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ABSTRACT
Background: Melanoma is one of the fastest-rising types of cancer in North 

American. Accumulating evidence suggests that anti-tumor immune tolerance plays 
a critical role in tumor development. 

Methods: B16 melanoma cells were injected into wild type and miR-17 
overexpressing transgenic mice. Tumor growth was monitored and tumor bearing 
mice were sacrificed by the end of the forth week. Peripheral blood and spleen 
cells were subject to flow cytometry analysis and tumor samples were subject to 
immunohistochemistry staining. Meanwhile, Jurkat cells transfected with mock-
control or miR-17 overexpressing plasmid were co-cultured with B16 cells. The 
influence of miR-17 on cell cycle, proliferation and survival was evaluated.

Results: The melanoma tumors formed in mice overexpressing miR-17 were less 
than that in wild type mice. In addition, the miR-17 tumors were less invasive and 
less angiogenic. The percentage of CD8+ T cells was suppressed in miR-17 transgenic 
mice before melanoma cell injection. Its level was significantly increased upon tumor 
grafting. More tumor infiltrating CD8+ cytotoxic T lymphocyte could be found in 
transgenic mice with tumor formation. Luciferase assay and protein analysis indicated 
that STAT3 was the target of miR-17. Decreased levels of STAT3 were associated 
with miR-17 over-expression. Down-regulation of STAT3 in Jurkat cells promoted 
cell proliferation and mitosis.

Conclusions: MiR-17 inhibits melanoma growth by stimulating CD8+ T cells 
mediated host immune response, which is due to its regulation of STAT3.

INTRODUCTION

Melanoma is the most aggressive skin cancer, and 
is characterized by its rapid growth and early metastasis. 
It accounts for over 75% of deaths related to skin cancer. 
Melanoma has one of the fastest growing incidences in 
North America, and it has been steadily increasing for 
the past 30 years. It is estimated that 2% of Caucasians 
will develop melanoma in their lifetime [1]. In 2014, 
approximately 76,100 new cases will be diagnosed and 
about 9,710 individuals will die from melanoma in the 
United States [1]. Until 2011, there was no single agent 
available for the successful treatment of this disease. 

Owing to enormous progresses made in immunotherapy, 
many treatment options have emerged in recent years and 
the overall survival of patients with advanced melanoma 
has been significantly prolonged [2].

Immunotherapeutic drugs function by stimulating 
the host immune system, which recognizes and targets 
tumor cells in the tumor microenvironment. The tumor 
microenvironment has a pivotal role in the development 
and progression of tumors. The microenvironment 
comprises stromal cells, cytokines, signaling molecules 
and extracellular matrix. The interplay between the tumor 
and its surrounding microenvironment determines the 
balance between tumor growth and antitumor immune 
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responses. Tumor cells are good at camouflage: they 
modify or shed their surface antigens to escape from 
immune surveillance. Therefore, overcoming immune 
tolerance will increase the effect of the antitumor immune 
response. By targeting molecules capable of manipulating 
the microenvironment, immunotherapy has emerged as a 
novel method to treat melanoma.

Melanoma cells harbor a multitude of gene 
mutations which favor tumor cell proliferation, invasion 
and metastasis. The signal transducer and activator of 
transcription (STAT3) protein is constitutively activated 
in approximately 50 to 90% of human cancers, including 
melanoma [3, 4]. Accumulating evidence suggests 
that elevated activity of STAT3 pathway is essential 
for the ability of melanoma cells to evade the immune 
system [5, 6]. STAT3 participates in tumor immune 
tolerance by inhibiting proinflammatory mediators and 
stimulating immune suppressing factors. As a result, 
T-cell functionality is suppressed and its immune 
response against tumor antigens is impaired. It is still 
poorly understood how T-cells, arisen from the human 
host, become tolerant to tumor cells. The restoration of 
infiltrative T-cell function in the tumor microenvironment 
may provide a potential therapeutic opportunity for 
overcoming the immune evasion of melanoma cells. Our 
studies show that STAT3 mediates the function of miR-17 
in regulating T-cell activities, thus providing novel insight 
into the mechanisms that may underlie immune evasion in 
melanoma cells. 

RESULTS

CD8+ cells increased in tumor-bearing miR-17 
transgenic mice

Previous work from our lab showed that miR-
17 is essential for hematogenesis and differentiation 
[7]. We therefore evaluated the influence of miR-
17 on lymphopoiesis. CD45 is expressed on most 
hematolymphoid cells. We examined the number of 
CD45+ cells in peripheral blood and spleen. A lower 
percentage of CD45+ cells was detected in the miR-17 
transgenic mice as compared with wildtype (30.80% 
vs. 58.23%, p=0.03) (Figure 1a). Since patients with 
melanoma containing a higher number of T lymphocytes 
show longer overall survival than those bearing tumors 
without T lymphocytes infiltrations [8], we analyzed the 
subpopulation of T lymphocytes including the number 
of CD8+ and CD4+ T cells in CD45+ cells (Figure 1b). 
C57BL/6 mice have a higher percentage of CD8+ cells, 
compared to other strains. The CD8/CD4 ratio was close to 
1 in both wild type and miR-17 transgenic mice (1.17 vs. 
0.88, p=0.21), which was consistent with previous findings 
[9]. However, the number of CD8+ cells was significantly 

less in the transgenic mice than that in wild type (9.12% 
vs. 14.07%, p<0.01). The number of CD4+ cells also 
decreased in the miR-17 transgenic mice compared to 
wildtype (8.05% vs. 16.33%, p=0.02).

We next injected mouse melanoma B16 cells 
intraperitoneally into wild type and miR-17 transgenic 
mice. On the 28th day, we collected blood in the periphery 
and the spleen from tumor-bearing mice. Compared to 
the mice without tumors, mice with grafted tumors had 
a higher number of CD45+ cells (Figure 1a and 2a). 
There was an 8% increase in tumor-bearing wild type 
mice compared to non-tumor mice (66.43% vs. 58.23%, 
p=0.21). In the miR-17 transgenic mice, an increase of 
10% after melanoma implantation was detected (30.80% 
vs. 40.90%, p=0.40). In line with what we have seen in 

Figure 1: Analysis of cell subtype in non-tumor-bearing 
mice. (A) Left, Lower amounts of CD45+ cells were detected in 
the miR-17 transgenic mice compared with the wild type mice 
(30.80% vs.58.23%, p=0.03). Right, Typical distributions of 
CD45 positive cells in the miR-17 transgenic and wildtype mice. 
(B) Left, The percentage of CD8+ cells was significantly less in 
transgenic mice than that in the wild type (9.12% vs. 14.07%, 
p<0.01). The percentage of CD4+ cells also decreased in miR-
17 transgenic mice compared with wildtype (8.05% vs. 16.33%, 
p=0.02). The ratio of CD8+/CD4+ was decreased in transgenic 
mice (1.17 vs. 0.88, p=0.21). Right, Typical distributions of 
CD4, and CD8 subtypes in the miR-17 transgenic and wildtype 
mice.
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non-tumor-bearing mice, the population of CD45+ cells 
was relatively lower in tumor-bearing mice with miR-17 
overexpression (40.90% vs. 66.43%, p=0.04) (Figure 2a). 

Analysis of subpopulation of T cells showed 
that CD8+ cells were significantly increased in miR-17 
transgenic mice after tumor implantation compared to 
non-tumor miR-17 mice (27.43% vs. 9.12%, p=0.03). 
Nevertheless, there was little change of CD8+ cells in wild 
type mice (14.07% vs. 14.40% p=0.83). The ratio of CD8/
CD4+ cells in transgenic mice increased from 1.17 to 1.92 
after tumor injection, while it only slightly increased from 
0.88 to 0.99 in wild type controls (Figure 2b). In summary, 
compared to the mice without tumor, a significant increase 
in CD8+ cells was observed in miR-17 overexpressing 

mice, but not in the wild type controls.

Tumor invasion was inhibited in miR-17 
transgenic mice

When B16 cells were injected into the peritoneal 
cavities of miR-17 transgenic and wild type mice, they 
were capable of seeding on the surface of internal organs 
such as liver, bowels and omentum. In the wild type 
group, implantation metastasis was found in 84.6% of the 
mice, while only 40.0% of transgenic mice had seeded 

Figure 3: Immunohistochemistry analysis in B16 
grafted tumor and host spleen. (A) In the wild type 
mice, massive necrosis and internal bleeding could be found 
in the B16 melanoma, and tumor cells frequently invaded into 
stromal tissue. Meanwhile, intact plasma membrane and less 
hemorrhagic necrosis was seen in the miR-17 transgenic mice. 
Scale bar, 100 µm. (B) Enlarged white pulps could be seen in 
the transgenic spleen of tumor bearing mice (H&E staining). 
More CD8+ cells were in spleens of transgenic mice than that 
in the wildtype mice. Compared to the wild type mice, miR-17 
overexpression in spleen was associated with reduced expression 
of MAP3K14 and STAT3. Scale bar, 100 µm.

Figure 2: Cell subtype analysis in tumor-bearing mice. 
(A) Left, Compared to the wild type mice, lower percentages 
of CD45+ cells were detected in the miR-17 transgenic mice 
(40.90% vs. 66.43%, p=0.04). Right, Typical distributions of 
CD45 positive cells in the miR-17 transgenic and wildtype mice. 
(B) Left, The percentages of CD8+ cells increased significantly 
in the miR-17 transgenic mice after tumor implantation 
compared with the non-tumor-bearing mice (27.43% vs. 9.12%, 
p=0.03). Nevertheless, there was little change in CD8+ cells in 
wild type mice (14.07% vs. 14.40% p=0.83). The ratio of CD8/
CD4+ cells in transgenic mice increased from 1.17 to 1.92 after 
tumor injection, while it only slightly increased from 0.88 to 
0.99 in wild type controls. Right, Typical distributions of CD4, 
and CD8 subtypes in the miR-17 transgenic and wildtype mice.
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tumors (Chi square test, p=0.03). Tumor sections were 
stained with hematoxylin and eosin (H&E) after the mice 
were sacrificed by the end of fourth week. In the wild type 
mice, massive necrosis and internal bleeding could be 
found in the B16 melanoma, and tumor cells frequently 
invaded into stromal tissue (Figure 3a). In the miR-17 
transgenic mice, grafted tumors were still surrounded by 
an intact plasma membrane and less hemorrhagic necrosis 
can be found inside tumor (Figure 3a). Accordingly, the 
sizes of tumors formed in the transgenic group were much 
smaller than that in the control group. Taken together, 
grafted melanoma cells were less invasive in the miR-17 
transgenic mice than in the wild type mice.

We previously reported that decreased numbers and 
sizes of germinal centers were observed in non-tumor-
bearing miR-17 transgenic mice [7]. We next examined 
the paraffin sections of spleen in tumor-bearing mice. By 
using H&E staining, enlarged white pulps could be seen in 
the transgenic spleen of tumor bearing mice (Figure 3b). 
Immunohistochemistry (IHC) analysis showed that more 
CD8+ cells were in the spleens of transgenic mice than 
in the wildtype mice (Figure 3b). We further examined 
expression of MAP3K14 and STAT3 in transgenic spleen. 
Compared to the wild type mice, miR-17 overexpression 
in spleen was associated with reduced expression of 
MAP3K14 and STAT3 (Figure 3b). Overall, provocative 
reactions were observed in the spleens of mice with miR-

17 overexpression.

MiR-17 targets STAT3 in melanoma tumor 
microenvironment

Computational analysis showed that STAT3 is a 
candidate for miR-17 targeting. Its 3’-untranslated region 
(3’-UTR) contains a base pairing sequence complementary 
to the seed region of miR-17 (Figure 4a). We thereby 
designed a luciferase reporter construct which has a miR-
17 binding site in the 3’-UTR of STAT3. In luciferase 
assay, miR-17 was able to bind to its complementary 
base pairing in luciferase reporter and reduced luciferase 
activity. We confirmed that mutation of the miR-17 binding 
site interfered with miR-17-target interaction, which led 
to restoration of luciferase activities (Figure 4b). As a 
result of miR-17 overexpression, the expression levels 
of STAT3 were suppressed in the spleens of transgenic 
mice (Figure 4c). Moreover, decreased expression of 
STAT3 was also detected in human T lymphocyte Jurkat 
cells transfected with the miR-17 overexpression plasmid 
(Figure 4c). Stable overexpression of miR-17 could be 
observed in these cells for two weeks after transfection. 
Notably, the positive rate of CD8 was increased in 

Figure 4: MiR-17 targets STAT3 in tumor stromal 
cells. (A) A potential miR-17 target site was found in the 3’UTR 
of STAT3. (B) Luciferase assay confirmed that miR-17 was able 
to target the 3’UTR of STAT3. (C) Western blotting showed 
decreased expression of STAT3 in the miR-17 transgenic mice 
and in the miR-17-transfected Jurkat cells. CD8+ expression 
increased in the miR-17-overexpressed Jurkat cells. (D) Tumor 
infiltrating CD8+ cytotoxic T lymphocytes were increased in the 
miR-17-overexpressed transgenic mice. Scale bar, 50 µm.

Figure 5: Co-culture of B16 and Jurkat cells. (A) Jurkat 
cells overexpressing miR-17 grew significantly faster when 
co-cultured with B16 cells. (B) When miR-17 overexpressed 
Jurkat cells were treated with cholera toxin, they showed greater 
resistance to AICD and smaller number of cells underwent 
apoptosis. Jurkat cells overexpressing miR-17 survived better in 
serum-free media compared to the controls.
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these cells overexpressing miR-17 (Figure 4c). We next 
examined the existence of CD8+ cells in a grafted tumor 
microenvironment. In tumor-infiltrating T cells, we found 
higher percentages of CD8+ cells in the miR-17 transgenic 
mice compared with the wild type (Figure 4d).

MiR-17 promoted proliferation of Jurkat cells co-
cultured with B16 cells

When Jurkat cells were co-cultured with B16 cells, 
they benefited each other in proliferation: Jurkat cells 
overexpressing miR-17 grew significantly faster when co-
cultured with B16 cells (Figure 5a). These cells showed 
greater resistance to activation-induced cell death (AICD) 
as well (Figure 5b). When miR-17-transfected Jurkat cells 
were treated with cholera toxin, there were smaller number 
of cells undergoing apoptosis compared to controls (Figure 
5b). Similarly, these cells survived better in serum-free 
media (Figure 5b).

Cell cycles were assayed in the miR-17-transfected 

Jurkat cells with or without B16 co-culture. When they 
grew independently, miR-17 overexpression in Jurkat 
cells increased the cell number in G1 phase (50.24%), 
compared to that in control group (42.84%) (Figure 6a). 
Consistently, miR-17 overexpressing cells in S phase also 
decreased to 13.89%, compared to 23.41% of control 
group (Figure 6a). However, when co-cultured with B16 
cells, more cells overexpressing miR-17 were detected in 
S phase (34.22%). But there was only slightly increase 
in control cells (25.91%) (Figure 6a). To mimic the 
function of miR-17 in vitro, we further knocked down the 
expression of STAT3 by using siRNA against STAT3. As 
opposed to miR-17, knocking down STAT3 reduced the 
cell population in S phase (13.13%) and increased it in 
G1 phase (52.23%), compared to 21.46% in S phase and 
38.04% in G1 phase of negative control oligos (Figure 
6b). When these cells were co-cultured with B16 cells, 
suppression of STAT3 was associated with an increased 
percentage of cells in S phase (26.45%) and decreased in 
G1 phase (40.09%) (Figure 6b). There was no significant 
change observed in control cells. In summary, miR-

Figure 6: Cell cycles analysis in Jurkat cells with or without B16 co-cultured. (A) Left, Without co-culture, miR-17 
overexpression increased cell number in G1 phase compared with the control cells (50.24% vs. 42.84%). MiR-17 overexpressing cells in S 
phase also decreased (13.89% vs. 23.41%). When co-cultured with B16 cells, more cells overexpressing miR-17 were detected in S phase 
(34.22% vs.25.91%). (B) Silencing STAT3 reduced cell number in S phase (13.13%) but increased the number in G1 phase (52.23%), 
compared to 21.46% in S phase and 38.04% in G1 phase of cells transfected with a control oligo. When these cells were co-cultured with 
B16 cells, silencing STAT3 was associated with increased percentage of cells in S phase (26.45%) and decreased in G1 phase (40.09%).
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17 targeted STAT3, promoted Jurkat-cell mitosis and 
proliferation during co-culture with melanoma B16 cells.

DISCUSSION

The tumor microenvironment comprises blood 
vessels, immune cells, fibroblasts and the extracellular 
matrix. Numerous signaling molecules and pathways 
influence the interactions between the tumor and its 
surrounding microenvironment. It is believed that 
such interplay remodels the tumor microenvironment, 
permitting tumor angiogenesis and metastasis. Meanwhile, 
immune responses are often suppressed in the host, 
leading to tumor-tolerogenic macrophages, NK/T cells 
and neutrophils. Any fluctuation in the microenvironment 
could impact the global signaling of tumor cells, and thus 
influence the stress response through miRNA-regulated 
pathways. In our study, we found that microRNA-17 was 
able to target STAT3 in tumor microenvironment, thus 
inhibited melanoma tumor growth by stimulating the 
tumor infiltrating CD8+ T cells response.

There has been extensive research into the molecular 
mechanisms of tumor-mediated immune suppression, 
in an attempt to explain how tumor cells are able to 
escape the natural immune surveillance. It is becoming 
increasingly clear that the dysregulation of the immune 
response plays a critical role in cancer progression 
and therapeutic resistance. Hence, normalizing of the 
microenvironment can improve the body’s ability to fight 
off cancer. Analysis of tumor infiltrating lymphocytes 
has demonstrated that many types of tumors show 
evidence of T-cell infiltration [10]. Of particular interest, 
activated CD8+ T cell responses have been associated 
with a positive prognosis in tumors such as colorectal 
cancer [11]. More studies are underway to explore the 
prognostic value of cancer-associated immune biomarkers. 
Recent findings have suggested that miRNAs are greatly 
involved in modulating the proliferation, differentiation 
and response of CD8+ T cells. Initial characterization 
of the miRNA profile in CD8+ T cells provided insight 
into the understanding of the role miRNAs play role in 
a cell-specific setting (Figure 4). Our previous study 
showed that CD8+ cells differentiation was impaired 
in miR-17 overexpression mice [7]. It could also be 
partially attributed to suppression of STAT3 [12]. In the 
absence of STAT3, T cells failed to mature into protective 
memory T cells [12]. Thus it is suggested that STAT3 
drives a feedback loop to establish CD8+ T cells and 
other functional cell differentiation. In addition, many 
other signaling pathways are also actively involved in the 
regulation of T cell differentiation and clonal expansion, 
such as PTEN/PI3K/Akt and Wnt signaling [13, 14]. Since 
both pathways are under regulation of miR-17, the global 
immune suppression we observed in mice with miR-17 
overexpression could be the result of a vastly complex 
mechanism of interconnected regulatory networks.

Interestingly, when melanoma cells were growing 
in the mice, effective immune response was observed in 
miR-17 overexpressing mice, leading to inhibited tumor 
development. Recent evidence has indicated microRNAs 
exert a fining tuning function to maintain cellular internal 
hemostasis [15]. MicroRNA-regulated stress response 
not only happens at the cellular level, but also mediates 
systemic reactions. In miR-17 transgenic mice, high levels 
of CD8+ T cells were detected in the spleen as well as 
peripheral blood. More importantly, they infiltrated into 
grafted tumors. It is generally recognized that CD8+ T 
cells play an important role in attacking tumor cells and 
impeding tumor growth. They directly mediate the death 
of tumor cells, and also produce inhibiting factors such as 
IFN-γ, TNF-α and IL-2. The combined effect is a driving 
force of anti-tumor immunity, especially in melanoma 
[16].

The understanding of the potent effects of miRNAs 
on tumor-mediated immunosuppression was driven by 
studies in tumor-bearing mice. However, the impact of 
microRNAs on anti-tumor immune response could be a 
double-edged sword. Increased expression of miR-15b 
was observed in isolated CD8+ T lymphocytes in mice 
with Lewis lung carcinoma [17]. Ectopic expression of 
miR-15b in CD8+ T cells inhibits apoptosis by knocking 
down death effector domain-containing DNA binding 
protein (DEDD). High expression of miR-15b is also 
associated with inactivation of CD8+ T lymphocytes by 
repressing the production of cytokines such as IL-2 and 
IFN-γ [17]. Despite its anti-apoptotic effect, miR-15b 
likely plays a negative role in the activation of effector T 
cells and anti-tumor immune response. Dynamic changes 
in tumor-associated miRNA expression have also been 
observed in the miR-17-92 cluster [18-20]. In patients 
with multiple myeloma, the miR-92a level in CD8+ T 
cells was significantly down-regulated compared with 
normal subjects [21]. With the remission of disease, the 
plasma miR-92a level became normalized. Given the fact 
that miR-92a and miR-17 belong to a same microRNA 
cluster, their roles in immune mediation could be alike. 
It is notable that miR-17-92’s function in tumor growth 
and progression still remain controversial, which mainly 
display in a cell-specific context. Their levels are generally 
elevated in leukemia but suppressed in breast cancer [22]. 
In contrast, both miR-17 and miR-92a promote immune 
cell mediated anti-tumor response. It is therefore suggested 
their regulations of tumor development and progression 
are multilayered and through different mechanisms.

Accumulating evidence has identified STAT3 
as a critical molecule in regulating tumor-associated 
immunosuppression by interfering with multiple factors. 
Constitutive expression of STAT3 alters gene-expression 
programs, inhibits expression of immune mediators and 
suppresses leukocyte infiltration into the tumor [23]. 
Blocking STAT3 in immune cells can generate diverse 
anti-tumor immunity by suppressing negative regulators 
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such as immature dendritic cells and regulatory T cells and 
activating CD8+ T cells, natural killer cells and neutrophils 
[23]. Thus, STAT3 has emerged as a potential target for 
tumor immunotherapy. Recent studies have demonstrated 
that the interplay between miRNAs and STAT3 broadly 
exists in cancer development and progression. MiR-124 
has been reported as a potential tumor suppressor in 
diverse tumor types, such as colorectal cancer and prostate 
cancer [24]. In patients with glioblastoma, the expression 
of miR-124 is significantly reduced, compared to normal 
brain tissues [25]. Ectopic up-regulation of miR-124 in 
glioma stem-like cells promoted T cell proliferation and 
regulatory T cell induction. Moreover, treatment of T 
cells from glioblastoma patients with miR-124 induced 
pro-inflammatory cytokines and chemokines [25]. As 
a result, systemic administration of miR-124 prolonged 
overall survival and decreased tumor incidence in a 
murine glioma model. Such anti-tumor effects were 
shown to be dependent on the presence of T cells. In 
tumor bearing mice depleted of CD4+ or CD8+ cells, 
the immunotherapeutic effects of miR-124 was ablated 
[25]. Jurkat cell is a well-established model to investigate 
microRNA function. Our findings demonstrated that 
forced expression of miR-17 in Jurkat cells promoted cell 
proliferation and survival in the presence of B16 cells. 
Moreover, inhibition of STAT3 expression can achieve 
the same effect as miR-17 over-expression. The STAT3 
pathway has been extensively studied in Jurkat cells, 
and these cells have the potential to differentiate into 
subtypes of T cells [26]. Upon differentiation, there was 
a significant down-regulation in the expression of STAT3 
[27]. Thus it is suggested that miR-17 promotes Jurkat cell 
differentiation in vitro, by targeting STAT3.

Activation of STAT3, in turn, can modulate 
expression of several miRNAs. For example, there is a 
highly conserved STAT3-binding site in the promoter of 
the miR-17 (C13orf25) [28]. By modulating the expression 
of IL-6, activation of STAT3 upregulates the entire miR-
17-92 cluster. Our finding also confirmed that the 3’-UTR 
of STAT3 harbors a miR-17 binding site and is subject 
to negative regulation of miR-17. By modulating STAT3 
associated immune response in tumor microenvironment, 
the negative regulatory loop between miR-17 and STAT3 
may be an important factor in tumor-associated immune 
tolerance and a potential immunotherapeutic target against 
cancer.

MATERIAL AND METHODS

Cell culture

Jurkat cells (TIB-152) were cultured in RPMI-1640 
medium with 10% fetal bovine serum (FBS). B16 cells 
(CRL-6475) were cultured in DMEM medium with 10% 
FBS. Cells were maintained at 37°C with 5% of carbon 

dioxide. Fresh medium was added/changed every 2 to 3 
days.

Generation of transgenic mice

The transgenic mice were developed by the 
microinjection of a miR-17 overexpression plasmid into 
C57BL/6 mice zygotes [7]. Then the fertilized embryo was 
implanted into a female recipient’s uterus. F1 mice were 
backcrossed with wild type C57BL/6 mice and positive 
offspring were identified by genotyping PCR. All animal 
experiment protocols were approved by the Animal Care 
Committee of Sunnybrook Research Institute, Ontario, 
Canada.

Flow cytometry

Peripheral blood cells were obtained by heart 
puncture and spleen cells were isolated by using a cell 
strainer (Fisherbrand). Live cells were suspended in 
phosphate buffered saline (PBS) and counted using a 
hemocytometer (Bright-Line). Cells were incubated with 
FITC-conjugated anti-mouse CD4 (Caltag Laboratories), 
PE-conjugated anti-mouse CD8 (BD Biosciences) and 
PerCP-conjugated anti-mouse CD45 (BD Biosciences) 
for 30 minutes before resuspension for analysis. FACScan 
flow cytometer (BD Biosciences) were used and the data 
were analyzed using FlowJo software.

In the cell apoptosis assay, 1 x 106 cells were washed 
twice in PBS before re-suspension in 50 µL of HBSS with 
2% calf serum. 5 µL of Annexin V-FITC and Propidium 
Iodide (BD Pharmingen) was added and then placed on 
ice for 30 minutes. The cells were re-suspended to 500 µL 
of HBSS, followed by flow cytometry analysis within 30 
minutes. 

In cell cycle analysis, co-cultured cells were 
harvested and washed twice with PBS. Cell number was 
adjusted to 2 x 106/mL in 50 µL of HBSS with 2% calf 
serum. The cells were then incubated with 1 mL of 80% 
ice cold ethanol for 30 minutes. Propidium Iodide (Sigma) 
and 0.6% of NP-40 were added into the cell suspension, 
followed by DNA content analysis by flow cytometry as 
described [29].

Immunohistochemistry

Tumor xenograft and spleen were harvested from 
mice after B16 cell intraperitoneal injection. All of the 
antibodies were purchased from Abcam. Mouse antibodies 
against CD4, CD8 and STAT3 were employed as primary 
antibodies and biotinylated goat anti mouse IgG was 
used as secondary antibody. The assay was performed as 
described [30]. Each slide was assigned a score for density 
and intensity.
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Western blotting

Cultured cells or animal tissue lysates were prepared 
for SDS-PAGE electrophoresis. Western blotting was 
subsequently performed as previously described [31].

Luciferase assay

Luciferase activity assays were performed as 
previously described [32, 33]. In brief, U343 cells 
were seeded onto 12-well tissue culture dishes at a 
density of 1 x 105 cells/well and co-transfected with the 
luciferase reporter constructs and miR-17-5p mimic with 
Lipofectamine 3000 (Life Technologies). After overnight 
incubation, the cell lysate was prepared with buffer 
from Dual-Luciferase® Reporter Assay Kit (Promega). 
Luciferase activity was detected by a microplate 
luminescence counter (Perkin Elmer).

Cell proliferation assay

B16 cells were co-cultured with Jurkat cells 
transfected with GFP mock control or miR-17 
overexpression plasmid. Cells were plated at a density 
of 1 x 105 cells/well in DMEM containing 10% FBS and 
maintained for 5 days. The cells were harvested and cell 
number was counted at different time points. The assay 
was performed as described [34].

Statistical analysis

All experiments were performed at least three times. 
Numerical data were subject to independent sample t test. 
Categorical data were subject to Pearson’s chi-squared 
test. The statistical significance was set at *p<0.05 and 
**p<0.01.

ACKNOWLEDGEMENTS

This work was supported by a Discovery Grant from 
the Natural Sciences and Engineering Research Council 
of Canada (NSERC; 227937-2012) and grants from 
Canadian Institutes of Health Research (MOP-102635, 
MOP-111171) to BBY who is the recipient of a Career 
Investigator Award (CI 7418) from the Heart and Stroke 
Foundation of Ontario. HL is a recipient of the Connaught 
International Student Award.

REFERENCES

1. Siegel R, Ma J, Zou Z and Jemal A. Cancer statistics, 2014. 
CA: a cancer journal for clinicians. 2014; 64(1):9-29.

2. Shah DJ and Dronca RS. Latest Advances in 
Chemotherapeutic, Targeted, and Immune Approaches 
in the Treatment of Metastatic Melanoma. Mayo Clinic 
proceedings. 2014; 89(4):504-519.

3. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg 
S, Teague J, Woffendin H, Garnett MJ, Bottomley W, 
Davis N, Dicks E, Ewing R, Floyd Y, Gray K, Hall S, et 
al. Mutations of the BRAF gene in human cancer. Nature. 
2002; 417(6892):949-954.

4. Kortylewski M, Jove R and Yu H. Targeting STAT3 affects 
melanoma on multiple fronts. Cancer metastasis reviews. 
2005; 24(2):315-327.

5. Sumimoto H, Imabayashi F, Iwata T and Kawakami Y. The 
BRAF-MAPK signaling pathway is essential for cancer-
immune evasion in human melanoma cells. The Journal of 
experimental medicine. 2006; 203(7):1651-1656.

6. Vultur A, Villanueva J, Krepler C, Rajan G, Chen Q, 
Xiao M, Li L, Gimotty PA, Wilson M, Hayden J, Keeney 
F, Nathanson KL and Herlyn M. MEK inhibition affects 
STAT3 signaling and invasion in human melanoma cell 
lines. Oncogene. 2014; 33(14):1850-1861.

7. Shan SW, Lee DY, Deng Z, Shatseva T, Jeyapalan Z, 
Du WW, Zhang Y, Xuan JW, Yee SP, Siragam V and 
Yang BB. MicroRNA MiR-17 retards tissue growth and 
represses fibronectin expression. Nature cell biology. 2009; 
11(8):1031-1038.

8. Ye Q, Song DG, Poussin M, Yamamoto T, Best A, Li C, 
Coukos G and Powell DJ, Jr. CD137 accurately identifies 
and enriches for naturally occurring tumor-reactive T cells 
in tumor. Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2014; 20(1):44-
55.

9. Pinchuk LM and Filipov NM. Differential effects of age on 
circulating and splenic leukocyte populations in C57BL/6 
and BALB/c male mice. Immunity & ageing : I & A. 2008; 
5:1.

10. Gajewski TF, Schreiber H and Fu YX. Innate and adaptive 
immune cells in the tumor microenvironment. Nature 
immunology. 2013; 14(10):1014-1022.

11. Mlecnik B, Tosolini M, Kirilovsky A, Berger A, Bindea G, 
Meatchi T, Bruneval P, Trajanoski Z, Fridman WH, Pages 
F and Galon J. Histopathologic-based prognostic factors of 
colorectal cancers are associated with the state of the local 
immune reaction. J Clin Oncol. 2011; 29(6):610-618.

12. Cui W, Liu Y, Weinstein JS, Craft J and Kaech SM. An 
interleukin-21-interleukin-10-STAT3 pathway is critical for 
functional maturation of memory CD8+ T cells. Immunity. 
2011; 35(5):792-805.

13. Gattinoni L, Zhong XS, Palmer DC, Ji Y, Hinrichs CS, Yu 
Z, Wrzesinski C, Boni A, Cassard L, Garvin LM, Paulos 
CM, Muranski P and Restifo NP. Wnt signaling arrests 
effector T cell differentiation and generates CD8+ memory 
stem cells. Nat Med. 2009; 15(7):808-813.



Oncoscience539www.impactjournals.com/oncoscience

14. Kim EH and Suresh M. Role of PI3K/Akt signaling 
in memory CD8 T cell differentiation. Frontiers in 
immunology. 2013; 4:20.

15. Li H and Yang BB. MicroRNA-regulated stress response 
in cancer and its clinical implications. Cell Cycle. 2013; 
12(13):1983-1984.

16. Chapuis AG, Thompson JA, Margolin KA, Rodmyre R, 
Lai IP, Dowdy K, Farrar EA, Bhatia S, Sabath DE, Cao J, 
Li Y and Yee C. Transferred melanoma-specific CD8+ T 
cells persist, mediate tumor regression, and acquire central 
memory phenotype. Proc Natl Acad Sci U S A. 2012; 
109(12):4592-4597.

17. Zhong G, Cheng X, Long H, He L, Qi W, Xiang T, Zhao 
Z and Zhu B. Dynamically expressed microRNA-15b 
modulates the activities of CD8+ T lymphocytes in mice 
with Lewis lung carcinoma. Journal of translational 
medicine. 2013; 11:71.

18. Yang X, Du WW, Li H, Liu F, Khorshidi A, Rutnam ZJ 
and Yang BB. Both mature miR-17-5p and passenger strand 
miR-17-3p target TIMP3 and induce prostate tumor growth 
and invasion. Nucleic Acids Res. 2013; 41(21):9688-9704.

19. Shan SW, Fang L, Shatseva T, Rutnam ZJ, Yang X, Du W, 
Lu WY, Xuan JW, Deng Z and Yang BB. Mature miR-17-5p 
and passenger miR-17-3p induce hepatocellular carcinoma 
by targeting PTEN, GalNT7 and vimentin in different signal 
pathways. J Cell Sci. 2013; 126(Pt 6):1517-1530.

20. Li H and Yang BB. Stress response of glioblastoma cells 
mediated by miR-17-5p targeting PTEN and the passenger 
strand miR-17-3p targeting MDM2. Oncotarget. 2012; 
3(12):1653-1668.

21. Yoshizawa S, Ohyashiki JH, Ohyashiki M, Umezu T, Suzuki 
K, Inagaki A, Iida S and Ohyashiki K. Downregulated 
plasma miR-92a levels have clinical impact on multiple 
myeloma and related disorders. Blood cancer journal. 2012; 
2(1):e53.

22. Wong P, Iwasaki M, Somervaille TC, Ficara F, Carico 
C, Arnold C, Chen CZ and Cleary ML. The miR-17-92 
microRNA polycistron regulates MLL leukemia stem cell 
potential by modulating p21 expression. Cancer Res. 2010; 
70(9):3833-3842.

23. Yu H, Kortylewski M and Pardoll D. Crosstalk between 
cancer and immune cells: role of STAT3 in the tumour 
microenvironment. Nature reviews Immunology. 2007; 
7(1):41-51.

24. Cao Q, Li YY, He WF, Zhang ZZ, Zhou Q, Liu X, Shen 
Y and Huang TT. Interplay between microRNAs and the 
STAT3 signaling pathway in human cancers. Physiological 
genomics. 2013; 45(24):1206-1214.

25. Wei J, Wang F, Kong LY, Xu S, Doucette T, Ferguson 
SD, Yang Y, McEnery K, Jethwa K, Gjyshi O, Qiao W, 
Levine NB, Lang FF, Rao G, Fuller GN, Calin GA, et 
al. miR-124 inhibits STAT3 signaling to enhance T cell-
mediated immune clearance of glioma. Cancer Res. 2013; 
73(13):3913-3926.

26. Wu L, Bijian K and Shen SH. CD45 recruits adapter protein 
DOK-1 and negatively regulates JAK-STAT signaling in 
hematopoietic cells. Molecular immunology. 2009; 46(11-
12):2167-2177.

27. Saki N, Abroun S, Soleimani M, Mortazavi Y, Kaviani S 
and Arefian E. The roles of miR-146a in the differentiation 
of Jurkat T-lymphoblasts. Hematology. 2014; 19(3):141-
147.

28. Brock M, Trenkmann M, Gay RE, Michel BA, Gay S, 
Fischler M, Ulrich S, Speich R and Huber LC. Interleukin-6 
modulates the expression of the bone morphogenic protein 
receptor type II through a novel STAT3-microRNA cluster 
17/92 pathway. Circulation research. 2009; 104(10):1184-
1191.

29. Du WW, Fang L, Li M, Yang X, Liang Y, Peng C, Qian 
W, O’Malley YQ, Askeland RW, Sugg SL, Qian J, Lin J, 
Jiang Z, Yee AJ, Sefton M, Deng Z, et al. MicroRNA miR-
24 enhances tumor invasion and metastasis by targeting 
PTPN9 and PTPRF to promote EGF signaling. J Cell Sci. 
2013; 126(Pt 6):1440-1453.

30. Siragam V, Rutnam ZJ, Yang W, Fang L, Luo L, Yang X, 
Li M, Deng Z, Qian J, Peng C and Yang BB. MicroRNA 
miR-98 inhibits tumor angiogenesis and invasion by 
targeting activin receptor-like kinase-4 and matrix 
metalloproteinase-11. Oncotarget. 2012; 3(11):1370-1385.

31. Fang L, Du WW, Yang W, Rutnam ZJ, Peng C, Li H, 
O’Malley YQ, Askeland RW, Sugg S, Liu M, Mehta T, 
Deng Z and Yang BB. MiR-93 enhances angiogenesis 
and metastasis by targeting LATS2. Cell Cycle. 2012; 
11(23):4352-4365.

32. Li H, Chang L, Du WW, Gupta S, Khorshidi A, Sefton 
M and Yang BB. Anti-microRNA-378a Enhances Wound 
Healing Process by Up-regulating Integrin beta-3 and 
Vimentin. Mol Ther. 2014.

33. Rutnam ZJ and Yang BB. The non-coding 3’ UTR of 
CD44 induces metastasis by regulating extracellular matrix 
functions. J Cell Sci. 2012; 125(Pt 8):2075-2085.

34. Liu F, Lv Q, Du WW, Li H, Yang X, Liu D, Deng Z, Ling 
W, Zhang Y and Yang BB. Specificity of miR-378a-5p 
targeting rodent fibronectin. Biochim Biophys Acta. 2013; 
1833(12):3272-3285.


