with either agent alone. Similarly, cell viabilities of KOB
treated with 25 nM PS (LBH589), 2.5 uM DZNep, or a
combination of these agents were 86%, 93%, and 48%,
respectively. By calculating CI according to the method of
Chou and Talalay,” we found a strong synergistic antipro-
liferative effect in both cell lines (Online Supplementary
Figure S5F, lower panel).

Discussion

EZH?2 is a critical component of PRC2, which mediates
epigenetic gene silencing through trimethylation of
H3K27.%*® EED and SUZ12 are also required for the exhi-
bition of methyltransferase activity and for the localiza-
tion of this complex to target genes.® In an analysis of
genome-wide H3K27 methylation in aggressive prostate

* cancer tissues, a significant subset of the target genes were
also targets in embryonic stem cells, suggesting that the
mechanism for gene silencing used to maintain stem cell
renewal is converted into oncogenesis.”” Ectopic expres-
sion of EZH2 is capable of providing a proliferative advan-
tage to primary cells, and its gene locus is amplified in pri-
mary tumors.” Indeed, increased EZH2 expression has
been reported in several types of cancer cells, and its clin-
ical significance is extensively studied in prostate cancer.”
Amounts of both EZH2 transcript and EZH2 protein were
elevated in metastatic prostate cancer; in addition, clinical-
ly localized prostate cancers that express higher concen-
trations of EZH2 showed a poorer prognosis. An associa-
tion of increased EZH2 expression with poor prognosis
has also been reported in other solid tumors. Currently,
however, there are only limited reports describing EZH2
expression in hematologic malignancies.

In the present study, we showed for the first time that
EZH2 was over-expressed in ATL cells, and that the

Overexpression of enhancer of zeste homolog 2

increased EZH2 was not phosphorylated and was in its

‘active form. The increased EZH2 seemed to exhibit his-

tone methyltransferase activity in vivo, as supported by the
results that ATL cells from both peripheral blood and
lymph nodes were strongly positive for H3K27me3. Since
EZH2 was almost undetectable in cells from healthy adults
and HTLV-1 carriers, it is likely that deregulation of PRC2
caused by over-expressed EZH2 is involved in the early
steps of ATL oncogenesis. Meanwhile, ATL patients with
high EZH2 expression showed shorter survival than
patients with low EZH2 expression, indicating that
increased EZH2 also plays a role in the process of ATL pro-
gression. It has been reported that genes methylated in
cancer cells are specifically packaged with nucleosomes
containing H3K27.® However, there are only a few studies
that actually examined H3K27me3 in primary tumor cells
or tissues. In one such study, H3K27me3 expression was
unexpectedly lower in breast, ovarian, and pancreatic can-
cers than in corresponding normal tissues, although it has
been reported that there are increased levels of H3K27me3
in breast cancer cell lines.”** We do not have an adequate
explanation for these conflicts at present, but there may be
some differences in the process of oncogenesis between
solid tumors and hematologic malignancies.

The mechanism of the overexpression of EZH2 in
tumors remains largely unknown. miRNAs regulate gene
expression and play important roles in cellular differentia-
tion and embryonic stem cell development. Recently, two
miRNAs, miR-101 and miR-26a, were found to repress
EZH2 expression. The expression of miR-101 decreases in
parallel with an increase in EZH2 expression during pro-
gression in prostate tumors.* In addition to these miRNAs,
we examined miR-128a, which has been shown to repress
BMI1 expression in glioblastoma, because overexpression
of BMI-1 is associated with the development of malignant
lymphoma.®* ATL cells showed a decreased level of miR-
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101 expression compared with the cells from HTLV-1 car-
riers, which is not caused by genomic loss of the miR-101
gene, in contrast to prostate cancer.” Moreover, there was
a clear inverse correlation between EZH2 expression and
miR-101 expression, suggesting that increased EZH2 is
caused by the decrease in miR-101 expression. Although
currently there is no report indicating an association of
miR-128a with EZH2 expression, miR-128a showed exact-
ly the same pattern as miR-101, suggesting that the
decrease in miR-128a also participates in EZH2 overex-
pression in ATL. By analyzing the 3’-UTR sequence of
EZH2, it has recently been shown that there are two pre-
dicted miR-101 target sites and one predicted miR-26a tar-
get site in the 3"-UTR of EZH2." We performed a similar
analysis and found that there was also a potential target
site for miR-128a near one of the miR-101 target sites
(Online Supplementary Figure S6). miR-26a was not
decreased in ATL cells, and there was no correlation
between miR-26a expression and EZH2 expression or
miR-128a expression and BMI1 expression. The associa-
tion of miR-26a with EZH2 was found in normal cell dif-
ferentiation as a physiological phenomenon but not in
tumor cells. The miRNAs used to regulate normal develop-
ment and differentiation may be different from those used
for the development of tumors. Another possible explana-
tion for the mechanism of increased EZH2 expression in
ATL is inactivation of p14ARF/p15INK4B/p16INK4A
tumor suppressor genes, which frequently occurs in
ATL. #1522 E7H2 is a molecule downstream of the pRB-
E2F pathway, and inactivation of these genes allows E2F to
be released from pRB, which results in the upregulation of
EZH2 expression.” -Several recent reports indicate that
EZH2 functions to repress the expression of
p14ARF/p15INK4B/p16INK4A; therefore, increased EZH2
may .be used to further decrease the expression of
p14ARF/p15INK4B/p16INK4A.” Since somatic mutations
altering EZH2 (Tyr641) have recently been reported in fol-
licular and diffuse large B-cell lymphomas of germinal-cen-
ter origin,” we performed a similar analysis in 10 primary
ATL samples. There were however no such mutations
(Online Supplementary Figure S7).

ATL is quite resistant to antineoplastic agents and the
median survival time of those with the aggressive subtypes
is only 13 months, even in a recent multicenter clinical
trial.” Since high EZH2 expression with H3K27me3 seems

to be an essential component for the initiation and promo-
tion of cell proliferation in ATL, we searched for the possi-
bility of therapeutic strategies targeting EZH2. We exam-
ined the sensitivity of ATL cells to agents that have been
shown to inhibit EZH2 expression and histone methyla-
tion. DZNep is a carbocyclic analog of adenosine synthe-
sized more than 20 years ago as an inhibitor of S-adenosyl-
homocysteine hydrolase, which has therapeutic potential
as an anticancer or antiviral drug.? DZNep has recently
aroused interest for its unique features; it decreases the
expressions of EZH2, SUZ12, and EED with inhibition of
HBK27 methylation and induces apoptosis in cancer cells
but not in normal cells. ATL cell lines were sensitive to
DZNep and their cell proliferation was attenuated at one-
tenth of the concentration used in these studies. More
interestingly, DZNep showed no toxicity to normal CD4*
T cells as a normal control. Acute T-lymphoblastic
leukemia cell lines showed similar sensitivities to DZNep,
which may indicate that DZNep exerts general toxicity to
leukemia and lymphoma cells not necessarily associated
with histone modification. Indeed, although DZNep rather
increased EZH2 expression in KOB cells, this cell line was
equally sensitive as other cell lines to DZNep. HDAC
inhibitor PS (LBH589) is an effective agent for cutaneous T-
cell lymphoma and induced complete remission in 2 of 9
patients involved in a phase I clinical trial.® More interest-
ingly, it has been reported recently that combined use of
DZNep and PS (LBH589) yielded more depletion of EZH2
and induced more apoptosis of leukemia cells, but not nor-
mal CD34 (+) bone marrow progenitor cells.” In the pres-
ent study, we showed that the combination of DZNep and
PS (LBH589) exhibited a synergistic effect in killing ATL
cells. Thus, epigenetic therapy by the combined use of
these agents that inhibit histone methylation could lead to
a breakthrough in the treatment of aggressive ATL.
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Many transformed lymphoma cells show
immune-phenotypes resembling the cor-
responding normal lymphocytes; thus,
they provide a guide for proper diagnosis
and present promising routes to improve
their pathophysiologic understanding and
to identify novel therapeutic targets. How-
ever, the underlying molecular mecha-
nism(s) of these aberrant immune-
phenotypes is largely unknown. Here, we
report that microRNA-135b (miR-135b)
mediates nucleophosmin-anaplastic lym-
phoma kinase (NPM-ALK)-driven oncoge-
nicity and empowers IL-17-producing im-
munophenotype in anaplastic large cell

lymphoma (ALCL). NPM-ALK oncogene
strongly promoted the expression of miR-
135b and its host gene LEMD1 through
activation of signal transducer and activa-
tor of transcription (STAT) 3. In turn, el-
evated miR-135b targeted FOXO1 in ALCL
cells. miR-135b introduction also de-
creased chemosensitivity in Jurkat cells,
suggesting its contribution to oncogenic
activities of NPM-ALK. Interestingly, miR-
135b suppressed T-helper (Th) 2 master
regulators STAT6 and GATA3, and miR-
135b blockade attenuated IL-17 produc-
tion and paracrine inflammatory response
by ALCL cells, indicating that miR-135b—

mediated Th2 suppression may fead to
the skewing to ALCL immunophenotype
overiapping with Th17 cells. Further-
more, antisense-based miR-135b inhibi-
tion reduced tumor angiogenesis and
growth in vivo, demonstrating signifi-
cance of this “Th17 mimic” pathway as a
therapeutic target. These results collec-
tively illuminated unique contribution of
oncogenic kinase-linked microRNA to tu-
morigenesis through modulation of tu-
mor immune-phenotype and microenvi-
ronment. (Blood. 2011;118(26):6881-6892)

Introduction

MicroRNAs (miRNAs) are endogenous noncoding, 20- to 23-
nucleotide single-stranded RNAs that negatively regulate gene
expression in a sequence-specific manner.! miRNA species are
generated through RNase-mediated processing reaction by two
central RNases III, Drosha and Dicer, from long primary transcripts
(primary miRNAs [pri-miRNAs]) and incorporated along with core
Argonaute proteins into the RNA-induced silencing complex.
RNA-induced silencing complex interacts mainly with 3’ untrans-
lated region (UTR) of target mRNAs through partial base comple-
mentarity to the 5° miRNA seed region, leading to degradation,
destabilization, or translational inhibition of target mRNAs. miR-
NAs regulate differentiation and functions of various cell types,
including immune cells in a highly context-dependent manner.
Alteration of miRNome has emerged as a key feature of
cancer-associated dysfunction of gene regulatory networks. Al-
though miRNA dysregulation affects cancer cell behavior with
other genetic and epigenetic abnormalities, full pictures of their
causes and consequences remain to be elucidated.? In hematologic
malignancies, many transformed lymphoma cells show immune-
phenotypes resembling the corresponding normal .lymphocytes;
thus, they represent a guide for proper diagnosis and promising
routes to improve our understanding of their pathogenesis and to
identify novel therapeutic targets.* For example, diffuse large

B-cell lymphomas have been shown to be composed of at least
2 prognostic entities, depending on its resemblance to normal
germinal center or activated B cells.’ However, the molecular basis
shaping the aberrant immunophenotypes of tumor cells has been
largely unknown, and the relationship between miRNA regulation
and lymphoma phenotype has not been investigated.

Recent studies revealed several mechanisms regulating miRNA
expression.® Although certain oncoproteins, including Myc and
tumor suppressors such as p53, have been linked to the regulation
of miRNA expression,”® involvement of oncogenic tyrosine ki-
nases remains unclear in this regulatory pathway. Anaplastic
lymphoma kinase (ALK) exerts characteristic oncogenic activities
through fusion to several gene partners or mutations both in
hematopoietic and nonhematopoietic solid tumors.>® Nucleophos-
min (NPM)-ALK is a representative translocation-dependent fusion-
type oncogenic tyrosine kinase in anaplastic large cell lymphoma
(ALCL). Although NPM-ALK drives malignant transformation of
ALCL cells through various molecular mechanisms, including
activation of signal transducer and activator of transcription
(STAT) 3, Ras-ERK, and PI3K oncogenic signaling pathways,’
involvement of miRNAs has not been reported so far. Here, we
have explored unrecognized involvement of miRNAs in the
downstream of NPM-ALK.
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We identified miR-135b as one of the major downstream
executors of NPM-ALK chimeric oncoprotein in ALCL. NPM-
ALK strongly promoted the expression of miR-135b and its host
gene LEMDI through STAT3 activation. The elevated miR-135b
targeted FOXO1 tumor suppressor. Interestingly, we further re-

vealed the immune modulatory property of miR-135b shaping the .

T-cell phenotypes of ALCL cells. miR-135b suppressed T-helper
(Th) 2 master regulators STAT6 and GATA3, and the blockade of
miR-135b attenuated IL-17 production and paracrine inflammatory
response by ALCL cells, suggesting that miR-135b-mediated Th2
suppression may skew the ALCL immunophenotype to overlap
with that of Th17 cells. Antisense-based miR-135b inhibition
reduced tumor angiogenesis and growth in vivo, underscoring the
pathogenic roles of this pathway. Our findings revealed that
miR-135b is involved in NPM-ALK-driven tumorigenesis and
modulation of ALCL immunophenotype, and they also suggest
dynamic commitment of miRNAs to mutual regulation between Th
cell differentiation programs and determination of polarized immu-
nophenotypes of malignant cells.

Methods

Cell lines and reagents

Karpas 299, SUDHL-1, and SUP-M2 cell lines were obtained from the
German Collection of Microorganisms and Cell Cultures. Jurkat, Molt4,
CCRF-CEM, HCT116, HEK293T, HeLa, and lung cancer cell lines were
obtained from the American Type Culture Collection. WI-38 human diploid
fibroblast line was obtained from the RIKEN Cell Bank. Human normal
peripheral blood pan T lymphocytes were purchased from AllCells.
Neuroblastomna cell lines were kindly provided from R. Sakai (National
Cancer Center Research Institute, Tokyo, Japan). Hematologic, neuroblas-
toma, and lung cancer cell lines were maintained in RPMI-1640 (Invitro-
gen) containing 10% FBS, 100 units/mL penicillin, and 100 j.g/mL strepto-
mycin. Other cell lines were maintained in Dulbecco modified eagle
medium (Invitrogen) with 10% FBS. In coculture experiment, Karpas 299
and WI-38 cells were cocultured (in Opti-MEM [Invitrogen] with 1% FBS)
for 48 hours using Transwell tissue culture inserts (0.4-pm pore size; BD
Biosciences). The following antibodies were used: ALK 4CSB8 (Invitro-
gen); STAT3 124H6, p-STAT3 D3A7, Akt 9272, p-Akt 193H12, FOXO1
C29H4, and STAT6 9362 (Cell Signaling Technology); p21 H-164, p27 F-8,
and GATA3 HG3-31 (Santa Cruz Biotechnology); CREG1 299133 (R&D
Systems); CD31 555024 (BD Biosciences); and a-tubulin DM-1A (Sigma-
Aldrich). Kinase inhibitors (WHI-P154, U0126 and LY294002) were
purchased from Calbiochem.

Patient samples

ALCL patients were diagnosed at Juntendo University Hospital and
Juntendo Urayasu Hospital. Investigations were carried out in accordance
with ethical standards authorized by the ethics committees of University of
Tokyo, Juntendo University School of Medicine, and Jichi Medical
University. Written informed consent was obtained in accordance with the
Declaration of Helsinki.

TuD miRNA system, shRNA, and plasmids

Tough decoy RNA (TuD RNA) against miR-135b was designed according
to a previous report.!! Detailed structures of TuD RNA are described in
supplemental Table 1 (available on the Blood Web site; see the Supplemen-
tal Materials link at the top of the online article). sShRNAs were designed as
described previously.!2!3 TuD RNAs and shRNAs were introduced into
pENTR-H1 vector. Pri-miRNA expression vectors were generated by
cloning short fragments of pri-miRNAs containing pre-miRNA and flank-
ing sequence on both sides of pre-miRNA into pcDNA6.2-GW/EmGFP-
miR (Invitrogen). miRNA sensor vectors were prepared by inserting mature
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miRNA complementary sequences within the Xhol and Notl sites of the
3'UTR of the luciferase gene in the Psicheck 2 dual luciferase reporter
vector (Promega). For other reporter constructs, the 3'UTR segment of each
target gene was cloned into the same luciferase reporter vector. The primer
sequences used are given in supplemental Table 2. For transient transfec-
tion, pre-miR miRNA precursors (Ambion) also were used.

Luciferase reporter assay

Cells were transfected with each reporter construct with pri-miRNA
expression vector using Lipofectamine 2000 (Invitrogen). Cell extracts
were prepared 24 to 48 hours after transfection, and the ratio of Renilla to
firefly luciferase was measured using the Dual-Luciferase Reporter Assay
System (Promega).

gqRT-PCR assays

Quantitative (Q)RT-PCR assays were performed as described previously.®
For detection of mRNAs, total RNA was extracted by TRIzol (Invitrogen)
and subjected to reverse transcription using the PrimeScriptll first-strand
cDNA synthesis kit (Takara) according to the manufacturer’s instructions.
qRT-PCR was performed with the 7500 Fast Real-Time PCR System
(Applied Biosystems). The expression levels of mature miRNAs were
determined using TagMan MicroRNA assay kit (Applied Biosystems)
according to the manufacturer’s protocol. Data analysis was done by the
comparative Cr method. Results were normalized to B-actin for pri-miRNA
detection, and RNU44 small nucleolar RNA for evaluation of mature
miRNA. miRNeasy mini kit (QIAGEN) or RecoverAll total nucleic acid
isolation kit for FFPE Tissues (Ambion) was used for RNA extraction from
clinical samples. The primer sequences used are given in supplemental
Table 3.

Chromatin immunoprecipitation analysis

Cells were fixed by adding formaldehyde and then harvested. After
sonication, samples were incubated at 4°C overnight with protein A or
anti-mouse IgG-Dynabeads that had been preincubated with 5 to 10 pg of
antibodies in PBS ‘and 0.5% BSA. To precipitate STAT3, anti-STAT3
antibody 124H6 (Cell Signaling Technology) was used. Immunoprecipi-
tated samples were eluted and reverse-crosslinked by incubation overnight
at 65°C. Genomic DNA was then extracted with a PCR purification kit
(QIAGEN) and subjected to PCR analysis. The primer sequences used are
given in supplemental Table 3.

Lentiviral gene transfer

TuD RNAs, shRNAs, pri-miRNA, NPM-ALK, or mouse constitutively
active (ca)-STAT3 (A662C/N664C)* was introduced by lentiviral infec-
tion system (a kind gift from H. Miyoshi, RIKEN, Tsukuba, Japan). TuD
RNAs and shRNAs were transferred into lentivirus vector CS-RfA-EG via
pENTR-H1 vector using LR clonase. Pri-miRNA was similarly transferred
into CSII-EF-RfA-CMV-Puro lentivirus vector using pENTR vector. The
lentivirus production was carried out by transfection of HEK293FT cells
with the vector construct pPCMV-VSV-G-RSV-Rev and pCAG-HIVgp. The
viral particles were collected 48 hours after transfection, titered by Lenti-X
qRT-PCR titration kit (Takara), introduced to cultured cells, and monitored
by flow cytometric analysis to determine infection efficiency.

Immunoblot assay

Cells were lysed with a buffer containing 1% Nonidet P-40, 20mM
Tris-HCI, pH 7.4, 150mM NaCl, SmM EDTA, and 1% protease inhibitor
mixture (Nacalai Tesque). Total cell lysates were subjected to SDS-PAGE
and transferred to Fluoro Trans W membrane (Pall). Immunoblotting was
performed using the indicated antibodies.

Drug sensitivity assay

Jurkat cells were seeded at a density of 1 X 10%mL and split 24 hours
before treatment. After 24-hour treatment with different concentrations of
cytosine B-D-arabinofuranoside (Sigma-Aldrich), cells were collected,
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washed, and reseeded for assay of cell viability and apoptosis. Cell viability
and apoptosis were assessed by WST-8 colorimetric assay (Nacalai Tesque)
and annexin V assay kit (BD Biosciences), respectively.

ELISA

After transfection with miRCURY LNA microRNA power inhibitor (EX-
IQON; Control A or antisense against miR-135b), IL-17F concentrations in
the culture supernatant (72 hours) of Karpas 299 cells were determined by
ELISA kit (R&D Systems; Duoset human IL17F), according to the
manufacturer’s instructions.

In vivo cancer models

C.B-17/IcrCrj severe combined immunodeficient (SCID) female mice
(4 weeks of age) were obtained from Charles River Japan. All animal
experimental protocols were performed in accordance with the policies of
the Animal Ethics Committee of the University of Tokyo. Karpas 299 cells
(1 X 105 n = 6/group) were subcutaneously injected in 0.2 mL of a
mixture of RPMI-1640 without FBS and 30% Matrigel (BD Biosciences)
into female SCID mice and allowed to grow for 1 week to reach a volume of
50 to 200 mm3. Complexes of miRCURY LNA microRNA power inhibitor
(EXIQON; Control A or antisense against miR-135b) and atelocollagen
(Koken) were prepared according to the manufacturer’s instructions.
Antisense oligonucleotides (5uM) with atelocollagen in a 200-wL volume
were administered into the subcutaneous spaces around the tumors at days 7
and 10 after inoculation. Subcutaneous xenografts were measured exter-
nally every day until the end of evaluation periods, and tumor volume was
approximated using the equation vol = (a X b2)/2, where vol is volume, a
the length of the major axis, and b the length of the minor axis.

Immunohistochemistry

Tumor samples excised from the animals were fixed for 1 hour in 10%
neutral-buffered formalin at room temperature, washed overnight in PBS
containing 10% sucrose at 4°C, and embedded in optimal cutting tempera-
ture compound (Tissue-Tek). The samples were then snap-frozen in
dry-iced acetone for immunohistochemistry. Frozen samples were further
sectioned at 10-pm thickness in a cryostat, briefly fixed with 10% formalin,
and then incubated with primary and secondary antibodies. Samples were
observed using an LSM510 Meta confocal microscope (Carl Zeiss).
Quantification of CD31-stained areas was performed in multiple fields on
tumor sections from 6 mice using Photoshop 8.0.1 software (Adobe
Systems) and ImageJ 1.36b software (National Institutes of Health).

GEP analysis

Microarray data for NPM-ALK gene expression signature (GSE6184) and
clinical gene expression profiling (GEP) data of peripheral T-cell lym-
phoma (PTCL) patient samples (GSE19069) were obtained from the
National Center for Biotechnology Information’s Gene Expression
Omnibus.!2!5 Gene-set enrichment analysis (GSEA) was performed
with GSEA Version 2.0 software available from the Broad Institute
(http://www.broadinstitute.org/gsea/) using microarray data for NPM-
ALK signature (GSE6184) and GSEA-embedded potential miRNA
target gene sets or TargetScan-predicted putative miRNA target lists
(http://www.targetscan.org/).!6

Statistical analysis

Statistical analysis was performed using the Student 7 test or multivariate
ANOVA (for proliferation assay and in vivo analysis; *P < .05; **P < .01;
**xp < 001). All data are expressed as mean = SEM.

Results
Up-regulation of miR-135b in ALCL

Previous microarray analysis on miRNA expression identified
various signatures of aberrant miRNA expression in a wide range
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of hematologic cell lines, including major types of B- and T-cell
lymphoma, lymphoproliferative disorder, T-cell acute lymphoblas-
tic leukemia, and acute myeloid leukemia.!? In this analysis, ALCL
was characterized by increased expression of miR-135b, miR-21,
and miR-27a.'7 We verified the observation using quantitative
RT-PCR analysis on 3 ALCL cell lines carrying NPM-ALK fusion;
Karpas 299, SUDHL-1, and SUP-M2 (Figure 1A-C). Among these
miRNAs, miR-135b was most prominently up-regulated in ALCL
cell lines, and it was reduced by the ALK inhibitor WHI-P154
(Figure 1D), prompting us to track potential downstream effec-
tor(s) of NPM-ALK to miR-135b. Because miR-135b is located in
the first intron of the LEM domain containing 1 (LEMDI) gene on
1932.1 (Figure 1E), we examined LEMD1 expression levels in
ALCL cell lines. LEMD1 was also remarkably elevated in ALCL
cells (Figure 1F). ALK inhibition resulted in a potent decrease of
LEMD1 and primary transcript of miR-135b (pri-miR-135b) in
Karpas 299 and SUDHL-1 cells (Figure 1G), as well as in mature
miR-135b, suggesting that NPM-ALK characterizes high miR-
135b expression in ALCL cells. The effects of WHI-P154 on
mature miR-135b were lower than those on pri-miR-135b, possibly
because of generally high stability of mature miRNAs. In addition,
we measured miR135b expression levels in clinical samples of
ALCL patients and found that miR-135b is elevated in human
primary ALK-positive ALCL samples, compared with reactive
lymph node and ALK-negative ALCL samples (Figure 1H).

NPM-ALK induces LEMD1/miR-135b through STAT3 activation

To examine a direct involvement of NPM-ALK in miR-135b
up-regulation in ALCL cells, we introduced wild-type and kinase-
dead NPM-ALK into the human Jurkat cells and examined the
expression levels of LEMD1 and miR-135b. NPM-ALK but not
kinase-dead NPM-ALK (K210R) induced both LEMD1 and ma-
ture miR-135b in Jurkat cells (Figure 2A), indicating that NPM-
ALK up-regulates the host gene and subsequently miR-135b
through the kinase activity.

Because previous reports demonstrated that NPM-ALK elicits
many downstream pathways, including STAT3, Ras-ERK, and
PI3K signaling pathways,” we next examined the involvement of
these pathways. Knockdown of NPM-ALK or STAT3 suppressed
the expression of LEMD1 and miR-135b in ALCL cells (Figure 2B
and supplemental Figure 1A),'>13 whereas inhibition of ERK or
PI3K failed to exert such effects (supplemental Figure 1B). We also
confirmed that ca-STAT3 up-regulates LEMD1 and miR-135b in
Jurkat cells (Figure 2C). Furthermore, we analyzed putative
STAT3-binding sites within the conserved region of LEMDI gene
between human and mouse and showed that STAT3 binds to
putative STAT3-binding sites within the LEMDI genomic region
by chromatin-immunoprecipitation analysis (Figure 2D-E). Reflect-
ing high miR-135b expression, luciferase expression levels from
miR-135b sensor vector were remarkably lower than those from
control sensor vector in ALCL cells but not in Jurkat cells,
confirming that miR-135b is highly active in ALCL cells (Figure
2F). Taken together, these results demonstrate that miR-135b lies
downstream of the NPM-ALK/STAT?3 signaling pathway in ALCL.

miR-135b targets FOX01 and regulates chemosensitivity

Several potential targets of miR-135b with tumor-suppressive
activities were computationally predicted previously'® and in-
cluded APC, LZTS1, LATS2, CREG1, and FOXO1. APC has been
already shown as a target of miR-135b,!? and we validated LZTS1,
LATS2, and FOXO1 using luciferase reporter assay (supplemental
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Figure 1. High expression of miR-135b and LEMD1 in ALCL. (A-C) Expression of mature miR-135b (A), miR-21 (B), and miR-27a (C) in NPM-ALK (+) ALCL celi lines
{Karpas 299, SUDHL-1, and SUP-M2), normal T lymphocytes, and several T-lymphoblastic leukemia cell lines (Jurkat, CCRF-CEM, and Molt4), detected by gRT-PCR
analysis. HCT116 colon cancer cells expressing endogenous miR-135b were used as positive control. ND indicates not detected. (D) Attenuation of miR-135b
expression by ALK inhibitor WHI-P154, Mature miR-135b in Karpas 299 and SUDHL-1 cells was analyzed by qRT-PCR after WHI-P154 treatment (10uM, 4 hours).
(E) Schematic diagram of genomic organization of human LEMD1 gene and miR-135b. As for human LEMD1, several splicing variants have been reported. miR-135b is
located in the first intron of LEMD1 longer transcripts. (F) High expression of LEMD1 in ALCL cells, determined as in panel A. (G) Suppression of LEMD1 and
pri-miR-135b by WHI-P154 (10uM, 1 hour) in Karpas 299 and SUDHL-1 cells, assessed as in panel D (*P < .05; **P < .01; ***P < .001). (H) Expression of miR-135b in
clinical samples of ALCL patients.
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Figure 2. Identification of NPM-ALK-STAT3-miR-135b axis in ALCL. (A) Induction of LEMD1/miR-135b by NPM-ALK. Jurkat celis were transduced with fentivirus carrying
NPM-ALK or kinase-dead NPM-ALK (K210R) and subjected to gRT-PCR analysis. (B) NPM-ALK/STAT3~dependent up-regulation of LEMD1/miR-135b in ALCL. Effects of
shRNAs against NPM-ALK and STAT3 were evaluated in SUDHL-1 cells (*P < .05; **P < .01). (C) Up-regulation of LEMD1/miR-135b by ca-STAT3. Jurkat cells were
transduced with lentivirus carrying mouse ca-STAT3 and subjected to qRT-PCR analysis. (D) STAT3 binding sites in LEMD? genomic region. Top panel indicates schematic
genomic organization of human LEMD1? gene and miR-135b. Sequence conservation between human and mouse is represented as the percentage of conservation in the Vista
analysis shown in the middle panel. We analyzed putative STAT3-binding sites within the conserved region in ChIP analysis, and we found that STAT3 bound to 3 sites in the
bottom panel, as shown in panel E. Number 1 site (TTAAGGGAA) is conserved between human and mouse. (E) Binding of STAT3 to LEMD1 genomic regions analyzed by
ChIP analysis in SUP-M2 (left) and Jurkat (right) cells. Total chromatin before immunoprecipitation was used as positive control for PCR. Jurkat cells were used as negative
control. (F) Enhanced miR-135b activity in ALCL. Cells were transfected with miRNA sensor vectors and applied to luciferase assay. Reflecting high miR-135b expression,
luciferase expression levels from miR-135b sensor vector were remarkably lower than those from control sensor vector in ALCL cells but not in Jurkat cells,

Figure 2A-B). To identify the endogenous and functional target(s)
of miR-135b in ALCL cells, we achieved the efficient long-term
suppression of miR-135b activity through the decoy RNA system,
in which RNA decoys against specific miRNA (TuD RNA) are
driven by RNA polymerase III (Figure 3A)."! Introduction of TuD
RNA indeed strongly inhibited miR-135b activity in ALCL cell
lines (Figure 3B-C and supplemental Figure 2C-D).

Using this system, we consequently identified FOXO1 as an
endogenous target of miR-135b in ALCL (Figure 3D-G). The
FOXO1 3’UTR contains a potential miR-135b-binding site and
exogenous miR-135b suppressed FOXO1 protein expression and
its translational efficiency depending on the target site, clarifying

FOXO1 as a novel target of miR-135b (Figure 3D-F). Knockdown
of miR-135b increased the protein expression of FOXO-dependent
cell cycle inhibitors p21 and p27 as well as FOXO1 itself in ALCL
cells (Figure 3G and supplemental Figure 2E). In Karpas 299 cells
containing a barely detectable FOXO1, miR-135b suppression
up-regulated p27 and alternatively another positive regulator of
p27, CREGI (supplemental Figure 2E).20 Considering that NPM-
ALK has been shown to inhibit FOXO3a activity through FOX03a
phosphorylation by AKT activation,”? NPM-ALK might thus
regulate a wide range of FOXO family activities via protein
modification and posttranscriptional regulation. Because FOXO
factors are critical mediators in growth inhibitory responses to
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Figure 3. miR-135b targets FOXO1 and regulates chemosensitivity. (A) Structure of TuD RNA expression vector. TuD RNA for miR-135b contains miRNA-binding site
(MBS) that is partially complementary to miR-135b. Details of TuD RNA structure have been described previously." (B} Introduction of TuD RNA against miR-135b into ALCL
cells. Flow cytometry profiles indicating transduction efficiency in Karpas 299 cells. FSC indicates forward scatter. (C) Inhibition of miR-135b function by TuD RNA for
miR-135b. Left and right panels show gRT-PCR result and luciferase assay monitoring miR-135b activity, respectively. NC indicates negative control. (D) Sequence alignment
between miR-135b and its putative binding site in the FOXO1 3'UTR. (E) miR-135b targets FOXO1. HEK293T cells were transfected with luciferase reporter containing the
FOX01 3'UTR with wild-type or mutated target site (shown in panel D), along with empty vector, miRNA-lacZ expression control vector (miRNA for lacZ), or pri-miR-135b
expression vector [miR-135b (+)]. Luciferase assay was performed 48 hours after transfection (***P < .001). (F) Suppression of FOXO1 protein level by miR-135b. Hel a cells
were transiently transfected with miR-135b and subjected to immunoblot analysis. (G) Elevated expression of FOXO1, p21, and p27 by miR-135b inhibition in ALCL cells.
SUDHL-1 and SUP-M2 cells were infected with lentivirus harboring TuD-NC or TuD-miR-135b and applied to immunoblot analysis. The quantification results were shown in the
bottom panel. (H) miR-135b-mediated attenuation of chemosensitivity. Jurkat cells with empty or pri-miR-135b vectors were treated with cytosine B-p-arabinofuranoside
(AraC), followed by the assessment of cell viability (left) and apoptosis (right; *P < .05; ***P < .001; n.s., not significant).

various stresses, including DNA damage,?? we examined the effect
of miR-135b on the sensitivity to chemotherapeutic drugs to
investigate functional consequences of FOXOI1 alteration by
miR-135b. Although miR-135 overexpression did not affect the
proliferation of Jurkat cells under normal conditions, Jurkat cells

that miR-135b may confer chemoresistance to ALCL cells through
FOXO1 modulation.

Targeting of Th2 regulators STAT6 and GATA3 by miR-135b

overexpressing miR-135b were more resistant to cytosine B-D-
arabinofuranoside (Figure 3H). These results suggest a possibility

It was shown previously that constitutive activation of ALK
chimeric proteins is sufficient to induce cellular transformation and
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that ALK activity is indispensable for the survival of ALK-positive
ALCL cells.? In the pathogenesis of ALCL, ALK elicits reproduc-
ible transcriptome changes, as shown by previous GEP analysis.'?
To gain insight for overall interconnection between NPM-ALK-
driven gene response and miR-135b-mediated gene regulation, we
performed GSEA using the GEP results of ALCL cells with or
‘without sSIRNA-mediated NPM-ALK inhibition.'?!¢ GSEA demon-
strated a significant up-regulation of miR-135b potential targets on
NPM-ALK suppression, indicating that miR-135b constitutes an

arm of multiple NPM-ALK downstream pathways (Figure 4A and
supplemental Figure 3A). This approach suggested TGFBRI,
SIRT1, cyclin G2, CREGI, Bclllb, and STAT6 as additional
candidate targets of the NPM-ALK-miR-135b pathway.

ALCL of T-lymphocyte origin has been known to present with a
T- or null-cell phenotype and lack TCR complex-related molecules
such as CD3e and ZAP70, despite the presence of TCR rearrange-
ments (Figure 4B).23 Alternatively, recent GEP analysis in PTCL
has demonstrated the following characters of ALCL cells: high
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expression of Th17-cell-associated molecules (IL-17A, IL-17F,
and retinoic acid-related orphan receptor [ROR]Yy), overlapping
with Th17 cells phenotype, low expression of GATA3, and
suppression of TCR components, as summarized in Figure 4B.15
Previous studies also have demonstrated that both Thl and Th2
differentiation programs antagonize Th17-cell differentiation.?*

Along with these observations, reassessment of computational
prediction proposed that miR-135b potentially targets 2 Th2 master
regulators GATA3 and STAT6 (Figure 4C and supplemental Figure
3B). The GSEA result also supported the possibility of STAT6 as a
miR-135b target (supplemental Figure 3A). We thus investigated
the immune modulatory property of miR-135b on ALCL immuno-
phenotype overlapping with Th17 cells. Luciferase assays revealed
that miR-135b targets the 3'UTRs of both STAT6 and GATA3
(Figure 4D). Mutagenesis of potential target sites in their 3'UTR
abrogated the response of STAT6 and GATA3 3'UTR to miR-135b,
confirming direct interactions of miR-135b with STAT6 and
GATA3 (Figure 4D). We further found that suppression of miR-
135b indeed up-regulates protein expression of STAT6 and GATA3
in ALCL cells, demonstrating that both STAT6 and GATA3 are
intrinsic targets of miR-135b in ALCL cells (Figure 4E and
supplemental Figure 3C).

miR-135b blockade suppresses IL-17 produétion by ALCL cells

IL-4-STATG6 axis and GATA3 are important for Th2 differentiation
of normal lymphocytes.> In normal lymphocyte differentiation,
lineage-specific transcription factors can both activate and repress
differentiation programs.?®?’ GATA3 simultaneously promotes
Th2 differentiation and represses Th1 differentiation, because Thl
regulator T-bet has opposing bidirectional effects.? A similar

relationship also exists between Th1 and Th2 differentiaton pro-
grams and Th17 differentiation programs. As Th1 and Th2 effector
cytokines (IFN-vy and IL-4) antagonize Th17 differentiation,?* both
GATA3 and T-bet have been shown to suppress Th17 differentia-
tion.?28 On the basis of these concepts, we next examined the
effects of miR-135b suppression on the expressions of Th17-
related molecules. Karpas 299 ALCL cells endogenously expressed
IL-17, and miR-135b suppression attenuated the expression levels
of IL-17A and IL-17F transcripts (Figure 5A), consistent with
GATA3-mediated suppression of Th17 differentiation.?® Blockade
of miR-135b also suppressed the expression of IkB{, a recently
identified key regulator of Th17 differentiation,? without con-
comitant changes of RORy, RORa, or aryl hydrocarbon recep-
tor. In addition, down-regulation of proinflammatory cytokines
including IL-6 and IL-8 was observed by miR-135b suppression
(Figure 5B). Consistently, we confirmed that miR-135b suppres-
sion attenuates IL-17 production in Karpas 299 cells (Figure
5C). Taken together, these findings suggest that NPM-ALK/
STAT3-miR-135b axis polarizes the identity of ALCL cells to
the IL-17-producing immunophenotype resembling Th17 cells
by suppression of GATA3 and STAT6. In addition, miR-135b
knockdown suppressed the expression of granzyme B and
perforin 1, cytotoxic molecules highly expressed in ALCL
(Figure 5D),!’ suggesting that miR-135b affects the broad range
of ALCL immunophenotype.

Modulation of paracrine inflammatory reaction and tumorigenic
potential of ALCL by miR-135b

IL-17 is a proinflammatory cytokine that stimulates the production
of various inflammatory cytokines (eg, IL-1p3, IL-6, IL-8, G-CSF,
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Figure 6. Regulation of paracrine inflammatory reaction and tumorigenic potential by miR-135b. (A) ALCL cells stimulate proinflammatory cytokine (IL-1g, IL-6, and IL-8)
and chemokine (CCL2, CCL7, CCL20, CXCL1, and CXCL2) production in human fibroblasts through an miR-135b~dependent manner. Wi-38 human fibroblasts were
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ImagedJ 1.36b software. Scale bar represents 100 um (*P < .05).

and GM-CSF) and chemokines (eg, CCL2, CCL7, CCL20, CXCL1,
and CXCL?2) from many cell types, such as fibroblasts, endothelial
cells, and neutrophils, and is involved in pathogenesis of autoim-
mune disorders.?® Although the significance of IL-17 in cancer is
largely unknown and might depend on cancer-type and context,
proinflammatory and proangiogenic properties of IL-17 have been
associated with tumor progression in several studies.?!34 In this
setting, IL-17 has been shown to augment the secretion of
angiogenic chemokines, such as CXCL1 and CXCLS5.3* We
analyzed the operational role of miR-135b in tumor develop-
ment of ALCL. Accordingly, coculture experiments demon-
strated that Karpas 299 cells stimulate the production of
proinflammatory cytokines (IL-1B, IL-6, and IL-8) and chemo-
kines (CCL2, CCL7, CCL20, and CXCL1/2) in WI-38 human

fibroblasts in an miR-135b-dependent manner (Figure 6A),
underscoring the involvement of miR-135b in paracrine inflam-
matory response.

We also examined the roles of miR-135b in ALCL tumorigenic
potential in vivo. In a xenograft model, local administration of
LNA-based miRNA inhibitors against miR-135b with atelocolla-
gen suppressed the growth of subcutaneous Karpas 299 tumors
(Figure 6B). Furthermore, the inhibition of in vivo tumor growth
by anti-miR-135b antisense was accompanied with reduced
tumor angiogenesis (Figure 6C). These results thus collectively
suggest that miR-135b-mediated modulation of paracrine inflam-
matory reaction favors tumor microenvironment, also indicating
a therapeutic significance of targeting this axis by miR-135b
interference.
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regulators, GATA3, and STATS, rendering the IL-17-producing immunophenotype to
ALCL.

Discussion

Here, we identified miR-135b as a downstream mediator of
NPM-ALK/STAT3 signaling (Figure 7). Although NPM-ALK
drives malignant transformation of ALCL cells through various
downstream signaling pathways, including STAT3, Ras-ERK, and
PI3K,? our study demonstrated the oncogenic aspect of miR-135b
targeting FOXO1 in ALCL pathogenesis (Figure 7). It was shown
previously that miR-135b is highly expressed in embryonic stem
cells and other cancer types, including colorectal and prostate
cancer.193536 Considering the essential roles in embryonic stem
cells and the pivotal oncogenic functions of STAT3,% the STAT3-
miR-135b pathway might be widely used in these conditions.
Oncogenic roles of miR-135b also might be supported by up-
regulation of its host LEMD1, which is alternatively known as
cancer/testis antigen 50, and DNA copy number gain in 1g32.1 in
colorectal tumors.38-40 Although the biologic function(s) of LEMD1
has not been investigated so far, LEMDI also might contribute to
NPM-ALK-driven oncogenicity and IL-17-producing immunophe-
notype in ALCL. Considering other reports linking NPM-ALK to
inhibition of FOXO3a activity through PI3K/Akt pathway,?! NPM-
ALK might engage multiple players, including noncoding RNAs to
prevent these central tumor suppressor pathways from activating
by NPM-ALK-induced oncogenic stresses. We also examined
miR-135b expression levels in lung cancer and neuroblastoma cell
lines carrying ALK abnormalities (supplemental Table 4 and Figure
4). miR-135b expression was very low in neuroblastoma cell lines
examined. The H2228 lung adenocarcinoma cell line containing
EMLA4-ALK fusion expressed miR-135b to some extent, although
at a lower level than ALCL cells. Involvement of miR-135b in the
pathogenesis of some other tumor subtypes engaging ALK abnor-
malities remains to be further elucidated.

Importantly, we uncovered an interesting immune modulatory
property of miR-135b. miR-135b targeted Th2 master regulators
STAT6 and GATA3, and inhibition of miR-135b suppressed IL-17
production by ALCL cells, evidencing the Th17-skewing effect of
miR-135b. ALK-positive ALCL is characterized by the presence of

- NPM-ALK and was originally described as a T- or null-cell
phenotype. Loss of T-cell phenotype frequently observed in ALCL,
shown by decreased expression of af3-TCR heterodimer and CD3e,
has been demonstrated to be partly mediated by the perturbation by
NPM-ALK signaling.?? Conversely, it is postulated that the normal
counterpart of ALCL is an activated mature cytotoxic T-cell,

only.
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because of the expression of cytotoxic granule-associated mol-
ecules such as TIA1, gramzyme B, and perforin 1, although CD8 is
usually negative in ALCL and CD4 is positive in 70% cases of
ALCL.*! In addition to this aberrant phenotype, a recent molecular
signature study of PTCL revealed that ALCL displays up-
regulation of Th17-cell-associated molecules (IL-17A, IL-17F, and
RORY) and down-regulation of GATA3. The immunophenotype
overlaps with that of Th17 cells, compared with other lymphoma
subtypes such as angioimmunoblastic T-cell lymphoma (AITL),
ALK-negative ALCL, adult T-cell leukemia/lymphoma, and PTCL-
unclassifiable.!S In support of this notion, a most recent report
demonstrates that levels of IL-17, IL-8, and IL-22 were elevated in
untreated ALK-positive ALCL patients’ sera but undetectable in
those of complete remission after chemotherapy,*? reinforcing the
relevance of IL-17-producing immunophenotype of ALCL. Al-
though the underlying mechanisms determining the immunopheno-
types of various lymphomas have been largely unresolved, our
study has demonstrated that a signaling network elicited by ectopic
expression of NPM-ALK oncogene and its downstream miRNA
confers the aberrant immunophenotype of ALCL cells.

Importance of tumor microenvironment in lymphoma develop-
ment has been well investigated in B-cell lymphoma, including
Hodgkin lymphoma.® A recent report has shown that IL-17-
positive cells were more frequently observed in AITL than in
PTCL-unclassifiable and that both Th17 and mast cells contribute
to the lymphoma-associated proinflammatory environment in
AITL.* In contrast, ALCL is unique in the respect that ALCL cells
produce IL-17 by themselves, which might result in different
clinical features between these lymphoma subtypes. In consistent
with strong effects of IL-17 on neutrophils, extensive neutrophil
infiltration has been observed in some cases of ALCL, as referred to
as neutrophil-rich ALCL, which can sometimes be misdiagnosed as
an inflammatory disease rather than lymphoma.*>*’ Frequent B
symptoms in ALCL also might be attributable to this IL-17-
producing immunophenotype. In this study, antisense-based miR-
135b blockade reduced tumor angiogenesis and growth in an in
vivo tumor model, which observation is consistent with the
proangiogenic function of IL-17 (Figure 6).3334 Although a line of
observations suggest both pro- and antitumor potentials of IL-17 or
Th17 cells in a context-dependent manner,?"32 the tumor-
suppressive effect of miR-135b inhibition suggests that local
proinflammatory properties of IL-17-producing ALCL cells may
provide the favorable tumor microenvironment through the enhance-
ment of angiogenesis or so in this context. Recent evidence has
revealed that many characteristic aspects of cancer-related biologic
processes, including drug resistance, maintenance of cancer-
initiating cells, and metastasis, are associated with miRNA func-
tion.*® The present study demonstrates another unique contribution
of miRNA dysregulation to tumor development, ie, modulation of
immunophenotype of lymphoma cells and the consequent altera-
tion of tumor milieu by miR-135b.

Among hundreds of miRNAs, miR-326 has been identified so
far as a regulator of Th17 differentiation, which promoted Th17
differentiation via targeting ETS1.%° In addition, miR-155 was
recently shown to promote Th17 cell formation in a CD4* T-cell
intrinsic manner.5® It was consistent with the finding that miR-155
targets Th2 promoter c-Maf. Our study suggests the presence of
additional regulatory miRNAs of Th17 differentiation through the
inhibition of differentiation program(s) to other helper T-cell
lineage(s). Generally, lineage-specific transcription factors and
cytokines can interfere with the differentiation to other helper
T-cell subsets. Although it requires careful assessment about
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difference between normal lymphocyte differentiation and lym-
phoma cell phenotype polarization, our findings suggest that
miRNAs might be widely involved in this reciprocal regulatory
network between helper T-cell differentiation programs. The
STAT3-miR-135b-GATA3/STAT6 connection revealed in this
study might propose inhibitory mechanism(s) against Th2 in Th17
differentiation program, mirroring the opposite inhibitory impacts
of Th1 and Th2 programs on Th17 differentiation,?*26 for ensuring
mutual exclusion.

In conclusion, our study demonstrates a novel oncogenic
pathway composed of NPM-ALK, STAT3, and miR-135b that
authorizes IL-17-producing immunophenotype of ALCL. Tumor
suppression with miR-135b blockade also demonstrates the thera-
peutic potential of miR-135b interference strategy targeting the
“Th17 mimic” axis. These findings might advance our understand-
ings of ALK-mediated oncogenesis and be useful for the develop-
ment of new therapeutic interventions.
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Dicer Plays Essential Roles for Retinal Development by
Regulation of Survival and Differentiation

Atsumi lida,"* Toru Shinoe,"* Yukibiro Baba," Hiroyuki Mano,> and Suniko Watanabe®

Purrose. Much attention has been paid to the roles of mi-
croRNA in developmental and biological processes. Dicer plays
essential roles in cell survival and proliferation in various or-
gans. We examined the role of Dicer in retinal development
using retina-specific conditional knockout of Dicer in mice.

MerHoDs. Dkk3-Cre expressed the Cre gene in retinal progen-
itor cells from an early embryonic stage. The authors analyzed
DKkk-Cre/Dicer-flox (Dicer-CKO) mice for their survival, prolif-
eration, and differentiation. To analyze the role of Dicer in later
stages of retinal development, a Cre expression plasmid was
introduced into the neonatal retina by electroporation, and
retinal differentiation was examined.

Resucrs. Dicer-CKO mice were born at the numbers we ex-
pected, based on Mendelian genetics, but their eyes never
opened. Massive death of retinal progenitor cells occurred
during embryogenesis, resulting in microphthalmia, and most
retinal cells had disappeared by postnatal day 14. In vitro
reaggregation culture of Dicer-CKO retinal cells showed that
cell death and the suppression of proliferation by Dicer inac-
tivation occurred in a cell-autonomous manner. Cell differen-
tiation markers were expressed in the Dicer-CKO retina; how-
ever, these cells localized abnormally, and the inner plexiform
layer was absent, suggesting that cell migration and morpho-
logic differentiation, especially process extension, were per-
turbed. Forced neonatal expression of Cre induced apoptosis
and affected the expression of differentiation markers.

Concrusions. Taken together, these results show that Dicer is
essential during early retinal development. (Invest Opbthalmol
Vis Sci. 2011;52:3008-3017) DOI:10.1167/iovs.10-6428

he vertebrate neural retina is organized into a laminar

structure comprising six types of neuron and glial cell,
including Miiller glia and microglia. During retinogenesis, these
various cell types are derived from a common population of
multipotent retinal progenitor cells in a relatively fixed chro-
nological sequence.! Intrinsic cues and extrinsic signals play
critical roles in defining the types of cells generated from
common retinal progenitor cells,*> and various molecules are
involved in this process. The expression of these genes in
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retinal development is regulated at various levels; microRNA
(miRNA) is one such regulator.

MicroRNAs are small, noncoding RNAs that are encoded in
the genomes of all metazoans. They are essential in the prolif-
eration and differentiation of various tissues, including stem
cells.*~% The roles of miRNAs in retina have been reported,”®
and a recent study showed the presence of light-regulated retinal
miRNAs.” In addition to suppressing the function of certain
miRNAs, we can remove all miRNAs by deleting enzymes that are
essential in their biosynthesis. DGCRS is required for the produc-
tion of all canonical miRNAs, and Dicer is an enzyme that cleaves
double-stranded RNA into miRNA.'® The removal of DGCR8 or
Dicer results in a defective cell cycle and silencing of the self-
renewal program of embryonic stem cells.'*'? Because the com-
plete loss of Dicer in mice results in early embryonic death,'®
mice with a conditional allele of the Dicer gene have been pro-
duced,* enabling the study of the roles of miRNA in organogen-
esis. Subsequently, essential roles of Dicer in organogenesis have
been revealed by studying mice with various tissue-specific ex-
pression of Cre.'*'5

In neurons, the deletion of Dicer by a-calmodulin kinase II
Cre results in an array of phenotypes, including microcephaly
and reduced dendritic branch elaboration, suggesting that the
loss of Dicer disrupts cellular and tissue morphogenesis in the
cortex and hippocampus.*® The first study examining the roles
of Dicer in the retina using Chx10-Cre transgenes, expected to
express Cre in retinal progenitor cells, showed that although
Chx10 was expressed in the embryonic retina, morphologic
defects were observed at postnatal day (P) 16 with the forma-
tion of photoreceptor rosettes, accompanied by abnormal elec-
troretinogram responses.'” However, the relatively mild phe-
notype of the mice is surmised to be caused by mosaic
expression of Cre in the Chx10-Cre transgenic retina’” because
subsequent work by George and Reh using aPax6-Cre-retina
specific Dicer conditional knockout showed that Dicer is re-
quired in retinal development.'® In this work, we evaluated the
effects of deleting Dicer using Dkk3-Cre mice, which ex-
pressed the Cre gene in retinal progenitor cells from an early
embryonic stage.*®

MATERIALS AND METHODS

Mice and Reagents

EGFP transgenic mice, which express the EGFP gene ubiquitously
through the CAG promoter, were kindly provided by Masaru Okabe
(Osaka University).?*?! Dicer™* mice!{ were kindly provided by Mi-
chael McManus (University of California, San Francisco), and Dkk3-Cre
BAC transgenic mice were as previously described.!® Dicerox/flox
(Dicerfl/fly or Dicer™ ™ were used as controls for experiments
shown in Figures 1 and 2. ICR mice were obtained from Japan SLC Co.
All animal experiments were approved by the Animal Care Committee
of the Institute of Medical Science, University of Tokyo, and were
conducted in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.
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FIGURE 1.  Dicer®™*Dkk3*/™¢ (D
cer-CKO) mice were born but had mi
crophthalmia. (A-C) Images of Dicer-
CKO (A) and littermate (B) mice at 2
weeks of age. Images of embryos of
Dicer-CKO and littermate at E16.5
(0©). (D) Immunostaining of Cre ex-
pression of Dicer-CKO retina at E17.5
was performed using frozen sections.
(E~-N) Structure of the eye of Dicer-
CKO and littermate at E16.5 (E, F),
E185 (G, ), P1 {, ), P5 (K, L), and
P14 (M, N) stages. Head (E-]) or
whole eyes (K-N) were frozen sec-
tioned, and nuclei were visualized by
staining of DAPI. L, lens. Scale bar,
200 pum unless indicated. L, lens;
NBL, neuroblastic layer. (O) Thick-
ness of retina of Dicer-CKO or fl/fl
control mice. Measurements were
made under a microscope, and the
thickness of retina at central region
was examined at indicated stages.
Average of three independent retinas
with SD is shown. *P <0.01, Stu-
dent’s rtest.

DNA Construction

pxCANCre containing CAG promoter followed by Cre genes was the
gift of Izumu Saito (University of Tokyo). CAG-Cre-IRES-EGFP was
constructed by the ligation of fragments of CAG-Cre (Sa/l-Bg/II), IRES-
EGFP (BgllI-NotD), and the vector portion from pEGFP2 (Sall-Notl).

Immunostaining

Immunostaining of sectioned or dissociated retina was performed as
described previously.?> OCT compound (Tissue-Tek)-embedded sam-
ples were sectioned with 10-um thickness by a cryostat (CM3050S;
Leica, Wetzlar, Germany). Primary antibodies used were the following:
mouse monoclonal antibodies against SIII tubulin (Covance, Prince-
ton, NJ), photoreceptor-specific nuclear receptor ([PNR], ppmx), tho-
dopsin (Rho4D2, kindly donated by Robert S. Molday, University of
British Columbia), glutamine synthetase (GS; Chemicon, Temecula,
CA), HuC/D (Molecular Probes, Eugene, OR), Ki67 (BD Biosciences,
Franklin Lakes, NJ), Cre (Millipore, Billerica, MA), rabbit polyclonal
antibody against GFP (Clontech, Palo Alto, CA), Pax6 (Covance), cal-
bindin (Millipore), active-caspase3 (Promega, Madison, WI), and goat
polyclonal antibody anti-Brn3b (Santa Cruz Biotechnology, Santa Cruz,
CA). All antibodies against retinal subtypes have been used by us and
confirmed to recognize mouse retina.?3-2° The first antibodies were
visualized by using appropriate Alexa 488 or Alexa 546-conjugated
secondary antibodies (Molecular Probes). Samples were mounted in

3009

Dicer Is Essential for Retinal Development

N
3

€ EEICKO , LM

2 5

S 200k 4

g m

£ 150

S

£ 100}

g

e M |

o

Ef7 ET8 E9 P

reagent (VectaShield; Vector Laboratories, Burlingame, CA) and ana-
lyzed under a microscope (Axioplan; Zeiss, Oberkochen, Germany).

Retinal Cultures and Electroporation

Reaggregation cultures were set up as described earlier.”® Briefly,
retinal cells of Dicer-CKO:GFP or GFP mice at embryonic day (E) 16
were dissociated and mixed with far larger numbers of host retinal
cells isolated from normal ICR mice at E16. The ratio of donor to host
cells was 5:95. Electroporation was performed using an electroporator
(CUY21; Nepa Gene, Chiba, Japan) and electrode (CYU520P5; Nepa
Gene), as described.?® Briefly, retinas were transferred to a micro-
electroporation chamber filled with plasmid solution (I mg/mL in
Hanks’ balanced salt solution), and four square pulses (25 V) of 50-us
duration with 950-us intervals were applied using a pulse generator
(CUY21; Nepa Gene).

RESULTS

Inactivation of Dicer in Retinal Progenitor Cells
Results in Severe Retinal Malformation

To inactivate Dicer in retinal progenitor cells, we used Dkk3-
Cre mice, which express Cre recombinase beginning on at
least E10.5 in a retina-specific manner.’® The expected num-
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bers of Dicer™*1°%/Dkk3°**/~ (Dicer-CKO) mice, based on
Mendelian genetics, were born, but they died approximately 4
to 6 weeks after birth for unknown reasons. Their eyes never
opened (Fig. 1A), and they had small earlobes (Fig. 1A, red
arrows), probably because of undetectable expression of Dkk3
in this region. The Dicer-CKO embryos were indistinguishable
from their littermates in their appearance, except for their
small eyes (Fig. 1C). During development, we examined eye
structure in more detail using frozen sections. We first con-
firmed that Cre was expressed in nearly the whole area of the
retina at E17.5 (Fig. 1D), as expected from the expression
pattern of Dkk3-Cre original mice.'® At E16.5, the retinas of the
Dicer-CKO mice were already smaller than those of control
mice (Figs. 1E, 1F). At this stage, the ganglion cell layer (GCL)
was visible in control (Fig. 1E, arrows) but not in the Dicer-

E19 P1

FIGURE 2. Detailed examination of retinal development by immunostaining of retinas of Dicer-CKO mice revealed perturbation of retinal
development. (A-D) Retinas from Dicer-CKO or littermate control mice at E16 (A-C) or indicated stages (D) were frozen sectioned. Immuno-
staining using indicated antibodies was performed, and nuclei were visualized by staining of DAPI. (D) Lower panels are enlarged images of the
white squared regions in the upper panels. L, lens. Scale bars: 100 um (A, D); 200 pm (B, C).

CKO (Fig. 1E) mice. At E18.5, the difference between retinal
sphere diameters in the Dicer-CKO and littermates became
clearer (Figs. 1G, 1H). At P1, the GCL and the inner plexiform
layer (IPL) were clearly formed in the control retinas (Fig. 1J)
but had not formed in the Dicer-CKO retinas. Retinal diame-
‘ters were even smaller than those at E16.5 in Dicer-CKO
mice, and the cells were not tightly linked (Fig. 1I). At P5,
the retina was very thin, and no layered structure was
observed in the Dicer-CKO mice (Fig. 1K’). At P14, the
retina had no visible structure in Dicer-CKO mice, and there
only a few cell aggregates remained in the central region in
Dicer-CKO retinas (Fig. 1M).

We measured retinal thickness. Retinas of Dicer-CKO were
thinner than those of control mice at E17 and constantly
became thinner as development proceeded (Fig. 10).
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Differentiation Markers of Retinal Subtypes Were"
Once Expressed, Then Disappeared, as Retinal
Development Proceeded

To examine the differentiation of retinal subtypes in the Dicer-
CKO retina, we immunostained various markers of retinal sub-
types using frozen sections. At first, control staining to exam-
ine nonspecific signal was performed using frozen, sectioned
retinas at E17 and P6. Control immunoglobulin was used as the
first antibody, and appropriate second antibodies conjugated
with either Alexa 488 or Alexa 594 were stained. With E17
samples, mouse IgG showed nonspecific staining in regions
around the GCL and inner nuclear layer (INL), which was thought
to be the blood vessel, and rat primary antibody gave no significant
nonspecific staining (Supplementary Fig. S1, http://www.iovs.org/
lookup/suppl/doi: 10.1167/i0vs.106428/-/DCSupplemental). At P6,
signals around GCL in mouse IgG antibodies, but not in the rat IgG
antibody, were observed (Supplementary Fig. S1, http.//www.
iovs.org/lookup/suppl/doi: 10.1167/iovs.10-6428/-/DCSupplemen-
tal). At E16, although the control retina had no layer structure
except for the GCL, the inner half of the cells had became
postmitotic whereas the outer half was still composed of un-
differentiated progenitor cells, as shown by the restricted ex-
pression of the early neural marker SIIl-tubulin in the inner half
(Fig. 2A). In Dicer-CKO mice, although the BIII-tubulin signal
was observed in the inner side of the Dicer-CKO retina, there
were also signals in the outer half of the retina; consequently,
there was no clear boundary between BIII-tubulin-positive and
-negative fields, as seen in the controls (Fig. 2A). Then we
examined the expression of differentiation markers. GS, a
marker of Miiller glia cells, was expressed in the inner half of
the retina in controls (Fig. 2A). Again, like the BIlI-tubulin

A ‘ E17

Bm3

FIGURE 3. Enhanced expression of
Brn3 in developing retinas of Dicer-
CKO mice. (A) Retinas from Dicer-
CKO or littermate control mice at
indicated stages werc frozen sec-
tioned. Immunostaining using anti-
Brn3 antibody was performed, and
nuclei were visualized by DAPI stain- *
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staining pattern, GS expression was scattered throughout the
Dicer-CKO retina, and no boundary between GS-positive and
-negative regions was observed. HuC/D, a marker for amacrine
and ganglion cells, and Brn3b, which is expressed in ganglion
cells, were expressed in the innermost part of the control
retina, forming a layer-like structure (Fig. 2B). In the Dicer-CKO
retina, HuC/D was weakly expressed with relatively stronger
intensity in the inner half of the retina (Fig. 2B). The Bm3b
pattern was also expressed in the inner side, and strong signals
were also observed in the outer region (Fig. 2C). Although
Brn3-positive cells were seen in the innermost side of the
retina, the IPL was not observed, suggesting that process ex-
tension is inhibited by the depletion of Dicer. These results
indicate that, in Dicer-CKO mice, early differentiation of retinal
progenitor cells was under way. We next examined the time
course of the expression of several markers. Expression of
calbindin, an amacrine and horizontal cell marker, was clearly
observed as making lines in the outer region and GCL at E19 in
controls (Fig. 2D, blue arrows). In the Dicer-CKO retina, ex-
pression of calbindin was observed, but positive cells did not
make lines and were scattered in the whole area of the retina
(Fig. 2D). At P1, controls showed an expression pattern similar
to that at E19, but in Dicer-CKO retina, the expression of
calbindin was diminished (Fig. 2D).

B3 was expressed in GCL at all examined stages in control
retinas. At E17 and E18, Brn3 signals were observed at the
innermost side of the retina, and it was also scattered at all
areas of the retina. At later stages, the number of positive cells
decreased, but signals were observed in all areas of the retina
(Fig. 3A). We counted the Brn3-positive cells semiquantita-
tively, and the cell numbers of Brn3 were slightly fewer in

E1D

I

ing. Scale bars, 100 pm. Lower pan- B
els are enlarged images of the white
squared regions in the upper panels.
(B) The number of Brn3-positive
cells in the retina at indicated stages
was examined. Brn3-positive cells at
the central region of the retina were
counted under a microscope in an
area 100-um wide. The average of
three independent retinas with SD is
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shown. *P <0.01 and *P <0.05,
were calculated by Student’s #-test.
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