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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. 

Figure 3. SHMT2 knockdown activates caspase dependent apoptotic pathway. A. Apoptosis rate was detected by annexin-V-FITC and PI 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 ×.



SHMT2 promotes tumor growth in breast cancer

3413	 Am J Cancer Res 2022;12(7):3405-3421

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 

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 


