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Abstract: Background: Triple-negative breast cancers (TNBCs), accounting for approximately 15% of
breast cancers, lack targeted therapy. A hallmark of cancer is metabolic reprogramming, with one-
carbon metabolism essential to many processes altered in tumor cells, including nucleotide biosyn-
thesis and antioxidant defenses. We reported that folate deficiency via folic acid (FA) withdrawal in
several TNBC cell lines results in heterogenous effects on cell growth, metabolic reprogramming,
and mitochondrial impairment. To elucidate underlying drivers of TNBC sensitivity to folate stress,
we characterized in vivo and in vitro responses to FA restriction in two TNBC models differing
in metastatic potential and innate mitochondrial dysfunction. Methods: Metastatic MDA-MB-231
cells (high mitochondrial dysfunction) and nonmetastatic M-Wnt cells (low mitochondrial dys-
function) were orthotopically injected into mice fed diets with either 2 ppm FA (control), 0 ppm FA,
or 12 ppm FA (supplementation; in MDA-MB-231 only). Tumor growth, metabolomics, and metabolic
gene expression were assessed. MDA-MB-231 and M-Wnt cells were also grown in media with
0 or 2.2 uM FA; metabolic alterations were assessed by extracellular flux analysis, flow cytome-
try, and qPCR. Results: Relative to control, dietary FA restriction decreased MDA-MB-231 tumor
weight and volume, while FA supplementation minimally increased MDA-MB-231 tumor weight.
Metabolic studies in vivo and in vitro using MDA-MB-231 cells showed FA restriction remodeled one-
carbon metabolism, nucleotide biosynthesis, and glucose metabolism. In contrast to findings in the
MDA-MB-231 model, FA restriction in the M-Wnt model, relative to control, led to accelerated tumor
growth, minimal metabolic changes, and modest mitochondrial dysfunction. Increased mitochondrial
dysfunction in M-Wnt cells, induced via chloramphenicol, significantly enhanced responsiveness to
the cytotoxic effects of FA restriction. Conclusions: Given the lack of targeted treatment options for
TNBC, uncovering metabolic vulnerabilities that can be exploited as therapeutic targets is an impor-
tant goal. Our findings suggest that a major driver of TNBC sensitivity to folate restriction is a high
innate level of mitochondrial dysfunction, which can increase dependence on one-carbon metabolism.
Thus, folate deprivation or antifolate therapy for TNBCs with metabolic inflexibility due to their
elevated levels of mitochondrial dysfunction may represent a novel precision-medicine strategy.

Keywords: one-carbon metabolism; triple-negative breast cancer; mitochondria; glycolysis; dietary
folate; metabolomics

1. Background

Folate (vitamin B9) is an essential nutrient that is integral to cellular function, as re-
duced folates are requisite coenzymes in the one-carbon transfer linked to amino acid
and nucleotide metabolism [1]. Dietary folate deficiency causes several developmental
disorders, most notably neural tube defects, many of which are prevented by adequate
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folate supplementation [1,2]. Likewise, epidemiological studies suggest that sufficient
dietary folate diminishes cancer initiation, though this effect appears to be cancer type
specific [3-5]. Genetic polymorphisms in several folate enzymes, most notably methylenete-
trahydrofolate reductase (MTHFR), have also been associated with increased risk of several
cancers [6-8], underscoring the role of folate metabolism in tumorigenesis.

Conversely, excess folate is likely to contribute to the growth of initiated cancers [9-11],
while folate analogs (antifolates) inhibit proliferation of cancer cells [12]. The antifolate
methotrexate, a dihydrofolate reductase inhibitor, has been used as a chemotherapeutic
agent for more than 60 years [13]. Recent studies indicate that methotrexate treatment,
in combination with cyclophosphamide and/or fluorouracil, may specifically benefit
patients with triple-negative breast cancers (TNBCs) in advanced disease either as an
adjuvant [14,15] or as part of metronomic treatment protocols [16]. TNBCs, which account
for ~15% of breast cancers [14,15], currently lack FDA-approved targeted therapies, leav-
ing systemic chemotherapy as the standard-of-care treatment for both early and advanced
disease [17]. TNBCs tend to exhibit higher recurrence and metastasis rates compared with
other breast cancer subtypes [18,19].

Folate has a pleiotropic effect at the cellular and whole organism levels due to par-
ticipation in a host of key biological processes [1]. Among them, folate-dependent mito-
chondrial homeostasis is an area of growing interest [20,21]. Specifically, genetic disruption
of folate metabolism results in significant mitochondrial dysfunction [20-22], with en-
hanced mitochondrial one-carbon metabolism playing an important role in the response
to cellular energy crises, such as hypoxia [23] or limited glucose supply [24]. Indeed,
folate-dependent serine metabolism is critical to maintenance of redox homeostasis when
electron transport chain (ETC) activity is inhibited pharmacologically or by hypoxia [25].
Thus, one-carbon metabolism is at the nexus of several metabolic branches relevant to
biosynthetic processes, redox defense, and bioenergetics, all of which are essential for
mitochondrial health [26]. Accordingly, folate deficiency and/or dysregulation of folate
metabolism produces conditions under which cellular metabolic plasticity and adaptation
are required for survival. Towards this end, we have shown that in vitro folic acid (FA)
deficiency in several TNBC cell lines produces heterogenous effects on cell growth and
migration, metabolic reprogramming, mitochondrial impairment, reduced energy status,
and altered pentose phosphate pathway (PPP) metabolism [27,28].

Tumors with pre-existing mitochondrial defects or impaired mitochondrial function
may be especially sensitive to manipulation of folate metabolism, such as dietary fo-
late depletion or antifolate therapies [20,21,25]. Overall, a better understanding of the
response of TNBCs to folate deprivation and antifolates has potential to aid in the identifi-
cation of patient populations who may benefit most from the inclusion of neoadjuvant or
adjuvant antifolates. Dietary FA may be required for metastasis-related processes, includ-
ing epithelial-to-mesenchymal transition (EMT) and efficient lung colonization in A549
lung cancer cells [29]. Moreover, MMTV-PyMT transgenic mice supplemented with excess
FA exhibited enhanced tumor growth [30]. These findings imply an important role for fo-
late in cancer progression and metastasis, although mechanisms underlying such a role are
not fully understood. To identify underlying drivers of TNBC responsiveness to folate de-
privation, we characterized in vivo and in vitro metabolic responses to FA manipulation in
two TNBC models differing in metastatic potential and innate mitochondrial dysfunction.

2. Methods
2.1. Animal Studies

All animal studies were approved by the Institutional Animal Care and Use Committee
at the University of North Carolina at Chapel Hill and were performed by the Animal
Studies Core Facility at the University of North Carolina at Chapel Hill. Female 8-week-old
C57Bl/6N mice (12-14 mice per treatment group) were purchased from Charles River
Laboratories. Female 8-week-old C57Bl1/6 B6.Cg-Foxn1™ /] nude mice (10-14 mice per
treatment group) were purchased from the Jackson Laboratory.
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Mice were allowed to acclimate to the control diet (which includes 2 ppm FA; Re-
search Diets # D12450]) for 12-16 weeks before orthotopic transplantation of tumor cells.
Mice were then randomized to either continue on the same control regimen, or switch to
modified D12450] diet with FA levels of 0 ppm (No FA) or (for the MDA-MB-231 model
only) 12 ppm (Supp FA). These levels were chosen to emulate the broad range of FA ob-
served in human diets spanning from FA-deficient intakes to abundant FA intakes achieved
through fortification of processed grain products and/or FA supplement use. Given the
similarity in tumor growth between control and Supp FA diet groups seen in the MDA-MB-
231 model, the Supp FA group was omitted from the M-Wnt model. Three weeks after diet
switch, C57Bl/6 nude mice were injected with 1 x 10° luciferase-labelled MDA-MB-231
human TNBC cells (purchased from ATCC, Gaithersburg, MD; metastatic, high innate
mitochondrial dysfunction) in a 1:1 suspension of PBS:Geltrex (Thermo Fischer, Waltham,
MA, USA) in the 4th mammary fat pad. In addition, C57Bl/6N mice were injected with
5 x 10* murine M-Wnt cells [31] nonmetastatic, low innate mitochondrial dysfunction) in
the 4th mammary fat pad. MDA-MB-231 growth was monitored by bioluminescent imag-
ing using an IVIS Spectrum (Waltham, MA, USA) and by palpation with electronic calipers.
M-Wnt tumor growth was monitored by palpation with electronic calipers. In both models,
body composition was assessed one week prior to study termination (4 weeks post-injection
for MDA-MB-231 model and 3 weeks for M-Wnt model) by magnetic resonance (EchoMRI,
Houston, TX, USA). Mice were euthanized using CO, followed by cervical dislocation,
and tumor, liver, and serum were collected. Tumor mass and volume were determined
following excision. Tumor and liver were divided and flash frozen or fixed in formalin and
paraffin embedded.

2.2. Metabolomics Analysis

Metabolomics analysis was performed by Metabolon (Morrisville, NC). Metabolites
were isolated from a randomized selection of 6 frozen samples of liver and tumor per
diet group collected from the MDA-MB-231 and M-Wnt tumor transplant studies, us-
ing methanol with vigorous shaking for 2 min followed by centrifugation. The result-
ing extract was divided and analyzed using (i) reverse-phase (RP)/UPLC-MS/MS with
positive-ion-mode electrospray ionization (ESI); and (ii) RP/UPLC-MS/MS with negative-
ion-mode ES], (iii) HILIC /UPLC-MS/MS with negative-ion-mode ESI. Compounds were
identified by comparison to library entries of purified standards or recurrent unknown en-
tities, based on retention time/index (RI), mass to charge ratio (1m/z), and chromatographic
data (including MS/MS spectral data). Peaks were quantified using area under the curve,
and normalized to the average of the control diet group. Principle component analysis
(PCA), orthogonal partial least squares discriminant analysis (OPLS-DA), and random
forest (RF) classification were conducted using soft independent modeling by class anal-
ogy (SIMCA) software. All metabolite levels detected are shown in supplementary files,
including key folate cycle metabolites 5SmTHF and DHF.

2.3. Cell Culture Studies

Unless otherwise noted, all cells were maintained in RPMI-1640 with 10% FBS, 11 mM
glucose, 2.2 uM FA, 2 mM L-glutamine and 100 U/mL penicillin/streptomycin. For FA
withdrawal, M-Wnt and MDA-MB-231 cells were incubated with FA-free RPMI-1640
supplemented with 10% dialyzed FBS. Culture in these conditions for 6 weeks resulted in
growth arrest of MDA-MB-231 cells hence, 3 weeks was used for long term depletion of
FA, reflecting a similar number of cell doublings for both lines. Cells were incubated with
2-deoxyglucose (2DG; 50 mM), polydatin (polyD; 10 uM), or 3-bromopyruvate (3BrPyr;
20 uM) for 24 h, and cytotoxicity was determined by MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide) assay.
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2.4. Flow Cytometry Analysis

All flow cytometry was performed using a CytoFlex cytometer (Beckman Coulter,
Brea, CA, USA). Cells were incubated for 30 min at 37 °C in PBS with MitoSox Red (for
mitochondrial superoxide), MitoTracker Green (for mitochondrial mass), or the fluorescent
glucose analog 2NBDG (for glucose uptake) as per the manufacturer’s guidelines and
harvested using PHEM butffer (all Thermo Fisher, Waltham, MA, USA).

2.5. Extracellular Flux Analysis

The cellular oxygen consumption rate (OCR), a measure of mitochondrial function,
was determined using a XF96 Seahorse Metabolic Flux Analyzer (Agilent Seahorse Tech-
nologies, Santa Clara, CA, USA). Cells were seeded into XF96 Seahorse cell culture plates
at a density of 1 x 10* cells/well for M-Wnt and 1.5 x 10* cells/well for MDA-MB-231 18 h
prior to assay. Cells were incubated in assay media (serum-free RPMI-1640 media with
10 mM glucose, 2 mM glutamine and 1 mM pyruvate, without bicarbonate, pH 7.4) in a
non-CO, incubator for one hour prior to analysis. Oligomycin (1.0 M), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP; 1.0 uM), and rotenone/antimycin A (0.5 M)
were added sequentially, and OCR was measured. Measurements were normalized by
total protein amount using a bicinchoninic acid protein assay (Thermo Fisher, Waltham,
MA, USA) and expressed as relative OCR.

2.6. RT-gPCR Analysis

RNA was isolated from tissue using E.Z.N.A HP total RNA isolation kit (Omega
Biotech, Norcross, GA, USA) and cDNA reverse transcribed using ABI High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher, Waltham, MA, USA). Human- and
mouse-specific gene primer sequences were obtained from primerbank [32] and are listed
in Table S1. qPCR was performed using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA), and relative expression calculated by 2-44CT as previously
described [33].

2.7. Statistical Analysis

Comparisons of two groups were conducted using Student’s ¢-test, and comparisons
of three or more were conducted using one-way ANOVA. For metabolomics analysis
relative abundance of metabolites was determined by ANOVA. Random forest analysis
was conducted on the 30 metabolites with highest variable importance in projection (VIP)
score, and mean decrease accuracy visualized. PCA and OPLS-DA were visualized for
each analysis. Multiple hypothesis correction was performed using Benjamini-Hochberg
correction. Groups were considered different if P (or adjusted P where multiple hypotheses
were tested) was less than 0.05.

3. Results
3.1. FA Restriction Inhibits Growth of Transplanted MDA-MB-231 Tumors

To determine the contribution of dietary FA to breast cancer progression, MDA-MB-
231 cells were injected into the 4th mammary fat pad of C57Bl/6 nude mice fed a diet
containing 0, 2, or 12 ppm FA. The three diet groups showed no difference in body weight
or percent body fat (Figure 1A,B). FA-restricted (0 ppm FA) mice, relative to mice fed
diets containing 2 or 12 ppm FA, showed significantly smaller MDA-MB-231 tumors
as determined by in vivo imaging and ex vivo tumor volume and mass measurements
(Figure 1C-E). The mice receiving the 12 ppm FA regimen, relative to the 2 ppm FA group,
showed a significant increase in mean tumor weight (Figure 1E) but not tumor size via
in vivo imaging (Figure 1C) or ex vivo tumor volume (Figure 1D).
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Figure 1. Dietary folate restriction inhibits growth of MDA-MB-231 tumors and alters metabolomic profiles. Body weight
(A) and body fat% (B) of mice fed control (Ctrl, 2 ppm FA), FA-deficient (No FA, 0 ppm FA) or FA-supplemented
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tumors (C) (n = 13-14/group). Ex vivo volume (D) and weight (E) of MDA-MB-231 tumors at the endpoint of the ex-

periment (n = 12-13/group). Summary of metabolome analysis (F) (n = 6 mice per diet). PCA and OPLS-DA of tumors from
three diet groups (G,H) (n = 6/group). RF classification importance plot of the top 30 ranking metabolites and associated
key metabolic pathways (I) (n = 6/group). All bar charts represent the mean & SD, and statistical significance (p < 0.05) was

determined by one-way ANOVA (A-F), different letters indicate significant differences.

Gene expression analysis of tumors revealed no diet-dependent reduction in tran-
scripts associated with total leukocytes (CD45, Ptprc), macrophages (F4/80, Emr1), total T
cells (Cd3e), or cytotoxic T cells (Cd8b), indicating that FA restriction effects on tumor
growth were not driven by immunodeficiency in FA-deprived C57Bl/6 nude mice (data
not shown).

3.2. FA Restriction Alters Metabolomic Profiles of MDA-MB-231 Tumors

Untargeted metabolomic analysis of MDA-MB-231 tumors (Figure 1F-H, Table S2)
revealed that dietary FA restriction induced profound metabolic alterations. Out of 760 total
named metabolites, significant between-group differences were observed for 82 metabolites
in the 2 ppm versus 0 ppm dietary FA groups, 94 in the 12 ppm versus 2 ppm FA diet groups,
and 239 in the 12 ppm versus 0 ppm FA diet groups (Figure 1F). Both unsupervised PCA
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(Figure 1G) and supervised OPLS-DA (Figure 1H) demonstrated clustering of metabolic
profiles based on dietary FA concentration. RF classification and VIP scores of named
metabolites in tumor tissues of mice fed diets containing 0, 2, or 12 ppm FA revealed
several responsive metabolic pathways, including metabolism of amino acids, nucleotides,
carbohydrates, and lipids (Figure 11, and Table S3).

3.3. FA Restriction Alters One-Carbon Metabolism in MDA-MB-231 Tumors

The examination of several folate-related pathways at a metabolite level indicated that
FA restriction impacts de novo purine biosynthesis in MDA-MB-231 tumors. Tumoral levels
of 5-methyltetrahydrofolate (SMeTHEF), phosphoribosyl pyrophosphate (PRPP, the starting
point of purine biosynthesis), and the intermediates phosphoribosylaminoimidazolesuc-
cinocarboxamide (SAICAR) and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR),
were all decreased in the FA-restricted group relative to the FA-supplemented group
(Figure 2A-D). Serine, methionine, and sarcosine were each higher in the FA-restricted
group than the FA-supplemented group, while S-adenosylmethionine (SAM) was lower
(Figure 2E-H). FA restriction, relative to control, led to significantly increased mRNA ex-
pression of several folate metabolism enzymes in MDA-MB-231 tumors, including cytosolic
MTHFD1, MTHFR, SHMT1, ALDH1L1, and GNMT, but not mitochondrial SHMT2 and
ALDHIL2 (Figure 2I-P). FA supplementation, relative to control, had no significant effect
on expression of these enzymes, with the exception of MTHFD1, which was significantly
increased (Figure 2I-P).
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3.4. FA Restriction Enhances Glycolysis and PPP Metabolism in MDA-MB-231 Cells In Vivo and
In Vitro

Glucose-6 phosphate (G6P)-dependent glycolysis and the PPP contribute ATP and
NADPH required for cellular redox homeostasis and anabolic processes, as well as anabolic
carbon in the form of pyruvate, PRPP, and serine (Figure 3A). Metabolomic analysis of
MDA-MB-231 tumors showed that dietary FA restriction enhanced glycolysis and PPP
metabolism (Figure 3A-H and Table S2). Specifically, MDA-MB-231 tumors from FA-
restricted mice, relative to FA-supplemented mice, revealed significant increases in glucose,
glucose-6 phosphate, and fructose-6 phosphate, along with upregulation of PPP interme-
diates, including 6-phosphogluconate, sedoheptulose, and sedoheptulose-7-phosphate
(Figure 3A-F). In addition, numerous metabolites of glucose-dependent pathways of sugar
nucleotide derivatives, including UDP-glucose and UDP-galactose, were decreased in
tumors from FA-restricted, relative to FA-supplemented, mice (Figure 3G,H). Tumoral ex-
pression of several PPP- and glycolysis-associated transcripts, including GLUT4, H6PD,
TKT, TAL, and PHGDH, were significantly upregulated following FA restriction relative
to control (Figure 3I-M). No significant differences in these transcripts were observed
between tumors from mice fed diets containing 2 ppm versus 12 ppm FA (Figure 3I-M).
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Figure 3. Dietary FA modulates glucose metabolism in MDA-MB-231 tumors. Comparison of glucose-linked metabolites
in MDA-MB-231 tumors from control (Ctrl, 2 ppm FA), FA-deficient (No FA, 0 ppm FA), or FA-supplemented (Supp,
12 ppm FA) diets (n = 6 samples/group) (A-H). Relative abundance of glucose (A), glucose-6-P (B), fructose-6-P (C),
6-phosphogluconate (D), sedohepulose (E), sedohepulose-7-P (F), UDP-glucose (G), UDP-glucuronate (H). Expression of
GLUTH4 (I), H6PD (J), PHGDH (K), TAL (L), and TKT (M) measured by qPCR in tumors from each diet group (n = 5/group).
One-way ANOVA used to determine statistical significance (p < 0.05), different letters indicate significant differences.

To confirm that this metabolic shift was accompanied by an increased requirement
for glucose, we assayed in vitro uptake of the fluorescent glucose analog 2NBDG in cul-
tured MDA-MB-231 cells using flow cytometry. Consistent with the gene expression data,
glucose uptake was increased following FA withdrawal for 3 weeks (Figure 4A). mRNA
levels of several glycolytic enzymes were elevated in MDA-MB-231 cells cultured without
(versus with) FA for 3 weeks (Figure 4B-F).
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Figure 4. Effect of FA on glucose metabolism in cultured MDA-MB-231 cells. MDA-MB-231 cells cultured in stan-
dard (2.2 uM) or FA-deficient (0 tM) medium for 3 weeks prior to analysis. Glucose uptake determined by 2NBDG
staining (n = 3/group) (A). Expression of GLUT4 (B), LDHA (C), HK2 (D), H6PD (E), and PHGDH (F) determined by
qPCR (n = 3/group). Cytotoxicity following withdrawal of FA in the presence of 50 mM 2-deoxyglucose (2DG), 30 uM 3-
bromopryuvate (3BrPyr), or 10 uM polydatin (PolyD) for 48 h as determined by MTT assay (n = 4/group) (G). Student’s
t-test (A-F) or one-way ANOVA (G) used to determine statistical significance (p < 0.05) between groups. Different letters
indicate significant differences determined by Student’s {-test. Asterix’s indicate significant differences determined by
one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

To test whether MDA-MB-231 cells redirect glycolytic carbon towards one-carbon
metabolism via the PPP and serine production in response to FA restriction, we assessed
the effect of glycolytic inhibitors 2-deoxyglucose (2DG) and 3-bromopyruvate (3BrPyr),
and the PPP inhibitor polydatin (PolyD), on MDA-MB-231 cells cultured in the presence or
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absence of FA. PolyD and 2DG both induced significant cytotoxicity only when combined
with FA withdrawal (Figure 4G). 3BrPyr induced significant cytotoxicity alone, which was
enhanced by withdrawal of FA (Figure 4G).

3.5. FA Restriction Enhances Mitochondrial Dysfunction in MDA-MB-231 Cells In Vivo and
In Vitro

Metabolomic analysis indicated that transplanted MDA-MB-231 tumors experience
increased oxidative stress and/or display mitochondrial dysfunction (Table S2). We thus
assayed markers of mitochondrial biogenesis by qPCR and found PGC1lx, PGC18 were
upregulated in tumors from mice fed diet with 0 ppm versus 12 ppm FA (Figure 5A-C),
while TFAM was lower (Figure 5A-C).
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Figure 5. FA restriction enhances mitochondrial dysfunction in MDA-MB-231 tumors. Expres-
sion of PGCla (A), PGC18 (B), and TFAM (C) measured by qPCR in tumors from each diet group
(n =5/group). Relative abundance of succinate (D), mesaconate (E), acetyl-P (F) MDA-MB-231 tu-
mors from control (Ctrl, 2 ppm FA), FA-deficient (No FA, 0 ppm FA), or FA-supplemented (Supp,
12 ppm FA) diets (n = 6 samples/group). Expression of SDHA (G), SDHB (H), FH (I) and MDH1 (J),
and ACOD1 (K) measured by gPCR in tumors from each diet group (n = 5/group). One-way ANOVA
used to determine statistical significance (p < 0.05), different letters indicate significant differences.

Succinate, a key TCA intermediate, was reduced in tumors from FA-restricted mice
relative to FA-supplemented mice (Figure 5D and Table S2). Additionally, we observed
accumulation of carbon in metabolites prior to entry into the TCA cycle, indicated by
increases in several metabolites including mesaconate and acetylphosphate (Figure 5E,F
and Table S2). Furthermore, upregulation of SDHA, SDHB, fumarase (FH), and malate
dehydrogenase (MDH) was observed in MDA-MB-231 tumors following FA restriction
compared with tumors from mice fed diet with 12 ppm FA (Figure 5G-J).

In MDA-MB-231 cells following 3 weeks of culturing in media deficient versus re-
plete in FA, markers of mitochondrial biogenesis/dysfunction, including mitochondrial
mass and mRNA expression of TFAM, PGCl« (but not PGC1£), and ACOD1 were in-
creased (Figure 6A-E).
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Figure 6. Mitochondrial response in cultured MDA-MB-231 cells to medium FA withdrawal. MDA-MB-231 cells were
cultured with 0 or 2.2 uM FA for 3 weeks prior to assessment of mitochondrial characteristics. Mitochondrial mass
determined by MitoTracker Green (n = 3/group) (A). Expression of TFAM (B), PGCl«x (C), PGC1£ (D), and ACOD1 (E)
determined by qPCR (n = 3/group). Student’s t-test was used to determine statistical significance between groups (p < 0.05),

different letters indicate significant differences.

3.6. FA Restriction Enhances Growth of Transplanted M-Wnt Mammary Tumors

Our previous in vitro studies showed that metabolic reprograming of folate-deprived
M-Wnt cells induced a less aggressive cancer phenotype [27]. To determine whether
FA deprivation and resulting mitochondrial stress impacts the biology of a nonmetastatic
TNBC model with low innate (prior to any FA treatment) mitochondrial dysfunction [31,34],
we examined orthotopically transplanted M-Wnt tumor growth in mice fed control (2 ppm
FA) or FA-restricted (0 ppm FA) diet. FA restriction did not significantly alter mean body
weight but did decrease percent body fat (Figure 7A,B). Tumors from FA-restricted mice
relative to control mice were approximately 2-fold higher in volume (p = 0.07; Figure 7C)
and weight (p < 0.05; Figure 7D).
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Figure 7. Dietary FA restriction enhances growth of orthotopically transplanted M-Wnt mammary tumors and minimally ef-

fects tumor metabolomic profile. Body weight of mice fed different folate diets for 3 weeks (A) (n = 10-14/group). Body com-

position determined by echo MRI (B) (n = 10-14/group). Ex vivo tumor volume (C) and weight (D) (n = 9-13/group).

Summary of tumor metabolomics (E), PCA of tumor metabolomics (F) (n = 6/group). Tumor metabolite levels of 5-mTHF

(G) (n = 6-7/group), different letters indicate significant differences.

3.7. FA Restriction Minimally Alters M-Wnt Tumor Metabolomic Profiles, Glycolysis,
and PPP Metabolism

Untargeted metabolomics analysis on M-Wnt tumors from mice fed 0 ppm versus
2 ppm FA diets showed that of the 760 named metabolites, 40 displayed diet-dependent
differences (Figure 7E,F, Table S4). This was approximately half of the metabolite differences
observed in MDA-MB-231 (FA-restricted relative to control; Figure 1F). FA restriction,
relative to control, did not alter M-Wnt tumor 5-mTHEF levels (Figure 7G), glycolysis, PPP,
or one-carbon metabolism, in terms of metabolite levels (Table S4).

Given the minimal effect of FA restriction on metabolic reprogramming observed in
M-Wnt tumors, untargeted metabolomic analysis was also conducted on livers from the
C57BL/6N mice fed control or FA-deficient diets and injected with M-Wnt tumor cells
(Table S5). Out of 760 total named metabolites, significant between-group differences were
observed for 105 liver metabolites (Figure 7H, Table S5), and clustering was displayed
(Figure 7L]). In liver samples, formiminoglutamate (FIGLU), the intermediate of folate-
dependent histidine degradation commonly used as a marker of folate deficiency [35],
was increased in the 0 ppm FA diet group relative to control (Figure 7K) while dihydrofolate
(DHF; Figure 7L), but not 5>-mTHF (Figure M), was decreased. These findings indicate
that FA restriction induced expected systemic metabolic changes.

Expression of folate enzymes in M-Wnt tumors (including MTHFR, DHFR, MTHFD1,
GNMT, SHMT1, SHMT2, ALDH1L1, and ALDH1L2; Figure 8A-H), and glucose-metabolizing
enzyme expression (including H6PD, PHGDH, TAL, PGCla, PGC1b, TFAM, SDHA, FH,
and MDH1; Figure 8]-R) were not altered by FA restriction. By exception, GLUT4 was
significantly increased in response to FA restriction (Figure 8I). These findings contrasted
with the metabolic reprogramming observed with FA restriction on MDA-MB-231 tumors
(Figures 1-6) and indicate that M-Wnt tumors may be more tolerant than MDA-MB-231
tumors to metabolic stress in response to FA restriction.
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Figure 8. M-Wnt tumor response to FA withdrawal. M-Wnt tumor expression of MTHFR (A), DHFR (B), MTHFD1 (C),
GNMT (D), SHMT1 (E), SHMT2 (F), ALDHIL1 (G), ALDHIL2 (H), GLUT4 (I), H6PD (J), PHGDH (K), TAL (L),
PGC1A (M), PGC1B (N), TFAM (O), SDHA (P), FH (Q), and MDHI1 (R) determined by gPCR (n = 5/group). Student’s ¢-test
was used to determine statistical significance between groups (p < 0.05), different letters indicate significant differences.

3.8. Innate Mitochondrial Dysfunction Predicts Sensitivity to FA Restriction

We compared the innate mitochondrial activity of MDA-MB-231 and M-Wnt cells. MDA-
MB-231 cells displayed approximately 50% lower basal, maximal, and ATP synthase-coupled
OCR than M-Wnt cells (Figure 9A-C) when grown under normal (2.2 uM FA) conditions.
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Figure 9. Innate mitochondrial dysfunction underpins response to FA restriction. Basal (A), maximal (B), and ATP synthase-
coupled (C) OCR determined in M-Wnt cells and MDA-MB-231 cells (n = 3/group). Basal (D), maximal (E), and ATP
synthase-coupled (F) OCR determined in M-Wnt cells following 3 weeks of culture with or without FA (n = 3/group).
Mitochondrial superoxide production (G) determined using MitoSox Red in M-Wnt cells following 3 weeks of culture with
or without FA (n = 3/group). Basal (H), maximal (I), and ATP synthase-coupled (J) OCR determined in MDA-MB-231 cells
following 3 weeks of culture with or without FA (n = 3/group). Mitochondrial superoxide production (K) determined using
MitoSox Red in MDA-MB-231 cells following 3 weeks of culture with or without FA (n = 3/group). Student’s ¢-test (A-K)
used to determine significance (p < 0.05), different letters indicate significant differences.

Following 3 weeks of culture in 0 pM FA, relative to 2.2 uM FA, both MDA-MB-231
and M-Wnt cells had ~40-50% reduced basal, maximal, and ATP synthase-coupled OCR
(Figure 9D-FH-]), and a ~1.7-fold increase in mitochondrial superoxide production (a
marker of ETC dysfunction; Figure 9G,K).

4. Discussion

Treatment of TNBC remains challenging due to the lack of targeted therapies, as ev-
idenced by the absence of formal guidelines for treatment of TNBC beyond cytotoxic
chemotherapies [36]. Thus, new intervention targets and therapeutic strategies are urgently
needed for TNBC. TNBCs exhibit several metabolic subtypes some of which are character-
ized by increased glycolysis [37], and mitochondrial dysfunction [38] which may inform
therapeutic response and sensitivity to FA withdrawal. The antifolate methotrexate as
a single agent in treatment of breast cancer has shown limited efficacy [39], due at least
in part to two common issues with this class of drugs: toxicity and the development of
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resistance [13]. The former is addressed with supplementation of patients undergoing
antifolate chemotherapy with high doses of leucovorin [13]. We have recently identified
induction of type I interferon signaling as central to the transcriptomic response of M-
Wnt cells to loss of FA [28], which may promote tumor growth via immune evasion [40].
However, the literature on the anticancer effects of dietary folate restriction is mixed.
Multiple studies suggest an inhibitory effect of folate withdrawal on cancer cells in vitro
and in vivo; conversely, folate supplementation shows a procancer effect under some
conditions [29,41-43]. The literature is mixed, however, as several groups have reported
withdrawal of FA promotes tumor invasiveness and EMT [44—46]. In the present study,
we assessed the metabolic response and sensitivity to cytotoxic effects of FA restriction
in TNBC, which has possible clinical implications for antifolate treatment. Specifically,
we characterized the metabolic response to FA restriction in two TNBC models differing in
metastatic potential and mitochondrial dysfunction.

MDA-MB-231 cells have a well-characterized mitochondrial respiratory chain defect
that contributes to their metastatic phenotype [47,48], while M-Wnt cells have highly func-
tional mitochondrial metabolism and low metastatic potential [31]. We found that while
FA restriction enhanced mitochondrial dysfunction in both models of TNBC, FA restriction
in the MDA-MB-231 model, relative to the M-Wnt TNBC model: (i) suppressed growth of
orthotopically transplanted tumors; (ii) altered metabolomic profiles including one-carbon
metabolism; and (iii) enhanced glycolysis and PPP metabolism. This suggests that the
level of innate mitochondrial dysfunction may contribute to the responsiveness of TNBC
cells to FA restriction, and extend the current literature indicating that disruption of one-
carbon metabolism interacts with mitochondrial dysfunction to reprogram cancer-related
metabolism [20-25,49,50].

The elevation of serine with concomitant reduction in several intermediates (such as
AICAR; Figure 2D) of the de novo purine pathway in MDA-MB-231 tumors (but not M-Wnt
tumors; Table S5) in response to FA restriction is indicative of impairment of one-carbon
metabolism and nucleotide metabolism. This finding is not surprising since two steps
of the de novo purine pathway require 10-formyltetrahydrofolate as the formyl donor.
Response of two other one-carbon donors, serine and SAM, to dietary FA restriction is also
readily traceable to folate metabolism. Serine conversion to glycine by SHMT1/2 provides
substantial one-carbon groups to the folate pool [1]. Transfer of a methionine to ATP
generates SAM, a universal methyl donor in the cell. While methionine, an essential amino
acid, is mainly supplied by the diet, folate-dependent re-methylation of homocysteine is
also important. Methionine, however, was increased in MDA-MB-231 (but not M-Wnt)
tumors in response to FA-restricted diet. The observed drop in SAM may have arisen from
insufficient ATP levels, coherent with inhibition of de novo purine pathway, and would
explain the accumulation of methionine as the result of the decreased SAM biosynthesis.
Likewise, decreased SAM is in agreement with the decrease in 5'-methyl thioadenosine as
well as several products of the polyamine biosynthesis pathway.

Our observed change in metabolic gene expression in MDA-MB-231 (but not M-Wnt)
tumors in response to FA restriction indicates MDA-MB-231 cells can compensate for
the loss of folate-bound one-carbon transfer by enhancing the flux of the groups into
the folate pool (elevation of MTHFD1 and SHMT1) or by re-directing them to specific
metabolic pathways (elevation of MTHFR, ALDH1L1, and GNMT). There is substantial
diversity among cancer cells in the utilization of cytosolic verses mitochondrial folate
pathways, in response to reduced FA supply [51]. SHMT1/2 are two main sources of
one-carbon groups for folate metabolism [1] and the two enzymes can compensate for each
other [49]. For example, defects in mitochondrial folate metabolism in proliferating cells
induce compensatory increases in cytoplasmic folate metabolism in part via SHMT1 [49].
Our data show that in response to such metabolic disruption, a compensatory increase in
glucose metabolism takes place. Consistent with this finding, we previously showed in
TNBC cell culture studies that folate withdrawal increased serine levels and reduced lactate
levels [27]. Disruption of mitochondrial folate metabolism prompts metabolic adaptation
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such as enhanced cytosolic one-carbon metabolism, glycolysis, and PPP activity [21,49].
In the present study, alterations in levels of intermediates of glycolysis, accompanied by
concomitant increased expression of several glycolytic enzymes and increased glucose
uptake, indicate that MDA-MB-231 cells rely on glucose metabolism to meet their metabolic
needs. Serine activates the critical glycolytic regulator PKM2 to promote glycolysis [52],
and PKM2 plays a critical role in directing glycolysis to support rapid cell proliferation [53].

The mRNA expression of two genes encoding enzymes of folate metabolism of-
ten reduced in tumors, ALDH1L1 and GNMT, was markedly elevated in MDA-MB-231
(Figure 2L,0), but not M-Wnt tumors, from mice fed FA-restricted diet. These enzymes
may be putative tumor suppressors, producing antiproliferative effects upon overexpres-
sion in cultured cancer cells [54,55]. ALDHI1L1 is heterogeneously hypermethylated in
many breast tumors [56], with high mRNA levels predicting favorable outcomes [57].
However, ALDH1L1 is hypomethylated in breast tumors following chemotherapy [58],
and may be important for tumor cell survival in response to metabolic stress [59]. Thus,
elevation of these enzymes could be yet another compensatory mechanism for tumors
to survive nutrient starvation or other stressors by arresting proliferation or remodeling
metabolism. Overall, we conclude that loss of dietary folate induces metabolic stress in
MDA-MB-231 (but not M-Wnt) tumors, which is partially compensated for via glycolysis
and PPP.

A common cause of increased glycolytic flux and PPP metabolism is respiratory
deficiency [60]. Disruption of one-carbon metabolism can induce such mitochondrial
dysfunction via suppression of mitochondrial protein translation, a phenomenon associated
with two underlying mechanisms. First, initiation of mitochondrial translation requires
folate-dependent formylation of methionyl-tRNA™® [21]. Mutations in methionyl-tRNA
formyltransferase, the enzyme catalyzing this formylation, causes deficiency in oxidative
phosphorylation [21]. Mammalian mitochondria also use folate-bound one-carbon groups,
in the form of 5,10-methylene-THEF, to produce taurinomethyluridine at the wobble position
in mitochondrial tRNAs [20]. The lack of such methylation causes mitochondrial ribosome
stalling at certain codons, which prevents translation and contributes to mitochondrial
dysfunction [20]. Our in vitro models support these data; however, it is possible that cell
line specific alterations in one-carbon metabolism might direct response to FA restriction
independent of mechanisms identified here.

We also demonstrated that induction of glycolysis and the PPP in the MDA-MB-231
model is a compensatory mechanism in response to FA restriction and enhanced mito-
chondrial dysfunction. PPP metabolism is essential to cancer cell survival, particularly in
response to elevated ROS production, a common occurrence in tumors. Of note, target-
ing PPP metabolism has been proposed as a cancer treatment strategy [61], since NADPH
is critical in antioxidant defenses. Several cancer types, including TNBC, have been shown
to depend heavily on NADPH derived from H6PD, an enzyme in the PPP, to provide the
reducing equivalents required for DHFR activity, with loss of H6PD resulting in folate
deficiency [62]. DHEFR is responsible for the conversion of folic acid and dihydrofolate
into the active coenzyme form THEF. Thus, compensatory activation of the PPP in our
experiments may in part be an attempt to refill the reduced folate pool by generating addi-
tional NADPH. The link between folate metabolism and NADPH, however, is bidirectional
given that reactions of the folate pathway generate NADPH as well as consume in the
cytoplasm [1]. In the mitochondria, however, folate metabolism can contribute significantly
to the maintenance of cellular redox state by generating NADPH [22,25,63]. The impor-
tance of mitochondrial folate metabolism is further illustrated by the finding that cancer
cells compensate for genetic disruption of mitochondrial folate metabolism via enhanced
activity of cytosolic SHMT1 and reversal of the cytoplasmic metabolism to supply formate
to the mitochondrial folate pool [49]. Similarly, increased de novo serine biosynthesis
via PHGDH in breast cancer, where extracellular serine is limited, has a critical role for
in vivo proliferation [64,65] and for the maintenance of mitochondrial redox homeostasis,
and thereby cancer stemness [24].
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Tumors derived from the M-Wnt model of TNBC demonstrated a different metabolomic
and growth response to FA restriction than did the MDA-MB-231 tumor model. The latter
model has been well characterized as bearing a dysfunctional ETC complex I, with de-
creased basal NAD(P)/NAD(P)H ratio [48], which may contribute to the sensitivity of
MDA-MB-231 cells to disruption of folate metabolism by FA withdrawal. Disruption of
cellular redox status via mitochondrial dysfunction has been shown to impair one-carbon
metabolism and nucleotide production [66]. Indeed, in both methionine restriction-
sensitive and -resistant TNBC cells, mitochondrial function is impaired by withdrawal of
methionine, and successful adaptation requires remodeling of central-carbon metabolism
and enhanced redox defense [50]. Accordingly, we hypothesized that intrinsic mitochon-
drial dysfunction may represent a decision point for cellular response to disruption of folate
metabolism (i.e., extensively damaged mitochondria are beyond rescue by the PPP and/or
the serine synthesis pathway, and thereby ruinous to the cell in the presence of glycolytic in-
hibitors). Our data indicate that intrinsic mitochondrial dysfunction in MDA-MB-231 cells
results in a synthetic dependence on enhanced one-carbon, glycolytic, and PPP metabolism
for survival. Indeed, metabolic rescue by glycolysis and/or the PPP upregulation appears
to underpin an obligate adaptive response in MDA-MB-231 cells to disruptions of folate
metabolism and increased ROS production. We postulate this is in part driven by the
increased rate of reactive oxygen species production and mitochondrial dysfunction in
these cells as compared with the M-Wnt cells, which are less sensitive to folate modulation.
Metabolic plasticity in M-Wnt cells may enhance capacity to tolerate or even thrive in the
presence of mitochondrial dysfunction in these cells, as evidenced by the enhanced tumor
growth and invasiveness in FA-restricted conditions.

5. Conclusions

Our findings suggest that TNBC sensitivity to FA restriction may be informed by
innate mitochondrial dysfunction, which can lead to decreased metabolic plasticity and
increased dependence on one-carbon metabolism and glycolysis. Thus, folate deprivation
or antifolate therapy following screening for TNBCs harboring high levels of mitochon-
drial dysfunction and associated metabolic inflexibility may represent a new precision-
medicine approach.
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