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Abstract

MicroRNA (miR) are emerging as important gene expression regulators often involved in a
variety of pathogenesis such as cancers and autoimmunity. Signal Transducers and Activators of
Transcription (STAT) proteins are the principle signaling proteins for many cytokines and growth
factors, thereby play a critical role in regulating immune cell homeostasis, differentiation and
cellular functions. In this review, we discuss recent advances in the field demonstrating active
interactions between STATSs and miRs, with our primary focus on the promotion and inhibition of
immune cells and cancer. Additionally, we review the reciprocal regulations between STATS and
miR, and discuss how we can use this knowledge in the context of diseases. For example, recent
findings related to STAT1 and miR-155 support the presence of a positive feedback loop of
miR-155 and STATL in response to inflammatory signals or infection. STAT3 is known to play
critical roles in tumorigenesis and cancer-induced immunosuppression. There is a growing body of
evidence demonstrating that STAT3 directly activates miR-21, one of miRs that promote cancer
cell survival and proliferation. While some miRs directly regulate STATS, there are findings
demonstrating indirect STAT regulation by miRs also mediate important biological mechanisms.
Therefore, further research is warranted to elucidate significant contributions made by direct and
indirect miR-STAT mechanisms. As we learn more about miR pathways, we gain the opportunity
to manipulate them in cancer cells to slow down growth or increase their susceptibility anti-tumor
immunity.
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1. Introduction

MicroRNA (miR) are emerging as important gene expression regulators often involved in a
variety of pathogenesis such as cancers and autoimmunity. Primary miR transcripts (pri-
miR) are transcribed by RNA polymerase Il and RNA polymerase 111 [1], and contain the
mature miR in a hairpin structure. The pri-miR hairpin is then cleaved by the class 2 RNase
I11 enzyme, Drosha and the remaining precursor miR (pre-miR) is transported out of the
nucleus by Exportin-V. The RNase Il superfamily member Dicer then cleaves the hairpin
loop structure leaving two single strands of RNA. After one strand is degraded, the other
mature miR of about 22 nucleotides is incorporated into an RNA-induced silencing complex
(RISC). Binding of the mature miR seed sequence to partial or exact complementary regions
of 3’ untranslated region (UTR) on mRNA results in translational inhibition or mMRNA
degradation, respectively [2, 3]. miR are predicted to regulate up to 90% of human genes
making them an important element of cellular processes [4].

Signal Transducers and Activators of Transcription (STAT) proteins are the principle
signaling proteins of many cytokines and growth factors in mammals [5]. STATS play a
critical role in regulating immune cell homeostasis, differentiation and cellular functions.
There are 7 STAT proteins (STATL, STAT2, STAT3, STAT4, STAT6 and the isoforms,
STAT5a and STAT5b), each with established roles in immune cell functioning (Table 1).
The key regulation of STATSs is mediated by phosphorylation, typically by Janus kinases
(JAKSs). STAT1 and 2 respond to interferons (IFNs), thereby promote IFN-stimulated genes
and anti-viral immunity [6, 7]. STAT3 responds to factors including IL-6, IL-10 and VEGF
and is involved in T-helper cell (Th)17 and Treg cell development and tumorigenesis [8, 9].
STAT4 and STATG6 control Thl and Th2 cell differentiation in response to IL-12 and
IL-4/13, respectively [10, 11]. Finally, STAT5a and STAT5b are involved in NK cell
activity, IL-2 induced T-cell proliferation and have been suggested to play a role in
oncogenesis [12, 13]. Due to the large involvement of STATS in a variety of cell processes,
it is critical that their activity is tightly regulated.

In this review, we discuss recent advances in the field demonstrating active interactions
between STATs and miRs. While providing comprehensive overview of this subject, we
address our primary focus to the promotion and inhibition of immune cells and cancer.
Additionally, we will review the reciprocal regulations between STATSs and miR, and
discuss how we can use this knowledge in the context of diseases. Most of the published
findings on miR/STAT regulation have occurred over the past few years, and to our
knowledge, this is the first review specifically focused on this topic.

2. STATs and miR

2.1 STAT1 and STAT2-Controllers of the IFN network

Interferons (IFNs) are critical cytokines for host defense mechanisms against viral infection
[14]. Type I IFNs (IFN-o and IFN-p) signal through the STAT1, STAT2, and STAT3
pathways, whereas the type Il interferon, IFN-y signals uniquely through STAT1 [15].
Consistently, STAT1-deficient mice fail to respond to either IFN-a or IFN-y and are highly
susceptible to viral and bacterial infection [16]. IFNs have been shown to both inhibit tumor
growth and promote T cell, NK cell and macrophage activity [17, 18]. Specifically, STAT1
acts in host, non-tumor cells, as IFN-a increases the survival of STAT1 competent but not
STAT1 deficient animals inoculated with the STAT1 competent B16F10 melanoma cell line
[19]. Furthermore, mice challenged with STAT1 deficient AGS-1 tumor cells or AGS-1
cells reconstituted with STAT1 both exhibit similar survival following IFN-a treatment,
indicating the importance of STAT1 in non-tumor host cells for the IFN-a response [19].
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MiR-155 has been shown to regulate STAT1 expression [20, 21] (Figure 1). Ectopic
expression of miR-155 in human hepatocellular carcinoma cells (HepG2, H7402) results in
suppression of suppressor of cytokine signaling (SOCS)1 [20]. SOCS1 is a known negative
regulator of the JAK-STAT pathway [20], and subsequent analyses of miR-155
overexpressing HepG2 cells have revealed increased phosphorylation of STAT1 and STAT3
[20]. This activation of STATS results in 30% and 40% increases of IFN-inducible genes,
MxA and 1SG15 expression levels, respectively [20]. Additionally, an enhanced anti-HBV
effect is observed in HepG2 cells after transfection with a miR-155 mimic [20].

In converse, STAT1 also regulates miR-155. Treatment of human retinal pigment epithelial
(RPE) cells with inflammatory cytokines IFN-y, TNF-a and IL-1 increases miR-155
expression levels for approximately 8 fold dependent on the JAK/STAT pathway as JAK
inhibitor 1 a known blocker of the JAK/STAT pathway abrogated the cytokine-mediated
miR-155 up-regulation [21]. STAT1-mediated regulation of miR-155 is supported by: 1)
overexpression of STAT1 in RPE cells in response to inflammatory cytokines and 2) The
presence of 2 putative STATL binding sites in the miR-155 promoter. Electrophoretic
mobility shift assay (EMSA) further demonstrates binding ability of STAT1 to the miR-155
promoter [21]. These data support the presence of a positive feedback loop of miR-155 and
STAT1 in response to inflammatory signals or infection (Figure 1). The similar mechanism
of miR-155-STAT1 regulation in the two unique cell types supports a generalizable role of
this pathway where STAT1 activation positively regulates its function by up-regulating
miR-155 and down-regulating a STAT inhibitory factor SOCS1.

Expression of miRs-221, 222 (herein referred to as miR-221/222) and miR-145 are up-and
down-regulated in tumors, respectively. However, both interact with STAT1 and STAT?2
[22]. miRNA-145 is down-regulated in cancers such as prostate cancer, colon cancer,
bladder cancer, ovarian cancer and B cell malignancies [22]. miR-221/222, on the other
hand, are increased in tumors, such as glioblastoma and human thyroid papillary carcinomas
[23, 24]. Differential expression of miR in tumor cells compared with healthy cells is known
to promote tumor growth [25, 26].

Overexpression of miR-145 in the DLD-1 colon cancer cell line has lead to discovery of a
number of miR binding sites in the 3' UTR of genes that are down-regulated by miR-145
[22]. By luciferase assay, the Scr kinase family member, YES and STAT1 have been shown
to be direct targets of miR-145 in the DLD-1 cells [22]. Further, miR-145 overexpression
DLD-1 cells promotes tumor suppressor ability and reduces proliferation potential of cells
[22].

Unlike miR-145 which is commonly down-regulated in tumors, miR-221/222 are often up-
regulated in cancers [23, 27, 28]. Among the genes whose expression levels are altered by
antisense-mediated knockdown of miRs-221/222 in U251 glioma cells, ones in the IFN-o,
signaling pathway are the most significantly modulated, and this observation is dependent
on increased expression of STAT1 and STAT2 [23]. Consistently, overexpression of
miR-221/222 in U251 glioma cells interferes with IFN signaling by down-regulating STAT1
and STAT2 [23]. These studies provide a solid foundation for tumor utilization of miRs to
promote growth and resistance to immunosurveillance. Tumor use of miR for growth is still
partially understood and much research is needed to understand how tumors regulate miR,
how this regulation contributes promote tumor survival and how we can manipulate these
miR to favor the host response against the tumor [29-33].
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2.2 STAT3-diverse roles including promotion of cancer

STAT3 responds to a variety of signals including: growth factors, cytokines and oncogenes.
As STAT3 is involved in diverse signaling pathways, it is reasonable that STAT3 deficiency
in mice is embryonically lethal [34].

STAT3 is regulated by the miR-17 cluster family members. This family includes 7 miRs
(miR-17-5p, miR-17-3p, miR-18a, miR-19a miR-20a, miR-19b and miR92-1) and 2 paralog
clusters (miR-106b-25 and miR-106a-363) which include the pertinent miR-20b [35-37].
miR-17-92 cluster is also known as OncomiR-1 for its ability to promote tumorigenesis [36,
38-40]. Our research and others have demonstrated that miR-17 family members promote
type-1 immune skewing and enhance T cell functioning by providing resistance to activation
induced cell death (AICD) [41, 42]. miRs-17,-20a and-106b directly target STAT3 and
MAPK14 [43]. Simultaneous overexpression of STAT3 and MAPK14 mimics the alteration
of fibroblast growth factor (FGF)10-induced E-Cadherin distribution observed after
miR-17,-20a, and-106b down-regulation, supporting the role of these miR-17 family
members in FGF-signaling by specifically targeting STAT3 and MAPK14.

A separate study evaluating the role of bone morphogenetic protein receptor (BMPR)2 in
death of vascular smooth muscle cells in pulmonary hypertension demonstrates a novel
miR17-STAT3 pathway [44]. In human pulmonary arterial endothelial cells (HPAECS),
HEPG2 and 293 cells, under IL-6 stimulation, activated STAT3 directly binds to the
miR-17-92 cluster promoter and facilitates mIR-17-92 cluster expression. The Increase of
miR-17-5p and miR-20a in HPAECs directly target 3'-UTR of HEPG2 and suppresses
BMPR?2 protein expression. This suggests a new pathway for down-regulation of BMPR2
mediated by IL-6-STAT3-miR-17-92 [44]. While the miR-17-STAT3 pathway has not been
reported in the context of cancer, FGF signaling and BMPR2 have been known for their
roles in cancer [45-47]. Further examination of these pathways in cancers has potential to
lead to miR-modulation treatment strategies.

Vascular endothelial growth factor (VEGF) is one of the most well recognized angiogenic
factors promoting tumor growth, a promising target for cancer therapies and thought to be
regulated by hypoxia [48, 49]. Cascio and colleagues examined the mechanism of VEGF
regulation in MCF-7 breast cancer cells cultured in the presence of CoCls. In this hypoxia-
mimicking condition, miR-20b was down-regulated and ectopic overexpression of pre-
miR-20b in MCF-7 cells inhibited VEGF. As HIF-1o and STATS3 are verified targets of
miR-20b, binding of HIF-1a and STAT3 to the VEGF promoter was examined by chromatin
immuno-precipitation (ChIP) assay. Although HIF-1a but not STAT3 directly binds to the
VEGF promoter, siRNA targeting of STAT3 revealed that STAT3 is necessary for the
HIF-1a induced VEGF expression. These findings reveal critical mechanisms of miR-17
family member interaction with STAT3 which may be targeted in cancers [49].

Arguably the most extensively studied miR/STAT interaction is the miR-21/STAT3
pathway [50-53]. It is well established that STAT3 directly activates miR-21 [51, 53]. In
myeloma cells, miR-21 transcription is controlled directly by an upstream enhancer
containing 2 STATS3 binding sites [50]. Further, miR-21 induction by IL-6 is strictly
STAT3-dependent, as knocking down of STAT3 prevents the IL-6 mediated up-regulation
of miR-21 [51].

MCF-10A-ER-Src cells undergo malignant transformation after tamoxifen treatment making
them ideal for studying factors that influence the epigenetic switch and cancer. During
transformation of MCF-10A-ER-Src cells, miRs-21,-181b-1 and-210 are rapidly and
dramatically up-regulated [50]. IL-6 activation of STAT3 directly promotes miR-21 and
miR-181b-1 expression. These miR then directly target the tumor suppressor genes,
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phosphatase and tensin homolog (PTEN) and cylindomatosis (CYLD), thereby promote NF-
kB activity which is required to maintain the transformed state [50]. Importantly,
overexpression of either miR-21 or 181b-1 is sufficient to cause transformation, indicating
that these miRs act as oncogenes. As miR have oncogenic properties, targeting miR in
tumors has potential to inhibit tumor growth and development.

Unlike the IL-6-STAT3 pathway, the IFN-STAT3 pathway has yielded conflicting results in
its regulation of miR. Human glioma cells treated with IFN-f demonstrate increased STAT3
which down-regulated miR-21. This was further supported by evaluation of miR-21
following overexpression or knocking down of STAT3 [52]. On the other hand, when PC3
prostate cancer cells are exposed to type | IFNs in vitro, those cells up-regulate miR-21, ina
STAT3 dependent manner [53]. While there seems to be miR systems that are generalizable
to other cell types, these conflicting o highlight the importance of possible cell type variation
and the tight control in regulation of miR.

Sézary cell lymphoma, a cutaneous CD4™ T cell lymphoma displays constitutively activated
STAT3 [54]. Treatment of Sézary cells with IL-21 highly activates STAT3 and subsequently
increases miR-21 expression [54]. ChIP assay demonstrated that STAT3 can bind to the
miR-21 promoter. Further, inhibition of miR-21 results in increased apoptosis of Sézary
cells [54]. These data support miR inhibitors for Sézary cell lymphoma, but the findings

may extend to miR-21-mediated reduced apoptosis in anti-tumor T cells.

In addition to miR-17-92 family members and miR-21, a few other miR have been
demonstrated to be involved in the STAT3 signaling [54]. miR-125b, which has been shown
to interfere with granulocyte-colony stimulating factor (G-CSF)-induced granulocytic
differentiation, can directly target both Bcl-2 homologous antagonist/killer (BAK1) and
STAT3. However, knockdown of STAT3 or BAK1 is not sufficient to interfere with G-CSF
[55]. Jun family member D (JUND), however, is suggested as another miR-125b target and
reduction of JUND partially mimicked the miR-125b interference with G-CSF [55].
Hepatitis B virus X protein (HBx) downregulates miR let-7a, which directly targets STAT3
in HepG2 cells [56]. The viral targeting of let-7a and the subsequent increase in STAT3
further supported proliferation of HBV infected cells [56]. In the context of cancer, let-7a
might be used to target STAT3 in cancers and reduce tumor cell proliferation. Additionally,
knocking down of let-7a may improve anti-tumor immune cell proliferation [57-59].

The following 2 studies provide insights into miR-STAT interactions despite the indirect
nature of their interactions. In response to TGF-B1 and inflammatory cytokines, human
bronchial cells (HBECSs) undergo apoptosis, which is blocked by etopic miR-146a
expression. HBECs overexpressing miR-146a also display high levels of phosphorylated
STAT3 (Tyr 705) [60]. Finally, lentiviral vector-mediated STAT3-knockdown in rat
cardiomyocytes lead to an increase in miR-199a-5p expression, suggesting a suppressive
role of STAT3 on miR-199 transcription [61]. While there are multiple findings on the
miR-21/STAT3 interactions, further studies are needed to gain more insights for future
application of miR-engineering in each cell types for treatment of human diseases.

2.3 STAT4 and STAT6-Controlling type-1 and type-2 immune skewing

In CD4* T helper cell development, the primary cytokines that influence type-1 and type-2
polarization are IL-12 and IL-4, respectively. For type-1 polarization, IL-12 activates
STAT4 and T-bet, while IL-4 (and the closely related 1L-13) stimulates STAT6 and GATA3
as the master regulators for type-2 polarization. Mice Lacking STAT4 or STAT6 are unable
to mount effective type-1 or type-2 immunity, respectively [62, 63].Importantly, type |
skewing is necessary for effective anti-tumor immunity [64, 65]. Additionally, STAT6 is
necessary for B-cell antibody class switching to IgE and 1gG1 [66, 67].

Semin Cancer Biol. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kohanbash and Okada Page 6

Despite the importance of STAT4 and STATG6 and the high likelihood of miR crosstalk,
there are few reports demonstrating the role of miR in regulating those STAT proteins. We
have previously reported that IL-4 suppresses the miR-17-92 cluster in CD4* T cells, and
that the suppression is dependent on STAT6 [41]. Additionally, while CD4* T cells in tumor
bearing mice exhibit a decrease of miR-17 cluster expression compared with those in non-
tumor bearing mice, such decrease is not seen in STAT6 deficient mice [41]. As miR-17
cluster promotes T-cell survival and IFN-y production [41], our data suggest a novel 1L-4
induced mechanism in suppression of type-1 T-cell functions.

miR-155 is also important in immune regulation and the pro Thl/and type-1 polarization of
macrophages (M1) [68-70]. miR-155 has recently been shown to directly inhibit IL-13Ral,
a component of the type 11 IL-4 receptor. Down regulation of IL-13Ral further diminishes
the activation of STAT6 in human macrophages [70]. Although these findings demonstrate
merely indirect STAT regulation by miRs, such indirect regulations through direct targets
can mediate important biological mechanisms. Therefore, further research is warranted to
elucidate significant contributions made by indirect miR-STAT mechanisms.

2.4 STAT5a and STAT5b-Homologous but unique roles

STAT5a and STASD are paralogous STATS and despite having high homology, each
STATS has its own unique function [71]. In mice, STAT5a is important for mammary gland
development and prolactin signaling, which controls lactation [66, 67]. STATS5b controls
growth hormone pathways and regulates expression of sexually dimorphic genes that
controls the male/female size difference in mice. In addition to the unique functions of each
STATS as discussed above, they also have redundant functions as mice deficient of
STAT5a/5b have additional phenotypes. These include: a defect in T-cell proliferation and
NK cell survival. STATS has further been suggested to regulate 1L-3, IL-5, IL-7,
thrombopoietin (TPO), erythropoietin (Epo), as well as granulocyte macrophage-colony
stimulating factor (GM-CSF), and also implicated in cellular transformation [66, 67, 72].

STATb5a mediates the effects of T-cell-derived IL-3 and FGF in endothelial cells [73].
Following treatment with 1L-3 and FGF, endothelial cells down-regulate miR-296, miR-126
and miR-221/222, thereby promote proliferation, migration and inflammation-mediated
vascular remodeling of the endothelial cells [73]. Using gain-of-function studies,
overexpression of pre-miR-222, but not miRs-296,-126 and-221 blocks the IL-3 + FGF
promoted responses. Furthermore, direct targeting of STAT5a by miR-222 was
demonstrated by luciferase reporter assays, making miR-222 a potential target for
modulation of STAT5a [73].

Dicer deficient animals exhibit a 2 to 3 fold decrease of regulatory T-(Treg) cells compared
to control animals, posing the question about the role of miR in Tregs [74]. miR-155 is up-
regulated in Treg cells and its expression is controlled by Foxp3 [75]. Furthermore, elevated
Foxp3 is required for maintaining Treg cell proliferative activity, and miR-155 deficient
Tregs demonstrate increased SOCS1 and impaired STATS5 in response to IL-2 [75]. As IL-2
is also important in anti-tumor immune cells such as helper T cells, cytotoxic T cells and NK
cells, this finding further supports a role for miR-155 in enhancing immune cells, and
suggests a strategy of inhibiting miR-155 in immune-suppressor cells in cancer
immunotherapy.

STATS can also promote B-cell lymphoma 2 (bcl-2), an anti-apoptotic factor often
overexpressed in cancers [76]. Reconstitution of STAT5ab deficient fetal liver cells with
STAT5a promotes BCL-2 expression. Furthermore, IL-3 and stem cell factor (SCF) promote
STATS expression in mast cells, and STATS directly induces BCL-2 mRNA and inhibits
miR-15b/16 cluster expression. Further the miR-15b/16 cluster directly suppresses BCL-2
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[76]. Further understanding of mechanisms underlying these observations may lead to
development of novel cancer therapy, as miR-15b/16 cluster overexpression in tumor cells
can deplete BCL-2 and promote tumor cell apoptosis.

3. Conclusion

We reviewed the literature regarding interactions between miR and STAT pathways (Figure
2). The original observations discussed are not always in cancer settings, but provide us with
potentially valuable insights for a variety of aspects of cancer biology including
oncogenesis, angiogenesis and immunity. The field of miR-STAT interactions is still very
new. As we learn more about miR pathways, we gain the opportunity to manipulate them in
cancer cells to slow down growth or increase their susceptibility anti-tumor immunity.
Cancer is equipped with a variety of immune escape mechanisms. Modulation of miR in
immune cells has potentials to overcome the immuno-suppressive tumor environment. It is
possible to carefully utilize “OncomiRs” (miR that promote cancer cell survival and/or
proliferation) in immune cells to promote their survival. Although we are still far from
completely understanding all the critical miR pathways in cells, the described pathways
provide us with a foundation to continue to build upon. Many miRs we discussed have
attractive biological properties that may be used to enhance our ability to fight against
cancer. We recognize concerns with miR-engineering therapies, such as saturation of the
cell machinery for miRNA processing, effects on endogenous miR expression and the
truncation of 3" UTR target sites in cancer cells. Nevertheless, we believe that miRs have
tremendous potential for cancer immunotherapy.
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The positive feedback cycle between miR155 and STAT1
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Summary of available information in the literature with respect to miR-STAT interactions.
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