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protein-coding genes are targets of DNA methylation in BCa,
and their urinary methylation appears to be a useful
biomarker [28,29]. For instance, methylation of 11 protein-
coding genes found in urine sediments revealed the
presence of BCa with a high sensitivity and specificity
[30], and in another study a panel of three genes (growth
differentiation factor 15 [GDF15], transmembrane protein
with EGF-like and two follistatin-like domains 2 [TMEFE2],
and vimentin [VIM]) in urine could be used to accurately
detect BCa [31]. In the present study, we show for the first
time that methylation of miRNA genes could serve as a
biomarker for detection of BCa. Methylation of miRNA
genes was readily detectable in voided urine from cancer
patients, and its levels were dramatically reduced after
tumor resection, confirming its tumor specificity. We also
showed that a combination of multiple miRNA genes could
accurately distinguish between preoperative and postoper-
ative urine samples.

Our study has several limitations. The prognostic value of
miRNA gene methylation remains unclear, because the
prognosis of the patients in this study is not yet available. A
follow-up study in post-treatment patients will be needed
to test whether urinary methylation can predict outcome or
detect BCa recurrence. In addition, urinary methylation in
non-BCa patients (eg, patients with other types of cancer)
should be tested to evaluate the specificity of our method.
Further studies to address these issues would contribute to
overcoming the difficulties in translating our present
findings into clinical practice.

5. Conclusions

We identified four miRNA genes that are frequent targets of
epigenetic silencing in BCa. Although their specific functions
in bladder carcinogenesis remain unknown, it is evident that
restoration of these miRNAs may be an effective anticancer
therapy. Furthermore, methylation of these miRNA genes in
urine specimens could serve as a useful and noninvasive
biomarker for accurate detection of BCa.
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Recently, intensive laboratory and preclinical studies have
identified and validated therapeutic molecular targets in multiple
myeloma (MM). The introduction of novel agents such as the pro-
teasome inhibitor bortezomib and the immunomodulatory drugs
thalidomide and lenalidomide, which were rapidly translated
from preclinical studies at the Dana-Farber Cancer Institute into
clinical trials, has changed the treatment paradigm and markedly
extended overall survival; MM has therefore become a remark-
able example of translational cancer research in new drug devel-
opment. In this article, with the aim of determining the key
factors underlying success in translational research, we focus on
our studies of MM at Dana-Farber Cancer Institute as well as at
our institutes. The identification of these key factors will help to
promote translational cancer research not only in MM but also in
other hematologic malignancies and solid tumors, to develop
novel therapies, to overcome drug resistance, and to thereby
improve the prognosis of cancer patients. (Cancer Sci 2012; 103:
1907-1912)

Current approaches in multiple myeloma

M ultiple myeloma (MM) is a neoplastic plasma cell dis-
order that is characterized by the clonal proliferation of
malignant plasma cells in the bone marrow (BM), the presence
of monoclonal immunoglobulin in the serum and/or urine in
most cases, and associated organ dysfunction, including lytic
bone lesions, compromised immunity, anemia, renal failure,
and hypercalcemia.’ The combined use of melphalan and
prednisone since the 1960s provided a median survival of
2-3 years for patients with MM. High-dose melphalan with
autologous stem cell transplantation was established in the
1990s and this combination further increased the patient
median survival to 3-4 years. However, MM was largely
incurable, and therefore, novel biological treatment approaches
were urgently required. In the last decade, the introduction of
novel agents such as the proteasome inhibitor bortezomib and
the immunomodulatory drugs (IMiDs) thalidomide and lenalid-
omide, which were rapidly translated from preclinical studies
into clinical trials carried out by Anderson et al. at the Dana-
Farber Cancer Institute (DFCI) of Harvard Medical School
(Boston, MA, USA), has changed the treatment paradigm and
markedly extended the overall survival. "~ Multiple myeloma
has therefore become a remarkable example of translational
cancer research in new drug development."” In this review,
with the aim of determining the key factors underlying the
success of translational research, we focused the several dozen
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studies we were engaged in at DFCI as well as our insti-
tutes.>>*® This review consists of the following parts:
(i) bases for translational research in oncology; (ii) novel tar-
gets and drugs; and (iii) biomarkers.

Bases for translational research in oncology

Research in medical science is traditionally divided into two cat-
egories, basic and clinical research. Clinical research, as defined
by the US National Institutes of Health (NTH), includes: patient-
oriented research carried out on human subjects in which an
investigator directly interacts with human subjects; epidemiolog-
ical and behavioral studies; and research on outcomes and health
services. In contrast, basic research is carried out without con-
sidering practical ends and provides general knowledge.”> To
improve the prognosis of cancer patients, including those
afflicted with MM, basic research and clinical research must be
translated into practical applications. Translational research is a
term that is used to describe the process by which the results of
research carried out in the laboratory, in individuals (clinical), or
in populations are used to develop new methods of diagnosis
and treatment of a disease (clinical practice). The Translational
Research Working Group of the National Cancer Institute
(USA) also stated that the goal of translational research in oncol-
ogy is to transform scientific discoveries arising from laboratory,
clinical, or population studies into clinical apglications to reduce
cancer incidence, morbidity, and mortality."” Bridging the gap
between basic research and clinical practice is a key factor for
effective translational research. The NIH also concluded that
barriers between clinical and basic research render translation of
new knowledge to the clinic and back again to the laboratory
bench difficult.’" Therefore, translational research requires a
close collaboration between basic scientists and clinical
researchers, as well as between academia and industry.® Other
key factors underlying the success of translational research
include an understanding of the process of oncogenesis and the
disease status as well as the identification of biological indica-
tors for diagnosis, prognosis, and stratification.’? In MM, the
elucidation of tumor biology through clinical observations and
genomic analyses accompanying the introduction of particular
targeted drugs provide an example of bedside-back-to-bench
research.” Ongoing translational research in MM includes
genetic and epigenetic studies to evaluate myelomagenesis,
identify targeted hallmarks of MM, and identify biomarkers to
develop improved classification and personalized medicine;
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translational research also includes the development of novel
therapies that target MM cells in the BM microenvironment.

Novel targets and drugs

In 2011, Hanahan and Weinberg updated their proposition of
the hallmarks of cancer that enable tumor cell growth and
progression."'> The proposed 10 hallmarks listed in Table 1
provide a framework for understanding cancer biology and
therapeutic targets, and offer an effective way to organize and
describe MM biology and therapeutic targets. For example,
because nuclear factor kB (NFkB) activation in MM cells
results in proliferative signaling and resistance to cell death,
targetmg the NFKB pathway is a promising therapeutic strat-
egy in MM.®!® The concept of specific molecular targeting
has been apphed to the development of cancer therapies, and
the two main approaches discussed here are the use of small-
molecule agents and the use of therapeutic mAbs.” In
Table 1, we list candidate small-molecule compounds that
target proposed hallmarks in MM, most of which we and our
colleagues have studied at DFCI and our institutes."*>* These
small-molecule compounds that interfere with certain hall-
marks of cancer are under development and are being investi-
gated in clinical trials; in some cases, they have been approved
for clinical use in the treatment of cancer, including MM.?

In addition, mAb based therapies for MM are currently
being developed Y Figure 1 presents a list of therapeutic
antibodies in MM, which can be divided into three classes
based on their mechanisms of action.®> Class I antibodies rec-
ognize and bind to cell-bound antigens to kill target cells
through crystallizable fragment-mediated effector functions,
including antibody-dependent cell-mediated cytotoxicity
(ADCC), complement dependent cytotoxicity, and annbodqy
dependent apoptosis.®® The anti-CD38 mAb daratumumab®®”
and anti-CD40 mAbs lucatumumab and dacetuzumab®® are
currently in prechmcal and clinical development for the treat-
ment of MM.7*3*% Qur studies show that IMle Jgan augment
ADCC triggered by mAbs including elotuzumab,***® and this
finding provides the rationale for a combination chmcal trial.

Class 11 antibodies also recognize cell-bound antigens, but
their proposed mechanism of action does not involve crystal-
lizable fragment effector functions. The main functions of this
class of antibodies are to block ligand-receptor interactions
and to act as immunoconjugates to convey intracellular toxins
or radioactive isotopes. In MM research, novel mAb-maytansi-

noid immunoconjugates (huN901-DM1, which binds to
CD56,%” and BT062, which binds to CD138%?) are being
developed.

Class III antibodies bind to and neutralize soluble antigens,
and their mechanism of action often involves blocking of the
soluble ligand from binding to its receptor. A human mAb
1339 targetmg interleukin-6 (IL-6) is being developed for
MM.“Y The targeting of soluble ligands that affect bone biol-
ogy b;/ using mAbs such as the antl—RANKL mAb denosu-
mab™® and the anti-DKK1 mAb BHQ880“? is promising, not
only for preserving bone integrity but also for treating MM.©
In January 2012, denosumab was approved in Japan for the
freatment of bone complications caused by MM.%

The biological diversity of tumor cells within the BM micro-
env1ronment may influence the number of targets for MM
therapies.>%® Candidate agents and approved novel drugs
can show 51gn1ﬁcant antitumor activity in MM in vitro, but
treatment with single agents may not provide sufficient clinical
efficacy because of drug resistance. Successful treatments can
thus be achieved using other hallmarks and by addressing drug
resistance. Therefore, we envisage that the use of functionally
multitargeting drugs, as listed in Table 2, will provide
effective MM therapies.>®

Proteasome inhibitors. The ubiquitin proteasome pathway
regulates the turnover of many intracellular proteins that are
tagged with multiple ubiquitin molecules for transport to the
26S proteasome for subsequent degradation. Bortezomib is a
prototype 26S proteasome inhibitor that selectively binds to
and reversibly inhibits chymotrypsin-like and caspase-like
activity.C In 2001, Hideshima er al. reported that
bortezomib regulates cell cycle proteins in MM cells and
targets intrinsic and extrinsic apoptotic pathways. It also inhib-
its the secretion of IL-6 and vascular endothelial growth factor

Table 1. Candidate small-molecule compounds targeting hallmarks in multiple myeloma
Halimark Candidate agent Description References
Sustainment of proliferative signaling Perifosine Inhibition of Akt 15
Adaphostin Abl cleavage 16
CAL-101 Inhibition of PI3K& 17
PKF115-584 Inhibition of B-catenin/TCF pathway 18
SDX-308 Inhibition of B-catenin/TCF pathway 19
Evasion of growth suppressors Seliciclib Inhibition of cyclin-dependent kinase 20
Activation of invasion and metastasis MLN3897 Inhibition of CCR1 21
Enabling replicative immortality Imetelstat Inhibition of telomerase 22
Induction of angiogenesis Pazopanib Inhibition of VEGFR 23
IMiDs Inhibtion of VEGF secretion 24
Bortezomib Inhibtion of VEGF secretion 25
Resistance to cell death ABT-737 Inhibition of Bcl-2/Bcl-XL/Bcl-w 26
R-etodolac Upregulation of proapoptotic Mcl-1s 27
MLN1208B Inhibition of IKKB 14
Bortezomib Inhibition of NF«xB 3,29
IMiDs Inhibtion of cytokine secretion 3,29
Prevention of immune destruction IMiDs Inhibtion of [L-2 secretion 30,60
Deregulation of cellular energetics Cerulenin Inhibition of fatty-acid synthase 31
Genome instability and mutation ABT-888 Inhibition of PARP 32
Tumor-promoting inflammation MLN120B Inhibition of IKKB 14
BIRB 796 Inhibition of p38 MAPK 33
IMiDs Inhibtion of cytokine secretion 3,29

CCR1, chemokine (c-c motif) receptor-1; IKKB, IKB kinase B; 1L-2, interfeukin-2; IMiDs, immunomodulatory drugs; NFxB, nuclear factor kB; PARP,
poly(ADP-ribose) polymerase; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
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= Aat-CO40 mAb dacetuzumaly

= Ar-C56 maAk huMa01-DMT
- Ant-C01 38 maAk BTO6Z

» Arti-IL-G bl 1339
- Anti-AANEL mAb denosumab
» Art-DKETD sl BHIOSS0

Fig. 1. Classification of therapeutic antibodies based on their mechanisms of action. Class | antibodies recognize and bind to cell-bound anti-
gens. The Fc effector functions are part of the mechanism of action of antibodies. Class 1l antibodies also recognize and bind to cell-bound anti-
gens but their proposed mechanism of action does not involve Fc effector functions. Class il antibodies bind to and neutralize soluble antigens,
and their mechanism of action often involves blocking the soluble ligand from binding to its receptor. ADCC, antibody-dependent cell-mediated
cytotoxicity; BM, bone marrow; CDC, complement-dependent cytotoxicity; NK, natural killer.

Table 2. Functionally multitargeting agents in multiple myeloma

Classification Candidate agent Description References
Proteasome inhibitor Bortezomib Inhibition of chymotryptic-like and caspase-like activities 28,44
MLN9708 Inhibition of chymotryptic-like and caspase-like activities 46
Carfilzomib Inhibition of chymotryptic-like activity 47
Marizomib (NPI-0052) Inhibition of chymotryptic-like, trypsin-like, and caspase-like activities 48
HDAC inhibitor Vorinostat (SAHA) Pan-HDAC inhibitor 49
Panobinostat Pan-HDAC inhibitor 50
(LBH-589)
Tubacin HDACS selective inhibitor 51
ACY-1215 HDAC6 selective inhibitor 52
HSP inhibitor IPI-504 (tanespimycin)  Inhibition of hsp90 54
SNX-2112 Inhibition of hsp90 55
Drugs influencing Perifosine Inhibition of Akt 15
lysophospholipid signaling FTY720 Sphingosine 1-phosphate agonist 57
LPAATB inhibitor Inhibition of LPAATR 58
IMiD Thalidomide Inhibtion of cytokine secretion 29,59
Lenalidomide Inhibtion of cytokine secretion; induction of apoptosis 29
(CC-5013)
Pomalidomide Inhibtion of cytokine secretion; induction of apoptosis 29,59
(CC-4047)
DNA methyltransferase inhibitor ~ Decitabine DNA methyltransferase inhibitor 69

HDAC, histone deacetylase; HSP, heat shock protein; IMiDs, immunomodulatory drugs; LPAATB, lysophosphatidic acid acyltransferase B.

triggered by the binding of MM cells to BM stromal cells and
inhibits BM angiogenesis by exerting a direct inhibitory effect
on endothelial cells.* Bortezomib has undergone a remark-
able transition from bench to bedside; a phase II study of bort-
ezomib revealed a 35% response rate with manageable
toxicity, and bortezomib was then approved by the US Food
and Drug Administration (FDA) for the treatment of relapsed/
refractory MM in 2003.¢

Recently, the orally active agent MLN9708,“® carfilzomib
which selectively inhibits chymotrypsin-like activity,*” and
the broad-based proteasome inhibitor marizomib"™™ have been
developed in preclinical and clinical studies. Marizomib

Yasui et al.

inhibits chymotrypsin-like, trypsin-like, and caspase-like activ-
ity and induces apoptosis in MM cells resistant to conventional
agents and bortezomib.*®

Histone deacetylase inhibitors. Histone deacetylases (HDACs)
are enzymes involved in the remodeling of chromatin and play
a key role in the epigenetic regulation of gene expression,
which ultimately mediates cellular differentiation and sur-
vival.®?  The combination of bortezomib with HDAC
inhibitors has yielded promising results in preclinical MM
models and will thus be applied to clinical trials.

The HDAC inhibitors can be divided into two groups:
non-selective pan-HDAC inhibitors such as vorinostat™ and

Cancer Sci | November 2012 | vol. 103 | no. 11 | 1909
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panobinostat®® that predominately target Class I (HDACI,
HDAC2, and HDAC3) and Class IIb (HDAC6) HDACs; and
Class I HDAC inhibitors such as romidepsin and entinostat
that target only Class I HDACs.“® Although the mechanism
underlying the synergistic activity of HDAC inhibitors with
bortezomib is not fully understood, it may involve the role
played by HDACG in the aggresomal degradation of ubiquiti-
nated proteins.***" The preclinical activity of a novel
HDACS6 inhibitor, ACY-1215, alone and in combination with
bortezomib, was recently reported(sz) and transformed into a
clinical study.

Heat-shock protein inhibitors. Heat-shock proteins (HSPs)
constitute a class of molecular chaperones that, under normal
conditions, facilitate protein folding and regulate the turnover
of proteins involved in cell growth and survival. Under condi-
tions of environmental stress, HSP expression increases as an
adaptive means to maintain cell homeostasis and enhance cell
survival. Because bortezomib induces the expression of stress
response-related proteins such as hsp27, hsp70, and hsp90,
these protems are molecular targets for overcomlng bortezomib
resistance.®> Inhibition of p38MAPK, which is an upstream
molecule of hsp27, enhances the cytotoxicity of bortezomib in
MM cells, thereby £1oviding evidence that hsp27 confers bort-
ezomib resistance.® Hsp90 inhibitors such as 17-AAG (tanes-
pimycin),®® IPI-504 (retaspimycin hydrochlonde which is a
water-soluble analog of tanesplmycm) ) and SNX-211269
enhance bortezomib- mduced cytotoxicity in plecllmcal rnodels
IPI-504 has been translated into a clinical study in MM.©

Drugs influencing lysophospholipid signaling. We evaluated
several drugs that influence lysophospholipid signahn% such
as the sphmgosme 1-phosphate analogue FTY720,°
LPAATP inhibitor,®® and perifosine.'> Perifosine, wh1ch is
an alkyl-phosphocholine compound, has been shown to inhibit
Akt activation without affecting the activity of PI3K or phos-
phoinositide-dependent kinase 1. Because perifosine inhibits
the Akt activation triggered by bortezomib to enhance MM
cytotoxicity in vitro, combined therapy with bortezomib and
drugs that inhibit Akt signaling is promising. Perifosine in
combination with bortezomib is being evaluated in clinical
trials.

Immunomodulatory drugs. The IMiDs have several anti-MM
effects, including direct cytotoxicity, inhibition of angiogene-
sis, and induction of tumor immunity, and provide a remark-
able example of translatlonal cancer research in MM. In 2000,
Hideshima et al.® reported the mechanism of anti-MM
activity of the IMiDs lenalidomide (IMiD3, CC5013) and
pomalidomide (IMiD1, CC4047), which potently induce apop-
tosis or growth arrest in MM cells. The IMiDs also reduce the
secretion of IL-6 and vascular endothelial growth factor trig-
gered by the binding of MM cells to BM stromal cells, and
they inhibit angiogenesis.®® Lenalidomide was rapidly applied
to clinical trials and was approved by the FDA in 2006 for use
in patients who have received prior therapy.!"’ The IMiDs also
stimulate a T cell co-stimulatory mechanism to induce IL-2
expression and T-cell proliferation.’ Moreover, IMiDs
induce natural killer (NK) cell-mediated cytotoxicity because
the prohferatlon and ADCC of NK cells are induced by IL-2
production.®” These data provide the cellular and molecular
basis for the use of IMiDs as an adjuvant in immunotherapeu-
tic treatment strategies for MM.

Biomarkers

A biomarker, as defined by NIH, is a characteristic that is
objectively measured and evaluated as an indicator of normal
biologic processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention. Biomarkers can be
classified based on their application, such as diagnostic

1910

biomarkers, biomarkers for the staging of diseases, biomarkers
for disease prognosis, and biomarkers for monitoring the clini-
cal response to an intervention. Genetic heterogeneity has been
indicated in MM, and has important implications for tumor
pathogenesis, prognosis, and treatment. Importantly, cytoge-
netic aberrations, including the non-hyperdiploid, cytogeneti-
cally detected chromosomal 13q deletion as well as #(4,14),
1(14,16), 1q gain, and del(17p), as detected by FISH, are
indicators of high-risk MM associated with a poor outcome.®
Novel therapies such as bortezomib can overcome, at least in
part, the adverse outcome conferred by these abnormalities.®
However, there has been much less progress in the develop-
ment of predictive biomarkers for specific treatments."? To
identify biomarkers to predict the effect of particular targeted
therapies, appropriate clinical trial designs are necessary. Phase
I studies are needed to establish that the drug inhibits the tar-
geted pathway in the tumor. Phase II studies are required to
obtain data for determining predictive biomarkers that identify
patients whose tumors are driven by the inhibition of the target
molecule so that therapy-specific diagnostic tests can be
developed for phase III trials. Because some novel drugs in
development in MM have specific molecular targets, the iden-
tification of biomarkers that also define drug sensitivity is a -
promising therapeutic strategy. Examples include the use of
PI3K inhibitors in patients who show PI3K activation and IxB
inhibitors in patients who show activation of the NF«xB path-
way. Efforts to examine patient samples by genetic, cytoge-
netic, and epigenetic methods are important to identify
biomarkers to improve patient classﬁicatlon and, if possible,
introduce personalized therapy for MM.® In this review, we
focus on genetic studies that have recently been facilitated by
next-generation sequencing technologies, as well as focus on
DNA methylation studies that we are engaged in at our insti-
tute.

Genetics in MM. Major tumor-genome sequencing projects
have been undertaken to identify the numerous genes mutated
in cancer.® However, the key steps in oncogenesis in human
tumors remain unclear. In MM, genomic Studles are currently
being carried out for the definition of heterogeneity, new target
discovery, and development of personalized therapy. The anal-
ysis of somatic mutations by sequencing of the tumor genomes
in 38 MM cases revealed that the mutated genes involved in
NFxB activation, protein homeostasmé and histone methylation
are consistent with MM blology 2 Moreover, activating
mutations of BRAF were observed in 4% of patients; this find-
ing has immediate clinical translational implications for the
use of BRAF inhibitors. It is important to distinguish the dri-
ver mutations from the passenger mutations; a driver mutation
is defined as a mutation that is causally implicated in oncogen-
esis, whereas a passenger mutation is defined as a mutation
that has no effect on the fitness of a clone but is present in the
same genome with a driver mutation.®” The existence of sev-
eral driver mutations in individual cancer is consistent with the
hallmarks of cancer.!®

DNA methylation in MM. DNA methylation, which occurs in
cytosine bases located 5’ to a guanine in which the cytosine—
guanine pairs are known as CpG or CG dinucleotides, is cata-
lyzed by DNA methyltransferases (DNMT1, DNMT3A, and
DNMT3B).©® Various cancers are characterized by promoter
hypermethylation and consequent epigenetic silencing of
multiple genes, and this process can be reversed during DNA
synthesis, which renders it a potential therapeutic target.®®
The DNA methyltransferase inhibitors azacitidine and decita-
bine (5-aza-2'-deoxycytidine) have remarkable activity in the
treatment of myelodysplastic syndrome (MDS), and both were
approved by the FDA for the treatment of patlents with
MDS.® We and others studied DNA methylation in MM and
identified certain key genes, including RAS, dexamethasone-
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Table 3. Genes epigenetically silenced in multiple myeloma

Gene Chromosomal location Function References
CDKN2A (p16'NK44) 9p21.3 Inhibition of cyclin-dependent kinase 64
CDKN2B (p15'NK48) 9p21.3 Inhibition of cyclin-dependent kinase 64
CHFR 12924.33 Mitotic checkpoint 65
RASSF1A 3p21.31 Inhibition of Ras signaling 66
DAPK1 9g21.33 Induction of programmed cell death 67
BNIP3 10926.3 Induction of apoptosis 68
RASD1 17p11.2 Modulation of coregulator activity of NONO 69
(2,3,8)

induced 1 (RASDI), listed in Table 3.4 Interestingly, MM
cells that showed methylation of RASD1 were resistant to
dexamethasone, and treatment with decitabine restored RASD1

expression and enhanced the cytotoxicity of dexamethasone in

tumor cells. The methylation levels of RASD1 in clinical sam-
ples were elevated after repeated chemotherapy, including ther-
apy with dexamethasone. The goal of our ongoing studies is to
define RASD1 methylation as a predictive indicator of steroid
resistance in MM. Our findings suggest that epigenetic gene
silencing is involved in MM progression and drug resistance,
and DNA methylation can therefore be a potential biomarker
for MM. We are also engaging in genome-wide methylation
analyses to determine the molecular mechanisms underlying
MM, including oncogenesis, drug resistance, and the heteroge-
neity of genetic, cytogenetic, and epigenetic aberrations,
thereby identifying biomarkers in MM.

Perspectives and conclusions

Ongoing translational cancer studies in MM include: genetic
and epigenetic studies to evaluate myelomagenesis, identify
targeted hallmarks of MM, and develop improved classification
and personalized medicine; the development of next-generation
novel therapies targeting MM cells in the BM milieu; and the
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development of rationally based combination therapies.
To date, many preclinical studies have hinted at the myriad of
pathways that can be targeted for a synergistic and multitarget-
ed approach. To identify these areas of molecular synergism,
close collaboration between basic researchers and clinical staff
is critical. These efforts will help to develop novel therapies,
overcome drug resistance, and improve the prognosis of
patients with MM.
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Upregulation of miR-196a and HOTAIR Drive Malignant
Character in Gastrointestinal Stromal Tumors
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Large intergenic noncoding RNAs (lincRNA) have been less studied than miRNAs in cancer, although both offer
considerable theranostic potential. In this study, we identified frequent upregulation of miR-196a and lincRNA
HOTAIR in high-risk gastrointestinal stromal tumors (GIST). Overexpression of miR-196a was associated with
high-risk grade, metastasis and poor survival among GIST specimens. miR-196a genes are located within the HOX
gene clusters and microarray expression analysis revealed that the HOXC and HOTAIR gene were also coordinately
upregulated in GISTs which overexpress miR-196a. In like manner, overexpression of HOTAIR was also strongly
associated with high-risk grade and metastasis among GIST specimens. RNA interference-mediated knockdown
of HOTAIR altered the expression of reported HOTAIR target genes and suppressed GIST cell invasiveness. These

findings reveal concurrent overexpression of HOX genes with noncoding RNAs in human cancer in this setting,
revealing miR-196a and HOTAIR as potentially useful biomarkers and therapeutic targets in malignant GISTs.

Cancer Res; 72(5); 1126-36. ©2012 AACR.

introduction

Gastrointestinal stromal tumors (GIST) are the most com-
mon mesenchymal tumors of the gastrointestinal tract (1-3).
GISTs arise predominantly in the stomach (60%) and small
intestine (25%) but also occur in colon and rectum (5%),
esophagus (2%), and other organs (3). Immunohistochemi-
cally, GISTs are positive for KIT and CD34 and are negative or
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variably positive for other neural and smooth muscle cell
markers. The expression of KIT and CD34 is a characteristic
feature of the intestinal cells of Cajal (ICC), which are located in
the intestinal wall and regulate gastrointestinal motility. GISTs
are thus thought to originate from ICCs or ICC precursors.
Activating KIT mutations have been identified in 80% to 90% of
GISTs, and mutation of the platelet-derived growth factor
receptor alpha gene (PDGFRA) is observed in approximately
5% of GISTs (1-3). In that context, imatinib mesylate (formerly
STI571) was developed as a tyrosine kinase inhibitor and has
been shown to inhibit the activities of BCR-ABL, KIT, and
PDGFR. Imatinib mesylate is currently being used for the
treatment of both chronic myeloid leukemia and metastatic
GISTs.

Predicting the biologic potential of GISTs is often difficult,
and considerable effort has been made to define the variables
that could enable more accurate identification of tumors with
malignant potential. In most classification systems, the key
prognostic factors for estimating malignant potential are
tumor size and mitotic rate, and to a more variable degree,
the proliferation index or tumor site (4). Other potential and
promising markers of GIST malignancy are molecular altera-
tions. As mentioned, a large majority of GISTs exhibit activat-
ing KIT or PDGFRA mutations. By itself, however, mutation
status does not fully explain the diverse biology of GISTs, and it
is believed that additional molecular alterations are required
for the progression of high-risk GISTs. For instance, expression
of CD26 (encoded by DPP4) is strongly associated with poor
survival among patients with gastric GISTs, suggesting its
involvement in the malignant progression of the disease (5).
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In addition, we recently showed that hypomethylation of
repetitive DNA elements is predominantly observed in malig-
nant GISTs, and that global hypomethylation correlates with
increased chromosomal aberration (6).

miRNAs are a class of small noncoding RNAs that regulate
gene expression by inducing translational inhibition or direct
degradation of target mRNAs through base pairing to partially
complementary sites (7). miRNAs are highly conserved among
species and play critical roles in a variety of biologic processes,

_ including development, differentiation, cell proliferation, and
apoptosis. Consistent with their role in these processes, a
number of studies have shown widespread alteration of miRNA
expression patterns in cancer (8, 9). It has also been shown that
in cancer global miRNA expression profiles, as well as expres-
sion of specific miRNAs, correlate with disease prognosis and
clinical outcome (10). To date, however, only a few groups have
studied miRNA expression in GISTs (11, 12), and no specific
miRNAs that could serve as prognostic markers have yet been
identified.

In this study, we investigated the global pattern of miRNA
expression in GISTs. Our aim was to evaluate the contribution
made by miRNAs to the malignant potential of GISTs and to
identify predictive biomarkers. We determined that upregula-
tion of miR-196a is strongly associated with high risk and poor
prognosis in GIST patients. Furthermore, we provide evidence
that overexpression of miR-196a is accompanied by upregula-
tion of HOXC cluster genes and a metastasis-associated non-
coding RNA in GISTs.

Materials and Methods

Tumor samples

A total of 56 fresh frozen GIST specimens were obtained
from Sapporo Medical University Hospital, Keiyukai Sapporo
Hospital, and Osaka University Hospital, as described (6). In
addition, formalin-fixed paraffin-embedded (FFPE) tissue
sections of 100 GIST specimens were obtained from Niigata
University Hospital. Informed consent was obtained from all
patients before collection of the specimens, and this study
was approved by the respective Institutional Review Boards.
Risk grade was assessed according to the risk definition
system proposed by Fletcher and colleagues (4). Tumors that
were less than 2 cm in diameter with a mitotic count of less
than 5/50 high-power fields (HPF) were categorized as very
low risk. Tumors that were 2 to 5 cm in diameter with a
mitotic count of less than 5/50 HPF were considered to be
low risk. Tumors that were less than 5 cm in diameter with a
mitotic count of 6 to 10/50 HPF, or were 5 to 10 cm with a
mitotic count of less than 5/50 HPF were considered to be
intermediate risk. Tumors that were more than 5 cm in
diameter with a mitotic count of more than 5/50 HPF, more
than 10 cm in diameter with any mitotic count, or any size
with a mitotic count of more than 10/50 HPF were consid-
ered to be high risk. Total RNA was extracted from fresh
frozen tissue specimens using a mirVana miRNA Isolation
Kit (Ambion). Total RNA was extracted from FFPE tissue
specimens using a RecoverAll Total Nucleic Acid Isolation
Kit for FFPE (Ambion). Tumor tissues were reviewed by

pathologists and were macrodissected; laser capture micro-
dissection was not carried out in this study.

miRNA microarray analysis

One-color microarray-based miRNA expression analysis was
carried out according to the manufacturer's instructions (Agi-
lent Technologies). Briefly, 100 ng of total RNA from fresh
frozen GIST tissues was labeled using miRNA Labeling Reagent
(Agilent Technologies), after which the labeled RNA was
hybridized to a Human miRNA Microarray V3 (Rel 12.0,
(G4470C; Agilent Technologies), which covers 859 human miR-
NAs and 80 viral miRNAs. The microarray data were analyzed
using GeneSpring GX version 11 (Agilent Technologies). The
normalized microarray data were then compared with the
TagMan assay results using GraphPad PRISM version 5
(GraphPad Software Inc.). The Gene Expression Omnibus
accession number for the miRNA microarray data is GSE31741.

Quantitative RT-PCR of miRNA

miR-196a expression was analyzed using TagMan micro-
RNA Assays (Applied Biosystems). Briefly, 5 ng of total RNA
were reverse transcribed using specific stem-loop RT primers,
after which they were amplified and detected using PCR with
specific primers and TagMan probes. The PCR was run in
triplicate using a 7500 Fast Real-Time PCR System (Applied
Biosystems), and SDS v1.4 software (Applied Biosystems) was
used for comparative AC; analysis. U6 snRNA (RNU6B; Applied
Biosystems) served as an endogenous control.

Gene expression microarray analysis

One-color microarray-based gene expression analysis was
carried out according to the manufacturer's instructions (Agi-
lent Technologies). Briefly, 700 ng of total RNA were amplified
and labeled using a Quick Amp Labeling Kit One-Color (Agilent
Technologies), after which the synthesized cRNA was hybrid-
ized to the Whole Human Genome Oligo DNA microarray,
which includes 41,000 probe sets covering 19,416 genes
(G4112F; Agilent Technologies). The microarray data were
analyzed using GeneSpring GX version 11 (Agilent Technolo-
gies). The Gene Expression Omnibus accession numbers for
the microarray data are GSE31802 and GSE32064.

Quantitative RT-PCR of HOTAIR

Single-stranded cDNA was prepared using SuperScript II
reverse transcriptase (Invitrogen). Quantitative reverse tran-
scriptase PCR (RT-PCR) of HOTAIR was carried out using a
TagMan Gene Expression Assay (Assay ID, Hs03296631_ml;
Applied Biosystems) and a 7500 Fast Real-Time PCR System
(Applied Biosystems). GAPDH (Assay ID, Hs99999905_ml;
Applied Biosystems) served as an endogenous control.

DNA copy number and chromatin signature analysis
DNA copy number was analyzed using array-based com-
parative genome hybridization (CGH) as described previously
(6). Trimethylated Histone H3 lysine 4 (H3K4me3) was ana-
lyzed using chromatin immunoprecipitation (ChIP) as
described previously (13, 14). Details of the experimental
procedures are provided in the Supplementary Methods.

www.aacrjournals.org

Cancer Res; 72(5) March 1, 2012

— 254 —

1127



1128

Niinuma et al.

Transfection of miRNA inhibitors and siRNA molecules

GIST-T1 cells were described previously (15). For inhibition
of miR-196a, cells (3 x 10° cells in 6-well plates) were trans-
fected with 100 pmol of Anti-miR miRNA Inhibitors (Ambion)
or Anti-miR miRNA Inhibitors Negative Control #1 (Ambion)
using Lipofectamine2000 (Invitrogen). For RNA interference
(RNAi)-mediated knockdown of HOTAIR, 3 different Stealth
siRNAs against HOTAIR were generated by Invitrogen, after
which a mixture of the 3 was used for transfection. Cells (3 x
10° cells in 6-well plates) were transfected with 100 pmol of
siRNA or with Stealth RNAi Negative Control Medium GC
(Invitrogen) using Lipofectamine2000 (Invitrogen). Total RNA
extraction, cell viability assays, and Matrigel invasion assays
were carried out 48 hours after transfection as described in the
Supplementary Methods.

Statistical analysis

All gene expression levels were log transformed for subse-
quent statistical analysis because the distribution of expres-
sion data seemed to follow a log-normal distribution. Geo-
metric means were therefore calculated as summary statistics
for expression levels. Comparisons of continuous variables
were made using ¢ tests or one-way ANOVA with post hoc
multiple comparisons (Games—Howell test). Pearson's corre-
lation coefficients were calculated to describe the strength of
the correlation between 2 variables. Comparisons of categor-
ical variables were made using Fisher exact test. To assess the
association between prognostic factors and gene expression
levels, logistic or Cox regression analyses were carried out. For
these regression analyses, the most optimal cutoff points were
employed to calculate ORs and HRs, with or without adjust-
ment for clinical factors. Kaplan-Meier curves were plotted to
compare 2 groups stratified by gene expression status. All
statistical analyses were done using SPSS Statistics 18 (IBM
Corporation).

Results
Detection of upregulated miR-196a expression in high-
risk GISTs

To examine the miRNA expression signature in GISTs, we
carried out miRNA microarray analysis with 32 fresh frozen
GIST specimens (10 low-risk, 8 intermediate-risk, and 14 high-
risk GISTs). The clinicopathologic features of the 32 patients
are listed in Supplementary Table S1. Of 939 probe sets, 470
were excluded because of the absence of a detectable signal in
any of the samples tested. Unsupervised hierarchical clustering
using the remaining 469 probe sets revealed that GISTs in
which there was abundant expression of miRNAs encoded on
chromosome 14q32.31 form a separate cluster (Supplementary
Figs. S1 and S2). Moreover, by comparing the miRNA expres-
sion profiles with array CGH results, we found that this cluster
is enriched in tumors without 14q loss. These results are
consistent with recent reports showing an inverse relationship
between 14q loss and expression of miRNAs located on 14q in
GISTs (11, 12), which is indicative of the reliability of our
microarray analysis. We next carried out a scatter plot analysis
and found that miR-196a is markedly upregulated in high-risk

GISTs, as compared with low- or intermediate-risk GISTs (Fig.
1A). As shown in Fig, 1B, miR-196a was undetectable in all but
one of the low- and intermediate-risk GISTs tested, whereas it
was upregulated in more than half of the high-risk tumors. The
elevated expression of miR-196a was observed in both gastric
and small intestinal GISTs (Supplementary Table S1).

Upregulation of miR-196a is associated with GIST
malignancy

To assess the clinical importance of miR-196a upregulation
in GISTs, we next carried out TagMan assay with 56 fresh
frozen GIST specimens (discovery cohort), including the 32
specimens initially analyzed by microarray. The clinicopath-
ologic features of the patients are summarized in Table 1. The
TagMan assay results were highly consistent with the micro-
array data, though the TagMan assay did reveal low levels of
miR-196a expression in samples in which there was no detect-
able signal from the microarray (Supplementary Fig. S3).

Also consistent with the microarray results was the finding
that miR-196a was markedly upregulated in high-risk GISTs, as
compared with the other groups (P = 0.004, one-way
ANOVA; Fig. 1C, Supplementary Table S2). In addition, logistic
regression analysis revealed that the association between miR-
196a upregulation and the high-risk category was highest when
we employed a cutoff value of miR-196a/U6 0.4 or more (OR =
13.7; 95% ClI: 3.4-54.6; P < 0.001; Supplementary Table S3).
Survival data were obtained for 32 patients, and Cox hazard
analysis revealed the highest HR for patients with elevated
miR-196a expression when a cutoff value of 1.4 was employed
(Table 2). Kaplan-Meier analysis showed poor overall survival
among patients with GISTs expressing high levels of miR-196a,
though the effect was not statistically significant (Fig. 1D).

We next used TagMan assay to analyze an independent
validation cohort consisting of 100 FFPE GIST specimens
(Table 1). Consistent with the findings summarized above, we
observed that upregulation of miR-196a was associated with
high-risk GISTs (Fig. 1C, Supplementary Tables S2 and S3). By
using the same cutoff value (miR-196a/U6 > 1.4), Cox hazard
analysis revealed an elevated HR for patients exhibiting high
levels of miR-196a expression (Table 2), and Kaplan-Meier
analysis showed shorter survival times for the same patients
(Fig. 1D). These results confirmed the prognostic value of miR-
196a expression in both fresh frozen and FFPE GIST
specimens.

Finally, we combined the GIST samples in the discovery and
validation cohorts to examine the clinicopathologic signifi-
cance of miR-196a. Expression of miR-196a correlated posi-
tively with high-risk grade (Fig. 1C, Supplementary Tables 52
and S3), poor clinical outcome (Fig. 1D, Table 2), tumor size,
mitotic count, and metastasis (Table 3). Interestingly, although
expression of miR-196a was not associated with age or gender,
it was strongly associated with tumor location (Table 3). The
median level of miR-196a expression was lowest in specimens
from esophageal GISTs and then increased as the GIST site
moved from the oral side toward the anal side of the gastro-
intestinal tract (P < 0.001; Table 3, Supplementary Fig. S4).
Importantly, although the average level of miR-196a expression
was higher in small intestine than in stomach, it was positively
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Figure 1. Upregulation of miR-196a expression in GISTs is associated with a high-risk grade and poor prognosis. A, scatter plots analyses: plotting low-risk
(n = 10) versus high-risk GISTs (n = 14; left) and intermediate-risk (n = 8) versus high-risk GISTs (n = 14; right) revealed overexpression of miR-196a in
high-risk GISTs. Microarray data are normalized and log transformed (base 2). Expression of miR-196a is highlighted by a circle. B, levels of miR-196a
expression obtained from microarray analysis of 32 GIST specimens. Risk categories are indicated below. C, comparison of miR-196a expression using
TagMan assay in low- (n = 14), intermediate- (7 = 14), and high-risk GISTs (n = 23) in a discovery cohort (left), very low- or low-risk (n = 46), intermediate-risk
(n = 25), and high-risk GISTs (n = 26) in a validation cohort (middle) and all GIST specimens (right). Results are normalized to internal U6 snRNA.

D, Kaplan-Meier curves showing the effect of miR-196a expression (high, miR-196a/U6 > 1.4; low, miR-196a/U6 < 1.4) on overall survival in the discovery

cohort (left), validation cohort (middle), and all GIST patients (right).

correlated with high-risk grade in both organs (Supplementary
Table S4).

Concurrent upregulation of miR-196a and HOX cluster
genes in GISTs

To analyze the relationship between miR-196a upregulation
and the global gene expression profiles in GISTs, we selected

age-, gender-, and tumor location-matched GIST specimens
showing either low (r = 7; average miR-196a/U6 = 0.1) or high
miR-196a expression (n = 7; average miR-196a/U6 = 15.7) and
subjected them to gene expression microarray analysis (Sup-
plementary Table S5). We found that for 4,947 probe sets
(corresponding to 3,206 unique genes), there was more than
a 2-fold difference in expression between GISTs with miR-196a
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Tabie 1. Clinical features of the GIST samples
used in this study

Discovery cohort

Age (y, median + SD) 68.0 + 15.2
Gender
Male 32 (57.1%)
Female 24 (42.9%)
Tumor location
Stomach 40 (71.4%)
Small intestine 14 (25.0%)
Omentum 1(1.8%)
Colorectum 1(1.8%)
Risk category (n = 51)
Low 14 (27.5%)
Intermediate 14 (27.5%)
High 23 (45.0%)

Validation cohort

Age (v, median =+ SD) 64.0 + 124
Gender
Male 44 (44.0%)
Female 56 (56.0%)
Tumor location
Esophagus 5(5.2%)
Stomach 84 (84.0%)
Small intestine 8 (8.0%)
Colorectum 3 (3.0%)
Risk category (n = 97)
Very low 1(1.0%)
Low 45 (46.4%)
Intermediate 25 (25.8%)
High 26 (26.8%)

overexpression and those without it. Hierarchical clustering
analysis using the 4,947 probe sets clearly distinguished
between tumors on the basis of their miR-196a expression
status (Fig. 2A), and Gene Ontology analysis suggested that
genes related to "immune system,” "plasma membrane,” and
"cell communication” are strongly overrepresented among the

differentially expressed genes (Supplementary Table S6).

To further characterize the differentially expressed genes,
we carried out a gene set analysis and obtained the highest
enrichment score with the HOX gene set (Supplementary Table
S$7). We found miR-196a to be encoded at 2 paralogous loci,
miR-196a-1 and miR-196a-2, which are located within the
HOXB and HOXC clusters, respectively (Fig. 2B; ref. 16). Hier-
archical clustering analysis using the expression data for HOXC
genes clearly differentiated the GIST samples into 2 groups,
and we observed perfect correspondence between higher
expression of multiple HOXC genes and upregulation of
miR-196a (Fig. 2C). By contrast, genes in other HOX clusters
did not show such obvious correlations with miR-196a (Fig. 2C,
Supplementary Fig. S5). We next compared the microarray
signal for each HOX gene with the miR-196a expression and
found strong positive correlations between the expression
levels of a number of HOXC genes and those of miR-196a (Fig.
3D, Supplementary Fig. $6). Notably, we also found that
expression of HOTAIR, which encodes a large intergenic non-
coding RNA (lincRNA) and is located in an antisense orienta-
tion relative to the HOXC genes, is concurrently upregulated
with miR-196a (Fig. 2C and D). Levels of miR-196a expression
also correlated moderately with those of the HOXB genes
neighboring miR-196a-1 (HOXB13 and HOXB9Y), but the corre-
lations were less significant than those with HOXC genes
(Supplementary Fig. S7).

The similarity between the expression patterns of HOXC
genes and those of the noncoding RNAs encoded in the same
locus is indicative of a common regulatory mechanism
involved in the activation of these genes in GISTs. However,
array CGH analysis of 27 GIST specimens failed to detect either
gain or loss in any HOX loci, irrespective of miR-196a or HOX
gene expression, which makes it unlikely that genomic ampli-
fication is the cause of their overexpression (Supplementary
Fig. S8).

Upregulation of HOTAIR is associated with GIST
malignancy

A recent study showed that HOTAIR is overexpressed in
primary breast cancer and is associated with metastasis (17).
To examine its clinical significance in GISTs, we carried out
TagMan assays of HOTAIR with the discovery cohort samples.
We found that the microarray signals for HOTAIR were highly

Table 2. miR-196a expression is associated with poor clinical cutcome in GIST patlents
Outcome
miR-196a/U6 Survival Death HR (95% Cl) P HR?® (95% Cl) P

Discovery cohort <14 22 1

>1.4 5 4 6.3 (0.7-57.5) 0.104 32.9 (2.0-551.3) 0.015
Validation cohort <14 73 13

>1.4 9 5 3.9 (1.4-11.1) 0.011 8.4 (2.6-26.9) <0.001
All samples <1.4 95 14

>1.4 14 9 4.9 2.1-11.7) <0.001 9.1 (3.5-23.7) <0.001
@Age and gender adjusted HR.
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Table 3. Correlation between miR-198a expression and clinicopathologic features of GISTs
miR-196a/U6
n Geometric mean 95% CI P
Age (y)
<65 76 0.093 0.051-0.168
>65 81 0.074 0.044-0.127 0.581
Gender
M 76 0.104 0.059-0.186
F 80 0.069 0.040-0.119 0.297
Location
Esophagus 5 0.019 0.001-0.417 Ref
Stomach 124 0.061 0.039-0.094 0.741 Ref
Small intestine 22 0.395 0.163-0.957 0.161 0.002 Ref
Colorectum 4 4,936 2.564-9.502 0.023 <0.001 <0.001
<0.001
Tumor size (cm)
<5.0 70 0.045 0.026-0.075
>5.0 81 0.118 0.066-0.210 0.016
Mitotic count (/50 HPF)
<5 105 0.036 0.025-0.053
>5 35 0.539 0.215-1.353 <0.001
Metastasis
Yes 28 0.747 0.307-1.819
No 108 0.041 0.027-0.063 <0.001

consistent with the TagMan assay results (Supplementary
Fig. S9). HOTAIR was upregulated exclusively in high-risk
GISTs, as compared with low- or intermediate-risk GISTs
(P = 0.018; Fig. 3A), and its expression correlated positively
with the expression of miR-196a (Fig. 3B) and HOXC genes
(Fig. 3C, Supplementary Fig. $10). In addition, logistic regres-
sion analysis revealed that high levels of HOTAIR expression
in GISTs (HOTAIR/GAPDH > 0.0002) were strongly associated
with metastasis (age and gender adjusted OR = 8.2; 95% CL:
14-484; P = 0.021). Cox hazard analysis suggested an elevated
HR for patients with high HOTAIR expression (Table 4), and
Kaplan-Meier analysis showed poor overall survival for the
same patients, though the effect was not statistically significant
(Fig. 3D). We also tried to analyze HOTAIR expression in the
FFPE specimens; however, we failed to detect expression of
either HOTAIR or GAPDH in these samples, most likely due to an
inadequate quality of the RNA.

Reduced expression of miR-196a and HOTAIR target
genes in GISTs

To examine the functional role of miR-196a in GISTs, we
interrogated our gene expression microarray data for miR-196a
target genes computationally predicted by TargetScan. Of the
2,248 genes whose expression was reduced in GISTs over-
expressing miR-196a, 95 corresponded to predicted targets
(Supplementary Fig. S11, Supplementary Table S8). This gene
list included ANXAI (Annexin Al), which is an experimentally
validated miR-196a target gene (18). In addition, expression of

several HOX genes, including HOXBS, was reduced in GISTs
overexpressing miR-196a, which is consistent with an earlier
finding of miR-196a—directed cleavage of HOXB8 mRNA (Sup-
plementary Fig. S11; ref. 19).

In normal human fibroblasts, HOTAIR represses HOXD gene
expression by interacting with polycomb repressive complex 2
(PRC2; ref. 20). In breast cancer cells, overexpression of
HOTAIR was shown to recruit PRC2 to more than 800 gene
promoters, leading to histone H3K27 methylation and epige-
netic silencing of the target genes (17). We therefore examined
our microarray data for the reported HOTAIR-induced PRC2
target genes. Among 14 GISTs analyzed with the microarray, all
7 tumors strongly expressing miR-196a showed elevated
HOTAIR expression (average HOTAIR/GAPDH = 0.00254),
whereas all tumors only weakly expressing miR-196a showed
little or no HOTAIR expression (average HOTAIR/GAPDH =
0.00001). We found that expression of 144 HOTAIR target genes
was reduced in GISTs overexpressing HOTAIR (Supplementary
Fig. S11, Supplementary Table S9). These results indicated that
overexpression of miR-196a and HOTAIR may contribute to the
malignant progression of GISTs by modulating expression of
their target genes.

Inhibition of miR-196a and HOTAIR suppresses GIST cell
invasion

We next utilized a cultured GIST cell line to determine
whether upregulation of miR-196a and HOTAIR is responsible
for the malignant potential of GISTs. We found that both
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Figure 2. GIST gene expression signatures reveal a strong correlation between the miR-796a and HOXC genes. A, heat map of the gene expression signatures
correlated with miR-196a expression. Rows represent probe sets and columns represent patients. A total of 4,947 probe sets differentially expressed (>2-fold
change) between GISTs with {n = 7) and without {(n = 7) miR-196a overexpression were selected, after which hierarchical clustering was carried out. The miR-
196a expression status is indicated below. B, schematic representations of the miRR-196a family locations within the HOX gene clusters. C, hierarchical
clustering analysis using HOXB (left) and HOXC (right) expression data. miR-196a expression status is indicated below. D, correlations between the
expression levels of miR-196a and HOXC genes or HOTAIR. Expression of miR-196a was analyzed using TagMan assay and was normalized to internal U6
snRNA. Microarray data for HOXC and HOTAIR were normalized and log transformed (base 2). The Pearson correlation coefficients and P values are shown.

miR-196a and HOTAIR are expressed in GIST-T1 cells (Sup-
plementary Fig. S12). We then carried out cell viability and
Matrigel invasion assays after transfecting GIST-T1 cells with
an anti-miR-196a inhibitor molecule. Gene expression micro-
array analysis revealed that a number of predicted miR-196a
target genes, including ANXAI and HOXA5, were upregulated
by inhibition of miR-196a (Supplementary Table S10), and
although we observed no effects on cell viability, inhibition
of miR-196a moderately suppressed cell invasion (Supplemen-
tary Fig. S13). We next disrupted HOTAIR expression by

transfecting the cells with siRNAs targeting it (Fig. 3E).
Although knockdown of HOTAIR did not significantly affect
cell viability, it suppressed the invasiveness of GIST-T1 cells
(Fig. 3E and F). Moreover, gene expression microarray analysis
revealed that a number of reported HOTAIR target genes,
including PCHD10, SEMA6A, and STKI7B, were upregulated
upon knockdown of HOTAIR (Supplementary Table S11). In all,
we found that 1,424 genes were upregulated by siHOT (>2-fold),
and Gene Ontology analysis revealed enrichment of genes
related to "nucleus,” "chromosome,” and "membrane-bounded
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Figure 3. Upregulation of HOTAIR in malignant GISTs. A, TagMan assay of HOTAIR in a panel of GIST specimens (1 = 52). Results are normalized to internal
GAPDH expression. Risk categories are indicated below. B, correlation between levels of HOTAIR and miR-196a expression detected using TagMan assay. The
Pearson correlation coefficient and P value are shown. C, correlations between levels of HOTAIR expression detected using TagMan assay and those of HOXC
genes detected from microarrays. The Pearson correlation coefficients and P values are shown. D, Kaplan-Meier curves showing the effect of HOTAIR expression
(high, HOTAIR/GAPDH > 0.0002; low, HOTAIR/GAPDH < 0.0002) on overall survival among GIST patients. E, TagMan assay for HOTAIR in GIST-T1 cells
transfected with control siRNA (siCONT) or siRNA targeting HOTAIR (siHOT). F, cell viability assay using GIST-T1 cells transfected with siCONT or siHOT. Cell
viabilities were determined 48 hours after transfection. Shown are the means of 8 replications; error bars represent SDs. G, Matrigel invasion assay using GIST-T1
cells transfected with siCONT or siHOT. Shown on the right are the means of 3 random microscopic fields per membrane; error bars represent SDs.

organelle” (Supplementary Tables S12 and S13). These results Finally, we sought to clarify the biologic relationship
suggested that HOTAIR may modulate transcription of a between miR-196a, HOTAIR, and HOXC genes. We first tested
large number of genes and may have previously unidentified whether upregulation of miR-196a is a downstream effect of
roles in GIST cells. HOTAIR dysregulation, or vice versa. We found that inhibition
www.aacrjournals.org Cancer Res; 72(5) March 1, 2012 1133
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Table 4. HOTAIR expression is assoclated with poor clinical outcome in GIST patients

Outcome
HOTAIR/GAPDH Survival Death HR (95% CI) P HR? (95% CI) P
<0.0002 26 2
>0.0002 7 4 3.8 (0.7-21.2) 0.123 9.0 (1.2-68.9) 0.034

#Age and gender adjusted HR.

of miR-196a had no effect on HOTAIR expression in GIST-T1
cells, nor did knockdown of HOTAIR affect miR-196a expres-
sion. This suggested that overexpression of miR-196a or
HOTAIR is not a simple downstream effect of their dysregula-
tion (Supplementary Fig. S12). By contrast, analysis of the
chromatin status in GIST-T1 cells using ChIP-PCR revealed
enrichment of trimethylated histone H3 lysine 4 (H3K4me3), a
hallmark of active gene transcription, at the transcription start
sites of multiple HOXC genes and HOTAIR (Supplementary Fig.
S14). Moreover, we found concurrent overexpression of miR-
196a, HOTAIR, and HOXC genes in other cancer cells, including
the Katolll gastric cancer cell line. By carrying out high-
resolution ChIP-seq analysis with the KatollI cells, we observed
significant enrichment of H3K4me3 over a wide range (more
than 50 kb) of the HOXC cluster, which suggested that an
epigenetic mechanism is involved in the dysregulation of this
genomic region (Supplementary Fig, S15).

Discussion

Although the results of recent studies suggest that the gene
expression signatures of GISTs are predictive of malignancy
and drug sensitivity of the tumors (5, 21), the clinical signif-
icance of the miRNA expression signature is not yet fully
understood. In this study, we found that upregulation of
miR-196a is strongly associated with a high-risk grade, metas-
tasis, and poor prognosis in GIST patients. Furthermore, over-
expression of miR-196a is accompanied by upregulation of
multiple HOXC genes and the metastasis-related lincRNA
HOTAIR. To our knowledge, this is the first article to show
concurrent overexpression of collinear HOX genes and non-
coding RNAs in human malignancy.

A number of studies have implicated miR-196a in malig-
nancy, but its role may differ among tumor types. Upregulation
of miR-196a is observed in esophageal adenocarcinomas and
their precancerous lesions, Barrett's esophagus and dysplasia,
which suggests miR-196a is a potential marker of the malignant
progression of Barrett's esophagus (22). Strong expression of
miR-196ais also associated with a poor prognosis in pancreatic
adenocarcinoma and glioblastoma patients (23, 24). In addi-
tion, functional analysis showed that expression of miR-196a in
esophageal, breast, and endometrial cancer cells promotes
proliferation and suppresses apoptosis through downregula-
tion of ANXA1 (18). These results suggest that miR-196a
contributes to oncogenesis in cancer. On the other hand,
miR-196a is significantly downregulated in melanoma, and its

reexpression inhibited the invasive behavior of melanoma cells
by targeting HOXC8 (25). Similarly, miR-196a suppressed
HOXCS and inhibited invasion and metastasis by breast cancer
cells (26). Thus miR-196a seems to exert opposite effects in
tumors of different origins.

The HOX genes are a highly conserved subgroup of the
homeobox superfamily, and they play essential roles in a
variety of biologic processes, including development, differen-
tiation, apoptosis, and angiogenesis (27). In humans, 4 HOX
clusters containing 39 HOX genes have been identified, and
dysregulation of their expression is observed in various malig-
nancies. Although the role of HOXs in cancer is not fully
understood, its aberrant expression is thought to affect path-
ways that promote tumorigenesis and metastasis (27). For
instance, HOXC8 mRNA is overexpressed in prostate cancer
cells and is associated with tumor cell proliferation and
metastasis (28-30). In addition, HOXC5 and HOXC8 mRNAs
are upregulated in cervical cancer cells (31), and one recent
study suggested HOXC10 plays a key role of in the progression
and invasion in cervical cancer (32).

An association between miR-196a and HOX expression in
cancer has also been reported. Reduced expression of miR-
196a in malignant melanoma cells leads to upregulation of
HOXB7 and, in turn, activation of BMP4, a major modulator of
migration (33). As mentioned above, miR-196a also inhibits
invasion and metastasis by downregulating HOXC8 in mela-
noma and breast cancer cells (26, 34). Taken together, these
results suggest that miR-196a acts as a tumor suppressor by
targeting HOX genes in these tumor types. By contrast, we
show in this study that both the miR-196a and HOXC genes are
concurrently upregulated in malignant GISTs. Our findings are
reminiscent of an earlier report showing that the expression
patterns of miRNAs embedded in HOX clusters are very similar
to those of HOX genes during mammalian embryogenesis (35).
Global gene expression analysis revealed that expression of
multiple putative miR-196a targets, including ANXA1, is dimin-
ished in GISTs overexpressing miR-196a, whereas their expres-
sion is enhanced upon inhibition of miR-196a in cultured GIST-
T1 cells. In addition, inhibition of miR-196a in GIST cells
overexpressing that miRNA moderately suppressed cell inva-
sion. Taken together, our results indicate that upregulation of
HOXC genes along with miR-196a may contribute to the
malignant potential of GIST.

HOTAIR is located within the HOXC cluster and encodes a
lincRNA known to repress its target genes by directly inter-
acting with histone modification complexes. Epigenetic gene
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regulation is closely associated with histone modifications in
which di- or trimethylation of histone H3 lysine 4 (H3K4me2 or
H3K4me3) is enriched within active gene promoters. In addi-
tion, trimethylation of histone H3 lysine 27 (H3K27me3) is a
marker of gene silencing, In normal adult fibroblasts, HOTAIR
suppresses the HOXD locus by recruiting the PRC2 complex,
which consists of the histone H3K27 methylase EZH2, SUZ12,
and EED (20). It was also recently shown that HOTAIR serves as
a scaffold for multiple repressor complexes, including PRC2
and-LSD1/CoREST/REST (36). LSD1 is a demethylase that
specifically mediates demethylation of H3K4, leading to repres-
sion of the target genes. HOTAIR is also strongly implicated in
cancer metastasis. In breast cancer cells, HOTAIR induces
retargeting of the PRC2 complex throughout the genome,
which leads to the silencing of multiple tumor suppressor and
metastasis suppressor genes (17). Overexpression of HOTAIR is
also predictive of recurrence in hepatocellular carcinoma
patients after liver transplantation (37). We observed that
upregulation of HOTAIR is closely associated with GIST aggres-
siveness and metastasis. In addition, functional analysis using
GIST-T1 cells showed that RNAi-mediated knockdown of
HOTAIR suppressed cell invasion. These results strongly sug-
gest that upregulation of HOTAIR is one of the mechanisms
that promote aggressiveness in GISTs. Interestingly, depletion
of HOTAIR induced a significant change in the gene expression
profile in GIST cells, suggesting that HOTAIR may regulate a
spectrum of genes other than the previously reported target
genes. Further studies, including genome-wide histone mod-
ification analysis, may reveal as yet unidentified roles played by
HOTAIR in the malignant progression of GISTs.

The mechanism underlying upregulation of HOX cluster
genes and noncoding RNAs in GISTs is intriguing. Our array
CGH analysis did not detect chromosomal aberrations in any
HOX loci, making it unlikely that gene amplification is the
cause of their overexpression. However, we found that the
transcription start sites of multiple genes in the HOXC cluster
are marked by an active histone mark, H3K4me3, in GIST-T1
cells. Moreover, high-resolution ChIP-seq analysis revealed
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