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ABSTRACT 

Metabolic reprogramming in cancer was first described in the early to mid-1900s and later 

labeled as a hallmark. Rapidly proliferating cells require sufficient concentrations of nucleotides 

and other biomass precursor molecules to sustain growth. Nucleotide biosynthesis and one-carbon 

metabolism (1CM) inhibitors were among the first targeted cancer chemotherapies and remain as 

some of the most successful (e.g. 5-fluorouracil and methotrexate). Despite mounting evidence, 

the mitochondrial enzymes dihydroorotate dehydrogenase (DHODH), serine 

hydroxymethyltransferase (SHMT2), and methylenetetrahydrofolate dehydrogenase (MTHFD2) 

have yet to be successfully clinically targeted for the treatment of cancer.  

DHODH is a vital enzyme in the de novo pyrimidine biosynthesis pathway. However, the 

DHODH inhibitor brequinar (BREQ) failed all cancer clinical trials in solid tumors. Therefore, we 

sought to address a potential avenue to improve the efficacy of BREQ by employing a combination 

strategy to simultaneously inhibit nucleotide salvage. BREQ was synergistic with the equilibrative 

nucleoside transporter (ENT) inhibitor dipyridamole, but not the concentrative nucleoside 

transporter inhibitor phlorizin. This synergy carried over to ENT1/2 inhibition, but not ENT4. Our 

previously described brequinar analog 41 was also synergistic with dipyridamole as were the FDA-

approved DHODH inhibitors leflunomide and teriflunomide but the latter required much higher 

concentrations than BREQ. Therefore, combination of BREQ with ENT inhibitors presents a 

potential anticancer strategy in select tumors.  

SHMT2 and MTHFD2 participate in the folate metabolism arm of 1CM and are emerging 

anticancer targets. Both are overexpressed in several cancer types and correlate with poor 
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prognosis and other clinicopathological parameters. Significant progress towards the development 

of inhibitors against these enzymes has been made in a relatively short amount of time, but there 

is still much to be understood about their involvement in cancer progression. Thus, we performed 

extensive characterization of genetically engineered cell lines via transcriptomic profiling and 

bioinformatics. The data show changes in genes and gene sets related to hypoxia, MYC, and 

mTOR, all of which are well-established 1CM-related pathways. Prior research connected SHMT2 

and MTHFD2 to RNA metabolism, and we built upon that work by identifying links to alternative 

splicing and non-coding RNA processing. Glycosylation was also a strong theme for SHMT2. 

Additionally, we observed changes in expression of Ephrin-related genes supporting previous 

work that connected 1CM to Ephrin signaling and differentiation. Moreover, we disclosed 

inhibitors that showed correlations to gene expression changes in response to modulation of 

SHMT2 and MTHFD2 expression which may pose as synthetically lethal agents. 

Finally, we developed a pharmacophore model that led to the discovery of a novel class of 

MTHFD2 inhibitors. Virtual screening of our in-house database identified CBN-1 which 

significantly stabilizes MTHFD2 to thermal denaturation and inhibits its enzymatic activity. 

Mechanistic studies revealed that CBN-1 covalently binds MTHFD2 but does not react with 

general antioxidants. CBN-1 analogs possess antiproliferative and antimigratory activity with 

CBN-1 being the most potent in the series. CBN-1 showed significant selectivity to cells cultured 

in galactose medium indicating impaired mitochondrial function and potential inhibition of 

OXPHOS. Structure-activity relationship studies with other analogs did not produce a superior 

compound to CBN-1, thus further optimization is required to improve the potency of our hit 

compound. Our hit CBN-1 is the first covalent MTHFD2 inhibitor reported. 
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Collectively, this dissertation provides further evidence to pursue SHMT2 and MTHFD2 

inhibitors for the treatment of cancer and a potential strategy to improve the efficacy of DHODH 

inhibitors in the clinic. 
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CHAPTER I Introduction 

Background1 

One carbon metabolism (1CM) is commonly dysregulated in cancer due to its contribution 

to core cellular building blocks (e.g. purine and pyrimidine nucleotides), epigenetics, post-

translational modifications (PTMs), and redox homeostasis and is comprised of a complex network 

of enzymes.1-2 Targeting of one carbon metabolism was one of the original chemotherapeutic 

strategies with the discovery of aminopterin by Sidney Farber in 1948 and has led to some of the 

most successful approaches to halt cell growth.3-5 Methotrexate (MTX) and 5-fluorouracil (5FU) 

were pioneering drugs in this field and are still widely used today. Dihydrofolate reductase 

(DHFR) and thymidylate synthase (TYMS) are the targets of these drugs, respectively, and have 

been successfully targeted for other proliferative diseases such as arthritis.6 Two other enzymes 

complete the folate cycle arm of 1CM but have not been targeted clinically at this point: serine 

hydroxymethyltransferase (SHMT) and methylenetetrahydrofolate dehydrogenase (MTHFD). 

Literature continues to suggest that the mitochondrial isoforms of these enzymes are clinically 

relevant in the context of cancer.7-9 

The 1CM Pathway 

Preliminary metabolism before folate cycle entry 

 
1 Author contributions: Zahra Arabzada assisted in generating figures I-2 and I-3, tables I-1, I-2, I-3, and I-4 and 

Appendix tables I-1, I-2, I-3, I-4, I-5, and I-6. Armand Bankhead III generated figures I-4 and I-5. Armita Kyani 

assisted with writing of the manuscript.  



 

2 

1CM begins with the folate cycle and provides the 1C unit to the methionine cycle. The 

one-carbon metabolism pathway is illustrated in Figure I-1. The 1C unit largely is supplied by 

serine, either from the extracellular environment or de novo synthesis, but can be donated by other 

amino acids as well.4 De novo serine biosynthesis is carried out by a series of three enzymes from 

a glycolytic intermediate: phosphoglycerate dehydrogenase (PHGDH), phosphoserine 

aminotransferase 1 (PSAT1), and phosphoserine phosphatase (PSPH) which extends off of 

glycolysis. Folate is not able to diffuse through the plasma membrane due to its high polarity 

(cLogP = -2.37), therefore it must be transported. Folate and its derivatives enter cells through 

three mechanisms: internalization of the folate receptors (FRα/FOLR1 and FRβ/FOLR2), passive 

transport by the reduced folate carrier (RFC, encoded by SLC19A1), and active transport by the 

proton-coupled folate transporter (PCFT, encoded by SLC46A1). In the context of cancer, the α 

isoform seems to be more relevant.10 Polyglutamylation of folate and its derivatives are regulated 

by the extracellular folate hydrolase 1, FOLH1 (also known as PSMA and GCPII), and 

intracellular folylpolyglutamate synthase, FPGS.  Only monoglutamate forms of folate are able to 

be transported.11 Notably, polyglutamylated folate derivatives are usually better substrates for 

folate-dependent enzymes. Folate is subsequently reduced to dihydrofolate (DHF) and further to 

tetrahydrofolate (THF) by DHFR to yield the bioactive form.  

Cytosolic folate metabolism 

After DHFR reduces folate to THF, SHMT1 transfers a 1C unit from serine to produce 

5,10-methylene-THF (5,10-CH2-THF). This can be recycled back to DHF by TYMS, which 

transfers the 1C unit to dUMP to form dTMP.2 This is the first contribution to nucleotide 

biosynthesis (pyrimidines). Alternatively, 5,10-CH2-THF can go through a series of oxidation 

reactions catalyzed by MTHFD1. MTHFD1 has three functions: dehydrogenase, cyclohydrolase, 
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and synthetase. The first intermediate, 5,10-methenyl-THF (5,10-CH+-THF) is short-lived due to 

its instability and is subsequently reduced to 10-formyl-THF (10-CHO-THF). 10-CHO-THF can 

go on to participate in purine biosynthesis (GAR transformylase, GART and AICAR 

formyltransferase, AICARFT) or be converted back to THF by MTHFD1 or aldehyde 

dehydrogenase 1 family member L1 (ALDH1L1) releasing formate or CO2, respectively. 

Methenyltetrahydrofolate synthetase can contribute to this pathway by converting 5-CHO-THF 

into 5,10-CH+-THF. 5,10-CH2-THF can also be further reduced to 5-methyl-THF (5-CH3-THF) 

by methylenetetrahydrofolate reductase (MTHFR), acting as the methyl donor to the methionine 

cycle. 

 
Figure I-1. Key enzymes involved in one-carbon metabolism. 

Mitochondrial folate metabolism 

In order for mitochondrial folate metabolism to function, serine and THF must first be 

transported into the organelle by sideroflexin 1 (SFXN1) and the mitochondrial folate transporter 

(MFT), respectively. SHMT2 is the mitochondrial isoform of SHMT1 and performs the same 
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enzymatic reaction to donate a 1C unit from serine to THF.2 In addition to serine, glycine is another 

amino acid that can donate a 1C unit and this is facilitated by the glycine cleavage system (GCS). 

Both SHMT2 and the GCS generate 5,10-CH2-THF, which is a substrate for MTHFD2/2L. 

MTHFD2 and MTHFD2L catalyze the oxidation of 5,10-CH2-THF to 10-CHO-THF. MTHFD1L 

completes what the trifunctional MTHFD1 is able to catalyze in the cytosol, regeneration of THF 

and production of formate. 10-CHO-THF is also a substrate for ALDH1L2 and MTFMT. 

ALDH1L2 has the same function as the cytosolic ALDH1L1; production of THF and carbon 

dioxide. MTFMT, or mitochondrial methionyl-tRNA formyltransferase, transfers the formyl group 

from 10-CHO-THF to methionine-tRNAs to produce formyl-methionine-tRNA which is required 

for the initiation of translation of mitochondrial proteins. 

Select inhibitors of 1CM 

Inhibitors have been discovered for most enzymes and transporters involved in 1CM 

(Figure I-2), also recently succinctly summarized by Robinson et al.12 Those that remain to be 

targeted are PSAT1, MFT (SLC25A32), PCFT (SLC46A1), SFXN1, ALDH1L1/2, MTFMT, 

MTRR, and DMGDH. A list of inhibitors of 1CM proteins and their structures, activities, and 

status can be found in the Appendix Tables I-1-6. Inhibitors of subsections of 1CM are discussed 

briefly below. It should be noted that only experimentally validated compounds with activity levels 

≤ 50 μM are included, and structures likely to be pan-assay inhibitors (PAINS) are excluded. 
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Figure I-2. Summary of select preclinical and clinically used compounds targeting 1CM.  Coloring: black indicates FDA-approved, 

green indicates clinical trials, red indicates preclinical. BSP, bromosulfophthalein; GPC, glycerylphosphorylcholine. 

Serine biosynthesis inhibitors 

 Two out of the three enzymes that make up the serine biosynthesis pathway have inhibitors 

discovered for them (Figure I-2, Appendix Table I-1). A good portion of the reported serine 

biosynthesis inhibitors have antibacterial activity and have been recently reviewed.13 PHGDH is 

an emerging anticancer target and there has been extensive effort to develop compounds that 

inhibit this enzyme.14 BI-4924 is the most potent among them with an IC50 of 2 nM.15  

Folate glutamylation-modifying enzyme inhibitors 

 Glutamylation-states of folates or derivatives are important for activity against their targets 

and also determine cell-permeability/uptake by transporters.16 Inhibitors have been discovered for 

both FOLH1 and FPGS although none are FDA-approved (Figure I-2, Appendix Table I-2). 

FOLH1 inhibitors have suffered from poor oral bioavailability (due to their acidic nature in 

mimicking the glutamate substrate) or toxicity which prevented progress in clinical trials.17 

However, there is still interest in pursuing pro-drug strategies for the inhibitors in which there was 
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not dose-limiting toxicity because of promising preclinical data.17 Folate analogs are reported to 

inhibit FPGS, albeit only modestly in the mid-micromolar range.18  

Folate and serine transporter inhibitors 

 Folate transporters play an important role in the efficacy of antifolate chemotherapies.10, 19 

The small molecule inhibitors of these cell surface transporters require high concentrations in order 

to be effective (>100 μM). In pursuit of delivering oncolytic virotherapy to ovarian cancer cells, 

Hulin-Curtis and colleagues identified a peptide that competes with folic acid for binding to 

FOLR1 (Appendix Table I-3).20 There are many antibody-drug conjugates and folic acid-

conjugates built on the same premise of delivering chemotherapy selectively to the cancer cells.10 

The unconjugated monoclonal antibody farletuzumab specifically targets FOLR1 but interestingly, 

inhibition of folic acid uptake is not part of its mechanism of action.10 Despite encouraging 

preclinical data, farletuzumab did not meet its primary endpoint in a Phase III trial.10 

Cytosolic and mitochondrial folate metabolism inhibitors 

 DHFR and TYMS were the first 1CM proteins to be clinically validated as targets for 

cancer therapy and remain the most successful in this context to date (Figure I-2, Appendix Table 

I-4). All FDA-approved DHFR and TYMS inhibitors are classical or non-classical folate 

derivatives, with the obvious exception of 5FU. There are also several compounds targeting these 

two enzymes in the clinical trial pipeline: raltitrexed, piritrexim, ZD-9331, and GS7904L (Figure 

I-2, green text; Appendix Table I-4). Detailed reviews are available for these classical inhibitors.21-

22 The only known inhibitor for MTHFR is S-adenosylmethionine (SAM), which is a product 

feedback inhibitor.23-24 There are no reported inhibitors for human MTHFS, but 5-

formyltetrahydrohomofolate (5-formylTHHF) inhibits the murine homolog with a Ki of 0.7 μM.25 

The GCS is a multi-enzyme complex composed of four proteins which all work to convert glycine 
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and THF to 5,10-CH2-THF, carbon dioxide, and ammonia. To our knowledge, cysteamine is the 

only described inhibitor for the GCS with a Ki of 5 μM.26 Cysteamine is FDA-approved for 

nephropathic cystinosis and is undergoing clinical trials for multiple indications (Appendix Table 

I-4).  

Inhibitors of the methionine cycle arm of 1CM 

 The methionine cycle has great implications because through it the 1C unit is transferred 

to S-adenosylhomocysteine (SAH) to form SAM, a cofactor used by many methyltransferases.27 

MTRR (methionine synthase reductase) and DMGDH (dimethylglycine dehydrogenase, 

mitochondrial) are the two enzymes yet to be targeted of the methionine cycle. Most of the 

established inhibitors are folate, adenosine, or amino acid analogs, however there are some 

exceptions (Appendix Table I-5). Methionine synthase (MS) inhibitors contain interesting 

electrophilic folate analogs such as compound 6 and 6c which take advantage of MS’s mechanism 

of action and possess anticancer activity.28-29 Inhibitors of GNMT (glycine N-methyltransferase) 

include one of its products, SAH, and 5-CH3-THF, which acts as a regulator of pathway flux,30 but 

no inhibitors outside of these downstream molecules have been discovered. A clinical trial with a 

compound targeting the 2A isoform of methionine adenosyltransferase (MAT2A), AG-270, is 

currently underway (NCT03435250). Biochemical or preclinical data from Agios Pharmaceuticals 

is not available at this time. The first non-substrate or product-based allosteric MAT2A inhibitor 

with nanomolar activity came from Pfizer in 2017.31 The natural product AKBA was recently 

identified as a potent and selective allosteric inhibitor of MAT2A with a Kd of 130 nM.32 There 

are many potent inhibitors discovered for SAHH (S-adenosyl-L-homocysteine hydrolase) 

(Appendix Table I-5). Many are, unsurprisingly, adenine analogs.33-35 However, several 

compounds with new scaffolds for SAHH were recently identified using a novel high-throughput 
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screening technique.36 The physiological roles of BHMT1/2 (betaine-homocysteine 

methyltransferases 1 or 2) are still incompletely understood, especially in the context of cancer. 

Potent inhibitors of both isoforms have been discovered and could be important tools in elucidating 

BHMT/2’s function.37-38 

Inhibitors of folate-dependent enzymes in purine biosynthesis 

 Purine biosynthesis is carried out by the purinosome, a multienzyme complex, where two 

of the enzymes (GART and AICARFT) are folate-dependent, both requiring 10-CHO-THF.39 

Nearly all discovered inhibitors for these enzymes mimic the folate substrate except for the 

peptidomimetic identified (compound 14) for AICARFT (Appendix Table I-6).40 The FDA-

approved inhibitor pemetrexed does possess inhibitory activity against GART and AICARFT, but 

only in the low micromolar range.41 Lometrexol is much more potent with a Ki of 60 nM for 

GART,42 but was discontinued from clinical trials. The most potent inhibitor of GART to date is 

AG2034 with a Ki of 28 nM, but unfortunately did not advance past Phase I clinical trials due to 

toxicity.43-44 The discovery of the AICARFT inhibitor LSN3213128 by Eli Lilly and Company is 

exciting as it is orally bioavailable, efficacious in murine xenografts, and selective against other 

1CM enzymes.45 Given the success of other anti-purinic antimetabolites (e.g. gemcitabine), the 

field awaits data on the further development of this potential anticancer therapeutic. 

SHMT2 

Function and regulation 

SHMT2 simultaneously converts serine and THF to glycine and 5,10-CH2-THF (Figure I-

1). SHMT2 seems to promote chemosensitivity or resistance in a context-specific manner.46-47 

Outside of nutrient contributions, SHMT2 knockout caused mitochondrial translation to stall at 

specific methylated tRNAs, and this was dependent on its enzymatic activity.48 Protein translation 
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initiation requires formylmethionyl-tRNAs and when SHMT2 is knocked out 10-CHO-THF, a 

downstream product, is no longer available for conjugation by MTFMT.49 SHMT2 also plays a 

role in redox balance. Expression of SHMT2 was shown to be associated with changes in the level 

of expression of mitochondrial respiration complex proteins.50 Hypoxia induces SHMT2 

expression and was found to be necessary for redox homeostasis and cell survival under hypoxic 

conditions.51-52 Additionally, expression of SHMT2 promotes survival in the ischemic tumor 

microenvironment in glioma.53 Recent structural studies have identified a novel function of 

SHMT2 that contributes to immune regulation through the BRISC-complex.54-56 This function was 

in turn regulated by a PTM modulated by HDAC11.57 Other PTMs such as acetylation and 

succinylation determine enzymatic activity and are modulated by SIRT3 and SIRT5, 

respectively.58-59 Besides canonical regulation by known metabolic master regulators (Figure I-3, 

black text),1 novel epigenetic mechanisms, transcriptional programs and non-coding RNAs have 

been reported to modulate SHMT2 expression (Figure I-3, red text). Knockdown of the histone 

methyltransferase G9A resulted in a decrease in expression of SHMT2 as well as reduced 

H3K9Me1 levels for serine synthesis pathway genes.60 Novel transcription factors and signaling 

pathways that regulate SHMT2 include TGF-β, STAT3, and EWS-FLI1.61-63 Interestingly, 

SHMT1 was shown to bind to the 5’-untranslated region of the SHMT2 transcript thereby 

preventing its expression.64 SHMT2 expression has also been reported to be under the control of 

several micro-RNAs (miRs) and long intergenic non-coding RNAs (lincRNAs).65-68 A summary 

of regulation of SHMT2 is summarized in Figure I-3. Despite encouraging evidence that SHMT2 



 

10 

is a viable anti-cancer target, only a handful of inhibitors have been published to date (discussed 

below).69-72 However, none are specific to SHMT2.  

 
Figure I-3. Summary of the regulation of SHMT2 expression in cancer.  Canonical mechanisms are in black text, and non-canonical 

in red. 

SHMT Inhibitors 

The pyrazolopyran scaffold is the predominant series of compounds that make up the 

SHMT1/2 inhibitor space (Table I-1 summarizes select inhibitors for the human isoforms). This 

class of compounds was originally disclosed as plant SHMT inhibitors in a patent application by 

BASF (WO 2013182472 A1). This scaffold was then evaluated for activity against Plasmodium 

SHMT and showed nanomolar enantioselective activity against the enzyme and the parasites.73 

That same year, Marani and colleagues published the first data on the human isoforms.74 In 

addition to having selective activity against SHMT1, compound 2.12 (Table I-1) also displayed 

anticancer activity in the mid-micromolar range74 Further optimization of this scaffold led to potent 

inhibitors of both SHMT1 and SHMT2.69 However, as was also shown in the anti-malarial 

studies,73 this scaffold suffered from poor pharmacokinetic properties that prevented in vivo 

efficacy studies.69 A breakthrough came this year with the disclosure of (+)SHIN2 which showed 
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in vivo target engagement of SHMT2 in addition to anticancer activity in models of T-ALL.71 The 

first in vivo-active SHMT inhibitor, AGF347, is a folate mimetic.70 Despite being much less potent 

than the pyrazolopyran compounds, AGF347 showed in vivo activity in colon cancer models;70 

notably, the least-sensitive cell line in vitro was used for the xenograft model. FDA-approved 

antifolates do inhibit SHMTs, but higher concentrations are required (≥ 100 μM).75-77 

Table I-1. Inhibitors of human SHMTs. 

Compound Structure Isoform activity Anticancer activity Refs. 

2.12 

 

SHMT1 IC50 = 0.65 μM 

SHMT2 IC50 = 1.4 μM 

H1299 IC50 = ~30 μM 74, 78 

(±)SHIN1  

 

SHMT1 IC50 = 5 nM 

SHMT2 IC50 = 13 nM  

HCT 116 IC50 = 870 nM 

((+)- isomer) 

69 

(+)SHIN2  

 

Biochemical data not 

available 

MOLT-4 IC50 = 89 nM 

 

In vivo efficacy in 

primary mouse T-ALL 

and human patient-

derived xenograft model 

of T-ALL 

71 

AGF347  

 

SHMT1 Ki = 2.91 ± 0.59 

μM  

SHMT2 Ki = 2.19 ± 0.23 

μM 

MIA PaCa-2 IC50 = 0.64 

μM 

In vivo efficacy in MIA 

PaCa-2 xenograft 

70, 79 
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“Hit 1” 

 

SHMT2 IC50 = 0.53 μM To be determined 80 

“Hit 2” 

 

SHMT2 IC50 = 0.72 μM To be determined 80 

AM-

807/42004633 

AM-

807/40675298 

AM-

807/42004511 

Derivatives of: 

 

SHMT2 IC50 = 9.43 μM 

 

SHMT2 IC50 = 12.7 μM 

 

SHMT2 IC50 = 14.5 μM  

To be determined 72 

 

Generally, only marginal selectivity between the two SHMT isoforms has been achieved, 

with the inhibitors being selective for SHMT1 by 2-3-fold.69, 78 The cysteine-reactive inhibitor 3-

bromopyruvate is selective for SHMT1 due to the absence of a cysteine residue in SHMT2’s active 

site.81 Crystal structures are available for both isoforms (summarized in Table I-2), but there are 

currently no co-crystal structures of SHMT1 with any of the published inhibitors. If selectivity is 

ultimately desired, it will be critical to experimentally determine differences in the binding 

pockets. However, one could pose the question: is SHMT2 selectivity ideal? In vivo studies of the 

dual SHMT1/2 inhibitors show that co-inhibition is efficacious with minimal systemic toxicities,70-

71 suggesting that selectivity may not be required. 

Table I-2. Crystal structures of the human SHMTs. 

Protein Variant Ligands Macromolecule Method Resolution PDB ID Refs. 

SHMT1 WT PLP NAa X-ray 2.65 Å 1BJ4 82 
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H135N, 

R137A, 

E168N 

PLP NA X-ray 3.60 Å 6FL5 83 

SHMT2 WT NA NA X-ray 2.04 Å 6DK3 TBPb 

A264T NA BRISC-complex Cryo-EM 3.90 Å 

 

6H3C 54 

WT  NA BRISC-complex Cryo-EM 3.80 Å 6R8F 55 

WT  PLP, 

pemetrexed 

NA X-ray 2.28 Å 6QVL 75 

WT PLP, 

lometrexol 

NA X-ray 2.32 Å 6QVG 

WT PLP NA X-ray 2.60 Å 

 

4PVF 84 

WT 

 

PLP, 

Compound 2 

NA  X-ray 2.47 Å 

  

5V7I 69 

K74R, A264T NA NA  X-ray 2.85 Å 5X3V TBP 

aNA, not applicable; bTBP, to be published 

Impact on cancer patient survival 

The mitochondrial isoform of SHMT is selectively overexpressed compared to its cytosolic 

counterpart and is associated with poor patient prognosis, staging, and metastasis in several cancers 

including kidney, gastric, liver, breast, lung, colorectal, esophageal and intrahepatic 

cholangiocarcinoma, oral squamous carcinoma, and glioma.85-95 Across the NCI-60 panel of cell 

lines, SHMT2 expression held a stronger correlation with proliferation rate than SHMT1.8 TCGA 

disease patient samples were evaluated for reduced survival by comparing survival outcomes for 

patients with high SHMT1/2 expression to those with low SHMT1/2 expression. Patients were 

stratified based on median gene expression and a log-rank statistic was used to quantify differences 
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in survival with p-values FDR adjusted across 33 cancer types and FDR adjusted p-values < 0.05 

considered significant (Figure 4). Gene expression thresholding and Kaplan-Meier (KM) plots 

were generated using patient sample RNA-Seq RSEM-normalized gene expression values and 

survival metadata sourced from the TCGA GDAC Firehose.96 Survival test statistics and KM plots 

were generated using the R statistical programming language.97 We observed higher expression of 

SHMT2 in adrenocortical carcinoma (ACC), which was significantly associated with reduced 

survival; SHMT1 was also marginally associated with reduced survival (p-value not significant 

after multiple testing).  This result is novel based on our search of the literature. Not much is known 

about the metabolic landscape of ACC, but gemcitabine and capecitabine are part of second-line 

therapy regimens.98 Additionally, some mTOR inhibitors are currently undergoing clinical trials.98 

We identified three TCGA diseases for which higher levels of SHMT1 was associated with 

improved survival and would not recommend targeting SHMT1 in these diseases.  Interestingly, 

in LGG, patients with higher expression of SHMT1 were significantly associated with reduced 

survival and patients with higher expression of SHMT1 were moderately associated with improved 

survival (p-value not significant after FDR correction). 
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Figure I-4. Pan-cancer SHMT1 and SHMT2 patient survival association survey.  (A) SHMT1 and SHMT2 expression are associated 

with overall survival (OS) in several cancers. Patients from each disease were stratified by median expression of SHMT1 and 

SHMT2. Heatmap color indicates directionality and significance of association (red = reduced survival, blue = increased survival) 

with increased gene expression. Heatmap cells with black borders indicate FDR p-value < 0.05. (B) SHMT1 and SHMT2 expression 

associate with reduced survival in ACC. (C) LGG patients with high expression of SHMT1 had significantly reduced survival while 

patients with high levels of SHMT2 marginally associated with improved survival. Log-rank (LR) statistic p-values used to quantify 

association with survival were FDR adjusted across cancers per gene. ACC SHMT1 and LGG SHMT2 LR p-values not significant 

after FDR correction. MTHFD2 

Function and regulation 

MTHFD2 possesses two enzymatic activities, a dehydrogenase and cyclohydrolase (Figure 

I-1). The role of MTHFD2 in cancer was recently reviewed.7 Both through genetic and small 

molecule approaches, inhibition of MTHFD2 reduces proliferation, migration, invasion, tumor 

growth, stem cell-like properties and promotes cell death, differentiation, and chemosensitivity in 

several cancer types.7, 99-102 In addition to its involvement in nutrient regulation, MTHFD2 plays a 

role in redox homeostasis through the use of its co-factor NAD+, as well as involvement with 
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expression of hypoxia-related proteins such as HIF-2α.103-107 Other secondary functions of 

MTHFD2 have also been discovered such as non-enzymatic driven proliferation, potential 

physical interaction with nuclear RNA-related proteins, and localization to DNA replication 

sites.108-109 The mechanism how the non-enzymatic function drives proliferation is not well 

understood. Overexpression of MTHFD2 with an active site residue mutated that’s required for 

catalysis still had a proliferative advantage compared to overexpression of the vector.108 Similar 

to SHMT2, regulation of MTHFD2 expression extends beyond canonical metabolism-related 

transcription factors such as c-MYC, mTOR, ATF4, HIF-1α, AMPK, and NRF2.1 For example, 

several microRNAs and transcription factors like the chimeric oncogene EWS-FLI1 have been 

shown to impact MTHFD2 expression.7, 63 Non-coding RNAs reported to regulate MTHFD2 

expression include miR-9 (along with lncRNA TUG1), miR-92a, miR-940, miR-33a-5p, miR-22, 

and LIN28B.110-116 MTHFD2 is a predicted target gene of miR-99a-3p, miR-186-5p, and hsa-miR-

202.117-119 Similar to SHMT2, acetylation of an active site residue (Lys88) was reported to be 

removed by SIRT3 thereby activating MTHFD2’s enzymatic activity.120 Five sites of 

phosphorylation on MTHFD2 have been identified through phosphoproteomics (S149, T187, 

T191, T306, and T324).121 However, it is unknown what kinases catalyze these phosphorylations 

or what purpose they serve. PTMs in general can act as a switch for metabolic enzymes to take on 

their moonlighting functions.122 For example, phosphorylation of superoxide dismutase 1 (SOD1) 

causes its translocation to the nucleus where it is able to transcriptionally upregulate antioxidant-

related genes.123 As MTHFD2 has been shown to be present at DNA replication sites,108 it would 

be interesting to see if PTMs regulated this function. 
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Table I-3. Inhibitors of human MTHFDs. 

Compound Structure Isoform activity Anticancer 

activity 

Refs. 

LY345899  

 

MTHFD1 IC50 = 96 nM  

MTHFD2 IC50 = 663 nM 

SW620 IC50 = 

~10 μM  

 

In vivo efficacy 

in SW620-based 

xenograft and 

patient-derived 

xenograft 

103, 124  

Carolacton  

 

MTHFD1 (dehydrogenase 

function) IC50 = 38 nM 

MTHFD1 (cyclohydrolase 

function) IC50 = 19 nM  

MTHFD2 (dehydrogenase 

function) IC50 = 6.5 nM 

MTHFD2 (cyclohydrolase 

function) IC50 = 86 nM 

HCT 116 IC50 = 25 

μM 

99 

DS44960156 

 

MTHFD1 IC50 = >30 μM 

MTHFD2 IC50 = 1.6 μM 

No data 

published 

125 

DS18561882  

 

MTHFD1 IC50 = 0.57 μM 

MTHFD2 IC50 = 6.3 nM 

MDA-MB-231 

IC50 = 140 nM 

 

 In vivo efficacy 

in MDA-MB-231 

xenograft 

100 
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MTHFD Inhibitors 

The mounting evidence of the clinical relevance of MTHFD2 has led to intense interest in 

developing MTHFD2-targeting therapeutics. The development of MTHFD2 inhibitors was 

recently reviewed, so will only be discussed here briefly.7 There are fewer published inhibitors of 

MTHFD2 than for SHMT2 (Table I-3), but significant progress in selectivity over the cytosolic 

MTHFD isoform (MTHFD1) was achieved in a very short amount of time. The first described 

MTHFD2 inhibitor, LY345899, is a folate analog. While it had activity in the high nanomolar 

range, it was still ~7-fold selective for MTHFD1.124 Around the same time, the natural product 

carolacton was originally discovered as a inhibitor of the E. coli isoform, FolD, but also possessed 

potent activity against MTHFD1 and MTHFD2.99 Interestingly, carolacton was selective for 

MTHFD2 with the dehydrogenase function, but for MTHFD1 with the cyclohydrolase function.99 

The first truly MTHFD2-selective inhibitor was reported in 2019, DS44960156, although potency 

was lacking.125 Later that year, the same group followed up with an optimized inhibitor, 

DS18561882, that was not only potent in vitro but was also efficacious in vivo.100 MTHFD2L takes 

the place of MTHFD2’s function in normal adult tissues, so an important next step would be to 

evaluate the activity of these molecules against this mitochondrial isoform. Currently there are no 

crystal structures available for the other two human mitochondrial isoforms (Table I-4). 

Table I-4. X-ray crystal structures of human MTHFDs.  

Protein Ligands Resolution (Å) PDB ID Refs. 

MTHFD1 NADP 1.50 1A4I 126 

NADP, LY249543 2.20 1DIA 127 

NADP, LY345899 2.70 1DIB 

NADP, LY374571 2.20 1DIG 

NADP, LY249543 2.20 6ECP 
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NADP, LY345899 2.70 6ECQ 128 

NADP 2.20 6ECR 

MTHFD2 NAD, LY345899 1.89 5TC4 124 

DS44960156  2.25 6JIB 125 

Compound 1  2.50 6JID 

DS18561882 2.25 6KG2 100 

MTHFD1L NA NA NA NA 

MTHFD2L NA NA NA NA 

aNA, not applicable 

Impact on cancer patient survival 

Of the four MTHFD isoforms, MTHFD2 is the only one that it is not expressed in adult 

human tissues and is primarily expressed during embryonic development or in cancerous cells, 

making it an attractive anti-cancer target.9 Overexpression of MTHFD2 associates with poor 

prognosis and clinicopathological parameters in breast, renal, liver, pancreatic, and colorectal 

cancers and some brain cancers.7 A TCGA pan-disease survival association analysis with 

MTHFD2 expression was performed using the GDAC Firehose-sourced data as described above 

(Figure 5). Our analysis corroborated previous findings with pancreatic (pancreatic 

adenocarcinoma, PAAD),  kidney renal clear cell carcinoma (KIRC), and kidney renal papillary 

cell carcinoma (KIRP) malignancies.129-130 We identified significant reduction in survival with 

higher expression of MTHFD2 in bladder urothelial carcinoma (BLCA) and uterine corpus 

endometrial carcinoma (UCEC) (Figure 5B).  These findings have not been published to our 

knowledge. Significant reduction in survival was seen with lower expression of MTHFD2 in 

glioblastoma multiforme (GBM) and low-grade glioma (LGG) (Figure 5C).  The role of MTHFD2 

in brain cancer seems to be quite complex as other studies have seen similar and contrasting 

results.7 
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Figure I-5. Pan-cancer MTHFD2 patient survival association survey.  (A) MTHFD2 expression correlates with cancer patient 

survival in several cancers. Patients from each disease were stratified by median expression of MTHFD2. Heatmap color indicates 

directionality and significance of association (red = reduced survival, blue = increased survival) with increased gene expression. 

Heatmap cells with black borders indicate FDR p-value < 0.05. (B) High MTHFD2 expression associates with reduced survival in 

BLCA, KIRC, KIRP, PAAD, and UCEC. Log-rank (LR) statistic p-values used to quantify association with survival were FDR 

adjusted across cancers.Summary 

Metabolic reprogramming shifts a cell’s metabolism from an energetically efficient process 

to one which is more biomass production centric. As a result, this allows cancer cells to rapidly 

proliferate, resist chemotherapies, invade, metastasize, and survive a nutrient-deprived 

microenvironment. 1CM has its hand in many biosynthetic pathways that fuel growth, regulate 

redox status, contributes to post-translational modifications, among others. In this review, we 

focused on the 1CM pathway as a target for cancer therapy, and in particular, SHMT2 and 

MTHFD2.  
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The function, regulation, and clinical relevance of SHMT2 and MTHFD2 were all 

discussed. These enzymes are critical for their contributions to the synthesis of one carbon donors 

in different oxidation states (5,10-CH2-THF and 10-CHO-THF) that are donated to biosynthetic 

pathways such as pyrimidine and purine biosynthesis, respectively. Several post-translational 

modifications have been discovered that regulate SHMT2’s activity. Interestingly, both SHMT2’s 

and MTHFD2’s enzymatic activity is regulated by SIRT3.59, 120 Additionally, the expression of 

both enzymes are controlled by an increasing number of miRs and other non-coding RNAs. 

Through our independent analysis of The Cancer Genome Atlas we identified several cancers 

whose survival was associated with the high expression of SHMT2 (ACC) and MTHFD2 (BLCA, 

ESCA, HNSC, LUAD, MESO, and UCEC). 

We also provided a comprehensive overview of preclinical and clinical inhibitors targeting 

the 1CM pathway. Most clinically approved drugs for this pathway target DHFR and TYMS, and 

there are still even new drugs undergoing clinical trials that target these enzymes (raltitrexed, 

piritrexim, ZD-9331, and GS7904L). However, there are other 1CM enzymes with inhibitors 

undergoing clinical trials (MAT2A and GART). There is considerable interest in pursuing 

development of SHMT2 and MTHFD2 inhibitors due to their selective overexpression and 

association with myriad of clinicopathological parameters. Significant progress has been made in 

the discovery of potent inhibitors of these enzymes.70-71, 100  In summary, we believe that targeting 

1CM will be a mainstay therapeutic strategy for the treatment of cancer for years to come. 
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Appendix 

Appendix Table I-1. Serine biosynthesis inhibitors. 

Protein Inhibitor Structure Targets/activity Disease/status 

PHGDH BI-4924 

 

 IC50 = 2 nM15 Preclinical  

CBR-5884 

 

IC50 = 33 M131 Preclinical 

NCT-503  

 

IC50 = 2.5 M132 Preclinical 

PKUMDL-WQ-2201 

 

IC50 = 35.7 

M133 

Preclinical 

Azacoccone E  

 

IC50 = 9.8 M134 Preclinical 

Ixocarpalactone A 

 

IC50 = ~1.5 

M135
 

Preclinical 

Compound 1  

 

IC50 = 238 

nM136 

Preclinical 

Compound 38 

 

IC50 = 10.4 

M137 

Preclinical 

PSAT1 None N/A N/A N/A 

PSPH Clofazimine  

 

M. tuberculosis 

isoform  

Ki = 2.74 ± 0.016 

µM13 

FDA-approved to 

treat leprosy and 

tuberculosis138 

Glycerylphosphorylcholine 

 

IC50 = 18 M139 Clinical trials 

 

Physical and 

psychomotor 

performance140 

 

Dementia 

disorders141 
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No trials for cancer 

D-2-amino-3-

phosphonopropionic acid  

 

 Ki = 48 M142 Preclinical 

Chlorpromazine  

 

MtSerB2 

phosphatase 

domain IC50 = 

6.25 ± 0.3 M143 

Preclinical 

Jung11 

   

P. gingivalis 

isoform Ki = 1.0 

µM13 

Preclinical 

 

Appendix Table I-2. Folate glutamylation-modifying enzyme inhibitors. 

Protein Inhibitor Structure Targets/activity Disease/status 

FOLH1a 2-PMPA  

 

IC50 = 0.3 nM17 Preclinical; poor 

oral 

bioavailability 

prevented from 

advancing to 

clinic 

 

Prodrug: 

TrisPOC-

2PMPA 

 

Prodrug: 

TetraODOL-

2PMPA 

2-MPPA (GPI5693)  

 

IC50 = 90 nM17 Preclinical; not 

advanced to 

human clinical 

trials due to 

toxicity 

JHU 241 

 

IC50 = 220 nM17 Preclinical 

 

Prodrug: P-

acetoxybenzyl 

(PAB) 

ZJ-43 

 

IC50 = 2.4 nM17 Preclinical 

FPGS γ-Tetrazolyl-MTX 

 

Ki = 50 µM18 Preclinical 



 

24 

γ-ornithine-MTX 

 

IC50 = 33 μM18 Preclinical  

Bromosulfophthalein 

 

IC50 = 17 μM144 Preclinical 

aConsult Ref. 17 for details on clinical use of FOLH1 inhibitors 
 

Appendix Table I-3. Folate and serine transporter inhibitors. 

Protein Inhibitor Structure Targets/activity Disease/status 

MFT 

(SLC25A32) 

None NA NA NA 

FOLR1 Farletuzumab 

(MORAb-003) 

monoclonal antibody of 

IgG1κ 

human FRα; 

Does not inhibit 

folate uptake; 

elicits antibody-

dependent 

cellular toxicity10 

Ovarian cancer 

Phase I145 

 

Phase II146 

 

Phase III, Did not 

meet primary 

endpoint147 

TVRTSAE peptide Thr-Val-Arg-Thr-Ser-Ala-

Glu 

Competes with 

folic acid for 

binding to 

FOLR120 

Preclinical 

SFXN1 None NA NA NA 

PCFT 

(SLC46A1)a 

Noneb NA NA NA 

RFC 

(SLC19A1)a 

Prostaglandin A1 

 

Ki = 21 μM148 Preclinical 

aAnti-folates are excluded as they are also substrates 
bCompounds with Ki or IC50 > 50 μM are not included 

 

Appendix Table I-4. Cytosolic and mitochondrial folate metabolism inhibitors. 

Protein Inhibitor Structure Targets/activity Disease/status 

DHFR  Methotrexate (MTX)a
 

 

Ki = 5.5 pM149 FDA-approved for 

rheumatoid arthritis, 

psoriasis, and neoplastic 

diseases150 

 

Osteosarcoma 

Phase III, 

NCT01176981 
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Trimetrexate 

 

IC50 = 80.9 ± 12.5 

nM151 

FDA approved for 

treatment of malignant 

pleural mesothelioma 

and NSCLC 

 

Colorectal cancer  

Phase II, NCT00003446 

 

Pancreatic cancer  

Phase II, NCT00002955 

 

Sarcoma 

Phase I, NCT00119301 

Phase II, NCT00003776 

 

Leukemia 

Phase II, NCT00002738  

Pralatrexate 

  

Ki = 13.4 pM152 Approved for recurrent 

or refractory peripheral 

T‐cell lymphoma21 

 

Multiple trials 

Pemetrexeda  

 

Ki = 7.0 nM41 FDA-approved for 

NSCLC and malignant 

pleural mesothelioma  

 

Multiple trials 

Raltitrexed  

  

Ki = 92 nM153 Approved by EMA to 

treat colorectal cancer 

(not approved by FDA) 

 

Esophageal cancer 

Phase II, 

NCT03585530 

 

Mesothelioma 

Phase II, 

NCT00004254 

 

Colorectal cancer 

Phase IV, 

NCT02557490, and 

NCT01959061 

 

HNSCC  

Phase IV, 

NCT03196843 

Trimethoprim 

 

ecDHFR IC50 = 20 

nM154 

FDA-approved for 

urinary tract infections 

(antibacterial)155 
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Pyrimethamine  

 

IC50 = ~15 μM 

Ki
app

 = 5.41 nM156-

157 

FDA-approved for 

toxoplasmosis 

 

Multiple trials  

Piritrexim 

 

 

 IC50 = 5 nM158 Bladder cancer 

Phase II, NCT00002914 

Compound 34 

 

IC50 = 0.03 μM159 Preclinical   

Compound 26 

 

IC50 = 0.06 µM160 Preclinical   

Compound 35 

 

IC50 = 4 nM161 Preclinical 

Compound 61  

 

IC50 = 0.01 µM162 Preclinical 

Compound 3.5 

 

IC50 = 0.06 µM163 Preclinical  

Compound A5 

 

IC50 = 3.72 nM164 Preclinical 

Puupehenone 

 

 

IC50 = 5 µg/mL165 Preclinical   

Sanguinarine 

 

Cellular DHFR 

IC50 < 1.5 µM166 

Preclinical  

Compound 22 

 

IC50 = 0.28 nM167 Preclinical 

Compound 11b 

 

IC50 = 2.4 µM168 Preclinical  
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DL-γ,γ-F2MTX 

(Compound 2) 

 

IC50 = 1.53 ± 0.03 

µM169 

Preclinical 

Compound 31 

 

IC50 = 0.4 M170 Preclinical 

P218 

 

 

Ki = 5.41 ± 0.12 

μM157 

Preclinical  

TYMS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5-

Fluorodeoxyuridylate 

(active form of 5-

fluorouracil)b 

 

Ki = 0.2 nM171 5FU is FDA-approved 

for colorectal, breast, 

gastric, and pancreatic 

cancer 

 

Actinic Keratosis 

Phase III, 

NCT03727074 

Phase IV, 

NCT00696488 

 

Ectropion 

Phase II, 

NCT02705352 

 

Cervical dysplasia 

Phase III, 

NCT00000758 

 

Glaucoma 

Phase III, 

NCT00000122 

 

Bladder cancer 

Phase II, 

NCT00003175 

Pemetrexed  Ki = 109 nM41 See above for DHFR 

Raltitrexed 

 

Ki = 62 nM153 See above for DHFR 

ZD-9331 

 

Ki = 0.44 nM172 

 

Ovarian cancer 

Phase II, 

NCT00014690 



 

28 

 

 

GS7904L 

 

 

Ki = 90 pM173 

 

Colorectal cancer  

Phase I, 

NCT00081237 

• Head and Neck 

• Phase II, 

NCT00116909 

•  

Advanced 

Solid Tumors 

Phase I, 

NCT00116896 

• Gastric 

Adenocarcinoma 

Phase II, 

NCT00073502 

•  

Locally Advanced or 

Metastatic Adenoma 

of the Biliary Tract 

Phase II, 

NCT00088270 

Compound 1a 

 

Ki
app = 14 nM174 Preclinical  

BGC-945  

 

Ki = 1.2 nM175 

 

Preclinical   

Compound 7j 

 

Ki
app = 0.2 nM176 Preclinical 

CB-3717 

 

Ki = 3 nM172 Withdrawn from clinical 

study due to toxicity 

AG-337 (nolatrexed)  

 

Ki = 16 nM172 FDA refused approval in 

2005 for liver cancer 

ALDH1L1/2 None NA NA NA 

MTHFS 5-formylTHHF 

 

 Ki = 0.7 ± 0.3 

μM25 

Preclinical 

MTHFR SAM 

(product feedback 

inhibitor)  

 

Ki = 2.7 μM23 Not approved for 

medicinal use; available 

as an herbal supplement 
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MTFMT None NA NA NA 

GCS Cysteamine 
 

Ki = 5 μM26 FDA-approved for 

nephropathic cystinosis 

 

Multiple trials 
aOnly cancer-related studies outside of approved indications and with drug as a single agent are included (recruiting or 

completed) 
bOnly studies (Phase II or higher) outside of approved indications and with 5FU as a single agent are included (recruiting or 

completed) 

 

Appendix Table I-5. Inhibitors of the methionine cycle arm of 1CM. 

Protein  Inhibitor Structure Targets/activity Disease/status 

MS/MTR Compound 16 

 

IC50 = 1.43  

0.40 μM177 

Preclinical 

Compound 5c 

 

IC50 = 9 μM178 Preclinical 

Compound 6 

 

IC50 = 4.15 

μM28 

Preclinical 

Compound 6c 

 

IC50 = 12.1 

μM29 

Preclinical 

MTRR None NA NA NA 

DMGDH None NA NA NA 

GNMT Adenosylhomo-

cysteine 

 

Ki = 40 μM30 

 

Preclinical 

5-methyl-THF 

 

IC50 = 2 μM 

Kd = 95 nM30 

 

Preclinical 

MAT AG-270 

 

MAT2A 

inhibitor; no 

activity data 

published 

• Advanced Solid Tumors 

& 

• Lymphoma 

Phase I, NCT03435250  

PF-9366 

 

MAT2A IC50 = 

420  50 nM 

Kd = 170 nM31 

Preclinical 



 

30 

AKBA 

  

MAT2A 

Kd = 129  28 

nM32 

Preclinical 

AHCY/ 

SAHH 

DZNep 

 

 

IC50 = 

0.23 μM36 

Preclinical 

Compound 1a 

 

IC50 = 

1.0 μM36 

Preclinical  

Compound 1b 

 

IC50 = 

0.8 μM36 

Preclinical  

Compound 2 

 

IC50 = 

1.0 μM36 

Preclinical  

Compound 10 

 

IC50 = 8 nM33 Preclinical  

Adenosine 

dialdehyde 

 

IC50 = 40 nM33 

 

Preclinical  

D-eritadenine 

   

IC50 = 12 nM34 Preclinical 

DZ2002 

 

 

Ki = 17.9 nM35 Preclinical  

BHMT N,N-

dimethylglycine 

 

Ki = 10 µM179 Preclinical  

 

TAMB 

 

IC50 = 45 

µM180 

Preclinical 



 

31 

Compound 2 

 

IC50 = 87 nM37 Preclinical 

 Compound 11 

 

BHMT2 

IC50 = 3.6 µM 

Ki
app ∼77 nM 

 

BHMT 

IC50 = 77 µM38 

Preclinical  

 

Appendix Table I-6. Inhibitors of folate-dependent enzymes in purine biosynthesis. 

Protein  Inhibitor Structure Targets/activity Disease/status 

GART Pemetrexed 

 

Ki = 9.3 μM41 See above for 

DHFR 

Lometrexol 

 

 Ki = 60 nM42 

 

Cancer 

Phase I, 

NCT00024310 

and181 

 

Lung cancer  

Phase II, 

NCT00033722 

 

Discontinued in 

clinical trials 

Compound 12  

 

Ki = 130 nM182 Preclinical  

AG2034 

 

Ki = 28 nM183 Did not advance 

past Phase I due to 

toxicity43-44 

ATIC/AICARFT Pemetrexed 

 

Ki = 3.58 μM41 See above for 

DHFR 

LSN3213128 

 

IC50 = 16 nM45 Preclinical 

BW2315 

 

Ki = 6 nM184 Preclinical 



 

32 

Compound 14 

 

Ki = 685 nM40 Preclinical 
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CHAPTER II  Transcriptomic Profiling of Genetically Engineered Cell Lines Augmenting 

One-Carbon Metabolism 

Introduction2 

One carbon metabolism has been a target for anti-cancer therapy for decades and the 

success of methotrexate (DHFR inhibitor) and 5-fluorouracil (TYMS inhibitor) attest to the 

reliance on this pathway for carcinogenesis. Lung cancer (e.g. pemetrexed) and leukemias (e.g. 

cytarabine) have particularly benefited from anti-metabolite chemotherapies.1-2 In fact, anti-folate 

chemotherapy revolutionized treatment for acute leukemia.3 Previous studies have applied 

metabolomic, transcriptomic, and proteomic techniques to further elucidate signaling pathways 

and compensation mechanisms associated with SHMT2 and MTHFD2 in the context of cancer, 

however their roles in lung cancer and leukemic cancers are incompletely understood.1, 4  

An elegant metabolomic study performed by Ducker and colleagues quantitated metabolic 

flux in response to knockouts of several folate-dependent enzymes including SHMT2 and 

MTHFD2.5 Knockout of either enzyme resulted in drastic increases in the final de novo purine 

biosynthesis intermediate AICAR which requires a folate derivative to be converted to the final 

product of the pathway.5 This finding led to the discovery that when the mitochondrial one-carbon 

metabolism is inhibited, the cytosolic pathway reverses its normal pathway flux to compensate for 

 
2 Author contributions: Shili Xu generated and characterized the SHMT2 doxycycline-inducible cell lines. Armand 

Bankhead III processed and mapped RNA-sequencing data. Soma Samanta and Shuzo Tamura generated doubling 

time data for the A549 and H1299 SHMT2 cell lines in figure II-4 and Appendix figure II-1. Armita Kyani performed 

experiments to generate data for figure II-3. Zahra Arabzada assisted with tables II-1, II-2, II-8, II-9, II-12, and II-13 

and Appendix tables II-1, II-2, II-3, and II-6. Armita Kyani and Zahra Arabzada assisted with literature curation. Mats 

Ljungman generated figure II-6B. 
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the reduced one-carbon units.5 A blind metabolic profiling approach to identify key metabolic 

pathways in metastatic breast cancer found that there was enhanced dependence on the 

mitochondrial one-carbon metabolism pathway.6 

In an effort to identify SHMT2-interacting proteins, proximity-dependent biotinylation 

identification was carried out with SHMT2-inducible cell lines and nearly all were mitochondrial 

proteins.7 Importantly, many are involved in mitochondrial respiration providing a link to 

SHMT2’s role in redox regulation.8-9 A similar approach was applied to MTHFD2 to identify 

potential interaction partners as there was previous evidence of a moonlighting function of 

MTHFD2.10 In agreement with prior reports of MTHFD2 localizing to the nucleus, many nuclear 

RNA-related proteins physically interacted with MTHFD2.10-11 Of particular relevance to our 

study, a multi-omics investigation led to the identification of SHMT2 as significantly upregulated 

at the DNA, RNA, and protein level in non-small cell lung cancer (NSCLC) patient samples.12 

To gain a better understanding of SHMT2’s and MTHFD2’s involvement in cancer 

progression, we performed multiple transcriptomic experiments and used the results to guide a 

review of the current literature while simultaneously identifying several novel connections through 

bioinformatic approaches. As part of our experimental approach, we developed doxycycline-

inducible NSCLC cell lines that overexpress and knockdown SHMT2 and briefly characterize 

them. We then explore our sequencing data and frame it in the current body of knowledge while 

also highlighting new discoveries that further underline the importance of these targets in cancer. 

Our extensive survey of the literature provides a comprehensive review of what is currently known 

and unknown about these critical enzymes. 

Results and discussion 

RNA-seq and bioinformatics analysis of SHMT2 KO and MTHFD2 KO cell lines 
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Significant overlap of differentially expressed genes  

To better understand the compensation mechanisms that arise from inhibition of SHMT2 

or MTHFD2 we performed RNA-sequencing on three biological replicates of HAP1 WT, SHMT2 

KO, and MTHFD2 KO (Horizon Discovery). HAP1 cells are derived from the chronic 

myelogenous leukemia cell line KBM-7. Knockout of SHMT2 and MTHFD2 both cause a 

proliferative disadvantage compared to WT cells (Figure II-1A). Validation of protein knockout 

was performed prior to transcriptomic analysis (Figure II-1B). RNA-sequencing of HAP1 SHMT2 

KO yielded 602 significantly differentially expressed genes (DEGs) (|FC| > 1.5, q-value < 0.05, 

and mean RPKM > 0.5), 358 were upregulated and 244 were downregulated. For HAP1 MTHFD2 

KO, 1252 genes were significantly differentially expressed, with 818 upregulated and 433 

downregulated. The top 25 DEGs sorted by fold change for both KO’s can be found in Appendix 

Tables II-1 and II-2. There was a significant overlap between common up- and downregulated 

genes (|FC| ≥ 2) (Figure II-1C/D, Tables II-1 and II-2). 

 
Figure II-1. In vitro characterization of HAP1 cell lines and common gene expression changes.  (A) Cell proliferation rates for 

HAP1 WT, SHMT2 KO and MTHFD2 KO. (B) Validation of protein knockouts. (C) Common up- and (D) downregulated 

differentially expressed genes. 

Table II-1. Common upregulated genes of MTHFD2 and SHMT2 KO. 

Genea  Description 
MTHFD2 KO 

Fold Change 

SHMT2 KO 

Fold Change 

FBXO17 F-box protein 17 11.31 9.44 
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RENBP Renin binding protein 6.90 2.55 

SHC2 Src Homology 2 Domain Containing Transforming Protein 

2 

5.77 2.14 

CNR1 Cannabinoid receptor 1 5.02 4.27 

MPDZ Multiple PDZ Domain Crumbs Cell Polarity Complex 

Component 

4.70 2.50 

ZNF788 Zinc Finger Family Member 788 4.36 2.04 

DOC2B Double C2-like domain-containing protein beta 3.82 2.07 

PTHLH Parathyroid Hormone Like Hormone 3.80 4.12 

RNF165 Ring Finger Protein 165 3.74 2.12 

KLHL24 Kelch Like Family Member 24 3.68 2.15 

MAP2 Microtubule Associated Protein 2 3.60 3.14 

ANGPTL2 Angiopoietin Like 2 3.58 2.28 

EYA1 EYA transcriptional coactivator and phosphatase 1 3.56 2.95 

NACAD NAC Alpha Domain Containing 2.95 2.46 

LYRM9 LYR Motif Containing 9 2.94 2.43 

DCHS1 Dachsous Cadherin-Related 1 2.88 2.02 

PRPH Peripherin 2.84 3.01 

YPEL1 Yippee Like 1 2.75 2.39 

PIFO Primary Cilia Formation 2.71 2.35 

NELL1 Neural EGFL Like 1 2.68 2.81 

SMIM14 Small Integral Membrane Protein 14 2.53 2.01 

YPEL3 Yippee Like 3 2.52 2.21 

BOK Bcl-2 related ovarian killer 2.41 3.21 

RPRM Reprimo, TP53 Dependent G2 Arrest Mediator Homolog 2.38 2.49 

CRACR2B Calcium Release Activated Channel Regulator 2B 2.33 2.36 

PHLDB2 Pleckstrin Homology Like Domain Family B Member 2 2.30 2.17 

THSD7A Thrombospondin Type 1 Domain Containing 7A 2.27 2.53 
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ZNF704 Zinc Finger Family Member 704 2.26 2.58 

HTR6 5-Hydroxytryptamine (Serotonin) Receptor 6, G Protein-

Coupled 

2.23 2.35 

ZFR2 Zinc Finger RNA Binding Protein 2 2.13 2.58 

PNMA6A Paraneoplastic Ma Antigen Family Member 6A 2.05 2.14 

CTSO Cathepsin O 2.04 2.22 

aGene input of fold change ≥ |2| 

 

Table II-2. Common downregulated genes of MTHFD2 and SHMT2 KO. 

Genea  Description 

MTHFD2 KO 

Fold Change 

SHMT2 KO 

Fold Change 

FZD10 Frizzled-10 -725.45 -409.81 

SLC17A9 Solute carrier family 17, member 9 -438.95 -475.21 

FASTKD2 FAST kinase domain-containing protein 2, mitochondrial -156.00 -65.66 

ALDH1A2 Retinal dehydrogenase 2 -94.39 -10.41 

IFI16 Gamma-interferon-inducible protein 16 -79.40 -401.07 

TAL1 T-cell acute lymphocytic leukemia protein 1 -72.54 -22.39 

IAH1 Isoamyl acetate-hydrolyzing esterase 1 homolog -53.05 -27.65 

BMP7 Bone morphogenetic protein 7 -30.27 -247.64 

AMBN Ameloblastin -28.81 -232.32 

TCEAL9 Transcription elongation factor A protein-like 9 -28.46 -807.89 

HOXC9 Homeobox protein Hox-C9 -26.45 -2.25 

TCEAL8 Transcription elongation factor A protein-like 8 -22.25 -819.43 

SCGB3A2 Secretoglobin family 3A member 2 -19.47 -33.33 

CD44 CD44 antigen -13.49 -22.20 

MGMT Methylated-DNA--protein-cysteine methyltransferase -11.04 -4.02 

PSMB8 Proteasome subunit beta type-8 -8.48 -6.76 

RTL8B Retrotransposon Gag-like protein 8B -7.61 -12.01 
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GCNT2 N-acetyllactosaminide beta-1,6-N-acetylglucosaminyl-

transferase 

-7.14 -6.16 

STXBP2 Syntaxin-binding protein 2 -6.81 -31.80 

ACTL8 Actin-like protein 8 -5.85 -4.10 

TNNI3 Troponin I, cardiac muscle -5.16 -2.59 

SLC1A6 Excitatory amino acid transporter 4 -4.37 -8.05 

SLC1A3 Excitatory amino acid transporter 1 -4.14 -2.44 

TSPAN7 Tetraspanin-7 -4.14 -3.15 

TXNIP Thioredoxin-interacting protein -4.05 -2.86 

KCTD12 BTB/POZ domain-containing protein KCTD12 -4.04 -2.48 

MFAP2 Microfibrillar-associated protein 2 -3.98 -671.75 

SYT11 Synaptotagmin-11 -3.85 -3.40 

IFITM1 Interferon-induced transmembrane protein 1 -3.72 -2.57 

ZNF329 Zinc finger protein 329 -3.63 -6.35 

PROM1 Prominin-1 -3.25 -4.66 

PPP1R14C Protein phosphatase 1 regulatory subunit 14C -2.98 -4.76 

TRABD2A Metalloprotease TIKI1 -2.90 -4.48 

HOXD13 Homeobox protein Hox-D13 -2.74 -2.29 

ALX4 Homeobox protein aristaless-like 4 -2.66 -32.78 

ROR2 Tyrosine-protein kinase transmembrane receptor ROR2 -2.53 -2.54 

PTPRE Receptor-type tyrosine-protein phosphatase epsilon -2.53 -5.07 

DNAAF3 Dynein assembly factor 3, axonemal -2.34 -2.43 

WNT11 Protein Wnt-11 -2.29 -2.49 

KLF4 Krueppel-like factor 4 -2.23 -3.74 

NMI N-myc-interactor -2.20 -748.30 

KLHL29 Kelch-like protein 29 -2.16 -2.47 

ARRDC4 Arrestin domain-containing protein 4 -2.12 -2.02 

SARM1 Sterile alpha and TIR motif-containing protein 1 -2.10 -3.44 



 

57 

ANPEP Aminopeptidase N -2.07 -2.39 

PAPSS2 Bifunctional 3'-phosphoadenosine 5'-phosphosulfate 

synthase 2 

-2.03 -77.30 

Gene input of fold change ≥ |2| 

The top four common upregulated genes ranked by fold change can be grouped into two 

categories: glycoprotein- (FBXO17 and RENBP) and nervous system-related (SHC2 and CNR1). 

The F-box family of proteins are part of an E3-ubiquitin ligase complex and function as the 

substrate recognition subunit for targeting proteins for proteasomal degradation.13 Limited 

literature exists about the commonly upregulated gene FBXO17 (Appendix Table II-1), but two 

reports are pertinent to our analysis. FBXO17 is able to bind sulfated and galactose-terminated 

glycoproteins, but whether these are substrates remains to be determined.14 Our gene set 

enrichment analysis established a connection between SHMT2 and glycosylated proteins (Figure 

II-2C, discussed below). Knockdown of FBXO17 resulted in downregulation of two serine 

biosynthesis genes, PSAT1 and PHGDH, in A549 cells.15 Ectopic expression of FBXO17 activated 

AKT, an upstream regulator of mTOR, a known regulator of one-carbon metabolism.15-18 

Therefore, it is possible that FBXO17 regulates diverse metabolism genes in different cancer cell 

types.  

N-acylglucosamine 2-epimerase (GlcNAc 2-epimerase), encoded by RENBP, is another 

glycosylation-related protein. RENBP was discovered back in 1980, but mainly biochemical 

studies have been published with some on its role in cardiovascular disease.19 GlcNAc 2-

epimerase, also known as renin-binding protein, catalyzes the conversion between GlcNAc and N-

acetylmannosamine and also regulates renin activity.20-21 Renin plays a key role in blood pressure 

regulation, hence the studies in cardiovascular contexts. Only one cancer-related study exists; in a 

study evaluating gene expression differences between epithelial and lung cancer cells RENBP was 
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upregulated ~2-fold. As you will read below, DAVID analysis identified “glycoprotein” as 

significantly enriched up- and downregulated gene sets (Figure II-2C). Although RENBP is a 

common upregulated gene, the glycoprotein signature seems more specific to knockout of 

SHMT2. However, we did find that there are cardiovascular gene sets enriched upon knockout of 

MTHFD2 (Appendix Table II-5). 

Like SHC2 and CNR1, SHMT2 and MTHFD2 are important for embryonic 

development.22-24 SHC2 is mainly expressed in the nervous system and is required for the 

development of neurons.25 However, the relationship between SHC2 and CNR1 with SHMT2 and 

MTHFD2 is less obvious. The Src homology and collagen (SHC) family of proteins aid in signal 

transduction with downstream effects on survival, oxidative stress, migration, metastasis, and 

differentiation.26 The collagen homology domains are named so because they are rich in glycine 

(and proline). This is notable because glycine is a product of SHMT2. We also see upregulation 

of collagen proteins in both KOs (Appendix Tables II-1 and II-2, discussed below). Research on 

the role of cannabinoid receptors in cancer is conflicting; in some cases, inhibition is favorable 

and in others, activation.27 CNR1 (cannabinoid receptor 1) is implicated in regulating axon 

guidance.28-29 Axon guidance and other neural-related gene sets were significantly enriched for 

SHMT2 KO (Figure II-2C, Table II-4). Folate plays a key role in axon regeneration after injury,30 

but how SHMT2 and MTHFD2 fit into that picture is unclear.  

FZD10 was the top downregulated gene in common between SHMT2 and MTHFD2 KO 

and showed especially high fold changes (Table II-2). The frizzled (FZD) family are the receptors 

for Wnt ligands. The Wnt/β-catenin pathway is critical for embryonic development and 

dysregulation of the pathway in adult tissues leads to cancer.31 The Wnt ligand WNT11 was also 

present in the common downregulated genes (Table II-2). Neither FZD10 nor WNT11 have 
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established connections to SHMT2 or MTHFD2. The relationship between one carbon metabolism 

and Wnt signaling is largely unknown. In a doxycycline-inducible system, after 24 h of β-catenin 

induction, SHMT2 and MTHFD1L expression increased ~2-fold.32 Knockdown of MTHFD2 

resulted in enrichment of Wnt/β-catenin signaling genes in H1299 cells.33 Additionally, in 

agreement with our results, inhibition of the folate pathway with methotrexate inhibited Wnt 

signaling.34 

MGMT is a DNA repair suicide enzyme that removes the methyl group from O6-

methylguanine, the most critical DNA lesion. Lower expression of this enzyme renders cancer 

cells sensitive to alkylating chemotherapy agents.35 Treatment with cisplatin, an alkylating agent, 

decreased the expression of MGMT and increased the expression of SHMT2 and MTHFD2 in the 

majority of the NCI-60 panel of cell lines at both high and low concentrations, whereas the same 

was not true for their cytosolic counterparts.36 An earlier study found the expression of SHMT2 

correlated with sensitivity to oxaliplatin and tetraplatin, but not cisplatin, in the NCI-60 cell lines.37 

In a mouse lymphoma cell line, expression of MTHFD2 decreased in response to cisplatin 

treatment.38 It is not known if there is a correlation with MGMT expression and SHMT2 or 

MTHFD2. These conflicting results reveal that the relationship between DNA repair and one 

carbon metabolism is likely context dependent.  

SHMT2 KO gene set enrichment 

Replication-related processes are downregulated 

GSEA only identified two significantly downregulated gene sets for SHMT2 KO: 

GO_RIBOSOME_BIOGENESIS and 

GO_NEGATIVE_REGULATION_OF_VIRAL_GENOME_REPLICATION (Figure II-2A); 

there were no significant upregulated gene sets. While SHMT2 has not been linked directly to 
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ribosomal RNA (rRNA) metabolism, loss of its catalytic activity stalled translation of specific 

methylated-tRNAs and resulted in decreased expression of respiratory chain enzymes (complexes 

I, IV, and V) ultimately leading to impaired oxidative phosphorylation.39 A downstream folate 

derivative of the SHMT2 reaction is used in the production of formyl-methionine (f-Met). The 

authors found that the levels of N-terminal f-Met of the mitochondrial protein COX1 were 

unchanged.39 A separate study reported that SHMT2 was in fact required for generation of f-Met-

tRNAs.40 However, these were done in different cell lines and so the role that SHMT2 plays in 

tRNA metabolism may vary by cell type. Furthermore, inhibition of the histone H3 

methyltransferase G9A (EHMT2 gene) caused downregulation of serine biosynthesis genes, 

including SHMT2, and this corresponded with a decrease in monomethylation of their transcription 

start sites.41 G9A is required for activation of rRNA transcription,42 so this finding epigenetically 

links serine biosynthesis with ribosome biogenesis. However, we did not observe a significant 

change in the level of EHMT2 in our RNA-Seq data (data not shown). In line with downregulated 

ribosome biogenesis, we observed that FASTKD2 and PTEN were in the top 25 downregulated 

genes upon knockout of SHMT2 (Appendix Table II-1). Both genes are established in their role of 

rRNA metabolism.43-45 Knockdown of PTEN, an important tumor suppressor, and specifically the 

beta isoform, results in an increase of ribosome biogenesis.44-45 Related, activation of the PI3K 

pathway through knockdown of PTEN caused an increase in the association of mTORC2 to the 

assembled ribosome and promoted Akt signaling independently of the protein synthesis function 

of the ribosome.46 The mTOR complexes (mTORC1 and mTORC2) are important regulators of 

one carbon metabolism and may act as bridges for DNA and RNA methylation.18  FASTKD2 is a 

key regulator of mitochondrial gene expression and RNA metabolism in response to stress.43 In a 

study investigating proteins that are essential for oxidative phosphorylation, the authors identified 
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that FASTKD2 forms part of a 16S rRNA regulatory module.47 It was later discovered that 

mutations in FASTKD2 played a role in impaired mitochondrial function as they were associated 

with mitochondrial diseases characterized with defective oxidative phosphorylation.48 

Additionally, in a pancreatic cancer model, FASTKD2 promoted a pro-cancer phenotype through 

transcriptional upregulation of c-MYC.49 Using proximity biotinylation, Tong et al. identified 

FASTKD2 as a SHMT2 associating protein, but this was not validated with western blot.7 It is 

certain that SHMT2 is related to ribosome biogenesis at least through common signaling pathways, 

but whether SHMT2 directly contributes to rRNA metabolism remains to be elucidated. 

The link between SHMT2 and viral genome replication can partly be explained through its 

enzymatic activity. In order for viruses to synthesize their DNA or RNA, nucleotides are required 

and therefore 1C units need to be available. A recent study found that the Epstein-Barr virus (EBV) 

hijacks 1CM and upregulates mitochondrial 1CM enzymes, including SHMT2.50 They also 

observed that SHIN1, a dual-SHMT inhibitor, was effective at blocking EBV-driven B-cell 

proliferation. Another study evaluating the prognostic value of SHMT2 in hepatocellular 

carcinoma found that it significantly correlated with hepatitis-B virus (HBV) infection.51 The small 

molecule JIB-04, originally discovered as a Jumonji demethylase inhibitor with anti-cancer 

activity,52 was later found to directly target SHMT2.53 In this study, the authors were investigating 

JIB-04’s ability to impede viral replication and inhibit the expression and transactivation HIV-1 

Tat, a regulator of viral transcription. The mechanism by which this occurred was through 

SHMT2’s interaction with BRCC36 K63-specific deubiquitinase. Treatment with JIB-04 caused 

an increase in Tat K63-ubiquitin ultimately resulting in autophagy.53 It is unknown if JIB-04 

inhibits the enzymatic activity of SHMT2. Others have also discovered, and further characterized, 
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SHMT2’s involvement in the viral immune response through interferon signaling.54-57 In sum, 

targeting SHMT2 for viral infections may be a viable strategy. 

 
Figure II-2. Enriched gene sets for SHMT2 and MTHFD2 KO.  (A) SHMT2 KO downregulated GSEA gene sets. (B) Top four 

MTHFD2 KO downregulated GSEA gene sets. (C) Significantly enriched gene sets for SHMT2 KO using DAVID. PM = plasma 

membrane. (D) Comparison of common up- (left) and downregulated gene sets (right). (E) Significantly enriched gene sets for 

MTHFD2 KO using DAVID. 

Neural-related processes are upregulated 

The majority of the significantly upregulated gene sets using the DAVID platform indicate 

that SHMT2 might play a key role in neural development (Figure II-2C). SHMT2 plays a critical 

role in development as evidenced by embryonic lethality in mice, whereas its cytosolic counterpart 

is not embryonic lethal.23, 58 Unlike other folate-dependent enzymes, knockout of SHMT2 did not 

produce mitochondrial respiration defects in the brain, but was instead manifested in the livers.24 

Therefore the embryonic lethality was caused by anemia instead of neural tube defects (NTDs).24 

Interestingly, though SHMT1 knockout does not cause embryonic lethality, combined with folate-

deficient conditions mice express NTDs.59 However, this does not rule out that SHMT2 knockout 

could not result in NTDs. To ask this question a conditional knockout in mice brains would be 

required to avoid the lethal anemia. Recently variants of SHMT2 were found to be associated with 

a novel syndrome affecting the development of brains and hearts.60 SHMT2 participates in 
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development outside of the embryonic stage as well. Importantly, SHMT2 expression was shown 

to significantly decrease when Ephrin-B receptors were stimulated.61 This study focused on the 

similar result with a Ephrin-B (EFNB1/2)-mediated decrease in DHFR, which led to neural stem 

cell differentiation and revealed that this alteration in 1CM impacted H3K4 methylation.61 Ephrin 

receptors promote differentiation of adult neural stem cells, influence tissue morphogenesis and 

axon guidance, among other important developmental processes.62 We observed a significant 

decrease in EFNB2 (FC = -1.58, p-value = 4.66E-07) and increase in Ephrin type-B receptor 6 

(EPHB6, FC = 2.21, p-value = 1.96E-12) in our RNA-seq results. While there were not any 

significant compounds identified with CMAP using the SHMT2 KO data, the knockdown of 

SHMT2 Bru-seq data (another transcriptomic analysis, discussed below) produced many 

compounds with significant correlations (Appendix Tables II-7 and II-8). Of note, in the top 25 

positively correlated compounds are two potent EphB2 inhibitors: ALW-II-38-3 and ALW-II-49-

7 (Appendix Table II-8).63 Our discovery highlights the importance of pursuing a further 

understanding of the role of SHMT2 in neural development and differentiation, and specifically in 

Ephrin signaling.  

Glycosylation, membranes and the matrix 

It is curious that “developmental protein” and “glycoprotein” keywords also show up in 

the downregulated gene sets (Figure II-2C). This further emphasizes the possibility of SHMT2’s 

integral role in development and cell-cell communication. Glycosylated proteins are mostly found 

on the outer cell surface and secreted proteins, but also have a regulatory role in the cytosol and 

nucleus.64 O-GlcNAcylation is an important regulator of metabolic reprogramming.65 SHMT2 

harbors an O-GlcNAcylation in HT29 cells that is regulated by O-GlcNAc transferase (OGT).66 

However, it remains to be determined at which site(s) and for what regulatory purpose. To our 
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knowledge, GalNAcylation has not been linked to SHMT2. Interestingly, GALNT5 (Polypeptide 

N-acetylgalactosaminyltransferase 5, pp-GalNAc-T5) is one of the top upregulated genes for 

SHMT2 KO (FC = 9.53, Appendix Table II-1). The role of pp-GalNAc-Ts in cancer are becoming 

better appreciated.67 pp-GalNac-T5 has been found to be a critical mediator in differentiation of 

K562 cells (a chronic myeloid leukemia cell line).68 It is worth noting that B-cell lymphomas were 

particularly sensitive to SHMT inhibition, and the K562 cell line was among the most sensitive 

(Compound 2 IC50 = 1.60 μM).69 Moreover, we saw significant downregulation of GCNT2, N-

acetyllactosaminide beta-1,6-N-acetylglucosaminyl-transferase (FC = -6.16, Table II-2) and 

GALNT6 (FC = -4.71, p-value = 9.58E-21). Knockdown of heterogenous nuclear 

ribonucleoprotein (hnRNP) A2 showed enrichment of genes involved in glycosylation as well as 

a downregulation of SHMT1.70 SHMT1 is known to preferentially convert serine to glycine, and 

hnRNPs have glycine-rich C-terminal domains.5, 71 Furthermore, we observed significant 

downregulation of the gene encoding the carbohydrate-binding protein galectin-8 (LGALS8, FC = 

-96.84, Appendix Table II-1). Expression of galectin-8 has been shown to have prognostic value 

in breast,72 ovarian,73-74 gastric,75-76 and other cancers.77-78 Suffice to say that the interplay between 

glycosylation and SHMTs warrants further investigation. 

It is our understanding that there has been no previous functional relationship established 

between SHMT2 and EF-hand proteins or calcium binding sites. It is curious that even though it 

was a downregulated gene set, we observed an EF-Hand domain gene, CGREF1, in one of the top 

25 upregulated genes (FC = 6.96, Appendix Table II-1). Not much is known about CGREF 

functionally, except that it is a secretory protein that inhibits the transcriptional activity of AP-1, a 

protein complex composed of dimers of JUN, FOS, ATF, and Maf family members and is 

associated with neoplastic phenotypes.79-80 In our SHMT2 KO RNA-seq data we saw significant 
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upregulation of JUND (FC = 1.40, p-value = 3.48E-05) and downregulation of JUNB (FC = -1.44, 

p-value = 8.68E-05), so it is possible that SHMT2 expression is controlled by the AP-1 

transcriptional program. 

There is exciting data concerning SHMT2 and its role at the membrane and contribution to 

extracellular matrix (ECM). Zheng and colleagues first identified SHMT2’s association with the 

BRISC complex and its role in regulating interferon signaling through deubiquitylation of 

IFNαR1, preventing internalization and degradation of the receptor.56 Subsequent simultaneous, 

independent reports of the Cryo-EM structures of the multi-protein complex revealed the basis of 

how this occurs.55, 57 Another study reported that lysine fatty-acylation of SHMT2 regulates its 

ability to participate in IFN-signaling and that the PTM is removed by HDAC11.54 They 

hypothesized that the fatty acyl chain would target SHMT2 to the plasma membrane to be localized 

near IFNαR1, but they instead found co-localization at the endosome/lysosome.54 We observed in 

our data that the immune-related gene coding for interferon-γ-inducible protein 16, IFI16, was 

significantly downregulated (FC = -401.07, Appendix Table II-1). IFI16 has been previously 

linked to a metabolic response in that it activated the AMPK/p53 pathway in low-glucose 

conditions,81 however, there is no established connection with 1CM. It is likely that the “integral 

component of cell membrane” gene set was enriched as serine is incorporated into phospholipids 

(phosphatidylserine). 

Glycine is a core component of collagen (33%)82 and it was recently discovered that TGF-

β1 treatment upregulated expression of SHMT2.17 This pro-fibrotic cytokine mediated the response 

through mTOR and ATF4 as well as canonical TGF-β1 signaling (SMAD3).17 Interestingly, 

COL11A1 was among the top upregulated genes in SHMT2 KO (FC = 11.20, Appendix Table II-

1). COL11A1 (collagen type XI alpha 1 chain), is a minor fibrillar collagen that is emerging as a 
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novel biomarker for many cancers. A recent study found that binding of COL11A1 to its receptors 

stimulates signaling that results in an increase in fatty acid biosynthesis and oxidation, ultimately 

leading to cisplatin resistance.83 They found that glycolysis was not affected by COL11A1, 

whereas its family member COL1 does upregulate glycolysis.84 To the best of our knowledge, our 

analysis is the first to connect any specific collagen protein to 1CM. In addition to COL11A1, we 

observed a marked downregulation of the gene encoding microfibrillar-associated protein 2, 

MFAP2 (FC = -671.75, Appendix Table II-1). MFAP2 is an ECM protein emerging as a prognostic 

biomarker and promotor of metastatic phenotypes.85-88 It is notable that MFAP2 promoted the 

epithelial-to-mesenchymal transition through the TGF-β1/SMAD axis.87 SHMT2 has been linked 

to the ECM in another context as well. Exosome-mediated fibroblast activation resulted in an 

increase in ECM secretion and SHMT2 expression irrespective of the stage of cancer cell line the 

exosomes were derived from.89 Altogether, the ECM in the tumor microenvironment may 

contribute to 1CM reprogramming. 

Non-coding RNA processing 

The final gene set enrichment analysis was done using the online tool STRING. This 

additional analysis was conducted as the STRING database has more GO_biological processes 

and KEGG terms than DAVID and GSEA. As expected, The STRING database highlighted many 

of the same pathways detailed above (Tables II-3 and II-4 compared to Figure II-2C). RNA-related 

processes were particularly enriched in the downregulated biological processes gene sets (Table 

II-3). Of interest was the presence of non-coding RNA (ncRNA) processing. SHMT2 has been 

reported to be under the control of several micro-RNAs (miRs) and long intergenic non-coding 

RNAs (lincRNAs).90-94 We did not observe significant changes in expression of any of these 

ncRNAs, however, this makes sense as SHMT2 is not being expressed in the first place. This 
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prompted us to investigate changes in expression of non-protein coding genes (Appendix Table II-

3). Only the top four differentially expressed ncRNAs (both up- and downregulated) are discussed 

here for brevity purposes.  

Table II-3. SHMT2 KO STRING-identified downregulated gene sets. 

Gene set 
Size FDR 

ribonucleoprotein complex biogenesis 182 3.52E-28 

ncRNA metabolic process 187 2.95E-27 

ribosome biogenesis 134 1.81E-24 

ncRNA processing 146 1.81E-24 

rRNA metabolic process 108 2.54E-18 

rRNA processing 98 6.12E-18 

mRNA metabolic process 184 7.74E-13 

mRNA processing 126 1.92E-09 

ribonucleoprotein complex subunit organization 80 5.95E-09 

ribonucleoprotein complex assembly 79 8.72E-09 

translation 100 2.44E-08 

RNA splicing, via transesterification reactions 83 5.00E-08 

mRNA splicing, via spliceosome 82 7.35E-08 

peptide biosynthetic process 104 1.87E-07 

nuclear export 52 2.64E-07 

RNA splicing 115 2.86E-07 

amide biosynthetic process 130 5.04E-07 

mitochondrial gene expression 46 5.75E-07 
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nuclear transport 90 6.13E-07 

nucleocytoplasmic transport 89 8.91E-07 

peptide metabolic process 129 1.15E-06 

protein export from nucleus 48 1.30E-06 

ribosomal large subunit biogenesis 38 1.97E-06 

RNA modification 44 2.28E-06 

ribosomal small subunit biogenesis 36 3.36E-06 

KEGG_Spliceosome 43 1.06E-05 

KEGG_Ribosome biogenesis in eukaryotes 42 4.05E-05 

KEGG_RNA transport 56 4.21E-05 

KEGG_Ribosome 33 4.61E-05 

KEGG_Pyrimidine metabolism 28 0.0138 

KEGG_Purine metabolism 51 0.0461 

 

Table II-4. SHMT2 KO STRING-identified upregulated gene sets. 

Gene set Size FDR 

neuron development 197 6.42E-05 

axonogenesis 109 0.00012 

axon development 113 0.00019 

plasma membrane bounded cell projection morphogenesis 127 0.00019 

neuron projection morphogenesis 126 0.00025 

cell projection morphogenesis 128 0.00031 

neuron projection development 166 0.00034 
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cell morphogenesis involved in neuron differentiation 124 0.00041 

synapse organization 42 0.00045 

cell part morphogenesis 132 0.0017 

cell morphogenesis 175 0.0019 

axon guidance 74 0.0026 

Rho protein signal transduction 12 0.0038 

trans-synaptic signaling 65 0.0064 

positive regulation of neuron projection development 67 0.0065 

cell morphogenesis involved in differentiation 151 0.0089 

regulation of small GTPase mediated signal transduction 84 0.0097 

cellular component morphogenesis 189 0.011 

chemical synaptic transmission 63 0.0121 

cell adhesion 159 0.0147 

central nervous system development 197 0.0153 

neuron migration 28 0.0168 

signal release 29 0.0178 

biological adhesion 161 0.0195 

chemotaxis 106 0.0248 

KEGG_Axon guidance 48 0.049 

 

HOXC-AS3 (HOXC cluster antisense RNA 3) is becoming increasingly appreciated for its 

implication in cancer.95-99 Importantly a study in gastric cancer samples identified two HOXC-AS 

family members (AS1 and AS3) to be significantly upregulated.100 Since HOXC-AS1 was more 

consistently upregulated among gastric cancer samples and cell lines, only the AS1 transcript was 
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pursued further for mechanistic studies.100 The authors found that HOXC-AS1 participates in a 

positive feedback loop with MYC, a master regulator of metabolic genes, including 1CM.100-102 

Given our result of upregulation of HOXC-AS3 (FC = 25.39, Appendix Table II-3) in SHMT2 KO 

cells, we believe that investigation of this asRNA in the context of cancer metabolism is warranted. 

Limited information is available for LINC00649 except for its potential relevance in cancer.103-104 

The same is true for the lncRNA CAHM (colon adenocarcinoma hypermethylated).105-106 It is 

peculiar that CAHM would be upregulated when one-carbon units would presumably be less 

available, although from our experiment we cannot deduce the methylation status. Some 

mechanistic data is available for LINC00365 in addition to its possible application as a cancer 

biomarker.107-109 LINC00365 has been shown to regulate both the Wnt/β-catenin and NF-κB 

signaling pathways, each important in their contribution to neoplastic disease.110-112 

The appearance of FZD10-AS1 (frizzled class receptor 10 - antisense RNA) as the top 

downregulated non-protein coding gene (FC = -935.51, Appendix Table II-3) grabbed our 

attention since we also saw significant downregulation of the FZD10 gene itself (FC = -409.81, 

Appendix Table II-1). There is only one report on the asRNA in that it was downregulated 4.27-

fold in response to the Warburg effect antagonist ginsenoside 20(S)-Rg3 in ovarian cancer cells.113 

FZD10-AS1 is a divergent antisense transcript, so would most likely not impact the expression of 

FZD10. Comparison of their mRNA sequences does not show alignment (not shown). 

Studies on LINC01551 have revealed that it targets at least two different miRs: miR-132-

5p and miR-122-5p.114-115 It is unknown what the targets of miR-132-5p are, but miR-122-5p has 

been observed to target ADAM10 (ADAM metallopeptidase domain 10). ADAM10 is a protease 

that contributes to development, inflammation, and cancer and has many oncogenic substrates.116 

One notable family of substrates are the Ephrin ligands. As discussed above, SHMT2 expression 
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decreases upon stimulation of Ephrin-B receptors.61 Despite the significant change in expression 

of LINC01551 (FC = -74.13, Appendix Table II-3), we did not observe a significant change in 

ADAM10 expression (data not shown), and the expression of miR-122 was not detected. The 

exosome study mentioned above that observed an increase in SHMT2 expression also saw the same 

for ADAM10.89 Our data provide increasing evidence of the potential role that SHMT2 plays in 

differentiation. In fact, clinically, SHMT2 expression correlates with differentiation (tumor 

grade).8, 51, 117-124 Additionally, differentiated glioma cells harbor low expression of SHMT2.125 

Furthermore, knockout of SHMT2 impairs the differentiation of erythroblasts.24 We suggest that 

the mechanism by which the possible SHMT2-mediated differentiation be explored. 

Embryonic stem cell related gene (ESRG) is a lncRNA implicated in maintaining 

pluripotency of stem cells,126-128 and is an early marker of reprogramming of somatic cells towards 

pluripotent ones.129 Expression of ESRG was found to correlate with overall survival in colon and 

ovarian cancer.130-131 A study evaluating the composition of extracellular vesicles derived from 

KRAS WT or KRAS mutant colon cancer cells found that the levels of ESRG in the vesicles were 

roughly 7-fold higher than the original cells.132 This is particularly interesting as another study 

reported that colon cancer-derived exosomes could upregulate the expression of SHMT2 in 

fibroblasts.89 The cells lines used in the latter study were both KRAS mutant (G12V). We observed 

a marked downregulation of ESRG (FC = -10.99, Appendix Table II-3) in SHMT2 KO cells. 

Therefore, we propose that more studies are warranted to understand their relationship. 

In a screen to identify HBV-associated liver cancer specific ncRNAs, LINC01018 was 

observed to significantly correlate with expression of the gene coding for sideroflexin 1 (SFXN1), 

a mitochondrial serine transporter, presumably through the predicted interaction with miR-4452.133 

In their expanded competing endogenous RNA (ceRNA) network, there was a lncRNA/miR 
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interaction predicted to target SHMT1 (LOC157273 and miR-1304-5p).133 In general, the 

identified ceRNA network was enriched with genes in metabolic pathways.133 However, this all 

remains to be confirmed experimentally. This discovery is exciting because SHMT2 expression 

also correlates with HBV-associated hepatocellular carcinoma.51 Another study validated its 

contribution to metabolic regulation, specifically fatty-acid oxidation.134 Others have confirmed 

LINC01018’s role in tumorigenesis and is a component of a ncRNA signature correlated with 

overall survival in gastric cancer.135-137  

MTHFD2 KO gene set enrichment 

Ribosomal RNA and MYC 

Congruent with similar transcriptome changes, there were a significant number of gene 

sets in common between SHMT2 KO and MTHFD2 KO (Figure II-2D). As was the case for the 

SHMT2 KO condition, there were also no upregulated gene sets identified by GSEA analysis for 

MTHFD2 KO. However, there were 26 significantly downregulated gene sets (Table II-5); the top 

four are in Figure II-2B. “Preribosome,” “ribosome biogenesis,” and “ribonucleoprotein complex 

biogenesis” (among other rRNA-related processes) all fall under the umbrella of rRNA 

metabolism. Several studies have come out delving into the moonlighting function of MTHFD2, 

that is, its role in cancer outside of its enzymatic activity.10-11, 138 Of relevance here is the discovery 

by Koufaris and Nilsson that MTHFD2 physically interacts with RNA-related proteins.10 This 

study coupled co-immunoprecipitation with mass spectrometry and found that in addition to 

physical interactions, knockdown of MTHFD2 resulted in a decrease in expression of its partners.10 

To see if this carried over to our study, we evaluated expression changes in these genes (Appendix 

Table II-4). Not all genes were detected but of those that were, were significantly downregulated, 

albeit only modestly – roughly -1.2 to -1.6-fold change (Appendix Table II-4). Two studies have 
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identified that knockout of SHMT2 impairs mitochondrial translation because of its contribution 

of 1C units, however, the same was not true for MTHFD2.39-40  

While we saw significant downregulation of two MYC-related gene sets (Table II-5), we 

did not observe a change in expression of MYC itself. MYC activation correlates with the 1CM 

gene signature in several cancers.139-140 A similar analysis found that breast cancer samples with a 

higher expression of MTHFD2 were more sensitive to MTX and this also correlated with the MYC 

targets signature.141 In an inducible mouse model of MYC-driven liver tumorigenesis, MYC 

induction upregulates expression of MTHFD2, and SHMT2.142 The opposite was also found to be 

true – knockdown of MYC downregulated MTHFD2.143-144 A study of the downstream effects of 

B-cell receptor stimulation in chronic lymphocytic leukemia cells identified that an upregulation 

of MYC was temporally followed by an upregulation of MTHFD2, among other genes and 

miRNAs.145 The same was true for T-cell stimulation in an mTORC1-dependent manner.146 In 

AML cell lines, treatment with JQ1, a BET bromodomain inhibitor, caused a decrease in MYC 

binding at the MTHFD2 promoter.144 Other studies have validated MYC binding at MTHFD2’s 

promoter as well.50, 147-148 The EBV protein EBNA2 is capable of upregulating MYC in B-cells 

which in turn upregulated mitochondrial 1C genes, including MTHFD2.50 Consistent with our 

results, in colorectal cancer samples with upregulated MTHFD2,  “MYC targets_v1” was one of 

the upregulated gene sets.147 In addition to being an important regulator of metabolism, MYC also 

regulates transcription through E2Fs.149-150 This is notable because we also observed significant 

downregulation of the “Hallmark_E2F_targets” gene set (Table II-5). Not all E2Fs were detected, 

but of those that were, were modestly downregulated (E2F2, -1.54; E2F3, -1.22; E2F4, -1.23; 

E2F7, -1.23; all p < 0.01). E2F1 has been linked to glycolytic and oxidative metabolism,151-152 but 

to our knowledge, this is the first report connecting E2F with mitochondrial 1CM. 
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Table II-5. MTHFD2 KO downregulated GSEA gene sets 

Gene set Size NES FDR 

GO_PRERIBOSOME 72 -2.68 <0.0001 

GO_RIBOSOME_BIOGENESIS 269 -2.67 <0.0001 

GO_RIBONUCLEOPROTEIN_COMPLEX_BIOGENESIS 385 -2.57 <0.0001 

HALLMARK_MYC_TARGETS_V1 194 -2.55 <0.0001 

GO_RRNA_METABOLIC_PROCESS 206 -2.53 <0.0001 

HALLMARK_MYC_TARGETS_V2 58 -2.48 7.47E-05 

GO_RIBOSOMAL_LARGE_SUBUNIT_BIOGENESIS 64 -2.42 1.49E-04 

GO_SMALL_SUBUNIT_PROCESSOME 34 -2.35 9.28E-04 

GO_NCRNA_PROCESSING 340 -2.29 0.0037 

GO_NCRNA_METABOLIC_PROCESS 396 -2.29 0.0035 

GO_PRERIBOSOME_LARGE_SUBUNIT_PRECURSOR 23 -2.24 0.0081 

GO_BONE_CELL_DEVELOPMENT 23 -2.24 0.0084 

GO_WNT_PROTEIN_BINDING 20 -2.23 0.0083 

GO_90S_PRERIBOSOME 29 -2.23 0.0084 

HALLMARK_E2F_TARGETS 198 -2.20 0.0142 

GO_MATURATION_OF_SSU_RRNA_FROM_TRICISTRONIC_RRNA_TRANS

CRIPT_SSU_RRNA_5_8S_RRNA_LSU_RRNA 

31 -2.16 0.0268 

GO_RIBONUCLEOPROTEIN_COMPLEX_SUBUNIT_ORGANIZATION 173 -2.14 0.0341 

GO_MITOCHONDRIAL_GENE_EXPRESSION 159 -2.13 0.0353 

KEGG_SPLICEOSOME 123 -2.13 0.0339 

GO_RIBOSOMAL_SMALL_SUBUNIT_BIOGENESIS 61 -2.13 0.0341 

GO_ANAPHASE_PROMOTING_COMPLEX_DEPENDENT_CATABOLIC_PRO

CESS 

76 -2.13 0.0334 

GO_MATURATION_OF_SSU_RRNA 43 -2.11 0.0394 

GO_RIBOSOME_ASSEMBLY 54 -2.11 0.0387 

GO_PLATELET_MORPHOGENESIS 15 -2.11 0.0406 
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GO_SEGMENTATION 64 -2.10 0.0425 

 

Alternative splicing and focal adhesion 

DAVID analysis only identified five significantly upregulated gene sets (Figure II-2E). 

“Alternative splicing” and “focal adhesion” will be discussed here, but it is notable that MTHFD2 

has not been linked to the lysosome or synapses in previous studies. As discussed above, MTHFD2 

participates in RNA metabolism, but the connection to alternative splicing has not been explored. 

Koufaris and Nilsson identified that MTHFD2 interacts with SF3B3 (splicing factor 3B subunit 

3), but the function for this is unknown. The expression of SF3B3 was not detected in our data 

(Appendix Table II-4) however, SF3B4 was significantly downregulated (FC = -1.52, p-value = 

5.73E-08). Interestingly, several splicing-related gene sets were significantly enriched as 

downregulated in our STRING analysis (Table II-6). Investigation of the “KEGG_Spliceosome” 

genes within our data corroborated Koufaris and Nilsson’s identified HSPA8 interaction 

(Appendix Table II-4), and also revealed other HSPA family members, HSPA1A and HSPA1B as 

significantly downregulated (FC = -1.87 and -1.91, p-values = 1.52E-07 and 2.03E-06, 

respectively). The top upregulated gene of the “KEGG_Spliceosome” gene set was PRPF40B with 

a 1.53-fold change (p-value = 1.84E-06). Most studies on this gene have focused on 

polymorphisms common in cancer samples, but until recently, its function was unknown.153-154 

Lorenzini and colleagues were the first to disclose a mechanistic role – they discovered that 

knockout of PRPF40B induced a transcriptomic hypoxia signature.155 Further studies showed that 

there was an inverse correlation between PRPF40B and HIF1A expression in AML.155 MTHFD2 

expression is also regulated by HIF1,156 so we suggest that the relationship between MTHFD2 and 

PRPF40B be explored further, in addition to MTHFD2’s role in alternative splicing as a whole. 
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It is clear that MTHFD2 plays a role in migration, but the mechanism is unknown.148, 157-

162 A quick glance at the top 25 upregulated genes reveals three proteins involved in adhesion: 

COL5A2, VCAM1, and RELN (Appendix Table II-2). COL5A2 (collagen, type V, alpha 2) is a 

minor fibrillar collagen that is gaining traction for its clinical significance in terms of poor 

prognosis.163-165 In addition to an upregulation of COL5A2 (FC = 18.15), we saw significant 

downregulation of COL11A1 (FC = -145.28, Appendix Table II-2), discussed earlier with SHMT2 

KO (FC = 11.20, Appendix Table II-1). In colorectal cancer tissues, these two collagen genes were 

co-expressed and were higher in the tumor versus the stromal tissue.166 It is interesting that 

inhibition of the 1CM pathway causes seemingly opposite effects. Regardless, it is obvious that 

there is possible restructuring of the ECM. VCAM1 (vascular cell adhesion molecule 1, FC = 

10.07) has been studied in the context of cancer for over 30 years and numerous reports have 

reported on its clinical significance.167 Interestingly, treatment with 5FU, a thymidylate synthase 

inhibitor, upregulated VCAM1 expression.168 Additionally, VCAM1 was found to directly interact 

with CD44,169 an important marker of cancer stem cells,  which we observed strong 

downregulation of (Appendix Table II-2).170 RELN (reelin, FC = 8.06) is a ECM glycoprotein that 

regulates neuronal migration in a non-disease state, but also in cancer.171-173 Importantly, evidence 

shows that this is a TGF-β dependent process.172-173 MTHFD2’s relationship with TGF-β is 

discussed below. Reelin is a negative regulator of TGF-β induced migration,172-173 therefore 

upregulation would provide a favorable anti-migratory phenotype. Since knockdown of MTHFD2 

inhibits migration, it would be interesting to evaluate RELN’s involvement, as well as other ECM 

structural proteins such as the collagen family. 

Nucleoli and phosphoproteins 
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MTHFD2 resides in both mitochondria and nuclei, but not nucleoli.11 Given its tie to 

ribosome biogenesis (this study and Koufaris and Nilsson), it would seem that localization to the 

nucleolus would be ideal since ribosome biogenesis occurs there.174 Investigation of the genes 

present in the gene set revealed other ribosomal proteins not previously identified to interact with 

MTHFD2: NOP2 (FC = -1.72, q-value = 1.02E-16), NOP16 (FC = -1.70, q-value = 3.25E-14), and 

POLR3K (FC = -1.69, q-value = 2.76E-08). NOP2 is a nucleolar protein with SAM-dependent 

RNA-methyltransferase activity.175-176 NOP16 (also known as HSPC111) is a MYC-regulated, 

nucleolar protein implicated in tumorigenesis.177 POLR3K (also known as RPC11) is a subunit of 

RNA Polymerase III, machinery responsible for transcribing both rRNAs and tRNAs.178 With the 

many evidences that link MTHFD2 to ribosomal biogenesis and nuclear localization, we believe 

it would behoove the field to investigate potential nucleolar localization in a wider variety of cell 

lines. 

Of the genes in the “phosphoprotein” gene set, CHMP4C was the top downregulated gene 

and is one of the top downregulated genes overall (Appendix Table II-2). CHMP4C (charged 

multivesicular body protein 4C) participates in the final step of cell division, namely the separation 

of daughter cells (abscission) and is regulated by Aurora kinase B through phosphorylation.179-180 

Cytosolic 1CM genes (TYMS, DHFR, and SHMT1) correlated with expression of Aurora kinases 

A and B, but not MTHFD2.181 Five sites of phosphorylation on MTHFD2 have been identified 

through phosphoproteomics (S149, T187, T191, T306, and T324).182 However, it is unknown what 

kinases catalyze these phosphorylations or what purpose they serve. PTMs in general can act as a 

switch for metabolic enzymes to take on their moonlighting functions.183 For example, 

phosphorylation of superoxide dismutase 1 (SOD1) causes its translocation to the nucleus where 

it is able to transcriptionally upregulate antioxidant-related genes.184 As MTHFD2 has been shown 
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to be present at DNA replication sites,11 it would be interesting to see if PTMs regulated this 

function. 

ncRNA processing and immune signaling 

As expected, the STRING analysis complemented what was found in GSEA and DAVID 

(Tables II-6 and II-7), but a couple differences will be discussed here. Like we saw for SHMT2 

KO, MTHFD2 KO downregulated gene sets contained ncRNA processing as significantly 

enriched. NcRNAs are reported to regulate MTHFD2 expression including miR-9 (along with 

lncRNA TUG1), miR-92a, miR-940, miR-33a-5p, rno-miR-126a-5p (rno, Rattus norvegicus), and 

LIN28B and miR-22.162, 185-191 MTHFD2 is a predicted target gene of miR-99a-3p, miR-186-5p, 

and hsa-miR-202.192-194 No changes in expression level were detected for these ncRNAs except 

for LIN28B (FC = -1.50, p-value = 1.26E-10). LIN28B is emerging as a prognostic biomarker for 

many cancers.195 Knockdown of LIN28B in AML cells reduced the expression of MTHFD2 by 

about 2-fold, in addition to other 1CM-related genes.189 As described previously, MTHFD2 has 

been reported to be involved in RNA-related processes,10 but this is the first report to identify an 

alteration in ncRNA processing when MTHFD2 is knocked out. 

Many gene sets enriched in the KEGG pathways in our STRING analysis validate known 

changes in mechanistic pathways when 1CM is inhibited (Table II-6), e.g. purine and pyrimidine 

metabolism and mTOR signaling. However, not much is known about MTHFD2’s role in relation 

to immunology (“cytokine-cytokine receptor interaction,” Appendix Table II-5). Knockdown of 

insulin-like growth factor 2 (IGF2) caused a downregulation of MTHFD2 expression in colorectal 

cancer cells.196 The successful use of anti-folate therapy for the treatment of rheumatic diseases 

underlies the importance of 1CM in inflammation.197 In the top 25 differentially expressed gene 

lists (Appendix Table II-2), three cytokine-related genes caught our attention: THBS1 (FC = 6.85), 
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IFI16 (FC = -79.40), and CD44 (FC = -13.49). Thrombospondin-1 (THBS1) is a matricellular 

protein involved in the epithelial-to-mesenchymal transition (EMT) and is speculated to play a role 

in metabolism as it mediates various stress-responses.198-199 IFI16 was briefly discussed above. 

The downregulation of CD44 is particularly exciting (also seen for SHMT2 KO, see Table II-2). 

CD44 is a well-known marker of cancer stem cells.170 Knockdown of MTHFD2 decreased the 

population of CD44+ metastatic breast cancer cells.158 The same study found that treatment with 

TGF-β induced the expression of MTHFD2.158 In fact, all three of these genes have something in 

common: TGF-β.170, 200-201 Transforming growth factor (TGF)-β is a cytokine responsible for 

mediating many cancer-related processes such as the EMT, immune evasion, invasion, migration, 

and metastasis.202 We observed significant changes in expression of ligands, receptors, and 

effectors involved in TGF-β signaling (for full list, see Appendix Table II-6). At the top of the 

pathway, we see changes in TGFB2 (FC = -2.60, p-value = 5.10E-11), TGFB1 (FC = -1.29, p-

value = 4.81E-04), but not TGFB3 (Appendix Table II-6). Interestingly, we don’t see a change in 

expression of the TGF-β receptors TGFBR1 or TGFBR2, but we do for TGFBR3 (FC = -1.84, p-

value = 2.45E-10) (Appendix Table II-6). An adjacent pathway that regulates other SMAD 

proteins, which are downstream canonical effectors of TGF-β signaling, is the bone morphogenic 

protein (BMP) superfamily. Importantly, we observed a marked downregulation for BMP7 (FC = 

-30.27, Table II-2). Given the number of components that significantly change in the TGF-β 

signaling (Appendix Table II-6), we recommend that the role of MTHFD2 in the context of 

immune regulation and cancer stem cells be explored. 

Table II-6. MTHFD2 KO STRING-identified downregulated gene sets. 

Gene set Size FDR 

ncRNA processing 182 2.55E-25 
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ribosome biogenesis 165 3.36E-25 

rRNA metabolic process 128 5.94E-21 

rRNA processing 115 8.99E-19 

amide biosynthetic process 184 1.67E-14 

RNA splicing 187 1.67E-14 

mRNA processing 193 1.72E-13 

RNA splicing, via transesterification reactions 137 3.00E-13 

translation 147 5.34E-13 

mRNA splicing, via spliceosome 134 9.61E-13 

peptide biosynthetic process 155 1.23E-11 

peptide metabolic process 187 7.17E-10 

ribonucleoprotein complex subunit organization 113 9.68E-10 

mitochondrial gene expression 73 9.68E-10 

nuclear transport 112 9.68E-10 

tRNA metabolic process 80 1.04E-09 

nucleocytoplasmic transport 111 1.28E-09 

ribonucleoprotein complex assembly 111 1.85E-09 

KEGG_splicesome 65 2.61E-09 

nuclear export 72 7.82E-09 

KEGG_ RNA transport 80 1.17E-08 

RNA localization 92 4.15E-08 

RNA export from nucleus 61 5.32E-08 

mitochondrial translation 56 6.13E-08 
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translational termination 51 1.02E-07 

protein export from nucleus 66 1.18E-07 

ribonucleoprotein complex localization 59 1.21E-07 

KEGG_ Ribosome biogenesis in eukaryotes 53 5.28E-07 

KEGG_ Ribosome 48 1.92E-06 

KEGG_ Purine metabolism 70 4.18E-05 

KEGG_ Pyrimidine metabolism 42 0.00033 

KEGG_ Proteasome 25 0.0007 

KEGG_ mRNA surveillance pathway 34 0.0016 

KEGG_ Herpes simplex infection 45 0.0037 

KEGG_ Epstein-Barr virus infection 78 0.0196 

 

Table II-7. MTHFD2 KO STRING-identified upregulated gene sets. 

Gene set Size FDR 

plasma membrane bounded cell projection morphogenesis 142 0.002 

synapse organization 48 0.0022 

neuron projection morphogenesis 141 0.0026 

cell projection morphogenesis 143 0.0029 

KEGG_ Autophagy - animal 50 0.004 

axon guidance 71 0.0043 

cell morphogenesis involved in neuron differentiation 132 0.0046 

axon development 117 0.0047 

neuron projection guidance 72 0.0055 
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post-Golgi vesicle-mediated transport 36 0.0057 

neuron projection development 182 0.0061 

KEGG_ Lysosome 50 0.0065 

axonogenesis 110 0.0075 

B cell differentiation 21 0.0078 

artery morphogenesis 17 0.008 

positive regulation of cell projection organization 105 0.0085 

positive regulation of neuron differentiation 106 0.0085 

regulation of neuron differentiation 196 0.0137 

regulation of macroautophagy 60 0.0147 

regulation of cell projection organization 193 0.0159 

regulation of GTPase activity 142 0.0211 

regulation of plasma membrane bounded cell projection organization 189 0.0222 

cell part morphogenesis 151 0.0224 

cell morphogenesis 194 0.0242 

endocytosis 135 0.0249 

middle ear morphogenesis 11 0.0255 

positive regulation of neuron projection development 77 0.033 

KEGG_ mTOR signaling pathway 46 0.0336 

 

HDAC and mTOR inhibitors 

Several histone deacetylase (HDAC) inhibitors showed a similar profile to knockout of 

MTHFD2 (Appendix Table II-9). Treatment with vorinostat, a HDAC inhibitor, decreased the 

expression of MTHFD2 in the majority of the NCI-60 panel of cell lines at both high and low 
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concentrations.36 Outside of the CMAP database,148 there are no other studies linking HDAC 

inhibitors to MTHFD2. The remainder of the compounds also have no previous connection to 

MTHFD2. The presence of an mTOR inhibitor however is not surprising as mTOR is a regulator 

of 1CM.16-18 Activation of mTOR significantly upregulates the expression of MTHFD2, and the 

addition of  rapamycin or torin, both mTOR inhibitors, prevents this effect.16 Interestingly, 

treatment with rapamaycin in the HAP1 WT and KO cells lines showed differential activity with 

MTHFD2 KO and with SHMT2 KO (Figure II-3). Both KOs conferred resistance of cell growth 

inhibition by rapamycin, but KO of SHMT2 was more significant. Previous literature showed that 

rapamycin inhibited the expression of SHMT2, and MTHFD2, in activated T-cells.146 Furthermore 

in a liver regeneration model, knockdown of SHMT2 inhibited the phosphorylation of mTOR, but 

not total levels of mTOR; likewise, overexpression of SHMT2 increased phosphorylation of 

mTOR.203 However, there is no existing evidence that inhibition of SHMT2 and MTHFD2 

provides resistance cell growth inhibition via mTOR inhibition. 
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Figure II-3. Knockout of SHMT2 and MTHFD2 confer resistance to rapamycin compared to WT HAP1 cells in the colony 

formation assay. * p < 0.05, # p < 0.01, § p < 0.001.Generation and characterization of SHMT2-inducible 

cell lines 

Four NSCLC cell lines (H1299, A549, H226, and H460) were engineered to either 

overexpress or knockdown SHMT2 (OES and KDS), as well as controls (OEC and KDC) (Figure 

II-4, Appendix Figure II-1). Two separate overexpression controls were constructed, one for GFP 

and the other for the gene encoding β-galactosidase, LacZ (OECGFP and OECLacZ). Successful 

overexpression was obtained for all cell lines (Figure II-4A/B, Appendix Figure II-1A/B), with 

A549 being the least robust. Overexpression of SHMT2 appeared as early as 24 h after doxycycline 

exposure, but the maximum was achieved after 72 h. (Figure II-4D, Appendix Figure II-1D). Near 

complete knockdown was observed after 72 h treatment with doxycycline (Figure II-4C, Appendix 

Figure II-1C), except for H226 which did not show appreciable knockdown until after 120 h 

(Appendix Figure II-1E).  

H1299 and A549 KDS grow significantly slower than OES, OEC, and KDC lines (Figure 

II-4F, Appendix Figure II-1F). However, no difference was seen for the H460 set (Appendix 
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Figure II-1F). Overexpression of SHMT2 only provided a proliferative advantage in the A549 cell 

line (Appendix Figure II-1F). The H1299 engineered lines showed the best overexpression and 

knockdown of SHMT2 coupled with significant differences in proliferation rates and thus was 

chosen for further studies (Figure II-4). 

 
Figure II-4. Generation of H1299 cell line with inducible overexpression or knockdown of SHMT2. (A) Dox-induced 

overexpression of SHMT2, LacZ, and GFP. (B) Micrographs of Dox-induced GFP and LacZ expression in control cell lines. Dox-

induced GFP expression was monitored using fluorescent microscopy. The activity of LacZ-encoded β-galactosidase was measured 

by the conversion of colorless X-Gal into an insoluble blue product that was visualized under bright-field microscopy. (C) Dox-

induced SHMT2 knockdown. (D) Time-dependent overexpression of SHMT2 with doxycycline treatment. (E) Time-dependent 

knockdown of SHMT2. (F) Doubling time of engineered H1299 cells; OEC used was LacZ. *p < 0.05, **p < 0.01. 

Nascent RNA-seq and bioinformatics analysis of SHMT2-inducible cell lines 

We chose to measure the nascent transcriptome of the engineered H1299 cell lines to better 

understand how the cells respond to active overexpression or knockdown in real-time. The 

experiment was performed as previously described.204 A total of five comparisons were explored; 

active overexpression versus matched control (OESvOEC), active knockdown versus matched 

control (KDSvKDC), recovery of overexpression versus control (OES-RecvOEC), recovery of 

knockdown versus control (KDS-RecvKDC), and active overexpression versus active knockdown 

(OESvKDS). Validation of knockdown and overexpression of SHMT2 via western blot can be 

found in Appendix Figure II-2. As expected, removal of doxycycline allowed expression of 
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SHMT2 to progress towards a normal level, however, we were surprised that the knockdown still 

retained a significantly lower level of SHMT2 than the control even after seven days without 

doxycycline (Appendix Figure II-2).  

DEGs for overexpression and knockdown of SHMT2 

Sequencing of libraries derived from the capturing of Bru-labeled nascent RNA from 

H1299 OES yielded 57 significantly DEGs (|FC| > 1.5 and mean RPKM > 0.5), 25 were 

upregulated and 32 were downregulated compared to OEC. H1299 KDS showed a much higher 

gene count change. For H1299 KDS, 241 genes were significantly differentially expressed, with 

117 upregulated and 124 downregulated compared to KDC. The top 25 DEGs for both samples 

can be found in Tables II-8 and II-9. Interestingly, there were a few genes that were common 

between the treatments (bold-faced in Tables II-8 and II-9) and are discussed. Gratifyingly, 

SHMT2 was among the significantly upregulated for OES and downregulated for KDS, validating 

the inducible expression systems.  

Table II-8. H1299 OES top 25 differentially expressed genes compared to OECLacZ. 

Genea  Description FC Genea  Description FC 

SHMT2 Serine 

hydroxymethyltransferase 2 

(mitochondrial) 

3.96 EIF4EBP3 Eukaryotic translation 

initiation factor 4E-

binding protein 3 

-4.50 

HIST1H2AK histone cluster 1, H2AK 3.60 C19orf33 Uncharacterized 

protein C19orf33 

-3.75 

HIST1H2AB histone cluster 1, H2AB 2.29 AC092718.3 Uncharacterized 

protein AC092718.3 

-3.75 

CARD17 Caspase recruitment domain-

containing protein 17 

2.00 COG8 Conserved oligomeric 

Golgi complex subunit 

8 

-3.50 
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KIAA0408 Uncharacterized protein 

KIAA0408 

2.00 AP001931.1 Uncharacterized 

protein AP001931.1 

-3.30 

ANKDD1A ankyrin repeat and death 

domain containing 1A 

1.92 PRR4 Proline-rich protein 4 -3.00 

HOXB9 Homeobox protein Hox-B9 1.81 GPR21 Probable G-protein 

coupled receptor 21 

-3.00 

HIST1H3J histone cluster 1, H3J 1.76 PRH1 Salivary acidic proline-

rich phosphoprotein 

1/2 

-2.14 

AC106886.5 Uncharacterized protein 

AC106886.5 

1.73 MIF Macrophage migration 

inhibitory factor 

-2.00 

GAGE2A G antigen 2A 1.71 PILRB Paired immunoglobin-

like type 2 receptor 

beta 

-2.00 

UBALD2 UBA-like domain-containing 

protein 2 

1.66 MSH5-

SAPCD1 

MSH5-SAPCD1 

Readthrough (NMD 

Candidate) 

-2.00 

CKLF Chemokine-like factor 1.64 EGR1 early growth response 

1 

-1.83 

HIST1H2AL histone cluster 1, H2AL 1.63 NEDD8-

MDP1 

NEDD8-MDP1 

readthrough 

-1.76 

ZC2HC1B Zinc finger C2HC-type 

containing 1B 

1.62 SLC10A5 solute carrier family 10 

(sodium/bile acid 

cotransporter family), 

member 5 

-1.68 

MRPS2 mitochondrial ribosomal 

protein S2 

1.60 FKBPL FK506-binding 

protein-like 

-1.63 
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ZYX zyxin 1.58 ZNF799 Zinc finger protein 799 -1.59 

AD000671.1 Uncharacterized protein 

AD000671.1 

1.55 DDX39B Spliceosome RNA 

helicase DDX39B 

-1.59 

MSH5 MutS protein homolog 5 1.55 CDO1 cysteine dioxygenase, 

type I 

-1.58 

RING1 E3 ubiquitin-protein ligase 

RING1 

1.54 PMF1 Polyamine-modulated 

factor 1 

-1.58 

HIST1H2BM histone cluster 1, H2BM 1.52 AL031708.1 Uncharacterized 

protein AL031708.1 

-1.54 

MRPL40 Mitochondrial ribosomal 

protein L40 

1.52 ZNF564 Zinc finger protein 564 -1.52 

PPP1R14B Protein phosphatase 1 

regulatory subunit 14B 

1.52 NR2C2AP Nuclear receptor 2C2-

associated protein 

-1.52 

SENP3 Sentrin-specific protease 3 1.52 TMEM179B Transmembrane 

protein 179B 

-1.52 

DDTL D-dopachrome tautomerase-

like 

1.52 LIN37 Protein lin-37 homolog -1.50 

BEX1 Protein BEX1 1.50 MATR3 Matrin-3 -1.50 

aGenes with mean RPKM > 0.5 

 

Table II-9. H1299 KDS top 25 differentially expressed genes compared to KDC. 

Genea  Description FC Genea  Description FC 

SPP1 secreted phosphoprotein 1 9.04 PRR4 Proline-rich protein 4 -7.38 

RHOB ras homolog family member B 5.60 EEF1G Elongation factor 1-gamma -5.73 

IPO4 Importin-4 5.21 ANKRD1 ankyrin repeat domain 1 

(cardiac muscle) 

-3.96 

GPR21 Probable G-protein coupled 

receptor 21 

3.79 ZNF404 zinc finger protein 404 -3.31 
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CHMP4A Charged multivesicular body 

protein 4a 

3.32 COG8 Conserved oligomeric Golgi 

complex subunit 8 

-3.16 

ERRFI1 ERBB receptor feedback 

inhibitor 1 

3.29 AARSD1 Alanyl-tRNA editing protein 

Aarsd1 

-3.16 

ARL4C ADP-ribosylation factor-like 

4C 

3.10 ZNF582 zinc finger protein 582 -3.03 

EGR1 early growth response 1 2.61 PILRB Paired immunoglobin-like 

type 2 receptor beta 

-2.85 

WNT16 wingless-type MMTV 

integration site family, 

member 16 

2.55 AD000671.2 Uncharacterized protein 

AD000671.2 

-2.81 

ARHGAP29 Rho GTPase activating protein 

29 

2.47 NTM neurotrimin -2.81 

GPAT3 Glycerol-3-phosphate 

acyltransferase 3 

2.41 ZNF781 zinc finger protein 781 -2.52 

RAP2B RAP2B, member of RAS 

oncogene family 

2.28 SALL3 sal-like 3 (Drosophila) -2.28 

PRH1 Salivary acidic proline-rich 

phosphoprotein 1/2 

2.27 ZNF45 zinc finger protein 45 -2.27 

CIART Circadian-associated 

transcriptional repressor 

2.21 DDX39B Spliceosome RNA helicase 

DDX39B 

-2.23 

JUN jun proto-oncogene 2.20 HIST1H4D histone cluster 1, H4D -2.22 

GAGE2A G antigen 2A 2.15 ZNF221 zinc finger protein 221 -2.21 

TMSB4X Thymosin beta-4 2.12 KRBA2 KRAB-A domain containing 2 -2.17 

BHLHE41 basic helix-loop-helix family, 

member e41 

2.12 ATF5 activating transcription factor 

5 

-2.17 
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MUC15 mucin 15, cell surface 

associated 

2.11 INSIG1 insulin induced gene 1 -2.16 

TMEM256 Transmembrane protein 256 2.09 IER3 Radiation-inducible 

immediate-early gene IEX-1 

-2.15 

AP001931.1 Uncharacterized protein 

AP001931.1 

2.05 ZNF283 zinc finger protein 283 -2.13 

EMP1 epithelial membrane protein 1 2.04 CHAC1 ChaC, cation transport 

regulator homolog 1 (E. coli) 

-2.12 

KLF2 Krueppel-like factor 2 2.02 HTD2 Hydroxyacyl-thioester 

dehydratase type 2, 

mitochondrial 

-2.11 

ADRA1B Alpha-1B adrenergic receptor 1.99 UCHL3 Ubiquitin carboxyl-terminal 

hydrolase isozyme L3 

-2.06 

TNIK TRAF2 and NCK-interacting 

protein kinase 

1.93 LACTB lactamase, beta -2.05 

aGenes with mean RPKM > 0.5 

 

There were only two genes commonly upregulated between the two samples: GAGE2A 

and MSH5. We were surprised that there were any commonly up- or downregulated genes since 

SHMT2’s expression was going in opposing directions. The GAGE family of proteins are part of 

the cancer/testis (CT) antigen class of cell-surface markers and are commonly upregulated in 

cancer.205 There is considerable interest in targeting CT antigens for cancer immunotherapy as 

evidenced by clinical trials for other CT proteins and preclinical efforts for GAGE.205-206 Despite 

the promise as a potential target for immunotherapy, the function of GAGE2A is unknown and 

there is little known about its biology; this includes a link to SHMT2 or metabolism in general. 

MutS homolog 5, MSH5, is a member of the DNA mismatch repair family of proteins that is 

crucial for chromosome pairing in meiosis. Despite being part of the mismatch repair family, 
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MSH5 has not experimentally been shown to participate in it although there is some evidence to 

suggest that MSH5 may play a role in mitotic DNA damage response and repair.207 Di Bernardo 

et al. analyzed the changes in expression of MSH5 when incubated with the histone deacetylase 

inhibitors SAHA and MS-257 and found that its expression significantly increased after 24 h 

treatment, but then subsequently decreased over the next 48 h.208 CMAP analysis of the KDS data 

revealed that many HDAC inhibitors positively correlated with gene expression changes caused 

by knockdown of SHMT2 (Appendix Table II-8). 

Two of the top three commonly downregulated genes are COG8 and PILRB. COG8 is a 

subunit of a multi-protein Golgi complex that participates in glycosylation of proteins.209-210 Our 

RNA-Seq analysis of SHMT2 KO revealed significant changes in expression of glycosylated 

proteins (Figure II-2C), so it would be interesting to see what role, if any, COG8 played 

specifically in relation to SHMT2, and how the glycosylome in general changes in response to 

manipulation of SHMT2 expression. It is notable that the mRNA transcript of COG8 overlaps with 

peptide deformylase (PDF).211 PDF removes the formyl group from methionine in the 

mitochondria and interference with its activity negatively impacts translation and by extension, 

oxidative phosphorylation.211 PILRB (paired immunoglobulin-like type 2 receptor) contributes to 

immune regulation by binding the sialylated O-glycosylated ligand CD99, which is expressed on 

activated T cells.212 PILRB also has a role in the central nervous system in responding to injury, 

mainly axonal regeneration and synaptic plasticity.213 We also observed enrichment of axon-

related genes with SHMT2 KO (Figure II-2C, Table II-4). 

GPR21 and PRH1 were among the genes that were downregulated when SHMT2 was 

overexpressed and upregulated when it was knocked down. GPR21 is an orphan G-protein-coupled 

receptor with an unknown ligand. The expression of GPR21 seems to shift in metabolic disorders 
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such as diabetes.214-215 There are conflicting reports on GPR21’s direct involvement in glucose 

tolerance.216-217 There is no reported link between GPR21 and 1CM. PRH1, proline-rich protein 

HaeIII subfamily 1, encodes for a family of acidic salivary proteins.218 In addition to having high 

proline content, glycine is also a major component.218 Based on this fact, one would expect that 

knockdown of SHMT2 would cause a downregulation of PRH1, and vice versa, but this is the 

opposite of our result. We observed a downregulation of another proline-rich protein encoding 

gene, PRR4, in both our OES and KDS samples. Little is known about PRR4, but was recently 

shown to be associated with laryngeal cancer.219 

HOXB9 and DDTL were the only other genes, besides SHMT2 itself, that were upregulated 

when SHMT2 was overexpressed and downregulated when it was knocked down. HOXB9 is a 

transcription factor important for embryonic development and is an important prognostic 

biomarker in several cancers including lung.220-221 Expression of HOXB9 is associated with a more 

aggressive phenotype, and interestingly this is intricately regulated by a PTM of acetylation.221 

Importantly, deprivation of essential amino acids induced the expression of HOXB9 in activated 

T-cells.222 Glycine is a conditionally non-essential amino acid, meaning that cells are able to 

synthesize it, but in times of rapid growth, stress, or illness, the body might require a supplement.223 

We suggest that deconvolution of which essential amino acids induce the expression of HOXB9 

in activated T-cells to be explored, and also to evaluate if this translates to cancer cells as well. As 

overexpression of HOXB9 negatively correlates with survival, the fact that we observe 

downregulation when SHMT2 is knocked down is a positive result. 

DDTL, or D-dopachrome tautomerase-like protein, is believed to play a role in oxidative 

metabolism due to its neighboring genes’ functions.224 However, there is no experimental evidence 

to support this. DDTL was among genes whose amplification was associated with erlotinib 
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resistance in NSCLC cells.225 In breast cancer cells, SHMT2 was upregulated in response to a 

different EGFR tyrosine kinase inhibitor, lapatinib.226 Given that SHMT2 also participates in redox 

homeostasis,8-9, 227 it would be interesting to see if DDTL contributes to resistance through this 

mechanism as well. 

SHMT2 overexpression gene set enrichment 

Novel transcription factor associations 

Gene set enrichment analysis of H1299 OES resulted in no downregulated and 14 

significantly upregulated gene sets, the top four are shown in Figure II-5. The SOX9_B1 gene set 

contains genes that have a SOX9 binding site. SOX9 is a transcription factor responsible for 

regulating chondrogenesis and myriad cancer-related processes.228-229 SOX9 has not been linked 

to SHMT2 or 1CM, but given its role in cartilage formation of which collagen is a main 

component, it is possible that SHMT2 may be a part of this program through glycine production, 

much like the case for TGF-β.17, 228 Interestingly, in the comparison of OESvKDS, SOX9 is one 

of the top 25 downregulated genes (FC = -2.48), indicating the opposite case for knockdown of 

SHMT2. We speculate that SOX9 may be downregulated when SHMT2 is overexpressed because 

glycine may be abundant. Conversely, SOX9 may be upregulated when SHMT2 is knocked down 

as a compensation mechanism. In this case, it would be interesting to investigate the interplay of 

SHMT1/SHMT2 in relation to SOX9. Importantly, another SOX family member, SOX7, plays a 

repressive role against MTHFD2 in breast cancer.230 

RTAAACA_FREAC2_01 describes a list of genes that are regulated by the transcription 

factor FREAC2, more commonly known as FOXF2. SHMT2 is not listed in this gene set. FOXF2 

controls several cancer processes including metabolic reprogramming.231-232 Of interest, in breast 

cancer FOXF2 differentially regulates genes involved in pyrimidine (CAD), folate (MTHFR), and 
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glycan metabolism (GALNTL4).231 These changes were not validated at the protein level, but with 

our finding we suggest that the role of FOXF2 in regulation of 1CM be explored further. 

ZBTB44_TARGET_GENES contain genes that have predicted binding sites for the 

putative transcription factor ZBTB44. Little is known about the gene or protein. One important 

finding is that it was upregulated in response to low maternal folate intake.233 This is in line with 

our experiment. Decreased activity of SHMT2 would limit the carbon units available to be 

conjugated to THF and therefore affect many cellular biosynthetic processes. ZBTB44 may act as 

a sensor for folate pathway fitness. 

The HALLMARK_G2M_CHECKPOINT gene set is composed of genes involved in cell 

cycle progression past the G2M checkpoint. Knockdown of SHMT2 has previously been shown 

to induce cell cycle arrest.234-235 Jain and colleagues found that knockdown of SHMT2 resulted in 

accumulation of cells in the G1 phase in HeLa cells.234 Importantly, using a lung cancer model, 

Paone et al. showed that knockdown of SHMT2 in H1299 cells did result in a significant 

accumulation of sub-G1 cells, but knockdown of SHMT1 had a more pronounced effect.235 Our 

data supports the notion that SHMT2 overexpression facilitates cell cycle progression. 

Chromatin, ethanol, and lupus 

DAVID and STRING both identified many chromatin related gene sets (Figure II-5, Table 

II-10). This is supported by the presence of HDAC inhibitors in the CMAP analysis (Appendix 

Table II-7). Through donation of 1C units, 1CM impacts epigenetic modifications of histones, with 

most focusing on H3 methylation.41, 61 There are many variants of histone H2A with several 

identified as being altered in the context of cancer, including HIST1H2AK (FC = 3.60, Table II-

8).236 

Table II-10. H1299 OES STRING gene sets compared to OECLacZ. 

Gene set FDR 
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nucleosome 0.0013 

nuclear chromosome part 0.0071 

chromosomal part 0.0224 

chromatin 0.0305 

nuclear chromatin 0.0305 

nucleus 0.0329 

 

The interplay of folate and ethanol has been extensively studied in the context of cancer, 

but there is still much to learn.237 Many folate-metabolizing enzymes have been linked to effects 

of alcohol exposure, but to our knowledge SHMT2 has not.237 Much like ethanol, folate-deficiency 

and loss of serine hydroxymethyltransferase has a teratogenic effect (NTDs).59 Additionally, 

alcohol consumption induces folate-deficiency, therefore it is not surprising that decreasing of 

SHMT2 expression would produce a similar response, so it is interesting that we see the similarity 

with overexpression. 

Systemic lupus erythematosus (SLE) is an autoimmune disease of unknown etiology.238 

Polymorphisms for folate enzymes are associated with systemic lupus erythematosus, however it 

is unknown if SHMT2 is among them.239 mTOR signaling contribute to the pathogenesis of SLE, 

and mTOR inhibitors are showing efficacy in the clinic.238 SHMT2 is a downstream target of 

mTOR and therefore its involvement in SLE is not impossible.17 As discussed above, SHMT2 

forms a complex with BRISC that works to regulate IFN signaling.55-56 IFNαR1 signaling is 

elevated in SLE and neutralizing antibodies of IFN are currently undergoing clinical trials.240 

Inhibition of SHMT2 could be an interesting alternative to decreasing IFN signaling by allowing 

receptor internalization and degradation.56 
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Figure II-5. Enriched gene sets for H1299 OES and KDS versus OEC and KDC, respectively. (A) Top four H1299 OES 

upregulated GSEA gene sets. (B) Top four H1299 KDS upregulated GSEA gene sets. (C) Top four H1299 KDS downregulated 

GSEA gene sets. (D) Significantly enriched gene sets for H1299 OES using DAVID. (E) Significantly enriched gene sets for 

H1299 KDS using DAVID.SHMT2 knockdown gene set enrichment 

Cell-cell interactions and morphogenesis 

The top four significantly upregulated enriched gene sets through GSEA can be found in 

Figure II-5B. GO_ANCHORING_JUNCTION and 

GO_REGULATION_OF_CELLULAR_COMPONENT_MOVEMENT both contain genes that 

mediate cell-cell interactions and movement. The top upregulated gene for H1299 KDS encodes 

for a protein that is important for cell adhesion and migration, SPP1 (FC = 9.04, Table II-9). The 

protein encoded by the SPP1 gene is known as osteopontin. Osteopontin participates in several 

immune- and cancer-related processes in multiple cancer types, including lung cancer.241-242 

Osteopontin majorly carries out its function through interaction with various integrins and 

CD44.242 Osteopontin is highly post-translationally modified including glycosylation, however, 

glycosylation status is understudied in the lungs.241 Our RNA-Seq results suggest that SHMT2 

may be related to protein glycosylation so we believe that the relationship between SHMT2 and 

the glycosylation status of SPP1 be further explored since we observed an inverse relationship in 
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the H1299 lung cancer cell line. We did not observe a difference in expression of osteopontin at 

the protein level (Figure II-6A), but we evaluated soluble osteopontin and not the secreted form. 

The antibody used does not distinguish between the three different splice variants of osteopontin. 

Interestingly, SPP1 expression correlated with pemetrexed sensitivity, expanding the evidence that 

osteopontin expression may be affected by folate metabolism.243 

 
Figure II-6. Expression of SPP1. (A) Expression of SPP1 in cell lysates of all Bru-seq samples. (B) Trace diagram of nascent 

mRNA expression of SPP1 in SHMT2 and control knockdown H1299 cells. 

Three of the top 25 upregulated genes are part of the 

GO_CELLULAR_COMPONENT_MORPHOGENESIS gene set: RHOB (FC = 5.60), KLF2 (FC 

= 2.02), and TNIK (FC = 1.93) (Table II-9). Ras homolog family member B (RhoB), as its name 

reveals, is part of the Ras superfamily of GTPases. It is well-established that the Rho family of 

proteins regulate actin organization in the cell, however the role that RhoB plays in the context of 

cancer is not well-defined.244 Interestingly, RhoB expression was found to be epitranscriptomically 

regulated by methylation of the N6-adenosine on the mRNA transcript.245 Methylation of the 

mRNA can either increase or decrease stability of the transcript, depending on the accompanying 

protein.245 Given that the RHOB transcript has a short half-life (~30 min), it is significant that we 

observe a 5.6-fold increase in expression.244 We believe that the methylation status of RHOB as a 

regulation mechanism in metabolically reprogrammed cancer cells warrants investigation. KLF2 

is a tumor suppressive zinc finger transcription factor found to regulate glutamine consumption in 

NSCLC cells and  overexpression negatively impacts cell proliferation.246 KLF6 and KLF7 are 
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also in the upregulated genes (FC = 1.79 and 1.67 respectively). The KLF family is a group of 

transcription factors with a zinc finger structure implicated in metabolism regulation and 

carcinogenesis.247-248 KLF2, KLF6, and KLF7 are all in Class II within the larger family.247, 249 

Interestingly, all of the top ten significantly enriched gene sets by DAVID analysis are related to 

zinc-fingers and transcription (Figure II-5E) and is discussed below. TNIK, also known as Traf2- 

and Nck-interacting kinase, can specifically activate the JNK and Wnt pathways.250-251 Related, 

we also see upregulation of JUN and JUND (Table II-9). As discussed above, Wnt signaling is 

inhibited when 1CM is inhibited, so it is possible that the upregulation of TNIK is in response to 

this inhibition.34 

Knockdown of KRAS caused downregulation of SHMT2 in KRAS-mutant cells.143 RAS-

mutant cells were more sensitive to anti-folates including H1299 (KRAS WT, NRASQ61K), 

underlining the dependence on folate metabolism.143 Our observed upregulation of the KRAS 

signaling gene set when SHMT2 is knocked down suggests a potential compensation mechanism. 

Canonical pathways validated 

Three of the top four significantly enriched downregulated gene sets are in line with the 

canonical function of SHMT2 (Figure II-5C): HALLMARK_MTORC1_SIGNALING, 

GO_COFACTOR_METABOLIC_PROCESS, and 

GO_COFACTOR_BIOSYNTHETIC_PROCESS. SHMT2 is a well-known target of mTOR and 

therefore knockdown of SHMT2 would mimic a downregulation of mTOR signaling.17-18, 252 The 

downregulation of the cofactor processes gene sets supports the knockdown of SHMT2. Folate is 

a critical cofactor, contributing to many biosynthetic pathways (Figure I-1).253 Without SHMT2 to 

conjugate a 1C unit to THF, nucleotide biosynthesis, PTMs and epigenetics are all affected as a 

consequence. 



 

99 

A large portion of genes in the GO_UNFOLDED_PROTEIN_BINDING gene set are 

protein folding chaperones or cochaperones (heat shock proteins, HSPs). The HSP70 family are 

the major chaperones in the cell and facilitate folding of nascent polypeptides. This protein 

processing can be assisted by the HSP40 (also known as DNAJ) family of proteins.254 DNAJA1 

was shown to be negatively regulated by an oxidative environment.254 We observed a 

downregulation of DNAJA1 (FC = -1.50) with knockdown of SHMT2. As discussed previously, 

SHMT2 plays a key role in redox homeostasis.8-9, 227 Recently SHMT2 expression was found to be 

increased upon induction of the unfolded protein response (UPR).255 Additionally, knockout of a 

key UPR transcription factor XBP1 caused an upregulation of SHMT2 in dendritic cells.256 We 

observed a modest decrease in XBP1 expression (FC = -1.30). It is interesting that there seems to 

be crosstalk between these two pathways. 

Zinc-finger transcription factors 

As mentioned above, all the significantly enriched gene sets by DAVID analysis are related 

to zinc-fingers and transcription (Figure II-5E). The C2H2-type zinc finger domain is a very 

common motif of transcription factors and is present in all KLF family members.247 Krüppel-like 

and SP-1-like transcription factors share high similarity.249 SHMT2 has SP-1 binding site in its 

promoter.257 The DNA-binding motifs of these two families are GC rich; for KLFs it is 5’-

CACCC-3’.247 Inspection of the SHMT2 promoter using the GeneCards source revealed the 

presence of this sequence. KLFs are involved in several cancer-related processes including 

proliferation, differentiation, and apoptosis.247 For example, KLF6 induces G1 cell cycle arrest and 

is a tumor suppressor like KLF2.246-247 In general, KLFs regulate adipogenesis, but also participate 

in other metabolic processes. As mentioned above, KLF2 regulates glutamine metabolism in 

https://switchgeargenomics.com/products/promoter-reporter-collection?id=714033
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NSCLC cells.246 Additionally, KLF15 has also been linked to glucose and amino acid 

metabolism.248 This is the first study to propose a connection between KLF2, 6, and 7 and 1CM. 

STRING analysis of the SHMT2 knockdown data did not yield anything unexpected (Table 

II-11). Regulation of various biosynthetic processes dominate the list. Since 1CM contributes to 

many different ones, it’s not surprising that we observe broad changes in processes such as 

macromolecules, nucleic acids, small molecules, and transcription. 

Table II-11. H1299 KDS STRING gene sets compared to KDC. 

Gene set FDR 

regulation of biosynthetic process 5.45E-12 

regulation of transcription, DNA-templated 1.58E-11 

regulation of cellular biosynthetic process 1.58E-11 

regulation of gene expression 1.97E-11 

regulation of cellular macromolecule biosynthetic process 3.81E-11 

regulation of macromolecule biosynthetic process 5.07E-11 

regulation of metabolic process 1.29E-10 

regulation of RNA metabolic process 1.29E-10 

regulation of primary metabolic process 1.29E-10 

regulation of nucleobase-containing compound metabolic process 2.18E-10 

regulation of transcription by RNA polymerase II 2.29E-10 

regulation of cellular metabolic process 2.95E-10 

regulation of macromolecule metabolic process 1.55E-09 

regulation of nitrogen compound metabolic process 2.78E-09 

transcription, DNA-templated 3.91E-09 
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organic cyclic compound biosynthetic process 7.30E-09 

nucleobase-containing compound biosynthetic process 1.56E-08 

cellular macromolecule biosynthetic process 6.24E-08 

cellular nitrogen compound biosynthetic process 6.88E-08 

nucleic acid metabolic process 4.35E-07 

organic substance biosynthetic process 1.21E-06 

RNA metabolic process 1.28E-06 

cellular biosynthetic process 2.04E-06 

organic cyclic compound metabolic process 2.90E-06 

nucleobase-containing compound metabolic process 7.27E-06 

 

Kinase inhibitors show similar profile 

Several kinase inhibitors both positively and negatively correlated with gene expression 

changes caused by knockdown of SHMT2 (Appendix Table II-8). Many reports have shown 

metabolic reprogramming occurs in response to tyrosine kinase inhibitors.258-259 This includes 

amino acid metabolism, and serine and glycine in particular.258 A previous study found a negative 

correlation between high SHMT2 expression and sensitivity to sunitinib across a panel of 635 cell 

lines.181 In agreement with that result, our data show that sunitinib-induced gene expression 

changes negatively correlate with knockdown of SHMT2 (Appendix Table II-8). In a breast cancer 

study, the transcription factor ERRα targets SHMT2 as a mechanism to overcome sensitivity to 

lapatinib.226 In just these two works SHMT2 is associated with chemosensitivity and 

chemoresistance, supporting our result of both negative and positive correlations to knockdown of 

SHMT2. There are many tyrosine kinase inhibitors that have not previously been linked to SHMT2 

that deserve attention such as motesanib, cediranib, tozasertib, BIBX-1382, and TG-101348. 



 

102 

DEGs for recovery of overexpression and knockdown of SHMT2 

We performed the recovery experiments to evaluate if we would observe the same changes 

when SHMT2 expression was decreasing (OES-Rec and KDS) or increasing (KDS-Rec and OES), 

albeit from different starting levels (e.g. high to “normal” and “normal” to low). H1299 OES-Rec 

had 150 upregulated and 62 downregulated genes (Table II-12 contains the top 25 from each). 

H1299 KDS-Rec had 46 and 40 upregulated and downregulated genes respectively (top 25 in 

Table II-13). By simply looking at the numbers, it is apparent that a decrease in expression of 

SHMT2 (KDS and OES-Rec) had a stronger impact on H1299 cells than an increase in expression 

(OES and KDS-Rec).  

Table II-12. H1299 OES-Rec top 25 differentially expressed genes compared to OECLacZ. 

Genea  Description FC Genea  Description FC 

TRIB3 tribbles homolog 3 

(Drosophila) 

8.60 AC018630.6 Uncharacterized protein 

AC018630.6 

-5.68 

DDIT4 DNA-damage-inducible 

transcript 4 

5.41 CHMP4A Charged multivesicular body 

protein 4a 

-5.68 

SESN2 sestrin 2 3.99 PRR4 Proline-rich protein 4 -4.26 

CHAC1 ChaC, cation transport 

regulator homolog 1 (E. coli) 

3.37 EIF4EBP3 Eukaryotic translation initiation 

factor 4E-binding protein 3 

-4.26 

CDKN2B cyclin-dependent kinase 

inhibitor 2B (p15, inhibits 

CDK4) 

3.26 KRTAP2-3 Keratin associated protein 2-3 -2.98 

SLFN5 schlafen family member 5 2.94 NDUFA7 NADH dehydrogenase 

[ubiquinone] 1 alpha 

subcomplex subunit 7 

-2.56 

GAGE2A G antigen 2A 2.82 PRH1 Salivary acidic proline-rich 

phosphoprotein 1/2 

-2.37 
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SLC7A11 solute carrier family 7 (anionic 

amino acid transporter light 

chain, xc- system), member 11 

2.57 DDX39B Spliceosome RNA helicase 

DDX39B 

-2.13 

HIST1H2AK histone cluster 1, H2AK 2.53 PILRB Paired immunoglobin-like type 

2 receptor beta 

-1.85 

IDH1 isocitrate dehydrogenase 1 

(NADP+), soluble 

2.43 NR2C2AP nuclear receptor 2C2-

associated protein 

-1.84 

UPP1 uridine phosphorylase 1 2.42 SLC10A5 solute carrier family 10 

(sodium/bile acid cotransporter 

family), member 5 

-1.83 

ALDH1L2 aldehyde dehydrogenase 1 

family, member L2 

2.40 HSPA8 heat shock 70kDa protein 8 -1.83 

BHLHE40 basic helix-loop-helix family, 

member e40 

2.40 RRP8 ribosomal RNA processing 8, 

methyltransferase, homolog 

(yeast) 

-1.82 

ASNS asparagine synthetase 

(glutamine-hydrolyzing) 

2.39 NOL6 nucleolar protein family 6 

(RNA-associated) 

-1.81 

TCTEX1D2 Tctex1 domain-containing 

protein 2 

2.29 ANKRD1 ankyrin repeat domain 1 

(cardiac muscle) 

-1.78 

RTL8A Retrotransposon Gag-like 

protein 8A 

2.27 MATR3 Matrin-3 -1.78 

CEBPB CCAAT/enhancer binding 

protein (C/EBP), beta 

2.25 IPO4 Importin-4 -1.78 

BEX4 brain expressed, X-linked 4 2.25 AC092587.1 Uncharacterized protein 

AC018630.6 

-1.78 

FAM129A Protein Niban 2.24 TAX1BP3 Tax1-binding protein 3 -1.76 
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MMP24-AS1 MMP24-AS1-EDEM2 

Readthrough 

2.24 ZNF564 zinc finger protein 564 -1.75 

CLDN1 Claudin-1 2.23 AP001931.1 Uncharacterized protein 

AP001931.1 

-1.74 

STC2 Stanniocalcin-2 2.20 TOR1B torsin family 1, member B 

(torsin B) 

-1.74 

GOT1 Aspartate aminotransferase, 

cytoplasmic 

2.18 ZNF544 zinc finger protein 544 -1.70 

HOXB9 Homeobox protein Hox-B9 2.18 MATR3 Matrin-3 -1.68 

CCNG2 Cyclin-G2 2.17 NEDD8-

MDP1 

NEDD8-MDP1 readthrough -1.67 

aGenes with mean RPKM > 0.5 

 

Table II-13. H1299 KDS-Rec top 25 differentially expressed genes compared to KDC. 

Genea  Description FC Genea  Description FC 

EIF4EBP3 Eukaryotic translation 

initiation factor 4E-binding 

protein 3 

4.34 EEF1G Elongation factor 1-gamma -5.43 

TXNDC5 Thioredoxin domain-

containing protein 5 

3.84 TAX1BP3 Tax1-binding protein 3 -2.73 

CDK11A Cyclin dependent kinase 11A 3.00 AD000671.2 Uncharacterized protein 

AD000671.2 

-2.67 

CHMP4A Charged multivesicular body 

protein 4a 

2.50 DDX39B Spliceosome RNA helicase 

DDX39B 

-2.37 

ARHGAP29 Rho GTPase activating protein 

29 

2.46 KRTAP2-3 Keratin associated protein 2-3 -2.15 

AC018630.6 Uncharacterized protein 

AC018630.6 

2.33 STC1 stanniocalcin 1 -2.00 
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WNT16 wingless-type MMTV 

integration site family, member 

16 

2.19 ANKRD1 ankyrin repeat domain 1 

(cardiac muscle) 

-2.00 

HSPB1 heat shock 27kDa protein 1 2.03 PPAN Suppressor of SWI4 1 homolog -2.00 

CDKN2B cyclin-dependent kinase 

inhibitor 2B (p15, inhibits 

CDK4) 

2.02 LIN37 Protein lin-37 homolog -2.00 

C2orf74 chromosome 2 open reading 

frame 74 

2.00 AL662899.3 Uncharacterized protein 

AL662899.3 

-2.00 

RTL8C Retrotransposon Gag-like 

protein 8C 

1.97 HBEGF heparin-binding EGF-like 

growth factor 

-1.96 

CIART Circadian-associated 

transcriptional repressor 

1.95 ZNF404 zinc finger protein 404 -1.95 

ARL4C ADP-ribosylation factor-like 

4C 

1.94 C7orf25 chromosome 7 open reading 

frame 25 

-1.87 

NDUFA13 NADH dehydrogenase 

[ubiquinone] 1 alpha 

subcomplex subunit 13 

1.92 MARCH3 E3 ubiquitin-protein ligase 

MARCH3 

-1.83 

ZNF593 zinc finger protein 593 1.92 POLR3GL DNA-directed RNA 

polymerase III subunit RPC7-

like 

-1.80 

HIST2H2BE histone cluster 2, H2BE 1.85 PRR4 Proline-rich protein 4 -1.75 

C1orf50 chromosome 1 open reading 

frame 50 

1.79 CD274 CD274 molecule -1.74 

NPHP3 Nephrocystin-3 1.76 AC009779.3 Uncharacterized protein 

AC009779.3 

-1.70 

GAGE2A G antigen 2A 1.73 HIST1H2AD histone cluster 1, H2AD -1.66 
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TMEM158 transmembrane protein 158 1.72 KBTBD8 kelch repeat and BTB (POZ) 

domain containing 8 

-1.64 

CENPS Centromere protein S 1.72 NPM3 nucleophosmin/nucleoplasmin 

3 

-1.63 

TMEM81 transmembrane protein 81 1.71 ZNF626 zinc finger protein 626 -1.63 

JUND jun D proto-oncogene 1.71 PRAF2 PRA1 family protein 2 -1.58 

HIST1H2AI histone cluster 1, H2AI 1.70 SOGA3 SOGA family member 3 -1.58 

HIST4H4 histone cluster 4, H4 1.69 AC005837.2 Uncharacterized protein 

AC005837.2 

-1.56 

aGenes with mean RPKM > 0.5 

 

Between OES-Rec and KDS, there were a total of 29 commonly differentially expressed 

genes. The upregulated ones were: TRIB3, CDKN2B, GAGE2A, CLDN1, RHOB, SPRY2, 

ARHGEF2, TMEM158, PHLDA1, JUND, AHNAK2, IRF2BP2, FAM3C, WNT16, VGF, JUN, 

KLF7, CCDC71L, and KLF6. The genes CLDN1 and RHOB were also upregulated in SHMT2 KO 

(FC = 2.95 and 2.86, respectively); see above for discussion on RHOB. Claudin-1, encoded by 

CLDN-1, is a membrane protein involved in endo- or epithelial tight junctions.260 Unsurprisingly, 

deregulation of this protein in cancer is associated with metastatic phenotypes because cell 

adhesion precludes invasion and migration. However, there is a context-dependency on whether 

CLDN-1 functions as a tumor promoter or suppressor.260 Modulation of expression of 

glycosylation-related proteins has been shown to impact CLDN-1 expression.261-262 Interestingly, 

CLDN-1 levels were significantly increased in response to prolonged exposure to 5FU, and 

knockdown re-sensitized cells to 5FU treatment.263 TRIB3 is a pseudokinase involved in regulating 

the unfolded protein and endoplasmic reticulum stress responses, insulin signaling, glycogen 

synthesis, and PI3K/AKT/mTOR signaling, among others.264 In fact, TRIB3 expression is induced 
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in the absence of glucose and amino acids.265 We observed an 8.6-fold change in expression of 

TRIB3 for OES-Rec, while only a modest 1.6-fold change for KDS.  

The common downregulated genes between OES-Rec and KDS were: DESI1, 

AL022238.4, TAX1BP3, MATR3, ANKRD1, SLC10A5, PILRB, DDX39B, KRTAP2-3, and PRR4. 

DESI1 encodes for the protein deSUMOylating isopeptidase 1, which removes small ubiquitin-

like modifier (SUMO) from substrates.266 SHMT1 has been shown to be SUMOylated and localize 

to the nucleus for de novo thymidylate synthesis.267-269 This translocation occurs during S-phase, 

or in response to DNA damage.270-271 Interestingly, the SHMT2 isoform lacking the mitochondrial-

targeting sequence (SHMT2α) localized to the nucleus when SHMT1 was knocked out,268 however 

it is not known whether this translocation is SUMO-dependent. Substrates of DESI1 are unknown 

as are the conjugating and de-conjugating enzymes for SHMT1. Notably, inhibition of the SUMO 

pathway induces TRIB3 upregulation.272 

There were only six genes that were significantly in common between KDS-Rec and OES: 

PIGM, LIN37, DDX39B, SLC10A5, PRR4, and AD000671.2. Phosphatidylinositol glycan anchor 

biosynthesis class M (PIGM) is an endoplasmic reticulum transmembrane protein that catalyzes 

addition of the first mannose moiety of the GPI core which is responsible for anchoring proteins 

to the cell surface.273 We also observed glycosylation-modifying enzymes as significantly 

differentially expressed in our SHMT2 KO RNA-Seq data (Figure II-2C, Tables II-1 and II-2, 

Appendix Table II-1). Like SHMT2, PIGM also has a SP-1 binding site in its promoter.273 

DDX39B is a DECD-box helicase that regulates pre-ribosomal RNA synthesis and stability, 

mRNA processing, and alternative splicing.274-275 Additionally, DDX39B participates in regulation 

of factors that control the ECM and the NF-κB-mediated inflammatory response.276 As discussed 

previously, glycine is a major component of the ECM and SHMT2 has also been linked to the 
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immune response.55, 57, 82 The function of SLC10A5 has not been determined at this point but based 

on sequence identity and tissue distribution it is expected that it participates in bile acid 

transport.277 Bile acids play a key role in digestion of fat-soluble vitamins and nutrients and 

therefore are critical regulators of metabolic homeostasis. Glycine is a common conjugate of bile 

acids and in addition to improving water solubility, it also increases affinity of the bile acids for 

certain transporters.277 Beyond this link, SHMT2 has not been connected to SLC10A5. 

Gene set enrichment for recovery of overexpression of SHMT2 

Hypoxia, immune signaling, and fatty acid synthesis 

The top four upregulated gene sets can be found in Figure II-7A. Several studies have 

reported on SHMT2’s involvement in response to hypoxia. Hypoxia induces SHMT2’s 

expression.9 A key transcription factor that regulates the cell’s response to hypoxia is HIF1-α. 

HIF1-α and SHMT2’s expression positively correlate with each other,8, 203  and the upregulation 

of SHMT2 by HIF1-α is through the transcription factor MYC.8 Expression of SHMT2 is 

necessary to maintain redox homeostasis and brain cancer cell survival under hypoxic conditions 

in vitro and in vivo.8, 125 In contrast, in colon cancer cells, inhibition of SHMT2 enhanced growth 

under hypoxia.227 Therefore SHMT2’s role in response to hypoxia is context-dependent. In our 

data, we did not observe a significant change in expression of HIF1-α, but MYC was upregulated 

(FC = 1.75). 

Tumor necrosis factor alpha (TNF-α) is a key cytokine that regulates immune responses in 

healthy persons and in diseased conditions. In cancer, TNF-α can elicit myriad effects depending 

on the context, such as proliferation, apoptosis, necrosis, migration, angiogenesis, or invasion.278 

Very little is known about the relationship between cancer cell metabolism reprogramming and 

TNF-α signaling through NF-κB. To our knowledge, there are only a couple studies have been 
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published investigating metabolic changes of cancer cells in response to TNF-α.  In non-cancerous 

and malignant breast epithelial cells, TNF-α induced a shift to reliance on aerobic glycolysis, 

however it is unknown if it was NF-κB dependent.279 Also, in cooperation with interleukin-17, 

TNF-α induced glycolysis in colorectal cancer cells.280 Similarly, another study reported metabolic 

reprogramming of hepatocytes towards the Warburg-effect phenotype in response to viral infection 

mediated by macrophage-secreted TNF-α.281 In adipocytes, sustained exposure to TNF-α altered 

mitochondrial metabolism, notably reducing the NAD/NADH ratio.282 Despite the observations 

toward the Warburg effect, no mechanisms have been elucidated. Given this knowledge gap, it is 

uncertain as to how folate metabolism is relevant to NF-κB signaling. Interestingly, a nanoparticle 

containing NF-κB targeted siRNA and MTX, a standard drug for treatment of rheumatoid arthritis, 

reduced TNF-α secretion and suppressed arthritis progression in a mouse model.283 

Of the top four downregulated gene sets (Figure II-7B), HSD17B8_TARGET_GENES, 

was the only one that had not yet appeared in our analyses. The HSD17B8 gene encodes for the 

mitochondrial NAD-dependent enzyme estradiol 17-β-dehydrogenase 8. In addition to oxidizing 

estradiol to estrone, HSD17B8 also contributes to fatty acid synthesis (FAS).284 1CM has 

previously been reported to be important for providing NADPH for this process.140 It is possible 

that as SHMT2 expression decreases, less redox power is available for FAS and therefore there is 

a downregulation in FAS-related genes. HSD17B8 expression is able to be induced by estradiol 

through estrogen receptor-α.285 Interestingly, estrogen-related receptor-α was shown to activate 

transcription of SHMT2 in response to lapatinib and  this conferred resistance.226  

Leucine-zipper transcription factors 

Basic leucine-zipper (bZIP) domains facilitate dimerization of bZIP proteins, bringing their 

basic N-terminal domains together to produce a contiguous interface that recognizes specific DNA 
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sequences. Notable bZIP proteins include Nrf1/2, c-Jun, FOS, ATF4, ATF5, XBP1, CREB, and 

C/EBP.286 Nrf2 and ATF4 are well-established transcription factors that mediate metabolic 

processes.16, 287-288 Oncogenic and tumor-suppressive associations with ATF5 have been 

established in different cancers.286 ATF5’s role in metabolism is not as well understood, but is 

known to participate in lipid metabolism and is upregulated in liver cells in response to nutrient 

deprivation in vivo.289-290 ATF5 was also shown to upregulate asparagine synthetase (ASNS) 

expression.291 While we observed downregulation of ATF5 when SHMT2 was knocked down (FC 

= -2.17), ASNS was in the top 25 upregulated genes for OES-Rec (FC = 2.38, Table II-12). We 

also observed an upregulation of ATF5 with OES compared to KDS (FC = 2.64). Another bZIP 

gene CEBPB, CCAAT/enhancer binding protein (C/EBP)-β, was also one of the top 25 

upregulated genes for OES-Rec (FC = 2.25, Table II-12). Several STRING-identified enriched 

gene sets for OES-Rec contained JUN or JUND (Appendix Table II-10, bold faced). These two 

genes were among the common downregulated genes between OES-Rec and KDS (see above). 

STRING analysis did not reveal anything that has not already been discussed (Appendix Tables 

II-10 and II-11), but the appearance of amino acid related pathways as significantly enriched 

validated our experimental approach.  
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Figure II-7. Enriched gene sets for H1299 OES-Rec and KDS-Rec versus OEC and KDC, respectively. (A) Top four H1299 OES-

Rec upregulated GSEA gene sets. (B) Top four H1299 OES-Rec downregulated GSEA gene sets. (C) Top four H1299 KDS-Rec 

upregulated GSEA gene sets. (D) Top four H1299 KDS-Rec downregulated GSEA gene sets. (E) Significantly enriched gene sets 

for H1299 OES-Rec using DAVID. (F) Significantly enriched gene sets for H1299 KDS-Rec using DAVID. Gene set 

enrichment for recovery of knockdown of SHMT2 

Cytoskeleton arrangement 

The top four upregulated gene sets are all related to the organization of the cytoskeleton 

during mitosis (Figure II-7C). Folate deficiency was shown to lead to chromosomal instability 

through several mechanisms and led to deregulation of the spindle assembly checkpoint of mitosis 

292. Folate deficiency also causes uracil misincorporation, and knockdown of SHMT2 has been 

shown to elicit this effect as well in NSCLC cell lines.235, 293 It would be interesting to evaluate 

what effect knockdown of SHMT2 would have on spindle organization and if similar mitotic 

aberrations would be seen as with general folate deficiency. 

The top four downregulated gene sets are familiar to what we have seen previously (Figure 

II-7D). It is interesting that in both the OES-Rec and KDS-Rec conditions we observe that the 

HALLMARK_MYC_TARGETS_V2 and GO_RIBOSOME_BIOGENESIS gene sets are 

downregulated. We currently do not firmly understand why this could be the case. Our RNA-Seq 
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data for SHMT2 KO also showed enrichment of the GO_RIBOSOME_BIOGENESIS gene set. 

Despite the increase in expression of SHMT2 in KDS-Rec compared to the KDS treatment 

condition, the level of SHMT2 is still considerably lower than the negative control. NRF2 has been 

shown to regulate SHMT2 in both NSCLC and glioblastoma cell lines.9, 287 NRF2-mediated 

activation of SHMT2 promotes serine flux through the folate cycle,287 so it makes sense that 

reduced levels of SHMT2 would correspond with a downregulation of genes related to NRF2. 

HOX genes 

Only two gene sets were identified as significantly enriched using the DAVID platform 

(Figure II-7F). The HOX family of genes are extremely important for proper embryonic 

development and are also dysregulated in cancer. A recent bioinformatics-informed analysis 

reported on the known and predicted involvement of HOX genes in the hallmarks of cancer as 

described by Hanahan and Weinberg.294 The HOX9 cluster is involved in the majority of 

hallmarks, but one in which there is no prior connection is ‘deregulating cellular energetics,’ which 

refers to metabolic reprogramming. In fact there is very little known about HOX genes’ roles in 

regulation of metabolic pathways in cancer.294 As you might recall, HOXB9 specifically was 

upregulated when SHMT2 was overexpressed and downregulated when SHMT2 was knocked 

down. Additionally, asRNA for HOXC was also upregulated in SHMT2 KO (Appendix Table II-

3). Our study is the first to suggest a connection between 1CM and HOX proteins and think 

HOXB9 deserves special attention. 

Conclusions 

In summary, we have provided a comprehensive overview of the roles of SHMT2 and 

MTHFD2 in the context of cancer. In addition to data that is in support of prior literature, we have 

identified several novel avenues we believe are worth exploring. Our data showed changes in genes 
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and gene sets related to hypoxia, MYC, mTOR, all of which are well-established 1CM-related 

pathways. Prior research has connected SHMT2 and MTHFD2 to RNA metabolism, and we built 

upon that work. We identified similar trends in RNA-related proteins with MTHFD2 KO as 

Koufaris and Nilsson, but also saw changes in novel genes such as NOP2, NOP16, and POLR3K. 

Moreover, this is the first report to link MTHFD2 to alternative splicing, with notable changes in 

expression of SF3B4, PRPF40B, HSPA1A, and HSPA1B. Furthermore, we observed enrichment 

of ncRNA processing with both knockouts of SHMT2 and MTHFD2 which has not previously 

been connected to these 1CM proteins. Glycosylation was a strong theme in both the RNA-Seq 

and Bru-Seq for SHMT2 with changes in genes such as RENBP, GALNT5, GALNT6, GCNT2, 

LGALS8, COG8, PIGM, and SPP1. In terms of signaling pathways, we saw significant changes in 

genes related to TGF-β signaling for both KOs (Appendix Table II-6), Wnt signaling for both KOs 

(FZD10 and WNT11, Table II-2), and TNF-α/NF-kB for SHMT2 OES-Rec (Figure II-7A). 

Additionally, we observed changes in expression of Ephrin-related genes (e.g. EFNB2 and 

EPHB6) building on previous work that connected 1CM to Ephrin signaling and differentiation.61 

Moreover, CMAP analysis identified Ephrin inhibitors as positively correlating with knockdown 

of SHMT2 (Appendix Table II-8). Previous work has illustrated that SHMT2 plays a role in 

chemosensitivity and resistance to kinase inhibitors,181, 226 and we identified several novel kinase 

inhibitors that correlate with SHMT2 expression patterns (Appendix Table II-7 and II-8). 

Collectively, there is no shortage of data that supports the targeting of SHMT2 and MTHFD2 for 

cancer therapy and therein lies considerable optimism surrounding current pharmacological 

agents. 

Methods 
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Cell culture. H226, H460, H1299, and A549 were cultured in RPMI 1640, and the HAP1 cell 

lines (Horizon Discovery) were cultured in IMDM + 1% Pen-Strep., all were supplemented with 

10% FBS (Gibco). For the engineered cell lines, doxycycline was only added in preparation for 

experiments and then supplemented every 48 h. Cells were grown at 37 °C in a humidified 

atmosphere of 5% CO2 and maintained in culture under 30 passages. Cell lines were tested for 

Mycoplasma contamination with the Mycoplasma detection kit, PlasmoTest (InvivoGen, San 

Diego, California).  

Doxycycline-inducible shRNA and expression systems. The sequence for shRNA 

oligonucleotides used in this study are: shSHMT2 (TRCN0000238795): 

CGGAGAGTTGTGGACTTTATA, and shCtrl (TRCN0000072181): 

ACAACAGCCACAACGTCTATA. Oligonucleotides were annealed and ligated into 

pENTR™/H1/TO vector (Invitrogen #K4920-00) following the BLOCK-iT™ Inducible H1 RNAi 

Entry Vector Kit manual. Resulting shRNA constructs were recombined into pLentipuro/BLOCK-

iT-DEST using Gateway® LR Clonase II® (Invitrogen #11791-020). pLentipuro/BLOCK-iT-

DEST is a modification of pLenti4/BLOCK-iT-DEST (Invitrogen #K4925-00) wherein the SV40 

promoter/zeocin resistance cassette was replaced with the human PGK promoter/puromycin 

resistance gene and  the cPPT/WPRE elements were added, and was kindly provided by Dr. 

Andrew Aplin (Thomas Jefferson University, Kimmel Cancer Center).295-296 Inducible GFP and 

LacZ protein were expression from pLentipuro3/TO/GW/GFP and pLentipuro3/TO/V5-GW/LacZ 

lentiviral plasmids, which were constructed by Dr. Ethan Abel and was kindly provided by Dr. 

Diane M. Simeone (University of Michigan, Translational Oncology Program). The SHMT2 

cDNA was subcloned from a SHMT2 lentiviral plasmid (Applied Biological Materials Inc. 

#LV792797) into the pENTR/D-TOPO vector (Invitrogen, #K2400-20) following the 
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manufacture’s manual. Resulting constructs were recombined into pLentipuro3/TO/V5-DEST 

using Gateway® LR Clonase II® (Invitrogen #11791-020). pLentipuro3/TO/V5-DEST is a 

modification of pLenti4/TO/V5-DEST (Invitrogen #V498-10) wherein the SV40 promoter/zeocin 

resistance cassette was replaced with the human PGK promoter/puromycin resistance gene and the 

cPPT/WPRE elements were added and was kindly provided by Dr. Andrew Aplin. Recombinant 

lentiviruses were packaged in 293FT cells (Invitrogen #R700-07) by co-transfecting 6 x 106 cells 

with 4 μg each of lentivirus plasmid (shRNA or cDNA), and packaging plasmids pLP1, pLP2, and 

pLP/VSV-G (Invitrogen #K4975-00), using 48 μl FuGENE®6 (Promega #E2691, Fitchburg, 

Wisconsin) as a transfection reagent. Viral supernatants were collected after 72 h of transfection. 

Indicated cells were transduced with viral supernatant for 72 h, followed by selection with 

puromycin (5 μg/ml) for at least 2 weeks. The doxycycline induction of knockdown is controlled 

by the Tet repressor (TetR) protein expressed from the pLenti0.3/EF/GW/IVS-Kozak-TetR-P2A-

Bsd vector, which was constructed by Dr. Ethan Abel and was kindly provided by Dr. Diane M. 

Simeone (University of Michigan, Translational Oncology Program). 

Microscopy. Dox-induced GFP expression was monitored using fluorescent microscopy 

(Olympus Corporation) using a 10x objective. The activity of LacZ-encoded β-galactosidase was 

measured by the conversion of colorless X-Gal into an insoluble blue product that was visualized 

under bright-field microscopy. Cells were treated with Dox at the indicated concentrations and 

time points. Cells were then fixed in 0.1 M phosphate buffer (pH 7.3) supplemented with 5 mM 

EGTA, 2 mM MgCl2, and 0.2% glutaraldehyde for 15 min, followed by overnight staining with 

X-Gal solution (#B1690, ThermoFisher Scientific) at 37 ºC. 

Doubling time assay. For the engineered cell lines, cells were first pre-treated with doxycycline 

for 72 h, and during the experiment were supplemented with fresh doxycycline every 48 h. Cells 
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were seeded at 1,000-5,000 cells/well. At the indicated day, cells were trypsinized and neutralized 

with 3x volume of trypsin used. Wells were washed with additional volume of media to ensure 

collection of all cells. After centrifugation, cells were resuspended in DPBS and counted using 

trypan blue. The experiment was conducted a minimum of three independent times.  

Western blotting. Protein concentration of whole-cell lysate was determined by BCA protein 

assay kit (ThermoFisher). Proteins were resolved in 10% SDS-PAGE gels and electrotransferred 

to ImmunBlot PVDF membranes (BioRad). After blocking with StartingBlock (ThermoFisher) 

membranes were probed with primary antibodies. Fluorescent-conjugated secondary antibodies 

(DyLight 800, ThermoFisher) were incubated with the membranes for 1 h. Protein expression was 

visualized using an Odyssey CLx imager (LI-COR Biosciences). Antibodies: SHMT2 (GeneTex, 

GTX125939), MTHFD2 (Abcam, ab56772), SPP1 (Pierce, PA5-34579), actin (Santa Cruz, sc-

56499), tubulin (Santa Cruz, sc-101527), GAPDH (Cell Signaling, 2118S). 

Colony formation assay. Cells were seeded in 96-well plates at 100 (WT) or 300 (SHMT2 KO 

and MTHFD2 KO) cells/well and allowed to attach overnight. Compounds were added to the 

indicated concentrations and incubated with the cells continuously until the vehicle control reached 

~90% confluency (~7 days). At the end of treatment, media was removed, and cells were fixed 

and stained with crystal violet solution (0.05% crystal violet, 2% formaldehyde, 40% methanol) 

for 30 minutes. Wells were washed with water and allowed to dry overnight before imaging with 

the Odyssey CLx imager (LI-COR Biosciences). 

Bromouridine RNA-sequencing (Bru-seq). Bru-seq was performed as previously described.204 

H1299 engineered cell lines (OES, OEC, KDS, and KDC) were treated with doxycycline (500 

ng/mL) every other day for one week. Separate samples of H1299 OES and KDS were allowed to 

recover from doxycycline treatment for an additional 7 days. After the respective treatments, 2 
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mM Bru was incubated with the cells for 30 min. Collected cells were lysed with TRIzol reagent 

to isolate RNA. Bru-labeled RNA was captured from total RNA by incubation with anti-BrdU 

antibodies (BD Biosciences) conjugated to magnetic beads (Dynabeads, goat antimouse IgG; 

Invitrogen). The Bru-containing RNA population was isolated and sequenced. Sequencing reads 

were mapped to the GRCh38 reference genome. 

Fold changes were calculated for five different comparisons described in the paper (OES 

v. OEC, OES-Rec v. OEC, KDS v. KDC, KDS-Rec v. KDC, and OES v. KDS) with a single Bru-

Seq profile being generated for each treatment without biological replicates. Differential 

expression fold changes were calculated using DESeq2 with protein coding genes having |fold 

change| ≥ 1.5, gene size > 300 bp, and mean RPKM > 0.5 considered significant.297 Gene set 

enrichment was performed using STRING,298-301 GSEA v4.0.3 with v7.0 gene sets sourced from 

MSigDB,302-303 and over-representation (ORA) gene set enrichment was performed using DAVID 

v6.8.304-305  For GSEA, preranked gene lists were generated for each treatment by ranking genes 

using fold changes generated with DESeq2. GSEA was run using 10,000 permutations, maximum 

gene set size set to 500, minimum gene set size set to 15, weighted mode on Hallmark, GO all, 

transcription factor target genes, and KEGG pathways. STRING and DAVID enrichment was 

performed for significant expressed up and down regulated genes separately using all genes with 

Entrez identifiers measured in the Bru-Seq annotation.  DAVD enrichment was performed on GO, 

OMIM_DISEASE, COG_ONTOLOGY, UP_KEYWORDS, UP_SEQ_FEATURE, BBID, 

BIOCARTA, INTERPRO, PIR_SUPERFAMILY, SMART, and KEGG pathway gene sets.  For 

all enrichment analyses gene sets were considered significantly enriched if FDR-adjusted p-values 

were < 0.05. The data sets were also interrogated with Connectivity Map (CMAP) to identify small 
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molecules that showed similar transcriptomic profiles, the input were genes with |FC| > 1.5.306-307 

Only compounds with scores ≥ 90 or ≤ -90 were considered significant. 

RNA-seq. RNA sequencing of HAP1 WT, SHMT2 KO, and MTHFD2 KO (Horizon) were 

profiled three independent times. Cells were lysed with TRIzol® Reagent (ThermoFisher 

Scientific) at room temperature. RNA was further purified with DirectZol kit (Zymo Research, 

Irvine, CA). The RNA libraries were sequenced on the HiSeq 4000 at the University of Michigan 

DNA Sequencing Core using 50bp single-end sequencing. Reads were mapped to GRCh38 using 

STAR v2.5.2a and gene quantifications were calculated using Cufflinks v2.2.1 to quantify refGene 

annotations.308-309  Three biological replicates were profiled for each KO and control.  After PCA 

and clustering log2 expression values it was determined that one of the MTHFD2 samples was an 

outlier and should be excluded from differential expression analysis—as a result MTHFD2 KO 

replicate #2 was excluded from subsequent analysis. Gene read counts calculated using 

featureCounts v1.5.0 were used to evaluate differential expression using DESeq2 v1.16.1.297, 310 

Protein coding genes were considered significantly differentially expressed with a mean RPKM > 

0.5, absolute fold change > 1.5, and FDR adjusted p-value < 0.05.  

Gene set enrichment was performed using STRING, GSEA, and DAVID as described 

above for the Bru-Seq data except for STRING and DAVID an additional filter for gene input was 

applied (FDR < 0.05).  CMAP was used to identify compounds with similar impacts on gene 

expression.  The top/bottom 150 differentially expressed genes were used as input to CMAP and 

scores for summary cell line are highlighted.  Compounds with scores ≥ 90 or ≤ -90 were 

considered significant.  
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Appendix 

 
Appendix Figure II-1. Generation of H226, H460, and A549 NSCLC cell lines with Dox-inducible overexpression and knockdown 

of SHMT2. (A) Dox-induced overexpression of SHMT2, LacZ, and GFP. (B) Micrographs of Dox-induced GFP and LacZ 

expression in control cell lines. Dox-induced GFP expression was monitored using fluorescent microscopy. The activity of LacZ-

encoded β-galactosidase was measured by the conversion of colorless X-Gal into an insoluble blue product that was visualized 

under bright-field microscopy. (C) Dox-induced SHMT2 knockdown. (D) Time-dependent overexpression of SHMT2 with 

doxycycline treatment. E) Time-dependent knockdown of SHMT2. F) Doubling time of engineered cells; OEC used was LacZ. 

H460 cell line data is from only two independent experiments. *p < 0.01, **p < 0.001. 
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Appendix Figure II-2. Validation of overexpression and knockdown of SHMT2 for Bru-Seq samples. 

 

Appendix Table II-1. SHMT2 KO top 25 differentially expressed protein-coding genes. 

Genea Description FC Genea Description FC 
RHOD Ras homolog family member D 406.41 SLC7A3 Solute carrier family 7 

(cationic amino acid 

transporter, γ+ system), 

member 3 

-2287.0 

SYT1 Synaptotagmin I 20.30 ATAD1 ATPase family, AAA 

domain containing 1 

-2045.4 

COL11A1 Collage, type XI, α-1 11.20 PTEN Phosphatase and tensin 

homolog 

-1010.2 

GALNT5 Polypeptide N-

acetlygalactosaminyltransferase 

9.53 TCEAL8 Transcription elongation 

factor A (SII)-like 8 

-819.43 

FBXO17 F-box protein 17 9.44 TCEAL9 WW domain binding 

protein 5 

-807.89 

LPAR4 Lysophosphatidic acid receptor 

4 

8.57 NMI N-myc (and (STAT) 

interactor 

-748.30 

CHMP4C Charged multivesicular body 

protein 4C 

8.54 LAYN Layilin -674.41 

GRIA2 Glutamate receptor, ionotropic, 

AMPA-2 

7.66 MFAP2 Microfibrillar-associated 

protein 2 

-671.75 

KIF5A Kinesin family member 5A 7.54 SLC17A9 Solute carrier family 19, 

member 9 

-475.21 

ZNF214 Zinc finger protein 214 7.34 FZD10 Frizzled family receptor 

10 

-409.81 

CGREF1 Cell growth regulator with EF-

hand domain 1 

6.96 IFI16 Interferon, gamma-

inducible protein 16 

-401.07 

SOX1 SRY (sex determining region 

Y)-box 1 

6.18 GABRA5 Gamma-aminobutyric 

acid (GABA) A receptor, 

alpha 5 

-257.88 

GNG11 Guanine nucleotide binding 

protein, γ-11 

6.09 BMP7 Bone morphogenic protein 

7 

-247.64 

TMEM47 Transmembrane protein 47 6.07 AMBN Ameloblastin (enamel 

matrix protein) 

-232.32 

CHL1 Cell adhesion molecule with 

homology to L1CAM 

6.01 EYA4 Eyes absent homolog 4 

(Drosophila) 

-121.88 

SFTA3 Surfactant associated 3 5.84 NUAK2 NUAK family, SNF-like 

kinase, 2 

-97.39 
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CRYM Crystallin, μ 5.22 LGALS8 Lectin, galactoside-

binding, soluble, 8 

-96.84 

PIPOX Pipecolic acid oxidase 5.16 APOBEC3C Apolipoprotein B mRNA 

editing enzyme, catalytic 

polypeptide-like 3C 

-96.17 

GSAP Gamma-secretase activating 

protein 

5.04 PRLR Prolactin receptor -83.09 

NKX2-1 NK2 homeobox 1 4.82 PAPSS2 3’-phosphoadenosine 5’-

phosphosulfate synthase 2 

-77.30 

HMSD Histocompatibility (minor) 

serpin domain containing 

4.81 FASTKD2 FAST kinase domain 2 -65.66 

CSMD1 CUB and Sushi multiple 

domains 1 

4.65 SNX19 Sorting nexin 19 -58.98 

ATP8A2 ATPase, aminophospholipid 

transporter, class I, type 8A, 

member 2 

4.55 SLITRK5 SLIT and NTRK-like 

family, member 5 

-50.52 

JAKMIP3 Janus kinase and microtubule 

interacting protein 3 

4.54 HRASLS5 HRAS-like suppressor 

family, member 5 

-49.09 

CNR1 Cannabinoid receptor 1 4.27 PTPN3 Protein tyrosine 

phosphatase, non-receptor 

type 3 

-42.20 

aGenes with mean RPKM > 0.5 and q-value < 0.05 

 

Appendix Table II-2. MTHFD2 KO differentially expressed protein-coding genes. 

Genea  Description FC Genea  Description FC  

EFS Embryonal Fyn-associated 

substrate 

30.29 FZD10 Frizzled family receptor 10 -725.4  

PRRX1 Paired related homeobox 1 26.26 SLC17A9 Solute carrier family 17, 

member 9  

-438.9  

COL5A2 Collagen, type V, alpha 2 18.15 CHMP4C Charged multivesicular body 

protein 4C 

-216.0  

TMEM163 Transmembrane protein 163 15.59 FAM20C Family with sequence 

similarity 20, member C 

-180.0  

CRYAB Crystallin, alpha B 14.61 BCHE Butyrylcholinesterase -166.9  

NEUROG2 Neurogenin 2 12.46 FASTKD2 FAST kinase domains 2 -156.0  

FABP3 Fatty acid binding protein 3, 

muscle and heart (mammary-

derived growth inhibitor) 

12.04 COL11A1 Collagen, type XI, alpha 1 -145.3  

TMEM132E Transmembrane protein 

132E 

11.92 ALDH1A2 Aldehyde dehydrogenase 1 

family, member A2 

-94.39  

FBXO17 F-box protein 17 11.31 FAM124B Family with sequence 

similarity 124B 

-88.79  

PGM5 Phosphoglucomutase 5 11.24 LGSN Lengsin, lens protein with 

glutamine synthetase domain 

-80.33  

APOE Apolipoprotein E 10.58 IFI16 Interferon, gamma-inducible 

protein 16 

-79.40  

VCAM1 Vascular cell adhesion 

molecule 1 

10.07 CGREF1 Cell growth regulator with 

EF-hand domain 1 

-73.02  

HRASLS5 HRAS-like suppressor 

family, member 5 

8.53 TAL1 T-cell acute lymphocytic 

leukemia 1 

-72.54  

CADPS Ca2+- dependent secretion 

activator 

8.44 IAH1 Isoamyl acetate-hydrolyzing 

esterase 1 homolog (S. 

cerevisiae) 

-53.05  
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RELN Reelin 8.06 ABCB1 ATP-binding cassette, 

subfamily B (MDR/TAP), 

member 1 

-33.29  

EPHX2 Epoxide hydrolase 2 7.57 BMP7 Bone morphogenic protein 7 -30.27  

MLF1 Myeloid leukemia factor 1 7.36 AMBN Ameloblastin (enamel matrix 

protein) 

-28.81  

KCND3 Potassium voltage-gated 

channel, Shal-related 

subfamily, member 3 

7.31 TCEAL9 WW domain binding protein 

5 

-28.46  

HIST4H4 Histone cluster, H4 7.14 HOXC9 Homeobox C9 -26.45  

FAM189A2 Family with sequence 

similarity 189, member A2 

6.99 TCEAL8 Transcription elongation 

factor A (SII)-like 8 

-22.25  

RENBP Renin binding protein 6.90 SCGB3A2 Secretoglobin, family 3A, 

member 2 

-19.47  

THBS1 Thrombospondin 1 6.85 NPNT Nephronectin -17.66  

OLIG1 Oligodendrocyte 

transcription factor 1 

6.51 SFRP1 Secreted frizzled-related 

protein 1 

-16.61  

C9orf135 Chromosome 9 open reading 

frame 135 

6.21 SLITRK3 SLIT and NTRK-like family, 

member 3 

-15.36  

ALDH3B1 Aldehyde dehydrogenase 

family 3, member B1 

(ALDH7) 

6.20 CD44 CD44 molecule; receptor for 

hyaluronic acid 

-13.49  

aGenes with mean RPKM > 0.5 and q-value < 0.05 

 

Appendix Table II-3. SHMT2 KO top 25 differentially expressed non-protein-coding genes. 

Genea  Description FC Genea  Description FC  

HOXC-

AS3 

HOXC Cluster Antisense 

RNA 3 

25.39 FZD10-AS1 Frizzled Class Receptor 10 

- Antisense RNA 1 

-935.5  

LINC00649 Long Intergenic Non-

Protein Coding RNA 649 

3.20 LINC01551 Long Intergenic Non-

Protein Coding RNA 1551 

-74.13  

CAHM Colon Adenocarcinoma 

Hypermethylated 

2.93 ESRG Embryonic Stem Cell 

Related 

-10.99  

LINC00365 Long Intergenic Non-

Protein Coding RNA 365 

2.46 LINC01018 Long Intergenic Non-

Protein Coding RNA 1018 

-5.38  

HCG27 HLA Complex Group 27 2.46 LINC00632 Long Intergenic Non-

Protein Coding RNA 632 

-3.10  

MSL3P1 Male-Specific Lethal 3 

Homolog Pseudogene 1 

2.34 MIR4435-

2HG 

MIR4435-2 Host Gene -2.84  

TOB1-AS1 Transducer of ERBB2, 1 - 

Antisense RNA 1 

2.29 RHOXF1P1 Rhox Homeobox Family 

Member 1 Pseudogene 1 

-2.62  

PYY2 Peptide YY 2 (Pseudogene) 2.29 SNORD83A Small Nucleolar RNA, C/D 

Box 83A 

-2.00  

SDAD1P1 SDA1 Domain Containing 

1 Pseudogene 1 

2.20 NR2F1-AS1 Nuclear Receptor 

Subfamily 2 Group F 

Member 1 - Antisense RNA 

1 

-1.90  

CBR3-AS1 Carbonyl reductase 3 - 

Antisense RNA 1 

2.10 LINC02449 Long Intergenic Non-

Protein Coding RNA 2449 

-1.88  

PKN2-AS1 Protein Kinase N2 - 

Antisense RNA 1 

2.02 SNORA52 Small Nucleolar RNA, 

H/ACA Box 52 

-1.83  

PRSS30P Serine Protease 30, 

Pseudogene 

1.98 SNORA33 Small Nucleolar RNA, 

H/ACA Box 33 

-1.78  
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DICER1-

AS1 

Dicer 1, Ribonuclease III - 

Antisense RNA 1 

1.92 LINC01788 Long Intergenic Non-

Protein Coding RNA 1788 

-1.62  

MHENCR Melanoma Highly 

Expressed Competing 

Endogenous LncRNA For 

MiR-425 And MiR-489 

1.90 TPM3P9 Tropomyosin 3 Pseudogene 

9 

-1.55  

MAGI2-

AS3 

Membrane Associated 

Guanylate Kinase, WW 

And PDZ Domain 

Containing 2 - Antisense 

RNA 3 

1.85 MIR22HG MIR22 Host Gene -1.52  

BOLA3-

AS1 

BolA Family Member 3 - 

Antisense RNA 1 

1.83 SCARNA12 Small Cajal Body-Specific 

RNA 12 

-1.51  

PAXIP1-

AS2 

PAX Interacting Protein 1 - 

Antisense RNA 2 

1.82  

TUNAR TCL1 Upstream Neural 

Differentiation-Associated 

RNA 

1.79 

OSER1-

AS1 

Oxidative Stress 

Responsive Serine Rich 1 - 

Antisense RNA 1 

1.77 

LINC01011 Long Intergenic Non-

Protein Coding RNA 1011 

1.73 

DDX11-

AS1 

DEAD/H-Box Helicase 11 - 

Antisense RNA 1 

1.73 

C1orf220 Chromosome 1 open 

reading frame 220 

1.71 

CEBPA-

AS1 

CCAAT Enhancer Binding 

Protein Alpha - Antisense 

RNA 1 

1.71 

ARRDC3-

AS1 

Arrestin Domain 

Containing 3 - Antisense 

RNA 1 

1.63 

ATP1A1-

AS1 

ATPase Na+/K+ 

Transporting Subunit Alpha 

1 - Antisense RNA 1 

1.63 

aGenes with mean RPKM > 0.5, |FC| > 1.5, and q-value < 0.05 

 

Appendix Table II-4. Expression changes in MTHFD2 interaction partners identified by Koufaris and Nilsson.10 

Gene Description Fold Change q-value 

HSPA8 Heat shock cognate 71 kDa protein -1.58 3.56E-05 

HSPA9 Stress-70 protein, mitochondrial -1.23 0.0192 

HSPB1 Heat shock protein β-1 NDa NAb 

HSPD1 60 kDa heat shock protein -1.27 0.0191 

NPMI Nucleophosmin -1.27 2.09E-04 

HIST1H3A Histone cluster 1 H3 family member A ND NA 

HIST2H3A Histone cluster 2 H3 family member A ND NA 

HIST3H3 H3 Histone Family, Member T ND NA 

H3F3A H3 Histone, Family 3A ND NA 

XRCC6 X-ray repair cross-complementing protein 6 -1.26 0.0178 

RPA1 Replication protein A 70 kDa DNA-binding subunit ND NA 
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HNRNPK Heterogeneous nuclear ribonucleoprotein K -1.20 0.0233 

HNRNPM Heterogeneous nuclear ribonucleoprotein M -1.44 0.00159 

SYNCRIP Heterogeneous nuclear ribonucleoprotein Q -1.33 1.33E-06 

HNRNPR Heterogeneous nuclear ribonucleoprotein R ND NA 

HNRNPU Heterogeneous nuclear ribonucleoprotein U -1.32 4.51E-04 

SF3B3 Splicing factor 3B subunit 3 ND NA 

LRPPRC Leucine-rich PPR motif-containing protein, mitochondrial ND NA 

ILF2 Interleukin enhancer-binding factor 2 -1.39 8.46E-06 

NUFIP2 Nuclear fragile X mental retardation-interacting protein 2 -1.17 0.00276 

DDX3X ATP-dependent RNA helicase DDX3X ND NA 

RPL18 60S ribosomal protein L18a ND NA 

RPS13 40S ribosomal protein S13 ND NA 

RPS3A 40S ribosomal protein S3a ND NA 

RPS5 40S ribosomal protein S5 ND NA 

RPS8 40S ribosomal protein S8 ND NA 

ENO1 Alpha-enolase -1.41 9.55E-07 

EZR Ezrin -1.18 0.0499 

RPN1 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 

subunit 1 

-1.27 0.00865 

aND, not detected 
bNA, not applicable  

 

Appendix Table II-5. MTHFD2 KO bidirectional STRING-identified gene sets. 

Gene set Size FDR 

KEGG_Neuroactive ligand-receptor interaction 23 0.00033 

cell adhesion 166 0.00084 

biological adhesion 168 0.0012 

outflow tract morphogenesis 21 0.0016 

nervous system process 183 0.0018 

KEGG_Cytokine-cytokine receptor interaction 33 0.0019 

regulation of inflammatory response 57 0.0036 

G protein-coupled receptor signaling pathway 125 0.0039 

positive regulation of hemopoiesis 48 0.0053 

positive regulation of leukocyte differentiation 34 0.0055 

blood circulation 77 0.0059 

renal system development 96 0.0076 

heart morphogenesis 69 0.0098 

kidney development 94 0.0111 

negative regulation of cell motility 66 0.0113 

negative regulation of cellular component movement 70 0.0117 

negative regulation of cell migration 63 0.0137 

regulation of cell migration 196 0.0145 

trans-synaptic signaling 83 0.0168 

sensory perception 96 0.0173 

urogenital system development 109 0.0184 

KEGG_ECM-receptor interaction 28 0.0185 
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circulatory system process 81 0.019 

regulation of myeloid leukocyte differentiation 25 0.0213 

behavior 145 0.0224 

cardiac chamber development 53 0.0224 

chemical synaptic transmission 81 0.0224 

cardiac chamber morphogenesis 40 0.0227 

 
Appendix Table II-6. Expression changes in TGF-β signaling genes as illustrated by Ahmadi et al.202 and related isoforms. 

Member Gene Description Fold Change q-value 

Ligands TGFB1 Transforming growth factor beta-1 1.98 5.01E-17 

TGFB2 Transforming growth factor beta-2 2.60 1.46 E-09 

TGFB3 Transforming growth factor beta-3 1.08 0.636 

BMP1 Bone morphogenetic protein 1 1.06 0.511 

BMP2 Bone morphogenetic protein 2 -59.0 3.527E-15 

BMP3 Bone morphogenetic protein 3 23.0 0.001 

BMP4 Bone morphogenetic protein 4 -2.07 2.128E-06 

BMP5 Bone morphogenetic protein 5 NDa NAb 

BMP6 Bone morphogenetic protein 6 -1.08 0.877 

BMP7 Bone morphogenetic protein 7 -30.3 2.81E-50 

BMP8A Bone morphogenetic protein 8A -3.20 0.582 

BMP8B Bone morphogenetic protein 8B -1.07 0.669 

BMP10 Bone morphogenetic protein 10 ND NA 

BMP15 Bone morphogenetic protein 15 ND NA 

Receptors TGFBR1 TGF-beta receptor type-1 -1.01 0.912 

TGFBR2 TGF-beta receptor type-2 -1.02 0.937 

TGFBR3 TGF-beta receptor type-3 -1.83 6.28E-09 

BMPR1A Bone morphogenetic protein receptor type-1A 1.19 0.07 

BMPR1B Bone morphogenetic protein receptor type-1B 1.26 0.048 

BMPR2 Bone morphogenetic protein receptor type-2 1.15 0.086 

Canonical 

effectors 

SMAD1 Mothers against decapentaplegic homolog 1 -1.08 0.257 

SMAD2 Mothers against decapentaplegic homolog 2 1.23 0.0003 

SMAD3 Mothers against decapentaplegic homolog 3 1.18 0.0041 

SMAD4 Mothers against decapentaplegic homolog 4 1.09 0.221 

SMAD5 Mothers against decapentaplegic homolog 5 1.03 0.682 

SMAD6 Mothers against decapentaplegic homolog 6 1.53 0.008 

SMAD7 Mothers against decapentaplegic homolog 7 1.20 0.126 

SMAD8 Mothers against decapentaplegic homolog 8 ND NA 

SMAD9 Mothers against decapentaplegic homolog 9 1.41 0.0001 

Non-

canonical 

effectorsc 

MAP2K3 Dual specificity mitogen-activated protein kinase 

kinase 3 

-1.52 1.04E-09 

MAPK6 Mitogen-activated protein kinase 6 -1.08 0.354 

MAPK7 Mitogen-activated protein kinase 7 1.27 0.005 

MAPK8 Mitogen-activated protein kinase 8 1.24 0.008 

MAPK10 Mitogen-activated protein kinase 10 6.16 4.05E-06 

MAPK11 Mitogen-activated protein kinase 11 1.53 2.04E-05 
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MAPK14 Mitogen-activated protein kinase 14 1.00 0.910 

MAPK15 Mitogen-activated protein kinase 15 2.81 0.018 

AKT3 RAC-gamma serine/threonine-protein kinase 1.69 2.01E-07 
aND, not detected 
bNA, not applicable 
cFor MAP2Ks and MAPKs, only select genes are included 

 
Appendix Table II-7. Top 25 compounds in CMAP database showing positive or negative correlations with H1299 OES. 

Compound Description Score Compound Description Score 

imatinib BCR-ABL kinase 

inhibitor 

99.82 depudecin HDAC inhibitor -99.89 

BRD-K08502430 Angiogenesis inhibitor 99.75 XAV-939 Tankyrase inhibitor -99.86 

zosuquidar P-glycoprotein inhibitor 99.72 OM-137 Aurora kinase inhibitor -99.79 

perospirone Dopamine receptor 

antagonist 

99.72 fluprostenol Prostanoid receptor 

agonist 

-99.79 

benzbromarone Chloride channel 

blocker 

99.72 XE-991 Potassium channel 

blocker 

-99.79 

D-64406 PDGFR receptor 

inhibitor 

99.68 terconazole Sterol demethylase 

inhibitor 

-99.75 

UK-356618 Metalloproteinase 

inhibitor 

99.65 ruxolitinib JAK inhibitor -99.74 

vemurafenib RAF inhibitor 99.54 ZM-306416 ABL inhibitor -99.72 

BRD-K09991945 PKC inhibitor 99.51 piperine Monoamine oxidase 

inhibitor 

-99.68 

SB-415286 Glycogen synthase 

kinase inhibitor 

99.47 clonidine Adrenergic receptor 

agonist 

-99.68 

phenprobamate Muscle relaxant 99.40 forskolin Adenylyl cyclase 

activator 

-99.65 

penitrem-a Potassium channel 

blocker 

99.40 purvalanol-b Tyrosine kinase inhibitor -99.65 

lenalidomide Antineoplastic 99.37 BRD-K72541103 JAK inhibitor -99.61 

BRD-K04923131 Glycogen synthase 

kinase inhibitor 

99.33 osthol Calcium channel blocker -99.61 

indirubin CDK inhibitor 99.30 estradiol-cypionate Estrogen receptor 

agonist 

-99.61 

pentobarbital Barbiturate antiepileptic 99.22 EMF-bca1-57 caspase inhibitor -99.58 

gliquidone Sulfonylurea 99.22 BRD-K29313308 HDAC inhibitor -99.50 

ABT-737 BCL inhibitor 99.19 mecillinam Bacterial cell wall 

synthesis inhibitor 

-99.37 

kinetin-riboside Apoptosis stimulant 99.19 bemegride Chemoreceptor agonist -99.33 

GANT-58 GLI antagonist 99.15 VX-702 p38 MAPK inhibitor -99.30 

PD-173074 FGFR inhibitor 99.12 estrone Estrogen receptor 

agonist 

-99.22 

SB-216763 Glycogen synthase 

kinase inhibitor 

99.12 dantrolene Calcium channel blocker -99.21 

U-0124 MEK inhibitor 99.12 cilostazol Phosphodiesterase 

inhibitor 

-99.19 

vindesine Tubulin inhibitor 99.08 BMS-191011 Potassium channel 

activator 

-99.17 

buphenine Adrenergic receptor 

agonist 

98.98 dibenzoylmethane Antineoplastic -99.15 

Gene input: >|1.5|-fold change compared to OECLacZ 
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Appendix Table II-8. Top 25 compounds in CMAP database showing positive or negative correlations with H1299 KDS. 

Compound Description Score Compound Description Score 

QS-11 ARFGAP inhibitor 99.51 bisindolylmaleimide CDK inhibitor, PKC 

inhibitor, leucine rich 

repeat kinase inhibitor 

-98.38 

tubastatin-a HDAC inhibitor 99.44 TG-101348 JAK inhibitor, FLT3 

inhibitor, RET tyrosine 

kinase inhibitor 

-98.38 

droxinostat HDAC inhibitor 98.91 XMD-885 leucine rich repeat 

kinase inhibitor, MAP 

kinase inhibitor 

-97.15 

pyroxamide HDAC inhibitor, cell 

cycle inhibitor 

98.84 maprotiline norepinephrine 

reputake inhibitor, 

tricyclic antidepressant 

(TCA) 

-96.12 

BRD-A16820783 phosphodiesterase 

inhibitor 

98.77 cediranib VEGFR inhibitor, KIT 

inhibitor, angiogenesis 

inhibitor, VEGFR 

antagonist 

-95.77 

Merck60 HDAC inhibitor 98.56 BI-2536 PLK inhibitor, 

apoptosis stimulant, 

cell cycle inhibitor, 

protein kinase inhibitor 

-95.07 

HU-211 glutamate receptor 

antagonist, apoptosis 

stimulant, NFkB 

pathway inhibitor, 

reducing agent 

98.28 tozasertib Aurora kinase 

inhibitor, Bcr-Abl 

kinase inhibitor, FLT3 

inhibitor, JAK 

inhibitor, Abl kinase 

inhibitor, mitotic 

inhibitor 

-94.54 

SA-63133 casein kinase inhibitor, 

tubulin inhibitor 

98.17 enzastaurin PKC inhibitor, AKT 

inhibitor, angiogenesis 

inhibitor, apoptosis 

stimulant, PI3K 

inhibitor 

-94.02 

purmorphamine smoothened receptor 

agonist 

97.94 fluphenazine dopamine receptor 

antagonist, 

acetylcholine receptor 

ligand, dopamine 

receptor, histamine 

receptor antagonist, 

serotonin receptor 

antagonist 

-93.15 

entinostat HDAC inhibitor, cell 

cycle inhibitor 

97.9 dilazep adenosine reuptake 

inhibitor, calcium 

channel antagonist, 

platelet aggregation 

inhibitor 

-93.11 

PP-30 RAF inhibitor 97.84 BIBX-1382 EGFR inhibitor, 

tyrosine kinase 

inhibitor 

-93.09 

ON-01910 PLK inhibitor, cell 

cycle inhibitor, MCL1 

97.39 sunitinib FLT3 inhibitor, KIT 

inhibitor, PDGFR 

tyrosine kinase 

-92.38 
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inhibitor, protein 

kinase inhibitor 

receptor inhibitor, 

RET tyrosine kinase 

inhibitor, VEGFR 

inhibitor, angiogenesis 

inhibitor, colony 

stimulating factor 

receptor antagonist, 

colony stimulating 

factor receptor 

inhibitor, platelet-

derived growth factor 

receptor (PDGFR) 

inhibitor, vascular 

endothelial growth 

factor receptor 

(VEGFR) inhibitor, 

vascular endothelial 

growth factor receptor 

1 (VEGFR1) inhibitor, 

vascular endothelial 

growth factor receptor 

2 (VEGFR2) inhibitor, 

VEGFR antagonist 

rucaparib PARP inhibitor 97.36 tamoxifen estrogen receptor 

antagonist, selective 

estrogen receptor 

modulator (SERM), 

estrogen receptor 

agonist, estrogen 

receptor modulator, 

PKC inhibitor 

-91.42 

phorbol-12-myristate- 

13-acetate 

PKC activator, CD 

antagonist 

97.32  

motesanib KIT inhibitor, PDGFR 

tyrosine kinase 

receptor inhibitor, 

VEGFR inhibitor, 

angiogenesis inhibitor, 

RET tyrosine kinase 

inhibitor, vascular 

endothelial growth 

factor receptor 

(VEGFR) inhibitor, 

VEGFR antagonist 

97.04 

depudecin HDAC inhibitor 96.84 

WT-171 HDAC inhibitor 96.58 

ALW-II-38-3 ephrin inhibitor 96.34 

tacedinaline HDAC inhibitor, cell 

cycle inhibitor 

96.29 

VU-0365114-2 acetylcholine receptor 

allosteric modulator, 

M5 modulator 

95.92 

epothilone-a microtubule stabilizing 

agent 

95.88 
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ALW-II-49-7 ephrin inhibitor 95.88 

ingenol PKC activator 95.84 

APHA-compound-8 HDAC inhibitor 95.84 

BRD-K29313308 HDAC inhibitor 95.80 

Gene input: >|1.5|-fold change compared to KDC 

 
Appendix Table II-9. Compounds in CMAP database showing positive or negative correlations with MTHFD2 KO. 

Compound Description Scorea 

BI-2536 PLK inhibitor, apoptosis stimulant, cell cycle inhibitor, protein kinase inhibitor 97.65 

apicidin HDAC inhibitor 97.32 

XMD-892 MAP kinase inhibitor, BMK inhibitor, leucine rich repeat kinase inhibitor 96.55 

XMD-885 leucine rich repeat kinase inhibitor, MAP kinase inhibitor 96.43 

KU-0060648 DNA dependent protein kinase, DNA dependent protein kinase inhibitor, PI3K 

inhibitor 

94.89 

panobinostat HDAC inhibitor, apoptosis stimulant, cell cycle inhibitor 94.72 

ISOX HDAC inhibitor 94.53 

TG-101348 JAK inhibitor, FLT3 inhibitor, RET tyrosine kinase inhibitor 94.47 

XMD-1150 leucine rich repeat kinase inhibitor 94.33 

NU-7441 DNA dependent protein kinase, DNA dependent protein kinase inhibitor, P 

glycoprotein inhibitor 

93.83 

JWE-035 Aurora kinase inhibitor 93.70 

U-0126 MEK inhibitor, JAK inhibitor, MAP kinase inhibitor 92.88 

trichostatin-a HDAC inhibitor, CDK expression enhancer, ID1 expression inhibitor 92.30 

MEK1-2-inhibitor MEK inhibitor 91.94 

emetine protein synthesis inhibitor 91.10 

WYE-354 mTOR inhibitor 90.71 

homoharringtonine apoptosis stimulant, protein synthesis inhibitor 90.59 

PI-828 PI3K inhibitor 90.30 

kinetin-riboside apoptosis inducer -90.03 
aScores ≥ 90 or ≤ -90 

 
Appendix Table II-10. H1299 OES-Rec STRING KEGG gene sets compared to OECLacZ. 

Gene set FDR Genes 

MicroRNAs in cancer 0.0070 CCNE2, CDKN1B, DDIT4, MARCKS, MYC, PDCD4, PIM1, 

SPRY2, VEGFA 

Biosynthesis of amino acids 0.0077 CTH, GOT1, IDH1, PHGDH, PSAT1, SHMT2 

p53 signaling pathway 0.0077 CCNE2, CCNG2, GADD45A, IGFBP3, SESN2, TNFRSF10B 

Systemic lupus erythematosus 0.0077 H2AFJ, HIST1H2AB, HIST1H2AL, HIST1H2BE, HIST1H2BK, 

HIST1H2BL, HIST2H2BE 

Transcriptional misregulation in 

cancer 

0.0184 CDKN1B, CEBPB, DDIT3, DUSP6, GADD45A, IGFBP3, MYC, 

WNT16 

Glycine, serine and threonine 

metabolism 

0.0253 CTH, PHGDH, PSAT1, SHMT2 

MAPK signaling pathway 0.0253 DDIT3, DUSP5, DUSP6, GADD45A, HSPA8, JUN, JUND, MYC, 

RAPGEF2, VEGFA 

Alcoholism 0.0253 H2AFJ, HIST1H2AB, HIST1H2AL, HIST1H2BE, HIST1H2BK, 

HIST1H2BL, HIST2H2BE 

Viral carcinogenesis 0.0253 CCNE2, CDKN1B, CDKN2B, HIST1H2BE, HIST1H2BK, 

HIST1H2BL, HIST2H2BE, JUN 
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Gastric cancer 0.0253 CCNE2, CDKN1B, CDKN2B, GADD45A, MYC, WNT16, 

WNT5B 

Aminoacyl-tRNA biosynthesis 0.0255 AARS, EPRS, GARS, WARS 

ErbB signaling pathway 0.0336 CAMK2D, CDKN1B, EIF4EBP1, JUN, MYC 

Small cell lung cancer 0.0474 CCNE2, CDKN1B, CDKN2B, GADD45A, MYC 

 
Appendix Table II-11. H1299 OES-Rec STRING biological processes gene sets compared to OECLacZ. 

Gene set FDR 

regulation of biosynthetic process 6.55E-07 

negative regulation of metabolic process 7.88E-07 

regulation of cellular biosynthetic process 7.88E-07 

negative regulation of cellular metabolic process 7.96E-07 

negative regulation of macromolecule metabolic process 9.42E-07 

regulation of gene expression 1.05E-06 

regulation of metabolic process 1.05E-06 

negative regulation of nitrogen compound metabolic process 1.05E-06 

regulation of primary metabolic process 1.05E-06 

cellular response to external stimulus 1.97E-06 

response to endoplasmic reticulum stress 2.59E-06 

negative regulation of biosynthetic process 2.81E-06 

regulation of macromolecule metabolic process 3.39E-06 

regulation of cellular metabolic process 3.46E-06 

regulation of nitrogen compound metabolic process 3.46E-06 

negative regulation of cellular biosynthetic process 4.33E-06 

regulation of macromolecule biosynthetic process 1.12E-05 

negative regulation of gene expression 1.12E-05 

cellular response to nutrient levels 1.12E-05 

regulation of cellular macromolecule biosynthetic process 1.12E-05 

negative regulation of cellular protein metabolic process 1.24E-05 

negative regulation of protein metabolic process 1.28E-05 

negative regulation of biological process 1.96E-05 

response to stress 3.83E-05 

cellular response to starvation 4.45E-05 
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results, especially Dr. Brian Magnuson and Karan Bedi. We would also like to thank Dr. Ethan 
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like to thank Dr. Shuai Hu for critical reading of the manuscript. 

Data from Bru-sequencing of the H1299 cell line is only from one biological replicate, so 

care should be taken when drawing conclusions and the results should be validated experimentally. 

For Bru-seq, a significantly differentially expressed gene was defined as having an absolute fold 

change greater than 1.5-fold and mean RPKM > 0.5, but this experiment should be repeated to 

obtain p-values to determine true significance.  
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CHAPTER III The DHODH Inhibitor Brequinar is Synergistic with ENT1/2 

Inhibitors 

Introduction3 

To generate the required concentrations of nucleotides for DNA replication and rapid cell 

growth, cancer cells often use de novo synthesis pathways.1 This differs from normal cells that 

maintain nucleotide concentrations through nucleoside salvage pathways. This metabolic 

difference has led to the development of many inhibitors that can selectively target cancer cells by 

disrupting de novo synthesis.2-3 De novo purine biosynthesis inhibitors have become standard-of-

care chemotherapies for cancer, and part of their success is due to their transport across the cell 

membrane by nucleoside transporters.4 5-Fluorouracil (5FU), PALA, acivin, brequinar (BREQ), 

and leflunomide (LEF)/teriflunomide (TERF) are notable examples of pyrimidine biosynthesis 

inhibitors. While antimetabolites against purine metabolism have largely been successful, their 

pyrimidine counterparts have not, with the exception of 5FU, and the reason for this is not clear. 

LEF/TERF and BREQ all target the enzyme dihydroorotate dehydrogenase (DHODH). LEF, and 

its active metabolite TERF, are FDA-approved for the treatment of autoimmune diseases such as 

arthritis and multiple sclerosis.5 Along with autoimmune diseases, DHODH plays a critical role in 

cancer, which has recently been extensively reviewed.6-9 Despite BREQ’s higher potency and 

 
3 This work is reprinted with permission from: Cuthbertson, C. R., Guo, H., Kyani, A., Madak, J. T., Arabzada, Z., 

& Neamati, N. (2020). The DHODH Inhibitor Brequinar is Synergistic with ENT1/2 Inhibitors. ACS Pharmacol 

Transl Sci. Copyright 2020 American Chemical Society. https://pubs.acs.org/articlesonrequest/AOR-

K29VUKIW5WWVFE8EXABA 
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specificity over LEF/TERF (Appendix Table III-1), it failed all cancer clinical trials in solid tumors 

in the late 1980s and early 1990s. We are interested in exploring the potential to improve the 

effectiveness of the DHODH inhibitor BREQ by identifying synergistic proteins or pathways for 

a combination therapy. 

DHODH is responsible for the oxidation of dihydroorotic acid to orotic acid. This reaction 

is the fourth, and committed, step in de novo pyrimidine synthesis and its inhibition via BREQ has 

potent anticancer properties in murine and human xenograft models of cancer.10 Its promising 

anticancer potential led to multiple clinical trials, but BREQ failed to provide a significant 

objective response to patients with solid tumors.11-16 In vitro, cells grown in nucleoside-

supplemented media become insensitive to BREQ,17-18 suggesting a compensatory mechanism 

exists. A Phase I trial found that after dosing of BREQ, DHODH activity was undetectable in 

lymphocytes within 15 min and even up to a week afterward,19 but it is not known if tumor samples 

showed a similar profile. Moreover, as we show and others have seen, continuous treatment of 

BREQ as a single agent is necessary to observe a cellular effect, so the dosing regimen is also 

critical.20 Additionally, lack of DHODH activity prevented nearly all tumor growth.21 Clinical 

trials evaluated efficacy of IV infusions on a bi-weekly basis or for one week on, three weeks off, 

so it is unlikely that sustained inhibition was achieved. Additionally, plasma uridine levels 

rebounded after a significant initial decrease.19 This suggests that BREQ’s clinical trial failures 

might have resulted from the salvage pathway importing extracellular nucleosides to sustain cell 

viability. While the reason that BREQ failed human clinical trials is likely a complicated one, we 

were interested in gaining further understanding of the role of the salvage transporters as a 

compensation mechanism as a potential combination strategy. 
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De novo pyrimidine salvage pathways rely on two families of membrane bound 

transporters to import extracellular nucleosides: equilibrative nucleoside transporters (ENT1-

4/SLC29A1-4) and concentrative nucleoside transporters (CNT1-3/SLC28A1-3).22-23 Since their 

expression varies with subcellular localization and tissue distribution, normal cells utilize a 

combination of these two families to import nucleosides as fuel for salvage pathways. However, 

the ENT is a more effective nucleoside/nucleobase transporter and may present an important 

synergistic target (ENT1: 200 uridine molecules/s vs CNT1: 10 uridine molecules/s).23-24 The 

differential expression of the ENTs is cancer-dependent. ENT1 was found to be overexpressed in 

colon cancer and some pancreatic cancer samples.25-29 There are also numerous reports on the 

downregulation of ENT1 in pancreatic cancer,30-32 with the majority attributed to a resistance 

mechanism developed from treatment with purine biosynthesis inhibitors (i.e., gemcitabine).33-46 

Therefore, it is possible that these tumors would be more sensitive to pyrimidine biosynthesis 

inhibition as they would be more reliant on de novo pathways. 

The combination of ENT inhibitors with antipyrimidines has been investigated previously 

in colon and pancreatic cancer including dipyridamole (DPM) + acivicin,47-48 DPM + PALA,49-50 

and DPM + PALA + 5FU.51 In fact, in a study exploring the combination of BREQ and 5FU, DPM 

was found to enhance BREQ’s growth inhibition.20 This was rescued in the presence of 50 μM 

uridine, but that is well above the estimated physiological concentration of 5 μM,52 which did not 

rescue the cytotoxicity. In this study, we evaluate synergistic effects of ENT/CNT inhibition 

concomitantly with DHODH inhibition in colon and pancreatic cancer cells using a small-

molecule approach (Figure III-1). 
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Figure III-1. Structures of DHODH and nucleoside transporter inhibitors used in this study. (A) DHODH inhibitors. (B) 

Transporter inhibitors. 

Results and discussion 

Brequinar is synergistic with ENT inhibitor dipyridamole but not CNT inhibitor phlorizin 

We first sought to determine the role of the pyrimidine salvage pathway transporters (CNTs 

versus ENTs) in the compensatory mechanism for DHODH inhibition. We chose colon and 

pancreatic cancer cell lines for this study as these are the most well-studied pharmacologically in 

the context of nucleoside transporters. To accomplish this, we combined BREQ with either 

phlorizin (PHZ, pan-CNT inhibitor) or dipyridamole (DPM, ENT inhibitor). DPM is selective for 

ENT1/2, but also inhibits ENT4 at higher concentrations. As single agents, PHZ and DPM are not 

toxic up to 50 μM (Figure III-2A-C). The combination of BREQ + PHZ does not affect the activity 

of BREQ in the colony formation assay (Figure III-2A-C, Figure III-2G-I) or MTT assay 

(Appendix Figure III-1A-C) even with continuous and simultaneous treatment. However, 

treatment of BREQ + DPM for only 24 h is enough to produce significant cytotoxicity (Figure III-

2A-C). Importantly, this synergy is seen at 100-fold lower concentration of DPM to PHZ. This 

synergy increases with continuous treatment (Figure III-2G-I). The cell lines used in this study 

show a spectrum of sensitivity to BREQ, with HCT 116 being the most sensitive (Table III-1). 
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Even in this cell line, the maximal growth inhibition is roughly 60% (Figure III-2D), suggesting 

that BREQ is a cytostatic drug and that the salvage pathway may sustain ~40% viability. 

Regardless of sensitivity to BREQ alone, all of the tested cell lines were sensitive to the 

combination. A valid concern is that this combination would be toxic to all cells, but, as evidenced 

by the lack of toxicity in the in vivo study (see below), we believe that with the optimal dosing 

regimen, systemic toxicity is avoidable. Surprisingly, increasing concentrations of DPM does not 

affect the IC50 of BREQ, but instead increases the efficacy in a dose-dependent manner (Figure 

III-2D-F), even up to a concentration of 25 μM DPM (Appendix Figure III-1D). A similar 

phenomenon was observed when brequinar was combined with doxorubicin.53 Furthermore, it is 

interesting to note that neither the order of addition (Figure III-2J) nor treatment duration (Figure 

III-2K) significantly affected the IC50 of BREQ. We believe this is due the intrinsic cytostatic 

nature of DHODH inhibitors. Inhibition of DHODH results in a stall of cell-cycle progression at 

S-phase;17, 21 cells are able to remain viable because of the salvage pathway. Therefore, when the 

supply of pyrimidine nucleosides is cut off from both arms, the remaining viable but non-

proliferating cells are forced to die (Appendix Figure III-1E/F). To validate the cytotoxicity, we 

carried out MTT assays with compound treatment for only the first 24 h or the full 72 h. Any 

growth inhibition from the 24 h treatment would be due to cytotoxicity as fresh medium was 

replaced after compound removal. As can be seen in Appendix Figure III-1E, 24 h treatment of 

BREQ in the MTT assay has a minimal effect, whereas significant growth inhibition is seen with 

continuous treatment in agreement with BREQ’s cytostatic mechanism of action. Short-term and 

continuous treatment of BREQ + DPM produces the same effect, indicating a cytotoxic 

mechanism. Importantly, comparison of both 24 h treatments reveals a significant difference of 

cell growth inhibition. Additionally, in an apoptosis assay measuring ATP levels, there was not a 
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significant difference in the viability of BREQ-treated cells, signifying that while the cell’s growth 

inhibited, the cells were still viable. In contrast, treatment with the BREQ + DPM combination 

significantly reduced cell viability for 24 h and continuous treatment. These initial studies showed 

that BREQ is synergistic with DPM but not PHZ, suggesting that CNTs do not play a major role 

in the salvage pathway when de novo pyrimidine biosynthesis is inhibited in colon and pancreatic 

cancer cell lines. 

There are a few possibilities as to why we saw synergy between BREQ and DPM but not 

PHZ. While all CNTs are able to transport uridine, they do so at a less efficient rate than the 

ENTs.23-24 The transport also requires coupled transport of sodium or protons across their 

concentration gradient. Additionally, PHZ is not as potent as the ENT inhibitors used in this study. 

So as to not exceed toxic concentrations of DMSO, we were limited by a maximum concentration 

of 50 μM. This is 2.5-5-fold lower than the IC50 values of CNT1 and CNT2. Therefore more potent 

CNT inhibitors such as compound 22 or siRNA for the CNTs could be used in the future to assess 

whether combination of DHODH and CNT inhibition is synergistic.54  
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Figure III-2. BREQ is synergistic with ENT antagonist DPM, but not CNT antagonist PHZ.  (A-C) Colony formation assay (CFA) 

at single doses. Continuous and 24 h designations are for combinations only; single drugs are continuous treatments. (D-F) IC50 

dependence of BREQ in presence of DPM in the MTT assay. (G-I) Bliss synergy plots using CFA data. Cells were continuously 

treated with compounds. (J) Order of addition of BREQ+DPM in the MTT assay in HCT 116. Concentration of DPM = 1 μM. (K) 

Time-dependence of BREQ+DPM treatment in the MTT assay in HCT 116. BREQ and DPM were added at the same time. 
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BREQ is synergistic with other, but not all, ENT inhibitors 

Beyond DPM, additional ENT inhibitors with varying specificities were tested for synergy 

with BREQ: TC-T 6000 (ENT4 inhibitor), NMBPR (ENT1 inhibitor), and 8MDP (ENT1/2 

inhibitor) (Appendix Table III-1). The ENT1/2 specific inhibitors were synergistic with BREQ 

whereas the ENT4-specific inhibitor TC-T 6000 was not (Figure III-3, Appendix Figure III-2). 

This indicates that ENT4 does not play an important role in salvage of nucleosides in response to 

DHODH inhibition. All CNTs and ENTs except for ENT4 transport uridine; ENT4 specifically 

transports adenosine.23 This explains why inhibition by TC-T 6000 did not amount to any 

synergistic, or even additive, effect. Unlike DPM, 8MDP and TC-T 6000 showed cytotoxicity in 

all three cell lines (Table III-1). This could be due to their higher potency against the ENT 

isoforms, however, the most selective ENT inhibitor, NBMPR, was not cytotoxic up to 50 μM. It 

is interesting that these ENT inhibitors show cytotoxicity since not all cell lines are sensitive to 

BREQ, suggesting that HT-29 and MIA PaCa-2 are more reliant on salvage than de novo pathways. 

Similar to DPM, 8MDP and NBMPR did not affect BREQ’s IC50, but instead increased its efficacy 

(Figure III-3D/E; Appendix Figure III-2C/F). For HCT 116, the synergy is more pronounced with 

24 h treatment than continuous (Figure III-3G, H) because BREQ also shows growth inhibition 

with longer treatment times. For MIA PaCa-2, significant synergy is observed with 24 h and 

continuous treatment, and for HT-29 only with continuous treatment (Appendix Figure III-2). This 

can be attributed to their intrinsic resistance to BREQ.  
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Figure III-3. BREQ is synergistic with ENT1/2 but not ENT4 inhibitors in HCT 116.  (A-C) CFA at single doses. Continuous and 

24 h designations are for combinations only; single drugs are continuous treatments. (D-F) IC50 dependence of BREQ in presence 

of ENT inhibitors in the MTT assay. (G-I) Bliss synergy plots using CFA data. 

Table III-1. IC50 values of DHODH and nucleoside transporter inhibitors against cancer cell lines. Values listed are in μM.

 HCT 116 HT-29 MIA PaCa-2 

Compound MTT CFA MTT CFA MTT CFA 

BREQ 0.480 ± 0.14 0.218 ± 0.24 >25 >25 0.680 ± 0.25 0.590 ± 0.36 

LEF >50 14.1 ± 2.4 >50 >50 >50 >50 

TERF >50 11.8 ± 5.7 >50 >50 >50 23.7 ± 19 

41 2.86 ± 0.96 NTa NT NT 7.18 ± 2.355 NT 

PHZ >50 >50 >50 >50 >50 >50 

DPM >50 >50 >50 >50 >50 >50 

8MDP 5.73 ± 2.1 8.30 ± 3.7 >50 >50  16.0 ± 5.0 13.6 ± 6.6 

TC-T 6000 11.2 ± 3.9 8.06 ± 3.0 17.9 ± 8.1 6.09 ± 4.0 10.1 ± 2.6 12.0 ± 0.36 

NBMPR >50 >50 >50 >50 >50 >50 
aNT = not tested 
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Other DHODH inhibitors show mixed synergy with DPM 

Additional DHODH inhibitor LEF, and its active metabolite TERF, were also evaluated 

for synergy with DPM. While only modest cell growth inhibition was observed in the colony 

formation assay for LEF and TERF alone, combination with DPM did show a significant 

improvement (Figure III-4A/D; Appendix Figure III-3A/D). Both LEF and TERF were inactive in 

the MTT assay with IC50’s > 50 μM (Table III-1), but in HCT 116, combination with DPM 

increased activity (Figure III-4B/E). However, these combinations showed no significant 

differences in HT-29 or MIA PaCa-2 (Figure III-3B/E). Continuous treatment of LEF/TERF with 

DPM in the colony formation was synergistic but not with 24 h treatment in HCT 116 (Figure III-

4C/F). In HT-29 and MIA PaCa-2, there was no observed synergy at concentrations lower than 50 

μM for both LEF and TERF (Appendix Figure III-3). Since LEF/TERF are minimally active to 

begin with, when DPM is added an IC50 is produced. In HCT 116, comparison of the Bliss synergy 

plots for continuous treatments of BREQ + DPM to LEF/TERF+DPM, the trends are quite similar 

(Figure III-1G to Figure III-4C/F). By simply looking at the highest concentration of these 

compounds (25 μM for LEF/TERF or 5 μM BREQ) without DPM, the cell growth inhibition is 

~50-70%. Addition of 0.55 μM DPM increases the cell growth inhibition to >95%, thereby 

increasing the efficacy without a shift in IC50. This is not apparent in the MTT assay because the 

cells are only treated with the compounds for 3 days, versus 6-7 days in the colony formation 

assays. LEF and TERF have a much lower affinity for DHODH compared to BREQ (Ki = 4.6 μM 

and 2.7 μM versus 25 nM, respectively),56-57 which could account for the lack of synergy in HT-

29 and MIA PaCa-2 as these cell lines are more resistant to DHODH inhibition.  

We previously published optimized BREQ analog 41,55 and were interested whether this 

molecule would also exhibit synergy when combined with DPM. The cytotoxicity trends with 41 
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matched those of BREQ + DPM (Appendix Figure III-4). Significant synergy is present with both 

24 h and continuous treatment (Appendix Figure III-4A). Furthermore, DPM dose-dependently 

increases the efficacy of 41 but does not shift its IC50 value (Appendix Figure III-4B). Summaries 

of all combinations can be found in Appendix Tables III-2, III-3, and III-4. 

 
Figure III-4. LEF and TERF are synergistic with DPM in HCT 116.  (A, D) CFA at single doses. Continuous and 24 h designations 

are for combinations only; single drugs are continuous treatments. (B, E) IC50 dependence of LEF or TERF in presence of DPM in 

the MTT assay. (C, F) Bliss synergy plots using CFA data. 

Nucleoside depletion confirms synergistic mechanism of action 

Removal of nucleosides from the media is a surrogate for inhibition of all nucleoside 

transporters. Under these conditions, BREQ, TERF and LEF treatment reproduces the synergy that 

is seen with combined DPM or NBMPR treatment in nutrient-rich media (Figure III-5A). In the 

MTT assay, removal of nucleosides from the media significantly enhanced activity (Figure III-

5B). As expected, BREQ was more cytotoxic in nucleoside-free media, and this media did not 

impact the drug combinations nor the nucleoside transport inhibitors DPM and NBMPR. When 
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uridine was added to the nucleoside-free media (precursor to the end product of pyrimidine 

biosynthesis) at a physiological concentration (5 μM), BREQ-induced cell growth inhibition was 

rescued, but not LEF or TERF (Figure III-5C). This indicates that the mechanisms of action for 

LEF and TERF extend beyond DHODH inhibition, and that BREQ’s lies with inhibition of 

pyrimidine biosynthesis, all supporting previous literature. 

 
Figure III-5. Nucleoside depletion confirms synergistic mechanism of action. (A) Colony formation assay assessing drug 

dependence of nucleoside presence in medium. (B) MTT assay assessing drug dependence of nucleoside presence in medium. Drug 

concentrations are the same as in panel A. *p < 0.05. (C) MTT assay assessing drug dependence of uridine supplementation in 

dialyzed FBS. Drug concentrations are the same as in panel A.  *p < 0.01. 

In vitro synergy was not observed in vivo 

To evaluate if the in vitro synergy would translate in vivo, the antitumor effects of DPM, 

BREQ, 41, DPM + BREQ, and DPM + 41 were examined using an HCT 116 mouse xenograft 

model with i.p. administration (Figure III-6A, Appendix Figure III-5A). During the study, no 

significant body weight was lost in any group (Figure III-6B, Appendix Figure III-5B). While 

DPM + BREQ showed significant inhibition of tumor growth compared to vehicle control, there 

was no statistical significance between the combination and BREQ alone (Figure III-6C, Appendix 

Figure III-5C). Previous in vivo studies with PALA + DPM found that the combination was able 

to significantly reduce nucleotide levels in the tumors greater than either agent alone and that 

addition of DPM reduced PALA’s LD50 in mice.58-59 Therefore, we do not expect tumor penetrance 

of DPM to be an issue. A possible explanation as to why we did not observe synergy is that plasma 

uridine concentrations were higher than what was used in cell culture. In mouse plasma the 
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concentration of uridine is ~5 μM,52 and in Figure 5C, we show that 5 μM does not rescue growth 

inhibition, therefore we do not expect that plasma uridine levels contributed to the lack of synergy. 

However, future in vivo studies monitoring plasma uridine levels are warranted as 50 μM was 

previously shown to rescue the combination effect in vitro,20 and treatment with a sub-toxic dose 

of brequinar in mice resulted in a roughly 3-fold increase in uridine concentrations.19  

 
Figure III-6. Anticancer effect of DPM + BREQ in a mouse xenograft model (n = 5, mean ± SEM). (A) Formulations of DPM and 

BREQ. (B) Body weight change throughout the study. (C) Tumor volume of each group. (D) Harvested tumors after sacrifice. *p 

< 0.001 versus control (t-test).  

Disappointingly, 41 showed no antitumor activity alone or in combination with DPM 

(Appendix Figure III-5C). However, as was discussed above, the dosing regimen is important. In 

this study we only tried one dose combination of BREQ with DPM. In the future it would be 

important to establish the optimal ratio of DPM:BREQ as well as the schedule-dependency. We 

were pleased to see that the combination group of DPM + BREQ was not toxic to the mice as 

measured by body weight. Despite having a favorable pharmacokinetic profile,55 41 did not elicit 

any tumor growth inhibition. In vitro, 41’s IC50 against DHODH is on par with BREQ but 

possesses a roughly 6-fold higher IC50 in cells (HCT 116). Our previous work speculated that even 
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with similar solubility to and a lower cLogP than BREQ, 41 may not be as cell-permeable.55 The 

computational permeability tool PerMM predicted a 49-fold difference in permeability coefficients 

between BREQ and 41 (Appendix Table III-5), where BREQ is predicted to more favorably cross 

the phospholipid bilayer (BLM).60-61 Similarly, the logD7.4 of 41 is more than a full log unit lower 

than that of BREQ (0.631 ± 0.07 versus 1.83 ± 0.02).62 Moreover, we used a dose of 10 mg/kg for 

41 versus 20 mg/kg for BREQ, so it is possible that a higher dose would be more effective. 

Likewise, the half-life of 41 is ~2-fold lower than BREQ’s, therefore increasing the dosing 

schedule to every 12 hours instead of daily could potentially overcome the lack of activity. No 

increased activity was observed in combination with DPM, further indicating a failure to reach the 

tumor or an inadequate dose. Therefore, future studies are warranted to further elucidate 41’s in 

vivo efficacy. 

Conclusion 

This is the first study to thoroughly investigate inhibition of nucleoside transporters in 

conjunction with DHODH inhibitors. The combination of DPM with BREQ has been studied 

before, albeit with brevity.20 Through using a small molecule approach, we found that the 

equilibrative nucleoside transporters seem to play a greater role in nucleotide salvage rather that 

the concentrative nucleoside transporters when the de novo pathway is inhibited. Experiments 

using more potent inhibitors of CNTs or siRNA targeting these proteins combined with brequinar 

are necessary to further validate this result. We identified that the ENT1 and ENT2 isoforms 

together are responsible for salvage through the use of potent ENT1/2 inhibitors 8MDP and 

NBMPR. Furthermore, the synergy extended beyond brequinar to other established DHODH 

inhibitors leflunomide and teriflunomide. The results of our study highlight the possibility to 

improve brequinar’s efficacy in the clinic by using a combination strategy to inhibit nucleotide 



 

175 

salvage from the extracellular environment. Future studies will determine optimal dosing regimens 

for in vivo studies to obtain a synergistic effect. 

Methods 

Chemicals. DPM, BREQ, and uridine were purchased from Sigma. Compound 41 was prepared 

as previously described.55 NBMPR, TC-T 6000, and 8MDP were purchased from Tocris. All stock 

solutions were prepared in DMSO except for uridine which was dissolved in water. The purity was 

established by integration of the areas of major peaks detected at 254 nm, and all tested compounds 

have >95% purity. 

Cell Culture. HCT 116 and MIA PaCa-2 were cultured in RPMI 1640, and HT-29 was cultured 

in McCoy’s 5A, all were supplemented with 10% FBS (Gibco). Dialyzed FBS was purchased from 

GE Healthcare. Cells were grown at 37 °C in a humidified atmosphere of 5% CO2 and maintained 

in culture under 30 passages. Cell lines were tested for Mycoplasma contamination with the 

Mycoplasma detection kit, PlasmoTest (InvivoGen, San Diego, California). All cell lines were 

authenticated with STR DNA profiling (University of Michigan, Michigan, USA) and matched to 

reference profiles from the ATCC database. 

Colony formation assay. Cells were seeded in 96-well plates at 200-500 cells/well and allowed 

to attach overnight. Compounds were added to the indicated concentrations and incubated with the 

cells for 24 h or continuously until the vehicle control reached ~80% confluency (5-7 days). At the 

end of treatment, media was removed, and cells were fixed and stained with crystal violet solution 

(0.05% crystal violet, 2% formaldehyde, 40% methanol) for 30 minutes. Wells were washed with 

water and allowed to dry overnight before imaging with the Odyssey CLx imager (LI-COR 

Biosciences). 
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MTT assay. Cytotoxicity of compounds was evaluated with the MTT assay. Cells were seeded in 

96-well plates at 2000-4000 cells/well. After overnight attachment, compounds were added to the 

wells at sequential dilutions. After 72, 96, or 120 h the tetrazolium dye MTT was added to the 

media to a final concentration of 300 μg/mL and incubated for 3-4 h at 37 °C. The media was 

removed, and the insoluble formazan was dissolved in 100 μL of DMSO. Absorbance at 570 nm 

was read by microplate reader (Molecular Devices, Sunnyvale, CA). Cytotoxicity of compounds 

is presented as inhibition of cell proliferation against DMSO-treated controls. All compound 

incubation periods were 72 h unless otherwise indicated. 

Apoptosis assay. Apoptosis was measured via quantification of ATP levels using the APOSensor 

assay (BioVision Incorpoorated) according to the manufacturer’s protocol. Briefly, HCT 116 cells 

were seeded in white 96-well plates at 3,000 c/w. After overnight attachment, compounds were 

added to the wells and incubated with the cells continuously or for 24 h. After 72 h the media was 

removed and 100 μL of nucleotide releasing buffer was added to the wells. ATP monitoring 

enzyme (10 μL) was added to the wells after the plate was gently shaken for 5 min. Luminescence 

was read by a CLARIOstar Plus microplate reader (BMG LabTech). Cell viability is presented as 

a percentage compared to DMSO-treated controls. 

Data analysis. IC50 values were calculated using GraphPad Prism 8. For synergy experiments, 

data were analyzed for synergistic interactions by the Bliss synergy and antagonism method using 

the software Combenefit (University of Cambridge).63-64 All experiments were performed at least 

three independent times. 

PerMM analysis. BREQ and 41 were prepared in MOE using the Amber forcefield for energy 

minimizations. Compounds were submitted for analysis by the PerMM server using the default 

settings (T = 298 K, pH 7.4).60-61 
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LogD (pH 7.4) determination. The logD of 41 was first estimated using ADMET Predictor 

(Simulations Plus, version 9.5.0.16) to inform the appropriate partitions to be used below. The 

partition coefficient of 41 between n-octanol and PBS at pH 7.4 (log D7.4) was obtained using the 

shake-flask technique as previously described with some alterations.65 Mutually saturated 

solutions were prepared by shaking at room temperature overnight. Excess buffer or octanol was 

removed following centrifugation for 30 min at 3500 rpm.  Compound 41 was diluted in 500 μL 

or 1 mL in octanol-saturated PBS to 200 μM. Aliquots of these standard solutions were transferred 

to a Corning 3680 plate along with a blank. PBS-saturated octanol was then added to the tubes in 

1:1 and 1:10 ratios. The tubes were shaken for 1 h at room temperature and then centrifuged for 5 

min at 7000 rpm. Aliquots of the aqueous layers were transferred to the plate and the absorption 

spectra for all samples were obtained. The area under the curves (AUC) were calculated in 

Microsoft Excel. Equation 1 was used to determine the logD and the reported value is an average 

of six experiments. 

log𝐷 = log ((
𝐴𝑈𝐶𝑠𝑡

𝐴𝑈𝐶𝑎𝑞
) − 1)

𝑉𝑎𝑞

𝑉𝑜𝑐𝑡
  (1) 

Xenograft study. All animal studies were approved by the animal care facility at the University 

of Michigan-Ann Arbor (Protocol number: PRO00009185) and were handled in accordance with 

the Institutional Animal Use and Care Committee. HCT 116 cells (5 x 106) in a suspension of PBS 

were injected subcutaneously into dorsal flanks of NSG mice. Tumor size was monitored twice a 

week through caliper measurement using the following equation: V = l x w x w/2, where l 

represents length and w represents width of the tumor. Mice were randomly grouped (n = 5 per 

group) when the average tumor size reached 150 mm3. Daily treatment was given at 5 days on, 2 

days off cycles. DPM was given at 10 mg/kg, compound 41 at 10 mg/kg, and BREQ was given at 

20 mg/kg (10% DMSO, 50% PEG400, 40% saline) by intraperitoneal injection. Study was 
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concluded on day 25 when the average tumor size in the vehicle-treated group reached 2000 mm3. 

An unpaired t-test was performed for data analysis, and p < 0.05 was considered significant.  
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Appendix 

 
Appendix Figure III-1. (A-C) PHZ does not affect cytotoxicity of BREQ. (D) High concentrations of DPM do not shift BREQ’s 

IC50. (E-F) BREQ + DPM elicits cell growth inhibition through a cytotoxic and apoptotic mechanism as measured by the (E) 

MTT and (F) APOSensor assays. 
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Appendix Figure III-2. BREQ is synergistic with ENT1/2 but not ENT4 inhibitors in HT-29 and MIA PaCa-2. (A, D, G) CFA at 

single doses in HT-29. (B, E, H) CFA at single doses in MIA PaCa-2. (C) and MTT IC50 curves of BREQ + 8MDP. (F) MTT IC50 

curves of BREQ + NBMPR. (I) MTT IC50 curves of BREQ + TC-T 6000. (A, B, D, E, G, H) Continuous and 24 h designations 

are for combinations only; single drugs are continuous treatments. (J-L) Bliss synergy plots using CFA data. 
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Appendix Figure III-3. LEF and TERF are synergistic with DPM in HT-29 (A-C) and MIA PaCa-2 (D-F). (A, D) CFA at single 

doses. Continuous and 24 h designations are for combinations only; single drugs are continuous treatments. (B, E) IC50 dependence 

of LEF or TERF in presence of DPM in the MTT assay. (C, F) Bliss synergy plots using CFA data. 

 

 
Appendix Figure III-4. DHODH inhibitor 41 is synergistic with DPM in HCT 116. (A) CFA at single doses. (B) IC50 dependence 

of 41 in presence of DPM in the MTT assay. 
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Appendix Figure III-5. Anticancer effect of DPM+41 in a mouse xenograft model (n = 5, mean ± SEM). (A) Formulations of DPM 

and 41. (B) Body weight change throughout the study. (C) Tumor volume of each group. (D) Harvested tumors after sacrifice. 

 

Appendix Table III-1. DHODH, CNT, and ENT inhibitors used in this study. 

Compound Structure Target Activity Statusa 

BREQ 

 

DHODH 

Ki = 25 nM56 

 

IC50 = 6-10 nM66 

Not FDA-approved 

 

AML  

Phase IA/IIB 

(NCT03760666) 

LEF 

 

DHODH Ki = 4.6 μM57 

FDA-approved for 

rheumatoid and psoriatic 

arthritis 

 

Breast cancer 

Phase I/II 

(NCT03709446) 

 

Prostate cancer  

Phase II/III 

(NCT00004071) 

 

Henoch-Schoenlein 

purpura nephritis  

Phase II (NCT02532777) 

 

Myasthenia gravis 

Phase III (NCT01727193) 

 

Polymyalgia rheumatica  

Phase III (NCT03576794) 

 

Nephropathy 

Phase IV 

(NCT04020328) 
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IgG4-RD 

Phase IV (NCT03715699 

and NCT02703194) 

 

Takayasu's arteritis 

(NCT02981979 and 

NCT03893136) 

 

Multiple myeloma 

Phase II (NCT02509052) 

 

HIV 

Phase I (NCT00101374) 

 

Uveitis 

Phase II (NCT00001863) 

 

Anaplastic astrocytoma 

Phase II (NCT00003775) 

 

Systemic lupus 

erythematosus  

Phase II (NCT00637819);  

Phase II/III 

(NCT00268567) 

TERF 

 

DHODH 

Ki = 2.7 μM57 

 

IC50 = 230 nM67 

FDA-approved for 

multiple sclerosis  

41 

 

DHODH IC50 = 9.71 nM55 Preclinical 

PHZ 

 

CNTs 

SGLTs 

CNT1 IC50 = 

247 μM68 

 

CNT2 IC50 = 

121 μM68 

 

CNT3 Ki = 15 

μM69 

 

SGLT1 Ki = 140 

nM70 

 

SGLT2 Ki = 11 

nM70 

Preclinicalb 
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DPM 

 

ENT1,2 

PDE3,5c 

ENT1 IC50 = 5 

nM71 

 

ENT2 IC50 = 

356 nM71 

 

ENT4 IC50 = 

2.80 μM72 

 

PDE1A IC50 = 

2.5 μM73 

 

PDE1C IC50 = 

>300 μM73 

 

PDE2 IC50 = 50 

μM73 

 

PDE3 IC50 = 85 

μM73 

 

PDE4 IC50 = 6 

μM73 

 

PDE5 IC50 = 

800 nM74 

FDA-approved for 

thromboembolism 

prophylaxis following 

surgery, secondary 

prevention of transient 

ischemic attack, and 

prevention of 

reoccurrence of 

myocardial infarctions (in 

combination with aspirin) 

 

Cerebral hemorrhage 

Phase III (NCT02966119) 

 

HIV 

Phase I/II 

(NCT02121756) 

 

Cardiovascular diseases 

Phase II (NCT00000527) 

Phase III (NCT00000510, 

NCT00000496) 

Phase IV (NCT01295567, 

NCT00457405, 

NCT00767663, 

NCT00129038) 

 

Acute mania 

Phase IV 

(NCT00560079) 

 

Schizophrenia 

(NCT00349973) 

 

Brain ischemia 

Phase IV 

(NCT00161070) 

 

Endotoxemia 

Phase IV 

(NCT01091571) 

 

Systemic lupus 

erythematosus 

(NCT01781611) 

 

Hyperemia/hypoxia 

(NCT00268554) 

8MDP 

 

ENT1, 

ENT2 

ENT1 IC50 = 

0.49 nM75 

 

ENT2 IC50 = 

90.8 nM72 

 

ENT4 IC50 = 

404 nM72  

Preclinical 
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TC-T 6000 

 

ENT4 

ENT1 IC50 = 

5.95 μM72 

 

ENT2 IC50 = 

1.41 uM72 

 

ENT4 IC50 = 

74.4 nM72  

Preclinical 

NBMPR 

 

ENT1 

ENT1 Ki = 0.4 

nM71 

 

ENT1 IC50 = 

0.65 nM72 

 

ENT2 Ki = 2.8 

μM71 

 

ENT2 IC50 = 

1.35 μM72 

 

ENT4 IC50 = 

2.33 μM72 

Preclinical 

aSource: clinicaltrials.gov, for recruiting, active, not recruiting, or completed, as single agents or in addition to standard-of-care. 
bFound to be unsuitable for people but is still used as a probe.76 
cPhosphodiesterase isoforms that are responsible for the cardiovascular effects.77 

 

Appendix Table III-2. Summary of MTT and continuous-treatment CFA synergy combination results for HCT 116. 

 MTT CFA 

Compound BREQ LEF TERF 41 BREQ LEF TERF 41 

PHZ no NTa NT NT no NT NT NT 

DPM yes yes yes yes yes yes yes yes 

8MDP yes NT NT NT yes NT NT NT 

TC-T 6000 no NT NT NT no NT NT NT 

NBMPR yes NT NT NT yes NT NT NT 
aNT = not tested 

Appendix Table III-3. Summary of MTT synergy combination results for HT-29 and MIA PaCa-2. 

 HT-29 MIA PaCa-2 

Compound BREQ LEF TERF BREQ LEF TERF 

PHZ no NTa NT no NT NT 

DPM yes yes no yes no no 

8MDP yes NT NT yes NT NT 

TC-T 6000 no NT NT no NT NT 

NBMPR yes NT NT yes NT NT 
aNT = not tested 

Appendix Table III-4. Summary of CFA synergy combination results for continuous treatments in HT-29 and MIA PaCa-2. 

 HT-29 MIA PaCa-2 

Compound BREQ LEF TERF BREQ LEF TERF 

PHZ no NTa NT no NT NT 

DPM yes yes yes yes yes yes 

8MDP yes NT NT yes NT NT 

TC-T 6000 no NT NT no NT NT 

NBMPR yes NT NT yes NT NT 
aNT = not tested  
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Appendix Table III-5. Permeability predictions as calculated using the PerMM server.60-61 

Compound Free energy of 

binding (DOPC) 

Log of PCa – 

BLMb  

Log of PC – 

BBBc 

Log of PC – 

Caco-2 

Log of PC - 

PAMPA 

BREQ -6.58 kcal/mol 0.93 -2.57 -3.24 -0.37 

41 -5.38 kcal/mol -0.76 -3.16 -3.67 -1.93 
aPC, permeability coefficient 
bBLM, bilipid membrane 
cBBB, blood brain barrier 
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CHAPTER IV Pharmacophore-based Discovery of a Novel MTHFD2 Inhibitor 

Introduction4 

Methylenetetrahydrofolate dehydrogenase (MTHFD) is an enzyme that participates in the 

folate pathway of one-carbon metabolism. There are four human isoforms of MTHFD: MTHFD1, 

MTHFD1L, MTHFD2, and MTHFD2L. MTHFD1 is the only isoform that resides in the 

cytoplasm as all others are in the mitochondria and it possesses dehydrogenase (D), cyclohydrolase 

(C), and synthetase (S) activities. The three mitochondrial isoforms complement the trifunctional 

NADP+-dependent cytoplasmic enzyme.1 MTHFD2/2L both possess DC activity while 

MTHFD1L only performs the S function. The mitochondrial NAD(P)+-dependent dehydrogenases 

convert 5,10-methylenetetrahydrofolate (5,10-CH2-THF) to the 5,10-methenyltetrahydrofolate 

(5,10-CH+-THF)  intermediate.1-2 The cyclohydrolase functionality then oxidizes the intermediate 

into 10-formyltetrahydrofolate (10-CHO-THF) through hydrolysis. The synthetase domain of 

MTHFD1L uses ATP to catalyze the formation of 10-CHO-THF from formate and THF. The 

seeming redundancy of MTHFD2/2L was discovered by examining expression of the enzymes in 

developmental and adult tissues and transformed cells.3-5 MTHFD2 is exclusively expressed 

during embryonic development and in transformed cells, while MTHFD2L is expressed in 

differentiated adult tissues, making MTHFD2 an extremely attractive target for cancer treatment.6 

 
4 Author contributions: Bikash Debnath performed all in silico work. Zahra Arabzada assisted with MTHFD2, 

GSTO1, and thermal shift assays, CETSA, and Western blot experiments. Armita Kyani performed OXPHOS assays. 

Joe Madak synthesized HK-16, Qi Yan synthesized DS44960156, and Joyeeta Roy synthesized analogs CBN-23-26. 
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Overexpression of MTHFD2 correlates with prognosis and clinicopathological parameters 

in breast, colorectal, kidney, liver, and pancreatic cancers with a complicated case in brain 

cancers.6 Across a panel of metabolic enzymes and cell lines, MTHFD2 was one of the top 

enzymes whose expression significantly correlated with proliferation rate whereas the cytosolic 

isoform did not.7 Silencing of MTHFD2 expression or inhibition of its enzymatic activity impairs 

cancer cell growth in vitro and in vivo.5, 8-17 In some cases, knockdown of MTHFD2 did not affect 

cell proliferation but negatively impacted metastatic phenotypes such as migration.18 Interestingly, 

MTHFD2 contributes to cancer cell proliferation independently of its enzymatic activity and this 

warrants in-depth investigation to better understand MTHFD2’s role in cancer progression.19-20 

Despite many reports on the significance of MTHFD2 in cancer, only a handful of 

inhibitors have been identified thus far (Figure IV-1). An in silico approach identified molecules 

that were predicted to bind in the THF and NAD binding sites, however this was not 

experimentally validated.21 Unsurprisingly, a folate analog, LY345899, showed nanomolar 

activity against both MTHFD1 and MTHFD2, with ~7-fold selectivity towards MTHFD1.22 The 

natural product carolacton was the first molecule that showed any selectivity towards the 

dehydrogenase activity of MTHFD2 (MTHFD1 IC50 = 38 nM; MTHFD2 IC50 = 6.5 nM), however 

towards the cyclohydrolase activity was MTHFD1 selective.23 Finally, Kawai et al., disclosed 

DS44960156 as an MTHFD2 inhibitor, with an impressive 18-fold selectivity over MTHFD1.24 

Shortly thereafter an optimized inhibitor was revealed with nanomolar enzymatic inhibitory 

activity and in vivo efficacy.8 Therefore, we sought to build on their work with the aim of 

identifying a novel scaffold. Herein we report a pharmacophore model that led to the discovery of 

a novel class of compounds as MTHFD2 inhibitors that have anti-cancer activity. Our hit 

compound CBN-1 is the first covalent MTHFD2 inhibitor reported.  
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Figure IV-1. Experimentally validated MTHFD2 inhibitors. CBN-1, this study. 

 
Figure IV-2. ROCS pharmacophore model of MTHFD2 crystal structure  PDB IDs (A, B) 6JID and (C, D) 6JIB. 

Results and discussion 

In silico screen identifies MTHFD2 inhibitors 
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The co-crystal structure of MTHFD2 with novel small-molecule inhibitor DS44960156 

was recently disclosed by Daiichi-Sankyo. Residues that were hypothesized to be vital for binding 

include Gln132, Lys88, Asn87, Gly310, and Tyr84.  In an effort to discover a more potent 

MTHFD2-selective inhibitor we built a pharmacophore model based on PDB IDs 6JIB and 6JID 

using ROCS (Figure IV-2).25 Our in-house database of over 28,000 compounds was queried and 

43 hits were identified (~0.15% hit rate). The hits were screened in the MTHFD2 enzymatic assay 

and only two showed activity at 625 μM (Figure IV-3A). Inspection of their structures revealed 

that CBN-2 was likely a PAIN as it contained a 5-ene-rhodanine.26 Therefore CBN-2 and available 

in-house analogs were screened in an orthogonal assay. At 100 μM, CBN-2 showed a 1.91 ± 0.5 

°C shift in the thermal shift assay against MTHFD2, comparable to the positive control 

DS44960156 with a 1.81 ± 0.16 °C shift (Appendix Figure IV-1A). This carried over to the 

MTHFD2 assay as well, though the variability was high (Appendix Figure IV-1B). A total of 21 

analogs by similarity (score ≥ 0.35) of CBN-2 were screened against MTHFD2 in the thermal shift 

assay at 100 μM (Appendix Figure IV-1C). Only one was reported to shift the melting temperature 

of MTHFD2 by the analysis software (compound CBN-2.8), but closer examination showed that 

the “shift” was caused by a misshapenness of the melt curve – the derivative plots have the same 

melting temperatures (Appendix Figure IV-1D, vertical dotted line). The structure of CBN-2.8 

also contains the 5-ene-rhodanine core (Appendix Figure IV-1E). Additionally, LC-MS analysis 

of CBN-2 showed < 70% purity, therefore this series was decided to not be pursued further due to 

unreliability of the results. 

CBN-1 has not been reported in the literature and is completely novel. However, similar 

compounds have been reported as inhibitors of CXCR2, STAT3, NRF2-KEAP1, and acyl-

homoserine lactone synthase.27-32 Evaluation of the dose-response of CBN-1 in the enzymatic 
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assay starting at 625 μM revealed a very steep curve, indicative of a solubility issue. Indeed, the 

solubility of both CBN-1 and -2 in DPBS decreases around 500 μM (Figure IV-3B). Therefore, 

all following assays were carried out at concentrations below 500 μM. The IC50 of CBN-1 against 

MTHFD2 is 19.6 ± 6.9 μM (Figure IV-3C). Docking of CBN-1 into the active site of MTHFD2 

predicted that many of the same interactions are upheld (Figure IV-3D). The kinetics of the 

reaction likely plays a factor in the lack of potency. Two previously published enzymatic assays 

are measured after only 2-5 min incubation with the substrate at 30 °C.2, 23 From our QTOF 

experiments (see below) we find that after 35 min, two molecules of CBN-1a are bound to the 

enzyme. We were surprised to see that incubation of MTHFD2 and CBN-1 for different periods 

of time before adding substrate (0, 15, or 30 min), produced no change in the IC50 value (data not 

shown). Interestingly, the thiocarbonate of CBN-1 is not predicted to occupy the same site as the 

ester of DS44960156 (Figure IV-3E). This could be due to the shape of the binding pocket. 

 
Figure IV-3. In silico screen identifies MTHFD2 inhibitor. (A) Hits from the virtual screen were evaluated for activity in the 

MTHFD2 enzymatic assay at 625 μM. (B) Solubility assay with DS44960156, CBN-1, and CBN-2 in DPBS. (C) CBN-1 inhibits 
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MTHFD2’s enzymatic activity. (D) CBN-1 docked into MTHFD2 crystal structure (6JIB). (E) ROCS pharmacophore with 

DS44960156 (green) superimposed with CBN-1 (grey). 

 Validation was carried out in the thermal shift assay. A total of 27 analogs of CBN-1 were 

screened in the thermal shift assay at 100 μM and six, including CBN-1, significantly increased 

the melting temperature of MTHFD2 (Figure IV-4A). To investigate structure-activity 

relationships (SAR), we performed docking with our thermal shift hits and MTHFD2 (Figure IV-

4B/C). The protein-ligand interactions plot for different docking poses of inhibitors shows that 

they form 4-5 interactions out of the six co-crystal interactions (Figure IV-4B/C). Most poses seem 

to lack either a H-bond to Asn87 or Gly310. Asn87 is what is thought to be responsible for 

MTHDF2 selectivity because it is a Val in MTHFD1.24 Additionally, interaction with this residue 

is critical for activity and is fulfilled by the carbonyl of the linker amide in DS44960156.24 The 

sulfonamide of CBN-1 and analogs superimpose nicely on this position (Figure IV-3E), so it is 

curious why they aren’t forming interactions in the majority of the docking poses. The tenth pose 

of CBN-1 is shown in Figure IV-3D, and the distance from the sulfonamide to Asn87 is 2.8 Å. 

Gly310 is the residue reported to interact with the carboxylic acid of the inhibitor.24 However, 

Arg43 is in closer proximity (2.5 Å) to the carboxylic acid of CBN-1 compared to Gly310 (3.6 Å) 

and likely plays a role in anchoring the molecule.  

We then were interested in evaluating if CBN-1 was capable of binding cellular MTHFD2 

using the cellular thermal shift assay (CETSA). Interestingly, DS44960156 destabilized MTHFD2 

in cell lysates (Figure IV-5A). We found that this compound is not cell permeable as we saw no 

shift in melting temperature using intact cells (Figure IV-5B). Evaluation of CBN-1 revealed 

unprecedented stabilization in lysates and intact cells (Figure IV-5C/D). 
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Figure IV-4. Analogs of CBN-1 bind recombinant MTHFD2. (A) CBN-1 and analogs stabilize MTHFD2 to thermal denaturation. 

Value for melting temperature of SHMT2 for CBN-6 is only from one experiment due to compound availability. NB, no binding. 

(B) CBN-1 analogs docking into the MTHFD2 active site (PDB ID 6JIB). (C) Protein-ligand interactions plot for docking poses 

of CBN analogs compared to DS44960156. Red and blue represent presence or absence of interactions, respectively. 
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Figure IV-5. CBN-1 binds cellular MTHFD2. (A) DS44960156 destabilizes cellular MTHFD2 in HAP1 lysates. (B) DS44960156 

is not cell permeable. U2OS cells were incubated with 100 μM DS44960156 or DMSO for 1 h at 37 °C. (C) CBN-1 stabilizes 

cellular MTHFD2 in U2OS lysates and (D) intact cells. 

Thiol reactivity 

CBN-6 is previously reported as an Mcl-1 inhibitor with anti-cancer activity and is thiol-

reactive.33-34 Screening of the hit compounds against another folate-dependent enzyme SHMT2 in 

the thermal shift assay revealed that all were selective for MTHFD2 except for CBN-6, thus this 

compound was not pursued further (Figure IV-4A). Under physiological conditions, it is possible 

that the thiocarbonate of CBN-1 could hydrolyze and therefore would closely resemble CBN-6 

(Appendix Figure IV-2). Therefore, we sought to examine the possible thiol reactivity of the other 

analogs through several methods. 
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The five analogs (CBN-1, -3, -4, -5, and -7) along with DS44960156 were each incubated 

with N-acetylcysteine (NAC) in DMSO for 0 h, 4 h, and 24 h and the reaction was monitored via 

LC-MS. CBN-3 was the only one that showed reaction with NAC (Appendix Figure IV-3A) and 

is the only analog with a halogen on the neighboring ring. A similar experiment was carried out 

with CBN-1 ± glutathione (GSH) in a DMSO/H2O mixture. Over time the retention time of the 

compound did not change – neither the addition of water nor glutathione (GSH) was detected under 

these conditions (Figure IV-6). Additionally, CBN-1 did not compete with the covalent dye 

CMFDA for binding to the thioltransferase glutathione S-transferase omega-1 (Appendix Figure 

IV-3B).35 

To investigate if there was any covalent modification of MTHFD2, adduct formation was 

monitored with quadrupole time-of-flight mass spectrometry (Q-TOF). We incubated 250 μM 

CBN-1 with 25 μM MTHFD2 and injected the solution after the indicated incubation times. We 

found that over time two fragments corresponding to the mass of a hydrolyzed derivative of CBN-

1 (CBN-1a) bound to MTHFD2 (Figure IV-7). Therefore, we looked to see if there were 

nucleophilic residues that were in low abundance that could possibly account for these two 

additions (Appendix Figure IV-4A). Each monomer of MTHFD2 only has two cysteine residues, 

however, neither are proximate to the binding site of DS44960156 (Appendix Figure IV-4B, 

indicated in red) – one points towards the interior of the structure and the other is on the dimer 

interface. Inside the active site, Lys88 would be in a favorable position for nucleophilic attack in 

relation to the thiocarbonate assuming a similar binding mode as DS44960156 (Appendix Figure 

IV-4C). Indeed, acetylation at Lys88 inhibits MTHFD2’s enzymatic activity.36 Further studies are 

required to determine which residue is responsible for binding. Covalent modification of the 
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protein could account for the significant stabilization to thermal denaturation (Figure IV-4A and 

Figure IV-5C/D). 

 
Figure IV-6. CBN-1 does not react with GSH. 
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Figure IV-7. CBN-1 covalently binds MTHFD2. (A) Time-dependent binding of CBN-1 to MTHFD2. (B) Proposed adduct and 

mechanism of inhibition. (C) Zoomed in view of mass spectra at 20 min incubation of MTHFD2 and CBN-1. 

MTHFD2 inhibitors have anti-cancer activity 

 Encouraged by our CETSA results showing cell permeability of CBN-1, which 

DS44960156 lacks, we then turned to evaluation of the anti-cancer activity of our CBN 

compounds. CBN-1 was the most potent of the analogs in the colony formation assay (CFA), but 

with only modest activity around 12 μM in WT and MTHFD2 KO cells (Figure IV-8A). This 

activity is on par with CBN-1’s enzymatic IC50. Excitingly, CBN-4 showed differential activity 

between the WT and MTHFD2 KO cells (p = 0.016) (Figure IV-8B). However, the other analogs 

had little to no anti-proliferative activity. Therefore, we investigated whether these CBN analogs 

were engaging cellular MTHFD2. The analogs were first screened with CETSA at 70 °C because 

CBN-1 showed clear stabilization at this temperature (Figure IV-5C). CBN-3, -4, and -5 all 

stabilized MTHFD2, but CBN-7 did not (Figure IV-8C). This follows the trend seen with the 

recombinant protein in that CBN-7 showed the smallest shift (Figure IV-4A). Since CBN-4 

showed the greatest stabilization (Figure IV-8D), we obtained a full melt curve. CBN-4 stabilized 

cellular MTHFD2 to thermal denaturation by an impressive 9.0 °C (Figure IV-8E). 
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Although the compounds were not potent in inhibition of growth in the HAP1 cells, we sought 

to determine their anti-migratory activity as previous reports have noted that MTHFD2 plays a 

role in cancer cell migration.9, 16, 18, 37 First the cell viability of U2OS in the presence of the CBN 

compounds was carried out to ensure the use of a subtoxic dose (Figure IV-8F). Unsurprisingly, 

DS44960156 displayed no anti-migratory activity (Figure IV-8G). All CBN analogs inhibited 

migration of U2OS cells except for CBN-3 (Figure IV-8G). However, CBN-3 did not engage 

cellular or recombinant MTHFD2 to the same degree as the other analogs. 

 MTHFD2 plays an important role in redox homeostasis due to its cofactor NAD(P)+.10, 15, 

38 Knockdown of MTHFD2 reduced the NAD(P)H/NAD(P) ratio in colorectal cancer cell lines.15 

Additionally, knockdown of MTHFD2 suppressed glycolytic activity in renal cell carcinoma cell 

lines.10 Testing a compound’s activity in a cell line in the presence of glucose or galactose-enriched 

medium can be used to assess impact on mitochondrial function.39 Oxidative phosphorylation 

(OXPHOS) occurs in the mitochondria and cells cultured in galactose must rely on OXPHOS for 

ATP generation rather than glycolysis. Therefore, cells cultured in galactose are very sensitive to 

mitochondrial inhibition.39 CBN-1 showed a 3.75-fold increase in potency in HCT 116 cells 

cultured in galactose versus glucose medium (Figure IV-8H). CBN-3 and -5 displayed roughly a 

2-fold difference, while CBN-4 and -7 showed no difference. Hence, our CBN compounds 

negatively impact mitochondrial function. 

 Finally, we were interested in determining if the one-carbon metabolite formate was able 

to rescue growth inhibition induced by our compounds. Mitochondrial folate-dependent enzymes 

including MTHFD2 play a key role in the production of formate for de novo purine biosynthesis.40 

To our surprise, formate did not rescue CBN-1 or CBN-3-induced growth inhibition, suggesting 

that they elicit their effects through additional unknown mechanisms (Figure IV-8I). We included 
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HK-16, a potent SHMT2 inhibitor,41 as a positive control and observed clear rescue with 1 mM 

formate. 

 
Figure IV-8. Anti-cancer activity of CBN compounds.  (A) Table of IC50 values in micromolar of the CBN compounds in colony 

formation (CFA) and MTT assays. (B) Differential activity of CBN-4 in the MTT assay. (C) CETSA screen at 70 °C of CBN 

analogs at 100 μM in U2OS cell lysates. (D) Quantification of (C). (E) Melt curve of MTHFD2 in presence of DMSO or 100 μM 

CBN-4 in U2OS lysates. (F) IC50 curves of CBN analogs in the MTT assay in U2OS cells. (G) Wound-healing assay with U2OS 
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cells. (H) IC50’s of CBN analogs in the OXPHOS MTT assay. (I) CFA of CBN-1 and -3 and HK-16 in presence and absence of 

sodium formate in HAP1 cells. 

 

SAR  

 To expand the SAR, we explored commercially available compounds, our in-house 

database, as well as a few synthesized analogs. The majority of the compounds were derivatives 

of CBN-1 (Table IV-1), but a few were derivatives of CBN-7 with the sulfonamide in the opposite 

orientation (Table IV-2). Overall, CBN-1 remained as the most active across all assays but there 

are some important modifications worth noting. 

 Removal of the benzene ring in the R2 position from CBN-1 (CBN-8) abolished enzymatic 

and cell activity (Table IV-1). This ring likely plays an important role in both orienting the 

hydrogen bond interactions while itself participating in π-π stacking with Tyr84. Likewise, 

elimination of the benzene ring from CBN-4 resulted in a loss of activity (CBN-14 and CBN-15). 

Interestingly, though CBN-15 lacked enzymatic activity, it is the only compound shows 

differential activity between the HAP1 WT and MTHFD2 KO cell lines in the CFA. We were 

surprised to see activity with CBN-10 which lacks a carboxylic acid in the position of interaction 

with Arg43 or Gly310. Consistent with what is mentioned above, removal of the R2 benzene from 

CBN-10 resulted in an inactive compound (CBN-12). Although a potentially important difference 

also exists in that the oxygen and sulfur are swapped in the thiocarbonate; if the covalent binding 

is part of the mechanism of inhibition this orientation could be important. There are exceptions to 

the R2 trend, but these molecules have significantly different groups in the R3 and R1 positions, so 

it is difficult to make conclusions (CBN-16, -17, -26, -28, and -29).  

Derivatives of CBN-7 were largely inactive (Table IV-2). While it was inactive in the 

enzymatic assay, CBN-45 was the solitary compound in this series with quantifiable anti-
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proliferative activity. CBN-51 and CBN-56 were the only other compounds with inhibitory 

activity against MTHFD2 but were on par with CBN-7. 

Most of the compounds were inactive in the thermal shift assay, so there is not enough data 

to do a correlation analysis. The only compounds that have activity in the thermal shift assay are 

shown in Figure IV-4. The compound from Daichi-Sankyo that was optimized from their first 

publication that has nanomolar potency (IC50 = 6.3 nM) and in vivo activity (DS18561882) only 

shifts MTHFD2’s melting temperature by 2 °C at 100 μM (not shown). Therefore, if our 

compounds are only in the micromolar range (our best compound CBN-1 has an IC50 of 19 μM), 

it is not surprising that they do not show stabilization in the thermal shift assay. 

Table IV-1. SAR of CBN-1.  

 

IDa X Y R1 R2
b R3 

% 

Inhibitionc 

HAP1 

WT IC50
d 

MTHFD2 

KO IC50
d 

CBN-1 

(2129) 
O S H benzene 

 

 
12.9 ± 

2.7 

12.0 ± 

3.0 

CBN-4 

(3370) 
O S H benzene 

 

99.0 
39.4 ± 

7.5 

41.2 ± 

1.4 

CBN-8 

(CZ72) 
O S H o,m-H 

 

29.6 >80 >80 

CBN-5 

(3411) 
O S H benzene 

 

102.1 >80 >80 

CBN-9 

(CZ121) 
O S H o,m-H 

 

57.1 41.5 54.4 

CBN-10 

(3478) 
O S H benzene 

 

98.5 43.6 ± 23 45.6 ± 24 

CBN-3 

(2138) 
S O Cl o,m-H 

 

-0.1 59.9 ± 16 
54.2 ± 

0.64 
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CBN-11 

(CZ18) 
O S H benzene 

 

30.8 16.4 20.5 

CBN-12 

(2123) 
S O H o,m-H 

 

12.6 
53.9 ± 

3.0 
57.7 ± 16 

CBN-13 

(2127) 
O S H o,m-H 

 

26.6 47.8 ± 11 59.4 ± 17 

CBN-14 

(2548) 
O S H o-Me, m-H 

 

19.3 >80 >80 

CBN-15 

(2124) 
O S H o,m-H 

 

5.9 
45.2 ± 

5.1 

67.1 ± 

9.2 

CBN-16 

(CZ101) 
O S H o,m-H 

 

70.7 69.1 >80 

CBN-17 

(1435) 
C C OH o,m-H 

 

73.1 67.9 ± 14 56.2 ± 21 

CBN-19 

(CZ131) 
CO2H C H o,m-H 

 

59.3 >80 >80 

CBN-20 

(3371) 
O-Me C H o,m-H 

 

11.4 >80 >80 

CBN-21 

(4493) 
O S H o-Me, m-H 

 

14.7 
48.0 ± 

0.42 
59.7 ± 22 

CBN-22 

(2146) 
O S H o,m-H 

 

15.4 >80 >80 

CBN-23 

(JRCH-4) 
NH NH H o,m-H 

 

57.1 >80 >80 

CBN-24 

(JRCH-3) 
NH NH H o,m-H 

 

51.1 >80 >80 

CBN-25 

(JRCH-1) 
NH NH H o,m-H 

 

44.8 >80 >80 

CBN-26 

(JRCH-2) 
NH NH H o,m-H 

 

66.9 >80 >80 
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CBN-27 

(CZ87) 
N-Me O H o,m-H 

 

15.6 >80 >80 

CBN-28 

(CZ89) 
N-Me O H o,m-H 

 

94.3 >80 >80 

CBN-29 

(CZ91) 
N-Me O H o,m-H 

 

67.1 >80 >80 

CBN-30 

(CZ95) 
N-Me 

N-

Me 
H o,m-H 

 

44.8 66.6 >80 

CBN-31 

(CZ93) 
N-Me 

N-

Me 
H 

o-N-Me2, m-

H 
 

28.8 >80 >80 

CBN-32 

(4104) 
N-Me 

N-

Me 
H o,m-H 

 

22.0 32.2 ± 16 28.1 ± 11 

CBN-33 

(4117) 
N-Me 

N-

Me 
H o,m-H 

 

5.4 >80 >80 

CBN-34 

(5218) 
C C H o,m-H 

 

10.0 >80 >80 

CBN-35 

(5219) 
C C F o,m-H 

 

4.9 >80 >80 

CBN-36 

(5235) 
F C H o,m-H 

 

13.5 >80 >80 

CBN-37 

(CZ43) 
 

 

2.8 >80 >80 

CBN-38 

(CZ73) 
 

 

NTe NT NT 

CBN-39 

(CZ99) 
  

65.2 >80 >80 

CBN-40 

(CZ100) 

  

47.8 >80 >80 

CBN-41 

(6089/7001) 

  

5.2 >80 >80 
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CBN-42 

(1530) 

 
 

6.9 >80 >80 

aNumber in parentheses is the original compound code 

b“o” or “m” indicate the ortho or meta position relative to the sulfonamide 
cMTHFD2 assay at 500 μM, n=1 
dIC50 values are listed in μM in the CFA. Values for the CZ compounds are from one experiment. 
eNT, not tested 

 

Table IV-2. SAR of CBN-7. 

 

IDa X Y R1 R2
b R3 % Inhibitionc 

HAP1 WT 

IC 50
d 

MTHFD2 

KO IC50
d 

CBN-7 

(25496) 
NH O H o,m-H 

 

41.0 >48 >48 

CBN-43 

(CZ124) 
NH NH H o,m-H 

 

NTe >80 >80 

CBN-44 

(CZ80) 
N-Me O H o,m-H 

 

3.5 >80 >80 

CBN-45 

(CZ81) 
N-Me O H o,m-H 

 

2.2 22.0 24.5 

CBN-46 

(CZ79) 
N-Me O H o,m-H 

 

2.3 >80 >80 

CBN-47 

(CZ82) 
N-Me O H o,m-H 

 

12.9 >80 >80 

CBN-48 

(CZ88) 
N-Me O H o,m-H 

 

16.0 >80 >80 

CBN-49 

(25010) 
N-Me O H o,m-H 

 

17.9 >48 >48 

CBN-50 

(25030) 
N-Me O H o,m-H 

 
38.5 >35 >35 

CBN-51 

(CZ90) 
N-Me O H o,m-H 

 

52.1 >80 >80 



 

214 

CBN-52 

(4098) 
N-Me N-Me H o,m-H 

 

26.8 >80 >80 

CBN-53 

(4381) 
N-Me N-Me H o,m-H 

 

31.0 >80 >80 

CBN-54 

(24982) 
N-Me N-Me H o,m-H 

 

16.6 >23 >23 

CBN-55 

(4365) 
N-Me N-Me H o,m-H 

 

16.8 >80 >80 

CBN-56 

(CZ98) 
N-Me N-Me H o,m-H 

 

49.8 77.7 >80 

CBN-57 

(24972) 
N-Me N-Me H o,m-H 

 

21.9 >23 >23 

CBN-58 

(6964) 
NH C H o,m-H 

 

NT >80 >80 

CBN-59 

(3504) 
 

C H o,m-H 

 

1.0 >80 >80 

aNumber in parentheses is the original compound code 

b“o” or “m” indicate the ortho or meta position relative to the sulfonamide 
cMTHFD2 assay at 500 μM, n=1 
dIC50 values are listed in μM in the CFA. Values for the CZ compounds are from one experiment. 
eNT, not tested 

Conclusion 

This study aimed to identify a novel chemotype for an MTHFD2 inhibitor based on a 

pharmacophore built from the co-crystal structures published by Kawai and colleagues.24 In silico 

screening of our in-house database identified several candidates, but only two were active in vitro. 

Of these, CBN-1 significantly stabilized MTHFD2 to thermal denaturation and inhibited its 

enzymatic activity. We also discovered analogs that bind and inhibit MTHFD2. Mechanistic 

studies revealed that CBN-1 covalently binds MTHFD2 but does not react with antioxidants such 

as NAC or GSH. Therefore, future analysis is required to identify the residue(s) important for this 

interaction. Additionally, CBN analogs possess anti-proliferative and anti-migratory activity with 
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CBN-1 being the most potent in the series. Furthermore, CBN-1 showed significant selectivity to 

cells cultured in galactose medium indicating impaired mitochondrial function. Structure-activity 

relationship studies with commercially available analogs did not produce a superior compound to 

CBN-1, thus further optimization is warranted to improve the potency of our hit compound. 

Moreover, evaluation of the selectivity over MTHFD1 will be important to investigate. Finally, 

though in select cell lines it seems MTHFD2L would play a limited role in a compensation 

mechanism for MTHFD2 inhibition,42 we believe it is worth evaluating this selectivity as well. 

Methods 

Generation of shape-based pharmacophore. Shape-based pharmacophore of “1” and 

DS44960156 was generated using ROCS v3.2.0.4 (OpenEye Scientific).25, 43 ROCS performs 

shape-based overlays of conformers from a candidate database to a query molecule with one or 

more conformations. Here, we have used combination of shape overlap and color overlap by 

aligning groups with similar properties in the color force field. The score, referred to as Tanimoto 

Combo was calculated as the sum of shape and color score.25 The maximum value of the Combo 

score is 2 and the minimum value is 0. 

Molecular docking. Compounds were docked against MTHFD2 protein (PDB: 6JIB) using 

GOLD (genetic optimization for ligand docking) software package, version 5.2.44 Prior to docking, 

10 different conformations were generated for each ligand using Omega (OpenEye Scientific, 

Santa Fe, NM), a systematic, knowledge-based conformer generator.45  GOLD uses the genetic 

algorithm (GA) to explore the conformational space of a compound inside the active site of a 

protein.46 Docking studies were performed using the standard default settings with 10 GA runs and 

100,000 operations on each molecule. Default cutoff values of 3.0 Å (dH-X) for hydrogen bonds 

and 4.0 Å for van der Waals were employed. 
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Construction of MTHFD2 plasmid. A His6-MTHFD2 expression plasmid (PV027058) was 

purchased from ABM (Richmond, British Columbia, Canada). Initial attempts at purification of 

the full length MTHFD2 were unsuccessful, so we sought to delete the mitochondrial targeting 

sequence (35 amino acids). Deletion of this sequence was accomplished with the QuikChange XL 

site-directed mutagenesis kit (Agilent) using the following primers: 5’- GCT ACA TCA CAA 

GTT TGT ACA AAA AAG CTG GCA ATG AAG CTG TTG TCA TTT CTG GAA -3’ and 5’- 

CCT TCC AGA AAT GAC AAC AGC TTC ATT GCC AGC TTT TTT GTA CAA ACT TGT 

GAT GTA -3’.  

MTHFD2 protein expression and purification. The expression and purification of human His6-

MTHFD236-350 were performed as described,22 with some modifications. BL21 (DE3) cells 

harboring the His6-MTHFD236-350 plasmid were cultured at 37 °C in LB medium containing 50 

μg/mL kanamycin. When OD600 reached ~0.8, the temperature was reduced to 20 °C, and 

expression was induced by the addition of IPTG (1 mM). MgCl2 was added to a final concentration 

of 1 mM to ensure proper folding of the protein. After 4 h, cells were harvested by centrifugation 

at 8,326 g (7,000 rpm, F12-6×5000LEX rotor, Thermo Scientific, Rockford, IL) for 15 minutes 

and stored at -80 °C. Frozen cell pellets were thawed and resuspended in buffer A (Appendix Table 

IV-1) at room temperature. Cells were broken using ultra-sonication on ice. Cell debris was 

removed by centrifugation at 38,758 g (18,000 rpm, F21-8×50y rotor, Thermo Scientific, 

Rockford, IL) for 30 min at 4 °C. The clear supernatant was incubated with Ni-NTA resin, pre-

equilibrated with buffer B (Appendix Table IV-1), for 1 h at 4 °C. The resin was loaded onto a 

column and was washed with buffer B containing 10 mM imidazole for three column volumes. 

His6-MTHFD2 protein was eluted with buffer B with a gradient of imidazole of 50 mM, 100 mM, 

250 mM and 500 mM. Fractions containing His6-MTHFD2 as judged by SDS-PAGE were pooled. 
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The protein solution was concentrated using a Pierce concentrator (20K MWCO) at 4 °C and then 

the buffer was exchanged into buffer C (Appendix Table IV-1). MTHFD2 protein aliquots were 

frozen at -80 °C. 

MTHFD2 assay. The enzymatic activity of MTHFD2 was evaluated as previously described with 

some modifications.24 The assay buffer was composed of 50 mM KPi, pH 7.4, 7.5 mM DTT, and 

5 mM MgCl2. A 1.5× solution of MTHFD2 (final concentration 8 μg/mL or 210 nM) was incubated 

with DMSO (6.25%) or test compound in a volume of 10 μL for 10 min in a 384-well plate 

(Corning, #3676, low volume/non-binding/round bottom black). Then 5 μL of a 3× substrate 

cocktail was added to final concentrations of 100 μM NAD+, 0.5 mM THF, and 2.5 mM 

formaldehyde and the reaction was incubated at room temperature for 30 min. To measure the 

amount of NADH, 5 μL of the AmpliteTM Fluorimetric NADPH detection reagent (#15262, AAT 

Bioquest, Sunnyvale, CA) was added and the fluorescence intensity (Ex: 540 nm; Em: 590 nm) 

was read by a CLARIOstar Plus microplate reader (BMG LabTech). Inhibition is presented as a 

percentage compared to DMSO-treated controls. 

Thermal shift. All thermal shift assays were performed using the Protein Thermal Shift™ Dye 

Kit with the ViiA7 Real-Time PCR System (Applied Biosystems). For SHMT2, the buffer 

composition was 50 mM HEPES pH 8.0 and the final concentration of SHMT2 was 0.3 mg/mL. 

For MTHFD2, the assay was performed as previously described with 0.3 mg/mL MTHFD2.22 

Compounds were added to MicroAmp® optical 384-well reaction plates (ThermoFisher) to 100 

µM final concentration in 20 μL reactions. The experiments were run according to the 

manufacturer’s protocol (Applied Biosystems, cat. no. 4461146). 

CETSA. CETSA was performed as previously described with some modifications.22 Cells were 

grown in 15 cm dishes to 90% confluency before collection. For experiments using lysates, cells 
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were harvested via trypsinization and after inactivation with medium, were washed with DPBS 

twice by centrifugation. Cells were lysed by alternating temperatures between -80 °C and 37 °C 

for five minutes each, three times. Lysates were centrifuged at 13,000 rpm for 10 min at 4 °C. 

Cleared lysates were incubated with either DMSO or 100 μM compound for 30 min at room 

temperature. Aliquots (50 μL) were then heated to the indicated temperatures for 3 min, and 

insoluble proteins were removed via centrifugation for 20 min at 13,000 rpm at 4 °C. Samples 

were then prepared for western blot analysis by combining 20 μL of sample with 5 μL 5× SDS 

loading buffer. 

For intact cells, cells were harvested via trypsinization and after inactivation with medium, 

were washed with DPBS twice by centrifugation. Cells were resuspended in DPBS and incubated 

with either DMSO or 100 μM compound for 1 hr at 37 °C with shaking. The compound was then 

removed by centrifugation at 1500 rpm for 5 min at room temperature. Cells were resuspended in 

DPBS and lysed by alternating temperatures between -80 °C and 37 °C for five minutes each, three 

times. Lysates were centrifuged at 13,000 rpm for 10 min at 4 °C. Aliquots were then heated to 

the indicated temperatures for 3 min, and insoluble proteins were removed via centrifugation for 

20 min at 13,000 rpm at 4 °C. Samples were then prepared for western blot analysis by adding 5 

μL 5× SDS loading buffer to 20 μL of sample.  

Western blot. Cell lysates were incubated with loading buffer at 95 °C for 5 min. Proteins were 

separated via SDS-PAGE and transferred to low fluorescence PVDF membranes using the Trans-

Blot® TurboTM System (BioRad). Blots were blocked with StartingBlockTM (TBS) Blocking 

Buffer (ThermoFisher). Primary antibodies were incubated at 4 °C overnight or for 1 hr at room 

temperature. Membranes were washed three times with TBST for 5 min each. Secondary antibody 

incubation was carried out for 1 hr at room temperature. Following another three wash cycles with 
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TBST and one with TBS, protein expression was detected using the Odyssey CLx imager (Licor). 

Primary antibodies: 1:1000 MTHFD2 in 5% BSA (Abcam, ab56772), 1:100 SOD2 in 5% milk 

(Santa Cruz, sc-133134). Secondary antibodies: 1:7500 anti-rabbit (ThermoFisher, SA5-35571) or 

anti-mouse (ThermoFisher, SA5-35521) in 5% milk with 0.01% SDS. 

NAC reactivity. Test compounds (5 mM) were incubated NAC at a one-to-one ratio in DMSO at 

room temperature. Aliquots (5 μL) were taken at the indicated time points and diluted in 500 μL 

MeOH. A Shimadzu LCMS 20-20 system was utilized for monitoring the reactions. The system 

is equipped with a PDA UV detector and Kinetex 2.6 μm, XB-C18 100 Å, 75 mm × 4.6 mm 

column, which was used at room temperature. HPLC gradient method utilized a 10% to 95% 

MeOH in H2O with 0.01% formic acid over 15 min with a 0.50 mL/min flow rate. 

GSH reactivity. CBN-1 (500 μM) was incubated with GSH at a 1:10 ratio in a 50% DMSO, 50% 

H2O mixture at room temperature. Aliquots (25 μL) were taken at the indicated time points and 

diluted in 500 μL MeOH. A Shimadzu LCMS 20-20 system was utilized for analysis with the 

method detailed above.  

GSTO1 assay. Competitive binding of compounds with CMFDA to GSTO1 was performed as 

previously described.35 Briefly, 1 μM GSTO1 was incubated with compounds for 30 min at 37 °C 

and with 500 nM CMFDA for an additional 30 min. The reactions were quenched by boiling with 

5X SDS loading dye for 5 min. The samples were resolved on a 10% polyacrylamide gel and 

scanned with the iBright imaging system (Thermo Fisher Scientific). 

Q-TOF mass spectrometry. 250 μM CBN-1 was incubated with 25 μM MTHFD2 at room 

temperature in buffer C (7.5% glycerol) for the indicated time points. The solution was injected 

into a G6535A Q-TOF LC/MS (Agilent Technologies). The system is equipped with a Waters 

Acquity BEH C4 300 Å, 1.7 μm, 2.1 mm × 50 mm column. The mobile phase was 5% B for 2 
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min, followed by a gradient of 5% to 100% B over 4 min, and 100% B for 2 min where A is 95% 

water, 5% acetonitrile with 0.1% formic acid and B is 95% acetonitrile, 5% water with 0.1% formic 

acid, with a 0.3 mL/min flow rate. 

Cell culture. HAP1 WT, SHMT2 KO, and MTHFD2 KO were cultured in IMDM supplemented 

with 1% Pen-Strep (Gibco). U2OS was cultured in McCoy’s 5A. HCT 116 was cultured in RPMI 

1640 (+ glucose). For the OXPHOS assay, HCT 116 was seeded in RPMI 1640 with galactose at 

the time of the experiment. All media were supplemented with 10% FBS (Gibco). Cells were 

grown at 37 °C in a humidified atmosphere of 5% CO2. 

Colony formation assay. Cells were seeded in 96-well plates at 150 cells/well (HAP1 WT) or 300 

cells/well (HAP1 MTHFD2 KO) and allowed to attach overnight. Compounds were added to the 

indicated concentrations and incubated with the cells for 7 days. At the end of treatment, media 

was removed, and cells were fixed and stained with crystal violet solution (0.05% crystal violet, 

2% formaldehyde, 40% methanol). Wells were washed with water and allowed to dry overnight 

before imaging with the Odyssey CLx imager (Licor). 

MTT assay. Cytotoxicity of compounds was evaluated with the MTT assay. Cells were seeded in 

96-well plates at 2000-5000 cells/well. After overnight attachment, compounds were added to the 

wells at sequential dilutions. After 72 hr, the tetrazolium dye MTT was added to the media to a 

final concentration of 300 μg/mL and incubated for 3-4 hr at 37°C. The media was removed and 

the insoluble formazan was dissolved in 100 μL of DMSO.  Absorbance at 570 nm was read by 

microplate reader (Molecular devices, Sunnyvale, CA). Cytotoxicity of compounds is presented 

as inhibition of cell proliferation against DMSO-treated controls. 

Wound-healing assay. Cells were seeded in 12-well plates and allowed to attach overnight. After 

24 h serum starvation with 1% FBS, a scratch was made with a 200 μL tip. Wells were washed 
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with DPBS to remove floating cells. The negative control was vehicle treatment in serum-free 

media. The positive control was vehicle treatment in media with 1% FBS. Test compounds were 

incubated with cells at the indicated concentrations in media containing 1% FBS. Once the wound 

had closed in the positive control well, media was removed, and cells were fixed and stained with 

crystal violet solution. Images were taken using an Olympus IX83 inverted microscope at 10X 

magnification. 

Chemistry. The general scheme for synthesis can be found in Figure IV-9. 

 

Figure IV-9. Scheme for synthesis of CBN-23-26.  To a solution of 5-amino-1,3-dihydro-2H-benzo[d]imidazol-2-one (1 equiv.) in 

pyridine (2 mL), appropriate sulfonyl chloride (1.2 equiv.) was added in a microwave vial. The contents were heated at 100 °C for 

5 min under microwave conditions. On completion of the reaction, the crude was concentrated and purified by HPLC analysis. 

CBN-25 (JR-CH-1): 4-methoxy-N-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-5-

yl)benzenesulfonamide.White solid (Yield 78%). 1H NMR (400 MHz, DMSO-d6) δ 10.52 (s, 2H), 

9.75 (s, 1H), 7.64 – 7.54 (m, 2H), 7.07 – 6.98 (m, 2H), 6.74 (d, J = 8.2 Hz, 1H), 6.70 (d, J = 2.0 

Hz, 1H), 6.62 (dd, J = 8.3, 2.1 Hz, 1H), 3.78 (s, 3H). LCMS [M + H]+ 320.34. NMR spectrum can 

be found in Appendix Figure IV-5. 

CBN-26 (JR-CH-2): 4-bromo-N-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-5-

yl)benzenesulfonamide. White solid (Yield 82%). 1H NMR (300 MHz, Methanol-d4) δ 7.72 – 7.62 

(m, 2H), 7.58 (d, J = 8.7 Hz, 2H), 6.93 – 6.81 (m, 2H), 6.67 (dd, J = 8.3, 2.1 Hz, 1H). LCMS [M 

+ H]+ 369.21. NMR spectrum can be found in Appendix Figure IV-6. 

CBN-23 (JR-CH-4): Methyl 4-(N-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-5-

yl)sulfamoyl)benzoate. White solid (Yield 75%). 1H NMR (300 MHz, DMSO-d6) δ 10.55 (d, J = 

8.8 Hz, 2H), 10.07 (s, 1H), 8.14 – 7.99 (m, 2H), 7.85 – 7.70 (m, 2H), 6.75 (d, J = 8.3 Hz, 1H), 6.67 
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(d, J = 2.0 Hz, 1H), 6.60 (dd, J = 8.3, 2.1 Hz, 1H), 3.86 (s, 3H). LCMS [M + H]+  348.35. NMR 

spectrum can be found in Appendix Figure IV-7. 

CBN-24 (JR-CH-3): 4-(N-(2-oxo-2,3-dihydro-1H-benzo[d]imidazol-5-yl)sulfamoyl)benzoic acid. 

To a solution of CBN-23 (1.0 eq) in THF and H2O was added LiOH.H2O (5.0 eq) at 0 ℃ and 

stirred at room temperature for 5 h. The mixture was then diluted with H2O, and the pH was 

adjusted to 3 by 1N HCl solution. It was extracted with dichloromethane, and the organic layer 

was washed with brine, dried over anhydrous Na2SO4, filtered and concentrated. The crude was 

crystallized to give the carboxylic acid as a white solid (Yield 64%). 1H NMR (300 MHz, DMSO-

d6) δ 10.63 – 10.41 (m, 2H), 10.07 (s, 1H), 8.14 – 7.99 (m, 2H), 7.83 – 7.69 (m, 2H), 6.76 (d, J = 

8.3 Hz, 1H), 6.68 (d, J = 2.0 Hz, 1H), 6.61 (dd, J = 8.3, 2.1 Hz, 1H). LCMS [M + H]+ 334.33. 

NMR spectrum can be found in Appendix Figure IV-8. 
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Appendix 

 

Appendix Figure IV-1. In-house analogs of CBN-2 do not inhibit MTHFD2. (A) CBN-2 and DS44960156 in the thermal shift 

assay at 100 μM. (B) MTHFD2 enzymatic assay. (C) Analogs of CBN-2 in the thermal shift assay at 100 μM, n=1. (D) Melt 

curve (top) and derivative (bottom) of CBN-2.8, n=1. (E) Structure of CBN-2.8, 5-ene-rhodanine core is highlighted in red. 
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Appendix Figure IV-2. Hydrolysis of CBN-1 affords a CBN-6-like metabolite. 

 

 

Appendix Figure IV-3. (A) HPLC traces of reactions at the indicated time points of CBN-1 analogs with NAC. (B) In-gel 

fluorescence assay with recombinant GSTO-1. 
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Appendix Figure IV-4. (A) Prevalence of amino acids within the MTHFD2 sequence. (B) MTHFD2 structure (6JIB), DS44960156, 

blue; cysteine residues, red. (C) Two-dimensional ligand interaction plot between MTHFD2 and DS44960156. 

 

 
Appendix Figure IV-5. NMR spectrum of CBN-25 (JRCH-1). 
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Appendix Figure IV-6. NMR spectrum of CBN-26 (JRCH-2). 

 

 
Appendix Figure IV-7. NMR spectrum of CBN-23 (JRCH-4). 
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Appendix Figure IV-8. NMR spectrum of CBN-24 (JRCH-3). 

 

Appendix Table IV-1. Buffers used for protein purifications. 

Buffer Contents 

A 
B-PER (ThermoScientific, cat. no. 78243) supplemented with protease inhibitor 

cocktail, benzonase 2.5 U/mL (Sigma), and lysozyme 0.5 mg/mL (Sigma) 

B 50 mM Tris-HCl pH 7.8, 250 mM NaCl, 5% glycerol 

C 20 mM Tris-HCl pH 8.2, 250 mM NaCl, 15% glycerol, 1 mM TCEP 
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with the Q-TOF experiments. I’d also like to thank Dr. Joyeeta Roy for synthesizing CBN analogs 

23-26 as well as her effort in attempting other analogs but was unfortunately thwarted by 

hydrolysis issues. Finally, a thank you to Drs. Joe Madak and Qi Yan for synthesizing important 

positive controls HK-16 and DS44960156. 
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CHAPTER V Significance and Future Directions 

Significance of the study 

This work details a successful investigation of inhibiting cell metabolism as a potential 

anti-cancer strategy. The approaches were varied in nature but overall highlight the importance of 

nucleotide and one-carbon metabolism in cancer progression. Transcriptomics is a powerful tool 

in generating hypotheses and by using this technique we identified several novel connections and 

signaling pathways that may prove to be important findings in better understanding SHMT2’s and 

MTHFD2’s roles in development and malignant diseases. A combination approach was evaluated 

to examine simultaneous inhibition of de novo pyrimidine biosynthesis and nucleotide salvage and 

remarkable synergy was observed. Finally, a traditional drug discovery method of pharmacophore 

screening resulted in the first ever covalent MTHFD2 inhibitor with anti-cancer activity. 

Collectively, this dissertation provides further evidence to pursue SHMT2, and MTHFD2 

inhibitors for the treatment of cancer and a potential strategy to improve the efficacy of DHODH 

inhibitors in the clinic. 

Future directions 

Chapter II 

Validation of transcriptomics-informed hypotheses 

 Many significant changes at the mRNA level were detected in response to knockout of 

MTHFD2 and SHMT2. However, before any solid conclusions can be drawn, validation of 

changes in gene (qPCR) and protein (Western blot) expression must be carried out.  
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Glycosylation 

Prior literature reported that SHMT2 bears a GlcNAc glycosylation that is regulated by 

OGT.1 Several glycosylation related proteins were differentially expressed in both the RNA-seq 

(e.g., GALNT5, GALNT6, and GCNT2) and Bru-seq (e.g., COG8 and PILRB) experiments. In 

addition to validation of expression changes of these genes at the mRNA and protein levels, I think 

it would be interesting to evaluate global changes in the glycosylome upon knockout of SHMT2 

(Figure V-1). This could be done using the Pro-Q™ Emerald 488 gel stain (ThermoFisher), or 

with O-GlcNAc or O-GalNAc antibodies. O-GlcNAcylation is an important regulator of metabolic 

reprogramming and therefore uncovering SHMT2’s role in this process is important.2 

ncRNA processing 

SHMT2 has been reported to be under the control of several miRs and lncRNAs.3-7 

NcRNAs are also reported to regulate MTHFD2 expression including miR-9 (along with lncRNA 

TUG1), miR-92a, miR-940, miR-33a-5p, and LIN28B and miR-22.8-14 MTHFD2 is a predicted 

target gene of miR-99a-3p, miR-186-5p, and miR-202.15-17 While we did not observe changes in 

expression of the aforementioned ncRNAs, there were many others with significant changes in 

expression such as HOXC-AS3, FZD10-AS1, LINC01551, and ESRG which had |FC|’s greater than 

10-fold for SHMT2 KO. Notably, FZD10-AS1 and the HOXC-AS1 transcripts have both been 

linked to metabolic processes and therefore their role in the context of 1CM warrants further 

investigation (Figure V-1).18-19 

mTOR inhibitors 

We observed significant differential activity of sensitivity to rapamycin between the WT 

and SHMT2 KO or MTHFD2 KO cells. Both KOs conferred resistance to cell growth inhibition 

by rapamycin. Activation of mTOR significantly upregulates the expression of MTHFD2, and the 
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addition of  mTOR inhibitors prevents this effect.20 Previous literature showed that rapamycin 

inhibited the expression of SHMT2 and MTHFD2 in activated T-cells.21 Furthermore in a liver 

regeneration model, knockdown of SHMT2 inhibited the phosphorylation of mTOR, but not total 

levels of mTOR; likewise, overexpression of SHMT2 increased phosphorylation of mTOR.22 

However, there is no existing evidence that inhibition of SHMT2 and MTHFD2 provides 

resistance to cell growth inhibition via mTOR inhibition by rapamycin. Rapamycin is an allosteric 

inhibitor of the mTOR complex 1 (mTORC1) and only inhibits mTORC2 with long-term 

exposure.23 WYE-354, the compound identified by our CMAP analysis, potently inhibits both 

mTORC1 and mTORC2.24 Therefore, it would be interesting to know if SHMT2 KO or MTHFD2 

KO conferred resistance to simultaneous inhibition of mTORC1/2. mTORC2 responds to different 

stimuli than mTORC1 and effects different downstream consequences (Figure V-1); mTORC2 is 

involved with cytoskeleton organization and cell survival pathways whereas mTORC1 promotes 

anabolic processes and cell growth in the presence of sufficient nutrients. 

Bru-Seq 

The Bru-seq experiments were done without biological replicates and therefore should be 

interpreted lightly. I also think traditional RNA-seq of the doxycycline-inducible cell lines would 

be more appropriate for overexpression and knockdown of SHMT2. Though I do think Bru-seq 

would be useful to monitor changes in the RNA expression after the doxycycline is removed, but 

possibly at a shorter time point than 7 days. The H1299 engineered lines showed the best 

overexpression and knockdown of SHMT2 coupled with significant differences in proliferation 

rates and thus was chosen for analysis. Although the A549 set did not show as significant of a 

knockdown of SHMT2, this cell line was the only one in which overexpression of SHMT2 

provided a proliferative advantage. Therefore, I think it would be interesting to investigate this cell 
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line in comparison to H1299’s overexpression of SHMT2 to tease out possible causative 

mechanisms. It should be noted that doubling time has not been determined for the H226 set of 

cell lines.  

 
Figure V-1. Future directions for Chapter 2.  Credit to ya-webdesign.com for image of mitochondria. 

Chapter III 

Mechanistic studies elucidating details of DHODH/ENT synergy 

The synergy we observed between DHODH inhibitors and ENT inhibitors was very 

significant. We observed that the combination of brequinar and the CNT inhibitor phlorizin 

produced no effect, but this does not necessarily rule out that the DHODH/CNT inhibition 

combination would not be synergistic. Experiments using more potent inhibitors of CNTs or 

siRNA targeting these proteins combined with brequinar are necessary to further validate this 

result. We identified that the ENT1 and ENT2 isoforms together are responsible for salvage using 

potent ENT1/2 inhibitors 8MDP and NBMPR. It would be interesting to evaluate if one transporter 
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over the other was more responsible for the synergy through siRNA. These experiments should be 

carried out over a panel of cell lines as it is likely that not every case will be the same. Additionally, 

it would be important to see if knockdown of one transporter upregulated the other and if this 

affected the observed synergy. 

In vivo efficacy 

BREQ + DPM 

 The major disappointment to this study was the lack of translation of synergy to our in vivo 

model. Unfortunately, there was no additive effect with the combination of BREQ and DPM either, 

leaving much room for optimization. We know from previous murine xenograft models that both 

BREQ and DPM are able to reach tumors to elicit their effects.25-27 Studies with DPM and an 

inhibitor of the aspartate transcarbamoylase function of CAD (an upstream enzyme of DHODH) 

found that the combination was able to significantly reduce concentrations of nucleotides in the 

tumors more than either agent alone and that addition of DPM reduced PALA’s LD50 in mice by 

50%.26-27 The dose of DPM in the study that saw a significant reduction in tumoral nucleotide 

levels was 10-fold higher than what we used in ours (100 mg/kg vs 10 mg/kg).27 Their ratio of 

PALA:DPM was the same as ours for BREQ:DPM (2:1). High doses of BREQ are well-tolerated 

humans,28 but the maximum tolerated dose in mice is 50 mg/kg.29-30 In our study we used a dose 

of 20 mg/kg BREQ. Therefore, for the next in vivo study I would recommend increasing the dose 

of BREQ to 50 mg/kg with groups of DPM at 10 mg/kg, 25 mg/kg, and 50 mg/kg. Another angle 

that could be optimized is the scheduling of the doses. In order to best inform this, 

pharmacokinetics and pharmacodynamics of the administrations should be evaluated. 

Pharmacokinetic studies have been carried out for both brequinar and dipyridamole in mice 

previously, but we don’t know how they would interact with each other.31 Unfortunately, nearly 
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all the pre-clinical work with dipyridamole was published in German, underscoring the importance 

of carrying out PK/PD for these drugs. 

Compound 41 

 Compound 41, despite having a similar pharmacokinetic profile and DHODH IC50 as 

BREQ,32 showed no antitumor efficacy. We found through computational prediction and logD 

calculations that 41 is disfavored for cell permeability. With this knowledge in conjunction with 

the fact that 41’s cellular IC50 is ~6-fold higher than BREQ’s in HCT 116, it comes as no surprise 

that a two-fold lower dose than BREQ would be inactive. A maximum tolerated dose (MTD) study 

was not performed with 41, therefore if this compound is to be pursued further, then identifying 

the highest dose for treatment would be the next step. Additionally, while 41’s pharmacokinetic 

(PK) profile is similar to BREQ’s, the half-life is roughly 2-fold lower. Thus, increasing the dosing 

frequency to every 12 hours rather than daily administration could also prove to be beneficial. 

Alternatively, compound 52 in addition to a DHODH IC50 on par with BREQ, had a 2-fold lower 

cellular IC50 than BREQ in HCT 116.32 Hence, 52 may be a better candidate to pursue if a favorable 

PK profile was obtained (Figure V-2). 

 

Figure V-2. In vivo optimization of 41 or 52. 

In vivo monitoring 
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 We showed that in vitro, 5 μM uridine was not enough to rescue toxicity caused by the 

combination of BREQ and DPM. This is the estimated concentration of uridine in mouse plasma.33 

A previous study found that treatment with a subtoxic dose of BREQ resulted in an increase in 

plasma uridine concentrations by 3-fold.30 At high concentrations of uridine (50 μM) the inhibition 

is abrogated,29 therefore it is possible that a rebound is causing the lack of synergy. I recommend 

monitoring the plasma levels of uridine as well as assessing tumoral nucleotide levels as previously 

described (Figure V-2).27 

Chapter IV 

Virtual screening 

 Though CBN-1 has a novel mechanism of action, the potency of the molecule is only in 

the micromolar range. Our current approach used a ligand-based pharmacophore model which 

could restrict the hits. Instead, a virtual screen using the protein structure itself could be employed 

and there are several software programs available.34 

Mechanism of binding 

 From the Q-TOF experiments we learned that CBN-1 covalently binds MTHFD2. What 

remains to be elucidated is where and how. This can be approached in several ways. The best way 

is to acquire a co-crystal structure to confirm the proposed binding mode and mechanism of 

inhibition. A complementary approach would be to mutate nucleophilic residues within the active 

site and evaluate binding. I propose Lys88 as the residue responsible for this interaction due to its 

proximity to the thiocarbonate and also that recent literature shows that acetylation of this residue 

inhibits MTHFD2’s activity.35 

MTHFD selectivity 
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MTHFD2 is selectively expressed in transformed cells or during embryonic development 

whereas MTHFD1 is broadly expressed.36-38 Therefore, it is important to achieve selectivity in 

order to avoid systemic toxicity. Both MTHFD1 and MTHFD2L possess the same function as 

MTHFD2 in normal adult tissues and are ubiquitously expressed. MTHFD2 shares ~60-65% 

sequence similarity with MTHFD2L and 40% with MTHFD1.39-40 The active site residues are 

highly conserved; an important difference between MTHFD2 and MTHFD1 is an Asn to Val, 

respectively. Current inhibitors show selectivity in some capacity.41-43 CBN-1 maintains a H-bond 

acceptor in the same position as the carbonyl of DS44960156 that affords selectivity over 

MTHFD1.42 Consequently, I hypothesize that CBN-1 would be selective for MTHFD2. This could 

be evaluated through CETSA and with recombinant protein in the enzymatic and thermal shift 

assays for MTHFD1. Additionally, though in select cell lines it seems the complementary 

mitochondrial isoform MTHFD2L would play a limited role in a compensation mechanism for 

MTHFD2 inhibition,44 I recommend evaluating this selectivity as well.  

Optimization of CBN-1 

 In order to best facilitate optimization of our hit compound, a co-crystal structure should 

be acquired. It should also be determined if a covalent inhibitor is ultimately desired. Anti-

metabolite suicide substrates have been met with great success in the clinic (e.g. 5FU),45 however, 

noncovalent MTHFD2 inhibitors have already shown efficacy in vivo.43 If the noncovalent route 

is pursued, a carbamate or urea would be potential substitutions for the thiocarbonate, but the 

binding mode will be important to understand if H-bond donors would be accepted at these 

positions. Though CBN-1 was the most potent in our series, its IC50 is only in the micromolar 

range and should be optimized for potency. Kawai and colleagues found that substitution of the 

carboxylic acid of DS44960156 for a sulfonamide improved cell penetration and was well-
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tolerated for inhibitory activity.43 Additionally, they identified that more bulk was tolerated in the 

position in what would be the naphthalene ring of CBN-1, and that positively charged groups were 

favorable as they formed a salt bridge with the NAD+ cofactor.43 

 There are only a handful of CBN analogs that have activity in the HAP1 cell line. In HCT 

116, CBN-5 is active with similar activity as CBN-1 (28 μM vs 34 μM respectively). Therefore, I 

don’t think the issue is permeability, but rather cell line sensitivity. Although, the original 

compound DS44960156 was not cell permeable, so screening the molecules with a computational 

permeability predictor (i.e. PerMM)46-47 along with experimental calculations of logD7.4 could 

provide valuable information as to why some compounds are inactive in the cells. However, I think 

the top compounds should be screened in a panel of cell lines to find one which is sensitive. 

 
Figure V-3. Future directions of Chapter 4. 
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