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miR-638 Regulates Differentiation and Proliferation in
Leukemic Cells by Targeting Cyclin-dependent Kinase 2*
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(Bacl(ground: Dysregulation of microRNAs (miRNAs) is associated with acute myeloid leukemia (AML).
Results: miR-638 up-regulation inhibited proliferation and promoted myeloid differentiation in AML leukemic cells by target-

Conclusion: miR-638 is a novel player in myeloid differentiation.
Significance: Our findings may provide new insights into the regulatory role of miRNAs in normal hematopoiesis and
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J

MicroRNAs have been extensively studied as regulators of
hematopoiesis and leukemogenesis. We identified miR-638 as a
novel regulator in myeloid differentiation and proliferation of
leukemic cells. We found that miR-638 was developmentally up-
regulated in cells of myeloid but not lymphoid lineage. Further-
more, significant miR-638 down-regulation was observed in pri-
mary acute myeloid leukemia (AML) blasts, whereas miR-638
expression was dramatically up-regulated in primary AML
blasts and leukemic cell lines undergoing forced myeloid differ-
entiation. These observations suggest that miR-638 might play a
role in myeloid differentiation, and its dysregulation may con-
tribute to leukemogenesis. Indeed, ectopic expression of miR-
638 promoted phorbol 12-myristate 13-acetate- or all-tramns-
retinoic acid-induced differentiation of leukemic cell lines and
primary AML blasts, whereas miR-638 inhibition caused an
opposite phenotype. Consistently, miR-638 overexpression
induced G, cell cycle arrest and reduced colony formation in
soft agar. Cyclin-dependent kinase 2 (CDK2) was found to be a
target gene of miR-638. CDK2 inhibition phenotypically mim-
icked the overexpression of miR-638. Moreover, forced expres-
sion of CDK2 restored the proliferation and the colony-forming
ability inhibited by miR-638. Our data suggest that miR-638 reg-
ulates proliferation and myeloid differentiation by targeting
CDK?2 and may serve as a novel target for leukemia therapy or
marker for AML diagnosis and prognosis.
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Acute myeloid leukemia (AML)? is a group of malignant
blood neoplasms characterized by uncontrolled proliferation of
myeloid precursor cells that fail to undergo terminal differen-
tiation to produce mature blood cells (1). To date, various
genetic aberrations, including translocations, inversions, dele-
tions, point mutations (2), and epigenetic alterations (3, 4), have
been identified in AML. Mechanistic studies in mouse models
reveal how these genetic or epigenetic abnormalities cause leu-
kemia. Such studies significantly facilitate the development of
anti-leukemia therapies and encourage further investigations.

As epigenetic regulators, microRNAs (miRNAs) are non-
coding RNAs of 19 -25 nucleotides in length that suppress gene
expression by repressing translation or accelerating the degra-
dation of target mRNAs (5). Numerous studies show that
miRNAs play pivotal roles in multiple biological processes,
including proliferation, differentiation, and apoptosis (6 — 8). In
addition, accumulating data suggest that miRNAs play crucial
roles in normal hematopoiesis (9-11). Dysregulation of
miRNAs is associated with AML (12, 13). For example, miR-26a
(14), miR-199b-5p (15), miR-29a, and miR-142-3p (7) are sig-
nificantly down-regulated in patients with AML and may be
therapeutic targets or markers for diagnosis and/or prognosis.

Recently, miR-638 was proposed as an important regula-
tor of development, tumorigenesis, hematopoiesis, and leu-
kemogenesis. Differential expression of miR-638 occurs dur-
ing early human embryonic development (16). miR-638 is
highly expressed in human vascular smooth muscle cells, pro-
moting proliferation and migration through suppression of
NOR1 (17). Furthermore, miR-638 is frequently down-regu-
lated in various solid tumors, such as stomach adenocarcinoma
(16). Indeed, miR-638 represses BaP-induced carcinogenesis by
targeting BRCAI (18). The presence of miR-638 in human
plasma samples suggests that miR-638 may function in blood

3The abbreviations used are: AML, acute myeloid leukemia; miRNA,
microRNA; PMA, phorbol 12-myristate 13-acetate; ATRA, all-trans-retinoic
acid; MNC, mononuclear cell; PCNA, proliferating cell nuclear antigen.
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TABLE 1
Primers used in this study

miR-638 Dysregulation Contributes to Leukemia

Underlined boldface characters indicate regions of the miR-638 seed sequences for mutation in luciferase reporter assay.

Name Sequences (5'-3")

Primers used in quantitative RT-PCR

ITGAM-F ACTGCTGCTCCTGGCCCTC

ITGAM-R GAAGCCCAAGCCCGTCCT
Primers used in plasmid construction

MDHI1-638-F AATATCTCGAGCCCGGGAGCAACGGCTACAGA

MDH1-638-R GAGTTGAATTCAATTAATTTTTATGGACAGCCCGAAAGAG

3'"UTR -CDK2-F ACTTACGCGTGGGCTATTTGGACTCAGG

3'"UTR -CDK2-R TAACAAGCTTAGCAAGAGCACTCAAGGAC

3'"UTR-CDK2-1F

CCAGACCGGGAAGCCTCCTGCTGCC

3"UTR-CDK2-1R

GCTTCCGGGTCTGGTCATCCCAAAC

3'UTR-CDK2-2F

CCCTACCGGGATTTTCCTCTGACGT

3"UTR-CDK2-2R

AAATCCGGGTAGGGATCCTTGGCAA

638_sites-F
638_sites-R

CGCGTAGGGATCGCGGGCGGGTGGCGGCCTAGGGATCGCGGGCGGGTGGCGGCCTA
AGCTTAGGCCGCCACCCGCCCGCGATCCCTAGGCCGCCACCCGCCCGCGATCCCTA

cells (19). miR-638 is also found in exosomes, which suggests
that miR-638 may be selectively packaged within these micro-
particles to serve as an antiviral molecule (20) or vector for
intercellular communication between hematological and non-
hematological cancer cells (21). The potential function of miR-
638 in hematopoiesis or leukemia is further supported by
reports that miR-638 is significantly up-regulated in leukemic
cells upon induction of terminal myeloid differentiation (7, 22,
23). These results indicate a potential role of miR-638 in normal
or abnormal hematopoiesis.

In this study, we focused on the function of miR-638 in the
differentiation and proliferation of leukemic cells. We found
that miR-638 was differentially expressed in myeloid cells but
not in lymphoid cells. Dysregulation of miR-638 was observed
in AML patients, implying that down-regulation of miR-638
may contribute to leukemogenesis. Indeed, overexpression of
miR-638 inhibited proliferation and promoted differentiation
of leukemic cell lines and primary AML blasts. Conversely, inhibi-
tion of miR-638 achieved the opposite effect. Further studies iden-
tified CDK?2 as a target of miR-638; miR-638 repressed colony for-
mation of HL-60 cells, and CDK2 overexpression rescued this
phenotype. Thus, we have identified miR-638 as a new player
whose down-regulation may contribute to leukemogenesis. miR-
638 may serve as a therapeutic target or diagnostic/prognostic
marker for leukemia therapy.

EXPERIMENTAL PROCEDURES

Cell Cultures, Blood Samples, and Induced Myeloid
Differentiation—Human leukemic cell lines HL-60, NB4, and
THP-1 were obtained from the Chinese Center for Type Cul-
ture Collection (Wuhan, China) and maintained in RPMI 1640
media (Invitrogen) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen). Myeloid differentiation was induced by
phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) or all-
trans-retinoic acid (ATRA) (Sigma-Aldrich) as described pre-
viously (7, 24, 25). Myeloid differentiation was detected by
staining cells with the FITC-labeled anti-CD14 or anti-CD11b
antibody or the corresponding isotype control antibody and
analyzed by flow cytometry. May-Griinwald-Giemsa staining
was applied to determine the morphology changes of leukemic
cell undergoing myeloid differentiation. For each sample, the
total cells and mature myeloid cells were counted under
microscopy in three fields.
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HEK293T cells were cultured with Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) supplemented with 10%
FBS. Peripheral blood or cord blood was obtained from
informed healthy donors or newly diagnosed AML patients,
respectively. Primary AML blasts or mononuclear cells (MNCs)
from healthy donors were isolated from peripheral blood sam-
ples on Ficoll-Hypaque density gradients and cultured as
described previously (26, 27). Blood cells with specific surface
markers were further purified from MNCs of healthy donors by
cell sorting with antibodies (APC-CD11b, PE-CD14, FITC-
CD45R, and PE-CD3¢). CD34™" stem cells were purified from
cord blood using a human cord blood CD34-positive selection
kit (StemCell Technologies, Vancouver, Canada); the purifica-
tion efficiency was further checked with an APC-CD34 anti-
body by flow cytometry. All antibodies used for flow cytometry
were purchased from Biolegend (San Diego, CA), BD Pharmin-
gen, and eBiosciences (San Diego, CA). Experiments involving
human blood samples were approved by the Medical Ethics
Committee of Zhongnan Hospital of Wuhan University, Tongji
Hospital of Huazhong Technology University, and Jiangsu
Province Hospital of TCM. An informed consent form was
obtained from each patient.

Quantitative Real-time RT-PCR—Total RNA was obtained
using RNAiso Plus (TaKaRa, Tokyo, Japan), and 1 ug of total
RNA was subjected to reverse transcription using the ReverTra
Ace qPCR RT kit (TaKaRa). Quantitative analyses of miR-638
were performed using Bulge-Loop™ miRNA quantitative RT-
PCR primer (RiboBio, Guangzhou, China) and Bestar® SYBR
Green quantitative PCR master mix (DBI Bioscience, Shanghai,
China) on an ABI Prism 7500 real-time PCR system (Applied
Biosystems). PCR amplifications were performed in triplicate at
95 °C for 10 s and subjected to 40 cycles of 95 °C for 15s, 60 °C
for 30s,and 72 °C for 30 s followed by a standard melting curve
analysis procedure. /6 snRNA and GAPDH were used as inter-
nal controls for miRNA and mRNA quantification, respec-
tively. The expression of miRNAs and mRNAs was determined
by the 2~ #4“* method. All of the reactions were performed in a
20-ul reaction volume in triplicate. The primer set for [TGAM
(CD11b) was listed in Table 1. Primers for CDI4, CSFIR,
CSF3R, MPO, and GAPDH were described previously (7).

Oligonucleotide Transfection—The miR-638 mimic and a
scrambled miR control, which is not homologous to any human

JOURNAL OF BIOLOGICAL CHEMISTRY 1819



miR-638 Dysregulation Contributes to Leukemia

A. B. .
<40 =8 = 5
o [0 . [}
3 3 3 1290 Vehicle
30 o ©10
(323 [32] ™
©20 a4l . b
x x .ﬂé
£ £ .
10 2] —ate HP- :
= = HL-60 5
& Lt eV NBs @
T r 11T B Normal AML Leukemic
ofbb‘,\@o\‘%g?orb‘b n=13"  n=10 cell lines
[y oo\x O
¢
5207 THP-14PMA 67 HL-60+ATRA 1207 HL-B0+PMA 167 NB4+ATRA
> > -
8 85 2
215 o = 90
8 Gq 3 o
g &) &
Es N E 304
K] 51 K]
LR — S roll L L1, x o
0 24 4872 hrs 0 24 4872 hrs 0 24 4872 96 hrs
100 —0h —0h 100 ; —0h
804 ig: igz 801 -24h
3 60 i 7on 8601 il L 7on| 8601 --48h
£ ] £ £ -72h
R 401 i xX X401 gen| X407 [fhw L 96h
20{ |: 204,
b\ SVIANE ok o2,
10"10'10%0°10" 10"10'10%1010° 1010'10%1010" 10"10'10%0*1¢*
CD14 CD11b CD14 CD11b

FIGURE 1. Lineage-specific expression of miR-638 and its dysregulation may contribute to myeloid leukemia. A, CD34™ cells and cells of different
lineages (CD11b™*,CD14*,CD45RA™, or CD3€e™) were purified by cell sorting. miR-638 expression was measured by quantitative RT-PCR. B, MNCs were isolated
from peripheral blood of healthy volunteer donors (Normal; n = 13) and acute myeloid leukemia patients (AML; n = 10). Expression levels of miR-638 in MNCs,
HL-60, THP-1, NB4, and U937 cells were analyzed by quantitative RT-PCR; *, p < 0.05 compared with control. C, MNCs were isolated from AML patients and
treated with PMA, ATRA, or vehicle for days as indicated. Expression of miR-638 in treated cells was measured by quantitative RT-PCR. Representative results
from one patient sample are presented. *, p < 0.05; **, p < 0.01; n.s., not significant. D, THP-1, HL-60 and NB4 cells were treated with PMA or ATRA for hours as
indicated. CD14 or CD11b expression was measured by flow cytometry (bottom), and expression of miR-638 was quantitated by quantitative RT-PCR (top). Error

bars, S.D.

genes; the miR-638 inhibitor (2'-O-methylated antisense oligo-
nucleotides designed to specifically target mature miR-638); a
nonspecific miRNA inhibitor control; and small interfering RNAs
(siRNAs) targeting human CDK?2 (si-CDK2) were all designed and
synthesized by RiboBio. Mimics, inhibitors, or siRNAs were trans-
fected into the suspension leukemic cells at working concentra-
tions of 100, 200, and 100 nm, respectively, using TheraSilence™™
lipopolyamine (Celsion Corp., Lawrenceville, NJ) following the
manufacturer’s manual. BLOCK-iT™ fluorescent oligonucleo-
tide (Invitrogen) was co-transfected to determine the transfec-
tion efficiency.

Generation of Stably Transfected HL-60 Cells—Retrovirus
stocks were prepared, and retrovirus infection was performed
as described previously (28). For overexpression of miR-638,
the miR-638 gene (610-bp genomic DNA harboring miR-638
mature sequence and flanking sequences) was cloned into the
MDH1-PGK-GFP 2.0 retroviral vector. For overexpression of
CDK2, the human CDK2 cDNA was cloned into pMSCV-puro
retroviral vector. Stable cell lines were selected by cell sorting or
puromycin treatment. Primers for vector construction are
listed in Table 1.

Cell Cycle Profiling and Proliferation Assay—For cell cycle
distribution analysis, cells transfected with miRNA mimics
were plated in 6-well plates and incubated for 48 h. Cells were
harvested, washed twice with PBS, and fixed in 75% ethanol at
4 °C overnight. After wash, cells were incubated with RNase A
(20 pg/ml) at 37 °C for 30 min and stained with 500 pg/ml
propidium iodide at 4 °C for 30 min. DNA content was detected
with a Beckman Coulter flow cytometer. For the proliferation
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assay, the transiently transfected (24 h) or stably transfected
HL-60 cells (10,000) were replated in triplicates and manually
counted at different time points. For experiments using the
CCK-8 kit, 1,000 (vehicle-treated) or 5,000 (inducer-treated)
cells were seeded into 96-well plates. After cells were incubated
with 10 ul of CCK-8 for 3 h at 37 °C, the optical density was read
at 450 nm with a microplate reader (Biotek). Each group had six
replicates.

Colony-forming Assay—For colony-forming assays, 500 cells
were suspended in RPMI 1640 medium containing 0.35% low
melting point agarose and 10% FBS and plated onto a bottom
layer containing 0.6% agarose and 10% FBS in 6-well plates.
After about 2 weeks of incubation, 1 ml of 2-(p-iodophenyl)-3-
(p-nitrophenyl)-5-phenyl tetrazolium chloride (1 mg/ml) was
added, and the plates were photographed 4 h later. The number
of colonies was counted by Image] software (National Institutes
of Health).

Luciferase Reporter Assay—Fragment (815 bp) from the
3'-UTR of CDK2 mRNA (NM_001798.3) harboring putative
miR-638 binding sites was amplified from the human genome
and subcloned into the pMIR-REPORT™ luciferase vector
(Applied Biosystems) to obtain the wild-type reporter plasmid
(CDK2-WT). Constructs with mutations in either of two puta-
tive binding sites or both were generated by overlapping PCR
and designated as CDK2-M1, CDK2, or CDK2-DM, respec-
tively. A construct with a double mutation in two binding sites
(CDK2-DM) was cloned by using the template CDK2-M1 and
the primers (listed in Table 1). A synthetic binding site with two
tandem repeats complementary to the mature sequences of
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FIGURE 2. Ectopic expression of miR-638 promotes myeloid differentiation in THP-1 and HL-60 cells induced by PMA or ATRA. A, THP-1 and HL-60 cells
were transfected with control mimic (Ctrl) or miR-638 mimic. Levels of miR-638 in the transfected cells were measured by quantitative RT-PCR. Comparative
real-time PCR was performed in triplicate and normalized to U6 snRNA. B, miRNA transfection efficiency was determined by co-transfecting cells with BLOCK-iT
Oligo (Invitrogen) and detected (24 h after transfection) by flow cytometry. Cand D, PMA-treated THP-1 cells or ATRA-treated HL-60 cells were further stained
with a fluorescence-conjugated antibody against CD14 or CD11b, and the expression of CD14 or CD11b was detected by flow cytometry (left). Numbers in the
graphs represent the percentages of positively stained cells after PMA or ATRA treatment for 72 h (blue histograms) compared with vehicle-treated cells (red
histograms). A representative experiment of three is presented (left). The bar graph shows statistics for flow cytometry (right). E and F, the morphology of the
treated cells was examined by staining cells with May-Griinwald-Giemsa, and the representative images are shown at X200 magnification. The black arrows
indicate mature macrophages or segmented neutrophils after treatment for 72 h, and numbers indicate their percentages. G and H, PMA-treated THP-1 cells or
ATRA-treated HL-60 cells were collected, and the expression levels of myeloid differentiation markers (CD14, ITGAM, CSF1R/CSF3R, and MPO) were measured by
quantitative RT-PCR. Comparative real-time PCR was performed in triplicate and normalized to GAPDH mRNA. Error bars, S.D. *, p < 0.05; **, p < 0.01.

miR-638 was also cloned into the pMIR-REPORT™ vector
(638_sites) and used as a positive control. HEK293T (2 X 10°)
cells were seeded in a 24-well plate and transfected with 100 ng
of reporter vectors, 10 ng of pRL-TK, and a final concentration
of 100 nM miR-638 or negative control mimic using Lipo-
fectamine 2000 reagent (Invitrogen). Forty-eight hours later,
cells were collected for luciferase activity assays with the Dual-
Luciferase assay system (Promega).

Immunoblot Analysis—Total cell extracts (10 ug) were frac-
tionated by electrophoresis on 10% SDS-polyacrylamide gels
and transferred to nitrocellulose membranes (Millipore).
Membranes were further probed with antibodies against
human CDK2, cyclin D1, PCNA (1:1,000) (Cell Signaling Tech-
nology), HSC70, or B-actin (1:5,000 dilution) (Santa Cruz Bio-
technology, Inc.) followed by incubation with a 1:5,000 dilution
of HRP-conjugated secondary antibodies (Santa Cruz Biotech-
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nology). After wash, membranes were incubated with Pierce
ECL Western blotting substrate (Thermo Fisher Scientific),
and the protein bands were visualized by autoradiography.

Statistical Analysis—Data are presented as means = S.D. of
triplicates. Student’s ¢ test (unpaired, two tails) was used to
analyze differences in two groups, and a p < 0.05 value was
considered to be significant. Statistical analysis was performed
with GraphPad Prism version 5.0 (GraphPad Software). The
correlation between miR-638 and CDK2 expressions in AML
blasts was tested with a two-tailed Pearson’s correlation test. A
p value of <0.05 was considered to be significant.

RESULTS

Differential Expression of miR-638 in Myeloid Lineage and
miR-638 Dysregulation May Contribute to AML—We first
measured the expression of miR-638 in different blood cell lin-
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FIGURE 3. miR-638 inhibition impairs myeloid differentiation in THP-1 and HL-60 cells induced by PMA and ATRA. A and B, THP-1 and HL-60 cells were
transfected with control (Ctrl) or miR-638 inhibitors (miR-638 inh.). Expression of miR-638 in the transfected cells was measured by quantitative RT-PCR. C and
D, transfected THP-1 and HL-60 cells were treated with (PMA) or without (Vehicle) PMA for 72 h. Cells were further stained with a fluorescence-conjugated
antibody against CD14 or CD11b, and the expression of CD14 or CD11b was detected by flow cytometry (left). The bar graph shows statistics for flow cytometry
(right). E and F, the morphology of the treated cells was examined by staining cells with May-Griinwald-Giemsa, and the representative images are shown at
X200 magnification. The black arrows indicate mature macrophages or segmented neutrophils after treatment for 72 h, and numbers indicate their percent-
ages. G and H, the expression levels of myeloid differentiation markers (CD14, ITGAM, CSF1R/CSF3R and MPO) were measured by quantitative RT-PCR in

PMA-treated THP-1 or ATRA-treated HL-60 cells. *, p < 0.05; **, p < 0.01, compared with control with Student’s t test. Error bars, S.D.

eages to assess its potential role in hematopoietic cell develop-
ment. We found that miR-638 expression was developmentally
up-regulated in myeloid lineages compared with that of CD34™"
cells (~10-fold increase in CD11b™ cells and ~30-fold increase
in CD14™ cells). In contrast, miR-638 was barely detectable in
cells of the lymphoid lineage (CD45RA™ B-cells and CD3e™"
T-cells) (Fig. 1A4). Interestingly, miR-638 was significantly
down-regulated in leukemic cells in both primary AML sam-
ples (n = 10) and cell lines, including THP-1, HL-60, NB4, and
U937, compared with that of MNCs isolated from the periph-
eral blood of healthy volunteers (n = 13) (Fig. 1B). These obser-
vations suggest that miR-638 may play a role in human myeloid
differentiation, and its dysregulation may be involved in
leukemogenesis.

In support of this idea, we found significant up-regulation of
miR-638 during PMA- or ATRA-induced myeloid differentia-
tion of primary AML blasts, compared with that of untreated
(vehicle) control (Fig. 1C). Furthermore, miR-638 up-regula-
tion was also detected during PMA- or ATRA-induced myeloid
differentiation of leukemic cell lines in vitro. THP-1, derived
from an acute monocytic leukemia patient, can be differenti-
ated into monocytic/macrophage-like cells by PMA treatment
(29), whereas, as a kind of promyelocytic leukemia cell line,

1822 JOURNAL OF BIOLOGICAL CHEMISTRY

HL-60 can be induced by either PMA or ATRA to differentiate
into a monocytic/macrophage- or granulocytic-like phenotype,
respectively (30). As expected, up-regulation of miR-638 coin-
cided with increased myeloid-specific surface markers CD14
and CD11b in THP-1 and HL-60 cells induced by PMA or
ATRA, respectively (Fig. 2D). In addition, elevated miR-638
expression was also observed in NB4 cells, an acute promyelo-
cytic leukemia cell line (31), undergoing granulocytic differen-
tiation induced by ATRA. These findings demonstrate that
myeloid differentiation and miR-638 expression may correlate
with each other, suggesting a regulatory role of miR-638 in
myeloid differentiation.

miR-638 Promotes Forced Myeloid Terminal Differentiation
of Leukemic Cells—T o investigate the role of miR-638 in leuke-
mic cell differentiation, we used THP-1 and HL-60 cells as
models of myeloid differentiation. We transiently transfected
these cells with either synthetic miR-638 mimics or scrambled
mimics as a control. The expression levels of mature miR-638 in
THP-1 and HL-60 cells were confirmed by quantitative RT-
PCR (Fig. 2A). The transfection efficiency was determined by
BLOCK-iT and was more than 90% in both groups (Fig. 2B).
The transfected cells were then treated with PMA or ATRA for
72 h, and monocytic or granulocytic differentiation was mea-
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sured. When compared with the cells treated by vehicle, the
proportions of CD14 (monocyte specific marker)- and CD11b
(granulocyte-specific)-positive cells were both significantly
higher in miR-638-transfected THP-1 cells (34.6% for miR-638
versus 23.8% for control; Fig. 2C) and HL-60 cells (41.4% for
miR-638 versus 29.4% for control; Fig. 2D), respectively, as
measured by flow cytometry. During forced myeloid differenti-
ation, PMA- or ATRA-treated leukemic cells always show sig-
nificant morphological changes. As revealed by May-Griin-
wald-Giemsa staining, a greater number of differentiated
monocytes was observed in THP-1 cells transfected with miR-
638 mimics compared with control cells (Fig. 2E). Similarly,
ATRA-treated HL-60 cells exhibited the typical characteristics
of granulocytes with multiple nuclear lobules, whereas miR-
638-transfected HL-60 cells showed greater numbers of mature
granulocytes than did control cells (Fig. 2F). Moreover, elevated
expression levels of CDI4 mRNA and monocytic markers
CD11b (ITGAM) and M-CSF receptor (CSFIR) were con-
firmed in miR-638-transfected THP-1 cells when compared
with control cells (Fig. 2G). When treated with ATRA, the sim-
ilar results were also observed for the two markers of granulo-
cyte differentiation, ITGAM and G-CSF receptor (CSF3R), in
miR-638-transfected HL-60 cells. On the contrary, MPO, a
marker for myeloblasts and promyelocytes (32), was much
lower in miR-638-overexpressed cells than in control cells (Fig.
2H).

To further verify the role of miR-638 in forced myeloid ter-
minal differentiation, miR-638 was knocked down by tran-
siently transfecting cells with miR-638-specific inhibitors in
leukemic cells, and miR-638 inhibitor efficiently knocked down
miR-638 expression in THP-1 and HL-60 cells (Fig. 3, A and B).
After PMA treatment, the miR-638 inhibitor-transfected
THP-1 cells had fewer differentiated monocytes (Fig. 3, C and
E) than did control cells with reduced expression of CDI14,
ITGAM, and CSFIR (Fig. 3G). Similarly, knockdown of miR-
638 in HL-60 cells impaired granulocytic differentiation (Fig. 3,
D and F) reduced expression of CDI1b and CSF3R and
increased MPO expression compared with control cells (Fig.
3H). Taken together, these findings suggest that miR-638 may
promote PMA- or ATRA-induced myeloid differentiation in
leukemic cells.

miR-638 Causes Cell Cycle Arrest, Reduces Cell Proliferation,
and Impairs Colony Formation in HL-60 Cells—Most differen-
tiation-promoting factors affect cell survival and/or prolifera-
tion. Therefore, we further investigated whether miR-638
affects cell cycle and proliferation of leukemic cells. We found
that introduction of miR-638 mimic into HL-60 cells by tran-
sient transfection caused cell cycle arrest at the G, phase. The
percentage of cells in G; phase increased in response to miR-
638 overexpression compared with control cells (44.1% for
miR-638 versus 38.8% for control, p < 0.01) (Fig. 44). More-
over, cell numbers were reduced for cells overexpressing miR-
638 compared with the number of control cells after 6 days of
cell culture (Fig. 4B, top). Upon PMA treatment, the reduced
proliferation was even more pronounced measured by CCK-8
(Fig. 4B, bottom). Similarly, significantly lower cell numbers
were also observed for miR-638-transfected HL-60 cells com-
pared with control (Fig. 4C, top). In addition, overexpression of
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FIGURE 4. Ectopic expression of miR-638 induced cell cycle arrest, inhib-
ited proliferation, and impaired colony formation of HL-60 cells. A, HL-60
cells were transfected with control mimics (Ctr/) or miR-638 mimics (miR-638).
Cells were stained with propidium iodide, and cell cycle profiles were ana-
lyzed by flow cytometry. Data in histograms are shown as means = S.D. B,
transfected cells were replated, and the cell numbers were counted on the
day indicated (top). Transfected cells were also treated with PMA, and the
growth curve was measured by CCK-8 at the indicated time points (bottom).
Data are presented as a line chart. **, Student’s t test p < 0.01. C, after trans-
fection, equal numbers of transfected cells were plated, and the cell numbers
(including cells adherent to the bottom) of PMA-treated or -untreated (Vehi-
cle) cells on day 3 were further counted and presented as bar graphs (top).
Cells adherent to the bottom after PMA treatment were also determined (bot-
tom). *, Student’s t test, p < 0.05; **, p < 0.01. D, HL-60 cells were infected with
retrovirus overexpressing miR-638 (miR-638) or the control (Vector) retrovirus.
Theretroviral vector carried a GFP reporter gene, and GFP-positive HL-60 cells
were purified by sorting GFP™ cells. The numbers shown in histograms repre-
sent the percentage of GFP-positive cells after sorting. E, expression of miR-
638 was measured by quantitative RT-PCR. F, after sorting, the infected cells
were seeded in soft agar and then cultured for 2 weeks. Representative dishes
are shown (left); the bar graph shows statistics for the colony formation assay.
** p < 0.01 compared with control. G, expression of cyclin D1 and PCNA was
measured by Western blot. HSC70 served as loading control. The numbers
indicate the densitometric ratio of cyclin D1 or PCNA in miR-638 cells normal-
ized to HSC70, which was further normalized to control cells. Error bars, S.D.

miR-638 significantly increased the number of HL-60 cells
adherent to the bottom of dishes after PMA treatment com-
pared with control cells (Fig. 4C, bottom), which is a typical
characteristic of differentiated monocytes. These observations
suggest that miR-638 may cause cell cycle arrest at the G,
phase, resulting in reduced cell proliferation.

Forming colonies in soft agar is a characteristic of trans-
formed tumor cells. Thus, we tested whether miR-638 affected
the colony-forming capacity of HL-60. We overexpressed
mature miR-638 by retrovirus infection. HL-60 cells infected by
retrovirus expressed GFP and were purified by cell sorting (up
to 98% purity; Fig. 4D). Quantitative RT-PCR showed that miR-
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regions) complementary to miR-638. CDK2-M1 or CDK2-M2 has a mutation at site 1 or site 2, respectively. CDK2-DM has mutations at both sites. 638_sites
contains two completely complementary sequences of miR-638. B, firefly luciferase activities were measured and normalized by Renilla luciferase expression.
Data are presented as relative luciferase activity. *, p < 0.05; **, p < 0.01; n.s., not significant. C, Western blot analysis of CDK2 protein expression during
PMA-induced monocytic differentiation in THP-1 and ATRA-induced granulocytic differentiation of HL-60 cells at the indicated time points. HSC70 served as a
loading control. D, Western blot analysis of CDK2 levels in THP-1 and HL-60 cells transfected with control/miR-638 mimics or miR-638 inhibitors. Representative

Western blots are shown. The numbers indicate the density ratio of CDK2 to HSC70, which was further normalized by the control. Error bars, S.D.

638 expression was increased by about 2-fold (Fig. 4E). As
expected, miR-638 overexpression impaired colony formation
of HL-60 cells in soft agar. We found that miR-638-overex-
pressing HL-60 cells formed fewer colonies with a smaller size
(Fig. 4F). Consistent with the results of cell cycle profiling
experiments, miR-638 overexpression also reduced expression
of cyclin D1 and PCNA, two factors that promote proliferation
and cell cycle progression to S phase (Fig. 4G). Taken together,
these findings suggest that down-regulation of miR-638 may
promote proliferation and contribute to the transformation of
leukemic cells.

Cyclin-dependent Kinase 2 Is a Novel Target of miR-638 —
miRNAs function primarily by fine tuning the expression of
specific target genes. Various computational algorithms have
been developed to predict putative miRNA targets based on the
rule that miRNAs commonly attach to the 3'-UTR of the target
mRNA (33). Among the numerous putative target genes of miR-
638 predicted by TargetScan (34), cyclin-dependent kinase 2
(CDK?2), which was reported as a contributor in leukemia (35),
was selected for further verification. Two putative binding sites
(site 1 and site 2) in the 3'-UTR of CDK2 (NM_001798.3 as
referential sequence) were predicted to have favorable hybrid-
ization minimum free energy values of —22.5 and —29.6 kcal/
mol (Fig. 54), respectively, as calculated by RNAhybrid (57). To
prove whether CDK2 was a miR-638 target gene, we con-
structed luciferase reporter vectors harboring the wild-type
3'-UTR of CDK2 (CDK2-WT), mutant 3'-UTR of CDK2 at site
1 or site 2 (CDK2-M1 and CDK2-M2 with sequences in lower-
case letters, respectively), or mutant 3'-UTR of CDK2 at both
sites (CDK2-DM with sequences in lowercase letters) (Fig. 5A).
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As a positive control, miR-638 mimics caused ~70% reduction
in luciferase activity from the 638_sites vector compared with
that of control mimics (Fig. 5B). As expected, 60% reduction in
luciferase activity was observed for the wild-type 3'-UTR vector
(CDK2-WT). Mutation of site 1 in the 3'-UTR (CDK2-M1)
slightly impaired the inhibitory effect of miR-638. This effect
was more significant in the CDK2-M2 vector. Notably, the dou-
ble mutation completely abolished the repressive effect of miR-
638 (Fig. 5B). These observations suggest that miR-638 may
regulate CDK2 by binding both of two sites in the 3'-UTR.

To further confirm CDK2 as a novel target gene of miR-638
in vivo, we measured the expression of the CDK2 protein in
THP-1 and HL-60 cells undergoing myeloid terminal differen-
tiation. These cells showed significant up-regulation of miR-
638 (Fig. 1D). Expectedly, the CDK2 protein was significantly
down-regulated in THP-1 and HL-60 cells after 72 h of induc-
tion (Fig. 5C). In addition, ectopic expression of miR-638
noticeably decreased CDK2 protein levels in THP-1 and HL-60
(reductions of 73 and 68%, respectively). Knockdown of miR-
638 resulted in significantly increased CDK2 levels (up-regu-
lated levels to 133 and 204%, respectively). These findings dem-
onstrate an inverse correlation between miR-638 expression
and CDK2 protein levels, suggesting that CDK2 is a direct target
of miR-638.

miR-638 Functions in Part through Inhibition of CDK2—To
investigate whether miR-638 promotes myeloid differentiation
by suppressing CDK?2, we first knocked down CDK2 expression
in leukemic cells. Transient transfection of THP-1 and HL-60
cells with siRNA specific to CDK2 (si-CDK2) abolished expres-
sion of endogenous CDK2 protein (Fig. 64). Upon PMA or
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FIGURE 6. CDK2 partially mediates the effect of miR-638 in leukemic cells. A, Western blot analysis of CDK2 levels in THP-1 and HL-60 cells transiently
transfected with control siRNA (Ctrl) or CDK2 siRNA (si-CDK2). Representative Western blots are shown. B, the transfected cells were further treated with or
without PMA or ATRA as indicated for 72 h. Cells were further stained with FITC-conjugated CD14 or CD11b antibody and analyzed by flow cytometry. Each
group was tested in triplicate, and data are shown as bar graphs. Error bars, S.D. **, p < 0.01, Student's t test. C, the expression of ITGAM and CSF3R in the
transfected cells was measured by quantitative RT-PCR after ATRA treatment for 72 h. D, the morphology of the treated cells was examined by May-Griinwald-
Giemsa staining, and the representative images are shown at X200 magnification. The black arrows indicate mature neutrophils, and the numbers indicate their
percentages. E, HL-60 cells were infected with control virus (Vector) or retrovirus expressing miR-638 or expressing miR-638 and CDK2 (miR-638 + CDK2).
After GFP and puromycin selection, the expression of CDK2 in these cells was measured by Western blot. F and G, the resultant cells were plated in the
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cells was measured by quantitative RT-PCR. *, Student’s t test, p < 0.05; n.s., not significant. Error bars, S.D.

ATRA treatment, CDK2 knockdown increased the percentage
of CD14- and CD11b-positive cells (Fig. 6B), respectively, along
with much higher levels of ITGAM and CSF3R mRNA expres-
sion in ATRA-treated cells (Fig. 6C). In the meantime, ATRA-
treated HL-60 cells with lower CDK2 expression showed a
greater proportion of mature granulocytes based on May-
Griunwald-Giemsa staining (Fig. 6D).

To further test whether CDK2 miR-638 functions by inhib-
iting CDK2 expression, we restored CDK2 expression in HL-60
cells overexpressing miR-638. As shown in Fig. 6E, the CDK2
protein level was significantly suppressed by miR-638 overex-
pression and could be restored by the introduction of CDK2
(CDS region of CDK2 ¢cDNA without 3'-UTR). Consistently,
CDK2 overexpression eliminated the inhibitory effect of miR-
638 in HL-60 cells (Fig. 6F), and this effect was more significant
upon ATRA treatment, as evidenced by the increased cell pro-
liferation rate compared with that of control cells (Fig. 6G). In
addition, miR-638 alone significantly reduced colony numbers
compared with the colony number of vector control, whereas res-
toration of CDK2 expression in miR-638-overexpressing cells sig-
nificantly rescued the phenotype, comparable with that of control
cells (Fig. 6H). When treated with PMA, CDK2 restoration signif-
icantly suppressed the expression of monocytic markers (ITGAM
and CSFIR), and there was no significant difference between the

SASBMB

JANUARY 16,2015 «VOLUME 290-NUMBER 3

vector and CDK2 overexpression group (Fig. 61). These findings
demonstrate that CDK2 overexpression counteracts the inhibi-
tory effect of miR-638 on the proliferation ability of HL-60 cells.
These data strongly support the idea that miR-638 inhibits prolif-
eration and promotes forced differentiation of leukemic cells by
suppressing CDK2 expression.

Ectopic Expression of miR-638 or CDK2 Knockdown Promotes
Forced Mpyeloid Terminal Differentiation in Primary AML
Blasts—To determine the functions of the miR-638/CDK?2 axis
in acute myeloid leukemia, we further investigated the expres-
sion correlation of miR-638 and CDK2 in AML blasts. As
shown in Fig. 74, the expression of CDK2 protein was signifi-
cantly higher in primary AML blasts than in MNCs from
healthy donors. Pearson’s correlation analysis showed that
CDK2 expression inversely correlated with expression of miR-
638 in primary AML blasts (r = —0.71, p = 0.015; Fig. 7B).
Furthermore, we collected primary AML blasts from a newly
diagnosed M1 patient with an initial percentage of circulating
blasts exceeding 80%. These blasts were transfected with miR-
638 mimic or siRNA specific for CDK2 and induced to undergo
myeloid differentiation by PMA or ATRA. The expression level
of the mature miR-638 was confirmed (40-fold higher than con-
trol cells) (Fig. 7C). Upon PMA treatment, miR-638 overex-
pression increased the expression of monocyte marker CD14
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FIGURE 7. Enforced expression of miR-638 or CDK2 knockdown in AML blasts promotes forced myeloid differentiation. A, the expression levels of
miR-638 (analyzed by quantitative RT-PCR) and CDK2 (analyzed by Western blot) in MNCs from each AML patient and healthy donor are shown. B, the
correlation of miR-638 expression and CDK2 protein expression in AML patients was analyzed by Pearson'’s correlation analysis (two-tailed, r = —0.71,p =
0.015). C, analysis of miR-638 or CDK2 mRNA expression in primary AML blasts transfected with miRNA mimics or siRNAs. D, mononuclear cells isolated from
AML patients were transfected with miR-638 mimics (top) or si-CDK2 (bottom) and treated with PMA (blue histograms) or vehicle (red histograms) for 48 h.
Expression of CD14 was measured by flow cytometry. E, the transfected cells were also treated with ATRA (blue histograms) or vehicle (red histograms) for 48 h.

The expression of CD11b was measured by flow cytometry. Error bars, S.D.

compared with that of control cells (Fig. 7D, top). Similarly,
ATRA treatment pushed AML blasts to differentiate into
mature granulocytes, and miR-638-overexpressing cells exhib-
ited a greater number of mature granulocytes (Fig. 7E, top). In
parallel, si-CDK2 transfection mimicked the phenotype of miR-
638 overexpression, and CDK2 knockdown (Fig. 7C) promoted
forced myeloid differentiation in primary AML blasts (Fig. 7, D
and E, bottom).

In conclusion, the effect of miR-638 on myeloid differentia-
tion may function in part by suppressing CDK2. Dysregulation
of the miR-638/CDK2 axis may contribute to acute myeloid
leukemia.

DISCUSSION

Previously, miR-638 has been proposed to regulate human
development (16) and tumorigenesis (36 —38) and to play roles
in hematopoiesis or leukemogenesis (39, 40). In this study, we
revealed novel features of miR-638 and provided evidence that
miR-638 is an important regulator of hematopoiesis and that its
dysregulation contributes to leukemogenesis.

miR-638 appears to be developmentally regulated in hema-
topoiesis. Our data showed that miR-638 was specifically up-
regulated in cells of the myeloid lineage but not in the lymphoid
lineage (Fig. 14). Multiple microRNAs have been shown to reg-
ulate myeloid (41-44) and lymphoid (45, 46) lineage commit-
ment. Considering that there is substantial expression of miR-
638 in the CD34™" population with sustained up-regulation in
cells of the myeloid lineage, it is very tempting to postulate that
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miR-638 may promote myeloid commitment or play a role in
hematopoietic stem cell differentiation into common myeloid
progenitors.

miR-638 dysregulation may contribute to acute myeloid leu-
kemia. We found significantly lower levels of miR-638 in AML
blasts compared with normal MNCs, and restoration of miR-
638 in leukemic cells promoted forced myeloid differentiation.
However, miR-638 mimics or inhibitors did not alter CD14 or
CD11b expression without PMA or ATRA induction. We spec-
ulated that miR-638 alteration alone was not strong enough to
overcome the differentiation arrest in leukemic cells. Rather, it
reduced the threshold for leukemic cells to undergo forced
myeloid differentiation. Other evidence supporting miR-638 as
a differentiation factor was derived from the report that miR-
638 was induced in AML cells by C/EBP« (42), which is crucial
for normal granulopoiesis and is frequently disrupted in AML
(47). In addition, miR-638 is a p53-induced miRNA in malig-
nant peripheral nerve sheath tumors (48), and p53 is frequently
inactivated in numerous cancers. Thus, miR-638 may interplay
with other oncogenes or tumor suppressor genes, dependent
on different cellular context, to affect leukemogenesis or
tumorigenesis. It is essential to determine the regulatory net-
work associated with miR-638 before we can fully elucidate
how miR-638 contributes to myeloid leukemia.

We identified CDK2 as a miR-638 target gene in myeloid
differentiation. Down-regulation of CDK2 is a common event
in end stage differentiated cells (49, 50), and irreversible down-
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regulation of three G, phase cyclin-dependent kinases (CDK2,
CDK4, and CDK®6) at the mRNA and protein levels occurs dur-
ing granulopoiesis (51). Herein, we demonstrated that up-reg-
ulation of miR-638 directly repressed CDK2 during myeloid
commitment. Moreover, an RNAIi assay proved that knocking
down CDK2 promoted induced myeloid differentiation in both
the cell line model and primary AML blasts. Studies in double-
knock-out mice indicate that loss of CDK2 in neural stem cells
promotes spontaneous neuronal differentiation (52, 53). In
addition, other genuine genes targeted by miR-638 might also
be involved in myeloid differentiation. We noticed that cyclin
D1, which was an unverified target of miR-638 predicted by
TargetScan and regarded to be involved in controlling the G to
S transition, was conversely influenced by miR-638 levels in
HL-60 (Fig. 4G). In consideration of cyclin D1 as a common
oncogene in various cancers, including lymphomas, gliomas,
and leukemia (54 —56), it is likely that CDK2 might act in con-
cert with cyclin D1 to impose a particular effect in myeloid
differentiation.

In conclusion, the present study identified miR-638 as a
novel regulator of myeloid differentiation in leukemic cells in
part through suppressing its target gene CDK2. Considering
the relationship of miR-638 and CDK2 expression with leuke-
mic cell differentiation, the miR-638/CDK2 axis may serve as a
marker for prognosis or treatment response.
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