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MiR-101 Represses T-Cell Acute Lymphoblastic L eukemia by
Targeting CXCR7/STAT3 Axis

Xue-Yi Yang and Ye Sheng
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Although miR-101 is involved in the development and progression of T-cell acute lymphoblastic leukemia
(T-ALL), the underlying molecular mechanisms remain unclear. In this article, we report that miR-101 expres-
sion was inversely correlated with CX chemokine receptor 7 (CXCRY7) level in T-ALL. Introducing miR-101
inhibited T-ALL cell proliferation and invasion in vitro and suppressed tumor growth and lung metastasis in
vivo. CXCR7 was identified as a direct target of miR-101. The inhibitory effects of miR-101 were mimicked
and counteracted by CXCR7 depletion and overexpression, respectively. Mechanistically, miR-101 targets
CXCR7/STAT3 axis to reduce T-ALL growth and metastasis. Overall, these findings implied the potential

application of miR-101 and CXCR?7 in T-ALL treatment.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a hematologic
malignancy arising from hematopoietic precursors of
lymphoid cells and is the most common type of leukemia.
T-cell acute lymphoblastic leukemia (T-ALL) accounts for
15% and 25% of pediatric and adult ALL cases, respec-
tively*. Despite great improvement in T-ALL therapy, the
overall survival rate is still about 60%—70% in children
and only 30%—-40% in adults*®. Thus, identifying the fac-
tors and potential mechanisms contributing to T-ALL and
securing advanced treatments are necessary and urgent.

MicroRNAs (miRNAs) are small noncoding RNAs
that negatively regulate the gene expression by mRNA
degradation or translational repression®. Alterations in
miRNA expression facilitate the acquisition of cancer
hallmarks®. MicroRNA-101 (miR-101) acts a putative
tumor suppressor in several types of cancers, such as gas-
tric cancer, hepatocellular carcinoma, and breast cancer®®.
miR-101 also regulates the hematological malignancies,
including T-ALL®*. Correia et al." revealed that down-
regulated miR-101 exerts inhibitory effects on T-ALL by
targeting TAL1. Reportedly, miR-101 targets Notchl to
modulate T-ALL progression and chemotherapeutic sen-
sitivity'2. However, the biological functions of miR-101
in T-ALL are still unclear.

C-X-C chemokine receptor type 7 (CXCRY7) is a
common chemokine receptor that is highly expressed

in many human cancers, such as breast cancer, glioma,
non-small cell lung cancer, and prostate cancer®****. The
C-X-C motif ligand (CXCL) 12/CXCR7 axis regulates
various oncogenic pathways and positively correlates with
metastasis and poor prognosis; hence, targeting CXCR7
could be an effective strategy for cancer therapy®'®".
Previous reports highlighted the essential role of CXCL12/
CXCRY7 in acute myeloid leukemia and chronic myelog-
enous leukemia'®*®. Moreover, CXCR7 contributed to
T-ALL cell migration in response to CXCL12 induction®.
Nevertheless, the function and regulatory mechanism of
CXCRY in T-ALL remain unknown.

In this study, we investigated the expression and
function link between miR-101 and CXCR7 and their
biological roles in T-ALL. Inverse correlation between
miR-101 and CXCR7 was identified in T-ALL cells
and patient samples. We demonstrated that miR-101
reduced T-ALL cell proliferation and invasion in vitro
by directly targeting CXCR7. miR-101 overexpression
or CXCRY depletion impaired T-ALL growth and lung
metastasis in vivo. Molecular mechanism analyses in-
volved in these processes revealed that miR-101 reduced
T-ALL tumorigenesis by targeting CXCR7/signal trans-
ducer and activator of transcription 3 (STAT3) signal-
ing pathway. Overall, the results suggest that miR-101/
CXCRT7/STAT3 axis is a promising therapeutic target
for T-ALL.
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MATERIALSAND METHODS
Patients

Healthy donors (n=10) and patients with myelodys-
plastic syndrome (MDS; n=30), acute myeloid leukemia
(AML; n=20), and acute lymphoblastic leukemia (ALL;
n=230) diagnosed in the Department of Hematology of the
150th Central Hospital of PLA were enrolled in this study.
The patients were diagnosed based on routine morpho-
logical evaluation, immunophenotyping, and cytochemi-
cal smears according to the WHO criteria. The inclusion
criteria for each patient were as follows: attended the
clinic between 2008 and 2013; confirmed diagnosis of
MDS, AML, or ALL; and untreated at the time of the
study. All healthy controls and patients provided informed
written consent. This study was approved by the ethics
committee of the 150th Central Hospital of PLA.

Bone Marrow (BM) Sample Collection
and Isolation of T Cells From BM

BM samples were harvested for mononuclear cells
isolation from all the patients and healthy donors using
Ficoll-Paque PLUS (Amersham Biosciences, Uppsala,
Sweden) density gradient centrifugation. Normal T cells
were isolated from mononuclear cells of the healthy
donors by MACS depletion (Miltenyi Biotec, Bergisch
Gladbach, Germany). The use of this bone marrow col-
lection was approved by the ethics committee of the
150th Central Hospital of PLA.

Cell Culture

Human T-ALL cell lines (HPB-ALL, TALL-1,
KOPTK1, Jurkat, CCRF-CEM, and Molt 4) were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Molt 4-luciferase (Molt 4-luc) cells
with stable luciferase expression were obtained from
PerkinEImer (Santa Clara, CA, USA). T-ALL cells
were cultured in Roswell Park Memorial Institute-1640
(RPMI-1640; Gibco, BRL, Grand Island, NY, USA)
containing 10% fetal bovine serum (FBS; Gibco). All
cells were incubated in a humidified incubator with 5%
CO, at 37°C. Cells from passages 2—-4 were used for
experiments.

Cell Simulation

Cell stimulation was performed as described previously®.
In brief, cells were serum starved for 4 h at 37°C. Serum-
starved cells were stimulated with 100 ng/ml CXCL12
and incubated at 37°C for various time periods. At the end
of the stimulation, cells were harvested for analysis.

Cell Transfection and Infection

miR-101 mimic and its negative control RNA (miR-NC)
were synthesized by Qiagen (Hilden, Germany). Plasmid
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pcDNA3.1-CXCR7 was obtained from Biovector (Beijing,
P.R. China). Transfection was performed by electropo-
ration using Amaxa Nucleofector™ Device (Lonza,
Germany) following the manufacturer’s instructions.
Molt 4 cells were transfected with 100 nM miR-101
mimics or miR-NC or cotransfected with 100 nM miR-
101 mimics and 2 pg of CXCR7-expressing plasmid in
six-well plates for in vitro experiments. Lentivirus pGC-
silence (pGCsi), pGCsi-miR-101, pLKO.1, and pLKO.1-
shCXCR?7 were procured from GenePharma (Shanghai,
P.R. China) and infected with Molt 4-luc cells. All con-
structs were confirmed by DNA sequencing. After 15 days
of screening with puromycin (5 pg/ml; Sigma-Aldrich,
St. Louis, MO, USA), stable clones were generated and
harvested for in vivo assays.

Luciferase Reporter Assay

For dual-luciferase reporter assay, the wild-type (WT)
3¢UTR of CXCR7 and a variant containing mutations
in the putative miR-101 binding sites were inserted
downstream of the firefly luciferase gene in the pGL3
vector (Promega, Madison, W1, USA). The primers used
to amplify the WT and mutant (MUT) 3¢UTRs are as
follows: WT 3¢UTR: 5¢GAATTCGACGGGTTTACT
TGTTTT-3¢ (forward) and 56CTGCAGGGAAACAAA
AATCTTTAT-3¢ (reverse) and MUT 3’-UTR: 5¢CAC
CAATAGTGAGAAATATTTCACTTAAAATTTAC-3¢
(forward) and 56GTATTTAAATTTTAAGTGAAATATT
TCTCACTATTG-3¢(reverse). All constructs were con-
firmed by DNA sequencing. Molt 4 cells were cotrans-
fected with reporter constructs, an internal control vector
(pGL3), and a synthetic miR-101 mimic. After 48 h of
transfection, luciferase activity, normalized to the activ-
ity of Renilla, was determined using the Dual-Luciferase
Reporter Assay System (Promega) and a luminometer
(Glomax 20/20; Promega) following the manufacturer’s
protocol.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (QPCR)

Total RNA was extracted from human BM samples,
the cells, and tumor tissues using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. To quantify the miR-101 expression,
complementary DNA (cDNA) was synthesized with
miScript Reverse Transcription kit (Qiagen) and then
amplified using SYBR Premix Ex Tag™ (TaKaRa, Otsu,
Shiga, Japan). U6 was used as an internal control. To
quantify the mRNA levels of CXCR7, cDNA was gen-
erated using the Reverse Transcription kit (Promega).
gPCR assay was performed using a standard 1QTM
SYBR Green Supermix kit (Bio-Rad, Berkeley, CA,
USA), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an endogenous control. The primer



miR-101 REDUCES CXCR7-EXPEDITED T-ALL

pairs were miR-101: 5¢CTACAGTACTGTGATAAC
TGAA-3¢ U6: 56CTCGCTTCGGCAGCACA-3¢ (for-
ward) and 5¢6AACGCTTCACGAAT TTGCGT-3¢ (re-
verse), CXCR7: 56 AGCCTGGCAACTACTCTGACA-3¢
(forward) and 56GAAGCAC GTTCTTGTTAGGCA-3¢
(reverse), and GAPDH: 56 ACACCCACTCCTCCACC
TTT-3¢(forward) and 56 TTACTCCTTGGAGGCCATG
T-3¢ (reverse). Gene expression was measured in trip-
licate, quantified using the 27" method, and normal-
ized to a control. All gPCR assays were performed on an
Applied Biosystems 7500 system (Applied Biosystems,
Warrington, UK).

Cell Viability Assay

Cell viability was measured using Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan). Molt
4 cells were seeded into 96-well plates at a density of
1x10° cells per well (n=5 for each time point) in a final
volume of 100 pl. The cells were cultured for 1, 2, 3, or
4 days after transfection with miR-NC, miR-101 mim-
ics, or miR-101 mimics+ CXCR7-expressing plasmid. In
accordance with the manufacturer’s instructions, CCK-8
solution (10 pl) was added to each well. The absorbance
was measured at 450 nm after incubation for 4 h to calcu-
late the number of viable cells.

Cdl Cycle Analysis

Molt 4 cells were seeded into 12-well plates. At 48 h
after transfection with RNA oligonucleotides, the cells
were harvested, resuspended in PBS, fixed with ice-cold
70% ethanol, and treated with 1 mg/ml RNase at 4°C
overnight. Intracellular DNA was labeled with 10 pl of
propidium iodide (PI; 50 pg/ml; Sigma-Aldrich) at 37°C
for 30 min and then analyzed using a BD FACSCalibur
flow cytometer (BD Technologies, Carlsbad, CA, USA).
The cell proportions in the G,, S, and G,/M phases were
calculated using ModFit software (\erity Software House
Inc., Topsham, ME, USA).

Nucleosomal Fragmentation Assay

Apoptosis was detected using a method described
previously®. Molt 4 cells were treated with 10 pg/ml
of vincristine (VCR) before transfection. At 48 h after
transfection with RNA oligonucleotides, cell apoptosis
was quantified by nucleosomal fragmentation (Cell Death
Detection ELISA PLUS; Roche Applied Science, Indiana-
polis, IN, USA) according to the manufacturer’s proto-
col. The absorbance values were normalized to those of
control cells to derive a nucleosomal enrichment factor.

Migration and Invasion Assays

An 8-um Transwell insert (Costar, Dallas, TX, USA)
was used for the migration assay. A total of 5x 10° cells
was suspended in a serum-free medium and seeded into
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the upper chamber of the Transwell, and RPMI-1640
medium containing 100 ng/ml CXCL12 was added to
the lower chamber. For invasion assays, 1x10* cells
were suspended in serum-free medium and added to
the upper chamber of 8-um pore size Transwells pre-
coated with 200 ul of Matrigel (BD Bioscience) at a con-
centration of 200 ug/ml. The medium with 100 ng/ml
of CXCL12 was added to the lower chamber as a chemo-
attractant. After 24 h of incubation, the filters were fixed in
methanol and stained with 4¢6-diamidino-2-phanylindole
(DAPI; Sigma-Aldrich). After cells that failed to migrate
or invade through the pores were carefully removed,
five random fields were counted per chamber under
an inverted florescent microscope (Carl-Zeiss, Berlin,
Germany).

Western Blotting Assay

Proteins were extracted, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and trans-
ferred onto nitrocellulose membranes (Millipore, Bed-
ford, MA, USA). Western blotting was performed with
primary antibodies against CXCR7, STAT3, phospho-
rylated (p)-STAT3 (Tyr-705), cyclin D1, Bcl-xl, Bcl-2
(Abcam, Cambridge, UK) and matrix metalloproteinase-
2 (MMP-2), MMP-9, and b-actin (Abnova, Taiwan,
P.R. China), followed by the secondary antibody con-
jugated with horseradish peroxidase (Sigma-Aldrich).
Immunoreactivity was visualized by enhanced chemi-
luminescence kit (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in accordance with the manufacturer’s
instruction.

Terminal Transferase-Mediated dUTP Nick
End Labeling (TUNEL) Assay

TUNEL assay was performed according to the manufac-
turer’s protocol. In brief, tissue specimens were fixed with
10% formalin overnight, embedded with paraffin, non-
serially sectioned (4 pm), and mounted onto polylysine-
coated slides. The sections were deparaffinized in xylene
and rehydrated in a graded series of ethanol solutions.
Afterward, they were rinsed with PBS and incubated
with FITC-labeled terminal deoxynucleotidyl transferase
nucleotide mix (Roche, Mannheim, BW, Germany) at
37°C for 60 min according to the manufacturer’s protocol.
Subsequently, the sections were washed twice in PBS and
counterstained with 10 mg/ml of DAPI. TUNEL" cells
were imaged and mounted using a fluorescence micro-
scope (Carl-Zeiss). These cells were expressed as a per-
centage of the total cells determined by DAPI staining.

In Vivo Tumor Growth, Metastasis,
and Apoptosis Assays

Animal experiments were officially approved by
the Institutional Committee for Animal Research and
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performed in conformity with the national guidelines
for the care and use of laboratory animals. For tumor
growth assays, 6-week-old female mice with severe com-
bined immune deficiency (SCID; Institute of Zoology,
Chinese Academy of Sciences, Beijing, P.R. China)
received subcutaneous injections of 5x10° Molt 4-luc
cells with stably expressing miR-101 or shCXCR7 or
their controls (n=6 mice/group) through the hind flank.
All mice were euthanized with sodium pentobarbital at
50 days postinoculation, and tumors were removed and
weighed. One half of the tumor tissues were immedi-
ately stored at —80°C for qPCR and Western blot ana-
lyses. The residual tissues were immerged in paraffin,
sectioned, and stained with TUNEL Kits for apoptosis
assay. TUNEL" cells were examined and calculated
under a fluorescence microscope (Carl-Zeiss). For
tumor metastasis assays, mice were injected with 1x10°
Molt 4-luc cells with a stable expression of miR-101
or ShCXCR?7 or their controls through the tail vein to
establish the tumor metastasis model. Mice were sacri-
ficed at 5 weeks postinjection, and lungs were removed
and embedded in paraffin. Three nonsequential sections
per animal were obtained. Sections were stained with
hematoxylin/eosin (Maixin Biotech, Fuzhou, Fujian, P.R.
China) and analyzed for metastasis by light micros-
copy (Carl-Zeiss). The total number of metastases per
lung section was determined and averaged.

Bioluminescence Imaging and Quantification

Bioluminescence imaging was performed accord-
ing to the manufacturer’s protocol. Six-week-old female
SCID mice were subcutaneously injected with 5x10°
Molt 4-luc cells infected with control lentivirus or lenti-
virus expressing miR-101 or ShCXCR7. At 14 days after
treatment, tumor growth was monitored through in vivo
luciferase imaging of the xenografts. Mice were intra-
peritoneally injected with p-luciferin (Promega) at 150
mg/kg per mouse and anesthetized during image acquisi-
tion using the Xenogen IVIS imaging system. Signals in
defined regions of interest were quantified as lumines-
cence radiance (photons/s/cm?/sr) using Living Image
software (Xenogen Corporation, Berkeley, CA, USA).

Satistical Analysis

Data are expressed as meanszstandard deviation
(SD) from three independent experiments. Data were
analyzed by Student’s t-test and analysis of variance
(ANOVA). Pearson correlation analysis was conducted
to assess the statistical significance between cells with
high or low levels of miR-101 or CXCR7. All p values
were two-sided and obtained using SPSS 13.0 software
package (SPSS Inc., Chicago, IL, USA). A value of
p< 0.05 was considered statistically significant.
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RESULTS

Inverse Correlation Between CXCR7 and miR-101
in T-ALL Samples

Clinically, we found that CXCR7 mRNA was highly
upregulated in BM samples of ALL patients compared
with those from healthy donors and MDS and AML
patients (Fig. 1A). Among ALL-diagnosed patients,
CXCR7 mRNA levels in the T-ALL subtype were higher
than those in the B-ALL subtype (Fig. 1B). By contrast,
gPCR analysis showed that miR-101 expression was lower
in T-ALL samples than in specimens from healthy donors
(Fig. 1C). Intriguingly, CXCR?7 level inversely correlated
with miR-101 level in T-ALL patients (Fig. 1D). These
findings suggest that miR-101 expression is negatively
associated with CXCR?7 level in T-ALL specimens, and
miR-101 and CXCRY7 are possibly key players in T-ALL.

Reduced miR-101 Expression and Increased CXCR7
Levelsin T-ALL Cells

Next, we found that miR-101 levels were significantly
lower in T-ALL cells (HPB-ALL, TALL-1, KOPTK1,
Jurkat, CCRF-CEM, and Molt 4) than that in normal T
cells (Fig. 2A). gPCR and Western blot analyses showed
that CXCRY7 expression was enhanced in T-ALL cell lines
compared with normal T cells (Fig. 2B and C). Moreover,
CXCRY7 expression was inversely correlated with miR-
101 level in T-ALL cell lines (Fig. 2D). The Molt 4 cell
line with the lowest level of miR-101 and the highest
level of CXCR7 was selected for further studies. These
results indicate that miR-101 and CXCR?7 play key roles
in T-ALL development.

miR-101 Directly Targets CXCR7 in T-ALL Cells

The targets of miR-101 were predicted using three
algorithms: TargetScan, PicTar, and miRBase (Fig. 3A).
Figure 3B shows a complementary sequence of miR-101
to the 3¢UTR of CXCR7 mRNA. Dual-luciferase reporter
assay revealed that miR-101 decreased the activity of the
luciferase reporter fused to the 3¢UTR-WT of CXCR7
but did not inhibit that of the reporter fused to the MUT
version (Fig. 3C). Moreover, the introduction of miR-
101 reduced the mRNA and protein levels of CXCR7
in Molt 4 cells (Fig. 3D and E). These data demonstrate
that miR-101 directly targets CXCR7 in T-ALL cells.

miR-101 Inhibits T-ALL Cell Proliferation,
Apoptosis Resistance, Migration, and
Invasion by Targeting CXCR7

We investigated whether CXCR?7 is a functional target
of miR-101. Molt 4 cells were treated with miR-101 mimic
or miR-NC or miR-101 mimic + CXCR7-expressing plas-
mid in the presence of 100 ng/ml of CXCL12. Cell viability
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Figure 1. The levels of C-X-C chemokine receptor type 7 (CXCR7) mRNA and microRNA-101 (miR-101) in T-cell acute lympho-
blastic leukemia (T-ALL) samples. (A) Quantitative real-time polymerase chain reaction (QPCR) analysis of CXCR7 mRNA levels
in bone marrow (BM) samples from ALL patients (n=30) compared with those from healthy donors (control) and myelodysplastic
syndrome (MDS; n=30) and acute myeloid leukemia (AML) patients (n=20). (B) mRNA levels of CXCR7 in B-ALL (n=10) and
T-ALL (n=20) specimens were measured by gPCR assays. GAPDH was used as the endogenous control. (C) gPCR analysis of miR-
101 levels in T-ALL samples (n=20) compared with those from healthy donors (control; n=10). U6 was used as the internal control.
(D) Correlation between CXCR7 level and miR-101 expression in T-ALL specimens. All data are shown as mean £ SD of three sepa-
rate experiments. *p<0.05 versus B-ALL group or control group or miR-101"* group; **p<0.01 versus control group or MDS group

or AML group.

significantly decreased in the miR-101-transfected cells
compared with that in the miR-NC-treated cells, which
was markedly attenuated by CXCR7 overexpression
(Fig. 4A). In Molt 4 cells, the increase in G,/M phase
and decrease in S phases by miR-101 were counteracted
by CXCRY restoration (Fig. 4B and C). As shown in Fig-
ure 4D, miR-101 augmented the percentage of apoptotic
Molt 4 cells pretreated with 10 pg/ml of VCR, which was
neutralized by CXCR7 overexpression. Whether miR-
101 suppresses the migration and invasion of T-ALL cells
by targeting CXCR7 was evaluated by Transwell assays.
As expected, miR-101 inhibited the migration of Molt 4
cells, whereas CXCR7 overexpression partially counter-
acted the decrease (Fig. 4E and F). Similarly, the invasion
of Molt 4 cells was reduced by miR-101, and the inhibi-
tory effect was attenuated by CXCRY7 restoration (Fig. 4G
and H). Next, we explored the molecular mechanism by
which miR-101 exerts its tumor-suppressive effects. The
activation of STAT3, which is the predominant mediator
of CXCRY7 signaling, was reduced by miR-101 treatment,

whereas CXCR7 overexpression attenuated the decrease
in p-STAT3 expression (Fig. 41). Moreover, the protein
levels of STAT3 targets, including cyclin D1, Bcl-xl,
Bcl-2, MMP-2, and MMP-9, were also detected. We found
that miR-101 repressed the expressions of proteins men-
tioned above, which were counteracted by CXCR7 res-
toration (Fig. 41). These results illuminate that miR-101
suppresses the proliferation, apoptosis resistance, migra-
tion, and invasion of T-ALL cells by blocking CXCR7/
STAT3 signaling.

miR-101 Overexpression or CXCRY7 Depletion Retards
Tumorigenesis and Metastasis of T-ALL In Vivo

A xenograft or metastasis mouse model was estab-
lished by the subcutaneous or intravenous injection of
Molt 4-luc cells stably expressing an miR-101 precursor
or shCXCRY7 or their vector controls. Compared with the
control groups, the miR-101 overexpression or CXCR7
knockdown group exhibited significant reductions in
tumor growth (Fig. 5A) and weight (Fig. 5B). Apoptotic
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Figure 2. The expression of miR-101 and CXCRY7 in T-ALL cell lines. qPCR assays were conducted to assess miR-101 expression
(A) and CXCR7 mRNA levels (B) in T-ALL cell lines (HPB-ALL, TALL-1, KOPTK1, Jurkat, CCRF-CEM, and Molt 4) and normal
T cells. U6 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as the internal controls, respectively. (C) Protein
levels of CXCR7 in T-ALL cell lines and normal T cells were determined by Western blot. b-Actin was used as the endogenous control.
(D) Inverse correlation between miR-101 and CXCR?7 levels in T-ALL cell lines. All data are shown as mean+SD of three separate
experiments. *p<0.05, **p<0.01 versus normal T-cell group or all T-ALL cell groups.

cells were much more in the tumors of the ectopic miR-
101 expression or CXCR7-silencing group than those in
the tumors derived from the control groups (Fig. 5C).
miR-101 restoration or CXCR?7 depletion also effectively
retarded lung metastases in vivo (Fig. 5D). In addition, the
mRNA and protein levels of CXCR7 were significantly

reduced in miR-101-overexpressed or CXCR7-silenced
tumor tissues (Fig. 5E and F). Mechanistically, the lev-
els of p-STAT3, cyclin D1, Bcl-xl, Bcl-2, MMP-2, and
MMP-9 were decreased in the tumors of the miR-101-
overexpressed or CXCR7-depleted group (Fig. 5G).
These results indicate that the suppression of T-ALL
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Figure 3. Identification of CXCR7 as a direct target of miR-101. (A) Putative target genes of miR-101 were predicted using
TargetScan, PicTar, and miRBase software. (B) Predicted binding sites of miR-101 in the mutant (MUT) and wild-type (WT) 3¢UTR
of CXCR7. (C) Dual-luciferase reporter assays were performed 24 h after cotransfection of Molt 4 cells with miR-NC or miR-101
mimics and a pGL3 construct containing the WT or MUT 3¢UTR of CXCR7. Data were normalized to those from cells cotrans-
fected with miR-NC and pGL3 plasmid. mRNA (D) and protein (E) levels of CXCR7 in Molt 4 cells transfected with miR-NC or
miR-101 mimics were detected by gPCR and Western blot assays. GAPDH and b-actin were used as internal controls. All data are
shown as mean £ SD of three separate experiments. **p<0.01 versus miR-NC group.
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Figure 4. miR-101 reduces proliferation, apoptosis resistance, and motility of T-ALL cells by targeting CXCR7. Molt 4 cells were
transfected with miR-NC, miR-101 mimics, or miR-101 mimics+ CXCR7-expressing plasmid. (A) CCK-8 assay was carried out
to determine cell viability. (B, C) Flow cytometry analysis of Molt 4 cell fraction in G,, S, and G,/M phases 48 h after transfection.
(D) Molt 4 cells subjected to VCR pretreatment were transfected with miR-NC or miR-101 mimics or miR-101 mimics+CXCR7-
expressing plasmid. Apoptosis was measured by nucleosomal fragmentation assay. Migration assay was performed for Molt 4 cells.
Images were captured after 24 h of transfection (E), and the number of migrated cells was calculated (F). Cell invasion was detected
using Transwell chambers (G), and the number of invaded cells was quantified (H). (1) Representative Western blot results of p-signal
transducer and activator of transcription 3 (STAT3), STAT3, Cyclin D1, Bcl-xl, Bcl-2, matrix metalloproteinase (MMP-2), and
MMP-9. b-Actin was used as a loading control. All data are shown as mean+ SD of three replicates. *p<0.05 versus miR-NC group;

#p<0.05 versus miR-101 group.

growth and lung metastasis by miR-101 is mediated by
CXCRY reduction in vivo.

DISCUSSION

miRNA and gene expression profiles have provided
valuable insights into the molecular mechanisms of leu-
kemia®. In this study, we found that miR-101 is downreg-
ulated in T-ALL cells and samples, negatively associating
with CXCR7 expression. Integrative bioinformatics pre-
diction and dual-luciferase reporter assay indicated that
CXCRY7 is a direct target of miR-101. Functionally, the
inhibitory effects of miR-101 on T-ALL cell prolifera-
tion, apoptosis resistance, and motility were reversed by
CXCRT restoration in vitro. miR-101 overexpression and
CXCR7 depletion significantly reduced the malignant
characteristics of T-ALL in vivo. Overall, these results

suggest that miR-101 acts as a tumor suppressor in
T-ALL by targeting CXCR?7.

Reportedly, miR-101 is silenced in numerous solid
tumors®®. However, the expression of miR-101 in T-ALL
has rarely been identified. Herein, we demonstrated that
miR-101 was lowly expressed in T-ALL cell lines and
patient samples. Li et al.® revealed that miR-101 elic-
its oncostatic effects on breast cancer. Consistently, we
showed that miR-101 significantly reduced T-ALL cell
proliferation, migration, and invasion. Qian et al.* illu-
minated that miR-101 regulates T-ALL progression and
chemotherapeutic sensitivity. Interestingly, we also found
that miR-101 abolished apoptosis resistance of T-ALL
cells to VCR. These findings indicate that miR-101 acts
as a suppressor in T-ALL carcinogenesis.

Many studies have revealed that miR-101 targets dif-
ferent effectors, including CXCR7%®. As an important



1004
” &%
T _ *%
L2 3
£3
224
[}
32,
22
E
=
=
; A A a
G(p‘ _“_\n WO 1‘0“-
@“')-9 g\.ﬁ“ o _A,‘G\o
S 6#50 N =
Ao
40 ™ ™
= 600 283 = ¥
g 53
P o v
; 300 * g g 15 " see X .
E 200 5 £1 [T -&-
F 100 E s -3
0 o0d— T
& o & oca .\a‘: o,': o
& & £ € @ 0 e
& é’s ¥ “FQ o & [ N
W o & ,900 N

YANG AND SHENG

ot
& &
[<] O w
K RS
'] 'a' &"'-'Q=
iz v 4 &
58*1 Sy === CXCR7
EZ, B psTAT3
~3 * : -
g2 % W sTAT3
© @S e Cyclin D1
00.;\ o o .\Slé " ===  Bcl-x
S & & - - Bcl-2
\'“o %) & Ly
& - P2
N - W MMP-9
N s [-actin
A
P &
§& £ &
£ §s & F A
SETF § ~ &
VIST ¥ £ &
~
CXCR7 W s - K
5 £ £
p-actin F &
e — — CXCR7
W psTAT3
. sTAT3
A s CyclinD1
@ = Bclx
AR s Bcl-2
N e MMP-2
B ee= MMP-9
A @ [-actin

Figure 5. miR-101 overexpression or CXCR7 knockdown suppressed tumor growth and metastasis in vivo. Severe combined
immune deficiency (SCID) mice were injected subcutaneously or intravenously with Molt 4-luc cells that were infected with a
control lentivirus (Lenti-pGCsi or Lenti-pLKO.1) or a recombinant lentivirus expressing an miR-101 precursor (Lenti-pGCsi-miR-
101) or shCXCR7 (Lenti-shCXCR7). (A) In vivo luciferase image for the detection of xenograft growth. (B) Tumor weight was
measured after 50 days of implantation. (C) Terminal transferase-mediated dUTP nick end labeling (TUNEL) assay was conducted
to detect the percentage of apoptotic cells. (D) Numbers of metastatic foci in the lungs from various groups at 5 weeks after tail
vein injection. mRNA (E) and protein (F) levels of CXCR?7 in the tumor tissues were assessed by qPCR and Western blot assays.
GAPDH and b-actin were used as the loading controls, respectively. (G) Representative Western blot results of p-STAT3, STAT3,
cyclin D1, Bel-xl, Bcl-2, MMP-2, and MMP-9 in the tumor tissues. b-Actin was used as a loading control. All data are shown as
mean £ SD of three separate experiments. *p<0.05, **p<0.01 versus Lenti-pGCsi or Lenti-pLKO.1 group.

chemokine receptor, CXCR?7 elevation frequently emerges
and promotes the growth and metastasis of malignan-
cies™ ™. The upregulation of CXCR7 cell surface expres-
sion was also highlighted in T-ALL cells'®. We demon-
strated that, in opposition to miR-101, CXCR7 was
significantly upregulated in T-ALL specimens. Similarly,
our investigation on the intrinsic function of CXCR7 in
T-ALL revealed that CXCR7 counteracted the inhibi-
tory effects of miR-101 on the proliferation, apoptosis
resistance, and motility of human T-ALL cells in vitro,
which is a direct supportive evidence for CXCR7 func-
tion. Li et al.? reported that CXCR7 is highly important
for breast cancer growth and metastasis in vivo, and their
findings are supported by human breast cancer xenograft
and metastatic models. Similarly, we found that CXCR7
depletion markedly reduced the malignant characteristics

of T-ALL in vivo. These results indicated that CXCR7
was a functional mediator of miR-101 in T-ALL.
Recently, Li et al.® demonstrated that CXCR7 pro-
motes proliferation and motility of breast cancer cells via
activation of STAT3 signaling. Actually, STAT3 is often
overexpressed in many types of leukemia, including
T-ALL*. A previous study employing STAT3-deficient
mice showed that STAT3 activation is responsible for
bypassing apoptosis and enhancing T-cell proliferation,
suggesting that inhibition of STAT3 activation can be
an effective therapeutic approach for T-ALL#. STAT3
activation is associated with proliferation, apoptosis
resistance, cell cycle progression, and invasion of T-ALL
cells®™?, Constitutively active STAT3 induces the tran-
scription of a number of target genes, including cyclin
D1, Bel-xl, Mcl-1, MMP-2, and MMP-9??%°, STAT3 has
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been shown to promote cell cycle progression and apo-
ptosis resistance by increasing cyclin D1, Bcl-xI, and
Mcl-1 expression in T-ALL cells®. MMP-2 and MMP-9
are the matrix metalloproteinases that break down the
extracellular matrix®” and are implicated in cell migration
and invasion in acute leukemia®. Consistently, in this
study, we demonstrated that miR-101 reduced phospho-
rylation of STAT3, accompanied with reduction of cyclin
D1, Bcl-xl, Bcl-2, MMP-2, and MMP-9. Similar to the
effects of miR-101 overexpression, CXCR7 depletion
abolished the expression of p-STAT3 and STAT3 target
genes. These results indicate that miR-101 hinders the
CXCR7/STAT3 signaling pathway in T-ALL.

Our study has limitations in deciphering the role of
the CXCL12/CXCR7 axis in miR-101-downregulated
T-ALL. In this study, we only illuminated the promot-
ing effects of CXCR7/STAT3 signaling on T-ALL malig-
nancies but did not identify whether other downstream
molecules of CXCR?7 are involved in the progression of
T-ALL and their biological functions. Moreover, we did
not investigate whether miR-101 alone or CXCR7 alone
or the combination of miR-101 and CXCR?7 can be a
potential prognostic indicator in T-ALL patients. It needs
more studies to verify them.

In summary, miR-101 is downregulated in T-ALL.
In vitro and in vivo studies confirmed that miR-101 is a
novel suppressor of T-ALL by directly targeting CXCR?7.
Overall, these findings suggest that miR-101 impedes
T-ALL growth and metastasis by targeting CXCR7 and
highlight the potential role of miR-101/CXCR?7 in thera-
peutic use of T-ALL patients.
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