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Abstract
Amplification of amino acids synthesis is reported to promote tumorigenesis. 
The serine/glycine biosynthesis pathway is a reversible conversion of serine and 
glycine catalyzed by cytoplasmic serine hydroxymethyltransferase (SHMT)1 and 
mitochondrial SHMT2; however, the role of SHTM1 in renal cell carcinoma (RCC) is still 
unclear. We found that low SHMT1 expression is correlated with poor survival of RCC 
patients. The in vitro study showed that overexpression of SHMT1 suppressed RCC 
proliferation and migration. In the mouse tumor model, SHMT1 significantly retarded 
RCC tumor growth. Furthermore, by gene network analysis, we found several SHMT1-
related genes, among which homeobox D8 (HOXD8) was identified as the SHMT1 
regulator. Knockdown of HOXD8 decreased SHMT1 expression, resulting in faster 
RCC growth, and rescued the SHMT1 overexpression-induced cell migration defects. 
Additionally, ChIP assay found the binding site of HOXD8 to SHMT1 promoter was at 
the −456~−254 bp region. Taken together, SHMT1 functions as a tumor suppressor in 
RCC. The transcription factor HOXD8 can promote SHMT1 expression and suppress 
RCC cell proliferation and migration, which provides new mechanisms of SHMT1 in 
RCC tumor growth and might be used as a potential therapeutic target candidate for 
clinical treatment.
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1  |  INTRODUC TION

Renal cell carcinoma (RCC) is a malignant tumor originating from the 
renal tubular epithelial cells. RCC accounts for about 2%–3% of adult 
malignant tumors and 80%–90% of adult renal malignant tumors, 
and its incidence has increased rapidly worldwide in the past few 
decades.1 Although great achievements have been made in the diag-
nosis and treatment of RCC, the 5-year survival rate of patients with 
metastatic RCC is only 12% due to the high risk of metastasis and 
poor response to current therapies.2–4 This highlights the necessity 
to develop novel therapeutic targets for RCC.

One-carbon metabolism provides substrates for nucleotide syn-
thesis and DNA methylation which is linked to cancer progression. 
Blocking one carbon unit utilization has been used as a therapeutic 
target for several chemotherapeutic drugs (methotrexate and peme-
trexed) by inhibiting thymidine synthase that utilizes 5,10-methylene 
tetrahydrofolate (THF) (5,10-Methylenetetrahydrofolate).5 Several 
studies found an association between the one-carbon metabolism 
pathway genes’ polymorphisms and RCC risk.6–8 The serine/glycine 
synthesis pathway (SSP) is the main source of one-carbon units in 
cancer cells. Interestingly, some tumors are highly dependent on ser-
ine uptake to support cancer cell proliferation, in which increased 
dietary serine promoted faster tumor growth in animal models.9,10 
Additionally, other studies have suggested the activation of the SSP 
as an adaptation for survival after radiation exposure.11 These data 
suggest a major contribution of the SSP in tumor growth. Neverthe-
less, no existing intervention strategies specifically target the SSP in 
cancer therapy. Therefore, further investigation is required into the 
mechanisms that induce SSP hyperactivation in cancer, which may 
contribute to the development of anticancer drugs.

Serine hydroxymethyltransferase (SHMT) is the central enzyme 
of the SSP. SHMT catalyzes the reversible conversion of serine 
and THF to glycine and 5,10-methylene THF. There are two iso-
forms of SHMT, which are cytoplasmic SHMT1 and mitochondrial 
SHMT2.12 Accumulating evidence confirmed that SHMT2 facilitates 
cell proliferation and tumor growth,13 and SHMT2 overexpression is 
tightly associated with poor prognosis in various cancers.14–18 Also, 
SHMT1 has recently been found to play critical roles in cancers. 
SHMT1 upregulated the expression of the oncogenic procytokines 
interleukin-6/-8 and promoted the growth and migration of ovarian 
cancer cells.19 In lung cancer, knockout of SHMT1 led to cell cycle 
arrest and p53-dependent apoptosis by increasing uracil accumula-
tion during DNA replication.20 In addition, the expression level of 
SHMT1 was inversely correlated with clinical prognostic factors in 
breast cancer.21 These studies suggested that SHMT1 acts as on-
coprotein and promotes the progression of these cancers. However, 
Dou et al. found that SHMT1 inhibited the ability of liver cancer 
cells to metastasize, and SHMT1 knockdown enhanced the produc-
tion of reactive oxygen species (ROS).22 In summary, both the two 
SHMT isoenzymes and serine metabolism play an important role in 
the progression of different tumors. Studies have shown that high 
expression of SHMT2 facilitated RCC cell proliferation by inducing 
the G1/S phase transition and predicted poor overall survival in RCC 

patients.23 However, the expression and function of cytoplasmic 
SHMT1 in RCC remain uncovered.

In this study, we found that low-expression SHMT1 in RCC tis-
sues was associated with pathological grading and poor prognosis 
of RCC patients. Overexpression of SHMT1 effectively led to G2/M 
cell cycle arrest and inhibited the proliferation and migration of RCC 
cells. In addition, we explored the regulation factor of SHMT1 ex-
pression and function in RCC cells through genome-wide association 
studies. Further study showed that the transcription factor HOXD8 
regulated SHMT1 expression and suppressed RCC cell proliferation 
and migration. In summary, our findings reveal that cytoplasmic 
SHMT1 regulated by HOXD8 suppresses the proliferation and mi-
gration of RCC cells.

2  |  MATERIAL S AND METHODS

2.1  |  GEPIA data analysis

The GEPIA2 online analysis tool (http://gepia2.cance​r-pku.
cn/#analysis) was used to analyze the expression and correlation of 
the overall survival rate of SHMT1 in kidney renal clear cell carcinoma 
(KIRC)  patients. The clinical significance and the correlation with 
SHMT1 of GRB14, SP5, HOXD8, and HOXD9 in KIRC were analyzed 
using GEPIA2.

2.2  |  Cell culture and transfection

Human RCC cell lines OSRC-2 and ACHN were purchased from 
Procell Life Science & Technology (CL-0177, CL-0021). OSRC-2 
and ACHN cells were cultured in RPMI-1640 or Minimum Essentail 
Medium, respectively, supplemented with 10% fetal bovine serum, 
50 U/mL penicillin, and 0.1 mg/mL streptomycin. All cells were 
maintained at 37°C in 5% CO2.

The pcDNA3.1-Flag-SHMT1 (NM_148918) and pcDNA3.1-Flag-
HOXD8 (NM_019558.4) plasmids were purchased from Vigene 
Biosciences. pGL4.11-SHMT1(Human)-Promoter-fLuc-hPEST plas-
mid was purchased from Miaoling bio (P33783). The siRNA against 
HOXD8 and SHMT1 were obtained from GeneChem. The siRNA 
sequences used were as follows: 5′-GCCGA​AGG​CCU​GAC​AAA​
UUAATT-3′, 5′-CUGAC​GGA​GCU​GGC​UAC​AAATT-3′. The control 
siRNA sequences used were as follows: sense strand: UUCUC​CGA​
ACG​UGU​CACGUdTdT; nonsense strand: ACGUG​ACA​CGU​UCG​
GAGAAdTdT. Cells were transfected by JetPRIME (Polyplus) accord-
ing to the manufacturer's protocol. Cells were harvested at 48–72 h 
post transfection for future experiments.

2.3  |  Cell viability assay

Cell Counting Kit-8 (CCK-8) (B34304, Bimake) was used to perform 
the cell viability assay. A total of 2000 cells were seeded per well 
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in 96-well culture plates. After the cell was attached to the wall, 
CCK8 was added at 10% concentration to each well and incubated 
at 37°C for 1 h. The absorbance of cells was determined at 450 nm 
by BioTek Epoch every 24 h for 4–5 days. For the MTHFD2 inhibition 
experiment, cells were treated with DS18561882 (HY-130251, 
MCE) for 5 days at the concentration of 15 μM or transfected with 
siHOXD8 before harvesting cells for sample preparation.

2.4  |  Cell migration assays

Twenty-four-well plates containing 8-mm pore size transwell chambers 
(3244#, Corning, USA) were used to assess tumor cell migration; 5 × 104 
cells in serum-free medium were seeded into the upper chamber for 
the migration experiment. A complete medium was added to each 
lower chamber. The cells were incubated for 24 or 48 h at 37°C. Cells 
that migrated through the pores were fixed with methanol for 10 min 
and stained with 0.1% crystal violet after incubation. Cell count and 
photograph were taken using an IX71 inverted microscope (Olympus).

2.5  |  Scratch assay

Confluent cell dish was scratched with a sterile 200 μL plastic tip 
and then continued to culture for 48 h. The scratched gaps were 
photographed by the microscope. Cell relative gaps were measured 
by image J software.

2.6  |  RNA extraction and RT-qPCR

Total RNA was isolated from cells using Trizol (15596026#, Invitrogen). 
Reverse transcription of total RNA to cDNA was performed using the 
reverse transcriptase (R323-010, Vazyme). RT-qPCR was performed 
using SYBR qPCR Mix (Q711-02, Vazyme). Primer sequences used 
were as follows: SHMT1-F: 5′-CTGGC​ACA​ACC​CCT​CAAAGA-3′; 
SHMT1-R: 5′-AGGCA​ATC​AGC​TCC​AATCCA-3′; HOXD8-F: 5′-
GGAAG​ACA​AAC​CTA​CAG​TCGC-3′; HOXD8-R: 5′-TCCTG​GTC​AGA​
TAG​GGG​TTAAAA-3′; Actin-F: ACCTT​CTA​CAA​TGA​GCT​GCGT, 
Actin-R: TAGCA​ACG​TAC​ATG​GCTGGG. Relative quantitation of 
gene expression was calculated using the 2−ΔΔCT method.

2.7  |  Western blot

Total proteins were extracted using cell lysis buffer (P0013, Beyotime) 
and separated by SDS-PAGE. Then, proteins were transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore). After blocking 
with 5% skim milk, the membranes were incubated with primary 
antibodies against SHMT1 (1:1000, D3B3J, CST), cyclinB (1:1000, 
4138S, CST), CDC20 (1:1000, 4823S, CST), β-actin (1:1000, A00702, 
GenScript), HOXD8 (1:1000, sc-515357, SantaCruz), p21 (1:1000, 
A1483, ABclonal), γ-H2AX (1:500, CSB-PA010097OA139phHU, 

CUSABIO), p-CDK1 (1:1000, CSB-PA000492, CUSABIO), p-
CHK1 (1:1000, CSB-PA006769, CUSABIO), p-CDC25 (1:1000, 
CSB-PA080107, CUSABIO), cyclinE (1:1000, sc-377100, SANTA), and 
cyclinD (1:1000, WL01435a, WanleiBio) overnight at 4°C with shaking. 
Then, the membranes were washed with Tris Buffered Saline with 
Tween20 (TBST) and incubated with secondary antibody conjugated 
with HRP (1:5000, GenScript) for 1 h at room temperature. The signals 
were developed by the ECL detection kit (Wanleibio).

2.8  |  Xenograft tumor experiment

BALB/c nude mice aged 6–8 weeks were purchased from 
Gempharmatech Co., Ltd. OSRC-2 cells expressing SHMT1, or empty 
vector were prepared into single cell suspension. Then, 1 × 107 cells 
were subcutaneously injected into the back of each mouse. Tumor 
volume was measured every 2 days and calculated with the formula: 
tumor volume (mm3) = (length × width2)/2. Mice were sacrificed 
when the tumor volume reached a size of 1000 mm3. Tumors were 
fixed with 4% paraformaldehyde and embedded to make paraffin 
sections, following by immunohistochemical (IHC) staining.

2.9  |  Immunohistochemical staining assay

Tumor tissue sections from 13 patients with RCC were obtained from 
Yantai Yuhuangding Hospital. All individuals who donated tissues 
for this study provided written consent. The IHC staining assay 
was performed in accordance with the manufacturer's instructions 
(GK600510, Gene Tech). The primary antibodies were used against 
SHMT1 (1:200, 80715#, CST), Ki67 (1:200, 9449#, CST), CC3 (1:100, 
9661L, CST), p21 (1:100, 10355-1-AP, Proteintech), and p-CDK1-T161 
(1:100, CSB-PA000492, CUSABIO). Two histopathologists were 
blindly assigned to review the slides and score the staining. Staining 
of tissue sections were scored according to the following standards: 
staining intensity was classified as 0 (lack of staining), 1 (mild 
staining), 2 (moderate staining), or 3 (strong staining); the percentage 
of staining was designated 1 (<25%), 2 (25%–50%), 3 (51%–75%), or 4 
(>75%). For each section, the semiquantitative score was calculated 
by multiplying these two values (which ranged from 0 to 12).24

2.10  |  Luciferase reporter assay

Luciferase reporter assay was used to detect the activity of the SHMT1 
promoter. HEK293T cells were seeded in 24-well plates at a density 
of 2.0 × 105 cells per well. When growing to the confluence at 40%–
50%, the cells were transfected with siRNA against HOXD8 by using 
JetPRIME transfection reagent, and then the cells were cotransfected 
with plasmids pGL4.11-SHMT1(Human)-Promoter-fLuc and pcDNA3.1-
Flag-HOXD8 or pcDNA3.1 by using the JetPRIME transfection reagent 
after 24 h of siHOXD8 transfection. Luciferase activity was examined 
with a Luciferase Reporter Assays Substrate Kit (RG005, Beyotime) by 
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a microplate reader. β-gal activity of each transfected well was used to 
normalize the luciferase activity.

2.11  |  Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using a ChIP Kit (9003#, Cell Signaling 
Technology). OSRC-2 cells (4 × 106 cells per sample) were cross-
linked by 1% formaldehyde and sonicated by 5-s pulses/10-s 
intervals for 5 min. The digested chromatin samples were then 
immunoprecipitated with HOXD8 antibody or IgG antibody 
(negative control) and enriched by magnetic beads. After elution and 
purification, the immunoprecipitated DNA samples were analyzed 
by qPCR with the following primers for ChIP: SHMT1-P1-F: GTGTC​
TGC​TCT​TGG​ATT​ATA​CACCT; SHMT1-P1-R: CTTTT​AGT​TTG​CAG​
GGT​GGTCA; SHMT1-P2-F: TTTAT​GAC​GCA​GCC​TCAGGT; SHMT1-
P2-R: ACTGA​CAC​ACA​ATA​AGG​ACTCA.

2.12  |  BXD mice kidney gene expression data

This data set was accessed on the GeneNetwork website (www.
genen​etwork.org). The BXD mice kidney gene expression data were 
obtained through the “Mouse Kidney M430v2 (Jul06) Robust Muti-
array Average (RMA)” dataset, which provides estimates of mRNA 
expression in the adult kidney of 56 genetically diverse strains of 
mice including 53 BXD recombinant inbred strains, one F1 hybrid 
(D2B6F1), and two parental strains (B6 and D2). Kidney samples 
were processed using a total of 153 Affymetrix Mouse Expression 
430 2.0 microarrays (M430v2.0). This data set was processed using 
the RMA protocol.

2.13  |  Expression quantitative trait locus 
(eQTL) mapping

The eQTL mapping of Shmt1 expression variation in BXD mice kid-
ney was conducted using a WebQTL module in GeneNetwork ac-
cording to published methods.25,26 Likelihood ratio statistics (LRS) 
were calculated and used to measure the association or linkage 
between differences in traits and differences in specific genotype 
markers. eQTL significance was evaluated using 2000 permutation 
tests. The eQTL confidence interval was estimated by 1.5 LOD (limit 
of detection) drop-off interval. eQTL genes were then crossed to the 
genes correlated with the Shmt1 expression to screen the candidate 
genes.

2.14  |  Construction of mutant HOXD8 and 
SHMT1 promoter

ATTA on the P1 region of plasmid pGL4.11-SHMT1(Human)-Promoter-
fLuc was mutated into CGTA directly with a site-directed mutagenesis 

kit (11003ES10, Yeasen). The HOXD8 plasmid was linearized by using 
restriction endonuclease NheI and XhoI. Two segments besides 
HOXD8 DNA binding segments in HOXD8 were amplified separately 
by PCR and purified by Gel Extraction Kit (Omega Bio-Tek) after elec-
trophoresis in agarose gel. These two DNA fragments were cloned 
to linearized vector through the KpnI and SmaI clone sites with the 
Hieff Clone One Step Cloning Kit (10911ES08, Yeasen). HOXD8 mu-
tant plasmid, which knocked out the DNA binding region (197–256 
amino acids), was constructed. Luciferase assays were performed in 
293T cells with the pGL4.11-SHMT1 promoter-mutated luciferase re-
porter and HOXD8 mutant plasmid described above. Primers were 
as follows: SHMT1-ΔP1-F: TGCTCTTGGgcTATAC​ACC​TAC​AGA​GTA​
ATA​ATG​TTGCAGTT, SHMT1-ΔP1-R: GTGTATAgcCCAAG​AGC​AGA​
CAC​TTT​ATT​ATT​ATT​ATTT.

2.15  |  Single-cell gel electrophoresis (alkaline 
comet assay)

An alkaline comet assay was performed by using the ELK Comet assay 
kit (CA001, ELK Biotechnology) according to the manufacturer's 
protocol. Olive tail moment (OTM) as a product of the tail length 
and the percentage of total DNA in the tail was applied to evaluate 
DNA damage. Comet images were captured with the Axio Imager 
M2 fluorescent microscope (Carl Zeiss).

2.16  |  Statistical analysis

Data were presented in the form of mean ± standard deviation 
(SD), and each experiment was independently repeated more than 
three times. Statistical analyses were performed using Graphpad 
Prism 5 (GraphPad Software Inc). Data were analyzed for statistical 
significance by Student's t-test or one-way analysis of variance 
(ANOVA). p < 0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  Low expression of SHMT1 correlates with 
poor survival of RCC patients

To explore the clinical significance of SHMT1 in RCC, we analyzed 
the relative expression of SHMT1 in RCC patients (KIRC) in dif-
ferent stages using the GEPIA 2 online analysis tool. The results 
showed that SHMT1 expression was decreased with the stages 
progressed in KIRC patients (Figure 1A). Moreover, compared with 
high-SHMT1-level patients, the overall survival rate was signifi-
cantly lower in low-SHMT1-level patients (Figure 1B). Further, RCC 
patient samples showed that SHMT1 was lower in RCC tissues than 
adjacent tissues (Figure 1C,D). Staining of SHMT1 in tumor tissues 
from 13 patients with RCC also demonstrated lower expression of 
SHMT1 in RCC tissues (Figure 1E,F). Taken together, these results 
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suggest that the expression of SHMT1 is reduced in human RCC 
tissues and correlated with the progression and poor prognosis of 
RCC patients.

3.2  |  SHMT1 inhibits RCC cell proliferation and 
metastasis in vitro

To further investigate the role of SHMT1 in RCC cells, we estab-
lished stable overexpressing SHMT1 (OE-SHMT1) cell lines, OSRC-2 
and ACHN. Western blot analysis verified that SHMT1 was sig-
nificantly overexpressed in OE-SHMT1 cells (Figure  2A). CCK8 
assay showed that OE-SHMT1 inhibited the proliferation of RCC 
cells (Figure 2B). To explore how SHMT1 inhibited proliferation of 
RCC cells, flow cytometry was performed to detect the effect of 
SHMT1 on the cell cycle, which showed that SHMT1 induced G2/M 
phase arrest in OSRC-2 (Figure S1A,B). To investigate the underly-
ing mechanisms, we tested multiple cell cycle-related proteins in 

SHMT1-overexpression RCC cells. The G2/M check points-related 
proteins such as p-CDC25, p-CDK1, and cyclin B/D/E were de-
creased,27 suggesting SHMT1-induced cell cycle arrest was due to 
the conventional signaling pathway. Interestingly, cell division cycle 
protein 20 (CDC20) was also decreased, which suggested a defect 
of chromosome segregation during mitotic exit (Figure  S1C).28 As 
DNA damage is one of the causes of cell cycle arrest,29 we checked 
the DNA damage marker p-CHK1 and γ-H2AX. Consistent with the 
cell cycle proteins, these two markers were increased in SHMT1-
overexpression RCC cells (Figure  S1C). Further, we performed a 
single-cell gel electrophoresis, which further demonstrated the 
DNA damage by the nuclei tail length (Figure S1D). In addition, both 
cell scratch assay and transwell assay showed that overexpressing 
SHMT1 efficiently reduced the migration of OSRC-2 and ACHN cells 
(Figure 2C,D). On the contrary, SHMT1 knockdown in OSRC-2 and 
ACHN cells showed increased cell migration and cell proliferation 
(Figure 2E–G). These results illustrated that SHMT1 has a potential 
inhibitory role in regulating RCC cell progression.

F I G U R E  1  Serine hydroxymethyltransferase (SHMT)1 expression in renal cell carcinoma (RCC) tissues and correlations to survival. (A) 
Expression of SHMT1 in RCC patients (KIRC) in different stages analyzed with the GEPIA2 online tool. n = 258 patients. (B) Kaplan–Meier 
analysis was performed to evaluate the association between SHMT1 level and RCC patients' overall survival by GEPIA2. (C, D) Detection 
of SHMT1 expression by Western blot in RCC tissues and adjacent tissues from six RCC patients. n = 6 samples. (E, F) Representative 
immunohistochemistry staining of SHMT1 protein level in RCC tumor tissues and adjacent tissues from 13 RCC patients. n = 13 pair of 
samples. White color scale bars: 100 μm, black color scale bars: 50 μm. **p < 0.01, ***p < 0.001.
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3.3  |  SHMT1 suppresses RCC cell growth in vivo

To confirm the biological function of SHMT1 on RCC growth in 
vivo, a xenograft tumor model was established by subcutaneously 
injecting control or OE-SHMT1-OSRC-2 cells into nude mice. 
Compared with the control group, the OE-SHMT1 group significantly 

inhibited tumor growth (Figure 3A,B), and the tumor weight of the 
OE-SHMT1 group was significantly reduced (Figure 3C). The staining 
of cell proliferation marker Ki67 also showed a sharp decrease along 
with the increase of SHMT1 staining in tumor tissues (Figure 3D). 
In addition, the apoptotic marker cleaved caspase 3 staining also 
increased in the SHMT1-overexpressed tumor tissues. Together 

F I G U R E  2  Serine hydroxymethyltransferase (SHMT)1 inhibits cell proliferation and migration in renal cell carcinoma (RCC) cells. (A) 
SHMT1 expression in OSRC-2 and ACHN cells transfected with pcDNA3.1-Flag-SHMT1(OE-SHMT1) and vector plasmid (Vector). (B) Cell 
proliferation assay by CCK8 assay in OSRC-2 and ACHN cell lines. (C) Scratch assay of SHMT1-overexpressed OSRC-2 and ACHN cells. 
Scale bars: 100 μm. (D) Transwell assay of SHMT1-overexpressed OSRC-2 and ACHN cells. Scale bars: 50 μm. (E) Western blot validation of 
SHMT1 expression by siRNA transfection. (F) Transwell assay of SHMT1 knockdown OSRC-2 and ACHN cells. Scale bars: 100 μm. (G) Cell 
proliferation of SHMT1 knockdown OSRC-2 and ACHN cells. n = 3 samples; all experiments were repeated twice. **p < 0.01, ***p < 0.001.
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with the increase of p21 and decrease of phosphorylated CDK1, 
these data demonstrated the inhibition of tumor proliferation 
and apoptosis by SHMT1 (Figure  3E). Collectively, these data 
demonstrate that SHMT1 suppresses the growth of RCC cell in vivo.

3.4  |  Shmt1 expression is transregulated by Hoxd8 
in BXD mice kidney

To identify the regulators of SHMT1 in RCC, we performed an 
analysis by genome-wide association studies (GWAS). As a high-
energy resource of GWAS, the BXD family is widely used in the 
study of medicine and disease mechanism, including the search for 

the regulatory network of genes in diseases.30,31 Figure 4A shows 
the gene expression levels of Shmt1 in kidney tissue from 53 BXD 
mouse strains and their corresponding parental strains. To identify 
the genetic loci that regulate the expression of Shmt1 in kidney, we 
performed simple interval mapping for Shmt1 across the mouse 
genome. A significant expression QTL (eQTL) was identified on 
chromosome (Chr) 2 at 65–75 Mb (Figure 4B). This locus was distantly 
located from the genomic location of Shmt1 (Ch11 at 60.78 Mb), 
suggesting that Shmt1 was transregulated.

To find out the potential factors that regulate Shmt1, we took 
the 160 genes in the 1.5 LOD QTL interval and intersected by the 
top 2000 genes that correlated with Shmt1 by Pearson correla-
tion coefficient (Figure  4C). We found eight candidates (Cobll1, 

F I G U R E  3  Serine hydroxymethyltransferase (SHMT)1 inhibits OSRC-2 tumor growth in vivo. (A) Tumor volume and tumor weight of 
tumor in vector (n = 5) and SHMT1-overexpression tumor (n = 5). (B) The captured image of tumors shows the tumor size of two groups. 
(C) Tumor weight of tumor in vector (n = 5) and SHMT1-overexpression tumor (n = 5). (D) Immunohistochemistry of SHMT1 and Ki67 and 
quantification. Scale bar: 100 μm. (E) Immunohistochemistry of cleaved caspase 3 (CC3), P21, and phosphorylated CDK1. Scale bar: 50 μm. 
*p < 0.05, **p < 0.01, ***p < 0.001.



4590  |    YANG et al.

Itga6, Gorasp2, Grb14, Sp5, Spc25, Hoxd8, and Hoxd9) (Figure 4C), 
where Grb14, Sp5, Hoxd8, and Hoxd9 are transcription factors, 
which may regulate Shmt1 expression. Analysis from BXD mice da-
tabases showed that Shmt1 expression is correlated with Hoxd8 

expression, suggesting that Hoxd8 may be a potential regulator of 
Shmt1 (Figure 4D). Next, we analyzed the correlation of GRB14, SP5, 
HOXD8, and HOXD9 with SHMT1 (Figure 4E–G, Figure S2A–I). It 
was indicated that only HOXD8 was linked to progression and poor 

F I G U R E  4  BXD family analysis of the upstream genes of serine hydroxymethyltransferase (Shmt)1. (A) Bar plots of the SHMT1 
expression across the BXD kidney. The x-axis shows the BXD strains and F1 strains (D2B6F1) and two parental strains. The y-axis indicates 
the normalized log2 expression levels of Shmt1. (B) eQTL mapping of the Shmt1 gene in BXD strains kidney. The upper x-axis shows the 
chromosome, the lower x-axis shows the location in megabases (Mb), and the y-axis indicates the −log(p) score, which shows the linkage 
between gene expression and genomic region. Gray and red horizontal lines indicate the significant and suggestive threshold of the −log(p) 
scores for eQTL mapping, respectively. (C) The top 2000 genes correlated with Shmt1 were crossed with genes included in the 1.5 LOD 
QTL interval. (D) Correlation between Shmt1 and Hoxd8 in a BXD mice family. Shmt1 has a positive correlation with Hoxd8 among 53 BXD 
strains. The Pearson correlation r- and p-values are shown. (E) Expression of HOXD8 in KIRC in different stages using the GEPIA2 website. 
(F) Kaplan–Meier analysis was performed to evaluate the association between HOXD8 level and KIRC patients' overall survival using the 
GEPIA2 website. n = 258 patients. (G) Correlation between SHMT1 and HOXD8 in KIRC patients' database. SHMT1 has a positive correlation 
with HOXD8 (r = 0.22, p < 0.001).
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prognosis of KIRC patients and positively correlated with the ex-
pression of SHMT1 in KIRC (Figure 4E–G). Further analysis revealed 
that HOXD8 methylation correlated with low SHMT1 expression 
(Figure S2J). Based on these results, we speculate that HOXD8 may 
act as a tumor suppressor in RCC to regulate the function of SHMT1.

3.5  |  Knockdown of HOXD8 restored the 
inhibitory effect of SHMT1 on RCC cells

To verify whether HOXD8 is a regulator of SHMT1 in RCC cells, 
we transiently transferred Flag-HOXD8 plasmid into OSRC-2 
or ACHN cells respectively. Immunoblotting analysis confirmed 
that overexpression of HOXD8 upregulated SHMT1 (Figure  5A). 
On the contrary, knocked down HOXD8 reduced SHMT1 protein 
level in OSRC-2 and ACHN cells (Figure  5B). As GRB14 showed a 
weak correlation between GRB14 and SHMT1 in KIRC (r = −0.18, 
p = 2.3 × 10–5), we examined the role of GRB14 in regulating SHMT1 
expression in Figure S2H. Although Shmt1 and Grb14 were positively 
correlated in the BXD mice kidney, GRB14 overexpression had no 
significant effect on the expression of SHMT1 in both OSRC-2 and 
ACHN cells (Figure S3A,B). So, we excluded the possibility of GRB14 
in regulating SHMT1 in RCC. Further CCK8 assays demonstrated 
that knockdown of HOXD8 restored the cell proliferation inhibited 
by SHMT1 on RCC cells (Figure  5C). Meanwhile, the scratch 
assay showed that knockdown of HOXD8 partially restored the 
suppressed migration of OE-SHMT1 OSRC-2 and ACHN cells 
(Figure 5D). Further, HOXD8 knockdown in both OSRC-2 and ACHN 
cells resulted in recovered cell migration in the transwell analysis 
(Figure 5E). Ducker et al. reported that SHMT1 plays an essential role 
supporting tumor growth in the background of MTHFD2 knockout.32 
Thus, suppression of SHMT1 may enhance the cell inhibition effect 
by MTHFD2 inhibition. To further validate if HOXD8 regulated 
RCC cell growth through SHMT1, we treated HOXD8-knockdown 
ACHN cells with the MTHFD2 inhibitor DS18561882. The results 
demonstrated that HOXD8 knockdown exhibited synthetic lethality 
by MTHFD2 inhibition (Figure S4A). To further investigate the role 
of the HOXD8-SHMT1 axis in RCC cells, we performed a single-cell 
gel electrophoresis assay to detect the DNA damage level induced 
by SHMT1 overexpression. Interestingly, OE-SHMT1 induced a large 
DNA tail from the nuclei, but not in the HOXD8-knockdown group, 
and siHOXD8 could rescue the DNA damage level in the OE-SHMT1 
group. These results further validated that HOXD8-induced SHMT1 
overexpression might cause DNA damage, leading to cell death 
(Figure  S4B). Again, we tested DNA the damage markers p-CHK1 
and γ-H2AX by Western blot, which showed significant increase 
in OE-SHMT1 cells, but decrease in siHOXD8 cells. Similarly, the 
G2/M phage-related proteins were downregulated by OE-SHMT1 
but restored by siHOXD8 in OE-SHMT1 cells, demonstrating the 
role of the HOXD8-SHMT1 axis in regulating cell cycle signaling 
(Figure S4C). Taken together, these results suggested that HOXD8 
regulated the proliferation and migration of RCC cells through 
elevating SHMT1 expression.

3.6  |  HOXD8 acts as a transcription activator of 
SHMT1 in RCC cells

Since HOXD8 is a transcription factor, it may play a role in the 
regulation of SHMT1 expression. First, we established a HOXD8-
overexpressed cell line. RT-qPCR confirmed that the SHMT1 mRNA 
expression level was dramatically increased in OSRC-2 cells trans-
fected with pcDNA3.1-Flag-HOXD8 (Figure  S5A), suggesting that 
SHMT1 might be regulated by HOXD8. Therefore, we conducted 
a luciferase reporter assay with HEK293T cells to verify this hy-
pothesis. The results exhibited that the luciferase activity in cells 
cotransfected with pcDNA3.1-Flag-HOXD8 increased 1.5-fold com-
pared with the vector group (si-control group). To exclude the impact 
of endogenous HOXD8, we first knocked down the endogenous 
HOXD8 by siHOXD8 and then repeated the luciferase assay and 
found a more robust elevation of luciferase activity (Figure 6A). Sim-
ilar results were observed in OSRC-2 and ACHN cells (Figure S5B,C). 
These data indicated HOXD8 can induce SHMT1 promoter activity.

To identify the binding sequence of HOXD8 to SHMT1 promoter, 
we performed a binding analysis using the JASPAR online tool and 
predicted four recognizing sequences with the core sequence ATTA 
of HOXD8 (Figure 6B). By analyzing SHMT1 promoter, we found four 
motifs with the core sequence ATTA recognized by HOXD8 within 
1000 bp upstream of the transcription start site (TSS) of SHMT1 (Fig-
ure S6A). Two primers were designed to amplify the −456~−254 re-
gion and −920~−521 region for the ChIP assay (Figure 6C). The ChIP 
assay identified that the SHMT1 promoter at the −456~−254 region 
of the upstream TSS was more likely to be enriched by HOXD8 in 
OSRC-2 cells (Figure 6D), suggesting that HOXD8 was more likely 
to bind this region. To further validate this finding, we established a 
HOXD8-mutated plasmid, as well as an SHMT1 promoter P1 region-
mutated plasmid. Interestingly, either mutation resulted in defects 
on luciferase transcription in both 293T and ACHN cells by lucif-
erase assay (Figure S6B,C). These data suggested that HOXD8 is a 
transcription activator of SHMT1 in RCC cells.

4  |  DISCUSSION

Serine metabolism plays a role as the metabolic integrator of 
nutritional state in the process of cell physiology.33–35 The 
reversible interconversion of serine and glycine is catalyzed by 
either the cytosolic SHMT1 or mitochondrial SHMT2. Importantly, 
this reaction donates carbon units to the one-carbon metabolism 
network, required for the synthesis of protein, lipids, nucleic acids, 
and methylation reactions.36,37 In recent years, the activation 
of the SSP due to gene amplification and alterations of upstream 
regulators that promote key enzyme overexpression is considered 
to be involved in the occurrence of cancer, including RCC.5,9,10 Thus, 
it is imperative to know if SHMT1 is invloved in activation of SSP.

Here, we found that SHMT1 has low expression in human RCC 
tissues and is linked to poor prognosis in RCC patients. Overex-
pressed SHMT1 inhibited the proliferation of RCC cells both in 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Ducker%2BGS&cauthor_id=27211901


4592  |    YANG et al.

vitro and in vivo, as well as migration in vitro. The results sug-
gested that SHMT1 may act as tumor suppressor in RCC. Recently, 
Monti et al. discovered the SHMT2 mRNA-mediated crosstalk be-
tween SHMT isozymes in lung cancer cells, using this pattern to 
reprogram metabolism to get higher levels of available serine.23,38 
We have considered that there may be a selective activation be-
tween SHMT isozymes to regulate compartmentalized serine me-
tabolism in tumor cells. Therefore, it is more important for us to 

further identify the dependent patterns of serine metabolism in 
tumor cells.

In addition to exploring the role of SHMT1 in RCC, we have also 
identified the upstream regulators of SHMT1 for understanding how 
SHMT1 function is misregulated in tumorigenesis. In our study, up-
stream regulatory genes of SHMT1 were analyzed using kidney tran-
scriptome data of BXD family strains, a GWAS analytical model, in 
conjunction with the GEPIA2 tumor database. HOXD8 was identified 

F I G U R E  5  Knockdown of HOXD8 restores the inhibitory effect of serine hydroxymethyltransferase (SHMT)1 on renal cell carcinoma 
(RCC) cells. (A) The expression of SHMT1 and HOXD8 in OSRC-2 and ACHN cell transfected with pcDNA3.1-Flag-HOXD8 (OE-HOXD8) and 
vector plasmid (Vector). (B) Validation of SHMT1 expression in HOXD8-knockdown OSRC-2 and ACHN cells. (C) CCK8 assay showed the 
cell viability of OE-SHMT1 and control RCC cells transfected with siHOXD8 or siControl. (D) Scratch assay showed the migration ability of 
OE-SHMT1 and control RCC cells transfected with siHOXD8 or siControl. (E) Transwell assays were performed to verify the rescue role of 
knockdown HOXD8 in OE-SHMT1 RCC cells. C–E, n = 3 samples; all experiments were repeated twice. Scale: 100 μm. *p < 0.05, **p < 0.01, 
***p < 0.001.
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as a regulator of SHMT1 in RCC and linked to tumor progression and 
poor prognosis of KIRC patients. More intriguingly, knockdown of 
HOXD8 restored the inhibitory effect of SHMT1 on RCC cells, and 
ChIP assay confirmed that HOXD8 acted as a transcription factor 
to activate SHMT1 in RCC cells. However, studies have shown that 
high expression of SHMT1 promotes ovarian cancer by inducing pro-
oncogenic cytokines, such as IL-6/IL-8, through sialic acid stimula-
tion.19 In lung cancer, SHMT1 knockdown induced P53 dependent 
apoptosis.20 These findings implied that SHMT1 plays a cancer type-
dependent role, and the expression level of SHMT1 has impacts on 
one-carbon unit metabolism but also involves a signaling pathway. 
Thus, the outcome of SHMT1 expression on tumor development de-
pends on the specific tumor environment.

Worthy of note, overexpressed SHMT1 intensely led to G2/M 
phase cell cycle arrest in OSRC-2 cells and downregulated the ex-
pression of CDC20. CDC20 acts as an oncogenic role in a variety 
of human cancers including pancreatic cancer, breast cancer, and 
other cancers.39–41 Studies strongly argue for CDC20 as a novel 
anticancer therapeutic drug target. Taniguchi et al. showed that 
depletion of CDC20 induced G2/M cell cycle arrest in pancreatic 
cells.42 We hypothesized that SHMT1 blocked chromosome sepa-
ration and mitotic exit during the G2/M phase by downregulating 
CDC20. Additionally, other key check points were also inhibited by 
SHMT1 overexpression. The decreased activity of pCDC25 and the 
CDK1/Cyclin B complex and increased P21 altogether enhanced cell 
cycle arrest in G2/M phage. Altogether, these inhibitions on multiple 

F I G U R E  6  HOXD8 serves as a transcription activator of serine hydroxymethyltransferase (SHMT)1. (A) Luciferase reporter assay showed 
that HOXD8 targeted the SHMT1 gene promoter. 293T cells were transfected with siHOXD8 to knock down the endogenous HOXD8 first, 
followed by SHMT1-promoter-luc and pcDNA3.1-HOXD8 transfection. n = 3 samples. (B) The prediction of binding motif and position of 
HOXD8 on SHMT1 promoter by JASPAR online analysis (http://jaspar.gener​eg.net/). (C) SHMT1 promoter analysis of potential binding region 
to HOXD8. P1 and P2 indicate the designed PCR product. TSS, transcription starting site. (D) ChIP-qPCR assays were performed to verify 
the HOXD8 binding regions in SHMT1 promoter. n = 3 samples. **p < 0.01, ***p < 0.001. (E) The illustration of HOXD8-induced renal cell 
carcinoma (RCC) inhibition. The transcription factor HOXD8 binds to the TGGATTAT sequence on SHMT1 promoter and upregulates SHMT1 
expression. High level of SHMT1 results in cell cycle arrest through blocking multiple G2/M phase check points, such as p21, pCDC25, 
CDC20, as well as the CDK1/Cyclin B complex, leading to proliferation defects and finally tumor suppression.

http://jaspar.genereg.net/
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essential proteins led to RCC suppression (Figure 6E). However, the 
detailed mechanism needs to be further investigated.

In summary, our current findings demonstrate that SHMT1 func-
tions as a tumor suppressor in RCC, which can be activated by the 
transcription factor HOXD8 (Figure 6E), presenting a novel thera-
peutic strategy focusing on the regulation of SSP enzymes for RCC. 
However, the complex dynamic structure of the SHMT active site 
has so far hindered the development of effective inhibitors,43 and 
further elucidation of the mechanisms and clinical investigations are 
needed.
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