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Abstract 

Cancer is characterized by aberrant gene expression patterns that alter cellular function. 

Such alterations are commonly caused by the inappropriate activation of transcription factors. In 

particular, STAT3 is a key transcriptional regulator of many pro-tumorigenic processes, 

including survival, proliferation, and differentiation, and is persistently activated in many types 

of human cancer. However, like many transcription factors, STAT3 has proven difficult to target 

clinically. To address this unmet clinical need, we developed a cell-based assay of STAT3 

transcriptional activity and performed an unbiased, high-throughput screen of a library of 1,120 

small molecules known to be biologically active in humans. We identified the antimicrobial drug 

pyrimethamine as a novel and specific inhibitor of STAT3 transcriptional activity at 

concentrations known to be safely achieved in humans. 

Intriguingly, at concentrations sufficient to inhibit STAT3 transcriptional activity, 

pyrimethamine does not affect STAT3 phosphorylation, nuclear translocation, or DNA binding. 

Accordingly, we hypothesized that pyrimethamine inhibits STAT3 transcriptional activity via a 

unique mechanism. To evaluate that possibility, we first developed and characterized a 

pyrimethamine-resistant cell line to reveal potential mechanisms of resistance that may shed light 

on pyrimethamine-mediated STAT3 inhibition. We found that loss of the transcriptional 
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regulator BCL6 leads to pyrimethamine resistance, suggesting that pyrimethamine disrupts a 

functional interaction between BCL6 and STAT3 required for STAT3 transcriptional activity. 

Second, we performed a new quantitative profiling approach called the proteome integral 

stability alteration (PISA) assay to identify direct molecular targets of pyrimethamine that may 

play a role in regulating STAT3 transcriptional activity. We identified human dihydrofolate 

reductase (DHFR) as one of the targets responsible for the STAT3-inhibitory effects of 

pyrimethamine, implicating folate metabolism in the regulation of STAT3 transcriptional 

activity. Together, these findings reveal two regulatory nodes of STAT3 activation that may be 

important for the development of novel strategies to treat STAT3-driven cancers. 
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CHAPTER 1: Introduction 
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Attributions 

Parts of this chapter are contained within two manuscripts written by LNH, one of which is 

published in Trends in Cancer and the other in the Journal of Clinical Investigation. 

 

Transcriptional Misregulation in Cancer 

Transcription factors regulate the expression of a cohort of genes, ultimately creating 

cell-specific gene expression patterns that define cellular physiology [1]. Accordingly, the 

misregulation of transcription factors, particularly those regulating genes controlling survival, 

proliferation, and differentiation, leads to inappropriate expression patterns that can promote 

tumor initiation and progression in human cancer [2]. Such mechanisms of misregulation include 

amplification, deletion, or mutation of genes encoding transcription factors, as well as other 

indirect modulators of transcription including transcriptional cofactors and chromatin 

remodelers. For example, two of the most commonly altered genes across all human cancers are 

TP53 and MYC, which encode transcription factors known to play critical roles in cancer 

pathogenesis [3]. Additionally, subunits of the human SWI/SNF chromatin remodeling complex, 

which are commonly characterized as tumor suppressors, are known to be mutated in at least 

20% of all human tumors [4,5]. 

In addition to genomic alterations, transcription factors can also be inappropriately 

activated by upstream signal transduction cascades. Such cascades typically converge on 

transcription factors, which then serve as terminal effectors to alter gene expression and thus 

modulate cellular function. Accordingly, misregulated signal transduction pathways often lead to 

misregulated transcription factors. One prominent example is oncogenic MYC activation, which 
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has been shown to occur downstream of dysregulated Wnt signaling in colon cancer and Notch 

signaling in T cell leukemia [6]. Regardless of the mechanism of misregulation, both genomic 

and signal transduction events can drive tumorigenesis by transforming normal cellular proteins 

into so-called oncogenic transcription factors. As drivers of tumorigenesis, such oncogenic 

transcription factors are promising therapeutic targets for the treatment of cancer. 

 

STAT Signaling in Cancer 

Unfortunately, transcription factors have proven difficult to target due to large, flat 

interaction surfaces and predominantly nuclear localization [7]. One group that exemplifies these 

issues is the signal transducer and activator of transcription (STAT) family. The STAT family 

consists of seven members, STAT1–4, STAT5A, STAT5B, and STAT6, each characterized by 

five structural domains: an amino-terminal domain, a coiled coil domain, a DNA-binding domain 

(DBD), a Src homology 2 (SH2) domain, and a carboxy-terminal transactivation domain (Figure 

1.1 A) [8]. In the absence of an upstream signal, such as cytokine or growth factor stimulation, 

STATs reside in the cytoplasm as latent, antiparallel dimers [9,10]. However, following 

stimulation, STATs are tyrosine phosphorylated within the transactivation domain by upstream 

kinases, including Janus kinases (JAKs), and undergo a conformational change to form active, 

parallel dimers that translocate to the nucleus. Once in the nucleus, active STAT dimers 

recognize and bind a nine base pair consensus sequence (TTCN3GAA) and regulate the 

expression of genes involved in survival, proliferation, and differentiation (Figure 1.1 B). 
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Figure 1.1. Structural and functional overview of the signal transducer and activator of 

transcription (STAT) family of transcription factors. (A) Structural domains of the seven STAT 

family members. Figure from Miklossy et al., Nat. Rev. Drug Discovery, 2013. (B) Schematic 

representation of the STAT activation-inactivation cycle. Under physiologic conditions, STAT 

signaling is stimulus-dependent and tightly regulated by endogenous inhibitors. However, 

cancer-associated events can lead to persistent STAT activation and STAT-driven oncogenesis. 

JAK: Janus kinase; SOCS: suppressor of cytokine signaling; PIAS: protein inhibitor of activated 

STAT; PTP: protein tyrosine phosphatase. Figure from Heppler and Frank, J. Clin. Invest., 2017. 
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Figure 1.1. (Continued)  

B

A
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Due to the critical role these cellular processes play in tumor initiation and progression, 

STAT signaling has been widely implicated in human cancer, including both hematologic 

malignancies and solid tumors [8,11]. Under physiologic conditions, STAT signaling is stimulus-

dependent and tightly regulated by endogenous inhibitors, namely suppressor of cytokine 

signaling (SOCS) proteins, phosphatases, and protein inhibitor of activated STAT (PIAS) 

proteins. Accordingly, STAT3 signaling typically peaks 15–30 minutes following stimulation 

and then returns to basal levels after 60–90 minutes. However, in cancer pathogenesis, STATs 

become constitutively active due to chronically elevated cytokine levels, loss of endogenous 

inhibitors, or activating mutations in tyrosine kinases (Figure 1.1 B). Such mutant kinases 

include gain-of-function JAKs, such as JAK2V617F and Tel-JAK2, constitutively active receptor 

tyrosine kinases, like epidermal growth factor receptor (EGFR), platelet-derived growth factor 

receptor (PDGFR), and FMS-like tyrosine kinase 3 (FLT3), and oncogenic non-receptor tyrosine 

kinases, including SRC and BCR-ABL [12,13]. 

Of the seven STAT family members, STAT1, STAT3, and STAT5 appear to play the 

most direct roles in tumorigenesis [14]. STAT1 primarily responds to interferons (IFNs), 

including IFNα, IFNβ, and IFNγ, and regulates the expression of genes involved in anticancer 

processes, including growth arrest, apoptosis, and immunosurveillance [8,15]. Accordingly, the 

inactivation of STAT1 has been shown to promote tumor growth in both colon cancer and MYC-

driven prostate cancer [16,17]. However, in contrast to these findings, persistent STAT1 

activation has been seen in various cancer cell lines and primary diseases, including multiple 

myeloma, leukemia, breast cancer, and head and neck cancer [11,13]. STAT1 has also been 

reported as a potential oncogene in serous papillary endometrial cancer [18]. Therefore, the 
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commonly accepted role of STAT1 as a tumor suppressor is complex and likely tumor-specific. 

Conversely, STAT3 predominantly responds to interleukins (ILs), namely IL6, IL10, 

IL11, IL21, IL23, leukemia inhibitory factor (LIF), and oncostatin M (OSM) and regulates the 

expression of genes involved in pro-tumorigenic processes, including angiogenesis, 

inflammation, metastasis, proliferation, and survival. Such pro-tumorigenic STAT3 target genes 

include vascular endothelial growth factor (VEGF), matrix metalloproteinases (MMPs), p21, 

cyclin D1, MYC, BCL2, BCLXL, and SURVIVIN [8]. Accordingly, persistent STAT3 

activation has been reported in many hematological malignancies, including lymphomas and 

multiple myeloma, as well as solid tumors, including breast, melanoma, prostate, head and neck, 

lung, pancreatic, and ovarian [8,19]. In addition, the oncogenic potential of STAT3 has been 

experimentally validated by Bromberg et al. [20] who demonstrated that the expression of a 

constitutively active form of STAT3 called STAT3C in immortalized mouse fibroblasts 

promoted colony formation in soft agar assays and tumor formation in nude mice. Somatic 

STAT3 activating mutations have also been identified in lymphomas derived from NK cells and 

T cell large granular lymphocytic leukemias (T-LGLs), again suggesting that STAT3 activation 

underlies the pathogenesis of these diseases [21–23]. Furthermore, persistent STAT3 activation 

in tumor-associated immune cells has been shown to antagonize STAT1-mediated 

immunosurveillance and suppress both innate and adaptive immune responses [15,24]. 

Therefore, across multiple malignancies and via the regulation of many cellular processes, 

STAT3 is primarily oncogenic. 

Although STAT1 and STAT3 tend to respond to distinct signals and play opposing roles 

in oncogenesis, cross-regulatory mechanisms between STAT1 and STAT3 have been described. 
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For example, several groups have demonstrated that some cytokines can activate both STAT1 

and STAT3. However, the majority of these studies have been performed in STAT-deficient 

systems in which only STAT1 or STAT3 is active [25]. Thus, the extent and significance of 

STAT1 and STAT3 co-activation, including the biological role of STAT1-STAT3 heterodimers, 

remain poorly understood. Additionally, Nivarthi and colleagues [26] have recently 

demonstrated that the ratio of expression of STAT1 to STAT3 is a key determinant of 

progression in colorectal carcinoma and may be more prognostic of clinical outcome than 

STAT1 or STAT3 levels alone. Together, these findings suggest that understanding the 

functional crosstalk between STAT1 and STAT3 will be critical for assessing whether STAT 

inhibitors will be advantageous or detrimental in certain tumor contexts. 

STAT5 largely responds to IL2, IL3, IL5, IL7, IL15, granulocyte macrophage CSF (GM-

CSF), and prolactin (PRL) and regulates the expression of pro-growth and pro-survival genes 

[8,15]. The tumorigenic role of STAT5 has been most strongly established in FLT3 internal 

tandem duplication (FLT3-ITD)-containing acute myelogenous leukemia (AML) and BCR-

ABL-driven chronic myelogenous leukemia (CML) [27]. In CML specifically, STAT5 is 

indispensable for disease initiation and maintenance and capable of mediating both therapeutic 

resistance and disease persistence [28,29]. STAT5 activation has also been shown to play a role 

in breast, prostate, uterine, and head and neck cancers [8,30]. However, the pro-tumorigenic role 

of STAT5 in these solid tumors appears to be more complicated than that of STAT3. For 

example, in breast cancer, STAT5 has been shown to decrease proliferation and increase 

sensitivity to cell death when activated simultaneously with STAT3 [31]. Therefore, STAT5 is 

primarily oncogenic in hematologic malignancies, but its role in solid tumors may depend on the 
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activation state of other STAT family members, including STAT3. 

 

Targeting STAT3 in Cancer 

Although transcription factors have been notoriously difficult to target therapeutically, 

STAT inhibition, particularly STAT3 inhibition, remains an intriguing anticancer strategy. 

Historically, successful molecular targets for anticancer therapy have shared three main 

characteristics. First, they have been drivers of malignant behavior. As previously described, 

STAT3 is a transcription factor that regulates the expression of pro-tumorigenic target genes. 

Accordingly, the persistent activation of STAT3 is known to be sufficient for oncogenesis and 

underlies the pathogenesis of many human cancers. Second, the anticancer targets have been 

dispensable in normal cells. Although STAT3 is required for mouse embryonic development 

[32], Schlessinger and Levy [33] have shown that STAT3 is not required for the normal growth 

of mouse fibroblasts in vitro. In brief, they found that wild-type and STAT3-null primary 

fibroblasts, as well as immortalized NIH3T3 cells, grow at similar rates and are capable of 

maintaining the expression of genes required for normal cell growth, even in the absence of 

STAT3. Likewise, our laboratory has demonstrated that STAT3 inhibition significantly 

decreases the viability of STAT3-dependent cancer lines while having little effect on the 

viability of peripheral blood mononuclear cells (PBMCs) isolated from healthy donors [34]. 

Together, these findings suggest that normal cells can tolerate the loss of STAT3 due to cellular 

redundancies, but cancer cells become dependent on STAT3 for proliferation and survival. This 

discrepancy in STAT3-dependence creates a therapeutic window that allows for response 

without causing systemic toxicity. 
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Third, the targets have been amenable to pharmacologic modulation. Although many 

STAT3 inhibitors have been proposed, developed, and tested for the treatment of cancer 

(reviewed in [35–39]), very few have demonstrated clinical efficacy. The primary challenge has 

been developing inhibitors that directly and specifically target STAT3 despite STAT3 having 

large, flat interaction surfaces and high functional and structural conservation with other STAT 

family members. One therapeutic strategy that has demonstrated some clinical benefit in STAT3-

dependent myeloproliferative diseases is the use of upstream inhibitors that prevent STAT3 

phosphorylation and activation. Such efforts have focused on inhibitors of cell surface receptors 

and kinases, including JAK kinases. However, despite years of effort, only one JAK inhibitor, 

ruxolitinib, has been approved for the treatment of a STAT3-driven neoplasm, namely 

myelofibrosis. Although beneficial to patients with myelofibrosis, ruxolitinib has a relatively 

weak inhibitory effect on STAT3 and only demonstrates some benefit in patients with other 

STAT3-dependent malignancies [40]. One potential explanation for this relative lack of efficacy 

is that upstream inhibitors such as ruxolitinib act as broad and indirect inhibitors of STAT3 

activity, likely inhibiting other STAT family members that are activated by similar cytokines, 

receptors, and kinases, as well as allowing for the activation of STAT3 via bypass signaling 

pathways. Therefore, there remains a clinical need for direct STAT3 inhibitors that can 

overcome these limitations. 

Accordingly, many groups have developed direct STAT3 inhibitors that target either the 

STAT3 SH2 domain or the STAT3 DBD. The STAT3 SH2 domain recognizes and binds 

phospho-tyrosine motifs that exist on both the intracellular region of receptors and other STAT3 

molecules. Following cytokine-receptor engagement, receptor oligomerization, kinase activation, 
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and receptor phosphorylation, STAT3 is recruited via the SH2 domain to phosphorylated 

tyrosine residues on the receptor. Once bound to the receptor, STAT3 is tyrosine phosphorylated 

and released, allowing phosphorylated STAT3 molecules to interact with one another via 

reciprocal pTyr-SH2 domain interactions to form active homodimers that can translocate to the 

nucleus. Nuclear STAT3 dimers then recognize and bind specific DNA sequences via their 

DBDs to regulate transcriptional activity. Thus, therapeutic agents that target the STAT3 SH2 

domain should reduce STAT3 phosphorylation, dimerization, and nuclear translocation, whereas 

agents that target the STAT3 DBD should only prevent STAT3 binding at target genes. 

As predicted, peptides, peptidomimetics, and small molecules that target the STAT3 SH2 

domain inhibit STAT3 transcriptional activity. Turkson et al. [41] were the first to show that 

peptides derived from the STAT3 phospho-tyrosine site could prevent STAT3 dimerization by 

competing with phosphorylated STAT3 [36]. This initial study motivated the development and 

optimization of peptidomimetics with improved pharmacokinetic profiles. A few years later, 

Schust et al. [42] identified a nonpeptidic small molecule that could also inhibit the STAT3 SH2 

domain [37]. In brief, they used a fluorescence polarization-based binding assay to screen several 

chemical libraries consisting of more than 17,000 compounds. They identified 144 compounds 

that inhibited the binding of a fluorescein-labeled phospho-tyrosine peptide to the STAT3 SH2 

domain by at least 60%. One of these compounds, designated STAT three inhibitory compound 

(Stattic), selectively inhibited the activation, dimerization, and nuclear translocation of STAT3, 

as compared to STAT1 and STAT5. Much like the discovery of peptide-based inhibitors, the 

discovery of Stattic inspired additional small molecule screens and the development of analogs. 

However, despite many screens and optimization efforts, both peptide-based and small molecule 
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STAT3 SH2 domain inhibitors remain limited by poor specificity and potency, as well as low 

bioavailability. Accordingly, these agents have become powerful laboratory tools for the study of 

STAT3, but they have largely failed to progress towards clinical development. 

Interestingly, the development of inhibitors that target the STAT3 DBD has largely 

mirrored that of the SH2 domain inhibitors. Nagel-Wolfrum et al. [43] used a modified yeast 

two-hybrid approach to screen a peptide library consisting of random 20-mers, each constrained 

by a scaffold protein, for peptide aptamers that target the STAT3 DBD [37]. They identified the 

aptamer DBD-1 as a STAT3 interactor and demonstrated that it reduces both STAT3-mediated 

transcriptional activity and STAT3 DNA binding without significantly altering STAT3 tyrosine 

phosphorylation. They also demonstrated that DBD-1 reduces the viability of B16 murine 

melanoma cells, which are characterized by constitutive STAT3 phosphorylation, and slows the 

growth of STAT3-dependent U266 human myeloma cells without significantly affecting the 

growth of STAT3-independent RPMI 8226 human myeloma cells. However, despite these 

promising results, peptide aptamers such as DBD-1 face an uphill battle with regards to clinical 

development due to complications associated with delivery and in vivo applicability. 

In addition to peptides, decoy oligonucleotides targeting the STAT3 DBD have also been 

developed. Decoy oligonucleotides are derived from conserved genomic binding motifs and 

reduce target gene expression by competing with genomic sites for transcription factor binding 

[44]. To date, the most promising STAT3 decoy is a 15 base pair duplex oligonucleotide derived 

from the STAT3 response element within the FOS promoter [45]. The first generation of this 

STAT3 decoy demonstrated selectivity for STAT3, as compared to STAT5 and STAT6, and was 

able to reduce proliferation and STAT3 target gene expression in head and neck cancer cell lines. 
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It also demonstrated in vivo efficacy following intratumoral injection in xenograft tumor models 

[46]. Success in other preclinical models prompted a phase 0 clinical trial to evaluate the 

pharmacodynamic effects of the decoy in patients with head and neck squamous cell carcinoma 

(HNSCC) [44]. Although STAT3 target gene expression decreased following a single 

intratumoral injection, similar decreases in gene expression were not seen in xenograft models 

following systemic delivery, indicating that the decoy requires local/intratumoral delivery and is 

not a therapeutic option for patients with systemic disease. However, the Grandis group has since 

optimized this first generation decoy to create a cyclic STAT3 decoy with improved serum half-

life and thermal stability [44]. Although yet to be tested in clinical trials, this second generation 

cyclic STAT3 decoy holds therapeutic promise. 

Due to the poor pharmacokinetic properties typical of peptide and oligonucleotide 

constructs, recent efforts to develop STAT3 DNA binding inhibitors have returned to small 

molecules. Huang et al. [47] performed virtual docking to screen approximately 200,000 

compounds for the potential to bind the STAT3 DBD [37]. Importantly, they also performed a 

STAT1 counter screen to eliminate broad inhibitors of STAT DNA binding. They tested the 

ability of 57 of the top 100 compounds to inhibit STAT3-dependent luciferase activity and 

identified 4-[(3E)-3-[(4-nitrophenyl)-methylidene]-2-oxo-5-phenylpyrrol-1-yl] benzoic acid, 

designated inS3-54, as a STAT3 inhibitor. Due to unforeseen off-target effects of inS3-54, 

Huang et al. [48] used a structure-based hit optimization approach followed by activity analyses 

to identify an improved lead compound. In brief, they screened the virtual Chemdiv database for 

inS3-54 analogs demonstrating at least 80% structural similarity and tested the ability of the 

commercially available analogs to inhibit STAT3 transcriptional activity. Using this approach, 
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they identified inS3-54A18 as a superior compound with improved specificity, safety, and 

pharmacokinetics. Much like the previously discussed cyclic STAT3 decoy, inS3-54A18 has yet 

to enter clinical trials, but holds promise for the development of safe and effective STAT3 DNA 

binding inhibitors. 

In summary, these recent advances in the development of STAT3 inhibitors suggest that 

STAT3 is amenable to pharmacologic modulation and thus meets the three criteria of historically 

successful anticancer targets. However, the time and expenses associated with moving these 

promising molecules from laboratory to clinic remain obstacles for the development of 

therapeutic STAT3 inhibitors and beg for a more timely and affordable solution. One such 

solution is to develop a cell-based assay that can be used to rapidly probe libraries of compounds 

known to be safe and biologically active in humans for specific inhibitors of STAT3 

transcriptional activity, agnostic of mechanism of action. The identification of such approved 

compounds as STAT3 inhibitors would greatly accelerate the translation from laboratory to 

clinic while also providing small molecule tools with unknown targets that could be used to 

dissect the biology of STAT3-dependent gene regulation and inform the development of next 

generation STAT3 inhibitors. 

 

Overview of Dissertation 

This work highlights two strategies for elucidating the mechanism of action of the FDA-

approved antiparasitic compound pyrimethamine as a novel STAT3 inhibitor. The first strategy 

focuses on developing a pyrimethamine-resistant cell line to reveal potential mechanisms of drug 

resistance and provide insights into pyrimethamine-mediated STAT3 inhibition. The second 
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strategy uses a new proteome profiling approach called the proteome integral stability alteration 

(PISA) assay to identify direct molecular targets of pyrimethamine that may play a role in 

regulating STAT3 transcriptional activity. Together, these strategies can be used to reveal 

molecular mechanistic details that can inform clinical decisions, such as combination therapies 

and patient stratification, as well as expose regulatory mechanisms of STAT3 activation that can 

be used for the development of new therapeutic approaches. 
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CHAPTER 2: The transcriptional modulator BCL6 mediates the sensitivity of cancer cell 

lines to the cytotoxic effects of pyrimethamine 
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Background 

Many human diseases, including cancer, are characterized by aberrant gene expression 

patterns that alter cellular function. Such abnormal expression patterns are commonly caused by 

the inappropriate activation of transcription factors, including members of the signal transducer 

and activator of transcription (STAT) family. Of the seven STAT family members, STAT3 

appears to play the most direct role in tumorigenesis, regulating the expression of genes involved 

in angiogenesis, inflammation, metastasis, proliferation, and survival [8]. Accordingly, STAT3 is 

frequently activated in cancer, with nearly 70% of breast tumors characterized by persistent 

STAT3 phosphorylation and activation [49,50]. Thus, as a key transcriptional regulator of pro-

tumorigenic processes, STAT3 is a promising therapeutic target in cancer. 

Persistent STAT3 phosphorylation is often caused by chronically elevated cytokine 

levels, loss of endogenous inhibitors, or activating mutations in upstream kinases [12,13]. 

Consequently, efforts to inhibit STAT3 transcriptional activity in cancer have largely focused on 
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blocking early signaling events that lead to the phosphorylation and activation of STAT3. 

Although these efforts have resulted in the development of STAT3 inhibitors, including tyrosine 

kinase inhibitors (TKIs) and STAT3 Src homology 2 (SH2) domain inhibitors, very few of these 

inhibitors have progressed towards clinical development due to poor efficacy and limited 

selectivity [36]. Thus, there remains a need for therapeutic STAT3 inhibitors. 

To identify therapeutic STAT3 inhibitors that may target any aspect of the STAT3 

signaling pathway, including signaling events downstream of STAT3 phosphorylation, our 

laboratory developed a cell-based assay using STAT3-dependent transcription of a luciferase 

reporter gene as the primary output to perform a high-throughput chemical library screen of the 

Prestwick collection, a library of nearly 1,200 small molecules known to be safe and biologically 

active in humans (Figure 2.1 A). Using this approach, we identified the FDA-approved anti-

parasitic compound pyrimethamine as a novel STAT3 inhibitor (Figure 2.1 B) [51]. To confirm 

that pyrimethamine was specific to STAT3 and not a broad inhibitor of transcription, we also 

measured pyrimethamine-mediated changes in the transcriptional activity of two additional 

transcription factors, nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) and 

STAT5. Importantly, pyrimethamine had no significant effect on either (Figure 2.1 C). 

Here, we investigate the mechanism of action of pyrimethamine as a novel STAT3 

inhibitor by developing and characterizing a pyrimethamine-resistant triple negative breast 

cancer (TNBC) subline. In addition to informing clinical decisions regarding the use of 

pyrimethamine as a therapeutic STAT3 inhibitor, a better understanding of exactly how 

pyrimethamine inhibits STAT3 activity may reveal aspects of STAT3 regulation that can be 

exploited for the development of new, more effective therapeutic strategies.  
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Figure 2.1. High-throughput chemical library screen identifies pyrimethamine as a specific 

STAT3 inhibitor. (A) STAT3-dependent luciferase cells (U3A-Luc) were used to measure drug-

mediated changes in STAT3 transcriptional activity. Schematic created with BioRender. (B) 

Chemical structure of pyrimethamine. (C) STAT3-, STAT5- and NFκB-dependent luciferase 

reporter cells were pretreated with pyrimethamine (PYR) for 1 hour and stimulated with 

cytokine. Luciferase data from Takakura et al., Hum. Mol. Genet., 2011. 
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Figure 2.1. (Continued) 
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Results 

Pyrimethamine does not affect STAT3 tyrosine phosphorylation or nuclear localization. 

To dissect the mechanism of action of pyrimethamine as a STAT3 inhibitor, we 

examined the effect of pyrimethamine on two major steps of the STAT3 signaling pathway, 

namely STAT3 tyrosine phosphorylation and STAT3 nuclear localization (Figure 2.2 A). In 

MDA-MB-468 cells, a TNBC cell line characterized by constitutive STAT3 phosphorylation, 

pyrimethamine was unable to reduce total STAT3 tyrosine phosphorylation levels (Figure 2.2 

B), and only led to a slight reduction in nuclear pSTAT3 and total STAT3 (Figure 2.2 C). 

Additionally, in U3A human fibrosarcoma cells (which lack basal STAT3 phosphorylation), 

pyrimethamine had no effect on oncostatin M (OSM)-stimulated nuclear pSTAT3 or total 

STAT3 levels (Figure 2.2 D). Together, these results suggest that pyrimethamine inhibits 

STAT3 transcriptional activity downstream of STAT3 tyrosine phosphorylation and nuclear 

localization. 
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Figure 2.2. Pyrimethamine inhibits STAT3 transcriptional activity without decreasing STAT3 

phosphorylation or nuclear localization. (A) The STAT3 signaling pathway from STAT3 

tyrosine phosphorylation at the cell membrane to recruitment of RNA polymerase II to 

chromatin, leading to gene transcription. Created with BioRender. (B) MDA-MB-468 cells were 

treated with pyrimethamine (PYR) for 24 hours and analyzed by immunoblotting with the 

indicated antibodies. pSTAT3 levels were quantified and normalized to Tubulin. (C) MDA-MB-

468 cells were treated with 5 μM PYR for 24 hours. Nuclear and cytoplasmic fractions were 

analyzed by immunoblotting with the indicated antibodies. PARP and Tubulin were used as 

nuclear and cytoplasmic markers, respectively. (D) U3A human fibrosarcoma cells stably 

expressing STAT3-dependent luciferase were pretreated with 10 μM PYR for one hour and 

stimulated with 10 ng/mL oncostatin M (OSM) for 30 minutes. Nuclear and cytoplasmic 

fractions were analyzed by immunoblotting with the indicated antibodies. PARP and Tubulin 

were used as nuclear and cytoplasmic markers, respectively. 
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Figure 2.2. (Continued) 
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Generation of MDA-MB-468 subline resistant to the inhibitory effects of pyrimethamine. 

Our laboratory had previously shown that pyrimethamine does not significantly inhibit 

STAT3 DNA binding, but rather prevents RNA polymerase II recruitment to STAT3 target 

genes [7]. Thus, we hypothesized that pyrimethamine inhibits STAT3 transcriptional activity via 

a unique mechanism, perhaps by preventing the interaction between STAT3 and transcriptional 

cofactors required for the recruitment of RNA polymerase II. To test that possibility and help 

elucidate the mechanism of action of pyrimethamine as a STAT3 inhibitor, we generated a 

pyrimethamine-resistant subline of MDA-MB-468 cells. In brief, we exposed parental MDA-

MB-468 cells to increasing concentrations of pyrimethamine over the course of three months. In 

parallel, we also treated parental cells with vehicle to create a paired sensitive subline. When the 

subline exposed to pyrimethamine grew at a similar rate to that of the vehicle control, we 

transferred both sublines to medium without vehicle or pyrimethamine and began the 

characterization process (Figure 2.3 A). 

 To validate that the respective sublines retained their relative sensitivity to 

pyrimethamine, we first measured the number of viable cells following a 72-hour treatment with 

pyrimethamine. The pyrimethamine-resistant MDA-MB-468 cells (468 R) were significantly 

more resistant to pyrimethamine as indicated by the rightward shift in the dose-response curve 

(Figure 2.3 B). The IC50 value shifted from 3.2 μM for the pyrimethamine-sensitive MDA-MB-

468 cells (468 C) to more than 12 μM for the 468 R cells. Importantly, this shift in IC50 value 

was durable regardless of the number of passages or freeze-thaw cycles. Next, we extended these 

results by measuring apoptosis using annexin V and propidium iodide (PI) staining followed by 

flow cytometry. Although 468 C and R were equally sensitive to treatment with either vehicle or 
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the small molecule JAK2 inhibitor TG101348, the 468 R cells were significantly more resistant 

to pyrimethamine-induced cell death (Figure 2.3 C). Thus, the 468 R subline is selectively 

resistant to pyrimethamine as compared to the 468 C subline. 
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Figure 2.3. Generation of MDA-MB-468 subline resistant to the inhibitory effects of 

pyrimethamine. (A) Schematic of the development of pyrimethamine-resistant MDA-MB-468 

cells. Created with BioRender. (B) Pyrimethamine-sensitive cells (468 C) and pyrimethamine-

resistant cells (468 R) were treated with pyrimethamine (PYR) for 72 hours. Number of viable 

cells was measured using CellTiter-Glo and normalized to the respective vehicle control. 

Statistical comparison was performed between mean values at the maximum concentration. (C) 

468 C and R cells were treated with 10 μM PYR or 10 μM TG101348, a JAK2 inhibitor, for 48 

hours. Cells were stained with FITC Annexin V and propidium iodide (PI) and analyzed by flow 

cytometry. Statistical comparisons were performed using % viable and % dead (sum of necrotic, 

early apoptotic, and late apoptotic) between the indicated samples. (D) 468 C and R cells were 

treated with 5 μM PYR. Number of viable cells was measured using CellTiter-Glo and 

normalized to vehicle-treated 468 C at Day 0. Statistical comparisons were performed using the 

mean difference between Days 0 and 5 for each sample. (E) 468 C and R cells were treated with 

the indicated STAT3 inhibitors for 72 hours. Number of viable cells was measured using 

CellTiter-Glo and normalized to the respective vehicle control. Statistical comparisons were 

performed between IC50 values. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 with 

two-tailed unpaired Student’s t-test with Welch’s correction used in (B), one-sided Fisher’s exact 

test used in (C), two-tailed unpaired Student’s t-test used in (D), and least squares regression 

with extra sum-of-squares F-test used in (E). 
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Figure 2.3. (Continued) 
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Although the initial 468 R subline was selected based on similar proliferative rates to the 

paired 468 C subline, it was conceivable that a more subtle difference in proliferative rate was 

underlying the differential sensitivity. Thus, to exclude the possibility that the observed 

resistance phenotype of 468 R cells was due solely to a slower proliferative rate, we measured 

the number of viable cells over a five-day period. As expected, the sublines had nearly identical 

proliferative rates when grown in either medium or vehicle-containing medium (Figure 2.3 D). 

However, the 468 C line had a substantially reduced proliferative rate when grown in 

pyrimethamine-containing medium, whereas the proliferative rate of the 468 R line was 

seemingly unaffected by pyrimethamine. Thus, the difference in pyrimethamine sensitivity 

between 468 C and R is independent of proliferative rate. 

 To build on the TG101348 findings and eliminate the less interesting possibilities that 

468 R cells are resistant due to either the overexpression of drug efflux transporters or a reduced 

dependence on STAT3 signaling, we examined the effect of other STAT3 inhibitors on the 

number of viable cells, namely atovaquone, nifuroxazide, and ST301. Atovaquone inhibits 

STAT3 phosphorylation by downregulating the cell-surface expression of glycoprotein 130 

(gp130), whereas nifuroxazide inhibits STAT3 phosphorylation by inhibiting the kinase activity 

of JAK2 and TYK2 [34,52]. Much like pyrimethamine, ST301 inhibits STAT3 transcriptional 

activity downstream of STAT3 phosphorylation and nuclear localization [7]. Intriguingly, the 

sublines were equally sensitive to pyrimethamine-independent STAT3 inhibition (Figure 2.3 E), 

suggesting that the resistance phenotype is specific to pyrimethamine rather than just a broad 

upregulation of drug efflux transporters, which would have likely exported the other small 

molecule STAT3 inhibitors, or a decreased dependence on STAT3 signaling, which would have 
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made the 468 R subline more resistant to STAT3 inhibition in general. Overall, these results 

indicate that an understanding of the mechanism of resistance in 468 R cells may reveal key 

aspects of pyrimethamine-mediated STAT3 inhibition. 

 

Pyrimethamine-resistant subline demonstrates abnormal basal and cytokine-stimulated 

STAT3 tyrosine phosphorylation. 

 To further characterize the 468 R subline, we considered the hypothesis that other 

prosurvival signaling pathways, particularly the mitogen-activated protein kinase (MAPK) 

pathway, may be activated to bypass STAT3 inhibition. Thus, we analyzed pSTAT3 and 

pMAPK levels by immunoblotting in lysates from 468 C and R cells. Although pSTAT3 levels 

were decreased in 468 R cells, pMAPK levels were similar between the two sublines (Figure 2.4 

A). Next, we evaluated cytokine-stimulated cytoplasmic and nuclear pSTAT3 levels. Basal 

pSTAT3 levels were significantly lower in the 468 R cells, but IL6- and OSM-stimulated 

pSTAT3 levels were similar between the two lines (Figure 2.4 B). Interestingly, a closer look at 

the time- and dose-dependent effects of cytokine stimulation with IL6 family members 

demonstrated that the 468 C and R sublines have distinct responses. Although the two sublines 

responded similarly to OSM-stimulation, with maximal pSTAT3 levels occurring 30 minutes 

after stimulation and baseline levels returning after 120 minutes (Figure 2.4 C), the 468 R 

subline was significantly more sensitive to IL6 stimulation as demonstrated by higher levels of 

pSTAT3 following stimulation with 5–10 ng/mL and greater maximal pSTAT3 levels following  
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Figure 2.4. Basal and cytokine-stimulated STAT3 tyrosine phosphorylation are abnormal in 

pyrimethamine-resistant 468 cells. (A) 468 C and R cells were analyzed by immunoblotting with 

the indicated antibodies. (B) 468 C and R cells were stimulated with 10 ng/mL interleukin 6 

(IL6) or 10 ng/mL oncostatin M (OSM) for 30 minutes. Nuclear and cytoplasmic fractions were 

analyzed by immunoblotting with the indicated antibodies. PARP and Tubulin were used as 

nuclear and cytoplasmic markers, respectively. (C) 468 C and R cells were stimulated with 10 

ng/mL OSM and analyzed by immunoblotting with the indicated antibodies. (D) 468 C and R 

cells were stimulated with IL6 or leukemia inhibitory factor (LIF) for 15 minutes and analyzed 

by immunoblotting with the indicated antibodies. (E) SKBR3 cells were stimulated with 

conditioned media from 468 C (CCM) or 468 R (RCM) cells, 10 ng/mL IL6, 10 ng/mL LIF, or 

10 ng/mL OSM for 15 minutes and analyzed by immunoblotting with the indicated antibodies. 
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Figure 2.4. (Continued) 

  

A B

C D

E



 32 

stimulation with 50 ng/mL (Figure 2.4 D). Moreover, the 468 R subline unexpectedly failed to 

respond to LIF stimulation. 

 Since constitutive STAT3 tyrosine phosphorylation in MDA-MB-468 cells is likely due 

to autocrine/paracrine IL6 signaling [53,54], we examined whether the low basal pSTAT3 levels 

observed in 468 R cells were due to reduced secretion of STAT3-activating cytokines. In brief, 

we collected and filtered media from 468 C and R cells cultured in 6-cm plates for 24 hours. We 

then used this conditioned media to stimulate SKBR3 breast cancer cells lacking basal STAT3 

phosphorylation. Although this approach was less precise than directly measuring the 

concentration of various cytokines in the medium, it allowed us to quickly visualize significant 

differences between the two sublines. Interestingly, the conditioned media from both sublines led 

to a modest, but similar increase in pSTAT3 levels (Figure 2.4 E), suggesting that the 

concentrations of STAT3-activating cytokines are similar between the two lines and that the low 

basal pSTAT3 levels observed in 468 R cells are not caused by changes in cytokine production 

or secretion, but rather changes in cytokine response. 

 

Pyrimethamine-resistant subline demonstrates reduced STAT3 transcriptional activity. 

 Tyrosine phosphorylated STAT3 forms active dimers that enter the nucleus and regulate 

gene expression. Thus, low basal pSTAT3 levels as observed in the pyrimethamine-resistant 468 

R subline might be expected to correlate with decreased STAT3 transcriptional activity. To 

measure STAT3 transcriptional activity in the two sublines, we first performed a dual luciferase 

assay in which we transfected 468 C and R cells with a STAT3-responsive firefly luciferase 

construct (m67-luc), along with a constitutive Renilla luciferase construct used to control for 
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differences in transfection efficiency. In accordance with the pSTAT3 data, basal STAT3 

transcriptional activity was slightly, though not significantly, reduced in 468 R cells (Figure 2.5 

A). Interestingly, despite OSM-stimulated STAT3 activity being comparable between the two 

sublines, pyrimethamine had a seemingly smaller inhibitory effect on OSM-stimulated STAT3 

activity in the 468 R subline (Figure 2.5 A). Next, we looked at STAT3 target gene expression 

as another measure of STAT3 transcriptional activity. As expected, 468 R cells demonstrated 

reduced expression of many STAT3 target genes, including BCL6, CIS, ICAM1, and MCL1 

(Figure 2.5 B). However, other STAT3 target genes, namely BCLXL, GPR110, STAT3, 

SURVIVIN, and UGCG, remained unchanged or were even slightly increased as compared to 

468 C cells. Perhaps unsurprisingly, many of these maintained or overexpressed STAT3 target 

genes are known promoters of cell survival and drug resistance [55–57]. 

 As a STAT3 transcriptional inhibitor, pyrimethamine is expected to decrease STAT3 

target gene expression. Accordingly, mRNA levels of BCL6, BCLXL, CIS, ICAM1, MCL1, 

STAT3, SURVIVIN, and UGCG decreased with pyrimethamine treatment in the pyrimethamine-

sensitive 468 C subline (Figure 2.5 B). Although the expression of many of these target genes 

decreased with pyrimethamine in the 468 R subline as well, the effects appeared to be much 

smaller, especially for the STAT3 target genes that were maintained or upregulated in 468 R 

cells as compared to 468 C cells (Figure 2.5 B). Importantly, these same target genes were 

inhibited in 468 R cells in a dose-dependent manner using TG101348, a JAK2-dependent 

STAT3 inhibitor (Figure 2.5 C), suggesting that the prosurvival STAT3 target genes are still 

regulated by STAT3 in the 468 R cells, but are uniquely resistant to pyrimethamine-dependent 

inhibition.  
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Figure 2.5. Pyrimethamine-resistant 468 cells have decreased basal STAT3 activity. (A) 468 C 

and R cells were transfected with a luciferase reporter gene under the control of a STAT3-

dependent promoter. Cells were then pretreated with 10 μM pyrimethamine (PYR) for one hour 

and stimulated with 10 ng/mL oncostatin M (OSM) for six hours. Fold Change presented as 

stimulated over unstimulated. (B) 468 C and R cells were treated with 5 μM PYR for six hours 

and analyzed by qRT-PCR. mRNA levels were normalized to GAPDH and vehicle-treated 468 

C. (C) 468 C and R cells were treated with TG101348, a JAK2 inhibitor, for 24 hours and 

analyzed by qRT-PCR. mRNA levels were normalized to GAPDH and vehicle-treated 468 C. 

(D) 468 C and R cells were stimulated with 10 ng/mL OSM for 30 minutes and analyzed by 

STAT3 ChIP. Binding was normalized to input and compared to a non-binding region. ns P > 

0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 with two-tailed unpaired Student’s t-test used in 

(A), two-tailed one-sample Student’s t-test and two-tailed unpaired Student’s t-test used in (B) 

and (C), and two-tailed unpaired Student’s t-test used in (D). 
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Figure 2.5. (Continued) 
  

46
8 C

46
8 R

0.00
0.05
0.10
0.15
0.20
0.25

Lu
cif

er
as

e/
Re

ni
lla

Ra
tio

DMEM
OSM

ns

46
8 C

46
8 R

0
2
4
6
8

Lu
cif

er
as

e/
Re

ni
lla

Ra
tio

 F
ol

d 
Ch

an
ge

DMSO
PYR

ns
ns

ns

*

BCL6 CIS ID1
MUC1

STA
T3

GPR11
0

UGCG
0

5

10

15

20

Re
la

tiv
e 

Bi
nd

in
g

468 C DMEM
468 C OSM

468 R DMEM
468 R OSM

***
ns ns

ns

ns
ns

*** *** ***

BCL6

BCLX
L

MCL1

SURVIVIN
0.0

0.5

1.0

1.5

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

468 C DMSO
468 C 1 µM
468 C 5 µM

468 R DMSO
468 R 1 µM
468 R 5 µM

*** *** **

***
*

** **** *****

BCL6

BCLX
L

CIS

GPR11
0
ICAM1

MCL1
STA

T3

SURVIVIN
UGCG

0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e 

m
RN

A 
Ex

pr
es

sio
n

468 C DMSO
468 C PYR

468 R DMSO
468 R PYR

*
**

***
*

***
****

B

C

D

A



 36 

 Finally, to test the mechanistic possibility that STAT3 is titrated away from less essential 

target genes to maintain the expression of prosurvival genes, we assessed STAT3 DNA binding 

using chromatin immunoprecipitation (ChIP) followed by quantitative PCR. In alignment with 

the gene expression data, STAT3 binding was significantly reduced at the BCL6 and STAT3 

loci, but maintained at GPR110 and UGCG (Figure 2.5 D). Importantly, binding of STAT3 

increased with OSM-stimulation in both sublines, validating the amplified genomic regions as 

bona fide STAT3 binding sites and confirming that the two sublines respond similarly to OSM-

stimulation as previously shown by immunoblotting. 

 

Compensatory activation of STAT1 or STAT5 is not the driver of resistance in the 

pyrimethamine-resistant subline. 

 Since STAT family members can respond to many of the same cytokines and regulate the 

expression of many of the same target genes, we hypothesized that other STAT family members, 

particularly STAT1 and STAT5, could be compensating for the reduced STAT3 transcriptional 

activity seen in the pyrimethamine-resistant 468 R subline. Thus, we first examined whether 

STAT1 or STAT5 target genes were differentially expressed in 468 R cells. Two of the three 

STAT1 target genes we examined, IRF1 and IRF9, were slightly decreased in the 468 R subline, 

whereas SOCS1 was unchanged (Figure 2.6 A). Since the expression of these three target genes 

is expected to increase with activation of STAT1, we concluded that STAT1 is not active in the 

pyrimethamine-resistant cells. We also looked at the expression of two key STAT5 target genes, 

BCL6 and AREG. BCL6 expression is typically activated by STAT3 and repressed by STAT5, 

whereas AREG expression is upregulated by STAT5. Although the low levels of BCL6 seen in 
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468 R cells could be explained by loss of STAT3 activity or increased STAT5 activity, the 

significant upregulation of AREG in the 468 R cells indicated that STAT5 may indeed be active 

and playing a role in resistance (Figure 2.6 A). 

To determine whether STAT5 activation alone is sufficient to cause pyrimethamine 

resistance, we stably expressed a constitutively active form of STAT5 designated STAT5a1*6 

[58] in parental MDA-MB-468 cells. Similar to the differential response of 468 C and R cells, 

the STAT5a1*6-expressing 468 cells were significantly more resistant to pyrimethamine than the 

vector-expressing cells, indicating that STAT5 alone is sufficient to cause pyrimethamine 

resistance (Figure 2.6 B). To determine whether STAT5 also mediates intrinsic resistance to 

pyrimethamine, we tested the sensitivity of a panel of ovarian cancer cell lines to pyrimethamine. 

Although three of the cell lines were intrinsically sensitive to pyrimethamine with IC50 values in 

the range of 0.5–4 μM, two lines were seemingly resistant with IC50 values above 10 μM 

(Figure 2.6 C). Based on these findings, we obtained mRNA expression data from the Cancer 

Cell Line Encyclopedia (CCLE) for four of the five ovarian lines, as well as for MDA-MB-468 

and INA6, which are both known to be sensitive to pyrimethamine, and KURAMOCHI, which is 

known to be resistant. We then performed differential gene expression using the integrated 

Differential Expression and Pathway (iDEP) analysis platform to determine whether STAT5 

activation was correlated with intrinsic pyrimethamine resistance. Intriguingly, two of the genes 

upregulated in the pyrimethamine resistant cells, FGFR2 and ERBB2, are known interactors and 

upstream activators of STAT5 (Figure 2.6 D) [59–62]. Together, these experimental and in 

silico results indicate that STAT5 activation can drive resistance to pyrimethamine. However, it 

remained unclear whether STAT5 activation was the driver of resistance in the 468 R subline. 
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Figure 2.6. Compensatory activation of STAT1 or STAT5 does not appear to be the driver of 

resistance in pyrimethamine-resistant 468 cells. (A) 468 C and R cells were treated with 10 μM 

pyrimethamine (PYR) for 24 hours and analyzed by qRT-PCR. mRNA levels were normalized to 

GAPDH and vehicle-treated 468 C. (B) MDA-MB-468 cells stably transfected with vector or 

STAT5a1*6, a constitutively active form of STAT5, were treated with PYR for 48 hours. 

Number of viable cells was measured using CellTiter-Glo and normalized to the respective 

vehicle control. (C) Ovarian cancer cell lines were treated with PYR for 72 hours. Number of 

viable cells was measured using CellTiter-Glo and normalized to the respective vehicle control. 

(D) iDEP was used to perform a differential gene expression analysis on CCLE expression data 

from pyrimethamine-sensitive cell lines (MDA-MB-468, OVCAR8, INA6) and pyrimethamine-

resistant cell lines (JHOS4, KURAMOCHI, OVKATE, and OVSAHO). Enrichr was then used to 

identify transcription factors known to interact with genes upregulated in pyrimethamine-

resistant cells. Transcription factors were ranked by combined score (indicated by red 

highlighting), which was computed by taking the log of the p-value from Fisher’s exact test and 

multiplying that by the z-score of the deviation from the expected rank. (E) 468 C and R cells 

were stimulated with 10 ng/mL oncostatin M (OSM) or 100 ng/mL prolactin for 90 minutes and 

analyzed by qRT-PCR. mRNA levels were normalized to GAPDH and unstimulated 468 C. (F) 

468 C and R cells were stimulated with 100 ng/mL prolactin for 30 minutes. Nuclear and 

cytoplasmic fractions were analyzed by immunoblotting with the indicated antibodies. PARP and 

Tubulin were used as nuclear and cytoplasmic markers, respectively. ns P > 0.05, * P ≤ 0.05, ** 

P ≤ 0.01 and *** P ≤ 0.001 with two-tailed one-sample Student’s t-test used in (A) and two-

tailed one-sample Student’s t-test and two-tailed unpaired Student’s t-test used in (E). 
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Figure 2.6. (Continued) 
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 To more directly determine whether STAT5 is more active in the 468 R subline than the 

468 C subline, we looked at a slightly larger panel of STAT5 target genes, as well as pSTAT5 

levels by immunoblotting. Although the STAT5 response to prolactin stimulation was modest at 

best in the 468 C cells, a more pronounced response was not seen in the 468 R cells (Figure 2.6 

E). Additionally, a closer look at prolactin-stimulated changes in BCL6 mRNA expression 

indicated that prolactin-stimulated STAT5 can further reduce BCL6 levels, suggesting that the 

initial decrease seen in the 468 R cells as compared to the 468 C cells is due to reduced STAT3 

activity rather than STAT5 activation. Prolactin also led to a small increase in cytoplasmic and 

nuclear pSTAT5 levels, but the levels were comparable between the two sublines (Figure 2.6 F). 

Therefore, STAT5 does not seem to be preferentially activated in 468 R cells despite low levels 

of BCL6 and high levels of AREG. 

 

BCL6 loss recapitulates the gene expression and resistance phenotype of the 

pyrimethamine-resistant subline. 

 Although STAT5 does not appear to be activated in the 468 R subline, the connection 

between pyrimethamine resistance and low BCL6 expression due to decreased STAT3 activity in 

the 468 R cells and increased STAT5 activity in the STAT5a1*6-expressing cells raised the 

question of whether BCL6 loss was directly contributing to resistance. To address this question, 

we first examined whether knockdown of BCL6 in parental MDA-MB-468 cells recapitulated 

the gene expression pattern seen in the 468 R subline. With the exception of GPR110 and MCL1, 

the gene expression changes following BCL6 knockdown mirrored those of the 468 R cells 

(Figure 2.7 A). The significant increase in anti-apoptotic BCL2 family members seen in both the 
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parental MDA-MB-468 cells following BCL6 knockdown and the 468 R cells raised the 

possibility that the 468 R subline would be hypersensitive to BCL2 inhibition with navitoclax. 

As expected, the 468 R cells were more sensitive to navitoclax than the 468 C cells, but the shift 

in IC50 was only about 2.3 μM (Figure 2.7 B). This relatively small effect could be due to high 

levels of SURVIVIN, which have been shown to prevent BCL2 inhibitor-induced apoptosis in 

cellular models of liver cancer [63]. 
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Figure 2.7. BCL6 loss recapitulates the gene expression and resistance phenotype of 

pyrimethamine-resistant 468 cells. (A) MDA-MB-468 cells were transfected with siRNA 

targeting BCL6 and analyzed by qRT-PCR. mRNA levels were normalized to GAPDH and non-

targeting siCon2. (B) MDA-MB-468 cells were treated with navitoclax, a BCL2 family inhibitor, 

for 72 hours. Number of viable cells was measured using CellTiter-Glo and normalized to the 

respective vehicle control. Statistical comparison was performed between IC50 values. (C) 

MDA-MB-468, 468 C, and 468 R cells were transfected with siRNA targeting BCL6 for 24 

hours and then treated with pyrimethamine (PYR) for 72 hours. Number of viable cells was 

measured using CellTiter-Glo and normalized to vehicle-treated siCon2. ns P > 0.05, * P ≤ 0.05, 

** P ≤ 0.01 and *** P ≤ 0.001 with two-tailed one-sample Student’s t-test used in (A) and least 

squares regression with extra sum-of-squares F-test used in (B). 
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Figure 2.7. (Continued) 
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The next question was whether BCL6 loss was sufficient to cause pyrimethamine 

resistance in MDA-MB-468 cells. Knockdown of BCL6 in parental MDA-MB-468 cells led to a 

substantial reduction in number of viable cells, as previously reported [64], but pyrimethamine 

was unable to promote an additional loss (Figure 2.7 C). As expected, the pyrimethamine-

sensitive 468 C subline responded similarly to the parental MDA-MB-468 cells. Interestingly, 

the 468 R cells were much less sensitive to BCL6 knockdown, with only about a 20% reduction 

in number of viable cells (Figure 2.7 C). However, BCL6 knockdown was still able to make the 

468 R cells more resistant to pyrimethamine. Therefore, low levels of BCL6 as achieved by 

BCL6 knockdown appear to be sufficient to cause pyrimethamine-resistance. Together with the 

gene expression data, this suggests that the mechanism of resistance in the 468 R subline is 

BCL6 loss due to reduced STAT3 activity. 

 

Generation of clones from the sensitive and resistant sublines. 

 To more fully characterize the 468 C and R sublines, we isolated three individual clones 

from each subline, designated C1–C3 and R1–R3, and characterized each by inhibitor treatment, 

immunoblotting, and gene expression. Like the initial sublines, each of the 468 C clones was 

sensitive to pyrimethamine, whereas each of the 468 R clones was resistant (Figure 2.8 A). 

Moreover, pyrimethamine resistance did not predict response to other STAT3 inhibitors, namely 

ST301 and TG101348. Based on the low BCL6 mRNA levels seen in the 468 R subline, we 

asked whether BCL6 protein levels were significantly reduced in the 468 R clones as compared 

to the 468 C clones. Although BCL6 protein levels were lower in two of the 468 R clones, R1 

and R2, the BCL6 protein levels in R3 fell within the range of the 468 C clones (Figure 2.8 B), 
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raising the possibility that other mechanisms of resistance, perhaps downstream of BCL6, are 

playing a role. 

 Unsurprisingly, the gene expression patterns seen in the 468 C and R clones largely 

matched those observed in the initial sublines. BCL2 family members, including BCL2 and 

BCLXL, as well as other prosurvival genes, such as GPR110 and UGCG, were upregulated in 

the resistant clones. Interestingly, several components of the IL6 signaling machinery were also 

upregulated in the resistant clones, whereas LIFR was slightly, although not significantly, 

reduced (Figure 2.8 C). Although it remains unclear whether these changes in cytokine-related 

genes mediate pyrimethamine resistance, they do explain the previously highlighted differential 

response of the 468 C and R sublines to IL6- and LIF-stimulation (Figure 2.4 D). 
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Figure 2.8. Clones derived from pyrimethamine-resistant 468 cells are resistant to 

pyrimethamine and demonstrate similar gene expression patterns. (A) Clones from 468 C and R 

cells were treated with pyrimethamine (PYR), the STAT3 inhibitor ST301, or the JAK2 inhibitor 

TG101348 for 72 hours. Number of viable cells was measured using CellTiter-Glo and 

normalized to the respective vehicle control. (B) Clones from 468 C and R cells were analyzed 

by immunoblotting with the indicated antibodies. (C) Clones from 468 C and R cells were 

analyzed by qRT-PCR. mRNA levels were normalized to GAPDH and C1. ns P > 0.05, * P ≤ 

0.05, ** P ≤ 0.01 and *** P ≤ 0.001 with two-tailed unpaired Student’s t-test used in (C). 
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Figure 2.8. (Continued) 
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Investigation of overlapping STAT3 and BCL6 target genes. 

 Given the two key observations that pyrimethamine inhibits STAT3 transcriptional 

activity downstream of nuclear localization and reduced BCL6 levels can confer resistance to the 

inhibitory effects of pyrimethamine, we asked whether STAT3 and BCL6 could be coregulating 

gene expression at the chromatin level. We used publicly available ChIP-seq datasets available 

via the Cistrome Data Browser [65] to predict whether BCL6 and STAT3 regulate the same 

target genes. In a cellular model of BCL6-dependent B cell lymphoma, BCL6 has 10,638 

predicted target genes characterized by regulatory potential scores greater than or equal to 1.5 

[66], whereas STAT3 has 1,162 [67,68]. Surprisingly, 88% of the predicted STAT3 target genes 

in this model are also thought to be regulated by BCL6 (Figure 2.9 A). 

We repeated this analysis in models of solid cancer and found that even in the absence of 

high BCL6 activity, more than 30% of the STAT3 targets genes are predicted to be regulated by 

BCL6 (Figure 2.9 B) [69,70]. As validation, an analysis of the enriched binding motifs in each 

group identified the consensus motif belonging to the corresponding transcription factor, either 

BCL6 or STAT3 (Figure 2.9 C). However, due to the sequence similarities between the two 

motifs, the STAT3 site was also enriched in the predicted BCL6 target genes and the BCL6 

motif was enriched in the predicted STAT3 target genes. Together, these in silico findings 

suggest that BCL6 and STAT3 regulate many of the same target genes and may have synergistic, 

or perhaps antagonistic, effects on each other at the chromatin level. 
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Figure 2.9. BCL6 and STAT3 bind many of the same target genes. (A) Predicted BCL6 and 

STAT3 target genes in B cell lymphoma using a top putative target score cutoff of ≥ 1.5. BCL6 

data from Hatzi et al, Cell Rep, 2013 (OCI-LY1_BCL6_D-8_CHIP). STAT3 data from Hardee et 

al, G3, 2013 (OCI-LY7_CHIPSEQ). (B) Predicted BCL6 and STAT3 target genes in solid 

cancer using a top putative target score cutoff of ≥ 1.5. BCL6 data from ENCODE Project 

Consortium, Nature, 2012 (CHIP_SEQ FROM HEPG2 ENCLB885VBH). STAT3 data from 

McDaniel, et al., Oncotarget, 2017 (MDAMB468_STAT3_REP2). (C) STAT3 and BCL6 

quality control motifs derived from the solid cancer datasets. Data accessed via Cistrome Data 

Browser. 
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Figure 2.9. (Continued) 
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Discussion 

 After we identified pyrimethamine as a novel STAT3 inhibitor, Takakura et al. [51] 

demonstrated that pyrimethamine inhibits STAT3 transcriptional activity, at least in part, by 

inhibiting STAT3 tyrosine phosphorylation. They showed that in models of adult polycystic 

kidney disease pyrimethamine leads to a reduction in STAT3 tyrosine phosphorylation at 

concentrations of 50 μM or higher. Since we see significant inhibition of STAT3 transcriptional 

activity at pyrimethamine concentrations as low as 5–10 μM (Figure 2.1), we asked whether 

pyrimethamine could be inhibiting STAT3 transcriptional activity downstream of tyrosine 

phosphorylation. 

 Indeed, we found that pyrimethamine does not reduce STAT3 tyrosine phosphorylation 

or STAT3 nuclear localization when used at concentrations known to inhibit STAT3 

transcriptional activity (Figure 2.2). Moreover, our laboratory has shown that pyrimethamine at 

minimal but effective concentrations has little effect on STAT3 DNA binding, but significantly 

reduces RNA polymerase II binding at select STAT3 target genes [7]. Based on these findings, 

we hypothesized that pyrimethamine inhibits STAT3 transcriptional activity by preventing the 

interaction between STAT3 and transcriptional cofactors required for the recruitment of RNA 

polymerase II. 

 To identify potential STAT3 interactors that are lost following pyrimethamine treatment, 

we initially performed liquid chromatography tandem mass spectrometry (LC-MS/MS) to profile 

pyrimethamine-dependent changes in STAT3-containing complexes isolated from two TNBC 

cell lines. As previously reported [7], we identified several members of the SWI/SNF chromatin 

remodeling complex, including BRG1, SMARCC1, and SMARCC2, as STAT3 interactors that 
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are lost following treatment with pyrimethamine. Although we were able to validate BRG1 as a 

novel STAT3 coactivator, it remained unclear whether loss of BRG1 completely explained the 

mechanism of action of pyrimethamine as a STAT3 inhibitor. 

In this study, we further analyzed the mechanism of action of pyrimethamine as a novel 

STAT3 inhibitor by developing and characterizing a pair of sensitive and resistant sublines 

derived from parental MDA-MB-468 cells (Figure 2.3). Using this orthogonal approach, we 

developed a pyrimethamine-resistant subline designated 468 R that is characterized by reduced 

levels of basal STAT3 phosphorylation and abnormal responses to cytokine stimulation, 

specifically by IL6 and LIF (Figure 2.4). Moreover, the resistant subline demonstrates reduced 

STAT3 transcriptional activity as measured by STAT3-dependent luciferase activity, STAT3 

target gene expression, and STAT3 DNA binding (Figure 2.5). Although these abnormalities in 

STAT3 phosphorylation and transcriptional activity do not explicitly reveal the mechanism of 

pyrimethamine, they do imply that STAT3 is either the direct or indirect target of 

pyrimethamine. 

Intriguingly, the expression of STAT3 target genes involved in survival and drug 

resistance is seemingly unaffected by the decreased STAT3 transcriptional activity in the 

resistant 468 R cells, raising two potential scenarios. First, STAT3 may be preferentially lost at 

less essential STAT3 target genes and maintained at target genes that can actively promote 

survival in the face of STAT3 inhibition. This scenario is supported by the observation that 

STAT3 DNA binding is maintained at GPR110 and UGCG, but reduced at other STAT3 target 

genes, such as BCL6 and STAT3 (Figure 2.5 D). We were unable to examine STAT3 binding at 

the other prosurvival genes, including BCL2, BCLXL, and SURVIVIN, due to ambiguities 
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regarding the STAT3 binding sites at these loci. Thus, it will be critical to perform ChIP-seq to 

examine genome-wide changes in STAT3 occupancy between the 468 C and R sublines.  

Second, the expression of these prosurvival genes may be upregulated by other 

transcription factors that are typically upregulated by STAT3. The primary candidate based on 

the targeted gene expression data is BCL6. BCL6 expression is enhanced by STAT3 and is 

classically defined as a sequence-specific repressor of transcription. Thus, in the 468 R cells, 

which are characterized by reduced STAT3 transcriptional activity, BCL6 mRNA levels are 

expectedly low. Accordingly, we expected BCL6-repressed genes to be high. To help determine 

whether the prosurvival genes of interest are repressed by BCL6, we evaluated time-dependent 

changes in mRNA expression following knockdown of BCL6 in parental MDA-MB-468 cells. 

Surprisingly, many of the genes that are maintained or upregulated in the 468 R cells, including 

the prosurvival genes, increase in a time-dependent manner following BCL6 knockdown, 

suggesting that they are classical BCL6 target genes (Figure 2.7 A). Our findings also fit with 

the observation that targeted BCL6 inhibition reactivates BCL2-family-dependent anti-apoptotic 

pathways in B cell lymphoma [71]. Thus, in addition to the titration hypothesis, low BCL6 levels 

due to reduced STAT3 activity may promote the expression of prosurvival genes. 

Although it will be important to explicitly test the prosurvival hypothesis by inhibiting 

SURVIVIN, BCL2, and BCLXL in the 468 R subline and measuring sensitivity to 

pyrimethamine, the mechanistic link between low BCL6 expression and pyrimethamine 

resistance seems to run deeper than just the upregulation of prosurvival factors. Many small 

molecule STAT3 inhibitors decrease the number of viable cells via apoptosis. Thus, if the 

upregulation of anti-apoptotic factors like BCL2, BCLXL, and SURVIVIN was the primary 
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mechanism of resistance in the 468 R, we would expect 468 R cells to be resistant to other 

STAT3 inhibitors. However, the resistance phenotype of the 468 R cells is specific to 

pyrimethamine (Figure 2.3 E). Therefore, we decided to look more broadly at the effect of 

BCL6 loss on pyrimethamine resistance. 

Previous studies have shown that the presence of BCL6 can promote resistance to 

methotrexate and other chemotherapeutic agents by upregulating the expression of zinc finger E-

box binding homeobox 1 (ZEB1) [72,73]. However, our results demonstrate the opposite in that 

downregulation of BCL6, either through loss of STAT3 activity, upregulation of STAT5 activity 

(Figure 2.6), or siRNA-mediated knockdown of BCL6 itself (Figure 2.7), can actually promote 

resistance to pyrimethamine, a novel STAT3 inhibitor. The contradiction between these two 

observations may be explained by a direct relationship between BCL6 and pyrimethamine.  

Since BCL6 and STAT3 have many overlapping target genes and similar consensus 

binding motifs (Figure 2.9), we propose a model in which BCL6 recruits coactivating complexes 

to at least a subset of STAT3-bound target genes (Figure 2.10). As supported by the BCL6-

ZEB1 relationship, a subset of genes is upregulated by BCL6 even though it is traditionally 

characterized as a transcriptional repressor, indicating that BCL6 can recruit coactivator 

complexes in certain contexts [64,74]. Additionally, we propose that pyrimethamine acts on 

BCL6 to prevent the recruitment of transcriptional coactivators required for RNA polymerase II 

binding at STAT3-bound target genes. According to this model, pyrimethamine is able to inhibit 

STAT3 transcriptional activity in a BCL6-dependent manner without affecting STAT3 

phosphorylation, nuclear translocation, or DNA binding. We plan to directly test this model by 
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Figure 2.10. Proposed model for pyrimethamine-mediated STAT3 inhibition. BCL6 acts as a 

STAT3 coactivator by binding to STAT3 target genes and recruiting transcriptional coactivators 

required for RNA polymerase II recruitment. Pyrimethamine (PYR) acts on BCL6 to prevent the 

recruitment of transcriptional coactivators and RNA polymerase II at STAT3-bound target genes, 

inhibiting STAT3 transcriptional activity without affecting STAT3 phosphorylation, nuclear 

translocation, or DNA binding. Created with BioRender. 
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Figure 2.10. (Continued) 
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looking at pyrimethamine-mediated changes in BCL6 and STAT3 occupancy at STAT3 target 

genes. 

In summary, by developing and characterizing a pyrimethamine-resistant subline of 

MDA-MB-468 cells, we have determined that persistent exposure of MDA-MB-468 cells to 

pyrimethamine leads to the downregulation of both STAT3 activity and BCL6 expression and 

the upregulation of anti-apoptotic factors, including several members of the BCL2 family, 

indicating that the combination of pyrimethamine with BCL2 family inhibitors may lead to more 

durable therapeutic responses. Additionally, we have revealed a potentially novel link between 

BCL6 expression and STAT3 transcriptional activity that may be explained by a functional 

interaction between the two transcription factors at the chromatin level. A more complete 

understanding of this relationship will allow for rational drug combinations and patient 

stratification, opening the door a little wider for pyrimethamine, which is already an intriguing 

therapeutic agent being used in clinical trials. 

 

Materials and Methods 

Cell Culture 

 293 human embryonic kidney (ATCC) cells stably transfected with NFκB-dependent 

luciferase [52], T47D human mammary carcinoma cells (ATCC) stably transfected with STAT5-

dependent luciferase [52], and STAT1-null U3A human fibrosarcoma cells (kindly provided by 

George Stark, Cleveland Clinic, Cleveland, OH) stably transfected with STAT3-dependent 

luciferase [75] were maintained in DMEM (Thermo Fisher Scientific, Waltham, MA) containing 

10% fetal bovine serum. MDA-MB-468 human mammary carcinoma cells (kindly provided by 
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Myles Brown, Dana-Farber Cancer Institute, Boston, MA) were maintained in DMEM (Thermo 

Fisher Scientific) containing 10% fetal bovine serum. SKBR3 human mammary carcinoma cells 

(kindly provided by Lyndsay Harris, Dana-Farber Cancer Institute) were maintained in RPMI 

with 10% fetal bovine serum. Human ovarian cancer cell lines HEYA8, OVCAR8, EFO21, 

OVKATE (kindly provided by Ronny Drapkin, Dana-Farber Cancer Institute), and OVCAR4 

(kindly provided by Elizabeth Stover, Dana-Farber Cancer Institute) were maintained in RPMI 

with 10% fetal bovine serum. All cells were maintained in a humidified incubator at 37 °C with 

5% CO2. 

 

Cytokine Stimulation 

 Cells were stimulated with 10 ng/mL interleukin 6 (IL6; Peprotech, Rocky Hill, NJ), 10 

ng/mL oncostatin M (OSM; Peprotech), 10 ng/mL leukemia inhibitory factor (LIF; Peprotech), 

100 ng/mL prolactin (Peprotech), or 10 ng/mL tumor necrosis factor alpha (TNFa; Peprotech). 

Conditioned media was collected after 24 hours and filtered using a 0.45 μm Millex Syringe 

Filter Unit (MilliporeSigma, Burlington, MA). Cells were stimulated for 15 minutes for whole 

cell lysate immunoblotting, 30 minutes for nuclear cytoplasmic immunoblotting and chromatin 

immunoprecipitation (ChIP), 90 minutes for quantitative reverse transcription PCR (qRT-PCR), 

and six hours for luciferase reporter assays. 

 

Compounds 

Pyrimethamine (Sigma-Aldrich, St. Louis, MO) and ST301 (T5234097, Enamine, 

Monmouth Junction, NJ) were prepared at 25 mM in dimethyl sulfoxide (DMSO). Atovaquone 
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(TCI America, Portland, OR) was prepared at 12.5 mM in DMSO. TG101348 (364740, Santa 

Cruz Biotechnology, Dallas, TX) was prepared at 10 mM in DMSO. Nifuroxazide (Chembridge, 

San Diego, CA) and navitoclax (ABT-263, Selleckchem, Houston, TX) were prepared at 5 mM 

in DMSO. Cells were treated as indicated. 

 

Luciferase Reporter Assays 

 STAT3-, STAT5-, and NFκB-dependent luciferase assays were performed as previously 

described [51]. 468 C and 468 R cells (8 ´ 104) were transfected with 1 μg of the STAT3-

dependent reporter m67-luc (kindly provided by J. Bromberg, Memorial Sloan-Kettering, New 

York, NY) and 0.1 μg phRL-tk (Promega, Madison, WI) as a transfection control using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Eighteen hours after transfection, cells were 

pretreated with 10 μM pyrimethamine for one hour and stimulated for six hours. Luciferase 

activity was detected using the Dual-Luciferase Reporter Assay System (Promega) and measured 

using a Luminoskan Ascent Microplate Reader (Labsystems, Helsinki, Finland). Firefly 

luciferase values were normalized to Renilla luciferase values. 

 

Immunoblotting 

 Cells were lysed on ice for 15 minutes in either RIPA lysis buffer (Boston BioProducts, 

Boston, MA) or EBC lysis buffer [50 mM Tris (pH 8.0), 250 mM NaCl, 0.5% NP-40] containing 

phosphatase and complete protease inhibitors (Roche, Indianapolis, IN). Lysates were cleared via 

centrifugation and quantified using the Bradford Reagent (Bio-Rad Laboratories, Hercules, CA). 

Lysates were mixed with 2X sample buffer [0.125 M Tris (pH 6.8), 4% SDS, 20% glycerol] 
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containing 4% b-mercaptoethanol and boiled for five minutes. Nuclear cytoplasmic 

fractionations were performed using the Nuclear Extract Kit (Active Motif, Carlsbad, CA) 

according to the manufacturer’s protocol. Samples were resolved on 10–12% acrylamide gels 

and transferred to 0.45 μm Amersham Protran nitrocellulose (GE Healthcare, Chicago, IL). 

Membranes were blocked with 5% milk in TBS/Tween (Boston BioProducts) and probed with 

antibodies to pSTAT3 (9131, Cell Signaling, Danvers, MA), STAT3 (482, Santa Cruz 

Biotechnology; 9139, Cell Signaling), pSTAT5 (9359, Cell Signaling), STAT5 (835, Santa Cruz 

Biotechnology), phospho-p44/42 MAPK (9101, Cell Signaling), p44/42 MAPK (9102, Cell 

Signaling), BCL6 (14895, Cell Signaling), Tubulin (T5168, Sigma-Aldrich), and PARP (9542, 

Cell Signaling). Immunoblots were developed using Western Lightning Plus-ECL (PerkinElmer, 

Boston, MA). Band intensity was quantified using Fiji [76]. 

 

Sublines and Clones 

MDA-MB-468 cells (1 ´ 106) were plated in culture medium containing vehicle or 2.5 

μM pyrimethamine. Cells were counted and plated (1 ´ 106) in fresh treatment media once or 

twice per week. The concentration of pyrimethamine was slowly increased from 2.5 to 3, 4, 5, 6, 

8, and 10 μM over the course of three months. Following three months of treatment, cells were 

transferred to medium without vehicle or pyrimethamine and passaged accordingly. Sublines 

were plated (0.5 cells per well) in a 96-well plate, and individual clones were selected four weeks 

later. 
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Viability Assay 

 Cells (5 ´ 103) were plated in white opaque 96-well plates. The next day cells were 

treated with vehicle or compound. ATP levels were detected at the indicated timepoints as a 

proxy for number of viable cells using the CellTiter-Glo Luminescent Cell Viability Assay 

(Promega). Luminescence was measured using a Luminoskan Ascent Microplate Reader 

(Labsystems). 

 

Apoptosis Assay 

 Cells (5 ´ 105) were plated in 6-well plates. The next day cells were treated with vehicle 

or compound. Apoptosis was detected using the FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences, San Jose, CA) and quantified using an LSRFortessa (BD Biosciences). 

 

Quantitative Reverse Transcription PCR (qRT-PCR) 

 Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Valencia, CA). 

cDNA was generated using the TaqMan Reverse Transcription Reagents (Invitrogen). 

Quantitative PCR was performed in triplicate or quadruplicate using the Power SYBR Green 

PCR Master Mix (Invitrogen) on a 7500 Real-Time PCR System (Applied Biosystems, Foster 

City, CA) or a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). Specificity of 

amplification was confirmed by melting curve analysis. Cycle threshold (CT) values for target 

genes were normalized to the endogenous reference gene GAPDH. Primer sequences 

(Supplemental Table 2.1) were designed from the UCSC genome browser reference mRNA 

sequences using Primer3 [77]. 
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RNA Interference 

Cells (5 ´ 105) were transfected with 10 nM of short interfering RNA (siRNA) targeting 

BCL6 (29791, Santa Cruz Biotechnology) or non-targeting siRNA designated siCon2 (D-

001210-02-05, Dharmacon, Lafayette, CO) using Lipofectamine RNAiMax (Invitrogen). Cells 

were transfected for the indicated amounts of time prior to beginning biological experiments. 

 

Viral Production and Infection 

MDA-MB-468 cells stably expressing plncx2 (vector) or plncx2-STAT5a1*6 were 

generated as previously described [50]. 

 

Chromatin Immunoprecipitation 

 Cells (1.5 ´ 107) were fixed in 1% formaldehyde for ten minutes at room temperature, 

followed by quenching of the formaldehyde with 0.125 M glycine. Cells were washed with PBS 

(Invitrogen), and nuclei were isolated in 400 μL of Cell Lysis Buffer [10 mM Tris (pH 8.0), 10 

mM NaCl, 0.2% NP-40] containing phosphatase and complete protease inhibitors (Roche). 

Nuclei were centrifuged at 660 ´ g at 4 °C and lysed in 300 μL of Nuclear Lysis Buffer [50 mM 

Tris (pH 8.1), 10 mM EDTA, 1% SDS]. Chromatin was sheared using a Q700 Sonicator 

(QSonica, Newtown, CT) at 75% amplitude in 15 second pulses. Debris was removed by 

centrifugation at 20,800 ´ g for ten minutes at 4 °C, 700 μL of IP Dilution Buffer [20 mM Tris 

(pH 8.1), 2 mM EDTA, 150 mM NaCl, 1% Triton X-100] was added, and 200 μL of lysate was 

immunoprecipitated overnight at 4 °C with 2 μg of antibody to STAT3 (482, Santa Cruz 

Biotechnology). Lysate was then added to 60 μL of Protein A/G PLUS agarose beads (2003, 
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Santa Cruz Biotechnology) and rotated for four hours at 4 °C. Beads were washed three times 

with IP Wash I [20 mM Tris (pH 8.1), 2 mM EDTA, 50 mM NaCl, 1% Triton X-100], once with 

IP Wash II [10 mM Tris (pH 8.1), 1 mM EDTA, 250 mM LiCl, 1% NP-40, 1% Sodium 

Deoxycholate], and three times with Buffer TE (G-Biosciences, St. Louis, MO). Beads were 

resuspended in 150 μL Elution Buffer [100 mM Sodium Bicarbonate, 1% SDS] and incubated 

overnight at 65 °C. DNA was purified using a PCR Purification Kit (Qiagen) according to the 

manufacturer’s protocol. Quantitative PCR was performed using the indicated primers 

(Supplemental Table 2.1). Results were normalized to input and expressed relative to binding at 

a non-binding region in RHODOPSIN. 

 

Computational Analyses 

 mRNA expression data for three pyrimethamine-sensitive cell lines (MDA-MB-468, 

OVCAR8, and INA6) and four pyrimethamine-resistant cell lines (JHOS4, KURAMOCHI, 

OVKATE, and OVSAHO) were downloaded from the Cancer Cell Line Encyclopedia (CCLE; 

Broad Institute, Cambridge, MA) [78]. The expression data was analyzed using the integrated 

Differential Expression and Pathway (iDEP) web application [79] with cutoffs of 0.8 for false 

discovery rate (FDR) and 2.0 for fold change (Supplemental Table 2.2). The 44 genes that were 

upregulated in the pyrimethamine-resistant cell lines were then analyzed for transcription factor 

protein-protein interactions using the web-based Transcription Factor PPIs tool available via 

Enrichr (Supplemental Table 2.3) [80,81]. As described on the Enrichr website, the p-values 

were computed using Fisher’s exact test. The rank-based values were derived from running 

Fisher’s exact test for many random gene sets, computing a mean rank and standard deviation 
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from the expected rank for each term in the gene-set library, and then calculating z-scores to 

assess the deviation from the expected rank. The transcription factors were ranked by combined 

score, which was computed by multiplying the log of the p-values from Fisher’s exact test by the 

z-score of the deviation from the expected value. These analyses were performed on February 8, 

2018. 

 BCL6 and STAT3 binding sites in B cell lymphoma were obtained from OCI-

LY1_BCL6_D-8_CHIP [68] and OCI-LY7_CHIPSEQ [67], respectively. BCL6 and STAT3 

binding sites in solid cancer were obtained from CHIP_SEQ FROM HEPG2 ENCLB885VBH 

[69] and MDAMB468_STAT3_REP2 [70], respectively. The built-in tools available via the 

Cistrome Data Browser [65] were used to identify predicted BCL6 and STAT3 target genes with 

regulatory potential scores ≥ 1.5, as well as enriched binding motifs to help validate the predicted 

target genes. Overlapping target genes were then determined using the IF, ISERROR, and 

MATCH functions in Microsoft Excel. 

 

Statistical Analyses 

 Statistical tests indicated in the figure legends were performed using GraphPad Prism 

8.1.2 and 8.2.0 (GraphPad Software, La Jolla, CA). Values of P ≤ 0.05 were considered 

significant (ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001). Data are presented as mean 

± SD for one representative experiment. Most experiments were completed at least twice. 
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Attributions 

The proteome integral stability alteration (PISA) assay was completed and the data was analyzed 

by the Chemical Proteomics Core Facility at the Karolinska Institute under the direction of MG 

and BDGP. The cellular thermal shift assays (CETSA) were completed by SA and quantified by 

LNH. All other experiments and analyses were designed and performed by LNH. Experimental 

guidance was provided by SRW, BDGP, and DAF, and statistical guidance was provided by YF. 

Proofreading was provided by MG and DAF. 

 

Background 

Cancer is often characterized by aberrant gene expression patterns that alter cellular 

function. Such alterations are commonly caused by the inappropriate activation of transcription 

factors. STAT3, in particular, is a key transcriptional activator of many pro-tumorigenic 

processes, including inflammation, proliferation, and survival, and is persistently phosphorylated 

and activated in many types of human cancers, including hematologic malignancies and solid 

tumors [8]. Accordingly, STAT3 is a promising therapeutic target for the treatment of cancer.  

Unfortunately, like many transcription factors, STAT3 has proven difficult to target 

therapeutically [35–39]. To address this unmet clinical need, we performed an unbiased, high-

throughput screen of the Prestwick collection, a library of 1,120 small molecules known to be 

biologically active in humans, to identify small molecule inhibitors of STAT3 that could be 

immediately used in the clinic. We identified the antimicrobial drug pyrimethamine as a novel 

and specific inhibitor of STAT3 transcriptional activity at concentrations known to be safely 

achieved in humans [51]. Intriguingly, unlike tyrosine kinase inhibitors (TKIs) and Src 
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homology 2 (SH2) domain inhibitors, pyrimethamine does not affect STAT3 phosphorylation, 

nuclear translocation, or DNA binding at concentrations sufficient to inhibit STAT3 

transcriptional activity, suggesting a potentially novel mechanism of STAT3 inhibition [7]. 

Here, we use a proteome-wide approach to identify the direct molecular targets of 

pyrimethamine and further elucidate the mechanism by which pyrimethamine inhibits STAT3 

transcriptional activity. As an FDA-approved compound, pyrimethamine is already being tested 

in the clinic for the treatment of several STAT3-driven malignancies, including chronic 

lymphocytic leukemia (CLL), breast cancer, and intermediate to high-risk myelodysplastic 

syndromes (MDS). Therefore, an understanding of the mechanism of action of pyrimethamine 

may have major clinical implications regarding both the rational design of combination therapies 

and patient stratification. 

 

Results 

PISA assay identifies DHFR as a direct molecular target of pyrimethamine 

 To deconvolute the molecular targets of pyrimethamine and help elucidate the 

mechanism of action of pyrimethamine as a novel STAT3 inhibitor, we used a new quantitative 

proteome profiling approach called the proteome integral stability alteration (PISA) assay [82]. 

Much like thermal proteome profiling (TPP), the PISA assay is a proteome-wide profiling 

approach based on the concept that perturbation agents, such as elevated temperatures, can be 

used to probe changes in protein stability induced by small molecule binding. The underlying 

hypothesis is that a protein bound by a compound of interest will be more or less stable to heat 

denaturation than the corresponding unbound protein. Thus, the differential protein abundance in 
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the soluble fraction of the sample after heat denaturation in treated and untreated cells can be 

used to directly quantify drug-mediated shifts in protein stability for all proteins identified and 

quantified across all biological replicates. 

 Standard TPP quantifies the soluble fraction at each temperature point in order to fit a 

sigmoidal curve for each protein in the treated and untreated samples and extract differential 

melting temperatures. Consequently, TPP is subject to extensive data analysis with many sources 

of error, limited depth of proteomics analysis, high costs per biological replicate, large sample 

requirements, reduced throughput, and low sustainability. In contrast, the PISA assay directly 

measures the sum of the protein amounts in the soluble fraction after stability perturbation 

through thermal treatment at different temperatures (also named PISA T, as Temperature is the 

perturbation agent), which corresponds to the integral of the melting curve regardless of its 

shape, if comparatively put in the perspective of a TPP melting curve. Proteins in the PISA assay 

that undergo statistically significant protein stability shifts between treated and untreated 

samples, using a minimum of three biological replicates per sample, are classified as putative 

direct molecular targets of the compound of interest. 

 Using this approach, U3A human fibrosarcoma cells stably expressing STAT3-dependent 

luciferase were treated with vehicle or 10 μM pyrimethamine for two hours (Figure 3.1 A). 

Following drug or vehicle treatment, each biological replicate (four vehicle-treated and three 

pyrimethamine-treated) was split into 15 equal parts and heated to temperature points ranging 

from 43 °C to 57 °C with one °C intervals. After thermal treatment, cells were lysed by freeze 

thaw cycles, pooled together, and ultracentrifuged to remove any insoluble proteins. The 

remaining soluble fractions corresponding to biological replicates were multiplexed in one 
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Tandem Mass Tag (TMT) quantitative proteomics experiment and analyzed by high resolution 

liquid chromatography-tandem mass spectrometry (LC-MS/MS). Of the 4,462 proteins detected, 

dihydrofolate reductase (DHFR) was the most stabilized by pyrimethamine (Figure 3.1 B), 

significantly increasing in abundance by about 1.7-fold (Supplemental Table 3.1). 
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Figure 3.1. PISA assay identifies DHFR as a direct molecular target of pyrimethamine. (A) 

Schematic overview of the proteome integral stability alteration (PISA) assay. In brief, each 

replicate sample is split into 15 equal parts, and each part is heated at a specific temperature. 

Cells are then lysed by freeze-thaw cycles, and lysates are pooled together prior to 

ultracentrifugation. The soluble fraction is collected, digested, TMT-labeled, and analyzed by 

high resolution LC-MS/MS. Adapted from Gaetani et al., bioRxiv, 2018. Created with 

BioRender. (B) U3A cells were treated with 10 μM pyrimethamine (PYR) for two hours and 

analyzed by the PISA assay to identify direct molecular targets of pyrimethamine. Data 

presented as a volcano plot. Of the 4,462 proteins detected, DHFR was the most stabilized. 

Proteins with a p-value greater than 0.05 are shown above the horizontal red dotted line. Proteins 

highly stabilized or destabilized by pyrimethamine are shown to the far right and far left of the 

vertical red dotted lines, respectively. (C) U3A lysates and intact cells were treated with 10 μM 

PYR for ten minutes. Following treatment, samples were heated to the indicated temperatures. 

Soluble protein levels were analyzed by immunoblotting with the indicated antibodies. SOD1 

was used as a thermostable control. DHFR protein levels were quantified and plotted. DHFR 

Stabilization presented as % of 37 °C levels. Statistical comparisons were performed between 

Tagg values. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 with two-tailed Student’s t-

test (with equal or unequal variance depending on F-test) used in (B) and least squares regression 

with extra sum-of-squares F-test used in (C). 
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Figure 3.1. (Continued)  
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 To validate the PISA finding that pyrimethamine significantly stabilizes DHFR to heat 

denaturation, we performed cellular thermal shift assays (CETSA) in both U3A cell lysates and 

intact cells. In brief, lysates and intact cells were treated with 10 μM pyrimethamine for ten 

minutes and subjected to heat denaturation followed by centrifugation. Protein abundance was 

measured by immunoblotting and band quantification. In U3A cell lysates, DHFR denatured 

around 46.3 °C in the absence of drug and 53.2 °C in the presence of pyrimethamine, undergoing 

a stabilizing shift in aggregation temperature (Tagg) of 6.9 °C (Figure 3.1 C). Since intracellular 

enzymes and substrates are diluted and decompartmentalized in cell lysates, drug metabolism is 

less active [83]. Thus, this pyrimethamine-mediated shift in Tagg in U3A cell lysates suggests that 

pyrimethamine itself is the active compound. Likewise, in intact U3A cells, DHFR experienced a 

stabilizing shift of 5 °C, moving from 45.6 °C in the absence of drug to 50.6 °C in the presence 

of pyrimethamine. Unlike DHFR, another protein that was stabilized by pyrimethamine in the 

initial PISA screen, coiled-coil-helix-coiled-coil-helix domain containing 2 (CHCHD2; 

Supplemental Table 3.1), failed to validate by CETSA (Supplemental Figure 3.1). These 

results confirm that DHFR is a direct molecular target of pyrimethamine by demonstrating that 

the pyrimethamine-mediated stabilizing effect is rapid and specific to DHFR. 

 

Pyrimethamine inhibits human DHFR activity 

 Although pyrimethamine is a known inhibitor of parasitic DHFR, its role as an inhibitor 

of human DHFR is less clear. Historically, the therapeutic efficacy of pyrimethamine as an anti-

parasitic compound was attributed to differences in binding between pyrimethamine and either 

host DHFR or parasitic DHFR, which exists as a bifunctional protein designated dihydrofolate 
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reductase-thymidylate synthase (DHFR-TS) [84]. In other words, since human and plasmodium 

DHFR only share 26% identity by amino acid sequence, it was thought that pyrimethamine had a 

higher binding affinity for parasitic DHFR, thus providing a clinically-beneficial therapeutic 

window [85]. However, more recent studies have shown that despite the low sequence identity, 

human and parasitic DHFR share similar tertiary structures and demonstrate nearly identical 

docking scores and binding capacities for pyrimethamine [86]. Moreover, in vitro activity assays 

have demonstrated significantly lower differences in binding than those seen in vivo, indicating 

that the selectivity of inhibitors for parasitic DHFR cannot be explained solely by differences in 

binding affinity [84]. Therefore, there remains a need to clarify whether pyrimethamine 

functionally inhibits DHFR enzymatic activity in mammalian cells. 

 To determine whether pyrimethamine inhibits human DHFR activity, we first used the 

Cancer Dependency Map (DepMap) Data Explorer (Broad Institute) to probe the Sanger Drug 

Sensitivity IC50 dataset for correlative relationships [87]. We found that pyrimethamine was the 

most highly correlated with methotrexate, a known inhibitor of human DHFR, in terms of in 

vitro sensitivity across a panel of 345 cancer cell lines (Figure 3.2 A). We then directly tested 

the effect of pyrimethamine on human DHFR activity by performing an in vitro activity assay. In 

brief, purified human DHFR was incubated with vehicle or pyrimethamine for 20 minutes. 

DHFR substrate was then added, and the enzymatic reaction (Dihydrofolate + NADPH + H+ à 

Tetrahydrofolate + NADP+) was followed over time by measuring changes in absorbance at 340 

nm as NADPH was converted to NADP+. Methotrexate was used as a positive control. As 

expected, methotrexate inhibited human DHFR activity in a dose-dependent manner with an 

IC50 value between 0.01 and 0.1 μM (Figure 3.2 B). Pyrimethamine was also able to inhibit 
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DHFR activity; however, it was much less potent than methotrexate, demonstrating only a slight 

inhibitory effect at 10 μM and about a 25% reduction in enzymatic activity at 40 μM. 
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Figure 3.2. Pyrimethamine inhibits human DHFR activity. (A) Pyrimethamine (PYR) is most 

similar to methotrexate (MTX), a known inhibitor of human DHFR, in terms of in vitro 

sensitivity tested in a panel of 345 cancer cell lines (P = 1.87E-25). Sensitivity data from the 

Sanger Drug Sensitivity IC50 dataset accessed via the Cancer Dependency Map (Broad 

Institute). (B) Human DHFR was incubated with PYR or MTX for 15–20 minutes. Absorbance 

at 340 nm was measured and used to calculate % activity normalized to the respective vehicle 

control. Statistical comparisons were performed using a null of 100. (C) MDA-MB-468 cells 

were treated with PYR or MTX for 24 hours and analyzed by immunoblotting with the indicated 

antibodies. pSTAT3, STAT3, and DHFR levels were quantified and normalized to Tubulin. (D) 

U3A cells were treated with 10 μM PYR or 1 μM MTX for six hours. ATP levels were measured 

using CellTiter-Glo and normalized to the vehicle control. In parallel, treated cells were stained 

with FITC Annexin V and propidium iodide (PI) and analyzed by flow cytometry. Statistical 

comparisons for relative ATP levels were performed using a null of 1. Statistical comparisons for 

flow cytometry were performed using % viable and % dead (sum of necrotic, early apoptotic, 

and late apoptotic) between vehicle- and drug-treated cells. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 

and *** P ≤ 0.001 with two-tailed one-sample Student’s t-test used in (B) and two-tailed one-

sample Student’s t-test and two-sided Fisher’s exact test used in (D). 
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Figure 3.2. (Continued) 
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 Next, we examined the effect of pyrimethamine on DHFR protein levels in MDA-MB-

468 triple negative breast cancer (TNBC) cells. Mammalian DHFR is known to inhibit its own 

translation by binding to the coding region within its own mRNA [88,89]. Accordingly, 

treatment with methotrexate has been shown to disrupt the interaction between DHFR and its 

cognate mRNA, releasing the autoinhibitory translational regulation and increasing intracellular 

levels of DHFR protein. Therefore, we hypothesized that since pyrimethamine interacts with 

human DHFR and inhibits DHFR enzymatic activity, much like methotrexate, it will also 

increase DHFR protein levels. As predicted, pyrimethamine increased DHFR protein levels in a 

dose-dependent manner with levels peaking at about two-fold higher than untreated and 

remaining steady from 1–40 μM (Figure 3.2 C). In line with the idea that methotrexate is a more 

potent inhibitor of DHFR, methotrexate increased DHFR protein levels about 1.6 to 1.9-fold 

more than pyrimethamine at each corresponding dose, peaking at more than 4-fold higher than 

untreated. 

 Finally, we evaluated the effect of pyrimethamine on cellular ATP levels. As a key 

enzyme in folate metabolism, DHFR supports many biosynthetic processes, including purine and 

thymidine biosynthesis [90,91]. Accordingly, the inhibition of DHFR with antifolates, such as 

methotrexate, has been shown to deplete cellular dTTP, ATP, and GTP pools [92,93]. Thus, to 

further validate that pyrimethamine inhibits human DHFR activity and thus depletes cellular 

ATP levels, we measured ATP levels following a six-hour treatment with 10 μM pyrimethamine. 

As expected, pyrimethamine reduced cellular ATP levels by about 75%, which was comparable 

to that of a 10-fold lower dose of methotrexate (Figure 3.2 D). Since we measured ATP levels 

using CellTiter-Glo, which is typically used as a proxy for number of viable cells, we also 
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evaluated apoptosis following the same treatment using annexin V and propidium iodide (PI) 

staining followed by flow cytometry. Importantly, nearly 100% of the cells were still viable at 

the six-hour timepoint, indicating that the reduction in ATP levels as measured by CellTiter-Glo 

was not due to a loss of viable cells, but rather a drug-specific reduction in cellular ATP. 

Together, these results demonstrate that pyrimethamine is a human DHFR inhibitor, albeit a less 

potent inhibitor than methotrexate. 

 

DHFR loss reduces STAT3 transcriptional activity 

 Based on our findings that pyrimethamine inhibits STAT3 transcriptional activity, 

reduces DHFR enzymatic activity, and increases DHFR protein levels, we proposed two 

hypothetical models to explain the mechanism of action of pyrimethamine as a STAT3 inhibitor. 

In the first model, DHFR acts as a transcriptional activator of STAT3 (Figure 3.3 A). 

Accordingly, pyrimethamine inhibits STAT3 transcriptional activity by inhibiting the enzymatic 

activity of DHFR. In the second model, DHFR acts as a transcriptional repressor of STAT3. 

Therefore, pyrimethamine inhibits STAT3 transcriptional activity by increasing DHFR protein 

levels. To differentiate between these two models, we first looked at the effect of DHFR 

knockdown on basal and cytokine-stimulated STAT3 phosphorylation. Since pyrimethamine 

does not affect STAT3 tyrosine phosphorylation (Figure 3.2 C), we did not expect knockdown 

of DHFR to significantly affect STAT3 phosphorylation. However, siRNA-mediated knockdown 

of DHFR in U3A human fibrosarcoma cells led to a slight reduction in basal STAT3 

phosphorylation and an increase in oncostatin M (OSM)-stimulated STAT3 phosphorylation 

(Figure 3.3 B). Importantly, knockdown of DHFR at the protein level was confirmed by 
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immunoblotting (Figure 3.3 C). Knockdown of three other hits from the initial PISA screen, 

namely CHCHD2, SCL/TAL1 interacting locus (STIL), and Ral GTPase activating protein 

catalytic alpha subunit 1 (RALGAPA1/GARNL1; Supplemental Tables 3.1 and 3.2), had 

variable effects on basal STAT3 phosphorylation, but universally increased OSM-stimulated 

STAT3 phosphorylation. 
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Figure 3.3. DHFR loss decreases basal pSTAT3 levels, cytokine-stimulated STAT3 

transcriptional activity, and STAT3 target gene expression. (A) Hypothetical models for the 

mechanism of action of pyrimethamine. Created with BioRender. (B) U3A cells were transfected 

with siRNA targeting DHFR and three other hits from the PISA screen, namely CHCHD2, STIL, 

and GARNL1. siRNA targeting STAT3 was used as a positive control. 48 hours later the cells 

were stimulated with 10 ng/mL oncostatin M (OSM) for 15 minutes and analyzed by 

immunoblotting with the indicated antibodies. pSTAT3 and STAT3 levels were quantified and 

normalized to Tubulin. (C) Subset of samples from (B) was analyzed by immunoblotting with 

the indicated antibodies. (D) U3A cells were transfected as in (B). 48 hours later the cells were 

stimulated with 10 ng/mL interleukin 6 (IL6) or 10 ng/mL OSM for six hours. Luciferase was 

measured and normalized to siConA DMEM. Statistical comparisons were performed between 

the indicated mean values and that of siConA IL6/OSM. (E) MDA-MB-468 cells were 

transfected with siRNA targeting DHFR and analyzed by qRT-PCR. mRNA levels were 

normalized to GAPDH and non-targeting siCon2. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P 

≤ 0.001 with two-tailed unpaired Student’s t-test used in (D) and two-tailed one-sample 

Student’s t-test used in (E). 
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Figure 3.3. (Continued) 
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In parallel, we also tested the effect of siRNA-mediated knockdown of DHFR on STAT3 

transcriptional activity. If DHFR acts as a transcriptional activator, as presented in the first 

model, loss of DHFR should reduce cytokine-stimulated STAT3 activity. We first used U3A 

human fibrosarcoma cells stably expressing STAT3-dependent luciferase to determine the effect 

of knockdown on STAT3 luciferase activity. siRNA targeting STAT3 was used as a positive 

control. Of the four PISA hits tested, DHFR knockdown was the only one that significantly 

reduced both interleukin 6 (IL6)- and OSM-stimulated STAT3 activity (Figure 3.3 D). 

Knockdown of STAT3 completely prevented cytokine-stimulated STAT3 luciferase activity, as 

expected. Next, we used MDA-MB-468 cells characterized by constitutive STAT3 activation to 

test the effect of DHFR knockdown on STAT3 target gene expression. In accordance with the 

STAT3 luciferase data, DHFR knockdown reduced the expression of many STAT3 target genes, 

including BCLXL, CIS, GPR110, ICAM1, MCL1, TNFRSF1A, and UGCG (Figure 3.3 E). 

Together, these results largely support the model in which DHFR acts as a transcriptional 

activator of STAT3, raising the possibility that pyrimethamine inhibits STAT3 transcriptional 

activity, at least in part, by inhibiting the enzymatic activity of DHFR. 

 

Methotrexate inhibits STAT3 transcriptional activity 

Based on the model that pyrimethamine reduces STAT3 transcriptional activity by 

inhibiting DHFR, we hypothesized that other DHFR inhibitors, specifically methotrexate, would 

also inhibit STAT3 transcriptional activity. To test this hypothesis, we first evaluated the effect 

of methotrexate on cytokine-stimulated STAT3 luciferase activity in the U3A system. In brief, 

U3A cells were pretreated with methotrexate for one hour and then stimulated with cytokine for 
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five hours. STAT3-dependent luciferase activity was then used as a measure of STAT3 

transcriptional activity. As hypothesized, methotrexate decreased both IL6- and OSM-stimulated 

STAT3 activity in a dose-dependent manner (Figure 3.4 A). Interestingly, the STAT3-inhibitory 

effect of methotrexate was strongest at 1 μM, with a slight loss of efficacy at 10 μM. We also 

tested the effect of methotrexate on OSM-stimulated STAT3 target gene expression in U3A 

cells. In accordance with the luciferase data, methotrexate significantly reduced the OSM-

stimulated expression of three representative STAT3 target genes, BCL6, MCL1, and STAT3 

(Figure 3.4 B). 

Additionally, we evaluated the combination of pyrimethamine and methotrexate on 

cytokine-stimulated STAT3 activity. The two drugs reduced OSM-stimulated STAT3 activity as 

single agents, as previously demonstrated; however, the combination showed no additional 

inhibitory effect (Figure 3.4 C), suggesting that both pyrimethamine and methotrexate reduce 

STAT3 transcriptional activity via the same molecular target, namely DHFR. Overall, the ability 

of both pyrimethamine and methotrexate to inhibit STAT3 activity implies that there is a 

functional relationship between DHFR enzymatic activity, folate metabolism, and STAT3 

transcriptional activity. 
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Figure 3.4. Methotrexate, a known inhibitor of human DHFR, also inhibits STAT3 

transcriptional activity. (A) U3A cells were pretreated with methotrexate (MTX) for one hour 

and stimulated with 10 ng/mL interleukin 6 (IL6) or 10 ng/mL oncostatin M (OSM) for five 

hours. Luciferase was measured and normalized to the unstimulated vehicle control. Statistical 

comparisons were performed between the indicated mean values and that of the stimulated 

vehicle control. (B) U3A cells were pretreated with 1 μM MTX for one hour, stimulated with 10 

ng/mL OSM for 90 minutes, and analyzed by qRT-PCR. mRNA levels were normalized to 

GAPDH and unstimulated vehicle control. (C) U3A cells were pretreated with PYR and MTX 

for one hour and stimulated with 10 ng/mL OSM for five hours. Luciferase was measured and 

normalized to the unstimulated vehicle control. Statistical comparisons were performed between 

the indicated mean values and that of DMSO OSM. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** 

P ≤ 0.001 with two-tailed unpaired Student’s t-test (with or without Welch’s correction 

depending on F-test) used in (A), (B), and (C). 
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Figure 3.4. (Continued) 
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DHFR-mediated methylation reactions do not mediate the STAT3-inhibitory effects of 

pyrimethamine 

To examine the link between folate metabolism and STAT3 transcriptional activity, we 

first focused on folate-dependent methylation reactions. In addition to the previously mentioned 

role of DHFR in purine and thymidine biosynthesis, DHFR is required for folate/homocysteine 

metabolism, which plays a key role in cellular methylation processes, including protein and 

DNA methylation [90,94]. Within the folate/homocysteine pathway, DHFR catalyzes the 

conversion of dietary folates into tetrahydrofolate (THF). THF is then converted through a series 

of steps into 5-methyl-THF, which functions as a methyl donor in homocysteine remethylation, 

allowing the conversion of homocysteine into methionine [95]. Methionine is then converted to 

S-adenosyl-methionine (SAM), which serves as a universal methyl donor and co-substrate for 

methyltransferases, including enhancer of zeste homolog 2 (EZH2). Upon donation of its methyl 

group, SAM is converted to S-adenosyl-homocysteine (SAH). SAH is then converted back into 

homocysteine, completing one cycle of the folate/homocysteine pathway. 

 The histone methyltransferase EZH2, named for its ability to methylate histones, has also 

been shown to methylate non-histone proteins, including STAT3 [96]. Dasgupta et al. [97] have 

demonstrated that STAT3 dimethylation by EZH2 at lysine 49 (K49) is required for STAT3-

dependent transcription, and EZH2 inhibition reduces STAT3 transcriptional activity without 

affecting STAT3 phosphorylation or STAT3 DNA binding. Due to the mechanistic similarities 

between EZH2 inhibition and pyrimethamine-mediated STAT3 inhibition, we hypothesized that 

pyrimethamine reduces STAT3 activity by inhibiting DHFR, thus depleting intracellular pools of 

5-methyl-THF and preventing the production of EZH2-stimulating SAM (Figure 3.5 A). 
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According to this hypothesis, knockdown of DHFR, MTR, and EZH2 should phenocopy 

pyrimethamine and reduce STAT3 transcriptional activity. To test this idea, we first looked at the 

effect of knockdown on STAT3-dependent luciferase activity, using knockdown of STAT3 as a 

positive control. As expected, knockdown of DHFR significantly reduced OSM-stimulated 

STAT3 activity (Figure 3.5 B). However, knockdown of MTR had little effect on luciferase 

activity, and knockdown of EZH2 actually led to a nearly two-fold increase. Importantly, mRNA 

quantification by qRT-PCR indicated a knockdown efficiency of greater than 85% for all four of 

the targets (Figure 3.5 C). Unfortunately, the small inhibitory effect of pyrimethamine made it 

difficult to determine whether knockdown of DHFR, MTR, or EZH2 also had an effect on 

pyrimethamine-mediated STAT3 inhibition. 

Returning to our methylation hypothesis, knockdown of DHFR, MTR, and EZH2 should 

also reduce the viability of cell lines that depend on STAT3 for survival. To test this idea, we 

evaluated the effect of knockdown on the number of viable cells following a 48-hour treatment 

with pyrimethamine in MDA-MB-468 cells. Although DHFR knockdown seemingly 

phenocopied pyrimethamine, reducing the number of viable cells by 60%, knockdown of MTR 

and EZH2 had no effect on number of viable cells (Figure 3.5 D). Despite MDA-MB-468 cells 

being more difficult to transfect than U3A cells, quantification of mRNA by qRT-PCR still 

indicated a knockdown efficiency of at least 70% for all four targets (Supplemental Figure 3.2). 

Lastly, we immunoprecipitated STAT3 in MDA-MB-468 cells to directly evaluate the 

effect of pyrimethamine on STAT3 K49 dimethylation. Based on our initial hypothesis, we 

predicted that pyrimethamine would decrease STAT3 K49 dimethylation by inhibiting DHFR 

enzymatic activity and preventing the production of EZH2-stimulating SAM. Although the 
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signal corresponding to STAT3 K49 dimethyl was too weak to visualize over background in the 

IP lanes, STAT3 K49 dimethyl levels were seemingly identical in the two input lanes, suggesting 

that pyrimethamine does not significantly reduce STAT3 K49 dimethylation (Figure 3.5 E). 

Together, these results indicate that pyrimethamine does not inhibit STAT3 transcriptional 

activity by blocking DHFR-mediated methylation events. 
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Figure 3.5. DHFR-dependent methylation reactions do not mediate the STAT3-inhibitory effects 

of pyrimethamine. (A) Hypothetical model for the mechanistic link between pyrimethamine 

(PYR), DHFR, and STAT3. Created with BioRender. (B) U3A cells were transfected with 

siRNA targeting DHFR and two other enzymes involved in DHFR-dependent methylation 

reactions, namely MTR and EZH2. siRNA targeting STAT3 was used as a positive control. 48 

hours later the cells were pretreated with 10 μM PYR for one hour and stimulated with 10 ng/mL 

oncostatin M (OSM) for five hours. Luciferase was measured and normalized to the siConA 

unstimulated vehicle control. Statistical comparisons were performed between the indicated 

mean values and that of siConA DMSO OSM. (C) U3A cells were transfected as in (B) and 

analyzed by qRT-PCR to verify knockdown. mRNA levels were normalized to GAPDH and 

non-targeting siConA. Statistical comparisons were performed using a null of 1. (D) MDA-MB-

468 cells were transfected as in (B). 24 hours later the cells were treated with PYR for 48 hours. 

Number of viable cells was measured using Cell-Titer-Glo and normalized to siConA vehicle 

control. (E) MDA-MB-468 cells were treated with 5 μM PYR for 24 hours. STAT3 was 

immunoprecipitated and analyzed by immunoblotting with the indicated antibodies. 10% input 

included for comparison. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 with two-tailed 

unpaired Student’s t-test used in (B) and two-tailed one-sample Student’s t-test used in (C). 
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Figure 3.5. (Continued) 
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Folinic acid and thymidine rescue the STAT3-inhibitory effects of pyrimethamine 

 To determine if other DHFR-mediated processes, including purine and pyrimidine 

biosynthesis, could be regulating STAT3 transcriptional activity, we asked whether folinic acid, 

a reduced form of folate that enters the metabolic pathway downstream of DHFR, could rescue 

the STAT3-inhibitory effects of pyrimethamine. We specifically hypothesized that folinic acid 

would prevent pyrimethamine-mediated loss of viability and loss of STAT3 transcriptional 

activity by bypassing DHFR and restoring the folate-dependent processes required for STAT3 

transcriptional activity. To test this hypothesis, we first evaluated the effect of folinic acid on 

number of viable cells following a 48-hour treatment with pyrimethamine, methotrexate, or the 

small molecule JAK2 inhibitor TG101348. Intriguingly, folinic acid almost completely 

prevented pyrimethamine- and methotrexate-dependent decreases in the number of viable cells, 

while having very little effect on TG101348-dependent loss (Figure 3.6 A). 

To build on these results, we then tested the effect of both folic acid and folinic acid on 

the ability of pyrimethamine to inhibit OSM-stimulated STAT3 activity. Due to solubility issues, 

we were only able to test a maximum folic acid concentration of 10 μg/mL; however, this was 

still 2.5-fold higher than the baseline concentration of folic acid in the culture media. Strikingly, 

folinic acid, but not folic acid, significantly reduced the ability of pyrimethamine to inhibit 

STAT3 transcriptional activity, restoring STAT3-dependent luciferase in a dose-dependent 

manner (Figure 3.6 B). Folinic acid was also able to rescue the effect of methotrexate on 

STAT3-dependent luciferase, but had no effect on TG101348-mediated loss, again indicating 

that pyrimethamine and methotrexate share a STAT3-inhibitory mechanism that is dependent on 

DHFR enzymatic activity. 
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 To further validate that folinic acid can rescue the STAT3-inhibitory effects of 

pyrimethamine, we tested the ability of folinic acid to rescue pyrimethamine-mediated loss of 

STAT3 target gene expression in three cell lines. First, we treated MDA-MB-468 cells with 

folinic acid plus either pyrimethamine or TG101348 for 24 hours and analyzed SOCS3 

expression by qRT-PCR. As expected, both pyrimethamine and TG101348 significantly reduced 

SOCS3 expression in the absence of folinic acid (Figure 3.6 C). However, in the presence of 

folinic acid, TG101348 still reduced SOCS3 expression whereas pyrimethamine had no effect. 

Next, we pretreated U3A and SKBR3 human mammary carcinoma cells (both of which lack 

basal STAT3 phosphorylation) with folinic acid and pyrimethamine for one hour and then 

stimulated with OSM to activate STAT3. Although pyrimethamine on its own significantly 

reduced BCL6 expression in both cell lines, as expected, the addition of folinic acid completely 

prevented pyrimethamine-mediated loss of BCL6 expression in U3A cells and partially 

prevented the loss in SKBR3 cells (Figure 3.6 D). 

 Moving downstream of folinic acid, and potentially closer to the folate-mediated process 

regulating STAT3 transcriptional activity, we next examined whether thymidine could rescue the 

STAT3-inhibitory effects of pyrimethamine. Similar to folinic acid, the addition of thymidine 

reduced the ability of pyrimethamine to inhibit STAT3 transcriptional activity, fully restoring 

STAT3-dependent luciferase at just 10 μM (Figure 3.6 E). However, somewhat unexpectedly, 

thymidine was unable to rescue methotrexate-mediated loss of STAT3 activity, suggesting at 

least a slight difference in the mechanisms of action of pyrimethamine and methotrexate as 

STAT3 inhibitors. 
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Figure 3.6. Folinic acid and thymidine rescue the STAT3-inhibitory effects of pyrimethamine. 

(A) MDA-MB-468 cells were treated with 300 μg/mL folinic acid and either pyrimethamine 

(PYR), methotrexate (MTX), or TG101348, a JAK2 inhibitor, for 48 hours. Number of viable 

cells was measured using Cell-Titer-Glo and normalized to the respective vehicle control. 

Statistical comparisons were performed between mean values at the maximum concentration. (B) 

U3A cells were pretreated with folic acid or folinic acid, as well as 10 μM PYR, 1 μM MTX, or 

10 μM TG101348, for one hour and stimulated with 10 ng/mL oncostatin M (OSM) for five 

hours. Luciferase was measured and normalized to the unstimulated vehicle control. Relative 

Luciferase Units presented as fold change over unstimulated. (C) MDA-MB-468 cells were 

treated with 300 μg/mL folinic acid and either 10 μM PYR or 10 μM TG101348 for 24 hours and 

analyzed by qRT-PCR. mRNA levels were normalized to GAPDH and vehicle control. (D) U3A 

and SKBR3 cells were pretreated with 300 μg/mL folinic acid and 10 μM PYR for one hour, 

stimulated with 10 ng/mL OSM for 90 and 60 minutes, respectively, and analyzed by qRT-PCR. 

mRNA levels were normalized to GAPDH and unstimulated vehicle control. Relative mRNA 

Expression presented as fold change over unstimulated. (E) U3A cells were pretreated with 

thymidine or folinic acid, as well as 10 μM PYR or 1 μM MTX, for one hour and stimulated with 

10 ng/mL OSM for five hours. Luciferase was measured and normalized to the unstimulated 

vehicle control. Relative Luciferase Units presented as fold change over unstimulated. ns P > 

0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 with two-tailed unpaired Student’s t-test (with or 

without Welch’s correction depending on F-test) used in (A), (B), (D), and (E) and two-tailed 

one-sample Student’s t-test used in (C). 
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Figure 3.6. (Continued) 
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Figure 3.6. (Continued) 
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Discussion 

In this study, we have characterized pyrimethamine and methotrexate as unique STAT3 

transcriptional inhibitors that function by blocking DHFR enzymatic activity. Although 

pyrimethamine was known to inhibit DHFR activity in parasites, it was not thought to inhibit 

human DHFR due to substantial differences in amino acid sequence. However, we have shown 

that pyrimethamine can stabilize human DHFR to heat denaturation (Figure 3.1) and inhibit 

human DHFR enzymatic activity in vitro, indicating that pyrimethamine is a human DHFR 

inhibitor (Figure 3.2). Moreover, our results align with a recently published study that used in 

silico modeling and DHFR activity assays to demonstrate that pyrimethamine plays an anticancer 

role, in part, by targeting human DHFR [86]. 

This newly defined role of pyrimethamine as a human DHFR inhibitor led us to test 

whether DHFR acts as a STAT3 transcriptional coactivator, potentially providing the link 

between DHFR inhibition and STAT3 inhibition. Although connections between folate and 

transcriptional regulation have been described, the direct link between DHFR and STAT3 

transcriptional activity had not been investigated. Hansen et al. [98] have demonstrated that both 

folic acid and folinic acid can activate STAT3; however, the mechanism appears to be 

independent of DHFR, relying instead on signaling through folate receptor a (FRa), 

glycoprotein 130 (gp130), and Janus kinase (JAK) to mediate folate-dependent STAT3 

phosphorylation. Moreover, the folate metabolism enzyme methylene-THF dehydrogenase, 

cyclohydrolase and formyl-THF synthetase 1 (MTHFD1) has recently been shown to associate 

with chromatin and regulate gene expression [99]. However, similar studies have yet to be 

completed for nuclear DHFR [100]. Thus, our findings that loss of DHFR dampens STAT3 
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transcriptional activity without significantly reducing STAT3 tyrosine phosphorylation (Figure 

3.3) indicate that DHFR can activate STAT3 transcriptional activity downstream of tyrosine 

phosphorylation; however, the exact mechanism of activation remains unclear. 

Like pyrimethamine, methotrexate has also been described as both a human DHFR and 

STAT3 inhibitor; however, its role as a STAT3 inhibitor was poorly understood. One piece of 

evidence supporting methotrexate as a STAT3 inhibitor comes from a prospective phase II study 

evaluating the effect of immunosuppressive therapy in large granular lymphocytic (LGL) 

leukemia [101]. STAT3 is constitutively active in LGL leukemia, with approximately 40% of 

LGL leukemia patients having somatic STAT3 activating mutations [22]. This prospective study 

demonstrated that patients with STAT3 mutations were more likely to respond to methotrexate. 

Moreover, the response scaled with the ability of the STAT3 mutation to convey STAT3 

transcriptional activity. These correlative results indicate that methotrexate is a putative STAT3 

inhibitor rather than just a broad immunosuppressive agent. 

Additionally, Thomas et al. [102] have shown that methotrexate inhibits JAK/STAT 

signaling by reducing constitutive, but not cytokine-stimulated STAT3 tyrosine phosphorylation 

in a subset of cell lines. They further demonstrated that this methotrexate-mediated suppression 

of STAT3 phosphorylation was unaffected by the addition of 0.3 μg/mL of folinic acid. Based on 

these findings, they concluded that methotrexate inhibits STAT3 phosphorylation, albeit 

independently of DHFR inhibition. Interestingly, we also saw a methotrexate-dependent decrease 

in constitutive STAT3 phosphorylation (Figure 3.2). However, in our system, methotrexate also 

inhibited cytokine-stimulated STAT3 luciferase activity (Figure 3.4), and the inhibitory effect 

was rescued by folinic acid, albeit at much higher concentrations than 0.3 μg/mL (Figure 3.6). 
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Moreover, the combination of pyrimethamine and methotrexate had no additive effect on STAT3 

inhibition, suggesting that pyrimethamine and methotrexate inhibit STAT3 activity via the same 

molecular target (Figure 3.4). Thus, we conclude that methotrexate inhibits STAT3 

transcriptional activity via DHFR and has a similar mechanism of action to that of 

pyrimethamine. 

That being said, the functional differences between methotrexate and pyrimethamine 

indicate that the mechanisms of action are not identical. First, methotrexate is an extremely toxic 

chemotherapeutic agent while pyrimethamine is a relatively safe antiparasitic compound. One 

potential explanation for these differing toxicity profiles is that methotrexate is a much more 

potent DHFR and STAT3 inhibitor than pyrimethamine (Figures 3.2 and 3.4). This difference in 

potency may be due to structural differences between the two compounds. Methotrexate is a 

classical DHFR inhibitor characterized by an intact glutamate side chain that can undergo 

polyglutamylation by folylpolyglutamate synthase (FPGS) [103]. These methotrexate 

polyglutamates not only demonstrate prolonged intracellular retention times, but can also inhibit 

other folate metabolism enzymes, including thymidylate synthase (TS) [104–106]. In contrast, 

pyrimethamine contains a lipophilic side chain that cannot by polyglutamylated. Thus, 

pyrimethamine likely has shorter intracellular retention times and fewer molecular targets, 

leading to a less potent inhibitory effect on folate metabolism in general. 

 Another key difference between pyrimethamine and methotrexate as STAT3 inhibitors is 

that methotrexate inhibits STAT3 tyrosine phosphorylation at concentrations required for STAT3 

inhibition (Figure 3.2). Again, this mechanistic difference may be explained by the structural 

differences between the two compounds. Classical DHFR inhibitors like methotrexate resemble 
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the structure of endogenous folates and thus are actively taken up via folate carriers, transporters, 

and receptors, including FRa [107,108]. Accordingly, it seems plausible that methotrexate, as a 

classical DHFR inhibitor, could block FRa-mediated STAT3 phosphorylation, as previously 

described. In contrast, nonclassical DHFR inhibitors, such as pyrimethamine, do not interact with 

folate receptors, but rather enter cells via passive or facilitated diffusion. Thus, unlike 

methotrexate, pyrimethamine likely does not interfere with FRa-mediated uptake of endogenous 

folates and thus is not predicted to reduce folate-dependent STAT3 phosphorylation. 

 The last apparent mechanistic difference between the two compounds is that the STAT3-

inhibitory effects of pyrimethamine, but not methotrexate, can be rescued by thymidine (Figure 

3.6). Thymidine nucleotide pools are maintained through two distinct cellular pathways. The de 

novo pathway uses 5,10-methylene-THF, a folate species downstream of DHFR, to directly 

convert deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate (dTMP) in a 

reaction catalyzed by TS (Figure 3.7) [109]. As DHFR inhibitors, pyrimethamine and 

methotrexate are presumed to block this de novo synthesis pathway by depleting intracellular 

levels of 5,10-methylene-THF. Additionally, folinic acid is predicted to rescue de novo synthesis 

in the absence of functional DHFR by restoring 5,10-methylene-THF pools in a DHFR -

independent manner. Our findings demonstrating the ability of folinic acid to rescue the STAT3-

inhibitory effects of both compounds align with these predictions and suggest that DHFR plays a 

role in regulating STAT3 transcriptional activity. 
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Figure 3.7. Proposed model for the mechanism of action of pyrimethamine as a DHFR-

dependent STAT3 inhibitor. Pyrimethamine inhibits DHFR and reduces the intracellular pool of 

5,10-methylene-THF needed for the de novo synthesis of thymidylate. Insufficient thymidylate 

levels lead to a decrease in STAT3 transcriptional activity. Pyrimethamine-mediated STAT3 

inhibition can be rescued by the addition of folinic acid or thymidine, both of which replenish 

intracellular thymidylate levels. Created with BioRender. DHFR: dihydrofolate reductase; DHF: 

dihydrofolate; THF: tetrahydrofolate; TS: thymidylate synthase; TK: thymidine kinase; dUMP: 

deoxyuridine monophosphate; dTMP: deoxythymidine monophosphate; dTDP: deoxythymidine 

diphosphate; and dTTP: deoxythymidine triphosphate. 
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Figure 3.7. (Continued) 
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In contrast, the salvage synthesis pathway bypasses DHFR by directly converting cellular 

thymidine into dTMP via the enzymatic activity of thymidine kinase (TK). As the name implies, 

this salvage pathway allows cells to produce dTMP, which is then converted into 

deoxythymidine triphosphate (dTTP) and used for DNA synthesis, even in the absence of de 

novo synthesis. Therefore, the ability of both folinic acid and thymidine to rescue the STAT3-

inhibitory effects of pyrimethamine implicates DHFR-mediated thymidine biosynthesis, 

specifically the synthesis of dTMP or some downstream product, in the regulation of STAT3 

transcriptional activity. Furthermore, the unexpected finding that folinic acid, but not thymidine, 

can rescue the STAT3-inhibitory effects of methotrexate raises the possibility that, unlike 

pyrimethamine, methotrexate can inhibit both the de novo and salvage thymidine synthesis 

pathways. Interestingly, Abonyi et al. [110] have demonstrated that methotrexate can indirectly 

decrease TK activity; however, since the mechanism is thought to rely on DHFR, it will be 

important to determine whether pyrimethamine has similar effects. 

In summary, we have identified human DHFR as one of the direct molecular targets 

responsible for the STAT3-inhibitory effects of pyrimethamine. Moreover, we have 

demonstrated that folate-mediated thymidine biosynthesis plays a previously unknown role in 

regulating STAT3 transcriptional activity. Overall, these findings reveal a regulatory node within 

the STAT3 pathway that may be important for the development and treatment of STAT3-driven 

cancers. 
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Materials and Methods 

Proteome Integral Stability Alteration (PISA) Assay 

The PISA assay was performed by the Chemical Proteomics Core Facility at 

Biomedicum (Karolinska Institute), part of the Chemical Proteomics and Proteogenomics 

Facility at SciLifeLab and the Swedish national infrastructure for biological mass spectrometry 

(BioMS). The PISA assay method, invented and developed at this facility, was performed 

according to previously published procedures [82]. Briefly, the treatment of cells was performed 

in culture for two hours in regular medium. After cell detachment, each biological replicate was 

washed and suspended in PBS supplemented with protease inhibitors (Roche, Indianapolis, IN), 

then split into 15 equal portions for temperature treatment at a range of 43°C to 57 °C with one 

°C intervals. The temperature treatment was performed for three minutes at each temperature 

using a SimplyAmp Thermal Cycler (Applied Biosystems, Foster City, CA). Samples where then 

left at room temperature (RT) for six minutes before being snap frozen in liquid nitrogen. 

Cellular lysates were isolated in PBS supplemented with protease inhibitors (Roche) by four 

cycles of freezing cells in liquid nitrogen and then thawing at 35 °C.  

For each biological replicate, the 15 equal aliquots were combined in one pool, and 

sedimentation of unfolded proteins was performed at 150,000 ´ g for 30 minutes at 4 °C using an 

Optima XPN-80 Ultracentrifuge (Beckman Coulter, Fullerton, CA). After measuring the total 

protein concentration of the soluble fraction by Micro BCA Protein Assay Kit (Thermo Fisher 

Scientific, Waltham, MA), equal protein amounts were reduced with dithiothreitol and alkylated 

with iodoacetamide. Cold acetone protein precipitation was then performed. Protein precipitates 

were suspended in 8 M Urea in 20 mM 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid 
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(EPPS) buffer (pH 8.2), then diluted to 4 M Urea. LysC enzyme (Wako, Osaka, Japan) was 

added and incubated at 30 °C for eight hours. After diluting to 1 M Urea, sequencing grade 

modified trypsin (Promega, Madison, WI) was added and samples were digested overnight at 37 

°C. Each sample was labelled using TMT10 (Thermo Fisher Scientific) for quantitative liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) proteomics analysis. One TMT10 

hosted two PISA experiments, with four replicates of the vehicle control plus two triplicates for 

two different drugs (one is not object of this study). Sample desalting and cleaning was 

performed using Sep-Pak C18 (Waters, Milford, Massachusetts). The TMT10 labelled peptides 

were separated using off-line reverse phase UPLC at high pH on a C18 column with a flow rate 

of 200 µL per minute. Peptides were eluted using a binary gradient of water and acetonitrile, and 

the eluate was collected into 96 fractions of 100 µL each, concatenated into 12 fractions. Each 

fraction was analyzed by nano-high-performance liquid chromatography-electrospray ionization 

(HPLC-ESI), and MS/MS analyses were performed using a Q Exactive HF Mass Spectrometer 

(Thermo Scientific). 

Protein identification and quantification was performed using MaxQuant software [111] 

and the Uniprot complete human proteome database (UP000005640). A 1% false discovery rate 

was used as a filter at both protein and peptide levels. After removing contaminants, only 

proteins with at least two unique peptides were included in the final dataset. Quantification 

values for each peptide were normalized to the total ion abundance of each TMT reporter and 

then to the average value for the untreated sample. Two-tailed Student’s t-test (with equal or 

unequal variance depending on F-test) was applied to calculate p-values. 
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Cell Culture 

STAT1-null U3A human fibrosarcoma cells (kindly provided by George Stark, Cleveland 

Clinic, Cleveland, OH) stably transfected with STAT3-dependent luciferase [75] were 

maintained in DMEM (Thermo Fisher Scientific) containing 10% fetal bovine serum. MDA-

MB-468 human mammary carcinoma cells (kindly provided by Myles Brown, Dana-Farber 

Cancer Institute, Boston, MA) were maintained in DMEM (Thermo Fisher Scientific) containing 

10% fetal bovine serum. SKBR3 human mammary carcinoma cells (kindly provided by Lyndsay 

Harris, Dana-Farber Cancer Institute) were maintained in RPMI (Thermo Fisher Scientific) with 

10% fetal bovine serum. All cells were maintained in a humidified incubator at 37 °C with 5% 

CO2. 

 

Compounds 

Pyrimethamine (Sigma-Aldrich, St. Louis, MO) and methotrexate (3507, Santa Cruz 

Biotechnology) were prepared at 25 mM in dimethyl sulfoxide (DMSO). TG101348 (364740, 

Santa Cruz Biotechnology, Dallas, TX) was prepared at 10 mM in DMSO. Cells were treated as 

indicated. 

 

Cellular Thermal Shift Assay (CETSA) 

U3A cells were cultured in DMEM (Thermo Fisher Scientific) with 10% heat-inactivated 

fetal bovine serum and 1% penicillin/streptomycin. Intact U3A cells were treated with 

pyrimethamine at a concentration of 10 μM or DMSO (0.1 % v/v final) for ten minutes at 37 °C. 

Cells were washed once with PBS, harvested using trypsin, and centrifuged at 300 ´ g. The 
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pellet was resuspended in TBS supplemented with cOmplete protease inhibitor cocktail (Roche), 

aliquoted (50 μL, 8 ´ 105 cells per temperature) into PCR strip tubes, and heated at the indicated 

temperature in a Veriti Thermal Cycler (Applied Biosystems) for three minutes, then cooled for 

another three minutes at room temperature. Cells were then lysed by freeze-thawing three times 

with three-minute incubations in an ethanol/dry ice bath and a water bath at 37 °C. The lysates 

were then centrifuged at 17,000 ´ g for 20 minutes at 4 °C to remove cellular debris and pelleted 

protein aggregates. Supernatants (40 μL) were transferred to new tubes and prepared for 

immunoblotting. 

A similar protocol was used for the treatment of U3A cell lysate. Briefly, U3A cells in 

exponential growth rate were collected, resuspended in TBS supplemented with cOmplete 

protease inhibitor cocktail (Roche), lysed by freeze-thaw, and centrifuged at 17,000 ´ g for 20 

minutes at 4 °C. Supernatant was aliquoted into two tubes and treated with 10 μM 

pyrimethamine or DMSO for ten minutes at room temperature. Treated cell lysates were 

aliquoted (50 μL) into PCR strip tubes and heated at the indicated temperature in a Veriti 

Thermal Cycler (Applied Biosystems) for three minutes, then cooled for another three minutes at 

room temperature. Lysates were then centrifuged at 17,000 ´ g for 20 minutes at 4 °C, and 40 μL 

was transferred to new tubes and prepared for immunoblotting. DHFR stabilization was 

evaluated with SOD1 as a thermostable loading control. Band intensities were quantified using 

Fiji [76] and then plotted and fitted in GraphPad Prism (GraphPad Software, La Jolla, CA) to 

obtain apparent Tagg values. 
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Immunoblotting 

 Cells were lysed on ice for 15 minutes in either RIPA lysis buffer (Boston BioProducts, 

Boston, MA) or EBC lysis buffer [50 mM Tris (pH 8.0), 250 mM NaCl, 0.5% NP-40] containing 

phosphatase and complete protease inhibitors (Roche, Indianapolis, IN). Lysates were cleared via 

centrifugation and quantified using the Bradford Reagent (Bio-Rad Laboratories, Hercules, CA). 

Lysates were mixed with 2X sample buffer [0.125 M Tris (pH 6.8), 4% SDS, 20% glycerol] 

containing 4% b-mercaptoethanol and boiled for five minutes. Samples were resolved on 10–

12% acrylamide gels and transferred to 0.45 μm Amersham Protran nitrocellulose (GE 

Healthcare, Chicago, IL). Membranes were blocked with 5% milk in TBS/Tween (Boston 

BioProducts) and probed with antibodies to pSTAT3 (9131, Cell Signaling, Danvers, MA), 

STAT3 (482, Santa Cruz Biotechnology; 9139, Cell Signaling), STAT3 K49me2 (kindly 

provided by George Stark, Cleveland Clinic), DHFR (377091, Santa Cruz Biotechnology), 

Tubulin (T5168, Sigma-Aldrich), and SOD1 (11407, Santa Cruz Biotechnology). Immunoblots 

were developed and band intensity was quantified using Fiji [76]. 

 

DHFR Activity Assay 

 In vitro human DHFR activity was assayed using the Dihydrofolate Reductase Activity 

Kit (BioVision, Milpitas, CA) according to the manufacturer’s instructions included with the 

Dihydrofolate Reductase Inhibitor Screening Kit (BioVision). In brief, working stocks of 

pyrimethamine and methotrexate were prepared in DMSO. DHFR Assay Buffer was then used to 

prepare a 400-fold dilution of DHFR, a 40-fold dilution of NADPH stock solution, and a 15-fold 

dilution of DHFR substrate. Diluted DHFR (98 μL), drug working stocks (2 μL), and diluted 
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NADPH (40 μL) were added to each well of a clear 96-well plate. Samples were mixed and 

incubated in the dark for 15–20 minutes. Diluted DHFR substrate (60 μL) was then added to 

each well and absorbance was measured at 340 nm in kinetic mode for 20 minutes at room 

temperature using a SpectraMax M3 Microplate Reader (Molecular Devices, San Jose, CA). 

Change in absorbance over time was normalized to that of the respective vehicle control and 

plotted as % relative activity. 

 

Apoptosis Assay 

 Cells (5 ´ 105) were plated in 6-well plates. The next day cells were treated as indicated. 

Apoptosis was detected using the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, 

San Jose, CA) and quantified using an LSRFortessa (BD Biosciences). 

 

Viability Assay 

 Cells (3–5 ´ 103) were plated in white opaque 96-well plates. The next day cells were 

treated as indicated. ATP levels were detected at the indicated timepoints as a proxy for number 

of viable cells using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). 

Luminescence was measured using a Luminoskan Ascent Microplate Reader (Labsystems, 

Helsinki, Finland). 

 

RNA Interference 

Cells were transfected with 10 nM of short interfering RNA (siRNA) targeting CHCHD2 

(89755, Santa Cruz Biotechnology), DHFR (37078, Santa Cruz Biotechnology), STAT3 (D-
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003544-03-0010, Dharmacon, Lafayette, CO), STIL (44775, Santa Cruz Biotechnology), 

GARNL1 (92345, Santa Cruz Biotechnology), MTR (78838, Santa Cruz Biotechnology), SAHH 

(62972, Santa Cruz Biotechnology), EZH2 (6509, Cell Signaling), or non-targeting siRNA 

designated siConA (37007, Santa Cruz Biotechnology) using Lipofectamine RNAiMax 

(Invitrogen). Cells were transfected for the indicated amounts of time prior to beginning 

biological experiments. 

 

Cytokine Stimulation 

 Cells were stimulated with 10 ng/mL interleukin 6 (IL6; Peprotech, Rocky Hill, NJ) or 10 

ng/mL oncostatin M (OSM; Peprotech). Cells were stimulated for 15 minutes for whole cell 

lysate immunoblotting, 60–90 minutes for quantitative reverse transcription PCR (qRT-PCR), 

and five to six hours for luciferase reporter assays. 

 

Luciferase Reporter Assay 

 STAT3-dependent luciferase assays were performed as previously described [87]. In 

brief, cells (3 ´ 103) were plated in white opaque 96-well plates and allowed to adhere overnight. 

For siRNA-mediated knockdown, cells were left in the incubator for 48 hours. For drug-

mediated inhibition, cells were pretreated with compound for one hour. Cells were then 

stimulated with cytokine for five to six hours to activate STAT3. Luciferase activity was 

detected using the Bright-Glo Luciferase Assay System (Promega) and quantitated using a 

Luminoskan Ascent Microplate Reader (Labsystems, Helsinki, Finland). 
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Quantitative Reverse Transcription PCR (qRT-PCR) 

 Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen, Valencia, CA). 

cDNA was generated using the TaqMan Reverse Transcription Reagents (Invitrogen). 

Quantitative PCR was performed in triplicate or quadruplicate using the Power SYBR Green 

PCR Master Mix (Invitrogen) on a 7500 Real-Time PCR System (Applied Biosystems, Foster 

City, CA) or a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems). Specificity of 

amplification was confirmed by melting curve analysis. Cycle threshold (CT) values for target 

genes were normalized to the endogenous reference gene GAPDH. Primer sequences 

(Supplemental Table 3.3) were designed from the UCSC genome browser reference mRNA 

sequences using Primer3 [77]. 

 

Immunoprecipitation 

 Cells (2.2 ´ 106) were plated in 10-cm plates and treated the following day as indicated. 

Cells were lysed on ice in 1X Cell Lysis Buffer (9803, Santa Cruz Biotechnology) containing 

phosphatase and complete protease inhibitors (Roche) for five minutes. Lysates were collected 

and sonicated three times for five seconds each using a Q700 Sonicator (QSonica, Newtown, 

CT) set at 75% amplitude. Lysates were cleared by centrifugation at 14,000 ´ g for ten minutes 

at 4 °C followed by a one hour incubation at 4 °C with 40 μL of Protein A/G PLUS agarose 

beads (2003, Santa Cruz Biotechnology). Five percent of the total protein lysate by volume was 

saved as an input control. The remaining lysate was split into two 200 μL aliquots and incubated 

overnight at 4 °C with 1 μg of antibody to STAT3 (482, Santa Cruz Biotechnology) or isotype 

control IgG (Caltag, Burlingame, CA). Immunoprecipitated lysate was then added to 40 μL of 
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Protein A/G PLUS agarose beads (Santa Cruz Biotechnology) and rotated for three hours at 4 

°C. Beads were washed five times with 1X Cell Lysis Buffer (Santa Cruz Biotechnology) 

containing phosphatase and complete protease inhibitors (Roche) and resuspended in 3X Blue 

Loading Buffer (7722, Cell Signaling) containing dithiothreitol (DTT). Samples were boiled at 

95–100 °C for five minutes and analyzed by immunoblotting. 

 

Computational Analyses 

 The in vitro sensitivity data for pyrimethamine and methotrexate was obtained from the 

Sanger Drug Sensitivity IC50 dataset available through the Cancer Dependency Map (DepMap) 

Data Explorer (Broad Institute) [87] and plotted using the Plotly Chart Studio. Pearson 

correlation coefficients were computed between pyrimethamine (GDSC:71) and each of the 

compounds available in the Sanger dataset. The top 5 correlates are presented. 

 

Statistical Analyses 

 Statistical tests indicated in the figure legends were performed using GraphPad Prism 

8.1.2 and 8.2.0 (GraphPad Software, La Jolla, CA). Values of P ≤ 0.05 were considered 

significant (ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001). Data are presented as mean 

± SD for one representative experiment. Most experiments were completed at least twice. 
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CHAPTER 4: Discussion 
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Summary 

STAT3 is a key transcriptional regulator of many pro-tumorigenic processes and is 

constitutively activated in many types of human cancer, including hematologic malignancies and 

solid tumors [8,11]. Regardless of the mechanism of STAT3 activation in these cancers, the 

transformed cells are typically dependent on STAT3 for survival and demonstrate reduced 

proliferation and increased apoptosis following STAT3 inhibition. However, despite many 

cancerous cells being addicted to STAT3, non-transformed cells appear largely unaffected by 

STAT3 inhibition, perhaps due to cellular redundancies [33,34]. These key observations 

regarding the dependence of cancerous and noncancerous cells on STAT3 indicate that there is a 

clinically-relevant therapeutic window for STAT3 inhibition as an anticancer strategy. 

Although STAT3 has been difficult to target therapeutically, many STAT3 inhibitors 

have been developed and a few are progressing towards the clinic. However, to date, only one 

STAT3 inhibitor has been approved for the treatment of a STAT3-driven neoplasm, and it is 

actually an indirect inhibitor that targets upstream Janus kinases (JAKs) to prevent STAT3 

activation [40]. Thus, there remains a clinical need for therapeutic STAT3 inhibitors. To address 

this unmet clinical need, we developed a cell-based assay of STAT3 transcriptional activity and 

performed an unbiased, high-throughput screen of a library of small molecules known to be 

biologically active in humans. We identified the antiparasitic drug pyrimethamine as a novel and 

specific inhibitor of STAT3 transcriptional activity at concentrations known to be safely 

achieved in humans [51]. 

Our initial work to characterize pyrimethamine as a STAT3 inhibitor demonstrated that 

pyrimethamine does not significantly affect STAT3 phosphorylation, nuclear translocation, or 
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DNA binding at concentrations sufficient to inhibit STAT3 transcriptional activity, suggesting a 

novel mechanism of STAT3 inhibition. Accordingly, we hypothesized that pyrimethamine 

inhibits STAT3 transcriptional activity by disrupting the interaction between STAT3 and 

transcriptional cofactors required for the recruitment of RNA polymerase II. Although STAT3 is 

widely accepted as a transcription factor, the mechanistic details between STAT3 DNA binding 

and RNA polymerase II recruitment remain unclear. Based on our hypothesis, a more complete 

understanding of the mechanism of pyrimethamine may expose some of these mechanistic 

details by revealing cofactors required for RNA polymerase II recruitment at STAT3 target 

genes. 

To more fully elucidate the mechanism of action of pyrimethamine as a STAT3 inhibitor, 

we performed two independent analyses. As described in Chapter 2, we developed and 

characterized a pair of pyrimethamine-sensitive and -resistant sublines derived from MDA-MB-

468 cells, which depend on persistent STAT3 activation for survival. We demonstrated that the 

pyrimethamine-resistant 468 R subline has reduced STAT3 phosphorylation and STAT3 

transcriptional activity, suggesting that downregulation of STAT3 confers resistance to 

pyrimethamine. Moreover, we found that downregulation of BCL6, a transcriptional regulator 

typically upregulated by STAT3, also confers resistance to pyrimethamine. Based on these 

observations, we propose a model in which pyrimethamine acts on BCL6 to prevent the 

recruitment of coactivating complexes and RNA polymerase II to STAT3 target genes. 

Additional studies are underway to confirm this model, including a genome-wide assessment of 

pyrimethamine-mediated changes in BCL6 and STAT3 DNA occupancy. 
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As described in Chapter 3, we used the proteome integral stability alteration (PISA) assay 

to identify proteins that are stabilized, and thus likely bound, by pyrimethamine. We identified 

human dihydrofolate reductase (DHFR) as both a direct molecular target of pyrimethamine and 

an activator of STAT3 transcriptional activity, suggesting for the first time that pyrimethamine 

inhibits STAT3 via DHFR. Correspondingly, we found that the classical DHFR inhibitor 

methotrexate also inhibits STAT3 transcriptional activity, further implicating DHFR in the 

regulation of STAT3 activation. Finally, we demonstrated that the STAT3-inhibitory effects of 

pyrimethamine can be rescued by the addition of either folinic acid or thymidine, both of which 

bypass the cellular requirement for DHFR. Together, these DHFR-related findings strongly 

suggest that folate-mediated thymidine biosynthesis plays a key role in the regulation of STAT3 

transcriptional activity. 

 

Future Directions 

Although the mechanistic connection between folate-mediated thymidine biosynthesis 

and STAT3 transcriptional activity remains unclear, one potential explanation is that thymidine 

itself acts as an activator of STAT3 transcriptional activity. However, Berg et al. [112] have 

recently demonstrated that micromolar concentrations of nucleotide triphosphates, particularly 

adenosine triphosphate (ATP) and guanosine triphosphate (GTP), can inhibit STAT protein-

protein interactions in competitive fluorescence polarization assays. They also used molecular 

docking to show that ATP and GTP function as STAT Src homology 2 (SH2) domain inhibitors 

and thus are predicted to block STAT phosphorylation, nuclear translocation, and DNA binding. 
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Accordingly, it seems unlikely that thymidine triphosphate would act as a selective STAT3 

activator when other nucleotide triphosphates appear to act as STAT inhibitors. 

Another potential explanation is that pyrimethamine-mediated decreases in thymidine 

biosynthesis activate cellular stress pathways that either directly or indirectly alter STAT3 

transcriptional activity. Tan et al. [113] have shown that stress from nucleotide depletion in 

models of melanoma can activate hexamethylene bis-acetamide-inducible protein 1 (HEXIM1), 

which forms an inhibitory complex with P-TEFb and prevents transcriptional elongation. 

Although inhibition of elongation does not necessarily explain the loss of RNA polymerase II at 

STAT3 target genes following treatment with pyrimethamine, HEXIM1 has also been shown to 

regulate the expression of CCAAT/enhancer-binding proteins (C/EBPs) and PPARg peroxisome 

proliferator-activated receptor-g, both of which can act as STAT3 regulators [114–116]. 

Therefore, HEXIM1 activation in response to pyrimethamine-mediated nucleotide stress may be 

the link between thymidine biosynthesis and STAT3 transcriptional activity. 

In addition to causing nucleotide stress, pyrimethamine-mediated decreases in thymidine 

biosynthesis promote the accumulation and misincorporation of uracil into DNA, activating the 

base excision repair (BER) pathway [117]. Following activation of the BER pathway, uracil 

DNA glycosylase (UNG) recognizes and removes the misincorporated base, leaving an abasic 

site that is cleaved by apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1). DNA 

polymerase then fills in the gap with the correct nucleotide, assuming it is available, and DNA 

ligase seals the DNA backbone to complete the repair process. Interestingly, preliminary work 

from our laboratory suggests that both UNG and APEX1 are potent STAT3 activators, with 

knockdown of each target leading to a 70–80% reduction in IL6-stimulated STAT3 
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transcriptional activity (data not shown). Although these findings need to be validated, they 

suggest that pyrimethamine-mediated activation of BER may sequester UNG and APEX1 at sites 

of repair, somehow preventing UNG/APEX1-dependent STAT3 activation. 

Despite the evidence presented here that DHFR is responsible for the STAT3-inihibitory 

effects of pyrimethamine, several other proteins in the PISA screen demonstrated statistically 

significant shifts in stability following treatment with pyrimethamine and thus may play a role in 

either the on-target or off-target effects of pyrimethamine. To prioritize these hits, we first 

identified the proteins that underwent the largest changes in stability. Although DHFR was the 

most stabilized by pyrimethamine, centrosomal protein 83 (CEP83) and annexin A8 (ANXA8) 

were significantly destabilized by pyrimethamine (Supplemental Table 3.2). Next, we asked 

whether any of the statistically significant PISA hits were known STAT3 interactors or putative 

STAT3 regulators using two unpublished datasets available in our laboratory, one of which 

includes STAT3 interactors disrupted by pyrimethamine and the other includes proteins that 

modulate IL6-stimulated STAT3 transcriptional activity. Intriguingly, polyadenylate-binding 

protein cytoplasmic 4 (PABPC4), which was slightly, though significantly, stabilized by 

pyrimethamine in the PISA screen, is a known interactor of STAT3 in TNBC cells, and thiamine 

pyrophosphokinase 1 (TPK1), which was slightly, though significantly, destabilized by 

pyrimethamine, is a putative STAT3 activator, with TPK1 knockdown leading to nearly a 70% 

reduction in IL6-stimulated STAT3 transcriptional activity (data not shown). Based on these 

prioritization efforts, we are currently evaluating the effects of these four proteins on both 

STAT3 transcriptional activity and pyrimethamine-mediated STAT3 inhibition. 
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Clinical Significance 

Since pyrimethamine can inhibit STAT3 transcriptional activity at concentrations 

routinely achieved in patients taking the compound for either the treatment or prevention of 

parasitic diseases, including toxoplasmosis, pneumonia, and malaria, it is seen as a promising 

therapeutic option for patients with STAT3-driven malignancies. Accordingly, several clinical 

trials have been developed to test the safety and efficacy of pyrimethamine as an anticancer 

agent in STAT3-driven diseases. In collaboration with Dr. Jennifer Brown at Dana-Farber 

Cancer Institute, we conducted the first proof-of-concept phase I clinical trial in patients with 

relapsed chronic lymphocytic leukemia (CLL), which is largely driven by transcriptionally 

activated STAT3 [118]. We used a traditional 3+3 dose escalation design with three cohorts, 

each receiving 12.5, 25, or 50 milligrams of pyrimethamine per day. Prior to treating patients, we 

identified five direct STAT3 target genes (AIM2, ATXN1, ENPP2, GAB1, and ID3) that are 

consistently upregulated in CLL cells relative to normal B lymphocytes. We then measured the 

expression of these five genes at baseline and during treatment for each of the 16 patients on trial 

to monitor on-target STAT3 inhibition. However, despite trough plasma concentrations of 

pyrimethamine increasing with dose level, even the highest dose cohort failed to reach the in 

vitro STAT3-inhibitory threshold of 10 μM. Consequently, we did not see any consistent 

reductions in STAT3 target gene expression, fitting with the observation that none of the patients 

experienced an objective response. Therefore, it will be necessary to use doses higher than 50 

milligrams per day in future studies to determine whether pyrimethamine has an on-target 

clinical benefit in patients with CLL. 
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Two other clinical trials have since been developed to test the safety and efficacy of 

pyrimethamine in other cancers. A phase I study sponsored by the University of Kansas Medical 

Center in collaboration with the Montefiore Medical Center and Albert Einstein College of 

Medicine is scheduled to open within the next year to study the safety, dose tolerance, 

pharmacokinetics, and pharmacodynamics of pyrimethamine in intermediate to high-risk 

myelodysplastic syndromes (MDS). According to the study design, patients will receive 

pyrimethamine once daily using an intra-patient dose escalation strategy, starting at 50 

milligrams and increasing to 150 milligrams. Based on our CLL clinical trial results, patients on 

this trial will likely reach the 10 μM plasma concentration threshold needed for on-target STAT3 

inhibition, increasing the likelihood that objective responses will be seen. The results of this 

study will be critical for understanding the maximum tolerated dose, recommended dose, and on-

target clinical efficacy of pyrimethamine in patients with hematologic malignancies. 

An ongoing phase I/II clinical trial in Poland sponsored by GLG Pharma is currently 

testing the safety and efficacy of an intravenous preparation of pyrimethamine designated GLG-

801. In the phase I arm of this study, they are testing the safety, tolerability, and recommended 

dose of GLG-801 in patients with advanced refractory solid tumors, including breast, prostate, 

ovarian, head and neck, non-small cell lung cancer (NSCLC), colorectal, gastric, esophageal, 

bladder, renal cell carcinoma, and melanoma. Although the dosing strategy is not explicitly 

stated, it appears that patients receive either 50, 70, or 100 milligrams of pyrimethamine daily. In 

the phase II arm of this study, they are testing the safety, tolerability, and anticancer activity of 

GLG-801 in patients with metastatic triple negative breast cancer (TNBC). As part of the 

secondary objectives, they are performing proteomic analyses on pre- and post-treatment tumor 
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biopsies to evaluate potential drug-mediated changes in cytoplasmic and nuclear STAT3 levels, 

as well as in downstream markers of STAT3 activation, including SURVIVIN and programmed 

death-ligand 1 (PD-L1). These data will be critical for evaluating whether GLG-801 can 

modulate STAT3 activity in solid tumors and whether baseline STAT3 activity is correlated with 

GLG-801 response. 

 Moving forward, it is unlikely that pyrimethamine will be used as a single agent in cancer 

therapy due to the development of targeted therapies, the curative potential of immunotherapies, 

and the known benefits of combination therapies, including increased anticancer activity and 

decreased susceptibility to drug resistance. Thus, the design of rational drug combinations will 

be imperative. Our work here demonstrating that downregulation of BCL6 confers resistance to 

pyrimethamine indicates that pyrimethamine should not be given in combination with BCL6 

inhibitors. This is somewhat counterintuitive given that BCL6 and STAT3 are known drivers of 

oncogenesis, and dual inhibition of BCL6 and STAT3 using STAT3 inhibitors other than 

pyrimethamine has shown increased efficacy in models of NSCLC and breast cancer 

[64,119,120]. Furthermore, the upregulation of anti-apoptotic BCL2 family members in response 

to continued pyrimethamine treatment in vitro indicates that the combination of pyrimethamine 

and BCL2 inhibitors, such as navitoclax, may be clinically useful. 

Another interesting therapeutic strategy to consider is the combination of pyrimethamine 

and immune checkpoint inhibitors. Although our work has largely focused on the ability of 

STAT3 to regulate genes involved in proliferation and survival, STAT3 also regulates the 

expression of immunomodulatory genes, including PD-L1 [121]. Tumor cells with persistent 

STAT3 activation typically demonstrate high levels of PD-L1, which prevent T cell-mediated 
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tumor killing and promote an immunosuppressive tumor microenvironment [122]. Accordingly, 

we hypothesize that pyrimethamine may synergize with immune checkpoint inhibitors by 

inhibiting STAT3 transcriptional activity, decreasing PD-L1 expression, and reactivating the 

endogenous immunosurveillance programs required for tumor detection and elimination. 

Although the GLG Pharma-sponsored clinical trial discussed previously will provide some 

insight into this hypothesis by determining whether GLG-801 decreases PD-L1 expression in 

solid tumors, additional studies will be necessary to directly test the clinical benefit of this 

rational combination. 

In addition to informing the design of rational drug combinations, an understanding of 

both mechanisms of resistance and mechanisms of action allow for early patient stratification 

that can greatly impact therapeutic response rates. Although we still do not fully understand the 

mechanism of pyrimethamine as a STAT3 inhibitor, our mechanistic findings as presented in 

Chapters 2 and 3 still have important clinical implications, especially with regards to future 

clinical trials involving pyrimethamine. For example, our work described in Chapter 2 

highlighting the role of BCL6 in pyrimethamine resistance suggests that patients with low BCL6 

expression may not benefit from pyrimethamine treatment. Furthermore, our data presented in 

Chapter 3 indicating that pyrimethamine inhibits STAT3 transcriptional activity via DHFR imply 

that DHFR levels may actually serve as a predictive biomarker for response to pyrimethamine. 

To validate these claims and ensure that patients who could benefit from pyrimethamine are not 

excluded from future clinical trials, it will be important to evaluate whether baseline BCL6 and 

DHFR levels correlate with STAT3 inhibition and therapeutic response in studies involving 

broad patient populations.  
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Supplemental Material for Chapter 2 

Supplemental Table 2.1. qRT-PCR and ChIP primer sequences. 
 

Name Method Forward Reverse 
 

AREG 

 

qPCR 

 

TGGTGCTGTCGCTCTTGATA 

 

TCACGCTTCCCAGAGTAGGT 

BCL2 qPCR GCCCTGTGGATGACTGAGTA AGGGCCAAACTGAGCAGAG 

BCL3 qPCR CCTCTGGTGAACCTGCCTAC TACCCTGCACCACAGCAATA 

BCL6 qPCR CTGCAGATGGAGCATGTTGT TCTTCACGAGGAGGCTTGAT 

BCLXL qPCR GGTATTGGTGAGTCGGATCG TGCTGCATTGTTCCCATAGA 

CIS qPCR CTGCTGTGCATAGCCAAGAC GTGCCTTCTGGCATCTTCTG 

GAPDH qPCR AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA 

GPR110 qPCR AGACTATGCACCCGACTGCT GCAGCAGCTGATATTCTTCG 

ICAM1 qPCR CGGCCAGCTTATACACAAGA CATTGGAGTCTGCTGGGAAT 

ID1 qPCR CCTCAACGGCGAGATCAG GAGCACGTAATTCCTCTTGC 

IL6 qPCR CTCGAGCCCACCGGGAACGA GGACCGAAGGCGCTTGTGGA 

IL6R qPCR CCACCCCCATGCAGGCACTTAC GAACCTGGGAGGCTTGTCGCAT 

IL6ST qPCR ATGAGGTGTGAGTGGGATGG GGTGTCACGTTTTGCTTTGC 

IRF1 qPCR AAGGGAAATTACCTGAGGACATC

AT 

CAATTTCTGGCTCCTCCTTACAGC

TAA 

IRF9 qPCR CCCATCTCCTGGAATGCAC CATGGCTCTCTTCCCAGAAA 

KLF6 qPCR CACGAGACCGGCTACTTCTC TGGAGGTAACGTTCCAGCTC 

KSR1 qPCR CCCAAAGCACTGACAAAGAA CTGGATGGGTTGGATGATGT 

LIF qPCR ACGCCACCTGTGCCATACGC GCTCCCCCTGGGCTGTGTAATAGA 

LIFR qPCR TCATTCATCGCCCTCCAGGACTGA ACAGCCACTGGAAATTTGAAGCA

GT 

MCL1 qPCR GAGACCTTACGACGGGTT TTTGATGTCCAGTTTCCG 

MUC1 qPCR CCGGGATACCTACCATCCTA CCACTGCTGGGTTTGTGTAA 

POLR2A qPCR GGTGGCATCAAATACCCAGA GCCAGGACACTCTGTCATGTT 

SOCS1 qPCR TGGTGCACACAACCAGGTG GAGGAGGAGGAAGAGGAGGA 

STAT3 qPCR ACCGGCGTCCAGTTCACTACT CCGGGATCCTCTGAGAGCTGC 

SURVIVIN qPCR GGACCACCGCATCTCTACAT GTCTGGCTCGTTCTCAGTGG 

UGCG qPCR TTCGTCCTCTTCTTGGTGCT AGACACCTGGGAGCTTGCTA 

BCL6 ChIP CGGCAGCAACAGCAATAATC GGAGAGCTGACACCAAGTCC 

CIS ChIP CCCGCGGTTCTAGGAAGAC CGAGCTGCTGCCTAATCCT 

GPR110 ChIP ACACCCATGGCTACTTCCC AGCTCTGTTTCCTGATGGCA 

ID1 ChIP GGCAGGTCTCACATCCTAGC CTGGTTTCCTCTTCCCTTCC 

MUC1 ChIP AGGGCTGGATAATGAGTGGA CTTTCTCCAAGGAGGGAACC 

RHODOPSIN ChIP TGGGTGGTGTCATCTGGTAA GGATGGAATGGATCAGATGG 

STAT3 ChIP CCTGATACAGCTCCCTCCTG GATTCCCGCGTGGTAAGAG 

UGCG 
 

ChIP 
 

ATGCACTGAGATGGGGAACA 
 

ACACCCAGTTCTTCCCCTTC 
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Supplemental Table 2.2. Differentially expressed genes in pyrimethamine-sensitive and -
resistant cell lines. 

 

Gene Regulation Log2(Fold Change) 
Adjusted 
P-Value S1 S2 S3 R1 R2 R3 R4 

 

ELL2 Up 4.1 0.47 4.8 3.9 6.4 0.6 0.8 1.8 0.4 

ADRB2 Up 3.5 0.68 3.6 5.4 2.2 0.3 0.4 0.1 0.2 

UBE2J1 Up 3.2 0.52 5.5 7.0 7.9 3.5 3.9 3.7 3.2 

ADM Up 3.2 0.63 2.8 5.1 4.7 1.7 1.2 0.9 0.3 

FRMD6 Up 2.5 0.62 3.0 4.8 3.1 0.7 1.3 1.5 0.8 

STEAP3 Up 2.3 0.61 4.5 3.7 3.1 1.5 1.0 2.3 1.1 

HLA-F Up 2.2 0.72 3.5 2.5 3.5 1.2 0.2 1.9 0.6 

GRK5 Up 2.1 0.20 2.7 2.1 2.8 0.7 0.4 0.3 0.5 

SH3RF3 Up 2.1 0.44 2.5 2.3 3.1 0.9 0.9 0.1 0.2 

OSBP2 Up 1.9 0.71 3.5 1.8 3.0 0.9 0.7 1.0 0.8 

RAB15 Up 1.9 0.51 4.0 3.8 3.7 2.6 1.2 1.9 1.8 

MICB Up 1.8 0.71 4.4 4.4 4.4 3.6 2.5 2.1 2.3 

STARD8 Up 1.8 0.21 2.0 1.8 2.3 0.3 0.3 0.0 0.5 

FXYD5 Up 1.7 0.71 6.7 6.0 6.1 5.0 3.9 4.2 5.1 

CHMP7 Up 1.5 0.51 4.1 4.2 4.7 2.4 2.7 2.9 3.3 

CPNE8 Up 1.4 0.71 2.3 1.7 1.9 0.4 0.3 1.3 0.3 

C9orf40 Up 1.4 0.51 3.3 4.0 3.4 2.5 1.8 2.2 2.2 

IFRD2 Up 1.4 0.80 5.4 5.9 5.8 5.0 4.2 3.8 4.4 

AKAP2 Up 1.3 0.64 0.8 1.7 1.8 0.0 0.3 0.2 0.1 

ERI1 Up 1.3 0.34 2.9 2.7 3.0 1.3 1.5 1.6 2.0 

RAP1A Up 1.3 0.62 4.3 4.5 5.2 3.2 3.7 3.3 3.2 

EOGT Up 1.3 0.53 2.2 2.2 2.7 0.9 1.6 0.9 1.0 

SDHAF2 Up 1.3 0.67 3.1 2.6 2.6 2.1 1.1 1.4 1.5 

DEPDC1 Up 1.3 0.80 4.7 4.7 4.3 3.3 3.1 2.8 4.0 

IGFBP2 Down -7.2 0.44 2.8 0.2 0.1 6.7 8.8 7.3 10.1 

CLDN16 Down -5.3 0.01 0.4 0.1 0.0 5.8 5.3 5.4 5.2 

SOX17 Down -5.0 0.01 0.0 0.0 0.0 5.0 5.4 4.6 4.9 

UPK1B Down -4.9 0.44 0.2 0.1 0.1 6.5 3.7 5.7 4.2 

KLHL14 Down -4.9 0.24 0.0 0.0 0.0 4.3 4.3 6.3 4.7 

COL26A1 Down -4.6 0.51 1.0 0.1 0.0 5.1 5.4 3.2 6.5 

FGF18 Down -4.5 0.44 0.1 0.7 0.0 6.3 4.6 3.4 4.9 

MFGE8 Down -4.4 0.44 4.1 4.3 3.7 10.2 7.7 8.1 7.7 

DCDC2 Down -4.1 0.52 2.2 0.4 0.0 5.2 5.7 5.2 3.6 

TMTC1 Down -3.7 0.30 0.0 0.0 1.5 4.3 4.2 4.8 3.8 

PRSS23 Down -3.7 0.80 3.4 2.6 0.3 6.8 5.6 5.6 4.9 

RAPGEF3 Down -3.6 0.51 1.8 0.7 0.9 3.4 4.9 5.8 4.6 

MECOM Down -3.6 0.30 0.0 0.0 0.7 3.5 4.1 3.0 4.7 

ST6GALNAC1 Down -3.6 0.55 0.0 0.0 0.0 5.0 2.3 3.0 4.0 

MEOX1 Down -3.4 0.55 0.0 0.2 0.0 3.7 2.5 5.1 2.8 

CRB2 Down -3.4 0.51 0.1 0.0 0.2 2.0 4.3 4.2 3.5 

CCDC8 Down -3.3 0.74 0.0 2.5 0.0 4.7 4.2 4.4 3.3 

HSPG2 Down -3.2 0.69 2.6 3.0 0.8 4.6 6.1 5.5 4.9 

FGFR2 Down -3.1 0.68 2.2 0.0 0.0 3.8 3.2 4.6 3.9 

MEIS1 Down -3.0 0.30 0.8 0.3 0.5 3.5 3.8 2.7 4.1 

SYT11 Down -2.8 0.75 0.8 0.1 1.8 2.4 4.2 3.9 4.2 

ERBB4 Down -2.7 0.64 0.0 0.0 0.0 1.5 3.2 3.8 2.4 

TM7SF2 Down -2.6 0.44 3.1 1.9 2.5 4.5 5.1 5.4 5.3 
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Supplemental Table 2.2. (Continued) 
Gene Regulation Log2(Fold Change) 

Adjusted 
P-Value S1 S2 S3 R1 R2 R3 R4 

PCDHGB4 Down -2.5 0.51 0.6 0.5 0.0 2.8 4.0 2.7 2.2 

UGT2B7 Down -2.5 0.44 0.0 0.0 0.0 1.7 3.1 2.4 2.9 

CILP Down -2.5 0.44 0.1 0.0 0.0 3.4 2.8 2.0 2.0 

HTRA1 Down -2.4 0.71 0.8 0.7 0.0 1.7 3.6 3.0 3.3 

LONRF2 Down -2.4 0.18 0.0 0.1 0.0 2.6 1.9 2.4 2.8 

RASSF9 Down -2.3 0.72 0.8 0.0 0.1 3.2 3.0 1.4 2.6 

CTF1 Down -2.3 0.71 0.0 0.7 0.0 2.5 2.5 3.6 1.6 

PARD6B Down -2.2 0.44 1.8 0.8 0.9 3.7 3.4 3.7 2.7 

CD47 Down -2.2 0.46 3.8 3.6 4.1 6.6 5.8 5.3 6.3 

ADRA1B Down -2.2 0.40 0.5 0.7 0.0 2.2 2.7 3.1 2.2 

NTF3 Down -1.8 0.44 0.0 0.0 0.2 2.3 1.8 1.3 1.9 

MAGEF1 Down -1.7 0.44 3.6 4.1 4.2 5.7 5.4 6.2 5.3 

FAM181A Down -1.7 0.40 0.0 0.0 0.0 1.4 1.7 1.5 2.3 

ZNF853 Down -1.6 0.61 0.1 0.5 0.2 2.6 1.6 1.7 1.5 

BAI2 Down -1.5 0.51 1.3 1.6 0.7 2.4 3.0 2.5 2.9 

NAT14 Down -1.5 0.71 3.1 3.8 2.5 4.4 5.0 4.6 4.7 

ZNF512B Down -1.5 0.69 3.1 3.1 3.4 5.3 4.5 4.7 4.0 

TMEM189 Down -1.5 0.44 3.7 3.1 3.1 4.3 4.8 5.0 5.0 

RAB11FIP2 Down -1.4 0.41 1.9 1.8 2.2 3.5 3.6 3.0 3.4 

CLCN2 Down -1.4 0.44 2.0 1.7 1.3 3.0 2.9 3.0 3.3 

TMEM9 
 

Down 
 

-1.3 
 

0.72 
 

4.7 
 

4.0 
 

3.9 
 

5.4 
 

5.5 
 

5.1 
 

6.0 
 

           

Regulation corresponds to up/downregulation in sensitive (S) versus resistant (R); S1 = MDA-MB-468, S2 = 

OVCAR8, S3 = INA6, R1 = JHOS4, R2 = KURAMOCHI, R3 = OVKATE, R4 = OVSAHO. 
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Supplemental Table 2.3. Protein-protein interactions between transcription factors and targets 
upregulated in pyrimethamine-resistant cell lines. 

 

Transcription Factor P-Value Adjusted P-Value Z-Score Combined Score Genes 
 

STAT5B 0.01 0.16 -1.50 6.43 ERBB4; FGFR2 

STAT5A 0.02 0.16 -1.53 6.08 ERBB4; FGFR2 

EMX2 0.01 0.16 -1.09 4.73 MEIS1 

SMAD1 0.07 0.27 -1.56 4.23 ZNF512B; MECOM 

HOXD13 0.02 0.16 -0.86 3.46 MEIS1 

TCF7L2 0.08 0.27 -1.13 2.88 SOX17 

PDX1 0.08 0.27 -1.09 2.81 MEIS1 

TCF12 0.08 0.27 -1.07 2.74 PRSS23 

PAX3 0.09 0.27 -1.07 2.62 MEOX1 

PBX3 0.04 0.23 -0.82 2.61 MEIS1 

GABPB1 0.03 0.21 -0.67 2.34 BAI2 

ETS1 0.20 0.53 -1.34 2.14 MEIS1 

GFI1B 0.16 0.46 -1.14 2.08 HSPG2 

YAP1 0.22 0.54 -1.25 1.87 ERBB4 

CEBPB 0.27 0.56 -1.41 1.85 MEIS1 

CREB1 0.26 0.56 -1.30 1.77 MEIS1 

NCOR1 0.29 0.56 -1.32 1.63 ERBB4 

TBP 0.30 0.56 -1.22 1.48 COL26A1 

RARA 0.32 0.57 -1.23 1.39 ERBB4 

STAT1 0.35 0.58 -1.18 1.23 ADRA1B 

TP53 0.40 0.58 -1.25 1.13 ERBB4; CCDC8 

SMAD4 0.42 0.58 -1.18 1.03 MECOM 

STAT3 0.42 0.58 -1.17 1.02 FGFR2 

JUN 0.42 0.58 -1.18 1.01 NAT14 

HTT 0.48 0.62 -1.05 0.78 MEOX1 

POU5F1 0.53 0.62 -1.06 0.68 HSPG2 

ESR2 0.56 0.62 -1.01 0.59 ZNF512B 

SMAD3 0.57 0.62 -1.02 0.58 MECOM 

SMAD2 0.57 0.62 -1.00 0.55 MECOM 

ESR1 0.58 0.62 -0.93 0.51 ZNF512B; CD47 

CTNNB1 0.59 0.62 -0.96 0.51 SOX17 

EP300 0.65 0.67 -0.94 0.40 CTF1 

MYC 0.88 0.88 -0.84 0.10 MFGE8 

TRIM28 
 

0.36 
 

0.58 
 

9.32 
 

-9.44 
 

ERBB4 
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Supplemental Material for Chapter 3 

Supplemental Table 3.1. Top 500 proteins stabilized by pyrimethamine in U3A human 
fibrosarcoma cells. 

Gene(s) Unique 
Peptides 

Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

 

DHFR 

 

11 

 

68.4 

 

187 

 

0.80 

 

2.21 

TMEM115 2 7.7 351 0.38 1.12 

ATP1A1 7 9 992 0.37 0.95 

CHCHD2; CHCHD2P9 5 38.4 151 0.36 2.12 

HSPD1 43 80.6 573 0.35 0.88 

STIL 2 2.6 1241 0.35 0.91 

CASP8 3 12.2 395 0.34 0.90 

SIAE 3 5.3 488 0.34 0.73 

ESYT2 2 3.6 884 0.33 0.95 

H2AFY 6 19.1 371 0.33 1.05 

PLCH1 2 1.1 1655 0.32 0.71 

SLC25A5; SLC25A4; SLC25A6; 

SLC25A31 

2 7 298 0.31 0.79 

SMC5 2 2.1 1101 0.30 0.76 

MRPL37 5 13.5 483 0.29 0.69 

ATP2A2; ATP2A1; ATP2A3 2 3.3 997 0.28 0.64 

C11orf73 4 23.9 197 0.28 0.73 

HIST1H4A 7 42.7 103 0.28 0.68 

FRYL 2 0.9 3013 0.28 1.10 

YKT6 6 26.8 198 0.27 0.51 

HNRNPC 16 53.1 290 0.27 0.70 

RFC4 12 36.9 363 0.27 0.77 

LYRM2 4 42 88 0.27 0.82 

MLKL 9 17.8 471 0.27 0.49 

LENG8 2 4.2 800 0.27 0.72 

ATP1B3 5 16.8 279 0.27 0.79 

ASMTL 5 10.8 563 0.27 0.59 

MYBBP1A 2 1.8 1252 0.26 0.52 

ZNF148 5 9.7 794 0.26 0.66 

KIAA2012; SPEG 2 1.4 1181 0.26 0.57 

STC1 2 10.1 247 0.25 1.02 

UBE2Z 3 14.6 246 0.25 0.51 

MCEE 3 16.5 176 0.25 0.60 

HMOX2 3 14.1 370 0.25 1.14 

DDX54 3 4.3 881 0.25 0.49 

MPZL1 2 13.8 145 0.25 0.60 

MRPS2 2 6.3 270 0.25 0.59 

UBE2S 10 66.2 222 0.25 0.67 

GLS 19 37.6 598 0.24 0.43 

MRPS16 2 22.6 137 0.24 0.53 

PEF1 7 31 284 0.24 0.55 

CMC4 3 26.5 68 0.24 0.53 

CHKA 6 25.3 439 0.24 0.54 

RRM1 29 49 792 0.24 0.41 

ACBD3 14 33.3 528 0.24 0.40 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

CTNNA1 34 41.6 906 0.23 0.63 

SUCLA2 15 32.4 441 0.23 0.59 

FEN1 16 48.7 380 0.23 0.41 

CCDC134 2 13.5 229 0.23 0.45 

KPNA6 4 23.5 536 0.24 0.74 

API5 23 50.4 504 0.24 0.62 

FAM98A 4 17.2 518 0.24 0.55 

PRKAB1 4 27 270 0.23 0.58 

KIF20B 5 3.4 1722 0.23 0.44 

GTF2I 13 17.3 957 0.23 0.58 

RPLP0; RPLP0P6 13 47 317 0.23 0.67 

MAP2K2 5 30.5 400 0.23 0.79 

GOLPH3 5 22.8 298 0.23 0.75 

NIPBL 6 7.4 1101 0.23 0.44 

DDX55 2 4.4 569 0.23 0.82 

HSDL2 6 19.4 418 0.22 0.58 

CCNK 11 34.9 378 0.22 0.67 

KPNA4 9 38 521 0.22 0.40 

HIST2H3A; HIST3H3; HIST1H3A; 

H3F3B; H3F3A; HIST2H3PS2; H3F3C 

9 40.4 136 0.22 0.56 

GNB1 3 26.5 340 0.22 0.55 

DPP7 2 5.1 492 0.22 0.66 

DEF6 4 6 631 0.22 0.48 

APOBEC3C 3 24.2 190 0.22 0.61 

MAPK1IP1L 2 10.2 245 0.22 0.51 

COMMD10 6 35.1 202 0.22 0.62 

ZWILCH 3 5.4 591 0.22 0.38 

ENPP1 4 7.5 925 0.22 0.53 

TNPO1 21 41.8 890 0.22 0.37 

UBE2J1 2 4.7 318 0.22 0.54 

ZBTB1 3 7.1 644 0.22 0.77 

EIF2D 15 34.2 584 0.22 0.36 

LONP1 32 42.4 845 0.22 0.57 

PATL1 5 11.5 703 0.22 0.66 

RNMTL1 3 9.5 420 0.21 0.58 

FASTKD2 13 22.4 710 0.21 0.40 

EBNA1BP2 12 31 361 0.21 0.55 

COMMD4 4 24.6 199 0.21 0.47 

UTP18 7 17.3 556 0.21 0.46 

TNFAIP1 3 15.8 316 0.21 0.75 

TCP1 32 64.2 556 0.21 0.44 

ATP5C1 2 7.7 297 0.21 0.79 

RCL1 4 11.5 373 0.21 0.65 

UBE2N; UBE2NL 8 56.6 152 0.21 0.48 

BAZ1B 10 7.5 1479 0.21 0.41 

RPL34 6 36.8 117 0.21 0.48 

SATB1 3 7.6 763 0.21 0.43 

NOP56 3 8.4 594 0.21 0.47 

COPS2 16 43.6 443 0.21 0.35 

GRN 6 25.3 388 0.21 0.63 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

SEC22B 7 38.6 215 0.21 0.44 

RBM25 21 28.4 843 0.21 0.50 

RCOR3 4 11.6 449 0.21 0.38 

TRAP1 20 36.5 704 0.21 0.53 

CYR61 8 34.9 381 0.21 0.66 

UNC45A 18 21.3 944 0.21 0.35 

NECAP2 7 39.2 263 0.21 0.49 

RMND5A 4 14.1 391 0.21 0.51 

CAP2 10 33.1 477 0.21 0.49 

VPS28 9 52.9 221 0.21 0.54 

PARN 16 28.5 578 0.21 0.48 

COMMD5 3 21.1 171 0.21 0.70 

CDK12 4 3.2 1481 0.20 0.50 

PDSS1 2 6.1 376 0.20 0.44 

CCDC58 8 69.4 144 0.20 0.42 

CCT6A 28 61.6 531 0.20 0.39 

CUX1 3 2.4 1403 0.20 0.43 

CAP1 29 67.2 475 0.20 0.53 

ESYT1 8 10.8 1104 0.20 0.37 

FOCAD 4 3.3 1237 0.20 0.36 

BRIX1 9 30.9 353 0.20 0.73 

TBCC 7 28.3 346 0.20 0.35 

DTYMK 13 57.1 212 0.20 0.62 

SETD3 7 11.3 594 0.20 0.35 

GTSE1 4 5.6 720 0.20 0.51 

COPS4 21 65.3 406 0.20 0.63 

EIF3K 9 55.5 218 0.20 0.47 

GCLM 10 46.7 274 0.20 0.52 

FAM111B 2 3 734 0.20 0.43 

RABGEF1 8 23.6 407 0.20 0.39 

ACTR5 6 12.2 607 0.20 0.61 

RPL35 4 25.2 123 0.20 0.72 

CD55 4 14.8 317 0.20 0.34 

SF3A2 8 21.6 464 0.20 0.66 

UBE2Q1; UBE2Q2 2 3.8 422 0.20 0.41 

TMX1 5 15 280 0.20 0.39 

RPL15 6 26.4 174 0.20 0.40 

SUPV3L1 9 15.9 786 0.19 0.42 

CACYBP 20 75.9 228 0.19 0.45 

VPS4A 4 20.8 437 0.19 0.49 

COPS7B 4 21.7 230 0.19 0.37 

RRP7A 6 28.9 280 0.19 0.41 

MMP14 2 3.4 582 0.19 0.34 

SIRT2 2 4.6 389 0.19 0.76 

PRKAA1 6 13.1 559 0.19 0.33 

BAZ1A 2 1.3 1524 0.19 0.31 

MBD1 2 14.6 240 0.19 0.43 

VAPB 6 25.5 243 0.19 0.36 

TMEM87A 3 8.5 494 0.19 0.41 

SCAF4 8 10.2 1132 0.19 0.48 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

UBE2M 9 47 183 0.19 0.46 

CDCA5 6 32.6 307 0.19 1.01 

STAM2 15 36.4 525 0.19 0.46 

DDX5 16 42.8 614 0.19 0.36 

SHC1 8 22.2 473 0.19 0.76 

IMMT 3 9 659 0.19 0.96 

TBRG4 5 6.8 631 0.19 0.67 

H2AFX; HIST1H2AJ; HIST1H2AH; 

H2AFJ; HIST2H2AC; HIST1H2AC; 

HIST3H2A; HIST2H2AA3; 

HIST1H2AD; HIST1H2AG; 

HIST1H2AB; HIST1H2AA; 

HIST2H2AB 

3 21.7 143 0.19 0.39 

PARP1 51 53 1014 0.19 0.45 

TK1 9 48.3 234 0.19 0.44 

IPO13 3 3.5 963 0.19 0.63 

BZW2 22 51.6 419 0.19 0.46 

MMAB 7 37.2 250 0.19 0.41 

CCT5 39 80.4 541 0.19 0.47 

LMNB2 31 50.3 620 0.19 0.35 

ANXA11 13 30.5 472 0.19 0.47 

SERPINE1 5 19.7 402 0.19 0.44 

GABPA 12 37.7 454 0.19 0.54 

PPP3CB 3 14.9 524 0.19 0.35 

PDHX 11 46.1 486 0.19 0.44 

REEP5 4 18 189 0.19 0.47 

ASCC1 5 11.5 357 0.19 0.40 

POLE2 2 5.8 501 0.19 0.38 

USP47 28 26.3 1355 0.19 0.48 

KIAA0020 3 3.5 648 0.18 0.45 

TOP2A 4 5.4 1531 0.18 0.40 

RANGAP1 25 52.3 587 0.18 0.46 

ABR 7 11.3 822 0.18 0.43 

INTS10 3 3.9 710 0.18 0.39 

PAK1IP1 13 40.3 392 0.18 0.33 

MED20 5 28.3 212 0.18 0.46 

CDC5L 12 18.5 802 0.18 0.35 

STX7 8 49.4 239 0.18 0.55 

GSTK1 3 23.7 190 0.18 0.58 

RNH1 24 73.5 461 0.18 0.46 

SF3A3 24 54.1 501 0.18 0.43 

TFB2M 11 27.3 396 0.18 0.39 

EFEMP1 2 5.4 485 0.18 0.37 

SMC6 7 7.8 1091 0.18 0.45 

INTS8 3 5.6 800 0.18 0.35 

PCBP2 9 55.8 362 0.18 0.34 

CCT7 32 69.6 543 0.18 0.56 

RPL38 3 38.6 70 0.18 0.69 

KDM5C 9 6.7 1516 0.18 0.52 

GRPEL2 6 28.9 225 0.18 0.40 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

ILF2 15 56.2 352 0.18 1.49 

EIF3C; EIF3CL 29 33.2 903 0.18 0.33 

UBXN4 6 22.2 508 0.18 0.53 

POLR2G 8 59.3 172 0.18 0.39 

PCBP1 11 67.1 356 0.18 0.46 

CCAR2 31 42.7 923 0.18 0.40 

C17orf75 5 17.4 396 0.18 0.50 

PSMD12 22 53.9 456 0.18 0.44 

EXOSC3 9 46.2 275 0.18 0.38 

KPNA3 10 44.1 521 0.18 0.43 

CCNT1 8 11.3 726 0.18 0.41 

U2SURP 23 25.6 1028 0.18 0.37 

ZFC3H1 6 3.7 1910 0.18 0.34 

TIMM10B 2 39.8 103 0.18 0.50 

CUL4B 23 35.6 900 0.18 0.31 

ECHDC1 6 30.3 284 0.18 0.32 

ARFGEF2 3 2.7 1785 0.18 0.37 

COA4 6 75.9 87 0.18 0.80 

KATNA1 2 4.1 491 0.18 0.43 

KLHL11 2 3 708 0.18 0.38 

AAGAB 4 12.7 315 0.18 0.37 

ORC6 3 14.8 203 0.18 0.73 

ARHGEF1 6 8.3 968 0.18 0.41 

MFI2 2 8.9 302 0.18 0.30 

AP3S1 5 26.4 193 0.18 0.29 

PWP2 3 4.9 919 0.18 1.07 

ARID2 2 1.3 1445 0.18 0.60 

LYAR 13 47 379 0.18 0.42 

EIF3M 17 57.8 374 0.18 0.31 

PROCR 4 21.6 213 0.18 0.67 

COPZ1 6 37.4 198 0.18 0.74 

SNX1 13 38.1 457 0.17 0.42 

KIF2C 7 11.3 725 0.17 0.41 

VIM 32 72.3 466 0.17 0.32 

SNX2 14 34.7 519 0.17 0.32 

FUT11 2 8 476 0.17 0.35 

PSMD13 21 66.2 376 0.17 0.54 

RPL10A 10 44.2 217 0.17 0.43 

EIF2S2 25 66.7 333 0.17 0.43 

PSME3 14 66.1 254 0.17 0.34 

PLS1 26 52.1 629 0.17 0.30 

RAD18 6 12.7 495 0.17 0.35 

ABL1 3 4.1 1130 0.17 0.38 

KPNA1 7 33.1 538 0.17 0.38 

RFC2 2 4.4 320 0.17 0.55 

AASDHPPT 12 39.8 309 0.17 0.43 

PICALM 6 14 551 0.17 0.41 

SMARCD1 6 18.6 515 0.17 0.37 

MYH15 8 4.9 1946 0.17 0.31 

CCT3 35 65.7 545 0.17 0.29 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

PVRL2 4 8.1 479 0.17 0.51 

TOR1AIP2 10 31.1 470 0.17 0.36 

MRPL47 2 8.3 230 0.17 0.38 

NDUFAF4 4 18.9 175 0.17 0.51 

PRPF19 18 55.8 504 0.17 0.36 

NCOA5 14 35.1 579 0.17 0.38 

KNOP1 7 22.1 458 0.17 0.38 

FAM114A2 3 11.1 505 0.17 0.44 

MRPS25 3 32.4 173 0.17 0.51 

RPA2 7 56.3 270 0.17 0.45 

RBM15 7 8.4 933 0.17 0.88 

RNF168 2 3.2 571 0.17 0.40 

NPM1 11 65 294 0.17 0.33 

POLR3F 6 21.5 316 0.17 0.37 

QSOX1 5 9.3 604 0.17 0.36 

WDR3 3 4.1 943 0.17 0.39 

HSD17B4 35 59.8 736 0.17 0.33 

ALDH18A1 32 47.5 793 0.17 0.37 

AP1M1 13 43.6 351 0.17 0.39 

RSL24D1 2 16.6 163 0.17 0.53 

ROCK2 32 27.8 1388 0.17 0.37 

PSMD8 12 57.1 287 0.17 0.46 

ARL6IP1 3 21.5 237 0.17 0.68 

TUBA4A 3 57 433 0.17 0.43 

PSMD11 28 72.7 422 0.17 0.44 

TMEM57 2 6.5 306 0.17 0.35 

C18orf8 11 23.3 657 0.17 0.29 

PSMD14 15 53.2 310 0.17 0.34 

FXR1 19 42.2 621 0.17 0.42 

CCT2 35 80.6 535 0.17 0.28 

DNAJA1 19 55.7 397 0.17 0.48 

FERMT2 10 20 640 0.16 0.31 

DBT 7 22.4 482 0.16 0.36 

SF3B1 34 33.1 1304 0.16 0.32 

NOP2 17 26.5 808 0.16 0.37 

UTP15 8 21.1 545 0.16 0.35 

GSK3A 2 13.3 483 0.16 0.27 

GPT2 4 10.1 523 0.16 0.41 

BAG5 10 29.5 447 0.16 0.35 

MBD3 4 25.5 235 0.16 0.47 

ARIH1 10 24.8 557 0.16 0.39 

FLAD1 9 24.2 446 0.16 0.49 

CDKN2AIP 4 9.3 580 0.16 0.36 

PELP1 18 25.4 1130 0.16 0.39 

NUDC 26 68.6 331 0.16 0.40 

IDH3A 10 31.4 331 0.16 0.42 

PRKCA 7 11.9 672 0.16 0.38 

ITGB1 16 20.2 798 0.16 0.36 

LYN 3 7.3 491 0.16 0.36 

STC2 4 25.8 302 0.16 0.29 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

KIF3B 2 6.4 373 0.16 0.38 

RNASEH2A 9 32.4 299 0.16 0.37 

TRIM24 5 8.9 1016 0.16 0.43 

CCNH 9 31.9 323 0.16 0.28 

PTK2 13 17 1017 0.16 0.38 

PDIA6 26 61.8 437 0.16 0.34 

TRIM33 7 8.9 1127 0.16 0.37 

SF3A1 30 44.8 793 0.16 0.42 

HGS 15 27.4 777 0.16 0.41 

UFC1 6 26.9 167 0.16 0.42 

TRAF2 11 26.7 490 0.16 0.36 

TFRC 20 29.5 760 0.16 0.32 

PRPF38A 8 21.8 312 0.16 0.39 

YTHDF2 14 35.9 579 0.16 0.36 

OGT 11 14.2 1046 0.16 0.27 

OGFOD2 2 8.3 290 0.16 0.38 

HNRNPM 17 27.4 691 0.16 0.30 

CCT8 43 82.8 548 0.16 0.28 

PHC2 4 10.3 464 0.16 0.61 

SMARCA4 7 7.9 1679 0.16 0.37 

PRDX4 11 59 271 0.16 0.30 

ZMYND8 18 19.9 1135 0.16 0.31 

AK3 17 68.3 227 0.16 0.37 

ITGA3 4 3.8 1051 0.16 0.41 

DIABLO 9 52.7 186 0.16 0.41 

DPP8 3 3.5 849 0.16 0.41 

YME1L1 4 8.2 683 0.16 0.25 

SLC4A2 5 8.6 1227 0.16 0.32 

TWISTNB 6 24.6 338 0.16 0.35 

BUB1 4 4.5 1028 0.16 0.53 

ARMC1 8 36.9 282 0.16 0.36 

AMFR 2 16.1 299 0.16 0.33 

PHB 4 19.5 272 0.16 0.35 

PRPF18 4 18.9 249 0.16 0.48 

SLC30A1 2 5.7 507 0.16 0.32 

RTN3 4 7.4 1013 0.16 0.37 

CRNKL1 18 24 836 0.16 0.39 

NSUN4 2 6.6 335 0.16 0.32 

ALDH3A2 4 11.7 393 0.16 0.38 

RPA1 24 48.2 616 0.16 0.34 

GLRX3 16 56.7 335 0.16 0.40 

COMMD9 8 57.6 198 0.16 0.40 

MTA1 5 10.5 703 0.16 0.74 

LIG3 6 8.5 862 0.16 0.36 

ADD3 6 14.5 674 0.16 0.34 

TRIM28 33 61.9 835 0.16 0.39 

PRPF40A 20 23.4 930 0.16 0.35 

MAEA 4 24 183 0.16 0.88 

NOC3L 4 5.6 800 0.16 0.33 

STRN4 3 10 753 0.16 0.28 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

COPS6 8 31 326 0.16 0.47 

GNA11 5 17 359 0.16 0.35 

NOP14 6 8.4 788 0.15 0.72 

RMDN3 5 18.3 306 0.15 0.26 

ENG 3 6.9 625 0.15 0.30 

NOB1 3 7 412 0.15 0.29 

NCKAP1 16 16.4 1128 0.15 0.25 

EIF4A3 21 62.3 411 0.15 0.31 

ITPA 10 72.2 194 0.15 0.43 

RBBP7 9 47.1 425 0.15 0.31 

MAPK1 14 60.6 360 0.15 0.35 

EMD 8 36.6 254 0.15 0.33 

DNAJB12 2 4.6 409 0.15 0.27 

EIF4E2 3 16.9 213 0.15 0.59 

EPHA2 8 13.2 976 0.15 0.33 

EMC8 2 12.4 210 0.15 0.26 

RPL18 7 37.8 164 0.15 0.56 

MRPS9 5 14.6 396 0.15 0.37 

CHCHD1 2 22.9 118 0.15 0.34 

POLG2 7 17.3 485 0.15 0.31 

IGF2R 17 8 2491 0.15 0.26 

LYPLA2 7 33.8 231 0.15 0.33 

NUDCD3 12 35.5 361 0.15 0.40 

GPN1 6 24.1 374 0.15 0.30 

SMAP1 6 18.1 436 0.15 0.32 

PDCD10 7 46.2 186 0.15 0.57 

D2HGDH 3 7.9 521 0.15 0.32 

HPCAL1; HPCA 14 75.1 193 0.15 0.42 

RBM12 20 21.8 932 0.15 0.38 

COPB2 43 58.2 877 0.15 0.31 

ENGASE 3 5.8 743 0.15 0.29 

MRPL52 2 47.1 51 0.15 0.33 

INTS7 2 4.4 913 0.15 0.45 

TBC1D22A 4 10.1 487 0.15 1.69 

BABAM1 6 28.6 329 0.15 0.36 

RRBP1 50 51.9 1410 0.15 0.55 

GSK3B 6 30.5 420 0.15 0.25 

CC2D1A 11 16.5 950 0.15 0.37 

SYMPK 15 12.5 1274 0.15 0.34 

ZCCHC17 2 15.8 146 0.15 1.00 

LMNB1 33 63.7 586 0.15 0.25 

NUP50 24 61.5 468 0.15 0.38 

VCL 82 75.4 1066 0.15 0.36 

UTP3 7 17.3 479 0.15 0.31 

SMARCC1 21 27.7 1105 0.15 0.34 

HNRNPL 9 42.3 589 0.15 0.26 

SNRNP200 63 35.6 2136 0.15 0.32 

THADA 6 4 1953 0.15 0.33 

LCP1 36 72.7 627 0.15 0.35 

RAI14 11 14.5 951 0.15 0.29 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

AURKA 8 21.3 403 0.15 0.40 

MTMR9 4 11.1 549 0.15 0.28 

STK24 9 47.1 412 0.15 0.42 

TOM1L1 5 22.1 326 0.15 0.41 

SLTM 21 29.6 1034 0.15 0.30 

PPP2R1B 4 22.3 556 0.15 0.34 

SAMD1 3 10.2 432 0.15 0.74 

COIL 4 9.5 576 0.15 0.27 

RPRD1B 14 55.2 326 0.15 0.30 

SDAD1 3 4.9 650 0.15 0.50 

PSAP 23 47.6 527 0.15 0.63 

CHERP 15 16.9 927 0.14 0.30 

RPAP3 26 42.4 665 0.14 0.41 

NIFK 11 46.8 293 0.14 0.29 

LAMP2 3 7.1 410 0.14 0.29 

MRPS26 3 8.8 205 0.14 0.27 

IRF2BPL 10 19.8 796 0.14 0.35 

AGO2; AGO1; AGO3; AGO4 2 2.2 825 0.14 0.26 

RPL12 11 71.5 165 0.14 0.40 

DCXR 7 36.5 244 0.14 0.38 

NIP7 10 76.7 180 0.14 0.24 

PRPF8 64 34 2335 0.14 0.32 

COMMD8 5 35 183 0.14 0.35 

BRD4 14 15.2 1362 0.14 0.33 

SWAP70 24 48.2 585 0.14 0.41 

CHCHD4 8 52.8 142 0.14 0.25 

POM121C; POM121; POMZP3 4 6.6 987 0.14 0.74 

GNAI1 2 19.8 354 0.14 0.26 

ZCRB1 2 14.7 217 0.14 0.27 

CHD4 13 8.9 1905 0.14 1.11 

NHP2L1 8 53.1 128 0.14 0.23 

PSMD5 17 43 461 0.14 0.34 

RPS4X 13 46.8 263 0.14 0.76 

MATR3 20 29.4 847 0.14 0.63 

TPBG 4 7.6 420 0.14 0.32 

NOC2L 12 14.4 749 0.14 0.31 

UBR4 53 11.6 5159 0.14 0.35 

RPP14 5 47.6 124 0.14 0.25 

PRKAR2A 16 45.3 404 0.14 0.33 

CANX 16 27.4 592 0.14 0.32 

LEPREL2 6 14.7 736 0.14 0.32 

OSGEP 9 36.4 335 0.14 0.24 

MGME1 13 41.6 344 0.14 0.34 

PHF2 3 3.1 1096 0.14 0.25 

GMPS 36 62.5 693 0.14 0.30 

ANAPC2 4 5.1 819 0.14 0.25 

MAK16 7 31.7 300 0.14 0.34 

TIPRL 11 40.4 272 0.14 0.29 

LAGE3 2 21 143 0.14 0.63 

ATP6V1E1 13 56.6 226 0.14 0.32 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

PLEC 2 54.8 4547 0.14 0.33 

TOMM22 2 32.4 142 0.14 0.33 

VPS4B 7 27.7 444 0.14 0.34 

SCAMP3 7 38.3 347 0.14 0.38 

KHDRBS1; KHDRBS2 9 22.5 418 0.14 0.32 

GPBP1L1 2 5.5 474 0.14 0.28 

UBE2O 32 36.7 1292 0.14 0.23 

ANLN 30 31.1 1124 0.14 0.35 

NCBP1 22 37.2 790 0.14 0.32 

PSME1 12 54.2 249 0.14 0.37 

SLC39A14 2 4.2 481 0.14 0.34 

KRI1 13 24 703 0.14 0.26 

OSBP 10 17.3 807 0.14 0.31 

KPNB1 36 51 876 0.14 0.33 

HELLS 3 4.9 884 0.14 0.60 

NOL11 19 33.9 719 0.14 0.24 

BRD2 10 20.9 807 0.14 0.31 

KRR1 7 20.7 381 0.14 0.34 

ARAP1 4 4.1 1439 0.14 0.26 

CLPP 9 41.9 277 0.14 0.33 

KDM1A 17 29.2 852 0.14 0.28 

FAM91A1 4 7.1 789 0.14 0.29 

SAP18 8 48.8 172 0.14 0.26 

USP9X 21 18.7 2554 0.14 0.32 

CGGBP1 6 42.5 167 0.14 0.34 

GIT2 4 8 641 0.14 0.37 

NAPA 13 59 295 0.14 0.28 

ITGAV 3 3.6 1002 0.14 0.28 

MRPL42 3 34.4 128 0.14 0.28 

NRP2 2 3.8 901 0.14 0.93 

FIBP 4 11.8 357 0.14 0.42 

GGA3 5 8.6 690 0.14 0.29 

SF3B6 4 39.2 125 0.14 0.26 

DNAJC3 19 38.3 504 0.14 0.27 

CPD 6 5.1 1380 0.14 0.29 

RSL1D1 16 38.8 490 0.14 0.28 

C11orf68 6 21.2 292 0.14 0.37 

RBM14 12 28.6 669 0.14 0.28 

CFAP20 5 22.8 193 0.14 0.27 

GSS 26 61.6 474 0.14 0.25 

PTPRE 4 12.4 615 0.13 0.28 

COL4A3BP 7 11 598 0.13 0.24 

ATP6V1C1 21 54.2 382 0.13 0.30 

ARHGAP12 2 3.1 799 0.13 0.29 

POLR1B 19 18.7 1135 0.13 0.27 

PPP6R2 2 3.1 905 0.13 0.35 

NOL8 11 9.5 1099 0.13 0.23 

RPS3 15 65 243 0.13 0.43 

TRMT61B 5 17.8 477 0.13 0.27 

UBAC1 12 35.8 405 0.13 0.29 
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Supplemental Table 3.1. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

UBE2T 9 52.8 197 0.13 0.31 

RPA3 8 86.8 121 0.13 0.33 

IFI16 9 15.8 673 0.13 0.25 

TTC4 8 23.3 387 0.13 0.25 

PSMF1 4 21.3 183 0.13 0.26 

DHRS4; DHRS4L1 2 8 226 0.13 0.25 

CAMSAP1 10 5.9 1602 0.13 0.31 

NMD3 4 10.2 529 0.13 0.29 

ATG3 7 26.4 314 0.13 0.24 

XPO4 15 13.4 1151 0.13 0.38 

UTRN 17 5 3433 0.13 0.27 

SMARCC2 
 

22 
 

31.1 
 

1214 
 

0.13 
 

0.25 
 

 

  



 138 

Supplemental Table 3.2. Top 500 proteins destabilized by pyrimethamine in U3A human 
fibrosarcoma cells. 

Gene(s) Unique 
Peptides 

Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

 

RALGAPA1 

 

3 

 

1.2 

 

2495 

 

-0.50 

 

2.00 

RHEB 5 64.6 79 -0.45 1.00 

CEP83 5 12.2 352 -0.43 1.88 

ANXA8L1; ANXA8L2; ANXA8 2 11.1 270 -0.40 2.55 

FAM162A 2 19.4 144 -0.37 1.14 

KIAA1598 2 4 498 -0.28 0.91 

GAMT 2 22.5 213 -0.27 1.02 

MGRN1 2 5.4 594 -0.25 0.61 

CEP85L 2 2.1 805 -0.24 0.78 

CNOT7 2 10.1 208 -0.24 0.41 

GOLM1 10 28.9 391 -0.22 0.44 

PNKP 2 5.6 485 -0.22 0.72 

CEP192 2 1.2 2062 -0.22 3.06 

ING1 2 5 422 -0.22 0.83 

CDK5RAP2 3 1.6 1663 -0.21 0.86 

GAK 3 7.9 416 -0.20 0.95 

PRSS1; PRSS3P2; PRSS2 2 21.1 142 -0.20 0.70 

CEP97 2 3 806 -0.20 1.26 

R3HCC1L 2 6.2 792 -0.20 0.57 

SERPINB7 3 12.7 363 -0.19 0.38 

SMN1; SMN2 7 28.7 282 -0.18 0.55 

EIF5A2 2 66.7 153 -0.18 0.36 

SNX16 2 9.2 315 -0.18 0.45 

ENO1 2 87.1 341 -0.17 0.59 

MSI2 2 11.3 328 -0.17 0.43 

LSM14B 3 14.3 385 -0.17 0.32 

RBCK1 5 18.4 468 -0.16 0.30 

IFT22 2 21.1 185 -0.16 0.31 

DSCR3 2 12.4 249 -0.16 1.73 

S100A4 3 25.7 101 -0.16 0.34 

ZNF143 3 4.6 610 -0.16 0.90 

KIAA1143 12 64.9 154 -0.16 0.25 

IQCB1 2 4.7 465 -0.16 0.37 

WDR87 2 0.7 2912 -0.16 0.85 

PHF14 2 2 948 -0.15 0.37 

RAC2 4 48.4 192 -0.15 0.62 

SSFA2 4 4.4 1237 -0.15 0.87 

PYCRL 4 20.6 286 -0.15 1.40 

TSEN15 2 19.9 171 -0.15 0.33 

CTNNBIP1 2 29.6 81 -0.15 0.22 

ARMC9 2 24.1 166 -0.15 0.53 

ECM1 5 12 540 -0.14 0.30 

HMGB2 11 58.4 209 -0.14 0.22 

EIF1AD 7 69.9 113 -0.14 1.00 

PPIA 2 90.5 105 -0.14 0.25 

SH3D19 4 4.1 1047 -0.14 1.56 

ARFGAP1 6 25.9 340 -0.14 0.78 

GUK1 3 17.1 199 -0.14 2.30 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

SYNJ2 2 2.5 1259 -0.14 0.60 

OARD1 5 38.2 131 -0.14 0.69 

EEF2K 5 6.9 725 -0.14 0.38 

GOLIM4 5 10 668 -0.14 0.58 

GTF2A2 2 20.2 109 -0.14 0.36 

PSMG4 5 52.8 123 -0.13 0.20 

RBM38; RBM24 3 35.8 123 -0.13 1.23 

AGAP1; AGAP3 2 6.8 351 -0.13 0.83 

SH3BP5L 7 20.6 393 -0.13 0.27 

HMGB3 10 55.5 200 -0.13 0.21 

ANXA6 2 64.8 460 -0.13 1.17 

ERI3 4 29 176 -0.13 0.54 

ZSCAN26; ZNF187 2 7.6 344 -0.13 0.58 

TEX11 2 2.6 615 -0.13 0.30 

POLE4 6 81.2 117 -0.13 0.30 

MZT2B; MZT2A 4 29.4 218 -0.13 1.56 

AKR1B10 4 28.2 316 -0.13 0.26 

MPLKIP 2 19 179 -0.13 0.38 

MYPN 3 4 1026 -0.13 0.69 

ACTR8 3 6.9 624 -0.12 0.24 

MOCS2 5 53.4 88 -0.12 0.28 

DNAJB2 2 14.9 228 -0.12 0.54 

ATHL1 3 6.3 764 -0.12 1.03 

PDC 2 6.9 246 -0.12 0.20 

FAM207A 2 12.8 203 -0.12 0.41 

APEH 25 47.9 737 -0.12 2.72 

SAR1A; SAR1B 2 9.6 198 -0.12 0.28 

KRT81; KRT86; KRT83; KRT87P; 

KRT85 

2 7.6 484 -0.12 1.00 

QSER1 2 1.5 1529 -0.12 0.22 

LAS1L 4 6.9 734 -0.12 0.25 

HCLS1 3 6.2 449 -0.12 0.78 

CDKN1B 3 23.7 198 -0.12 0.24 

ANP32E 10 54.1 268 -0.12 0.21 

MTPN 6 55.9 118 -0.12 0.18 

SCOC 3 78 82 -0.11 1.35 

CFDP1 2 46.1 217 -0.11 0.21 

SORBS1 2 5.1 507 -0.11 0.31 

CKS2 2 32.9 79 -0.11 0.20 

TXNRD1 6 69.7 568 -0.11 1.43 

FKBP1A 4 40.7 108 -0.11 0.17 

SEPT8 6 27.2 430 -0.10 0.54 

ACBD7 2 23.9 88 -0.10 0.21 

ACY1; ABHD14A-ACY1 13 46.6 373 -0.10 2.05 

PHPT1 9 82.4 125 -0.10 0.19 

SRP19 9 63.9 144 -0.10 0.16 

FOXN3 3 9.4 468 -0.10 0.22 

ERCC6L 13 15.3 1127 -0.10 0.62 

CROCC 3 2 1311 -0.10 1.19 

PCNT 2 0.7 3336 -0.10 0.25 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

PTPRK 5 5.6 1458 -0.10 0.17 

TUFM 23 61.9 452 -0.10 0.30 

INO80B; INO80B-WBP1 2 13 184 -0.10 0.75 

ZNF286A; ZNF286B 2 17.9 106 -0.10 0.27 

SERPINB6 20 65.8 380 -0.10 0.78 

CALB2 15 58.3 271 -0.10 0.17 

ATE1 2 54.8 511 -0.10 1.63 

SERGEF 7 22.5 458 -0.10 0.17 

SHANK2 7 7.8 1253 -0.10 1.24 

LETM2 3 10.8 443 -0.10 0.37 

SRP14 9 50.7 136 -0.10 0.15 

ARHGAP18 3 6.5 618 -0.10 0.18 

ZFAND2B 2 15 213 -0.10 0.73 

EIF5A; EIF5AL1 8 85.1 154 -0.10 0.18 

OSTF1 6 43 214 -0.10 0.16 

RPS21 7 76.5 81 -0.09 0.19 

CALM2; CALM1; CALM3 8 90.6 149 -0.09 0.14 

UTP6 22 35 597 -0.09 0.15 

CDKN2C 7 54.8 168 -0.09 0.15 

NUDT2 5 53.1 147 -0.09 0.18 

ITGB1BP1 2 36.9 65 -0.09 0.79 

COA7 14 71.9 231 -0.09 0.14 

SNX11 2 9.1 254 -0.09 0.15 

FAM103A1 6 44.9 118 -0.09 0.16 

TNIP1 12 20.5 619 -0.09 1.04 

CCDC23 3 45.5 66 -0.09 0.15 

ARHGAP31 3 2.7 1444 -0.09 0.22 

TPK1 6 50 166 -0.09 1.65 

NAT1 3 10.5 352 -0.09 1.20 

CARHSP1 6 75 124 -0.09 0.18 

DAP 7 59.8 102 -0.09 0.14 

GATB; PET112 5 12.4 557 -0.09 0.22 

MZT1 3 52.4 82 -0.09 0.16 

MTIF2 6 10 727 -0.09 0.22 

LRRC16A 2 2 932 -0.09 0.52 

PGP 11 39.6 321 -0.09 0.73 

GPX1 8 53 202 -0.09 1.31 

FNBP1L 2 4.7 451 -0.09 0.36 

TRPV1; SHPK 10 33.5 478 -0.09 0.70 

SDCCAG8 2 3.6 669 -0.09 0.21 

TUT1 3 4.7 912 -0.09 0.20 

CEP170B 5 6.2 1590 -0.09 0.16 

LIN28B 3 16.3 258 -0.09 0.30 

PHRF1 2 2.7 1645 -0.09 0.32 

PIN1 7 58.3 163 -0.09 0.14 

MYL12A; MYL12B 5 64.4 177 -0.09 0.16 

RPS17 7 60.7 135 -0.09 0.23 

TSR2 5 36.6 191 -0.09 0.13 

PDLIM2 7 57.5 146 -0.09 1.02 

NRD1 42 38.9 1219 -0.09 1.33 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

CSRP2 6 31.7 243 -0.09 0.59 

CFDP1 3 37.5 299 -0.09 0.14 

NUDT3 3 50 172 -0.08 0.15 

BAT3; BAG6 11 16.5 1126 -0.08 0.60 

FKBPL 2 6 349 -0.08 0.20 

NCAPH 12 23 730 -0.08 0.35 

FBRS 2 2.2 980 -0.08 0.16 

MLST8 2 25.9 116 -0.08 0.13 

FKBP3 17 67.4 224 -0.08 0.14 

PFN2 3 52.1 188 -0.08 0.13 

CENPK 2 7.9 239 -0.08 0.20 

AAK1 9 34.1 511 -0.08 0.73 

CLN5 8 25.1 358 -0.08 1.43 

TRMT5 11 24.2 509 -0.08 0.15 

MED28 3 16.8 179 -0.08 0.16 

NT5C3A 6 20.5 331 -0.08 0.16 

OPTN 10 20.3 577 -0.08 0.17 

NEDD8; NEDD8-MDP1 2 60.5 81 -0.08 0.12 

SUMO1 9 37.7 146 -0.08 0.86 

BAIAP2 8 24.3 375 -0.08 1.18 

NELFB 2 3.5 628 -0.08 0.27 

TACC2 34 17.2 2826 -0.08 0.71 

RAB5A 4 56.2 201 -0.08 0.20 

CMBL 16 47.8 245 -0.08 0.14 

MANBA 2 4.1 822 -0.08 0.56 

NPEPPS 49 59.6 915 -0.08 1.60 

NAP1L5 3 14.3 182 -0.08 0.13 

HK2 16 27 889 -0.08 0.35 

CETN3 6 34.7 167 -0.08 0.13 

CASP2 3 15.3 313 -0.08 0.13 

SAC3D1 2 9.8 358 -0.08 0.48 

MKLN1 30 53.7 735 -0.08 0.13 

LRBA 2 1.7 2575 -0.08 0.16 

PSMD9 13 69.1 223 -0.08 0.13 

IDS 2 9.7 339 -0.08 0.29 

GTPBP10 4 11.6 387 -0.08 0.69 

RABIF 4 41.5 123 -0.08 0.14 

MYCBP 7 59.1 110 -0.08 0.57 

KNSTRN 6 34 238 -0.08 0.14 

FAM107B 6 49.2 124 -0.08 1.13 

PTMA 8 40.2 107 -0.07 0.57 

FPGT 3 9.6 607 -0.07 0.29 

C19orf25 4 51.7 118 -0.07 0.17 

DTD2 5 38.7 168 -0.07 0.21 

HMGN3 3 29.2 130 -0.07 0.20 

SUMO2 2 47.9 71 -0.07 0.13 

TTC9C 5 27.5 171 -0.07 0.13 

SLBP 5 20.9 277 -0.07 0.24 

MTFR1L 2 14.9 195 -0.07 0.57 

POLR2H 10 79.1 148 -0.07 1.49 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

CRKL 20 67.7 303 -0.07 0.15 

PCYT1A 9 33.5 367 -0.07 0.15 

FAM21C 7 43.7 1341 -0.07 0.65 

PSMD10 10 58.8 226 -0.07 0.11 

XPA 3 15.2 264 -0.07 0.38 

ARHGDIB 8 43.3 201 -0.07 0.15 

IKBKG 17 45.5 418 -0.07 0.48 

AKAP9 2 0.6 3910 -0.07 0.34 

STXBP5 2 3.4 1098 -0.07 0.10 

NUCB1 25 54.7 461 -0.07 0.12 

NUCKS1 13 59.3 243 -0.07 0.13 

SMAP; C11orf58 11 48.6 183 -0.07 0.13 

RNF187 5 31.9 235 -0.07 0.18 

PROSC 11 46.5 275 -0.07 0.12 

CRK 17 79.9 304 -0.07 0.14 

ALMS1 6 2.3 3859 -0.07 0.92 

TSSC1 7 19.1 414 -0.07 0.32 

LTV1 12 28.4 475 -0.07 0.13 

NDUFAF5 2 12.7 267 -0.07 0.32 

RBMS1; RBMS3 3 10 370 -0.07 0.27 

PPIL3 8 64 161 -0.07 0.12 

FAM204A 3 14.2 219 -0.07 0.43 

CBR1 15 73.3 277 -0.07 0.12 

WRAP73 4 8 435 -0.07 0.62 

EIF4EBP2 4 73.3 120 -0.07 0.13 

NAGA 5 16.5 411 -0.07 0.17 

NUDT1 6 41.7 156 -0.07 0.12 

ARFGAP2 7 16.4 385 -0.07 0.55 

BAD 5 57.7 168 -0.07 0.13 

CXXC1 2 11.2 250 -0.07 0.13 

YY1 7 17.4 414 -0.07 0.11 

BANF1 7 53.9 89 -0.07 0.14 

GRIPAP1 29 46.8 841 -0.07 0.12 

STX1A 10 43.1 260 -0.07 0.94 

HEBP2 10 62 205 -0.07 0.12 

TPPP 2 10 219 -0.07 0.14 

KIAA0101 7 68.5 111 -0.06 0.11 

TRIM47 2 8.6 638 -0.06 0.14 

UBXN1 15 53.8 290 -0.06 0.55 

SASH1 2 3.3 657 -0.06 0.72 

SDHAF3 2 22.1 68 -0.06 0.42 

GTF2A1 8 18.6 376 -0.06 0.12 

ZMYM3 5 18.1 497 -0.06 0.75 

CBR3 10 59.2 277 -0.06 0.10 

TSC22D1 3 12.2 1073 -0.06 0.13 

PCBD2 4 41.2 119 -0.06 0.12 

BCKDHA 4 17.1 328 -0.06 0.78 

SAMHD1 8 17.4 591 -0.06 0.16 

FAM3C 5 23.8 227 -0.06 0.12 

UROS 5 29.1 265 -0.06 0.13 



 143 

Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

SSB 32 69.1 408 -0.06 0.10 

YWHAQ 16 76.3 245 -0.06 0.11 

AAMP 14 45.8 415 -0.06 1.80 

TROVE2 23 47.4 538 -0.06 0.12 

RFK 7 37.4 155 -0.06 0.12 

PEA15 2 72.3 130 -0.06 0.12 

MRPS22 5 21.9 319 -0.06 0.09 

ACTR6 9 30.6 376 -0.06 0.57 

CALCOCO2 15 61.8 374 -0.06 0.12 

LSM5 4 58.2 91 -0.06 0.11 

AAMDC 8 69.7 122 -0.06 0.12 

NUDT5 16 85.8 232 -0.06 0.37 

NUDCD2 7 63.1 157 -0.06 0.11 

FGF1 5 49.7 155 -0.06 0.12 

LSM6 5 75 80 -0.06 0.10 

C12orf57 6 74.6 126 -0.06 0.11 

SORBS3 8 27.1 329 -0.06 0.12 

NSMCE2 4 32.6 187 -0.06 0.64 

CD59 5 36.9 130 -0.06 0.12 

DCAF13 8 17.4 597 -0.06 0.30 

CYCS 9 64.4 101 -0.06 0.25 

S100A3 5 51.5 101 -0.06 0.12 

SRSF2 6 36.2 221 -0.06 0.10 

MRPL21 5 31.2 205 -0.06 0.12 

SCAI; C9orf126 2 4.8 606 -0.06 0.09 

HDGFRP3 6 42.4 203 -0.06 0.25 

ALDH1L1 19 25.1 902 -0.06 0.10 

TGM2 23 44.8 687 -0.06 0.12 

STUB1 12 36 303 -0.06 0.10 

COTL1 11 75.4 142 -0.06 0.10 

TCEA1 15 52.2 301 -0.06 0.79 

HLCS 3 4.5 726 -0.06 0.13 

RMI2 2 11.6 147 -0.06 0.11 

BCL9L 11 8.1 1462 -0.06 1.40 

NQO2 10 60.6 193 -0.06 0.11 

FABP6 4 41.4 128 -0.06 0.10 

SPP1 3 17.8 287 -0.06 0.11 

SH3BGRL 10 85.1 114 -0.06 0.11 

C1orf123 10 78.8 160 -0.06 0.10 

CRACR2A 6 18.7 395 -0.06 0.10 

PUS1 14 38.8 399 -0.06 0.10 

PALM2-AKAP2; PALM2 9 54 433 -0.06 0.44 

PRDM2 7 6.3 1481 -0.06 0.10 

hCG_2043597 7 65.3 98 -0.06 0.37 

CCDC97 11 46.6 343 -0.06 0.10 

ADAT3 3 12.8 367 -0.06 0.20 

EWSR1 3 14.9 618 -0.06 0.26 

NAA50 12 68.5 168 -0.05 0.57 

RAD23B 14 58.9 409 -0.05 0.09 

DDT; DDTL 12 95.8 118 -0.05 0.08 



 144 

Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

ARF5 2 44.4 180 -0.05 0.12 

PKIG 4 92.1 76 -0.05 0.09 

PPP2R4 11 50.2 329 -0.05 2.11 

DMD 4 0.9 3680 -0.05 0.18 

FAM21A 7 44.1 1253 -0.05 0.54 

PIR 13 55.5 290 -0.05 0.09 

MACF1 2 23.5 1375 -0.05 0.18 

BIRC2 3 5.9 597 -0.05 0.42 

NRGN; GAP43 2 48.7 78 -0.05 0.09 

HYI 4 27.2 272 -0.05 0.54 

WDR46 2 7.2 610 -0.05 0.09 

MIER1 12 33.8 485 -0.05 0.10 

EIF4B 27 54.9 616 -0.05 0.45 

NFYB 3 19.1 131 -0.05 0.36 

PAGE5 9 93.6 110 -0.05 0.08 

DCP1A 3 7.4 544 -0.05 0.11 

TOLLIP 9 42.7 274 -0.05 0.09 

ST13; ST13P5; ST13P4 18 50.9 369 -0.05 0.10 

CASP3 9 52.3 277 -0.05 0.09 

ZFYVE19 9 30.1 448 -0.05 0.10 

POP7 3 27 137 -0.05 0.38 

MBLAC1 4 28.2 266 -0.05 0.37 

MTRF1L 5 14.7 380 -0.05 0.10 

CREB1 4 25.8 341 -0.05 0.09 

FBXO3 8 23.5 430 -0.05 0.79 

ACTN4 2 82.2 342 -0.05 0.10 

C18orf25; ARKL1 9 42.1 342 -0.05 0.08 

MRFAP1 4 42.5 127 -0.05 0.08 

STMN1 9 57 149 -0.05 0.10 

APEX1 19 67.3 318 -0.05 0.08 

THYN1 9 32.9 225 -0.05 0.08 

EEF1B2 16 90.7 225 -0.05 0.09 

CPA4 16 58.7 421 -0.05 0.08 

PHLDA2 2 9.9 152 -0.05 0.11 

BOLA1 6 59.9 137 -0.05 0.09 

SLC38A10 3 8 1119 -0.05 0.10 

ATF1 4 23.2 271 -0.05 0.09 

RBPJ 12 34.8 465 -0.05 0.08 

HIRIP3 13 22.3 556 -0.05 0.10 

KBTBD4 5 11.2 543 -0.05 0.29 

SH3BGRL3 6 42 88 -0.05 0.10 

GON4L 2 2.3 970 -0.05 0.25 

SCRN2 5 15 433 -0.05 0.08 

PDF 2 17.3 243 -0.05 0.10 

VPS29 9 51.4 214 -0.05 0.40 

PPM1A 11 41.9 382 -0.05 0.09 

CCDC186 16 24.4 898 -0.05 0.10 

ESD 15 78 282 -0.05 0.11 

PLEKHA5 13 17.5 874 -0.05 0.48 

MCFD2 3 69.1 94 -0.05 0.07 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

RPIA 17 72.7 311 -0.05 0.09 

IVD 8 23.7 426 -0.05 0.26 

TPT1 12 78.2 188 -0.05 0.08 

SHMT1 16 51.4 444 -0.05 0.09 

PDXK 9 43.8 272 -0.05 0.32 

SRP9 8 72.1 86 -0.05 0.07 

RP9 8 31.7 221 -0.05 0.08 

MPST 14 53.9 297 -0.05 0.07 

WIPF2 9 21.6 440 -0.05 0.08 

ANXA1 27 76 346 -0.05 0.09 

PIN4 9 67.2 131 -0.05 0.08 

RASAL2 3 4.4 1139 -0.05 0.07 

Em:AP000351.3; GSTT2; GSTT2B 8 44.3 230 -0.05 0.09 

DNAJC8 20 66.8 253 -0.05 0.08 

DYRK1A 5 11.3 529 -0.05 0.07 

PSMG1 14 63.9 288 -0.05 0.09 

SMARCE1 15 50.9 393 -0.05 0.37 

SLC9A3R2 2 27.3 326 -0.05 0.07 

CBX3 8 61.7 183 -0.05 0.08 

NMT1 13 43.1 496 -0.05 0.08 

WDR44 30 42.5 905 -0.05 0.08 

TXNDC17 10 84.6 123 -0.05 0.08 

SBSN 2 5.4 590 -0.05 0.08 

EML3 13 19.8 897 -0.05 0.46 

RPS28 3 36.2 69 -0.05 0.07 

PRMT1 2 73.7 353 -0.05 0.07 

MAP4 39 55.8 2297 -0.05 0.36 

MAP1A 12 6.1 3041 -0.04 0.35 

GPALPP1 11 29.6 338 -0.04 0.31 

HNRNPUL1 19 35.9 766 -0.04 0.40 

MSRA 9 62.4 213 -0.04 0.07 

PREPL 23 48.3 638 -0.04 0.07 

UBE2B 3 58.6 152 -0.04 0.08 

EEFSEC 3 6 436 -0.04 0.19 

CFAP45 7 16.5 466 -0.04 0.08 

SGTB 8 59.5 195 -0.04 0.22 

BRMS1L 2 14.9 215 -0.04 0.07 

WNK1 15 9 2134 -0.04 0.49 

LCMT1 10 33.2 334 -0.04 0.08 

C5orf22 10 38.5 442 -0.04 0.08 

TBCA 11 78.6 84 -0.04 0.32 

NENF 9 62.8 172 -0.04 0.07 

WDR6 11 13.5 1151 -0.04 0.64 

ANKRD40 7 25.5 368 -0.04 0.07 

FSCN1 38 76.3 493 -0.04 0.07 

GEMIN6 6 52.1 167 -0.04 0.07 

RPAIN 2 10.1 148 -0.04 0.35 

CCDC91 13 32.1 411 -0.04 0.07 

NAV3 2 2.7 679 -0.04 0.42 

HDHD1 7 49.2 191 -0.04 0.68 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

HMCES 3 11.9 312 -0.04 0.09 

AARS 42 54.6 968 -0.04 0.08 

HEXIM1 15 64.1 359 -0.04 0.07 

TRIP12 4 3 1992 -0.04 0.08 

UBE2A 3 57.2 152 -0.04 0.07 

NASP 23 87.3 788 -0.04 0.07 

SEPT11 9 49.6 425 -0.04 0.23 

INPP1 2 20.3 143 -0.04 0.17 

DNAJC24; ZCSL3 5 60.7 84 -0.04 0.07 

ALDOC 9 85.4 364 -0.04 0.08 

PEBP1 12 79.7 187 -0.04 0.08 

WDR20 10 19.8 612 -0.04 0.35 

SDF2 3 29.4 211 -0.04 0.07 

PCNP 12 58.4 178 -0.04 0.07 

NDE1 12 55.8 335 -0.04 0.09 

FAM188A 9 29.2 445 -0.04 0.06 

MAML1 3 4.6 1016 -0.04 0.08 

PAGE1 3 28.8 146 -0.04 0.06 

DBNL 2 55.3 430 -0.04 0.07 

GRB2 19 84.8 217 -0.04 0.07 

S100A2 3 25.5 98 -0.04 0.08 

MRPL14 2 12.4 145 -0.04 0.08 

PPP1R2; PPP1R2P3 11 84.9 205 -0.04 0.07 

S100A11 6 55.2 105 -0.04 0.06 

OGFR 17 44.7 657 -0.04 0.08 

ANXA5 27 80.6 320 -0.04 0.07 

SEC24B 5 6.9 1233 -0.04 0.06 

PHF23 3 20.3 158 -0.04 0.20 

COX6B1 9 83.7 86 -0.04 0.06 

PTPN2 3 14 386 -0.04 0.07 

CFL1 2 86.1 166 -0.04 0.06 

ACP1 2 71.5 158 -0.04 0.08 

HAGH 13 55.5 308 -0.04 0.07 

AK1 15 68.1 210 -0.04 0.07 

GNS 13 31.5 552 -0.04 0.06 

TALDO1 22 52.5 337 -0.04 0.06 

SLC4A1AP 30 55.8 742 -0.04 0.56 

LRRFIP2 15 43.4 424 -0.04 0.07 

ATOX1 7 80.9 68 -0.04 0.07 

NUDT9 13 45 300 -0.04 0.07 

SSU72 7 39.2 194 -0.04 0.06 

NOTCH2 10 7.6 2471 -0.04 0.07 

LASP1 20 83.9 261 -0.04 0.08 

SCRN1 22 68.1 414 -0.04 0.07 

ZRANB2 19 44.7 320 -0.04 0.06 

CSTA 7 75.5 98 -0.04 0.09 

CNPY4 8 39.1 248 -0.04 0.07 

GSTM3 3 19.8 212 -0.04 0.23 

INF2 5 8.5 1240 -0.04 0.07 

DPP3 37 64.3 737 -0.04 0.06 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

PTGES2 2 9.7 186 -0.04 0.26 

AACS 4 6.1 672 -0.04 0.06 

MSN 35 78 577 -0.04 0.06 

NMNAT1 4 15.4 279 -0.04 0.06 

ERC1 27 34.6 1120 -0.04 0.07 

BLOC1S2 7 46.5 142 -0.04 0.08 

CFL2 13 89.8 166 -0.04 0.07 

MEA1 2 16.2 185 -0.04 0.06 

NSFL1C 30 75.4 370 -0.04 0.06 

TCEB2 15 97.5 118 -0.04 0.06 

CHD1 6 3.2 1709 -0.04 0.06 

OBSL1 2 2.8 612 -0.04 0.19 

MOCS2 10 64.4 188 -0.04 0.07 

IMPDH1 10 27.7 513 -0.04 0.60 

CRIP2 7 48.4 192 -0.04 0.05 

SLIRP 6 63.6 107 -0.04 0.07 

MYL6B 10 59.1 208 -0.04 0.06 

DIAPH3 2 1.5 1123 -0.04 0.06 

DLGAP4 15 41.9 453 -0.04 0.06 

ING3 4 15.4 403 -0.04 0.14 

PDCD5 14 72 125 -0.04 0.07 

POLR2J3; POLR2J; POLR2J2 3 27 115 -0.04 0.34 

EIF4EBP1 9 80.5 118 -0.04 0.06 

DCTN6 8 56.8 190 -0.04 0.06 

ZFP64 3 10.6 426 -0.04 0.07 

RPS24 6 47.3 131 -0.04 0.18 

FBXO45 2 16.8 286 -0.04 0.08 

CDA 6 67.8 146 -0.04 0.06 

SCYL2 3 5.1 681 -0.04 0.32 

GLOD4 20 72.8 298 -0.04 0.06 

NUP37 11 39.3 326 -0.04 0.06 

CENPC 2 4.7 728 -0.04 0.06 

RNF4 4 41.5 188 -0.04 0.24 

TNRC6C 2 1.2 1944 -0.04 0.23 

KCTD5 7 56 234 -0.04 0.06 

PA2G4 29 81.5 394 -0.03 0.05 

MYO1C 8 12.3 1039 -0.03 0.28 

SYNJ2BP-COX16; SYNJ2BP 7 60.5 152 -0.03 0.24 

ANP32B 8 35.5 251 -0.03 0.06 

NAGLU 5 8.7 743 -0.03 0.06 

C15orf40 4 44.4 153 -0.03 0.06 

TIPIN 4 15.6 294 -0.03 0.07 

NR2C2AP 6 71.2 139 -0.03 0.06 

PPIA 6 87.3 165 -0.03 0.05 

PEX5 2 9.2 272 -0.03 0.11 

MEMO1 15 76.8 297 -0.03 0.05 

PSMA2 15 71.4 234 -0.03 0.16 

KCNAB2 2 5.7 300 -0.03 0.06 

DHX36 26 35 994 -0.03 0.05 

CLIC1 17 88.8 241 -0.03 0.06 
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Supplemental Table 3.2. (Continued) 
Gene(s) Unique 

Peptides 
Sequence 
Coverage (%) 

Sequence 
Length 

Log2 
(PYR/DMSO) 

-Log10 
(P-Value) 

KIAA1671 4 2.9 1806 -0.03 0.06 

RNF169 3 4 708 -0.03 0.07 

RNASEH2C 
 

4 
 

46.2 
 

158 
 

-0.03 
 

0.08 
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Supplemental Table 3.3. qRT-PCR primer sequences. 
 

Name Method Forward Reverse 
 

BCL6 

 

qPCR 

 

CTGCAGATGGAGCATGTTGT 

 

TCTTCACGAGGAGGCTTGAT 

BCLXL qPCR GGTATTGGTGAGTCGGATCG TGCTGCATTGTTCCCATAGA 

CIS qPCR CTGCTGTGCATAGCCAAGAC GTGCCTTCTGGCATCTTCTG 

DHFR qPCR CCTGGTTCTCCATTCCTGAG TGAGCTCCTTGTGGAGGTTC 

EZH2 qPCR GCCATTTCCTCAATGTTTCC GAGCTGCTGTTCGGTGAGTT 

GAPDH qPCR AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA 

GPR110 qPCR AGACTATGCACCCGACTGCT GCAGCAGCTGATATTCTTCG 

ICAM1 qPCR CGGCCAGCTTATACACAAGA CATTGGAGTCTGCTGGGAAT 

MCL1 qPCR GAGACCTTACGACGGGTT TTTGATGTCCAGTTTCCG 

MTR qPCR ATGGAGCTGCTATGGTGGTC TTCACAAGCAGATGGTAGGC 

NCOA7 qPCR GAGAAGAAGGAACGGAAACAAA GCAATGTTGCACTTGTCTGG 

SAHH qPCR TTGGACACTTTGACGTGGAG GCCCATTCTTCAACCGATAC 

SOCS3 qPCR TCAAGACCTTCAGCTCCAAG TGACGCTGAGCGTGAAGAAG 

STAT3 qPCR ACCGGCGTCCAGTTCACTACT CCGGGATCCTCTGAGAGCTGC 

TNFRSF1A qPCR TGCCATGCAGGTTTCTTTCT CACAACTTCGTGCACTCCAG 

UGCG qPCR TTCGTCCTCTTCTTGGTGCT AGACACCTGGGAGCTTGCTA 
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Supplemental Figure 3.1. Pyrimethamine does not stabilize CHCHD2 to heat denaturation. 

U3A intact cells were treated with 10 μM PYR for ten minutes. Following treatment, samples 

were heated to the indicated temperatures. Soluble protein levels were analyzed by 

immunoblotting with the indicated antibodies. SOD1 was used as a thermostable control. 
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Supplemental Figure 3.2. Validation of siRNA-mediated knockdown in MDA-MB-468 cells. 

MDA-MB-468 cells were transfected with siRNA targeting DHFR and two other enzymes 

involved in DHFR-dependent methylation reactions, namely MTR and EZH2. siRNA targeting 

STAT3 was used as a positive control. RNA was isolated and qRT-PCR was performed to verify 

knockdown. mRNA levels were normalized to GAPDH and non-targeting siConA. Statistical 

comparisons were performed using a null of 1. ns P > 0.05, * P ≤ 0.05, ** P ≤ 0.01 and *** P ≤ 

0.001 with two-tailed one-sample Student’s t-test used in (A). 
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