The American Journal of Pathology, Vol. 180, No. 2, February 2012
Copyright © 2012 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2011.10.007

Tumorigenesis and Neoplastic Progression

Ets-1 Activates Overexpression of JunB and CD30 in

Hodgkin’s Lymphoma and Anaplastic Large-Cell

Lymphoma

Mariko Watanabe,* Kinji Itoh,T Tomiteru Togano,*
Marshall E. Kadin,* Toshiki Watanabe,$
Masaaki Higashihara,* and Ryouichi Horie*

From the Department of Hematology,* School of Medicine,
Kitasato University, Kanagawa, Japan; the Department of
Pathology,” School of Medicine, Toho University, Tokyo, Japan;
the Department of Dermatology and Skin Surgery and the Roger
Williams Medical Center,* Boston University School of Medicine,
Providence, Rhode Island; and the Laboratory of Tumor Cell
Biology, the Department of Medical Genome Sciences,’ Graduate
School of Frontier Sciences, University of Tokyo, Tokyo, Japan

Overexpression of CD30 and JunB is a hallmark of
tumor cells in Hodgkin’s lymphoma (HL) and ana-
plastic large-cell lymphoma (ALCL). We reported that
CD30—extracellular signal-regulated kinase (ERK)1/2
mitogen-activated protein kinase (MAPK) signaling
induces JunB, which maintains constitutive activation
of the CD30 promoter. Herein, we localize a cis-acting
enhancer in the JunB promoter that is regulated by
Ets-1. We show that E26 transformation-specific-1
(Ets-1) (—146 to —137) enhances JunB promoter acti-
vation in a manner that is dependent on CD30 or the
nucleophosmin-anaplastic lymphoma kinase (NPM-
ALK)-ERK1/2 MAPK pathway. Ets-1 knockdown re-
duces the expression of both JunB and CD30, and
CD30 knockdown significantly reduces JunB expres-
sion in HL and ALCL cell lines. NPM-ALK knockdown
also reduces JunB expression in ALCL cell lines ex-
pressing NPM-ALK. Collectively, these results indicate
that CD30 and NPM-ALK cooperate to activate the
ERK1/2 MAPK-Ets-1 pathway. Ets-1, constitutively ac-
tivated by ERK1/2-MAPK, plays a central role in the
overexpression of JunB and CD30, which are both
involved in the pathogenesis of HL and ALCL. (4m
J Patbol 2012, 180:831-838; DOI: 10.1016/j.ajpath.2011.10.007)

CDS30 is a member of the tumor necrosis factor receptor
superfamily that was initially identified on the surface of
Hodgkin and Reed-Sternberg cells of Hodgkin's lym-

phoma (HL). Immunohistochemical (IHC) analysis of a
large range of human tumors has shown that CD30 is
overexpressed by Hodgkin and Reed-Sternberg cells
and by a subset of large-cell neoplasms with anaplastic
features, called anaplastic large-cell lymphoma (ALCL)."
Approximately 50% of systemic ALCLs express the nu-
cleophosmin-anaplastic lymphoma kinase (NPM-ALK)
chimeric protein, which exerts a distinct role in CD30-
overexpressing lymphoma.?3

JunB, a member of the activator protein-1 (AP-1) tran-
scription family, is composed of homodimers or het-
erodimers of the related Jun (c-Jun, JunB, and JunD),
Fos (Fos, FosB, Fral, and Fra2), activating transcription
factor (ATF), and cAMP response element-binding
(CREB) families.* AP-1 functions by binding to 12-O-
tetra-decanoylphorbol-13-acetate (TPA)-responsive ele-
ments within the promoter of numerous genes. AP-1 is
involved in multiple biological processes, including cell
differentiation, proliferation, and apoptosis. Transcription
of AP-1 family members is rapidly and transiently stimu-
lated by multiple extracellular signals.® ¢c-Jun and JunB
have antagonistic functions in biological processes, such
as oncogenic transformation and cell proliferation.® How-
ever, JunB also regulates distinct target genes in a c-
Jun-independent manner and exerts specific func-
tions.”® Overexpression of JunB has been associated
with neoplastic transformation.®~'2

Overexpression of CD30 and JunB is characteristic of
HL and ALCL.'®'® Ligand-independent signals, trig-
gered by highly expressed CD30, induce activation of
NF-kB and the extracellular signal-regulated kinase
(ERK) 1/2 mitogen-activated protein kinase (MAPK) path-
way.'®"” These pathways contribute to the tumorigenesis
and maintenance of survival of HL and ALCL cells.>"" 2"
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We also showed that ligand-independent CD30-ERK-MAPK
signals induce enhanced JunB protein expression, which
acts on the unmethylated CD30 promoter to maintain over-
expression of CD30 in HL and ALCL cells.®22

In this report, we localized a cis-acting enhancer in the
JunB promoter of HL and ALCL and investigated the
mechanisms that maintain the overexpression of JunB
and CD30 in these lymphomas.

Materials and Methods

Cell Lines and Cell Cultures

Jurkat and K562 cell lines were obtained from Fujisaki
Cell Biology Center (Okayama, Japan). ALCL cell lines
(SUDHL1 and Karpas299) and HL cell lines (L428,
KMH2, HDLM2, and L540) were obtained from the Ger-
man Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). Cells were cultured in RPMI
1640 medium supplemented with fetal bovine serum and
antibiotics.

Inhibitors

The UO126 inhibitor of MAPK kinase (MEK) 1/2 was ob-
tained from Cell Signaling Technology (Beverly, MA), dis-
solved in dimethyl sulfoxide, and used for experiments at
the specified concentrations.

EMSA Data

Electrophoretic mobility shift analyses (EMSAs) were per-
formed according to methods described by Andrews and
Faller.®® The double-stranded oligonucleotide probe
(=151 to —134) spanning the Ets-1 consensus motif of
the JunB promoter was used for this analysis. Anti-Ets-1
(H150) X rabbit polyclonal antibody and the Ets-1/poly-
omavirus enhancer activator protein 3 (PEA3) gel shift
oligonucleotide (both from Santa Cruz Biotechnology,
Santa Cruz, CA) were used for supershift and competition
assays, respectively.

ChIP Data

Chromatin immunoprecipitation (ChIP) was performed
using the Epi Quick Chromatin Immunoprecipitation Kit
(Epigentek, Brooklyn, NY). Briefly, HL and ALCL cell lines
(2 X 10° were treated with 1% formaldehyde and
washed with PBS without calcium and magnesium, and
the remainder of the protocol was performed according
to the manufacturer’s instructions. Anti-Ets-1 (C-4) X
mouse antibody (Santa Cruz Biotechnology) and anti-
RNA polymerase Il antibody (positive control) or isotype-
matched antibody (negative control) were used for im-
munoprecipitation. Input DNA and immunoprecipitated
DNA were assayed by PCR using two sets of primer pairs
for amplification of the JunB promoter. The primers used
were as follows: forward primer for pair A, 5'-CCCT-
GAAACCCCTCACTCATGTG-3’; forward primer for pair
B, 5'-CCGTGGCCGCTGTTTACAAGG-3’; and the com-

mon reverse primer for A and B, 5’-GAAGTGCGCTC-
CGATTGGCGG-3'.

DNA Constructs

The 5’ region of the JunB gene was cloned into the
pGL3-basic luciferase reporter vector (Promega, Madi-
son, WI) by PCR using the promoter sequence of the
JunB gene in the L540 cell line as a template and was
mutated using the mutagenesis method of Kunkel et al.?*
The nucleotide sequence of various deletion constructs
was confirmed using the 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA). The gene regions con-
tained in the resultant pGL3-JunBpro reporters were as
follows: —998 to 344, —278 to 344, —184 to 344, and —47
to 344. The expression vectors for CD30 and NPM-ALK
are described elsewhere.?

Reporter Gene Assays

Activities of the promoter were measured by transient
reporter gene assays using the Dual Luciferase assay
kit (Promega), according to the manufacturer’s instruc-
tions. The Renilla luciferase expression vector driven
by the herpes simplex virus thymidine kinase promoter,
pRL-TK (Promega), was cotransfected to standardize
the transfection efficiency in each experiment. If not
indicated otherwise, 0.1 ug of the reporter construct
and 0.05 ug of pRL-TK, with or without 0.5 ng of each
expression vector, were used per transfection. Cells
(2 X 10°) were transfected using the Lipofectamine
2000 reagent (Invitrogen, Groningen, the Netherlands),
according to the manufacturer’s instructions. Cells
were harvested after 16 hours, and luciferase activities
were measured.

Immunoblot Analysis

Immunoblotting experiments were performed as previ-
ously described.?® Antibodies (in parentheses) against
the following proteins were used: Ets-1 (C-20, rabbit poly-
clonal), JunB (C-11, mouse monoclonal), a-tubulin (TU-
02, mouse IgM), glyceraldehyde-3-phosphate dehydro-
genase (FL-335, rabbit polyclonal), ALK (C-19, goat
polyclonal) (all from Santa Cruz Biotechnology), and
CD30 (Ber-H2, mouse monoclonal) (Dako, Kyoto, Japan).
Alkaline phosphatase—-conjugated secondary antibod-
ies were as follows: anti-mouse IgG, anti-rabbit 1gG,
and anti-goat IgG (all obtained from Chemicon Inter-
national, Temecula, CA) and anti-mouse IgM (Santa
Cruz Biotechnology).

IHC Data

Immunostaining of Ets-1 was performed on cell lines and
paraffin-embedded specimens of primary samples,
which had been obtained after informed consent. After
deparaffinization, samples were subjected to autoclave
antigen retrieval in 10 mmol/L citrate buffer (pH 6.0) for 1
minute. Sections were then treated with 3% H,O, for 15



minutes, blocked using 5% skim milk for 1 hour, and then
incubated with the anti-Ets-1 antibody (C-20, rabbit poly-
clonal) (Santa Cruz Biotechnology) at 4°C overnight. Sec-
tions were then washed, and bound antibodies were de-
tected using the Histofine Simple Stain MAX PO (MULTI)
and diaminobenzidine substrate kit (both from Nichirei
Biosciences, Tokyo, Japan).

Knockdown Experiments Using RNA
Interference

HL and ALCL cells were transfected with 5 ug of control
[AllStars Negative Control small-interefering RNA
(siRNA), which is the most thoroughly tested and vali-
dated negative control nonsilencing siRNA available] or
with HP GenomeWide siRNA (Qiagen, Hilden, Germany)
by nucleofection, as described later. The sequence tar-
geted in each molecule was as follows: Hs_ETS_2, 5'-
CTCGGATTACTTCATTAGCTA-3’; Hs_ALK_1, 5'-CTCG-
ACCATCATGACCGACTA-3'; Hs_ALK_6, 5’-CTGGGCC-
TGTATACCGGATAA-3"; CD30 no. 1, 5-ACCAATAA-
CAAGATTGAGAAA-3’; and CD30 no. 2, 5'-ATGCAAAT-
GAGTGATGGATAA-3". ALK and CD30 siRNAs were
mixed in a 1:1 ratio before transfection. The effect of
siRNA transfection on protein expression was moni-
tored by immunoblot analysis. Cells were transfected
using nucleofector technology (Amaxa, Cologne, Ger-
many) with the solution and programs indicated in pa-
rentheses: KMH2 (V, A-24), HDLM2 (T, T-01), Kar-
pas299 (V, A-30), and SUDHL1 (V, G-16). Transfection
conditions were optimized using AllStars Negative
Control siRNA fluorescein (Qiagen). Transfection of
siRNAs for Jurkat cells was performed using the Lipo-
fectamine 2000 reagent (Invitrogen), according to the
manufacturer’s instructions.

Cell Proliferation Assays

Effects of knockdown by Ets-1 siRNA and CD30 siRNA on
cell proliferation were assayed using the methyl thiazolyl
tetrazolium method, as previously described.’” After in-
cubation of cells transduced with CD30 siRNA, Ets-1
siRNA, or negative control siRNA, cells were harvested,
treated with methyl thiazolyl tetrazolium solution, and
measured with a microplate reader (Bio-Rad Laborato-
ries, Hercules, CA) at a reference wavelength of 570 nm
and a test wavelength of 450 nm.

Results

Identification of a cis-Acting Enhancer for the
JunB Promoter in HL and ALCL Cell Lines

We first examined the activity of deletion constructs of
the JunB promoter in the HL cell line L428 and the
ALCL cell line SUDHL1 using promoter reporter as-
says. As shown in Figure 1A, a significant decrease in
luciferase activity was detected when the construct
with a deletion in the region between —278 and —47
was tested, indicating that a cis-acting enhancer is
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Figure 1. Identification of a cis-acting enhancer for the JunB promoter in HL
and ALCL cell lines. A: The activity of deletion constructs of the JunB
promoter was examined using a reporter gene assay in the L428 HL and the
SUDHL1 ALCL cell lines. The constructs used for reporter gene assays are
indicated on the left. The relative luciferase activity of each construct com-
pared with the core promoter activity (fold activation) is shown. The cell lines
used are indicated on the top. Data are given as the mean = SD of more than
three triplicate experiments. B: Nucleic acid sequence of the JunB promoter
between —300 and 60. Potential AP-1 (=267 to —259), Sp-1 (=208 to —196),
or Ets-1 (=146 to —137) binding sites are indicated by open boxes. Mutations
introduced into each potential binding sequence are indicated on the right,
and nucleic acids changed are underlined. C: Activity of a JunB promoter
construct (—278) with a strong cis-acting enhancer region in which AP-1
(=267 to —259), Sp-1 (=208 to —196), or Ets-1 (=146 to —137) binding sites
were mutated. The relative activity of each construct compared with the
construct without mutation (percentage activation) is shown. Data are given
as the mean = SD of more than three triplicate experiments. D: Effect of the
Ets-1 binding site on core promoter activity. Three Ets-1 binding sequences
(5"-ACACGCGCTTCCTGACAGTGACGC-3") were directly linked to the core
JunB promoter (—47). The activity (fold activation) of this three times Ets-1
construct or the reporter vector without an insert (Luc) relative to that of the
core promoter (—47) is shown. Data are given as the mean * SD of more
than three triplicate experiments.

located within this region. A computer search using
TFSEARCH version 1.3 (Kyoto University, Kyoto, Ja-
pan) indicated the presence of binding sites for AP-1
(—267 to —259), Sp-1 (—208 to —196), and Ets-1
(=146 to —137) in this region (Figure 1B). The intro-
duction of a mutation into the Ets-1 site significantly
decreased JunB promoter activity, whereas mutation of
the AP-1 or the Sp-1 site did not decrease this activity
(Figure 1C). These results show that the Ets-1 binding
site (—146 to —137) is responsible for the constitutive
JunB promoter activity in these cell lines. A construct
that contained only three Ets-1 sites just upstream of
the core JunB promoter was sufficient to enhance core
JunB promoter activity in L428 and SUDHL1 cells (Fig-
ure 1D). Collectively, these results indicate that the
Ets-1 site (=146 to —137) is responsible for JunB pro-
moter induction in these HL and ALCL cells. However,
because mutation of the Ets-1 binding site only re-
sulted in a 50% decrease in the activity of the JunB
promoter, there may also be additional factors respon-
sible for this promoter activation.
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Figure 2. Binding of Ets-1 to an enhancer sequence for the JunB promoter
in HL and ALCL cell lines. EMSA analysis of Ets-1 binding to an enhancer
sequence for the JunB promoter using 2 ug of nuclear extracts of HL cell lines
(L428, KMH2, 1540, and HDLM2) and ALCL cell lines (Karpas299 and
SUDHLD) (A). Competition analysis using a maximum 200-fold molar excess
of the unlabeled probe containing the Ets-1-PEA3 consensus sequence (B),
and supershift analysis using the anti-Ets-1 antibody (2 ug) (C), was per-
formed using the SUDHL1 ALCL cell line. D: ChIP analysis. DNA immuno-
precipitated with the anti-Ets-1 antibody was assayed by PCR using two sets
of primer pairs for the JunB promoter (A and B) and was analyzed by agarose
gel electrophoresis. Immunoprecipitation of SUDHL1 DNA with an anti-RNA
polymerase II antibody and an isotype-matched IgG antibody served as
positive and negative controls, respectively. Direct amplification of SUDHL1
DNA also served as a positive control and is indicated as input.

Ets-1 Binds a cis-Acting Enhancer of the JunB
Promoter in HL and ALCL Cell Lines

We next determined whether Ets-1 binds the enhancer
sequence of the JunB promoter (=151 to —134) in HL
and ALCL cell lines. EMSA analyses revealed two probe-
reactive bands (Figure 2A). The faster-migrating band
was observed in both HL and ALCL cell lines, whereas
the slower-migrating band was of strong intensity in the
SUDHL1 ALCL cell line (Figure 2A). Both signals were
decreased in a competition assay and after supershift
analysis with an anti-Ets-1 antibody, suggesting that both
signals contain Ets-1 (Figure 2, B and C). To confirm
these results, we performed ChIP assays. The results
using different primer pairs for JunB promoter clearly
show association of Ets-1 with the enhancer sequence
(=146 to —137) in HL and ALCL cell lines (Figure 2D).
Collectively, these results indicate that Ets-1 binds the
enhancer motif (—146 to —137) in the JunB promoter and
contributes to the constitutive strong JunB expression in
HL and ALCL cells.

JunB Induction by Ets-1 Is Mediated by CD30
and NPM-ALK via the ERK1/2-MAPK Pathway

CD30 and NPM-ALK also are involved in constitutive
ERK1/2-MAPK activation.'®2"2% Ets-1, a member of the
Ets family of transcription factors, which includes an evo-
lutionarily conserved C-terminal Ets DNA binding domain

and an N-terminal pointed domain, is a target for Ras-
mediated phosphorylation.?” We, therefore, focused on
the role of the ERK1/2-MAPK pathway in Ets-1-mediated
JunB induction in HL and ALCL cells. The MEK1/2 inhib-
itor UO126 decreased Ets-1-mediated induction of the
JunB promoter in an ALCL cell line that expresses NPM-
ALK (SUDHL1) in a dose-dependent manner, indicating
that CD30 and/or the NPM-ALK-ERK1/2 MAPK pathway
is involved in Ets-1-mediated JunB promoter induction
(Figure 3A). We next examined the effect of overex-
pressed CD30 or NPM-ALK on ERK1/2 MAPK-Ets-1-me-
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Figure 3. JunB induction by Ets-1 is mediated by CD30 and NPM-ALK via
ERK1/2-MAPK. A: Dose-dependent inhibition of Ets-1 binding site—-mediated
induction of the JunB promoter by the MEK1/2 inhibitor UO126 in SUDHL1
cells. Cotransfected pGL3-JunBpro (—184 to 344; 0.2 ug) was used for the
reporter gene assay. Luciferase activities are expressed as a percentage of the
luciferase activity without UO126, which was set at 100%. Data are given as
the mean = SD of more than three triplicate experiments. B: Inhibition of
CD30- and NPM-ALK-mediated JunB promoter induction by the MEK1/2
inhibitor, UO126. Jurkat cells were transfected with an expression vector for
CD30 or NPM-ALK, with or without pretreatment with 10 pmol/L of UO126,
which was started 30 minutes before transfection. The promoter activity of
cotransfected pGL3-JunBpro (—184 to 344) was then assayed using a dual-
luciferase assay, as described. Luciferase activities are expressed as a per-
centage of the luciferase activity of the empty vector without UO126, which
was set at 100%. Data are given as the mean = SD of more than three
triplicate experiments. C: Induction of JunB promoter activity by CD30 and
NPM-ALK is mediated by Ets-1. At 24 hours after transduction of 50 pmol of
Ets-1 or control siRNA using the Lipofectamine 2000 reagent (Invitrogen),
according to the manufacturer’s instructions, Jurkat cells were transfected
with a CD30 or an NPM-ALK expression vector and cultured for 24 hours.
Luciferase activities of cotransfected pGL3-JunBpro (—184 to 344) were
measured using a dual-luciferase assay, as described. Activities are expressed
as a percentage of the luciferase activity of the sample treated with control
siRNA and empty vector, which was set at 100%. Data are given as the mean
* SD of more than three triplicate experiments (left panel). The protein
expression of Ets-1 was analyzed at 24 and 48 hours by immunoblotting 30
g of whole cell lysates (right panel).
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Figure 4. Constitutive expression of Ets-1 in HL and ALCL cells. A: Immu-

noblot analysis of Ets-1. Whole cell lysates, 30 pg, of four HL cell lines, two
ALCL cell lines, and two unrelated cell lines were examined. The migration
of Ets-1 and a-tubulin relative to a molecular weight marker is indicated. B:
IHC analysis of Ets-1. Staining of Ets-1 in HL, ALCL, and K562 cell lines (top
panel) and representative Ets-1 staining of clinical examples of classic HL
and ALCL (n = 5 each; bottom panel) and of healthy and neoplastic colon
samples that served as negative and positive controls, respectively (n = 5
each; bottom panel), are shown. Original magnification, X400.

diated JunB promoter induction. The MEK1/2 inhibitor
UO126 reduced both CD30- and NPM-ALK-mediated
induction of the JunB promoter (Figure 3B). CD30- and
NPM-ALK-mediated JunB promoter induction was also
inhibited by Ets-1 knockdown (Figure 3C). The protein
expression of each construct was confirmed by immuno-
blot analysis (data not shown), which also confirmed re-
duction in Ets-1 expression by knockdown, as shown in
Figure 3C. These results indicate that JunB induction by
Ets-1 is mediated by CD30 and NPM-ALK via the ERK1/
2-MAPK pathway.

Ets-1 Knockdown Reduces the Expression of
JunB and CD30 in HL and ALCL Cell Lines

To further evaluate the involvement of Ets-1 in JunB in-
duction in HL and ALCL cells, we examined the effect of
Ets-1 knockdown on the expression of JunB and CD30.
Ets-1 knockdown reduced the expression of JunB and
CD30, suggesting that knockdown of Ets-1 triggers
down-regulation of JunB, which, in turn, decreases CD30
expression in these cells (Figure 5A). In addition to CD30,
NPM-ALK has been involved in JunB induction via ERK1/
2-MAPK. 152130 T elucidate the effect of CD30 and
NPM-ALK on JunB induction in HL and ALCL, we next
examined the effect of CD30 and NPM-ALK knockdown
on JunB expression. Knockdown of CD30 in HL and
ALCL cell lines (KMH2 and SUDHL1, respectively) and
of NPM-ALK in ALCL cell lines expressing NPM-ALK
(Karpas299 and SUDHL1) significantly reduced JunB ex-
pression (Figure 5, B and C). Immunoblot analysis
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Figure 5. Interrelationship among Ets-1, JunB, CD30, and NPM-ALK in HL and ALCL cell lines. A: Ets-1 knockdown reduced the expression of JunB and CD30
in HL and ALCL cell lines. Immunoblot analyses of Ets-1, JunB, and CD30 after 24 hours of Ets-1 knockdown were performed as described in Materials and
Methods. Whole cell lysate, 30 pg, was used for each analysis. The level of expression of JunB and CD30 in cells treated with Ets-1 or control siRNA was measured
using densitometry. Values were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Protein expression levels in cells treated with Ets-1 siRNA
are expressed relative to those treated with control siRNA, which were set at 1. B and C: CD30 or NPM-ALK knockdown reduced the expression of JunB in HL
and ALCL cell lines. Immunoblot analyses of JunB, CD30, and NPM-ALK 24 hours after CD30 or NPM-ALK knockdown was performed as described in Materials
and Methods. In the KMH2 HL cell line, only CD30 was knocked down (B), whereas in the ALCL cell lines, CD30 and NPM-ALK were knocked down by their
respective siRNA (B and C, respectively). Whole cell lysate, 30 ug, was used for each analysis. The expression levels of JunB in cells treated with CD30 or NPM-ALK
siRNA relative to controls were calculated as described as in A. D: Cell proliferation analysis after Ets-1 and CD30 knockdown. The KMH2 HL and the Karpas299
ALCL cell lines were transduced with Ets-1, CD30, or control siRNAs, and their proliferations were determined by methyl thiazolyl tetrazolium assays. Proliferation
levels in cells treated with Ets-1 or CD30 siRNA are expressed relative to those treated with control siRNA, which were set at 100%. The results are presented as
reduction rates. Data are given as the mean * SD of more than three triplicate experiments.
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showed that the expression of Ets-1, JunB, CD30, and
glyceraldehyde-3-phosphate dehydrogenase was al-
most the same in both types of cells transfected with the
negative control siRNA or with vehicle alone, indicating
that the negative control siRNA did not cause nonspecific
effects on the expression of these proteins (data not
shown). Combined with the results shown in Figure 3,
these experiments indicate that Ets-1-mediated JunB in-
duction is triggered by CD30 in HL and ALCL, and also
by NPM-ALK in ALCL, via the ERK1/2-MAPK pathway.
We next examined the effects of Ets-1 knockdown in
the proliferation of HL and ALCL cell lines. We recently
reported that knockdown of CD30 reduces the prolif-
eration in HL cell lines.®" Knockdown of Ets-1 and
CD30 caused a maximum and significant reduction
(15.1%*1.5% and 40.8%*1.7%, respectively) in the pro-
liferation of the KMH2 HL cell line 4 days after knockdown
(Figure 5D). The relatively low reduction in the prolifera-
tion by Ets-1 knockdown compared with the reduction by
CD30 knockdown may be due to indirect and partial
repression of CD30 via JunB repression. In contrast,
knockdown of Ets-1 and CD30 did not cause a significant
reduction in the proliferation of the Karpas299 ALCL cell
line (Figure 5D). Immunoblot analysis confirmed suc-
cessful reduction in Ets-1 and CD30 expression by
knockdown in these cell lines (data not shown).

Discussion

In this report, we localized an Ets-1-modulated cis-acting
enhancer to the region between —146 and —137 of the
JunB promoter in HL and ALCL cells. Previous reports
indicated the existence of various cis-acting enhancer
elements in the murine JunB promoter (eg, a CRE-like site
located between —135 and —128, NF-«kB sites located
further downstream, and Ets sites located between —848
and —574 or between —196 and —91).%273% Because
different cell lines and stimuli were used in these studies,
cis-acting enhancer sites in the JunB promoter in the
murine system may differ, depending on cell types and
stimuli. Although the induction of c-fos and JunB by ac-
tivation of the human p-opioid receptor has been depen-
dent on the MAPK pathway,®® little is known about the
molecule(s) responsible for JunB induction in the human
system. Our results indicate that Ets-1 is critical for JunB
overexpression in HL and ALCL. We did not investigate if
a downstream JunB gene fragment, which includes se-
quences that bind NF-«B, might act as a cis-acting en-
hancer of the JunB promoter. Our previous study'®
showed that NF-«B is not involved in JunB induction in HL
and ALCL. Therefore, involvement of NF-kB in JunB in-
duction in these cells is unlikely. The Ets-1 sequence
identified as a cis-acting enhancer of the JunB promoter
in our study is highly conserved between humans and
mice, supporting the importance of this Ets-1 site for
JunB promoter induction.

Previous reports®”*® suggested that the Ets protein
functions cooperatively with AP-1 transcription factors to
regulate the expression of a wide variety of genes. An
AP-1 binding site has been identified adjacent to Ets

binding sites in many of these genes, and in some cases,
mutation of either the AP-1 site or the Ets site has elimi-
nated the transcriptional activity mediated by these ele-
ments. In addition to this functional evidence of cooper-
ative activity, direct physical interaction between Ets and
AP-1 transcription factors has been demonstrated. The
Ets—AP-1 association is mediated by binding of the basic
domain of AP-1 proteins to the Ets domain of Ets pro-
teins.®° In the JunB promoter, we found an AP-1 binding
site adjacent to an Ets binding site and hypothesized that
the JunB promoter might be self-activated by an Ets-1-
JunB complex. Although immunoprecipitation analyses
using HL and ALCL cell lines showed interaction of Ets-1
and JunB, and Ets-1 and JunB partially colocalized in the
nucleus of these cells, functional evidence of cooperative
activity was not obtained using luciferase assays (data
not shown). This result is supported by experiments that
show that the Ets-1 site alone is critical for JunB promoter
induction (Figure 1, B and C) and that Ets-1 knockdown is
sufficient for inhibition of JunB expression (Figure 5A).
Collectively, these results suggest that the observed
Ets-1 transcriptional enhancement occurs without the co-
operation of JunB.

CD30 knockdown significantly reduced JunB expres-
sion in HL and ALCL cell lines. NPM-ALK knockdown also
reduced JunB expression in ALCL cell lines that express
NPM-ALK. We previously showed that ligand-indepen-
dent CD30-ERK1/2-MAPK signals induce enhanced
JunB protein expression, which acts on the unmethylated
CD30 promoter to maintain a high expression of CD30 in
HL and ALCL cells."® 522 Another report®° indicated that
NPM-ALK-ERK1/2-MAPK is responsible for JunB induc-

HL cells

Systemic ALCL cells
(NPM-ALK(-))
Cutaneous ALCL cells

Systemic ALCL cells
(NPM-ALK(+))

overexpression

—e \se‘lf-acﬁvati:n/ <+

TN

JunB promoter

CD30 promoter

—® activatio/induction

— inhibition

Figure 6. Schematic outline of CD30 signaling and CD30 promoter induc-
tion by Ets-1-JunB in ALCL and HL. Although the contribution of the tumor
necrosis factor receptor-associated factor (TRAF)-IkB kinase (IKK)-IkB—
NF-kB pathway differs in HL and ALCL cells, the CD30-ERK1/2 MAPK-Ets-
1-JunB pathway is a common pathway that maintains overexpression of
CD30 and supports cell survival. NPM-ALK supports overexpression of CD30
and survival of lymphoma cells by activating the NPM-ALK-ERK1/2 MAPK—
Ets-1-JunB pathway in systemic ALCL NPM-ALK(+).



tion. Therefore, in ALCL cells that express chimeric ALK,
both CD30 and chimeric ALK appear to be responsible
for Ets-1-mediated induction of JunB, which, in turn, ac-
tivates the CD30 promoter and contributes to high ex-
pression of CD30. In HL and ALCL without chimeric ALK,
CD30 appears to be a major factor for Ets-1-mediated
induction of JunB and CD30.

We showed that knockdown of Ets-1 and CD30
caused a significant decrease in the proliferation of the
KMH2 HL cell line. In contrast, knockdown of Ets-1 and
CD30 did not cause a significant decrease in the pro-
liferation of the Karpas299 ALCL cell line. This result
may be because of the expression of NPM-ALK in
Karpas299, which also supports proliferation of these
cells via ERK1/2-MAPK, phosphoinositide 3-kinase-
AKT, Janus kinase-signal transducer and activator of
transcription 3, and phospholipase C y pathways.*°
These results indicate that the Ets-1-mediated JunB-
CD30 pathway affects the proliferation of HL and ALCL
cells without NPM-ALK, whereas this pathway can be
compensated by NPM-ALK in the proliferation of ALCL
cells expressing NPM-ALK. A schematic outline of the
findings in this study, combined with those of our pre-
vious study,'® is indicated in Figure 6.

In conclusion, the results of this study indicate that
CD30 and NPM-ALK collaborate to activate the ERK1/2
MAPK-Ets-1 pathway. Ets-1 is constitutively activated
by ERK1/2-MAPK and plays a central role in the high
expression of JunB and CD30 in both HL and ALCL.
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