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Abstract. MTHFD2 is a folate‑coupled mitochondrial meta‑
bolic enzyme which has been extensively studied in breast 
cancer; however, its molecular functions in this cancer remain 
unclear. The current study aimed to reveal the underlying 
mechanism of breast cancer. MTHFD2 expression status and 
prognostic value were determined using the Gene Expression 
Profiling Interactive Analysis database. To determine the 
function of MTHFD2 in breast cancer, MCF‑7 cells with 
stable overexpression of Flag‑MTHFD2 or depletion of 
MTHFD2 were generated. Cell Counting Kit‑8 and colony 
formation assays were used to examine the effect of MTHFD2 
overexpression or knockout on MCF‑7 cell proliferation and 
clonogenicity, respectively. Luciferase reporter and an AKT 
inhibitor (GSK6906) analysis were carried out to investigate 
the effect of MTHFD2 on the AKT signaling pathway. The 
results demonstrated that MTHFD2 expression level was 
higher in breast cancer tissues compared with adjacent normal 
tissues. Furthermore, patients with high MTHFD2 expres‑
sion had significantly poorer overall survival compared with 
patients with low MTHFD2 expression. In addition, ectopic 
expression of MTHFD2 promoted the tumorigenic proper‑
ties of MCF‑7 cells, including proliferation and clonogenicity. 
Conversely, depletion of MTHFD2 had the opposite effect on 
the malignant properties of MCF‑7 cells. Luciferase reporter 
demonstrated that MTHFD2 can significantly increase the ATK 

luciferase density. Furthermore, the Akt inhibitor GSK690693 
significantly decreased the increased clonogenicity caused by 
MTHFD2 overexpression in MCF‑7 cells. Taken together, the 
findings from the present study suggested that MTHFD2 may 
serve a protumor role in the malignancy of breast cancer by 
activating the AKT signaling pathway. These results provide an 
alternative theoretical foundation that could help the develop‑
ment of MTHFD2‑targeted breast cancer treatment.

Introduction

Breast cancer is the most common cause of cancer‑associated 
mortality and the second most frequently diagnosed malig‑
nancy in women, accounting for 0.627 million deaths and 
2.088 million new cases worldwide in 2018 (1,2). Prevention 
and early detection interventions have been used and have 
significantly contributed to outcome improvements and 
increased survival in patients with breast cancer (3). However, 
extensive evidence has demonstrated that gene‑related risk 
factors and genetic alternations serve critical roles in the occur‑
rence and progression of breast cancer (4), and have partially 
contributed to a sharp increase in the mortality rate of breast 
cancer in the last 40 years (5). A comprehensive understanding 
of the genetics and molecular pathogenesis of breast cancer is 
therefore crucial for clinical diagnosis and treatment.

MTHFD2 is a folate‑coupled mitochondrial metabolic 
enzyme characterized by methylenetetrahydrofolate dehydro‑
genase and cyclohydrolase activity (6). This mitochondrial 
enzyme has been reported to actively participate in folate 
one‑carbon metabolism and tetrahydrofolate (THF) cofactor 
cycling, which supply important precursors to maintain cell 
viability and proliferation  (7,8). It was demonstrated that 
suppression of MTHFD2 inhibits methylation reactions (7), 
decreases protein synthesis (9) and disrupts redox homeo‑
stasis (6,10), which may ultimately result in significant changes 
in cellular metabolic phenotype. Because MTHFD2 expression 
was reported as a key participant in the metabolic reprogram‑
ming in tumors (7) and a predictive factor of poor prognosis 
in patients with various types of cancer (8,11‑13), including 
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breast cancer (14), MTHFD2 has received increased attention 
recently and might be considered as a potential anticancer 
target. Numerous studies have also demonstrated a strong 
association between tumor cell phenotype and MTHFD2 
expression status (13,15,16).

In addition to the enzymatic activity of MTHFD2 in meta‑
bolic remodeling, certain non‑enzymatic activities have been 
reported. Sheppard et al (17) demonstrated that MTHFD2 is not 
only a mitochondrial enzyme but also a nuclear protein impli‑
cated in DNA synthesis, and that MTHFD2 overexpression 
confers tumor cell‑sustaining proliferative capacity indepen‑
dently of dehydrogenase activity, suggesting that MTHFD2 
might likely regulate cell proliferation in a non‑enzymatic 
manner. In non‑small‑cell lung cancer, MTHFD2 was also 
reported to display non‑enzymatic function, where MTHFD2 
silencing impaired tumor proliferation by modulating cell 
cycle‑associated genes (11). Furthermore, it has been demon‑
strated that cellular mediators of signal transduction are 
integrated in tumor cell metabolic reprogramming to support 
metabolic autonomy (18). Subsequently, it could be hypothe‑
sized that MTHFD2 may serve different metabolic regulatory 
roles in breast cancer malignancy in a non‑enzymatic manner.

AKT activation is known to be involved in the regulation 
of metabolic fluxes different from canonical allosteric mecha‑
nisms of pathway regulation, and to modulate complementary 
aspects of cellular metabolism (18). The present study exam‑
ined the impact of MTHFD2 on the proliferation and colony 
formation ability of MCF‑7 cells. In addition, the underlying 
molecular mechanisms of MTHFD2 in breast cancer carcino‑
genesis and progression were investigated.

Materials and methods

Cell culture. MCF‑7 cell line and 293T cells were purchased 
from the China Center for Type Culture Collection. All cells 
were cultured in DMEM medium (Invitrogen; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS and 100 U/ml 
penicillin‑streptomycin and placed at 37˚C in a humidified 
incubator containing 5% CO2. The MCF‑7 cell line was authen‑
ticated by STR profiling. 

Plasmid construction and transfection. For overexpressing the 
candidate gene, PCR‑amplified MTHFD2 cDNA was ampli‑
fied from MCF‑7 cells by Tianyihuiyuan and inserted into a 
PHAGE puro retrovirus vector (Addgene, Inc.) with a Flag tag 
by BamHI and NotI (Thermo Fisher Scientific, Inc.) digestion, 
resulting in MTHFD2‑Flag PHAGE puro. 293T cells (2x105) 
were transduced with 1.3 µg MTHFD2‑Flag PHAGE puro or 
1.3 µg the empty control vector as previously described (19) for 
24 h, as previously reported. Subsequently, 3x103 MCF‑7 cells 
were infected with 10 µl filtered virus supernatants following 
by a dual puromycin selection (1 µg/ml, 7 days). Western blot‑
ting and reverse transcription quantitative (RT‑q) PCR were 
used to confirm MTHFD2 overexpression. MTHFD2 primer 
(Tianyihuiyuan) were as follows: Forward primer GGA​TCC​
AGA​TCA​AGC​AGG​AAG​TGC​GG; reverse primer GTC​TCA​
CTG​TTG​ATT​CCC​ACA​CCG​GCG​.

MTHFD2‑def icient  MCF‑7 cel ls  were gener‑
ated by CRISPR/Cas9‑mediated genome edit ing 
technology. The single guide RNA (sgRNA) was designed via 

(http://sam.genome‑engineering.org/), and the sequence of 
sgRNA targeted MTHFD2 exon 1 is was 5'‑GCC​ACA​CCT​
GAG​TGT​GAT​CC‑3' as described previously (19). Briefly, 2,500 
MCF‑7 cells per well were seeded at 6‑well plate to 60‑70% 
confluence and were infected with 350 ng MTHFD2 sgRNA 
or wild‑type Cas9 plasmids (Addgene, Inc.; cat. no. 42230) 
using Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.) 
for 2 days. The MTHFD2 knockout clones were screened with 
1 µg/ml puromycin for 7 days. MTHFD2 loss was confirmed 
in MCF‑7 cells by western blotting. Two knockout cell clones, 
MTHFD2‑/‑1# and MTHFD2‑/‑2#, were chosen for subsequent 
experiments. The uninfected cells were used as the control.

RT‑qPCR. RNA isolation from MCF‑7 cells was performed 
using via a High Pure RNA isolation kit [Roche Diagnostics 
(Shanghai) Co., Ltd.]. The RNA was reversely transcribed into 
cDNA using the SuperScript VILO cDNA kit (Thermo Fisher 
Scientific, Inc.). Thermocycling conditions of RT‑PCR is 95˚C 
for 5 min, followed by 40 cycles of 95˚C for 10 sec, 60˚C for 
20 sec and 72˚C for 30 sec. MTHFD2 primers used were as 
follows: Forward, 5'‑GAG​CTT​TGG​AGA​AAC​CAG​CC‑3'and 
reverse 5'‑CAG​AAG​AAC​GAG​GAC​GGA​GG‑3'. Quantitative 
PCR was performed using Brilliant  II SYBR‑Green 
RT‑qPCR kit (Merck & Co., Inc.). qPCR thermocycling condi‑
tions were as follows: 94˚C for 5 min; 40 cycles of 95˚C for 
20 sec; and 72˚C for 30 sec. Gene expression values were 
analyzed with 2‑ΔΔCq method (20).

Cell proliferation and colony formation assay. To determine 
the role of MTHFD2 in breast cancer malignancy, in vitro 
functional assays were performed to compare the effect of 
MTHFD2 overexpression and MTHFD2 deficiency in MCF‑7 
cells.

Cell proliferation was determined using the Cell Counting 
Kit‑8 (CCK‑8; Abmole Bioscience, Inc.). Briefly, cells were 
seeded into 96‑well plates at the density of 1,000 cells per 
well for 1, 3 and 5 days. Cells were incubated with CCK‑8 
and incubated at 37˚C for 2 h. Absorbance was read at 450 nm 
using a microplate reader.

For the colony formation assay, 2x102 cells were seeded 
into six‑well plates for 14 days at 37˚C and 5% CO2. Methanol 
and 0.1% crystal violet were used for fixation and staining of 
colonies at room temperature, respectively. The number of 
colonies was imaged using a camera [DSC‑HX90; SONY 
(China), Co. Ltd.] and quantified.

Luciferase assay. Since AKT is an oncogenic checkpoint in 
cancer cell metabolism (18), a luciferase assay was performed 
to examine the effect of MTHFD2 expression on the transcrip‑
tional activity of AKT. An AKT luciferase reporter plasmid 
was purchased from Yeasen Biotech Co., Ltd. and used for 
dual‑luciferase reporter assays. Briefly, 293T cells were seeded 
at the density of 2x105 cells/well in a 24‑well plate. Once the cells 
had reached 85‑90% confluence, they were transfected using 
Lipofectamine® 2000 with 200 ng pAKT‑luc reporter plasmids 
or 10 ng pRL‑TK plasmids (internal control) and then co‑trans‑
fected with MTHFD2‑Flag plasmids (0, 100, 200 and 400 ng). 
Two days post‑transfection, cells were lysed with TRIzol® 
(Invitrogen; Thermo Fisher Scientific, Inc.) and the lumines‑
cence activity of AKT was measured using a Dual‑Luciferase 
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Reporter Assay System (Promega Corporation) following 
the manufacturer's protocol. Subsequently, the luminescence 
activity of AKT in MTHFD2‑/‑ and normal MCF‑7 cells was 
analyzed. Firefly luciferase activity was normalized to Renilla 
luciferase activity.

Drug treatment. For AKT inhibition studies, MCF‑7 cells 
at 75‑85% confluence were treated with the AKT inhibitor 
GSK69069 (10 nM; MedChemExpress) for 24 h at 37˚C (21). 
Subsequently, a colony formation assay was performed 
in MCF‑7 cells (Ctrl) and MTHFD2‑overexpressing cells 
treated or not with GSK690693 (MTHFD2 or MTHFD2 + 
GSK69069).

Western blotting. MCF‑7 cells were ultrasonically lysed 
in RIPA buffer (Sigma‑Aldrich; Merck KGaA) and the 
collected supernatant was subjected to qualification with BCA 
methods. Proteins (20 µg) were separated by 15% SDS‑PAGE 
and transferred onto PVDF membranes. Membranes were 
incubated with 5% skim milk for 1 h at room temperature 
and with primary antibodies against MTHFD2 (1:1,000; 
cat.  no.  PA5‑28169; Thermo Fisher Scientific, Inc.), Flag 
(1:1,000; cat. no. A02010; Abbkine Scientific Co, Ltd.), and 
GAPDH (1:1,000; cat.  no.  K106390M; Beijing Solarbio 
Science & Technology Co., Ltd.) at 4˚C for 12 h. Membranes 
were then incubated with secondary anti‑rabbit or anti‑mouse 
antibodies (1:1,000; cat. nos. A32723 and A32731; Thermo 
Fisher Scientific, Inc.) for 1 h at room temperature. Bands were 
detected using HRP Color Development Solution. (Invitrogen; 
Thermo Fisher Scientific, Inc.).

Bioinformatics analysis. MTHFD2 expression data of 1,085 
Breast invasive carcinoma (BRCA) tissues and 291 adjacent 
normal tissues from the GEPIA database (22) (http://gepia.
cancer‑pku.cn/) were analyzed by unpaired Student's t‑test 
with a cutoff value of **P<0.01. The overall survival (OS) data 
for MTHFD2 were also analyzed via GEPIA using the Kaplan 
Meier method (cut‑off: 50%), plotting the survival curves on 
the basis of the MTHFD2 median values.

Statistical analysis. GraphPad Prism version 8 (GraphPad 
Software, Inc.) was used for statistical analysis, and data 
are expressed as the means  ±  standard error of the mean. 
Comparison between two groups was carried out using Student's 
t‑test, and comparison among multiple groups was performed 
using ANOVA followed by Dunnett's post hoc test. Data were 
representative of three independent experiments. P<0.05 was 
considered to indicate a statistically significant difference.

Results

MTHFD2 expression is increased in breast cancer tissues 
and associated with poor prognosis. To determine whether 
MTHFD2 is involved in breast cancer progression and prog‑
nosis, the GEPIA database containing 1,080 breast cancer 
tissues and 291 adjacent non‑tumor tissues was used to 
analyze MTHFD2 expression levels. The results demonstrated 
that MTHFD2 expression level was higher in breast cancer 
tissues compared with adjacent tissues though the difference 
was not significant (Fig. 1A). Furthermore, the results from 

Kaplan‑Meier and Log‑rank test analyses were carried out 
to evaluate the prognostic value of MTHFD2, and the results 
indicated that patients with high MTHFD2 expression had a 
worse prognosis compared with patients with low MTHFD2 
expression (Fig. 1B). Taken together, these findings suggest 
that MTHFD2 may serve a notable role in breast cancer 
progression.

MTHFD2 overexpression promotes MCF‑7 cell proliferation 
and clonogenicity. To evaluate the pathogenic role of 
MTHFD2 in breast cancer cells, MCF‑7 cells stably expressing 
Flag‑MTHFD2 were established. The results from western 
blotting and RT‑qPCR confirmed the successful overexpres‑
sion of MTHFD2 in vitro (Fig. 2A and B). Furthermore, MCF‑7 
cells stably expressing MTHFD2‑Flag displayed a higher 
proliferation rate and colony formation ability compared with 
control cells (Fig. 2C‑E). These data suggest that MTHFD2 
overexpression may promote breast cancer cell proliferation 
and clone formation ability in breast cancer.

MTHFD2 knockout weakens the proliferation and colony 
formation ability of MCF‑7 cells. The effect of MTHFD2 
knockout on proliferation of MCF‑7 cells was assessed. The 
efficiency of MTHFD2‑knockout by CRISPR/Cas9‑mediated 
genome was confirmed by western blotting  (Fig.  3A). 
Furthermore, MTHFD2 deficiency markedly retarded MCF‑7 
cell proliferation (Fig.  3B), as well as MCF‑7 cell colony 
formation ability (Fig. 3C and D). These data suggest that 
MTHFD2 knockout may inhibit proliferation and viability of 
breast cancer in vitro.

MTHFD2 activates the AKT signaling pathway. Since AKT is 
involved in oncogenic signaling and cancer metabolism (18), 
the relative luciferase activity of AKT modulated by MTHFD2 
was quantified using dual‑luciferase assays. The results 
demonstrated that AKT transcriptional activity was enhanced 
in an MTHFD2 expression‑dependent manner  (Fig.  4A), 
suggesting that AKT may be a direct regulator of MTHFD2 
in breast cancer cells. The transcriptional activity of AKT was 
also evaluated in normal and MTHFD2‑deficient MCF‑7 cells. 
The results demonstrated that MTHFD2 knockout yielded an 
inhibitory effect on the AKT‑mediated luciferase reporter 
expression. Subsequently, an AKT inhibitor, GSK69069, 
was used to inhibit AKT signaling in order to verify whether 
suppressing AKT signaling could counteract MCF‑7 cell clono‑
genicity caused by MTHFD2 overexpression. As presented in 
Fig. 4C and D, the colony formation ability increase following 
MTHFD2‑overexpression was abolished when cells were 
treated with GSK69069. These results indicate that MTHFD2 
may stimulate MCF‑7 cell proliferation and colony formation 
ability via the AKT signaling pathway.

Discussion

High expression of MTHFD2 has been considered as a prog‑
nostic indicator in breast cancer, and results from MTHFD2 
silencing in vitro have highlighted its metabolic role in breast 
cancer malignancy (20). However, a previous study reported 
that there is no association between tumor cell proliferation and 
the enzymatic activity of MTHFD2 (13); however, MTHFD2 
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may still be involved in signal transduction related to cell 
proliferation (17). In the present study, the high expression 
of MTHFD2 in breast cancer tissues, and its prognostic role 
in patients with breast cancer, was verified using the GEPIA 
database. Furthermore, this study demonstrated that MTHFD2 
may exert its oncogenic roles by modulating the AKT signaling 
pathway. These findings may enrich the theoretical basis of 
MTHFD2‑targeted therapy.

In recent years, MTHFD2 expression has been demon‑
strated to be increased in various types of cancer (7,11), such as 
renal cell carcinoma, colorectal cancer, and its overexpression 
is considered as an independent prognostic signature in patients 
with breast cancer  (14). In silico gene expression analysis 
carried out by Lehtinen et al (23) demonstrated that MTHFD2 
overexpression is associated with metastasis of patients with 
breast cancer. Immunohistochemistry staining performed by 
Liu et al (14) also confirmed the patients with breast cancer 
patients and high expression of MTHFD2 experienced an unfa‑
vorable clinical outcome. Similarly to these two previous studies, 
the present study demonstrated that MTHFD2 expression was 
significantly increased in breast cancer tissues compared with 
adjacent normal tissues, according to the GEPIA database. In 
addition, OS analysis highlighted the potential of MTHFD2 as 
a prognostic biomarker for patients with breast cancer. 

To further evaluate the oncogenic role of MTHFD2, 
functional assays were performed using MCF‑7 cells. The 
results from the present study demonstrated that MTHFD2 
overexpression increased MCF‑7 cell proliferation and colony 
formation ability, whereas MTHFD2 knockout had an inhibi‑
tory effect on MCF‑7 cell proliferation and colony formation 
ability. These results suggest that MTHFD2 may act as an 
oncogenic modulator in breast cancer cells, which is consistent 
with the results of a previous study on colorectal cancer (13). 
Lehtinen et al (23) also reported that RNAi‑mediated silencing 

of MTHFD2 decreased migration and aggressiveness, resulting 
in decreased breast cancer stem cell properties in  vivo. 
Koufaris et al (24) demonstrated that MTHFD2‑knockdown 
MCF‑7 cells presented with decreased proliferation and a 
slight decrease in their colony formation ability compared 
with parental cells after 72 h. Similarly, the present study 
demonstrated that MTHFD2‑deficient MCF‑7 cells showed 
no significant colony formation after 3 days (data not shown). 
In the present study, there was a difference in colony forma‑
tion ability between MTHFD2‑deficient and normal MCF‑7 
cells after day 14. Off‑target effects of the shRNA is also the 
possible reason to explain no impact on the colony formation 
shMTHFD2 caused. In addition, a significant difference in 
colon cancer xenograft tumor growth was observed between 
mice injected with MTHFD2‑knockdown or control HCT‑116 
cells; however, no effects of MTHFD2‑knockdown were 
detected in HCT‑116 cell proliferation in vitro (24), which was 
not the case in the present study. This difference may be due to 
the choice of cell line. 

It has been established that MTHFD2 functions as a 
critical enzyme in folate one‑carbon metabolism and regulates 
numerous physiological processes in tumor cells, including 
nucleotide metabolism and amino acid interconversion (25). 
Its enzymatic role was also supported by a recent study 
demonstrating that MTHFD2 confers redox cofactor prefer‑
ence to mitochondrial NADPH, which is advantageous for 
defense against redox equilibrium failure and which therefore 
supports cell proliferation (6).

In addition to the enzymatic role of MTHFD2, increasing 
attention has been paid to the non‑enzymatic functions of 
MTHFD2. The data from RNA profiling of NCI‑H1299 cells 
following MTHFD2 silencing indicated that cycle‑related 
genes, such as CCNA2, are overexpressed, implying 
that MTHFD2 might have no metabolic function  (13). 

Figure 1. MTHFD2 expression in breast cancer. (A) GEPIA database analysis demonstrated that MTHFD2 was overexpressed in 1,085 Breast invasive carci‑
noma (BRCA) compared with 291 adjacent normal tissues. (B) Prognostic significance of MTHFD2 expression in patients with breast cancer. Kaplan‑Meier 
analysis was performed to estimate the association between MTHFD2 expression level and overall survival time in patients included in the TCGA dataset. 
BRCA, breast cancer; TCGA, The Cancer Genome Atlas. 
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Furthermore, overexpression of MTHFD2 shows no reliance 
on its enzymatic activity to trigger tumor cell prolifera‑
tive phenotypes in breast cancer cells (17). In addition, the 
nuclear localization of MTHFD2 has been demonstrated, 
suggesting that MTHFD2 may be a nuclear protein likely to 
be involved in the regulation of apoptosis and transcriptional 
events in order to facilitate tumor cell proliferation  (17). 
These findings are supported by studies reporting that signal 
transduction pathways must participate in metabolic repro‑
gramming to meet biosynthetic requirements and support 
tumor cell proliferation (26,27). Furthermore, it has been 
reported that Pyrroline‑5‑carboxylate reductase 1, which 
is a mitochondrial metabolic enzyme, can regulate tumor 
cell phenotype by altering signaling pathways  (28). The 
PI3K/AKT signaling pathway has a crucial role in cellular 
metabolism (25). In the present study, a luciferase reporter 
gene assay was therefore performed to examine the effect 
of MTHFD2 on the changes in transcriptional activity of 
AKT. As expected, the AKT signaling pathway was mark‑
edly activated upon MTHFD2 overexpression, indicating 
that MTHFD2 may regulate MCF‑7 cell proliferation via the 
AKT signaling pathway.

AKT is an important molecule that senses numerous 
extracellular signals after being activated by various signal 
transduction cascades, including Bcr‑Abl, Her2/neu and 
Ras  (29). AKT activation has numerous effects to drive 
carcinogenesis of a number of types of cancers (29). Previous 

studies have reported that the AKT signaling pathway is a 
critical pathway by which tumor cell metabolism supports 
the metabolic autonomy of tumor cells (30,31). It has been 
demonstrated that the AKT oncogene is responsible for the 
shift toward aerobic glycolysis, which is a distinct feature 
of metallic remodeling in tumor cells  (29). The switch to 
aerobic glycolysis in tumor cells causes a high glycolytic 
rate and benefits cell survival by controlling mitochondrial 
homeostasis and preventing the activation of Bax  (32). 
Increased AKT‑induced metabolic alternations can also 
ensure a constant glycolysis and lactate production for 
both bioenergetics and biosynthesis to support tumor cell 
proliferation (33). In addition, AKT signaling can stimulate 
intracellular expression of nutrition transporter‑associated 
proteins to maintain enough cell‑autonomous nutrient uptake 
and capture  (34). MTHFD2‑mediated AKT signaling 
could therefore successfully regulate cell metabolism and 
signaling transduction, supporting therefore tumor cell 
self‑renewal/proliferation (35). The findings from the present 
study strongly support the non‑enzymatic role of nuclear 
MTHFD2 and explain why mutant MTHFD2, which lacks 
enzymatic activity, can still promote tumor cell proliferation. 
In the present study, activation of the AKT signaling pathway 
was decreased in MTHFD2 knockout MCF‑7 cells. In addi‑
tion, cell treatment with an AKT inhibitor inhibited the colonic 
formation ability caused by MTHFD2 overexpression. These 
results suggest that MTHFD2 overexpression activates the 

Figure 2. MTHFD2 overexpression increases the proliferation and clonogenicity of MCF‑7 cells. (A) Western blotting and (B) reverse transcriptase quantita‑
tive PCR were performed to verify the efficacy of MTHFD2‑Flag overexpression in MCF‑7 cells. (C) Cell Counting Kit‑8 assay was performed to examine 
MCF‑7 cell proliferation following transfection with control vector and Flag‑MTHFD2. (D and E) Colony formation assay was carried out to analyze the 
clonogenicity of cells transfected with control vector and Flag‑MTHFD2. ****P<0.0001. ***P<0.001. Ctrl, control; OD, optical density. 
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Figure 4. MTHFD2 stimulates AKT transcription and its MTHFD2 overexpression‑induced colony formation of MCF‑7 cells was impaired by AKT inhibitor 
(GSK6906). (A) Luciferase assays were performed to examine AKT transcriptional activity by co‑transfecting 293T cells with an AKT luciferase reporter and different 
amounts of MTHFD2 plasmid. *P<0.05 and ***P<0.001 vs. normal MCF‑7 cells. (B) Luciferase assays showing AKT transcriptional activity in MTHFD2‑knockdown 
MCF‑7 cells. *P<0.05 vs. MTHFD2‑overexpressing cells. (C and D) Colony formation assay was carried out to analyze the clonogenicity of MTHFD2 overexpression 
on colony formation followed cell treatment with GSK69069. *P<0.05 and **P<0.01 vs. Ctrl. ***P<0.001 vs. MTHFD2‑overexpressing cells. Ctrl, control. 

Figure 3. Genetic deletion of MTHFD2 impairs the proliferation and clonogenicity of MCF‑7 cells. (A) MTHFD2 expression in MTHFD2‑deficient 
and untransfected MCF‑7 cells (Ctrl) was examined by western blotting. (B) Cell Counting Kit‑8 assay was performed to examine the proliferation of 
MTHFD2‑deficient MCF‑7 cells. (C and D) Colony formation assay was carried out to analyze the clonogenicity of MTHFD2‑deficient MCF‑7 cells. *P<0.05 
and **P<0.01. OD, optical density. 
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AKT signaling pathway, enabling cancer cells to override the 
action of some limiting factors of cell proliferation in order to 
support biosynthesis metabolic phenotypes. However, AKT 
is not the only signaling pathway that is involved in the inte‑
grated metabolic reprogramming of tumor cells. For example, 
the Hippo pathway cascade has been demonstrated to be 
involved in cancer metabolic reprogramming (36). Future 
work will investigate the complex signaling networks medi‑
ated by MHTFD2 in breast cancer.

In summary, the present study demonstrated that the 
MTHFD2 expression level was increased in breast cancer 
tissues compared with adjacent normal tissues, and described 
its role on the stimulation of tumor cell proliferation via 
the AKT signaling pathway. This study demonstrated that 
MTHFD2 may increase proliferation of breast cancer cells 
via the AKT signaling pathway, complementing the sugges‑
tion of its enzymatic role in metabolic remodeling. These 
findings provide a theoretical basis for the use of MTHFD2 
as a potential druggable target for breast cancer therapy. 
However, the lack of data from different cell lines is the 
main limitation of the present study. Future investigation is 
required to further determine the role of MTHFD2 in breast 
cancer. 
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