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miR-337 suppresses cutaneous T-cell lymphoma via the STAT3 pathway
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ABSTRACT

Cutaneous T-cell lymphoma (CTCL) is associated with the downregulation of miR-337 expression,
although the exact underlying mechanism is unknown. In the present work, we investigated the
molecular mechanism and function of miR-337 in regulating CTCL cell viability and invasion. We
observed that miR-337 expression was downregulated in both CTCL tumors and cell lines.
Furthermore, CCK assay, BrdU incorporation assay, and flow cytometry revealed that transfection
with the miR-337 mimic resulted in decreased proliferation and increased apoptotic levels in CTCL
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cells. Results of the Transwell migration assay indicated that the miR-337 mimic decreased CTCL
cell invasion in vitro. Both bioinformatics prediction and the dual-luciferase reporter assay
revealed that miR-337 targets the 3'-UTR of STAT3 for silencing. Overexpression of STAT3 counter-
acted the pro-apoptotic influence of miR-337 in CTCL cell lines and restored their invasion
properties. The results thus indicate that the miR-337-STAT3 axis inhibits the proliferation of
malignant T cells and that miR-337 may serve as a promising therapeutic target for CTCL.

Introduction

In general, cutaneous T-cell lymphoma (CTCL) is
caused by the excessive proliferation of malignant
T cells in chronic inflammation [1], but no ade-
quate information is available regarding the patho-
genesis of mycosis fungoides (MF).

MicroRNAs (miRNAs) are small noncoding
RNAs about 20 to 25 nucleotides in length that
are known for their regulatory effects in several
biological events [2] including orchestration of the
immune response [3]. Aberrant changes in
miRNA expression have been linked with cancer
development [4]. Several recent studies have also
reported the involvement of miRNAs in MF. For
instance, Ballabio et al. reported a decrease in
miR-342 and miR-223 expression levels [5] and
other studies have reported the role of miRNAs
in the differential diagnosis of CTCL [6]. Studies
have demonstrated the downregulation of miR-
337 expression in many cancers [7-12]. Notably,
miR-337 has been reported to mediate the expres-
sion of Janus kinase 2 (JAK2) and signal transdu-
cer and activator of transcription 3 (STAT3) in
non-small cell lung cancer, melanoma, and hepa-
tocellular carcinoma cells [7,9,12].

Dysregulation of STAT signaling has been
reported in a variety of cancers, including CTCL
[13]. STAT3 and STATS5 are reported to be consti-
tutively activated during the initial and advanced
stages of CTCL, respectively. For instance, signaling
of interleukin (IL)-2, IL-7, and IL-15 via JAK1 and
JAK3 has been associated with STAT5 activation
[14], and IL-21 signaling is known to be indispensa-
ble for STAT3 activation [15,16]. STAT5 upregula-
tion results in increased expression of miR-155, an
oncogene that may further regulate the mRNA
expression of STAT4 [13,17]. In the late stage,
STAT3 and STAT5 may be activated in a cytokine-
dependent manner and their expression may be
regulated by activated JAK1 and JAK3 [17,18].
Therefore, understanding the role of JAK/STAT sig-
naling in the etiology of CTCL may reveal new
strategies for CTCL treatment.

Here, we evaluated the effect of miR-337 expres-
sion on CTCL cell properties. Our results demon-
strate that changes in miR-337 expression in
different malignant T cells may influence their
viability, metastasis, and apoptosis. Alterations in
B cell lymphoma-2 (Bcl-2) and Bax protein and
mRNA expression levels confirmed that miR-337
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induces apoptosis in CTCL cells. Our study adds
to the present understanding of the role of miR-
337 as a CTCL inhibitor and may facilitate the
development of miR-targeted cancer diagnostics
and therapeutics.

Materials and methods
Cell lines

Malignant and non-malignant T cell lines were
obtained [19-22] and cultured in Roswell Park
Memorial Institute (RPMI)-1640 medium (Sigma-
Aldrich, MO, USA) supplemented with 5% peni-
cillin/streptomycin (Sigma-Aldrich).

Cell isolation

Of all the patients with CTCL, 15 were diagnosed
with stage IV MF, whereas 15 patients had stage III
MF. Biopsy was performed to obtain the specimens
of lymph node that were used to collect primary
malignant or non-malignant T cells. The protocol
was reviewed and approved by the Institutional
Review Board of Anhui Medical University, and
all patients signed the written informed consent.

Transfection

Transfection was carried out using Lipofectamine
200 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol as described previously
[23]. For the specific overexpression of miR-337,
20 nM miRNA MIMIC (GAA CGG CUU CAU
ACA GGA GUU)/NC (GAU CGA UCG A UC
GAU C) from Ribobio (Guangdong, China) was
used. pCDNA3-STAT3 and pCDNA3-empty was
used at 50 nM for STAT3 overexpression.

Cell counting kit 8 (CCK-8) assay

We measured the viability of CTCL cells using the
CCK-8 kit, according to the manufacturer’s
instructions. In brief, cells were seeded at
a density of 5 x 10> cells/well in a 96-well plate
and cultured up to 80% confluency. These cells
were transfected with either an miR-337 mimic
or a negative control (NC) mimic. After 24, 48,
and 72 h, CCK-8 reagent was added to each well

and cell viability was detected after 1 h by measur-
ing the absorbance at 450 nm wavelength.

Bromodeoxyuridine (BrdU) immunofluorescence
assay

Malignant cells inoculated in a six-well plate were
subjected to transfection with the miR-337 mimic or
NC miRNA for 48 h, and were incubated with BrdU
for 60 min. Following washes in phosphate-buffered
saline, fixation with 4% paraformaldehyde (PFA), and
permeabilization with 0.3% Triton X-100, the cells
were sequentially incubated overnight with primary
antibodies at 4°C and for 2 h with secondary antibo-
dies at 25°C. Cell nuclei were stained with 4',6-diami-
dino-2-phenylindole (DAPI), and observed under
a fluorescence microscope (Olympus 600 auto-
biochemical analyzer). Images were analyzed using
the Image-Pro plus software.

Transwell migration assays

Matrigel was coated on the upper surface of
a transwell membrane, and the lower chamber
was filled with F-12 medium containing 10% fetal
bovine serum (FBS). After 24 h, CTCL cells were
harvested and cultured in the upper chamber for
24 h. After incubation, the cells from the lower
chamber were stained with crystal violet for micro-
scopic observation.

Hoechst 33342 staining

CTCL cells were seeded at a density of 2 x 10°
cells/mL in 12-well plates prior to transfection.
After 48 h, the cells were washed with PBS and
incubated with Hoechst 33342 for 30 min at 37°C
in the dark. Ten random fields were observed
under a fluorescence microscope and 100 cells
were chosen to calculate the ratio of Hoechst
33342-positive cells.

Annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PIl) flow cytometry

MyLa2059, PB2B, and SeAx cells were harvested at
48 h following transfection. Annexin V-FITC/PI
apoptosis detection kit was used to detect



apoptosis using the Beckman Coulter FACS/
Calibur flow cytometer (Beckman Coulter).

Caspase-3/7 activity detection

Activities of caspase-3/7 were determined using
colorimetric assay kits, which utilize synthetic tet-
rapeptides (Asp-Glu-Val-Asp (DEAD) for caspase-
3/7) labeled with p-nitroaniline (pNA) (Abcam,
ab39401). Briefly, cells were lysed in the supplied
lysis buffer. Supernatants were collected and incu-
bated with the supplied reaction buffer containing
DTT and DEAD-pNA as substrates at 37°C. The
reactions were measured by changes in absorbance
at 405 nm using the VERSAmax tunable micro-
plate reader.

Western blot analysis

Cell lysates were prepared using radioimmunopreci-
pitation assay (RIPA) buffer and protein concentra-
tion was measured with a bicinchoninic acid Kkit.
Protein samples were separated using a 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the separated bands were trans-
ferred onto polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked with 5%
bovine serum albumin (BSA) for 1 h at 25°C.
Proteins on the membrane were then incubated with
the corresponding primary antibodies (STAT3
[1:1000], Bcl-2 [1:2000], Bax [1:1000], and actin
[1:5000]) overnight at 4°C, followed by incubation
with a secondary antibody for 1 h at room tempera-
ture. The blots were visualized using the enhanced
chemiluminescence (ECL) kit and a C-Digit Blot
Scanner.

RNA extraction and quantitative polymerase
chain reaction (qPCR)

Malignant T cells subjected to different treatments
were used for extraction of total RNA using Trizol
reagent. PCR was performed using SYBR Green on
a Roche Light-Cycler 480 Real Time PCR system
(Roche, Germany), and the expression levels of
miR-337, Bcl-2, and Bax were normalized to the
level of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Expression levels of targeted genes were
calculated using the 27**“" method.
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Dual-luciferase reporter assay (DLRA)

The 3-UTR luciferase reporter assay was con-
ducted to validate the target gene of miR-337
using the wild type and mutant 3-UTR of
STAT3. The sequences of Renilla luciferase and
firefly luciferase were constructed for reporter
fluorescence (Rluc) and calibration fluorescence
(Luc), respectively. Cells, miRNA mimic, and vec-
tors were mixed, and cultured for 24 h, and luci-
ferase activity was examined using the dual-
luciferase reporter assay system.

Statistical analysis

All data were presented as mean + standard deviation.
Intergroup comparison was performed either by one-
way analysis of variance (ANOVA) or Student’s -test.
P < 0.05 indicated statistical significance.

Results

miR-337 expression was downregulated in
malignant T cell lines

To identify whether miR-337 is a critical regulator
of CTCL development, miR-337 expression was
examined in six different T cell lines as well as in
T cells from patients with MF. The expression of
miR-337 was downregulated in several T cell lines
(20 samples of advanced CTCL) compared to that in
CD41" T cells (Figure 1(a)). In addition, the results
of qPCR revealed that miR-337 expression was sig-
nificantly reduced in the four malignant T cell lines
compared with that in the two non-malignant T cell
lines (Figure 1(b)). These data suggest that malig-
nant T cells or CTCL cells showed downregulation
of miR-337 expression compared with that in nor-
mal cells or cells from lung tissue.

miR-337 overexpression impaired the viability of
malignant T cells

To assess the effect of miR-337 expression on the
growth of CTCL cells, the miR-337 mimic and NC
miRNA were transfected into MyLa2059, PB2B, and
SeAx cells. The expression of miR-337 was increased
in all three cell lines after miR-337 mimic transfection
(Figure 2(a-c)). The CCK8 assay was performed to
assess the proliferation of these three cell lines.
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Figure 1. miR-337 expression in T cells from patients with CTCL and in malignant CTCL cell lines. (a) Decreased expression of miR-337 was
observed in T cells from patients with CTCL (n = 30) compared to that in normal human T cells (n = 15). (b) miR-337 levels in malignant T cells
and non-malignant cells, MySi and MyLa1850. MySi cells served as controls. Data are represented as mean + SD. *P < 0.05, **P < 0.01.n = 3.
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Figure 2. Effect of miR-337 mimic on the viability of malignant T cells. (a, b, c¢) Expression of miR-337 in MyLa2059, PB2B, and SeAx
cells following transfection with the miR-337 mimic and NC miRNA, as measured by gPCR. (d, e, f) CCK-8 assay of three CTCL cells at
24, 48, and 72 h after transfection. (g, h, i) Proliferation of MyLa2059, PB2B, and SeAx cells after 48 h of transfection, as detected with
BrdU incorporation assays. Data are represented as mean + SD. *P < 0.05, **P < 0.01. n = 3.

Compared to the cells transfected with the NC
miRNA, those transfected with the miR-337 mimic
showed a decrease in growth rate at 24, 48, and 72 h
after transfection (Figure 2(d-f)). A BrdU immu-
nofluorescence assay was performed to measure cell

viability at 48 h after transfection. Compared to the
cells from the NC miRNA group, MyLa2059, PB2B,
and SeAx cells transfected with the miR-337 mimic
showed approximately 80%, 90%, and 80% decreases
in cell viability, respectively (Figure 2(g-i)). Thus,



miR-337 overexpression inhibited the proliferation of
these cells.

miR-337 suppressed the invasion of CTCL cells

Several studies have reported that the invasion poten-
tial of CTCL cells is the major cause for mortality
during CTCL progression. To determine whether
miR-337 influences the invasion abilities of CTCL
cells, a transwell migration assay was performed
after the transfection of MyLa2059, PB2B, and SeAx
cells with the miR-337 mimic or NC miRNA. We
found that miR-337 overexpression resulted in an
obvious decrease in the invasion of malignant T cells
(Figure 3(a—c)). The data revealed that ectopic expres-
sion of miR-337 in MyLa2059, PB2B, and SeAx cells
inhibited the invasion of these three cell lines (Figure
3(d-1)). Thus, miR-337 overexpression may suppress
the invasive properties of CTCL cells in vitro.

Ectopic expression of miR-337 resulted in
increased apoptosis of malignant T cells

The number of cells stained positive for Hoechst
33342 after 48 h was higher among miR-337-

a
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expressing cells than among cells from the NC
group (Figure 4(a)). Flow cytometry analysis demon-
strated that miR-337 overexpression caused an
increase in the rate of apoptosis in CTCL cell lines
(Figure 4(b)). As miR-337 expression suppresses the
proliferative ability and promotes apoptosis in CTCL
cells, we investigated the mechanism underlying
miR-337-mediated apoptosis. We found that miR-
337 could induce apoptosis and caspase activity at
72 h post transfection (Figure 4(c)). The expression of
Bcl-2 (anti-apoptotic) and Bax (pro-apoptotic) was
examined by western blotting and qPCR. miR-337
overexpression caused a decrease in the expression of
Bcl-2 and an increase in the expression of Bax at both
protein (Figure 4(d)) and mRNA (Figure 4(e,f)) levels
compared to that in control cells. These findings
suggest the mechanism underlying the effect of
miR-337 on apoptosis induction.

miR-337 targeted the 3'-untranslated region
(UTR) of STAT3

STATS3 expression has been related to tumor metas-
tasis and cellular apoptosis in various cancers
mediated by miR-337

[7,9,12]. Therefore, we
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Figure 3. miR-337 overexpression suppressed the invasion of malignant T cells. After miR-337 plasmid transfection, the invasion
capacity of MyLa2059, PB2B, and SeAx cells was measured using a transwell migration assay (a, b, ¢) and the number of invasive cells
was counted (d, e, f). Representative data are expressed as mean + SD. *P < 0.05, **P < 0.01. n = 3.
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Figure 4. Ectopic overexpression of miR-337 enhanced apoptosis in CTCL cells. (a) Hoechst 33342 staining was carried out in each group of
malignant T cells transfected with or without miR-337. Magnification, x200. Apoptotic rate of positive Hoechst 33342 staining in each group
of CTCL cells is displayed in the upper panel. (b) Annexin V-FITC/PI staining and flow cytometry was performed to evaluate the number of
apoptotic cells. In the right panel, upper and lower quadrants of each plot represent early apoptotic cells. Apoptosis rate analysis of CTCL cells
in each group is displayed in the lower panel. (c) miR-337 overexpression increased caspase-3/7 activity in the three CTCL cell lines (MyLa2059,
PB2B, and SeAx). (d) Western blotting and (e, f) gPCR analyses were performed to assess the protein and mRNA levels, respectively, of Bcl-2
and Bax, which were regulated by miR-337 overexpression. Data are represented as mean =+ SD. *P < 0.05, **P < 0.01 versus NC group. n = 3.

determined the effect of miR-337 expression on
STAT3 in CTCL cells. STAT3 expression was upregu-
lated in CTCL cells from the patients with MF com-
pared to that in patients with normal CD41" T cells
(Figure 5(a)). Furthermore, STAT3 levels were higher
in malignant cell lines than those in the non-
malignant cell lines (Figure 5(b)). Bioinformatics pre-
diction suggested that miR-337 may target the 3'-UTR
of STAT3 (Figure 5(c)). Direct binding between miR-
337 and the 3'-UTR of STAT3 was detected via the
dual-luciferase reporter assay (Figure 5(d)). These
findings revealed that luciferase function was inhib-
ited by 60% following transfection with the miR-337
mimic that was fused with the 3-UTR of STAT3
compared to that in the other control groups.

We also analyzed the effect of miR-337 overex-
pression on STAT3 levels in MyLa2059, PB2B, and
SeAx cells using western blotting and qPCR. STAT3
expression was significantly downregulated follow-
ing transfection with the miR-337 mimic (Figure 5
(e=j)). These results demonstrate that STAT3
expression in CTCL cells was decreased following
the ectopic expression of miR-337 and that miR-337
potentially targets the 3'-UTR of STAT3.

STAT3 overexpression reversed the effect of
miR-337 on CTCL cell properties

To determine whether STAT3 overexpression may
suppress the influence of miR-337 on CTCL
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Figure 5. miR-337 directly targets STAT3. (a) An increase in STAT3 expression was observed in T cells from patients with MF (n = 20)
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evaluate STAT3 protein and mRNA levels, respectively, after transfection of malignant T cells (MyLa2059, PB2B, SeAx) with the miR-
337 mimic and NC miRNA. Data are represented as mean + SD. *P < 0.05, **P < 0.01 versus normal group. n = 3.

properties such as viability, invasion, and apopto-
sis, STAT3 expression was elevated in MyLa2059,
PB2B, and SeAx cells co-transfected with the miR-
337 mimic. Western blotting and qPCR analyses
were performed to confirm the increased STAT3
levels in cells (Figure 6(a-f)).

Overexpression of STAT3 resulted in the recovery
of miR-377-mediated suppression of MyLa2059,
PB2B, and SeAx cell proliferation, as evident from
the results of the CCK assay, compared with the NC
group (Figure 7(a—c)).

To determine whether STAT3 overexpression is
involved in regulating the inhibitory effect of miR-

337 on CTCL cell invasion, we performed a transwell
migration assay with MyLa2059, PB2B, and SeAx cells
transfected ~ with  different agents. STAT3-
overexpressing cells exhibited higher invasive capacity
than cells from the NC group, and in miR-337 mimic
transfected cells, STAT3 overexpression restored the
number of invading cells (Figure 7(d-f)).

To evaluate how STAT3 alters apoptosis in
these malignant T cells, MyLa2059, PB2B, and
SeAx cells were subjected to Annexin V-FITC/PI
flow cytometry analysis. Increase in STAT3
expression led to a noticeable decrease in the
number of apoptotic cells in the miR-337 mimic
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Figure 6. STAT3 was artificially overexpressed in malignant T cells (MyLa2059, PB2B, SeAx) co-transfected with miR-337 mimic.
MyLa2059, PB2B, and SeAx cells were co-transfected with miR-337 mimic and a STAT3-expressing vector. Western blotting (a, b, ¢)
and gPCR (d, e, f) analyses were performed to confirm the ectopic expression of STAT3. Data are represented as mean + SD.

*P < 0.05, **P < 0.01 versus normal group. n = 3.

transfected group (Figure 7(g-i)). Taken together,
these data suggest that STAT3 overexpression
restored the malignant properties of T cells that
were impaired by miR-337 expression.

Discussion

Development of cancer is a synergetic process
associated with the function of many oncogenes
that mediate epigenetic changes. Although CTCL
has been broadly investigated in previous studies,
the pathogenesis of CTCL is incompletely eluci-
dated owing to its complexity and variations. This
study reveals that miR-337 expression was down-
regulated in a variety of CTCL cell lines and that
miR-377 may affect the key properties of CTCL
cells. Overexpression of miR-337 in malignant
T cell lines suppressed the proliferative ability
and migration of CTCL cells and simultaneously
triggered their apoptosis. Furthermore, miR-337
expression suppressed the expression of STATS3,
a key downstream modulator belonging to the
JAK/STAT signaling pathway. DLRA data revealed
the direct binding of miR-337 to the 3’-UTR of
STAT3. Our findings strongly suggest that miR-
337 acts as a tumor suppressor by targeting the
STAT3 gene and provide evidence for its use as
a potential agent in CTCL therapy.

miRNAs may affect biological reactions via mod-
ulation of their target gene functions. Aside from
JAK2 and STAT3, miR-337 may target different
genes, including tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL) [24], high mobility
group at-hook 2 (HMGA?2) [25], phosphatase and
tensin homolog (PTEN) [26], hepatocyte nuclear
factor 4a [27], myeloid zinc finger 1 (MZF1) [28],
and matrix metallopeptidase 14 (MMP-14) [29], all
of which are involved in the progression of different
tumors and diseases. In the present study, we per-
formed bioinformatics analysis to show that miR-
337 may target the conserved site of STAT3. DLRA
data showed that STAT3 directly interacted with
miR-337 in CTCL. STAT3 expression is reported to
be correlated with multiple biological processes
[30,31] and the phosphorylated form of STAT3 is
known to modulate the expression of various genes
and pro-apoptotic factors including Bcl-xL, Bcl-2,
vascular endothelial growth factor (VEGF), and
MMPs [30-33]. Constitutive STAT3 expression has
been consistently detected in advanced stages of
CTCL [34]. Constitutive phosphorylation of STAT3
is reported to prevent apoptosis in malignant T cells
[16] and may significantly increase the levels of
VEGF and MMPs [35]. In this study, STAT3 expres-
sion was decreased after transfection of cells with
a miR-337 mimic, and overexpression of STAT3 in
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The viability of three CTCL cells (with different transfection, NC+oeNC, NC+0eSTAT3, MIMIC+0eNC, and MIMIC+0eSTAT3) was
measured with the CCK-8 assay at 24, 48, and 72 h post-transfection. (d, e, f) Invasion capacity of MyLa2059, PB2B, and SeAx cells
(with different transfection, NC+oeNC, NC+0eSTAT3, MIMIC+o0eNC, and MIMIC+0eSTAT3) was measured using a transwell migration
assay. (g, h, i) Annexin V-FITC/PI flow cytometry was performed to detect the number of apoptotic cells in MyLa2059, PB2B, and SeAx
cells subjected to different transfection treatments. Apoptotic cells are shown in the upper and lower right quadrants of each plot.
Data represent the mean + SD. *P < 0.05, compared with the indicated group. n = 3.

CTCL cell lines restored the properties (viability and
metastasis) of CTCL cells ablated by miR-337. These
results suggest that miR-337 expression may essen-
tially attenuate CTCL tumorigenesis via modulation
of STAT3 expression.

In summary, this study demonstrates the tumor
suppressor role of miR-337 that may impair the malig-
nant properties of CTCL cells. However, we were

unable to evaluate factors other than STAT3 targeted
by miR-337 that contribute to CTCL pathogenesis. In
this direction, modified high throughput sequencing
coupled with crosslinking immunoprecipitation
(HITS-CLIP) and the miR-Trap method [36] will be
carried out in our future investigations to screen and
identify the targets of biotin-labeled miR-337 in malig-
nant T cells. This novel technique could provide
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a more precise and comprehensive interpretation of
miR-337 involvement in CTCL.
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