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SHMT2 promotes tumor growth through
VEGF and MAPK signaling pathway in breast cancer
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Abstract: Cancer cells modulate their metabolic activities to adapt to their growth and proliferation. Despite advanc-
es in breast cancer biology having led to the widespread use of molecular targeted therapy and hormonal drugs,
the molecular mechanisms in metabolism related to the regulation of breast cancer cell proliferation are still poorly
understood. Here, we investigate the possible role of SHMT2, a key enzyme in serine metabolism, in breast cancer.
Firstly, SHMT2 is found highly expressed in both breast cancer cells and tissues, and patients with high expression
of SHMT2 have a worse prognosis. Moreover, the intervention of SHMT2 by either knockdown or over-expression
in vitro induces the effect on breast cancer proliferation. Mechanistically, RNA-seq shows that over-expression of
SHMT2 affect multiple signaling pathways and biological process in breast cancer cells. Furthermore, we confirm
that SHMT2 promotes breast cancer cell growth through MAPK and VEGF signaling pathways. Finally, we verify the
role of SHMT2 in promoting breast cancer growth in the xenograft tumor model. Our results indicate that SHMT2
plays a critical role in regulating breast cancer growth through MAPK, and VEGF signaling pathways, and maybe
serve as a therapeutic target for breast cancer therapy.
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Introduction

Breast cancer is by far the most common malig-
nancy in women and poses a major threat to
women’s health worldwide [1]. Despite advanc-
es in breast cancer biology has led to the wide-
spread use of molecular targeted therapy and
hormonal drugs [2], the molecular mechanisms
associated with proliferative regulation of
breast cancer cells are still poorly understood
as the complexity and heterogeneity of breast
cancer. Thus, the identification of novel target-
ed therapies for breast cancer is an urgent
need.

Reprogrammed metabolism is considered a
hallmark of cancer [3]. In addition to aerobic

glycolysis [4] and glutamine metabolism [5],
carbon metabolism is also one of the main met-
abolic pathways of tumor cells, which is mainly
provided by serine/glycine metabolism [6].
Serine hydroxymethyltransferase (SHMT) is a
key enzyme in serine/glycine metabolism. Two
SHMT genes, SHMT1 and SHMT2, have been
identified in the human genome, in cytosolic
and mitochondrial forms of SHMT [7]. It has
been suggested that cytosolic SHMT may cata-
lyze the conversion of glycine to serine, where-
as glycine synthesis from serine occurs in the
mitochondria [8].

SHMT2, not SHMT1 was discovered to be over-
expression in various tumors and correlate with
cancer progression and poor prognosis [9]. In
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addition to the oncogenic role of the isozyme
widely studied, some specific mechanisms of
SHMT2 in human carcinogenesis have been
identified. For instance, in human glioblastoma
multiforme SHMT2 activity limits that of pyru-
vate kinase and reduces oxygen consumption,
triggering a metabolic state that confers a pro-
found survival advantage to cells in poorly vas-
cularized tumor regions [10]. STAT3/SHMT2/
PKM2 loop in prostatic carcinoma cells can
regulate a metabolic shiftin response to inflam-
mation at the early stages of cancer progres-
sion [11]. Moreover, transcription factor NRF2
[12] and histone lysine demethylase KDM4C
[13] activating ATF4 modulate the expression
of the key serine/glycine biosynthesis enzyme
genes including SHMT2 to support glutathione
and nucleotide production. Studies on noncod-
ing RNAs in tumors have been increasing in
recent years, and it has also been reported that
SHMT2 could be directly and negatively regu-
lated by miR-615-5p in HCC cells [14]. Above all
some mechanisms have been studied, most of
the research is working on addressing how
SHMT2 is regulated, however, the downstream
of SHMT2 is little studied.

Regarding breast cancer, SHMT2 was also
found to be over-expression in breast cancer
cells, and the expression level of SHMT2 was
positively correlated with breast cancer grade
[15]. In breast cancer, HIF1a and MYC cooper-
ate to drive SHMT2 up-regulation, which leads
to an increased concentration of nicotinamide
adenine dinucleotide phosphate (NADPH) and
enhanced redox balance; this in turn facilitat-
es cancer cell growth under hypoxic conditions
[16]. However, it is unknown that the down-
stream pathway regulated by SHMT2 pathway
in tumor growth is involved in breast cancer.
Our results showed that SHMT2 was highly
expressed in both breast cancer cells and tis-
sues, and patients with high expression of
SHMT2 had a worse prognosis. We then
explored that SHMT2 regulated breast cancer
proliferation in vitro. We further confirmed that
SHMT2 promoted growth through MAPK, apop-
tosis, and VEGF signaling pathways. Finally, we
verified the role of SHMT2 in promoting breast
cancer growth again in the xenograft tumor
model. Our findings provide new insights into
the biological role of SHMT2 in breast cancer
and suggest that SHMT2 may be a new thera-
peutic target for breast cancer.
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Materials and methods
Cell lines and specimen

Human breast cancer cell lines (HCC1806,
MDA-MB-231, MCF-7, ZR-75-1, BT549) and nor-
mal breast cell lines (MCF-10A) were obtained
from the American Type Culture Collection
(ATCC, Manassas, VA). BT549, HCC1806, and
MDA-MB-231 are triple-negative breast cell
lines. And MCF-7 and ZR-75-1 are hormone
receptor-positive. The cells were cultured as
monolayers in RPMI-1640 culture medium
(Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum, 100 pg/ml penicillin,
and 100 ug/ml streptomycin and maintained in
an incubator with a humidified atmosphere of
95% air and 5% CO, at 37°C. All cell lines had
been authenticated by tandem repeat finger-
printing (STR) by Beijing Yuewei Gene Tech-
nology Co., Ltd. within 6 months from we get
them and tested for mycoplasma contamina-
tion every 3 months using MycoAlert (CO297M,
biyotime, Shengzhen).

140 paraffin-embedded breast cancer patient
tumors corresponding to adjacent normal tis-
sues were collected from Sun Yat-sen Univer-
sity Cancer Center (Guangzhou, China). The
study was approved by the ethics committee
of Sun Yat-sen University Cancer Center.
Informed consent and agreement were ob-
tained from all the patients. Detailed clinical
and pathologic information was available for all
cases. The pathological TNM status was
assessed according to the seventh edition of
the American Joint Committee on Cancer.

Reagents and antibodies

Antibodies against SHMT2 (A1215), GAPDH
(A19056), B-actin (AC026), VEGF (A12303),
PEDF (A3475), were obtained from ABclonal
Technology Co., Ltd. (ABclonal, Wuhan, China).
Antibodies against JNK (AF6318), P38 (AF-
6456), ERK (BF8004), P-JNK (Thr183+Tyr185)
(AF3318), P-P38 (Thr180/Tyr182) (AF4001),
P-ERK (Thr202/Tyr204) (AF1015), cytochrome-
C (AFO146), PARP (DF7198), Cleaved-PARP
(Asp214) (AF7023), Cleaved-Caspase 3 (Asp-
175) (AF7022), Cleaved-Caspase 9 (Asp353)
(AF5240), BAX (AF0120), Bcl-2 (AF6139), Goat
Anti-Rabbit 1gG (H+L) HRP (S0001) and Goat
Anti-Mouse I1gG (H+L) HRP (S0002) were pur-
chased from Affinity Biosciences (Affbiotech,
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Jiangsu, China). ERK MAPK inhibitor FR180204
(HY-12275), p38 MAPK inhibitor SB202190
(HY-10295) were purchased from the Med
Chem Express (MCE).

Preparation of shRNA or expression plasmid

The SHMT2 shRNA (HSH109479) and the
overexpression plasmid of SHNT2 (p-SHMT2)
(T3093) were purchased from GeneCopoeia,
Inc. (Guangzhou, China). The sequence of the
human SHMT2-specific shRNA was 5-TCTG-
AACAACAAGTACTCGG-3’ and 5-TCTCAGGATCA-
CTGTCCGAC-3’, and the scramble shRNA was
5-GGCTCCGAACGGGTCACGATT-3". For the in
vitro delivery of the shRNA and plasmid into
tumor cells, the sequences were first encapsu-
lated into Lipofectamine 3000 (L3000150,
Thermo Scientific), that had been validated by
many analyses by dissolving in Opti-MEM. The
knockdown efficiency was validated by western
blot.

Transient transfection

Atotal of 2 x 10° breast cancer cells were seed-
ed into each well of a six-well tissue culture
plate (Nunc). The next day (when the cells were
70-80% confluent), the culture medium was
aspirated, and the cell monolayer was washed
with prewarmed sterile phosphate-buffered
saline (PBS). The cells were transfected with
the shRNA or plasmid at the indicated dose
using Lipofectamine 3000 (L3000150) (Ther-
mo Scientific). The cells were harvested after
48 h of transfection, and western blot analyses
or other experiments were performed.

Western blot analysis

Total proteins were extracted using RIPA lysis
buffer. The western blot analysis was conduct-
ed as described [11]. The following primary
antibodies were used: SHMT2, GAPDH, B-
actin, VEGF, PEDF, JNK, P38, ERK, P-INK,
P-P38, P-ERK, PARP, Cleaved-PARP, Cleaved-
Caspase 3, Cleaved-Caspase 9, BAX, Bcl-2.

Immunohistochemistry

Tissue samples including breast cancer tissue
samples and mice tissues were preserved in
paraffin and cut into 4-um slices. Breast can-
cer specimens were stained with SHMT2. Mice
tissues were stained with SHMT2, P-P38,
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P-ERK, Ki-67, and MVD. The Immunohistoche-
mical process was according to a previously
described method [11].

MTT assay

Cells plated in 96-well plates (1000 cells/
well) were transfected with control or specific
shRNA. 48 h later, 10 ul MTT reagent (5 mg/
ml) was added to a single well and treated for
2.0 h. Then MTT was discarded and 150 ul
Dimethyl Sulphoxide (DMSO) was added to a
single well. Finally, the OD value at 490 nm
was measured. Regarding cell viability, cells
treated with only transfection reagent were
used as the blank control, The percent of cell
viability is the ratio of OD value of other groups
to that of the blank group.

Colony formation assay

Cells were transfected with SHMT2 shRNA or
plasmid for 24 h, trypsinized, and re-suspend-
ed as single cells. The cells (1 x 103/ml) were
then mixed in 21 ml of 1640 culture medium
containing 5% FBS. The cultures were main-
tained in a 37°C/5% CO, incubator for 12-14
days. The cell clones were then washed three
times with phosphate-buffered saline (PBS),
fixed in methanol for 10 minutes, and stained
with Crystal Violet for 10 minutes at room tem-
perature. The dye was washed off, and the
colonies that contained more than 50 cells
were counted.

RNA sequencing

RNA was extracted from the vector group and
the SHMT2 OVER ZR-75-1 cells using the
RNeasy Kit (Qiagen) according to the manufac-
turer’'s protocol. RNA quality control was per-
formed using an Agilent Bioanalyzer. RNA-seq
libraries were generated using lllumina TruSeq
mRNA-stranded kits following Illumina proto-
cols. Libraries were quantitated using an
Agilent bioanalyzer, and the pooled libraries
were sequenced with an lllumina HiSeq 4000
system using lllumina reagents and protocols.
Abundance quantifications were imported into
R software, and a gene expression matrix was
constructed using the R Bioconductor package
(41). Count values summarized were analyz-
ed using the DESeq2 algorithm. Differential
expression was defined at a threshold of FDR =
0.05 and absolute log fold change > 1.

Am J Cancer Res 2022;12(7):3405-3421



SHMT2 promotes tumor growth in breast cancer

Apoptosis assay

Cells were stained with Annexin V-FITC and PI
(propidium iodide) using an Annexin V-FITC/
Pl-staining kit (Genechem, Shanghai, China).
Analysis was performed using Multicycle for
Windows (Beckman Coulter).

Immunofluorescence

The treated cells were seeded in 6 well Cul-
ture plate cover with a glass slide (24 mm x 24
mm) at a density of 1 x 105 cells per well. After
48 h, the cells were washed with PBS, fixed
with 4% paraformaldehyde solution, and per-
meabilized with 0.1% Triton X-100. The cells
were incubated with a rabbit anti-cytochrome-c
antibody and then incubated with a Goat anti-
Rabbit 1gG (H+L), Alexa Fluor 568 (A-11036,
Thermo Scientific). The nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI), and
the cells were examined under a fluorescence
microscope.

The concentrations of VEGF and PEDF were
determined by ELISA

HCC1806 and ZR-75-1 cells were seeded in
6-well plates and treated with SHMT2 shRNA
or overexpression plasmids for 48 hours. The
VEGF and PEDF levels in the culture superna-
tant were quantified using a VEGF Immunoas-
say Kit (ml064281) (Enzyme-linked Biotech-
nology, Shanghai, China) and a Chemokine
PEDF ELISA Kit (ab213815) (Abcam, Shanghai,
China) according to the manufacturer’s pro-
tocols.

Angiogenesis experiment

Assessment of endothelial tube formation
under treatment with 20 ng/ml of human
recombinant IL6, G-CSF, PGF, or 100 ng/ml of
ANG-2 (#200 06, #300 23, #100 06, #130 07,
Peprotech, Rocky Hill, NJ, USA) was performed
in a 6-well y angiogenesis plate (#89646, ibid
GmbH, Planegg, Germany). 2 x 10° HUVECs
were seeded onto pre-plated 10 ul of growth
factor reduced Matrigel® matrix (#356231,
Corning Inc., Corning, NY, USA) in 70 pl of
DMEM supplemented with 5% FCS and 10% of
EGM™2 MV and the respective growth factor.
After 11 h of incubation, the cells were stained
with 4 pg/ml calcein-AM (#17783, Merck) in
Hanks’ balanced salt solution (HBSS, #14175-
053, Gibco) for 30 min at 37°C. Images were
analyzed with the free AngioTool software.
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Primary human umbilical vein endothelial cells
(HUVECs, pooled, ATCC® #PCS-100-013™)
were grown in an endothelial growth medium
(EGM™2 MV; #CC-3202, Lonza, Basel, Swit-
zerland) and only early passages (< p6) were
used.

Xenograft tumor model

All animal maintenance and operational pro-
cedures were carried out with the principles of
the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines. Meanwhile,
this study was approved by the Animal Care
and Ethics Committee of Sun Yat-Sen Univer-
sity Cancer Center. We purchased female nude
mice (Balb/c) aged 5 weeks from Beijing Vital
River Laboratory Animal Technology Co., Ltd.
Randomization was conducted and mice were
treated by an unblinded manner. For xeno-
graft tumor formation, 8 x 106 HCC1806 cells
with shSHMT or p-SHMT or shRNA were respec-
tively suspended in 100 ul PBS and injected
subcutaneously into the right flank of each
mouse (5 or 6 in each group). After two weeks
of injection, the tumor volume was calculated
as V = width? x length and recorded every three
days for four weeks. At the end point, the mice
were sacrificed by CO, inhalation, and tumors
were taken from mice for weighing and
photographing.

Statistical analysis

All results were presented as the mean + SD.
We repeated all the experiments at least three
times. GraphPad Prism 6 (San Diego, CA, USA)
and SPSS software package (standard version
18.0; SPSS, Chicago, IL) were used for statisti-
cal analysis. Two-tailed Student’s t test was
used to determine differences between each
group. Kaplan Meier methods were used to
compute the survival analyses. The experimen-
tal data are presented as the mean = SD.
P-values are denoted as follows: *P < 0.05,
***P < 0.001.

Results

SHMT2 is increased in breast cancer cells and
tissue, and is associated with a poor prognosis

We first detected the expression of SHMT2 pro-
tein in a human normal mammary cell line
(MCF-10A) and breast cancer cell lines (MCF-7,
BT549, HCC1806, ZR-75-1) by western blot-
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ting. High SHMT2 protein is expressed in breast
cancer cell lines while faint expression in a nor-
mal cell line (Figure 1A). Moreover, the expres-
sion of SHMT2 in triple-negative breast cell
lines including HCC1806, MDA-MB-231, and
BT549 cell lines is higher than that in non-tri-
ple negative breast cancer MCF7 and ZR-751
(Figure 1A). Moreover, SHMT2 expression was
found in breast cancer tissue (Figure 1B), as
well as in the breast cancer cell lines. In immu-
nohistochemical staining, as shown in Figure
1C, positive staining of SHMT2 was observed
in breast cancer tissue but not in adjacent nor-
mal breast tissue. Analysis of breast cancer
expression profile data from the TCPAC data-
base also confirmed our findings. Compared
with normal breast tissue, SHMT2 expression
was significantly up-regulated in cancer tissue
(Figure 1E). Overall, it suggests that SHMT2
might be a potential biomarker of breast
cancer.

Furthermore, research was on larger sample
size. We explored the expression of SHMT2 in
140 breast cancer tissues and its relationship
with clinic pathologic features. The overall sur-
vival curves revealed an unfavorable prognosis
for the high-SHMT2 group compared to the
low-SHMT2 group (Figure 1D). A similar result
was obtained from the TCPAC and TCGA data
(Figure 1F).

Up-regulation of SHMTZ2 promotes cell growth
in breast cancer

To further explore the role of SHMT2 in breast
cancer, we observe whether SHMT2 affects
the proliferation of breast cancer. The effect of
SHMT2 intervention was better demonstrated
by knocking down SHMT2 in an over-express-
ed cell line and over-expressing SHMT2 in a
slightly lower-expressed cell line. Thus, SHMT2
was knockout in HCC1806 cells with high
expression, while SHMT2 was over-expressed
in ZR-751 cells with low expression (Figure 2A,
2E). Microscopically, the cell density and the
total number of SHMT2-inhibited cells were
decreased (Figure 2B), while that increased
significantly in breast cells with SHMT2 over-
expression (Figure 2F). SHMT2 knockdown
inhibited cell viability (Figure 2C), and SHMT2-
overexpressing cell line activated cell viability
(Figure 2G). In colony formation assay, SHMT2
knockdown inhibited cell clonogenicity (Figure
2D) and vice versa (Figure 2H).
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SHMT2 knockdown activates caspase depen-
dent apoptotic pathway

We also assessed the proportion of apoptosis
in HCC1806 cells transfected with sh-SHMT2
or sh-NC by Annexin V/Pl staining-based
FACS analysis. SHMT2 knockdown enhanced
apoptosis in HCC1806 cells (Figure 3A, 3B).
Detected by western blotting, SHMT2 knock-
down significantly activated apoptosis-associ-
ated transcription factors including cleaved-
PARP, cleaved-caspase-9, cleaved-caspase-3,
BAX, and Bcl-2 protein in HCC1806 cells (Figure
3C).

SHMT2 affects mitochondrial function and the
oxidative phosphorylation process [17]. Mito-
chondria-mediated apoptosis pathway plays an
important role in the cell death process [18]. As
cytochrome-c release from mitochondria to the
cytoplasm is an important event in the mito-
chondria dependent apoptosis pathway [19],
we performed an immunofluorescence imaging
(IF) analysis to monitor changes in the subcel-
lular localization of cytochrome-c in HCC1806
cells. SHMT2 knockdown triggered the release
of cytochrome-C from the mitochondria and
occurred frequently together with apoptotic
bodies and the condensation of nuclear chro-
matin after DAPI staining (Figure 3D). These
results suggest that blocking SHMT2 may acti-
vate mitochondrial apoptotic signaling path-
ways.

SHMT2 over-expression affects multiple sig-
naling pathways and biological processes in
breast cancer cell

To clarify the regulatory mechanism of SHMT2
in promoting breast cancer growth, we used
RNA-seq (Figure 4A) to explore the regulatory
factors in ZR-75-1 with over-expressed SHMT2
(Figure 2F). A total of 3,612 genes with differ-
ential expression were profoundly altered by
SHMT2 over-expression, including 1,149 up-
regulated genes and 2,463 down-regulated
genes (Figure 4B). Further GO analysis reveal-
ed that over-expression of SHMT2 significantly
affected multiple biological processes, includ-
ing regulation of inflammatory response, im-
mune response regulation, ubiquitin-protea-
some independent protein lysis process, nucle-
otide metabolism, etc (Figure 4C). In addition
according to KEGG enrichment analysis, over-
expression of SHMT2 significantly impacted
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Figure 2. Up-regulation of SHMT2 promotes cell growth in breast cancer. SHMT2 protein was detected by western blot in HCC1806 with SHMT2 knockdown (A) and
ZR-75-1 (E) with SHMT2 over-expression. And the cell lines HCC1806 (B) and ZR-75-1 (F) were photographed. The cell viability of breast cancer cell lines HCC1806
(C) and ZR-75-1 (G) were determined by MTT assay 48 h after transfection. The effect of down-regulation (D) or up-regulation (H) of SHMT2 on tumor cell colony for-
mation was analyzed by plate clone formation assay. The relative colony formation rates in HCC1806 (D) and ZR-75-1 (H) cells were calculated. *P < 0.05, Student’s

t-test. The data are presented as the mean + SD of three tests.
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Figure 3. SHMT2 knockdown activates caspase dependent apoptotic pathway. A. Apoptosis rate was detected by annexin-V-FITC and Pl double-stained cells com-
bined with flow cytometry fluorescence separation in an HCC1806 cell line with SHMT2 knockdown. B. The apoptosis rate of each group was quantitatively analyzed.
*P < 0.05, Student’s t-test. The data are presented as the mean + SD of three tests. C. Western blot analysis of caspase-dependent proteins in HCC1806 with
SHMT2 knockdown. D. Representative images of immunofluorescence to monitor cytochrome-c in HCC1806 with SHMT2 knockdown. Original magnification, 200 x.
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Figure 4. SHMT2 over-expression affects multiple signaling pathways and biological processes in the breast cancer cells. A. Clustering results of differentially
expressed genes comparing ZR-75-1 cells with SHMT2 over-expression with the control group cells. B. Volcanic map of differentially expressed mRNAs. C. GO
enrichment histogram of differentially expressed mRNA. D. The methodology of KEGG is conducted according to the literature reported by Kanehisa [20]. KEGG
pathway enrichment bars of differentially expressed mRNA. E. Common signaling pathways are closely associated with cell proliferation and survival. F. SHMT2 over-
expression affects a variety of biochemical metabolic processes in breast cancer cells. G. SHMT2 over-expression affects the MAPK pathway, apoptosis pathway,

and VEGF pathway.
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proteasome signaling pathways, ribosomal
genesis, glycolysis/gluconeogenesis, serine/
glycine metabolism, oxidative phosphorylation,
and other important signaling pathways and
biochemical metabolic process (Figure 4D).

Next, we focused on the analysis of common
signaling pathways and common intracellular
biochemical metabolic processes affecting cell
survival and proliferation.

We found that SHMT2 over-expression signifi-
cantly affected the MAPK pathway, WNT path-
way, Jak-STAT pathway, apoptosis pathway,
VEGF, and mTOR pathway (Figure 4E). In addi-
tion, SHMT2 over-expression also significantly
affects intracellular oxidative phosphorylation,
purine and pyrimidine metabolism, glycolysis,
triglyceride metabolism, serine/glycine metab-
olism, and RNA metabolism and other impor-
tant biochemical metabolic processes (Figure
4F). SHMT2 over-expression affects the MAPK
pathway, apoptosis pathway, and VEGF path-
way (Figure 4G). These results suggest that
SHMT2 can affect cell growth and proliferation
in multiple pathways, the high expression of
SHMT2 in breast cancer cells is very important
for cell proliferation and growth.

SHMT2 promotes breast cancer cell prolifera-
tion by activating MAPK pathway

As result of RNA-Seq, SHMT2 over-expression
affected MAPK signaling pathway. To further
identify it, we analyzed the activities of several
pro-survival proteins by western blot. SHMT2
knockdown dramatically suppressed the phos-
phorylation of ERK1/2 and p38, whereas total
JNK, total ERK1/2, and total P38 protein did
not change (Figure 5A). Conversely, SHMT2
over-expression increased the phosphorylation
of ERK1/2 and p38, suggesting an activation
of the MAPK signaling pathways (Figure 5B).

As the above result shows, SHMT2 activated
MAPK signaling pathway. Furthermore, we con-
firmed whether the ERK/p38 MAPK signaling
pathway mediated by SHMT2 is involved in
the regulation of cell growth. We analyzed the
effect of ERK and p38 specific inhibitors
(FR180204 and SB202190) on cell viability in
breast cancer cells with SHMT2 knockdown or
over-expression. Cell viability was inhibited by
FR180204, SB202190, and SHMT2 knock-
down. The inhibition degree by SHMT2 knock-
down was smaller than that of FR180204 and
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SB202190. However, the addition of SHMT2
shRNA did not enhance the effect of FR180-
204 or SB202190 on cell viability (Figure 5C,
5D). SHMT2 over-expression significantly in-
creased cell viability (Figure 5E). Treatment
with ERK or P38 inhibitors partly attenuated
the effect on cell viability caused by SHMT2
over-expression (Figure 5E, 5F). Our results
indicated that SHMT2 partially modulates
MAPK signaling to regulate breast tumor cell
growth.

SHMT2 regulates the VEGF signaling pathway
in breast cells

The proteins of VEGF and PEDF mediated an-
giogenesis play an important role in tumor
growth and cancer cell proliferation [21, 22].
And SHMT2 over-expression affected VEGF sig-
naling pathway from the RNA-seq result, which
promoted us to investigate further. The west-
ern blotting results confirmed that SHMT2
knockdown decreased VEGF protein expres-
sion and up-regulated PEDF protein (Figure
6A). In contrast, SHMT2 over-expression had
the opposite result (Figure 6B). And similar
results were obtained by ELISA (Figure 6C, 6D).
Consequently, the ratio of VEGF with PEDF dra-
matically decreased after SHMT2 knockdown
(Figure 6E). Finally, in the angiogenesis experi-
ment, SHMT2 knockdown suppressed angio-
genesis, which was embodied in decreased
vessel area and length (Figure 6F).

SHMT2 promotes tumor growth in vivo

Our results revealed that SHMT2 promoted
breast cancer cell growth in vitro, furthermore,
we verified the role of SHMT2 in breast can-
cer in vivo. Xenograft experiment was conduct-
ed by subcutaneously injecting HCC1806 cells
with  SHMT2 knockdown (KD-SHMT2) and
control cells (KD-NC), and BT549 cells with
SHMT2 over-expression (SHMT2) and control
cells (Vector). Tumor volumes were calculated
and growth curves were plotted (Figure 7A, 7E).
SHMT2 knockdown significantly suppressed
tumor volume (Figure 7A, 7C) and weight
(Figure 7D) compared with that in the control
group, while SHMT2 over-expression signifi-
cantly increased tumor volume (Figure 7E, 7F)
and weight (Figure 7G).

The results above in vitro indicated that SHMT2
regulated MAPK, VEGF signaling pathway, we
used immune-histochemical staining to detect
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Figure 5. SHMT2 promotes breast cancer cell proliferation by activating MAPK pathway. Western blotting analysis of proteins with phosphorylation or not related in
MAPK signaling pathway in breast cancer cells with SHMT2 knockdown (A) and over-expression (B). Cell viability was analyzed by MTT assay in HCC1806 cells with
SHMT2 knockdown treated with an ERK inhibitor FR180204 (C) or a p38 inhibitor SB202190 (D). ZR-75-1 cells with SHMT2 overexpression were treated with an
ERK inhibitor FR180204 (E) or a p38 inhibitor SB202190 (F). # represents the comparison between inhibitor plus SHMT2 over-expression group and SHMT2 over-
expression group. * represents the comparison between treatment group and control group. #, *P < 0.05. Student’s t-test. The data are presented as the mean +
SD. The error bars show the SD.
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proteins related to the signaling pathway. When
SHMT2 expression was decreased, p-ERK,
p-p38, ki67, and MCD (micro-vessel density)
was inhibited (Figure 7E).

Discussion

In this study, we evaluated the biological role,
molecular mechanisms, and clinical signifi-
cance of SHMT2 in breast cancer carcinogene-
sis. As a key enzyme in serine metabolism,
SHMT2 catalyzes the reversible reaction of ser-
ine to glycine by transferring the B-carbon from
serine to tetrahydrofolate, providing one-car-
bon unit for the de novo synthesis of purine.
SHMT2 has been implicated in cancer growth,
progression, metastasis, and drug resistance
[15, 23-25]. However, the biological roles and
clinical significance of SHMT2 and its precise
molecular mechanisms in breast cancer have
not been reported.

We demonstrated the high expression of
SHMT2 in breast cancer cells, tumor tissues,
and breast cancer samples compared to nor-
mal cells and normal human breast tissues. To
evaluate our hypothesis that SHMT2 plays a
potential oncogenic role in breast cancer, we
performed in vitro studies to investigate regula-
tory mechanisms. Our results revealed that
SHMT2 knockdown inhibited cell viability, clo-
nogenicity, and angiogenesis and induced
apoptosis in vitro. Moreover, SHMT2 over-
expression had the opposite effect. Finally, we
demonstrated the SHMT2 mediated tumor
growth in the xenograft mouse model.

Our results showed that patients with high
expression of SHMT2 predicted poor progno-
sis, suggesting a potential oncogenic role of
SHMT2 in breast cancer. The results are con-
sistent with previous studies that SHMT2 is
expressed at a high level in various tumors and
indicates a poor prognosis [15, 23, 24, 26].

Apoptosis resistance is a protective mecha-
nism of tumor survival and plays an important
role in the response of breast cancer to che-
motherapy and radiotherapy [27]. In this study,
we showed that SHMT2 knockdown confers
apoptosis along with activation of caspase pro-
teins and release of cytochrome C from the
mitochondria to cytosol, a mitochondria-medi-
ated apoptosis event. However, it is little known
how SHMT2 regulate apoptosis mediated by
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mitochondria, which is an interesting question
for us to study in the future.

VEGF is known as one of the principal initiators
in the development and progression of vascu-
larization, then impacts tumor angiogenesis,
tumor growth promotion, and survival [28-30].
Besides VEGF, the pigment epithelium-derived
factor (PEDF) is also involved in angiogenesis,
an anti-angiogenic factor with anti-tumor prop-
erties counterbalancing the effect of VEGF [31].
Moreover, some studies in vivo and in vitro
show an association between an increase in
the VEGF/PEDF ratio and a bad prognosis in
nasopharyngeal carcinoma [32] and lung ade-
nocarcinoma [33]. Our result also showed that
SHMT2 knockdown in breast cancer cell lines
led to a significant reduction in the VEGF/PEDF
ratio at the protein levels, suggesting that
SHMT2 at least partially targets VEGF signal-
ing. At present, no studies have reported that
SHMT2, which mediated serine metabolism
and one-carbon unit metabolism can affect
VEGF signaling pathway and angiogenesis. Our
findings suggest that SHMT2 may be involved
in the regulation of tumor angiogenesis. This is
a novel biological function of SHMT2. However,
the molecular mechanism of SHMT2 regulating
VEGF and angiogenesis needs to be further
researched.

In our study, SHMT2 regulated the phosphory-
lation level of p38 and ERK. p38 and ERK in-
hibitors significantly antagonized the up-regula-
tion or knockdown of SHMT2 affecting breast
cell viability. It suggests that SHMT2 can pro-
mote breast cancer cell proliferation by activat-
ing the MAPK pathway. It has been reported
that SHMT2 regulates AKT/MTOR signaling
pathways to facilitate hepatocyte proliferation
and regeneration [34]. These results indicate
that SHMT2 can regulate the cell survival sig-
naling pathway. Moreover, we demonstrated
that the knockdown of SHMT2 markedly inhib-
ited tumor growth in the xenograft model, con-
firming the role of SHMT2 in tumor growth and
survival. Immunohistochemistry on the xeno-
graft tumors showed that SHMT2 knockdown
inhibited p-ERK, p-p38 proteins involved in the
MAPK signaling pathway, proliferation index
Ki67, and microvessel density marker CD31.
It's been verified that SHMT2 regulated the
MAPK, and VEGF signaling pathways.
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SHMT2 has been reported to affect the ROS/
INK/P53 [35] and Akt/mTOR [34] pathways
through ROS or glycine production. Our study
proved that SHMT2 affects intracellular ROS
levels (Supplementary Figure 1), and ROS has
been reported to affect vascular proliferation
[36] and the MAPK signaling pathways [37,
38]. Changes in intracellular ROS levels may be
the reason why SHMT2 affects the VEGF and
MAPK signaling pathways.

In conclusion, we demonstrated that SHMT2
plays a critical role in human breast cancer
growth by simultaneously regulating multiple
signaling pathways, such as the ERK/p38
MAPK, VEGF/PEDF, and mitochondrial apopto-
sis pathway. Our study also demonstrated that
high SHMT2 expression independently predict-
ed worse overall survival in patients with breast
cancer. Our finding suggests that SHMT2 could
therefore serve as a potential prognostic bio-
marker and therapeutic target for breast can-
cer therapy.
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SHMT2 promotes tumor growth in breast cancer
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Supplementary Figure 1. Knocking down SHMT2 in breast cancer cells can up-regulate ROS level and apoptosis rate. A. Apoptosis rate was detected by annexin
v-FITC and PI double stained cells combined with flow cytometry fluorescence separation in MDA-MB-231 and HCC1806 cell lines with SHMT2 knockdown. B. The
apoptosis rate of each group was quantitatively analyzed. C. ROS level in MDA-MB-231 and HCC1806 cell lines with SHMT2 knockdown. *P < 0.05; Student’s t-test.
The data are presented as the mean + SD.



