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miR-92a Inhibits Proliferation and Induces Apoptosis by Regulating
Methylenetetrahydrofolate Dehydrogenase 2 (MTHFD2)
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Aberrant expression of microRNA-92a (miR-92a) has been investigated in various cancers. However, the func-
tion and mechanism of miR-92a in acute myeloid leukemia (AML) remain to be elucidated. Our data showed
that miR-92a was evidently downregulated and methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) was
remarkably upregulated in AML cell lines HL-60 and THP-1. Dual luciferase reporter assay revealed that
MTHFD2 was a direct target of miR-92a. Gain- and loss-of-function analysis demonstrated that MTHFD2
knockdown or miR-92a overexpression notably inhibited proliferation and promoted apoptosis of AML cell
lines. Restoration of MTHFD2 expression reversed proliferation inhibition and apoptosis induction of AML
cells triggered by miR-92a. Moreover, an implanted tumor model in mice indicated that miR-92a overexpres-
sion dramatically decreased tumor growth and MTHFD?2 expression in vivo. Taken together, our results suggest
that miR-92a inhibits proliferation and induces apoptosis by directly regulating MTHFD2 expression in AML.
miR-92a may act as a tumor suppressor in AML, providing a promising therapeutic target for AML patients.
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INTRODUCTION

Acute myeloid leukemia (AML) is the most common
malignant myeloid disorder, mainly occurring in elderly
patients, and characterized by the accumulation of blast
cell and the blockage of myeloid differentiation in the bone
marrow'. Cytogenetic and molecular genetic abnormali-
ties lead to the clonal expansion of early hematopoietic
progenitor cells and obstruct the hematopoiesis of normal
bone marrow. Subsequently, AML patients suffer from
symptoms of anemia and thrombocytopenia’. Although
many AML patients have a response to induction che-
motherapy, the persistence of residual blast cells in the
bone marrow leads to a high relapse rate’. Therefore, it is
urgently needed to illuminate the pathogenesis and iden-
tify new therapeutic targets for AML.

Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)
is an enzyme encoded by the nuclear MTHFD2 gene on
chromosome 2 in humans®, which can produce a dual-
function mitochondrial enzyme with methylenetetrahy-
drofolate dehydrogenase and cyclohydrolase activities’.
MTHFD?2 is the most distinctively expressed metabolic
enzyme between cancer cells and normal cells, including

normal proliferating cells’. A previous study of mRNA
profiles spanning 19 cancer types revealed that MTHFD2
mRNA and protein expression was elevated in many
cancers, and MTHFD2 knockdown resulted in an obvi-
ous suppression of proliferation and cell death in diverse
cancer cell types’. MTHFD2 was overexpressed in breast
cancer, and MTHFD?2 silencing by RNAi blocked pro-
liferation, invasion, and migration in breast cancer cell
lines*’. Moreover, MTHFD2 suppression could impair
growth and induce myeloid differentiation in AML cell
lines and promote apoptosis in FLT3-ITD mutant AML°.

MicroRNAs (miRNAs) are small noncoding RNA
molecules that usually lead to gene silencing at the post-
transcriptional level through binding to complementary
sequences in the 3’-untranslated region (3’-UTR) of their
target mRNAs'’. miRNAs have been used as diagnos-
tic and prognosis biomarkers because of their function
as oncogenes or tumor suppressors in cancer''. Ample
evidence has demonstrated that various miRNAs are
closely associated with AML, such as miR-181a, miR-
193a, and miR-155">"*, miR-92a has been shown to play
a crucial role in different cancers. For instance, miR-92a
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overexpression was related to tumor metastasis and poor
prognosis in colorectal cancer', and promoted cell pro-
liferation and invasion of cervical cancer by targeting
FBXW7'. Downregulation of an miR-17-92a cluster
induced autophagy through targeting autophagy-related
gene ATG7 in prostate cancer cells'’. Moreover, a previ-
ous study found that downregulation of miR-92a in plasma
was identified as a novel biomarker for the detection of
leukemia'®, However, few documents have reported the
role of miR-92a in the development of AML.

In the present study, we aimed to investigate the effect
of miR-92a on AML cells and its underlying molecular
mechanisms.

MATERIALS AND METHODS
Cell Culture

The human bone marrow stromal cell line HS-5 and
human AML cell lines HL-60 and THP-1 were purchased
from the American Tissue Culture Collection (ATCC;
Manassas, VA, USA) and cultured at 37°C in humidified
5% CO,. All cells were grown in RPMI-1640 medium
(Gibco, Grand Island, NY, USA) with 10% fetal bovine
serum, 100 U/ml penicillin, and 100 pg/ml streptomycin
added.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the harvested HL-60,
THP-1, and HS-5 cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcribed to cDNAs
by M-MLYV reverse transcriptase (Invitrogen). An Applied
Biosystems 7500 Real-time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) and a SYBR Premix Ex
Taq™ kit (Takara Bio, Otsu, Japan) were used to conduct
the gRT-PCR. For miR-92a detection, a TagMan microRNA
assay (Ambion, Austin, TX, USA) was performed. The
relative expression of miR-92a and MTHFD2 mRNA was
calculated using the 27**Ct method with B-actin serving as
the internal reference.

Western Blot Analysis

The BCA Protein Assay Kit (Pierce, Rockford, IL,
USA) was used to detect the concentration of protein
extracted from cultured cells or resected tumors. Equiv-
alent protein samples were separated by 10% SDS-PAGE
and electrotransferred to polyvinylidene fluoride (PVDF;
Amersham Pharmacia, Little Chalfont, UK). The mem-
brane was incubated with the primary antibodies for
MTHFD2 (Cell Signaling Technology, Danvers, MA,
USA), Ki-67 (Cell Signaling Technology), Bax (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), Bcl-2 (Santa
Cruz Biotechnology), CytC (Santa Cruz Biotechnology),
or B-actin (Cell Signaling Technology), followed by horse-
radish peroxidase (HRP)-conjugated secondary antibody
(Santa Cruz Biotechnology). The blots were detected using
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an enhanced chemiluminescence kit (ECL; Amersham
Biosciences, Piscataway, NJ, USA) and visualized with the
Image Quant software (Molecular Dynamics, Sunnyvale,
CA, USA).

Cell Transfection

miR-92a mimics (miR-92a), miR-92a inhibitor (anti-
miR-92a), siRNA targeting MTHFD2 (si-MTHFD2),
and the scramble negative controls (miR-control and si-
control) were synthesized by Dharmacon (Lafayette, CO,
USA). pcDNA empty vector and pcDNA-MTHFD2 were
obtained from Invitrogen. To overexpress or inhibit miR-
92a, HL-60 and THP-1 cells were transfected with miR-
92a mimics or anti-miR-92a using Lipofectamine 2000
(Invitrogen). To knock down or upregulate MTHFD2,
si-MTHFD2 or pcDNA-MTHFD2 was transfected into
HL-60 and THP-1 cells according to the Lipofectamine
2000 specification.

Flow Cytometry

Cell apoptosis was determined according to the manu-
facturer’s instructions included within the Annexin-V-
FITC Apoptosis Detection Kit (Sigma-Aldrich, St. Louis,
MO, USA). Briefly, cells were harvested, washed, and
resuspended in PBS, followed by incubation with stain-
ing solution (5 ul of annexin V-FITC and 10 ul of PI)
in the dark for 15 min at room temperature. Cells were
then analyzed using FACSCalibur Flow Cytometer (BD
Biosciences, San Jose, CA, USA) with FACSDiva soft-
ware V6.1.3 (BD Biosciences).

Cell Viability Assays

HL-60 and THP-1 cells transfected with the miR-92a
mimic, si-MTHFD2 or miR-92a mimic, and pcDNA-
MTHFD?2 were seeded into a 96-well plate at a density
of 4x10* cells per well. After 24, 48, and 72 h of incuba-
tion, cell viability was determined by the cell counting
kit-8 (CCK-8; Dojindo, Kumamoto, Japan) following the
manufacturer’s protocol. An enzyme-linked immunosor-
bent assay reader (Bio-Rad Laboratories, Hercules, CA,
USA) was used to measure the absorbance of each well
at 450 nm.

Luciferase Reporter Assay

To determine whether MTHFD?2 is a direct target of
miR-92a, the luciferase reporter assay was performed.
The 3’-UTR of MTHFD2 mRNA containing wild-type
(WT) or mutant (MUT) binding sequence of miR-92a
was amplified and inserted into the downstream of firefly
luciferase gene in the pGL3 vector (Promega, Madison,
WI, USA) to construct the pGL3-WT-MTHFD2 or pGL3-
MUT-MTHFD2 reporter. HL-60 and THP-1 cells were
seeded into 12-well plates at a density of 2x10°. When
cells reached 80% confluence, luciferase reporters were
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cotransfected with the miR-92a mimic or miR-control
into HL-60 and THP-1 cells using Lipofectamine 2000.
At 48 h after transfection, luciferase activity was mea-
sured with a Dual-Luciferase® Reporter Assay System
(Promega) and normalized to Renilla luciferase activity.

Tumor Formation in Nude Mice

A total of 3x10° HL-60 cells with miR-92a or miR-
control transfection were suspended in PBS and sub-
cutaneously injected into the right flank of nude mice
aged 4-6 weeks (n=6 per group). A slide caliper was
used to measure tumor length and width every 5 days
in order to calculate tumor volume according to the for-
mula: volume =Y x length x width®. Thirty-five days later,
tumors were harvested, and tumor weights were mea-
sured immediately after mice were sacrificed. qRT-PCR
and Western blot were applied to test the expression of
MTHFD2 in resected tumors. All animal procedures
were performed with the approval of the Local Medical
Experimental Animal Care Commission.

Statistical Analysis

SPSS 19.0 software (SPSS, Chicago, IL, USA) was
utilized to perform the statistical analysis. All data were
presented as means*=SD. Student’s #-test or one-way
ANOVA was used to compare the difference between two
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or more groups. A value of p<0.05 was set as the statisti-
cal significance.

RESULTS
Expression of miR-92a and MTHFD?2 in AML Cell Lines

To explore the role of miR-92a in AML, qRT-PCR
analysis was first performed to detect the expression
of miR-92a in AML cell lines HL-60 and THP-1, and
normal bone marrow stromal cell line HS-5. miR-92a
expression was less in HL-60 and THP-1 cells than in
HS-5 cells (Fig. 1A). MTHFD2 has been found to be
upregulated in many cancers. Thus, the expression level
of MTHFD2 was examined. The results revealed that
MTHFD2 mRNA (Fig. 1B) and protein (Fig. 1C and D)
were observably increased in HL-60 and THP-1 cells
compared with those in HS-5 cells. These data hinted that
miR-92a and MTHFD2 may be associated with the pro-
gression of AML.

MTHFD?2 Is a Direct Target of miR-92a

As is well known, miRNAs exert a role of suppress-
ing the expression of their target genes. Considering the
reverse expression level of miR-92a and MTHFD?2 in
AML cell lines, we suspected that MTHFD2 was targeted
by miR-92a. Therefore, the online TargetScan database
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Figure 1. Expression of microRNA-92a (miR-92a) and methylenetetrahydrofolate dehydrogenase 2 (MTHFD?2) in acute myeloid
leukemia (AML) cell lines. (A, B) Quantitative real-time PCR (qQRT-PCR) analysis was conducted to determine the expression of miR-
92a and MTHFD2 in AML cell lines (HL-60 and THP-1) and normal bone marrow stromal cell HS-5. (C, D) Western blot analysis was
performed to detect the protein level of MTHFD2 in HL-60, THP-1, and HS-5 cells. *p<0.05 versus HS-5.
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was used to predict potential target genes of miR-92a. The
results showed that the 3-UTR of MTHFD2 contained a
putative binding sequence of miR-92a (Fig. 2A). To verify
whether miR-92a could directly target MTHFD2, a dual
luciferase reporter assay was conducted in AML cells.
Cotransfection of pGL3-WT-MTHFD2 with miR-92a
brought about an obvious decrease in luciferase activity
compared with the control, but no significant difference
was found in the luciferase activity of pGL3-MUT-
MTHEFD?2 plasmid between the miR-92a mimic and the
control group in HL-60 and THP-1 cells (Fig. 2B). To fur-
ther confirm whether miR-92a could regulate MTHFD2
expression, HL-60 and THP-1 cells were transfected
with miR-92a mimic or inhibitor. miR-92a overexpres-
sion resulted in a decrease in mRNA and protein levels
of MTHFD?2 in both HL-60 and THP-1 cells (Fig. 2C
and D). Conversely, MTHFD2 mRNA and protein levels
were notably elevated in anti-miR-92a-transfected HL-60
and THP-1 cells. Taken together, these results revealed
that miR-92a directly targets MTHFD2 and negatively
regulates the expression of MTHFD2 in AML cells.

MTHFD?2 Knockdown Inhibits Proliferation and Induces
Apoptosis of AML Cell Lines

To confirm the role of MTHFD2 in AML, a loss-
of-function assay was performed by transfecting si-
MTHFD?2 into HL-60 and THP-1 cells. The influence of
MTHFD?2 on the proliferation and apoptosis of AML cells
was determined by the CCK-8 assay and flow cytometry
analysis, respectively. The CCK-8 assay determined that
MTHFD2 knockdown markedly suppressed cell prolif-
eration of HL-60 and THP-1 cells (Fig. 3A). Flow cytom-
etry analysis revealed that apoptosis rates were evidently
enhanced in si-MTHFD2-transfected HL-60 and THP-1
cells (Fig. 3B). Collectively, these results demonstrated
that MTHFD2 knockdown hindered proliferation and
promoted apoptosis of AML cells.

Restoration of MTHFD?2 Expression Relieves
the Proliferation Inhibition Triggered by miR-92a
Overexpression in AML Cells

To further investigate the effect of miR-92a on the pro-
liferation capability of AML cells and the possible mech-
anism, HL-60 and THP-1 cells were transfected with
miR-92a mimics or cotransfected with miR-92a mimics
and pcDNA-MTHFD?2. The results showed that miR-92a
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upregulation dramatically inhibited proliferation in both
HL-60 and THP-1 cells, whereas cotransfection of pcDNA-
MTHFD?2 abrogated this antiproliferation effect in the
same cells (Fig. 4A). Moreover, proliferation-related pro-
tein Ki-67 was markedly decreased in miR-92a mimic-
transfected HL-60 and THP-1 cells. However, MTHFD2
overexpression abolished the inhibitory effect of miR-
92a on Ki-67 expression (Fig. 4B and C). To sum up,
these results demonstrated that miR-92a overexpression
impeded the proliferation of AML cells through suppress-
ing MTHFD2.

Ectopic Expression of MTHFD?2 Reverses the Apoptosis
Induction Elicited by miR-92a in AML Cells

To better understand the underlying mechanism of the
growth inhibition caused by miR-92a, flow cytometry
analysis was carried out to estimate the effect of miR-92a
overexpression on apoptosis in AML cells. HL-60 and
THP-1 cells were transfected with miR-92a mimics or in
combination with pcDNA-MTHFD2. Overexpression of
miR-92a resulted in a prominent augmentation of apopto-
sis in HL-60 and THP-1 cells, whereas enforced expression
of MTHFD?2 overturned this effect (Fig. 5A). Moreover,
Western blot was performed to detect apoptosis-related
protein. Notably, Bax and CytC were evidently increased,
and Bcl-2 was distinctly decreased in miR-92a mimic-
transfected HL-60 and THP-1 cells (Fig. 5B). In contrast,
these effects were significantly rescued by the cotransfec-
tion of MTHFD2. Altogether, these data suggested that
miR-92a overexpression promoted the apoptosis of AML
cells by regulating MTHFD?2.

miR-92a Upregulation Inhibits AML Tumor
Growth In Vivo

To validate the biological function of miR-92a in the
tumor growth of an AML mouse model, HL-60 cells with
miR-92a or miR-control transfection were injected sub-
cutaneously into nude mice for tumor formation. The
tumor volume was examined every 5 days. After 35 days,
mice were sacrificed, and tumor weights were measured.
A remarkable inhibition was observed in the growth of
miR-92a-derived xenograft tumor compared with the
control group (Fig. 6A). Likewise, mice implanted with
miR-92a-transfected HL-60 cells produced tumors that
weighed less compared to those in the control group
(Fig. 6B). Furthermore, miR-92a overexpression led to

FACING PAGE

Figure 2. MTHFD? is a direct target of miR-92a in AML cells. (A) The putative and mutated miR-92a binding sequences in the
3’-untranslated region (3’-UTR) of MTHFD2 were shown. (B) Luciferase reporter assay in HL-60 and THP-1 cells cotransfected with
wild-type or mutant MTHFD?2 3’-UTR and miR-92a mimics or miR-control. (C) qRT-PCR analysis of MTHFD2 mRNA expression
in miR-92a mimic- or anti-miR-92a-transfected HL-60 and THP-1 cells. (D) Western blot analysis of the relative level of MTHFD2
protein in HL-60 and THP-1 cells transfected with miR-92a mimics or anti-miR-92a. *p <0.05 versus miR-control.
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was determined by the cell counting kit-8 (CCK-8) assay at different time points (0, 24, 48, and 72 h). (B) Cell apoptosis was measured
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si-control.

an apparent decrease in MTHFD2 mRNA and protein
expression in the excised tumors (Fig. 6C and D). There-
fore, overexpression of miR-92a suppressed AML tumori-
genesis in vivo.

DISCUSSION

In the present study, we found that miR-92a was evi-
dently downregulated and MTHFD2 was remarkably
upregulated in AML cells. Subsequent dual luciferase

reporter analysis confirmed that MTHFD2 is a direct
target of miR-92a. MTHFD2 knockdown or miR-92a
overexpression inhibited proliferation and induced apo-
ptosis of AML cells. Moreover, restoration of MTHFD2
expression reversed proliferation inhibition and apo-
ptosis induction of AML cells triggered by miR-92a.
Furthermore, it was revealed that miR-92a overexpres-
sion dramatically reduced AML tumor growth in vivo.
All these findings demonstrated that miR-92a suppressed
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Figure 6. miR-92a overexpression reduced the growth of AML cells in vivo. A xenograft model was constructed by subcutane-
ous injection of HL-60 cells transfected with miR-92a or miR-control. (A) Tumor size was measured with a caliper every 5 days.
(B) Tumors were isolated, and weights were assessed after mice were sacrificed at day 35. (C, D) The mRNA and protein level of

MTHFD?2 in removed tumors. *p <0.05 versus miR-control.

AML tumorigenesis in vitro and in vivo by inhibiting
proliferation and inducing apoptosis through directly
regulating MTHFD2 expression.

Increased evidence has revealed that miR-92a is abnor-
mally expressed and closely associated with the patho-
logical process in various cancers. For instance, miR-92a
was acknowledged to be upregulated in cervical cancer'’,
colorectal cancer', and gastric cancer®. Previous stud-
ies suggested that locked nucleic acid-induced miR-92a
deficiency could prevent proliferation and promote apo-
ptosis in colorectal cancer’ and acute megakaryoblastic
leukemia®. Moreover, cell viability was inhibited and
apoptosis was induced by miR-92a blockage in gastric
cancer”. However, downregulation of miR-92a expres-
sion was observed in other cancers, such as breast can-
cer* and melanoma®. Additionally, miR-92a inhibited
adhesion, invasion, and proliferation of ovarian cancer
cells by inhibiting integrin o5 expression®, which is
consistent with our results that miR-92a was downregu-
lated in AML cells and inhibits proliferation and induces

apoptosis of AML cells. The previous findings, together
with our results, demonstrate that miR-92a may function
as an oncogene or tumor suppressor in different cancers.

It is well known that miRNAs are involved in tumori-
genesis through modulating the expression of their target
genes. Previous studies revealed that miR-92a functioned
as an oncogene Or tumor SUppressor in various cancers
through suppressing its targets, including PHLPP2%,
p57%, BCL2L11%, FBXW7'®, MYCBP2”, integrin a.5%,
and CDH1"'. In the present study, TargetScan prediction
demonstrated that MTHFD2 was a target of miR-92a.
Subsequently, a luciferase reporter assay confirmed that
miR-92a directly targeted the MTHFD2 3’-UTR in HL-60
and THP-1 cells. Finally, Western blot analysis indicated
that miR-92a could inhibit MTHFD2 expression in the
AML cell lines HL-60 and THP-1. All these results sug-
gest that MTHFD?2 is a direct target gene of miR-92a in
AML cells.

MTHFD?2, a mitochondrial enzyme, was illustrated to
be decidedly upregulated in many cancers’. A previous
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study revealed that MTHFD2 promotes rapid cell growth
in mice during embryonic development®>. MTFHD?2 had
the potential to promote proliferation independent of its
dehydrogenase activity and colocalized to DNA synthe-
sis sites in the nucleus®. Additionally, it was illuminated
that elevated expression of MTHFD2 was associated with
the increased risk of bladder cancer*. The present study
showed that MTHFD2 was upregulated, and MTHFD2
knockdown inhibited proliferation and induced apoptosis
of AML cells. Moreover, forced expression of MTHFD2
abated miR-92a induced an antiproliferative and a pro-
apoptotic effect in AML cells. In agreement with our
findings, a previous study revealed that MTHFD2 was
a functional target of miR-9, and MTHFD?2 knockdown
mimicked the antiproliferative and proapoptotic activity
of miR-9 overexpression in breast cancer cells’.

In summary, miR-92a overexpression suppressed pro-
liferation and induced apoptosis of AML cells through
targeting MTHFD2. Our findings propose that miR-92a
could be a promising therapeutic target for patients with
AML. Because miRNAs can be regulated, one miRNA
can control multiple targets, and one target can be con-
trolled by many miRNAs, the regulatory network involv-
ing miRNAs is extremely complicated. Therefore, further
efforts are still needed to explore the deep regulatory
mechanism of miRNAs in AML.
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