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We confirmed that the same numbers of cells were applied to the
kit by counting cell numbers.

In situ PLA

We used the Duolink (Olink, Uppsala, Sweden) kit for in situ
PLA assay as previously described [40]. Combination of the pri-
mary antibodies was determined so that each antibody does not
cross-react with the PLA probe-conjugated secondary antibody
to the other primary antibodies. TOTO-3 (Invitrogen-Molecular
Probes) or Vectashield mounting medium with DAPI (Vector labo-
ratories) was used as a nuclear counterstain.

Promoter-reporter and cDNA constructs

Human PAI-1 reporter and 9% CAGA reporter were previously
described [18]. Human Smad3, Smad4 and TTF-1 ¢cDNAs were
prepared as previously reported [25, 28]. Adenoviral expression
vectors of LacZ and TTF-1 were prepared as described [28].

Dual-luciferase assay

Cells in 24-well plates were transfected with combinations of
promoter-reporter constructs and expression plasmids using Lipo-
fectamine LTX (Life Technologies). Total amounts of transfected
DNA were adjusted to the same quantities with empty vectors. For
normalization, pGL4.75-SV40-hRluc was cotransfected. Twen-
ty-four hours later, cells were stimulated with or without 1 ng/ml
TGF-B, and then harvested and assayed for luciferase activity 12 h
after stimulation using the Dual-Luciferase Reporter Assay System
(Promega). All samples were run in duplicate, and the results were
averaged.

RNA interference

We used the siRNA against human TTF-1 (Invitrogen) as pre-
viously reported [28], and control siRNA was purchased from
Invitrogen (Cat. 12935-112, sequence not available). siRNAs were
introduced into A549 cells twice every 48 h using Lipofectamine
RNAIMAX reagent (Invitrogen) according to the manufacturer’s
instructions. The final concentration of siRNA in the culture media
was 50 nM.

Chromatin immunoprecipitation

A549 cells were cultured in 15-cm plates to ~80% confluence,
and one plate was used for one immunoprecipitation. H441 cells
were cultured in 10-cm plates, and two plates were used for one
immunoprecipitation. ChIP was performed as described [21]. Re-
ChIP assay was performed with a similar protocol, but the primary
immune complex was eluted by 10 mM DTT at 37 °C for 30 min,
diluted 50-fold with the ChIP-dilution Buffer as described [21] and
immunoprecipitated with secondary antibodies. Fold-enrichment
values were calculated by dividing percent input values at target
regions by those at the first intron of APR7/ gene. Primer se-
quences for ChIP-gPCR are shown in Supplementary information,
Data S1.

RNA isolation and gRT-PCR

Total RNAs were extracted as described previously [28].
First-strand ¢cDNAs were synthesized using PrimeScript2 reverse
transcriptase (TakaraBio, Shiga, Japan). qRT-PCR analysis was
performed using FastStart Universal SYBR Green Master Mix
with ROX (Roche), and the ABI PRISM 7000 Sequence Detec-

tion System or the StepONE Plus real time PCR system (Applied
Biosystems, CA, USA). All samples were run in triplicate and the
results were averaged. Primer sequences for qRT-PCR are shown
in Supplementary information, Data S1.

ChIP-seq and data analysis

High-throughput sequencing of the ChIP fragments was per-
formed using the Illumina Genome Analyzer (Illumina) follow-
ing the manufacturer’s protocols. One flow cell lane was used to
sequence each pooled sample. Unfiltered 36-bp sequence reads
were aligned against the human reference genome (NCBI Build
36, hgl8) using ELAND (Illumina). Peaks were called using
CisGenome v1.2 [41] by two-sample analysis; input genomic
DNA was used as a negative control. Assigning a binding site to
the nearest gene within 100 kb of a peak was performed using
CisGenome. CisGenome was also used for both de novo motif pre-
diction and motif mapping of TTF-1 ChIP-seq-binding regions.

Expression microarray

Total RNAs were extracted as described above. The experimen-
tal procedures for GeneChip (Affymetrix) were performed as de-
scribed previously [21] using the GeneChip Human U133 plus 2.0
oligonucleotide arrays (Affymetrix). Microarray Suite software 5.0
(Affymetrix) was used with a target intensity of 100. Data from
one array were obtained for each sample. Functional Annotation
Clustering function of DAVID 6.7 was used to identify top-en-
riched clusters by gene ontology analyses.

3C assay

We used Tagman Chromosome Conformation Kits (Life Tech-
nologies) for the 3C assay. H441 cells were cultured in 10-cm
plates, and one plate was used for each 3C assay. EcoRI was used
for digestion. qRT-PCR analysis was performed using Tagman
gene expression master mix, and a LightCycler 480 (Roche, Swit-
zerland) was used. All samples were run in quintuplicate and the
results were averaged. Amplification data were quantified using
the AAC, method (comparative threshold cycle method) and nor-
malized using the human internal control attached to the kit. The
sequences of the Tagman probe and primers for 3C assays are
shown in Supplementary information, Data S1.

Statistical analysis

Student’s #-test was used for two-sample analyses. Bonferroni
test of the R program (http://www.r-project.org/) was used for
multiple comparisons of the data.

Accession number
Raw sequencing data with peak calling results and microarray
data are available at GEO (GSE51510).
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Transforming growth factor (TGF)-p exhibits both pro-apoptotic and anti-apopto-
tic effects on epithelial cells in a context-dependent manner. The anti-apoptotic
function of TGF-p is mediated by several downstream regulatory mechanisms,
and has been implicated in the tumor-progressive phenotype of breast cancer
cells. We conducted RNA sequencing of mouse mammary gland epithelial
(NMuMG) cells and identified a long non-coding RNA, termed IncRNA-Smad7,
which has anti-apoptotic functions, as a target of TGF-f. IncRNA-Smad7 was
located adjacent to the mouse Smad7 gene, and its expression was induced by
TGF-p in all of the mouse mammary gland epithelial cell lines and breast cancer
cell lines that we evaluated. Suppression of IncRNA-Smad7 expression cancelled
the anti-apoptotic function of TGF-f. In contrast, forced expression of IncRNA-
Smad7 rescued apoptosis induced by a TGF-§ type | receptor kinase inhibitor in
the mouse breast cancer cell line JygMC(A). The anti-apoptotic effect of IncRNA-
Smad7 appeared to occur independently of the transcriptional regulation by TGF-
p of anti-apoptotic DEC1 and pro-apoptotic Bim proteins. Small interfering RNA
for IncRNA-Smad7 did not alter the process of TGF-p-induced epithelial-mesen-
chymal transition, phosphorylation of Smad2 or expression of the Smad7 gene,
suggesting that the contribution of this IncRNA to TGF-§ functions may be
restricted to apoptosis. Our findings suggest a complex mechanism for regulating
the anti-apoptotic and tumor-progressive aspects of TGF-p signaling.

C ancer cells make use of the tumor-promoting aspects of
certain cytokines, while inhibiting their tumor-suppressive
functions. Inhibition of the apoptotic program is one of the strat-
egies used by cancer cells to continue dysregulated proliferation
and tumor formation. The anti-apoptotic Bcl-2 family proteins
are often upregulated, while several pro-apoptotic BH3-only
proteins are inhibited, either transcriptionally or functionally,
through interference with the upstream signaling pathways. "
Transforming growth factor (TGF)-P family proteins are rep-
resentative proteins that possess bidirectional roles during
tumor progression.” TGF-B exhibits cytostatic effects on
various epithelial cells; many cancer cells are refractory to the
cytostatic signals induced by TGF-f. Instead, they undergo an
epithelial-mesenchymal transition (EMT) in response to TGF-
B through induction of several factors, leading to stimulation
of tumor migration and invasion.”> TGF-B also displays both
pro-apoptotic and anti-apoptotic effects on epithelial cells in a
context-dependent manner. We previously showed that

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is
not used for commercial purposes.

endogenous TGF-f produced by cancer cells plays a protective
role in starvation-induced apoptosis of mouse breast can-
cer JygMC(A) and 4T1 cells through induction of the basic
helix-loop-helix protein DEC1 and suppression of the BH3-
only protein Bim.“*” TGF-B also suppresses rapamycin-
induced apoptosis of serum-starved human basal-type breast
cancer cells (MDA-MB-231 cell line).(f’)

High throughput analyses have revealed that only approxi-
mately one-quarter of the transcripts are protein coding and that
there are many non-coding RNA (ncRNA) in mice.(% ncRNA
are categorized based on their size and function, and long non-
coding RNA (IncRNA) form a family of long transcripts with
more than 200 nucleotides.® A limited number of IncRNA
have been found to have essential biological functions,®'"
and little is known about whether the majority of IncRNA play
a role in cancer cells; this is in contrast to the wealth of infor-
mation currently available about the roles of microRNA (miR-
NA) family transcripts in cancer."'?
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IncRNA-Smad7 inhibits apoptosis

In the present study, we identified a IncRNA, designated
IncRNA-Smad7 during a search for TGF-B-regulated tran-
scripts in mouse mammary gland epithelial cells (NMuMG cell
line). Interestingly, we found that IncRNA-Smad7 exhibited an
anti-apoptotic effect upon stimulation by TGF-B in the mouse
breast cancer cell line JygMC(A).

Materials and Methods

Cell culture. The mouse breast cancer cell lines JygMC(A) and
4T1 were cultured in DMEM containing 10% FBS, 50 units/mL

www.wileyonlinelibrary.com/journal/cas

penicillin and 50 pg/mL streptomycin. The mouse mammary
epithelial cell line NMuMG was cultured in the above medium
supplemented with 10 pg/mL insulin. Cells were grown in a 5%
CO, atmosphere at 37°C.

Reagents and antibodies. Recombinant TGF-f3 (TGF-B3) and
the TGF-f type I receptor inhibitor SB431542 were purchased
from R&D systems (Ixonia, WI, USA) and Sigma-Aldrich
(St. Louis, MO, USA), respectively. The following antibodies
were used: rabbit anti-phospho-Smad2 (Cell Signaling Tech-
nology, Danvers, MA, USA.), mouse anti-o-tubulin (DMIA
[Sigma-Aldrich]), mouse anti-Smad2/3 (BD Biosciences,
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Fig. 1. Cloning of IncRNA-Smad7. (a) RNA-sequencing data from NMuMG cells at the mouse Smad7 gene locus. Black and grey tags are aligned

to the sense and antisense genomic sequences, respectively. Vertical axis: mapped tag numbers. Smad7 gene is shown in green, and its exons are
shown as boxes (thin boxes, untranslated regions; thick boxes, coding regions) connected by horizontal lines representing introns. (b) Relative
positions of the Smad7 gene and EST clones with direction of transcription. Positions of the gene-specific primers used for RACE are shown at
the back ends of the blue arrows. (c) Northern blotting of IncRNA-Smad7. NMuMG cells were treated with TGF-B or left untreated for 24 h. Left
panel: Ethidium bromide staining of the gel to show the positions of 28s/18s rRNA and equal loading of the samples. Right panel: Northern
blotting with an EST sequence (CX230377) as a probe. (d) Schematic representation of the identified IncRNA-Smad7 transcripts. V3 transcript was
identified by quantitative RT-PCR (qRT-PCR) analysis of JygMC(A) and confirmed by sequencing of the PCR product. V3 had a longer exon 2 and
a shorter exon 3 than V2 transcript.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd

Cancer Sci | 2014 | 2
on behalf of Japanese Cancer Association.

163



www.wileyonlinelibrary.com/journal/cas

—
()
-~

30- IncRNA-Smad7 (4T1 cell)

2.5 I oe
2.0 1 B
1.5 1
1.0 4
0.5
0.0

mRNA expression

0 10 20 30 40 50 (h)

3.0 - IncRNA-Smad7 (JygMC(A) cell)
25 1

2.0 1
1.5 1
1.0 4
054
0.0

mRNA expression

0 1‘0 20 30 40 50 (h)

IncRNA -Smad7

—
o
-~

Arbitrary units
S 2N W R OO N

+

Cell line 471 JygMC(A)

Fig. 2. Upregulation of expression of IncRNA-Smad7 by TGF-B. (a)
Effect of TGF-B on expression of IncRNA-Smad7 in mouse JygMC(A)
and 4T1 breast cancer cells. Cells were treated with 1 ng/mL TGF-p for
the indicated periods, and expression of IncRNA-Smad7 relative to
that of TATA box binding protein (Tbp) was determined by quantita-
tive RT-PCR (qRT-PCR). (b) Effect of TGF-B and the TGF-p type | recep-
tor kinase inhibitor SB431542 (SB) on IncRNA-Smad? expression. Cells
were treated with 1 ng/mL TGF-8 or 10 M SB431542 for 48 h or left
untreated. Relative expression of IncRNA-Smad7 was determined as in
(a). Error bars: standard deviations.

Franklin Lakes, NJ, USA.), rabbit anti-PARP (Cell Signaling
Technology), mouse anti-E-cadherin (BD Biosciences), mouse
anti-N-cadherin (BD Biosciences) and rabbit anti-fibronectin
(Sigma-Aldrich).

Northern blotting. A specific probe to detect IncRNA-Smad7
was made with the DIG T7 RNA Labeling Kit (Roche
Diagnostics, Rotkreuz, Risch, Switzerland.) using an EST
sequence (CX230377), which was cloned into pBlueScript SK
vector as a template. Northern blotting was performed with the
DIG Northern Starter Kit (Roche Diagnostics). The probed
membrane was washed twice with 2 x SSC (300 mM NaCl,
30 mM sodium citrate, pH 7.0) with 0.1% SDS for 5 min at
room temperature and twice with 0.1 x SSC with 0.1% SDS
for 15 min at 68°C. HRP-conjugated anti-digoxigenin was
used to detect the hybridized probe by chemiluminescent imag-
ing with a lumino-image analyzer (LAS-4000 [GE Health
Care, Hino, Tokyo, Japan]).

Rapid amplification of cDNA ends. 5’ and 3’ rapid amplification
of ¢cDNA ends (RACE) were performed using the SMARTer
RACE c¢DNA Amplification Kit (TakaraBio, Otsu, Shiga, Japan.)
in accordance with the manufacturer’s protocol. Gene-specific
primers used for 5 and 3’ RACE were CAGTGCCGTGGA
GACCAGAAGAATCCAG and CTGGATTCTTCTGGTCTCCA
CGGCACTG, respectively. Following the identification of the 5’
or 3’ ends of the RACE transcripts, we obtained clones of the

Cancer Sci | 2014 | 3
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expected size for IncRNA-Smad7 by PCR using a set of primers
designed to hybridize to each end of the transcript.

Immunoprecipitation and immunoblotting. Lysis buffer (1%
NP-40, 150 mM NaCl, 50 mM Tris-HCI pH 8.0, 5 mM EDTA
and cOmplete EDTA-free protease inhibitor cocktail [Roche
Diagnostics]) was used for cell lysis. SDS-gel electrophoresis
and immunoblotting were performed as described previ-
ously,"* using the LAS-4000. Quantification of the immuno-
blotting images was performed using Image-J software
(National Institute of Health, Bethesda, MD, USA).

Adenoviral expression vectors. Ad-LacZ and Ad-IncRNA-
Smad7 (variant 1) were prepared using the pAd-CMV-V5 vector
(TakaraBio). Crude viral lysate was purified using ViraKit Adeno
4 (VIRAPUR, San Diego, CA, USA). Titration was performed
with the Adeno-X Rapid Titer Kit (BD Biosciences).

RNA interference. We used two different siRNA against
IncRNA-Smad7 (I: 5-AAGAGUUGGAGUCCGCCAAACUA
GG-3' and 2: 5-GGGAAGAAGACAGCAGUCAAGAAGA-3)
designed with the BLOCK-iT RNAi Designer (Life Technolo-
gies, Carlsbad, CA, USA). Control siRNA was purchased from
Life Technologies (Cat. 12935-112, sequence not available).
siRNA were introduced into JygMC(A) cells with Lipofecta-
mine 2000 reagent (Life Technologies) according to the manu-
facturer’s instructions. The final concentration of siRNA in the
culture medium was 60 nM.

RNA sequencing. Total RNA (10 pg) was purified from
NMuMG cells either stimulated with TGF-$ or left untreated
for 24 h and then polyA selected with Dynabeads Oligo(dT)25
(Life Technologies). Libraries were made and directionally
sequenced with the Illumina Genome Analyzer IIx. One lane
of the Hlumina flow cell was used for each library to obtain
sequencing data. Sequenced read tags were directionally
aligned to either mm9 transcripts or to the reported genomic
loci of IncRNA (mm9)"* by TopHat2,"'” and differential
gene expression calls were performed with the Cuffdiff func-
tion of Cufflinks."® Note that the reported IncRNA formed
multi-exonic structures that were not fully defined. Therefore,
we counted all of the mapped tags in the correct direction on
each gene locus for the calculation above. The resultant “frag-
ments per kilobase of exon per million mapped fragments
sequenced” (FPKM) values thus potentially contain the
sequence tags mapped to introns.

Apoptosis assay. Cells were treated as described previ-
ously. The method is outlined in detail in the online Sup-
porting Information.

Phalloidin staining. Phalloidin staining was performed as
described with modification (available in online Supporting
Information).®*”

Tumor xenograft assay. Four-week-old female Balb/c nude
mice were inoculated subcutaneously with 1.0 x 107 siRNA-
transfected JygMC(A) cells. Tumor volume was measured
every other day and calculated using the following formula:
([major axis] x [minor axis]®)/2. All animal experiments were
performed in accordance with the policies of the animal ethics
committee of the University of Tokyo.

Statistical analysis. Repeated measures ANOVA was used for
tumor xenograft assay. The Tukey—Kramer test was used for
multiple data comparisons.

Accession numbers. Full nucleotide sequences of IncRNA-
Smad7 are available from the DNA Data Bank of Japan
(AB904933 and AB904934).

Method for RNA isolation, quantitative real-time PCR and
primer sequences for quantitative RT-PCR (qRT-PCR) are
available from the online Supporting Online.
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Fig. 3. Knockdown of IncRNA-Smad7 induces apoptosis of JygMC(A) cells. (a) Effect of siRNA for IncRNA-Smad7 in JygMC(A) cells. Cells were
transfected with the indicated siRNA and stimulated with 1 ng/mL TGF-p for 48 h after transfection. silncRNA-1 was used for knockdown of all
variants of IncRNA-Smad7, while silncRNA-2 was designed for knockdown of V1 only. Relative expression of IncRNA was determined as in Fig-
ure 2a. NTF, no transfection control; siNC, negative control siRNA. (b) Live-cell counting of JygMC(A) cells treated with siRNA for IncRNA-Smad7.
Cells were transfected with siRNA as indicated and treated with 1 ng/mL TGF-B or 10 uM SB431542 with serum starvation 48 h after transfection.
Live cells were counted using TC20 (BioRad, Hercules, California, USA.) after 48 h. (c) TUNEL staining of JygMC(A) cells treated with siRNA for
IncRNA-Smad7. Cells were treated as in (b). TUNEL, red; DAPI, blue. (d) The percentage of TUNEL-positive cells among DAPI-positive cells was
determined. (e) Immunoblot analysis of cleaved PARP. Cells were treated as in (b) and lysed for SDS-PAGE. An arrow head shows nonspecific
band. The graph in the bottom shows quantification of cleaved PARP normalized to o-tubulin. Error bars: standard deviations. *P < 0.05,
**P £0.001.

Results resulted in the detection of an approximately 3-kb transcript
that was strongly induced by TGF-f treatment (Fig. 1c). We
then cloned the transcript by RACE using gene-specific prim-
ers designed from CX230377 sequences and identified two
ran<erinte t L I— . _ . »)
NMuMG cells. To this end, we calculated changes in the krangeripts, viieh we_desncnated lm.R.NA Sm.ad7 V1 (2685 bp)
. . ) : k o e " and V2 (2801 bp) (Fig. 1d). In addition, variant 3 of IncRNA-
expression of the reported IncRNA after the cells were treated . e .
with TGE-B (Table S1).94 We focused on a TGF-B-induced Smad7 (V3) was identified through RT-PCR analysis of
: 2 JygMC(A) cells (data not shown). There were only short open
reading frames (ORF) encoding <97 amino acids in IncRNA-
Smad7. These ORF did not have a canonical Kozak sequence
(data not shown).

Identification of IncRNA-Smad7 as a target gene of transform-
ing growth factor-p. We performed RNA sequencing to quanti-
tatively screen for IncRNA downstream of TGF-f signaling in

and highly expressed IncRNA transcribed from an upstream
and antisense strand of the Smad7 gene, which encodes a
known target and inhibitor of TGF-f signaling (Fig. la). Dis-
tribution of the sequenced tags fell within two spliced EST, i S L ;
CX230377 and CF356854, and did not overlap with Smad7 ~ We 1ot analyzed the expression of IncRIA-Smady in A1
(Fig. 1b). Northern blotting using CX230377 as a probe 200 JyeMC(A) mouse breast cancer cells by qRT-PCR.
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Fig. 4. Forced expression of INcRNA-Smad7 partially inhibits apoptosis of JygMC(A) cells. (a) Cells were infected with either adenoviral IncRNA-
Smad7 expression vector (Ad-IncRNA-Smad7) or Ad-LacZ as a control. Twelve hours after infection, cells were serum starved and treated with
1 ng/mL TGF-B or 10 uM SB431542 (SB) for 48 h. Expression of IncRNA-Smad7 was determined by quantitative RT-PCR (qRT-PCR). (b) Effect of
Ad-IncRNA-Smad7 on cleaved PARP level was determined by immunoblotting. Cells were treated as in (a) and lysed for SDS-PAGE. The bottom
graph shows quantification of cleaved PARP normalized to o-tubulin. **P < 0.001. (c) TUNEL staining of JygMC(A) cells. Cells were treated as in
(a). TUNEL, red; DAPI, blue. (d) The percentage of TUNEL-positive cells among DAPI-positive cells was determined. Error bars: standard devia-
tions.
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Expression of IncRNA-Smad7 was induced early after
stimulation with TGF-B and continued for 48 h (Fig. 2a).
Upregulation of IncRNA-Smad7 by TGF-B was observed in
two other mouse mammary gland cell lines, EpH4 and EpRas
(Fig. S1). Both 4T1 and JygMC(A) cells secrete endogenous
TGF-B,® and basal expression of IncRNA-Smad7 was inhib-
ited by the TGF- type I receptor kinase inhibitor SB431542
(Fig. 2b). These results suggest that IncRNA-Smad7 is
expressed in several mouse mammary gland epithelial cell
lines and that TGF- upregulates its expression in breast can-
cer cells.

IncRNA-Smad7 inhibits apoptosis of breast cancer cells induced
by transforming growth factor-p. We next knocked down the
expression of IncRNA-Smad7 by two different siRNA; that is,
silncRNA-1 and silncRNA-2 (Fig. 3a). silncRNA-1 was
designed to knock down all three variants, while silncRNA-2
was designed to knock down only V1. As shown in Figure 3a,
expression of IncRNA-Smad7 was repressed efficiently by sil-
ncRNA-1 and moderately by silncRNA-2 in JygMC(A) cells.
We found that live cell counts were decreased by silncRNA-1
in vitro (Fig. 3b). JygMC(A) cells underwent apoptosis upon
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serum starvation, and the apoptosis was induced by SB431542
and inhibited by TGF-B.> The role of IncRNA-Smad7 in
TGF-B-induced anti-apoptosis was then evaluated. Inhibition
of apoptosis by TGF-f was partially cancelled by suppression
of IncRNA-Smad7 expression, as determined by TUNEL
staining (Fig. 3c,d). Consistent with the silencing efficiencies,
the effects of silncRNA-2 were less marked than those of sil-
ncRNA-1 (Fig. 3c,d). Cleaved PARP levels in TGF-B-stimu-
lated cells were also increased following treatment with
silncRNA-1 and silncRNA-2 (Fig. 3e).

The adenoviral IncRNA-Smad7 expression vector (Ad-
IncRNA-Smad7) was then constructed to examine its effect on
apoptosis. Expression of exogenous IncRNA-Smad7 was con-
firmed by qRT-PCR and compared with endogenous expres-
sion levels and with a sample without reverse transcription
(Fig. 4a and data not shown). Partial inhibition by Ad-
IncRNA-Smad7 of cleaved PARP expression was observed in
both  TGF-fB-stimulated and TGF-B-unstimulated cells
(Fig. 4b). The numbers of TUNEL-positive cells induced by
SB431542 treatment were reduced by forced expression of
IncRNA-Smad7 (Fig. 4c,d), which suggests that IncRNA-
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Fig. 5. IncRNA-Smad7 does not regulate phospho-Smad2 levels or TGF-B-induced EMT. (a) JygMC(A) cells were transfected with siRNA as indi-

cated and stimulated with TGF-B for 48 h. Phospho-Smad2 and total Smad2/3 levels were determined by immunoblotting (top panel). The bot-
tom graph shows quantification of phospho-Smad2 normalized to total Smad2/3. n.s.: not significant. (b) Effect of siRNA for IncRNA-Smad7 on
Smad7 expression evaluated by quantitative RT-PCR (qRT-PCR). Transfected cells were stimulated with TGF-B for 48 h. NTF, no transfection; error
bars, standard deviations. (¢) NMuMG cells were reverse-transfected with siRNA as indicated. Twelve hours later, cells were stimulated with TGF-
B for 24 h and fixed. F-actin formation was evaluated by phalloidin staining. (d) NMuMG cells were treated as in (c) and expression of EMT mar-
ker proteins was determined by immunoblotting.
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Smad7 acts as an anti-apoptotic factor downstream of TGF-f3
signaling.

Effect of IncRNA-Smad7 on transforming growth factor-g-Smad
signaling pathway and transforming growth factor-p-induced epi-
thelial-mesenchymal transition. IncRNA have several modes of
function, including neutralizing miRNA and inhibiting tran-
scription of target genomic regions.®® Therefore, we next evalu-
ated the effect of siRNA for IncRNA-Smad7 on the TGF-§-
Smad signaling pathway. Knockdown of IncRNA-Smad7 did
not change phospho-Smad2 expression in JygMC(A) cells
(Fig. 5a). Moreover, expression of Smad7 by TGF-f3 stimulation
was minimally inhibited by the siRNA for IncRNA-Smad7
(Fig. 5b). We then evaluated the effect of silncRNA on TGF-3-
induced EMT in NMuMG cells. Actin stress fiber formation by
TGF-f stimulation was not inhibited by the silncRNA, and sil-
ncRNA-2 showed a mild F-actin-inducing effect in the absence
of TGF-B (Fig. 5¢). Both downregulation of E-cadherin and
induction of fibronectin and N-cadherin by TGF-f were not
affected by the silncRNA (Fig. 5d). These results suggest that
IncRNA-Smad7 does not have a marked effect on TGF-f3 signal-
ing in general but does regulate anti-apoptosis-specific effects.
Upregulation of Bhlhe40 (encoding the anti-apoptotic DECI
protein) and inhibition of Bcl2[/1 (encoding the pro-apoptotic
BH3-only protein Bim) through downregulation of Foxcl have
been demonstrated as mechanisms of TGF-f-induced anti-apop-
tosis in breast cancer cells.” We examined the effect of
IncRNA-Smad7 on the mRNA levels of these molecules, but the
changes in their expression profiles could not explain the anti-
apoptotic function of IncRNA-Smad7 (Fig. S2). We also
searched for other pro-apoptotic and anti-apoptotic factors
whose mRNA and protein expression levels were regulated by
IncRNA-Smad7, but we were not able to identify any definite
targets (data not shown).

Role of IncRNA-Smad7 in xenografted tumor forma-
tion. Finally, we examined whether IncRNA-Smad7 affects the
tumor-forming ability of JygMC(A) cells. Tumor size was
periodically measured after subcutaneous inoculation of siR-
NA-transfected JygMC(A) cells into mice. As shown in Fig-
ure 6, knockdown of IncRNA-Smad7 resulted in reduced
tumor size, suggesting impaired graft survival in the absence
of IncRNA-Smad7 (Fig. 6a,b).

Discussion

In the present study, we identified IncRNA-Smad7 through a
search for TGF-B-regulated transcripts in mouse mammary
NMuMG cells. IncRNA-Smad7 is located adjacent to the
mouse Smad7 gene and is strongly upregulated by TGF-B in
the mouse mammary gland epithelial cells and mouse breast
cancer cells. IncRNA-Smad7 appears to function as a down-
stream anti-apoptotic factor of TGF-f in the mouse breast can-
cer cell line JygMC(A) without affecting activation of Smad2
and induction of EMT.

IncRNA regulate gene expression through several mecha-
nisms in cancer."® The IncRNA HOTAIR was identified in
breast tumors as a poor prognosis marker that induces alter-
ation of Polycomb-regulated histone H3K27 modification and
gene expression.'*'” Subsequently, the presence of HOTAIR
was reported to be associated with the prognosis of nasopha-
ryngeal carcinoma and esophageal cancer.®®*" Zhang er al.*®
reported that the IncRNA-RoR inhibited translation of p53 and
apoptosis in MCF-7 breast cancer cells. Importantly, IncRNA-
RoR also functions as a miRNA sponge to inhibit a set of
miRNA in human ES cells, suggesting that even a single type
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on the size of xenografted tumors (n = 6). Photos were taken 8 d
after tumor inoculation. Representative images are shown in this fig-
ure. (b) Sequential tumor volume measurement after inoculation.
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of IncRNA has several modes of action.** Other IncRNA are
related to the pathogenesis of breast cancers. The ATM target
gene IncRNA-JADE protects MCF7 cells from several DNA-
damaging drugs to maintain tumor formation.** In addition,
Hu et al.® analyzed IncRNA expression signatures during the
twist-induced EMT of MCFI10A cells.

We identified IncRNA-Smad7 as a new anti-apoptosis factor
in mouse breast cancer cells, although we could not identify
the regulatory mechanism of apoptosis induced by IncRNA-
Smad7. In principle, siRNA-based loss-of-function analyses of
IncRNA may not be an ideal means of evaluating their tran-
scriptional or epigenomic regulatory mechanisms. Therefore,
we cannot conclude that IncRNA-Smad7 does not regulate
transcription of the adjacent Smad7 and other genes. In con-
trast, the anti-apoptotic activity of IncRNA-Smad7 observed in
our siRNA experiments could instead be executed through
post-transcriptional regulatory mechanisms. Determining the
effect of IncRNA-Smad7 on Smad7 expression will be an
important topic for future analysis, because Smad7 sensitizes
MCF7 cells to IRF1-induced apoptosis.®

Our present analysis revealed that IncRNA-Smad7 was
widely expressed in mouse mammary epithelial cells and
mouse breast cancer cells. This transcript was previously found
in a list yielded by transcriptome analyses of mouse ES
cells,""® suggesting that it is broadly expressed in many mouse
cell types and tissues. Transcriptional upregulation of IncRNA-
Smad7 by TGF- would also be a general mechanism in mice,
because the transcriptional start site of IncRNA-Smad7 is close
to Smad7, a well-known target of TGF-B/Smad signaling.
Guttman et al. included this IncRNA in their loss-of-function
screening based on the good conservation among species, and
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IncRNA-Smad7 was designated as linc1316 in their list (table
1)."% However, our efforts to find a human ortholog by using
our unpublished RNA-sequencing data from several TGF-f-
treated human epithelial cell lines and cancer cell lines were
unsuccessful (data not shown). Moreover, a BLAST-based
search for IncRNA-Smad7-like genomic sequences showed that
only approximately 400 nucleotides out of the 3-kb mouse
IncRNA-Smad7 are conserved upstream of SMAD7 in humans,
which was in contrast to the high conservation between mice
and rats (data not shown). Therefore, IncRNA-Smad7 appears
to be a rodent-specific transcript. However, there is still a pos-
sibility that the identified 400-bp region in humans might be
transcribed in a limited condition and has functions similar to
that of mouse IncRNA-Smad7 in human breast cancers.
Comprehensive analysis of transcriptional regulation of the
many target genes of TGF-f§ through ChIP-sequencing or ChIP-
chip anallyses have been performed in several cancer cell
lines,”’ D and large-scale transcriptome data from several can-
cer types are available. In the case of IncRNA, Zhou et al.®?
reported a list of TGF-B-Smad3 target IncRNA expressed dur-
ing renal inflammation and fibrosis. However, the lack of
knowledge about the function of non-coding transcripts often
limits the utility of these types of data. Our findings, together
with the findings of low conservation of IncRNA among spe-
cies, suggest that determination of the roles of each non-coding
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Table S1. IncRNA regulated by transforming growth factor (TGF)-f
Fig. S1. Upregulation of IncRNA-Smad7 in mouse mammary gland cell lines.

Fig. S2. Effects of siRNA for IncRNA-Smad7 on expression of DEC1 and Bim.
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Letter to the Editor

Plasmacytic ALK-positive large B-cell lymphoma:
A potential mimic of extramedullary plasmacytoma

To the Editor:
ALK-positive large B-cell lymphoma (ALK+ LBCL) is defined
as a B-cell neoplasm that expresses the ALK protein." This
lymphoma occurs in all age groups with a male predomi-
nance (M:F ratio, 3:1). Although the tumor mainly involves
lymph nodes, the involvement of various extranodal sites
including the gastrointestinal (Gl) tract, ovaries, nasophar-
ynx, tongue, brain, liver, bone and spleen has been
reported.’? Most patients with ALK+ LBCL present with an
advanced stage and have an aggressive course and a
poor prognosis.' The diagnosis of ALK+ LBCL can be chal-
lenging because ALK analysis is not performed routinely in
clinical practice. The inclusion of ALK+ LBCL in differential
diagnosis is essential to reach a correct diagnosis. Histologi-
cally, the neoplastic cells are medium-sized to large, having
immunoblast-like nuclei which is characterized by centrally
located conspicuous nucleoli, with positive plasmacytic
markers (e.g. CD138, CD38) without expressing usual B-cell-
lineage markers (e.g. CD19, CD20), which are interpreted
as plasmablastic." Thus, the main histological differential
diagnoses of ALK+ LBCL are aggressive lymphomas with
immunoblastic or plasmablastic morphology. Here, we report
a case of ALK+ LBCL, which was a diagnostic challenge
due to its low grade atypia. The tumor cells were plasmacy-
tic, having abundant amphophilic cytoplasm, eccentrically
located round nuclei with coarse chromatin, and perinuclear
halo. Nucleoli were inconspicuous in the majority of the tumor
cells and it simulated extramedullary plasmacytoma (EMP).
A previously healthy 31-year-old woman presented with a
1-month history of lower abdominal pain. Physical examina-
tion revealed a soft palpable mass of the umbilical to lower
abdominal area with tenderness. There was no apparent
lymph node swelling. Laboratory data included lactate dehy-
drogenase (LDH) level of 262 IU/L (normal range, 129-—
241 1U/L), CA 125 level of 111.2 U/mL (normal range, less
than 35 U/mL) and soluble interleukin-2 receptor (sIL-2R)
level of 391 U/mL (normal range, 145-519 U/mL). Magnetic
resonance imaging (MRI) showed an abdominal mass
(about 5 cm in greatest diameter), thickening of the greater
omentum and multiple disseminated nodules. Positron emis-
sion tomographic/computed tomographic study revealed the
accumulation of fluorodeoxyglucose within these areas. On
suspicion of ovarian cancer, open biopsy of the peritoneal
nodule was performed. Finally, the patient was diagnosed
as stage IVB lymphoma confined to the abdominal cavity
and underwent three cycles of hyper-CVAD/HD-MTX-Ara-C

doi:10.1111/pin.12160

(cyclophosphamide, vincristine, doxorubicin, dexametha-
sone, high-dose methotrexate, cytarabine) therapy. Restag-
ing PET-CT study revealed complete remission. The patient
subsequently underwent autologous peripheral blood stem
cell transplantation using a MEAM (ranimustine, etoposide,
cytarabine, melphalan) conditioning regimen. She is alive
and disease-free 2 years later.

Intraoperative histological evaluation of frozen section of
the abdominal tumor showed somewhat cohesive prolifera-
tion of atypical cells and poorly differentiated carcinoma was
suspected. Flow cytometry and chromosomal analysis were
not performed. Final paraffin section showed a diffuse infil-
trate of plasmacytic tumor cells with abundant amphophilic
cytoplasm, eccentric nuclei with coarse chromatin and peri-
nuclear clearing (Fig. 1a). The immunophenotype was also
plasmacytic; CD4 (SP35, Roche Diagnostics, Indianapolis,
IN, USA), CD56 (1B6, Novocastra, Newcastle, UK), CD138
(B-A38, Roche Diagnostics), EMA (E29, Dako, Carpinteria,
CA, USA), Ig kappa (polyclonal Roche Diagnostics), and
MUM-1 (MUM1p, Dako) were positive; AE1/AE3 (AE1/3/
PCK26, Roche Diagnostics), CD3 (2GV6, Roche Diagnos-
tics), CD5 (4C7, Novocastra), CD8 (C8144B, Dako), CD20
(L26, Dako), CD30 (Ber-H2, Dako), CD79a (JCB117, Dako),
Cyclin D1 (SP4, Neomarkers, Fremont, CA, USA), HHV-8
(Rat ORF73, Advanced Biotechnologies, Columbia, MD,
USA), Ig lambda (polyclonal, Roche Diagnostics), PAX5
(polyclonal, Thermo Scientific, Rockford, IL, USA), and TIA-1
(2G9, Beckman Coulter, Brea, CA, USA) were negative. All
immunostains were performed on an autoimmunostainer,
Ventana XT system benchmark. Plasmablastic cells were
observed, but only in about 10% of the total tumor cells
(Fig. 1b) and the Ki-67 (MIB-1, Dako) labeling index (=40%)
was low for plasmablastic lymphoma (Fig. 1c)." In addition, in
situ hybridization for EBV-encoded RNA (Inform EBER
probe; Roche Diagnostics) was negative. Histologically, plas-
macytoma seemed the most likely diagnosis; however,
an unusual site of involvement and focal plasmablastic fea-
ture prompted us to perform ALK immunostaining (p80SP8,
Thermo Scientific, Rockford, IL, USA), which turned out
to be positive in the cytoplasm (Fig. 1d). Subsequently, ALK
split fluorescence in situ hybridization (FISH) analysis
demonstrated ALK gene rearrangement (Fig.2a) and
SEC31A-ALK fusion was identified by reverse transcription-
polymerase chain reaction (RT-PCR), using the primers
SEC31A-2101F (5’-tccagccctgctacttctttc-3’) and ALK3200R
(5’-tgcagctectggtgcettc-3’), by the methods described in a pre-
vious paper using formalin-fixed paraffin-embedded tissue.®
In the analysis, two different bands of PCR-amplified prod-
ucts at 188 bp and 143 bp were visualized with ethidium
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Figure 1 Proliferation of relatively uni-
form plasmacytic tumor cells that have
amphophilic cytoplasm with perinuclear
hof and eccentrically located nuclei. (a)
Plasmablastic morphology was seen,
accounting for approximately 10% of total
tumor cells. (b) About 40% of the lymphoma
cells were positive for Ki-67. (c) Anaplastic
lymphoma kinase stain showed diffuse
cytoplasmic granular staining.

Figure 2 (a) Dual-color interphase fluo-
rescent in situ hybridization for the detec-
tion of breakpoint in the ALK locus. Tumor
cells with isolated red and green signals
are shown, indicating the presence of a
breakpoint in the ALK locus. (b) Poly-
merase chain reaction-amplified products
visualized with ethidium bromide in an
ultraviolet-illuminated agarose gel. Left
lane, molecular markers. Middle lane, two
bands of SEC31A-ALK products. Right
lane, control with no template.

bromide in an ultraviolet-illuminated agarose gel (Fig. 2b).
The sequencing of these PCR products revealed that the
higher band of 188 bp had 100% homology with an already
described fusion transcript (tccagccctgctacttctttccctecteee
ccttectetggagceatecttccagecatggeggaccaggagetccaccatcatcttca
gcttatgcactgectcctggaacaacagtgtaccgeccggaagcaccaggagetg
ca),*® while the lower one was interpreted as a novel splicing
variant corresponding to an in-frame deletion of 45 bp in the
3" end of exon 22 of SEC31A (tccagccctgctacttctttcectect
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cccccttectctggagceatecttccagecatggecggaccaggagtgtaccgecgga
agcaccaggagctgea). A final diagnosis of ALK+ LBCL was
made from these findings.

ALK+ LBCL shows morphological and immunohistologi-
cal features that overlap with those of different lymphomas
with plasmablastic differentiation, such as plasmablastic
lymphoma, LBCL arising in HHV8-associated multicentric
Castleman disease and primary effusion lymphoma. In our
case, majority of the tumor cells showed rather plasmacytic
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morphology than plasmablastic. However, the minor compo-
nent of plasmablastic tumor cells and unusual clinical pre-
sentation for EMP made us examine ALK protein. About 80%
of EMP occur in upper respiratory tract and it usually follow
indolent clinical course which suggest that many cases are
more closely related to extranodal marginal zone lymphoma
than to myeloma.! There are a few cases of ALK+ LBCL that
were initially diagnosed as plasmacytoma in the previous
literature.?® It seems to be a rare phenomenon for ALK+
LBCL to reveal evident plasmacytic differentiation;® however,
it is clinically important to distinguish ALK+ LBCL from EMP
because the biological behavior and chemotherapy regimen
are quite different. Whether the low-grade morphology in
ALK+ LBCL is related to a better prognosis also needs further
investigation.

The overexpression of ALK protein is associated with
abnormal fusion between ALK and other partner genes.
There are five known partner genes fused to ALK in ALK+
LBCL. The most common is CLTC-ALK.'®7 NPM-ALK*®
SEC31A-ALK*S  SQSTM1-ALK® and RANBP2-ALK"
fusions have also been reported. Our case had SEC371A
gene abnormality, which was unique in the two SEC371A-ALK
products identified by RT-PCR, probably reflecting the splic-
ing variant of SEC31A. SEC31A is an essential protein for
endoplasmic reticulum-Golgi transport, which is mainly dis-
tributed in the cytoplasm of mammalian cells. The cytoplas-
mic staining pattern of ALK in our case may be explained by
the regular allocation of the SEC31A protein.*

In this report, we described a case of ALK+ LBCL with
obvious plasmacytic differentiation. Pathologists should
perform appropriate immunohistochemistry including ALK
to exclude the possibility of ALK+ LBCL when making a
diagnosis of EMP.
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