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Abstract
Background: Serine hydroxymethyltransferase 2 (SHMT2) is a key enzyme in Serine/glycine metabolism.
SHMT2 is very important for tumor cell growth and proliferation as well as metabolism. Here, we
investigated the regulatory effects of SHMT2 on breast cancers growth and identi�ed the underlying
mechanisms of functions.

Methods: We detected the expression of SHMT2 in breast cancer cells and tissues by
immunohistochemistry and Western blotting.We investigated the functional and molecular mechanisms
by which SHMT2 downregulation or overexpression regulates the growth and apoptosis of breast cancer
cells in vivo and in vitro.

Results: We found SHMT2 was highly expressed in BRCA cell lines and tumor tissues. Strong SHMT2
expression showed a positive correlation with the poor prognoses of patients with breast cancers.
SHMT2 knockdown by shRNA signi�cantly inhibited cell growth and induced apoptosis in vitro, and
whereas SHMT2 overexpression promoted tumor growthin in subcutaneous xenograft model. RNA-seq
revealed that high expression of SHMT2 not only promoted serine metabolism, nucleotide metabolism,
oxidative phosphorylation and proteasome independent degradation pathways. It also activated the cell
survival signaling pathway and antagonized the apoptosis pathway. The observed molecular regulation
of cell growth was accompanied by the activited of the MAPK, VEGF pathways and suppressed of the
mitochondrial mediated apoptosis pathway that was mediated by the SHMT2 up-regulation.

Conclusions: These results indicate that SHMT2 plays a critical role in regulating breast cancers growth
and could serve as a therapeutic target for breast cancer therapy.

Introduction
As the most commonly diagnosed cancer type among women, breast cancer forms a major threat to
women’s health globally(1). It is mainly divided into the following four molecular subtypes, luminal A,
luminal B, triple negative, and HER2. The former two subtypes display high expression of estrogen
receptor (ER) and progesterone receptor (PR) and changed level of HER2. triple negative subtype displays
negative expression of ER, PR and HER2, and the patients with this subtype usually owns poor prognosis.
HER2 subtype displays negative expression of ER, PR and high expression of HER2 and other genes
associated with proliferation(2, 3). Although progresses have been made in understanding breast cancer
biology, the molecular mechanisms associated with proliferative regulation of breast cancer cells, the
acquisition of invasion and metastasis phenotype, and the development of therapeutic assistance were
still poorly understood. Thus, considering the high complexity and variability in breast cancer
development, the discovery and identi�cation of new breast cancer biomarkers and therapeutic targets
and the mention and application of new therapeutic strategies based on this seems more signi�cant.

Cumulative evidence suggests that the serine and glycine biosynthetic pathways are linked to the
biosynthesis of cellular components to sustain cell proliferation. Dysfunction of genes involved in the
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one-carbon unit biosynthetic pathway has been linked to increased risks of various human cancers(4, 5) .

Serine Hydroxymethyltransferase 2 (SHMT2) has been a research hotspot in recent years. SHMT2 is a
PLP-dependent tetrameric enzyme that catalyzes the reversible transition from serine to glycine, thus
promoting the production of one-carbon units that are indispensable for cell growth and regulation of the
redox and epigenetic states of cells.SHMT2 is a key enzyme in one-carbon unit metabolism and
catalyzes the conversion of serine and tetrahydrofolate (THF) to glycine and 5,10-
methylenetetrahydrofolate(6–8).Under a hypoxic environment, SHMT2 can be upregulated and could
promote the generation of nicotinamide adenine dinucleotide phosphate(NADPH) and glutathione for
maintaining the redox balance. Accumulating evidence con�rmed that SHMT2 facilitates cell
proliferation and tumor growth and is tightly associated with poor prognosis(6, 9).

In humans, SHMT consists of two isoforms, SHMT1, which is located in the cytosol (cSHMT), and
SHMT2, which is located in the mitochondria (mSHMT). These two isoforms display an amino acid
sequence identity of approximately 66%. In addition, SHMT1 forms a tetramer in the cytoplasm, while
SHMT2 exists in a dimer-to-tetramer transition depending on pyridoxal 5'-phosphate (PLP) binding(10). In
fact, SHMT2 can encode SHMT2α, a second transcript that lacks the import signal location to the
mitochondria and is localized in the cytoplasm. Due to its important role in the cycle of one-carbon unit,
SHMT2 is ubiquitous and highly conserved in all organisms(11). In addition, previous reports have
indicated that SHMT2 expression is upregulated in various types of cancer, including
leukemia(12),lymphoma(13, 14), rhabdomyosarcoma(15),colorectal cancer(16–18), Lung cancer (19–
21)and hepatocellular Carcinoma(22, 23), and it is correlated with cancer progression and poor
prognosis, indicating that SHMT2 is a potential and novel target for the diagnosis and treatment of
tumors, re�ecting that SHMT2 is partly involved in the process of tumorigenicity. SHMT2 may be an
oncogene, SHMT2 could be acetylated at lysine K95 in different cancer cells, including CRC cells. K95
acetylation inhibits SHMT2 enzymatic activity and promotes its degradation via macroautophagy. SIRT3,
a deacetylase localized in the mitochondria, deacetylated SHMT2 and eventually increased its activity to
promote cell proliferation and colorectal carcinogenesis(17).SHMT2 also interacts with nicotinamide
adenine dinucleotide (NAD+)-dependent lysine desuccinylase SIRT5 directly. Under metabolic stress,
desuccinylation at lysine 280 of SHMT2 by SIRT5 enhances SHMT2 activity to accelerate cell
metabolism and facilitate cell proliferation and tumour growth in vivo and in vitro(24).SHMT2 was highly
expressed in breast cancer cells, and the expression level of SHMT2 was positively correlated with breast
cancer grade(25).Gene set enrichment analysis revealed that SHMT2 was signi�cantly associated with
gene signatures of mitochondrial module, cancer invasion, metastasis and may be a valuable prognostic
biomarker in ER-negative breast cancer cases(26, 27).however, so far, the molecular mechanism of
SHMT2 promoting breast cancer growth and metastasis is still not very clear.

In the present study, we detected SHMT2 protein expression in breast cancer cell lines and tumor
tissues.We also analyzed breast cancer samples from tissue arrays and evaluated the prognostic value
of SHMT2 in breast cancer.The effects of SHMT2 knockdown or overexpression on the growth of breast
cancer cells were evaluated and the underlying molecular mechanisms were further elucidated.The role of
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SHMT2 in breast cancer growth was further demonstrated in vivo by breast cancer xenograft models.Our
�ndings provide new insights into the biological role of SHMT2 in breast cancer and suggest that SHMT2
may be a new therapeutic target for breast cancer.

Methods

Cell lines and cell culture
Human breast cancer cell lines (HCC1806, MDA-MB-231, MCF-7, ZR-75-1, BT549) and normal breast cell
lines (MCF-10A) were obtained from the American Type Culture Collection (ATCC, Manassas, VA). The
cells were cultured as monolayers in RPMI-1640 culture medium (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum, 100 μg/ml penicillin, and 100 μg/ml streptomycin and maintained in an
incubator with a humidi�ed atmosphere of 95% air and 5% CO2 at 37°C.

Reagents and antibodies
Antibodies against SHMT2(A1215),GAPDH(A19056),β-actin(AC026), VEGF(A12303),  PEDF(A3475),  were
obtained from ABclonal Technology Co.,Ltd. (ABclonal,wuhan,China). Antibodies against JNK(AF6318),
P38(AF6456), ERK(BF8004), P-JNK(Thr183+Tyr185)(AF3318), P-P38(Thr180/Tyr182) (AF4001), P-
ERK(Thr202/Tyr204)(AF1015), cytochrome-c (AF0146), PARP(DF7198), Cleaved-PARP (Asp214)
(AF7023), Cleaved-Caspase 3 (Asp175)(AF7022), Cleaved-Caspase 9 (Asp353) (AF5240), BAX(AF0120),
Bcl-2 (AF6139), Goat Anti-Rabbit IgG (H+L) HRP (S0001) and Goat Anti-Mouse IgG (H+L) HRP (S0002)
were purchased from A�nity Biosciences (Affbiotech, Jiangshu,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-speci�c
shRNA was 5’-TCTGAACAACAAGTACTCGG-3’ and 5’-TCTCAGGATCACTGTCCGAC-3’, and the scramble
shRNA was 5’-GGC TCC GAACGGGTCACGATT-3’.  For the in vitro delivery of the shRNA and plasmid into
tumor cells, the sequences were �rst encapsulated into Lipofectamine 3000 (L3000150, Thermo
Scienti�c,) that had validated by many analyses by dissolving in Opti-MEM. The knockdown e�ciency
was validated by western blot.

Transient transfection

https://abclonal.com.cn/catalog/A1215
http://www.affbiotech.cn/goods-69-AF0146-Cytochrome+C+Antibody.html
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A total of 2 × 105 HCC1806 and ZR-75-1 cells were seeded into each well of a six-well tissue culture plate
(Nunc). The next day (when the cells were 70-80% con�uent), 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)
(Thermo Scienti�c) . The cells were harvested after 48 h of transfection, and western blot analyses or
other experiments were performed.

Western blot analysis
The proteins in cell lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (Bio-Rad, Hercules, CA) and electrophoretically transferred to a PVDF
membrane (Amersham Pharmacia Biotech, Piscataway, NJ). The western blots were probed with speci�c
antibodies, and the protein bands were detected using enhanced chemiluminescence.

Immunohistochemistry
The tissue array consisted of 140 formalin-�xed, para�n-embedded (FFPE) breast cancers and
corresponding adjacent normal tissues. These tissue samples were previously obtained with informed
consent from patients having no anticancer treatment prior to tumor resection. The tissue specimens
were histologically examined and classi�ed according to the 2004 World Health Organization
classi�cation system . Detailed clinical and pathologic information, including the clinical and pathologic
tumor-node-metastasis (TNM) stage, overall survival (OS) duration, and time to recurrence, was available
for all cases. The pathological TNM status of all of the breast cancers was assessed according to the
criteria of the seventh edition of the American Joint Committee on Cancer.

Immunohistochemistry was conducted using Envisionþ Kit/HRP (DakoCytomation). Brie�y, slides were
immersed in Target Retrieval Solution (pH 9; DakoCytomation) and boiled at 108°C for 15 min in an
autoclave for antigen retrieval. The anti-SHMT2 antibody was added to each slide after blocking of the
endogenous peroxidase and proteins, and the sections were incubated with HRP-labeled anti-rabbit IgG
as the secondary antibody. The substrate-chromogen was added, and the specimens were counterstained
with hematoxylin. A negative control was obtained by replacing the primary antibody with normal rabbit
IgG.

To evaluate the immunohistochemical staining, two independent observers blinded to the
clinicopathologic information performed scoring using light microscopy (magni�cation 20×). The
intensity of SHMT2 staining was semiquantitatively evaluated using the following criteria: strongly
positive (scored 2+), dark-brown staining in more than 50% of the tumor cells, completely obscuring the
nucleus; weakly positive (scored 1+), any lesser degree of brown staining appreciable in the tumor cell
nucleus; absent (scored 0), no appreciable staining in the tumor cells. Cases were accepted as strongly
positive if 2 investigators independently de�ned them as such.
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MTT assay
Cells plated in 96-well plates (1000 cells/well) were transfected with control or speci�c shRNA. 48 h later,
10ul MTT reagent (5 mg/ml) was added in single well and treated for 2.0 h. Then MTT was discarded and
150ul Dimethyl Sulphoxide (DMSO) was added in single well. Finally, the OD value at 490 nm was
measured.

Colony formation assay
Cells were transfected with SHMT2 shRNA or plasmid for 24 h, trypsinized, and resuspended as single
cells. The cells (1 × 103/ml) were then mixed in 21 ml of 1640 culture miadiumr containing 5% FBS. The
cultures were maintained in a 37°C/5% CO2 incubator for 12-14 days. The cell clones were then washed
three times with phosphate-buffered saline (PBS), �xed in methanol for 10 minutes, and stained with
Crystal Violet for 10 minutes at room temperature. 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-75-1cells using the RNeasy Kit
(Qiagen) according to the manufacturer’s protocol. RNA quality control was performed using an Agilent
Bioanalyzer. RNA-seq libraries were generated using Illumina TruSeq mRNA stranded kits following
Illumina protocols. Libraries were quantitated using an Agilent bioanalyzer, and the pooled libraries were
sequenced with an Illumina HiSeq 4000 system using Illumina reagents and protocols.Abundance
quanti�cations were imported into R software, and gene expression matrix was constructed using R
Bioconductor package tximport (41). Count values summarized by tximport were analyzed using the
DESeq2 algorithm. Differential expression was de�ned at a threshold of FDR = 0.05 and absolute log fold
change > 1.

Apoptosis assay
HCC1806 cells were inoculated in 6-well plates at a certain density and starved overnight (12 h). After cell
adherence, HCC1806 cells were transfected with SHMT2 shRNA. At 48 h after transfection, the cells were
harvested by trypsinization and �xed in 70% cold ethanol for 30 minutes, then stained with 5 μl Annexin
V-FITC and 5 μl PI (propidium iodide) using an Annexin V-FITC/PI-staining kit (Genechem, Shanghai,
China). The cells were placed at room temperature for 20 min in the dark and then analyzed using �ow
cytometry (Beckman Coulter). Apoptosis was calculated in terms of the FITC-positive cells. The raw data
were analyzed using Multicycle for Windows (Beckman Coulter).
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Immuno�uorescence
The treated Cells were seeded in 6 well Culture plate cover with glass slide(24mmX24mm) at a density of
1 × 105 cells per well. After 48 h, the cells were washed with PBS, �xed with 4% paraformaldehyde
solution, and permeabilized 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 IgG (H+L), Alexa Fluor 568 (A-
11036,Thermo Scienti�c). The nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI), and the
cells were examined under a �uorescence 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 supernatant were
quanti�ed using a VEGF Immunoassay Kit (ml064281) (Enzyme-linked Biotechnology, Shanghai, Chnia)
and a Chemikine PEDF ELISA Kit (ab213815) (Abcam, Shanghai, Chnia) according to the manufacturer’s
protocols. 

Animal studies
All animal maintenance and operational procedures were carried in accordance with the animal licence
protocol approval by Animal Care and Ethics Committee of Sun-Yat Sen University. Female nude mice
(Balb/c) aged 5 weeks were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd.
Mice were randomized for xenograft tumor growth assays. For xenograft tumor formation, the mice were
randomly divided into two groups, sh-control(KD-NC), sh-shmt2(KD-SHMT2). 8 × 106 HCC1806 cells with
stable knockdown of SHMT2 gene or control shRNA were respectively suspended in 100ul PBS and
injected subcutaneously into the right �ank of each mouse. The tumor volume was measured after two
weeks of injection. The tumor volume was calculated as V= (width2 ×length)/2 and the data was
recorded every three days for four weeks. Mice were sacri�ced and tumors were taken from mice for
weighting and photographing. Partial tissues were transferred to liquid nitrogen immediately, and partial
were �xed in formalin for IHC assay.

Immunohistochemistry staining assay in xenograft tumor
The examined cancer tissues were �xed in 4% paraformaldehyde, washed with PBS three times,
transferred to 70% ethanol, cut into small pieces and then embedded in para�n in accordance with
standard procedures. After being dewaxed and antigen retrieval, the tissue sections were stained using
SP kit (SP-9000, ZSGB-BIO, China) according to its instructions. Brie�y, the sections were blocked with
blocking reagents, and then were exposed overnight at 4 ℃ to antibodies against SHMT2, KI67, P-P38, or



Page 8/29

P-ERK. The slides were washed with PBS and incubated with anti-mouse/rabbit biotin antibodies for 1 h.
After washing, the slides were added with HRP-conjugated streptavidin, developed with HRP
substrate(DAB), and counterstained with hematoxylin. In the end, the para�n sections were dehydrated
by using Gradient alcohol, sealed by means of neutral balsam (Solarbio) and photographed with
microscope.

Statistical analysis
All results were presented as the mean ± SE. A Student t-test was performed to compare the two
independent groups of data. A statistical analysis was performed using the SPSS statistical software
package (standard version 18.0; SPSS, Chicago, IL). Survival curves were calculated using the Kaplan
Meier method. The log-rank test was used to analyze overall survival (OS) time between different
expression of SHMT2 group in BRCA.

Results

High-expression of SHMT2 in breast cancer associated with
a poor prognosis 
We �rst detected the expression of SHMT2 at protein levels in human normal cell lines (MCF-10A) and
breast cancer cell lines (MCF-7, BT549, HCC1806, ZR-75-1) by Western blotting (Figure 1A). Among the
cell lines examined, the breast cancer cell lines expressed high levels of SHMT2 protein, though the
expression of SHMT2 was faint in normal breast cell lines. Western blotting was used to detect the
protein expression of SHMT2 in 8 breast cancer tumor tissues, and it was also found that SHMT2 was
signi�cantly overexpressed in cancer tissues compared with matched adjacent tissues (Figure 1B).We
also immunohistochemically detected the expression of the SHMT2 protein in breast cancer and adjacent
area. As shown in Figure 1C, positive staining of SHMT2 was observed in breast cancer tissue but not in
adjacent normal breast, suggesting that SHMT2 might be a potential biomarker of breast cancer.

We evaluated the expression of SHMT2 using TMA-containing tumors from 140 patients with breast
cancer with full clinical annotation to assess the biological and clinicopathologic signi�cance. An
immunohistochemistry analysis revealed that SHMT2 was abundantly accumulated in the cytoplasm of
breast cancer cells. However, SHMT2 staining can also be seen in the nuclei of some cancer cells. We
classi�ed expression on the tissue array at three levels: strongly positive (2+ score), weakly positive (1+
score), and absent (0 score). The overall survival curves revealed an unfavorable prognosis for the high-
SHMT2 group compared to the low-SHMT2 group (Figure 1D). Analysis of breast cancer expression
pro�le data from TCPAC database also con�rmed our �ndings. Compared with normal breast tissue,
SHMT2 expression was signi�cantly upregulated in cancer tissue (Figure 1E).
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Up-regulation of SHMT2 promotes cell growth in breast
cancers
To assess the effects of SHMT2 on cell proliferation, we quantitatively analyzed cell viability by the MTT
assay. SHMT2 knockdown by transfection with shRNA that  targeting SHMT2 (sh-SHMT2 ) potently
inhibited the proliferation of HCC1806 cells by comparison with the transfection with a non-speci�c
scramble shRNA sequence control (sh-NC) (Figure 2A and 2B). In contrast, SHMT2 over-expression by
transfection with a SHMT2-expressing vector signi�cantly increased cell viability compared to the control
group (Figure 2F and 2G).

We next analyzed the effect of SHMT2 on the changes in cell morphology. We found that cells in the
control group formed a cell layer, and more spread and �lopodia were observed, while SHMT2 knockdown
markedly reduced cell-to-cell contact and led to a lower spreading with fewer formation of �lopodia
(Figure 2C). However, in the cell group of overexpressing SHMT2, it was observed that the density and
total number of cells increased signi�cantly (Figure 2H).

We also performed an anchorage-independent colony formation assay to con�rm the effects of SHMT2
on cancer cell growth. SHMT2 knockdown by shRNA signi�cantly inhibited cell clonogenicity (Figure 2D
and 2E), resulting in a marked decrease in both the colony formation ratio. These results suggested that
reductions in SHMT2 levels decrease the ability of breast cancer cells to form colonies, which was
consistent with the MTT results (Figure 2B and 2G). In contrast, over-expression of SHMT2 can
signi�cantly promotes the formation of cell clones (Figure 2I and 2J).

SHMT2 up-regulation affects multiple signaling pathways
and biological processes in breast cancer cells
In order to study the downstream signaling pathway and biological process affected by SHMT2, and to
clarify the molecular mechanism of SHMT2 promoting the growth of breast cancer cells, we stably over-
expressed SHMT2 in ZR-75-1 cells (Figure 2F).

Transcriptomic sequencing was used to analyze abnormal differential expression genes (DEG)  in ZR-75-
1(OVER) cells compared with ZR-75-1(VECTOR) cells (Figure 3A).RNA-seq analysis identi�ed differentially
expressed genes (DEG) in SHMT2 over-expression breast cancer cells , with differential expression
de�ned at a threshold of false discovery rate (FDR) = 0.05 and an absolute log2 fold change > 1.0 (Figure
3B). A total of 3,612 differentially expressed genes were found by RNA-seq, including 1,149 up-regulated
genes and 2,463 down-regulated genes (Figure 3C).Further GO analysis revealed that over-expression of
SHMT2 could signi�cantly affect multiple biological processes, including regulation of protein
serine/threonine kinase activity, purine compound metabolism, immune response regulation, ubiquitin-
proteasome independent protein lysis process, and nucleotide metabolism, etc. (Figure 3D).In addition,
KEGG enrichment analysis showed that overexpression of SHMT2 could signi�cantly affect proteasome
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signaling pathways, ribosomal genesis, glycolysis/gluconeogenesis, serine/glycine/methionine
metabolism, oxidative phosphorylation and other important signaling pathways and biochemical
metabolic processes (Figure 3E).Here, overexpression of SHMT2 affects cell serine/glycine metabolism,
nucleotide metabolism, immune response regulation, and ubiquitin-proteasome independent protein
lysis,and all are consistent with previous literature reports(reference 123).

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 overexpression signi�cantly affected MAPK pathway, WNT pathway, jak-STAT
pathway, apoptosis pathway , VEGF and mTOR pathway (Figure 3F). In addition, SHMT2 overexpression
also signi�cantly affects intracellular oxidative phosphorylation, purine and pyrimidine metabolism,
glycolysis, triglyceride metabolism, serine/glycine metabolism and RNA metabolism and other important
biochemical metabolic processes (Figure 3G).These results suggest that the high expression of SHMT2
in breast cancer cells is very important for cell proliferation and growth.SHMT2 can affect cell growth and
proliferation in multiple paths.

SHMT2 promotes breast cancer cell proliferation and
growth by activating MAPK pathway
To identify the potential molecular mechanisms by which SHMT2 knockdown inhibited breast cancer cell
growth and proliferation, we analyzed the activities of several pro-survival proteins by Western blot and
showed that SHMT2 knockdown dramatically suppressed the phosphorylation of ERK1/2 and p38,
whereas the levels of total JNK, total ERK1/2, and total P38 protein did not change (Figure 4A).
Conversely, SHMT2 over-expression increased the phosphorylation of ERK1/2 and p38, thereby leading to
an activation of the MAPK signaling pathways under with over-expression of SHMT2 in breast cancer
cells (Figure 4B).

To con�rm the involvement of the ERK/p38 MAPK signaling pathway in the SHMT2-mediated regulation
of cell growth, we analyzed the effects of the ERK and p38-selective inhibitors (FR180204 and SB202190)
on SHMT2 shRNA-mediated inhibition of cell viability in breast cancer cells. Pre-treatment of the cells
with FR180204 or SB202190 alone slightly inhibited cell viability. However, addition of SHMT2 shRNA did
not signi�cantly enhance the FR180204 or SB202190-mediated inhibition of cell viability (Figure 4C and
4D) due to the pre-blockage of the ERK/p38 signaling pathway by FR180204 or SB202190. On the
contrary, the up-regulation of SHMT2 expression can signi�cantly promote the growth of breast cancer
cells (Figure 3D). At this point, treatment with ERK or P38 inhibitors signi�cantly attenuated the cancer
cell growth effect caused by over-expression of SHMT2 (Figure 4E and 4F). Our results indicate that
SHMT2 functions partially through the modulation of the MAPK signaling to regulate breast tumor cell
growth.
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Knockdown of SHMT2 induces apoptosis in breast cancer
cells
We also assessed the proportion of apoptosis in HCC1806 cells transfected with shRNA sequences
targeting SHMT2 (sh-SHMT2) or conrtrol shRNA (sh-NC) by Annexin V/PI staining-based FACS analysis.
The knockdown of SHMT2 by shRNA resulted in a signi�cant induction in HCC1806 cell apoptosis(Figure
5A). Conversely, apoptosis was not observed in the cells transfected with the nonspeci�c siRNA(Figure
5B). Because SHMT2 affects mitochondrial function and oxidative phosphorylation process.
Mitochondria-mediated apoptosis pathway plays an important role in cell death process. Thus, to con�rm
the effect of SHMT2 knockdown on apoptosis, we next detected the expression of certain pro-apoptotic
and anti-apoptotic proteins related to mitochondria mediated apoptosis pathway, cleaved-PARP, cleaved-
caspase-9, cleaved-caspase-3, BAX, and Bcl-2 protein by Western blotting analysis. SHMT2 knockdown
markedly induced the activation of PARP and caspase-3, resulting in an increase in the levels of cleaved
PARP, cleaved caspase-3, and cleaved caspase-9 proteins. SHMT2 knockdown also increased the
expression of the pro-apoptotic protein BAX and suppressed the expression of the anti-apoptotic protein
BCl-2 (Figure 5C).

As cytochrome-c release is an important event in the mitochondria dependent apoptosis pathway, we next
performed an immuno�uorescence imaging (IF) analysis to monitor changes in the sub-cellular
localization of cytochrome-c in HCC1806 cells. Transfection of cells with shRNA sequences targeting
SHMT2 (sh-SHMT2) triggered the release of cytochrome-c from the inter-mitochondrial space into the
cytosol by comparison with the control shRNA (sh-NC) (Figure 5D). These results suggest that blocking
SHMT2 can activate mitochondrial apoptotic signaling pathways.

SHMT2 regulates the VEGF/PEDF ratio in breast cells 
VEGF and PEDF protein mediated angiogenesis plays an important role in tumor growth and cancer cells
proliferation(28, 29). We next determined the effect of SHMT2 on the expression of VEGF and PEDF
proteins. Transfection with SHMT2 shRNA dramatically inhibited the expression of VEGF proteins and
increased the expression of PEDF protein (Figure 6A). in contrast, SHMT2 over-expression showed an
opposite effect (Figure 6B). We also examined the release of VEGF and PEDF proteins into the cell culture
supernatant by ELISA. SHMT2 knockdown by shRNA signi�cantly inhibited the release of VEGF protein
but increased PEDF release in cell culture supernatant (Figure 6C and 6D). Moreover, we determined the
effect of SHMT2 on the ratio of VEGF with PEDF release in cell culture supernatant. Knockdown of
SHMT2 repressed the ratio of VEGF release and PEDF release in cell culture supernatant (Figure 6E). The
results showed that blocking SHMT2 with SHMT2 shRNA may markedly inhibited angiogenesis related
protein factor in breast cancer cells. SHMT2 may regulates the VEGF signaling pathway and in�uence the
growth of cancer cells.
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SHMT2 promotes tumor growth in vivo
To further con�rm the association between SHMT2 expression and breast cancer tumor growth, we
veri�ed the important role of SHMT2 expression in regulating breast cancer growth in vivo. HCC1806 cells
with stably knockout of SHMT2 gene and the control shRNA transfection cells were suspended in 100ul
PBS and subcutaneously injected into the right and left sides of each mouse's back respectively. The
mice were �rst measured after inoculation with HCC1806 cells for one week, when the average tumor
volume reached 100 mm3. The tumor diameters were measured at a regular interval of 4 days for up to
24 days with a digital caliper, the tumor volume and the growth curve of tumor were calculated.
Knockdown of SHMT2 by shRNA signi�cantly suppressed tumor growth (Figure 7 and 7B) and tumor
weight (Figure 7C and 7D) compared to the non-speci�c shRNA treatment group. We also analyzed the
levels of SHMT2 expression in the tumors by immunohistochemical staining and showed a signi�cant
decrease in SHMT2 expression in the tumors treated with SHMT2 shRNA (Figure 7E).

To elucidate the potential mechanisms involved in tumor growth inhibition by SHMT2 shRNA in vivo, we
also analyzed the expression of ki67, p-ERK and p-p38 in tumors by immunohistochemical staining and
found that p-ERK and p-p38 expression was inhibited and the staining score of ki67 was reduced
signi�cantly (Figure 7E). These in vivo results were consistent with those observed in vitro and indicated
that SHMT2 may promote tumor growth in vivo through activation of MAPK signaling pathway. SHMT2
knockdown could be a useful therapeutic strategies for breast cancer therapy.

Discussion
In this study, we evaluated the biological role, molecular mechanisms and clinical signi�cance of SHMT2
in breast cancer carcinogenesis. As a key enzyme of cancer metabolic reprogramming, SHMT2 catalyzes
the reversible reaction of serine to glycine by transferring the β-carbon from serine to tetrahydrofolate
(THF). Through that reaction, serine provides the primary raw material for the de novo synthesis of
purine.SHMT2 have been implicated in cancer growth, progression, metastasis, and drug resistance(6, 15,
21, 25). However, the biological roles and clinical signi�cance 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 normal 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 the
underlying molecular mechanisms and found that SHMT2 knockdown inhibited cell viability,
clonogenicity, and angiogenesis and induced apoptosis in vitro but that SHMT2 over-expression had the
opposite effect. We also demonstrated the SHMT2-mediated regulation of tumor growth in a HCC1806
breast cancer xenograft mouse model in vivo.

The clinicopathologic data from our tissue array showed that patients with breast cancers, which highly
expressed the SHMT2 protein, had shorter survival periods than patients with SHMT2 low expression
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tumors. These �ndings suggest a potential oncogenic role of SHMT2 in human breast cancer. These
results are consistent with the �ndings of many studies that SHMT2 is expressed at high levels in a
variety of cancer tissues and predicts poor prognosis(15, 21, 22, 25).These studies suggest that SHMT2
is a prognostic and diagnostic marker for cancer.

Apoptosis resistance is a protective mechanism of tumor survival and plays an important role in the
response of breast cancer to chemotherapy and radiotherapy(30). In this study, we showed that the
induction of apoptosis in human breast cancer cells by SHMT2 knockdown was mediated by The
mitochondria-dependent apoptosis pathways. We found that SHMT2 shRNA induced the activation of
caspase proteins and promoted the release of cytochrome-c from the mitochondria to cytosol. Inhibition
of SHMT2 can change the balance of pro-apoptotic protein BAX and anti-apoptotic protein Bcl-2. But how
does SHMT2 affect mitochondrial mediated apoptosis pathways. Whether it affects mitochondrial
function directly. This is an interesting question for us to study in the future.

VEGF has been recognized as one of the principal initiators for the development and progression of
vascularization, and VEGF was shown to have the most involvement both during tumor angiogenesis and
also in mediating tumor cell growth and survival (31–33). PEDF counterbalances the effect of VEGF, and
an increased ratio of VEGF/PEDF is required for angiogenesis and tumor growth(34). Our result also
showed that SHMT2 knockdown in breast cancer cell lines led to a signi�cant reduction in the
VEGF/PEDF ratio at the protein levels, suggesting that SHMT2 at least partially targets VEGF signaling. At
present, no studies have reported that SHMT2-mediated serine metabolism and one-carbon unit
metabolism can affect VEGF signaling pathway and angiogenesis. Our �ndings 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
research.

In our study, we found that blocking ERK and P38 with speci�c inhibitors could signi�cantly antagonize
the pro-proliferation effect of SHMT2 and block the inhibitory effect of SHMT2-knockdown mediated cell
proliferation. Our study suggests that SHMT2 can promote breast cancer cell proliferation by activating
the MAPK pathway. It has been reported that SHMT2 can regulate AKT/MTOR signaling pathway to
promote hepatocyte proliferation and regeneration(35). These results indicate that SHMT2 can regulate
cell survival signaling pathway. Moreover, we demonstrated that the knockdown of SHMT2 markedly
inhibited tumor growth in a breast cancer xenograft mouse model, con�rming the role of SHMT2 in tumor
growth and survival. Immunohistochemistry on the xenograft tumors showed that SHMT2 knockdown
inhibited the survival protein factor MAPK and proliferation protein factor Ki67. Therefore, these in vivo
experiments con�rmed the tumor-inhibition effects by SHMT2 knockdown in vitro and provide a rationale
for the pharmacologic investigation of SHMT2 as a novel therapeutic target in breast cancer cells.

Conclusions
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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 apoptosis pathway. Our study also demonstrated that high SHMT2 expression
independently predicted a worse overall survival in patients with breast cancers. Our �ndings suggest that
SHMT2 overexpression might help to identify BRCA patients with a poor prognosis and could therefore
serve as a potential prognostic biomarker and therapeutic target for breast cancer therapy.
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Figure 1

SHMT2 protein is highly expressed in breast cancer cells and tumor tissues and associated with a poor
prognosis. (A) Expression of SHMT2 proteins in various Breast cancer cell lines (MCF-1,MDA-MB-
231,HCC1806,ZR-75-1,BT549) and a nomal breat cell line (mcf-10A)were analyzed by Western blotting
using a human SHMT2 antibody. (B) Expression of SHMT2 proteins were analyzed by Western blotting in
eight cases of breast cancer tissue and matched paracancer tissue . T,breast cancer tissue,N,matched
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paracancer tissue. (C)Strong staining of SHMT2 was detected by immunohistochemistry in
representative breast cancer tissues and matched paracancer tissues. A strong positive staining was
observed in cancer cells, whereas the adjacent area staining was weak. Original magni�cation, 200×. (D)
SHMT2 overexpression correlates with a poor prognosis in patients with breast cancers. Kaplan-Meier
curves of overall survival in all patients(n = 140). (E) Analysis of CPTAC gene expression pro�le data
showed that SHMT2 was highly expressed in breast cancer tissues compared with normal breast tissues.

Figure 2
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High expression of SHMT2 promotes breast cell growth in vitro. The expression of SHMT2 in breast
cancer cell line HCC1806 (A) and ZR-75-1 (F) was detected by immunoblotting technique. GAPDH
detection as internal reference. The breast cancer cell line HCC1806 was transfected with SHMT2
interfering RNA (SH-SHMT2) and control RNA for two days. The ZR-75-1 cells were transfected with
empty control vector and SHMT2 overexpressed plasmid (P-SHMT2) for two days. The cell viability was
determined by an MTT assay in breast cancer cell line HCC1806 (B) and ZR-75-1 cells(G) at 48 hours
after transfection respectivily. Cells treated with DMSO were used as the reference group(MorcK), with the
cell viability set at 100%. The percent cell viability in each treatment group was calculated relative to the
cells treated with the vehicle control. The HCC1806 (C) and ZR-75-1 cells(H) were photographed after
transfection. The tumor cells HCC1806 (D) and ZR-75-1 (I) induced colony formation was also analyzed
by the plate clone formation experiment under with knock down or up-regulation of SHMT2 respectivily.
The relativily colony formation rate were calculated in HCC1806 (D) and ZR-75-1 cells (J) trated with
knock down or up-regulation of SHMT2 respectively.The data are presented as the mean ± SD of three
tests. *P < 0.05, signi�cant differences between the treatment groups and control groups. sh-NC means
non-speci�c shRNA control.Vector group means the control group of SHMT2 Overexpresstion group.
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Figure 3

SHMT2 up-regulation affects multiple signaling pathways and biological processes in breast cancer
cells.Stably over-expressed SHMT2 protein in ZR-75-1 cells .Transcriptomic sequencing was used to
analyze abnormal differential expression genes (DEG) in ZR-75-1(over) cells compared with ZR-75-
1(vector) cells(N=3).(A)Clustering results of differentially expressed genes in SHMT2 overexpression cells
compaired with the control group cells.(B)Volcanic map of differentially expressed mrnas.(C)RNA-seq
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analysis identi�ed differentially expressed genes (DEG) in SHMT2 over-expression breast cancer cells. A
total of 3,612 differentially expressed genes were found by RNA-seq, including 1,149 up-regulated genes
and 2,463 down-regulated genes.(D)GO enrichment histogram of differentially expressed mRNA.(E)KEGG
enrichment bars of differentially expressed mRNA.(F)Common signaling pathways closely associated
with cell proliferation and survival.(G)SHMT2 overexpression affects a variety of biochemical metabolic
processes in breast cancer cells.

Figure 4
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SHMT2 promotes breast cancer cell proliferation and growth by activating MAPK pathway Human
HCC1806 cells were transfected with SHMT2 shRNA (sh-SHMT2) or the control shRNA (NC-SHMT2)(A),
and the ZR-75-1 cells were transfected SHMT2-expressing plasmids or the control vector plasmid
respectively (B). At 48 hours after transfection, the levels of SHMT2, total and phosphorylated JNK, p38
and ERK proteins were analyzed by Western blotting. HCC1806 cells were pre-treated with an ERK
inhibitor FR180204 (C) or a p38 inhibitor SB202190 (D) respectively in a certain concentration for 4 h,
then transfected cells with SHMT2 shRNA or the control shRNA plasimd respectively, After 48 h, cell
viability was determined by MTT analysis. ZR-75-1 cells were pre-treated with an ERK inhibitor FR180204
(E) or a p38 inhibitor SB202190 (F) in a certain concentration for 4 h, and then transfected cells with the
control vector plasmid or over-expression plasimd of SHMT2 respectively, After 48 h, cell viability was
determined by MTT analysis. *P < 0.05, signi�cant differences between the treatment groups and control
group.
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Figure 5

knockdown of SHMT2 activates caspase dependent apoptotic pathway. (A)HCC1806 cells were
inoculated with 6-well plates according to certain density and starved for 24 hours, and were transfected
with RNA sequences targeting SHMT2 (sh-SHMT2). At 48 hours after transfection, Apoptosis rate was
detected by annexinv-FITC and PI double stained cells combined with �ow cytometry �uorescence
separation.(B)The apoptosis rate of each group was quantitatively analyzed.Apoptosis is represented by
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the relative percentage of apoptotic cells versus that of the contro group cells. *P < 0.05, signi�cant
differences between the treatment groups and Mock groups.(C)The levels of SHMT2,cleaved PARP,
cleaved caspase-3, cleaved caspase-9, BAX, and Bcl-2 proteins were analyzed by western blotting .
GAPDH detection as a loading control. (D)The release of cytochrome-c was analyzed by an
immuno�uorescence imaging analysis to monitor cytochrome-c release from the inter-mitochondrial
space into the cytosol .DAPI staining for nuclei.

Figure 6
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knockdown of SHMT2 inhibits VEGF signaling pathway . (A) Human HCC1806 cells were transfected with
SHMT2 shRNA (sh-SHMT2) or the overexpression plasmid of SHMT2 (p-SHMT2) (B) . At 48 hours after
transfection, the effects of SHMT2 knockdown or overexpression on the expression of SHMT2, VEGF and
PEDF at protein levels were detected by Western blotting, respectively. GAPDH detection as a loading
control. (C)The amount of VEGF and PEDF proteins released (D) in cell to the culture supernatant were
determined by ELISA in the HCC1806 cells knock down to SHMT2 or overexpresstion of SHMT2
respectivily. (E) the relative ratio of VEGF protein release to PEDF protein release was analyzed in the cell
culture supernatant in HCC1806. The data are presented as the mean ± SD of three separate experiments.
*P < 0.05, signi�cant differences between the treatment groups and control groups.
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Figure 7

Knockdown of SHMT2 inhibits breast tumor growth in vivo. HCC1806 cells stably knockout of SHMT2
gene and the control shRNA transfection cells were suspended in 100ul PBS and subcutaneously injected
into the right and left sides of each mouse's back respectively. The mice were �rst measured after
inoculation with HCC1806 cells for one week, when the average tumor volume reached 100 mm3. The
tumor diameters were measured at a regular interval of 4 days for up to 24 days with a digital caliper, the
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tumor volume and the growth curve of tumor were calculated (A). The mice were killed and photographed
after seven measurements (B). The xenograft was removed and photographed (C), and the weights of the
xenografts were analyzed (D). The expression levels of p-ERK, p-p38, ki67 and SHMT2 proteins in tumor
tissues were detected by immunohistochemical staining (E). P < 0.05, signi�cant differences between the
SHMT2 shRNA groups and non-speci�c scramble shRNA groups. n = 5 mice/group, Magni�cation, 200 ×.


