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ABSTRACT
◥

Triple-negative breast cancer (TNBC) chemoresistance hampers
the ability to effectively treat patients. Identification of mechanisms
driving chemoresistance can lead to strategies to improve treatment.
Here, we revealed that protein arginine methyltransferase-1
(PRMT1) simultaneously methylates D-3-phosphoglycerate dehy-
drogenase (PHGDH), a critical enzyme in serine synthesis, and the
glycolytic enzymes PFKFB3 and PKM2 in TNBC cells. 13C meta-
bolic flux analyses showed that PRMT1-dependent methylation of
these three enzymes diverts glucose toward intermediates in the
serine-synthesizing and serine/glycine cleavage pathways, thereby
accelerating the production of methyl donors in TNBC cells.
Mechanistically, PRMT1-dependent methylation of PHGDH at
R54 or R20 activated its enzymatic activity by stabilizing 3-phos-
phoglycerate binding and suppressing polyubiquitination. PRMT1-
mediated PHGDH methylation drove chemoresistance indepen-
dently of glutathione synthesis. Rather, activation of the serine
synthesis pathway supplied a-ketoglutarate and citrate to increase
palmitate levels through activation of fatty acid synthase (FASN).
Increased palmitate induced protein S-palmitoylation of PHGDH
and FASN to further enhance fatty acid synthesis in a PRMT1-
dependent manner. Loss of PRMT1 or pharmacologic inhibition of
FASN or protein S-palmitoyltransferase reversed chemoresistance
in TNBC. Furthermore, IHC coupled with imaging MS in clinical
TNBC specimens substantiated that PRMT1-mediatedmethylation
of PHGDH, PFKFB3, and PKM2 correlates with chemoresistance
and that metabolites required for methylation and fatty acid syn-
thesis are enriched in TNBC. Together, these results suggest that
enhanced de novo fatty acid synthesis mediated by coordinated

protein arginine methylation and protein S-palmitoylation is a
therapeutic target for overcoming chemoresistance in TNBC.

Significance: PRMT1 promotes chemoresistance in TNBC by
methylating metabolic enzymes PFKFB3, PKM2, and PHGDH to
augment de novo fatty acid synthesis, indicating that targeting this
axis is a potential treatment strategy.
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Introduction
Breast cancer is one of the most common malignancies and the

second leading cause of cancer-related death among women (1).
Among the subtypes of breast cancer, triple-negative breast cancer
(TNBC), which expresses none of estrogen receptor (ER), progester-
one receptor (PR), and HER2, is the most aggressive type of breast
cancer (2, 3). Compared with other subtypes, TNBC lacks specific
therapeutic targets and is resistant to chemotherapy (4–6). Therefore,
themolecularmechanisms underlying TNBC chemoresistance require
further investigation.

In recent years, metabolic remodeling has attracted considerable
attention as a mechanism by which cancer cells acquire chemoresis-
tance (7). Among the many pathways in metabolic systems, trans-
methylation via the serine synthesis pathway (SSP) and glycine
cleaving enzymes, the transfer of C1 unit to specific substrates,
and the remethylation cycle play important roles in DNAmethylation
and/or histone modifications to determine the fate of cancer cells.
However, the roles of posttranslational modifications of proteins/en-
zymes by methylation mechanisms remain unclear. We previously
showed that protein arginine methylation of 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) is methylated by pro-
tein arginine methyltransferase-1 (PRMT1) to activate phosphofruc-
tokinase-1 (PFK-1; ref. 8). Such a post-translational modification of
PFKFB3 contributes to a metabolic shift towards the pentose phos-
phate pathway (PPP) to accelerate the synthesis of nicotinamide
adenine dinucleotide phosphate (NADPH), a reducing equivalent for
recycling reduced glutathione (GSH), which may help chemoresis-
tance (8). In addition,many studies have shown that PRMTsmethylate
several enzymes that regulate carbohydrate metabolism such as pyru-
vate kinase M2 (PKM2), GAPDH, and malate dehydrogenase 1
(MDH1; refs. 9–11). Of the PRMT subtypes, PRMT1 and PRMT4
have been reported to be highly expressed in progressive breast
cancers (12, 13); however, their roles in arginine methylation in
tumorigenesis and the acquisition of malignant traits remain unclear.

This study aimed to examine whether TNBC chemoresistance is
mediated by protein argininemethylation of enzymes belonging to the
central carbon metabolisms. In this study, 13C6-glucose-assisted flux-
ome analyses were performed using several drug-resistant TNBC cell
lines to explore unidentified aberrant metabolic pathways that facil-
itate chemoresistance. Our analyses showed that PRMT1, which
possesses major methyltransferase activity (14), not only increases
methylated PFKFB3 and PKM2, but also methylates 3-phosphoglyc-
erate dehydrogenase (PHGDH), the rate-limiting enzyme in SSP,
which accelerates the directional conversion of 3-phosphoglycerate
(3-PG), a glycolytic intermediate, towards SSP. Mechanistically,
PRMT1 simultaneously activates de novo fatty acid synthesis through
the production of a-ketoglutarate (aKG), a product of phosphoserine
aminotransferase 1 (PSAT1), the second enzyme in the SSP. Further-
more, either inhibition of fatty acid synthase (FASN) by orlistat or
blockade of PRMT1-involving protein S-palmitoylation by 2-bromo-
palmitate (2-Br-Pal) unlocks chemoresistance in TNBC cells. Here, we
provide evidence that PRMT1-mediated protein arginine methylation
of PHGDH, PFKFB3, and PKM2, not only accounts for the positive
biomarkers of TNBC but also serves as a therapeutic target for
unlocking TNBC chemoresistance.

Materials and Methods
Establishment of paclitaxel-resistant MDA-MB-231 cell

An in vivo paclitaxel-resistant (Ptx-R) cell line was established from
the parental human breast cancer cell line MDA-MB-231 by stepwise

increasing concentrations of paclitaxel administrated to tumor-
bearing mice. Briefly, BALB/c female nude mice were purchased from
CLEA Japan, Inc. at 6 weeks of age. Each mouse was inoculated
subcutaneously in the dorsal flank with 1 � 106 cells in 0.1 mL serum-
free medium containing 50% Matrigel (BD Biosciences). Paclitaxel
treatment starts at day14 after tumor inoculation. Tumor-bearingmice
were intraperitoneally administered paclitaxel (20 mg/kg) eight times
every 3 to 4 days. After a dosing period, tumors were excised and
digested into a residual metastatic nodule-free MDA-MB-231 suspen-
sion using the Tumor Dissociation Kit (#130–095–929; Miltenyi
Biotech) according to the manufacturer’s instruction. The cells were
retransplanted subcutaneously into fresh mice. The schedule of pac-
litaxel administration was as mentioned above, with 30 mg/kg for the
second rounds, and 60 mg/kg for the third rounds, respectively. After
three rounds of this procedures, three different sublines of Ptx-R
MDA-MB-231 cells were established. Unless otherwise stated, the
subclone#2 cells were used in this study. Ptx-R cells were maintained
with themedium containing 5 nmol/L Ptx.We also established in vitro
Ptx-resistant model. The resistant cells were generated by stepwise
increasing the concentration of paclitaxel (4, 10, 20, and 40 nmol/L) in
the medium over 3 to 4 months.

Reagents and cell culture
A detailed description of reagents and cell culture was shown in

Supplementary Materials and Method.

Antibodies and immunoblotting
The primary antibodies used in this study are listed in Supple-

mentary Table S1. A rabbit polyclonal antibody for asymmetrically
di-methylated R131/R134 PFKFB3 was described in our previous
study (8). Antibodies against asymmetric dimethylated PKM2
(R445/447) were generated by Sigma-Aldrich Japan and Cell Engi-
neering Corporation forWestern blotting (rabbit polyclonal) and IHC
(mouse monoclonal), respectively. The peptide sequences containing
asymmetric dimethylarginine for the antigen were as follows: 432-
CKSGRSAHQVARY(R)P(R)API-450. Antisera or culture medium
from the hybridoma was purified over a peptide-affinity column.
Three clones (3C1, 4C9, and 7C1) of anti-mPKM2 (R445/447) mAbs
were generated. Rabbit polyclonal antibody against monomethylated
PHGDH (R54) was generated by Cosmo Bio Co., Ltd. The peptide
sequence containing monomethylarginine for the antigen was as
follows: 48-CEGLIV(R)SATKVT-60. The validation of these antibo-
dies was described in Supplementary Information. The antisera were
purified over peptide-affinity column. Western blotting was per-
formed as described in our previous study (8). The signals were
visualized using EzWestLumi Plus (ATTO).

Cell death assay
Using several different human-derived cell lines, cell viability was

assessed using the CellTOX Green Cytotoxicity Assay Kit (G8710;
Promega; refs. 15, 16) according to the manufacturer’s instructions.
The detailed information was described in Supplementary Materials
and Methods.

IHC of breast cancer needle biopsy
For IHC, specimens were frozen-sectioned at 5-mm thickness,

and then fixed on a slide glass for 20 minutes with 4% (w/v) parafor-
maldehyde. IHC was performed using anti-PHGDH, mPHGDH,
PFKFB3, mPFKFB3, PKM2, mPKM2, PRMT1, and FASN rabbit
polyclonal antibodies (dilution rate: 1/50–100, described in Supple-
mentary Table S1) for 16 hours with blocking solution. After extensive
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washing with PBS, the slides were incubated with the secondary
antibody (anti-rabbit IgG-HRP conjugated, W4011 or anti-mouse
IgG-HRP conjugated, W4021, Promega; 250� dilution each). Immu-
noreactivity was visualized using a DAB Substrate Kit (SK-4100;
Vector Laboratories) according to the manufacturer’s instructions.
Following visualization, the slides were counterstained with hematox-
ylin (#30011; Muto Pure Chemicals).

Plasmid constructions and site-directed mutagenesis
All experiments requiring gene recombination and transfection in

this study were carried out in accordance with the institutional guide-
lines of Keio University School of Medicine. The expression vectors of
PHGDH, PRMT1, PRMT4, PKM2, and RNF5 were constructed as
follows: the coding regions in each of the genes were amplified with
primers described in Supplementary Table S2, and then subcloned into
the pENTR-D vector (Thermo Fisher Scientific) or p3xFLAG-CMV-
7.1 (SIGMA). The insert was converted into an N-terminal 3xFLAG-,
hemagglutinin (HA)-, or V5-tagged destination vector (for expression
in mammalian cells) using the GATEWAY conversion system
(Thermo Fisher Scientific). To construct site-directed (C18S, C19S,
R20K, K21R, R54K, C116S, C234S, R236E, and R268K) and truncated
(DSB1, DNB, DSB2, DASB, and DACT domains) mutants of PHGDH,
primers were used as shown in Supplementary Table S2. Site-directed
mutagenesis was performed using KOD Plus Mutagenesis Kit
(TOYOBO) according to the manufacturer’s instructions.

shRNA knockdown and CRISPR/Cas9 knockout cells
PRMT1-, PRMT4-, and PHGDH-deficient breast cancer cell lines

were generated using CRISPR/Cas9-mediated knockout. Targeting
sequences are described in Supplementary Table S3. The DNA frag-
ments were subcloned into the pLentiCRISPR v2 vector (#52961,
Addgene, RRID: Addgene_169885). Lentivirus for sgRNA was used
to infect the breast cancer cell linesMDA-MB-231 andMDA-MB-468.
Following puromycin selection (1 mg/mL for 2 weeks), PRMT1- or
PRMT4- and PHGDH-deficient cells were obtained. The empty vector
pLentiCRISPR v2 was used as a control (sgControl). Mixed cell
populations were used in this study.

PRMT1- and PRMT4-knockdown vectors were purchased from
Open Biosystems. PKM1-, PKM2-, and tetracycline-induced
shPRMT1 vectors were purchased from Sigma-Aldrich. The target
sequences are listed in Supplementary Table S3. As a negative control,
The GIPZ nonsilencing lentiviral shRNA control vector (RHS4346;
Open Biosystems) was used as the negative control.

In vivo ubiquitination assay of PHGDH and FASN
Expression vectors for FLAG-tagged PHGDH (or FASN), myc-

tagged PHGDH, and HA-tagged ubiquitin were transfected for
24 hours (5 mg plasmid each). The cells were then treated with
10 mmol/L MG132 for 6 hours before sample collection. To detect
polyubiquitination of PHGDHor FASN, whole cell lysates (1mg)were
incubated with anti-Flag M2 mAb affinity gel (A2220; Sigma) for
16 hours at 4�C. The resin was then washed with RIPA buffer three
times, followed by eluted with 1� sample buffer. Immunoprecipitates
were analyzed by SDS-PAGE, followed by immunoblotting with an
anti-HA antibody (Proteintech). Whole cell extracts were analyzed
with anti-FLAG, anti-c-Myc, and anti-GAPDH antibodies as inputs.

Immunoprecipitation
HEK293T cells were transiently transfected with various FLAG-

PHGDH deletion mutants and HA-PRMT1 or HA-RNF5 (5 mg each).
Cell lysates were extracted after 24 hours. The 1 mg of lysates were

immunoprecipitated using an anti-FLAG M2 mAb. Twenty-four
hours later, the gel was washed three times with RIPA buffer and
then eluted with sample buffer. To detect the PHGDH-PRMT1 or
PHGDH-RNF5 interaction, HA-PRMT1 or HA-RNF5 were detected
using an anti-HA antibody.

Determination of PHGDH activity and glucose-loading flux
assay

PHGDH activity was assessed in the direction of 3-PG oxidation to
p-Pyr by coupling the reaction with a resazurin reduction reaction by
NADH to allow fluorescence detection, according to a previous
paper (17). MDA-MB-231 and MDA-MB-468 cells were incubated
with 13C6-labeled glucose to determine glycolytic intermediates and
saturated fatty acids using CE/MS and LC/MC, respectively. Detailed
information is described separately in Supplementary Materials and
Methods.

Imaging mass spectrometry
A MALDI-TOF mass spectrometer (iMScope, Shimadzu Corpora-

tion) was used for 25 mm interval imaging mass spectrometry (IMS).
The mass peaks of metabolites collected from tissue sections were
identified by comparing the MS-MS fragment patterns with those
collected from standard reagents. The 9-aminoacridine (Merck) and
2,5-dihidroxybenzoic acid (Bruker Daltonics) were used as matrix for
ionization according to our previous methods (8, 18, 19). For free
amino acid ionization, we performed on-tissue derivatization of amino
residues with p-N,N,N,-trimethylammonioanilyl N’-hydroxysuccini-
midyl carbamate iodide (TAHS), according to our previous study (20).

Acyl-biotin exchange assay for the detection of protein
S-palmitoylation

Acyl-biotin exchange (ABE) assays were carried out to determine
protein S-palmitoylation according to previous methods (21). The
details are described in Supplementary Materials and Methods.

Determination of methylated arginine residues of human
PHGDH

We attempted to determine the methylated arginine residues of
human PHGDH using MS. Purified FLAG-tagged human PHGDH
fromHEK293T cells was separated using SDS-PAGE and stained with
CBB. Gel slices were excised, destained, dehydration with 25 mmol/L
(NH4)HCO3/50% acetonitrile, and washed with 100% acetonitrile.
The gel pieceswere rehydratedwith freshly prepared 100mmol/LDTT
at 56�C for 1 hour. The proteins were alkylated with 55 mmol/L
iodoacetamide in the dark for 45minutes at room temperature. The gel
pieces were washed with 25 mmol/L (NH4)HCO3/50% acetonitrile,
dehydrated, and digested with Trypsin Gold-Mass spec grade (V5280;
Promega) at 37�Covernight. Trypsin-digested peptides were extracted
by adding a 50% acetonitrile/5% TFA solution. The peptides were
desalted with an SDB-STAGE-tip (GL science), dried, dissolved in
solvent A (0.1% acetonitrile, 2% TFA in water), and loaded onto a
reversed-phase analytical column. The samples were analyzed on a
Dionex Ultimate 3000 HPLC system coupled to a Q-Exactive quad-
rupole Orbitrap mass spectrometer (Thermo Fisher Scientific). More
information on the identification of modified peptides was described
in Supplementary Materials and Methods.

Study approval and patients
The study protocols for xenograft experiments were approved by

the Institutional Review Boards of Keio University for Animal Ethics
Committee (#08037) and Central Institute for Experimental Medicine
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and Life Science (AIA230102 and AGM230044), which followed the
Declaration of Helsinki. In these experiments, nude mice and super-
immunodeficient NOG mice were used to establish xenograft trans-
plantation in vivo according to our previous studies (8).

The clinical studywas performed in accordancewith the approval of
the Institutional Review Board on Ethical Issues of the Keio University
School of Medicine. The patient-derived frozen breast cancer needle-
biopsy specimen and surgical resection after the neo-adjuvant therapy
were obtained under the written form of informed consents (ID:
20100143, PI: Associate Professor Masatoshi Wakui) in the Keio
University Hospital. All tissue samples were collected from the bio-
bank system in the Department of Surgery, Keio University Hospital.
Needle-biopsied samples from 11 patients who were diagnosed as
TNBC with the pathologic examination of FFPE, whereas one sample
per patient were immediately frozen to examine both IHC and IMS in
serial sections as shown later in the results.

Separately, the FFPE-treated tissue samples from surgical resection
following the neoadjuvant therapy were collected from 9 patients with
written forms of informed consent to examine whether they were
pathologic complete response (pCR) or nonpathologic complete
response (non-pCR) according to the criteria described elsewhere (22).
As shown in the results, immunostaining in the FFPE samples showed
nuclear localization of PRMT1 and mPFKFB3 in cancer cells, and
differences in immunostaining between pCR and non-pCR were
compared with the morphometrical analyses (23). Briefly, PRMT1-
and mPFKFB3-positive cancer cell nuclei and those with negative
immunoreactivities were enumerated at representative microscopic
regions within nine specimens. Cancer cells with any level of brown
nuclear staining were considered positive ones. On average, 560
invasive carcinoma cells in a range of 432 to 657 were examined in
each immunostained slide. To compare the mean percentage of
positive cancer cells between pCR and non-pCR groups, differences
were examined by Welch t test.

RNA sequencing and data analysis
For RNA sequencing (RNA-seq) analysis, total RNA was isolated

from cultured cells using an RNeasy Mini Kit (74134; Qiagen). RNA-
seq libraries were prepared using TruSeq Stranded mRNA LT Sample
Prep Kit (Illumina), according to the manufacturer’s instructions and
sequenced on an Illumina NovaSeq X instrument with NovaSeq X
Series 10B Reagent Kit (Illumina) in paired-end sequencingmode. The
sequence reads were aligned to the human reference genome assembly
(GRCh38) using HISAT2 program (v2.1.0; ref. 24) after trimming of
low-quality bases, adapters, and other illumina-specific sequences by
using Trimmomatic program (v0.38; RRID: SCR_011848; ref. 25). Raw
mapped read count of each gene was calculated from bam files after
mapping with featureCount program (26) in subread software (v2.0.6;
ref. 27). Differentially expressed genes (DEG) were extracted from the
rawmapped read count data using edgeR (v4.0.2; with P-value of <0.05
and absolute logFC of >2) packages for R (v4.3.2). Functional enrich-
ment analyses of the DEGs were performed using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID;
v2023q3; refs. 28, 29). Whole-transcriptome data were visualized
using a volcano plot generated by ggVolcanoR (30).

Statistical analysis
Unless otherwise stated, all quantitative results are presented as the

mean � SE of independent experiments. Statistical differences in
comparison to the control group were analyzed using Student t test
orMann–WhitneyU test. For experiments withmultiple comparisons,
data were first analyzed using ANOVA with Fisher least significant

difference, unless otherwise mentioned. Statistical significance was set
at P < 0.05.

Data availability
The publicly available METABRIC and TCGA cohort breast cancer

datasets analyzed in this study were obtained from cBioPortal
(http://www.cbioportal.org/). MDA-MB-468 (sgControl vs.
sgPRMT1) RNA-seq data in this study are publicly available in the
Gene Expression Omnibus (GEO, RRID: SCR_005012) under acces-
sion number GSE250022. All other raw data generated in the study are
available from the corresponding author upon request.

Results
Serine-synthesizing pathway is upregulated in chemoresistant
TNBC cells

To investigate the differences in metabolic characteristics between
chemosensitive and chemoresistant breast cancer cell lines, sensitivity
to doxorubicin or paclitaxel (Ptx), two major anticancer reagents
clinically used for the standard therapy of breast cancer (31), was
examined in several cell lines. MCF7, generated from HER2-positive
breast cancer (32), was sensitive to increased concentrations of doxo-
rubicin, whereas TNBC cell lines such as BT-20, MDA-MB-231, and
MDA-MB-468 were significantly less sensitive to doxorubicin
(Fig. 1A). Among the three doxorubicin-resistant TNBC cell lines,
the most resistant to paclitaxel was MDA-MB-468 as compared with
MDA-MB-231 and BT-20 (Fig. 1B). On the basis of these data, MDA-
MB-468 is an innately chemoresistant TNBC cell line that can be used
as anticancer reagents.

We have previously reported the switching mechanism of central
carbonmetabolism to sustain antioxidative capacity through PRMT1-
involving PFKFB3methylation in colon cancer cells (8, 15). Therefore,
we first investigated the expression and methylation levels of key
enzymes involved in carbohydrate and sulfur-containing amino acid
metabolism in these TNBC cell lines. Among the four cell lines, MDA-
MB-468, which was an innately Ptx-resistant line, showed higher
methylation of PFKFB3 and PKM2 than Ptx-sensitive MDA-MB-
231 cells (Fig. 1C). We confirmed that PKM2 was methylated by
PRMT1, leading to a transition to dimerization (Supplementary Figs.
S1A–S1J). Another important difference between MDA-MB-468 and
MDA-MB-231 cells was the overexpression of PHGDH, PSAT1, and
PSPH, which are enzymes belonging to SSP (Fig. 1C).

To define the clinical relevance of SSP enzymes and PRMT1 gene
expression in drug-resistant TNBC patients, we analyzed the public
cancer genome database Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) and The Cancer Genome
Atlas (TCGA) databases (33–35). Analyses of large-scale transcrip-
tomic datasets showed significantly greater expression of PRMT1,
PHGDH, and PSAT1 in patients classified as having basal-like type
breast cancer, including TNBC in different datasets (Supplementary
Figs. S2A, S2D, S2G, and S3A–S3C). The expression levels of these
genes were positively correlated with histologic tumor grades (Sup-
plementary Figs. S2B, S2E, and S2H); however, higher expression was
also observed in patients receiving adjuvant chemotherapy (Supple-
mentary Figs. S2C, S2F, and S2I). These results led us to imply that,
similar to the results of the current cell line experiments, the aug-
mentation of de novo serine-synthesizing pathway in patients with
TNBC may determine sensitivity to chemotherapy.

Therefore, we investigated whether chemoresistance in Ptx-
sensitive MDA-MB-231 cells enhance the expression of SSP enzymes
and arginine-methylated PFKFB3 and PKM2. To establish Ptx-
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Figure 1.

Enhanced argininemethylationof glycolytic enzymes andactivation of serine synthetic pathway in the chemoresistant breast cancer cell lines.A andB,Magnitudes of
cell deathwere assessed using the CellTOXGreenCytotoxicity Assay kit. Chemosensitivity to doxorubicin (A) and paclitaxel (B). Mean� SE (n¼4) �, P <0.05, versus
MCF7 (yellow), an ER-positive breast cancer cell line. Comparisons among all four groups were performed using one-way ANOVA with Fisher LSD test. C, Left,
Western blot analyses showing basal expression of enzymes in glycolysis, serine-synthesizing system, and trans-sulfuration pathways in human breast cancer-
derived cell lines. Right, each enzyme was mapped to a metabolic pathway. The dataset is representative of at least three independent experiments. D, Protocols to
generate Ptx-resistant MDA-MB-231 cells, inwhich the cells were transplanted into nudemice. E,Western blot analyses showing expression of enzymes in glycolysis,
the serine-synthesizing system, and the trans-sulfuration pathway in three different cell lines of Ptx-resistant (Ptx-R) MDA-MB-231 (#1–3). F, Effects of increasing
concentration of Ptx on cell death, whichwas assessed using the CellTOXGreen Cytotoxicity Assay kit. � , P <0.05, comparedwith parenteral cell death. Data indicate
mean� SE (n¼6). � ,P<0.05 versus parental cells. Differenceswere tested using two-wayANOVAwith Fisher LSD test.G andH,Effects of sgPRMT1 on the cell death
of parental (G) and Ptx-R (H) MDA-MB-231 cells. � and †, P < 0.05, two-wayANOVAwith Fisher least significant difference test. Data indicate mean� SE (n¼ 4). n.s,
not significant.
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Figure 2.

Site-specific arginine methylation at R20 and R54 by PRMT1 stabilizes PHGDH to sustain enzymatic activity. A, Schematic drawing of PHGDH deletion mutant
constructs and a summary of their binding capacity to PRMT1. PHGDH contains distinct five subdomains (SBD1, substrate-binding domain 1; NBD; SBD2, substrate-
binding domain 2; ASBD, allosteric substrate-binding domain; and ACTD, aspartate kinase, chorismatemutase, and TyrA domain).B, PRMT1-binding assay to FLAG-
tagged human PHGDH several deletion mutants. HA-tagged PRMT1 was transfected into HEK293T cells. The lysates were immunoprecipitated with anti-FLAG M2
agarose, and the eluates were separated by SDS-PAGE. Protein–protein interactions were visualized using an anti-HA antibody. C and D, Determination of arginine
residues responsible for the methylation of human PHGDH expressed in HEK293 cells by Orbitrap mass spectrometry. Representative mass spectrum showingmass
fragments of PHGDH. Differences inmass values of fragments show that R20 is asymmetrically di-methylated (ADMA; C) and R54 ismonomethylated (MMA;D). The
mass of eachb ion (red) andy ion (blue) is shown.E,Effects of unmethylatedPHGDHmutants onenzymatic activity inHEK293T cells. Data expressmean�SE (n¼6).
� , P < 0.05, compared with WT. Differences were analyzed using one-way ANOVA with Fisher LSD test. F, Summary of protein arginine methylation sites in human
PHGDH. In addition to dimethylation of R20 in the SBD1 domain, R54 in the SBD1 domain and R268 in the NBD are responsible for monomethylation. 3-PG,
3-phosphoglycerate; NAD, oxidized form of nicotinamide adenine dinucleotide. G and H, Differences in R54 monomethylation of PHGDH among four breast cancer
cell lines (G) or inMDA-MB-231 cells (H). Arrowhead, signal frommethylated PKM2. I,Alterations in PHGDH enzymatic activities inMDA-MB-468 and Ptx-RMDA-MB-
231 cells. Data are expressed asmean�SEof 4 (MDA-MB-468)or 5 (MDA-MB-231) separate sets of experiments. � ,P<0.05 and †,P<0.05between thegroups shown
in the panel. Differences were analyzed using one-way ANOVA with Fisher LSD test. n.s., not significant.
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Figure 3.

Flux analyses in MDA-MB-468 cells treated with 13C6-glucose loading. A, Metabolome analyses indicating the effects of 13C6-glucose loading for 30 minutes on
metabolic intermediates in glycolysis and the serine/glycine cleavage system (left bar; sgControl, right bar; sgPRMT1 cells). 13C-labeled intermediate metabolites
were determined usingCE-MS. Data showing amounts of 13C6-labeled intermediates in central carbon and sulfur-containing amino acidmetabolism, are expressed as
mean� SE (mmol/g protein) of six to eight separate experiments. Fraction of labeling of the differentmass isotopologs (mþn; n, number of 13C-labeled carbon atom).
� , P < 0.05; #, P < 0.05 versus sgCont. (unpaired Student t test; N.D., not detected). G-6-P, glucose 6-phosphate; F-6-P, fructose 6-phosphate; F-1,6-BP, fructose 1,6-
bisphosphate; GA3P, glyceraldehyde 3-phosphate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; 6-PG, 6-phosphogluconate;
Ru-5-P, ribulose-5-phosphate; R-5-P, ribose-5-phosphate; S-7-P, sedoheptulose-7-phosphate; E-4-P, erythrose-4-phosphate; PRPP, phosphoribosyl pyrophos-
phate; Pyr, Pyruvate; Lac, Lactate; AcCoA, acetyl-CoA; Suc-CoA, succinyl-CoA; OAA, oxaloacetate; Glu, glutamic acid; 3-PHP, 3-phosphohydroxypyruvate; pSer,
phosphoserine; Ser, serine; Gly, glycine; Met, methionine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; Hcy, homocysteine; Cys, cysteine; g-Glu-Cys,
gammaglutamylcysteine; GSH, reducedglutathione; GSSG, oxidizedglutathione.B andC,Effects of sgPRMT1 (B) and sgPRMT4 (C) on the cell death ofMDA-MB-468.
� , P < 0.05 versus sgCont. Differences were tested by two-way ANOVA using Fisher LSD test (n ¼ 4). n.s., not significant.
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Figure 4.

Increased glucose biotransformation into fatty acid synthesis to potentiate chemoresistant in paclitaxel-resistant TNBC cells. A, Schematic diagram indicating
conversion of 13C6-glucose towards 13C2-labeled acetyl-CoA (Ac-CoA) and malonyl-CoA (Mal-CoA) for fatty acid synthesis. OAA, oxaloacetate; ACLY, ATP-
citrate lyase; ACC, acetyl-CoA carboxylase; Schematic diagram indicating the points of action of reagents. dmKG is a membrane-permeable analog of aKG.
Orlistat and 2-Br-Pal are FASN and palmitoyltransferase inhibitors, respectively. B and C, Differences in the capacity for fatty acid synthesis in MDA-MB-468
cells (sgCont. vs. sgPRMT1; B), and MDA-MB-231 (parent vs. Ptx-R; C), respectively. Measurements of 13C-labeled palmitate were performed by LC/MS. Graphs
are expressed as the mean � SE (mmol/g protein). � , P < 0.05, versus the values in sgCont.-treated MDA-MB-468 in B (n ¼ 8, unpaired Student t test), and
the values in parental MDA-MB-231 (n ¼ 8, unpaired Student t test; C). Fraction of labeling of the different mass isotopologs (mþn; n, number of 13C-labeled
carbon atom). (Continued on the following page.)
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resistant (Ptx-R) MDA-MB-231, the tumor was transplanted into the
subcutaneous tissue of nude mice, followed by Ptx injection for a
certain period, after which, the tumor was removed, digested, dis-
persed, and transplanted again. This cycle was repeated three times
with increasing concentrations of Ptx to obtain chemoresistant MDA-
MB-231 cells (Fig. 1D). Notably, the arginine methylation of PFKFB3
and PKM2 was elevated in all three established clones (#1, #2, and #3),
consistent with the expression of the drug resistance marker
ABCG1 (36) as well as the induction of the three SSP enzymes,
PHGDH, PSAT1, and PSPH (Fig. 1E; Supplementary Fig. S4A). These
characteristics were shared with the innately Ptx-R MDA-MB-468
cells (Fig. 1C). Parental cells exhibited augmentation of cell death with
increasing Ptx concentrations, whereas the established Ptx-R cells
displayed significant suppression of cell death (Fig. 1F). We further
established in vitro Ptx-R model with stepwise increasing concentra-
tion of Ptx, showing that established cells in vitro also showed similar
patterns of enzyme expression (Supplementary Fig. S4B).

The protein arginine methylation of PFKFB3 and PKM2 coincided
with chemoresistance against Ptx (Figs. 1C and E). Therefore, we
investigated whether PRMT1 and/or PRMT4, which have been
reported as methyltransferases for metabolic enzymes in various type
of cancers (12, 13, 37), play an important role in chemotherapy
resistance to Ptx. The Ptx-induced cell death of the parent cell was
not altered by treatment with sgPRMT1 (Fig. 1G), whereas the Ptx-
resistant MDA-MB-231 cells displayed no significant increase in cell
death with increasing Ptx concentrations, which was significantly
unlocked with sgPRMT1 but not with sgPRMT4 (Fig. 1H). These
results suggested that PRMT1, but not PRMT4, plays a critical role in
Ptx-induced cell death. The resistance seen in Fig. 1 was not a
generalized but Ptx-dependent event, because MDA-MB-468 exhib-
ited greater sensitivity than MDA-MB-231 against cisplatin (Supple-
mentary Fig. S5A).

PHGDH is R20- or R54-methylated by PRMT1 to maintain the
enzymatic activities

PHGDH catalyzes the rate-limiting step of the SSP. To date, many
studies have reported that its activity is regulated by various post-
translational modifications (38–40). The observation that the
increased arginine methylation of PFKFB3 and PKM2 by PRMT1
and the simultaneous upregulation of SSP enzymes in TNBC (Fig. 1C)
led us to investigate whether PHGDH undergoes PRMT1-mediated
arginine methylation to alter catalytic activities. To determine the
domain(s) of PHGDH responsible for binding to PRMT1, several
deletion mutants were prepared as shown in Fig. 2A; the nucleotide
binding domain (NBD)–deficient mutant (DNBD) did not show
immunoprecipitated signals (Fig. 2B), suggesting that the NBD plays
a critical role in binding to PRMT1. According to previous studies (41),
the sequence around the 295th amino acid called “THW loop,” is
responsible for stabilizing the peptidyl-arginine substrate pocket
cooperated with the catalytic core. We have also shown that D295
mutant, which disrupted the structure near the THW loop, showed a

remarkable decrease in the binding to FLAG-tagged PHGDH (Sup-
plementary Fig. S6).

To identify the methylated residues of PHGDH by PRMT1,
HEK293 cells expressing FLAG-tagged human PHGDH were estab-
lished. Finally, we identified three arginine residues involved in
arginine methylation (R20, R54, and R268). As seen in the MS data,
R20wasmodifiedwith dimethylarginine, whereas R54 andR268, and a
portion of R20 contained monomethyl-arginine (Figs. 2C and D;
Supplementary Figs. S7A–S7D). HEK293T cells expressing several
PHGDH site-directed mutants revealed that the mutation at R268K
increased enzyme activity, whereas the R20K or R54K mutant signif-
icantly reduced enzymatic activity (Fig. 2E). Putative relationship
between methylation of different R residues and the activities was
shown in Supplementary Fig. S8. Our results suggested that the
reduced activity of the R54K mutant is due to the reduced affinity
for 3-PG andNADþ, the substrate or coenzyme of PHGDH consistent
with the previous findings. (Fig. 2F; Supplementary Fig. S8A;
refs. 42, 43). On the other hand, R20K showed similar substrate affinity
compared with WT, suggesting the obvious functional differences
between R20 and R54 arginine methylation. As seen later, polyubi-
quitination serves as a critical mechanism for stability of the enzyme.
Therefore, we focused on R20 and R54, which are present in the
substrate recognition domain affecting their enzyme activity. We also
raised a polyclonal antibody against R54-monomethylated PHGDH,
which reacted specifically with monomethylated peptides (R54). The
signals corresponding to arginine methylation of PHGDH disap-
peared in PRMT1 knockout cells, suggesting that this event ismediated
by PRMT1 (Supplementary Figs. S8B and S8C). Among the four breast
cancer cell lines, MDA-MB-468 cells showed the greatest level of
PHGDH methylation, similar to the methylation of PFKFB3 and
PKM2 (Figs. 1C and 2G). Moreover, PHGDH methylation was
increased in Ptx-resistant strains, whereas such methylation was
abolished in MDA-MB-231 cells with the PRMT1 knockout
(Fig. 2H). We also examined whether knocking out either PRMT1
or PRMT4 alters the enzymatic activities of PHGDH: treatment with
sgPRMT1, but not with sgPRMT4, significantly suppresses the enzy-
matic activity of PHGDH in both MDA-MB-468 and Ptx-R MDA-
MB-231 (Fig. 2I; Supplementary Fig. S8D).

Paclitaxel-resistant cells shift glucose utilization into the serine
synthetic pathway

Fig. 3A illustrates the effects of PRMT1-knockout on the biotrans-
formation of 13C6-glucose during the 30 minutes incubation in MDA-
MB-468 cells. sgPRMT1 treatment caused a significant elevation of
13C-labeled metabolites in the pentose phosphate pathway (PPP) that
coincided with increases in the sum of 3-PG and 2-PG, phosphoenol-
pyruvate (PEP), and pyruvate, which is in good agreement with our
previous observation that demethylation of PFKFB3 caused by
shPRMT1 plays a role in these events (8). Another important event
is the elevation of TCA cycle intermediates, such as citrate, aconitate,
isocitrate, and aKG, which is consistent with the notion that PRMT1-

(Continued.) D, Effects of orlistat on Ptx-induced cell death in MDA-MB-468 cells. � , P < 0.05, compared with the Ptx- and orlistat-free controls. †, P < 0.05,
compared with sgControl at each Ptx concentration. z, P < 0.05, compared with sgPRMT1 without Ptx. x, P < 0.05, compared with sgControl at each Ptx
concentration. #, P < 0.05, compared with sgPRMT1 at each Ptx concentration. Data are presented as mean � SE (n ¼ 4; two-way ANOVA with Fisher LSD
test). E, Effects of dmKG or 2-Br-Pal on sgPRMT1-induced cell death in MDA-MB-468 cells. Data express mean� SE (n¼ 4). � , P < 0.05, compared with the Ptx-
free control in sgCont.-treated cells. †, P < 0.05, compared with the Ptx-free control of sgPRMT1-treated cells. Differences were tested using one-way ANOVA
with Fisher LSD test. F and G, Effects of orlistat (F) and dmKG (G) on Ptx-induced cell death in MDA-MB-231 cells. � , P < 0.05; †, P < 0.05; z, P < 0.05, compared
with the orlistat-free, parental cells, and parental with orlistat, respectively (F) and dmKG-free control (G), respectively. Data are presented as the mean � SE
(n ¼ 4; two-way ANOVA with Fisher LSD test). H, Effect of 2-Br-Pal on Ptx-induced cell death in MDA-MB-231 cells. � , P < 0.05 and †, P < 0.05 between the
groups shown in the panel (n ¼ 4, one-way ANOVA with Fisher LSD test). N.D., not detected; n.s., not significant.
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induced methylation of PKM2 plays a role in limiting the incorpo-
ration of the glycolytic intermediate into the TCA cycle. We also
examined 13C-metabolites with shorter incubation period of time at 15
minutes, where increases in PPPmetabolites and the elevation of TCA
cycle intermediates seems smaller than those measured at 30 minutes
(Supplementary Fig. S9). On the other hand, 13C6-assisted fluxome
analyses revealed that the Ptx-resistant MDA-MB-231 cells upregu-
lated G-6-P, F-1,6-BP, glycerol-3P, serine (mþ1), methionine (mþ1),
and SAM (mþ1), suggesting that acquisition of Ptx chemoresistance
coincided with increased glucose biotransformation into the SSP and
serine/glycine cleavage system (Supplementary Fig. S10A). These
results suggest that coordinated methylation of three enzymes shifts
glucose utilization into the serine synthesizing pathway. These met-
abolic changes can be partly explained by PRMT1-mediated changes
in PK activity. Namely,methylated PKM2 showed reduced activity due
to its dimerization, whereas demethylated PKM2 was tetrameric and
highly active in PRMT1-deficient cells (Supplementary Figs. S1H–S1J,
S10B, and S10C).

Alterations in many metabolites in metabolome analyses often
consider a possibility that a metabolite belonging to distal pathways
can influence the proximal pathway of the interest, therefore, non-
biased bird’s eye view with volcano plots is useful (Supplementary
Fig. S11A). In PRMT1-KO MDA-MB-468, many metabolites in PPP
and glycolysis and TCA intermediates were elevated, presumably
because of reduction of the carbonflux into SSP and fatty acid synthesis
as discussed later. Furthermore, the exogenous application of 2-PG, an
allosteric activator of PHGDH (44), actually increases the catalytic
activity of PHGDH,whichmightmask the inhibitory effect of PRMT1-
KO on SSP (Supplementary Fig. S11B). Furthermore, SSP provides
aKG, which is also delivered through the TCA cycle.We thus inquired
howmany percentages PHGDH contributes toaKG supply from SSP:
as seen in Supplementary Fig. S11C, the PHGDH-deficientMDA-MB-
468 caused a significant suppression of aKG by 60%, suggesting that
SSP started by PHGDH plays a major role for aKG supply at least in
the cultured cell.

Notably, sgPRMT1 treatment elevated the GSH/GSSG ratio, which
coincided with increased PPP metabolites in MDA-MB-468 cells
(Fig. 3A). These results were in good agreement with our previous
studies showing the effects of demethylation of PFKFB3, which delivers
glucose into the PPP to increase NADPH and potentiate the anti-
oxidative capacity in different cancer cell lines (8). We also examined
the chemosensitivity of the PRMT1-deficient MDA-MB-468 cells to
Ptx. Surprisingly, knocking out of PRMT1 rendered MDA-MB-468
cells significantly sensitive to Ptx, despite the increased GSH/GSSG
ratio (Figs. 3B and C; Supplementary Figs. S5B and S5C), suggesting
that GSH is not attributable to the chemoresistance of the cells.

Although the most recent paper reported that PRMT1 regulates
several glycolytic enzymes through the histoneH4R3methylation (45),
metabolic enzymes or previously known epigenetic regulatorswere not
mined in our RNA-seq data illustrated with the volcano plot between
the PRMT1-KO and wild-type TNBC cells (Supplementary Figs. S12A
and S12B).

Paclitaxel chemoresistance coincides with increased de novo
fatty acid synthesis in TNBC

Both chemoresistant and acquired Ptx-resistant cells activate gly-
colysis via mPFKFB3 induction under incomplete PK inhibition
through increased mPKM2, thereby supplying carbon units from
glycolysis towards SSP viamPHGDH;methylation of PFKFB3, PKM2,
and PHGDH is dependent on PRMT1 (Fig. 3A; Supplementary
Fig. S10A), however, PRMT1-involving, and SSP-induced chemore-

sistance led us to identify unidentified mechanisms for cancer survival
in addition to GSH. As seen in MDA-MB-468 cells, metabolites of the
TCA cycle, such as citrate, aconitate, isocitrate, and aKG, were
elevated significantly by knocking out of PRMT1 (Fig. 3A). In addition
to being derived from the TCA cycle, aKG is also derived from the
PSAT1-coupling reaction that belongs to SSP (43, 46), which plays a
critical role as a source of aKG as mentioned previously (Supplemen-
tary Fig. S11C), and could be converted to citrate and acetyl-CoA for
fatty acid synthesis (47, 48). This notion led us to hypothesize that the
increases in these metabolites in PRMT1-knockout cells reflect a
reduced utilization and resultant overflow of the metabolites for fatty
acid synthesis. The 13C6-glucose utilization assay for fatty acids
(Fig. 4A) revealed that the amounts of 13C-labeled palmitate species
was significantly decreased by sgPRMT1 treatment of MDA-MB-468
cells (Fig. 4B), while Ptx-resistant MDA-MB-231 cells also showed a
significant elevation in 13C-labeled palmitate (Fig. 4C). These results
suggest that PRMT1 augments de novo fatty acid synthesis in TNBC
cells with Ptx chemoresistance.

Various compounds that alter fatty acid synthesis were examin-
ed (Fig. 4A): orlistat, which is an inhibitor of FASN (49), and signif-
icantly unlocked the chemoresistance of MDA-MB-468 cells. The
unlocking effects of orlistat were mimicked by knocking out PRMT1
but not PRMT4 (Fig. 4D). Treatment with dimethyl-ketoglutarate
(dmKG), which provides aKG into cells (50), or 2-Br-Pal, a potent
inhibitor of protein S-palmitoylation (51, 52), induced the suppression
or enhancement of Ptx-induced cell death, respectively, in MDA-MB-
468 cells (Fig. 4E). Treatment with orlistat did not alter Ptx-induced cell
death in the parental MDA-MB-231 cells, while increasing significantly
the death of Ptx-R cells (Fig. 4F). Increasing concentrations of dmKG
reduced cell death in parental MDA-MB-231 cells (Fig. 4G; Supple-
mentary Fig. S13A).Notably, treatmentwith 2-Br-Pal dose-dependently
unlocked chemoresistance inPtx-resistantMDA-MB-231cells (Fig. 4H;
SupplementaryFig. S13B).Weexamined effects of orlistat or2-Br-Pal on
BT-20 with lower methylation level (Figs. 1C and 2G), showing
no significant elevation of the cell death (Supplementary Fig. S13C).
Likewise, in MDA-MB-468 cells, treatment with MS023, a potent
inhibitor ofPRMT1(53), orwith 2-Br-Pal cancelled the chemoresistance
against Ptx (Supplementary Fig. S13D).

PRMT1 mediates increased fatty acid accumulation in the
Ptx-resistant cancer cell

Supplementary Figs. S14A and S14B showed fatty acid accumula-
tion in the Ptx-resistant MDA-MB-231 in culture; panels A and B
showed elevation of the endogenous fatty acid storage and incorpo-
ration of the fluorescence-tagged palmitate into the Ptx-resistant cells,
respectively. The magnified images exhibited intracellular localization
of the incorporated fatty acid; in the parent cells, the fluorescence
appeared to occur in mitochondria and partly in the endoplasmic
reticulum, whereas the Ptx-resistant cells were filled with enhanced
fluorescence at perinuclear region being spared. These events of fatty
acid accumulation and incorporation were markedly attenuated by
treatment with sgPRMT1. On the other hand, the baseline fatty acid
b-oxidation was unlikely to differ among the parent, Ptx-resistant, and
sgPRMT1-treated Ptx-R cells (Supplementary Fig. S14C).

PRMT1-mediated S-palmitoylation of PHGDH and FASN
prevents their polyubiquitination

The observation that 2-Br-Pal cancelled the chemoresistance
in TNBC cell lines (Fig. 4E and H) led us to hypothesize that protein
S-palmitoylation plays a crucial role in the amelioration of Ptx-induced
cancer cell death. Among the enzymes contributing to the accelerated
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Figure 5.

Effects of PRMT1-involving protein S-palmitoylation on PHGDH stability in MDA-MB-468 and paclitaxel-resistant MDA-MB-231. A, Schematic diagram of the
ABE method for detecting protein S-palmitoylation. MMTS, S-methylmethane-thiosulfonate. S-Pal, S-palmitoylation; SA, streptavidin; HAM, hydroxylamine.
B and C, Results of the ABE assay in MDA-MB-468 (B) and Ptx-R MDA-MB-231(C) cells, respectively. D and E, Reversibility of S-palmitoylation of
PHGDH, FASN, and PRMT1 by a doxycycline (DOX)-mediated shRNA switching on-off system for PRMT1 expression (D). Results of ABE assay. The elute
blotting indicated that the addition of DOX reduced and DOX-w/d recovered the S-palmitoylation of PHGDH and FASN (E). F and G, Knockout of PRMT1, but
not PRMT4, enhances polyubiquitination of FLAG-tagged human PHGDH in Ptx-R MDA-MB-231 (F) and MDA-MB-468 (G). H, Effect of the PHGDH R20K
mutants on their protein stability.
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transformation of 3-PG towards SSP and fatty acid synthesis, we
herein identified PHGDH and FASN as targets. The ABE method
(Fig. 5A; ref. 21) allowed us to show that PHGDH, FASN, and the EGF
receptor (EGFR) were protein S-palmitoylated in MDA-MB-468 cells,
and were repressed by knocking out PRMT1 but not PRMT4 (Fig. 5B;
Supplementary Fig. S15). Acquisition of chemoresistance to Ptx
enhanced S-palmitoylation of PHGDH, FASN, and EGFR, which
was also suppressed by knocking out PRMT1, but not PRMT4, in
MDA-MB-231 cells (Fig. 5C; Supplementary Fig. S15). Furthermore,
conditional downregulation/upregulation of PRMT1 using the doxy-
cycline (DOX)-on/off system of shPRMT1 has shown that S-palmi-
toylation of PHGDH and FASN alters reversibly (Figs. 5D and E;
Supplementary Fig. S15). Recent studies have suggested that PHGDH
overexpression is regulated by several ubiquitin ligases in various
cancer cells (38, 39). Thus, we examined the roles of RNF5, an E3
ubiquitin ligase that binds to PHGDH (38) through the SBD1 domain,
whereR20 andK21of PHGDHare located (Supplementary Fig. S16A).
HEK293 cells expressing deletion mutants (DelM) of PHGDH were
prepared, and the cells lacking SBD1 did not show binding to RNF5.
Notably, PHGDH and FASN protein were accumulated in RNF5-
knockout MDA-MB-231 cells (Supplementary Fig. S16B). Compared
with the parental cells, Ptx-R MDA-MB-231 cells displayed reduced
Ub-dependent degradation, while treatment with sgPRMT1, but not
sgPRMT4, accelerated PHGDH degradation (Fig. 5F). Comparable
results were achieved in MDA-MB-468 cells, which were innately
resistant to Ptx (Fig. 5G). Since R20K-mutated PHGDH activates
polyubiquitination to decrease enzymatic activity, the unmethylable
mutant may induce hyperpolyubiquitination at the adjacent K21
(Fig. 5H), thereby decreasing the catalytic activity of PHGDH.

Several studies have shown that FASN activity is also regulated by
polyubiquitination (54, 55). As shown in Supplementary Figs. S17A
and S17B, MDA-MB-468 and Ptx-R MDA-MB-231 cells exhibited
marked enhancement of FASN polyubiquitination in response to
knockout of PRMT1, but not PRMT4. We also demonstrated that
the introduction of unmethylable PHGDH mutants (R20K or R54K)
or pharmacological PHGDHblockade augmented the polyubiquitina-
tion of FASN (Supplementary Figs. S17C and S17D). These results
suggest that PRMT1-mediated PHGDH activation prevents polyubi-
quitination and stabilizes FASN for fatty acid synthesis in TNBC. We
further examined the possibility of cross-talk between arginine meth-
ylation and other post-translational modifications (S-palmitoylation,
phosphorylation, and acetylation) in Supplementary Figs. S18A to
S18D.As a result, we showed that argininemethylation acted to sustain
the PHGDH enzymatic activity cooperated with S-palmitoylation and
acetylation (Supplementary Figs. S18A and S18C).

PRMT1 mediates TNBC xenograft growth in super-
immunodeficient mice

We compared differences in xenograft growth of the wild-type and
Ptx-chemoresistant MDA-MB-231 cells which were transplanted

subcutaneously in superimmunodeficient NOG mice according to
our previous method (8). The sensitivity for Ptx was also examined
with 3-series of intravenous Ptx administration (Supplementary
Fig. S19A) to monitor the tumor volume. Results indicated that the
Ptx-resistant cell xenograft displayed responses to lesser extents after
the Ptx administration as compared with the parent cell xenograft. To
note is that pretreatment of the Ptx-resistant cell with sgPRMT1
significantly suppressed the tumor volume compared with that of
Ptx-R cells, suggesting unlocks to the resistance partially (Supplemen-
tary Figs. S19B and S19C).

Coordinated arginine methylation correlates with TNBC
patients

We further examined whether PRMT1 was activated to increase the
methylation of glycolytic enzymes in specimens from patients with
TNBC. Figure 6A, a andA, b indicate a frozen needle-biopsied sample
stained with H&E staining and the magnified region in which a board-
certified pathologist digitally drew cancer cell clusters and stromal
regions in yellow and white, respectively. PRMT1 expression was
confined to the nuclei of TNBC cells (Fig. 6A, c). PHGDH and FASN
coincided in the regions enriched in cancer cell clusters to a greater
extent than in the stromal regions (Figs. 6A, d and A, e, respectively),
although we confirmed that both areas were not stained with second-
ary antibodies only (Fig. 6A, k). Notably, methylated PHGDH (R54),
methylated PFKFB3 (R131/134), and methylated PKM2 (R445/447)
were detected in the nuclei of cancer cells, whereas the total expression
of these enzymes in the stromal regionswas negligible (Figs. 6A, e–A, j;
Supplementary Fig. S1K). These results are in good agreement with the
data collected from the two different chemoresistant TNBC cell lines.

Using serial frozen sections, we challenged to examine using IMS
whether samples derived from patients with TNBC showed alterations
in metabolites in chemoresistant TNBC cell lines. IMS in frozen serial
tissue slices derived from the same TNBC block showed the accumu-
lation of upstream metabolites in glycolysis [G-1-P/G-6-P, F-1,6-BP,
GA3P, and phosphoglycerates (PG)], citrate, and palmitoylcarnitine
(Fig. 6B). To visualize amino acids that are hardly ionized in IMS, we
applied a sensitive derivatization method with p-N,N,N,-trimethy-
lammonioanilyl N’-hydroxysuccinimidyl carbamate iodide (TAHS) to
semi-serial frozenTNBC tissue sections (20). A combination of TAHS-
dependent derivatization IMS revealed that glycine-TAHS, methio-
nine-TAHS, glutamate-TAHS, and SAM accumulated in cancer cell
nests (Fig. 6B), suggesting the upregulation of free fatty acid synthesis.
These results are in good agreement with those collected from che-
moresistant TNBC cell lines (Fig. 3; Supplementary Fig. S10A).
Furthermore, IMS provided evidence that sulfonated forms of gluta-
thione persulfide (GSSO3

�) or cysteine persulfide (Cys-SSO3
�), which

are generated fromparent persulfides, are relatively lower in cancer cell
nests than in the surrounding stromal regions (8, 18). These data in
cancer cells but not in the stroma suggested the accumulation of the
major glycolytic intermediates. While lactate remained at a low level,

Figure 6.
Coordinatedmethylation of three enzymes correlateswith human TNBCmalignancy and progression.A, IHC of needle biopsy samples from apatient with TNBCwith
antibodies against PRMT1, PHGDH, mPHGDH (R54MMA), PFKFB3, mPFKFB3, (R131/134ADMA), PKM2, mPKM2 (R445/447ADMA), and FASN. A representative
picture among 11 patients with TNBC is shown. a, A low-power image of the hematoxylin and eosin (H&E) staining slice collected from the biopsied specimen. The
open bar indicates 2.5 mm. The square indicates the cancer site. b,Magnified images with pathological annotations. Yellow and white indicate the cancer cell nests
and stromal regions, respectively. c–j, IHC analyses of the corresponding enzymes. k, IHC of the negative control (without primary antibody). Serial sections of 5 mm
thicknesswere prepared. Scale bars inb–k, 250 mm.B,Representative images of IMS to determine the regional contents ofmetabolites in needle biopsy derived from
a patient with TNBC. Serial or semiserial frozen sections that were adjacent to the slices inAwere used. To visualize the free amino acid distributions, TAHSwas used
as a derivatization reagent (Gly-TAHS, Met-TAHS, and Glu-TAHS on the bottom panels). Images were captured in the same microscopic field as that of the serial
frozen slices shown in A. Accordingly, the white andmagenta lines indicate regions enriched in cancer cell nests and stromal regions, respectively. Pseudocolor bars
indicate the apparent contents of metabolites, with red and blue representing high and low amounts, respectively. Scale bars, 200 mm.
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citrate and palmitoylcarnitine for fatty acid synthesis were detectable.
Another important result is the observation that C1 units provided for
the SSP is not transferred towards glutathione or persulfide pathways
but towards fatty acid synthesis. These results were in agreement with
the notion that the metabolites required for methylation and fatty acid
synthesis are enriched in TNBC.

PRMT1-associated arginine methylation as a predictor of pCR in
TNBC

Immunohistologic results collected from frozen needle biopsied
samples in Fig. 6 exhibited localization of PRMT1 and the methylated
enzymes (mPHGDH, mPFKFB3l, and mPKM2) in the TNBC cell
nuclei. We thus confirmed their nuclear localization of these enzymes
by using Western blotting in the nuclear fraction of Ptx-R MDA-MB-
231 (Supplementary Fig. S20). Since not all patients recruited for
frozen needle biopsy have experienced chemotherapy yet, we
attempted to collect a small cohort including 9 TNBC patients who
experienced needle biopsy followed by neoadjuvant therapy to diag-
nose pCR/non-pCR. In these patients, needle-biopsied samples were
all treated with FFPE. In the FFPE samples, the antibodies for mPKM2
and mPHGDH were unable to be used, but those PRMT1 and
mPFKFB3 were able to detect the antigens. As seen, the FFPE samples
collected from patients who were diagnosed as TNBC and later
experienced adjuvant chemotherapy suggested significant increases
in the number of nuclear immunostaining of PRMT1 andmPFKFB3 in
the cancer cells in non-pCR cases than pCR cases (Fig. 7A and B). On
the other hand, immunostaining of breast cancer markers was absent
in the TNBC patients in Supplementary Fig. S21. As seen in the inset,
morphometry showed that the numbers of PRMT1- and mPFKFB3-
positive cancer cell nuclei were significantly greater in chemoresistant
non-pCR patients than those in pCR patients (Fig. 7C).

Discussion
In this study, we demonstrated that PHGDH, the rate-limiting

serine synthesizing enzyme, is methylated by PRMT1 in chemoresis-
tant TNBC. We also showed that PRMT1-involving coordinated
methylation of three enzymes (PHGDH, PFKFB3, and PKM2) cata-
lyzes the biotransformation of glucose into SSP, which branches out of
glycolysis to deliver substrates for the survival of TNBC cell lines
(Figs. 1C, 2G, 2H, and 6A). PHGDH is highly expressed inmany solid
cancers with poor prognosis (32). Furthermore, the open database of
breast cancer patients suggested that higher mRNA expression of
PRMT1, PHGDH, and PSAT1 correlated with malignancy (Supple-
mentary Figs. S2 and S3).

In recent reports, several types of post-translational modifications,
such as phosphorylation, acetylation, and ubiquitination, have been
reported to regulate PHGDH activity (38–40). In this study, we
identified the residues of PHGDH (R20 and R54) methylated by
PRMT1 (Figs. 2C and D). We have shown that dimethylation of
R20, located in substrate binding domain1 (SDB1), competes with the
polyubiquitination of K21 to stabilize the active enzyme, while R54 acts
to stabilize the affinity for the substrate (Figs. 2E and 5H; Supple-
mentary Fig. S8A). Furthermore, site-specific antibodies allowed the
detection of R54 hypermethylation in paclitaxel-resistant strains and
specimens from patients with TNBC (Figs. 2G, 2H, and 6A). These
results collectively unveiled that arginine methylation of R20 and R54
is necessary to support the enzymatic activity of PHGDH. Recent
studies have reported that R54 acts on substrate selectivity depending
on the phosphorylation state of the neighboring S55 (40, 56), suggest-
ing that the methylation of R54 may be involved in these processes.

Further investigation of the feedback loops between PRMT1-mediated
argininemethylation and the othermodification is obviously necessary
to understand the whole picture of regulatory mechanisms for TNBC
chemoresistance.

Another research group reported that the activation of PHGDH
through the monomethylation of different arginine residue R236
(located at the substrate recognition site) by PRMT1 shunts into the
glutathione synthetic pathway to reduce ROS levels for hepatocellular
carcinoma progression (57). However, our results indicate a glutathi-
one-independent mechanism to acquire chemoresistance of TNBC
(Fig. 3; Supplementary Fig. S10A). Further investigation of PRMT1-
involving regulatory mechanisms for PHGDHmethylation and activ-
ity among cancer types is warranted.

PRMTs have recently attracted greater attention as potential targets
for cancer therapy (58–60). Remarkably, we have shown that the role of
PRMT1 in regulating glucose metabolism in TNBC is not a local effect
on PHGDH but multicentric effects of PRMT1-mediated methylation
of PFKFB3 and PKM2 (Figs. 1C, 2G, and 2H). Such coordinated
methylation of enzymes by PRMT1 exerts critical actions on the
following three steps of central carbon metabolism towards SSP
through arginine methylation: (i) activation of glycolysis by methyl-
ated PFKFB3 (8), and (ii) acting as a “priming water” to switch the
carbon source to serine metabolism by suppressing PKM2 activity
through methylation (Supplementary Figs. S10B and S10C), and (iii)
augmentation of fatty acid synthesis by activated PHGDH via arginine
methylation at R20 and R54 (Figs. 2, 4B, and 4C). Taken together,
PRMT1 acts on metabolic remodeling to support the maintenance of
vigorous proliferative capacity and drug resistance through the coop-
erative arginine methylation of the three enzymes (Fig. 8). These
results were further confirmed in clinical specimens. Higher expres-
sion of metabolic enzymes (PRMT1, mPFKFB3, mPKM2, and
mPHGDH) andmost of the corresponding metabolites were observed
in chemoresistant cancer cell nests of needle biopsies (Figs. 6 and 7).
Regarding the role of SSP in chemoresistance, our group has recently
revealed that the same pathway contributes to the upregulation of
reactive sulfur species, including polysulfides, which play a critical role
in rendering cancer cells resistant to anticancer reagents in ovarian
clear cell carcinoma (16) and invasive breast cancer (18). While the
mechanisms remain unknown, reactive sulfur species and polysulfides
are enriched in cancer-associated stromal regions of invasive breast
cancer. The results shown in Fig. 6B are in good agreement with those
of our previous report (18). Further investigation is necessary to
decipher the mechanisms underlying the regulation of metabolic
systems to provide specific metabolites to specific regions of cancer
tissues.

Our results also showed that PRMT1-mediated PHGDH methyl-
ation accelerates SSP, which activates fatty acid synthesis through the
stabilization of FASN by S-palmitoylation in Ptx-resistant TNBC
(Figs. 5 and 8; Supplementary Fig. S17). Activation of SSP via PHGDH
has attracted attention for its important role in the acquisition of
malignancy, including the enhancement of folate metabolism via the
serine/glycine cleavage system to activate the synthesis of nucleic acids
and the production of sulfur-containing antioxidants such as gluta-
thione and hypotaurine in progressive cancer cells (15, 16, 61, 62). It
has recently been reported that SSP also contributes to the synthesis of
aKG, derived from the PSAT1-coupling reaction, which acts as a
cofactor for the demethylation of DNA and histones (46).aKG is used
as a source of fatty acid synthesis to produce citrate and acetyl-CoA in
progressive cancer cells (32, 47, 63). In the present study, we demon-
strated that PHGDH-driven aKG, estimated to be about 60% derived
from SSP, also serves as a source of fatty acids (Fig. 4; Supplementary
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Figure 7.

Nuclear immunostaining of PRMT1 andmPFKFB3 is augmented in TNBC cancer cells derived fromnon-pCRpatients.A andB, FFPE IHCof PRMT1,mPFKFB3, and total
PFKFB3 in four different patients with TNBC showing non-pCR (A) and in five different patients with TNBC showing pCR (B), respectively. Scale bars, 100 mm.
C, Differences in the number of PRMT1- and mPFKFB3-positive nuclei in TNBC cancer cells between non-pCR and pCR patients. � , P < 0.05 versus non-pCR. The
differences were examined by Welch t test. H&E, hematoxylin and eosin.
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Fig. S11C). Fatty acid metabolism has been demonstrated to be
augmented in progressive breast cancer, and FASN inhibitors are
used in preclinical anticancer trials (64, 65). As shown in Fig. 4, Ptx-
resistant MDA-MB-231 and MDA-MB-468 cells with higher meth-
ylation levels of PHGDH showed a greater fatty acid-synthesizing
capacity. This study also revealed that the addition of orlistat toMDA-
MB-468 cells unlocked the resistance to Ptx, whereas dmKG treatment
of the Ptx-sensitive MDA-MB-231 parental line conferred Ptx resis-
tance (Figs. 4E andG). These results support the notion that PRMT1-
dependent SSP activation accelerates fatty acid synthesis and triggers
chemoresistance.

We also showed that PRMT1-involving regulation of S-palmitoyla-
tion of PHGDH and FASN occurs during the acquisition of paclitaxel
resistance (Fig. 8).De novo synthesis of fatty acids is used as a source of
cellular fuel, a building block to synthesize cell membranes, and an
acyl-donor for protein S-palmitoylation (65–68). Protein S-palmitoy-

lation affects protein localization, stabilization, activity regulation, and
cell migration (51). Several studies have reported that signaling
molecules such as Hedgehog, Wnt, and Ras are S-palmitoylated
proteins in cancer cells (69). Interestingly, EGFR resistance to tyrosine
kinase inhibitors has been shown to be highly S-palmitoylation in
squamous non-small cell lung cancer (70). This study showed that the
activation of PHGDH by PRMT1 enhanced the S-palmitoylation of
PHGDH and FASN through the activation of fatty acid synthesis in a
positive feedback manner in chemoresistant cells (Fig. 8). Moreover,
we demonstrated that the administration of 2-Br-Pal to inhibit protein
S-palmitoylation abolished chemoresistance in Ptx-R MDA-MB-231
and MDA-MB-468 cells (Figs. 4E and H), implying that the inter-
vention of PRMT1-regulated S-palmitoylation also appears to be a
promising therapeutic target for chemoresistance in TNBC.

In conclusion, we have herein provided a novel mechanism by
which PRMT1 is responsible for the methylation of PHGDH and

Figure 8.

Schematic diagram of metabolic rewir-
ing mechanisms in drug-resistant
breast cancer cells. Drug-sensitive cells
have lower methylation levels of
PFKFB3, PKM2, and PHGDH, increasing
polyubiquitination of PFKFB3, PHGDH,
and FASN to reduce influx from the
glycolytic system into the serine syn-
thesizingpathway (top). PRMT1methy-
lates PFKFB3, PKM2, and PHGDH to
determine the fate of the carbon source
for fatty acid synthesis to support che-
moresistance in TNBC (bottom). Argi-
nine methylation of PHGDH (R20/54)
stabilizes the enzyme to enhance the
serine synthetic pathway and de novo
fatty acid synthesis through augmen-
tation of aKG coupled with a PSAT1-
involving reaction. Enhanced fatty acid
synthesis sustains enzyme activity by
S-palmitoylation of PHGDH and FASN
throughdenovo synthesis of palmitate,
promoting positive feedback between
the serine synthetic pathway and fatty
acid synthesis to acquire malignant
traits in TNBC. Blockade of this feed-
back system using the PRMT1 inhibitor
MS023 or S-palmitoyltransferase inhib-
itor 2-Br-Pal unlocks chemoresistance
to paclitaxel.
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consequently induces protein S-palmitoylation, allowing TNBC to
acquire its chemoresistance. The combined inhibition of PRMT1
activity and intervention in protein S-palmitoylation unlocked
chemoresistance and induced cell death more effectively in TNBC.
The synthetic lethality effects of this kind of compound deserve further
study to improve therapeutics for future development.
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