2 was significantly increased in shPCBP1 cells relative 

to shSCR cells, preliminary experiments failed to reveal how a modest downregulation of 

TWIST2 following FAM3C or LIFR KO affects the shPCBP1 phenotype (data not shown). 

The datasets from our RNA-seq experiments provided the expression levels of 

approximately 23,000 genes, approximately 14,000 of which had expression levels above 

our detection threshold. Although our approach to identifying and validating candidate 

DEGs was successful, it was also restricted to a small number of genes and only included 

the characterization of one gene, TWIST1. It is possible that collaboration with 

bioinformaticians who utilize novel software-based analysis methods might reveal 

biological insights within our RNA-seq data. The current study utilized the Partek Flow 

web-based client software for data analysis, and because it is equipped with a “point and 

click” user interface, it does not require advanced knowledge of computer programming 

or statistical mathematics. However, Partek Flow provides many custom parameters 

during the data processing steps, and while the selection of custom parameters requires 

intimate knowledge of the software and the experimental objectives, it does not require 

computer programming language or statistical modeling. Continued analysis using 

multiple analytical approaches may reveal phenotypic features of interest that can be 

investigated experimentally. Most importantly, our analysis did not reveal dysregulation of 

canonical transcription factors associated with stem cell self-renewal (e.g., SOX2, OCT4, 

MYC, KLF4, NANOG, and BMI1), and it remains to be seen how FAM3C/LIFR interaction 

affects self-renewal through the regulation of gene expression, suggesting that novel 

candidates may need to be identified. Continued analysis of our RNA-seq data, combined 
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with new sequencing experiments in human cells and customized bioinformatic 

approaches is therefore a viable proposal for future directions related to the current study. 

Following the validation of TWIST1 as a DEG in our RNA-seq dataset that 

responds to changes in pSTAT3, we attempted to overexpress (OE) TWIST1 to observe 

its effect on shPCBP1 cells and KO derivatives. Following TWIST1 OE, we did not observe 

any measurable effects on phenotypic features, including migration, 3D invasion, and self-

renewal, as described in Chapter 4 (data not shown). However, we observed an increase 

in the mRNA and protein expression of LIFR. Because TWIST1 is a transcription factor, it 

is possible that it participates in the regulation of a subset of DEGs found in our RNA-seq 

analysis, and it is possible that a subset of DEGs require TWIST1 expression for the 

initiation of transcription. TWIST1 expression levels were below the threshold of detection 

in shSCR cells and in FAM3C KO and LIFR KO derivatives of parental shPCBP1 cells; 

therefore, continued analysis of the RNA-seq data, coupled with validation by qPCR, could 

reveal a set of genes that are regulated by FAM3C/LIFR interaction, which are 

dysregulated due to loss of TWIST1 expression. Identification of this hypothesized set of 

genes may reveal additional proteins that participate in the feed-forward mechanism of 

LIFR expression, and may also reveal proteins that affect the phenotypic features of 

shPCBP1 cells and their KO derivatives. Therefore, continued characterization of the gene 

regulation downstream of TWIST1 expression in shPCBP1 and human cell lines provides 

a future direction for research in our model of mammary carcinoma. 

Although the current study showed by ChIP-qPCR that both STAT3 and TWIST1 

bind to the LIFR promoter locus, the nucleotide sequence(s) necessary to facilitate 

transcription factor binding was not determined. It is possible that continued analysis by 

transcriptional reporter assays using site-directed mutagenesis could reveal the loci of 

direct DNA/protein interactions and the binding events that are necessary to regulate the 

initiation of LIFR transcription. Additionally, it may be possible to isolate chromatin 
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following the cross-linking of proteins to DNA so that proteomic analysis can be carried 

out. Proteomic analysis may identify additional binding partners and/or co-regulators at 

the LIFR locus and may reveal a direct interaction between STAT3 and TWIST1. Further 

characterization of transcription initiation by factors that are dependent on FAM3C/LIFR 

interaction, combined with the investigation of epigenetic regulation mechanisms 

described in the preceding section, may increase our understanding of the dynamics of 

LIFR regulation in epithelial cells. This proposed future direction is especially interesting 

when considering the dynamics of LIFR expression observed in shPCBP1 cells compared 

to shPCBP1 cells cultured ex vivo following the extraction of primary tumors and 

metastases from mice. As mentioned in Chapter 1 (Section 1.4), Woosley et al. found that 

LIFR expression was below the detection threshold in cells cultured ex vivo from primary 

tumors and lung nodules from mice with mammary fat pad engraftment of shPCBP1 cells 

(28). This observation was paradoxical because Woosley et al. also found that the loss of 

LIFR expression in shPCBP1 cells attenuated the growth of tumors and metastases in the 

same mice (28). In light of the variable conclusions drawn by other groups investigating 

the role of LIFR in carcinoma progression, it may be useful to observe how multiple factors 

capable of changing the regulation of LIFR expression participate in vivo during the growth 

and dissemination of tumors. Therefore, continued animal-based experimentation using 

designs capable of observing LIFR regulation dynamics and/or time-based observations 

during tumor growth provides a viable future direction beyond the current study.  
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Chapter 6: Materials and Methods 

Cell culture 

NMuMG, HEK293T, HMLE, MCF10A, MCF7, SKBr3, and MDA-MB-231 cells (ATCC) 

were maintained at 37 °C and 5% (v/v) CO2 in a humidified incubator. MCF7 cells were 

generously gifted by Dr. Wenjian Gan (MUSC). NMuMG, HEK293T, MCF7, and MDA-MB-

231 cells were cultured in DMEM (Corning) 4.5 g/L glucose supplemented with 10% fetal 

bovine serum (FBS) (Atlanta Biologicals). SKBr3 cells were cultured in McCoy’s 5A 

Modified Medium (Thermo Fisher Scientific) supplemented with 10% FBS. HMLE cells 

were cultured in DMEM-F12 (Gibco) supplemented with 5% calf serum (VWR), 0.5 μg/ml 

hydrocortisone, 10 µg/ml insulin, and 20 ng/ ml epidermal growth factor (Corning). 

MCF10A cells were cultured in DMEM F-12 supplemented with 5% horse serum, 20 ng/ 

ml epidermal growth factor, 100 ng/mL cholera toxin (Sigma), 10 µg/mL insulin (Sigma), 

and 0.5 µg/mL hydrocortisone (Sigma). All cell lines were supplemented with 1% 

antibiotic/antimycotic (Gibco) and 0.02% prophylactic plasmocin (InvivoGen).  

CRISPR-Cas9 

Single-guide RNA (sgRNA), tracrRNA, and Cas9 protein (IDT) were assembled into a 

complex according to the manufacturer’s specifications (Lonza) and electroporated into 

cells using Amaxa Nucleofector II (Lonza). sgRNA pairs were selected for excision of a 

~125 bp DNA fragment in the coding sequence of the target gene. The electroporated 

cells were serially diluted in 96-well culture dishes to isolate KO candidates from discrete 

colonies. Candidate cell lines were screened by PCR using primers flanking or nested 

within the excision. Cell lines with positive PCR results were further screened by 

immunoblotting to confirm KO of the target gene. The sgRNA and PCR primer sequences 

are listed in Table S3. 
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Lentiviral transduction 

Lentivirus was produced for transduction of either shRNA or protein overexpression 

vectors using the 2nd generation system. An envelope plasmid (pMD2.G), packaging 

plasmid (psPAX2), and either an shRNA-containing vector (pLKO.1-puro, Addgene 

#8453) or mammalian protein expression vector (pLenti-CMVie-IRES-BlastR, Addgene 

#119863) were transfected into HEK293T cells using Lipofectamine 3000 (Thermo Fisher) 

in Opti-MEM serum-free medium (Gibco). Virus-containing supernatant media (5 mL) were 

collected after 36-48 hours, strained through a .45 µm filter, diluted in DMEM by a factor 

of 5-10, and added to target cells with 8 µg/mL polybrene. Following incubation for 24-48 

hours, 1 µg/mL puromycin or 10 µg/mL blasticidin was added to the culture medium to 

select the target cells. The shRNA sequences for human shSCR and for FAM3C 

knockdown are listed in Table S3. 

Immunoblotting 

Whole cell lysates were produced by rinsing cells grown on culture plates twice with PBS, 

prior to scraping the cells into a small volume of PBS.  Cells were pelleted by centrifugation 

at 300 × G in microcentrifuge tubes, and an appropriate amount of RIPA lysis buffer (50 

mM Tris-Cl, pH 7.6, 1% NP-40, 12 mM sodium deoxycholate, 0.1% sodium dodecyl sulfate 

(SDS), 165 mM sodium chloride) was added. The cells were kept on ice with occasional 

mixing for ~45 min and then centrifuged at 16,000 × G at 4 °C for ten minutes. The 

supernatants were then transferred into fresh tubes and stored at -20 °C. Protein 

concentrations were measured using a Pierce Micro BCA Protein Assay Kit (Thermo 

Fisher Scientific). Samples were denatured by adding an appropriate volume of Laemmli 

sample buffer (62.5 mM Tris-Cl pH 6.8, 1% SDS, 10% glycerol, 50 mM dithiothreitol (DTT), 

0.001% bromophenol blue), followed by incubation at 95 °C for 5 min. Denatured samples 

were resolved by electrophoresis through polyacrylamide gels ranging from 7.5% to 12.5% 
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and electrotransferred onto polyvinylidene fluoride (PVDF) membranes at a constant 

current for 16-20 hours. Membranes were incubated in blocking buffer (5% skim milk in 

Tris-buffered saline with 0.01% Tween-20, TBST) for one hour at room temperature (RT), 

and then incubated for 2-24 hours at 4 °C in blocking buffer with the addition of a primary 

antibody to detect the protein of interest. The following primary antibodies were used: LIFR 

(Santa Cruz #sc-515337), FAM3C (Sigma #AV44904), pSTAT3 (Cell Signaling #9145), 

STAT3 (Cell Signaling #9139), GAPDH (Santa Cruz #sc-32233), b-Actin (Santa Cruz #sc-

47778), TWIST1 (Cell Signaling #90445), and HSP90 (Santa Cruz #sc-13119). After 

primary antibody incubation, the membranes were rinsed 3 X 10-15 minutes in TBST and 

then incubated in blocking buffer with the addition of the appropriate secondary antibody 

for 0.5-1.5 hours at RT. The following horseradish peroxidase (HRP)-conjugated 

secondary antibodies were used: goat anti-mouse IgG (Thermo Fisher #31430; 1:10,000) 

and goat anti-rabbit IgG (Thermo Fisher #31460; 1:10,000). After incubation with the 

secondary antibody, the membranes were washed again as described above. Bands were 

detected by adding 1-2 mL of HRP substrate (EMD Millipore) directly onto the membrane. 

Images were acquired using ChemiDoc MP (Bio-Rad) and processed using Image Lab 

software (Bio-Rad). 

Quantitative Real-time PCR 

RNA was extracted from cells using TRIzol reagent (Ambion), according to the 

manufacturer’s protocol. RNA concentrations were determined using a Nanodrop 2000 

spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized using QScript 

cDNA Supermix (Quantabio) according to the manufacturer’s protocol for a final 

concentration of 100 ng/mL. PCR reactions were carried out in 10 µL volumes using 2X 

iTaq Universal SYBR Green Supermix (Bio-Rad), with a final cDNA concentration ranging 

from 500 pg to 6 ng/mL. Primers were used at a final concentration of 570 nM. A list of the 

primer sequences used for target genes and for internal control “housekeeping genes” 
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can be found in Table S3. Nucleic acid standards for the calculation of PCR efficiency 

were formulated using the purified PCR amplicons. An eight-fold dilution series of four 

standards ranging from concentrations of approximately 73 to 300 pg/mL was used to 

calculate a standard curve for each primer set used. The negative controls consisted of 

cDNA samples prepared without the QScript Supermix. PCR reactions were carried out in 

triplicate in 384-well opaque, white-skirted plates on a C1000 Touch Thermal Cycler (Bio-

Rad) coupled to a CFX384 Real-Time System (Bio-Rad). Data were analyzed using CFX 

Maestro software (Bio-Rad), and normalized relative expression was calculated using the 

Eff(-DDCT) method, where Eff = 2 × (PCR efficiency% ÷ 100), CT = thermal cycle threshold 

of detection, DCT = (target gene CT – internal control gene CT), and DDCT = (experimental 

sample DCT – control sample DCT). 

Dual-luciferase assay 

A DNA sequence corresponding to the mouse LIFR regulatory region (Table S3) was 

amplified from genomic DNA extracts and ligated into the pGL3-Basic vector (Promega). 

Approximately 100 K cells in 12-well culture plates were co-transfected with ~1 mg pGL3 

and ~500 ng pNL3.1 (Promega) and allowed to grow for 24 h. The cells were then 

trypsinized and resuspended in DMEM containing 10% serum, centrifuged at 300 × G and 

washed 2X with PBS with repeated centrifugation. Cells were then resuspended in 200 µL 

of PBS and distributed into 96-well opaque white assay plates (triplicate wells at 60 µL). 

Luminescence was measured using the Nano-Glo Dual-Luciferase Reporter Assay 

System (Promega) according to the manufacturer’s protocol using a Molecular Devices 

Spectramax iD5 Multi-Mode Microplate Reader. The relative normalized reporter signal 

was calculated by first subtracting “background signal” firefly luminescence (pGL3) 

acquired from pGL3-Basic “empty vector” control transfections from each experimental 

transfection, then dividing the remaining firefly luminescence values by the Nano-Luc 
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luminescence (pNL3.1) values generated by the same well to determine the normalized 

reporter signal per well. Finally, the mean normalized reporter signal was determined from 

triplicate wells and compared between experimental groups. For experiments using the 

STAT3 CIE reporter, the pGL3 vector was replaced with the pGL4.47 vector (Promega). 

For experiments using STAT3 inhibition, the cells were seeded in DMEM and allowed to 

grow overnight. Immediately prior to transfection, the culture medium was replaced with a 

medium containing STAT3-IN-1 (10 µM final concentration) or an equal volume of DMSO.  

Mammosphere assay 

Culture plates containing adherent cells were trypsinized using trypsin-EDTA (Gibco), 

resuspended in DMEM containing 10% FBS, and centrifuged at 300 × G. The medium 

was aspirated, and the cells were resuspended in serum-free DMEM to a concentration 

of ~500 X103 cells per mL. Cells were then counted manually using trypan blue under 10X 

magnification, using disposable cell counting slides (KOVA Glasstic #87144). Cells were 

diluted to a concentration of 100 X103 cells per mL and strained through a 40 µm mesh 

strainer into 5 mL of mammosphere medium (final concentration 2.0 X103 cells per mL for 

mouse cells, and 6.7 X 103 cells per mL for human cells). The mammosphere medium 

consisted of DMEM F12 (Gibco) supplemented with recombinant human epidermal growth 

factor (20 ng/mL), recombinant human basic fibroblast growth factor (20 ng/mL), B-27 

supplement (Thermo Fisher #17504044), and 1% antibiotic/antimycotic (Gibco). Strained 

cells were distributed into six wells of a 24-well ultra-low attachment culture plate (Corning 

#3473) at a volume of 750 µL per well (1.5 X103 cells per well for mouse cells, and 5.0 X 

103 cells per well for human cells). Cells were allowed to grow undisturbed for 8 days, then 

imaged and counted manually using a 150 µm cut-off threshold. After 8 days of growth, 

human mammospheres were collected and pooled in 15 mL conical tubes, and PBS was 

used to rinse wells to collect spheroids. Trypsin-EDTA (Gibco) was added directly to 
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spheroid suspensions in 15 mL tubes (final concentration ~0.1%), and incubated at 37 °C 

for 10 minutes, with occasional inversion of the tube. Tubes were then centrifuged at 300 

X G for 5 minutes to pellet cells, followed by resuspension in 500 µL of DMEM and manual 

counting as described above. 

3D Invasion assay 

Cells were trypsinized using trypsin-EDTA (Gibco), resuspended in DMEM containing 

10% FBS, counted manually as described above, and then diluted to 1.0 X106 cells/mL 

concentration in mammosphere medium (see above for recipe). The cells were again 

diluted to 1.0 X105 cells/mL in 1 mL of mammosphere medium, and 50 µL (5000 cells) of 

each cell sample was added (in duplicate) to a 96-well ultra-low binding U-shaped bottom 

culture plate (Corning #07-202-463). Cells were then centrifuged at 300 × G for 5 min and 

allowed to grow for 24 h at 37 °C to form spheroids. Following visual confirmation of 

spheroid formation, culture plates were chilled on ice for 15 minutes, and 37.5 mL of ice 

cold Cultrex Basement Membrane Extract (R&D Systems #3432-010-01) was added to 

each well and centrifuged at 300 × G for 5 minutes. Cells were then incubated at 37 °C 

for 1-2 hours and initial time-point images were taken. DMEM lacking serum (control wells) 

or containing 10% FBS (chemoattracted wells) was then overlaid (150 µL) onto each well. 

Spheroids were imaged again at 24-hour intervals thereafter and incubated for 72 

additional hours. The relative increase in area was calculated by measuring the pixel area 

at the 72-hour time point and then subtracting the pixel area from the initial time point. 

Pixel area was calculated using ImageJ software (version 2.9.0/1.53t) equipped with the 

Izrs1.zip installation of “Analyze_Spheroid_Cell_Invasion_In_3D_Matrix” tool (Volker 

Baecker, 2017).  
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Imaging of mammosphere and 3D-invasion assays 

Mammospheres and 3D-invasion spheroids were imaged using a Lecia (DMIL LED Fluo) 

phase-contrast light microscope at 5X magnification, equipped with a USB 2.0 digital 

camera (Amscope MU 500, 5.1 MP) attached to a PC (Dell Optiplex 380) running a 

Windows 7 operating system. The mammosphere diameter was measured using 

Amscope software (version X86 4.11) calibrated with an improved Neubauer 

hemocytometer grid.  

Chromatin immunoprecipitation/DNA isolation  

Cells were grown in 150 mm culture plates until 80-90% confluent and were cross-linked, 

followed by chromatin isolation and analysis using the SimpleChIP® Enzymatic Chromatin 

IP Kit (Cell Signaling, #9003) according to the manufacturer’s specifications. 8-10 µg of 

chromatin was then incubated for 24 h at 4 °C with antibodies against STAT3 (Cell 

Signaling #9139, 0.275 mg/IP), TWIST1 (Santa Cruz #sc-81417, 3.5 mg/IP), or an equal 

amount of non-specific mouse IgG (Cell  Signaling #5415S). Antibodies were collected 

using magnetic beads and DNA was purified according to the manufacturer’s 

specifications. qPCR was then carried out as described above using primer sets specific 

to the genomic region of interest (Table S3). The relative fold-change of DNA abundance 

over IgG was calculated using the Eff(-DDCT) method, where Eff = 2 × (PCR efficiency% ÷ 

100), CT = the thermal cycle threshold of detection, DCT = (target gene IP CT – target 

gene input CT), and DDCT = (target gene IP DCT – IgG IP DCT). 2% of each chromatin 

sample was set aside to be used as an input sample, and the CT values of input samples 

were reduced by a value 5.64 (25.64 = 50) to adjust for the 1:50 dilution factor relative to 

the IP sample. 
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Chamber insert migration assay 

Cells were trypsinized using trypsin-EDTA (Gibco), resuspended in phenol red-free DMEM 

containing 10% FBS, counted, and then diluted in serum-free phenol red-free DMEM at a 

concentration of 200 × 103 cells/mL. The cell suspension (200 µL, 4 × 104 cells) was then 

added to the top chamber of a 12-well polycarbonate membrane-containing insert with an 

8.0 µm pore size (CellTreat #230633). Next, 800 µL of either serum-free DMEM (control 

inserts) or DMEM containing 10% FBS was added to the bottom chamber and the cells 

were incubated at 37 °C for 24-hours. The media were then aspirated from the bottom 

chambers, 200 µL of 0.05% trypsin-EDTA containing 2.5 µg/mL calcein AM (Sigma) was 

added to the bottom chambers, and inserts were incubated for 30 min at 37 °C to allow 

migrated cells to detach from the underside of the insert. The plates were gently tapped 

to aid detachment of the cells, and the inserts were then removed. The 200 µL volume 

was then mixed gently, and 180 µL was added to an opaque white 96-well assay plate (3 

× 60 µL/well). Fluorescence was measured using a Molecular Devices Spectramax iD5 

Multi-Mode Microplate Reader with excitation and emission wavelengths of 488 and 520 

nm, respectively. The relative fluorescence was quantified by generating a standard curve 

using serial dilution of a known quantity of calcein AM-treated cells. Background 

subtraction was performed by measuring a well containing a 0.05% trypsin-EDTA/calcein 

AM solution without cells.  

RNA-Seq 

Cells were seeded on 60 mm culture plates and grown until ~75% confluence, trypsinized, 

washed twice with PBS, pelleted, and placed on ice. Total RNA was extracted from cells 

using the simplyRNA Cells kit (cat # AS1390) with Maxwell RSC 16 (Promega) according 

to the manufacturer’s specifications.  RNA QC, along with that of the downstream libraries 

(below), was performed using a 4200 TapeStation (Agilent). One mg of total RNA was 
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used to construct libraries with the New England Biolabs NEBNext® rRNA Depletion Kit 

(Cat# E6310X) and Ultra II Directional RNA Library Prep Kit for Illumina (Cat# 7760 L), 

according to the manufacturer’s instructions.  Dual-indexed libraries were pooled and 

sequenced at VANTAGE (Vanderbilt University Medical Center) on an Illumina NovaSeq 

6000 (S4 flow cell) to a depth of approximately 50 million paired-end 150 bp reads per 

library. Files containing paired-end reads (in .fastq.gz format) were uploaded to the Partek 

Flow web-based software platform (version 10.0.21). Reads were trimmed and aligned to 

the GRCm38 (mm10) mouse genome assembly using the Bowtie2 applet. Aligned reads 

were annotated, and differential expression analysis was performed using the DESeq2 

applet. Heatmap analysis was performed using the Partek Flow data visualization toolkit. 

See the “Data Availability” subsection for access to raw and processed data files. 

STAT3 Inhibition 

Cells were treated with DMEM supplemented with either 5 or 10 µM STAT3-IN-1 

(MedChemExpress) in DMSO, or DMSO only, for 24 or 48 h, as described previously. Cell 

seeding was adjusted as necessary to compensate for the slightly diminished proliferative 

rate in the 10 µM STAT3-IN-1 treatments. Cells were seeded to permit continuous growth 

over the indicated time periods, without the need for media changes. 

Gene ontology analysis 

The list of gene IDs (official gene symbols) derived from transcriptomic data (Table S1, 

S2) was fed directly into the analysis wizard of the DAVID Bioinformatics resource (179, 

180). The functional annotation tool and gene ontology were selected. The data returned 

for biological process annotations were used to generate the graphic visualizations shown 

in the supplemental data section of this article. 
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Statistical methods 

The experimental results were analyzed using GraphPad Prism (version 9.5.1). Bars in 

the bar graphs represent the experimental mean, and error bars represent the standard 

error of the mean, unless otherwise indicated. Independent unpaired Student’s t-tests 

were used for individual comparisons, and one-way or two-way ANOVA was used for 

group comparisons, where applicable. Transcriptomic data analysis for individual genes 

was performed by DESeq false discovery rate (FDR) step up, which included a post-hoc 

test (q-value) for multiple comparisons q<0.07 was considered significant. 

Superimposition of RNA-Seq datasets generated DEG lists based on fold-change and 

were agnostic to q-values. Individual candidate DEGs expression levels were validated by 

qPCR analysis where applicable. Post-hoc tests were not performed unless otherwise 

indicated. All experiments were repeated at least twice, and statistical significance was 

set at P<0.05. P-values for gene ontology data were generated using methods within the 

DAVID Bioinformatics Database. 

Breast Cancer Patient Survival Analysis 

Kaplan-Meier analysis was carried out using the “Kaplan-Meier Plotter” application found 

at www.kmplot.com. The applet for “breast protein” was selected for FAM3C and pSTAT3 

(Y705) analysis, and the applets for “breast cancer,” either for “mRNA Gene-chip” or for 

“mRNA RNA-seq” were chosen for LIFR and TWIST1 analysis. Estrogen receptor (ER) 

and Progesterone receptor (PR) status were queried using the control for 

immunohistochemistry (IHC) preferentially, in the applets that offered the IHC option. A 

minimum cohort of 40 patients was required for each query, and P<0.05 was required for 

statistical significance. Affymetrix probes were selected based on the largest cohort 

accessible when more than one probe was listed for the same gene. For protein analysis, 

dataset selection was based on patient cohort availability for the gene of interest and was 

confined to the available option. 
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Breast Cancer Patient Proteomic Analysis 

The National Cancer Institute Proteomic Data Commons (NIH PDC) was used to access 

both the “TCGA Breast Cancer Proteome” (PDC000173) and the “TCGA Breast Cancer 

Phosphoproteome” (PDC000174). Heatmaps were generated using the Common Data 

Analysis Pipeline (CDAP), and graphic visualizations were created using the Morpheus 

matrix visualization software found at https://software.broadinstitute.org/morpheus/. 

Hierarchical clustering was carried out using the default “pair-wise distance” algorithm that 

prioritized clustering of samples of highest similarity first and lowest similarity last. Heat 

map color schemes were generated using the minimum and maximum raw expression 

values for each gene independently. Statistical significance of the observations made 

between sample groups was not determined, and fold-change in expression values 

between each group of samples was not determined. 

 

 

Data Availability 

The RNA-Seq data generated in this study are publicly available in the Gene Expression 

Omnibus (GEO) under GSE234882. 
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Additional Data Tables (Tables 7-9) 
 
Table 7 – List of 490 dysregulated genes from superimposition of three RNA-seq 
datasets. Alphabetized list of dysregulated genes, their NCBI IDs, symbols, and 
respective fold-change (FC) values relative to their parental counterpart. Column 7, 
labeled “Fig. 18B” shows the color corresponding to the exploded pie chart in Figure 21B 
that indicates gene’s expression “synergy”.  
 

Row 
# Gene ID Gene Symbol 

FC: 
shPCBP1/ 

shSCR 

FC:    
FAM3C KO/ 
shPCBP1 

FC:        
LIFR KO/  
shPCBP1 

Fig. 
21B 

1 ENSMUSG00000097221.2 1810049J17Rik 1.544 0.239 0.075 Blue 
2 ENSMUSG00000025194.6 Abcc2 4.443 3.868 2.365 Red 
3 ENSMUSG00000032735.16 Ablim3 24.909 0.285 0.178 Blue 
4 ENSMUSG00000075023.12 Accsl 6.030 0.302 0.575 Blue 
5 ENSMUSG00000023328.15 Ache 4.861 0.533 0.285 Blue 
6 ENSMUSG00000021228.16 Acot3 3.616 0.580 0.167 Blue 
7 ENSMUSG00000060923.6 Acyp2 16.238 2.240 2.748 Red 
8 ENSMUSG00000059901.13 Adamts14 15.549 3.731 1.616 Red 
9 ENSMUSG00000020262.16 Adarb1 2.434 0.620 0.483 Blue 

10 ENSMUSG00000020431.6 Adcy1 17.328 1.575 2.636 Red 
11 ENSMUSG00000034730.18 Adgrb1 1.022 0.423 0.457 Blue 
12 ENSMUSG00000023918.13 Adgrf4 2.236 0.363 0.585 Blue 
13 ENSMUSG00000018500.3 Adora2b 2.080 2.188 1.950 Red 
14 ENSMUSG00000025083.19 Afap1l2 1.530 1.520 0.595 Yellow 
15 ENSMUSG00000019806.14 Aig1 23.364 2.460 1.902 Red 
16 ENSMUSG00000035936.7 Aldh5a1 6.470 1.840 1.808 Red 
17 ENSMUSG00000028766.11 Alpl 5.370 0.659 0.556 Blue 
18 ENSMUSG00000027460.8 Angpt4 2.270 0.529 0.552 Blue 
19 ENSMUSG00000052331.15 Ankrd44 2.840 2.981 3.057 Red 
20 ENSMUSG00000074968.12 Ano3 16.784 0.127 0.295 Blue 
21 ENSMUSG00000054662.9 Ano9 2.562 0.196 0.422 Blue 
22 ENSMUSG00000006651.9 Aplp1 3.446 0.476 0.429 Blue 
23 ENSMUSG00000040613.15 Apobec1 4.505 0.630 0.186 Blue 
24 ENSMUSG00000044217.18 Aqp5 6.883 0.590 0.433 Blue 
25 ENSMUSG00000022602.15 Arc 7.754 0.056 0.105 Blue 
26 ENSMUSG00000019852.8 Arfgef3 10.050 0.154 0.161 Blue 
27 ENSMUSG00000037148.9 Arhgap10 2.117 0.548 0.495 Blue 
28 ENSMUSG00000048865.17 Arhgap30 5.088 0.297 0.306 Blue 
29 ENSMUSG00000031389.18 Arhgap4 2.063 0.645 0.643 Blue 
30 ENSMUSG00000040345.11 Arhgap9 1.429 0.509 0.406 Blue 
31 ENSMUSG00000033436.14 Armcx2 3.293 0.298 0.261 Blue 
32 ENSMUSG00000049804.10 Armcx4 3.684 1.519 0.652 Yellow 
33 ENSMUSG00000005470.9 Asf1b 1.227 0.593 0.666 Blue 
34 ENSMUSG00000037621.9 Atoh8 12.445 0.512 0.283 Blue 
35 ENSMUSG00000037685.16 Atp8a1 22.907 0.286 0.537 Blue 
36 ENSMUSG00000027312.15 Atrn 1.207 0.553 0.526 Blue 
37 ENSMUSG00000000142.16 Axin2 6.540 0.495 0.479 Blue 
38 ENSMUSG00000040270.17 Bach2 15.523 0.249 0.409 Blue 
39 ENSMUSG00000030268.18 Bcat1 13.527 0.002 0.365 Blue 
40 ENSMUSG00000021070.7 Bdkrb2 5.181 2.322 1.555 Red 
41 ENSMUSG00000042182.17 Bend6 4.653 1.758 1.866 Red 
42 ENSMUSG00000048186.15 Bend7 23.915 0.228 0.480 Blue 
43 ENSMUSG00000052819.7 Best2 3.132 0.544 0.554 Blue 
44 ENSMUSG00000098112.9 Bin2 2.665 0.307 0.244 Blue 
45 ENSMUSG00000061132.14 Blnk 2.023 0.539 0.465 Blue 
46 ENSMUSG00000028351.6 Brinp1 15.933 0.616 0.556 Blue 
47 ENSMUSG00000020042.16 Btbd11 23.583 0.152 0.040 Blue 
48 ENSMUSG00000017446.15 C1qtnf1 5.156 0.522 0.462 Blue 
49 ENSMUSG00000032120.12 C2cd2l 1.417 0.627 0.470 Blue 
50 ENSMUSG00000024164.16 C3 2.634 1.846 1.600 Red 
51 ENSMUSG00000024112.17 Cacna1h 16.560 0.202 0.209 Blue 
52 ENSMUSG00000054423.15 Cadps 8.682 3.958 1.824 Red 
53 ENSMUSG00000029761.17 Cald1 1.427 1.522 1.546 Red 
54 ENSMUSG00000060371.13 Caln1 19.253 0.495 3.852 Yellow 
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55 ENSMUSG00000031654.17 Cbln1 8.981 0.062 0.057 Blue 
56 ENSMUSG00000053411.17 Cbx7 12.723 0.646 0.498 Blue 
57 ENSMUSG00000036686.17 Cc2d1a 1.242 0.575 0.394 Blue 
58 ENSMUSG00000004994.13 Ccdc130 1.071 0.656 0.515 Blue 
59 ENSMUSG00000029875.6 Ccdc184 18.382 0.396 0.139 Blue 
60 ENSMUSG00000048038.9 Ccdc187 15.092 0.062 0.133 Blue 
61 ENSMUSG00000027676.12 Ccdc39 2.031 1.687 2.141 Red 
62 ENSMUSG00000025808.18 Ccdc7a 1.609 1.592 1.988 Red 
63 ENSMUSG00000030613.14 Ccdc90b 1.710 1.870 1.532 Red 
64 ENSMUSG00000032532.8 Cck 2.105 0.389 0.128 Blue 
65 ENSMUSG00000035385.6 Ccl2 3.206 1.767 1.593 Red 
66 ENSMUSG00000035373.3 Ccl7 7.751 2.205 1.633 Red 
67 ENSMUSG00000019122.9 Ccl9 5.166 4.048 2.958 Red 
68 ENSMUSG00000044052.4 Ccr10 5.258 0.387 0.286 Blue 
69 ENSMUSG00000028076.13 Cd1d1 6.955 0.304 0.373 Blue 
70 ENSMUSG00000005763.16 Cd247 1.370 1.512 1.979 Red 
71 ENSMUSG00000031871.10 Cdh5 7.669 1.625 0.236 Yellow 
72 ENSMUSG00000025497.16 Cdhr5 3.848 0.485 0.468 Blue 
73 ENSMUSG00000033966.9 Cdkl4 3.312 2.118 1.505 Red 
74 ENSMUSG00000029646.4 Cdx2 1.641 0.584 0.452 Blue 
75 ENSMUSG00000054169.8 Ceacam10 1.726 4.839 1.782 Red 
76 ENSMUSG00000040729.9 Cep126 3.883 1.762 1.816 Red 
77 ENSMUSG00000057074.7 Ces1g 16.526 0.172 0.236 Blue 
78 ENSMUSG00000062826.8 Ces2f 1.518 2.035 1.670 Red 
79 ENSMUSG00000078490.11 Cfap74 7.911 3.937 3.604 Red 
80 ENSMUSG00000079502.9 Cfap77 6.500 5.708 2.896 Red 
81 ENSMUSG00000035200.8 Chrnb4 6.864 0.543 0.624 Blue 
82 ENSMUSG00000027221.6 Chst1 10.999 0.239 0.196 Blue 
83 ENSMUSG00000034612.8 Chst11 19.706 0.016 0.003 Blue 
84 ENSMUSG00000037347.8 Chst7 19.978 0.184 0.203 Blue 
85 ENSMUSG00000051159.17 Cited1 8.916 0.557 0.585 Blue 
86 ENSMUSG00000037033.10 Clca3b 8.688 0.312 0.626 Blue 
87 ENSMUSG00000047230.7 Cldn2 1.858 0.637 0.656 Blue 
88 ENSMUSG00000013921.16 Clip3 9.442 2.799 2.261 Red 
89 ENSMUSG00000024059.11 Clip4 7.146 0.607 0.565 Blue 
90 ENSMUSG00000042190.13 Cmklr1 16.814 0.535 0.170 Blue 
91 ENSMUSG00000001349.6 Cnn1 3.169 0.638 0.591 Blue 
92 ENSMUSG00000044288.7 Cnr1 1.764 0.279 0.388 Blue 
93 ENSMUSG00000030075.11 Cntn3 20.465 2.585 4.111 Red 
94 ENSMUSG00000039419.18 Cntnap2 17.072 4.565 8.859 Red 
95 ENSMUSG00000079465.9 Col4a3 2.857 1.803 1.745 Red 
96 ENSMUSG00000048126.17 Col6a3 7.446 0.349 0.345 Blue 
97 ENSMUSG00000028247.3 Coq3 6.538 0.120 0.364 Blue 
98 ENSMUSG00000005220.11 Corin 12.885 1.772 2.722 Red 
99 ENSMUSG00000052560.16 Cpne8 1.872 1.604 1.692 Red 

100 ENSMUSG00000032060.11 Cryab 3.416 0.571 0.633 Blue 
101 ENSMUSG00000071713.7 Csf2rb 17.652 0.360 0.303 Blue 
102 ENSMUSG00000032515.9 Csrnp1 2.477 0.656 0.420 Blue 
103 ENSMUSG00000083282.4 Ctsf 11.189 0.532 0.625 Blue 
104 ENSMUSG00000032359.15 Ctsh 10.023 0.645 0.478 Blue 
105 ENSMUSG00000040327.17 Cul9 4.306 0.517 0.491 Blue 
106 ENSMUSG00000052336.8 Cx3cr1 3.524 1.855 2.291 Red 
107 ENSMUSG00000029375.7 Cxcl15 1.928 0.506 0.581 Blue 
108 ENSMUSG00000020340.17 Cyfip2 23.145 0.006 0.101 Blue 
109 ENSMUSG00000024087.5 Cyp1b1 7.667 3.623 3.842 Red 
110 ENSMUSG00000063415.13 Cyp26b1 6.299 0.530 0.334 Blue 
111 ENSMUSG00000005547.15 Cyp2a5 27.191 0.069 0.400 Blue 
112 ENSMUSG00000025002.6 Cyp2c55 7.729 3.172 2.235 Red 
113 ENSMUSG00000048826.8 Dact2 14.570 0.117 0.121 Blue 
114 ENSMUSG00000021559.15 Dapk1 2.791 0.626 0.337 Blue 
115 ENSMUSG00000041477.15 Dcp1b 20.522 0.158 0.475 Blue 
116 ENSMUSG00000026674.10 Ddr2 4.078 6.418 4.624 Red 
117 ENSMUSG00000030768.13 Disp1 3.629 1.961 2.548 Red 
118 ENSMUSG00000000881.13 Dlg3 23.049 0.017 0.030 Blue 
119 ENSMUSG00000047428.15 Dlk2 4.949 0.641 0.331 Blue 
120 ENSMUSG00000023391.9 Dlx2 21.880 0.595 0.503 Blue 
121 ENSMUSG00000045103.20 Dmd 19.671 0.586 0.621 Blue 
122 ENSMUSG00000060962.13 Dmkn 9.276 0.589 0.236 Blue 
123 ENSMUSG00000020657.17 Dnajc27 26.021 0.590 0.663 Blue 
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124 ENSMUSG00000044716.13 Dok7 10.091 0.114 0.095 Blue 
125 ENSMUSG00000029168.15 Dpysl5 8.089 0.424 0.332 Blue 
126 ENSMUSG00000001804.10 Dsg4 16.799 2.880 3.296 Red 
127 ENSMUSG00000018983.10 E2f2 1.937 0.459 0.360 Blue 
128 ENSMUSG00000010476.15 Ebf3 22.781 0.019 0.319 Blue 
129 ENSMUSG00000053552.15 Ebf4 16.807 1.588 0.572 Yellow 
130 ENSMUSG00000022842.19 Ece2 4.412 2.782 1.803 Red 
131 ENSMUSG00000021367.9 Edn1 2.784 1.500 1.611 Red 
132 ENSMUSG00000093661.2 Eif4e3 27.134 0.650 0.524 Blue 
133 ENSMUSG00000028546.18 Elavl4 7.387 2.055 2.354 Red 
134 ENSMUSG00000048988.9 Elfn1 10.530 0.144 0.129 Blue 
135 ENSMUSG00000043460.8 Elfn2 5.999 6.777 0.649 Yellow 
136 ENSMUSG00000001542.8 Ell2 1.067 1.664 1.765 Red 
137 ENSMUSG00000041986.17 Elmod1 7.357 1.660 1.637 Red 
138 ENSMUSG00000032262.14 Elovl4 23.187 0.387 0.352 Blue 
139 ENSMUSG00000058070.15 Eml1 5.432 2.760 1.616 Red 
140 ENSMUSG00000033857.13 Engase 1.904 0.565 0.425 Blue 
141 ENSMUSG00000028024.15 Enpep 1.489 0.520 0.098 Blue 
142 ENSMUSG00000022425.17 Enpp2 5.583 1.583 0.511 Yellow 
143 ENSMUSG00000019989.9 Enpp3 1.765 2.303 2.209 Red 
144 ENSMUSG00000032446.15 Eomes 16.551 0.098 0.165 Blue 
145 ENSMUSG00000005958.16 Ephb3 8.561 0.456 0.242 Blue 
146 ENSMUSG00000029869.8 Ephb6 1.740 0.658 0.303 Blue 
147 ENSMUSG00000038776.14 Ephx1 1.031 0.666 0.541 Blue 
148 ENSMUSG00000050248.12 Evc2 20.968 0.025 0.075 Blue 
149 ENSMUSG00000028838.12 Extl1 2.769 1.722 0.508 Yellow 
150 ENSMUSG00000050147.10 F2rl3 1.630 0.403 0.324 Blue 
151 ENSMUSG00000023011.9 Faim2 4.074 0.492 0.457 Blue 
152 ENSMUSG00000049119.15 Fam110b 22.138 0.171 0.147 Blue 
153 ENSMUSG00000035095.12 Fam167a 1.551 0.035 0.060 Blue 
154 ENSMUSG00000030207.16 Fam234b 2.393 0.559 0.522 Blue 
155 ENSMUSG00000030859.9 Fam24a 2.592 1.608 2.244 Red 
156 ENSMUSG00000092518.10 Fam71e2 16.551 1.951 2.238 Red 
157 ENSMUSG00000003808.19 Farsa 1.389 0.640 0.555 Blue 
158 ENSMUSG00000025738.9 Fbxl16 7.112 0.300 0.358 Blue 
159 ENSMUSG00000041556.9 Fbxo2 1.731 0.448 0.460 Blue 
160 ENSMUSG00000054200.8 Ffar4 8.795 0.301 0.393 Blue 
161 ENSMUSG00000042826.14 Fgf11 7.673 0.639 0.560 Blue 
162 ENSMUSG00000054252.19 Fgfr3 1.532 0.536 0.279 Blue 
163 ENSMUSG00000047414.7 Flrt2 11.439 1.545 1.509 Red 
164 ENSMUSG00000038552.15 Fndc4 20.344 0.440 0.482 Blue 
165 ENSMUSG00000018844.7 Fndc8 3.030 0.499 0.457 Blue 
166 ENSMUSG00000048721.3 Fndc9 9.280 0.026 0.170 Blue 
167 ENSMUSG00000042812.6 Foxf1 25.729 0.018 0.019 Blue 
168 ENSMUSG00000052135.9 Foxo6 1.554 0.649 0.301 Blue 
169 ENSMUSG00000027238.18 Frmd5 2.687 0.443 0.526 Blue 
170 ENSMUSG00000035615.13 Frmpd1 3.586 4.381 4.606 Red 
171 ENSMUSG00000027344.15 Fsip1 1.175 2.218 1.987 Red 
172 ENSMUSG00000032750.14 Gab3 2.102 0.432 0.571 Blue 
173 ENSMUSG00000047261.10 Gap43 24.594 0.397 0.432 Blue 
174 ENSMUSG00000052957.9 Gas1 17.749 0.109 0.091 Blue 
175 ENSMUSG00000015053.15 Gata2 11.550 0.294 0.316 Blue 
176 ENSMUSG00000058624.14 Gda 13.831 0.045 0.075 Blue 
177 ENSMUSG00000025089.16 Gfra1 17.969 0.149 0.181 Blue 
178 ENSMUSG00000095547.2 Gm10719 12.810 1.670 3.747 Red 
179 ENSMUSG00000075015.4 Gm10801 2.567 1.702 3.017 Red 
180 ENSMUSG00000045699.5 Gm21411 15.107 1.732 2.053 Red 
181 ENSMUSG00000034792.9 Gna15 1.605 0.617 0.407 Blue 
182 ENSMUSG00000031748.17 Gnao1 14.744 0.530 0.545 Blue 
183 ENSMUSG00000043004.14 Gng2 16.822 0.491 0.667 Blue 
184 ENSMUSG00000031672.9 Got2 1.054 0.601 0.559 Blue 
185 ENSMUSG00000029816.11 Gpnmb 21.706 0.269 0.226 Blue 
186 ENSMUSG00000053101.4 Gpr141 5.270 5.965 2.592 Red 
187 ENSMUSG00000040836.16 Gpr161 5.243 0.655 0.561 Blue 
188 ENSMUSG00000038390.12 Gpr162 2.823 0.471 0.362 Blue 
189 ENSMUSG00000040372.3 Gpr63 21.963 0.368 0.665 Blue 
190 ENSMUSG00000051043.17 Gprc5c 8.076 0.060 0.082 Blue 
191 ENSMUSG00000020656.17 Grhl1 1.947 0.537 0.597 Blue 
192 ENSMUSG00000023982.9 Guca1a 5.279 1.640 0.651 Yellow 
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193 ENSMUSG00000045868.13 Gvin1 15.122 2.753 3.204 Red 
194 ENSMUSG00000030074.10 Gxylt2 13.770 0.585 0.537 Blue 
195 ENSMUSG00000073411.13 H2-D1 5.015 0.365 0.539 Blue 
196 ENSMUSG00000061232.17 H2-K1 3.290 0.630 0.586 Blue 
197 ENSMUSG00000079507.11 H2-Q1 2.585 0.635 0.382 Blue 
198 ENSMUSG00000067235.15 H2-Q10 1.171 0.538 0.479 Blue 
199 ENSMUSG00000060550.17 H2-Q7 2.748 0.624 0.441 Blue 
200 ENSMUSG00000075297.11 H60b 2.382 1.522 1.570 Red 
201 ENSMUSG00000069917.8 Hba-a2 4.990 0.588 0.350 Blue 
202 ENSMUSG00000021730.9 Hcn1 3.763 0.346 0.161 Blue 
203 ENSMUSG00000020875.10 Hoxb9 22.184 0.590 0.388 Blue 
204 ENSMUSG00000001655.7 Hoxc13 22.570 0.062 0.064 Blue 
205 ENSMUSG00000075394.5 Hoxc4 17.625 0.098 0.032 Blue 
206 ENSMUSG00000022485.4 Hoxc5 18.640 0.067 0.027 Blue 
207 ENSMUSG00000001661.6 Hoxc6 8.420 0.049 0.023 Blue 
208 ENSMUSG00000036139.7 Hoxc9 17.024 0.369 0.122 Blue 
209 ENSMUSG00000101174.9 Hoxd4 17.262 0.067 0.069 Blue 
210 ENSMUSG00000031722.11 Hp 2.942 0.226 0.310 Blue 
211 ENSMUSG00000035273.15 Hpse 3.715 0.540 0.542 Blue 
212 ENSMUSG00000070407.6 Hs3st3b1 25.697 0.480 0.399 Blue 
213 ENSMUSG00000091971.4 Hspa1a 3.788 0.448 0.241 Blue 
214 ENSMUSG00000090877.4 Hspa1b 4.341 0.444 0.321 Blue 
215 ENSMUSG00000006221.8 Hspb7 15.561 0.055 0.201 Blue 
216 ENSMUSG00000021379.3 Id4 22.253 0.427 0.418 Blue 
217 ENSMUSG00000078920.4 Ifi47 2.984 4.341 3.284 Red 
218 ENSMUSG00000025491.15 Ifitm1 17.808 0.278 0.108 Blue 
219 ENSMUSG00000096854.2 Ifnz 2.053 0.466 0.464 Blue 
220 ENSMUSG00000048583.17 Igf2 9.749 0.471 0.077 Blue 
221 ENSMUSG00000013367.6 Iglon5 1.801 0.422 0.434 Blue 
222 ENSMUSG00000025997.14 Ikzf2 2.271 1.668 1.610 Red 
223 ENSMUSG00000004371.16 Il11 9.342 1.571 4.149 Red 
224 ENSMUSG00000078735.5 Il11ra2 15.561 0.576 0.540 Blue 
225 ENSMUSG00000026981.16 Il1rn 5.727 2.313 1.908 Red 
226 ENSMUSG00000026288.15 Inpp5d 1.071 2.951 0.587 Yellow 
227 ENSMUSG00000034570.13 Inpp5j 1.186 0.489 0.374 Blue 
228 ENSMUSG00000020227.11 Irak3 24.145 0.423 0.498 Blue 
229 ENSMUSG00000031734.14 Irx3 5.656 0.012 0.152 Blue 
230 ENSMUSG00000035692.8 Isg15 2.659 3.407 2.935 Red 
231 ENSMUSG00000032318.13 Isl2 11.387 0.593 0.370 Blue 
232 ENSMUSG00000037206.16 Islr 17.268 0.548 0.442 Blue 
233 ENSMUSG00000051243.15 Islr2 2.928 0.338 0.109 Blue 
234 ENSMUSG00000000290.14 Itgb2 5.427 2.318 1.861 Red 
235 ENSMUSG00000032702.17 Kank1 1.147 0.538 0.629 Blue 
236 ENSMUSG00000040606.15 Kazn 7.214 0.330 0.331 Blue 
237 ENSMUSG00000018470.9 Kcnab3 2.165 0.602 0.419 Blue 
238 ENSMUSG00000028033.17 Kcnq5 6.882 0.066 0.113 Blue 
239 ENSMUSG00000033287.17 Kctd17 16.261 0.597 0.425 Blue 
240 ENSMUSG00000072294.6 Klf12 18.247 0.557 0.576 Blue 
241 ENSMUSG00000055148.8 Klf2 19.164 0.475 0.266 Blue 
242 ENSMUSG00000044041.5 Krt13 18.402 0.241 0.161 Blue 
243 ENSMUSG00000019718.9 L3hypdh 1.015 1.568 0.568 Yellow 
244 ENSMUSG00000028581.18 Laptm5 8.768 0.665 0.236 Blue 
245 ENSMUSG00000035202.9 Lars2 1.561 0.128 0.155 Blue 
246 ENSMUSG00000020140.16 Lgr5 24.057 0.292 0.545 Blue 
247 ENSMUSG00000042793.14 Lgr6 10.714 0.443 0.545 Blue 
248 ENSMUSG00000000247.12 Lhx2 5.488 0.172 0.049 Blue 
249 ENSMUSG00000054263.13 Lifr 25.138 0.369 0.498 Blue 
250 ENSMUSG00000024395.10 Lims2 6.267 1.561 0.546 Yellow 
251 ENSMUSG00000062044.17 Lmtk3 1.180 0.580 0.260 Blue 
252 ENSMUSG00000025185.15 Loxl4 4.716 0.497 0.540 Blue 
253 ENSMUSG00000090291.4 Lrrc10b 19.587 0.652 0.402 Blue 
254 ENSMUSG00000033707.10 Lrrc24 3.073 0.580 0.602 Blue 
255 ENSMUSG00000050587.15 Lrrc4c 1.194 2.844 1.912 Red 
256 ENSMUSG00000052581.14 Lrrtm4 12.885 1.679 1.807 Red 
257 ENSMUSG00000040488.19 Ltbp4 5.634 1.791 0.624 Yellow 
258 ENSMUSG00000075602.11 Ly6a 15.628 0.574 0.266 Blue 
259 ENSMUSG00000022587.15 Ly6e 7.290 0.534 0.461 Blue 
260 ENSMUSG00000022586.12 Ly6i 17.256 0.660 0.338 Blue 
261 ENSMUSG00000074622.5 Mafb 17.268 0.055 0.056 Blue 
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262 ENSMUSG00000062162.3 Mageb1 22.044 2.317 1.760 Red 
263 ENSMUSG00000073069.3 Mageb2 22.804 3.860 2.530 Red 
264 ENSMUSG00000055407.15 Map6 8.984 0.498 0.424 Blue 
265 ENSMUSG00000031442.22 Mcf2l 16.543 0.473 0.378 Blue 
266 ENSMUSG00000005410.7 Mcm5 2.266 0.477 0.417 Blue 
267 ENSMUSG00000005583.17 Mef2c 6.024 0.040 0.020 Blue 
268 ENSMUSG00000024593.16 Megf10 14.551 4.659 0.386 Yellow 
269 ENSMUSG00000043289.13 Mei4 19.519 0.239 0.437 Blue 
270 ENSMUSG00000031647.11 Mfap3l 3.103 1.799 2.033 Red 
271 ENSMUSG00000031790.9 Mmp15 1.060 0.436 0.319 Blue 
272 ENSMUSG00000029436.10 Mmp17 2.803 0.513 0.401 Blue 
273 ENSMUSG00000031740.9 Mmp2 24.734 0.027 0.074 Blue 
274 ENSMUSG00000048450.11 Msx1 24.526 0.103 0.106 Blue 
275 ENSMUSG00000031765.9 Mt1 3.087 0.500 0.439 Blue 
276 ENSMUSG00000031762.8 Mt2 7.454 0.436 0.402 Blue 
277 ENSMUSG00000029651.17 Mtus2 6.121 6.835 4.866 Red 
278 ENSMUSG00000020908.15 Myh3 13.881 0.474 0.287 Blue 
279 ENSMUSG00000071203.7 Naip5 1.279 1.835 1.646 Red 
280 ENSMUSG00000025588.5 Nat1 3.093 0.631 0.507 Blue 
281 ENSMUSG00000052512.18 Nav2 5.967 0.352 0.359 Blue 
282 ENSMUSG00000020181.19 Nav3 2.926 0.018 0.029 Blue 
283 ENSMUSG00000002341.9 Ncan 19.734 0.577 0.546 Blue 
284 ENSMUSG00000022488.10 Nckap1l 8.442 0.287 0.470 Blue 
285 ENSMUSG00000049001.6 Ndnf 9.341 0.352 0.629 Blue 
286 ENSMUSG00000036564.18 Ndrg4 5.417 0.376 0.515 Blue 
287 ENSMUSG00000053702.17 Nebl 22.606 0.284 0.120 Blue 
288 ENSMUSG00000032012.10 Nectin1 24.812 0.228 0.059 Blue 
289 ENSMUSG00000006435.17 Neurl1a 6.864 0.608 0.387 Blue 
290 ENSMUSG00000001911.17 Nfix 2.850 0.597 0.407 Blue 
291 ENSMUSG00000005397.9 Nid1 2.376 1.852 1.528 Red 
292 ENSMUSG00000067219.10 Nipal1 5.069 1.692 2.042 Red 
293 ENSMUSG00000015579.6 Nkx2-5 18.633 0.190 0.196 Blue 
294 ENSMUSG00000074151.14 Nlrc5 5.806 0.449 0.142 Blue 
295 ENSMUSG00000016626.11 Nlrp14 20.280 2.351 2.448 Red 
296 ENSMUSG00000055994.16 Nod2 7.028 0.213 0.254 Blue 
297 ENSMUSG00000027931.13 Npr1 4.493 0.634 0.454 Blue 
298 ENSMUSG00000022206.8 Npr3 15.229 1.982 1.612 Red 
299 ENSMUSG00000029126.8 Nsg1 3.680 0.645 0.595 Blue 
300 ENSMUSG00000061356.14 Nuggc 2.747 3.427 0.619 Yellow 
301 ENSMUSG00000057000.13 Nxf3 11.911 3.408 9.909 Red 
302 ENSMUSG00000021913.9 Ogdhl 11.365 3.752 2.126 Red 
303 ENSMUSG00000081724.5 Olfr129 12.848 1.938 1.931 Red 
304 ENSMUSG00000045518.9 Onecut3 3.759 0.414 0.256 Blue 
305 ENSMUSG00000026525.10 Opn3 2.942 1.647 1.547 Red 
306 ENSMUSG00000022146.13 Osmr 13.831 0.123 0.134 Blue 
307 ENSMUSG00000022330.6 Osr2 15.923 0.422 0.309 Blue 
308 ENSMUSG00000005917.16 Otx1 8.378 0.470 0.463 Blue 
309 ENSMUSG00000036353.14 P2ry12 3.756 2.704 2.825 Red 
310 ENSMUSG00000036381.14 P2ry14 6.226 2.285 1.744 Red 
311 ENSMUSG00000038168.6 P3h2 9.256 0.648 0.568 Blue 
312 ENSMUSG00000025329.4 Padi1 5.646 0.438 0.406 Blue 
313 ENSMUSG00000038507.7 Parp12 27.266 0.618 0.616 Blue 
314 ENSMUSG00000001497.19 Pax9 1.178 0.411 0.582 Blue 
315 ENSMUSG00000035566.8 Pcdh17 13.579 0.046 0.113 Blue 
316 ENSMUSG00000051323.17 Pcdh19 16.534 0.069 0.080 Blue 
317 ENSMUSG00000047910.7 Pcdhb16 1.800 1.701 1.552 Red 
318 ENSMUSG00000044022.6 Pcdhb21 1.945 2.259 2.448 Red 
319 ENSMUSG00000103144.2 Pcdhga1 5.353 2.644 1.945 Red 
320 ENSMUSG00000022489.7 Pde1b 15.122 0.586 0.250 Blue 
321 ENSMUSG00000028525.17 Pde4b 7.881 0.323 0.399 Blue 
322 ENSMUSG00000053965.11 Pde5a 1.104 2.697 2.084 Red 
323 ENSMUSG00000032006.16 Pdgfd 7.008 0.565 0.430 Blue 
324 ENSMUSG00000021846.10 Peli2 1.546 0.380 0.441 Blue 
325 ENSMUSG00000050751.15 Pgbd5 1.609 0.633 0.610 Blue 
326 ENSMUSG00000050860.7 Phospho1 6.132 0.556 0.323 Blue 
327 ENSMUSG00000041482.18 Piezo2 6.608 0.074 0.041 Blue 
328 ENSMUSG00000028023.17 Pitx2 4.044 0.343 0.150 Blue 
329 ENSMUSG00000026413.13 Pkp1 22.933 5.409 3.172 Red 
330 ENSMUSG00000021822.4 Plau 16.161 0.293 0.422 Blue 
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331 ENSMUSG00000074170.6 Plekhf1 2.665 0.559 0.434 Blue 
332 ENSMUSG00000026640.13 Plxna2 1.047 0.640 0.579 Blue 
333 ENSMUSG00000018217.13 Pmp22 10.272 2.517 2.315 Red 
334 ENSMUSG00000050424.10 Pnma5 5.214 0.394 0.349 Blue 
335 ENSMUSG00000012889.9 Podnl1 4.102 0.531 0.427 Blue 
336 ENSMUSG00000025608.10 Podxl 7.331 0.616 0.548 Blue 
337 ENSMUSG00000048349.10 Pou4f1 16.266 0.034 0.128 Blue 
338 ENSMUSG00000062168.13 Ppef1 6.576 1.837 1.572 Red 
339 ENSMUSG00000025129.3 Ppp1r27 3.274 0.472 0.293 Blue 
340 ENSMUSG00000075028.13 Prdm11 21.492 0.382 0.364 Blue 
341 ENSMUSG00000039621.14 Prex1 16.560 0.181 0.221 Blue 
342 ENSMUSG00000002688.9 Prkd1 21.067 0.351 0.614 Blue 
343 ENSMUSG00000049409.10 Prokr1 4.137 0.543 0.287 Blue 
344 ENSMUSG00000034686.9 Prr7 3.062 1.526 0.617 Yellow 
345 ENSMUSG00000024114.16 Prss41 2.105 0.435 0.281 Blue 
346 ENSMUSG00000039126.11 Prune2 5.726 0.182 0.125 Blue 
347 ENSMUSG00000034117.4 Ptgdr2 2.954 0.657 0.423 Blue 
348 ENSMUSG00000040016.17 Ptger3 15.923 0.066 0.051 Blue 
349 ENSMUSG00000028399.19 Ptprd 3.281 3.103 4.422 Red 
350 ENSMUSG00000033278.11 Ptprm 5.294 0.517 0.284 Blue 
351 ENSMUSG00000035916.9 Ptprq 3.230 1.616 1.633 Red 
352 ENSMUSG00000020674.18 Pxdn 28.527 2.733 1.613 Red 
353 ENSMUSG00000032202.12 Rab27a 8.440 0.447 0.367 Blue 
354 ENSMUSG00000029576.18 Radil 19.823 0.433 0.664 Blue 
355 ENSMUSG00000041046.8 Ramp3 23.147 0.138 0.312 Blue 
356 ENSMUSG00000071042.13 Rasgrp3 3.968 1.561 1.819 Red 
357 ENSMUSG00000039601.17 Rcan2 18.970 0.118 0.209 Blue 
358 ENSMUSG00000089789.2 Rdh1 1.504 0.374 0.393 Blue 
359 ENSMUSG00000030110.14 Ret 10.910 0.117 0.099 Blue 
360 ENSMUSG00000024186.16 Rgs11 2.920 0.514 0.479 Blue 
361 ENSMUSG00000043333.13 Rhbdl2 5.114 0.322 0.228 Blue 
362 ENSMUSG00000024143.16 Rhoq 1.160 1.531 1.507 Red 
363 ENSMUSG00000093989.2 Rnasek 1.115 0.662 0.491 Blue 
364 ENSMUSG00000034177.16 Rnf43 3.652 0.386 0.507 Blue 
365 ENSMUSG00000020641.17 Rsad2 14.551 0.479 1.550 Yellow 
366 ENSMUSG00000048617.17 Rtbdn 1.978 0.572 0.582 Blue 
367 ENSMUSG00000006586.16 Runx1t1 15.536 0.214 0.348 Blue 
368 ENSMUSG00000094018.3 S100a2 3.869 0.667 0.653 Blue 
369 ENSMUSG00000063767.5 S100a7a 8.653 0.651 0.666 Blue 
370 ENSMUSG00000067586.5 S1pr3 18.382 0.113 0.128 Blue 
371 ENSMUSG00000049532.12 Sall2 22.484 0.419 0.295 Blue 
372 ENSMUSG00000058656.14 Samd12 2.297 1.618 0.483 Yellow 
373 ENSMUSG00000060487.8 Samd5 1.438 4.771 4.007 Red 
374 ENSMUSG00000023927.16 Satb1 17.636 0.046 0.227 Blue 
375 ENSMUSG00000046056.16 Sbsn 3.466 0.566 0.366 Blue 
376 ENSMUSG00000057182.16 Scn3a 1.085 2.611 4.241 Red 
377 ENSMUSG00000032511.18 Scn5a 8.893 0.365 0.256 Blue 
378 ENSMUSG00000025743.15 Sdc3 2.503 0.467 0.202 Blue 
379 ENSMUSG00000026580.17 Selp 6.646 3.488 3.697 Red 
380 ENSMUSG00000028883.20 Sema3a 2.540 2.397 2.441 Red 
381 ENSMUSG00000000627.16 Sema4f 13.614 0.367 0.235 Blue 
382 ENSMUSG00000022231.11 Sema5a 15.933 0.053 0.074 Blue 
383 ENSMUSG00000019647.17 Sema6a 22.625 0.018 0.022 Blue 
384 ENSMUSG00000023232.18 Serinc2 15.933 0.314 0.608 Blue 
385 ENSMUSG00000051029.9 Serpinb1b 6.274 2.416 1.639 Red 
386 ENSMUSG00000079049.10 Serpinb1c 5.470 2.074 2.143 Red 
387 ENSMUSG00000067001.12 Serpinb7 17.045 0.212 0.156 Blue 
388 ENSMUSG00000057726.4 Serpinb9g 21.052 1.650 0.619 Yellow 
389 ENSMUSG00000047281.4 Sfn 1.009 0.530 0.328 Blue 
390 ENSMUSG00000057719.12 Sh3rf2 6.535 0.301 0.301 Blue 
391 ENSMUSG00000030468.13 Siglecg 3.418 4.050 2.143 Red 
392 ENSMUSG00000001995.10 Sipa1l2 2.653 0.601 0.305 Blue 
393 ENSMUSG00000041920.15 Slc16a6 1.179 0.431 0.476 Blue 
394 ENSMUSG00000022199.13 Slc22a17 3.496 0.309 0.380 Blue 
395 ENSMUSG00000021509.6 Slc25a48 6.733 0.067 0.044 Blue 
396 ENSMUSG00000024600.9 Slc27a6 12.165 12.193 5.568 Red 
397 ENSMUSG00000029151.15 Slc30a3 16.551 0.466 0.231 Blue 
398 ENSMUSG00000038602.8 Slc35f1 12.848 2.251 3.406 Red 
399 ENSMUSG00000042195.10 Slc35f2 11.142 0.253 0.302 Blue 
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400 ENSMUSG00000057060.9 Slc35f3 1.708 3.497 1.667 Red 
401 ENSMUSG00000022464.15 Slc38a4 24.652 0.187 0.598 Blue 
402 ENSMUSG00000022756.18 Slc7a4 13.692 0.233 0.235 Blue 
403 ENSMUSG00000026062.13 Slc9a2 7.554 0.524 0.375 Blue 
404 ENSMUSG00000031129.10 Slc9a9 18.268 0.491 0.589 Blue 
405 ENSMUSG00000063975.14 Slco1a5 2.243 1.972 2.212 Red 
406 ENSMUSG00000025938.17 Slco5a1 26.103 2.265 1.506 Red 
407 ENSMUSG00000027796.3 Smad9 8.851 0.322 0.249 Blue 
408 ENSMUSG00000023886.11 Smoc2 22.509 0.356 0.246 Blue 
409 ENSMUSG00000038248.9 Sobp 18.848 0.461 0.600 Blue 
410 ENSMUSG00000041540.17 Sox5 4.684 0.087 0.513 Blue 
411 ENSMUSG00000038560.8 Sp6 10.254 0.169 0.504 Blue 
412 ENSMUSG00000068859.6 Sp9 7.037 2.207 1.671 Red 
413 ENSMUSG00000026207.17 Speg 10.881 1.829 0.602 Yellow 
414 ENSMUSG00000050359.8 Sprr1a 3.122 0.500 0.630 Blue 
415 ENSMUSG00000046259.3 Sprr2h 1.908 0.644 0.452 Blue 
416 ENSMUSG00000022114.6 Spry2 1.215 0.583 0.642 Blue 
417 ENSMUSG00000039860.20 Srrm3 1.764 0.609 0.366 Blue 
418 ENSMUSG00000042286.14 Stab1 2.198 3.001 1.511 Red 
419 ENSMUSG00000031216.14 Stard8 7.750 0.302 0.208 Blue 
420 ENSMUSG00000027030.16 Stk39 21.876 0.509 0.272 Blue 
421 ENSMUSG00000028801.15 Stpg1 6.217 0.282 0.194 Blue 
422 ENSMUSG00000032327.15 Stra6 4.383 0.620 0.607 Blue 
423 ENSMUSG00000006800.15 Sulf2 8.754 0.279 0.170 Blue 
424 ENSMUSG00000003271.18 Sult2b1 2.168 0.623 0.448 Blue 
425 ENSMUSG00000022340.16 Sybu 7.979 0.643 0.599 Blue 
426 ENSMUSG00000043079.18 Synpo 2.210 0.460 0.321 Blue 
427 ENSMUSG00000027220.3 Syt13 27.652 0.506 0.629 Blue 
428 ENSMUSG00000024339.13 Tap2 3.879 0.428 0.251 Blue 
429 ENSMUSG00000031709.16 Tbc1d9 27.812 0.536 0.619 Blue 
430 ENSMUSG00000031965.16 Tbx20 24.812 0.415 0.649 Blue 
431 ENSMUSG00000051579.11 Tceal8 23.130 0.143 0.178 Blue 
432 ENSMUSG00000055799.14 Tcf7l1 3.064 0.238 0.171 Blue 
433 ENSMUSG00000052415.6 Tchh 21.056 0.177 0.320 Blue 
434 ENSMUSG00000049336.17 Tenm2 8.326 1.934 1.689 Red 
435 ENSMUSG00000042386.8 Tex13b 2.747 0.579 0.569 Blue 
436 ENSMUSG00000010342.17 Tex14 15.536 0.554 0.617 Blue 
437 ENSMUSG00000026380.11 Tfcp2l1 3.294 1.894 1.726 Red 
438 ENSMUSG00000027082.16 Tfpi 3.767 0.363 3.256 Yellow 
439 ENSMUSG00000039239.15 TGFb2 4.385 0.525 0.388 Blue 
440 ENSMUSG00000040152.9 Thbs1 1.305 2.461 2.059 Red 
441 ENSMUSG00000040413.16 Timd2 8.000 3.250 2.422 Red 
442 ENSMUSG00000042246.6 Tmc7 4.573 0.345 0.368 Blue 
443 ENSMUSG00000026109.15 Tmeff2 2.894 4.070 4.397 Red 
444 ENSMUSG00000043388.9 Tmem130 1.513 2.314 1.948 Red 
445 ENSMUSG00000096847.3 Tmem151b 14.532 0.083 0.113 Blue 
446 ENSMUSG00000037913.13 Tmem156 4.477 2.904 1.755 Red 
447 ENSMUSG00000046157.14 Tmem229b 4.353 0.209 0.302 Blue 
448 ENSMUSG00000049692.8 Tmem239 2.258 0.661 0.421 Blue 
449 ENSMUSG00000054409.6 Tmem74 20.111 0.620 0.269 Blue 
450 ENSMUSG00000010307.8 Tmem86a 1.907 0.569 0.596 Blue 
451 ENSMUSG00000016942.7 Tmprss6 1.383 0.634 0.527 Blue 
452 ENSMUSG00000030306.15 Tmtc1 1.491 2.298 2.102 Red 
453 ENSMUSG00000028965.14 Tnfrsf9 2.598 4.377 2.236 Red 
454 ENSMUSG00000031691.15 Tnpo2 1.442 0.647 0.571 Blue 
455 ENSMUSG00000017607.10 Tns4 5.833 4.148 3.277 Red 
456 ENSMUSG00000033327.19 Tnxb 4.961 0.498 0.368 Blue 
457 ENSMUSG00000042870.16 Tom1 2.499 0.528 0.421 Blue 
458 ENSMUSG00000026875.15 Traf1 8.560 1.644 0.546 Yellow 
459 ENSMUSG00000030921.18 Trim30a 2.626 1.737 3.568 Red 
460 ENSMUSG00000056596.9 Trnp1 3.818 0.630 0.611 Blue 
461 ENSMUSG00000000244.18 Tspan32 4.344 0.516 0.500 Blue 
462 ENSMUSG00000024424.16 Ttc39c 20.720 0.660 0.418 Blue 
463 ENSMUSG00000046782.15 Ttc6 11.114 4.614 2.418 Red 
464 ENSMUSG00000042734.7 Ttc9 11.290 0.320 2.769 Yellow 
465 ENSMUSG00000035799.7 Twist1 19.964 0.032 0.033 Blue 
466 ENSMUSG00000007805.5 Twist2 9.782 0.501 0.488 Blue 
467 ENSMUSG00000032020.16 Ubash3b 22.506 0.242 0.066 Blue 
468 ENSMUSG00000074502.5 Ubtfl1 4.396 2.246 3.381 Red 
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469 ENSMUSG00000006313.6 Upk1a 1.556 0.608 0.440 Blue 
470 ENSMUSG00000045288.11 Ush1g 5.271 0.602 0.234 Blue 
471 ENSMUSG00000021256.6 Vash1 6.897 0.589 0.412 Blue 
472 ENSMUSG00000034777.3 Vax2 2.774 0.426 0.225 Blue 
473 ENSMUSG00000091635.3 Vmn2r13 5.553 0.200 0.209 Blue 
474 ENSMUSG00000091491.3 Vmn2r97 3.669 0.574 0.463 Blue 
475 ENSMUSG00000059355.14 Wdr83os 1.076 0.499 0.487 Blue 
476 ENSMUSG00000041245.14 Wnk3 1.638 7.608 3.018 Red 
477 ENSMUSG00000027022.15 Xirp2 4.452 0.224 0.179 Blue 
478 ENSMUSG00000073125.11 Xlr3b 4.967 3.035 1.938 Red 
479 ENSMUSG00000058147.2 Xlr3c 8.967 2.842 2.506 Red 
480 ENSMUSG00000044646.16 Zbtb7c 4.615 0.136 0.116 Blue 
481 ENSMUSG00000034265.9 Zdhhc14 16.791 0.403 0.444 Blue 
482 ENSMUSG00000068962.8 Zfp114 8.938 0.247 0.245 Blue 
483 ENSMUSG00000062012.15 Zfp13 2.919 1.915 0.553 Yellow 
484 ENSMUSG00000073176.5 Zfp449 3.261 1.535 1.768 Red 
485 ENSMUSG00000068551.13 Zfp467 20.340 0.102 0.033 Blue 
486 ENSMUSG00000039081.11 Zfp503 19.678 0.028 0.166 Blue 
487 ENSMUSG00000062518.8 Zfp534 4.078 1.675 2.443 Red 
488 ENSMUSG00000043456.18 Zfp536 18.394 0.112 0.068 Blue 
489 ENSMUSG00000074194.5 Zfp791 2.067 0.529 0.601 Blue 
490 ENSMUSG00000002266.18 Zim1 4.059 0.247 0.431 Blue 

 
  



 144 

Table 8 – List of 58 dysregulated transcription factor genes. Alphabetized list of 
dysregulated transcription factor genes derived from Table 7. Column 7, labeled “Fig. 21B” 
shows the color corresponding to the exploded pie chart in Figure 21B that indicates 
gene’s expression “synergy”. 
 

Row 
# Gene ID Gene 

Symbol 

FC:  
shPCBP1/ 

shSCR 

FC:            
FAM3C KO/ 
shPCBP1 

FC:                 
LIFR KO/  
shPCBP1 

Fig. 21B 

1 ENSMUSG00000037621.9 Atoh8 12.445 0.512 0.283 Blue 
2 ENSMUSG00000040270.17 Bach2 15.523 0.249 0.409 Blue 
3 ENSMUSG00000029646.4 Cdx2 1.641 0.584 0.452 Blue 
4 ENSMUSG00000032515.9 Csrnp1 2.477 0.656 0.420 Blue 
5 ENSMUSG00000023391.9 Dlx2 21.880 0.595 0.503 Blue 
6 ENSMUSG00000018983.10 E2f2 1.937 0.459 0.360 Blue 
7 ENSMUSG00000010476.15 Ebf3 22.781 0.019 0.319 Blue 
8 ENSMUSG00000053552.15 Ebf4 16.807 1.588 0.572 Yellow 
9 ENSMUSG00000032446.15 Eomes 16.551 0.098 0.165 Blue 

10 ENSMUSG00000052135.9 Foxo6 1.554 0.649 0.301 Blue 
11 ENSMUSG00000015053.15 Gata2 11.550 0.294 0.316 Blue 
12 ENSMUSG00000020656.17 Grhl1 1.947 0.537 0.597 Blue 
13 ENSMUSG00000020875.10 Hoxb9 22.184 0.590 0.388 Blue 
14 ENSMUSG00000001655.7 Hoxc13 22.570 0.062 0.064 Blue 
15 ENSMUSG00000075394.5 Hoxc4 17.625 0.098 0.032 Blue 
16 ENSMUSG00000022485.4 Hoxc5 18.640 0.067 0.027 Blue 
17 ENSMUSG00000001661.6 Hoxc6 8.420 0.049 0.023 Blue 
18 ENSMUSG00000021379.3 Id4 22.253 0.427 0.418 Blue 
19 ENSMUSG00000025997.14 Ikzf2 2.271 1.668 1.610 Red 
20 ENSMUSG00000031734.14 Irx3 5.656 0.012 0.152 Blue 
21 ENSMUSG00000032318.13 Isl2 11.387 0.593 0.370 Blue 
22 ENSMUSG00000072294.6 Klf12 18.247 0.557 0.576 Blue 
23 ENSMUSG00000055148.8 Klf2 19.164 0.475 0.266 Blue 
24 ENSMUSG00000000247.12 Lhx2 5.488 0.172 0.049 Blue 
25 ENSMUSG00000074622.5 Mafb 17.268 0.055 0.056 Blue 
26 ENSMUSG00000005583.17 Mef2c 6.024 0.040 0.020 Blue 
27 ENSMUSG00000048450.11 Msx1 24.526 0.103 0.106 Blue 
28 ENSMUSG00000001911.17 Nfix 2.850 0.597 0.407 Blue 
29 ENSMUSG00000015579.6 Nkx2-5 18.633 0.190 0.196 Blue 
30 ENSMUSG00000045518.9 Onecut

3 
3.759 0.414 0.256 Blue 

31 ENSMUSG00000022330.6 Osr2 15.923 0.422 0.309 Blue 
32 ENSMUSG00000005917.16 Otx1 8.378 0.470 0.463 Blue 
33 ENSMUSG00000038507.7 Parp12 27.266 0.618 0.616 Blue 
34 ENSMUSG00000001497.19 Pax9 1.178 0.411 0.582 Blue 
35 ENSMUSG00000028023.17 Pitx2 4.044 0.343 0.150 Blue 
36 ENSMUSG00000048349.10 Pou4f1 16.266 0.034 0.128 Blue 
37 ENSMUSG00000075028.13 Prdm11 21.492 0.382 0.364 Blue 
38 ENSMUSG00000006586.16 Runx1t

1 
15.536 0.214 0.348 Blue 

39 ENSMUSG00000049532.12 Sall2 22.484 0.419 0.295 Blue 
40 ENSMUSG00000023927.16 Satb1 17.636 0.046 0.227 Blue 
41 ENSMUSG00000027796.3 Smad9 8.851 0.322 0.249 Blue 
42 ENSMUSG00000041540.17 Sox5 4.684 0.087 0.513 Blue 
43 ENSMUSG00000038560.8 Sp6 10.254 0.169 0.504 Blue 
44 ENSMUSG00000068859.6 Sp9 7.037 2.207 1.671 Red 
45 ENSMUSG00000031965.16 Tbx20 24.812 0.415 0.649 Blue 
46 ENSMUSG00000055799.14 Tcf7l1 3.064 0.238 0.171 Blue 
47 ENSMUSG00000026380.11 Tfcp2l1 3.294 1.894 1.726 Red 
48 ENSMUSG00000035799.7 Twist1 19.964 0.032 0.033 Blue 
49 ENSMUSG00000007805.5 Twist2 9.782 0.501 0.488 Blue 
50 ENSMUSG00000034777.3 Vax2 2.774 0.426 0.225 Blue 
51 ENSMUSG00000044646.16 Zbtb7c 4.615 0.136 0.116 Blue 
52 ENSMUSG00000062012.15 Zfp13 2.919 1.915 0.553 Yellow 
53 ENSMUSG00000073176.5 Zfp449 3.261 1.535 1.768 Red 
54 ENSMUSG00000068551.13 Zfp467 20.340 0.102 0.033 Blue 
55 ENSMUSG00000039081.11 Zfp503 19.678 0.028 0.166 Blue 
56 ENSMUSG00000043456.18 Zfp536 18.394 0.112 0.068 Blue 
57 ENSMUSG00000074194.5 Zfp791 2.067 0.529 0.601 Blue 
58 ENSMUSG00000002266.18 Zim1 4.059 0.247 0.431 Blue 
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Table 9 – Nucleotide sequences. This table represents the oligonucleotide sequences 
synthesized for the various experiments described in the preceding sections. 
 

Row # Description Sequence (5' - 3') 
1 FAM3C sgRNA: Exon 3, guide 1 GACCTGAGACGCCTGTCTAGGGG 
2 FAM3C sgRNA: Exon 3, guide 2 TGCAAAGTTGGTAGTGGCCG 
3 FAM3C sgRNA: Exon 5, guide 1 CCTCCGAGGTACAAGTGTGGGAT 
4 FAM3C sgRNA: Exon 5, guide 2 CGTGGGACCCAAGATCTGCCTGG 
5 FAM3C Exon 3 Nested PCR primer FOR ATCCCTTGACTTGGTGGGTATC 
6 FAM3C Exon 3 Nested PCR primer REV GGCAGAAGCAACTCAGCATG 
7 FAM3C Exon 3 Flanking PCR primer FOR TCCTGTAGACTTGGCAGTGTTC 
8 FAM3C Exon 3 Flanking PCR primer REV GAATAACAACGCAATGCGGGCA 
9 FAM3C Exon 5 Nested PCR primer FOR GTACAAGTGTGGGATCTCAAAGG 

10 FAM3C Exon 5 Nested PCR primer REV CACGACATTGGCTGCTCCAC 
11 FAM3C Exon 5 Flanking PCR primer FOR ATGCTCACCACGTGTGTTCC 
12 FAM3C Exon 5 Flanking PCR primer REV CTGTCACTCAATCCACGACC 
13 LIFR sgRNA: Exon 2, guide 1 TTATTGTCTACCATCCACGA 
14 LIFR sgRNA: Exon 2, guide 2 CATCTGACGATGCATGCAAA 
15 LIFR sgRNA: Exon 6, guide 1 GTAAAGATACCGTTCAGCAC 
16 LIFR sgRNA: Exon 6, guide 2 TACAGACCCTTGGTTCACATGGG 
17 LIFR Exon 2 Nested PCR primer FOR GATGGTAGACAATAAAAGATCGAGG 
18 LIFR Exon 2 Nested PCR primer REV ATGCATCGTCAGATGCAGGAG 
19 LIFR Exon 2 Flanking PCR primer FOR GAGATCTAGGCTTCAGTCTCAATC 
20 LIFR Exon 2 Flanking PCR primer REV GTCAAAACTCAGAGAACTGTATCC 
21 LIFR Exon 6 Nested PCR primer FOR ACCTGCCCTTGCAATGTGC 
22 LIFR Exon 6 Nested PCR primer REV CTTACAGGAGATGTTCTTCAGCG 
23 LIFR Exon 6 Flanking PCR primer FOR ATGATCGTGTTGGTGTCACTTCC 
24 LIFR Exon 6 Flanking PCR primer REV CATCTCTCTGTTAGAGGAGTTGT 
25 mLifr qPCR primer FOR GGCTCATCACCACCTTCGAAAA 
26 mLifr qPCR primer REV CCAGGTGAGGAAGATCCTGTT 
27 hFAM3C qPCR primer FOR CAAGATCAGCATTGGACACAGC 
28 hFAM3C qPCR primer REV GCAAAATGCTTCTCAGGGCAA 
29 hLIFR qPCR primer FOR AGTGACTGGAGCCCTGTGAA 
30 hLIFR qPCR primer REV CACAACAAAATGTTATGTCTGAGCC 
31 mLIFR promoter ChIP-qPCR primer FOR GCCGATTTGCAAATTGCTGTAGA 
32 mLIFR promoter ChIP-qPCR primer REV AGAAATGTGCCAGACGGAGC 
33 mTwist1 qPCR primer FOR CAGCGGGTCATGGCTAACG 
34 mTwist1 qPCR primer REV AGACTGTCCATTTTCTCCTTCTCTG 
35 mTwist1 promoter ChIP-qPCR primer FOR ACCGCTGCCCCCAAACTTT 
36 mTwist1 promoter ChIP-qPCR primer REV CGAGGTCCAAAAAGAAGGCG 
37 mStat3 qPCR primer FOR AAGAGTCTCGCCTCCTCCAGA 
38 mStat3 qPCR primer REV ATCTGCTGCTTCTCTGTCACTAC 
39 mMyc qPCR primer FOR GCAGCGACTCTGAAGAAGAGC 
40 mMyc qPCR primer REV CGACCTCTTGGCAGGGGTTT 

41 hFAM3C shRNA sequence 
ATGTTGGAAGAGGGATCAATGCTCGAGC
ATTGATCCCTCTTCCACCTTTTTTT 

42 hFAM3C shRNA reference (Sigma) TRCN0000298583 

43 non-human/mouse shRNA sequence (SCR) 
CCGGCAACAAGATGAAGAGCACCAACTC
GAGTTGGTGCTCTTCATCTTGTTGTTTTT 

44 mLifr promoter region  GRCm38.p6 (15:7128390-7129810) 
45 mTwist1 promoter region  GRCm38.p6 (12:33957107-33957916) 
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