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Abstract
Background: Numerous studies have reported that MTHFD2 is overexpressed in several human cancers
and functions as a valuable prognostic factor. However, little is known about its role in bladder cancer.

Methods: We carried out an in silicon analysis of MTHFD2 expression status in bladder cancer tissues
and the impact of MTHFD2 on the overall survival of patients. Flag-MTHFD2 plasmid and MTHFD2-
knockdown vector were constructed to investigate the function of MTHFD2. The role of MTHFD2 in
MTHFD2-overexpressing or MTHFD2-deficient EJ cells was examined using CCK8, colony formation
assays, soft agar assays and Transwell migration assays. A luciferase reporter assay was employed to
test the impact of MTHFD2 expression on the transcriptional activity of AKT and MYC. The expression of
CDK4 and CCND4 in MTHFD2-deficient EJ cells was detected by Western blot. To certify the AKT role in
MTHFD2-modulated EJ cell behaviors, a rescue assay were carried out by re-overexpression MYC in
MTHFD2-defienct EJ cells.

Results: By analyzing the GEPIA database, we found that the expression of MTHFD2 is increased in
bladder cancer tissues. Patients with high MTHFD2 displayed poorer survival than patients with low
MTHFD2. A series of in vitro functional assays revealed that ectopic expression of MTHFD2 enhanced
cell proliferative and migratory activity while MTHFD2 deficiency had the opposite impact on the
tumorigenic potential of EJ cells. Mechanistically, we found that overexpressing of MTHFD2 increased
AKT and MYC transcriptional activity. Two critical downstream effectors,CDK4 and CCND2 was
attenuated in MTHFD2-deficienct cells. Overexpression of MYC rescured the inhibitory effects of MTHFD2
deficiency in the CCND2 and CDK2 expression.

Conclusion: Overall, we first uncovered that MTHFD2 could play a protumor role in bladder cancer by
activating the AKT/MYC signaling pathway, which may highlight its prognostic potential in bladder
cancer and support the rationale for MTHFD2-targeted drug intervention.

Introduction
Bladder cancer is the most frequent neoplasm in the urinary system, accounting for 4.5% of newly
diagnosed cases and 3.0% of cancer-associated deaths[1]. Despite the improved treatment of bladder
cancer, its clinical outcome remains discouraging, especially for advanced bladder cancer [2, 3]. Currently,
it is recognized that many risk factors, including genetic variation, aggravate the burden of this malignant
disease[4]. Elucidating the underlying mechanism of these genes will be conducive to disentangling the
complex etiologic scenario of bladder cancer and guiding therapeutic decisions based on molecular
pathway alterations.

Metabolic reprogramming has been implicated in tumor occurrence, progression and metastasis through
alternation of the folate metabolism pathway. MTHFD2 is a critical C1‑folate‑utilizing metabolic enzymes
related to rapidly proliferating malignant tumors [5]. This mitochondrial enzyme can supply format for
purine or thymidine biosynthesis to support cell proliferation [6]. It can also regenerate NADH/NADPH to
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eliminate ROS and maintain redox balance, thus facilitating macromolecular synthesis[7]. Additionally,
MTHFD2 was identified to be a universal methyl donors [8]. Due to its involvement in these critical steps,
MTHFD2 has attracted substantial clinical and research interest. Overexpression of MTHFD2 has been
found in human solid cancers, including breast [9], renal[10], and pancreatic cancers[11], and is correlated
with unfavorable clinical outcomes[6]. The oncogenic potential of MTHFD2 in vitro or in vivo has been
validated in various cancers [12, 13].

Regarding the underlying mechanism of MTHFD2 in cell proliferation and tumorigenesis, most studies
have concentrated on metabolic phonotype alteration of its enzymatic function. However, its enzymatic
function has little impact on cell proliferative capacity [14]. A nonmetabolic role of MTHFD2 was also
reported to be involved in the progression of cancer. For instance, overexpression of MTHFD2 enhanced
the oncogenic activity of vimentin and lncRNA taurine-upregulated gene 1[10, 15, 16]. In non-small-cell
lung cancer, MTHFD2 knockdown attenuated tumor cell behaviors via regulating cell cycle-associated
genes[17]. These findings suggest that MTHFD2 has broader roles in neoplastic transformation and
tumorigenesis.

One paper demonstrated that the MTHFD2 SNP can increase bladder cancer risk [18]. However, no
studies have elucidated the biological function and pathological mechanism of MTHFD2 in bladder
cancer. In our study, we revealed an oncogenic role for MTHFD2 in bladder cancer. We also found that
MTHFD2 enhanced viability and migration via the AKT/MYC signaling pathway, which supports the
rationale of MTHFD2-targeted therapeutic intervention.

Methods
Bioinformation data mining and analysis

The MTHFD2 mRNA status in Bladder Urothelial Carcinoma (BLCA) was analyzed via the Gene
Expression Profiling Interactive Analysis (GEPIA) online database (http://gepia.cancer-pku.cn/) according
to the creator of this website. |Log2FC| Cutoff and p-value Cutoff were set as 1 and 0.01, respectively. For
the prognostic analysis of MTHFD2 in bladder cancer, the patients with BLCA was median dichotomized
into high MTHFD2 group and low MTHFD2 group (cutoff=50%).

Cell culture, plasmids and transfection

Bladder cancer cell line EJ and the HEK239T cell line were purchased from the Cell Bank Wuhan
University (China), and maintained in DMEM medium supplemented with 5% FBS and penicillin-
streptomycin 100 U/mL in a standard cell culture incubator (37°C, 5% CO2). The AKT and MYC luciferase
reporter gene vectors and Flag-MYC were gifted by school of life sciences, Wuhan University, Wuhan,
China. Cell transfection was achieved with the aid of Lipofectamine 2000.

Overexpression of MTHFD2 in EJ cells
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For construction of MTHFD2-flag plasmids, RT-PCRs were carried out to clone and amplify the human
MTHFD2 and MYC cDNA from EJ cells. The PCR-amplified products were cleaved with BamHI and SalI
and recovered by DNA gel recovery kit. The recovered SalI-BamH I sequences were inserted into pHAGE
puro with 6tag, named Flag-MTHFD2 vectors and were subsequently introduced into 1х105 HEK293T
cells for 2 days. The obtained retrovirus particles was filtered and infected EJ cells, following additional
two-day selection with puromycin at 1 µg/ml. The positive cells was further validated by western blot
analysis. The normal EJ cells served as the control.

Targeted depletion of MTHFD2 in EJ cells

MTHFD2 targeted depletion were produced in EJ cells via CRISPR/Cas9 system. The guide RNAs (gRNAs)
targeted exon 1 of MTHFD2 were designed via the CRISPR online software
(http://crispr.dfci.harvard.edu/SSC/) and inserted into pSpCas9 (BB)-2A-Puro plasmid. The recombinant
vectors were introduced into EJ cells for 48h and the cells was subjected to 1 μg/ml Puromycin screening
for 2 days. The MTHFD2 deficient EJ cells (KO-1, KO-2) were utilized for further cell functional assays
after validation by western blot. The normal EJ cells served as the control.

CCK8 assays

Cell proliferation rate was examined with CCK8 approach.5.0×103 cells /well EJ cells were plated in 96-
well plates. After 1, 3, and 5 days, 10 μl CCK8 solution was supplemented and cells were subjected to
another 2h incubation. The OD value was monitor at 450 nm with a microplate reader.

Colony formation assay

After trypsinization, the logarithmic growth phase EJ cells were made into single cell suspensions by
mechanical dissociation. A total of 2 × 102 EJ cells were seeded on dishes and incubated for 3 weeks.
After fixation with 4% paraformaldehyde, colonies of EJ cells were visualized using 0.5% crystal violet
and the crystal violet-stained colonies were counted under a microscope.

Soft agar colony formation assay

A 1 x 103 EJ cell-agarose suspension was pipetted onto a solidified bottom layer made of 0.5% agar in a
6-well plate. After 2-week growth of EJ cells, visible cell colonies were counted, and images were captured
at ×20 magnification.

Transwell cell migration assay

Migration media containing 5 x 105 EJ cells/100 μl were added to each Transwell insert onto the
receiving 12-well plate with medium containing 20% fetal bovine. After incubation for 2.5 h, the cell debris
on the upper side of the insert was removed. The cells that migrated across the membrane were fixed
with methanol for 10min, visualized with 1% crystal violet and counted using an inverted microscope.

http://crispr.dfci.harvard.edu/SSC/
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Luciferase reporter gene assay

Considering AKT activation in cell metabolism[19], we examined the change in transcriptional activity of
AKT upon MTHFD2 stimulation using dual-luciferase reporter gene assays. 10 ng AKT Luc vectors and 5
ng prl-tk empty control plasmid were cotransfected into HEK293T cells with 0,50,100, and 200ng
MTHFD2-flag plasmids. After cotransfection for 2 days, the transcriptional activity was measured and
standardized by Renilla control luciferase activity.

Besides AKT transcriptional activity in MTHFD2 EJ cells, further luciferase reporter assays were
performed to examine the transcriptional activity of MYC which is one of active downstream molecules
of AKT signaling pathway in multiple types of cancers[20, 21]. In brief, 10 ng AKT Luc vectors or 10ng
MYC Luc vectors were separately introduced into 1.5 × 105 cells/well wide-type (WT) or both MTHFD2-
deficient EJ cells with 5 ng prl-tk empty control plasmid. AKT and MYC luciferase activities were assessed
again using the Renilla Luciferase assay kit.

Quantitative RT-PCR

Total RNA was extracted with Trizol agent and subjected for DNase І treatment. Subsequently, Denatured
RNA was reverse transcribed into CDNA with random primer and an oligo(dT) primer. mRNA expression
level was determined by qPCR with 2x SYBR Green qPCR SuperMix. The primers as follows:

CDK4:Forward primer GGATGACTGGCCTCGAGATG, Reverse primer: CAAGAAAGTTGGGCACTCCG;
CCND2: Forward primer CCAACACAGACGTGGATTGT, Reverse primer:CAACTGGCATCCTCACAGGT.
GAPDH: Forward primer CATGGCACCGTCAAGGCTGA, Reverse primer: ACGTACTCAGCGCCAGCATC.

Western blot analysis

Lysis of the indicated cells was performed by using RIPA buffer with cocktail inhibitor, and the
supernatants containing proteins were collected after centrifuging lysates. Next, the protein concentration
was determined by Bradford Assay, and equal amounts of proteins (20μg) were separated by 10% SDS-
PAGE. The separated proteins were transferred to PVDF membranes. The membranes were blocked to
eliminate nonspecific binding, and the primary and secondary antibodies were successively applied to
detect the signals on the membranes. The following primary antibodies were used: anti-flag,anti-
MTHFD2,anti-CCND2,anti-CDK4,anti-GAPDA。

Rescue of AKT activity by Overexpression of MYC

To verify if AKT/MYC is essential for MTHFD2-induced bladder cancer genesis and development, we
transfected the 1.5 × 105 MTHFD2-deficient EJ cells with Flag-MYC vectors. The CCND2 and CDK4
expression was visualized by westernblot in widetype (WT), KO EJ cells and MYC-reexpressing KO EJ
cells.

Statistical Analysis
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All data were analyzed by Prism 8 statistical software. A difference was considered significant if p was
less than 0.05. All data from experiments are presented as the mean ± SEM. Comparisons of two
variables were examined with unpaired two-tailed Student’s t test. Comparisons of multiple variables were
examined by ANOVA with Tukey’s post hoc test.

Results
MTHFD2 upregulation exists in bladder cancer tissues and predicts an unfavorable clinical outcome.

First, we examined MTHFD2 expression in 404 bladder cancer tissues and 28 normal paratumor tissues
from the TCGA database, and the elevation of MTHFD2 expression was observed in bladder cancer
tissues (Figure 1A). Moreover, survival analysis between MTHFD2-high and MTHFD2-low bladder cancer
patients demonstrated that MTHFD2 functioned as a poor prognostic indicator in bladder cancer (Figure
1B).

Upregulation of MTHFD2 influences the cell viability and migration of EJ cells.

Given the abovementioned role of MTHFD2, we overexpressed this protein in EJ cells, as verified by
western blotting (Figure 2A). Subsequently, we quantified the effect of MTHFD2 on the viability and
tumorigenicity of EJ cells using CCK8, colony formation, soft agar and Transwell assays. As seen in
Figure 2B-2H, overexpression of MTHFD2 obviously enhanced viability, proliferation and migration,
indicating that MTHFD2 plays a critical role in the malignancy of bladder cancer.

Depletion of MTHFD2 lessens the tumor formation capacity of EJ cells.

To further explore the pathological role of MTHFD2 in bladder cancer, we next constructed MTHFD2-
deficient cell lines via the CRISPR/Cas9-mediated knockout system in EJ cells (Figure 3A). Next, we
performed a panel of quantitative assays to evaluate the effect of MTHFD2 deficiency on malignant cell
behaviors. Figure 3B, 3C and 3D showed that MTHFD2-deficient EJ cells showed lower colony formation
and cell proliferation rates than those in the normal cells. The obviously deceased tendency in the
invasive rate was also displayed in MTHFD2-deficient cells when compared with the untranfected cells
(Figure 3), indicating the oncogenic role of MTHFD2 in bladder cancer.

MTHFD2 triggersAKT signaling cascades

On account of the involvement of AKT in cellular metabolism reprogramming [19], we cotransfected
MTHFD2 overexpression plasmids and AKT-Luc reporter plasmids into HEK239T cells. As shown in
Figure 4A, MTHFD2 dose-dependently drove the transcriptional activation of AKT. The increased
transcriptional activities of AKT and MYC were also observed in wild-type (WT) EJ cells compared with
that in two MTHFD2-deficients EJ cells (Figure 4B). Subsequently, we tested the two critical downstream
effectors of AKT: CCND2 and CDK4 in two KO cell clones and the wild-type EJ cells. Unsurprisingly,
targeted depletion of MTHFD2 resulted in the reduced expression of CCND2 and CDK4 (Figure 4C and
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4D).These findings indicate that MTHFD2 modulated malignant cell behaviors via the AKT signaling
pathway.

MYC overexpression rescues the AKT activity in MTHFD2-deficient EJ cells

Subsequently, we performed an AKT function rescue assay to validate the MYC critical role of
MTHFD2/AKT-induced bladder cancer progression by re-exrepssing MYC in MTHFD2-deficient EJ cells.
The result manifested that re-expression of MYC in KO EJ cells led the promotion of CCND2 and CDK2
expression compared with WT and KO EJ cells (Figure 4E).Collectively, MTHFD2 enhanced the AKT-
induced EJ cell proliferation and migration by increasing MYC expression

Discussion
In our study, we identified that MTHFD2 was accumulated in bladder cancer tissues and that high
MTHFD2 expression was an independent prognostic factor for bladder cancer patients. More importantly,
we found that MTHFD2 suppressed cell viability, proliferation and migration in EJ cells by positively
modulating of the AKT/MYC signaling pathway, which provided a novel theoretical basis for MTHFD2-
targeted therapy.

MTHFD2 overexpression has been examined in various solid cancers and likely represents a reliable
prognostic indicator for cancers [6]. Deregulation of MTHFD2 significantly affects the tumor formation
capacity of tumor cancer cells, including breast cancer[6], non-small-cell lung cancer[17], etc. Thus,
MTHFD2 could serve as a valid target for cancer treatment. Based on these results, we investigated the
impact of MTHFD2 on bladder cancer. Clinically, we compared MTHFD2 mRNA levels in 404 bladder
cancer tissues and 28 tumor-adjacent samples, and the results revealed that MTHFD2 was considerably
increased in bladder cancer specimens and associated with unfavorable clinical outcomes. In vitro,
MTHFD2 influenced the viability, proliferation and migration of EJ cells. These findings suggest that
MTHFD2 plays a putative role in the malignancy of bladder cancer.

MTHFD2 is reported as an established cancer-related metabolic enzyme that can help cancer cells
overcome growth restrictions and sustain chronic proliferation. A recent metabolic profile of ShMTHFD2
breast cancer cells demonstrated that MTHFD2 depletion contributed to increased glycolysis and glycine
auxotrophy as well as increased exogenous folate dependency, highlighting the enzymatic function of
MTHFD2 in metabolic alteration[22]. However, the abovementioned cell phenotype changes have no
evident mechanistic connection with MTHFD2-mediated one-carbon metabolism since rapid tumor cell
growth showed no absolute reliance on the reported enzymatic functions of MTHFD2[14]. In other words,
MTHFD2 may be involved in regulating some signaling to direct cell-autonomous nutrient uptake and
metabolism beyond its enzymatic role in metabolism. This finding was supported by a documented
viewpoint that signaling mechanisms played a critical role in physiologic cell proliferation and
tumorigenesis by regulating metabolic activity in proliferating cells[19]. Additionally, other mitochondrial
enzymes, such as PYCR1, were verified to influence tumor formation by deregulating signaling pathways
[23]. Subsequently, we carried out a dual-luciferase reporter gene assay to determine whether MTHFD2



Page 8/14

expression impacts the transcriptional activity of AKT, which is reported as the key signaling effector in
cell metabolism[19]. The results showed that overexpression of MTHFD2 significantly activated the
transcriptional activity of AKT. AKT is a critical regulator of AKT signaling cascade, and its activation
could trigger the accumulation of AKT which increases some transcriptional cell cycle regulators, such as
CDK4 and CCND2. Consistently, we also observed a considerably decreased mRNA level of CCND2 and
CKD4 in MTHFD2-defient EJ cells Therefore, MTHFD2 might cause AKT activation to increase tumor
cell malignant phenotypes and, thereby led to tumorigenesis in bladder cancer. In addition, our findings
offer a good explanation for why mutant MTHFD2, which has depleted enzymatic activity, can still
increase tumor cell proliferation and growth. Our findings are also supported by the nuclear localization
of MTHFD2 [14].

AKT functions as a critical component of the signal transduction of many cell-extrinsic signals and
affects various physiological and pathological processes. Notably, aberrant activation of AKT actively
regulates cellular metabolism in cancer cells to support macromolecular synthesis and cell survival in the
absence of growth factors[19]. First, activation of AKT can stimulate intracellular trafficking of facilitative
nutrient transporters to ensure various nutrient availability and guarantee cell survival and growth [24].
Second, AKT can regulate glucose homeostasis and strengthen aerobic glycolysis [25]. This switch is one
of the typical characteristics of metabolic reprogramming and is beneficial for both bioenergetics and
biosynthesis in cancer cells. Third, the AKT functional repertoire can be expanded by downstream
effectors. For example, AKT can promote protein biosynthesis by activating mTORC1[26],which is
reported to participate in regulation of the cyclin-dependent kinase activity and D-type cyclins
stability[27]. As another signaling pathway of regulate metabolism, the oncogenic Myc pathway is
reported to activate and reinforce metabolic pathways in transformed cells[28]. On the other hand, MYC is
a well-established downstream effector molecule of the AKT through which AKT governs multifaceted
procedure of various malignancies[29, 30]. To further detail the MTHFD2-medidated BC malignancy,
luciferase and rescue assays validated that the regulatory association between AKT and MTHFD2
through activation of MYC. Thereofore,MTHFD2 partly regulates metabolic alternation by activating the
AKT/MYC signaling pathway, which can maintain sufficient cell-autonomous nutrient uptake and enable
tumor cells to overcome normal physiologic constraints for cell doubling. However, aberrance of Akt and
Myc pathways are examined in various types of cancer [29, 30, 31], which may support the universality of
metabolic remodeling in tumor cells. Therefore, MTHFD2 may have a more complex regulatory network in
tumor cell proliferation and tumorigenesis. Next, work is required to clarify the complex regulatory role of
MTHFD2 in bladder cancer.

In short, we found that MTHFD2 is overexpressed in bladder cancer and confirmed its tumor-promoting
role in partly activating the AKT/MYC signaling pathway. Our findings broaden the knowledge about
MTHFD2-mediated metabolic reprogramming in cancer progression and enrich the theoretical basis for
the use of MTHFD2-targeted therapy in bladder cancer.
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Figures

Figure 1

MTHFD2 mRNA was enhanced in bladder cancer tissues and predicted prognosis in bladder cancer. A.
MTHFD2 mRNA expression was increased in bladder cancer tissues according to analysis of GEPIA data
containing 404 cancer tissues and 28 normal tissues. B. The prognostic value of MTHFD2 expression in
GEPIA-derived bladder cancer patients. MTHFD2-high patients displayed an unfavorable clinical
outcome.
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Figure 2

Overexpression of MTHFD2 promotes cell proliferation, viability and migration in EJ cells. A.
Overexpression of MTHFD2 was verified by western blot analysis. B and C. The viability of MTHFD2-
overexpressng and normal EJ cells was examined by colony formation assay. D. Cell proliferative rate of
MTHFD2-overexpressing and normal EJ cells was assessed by CCK8 assays. E and F. A soft agar colony
formation assay was performed to examine the impact of MTHFD2 overexpression on the anchorage-
independent tumor growth of bladder cancer cells. G and H. Transwell assays were implemented to
assess the migration rate of MTHFD2-overexpressing and normal EJ cells. *p < 0.05, ***p < 0.001

Figure 3
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MTHFD2 deficiency suppresses cell proliferation, viability and migration in EJ cells. A. Western blot
analysis confirmed MTHFD2 expression in MTHFD2-deficient and normal EJ cells. B. Cell proliferative
rate of MTHFD2-deficient and normal EJ cells was assessed by CCK8 assays. C and D. Colony formation
assays demonstrated the viability of MTHFD2-deficient and normal EJ cells. E and F. A soft agar assay
was executed to detect the anchorage-independent growth of MTHFD2-deficient and normal EJ cells. G
and H. Transwell experiments were utilized to test the influence of MTHFD2 depletion on the migration
rate of EJ cells. ****p < 0.0001

Figure 4

Overexpression of MTHFD2 activates the AKT/MYC signaling pathway. A, Dual-luciferase reporter gene
assays demonstrated that AKT transcriptional activity in the increased MTHFD2 ectopic expression
vectors in EJ cells. B. Dual-luciferase reporter gene assays manifested AKT and MYC activity in MTHFD2-
deficient EJ cells.C and D. MTHFD2 targeted depletion impaired the CDK4 and CCND2 expression level by
RT-qPCR and western blot. **p < 0.01,****p < 0.0001. E. reexpressing MYC rescued the expression of
CCND2 and CKD4 in MTHFD2-deficient EJ cells


