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ORIGINAL ARTICLE
The AP-1 transcription factor JunB is essential for multiple

myeloma cell proliferation and drug resistance in the bone
marrow microenvironment

F Fan'?, MH Bashari"'°, E Morelli*'°, G Tonon?, S Malvestiti', S Vallet', M Jarahian', A Seckinger®, D Hose®, L Bakiri®, C Sun?, Y Hu?,
CR Ball”, H Glimm’, M Sattler®, H Goldschmidt®, EF Wagner®, P Tassone®, D Jaeger' and K Podar'?®

Despite therapeutic advances, multiple myeloma (MM) remains an incurable disease, predominantly because of the development
of drug resistance. The activator protein-1 (AP-1) transcription factor family has been implicated in a multitude of physiologic
processes and tumorigenesis; however, its role in MM is largely unknown. Here we demonstrate specific and rapid induction of the
AP-1 family member JunB in MM cells when co-cultured with bone marrow stromal cells. Supporting a functional key role of JunB in
MM pathogenesis, knockdown of JUNB significantly inhibited in vitro MM cell proliferation and survival. Consistently, induced
silencing of JUNB markedly decreased tumor growth in a murine MM model of the microenvironment. Subsequent gene expression
profiling revealed a role for genes associated with apoptosis, DNA replication and metabolism in driving the JunB-mediated
phenotype in MM cells. Importantly, knockdown of JUNB restored the response to dexamethasone in dexamethasone-resistant MM
cells. Moreover, 4-hydroxytamoxifen-induced activation of a JunB-ER fusion protein protected dexamethasone-sensitive MM cells
against dexamethasone- and bortezomib-induced cytotoxicity. In summary, our results demonstrate for the first time a specific role
for AP-1/JunB in MM cell proliferation, survival and drug resistance, thereby strongly supporting that this transcription factor is a
promising new therapeutic target in MM.
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INTRODUCTION

Multiple myeloma (MM) is characterized by clonal expansion of
malignant plasma cells within the bone marrow (BM) compart-
ment, monoclonal protein in blood and/or urine, bone lesions,

Transcription factors (TFs) represent convergence points of
oncogenic signaling pathways and are commonly deregulated in
solid and hematologic malignancies. The TF family activator/
activating protein-1 (AP-1) is characterized by highly conserved

renal compromise and immunodeficiency.' Both genetic changes
in the tumor cell and MM cell-induced disruption of the BM
homeostasis support MM cell proliferation, survival and drug
resistance through activation of various signaling pathways such
as the phosphatidylinositol 3-kinase (PI3K)/Akt, Janus kinase/signal
transducer and activator of transcription (JAK/Stat), Raf/MEK/
mitogen-activated protein kinase (MAPK), nuclear factor (NF)-kB
and Wnt pathways.? Several therapeutic targets have been
identified within these pathways and derived agents have been
developed. Few of them have progressed to clinical trials; even
fewer have been approved for MM therapy. However, those few
compounds have significantly improved patient survival during
the past 15 years to currently > 8 years. Nevertheless, MM remains
an incurable disease mainly because of the development of drug
resistance. The identification of novel targets and the develop-
ment of derived efficient anti-MM agents are therefore urgently
needed.

basic leucine zipper (bZIP) DNA-binding domains.® Functionally,
AP-1 dimers bind to the 12-O-tetradecanoylphorbol-13-acetate
response element (5-TGA(C/G)TCA-3) and to related DNA elements
including the cyclic AMP response element (5'-TGACGTCA-3')
and regulate not only physiologic processes, but also tumor-
igenesis, tumor cell promotion and progression in particular.*™®
Although AP-1 family members have been primarily considered to
be oncogenic, it is now clear that AP-1 has double-edged activity.?
The decision of whether AP-1 is oncogenic or antioncogenic
depends not only on the cell type, the genetic background of the
tumor, its differentiation state and the tumor stage, but also on
the tumor microenvironment. As a consequence of our increasing
knowledge of the pathophysiologic role of AP-1 in tumorigenesis,
members of the AP-1 family have emerged as actively pursued
therapeutic targets among TFs over the past years.

In plasma cell biology and MM pathogenesis, little is known
about the functional relevance of AP-1 TF family members.
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Recently, Grotsch et al.” showed that Fral blocks plasma cell
differentiation and immunoglobulin production. Conversely, the
absence of Fral increases antiapoptotic activity in late germinal
center B cells, and thereby facilitates plasma cell differentiation.®®
In MM, c-Maf enhances tumor cell growth via adhesion to the BM
stroma, and increases angiogenesis through production of VEGF.
Based on its frequent overexpression in MM cells, c-Maf has been
proposed as a potential therapeutic target.'®'? Moreover, our
own previous studies surprisingly showed that drug-induced
inhibition of MM cell proliferation and apoptosis is, at least in part,
mediated by robust upregulation of c-Jun and downstream
caspase-dependent c-Abl cleavage.'®

Here we identified a previously unknown role of JunB as the
main AP-1 family member to induce MM cell proliferation, survival
and drug resistance within the BM microenvironment. We
therefore propose JunB as a promising new therapeutic target
for the treatment of MM.

MATERIALS AND METHODS

Reagents

Recombinant human interleukin-6 (IL-6) protein was from R&D Systems
(Minneapolis, MN, USA); Tocilizumab (RoActemra) was from Roche
(Grenzach-Wyhlen, Germany); U0126, BAY 11-7085, LY294002, dexametha-
sone, doxycycline and 4-hydroxytamoxifen were from Sigma (St Louis, MO,
USA); and bortezomib was from Selleck Chemicals (Houston, TX, USA).
Antibodies against human JunB (C-11), c-Jun (H-79), c-Maf (M-153),
extracellular signal-regulated kinase 2 (ERK2), p-ERK (E-4) and Mcl-1 (S-19)
were from Santa Cruz Biotechnology (Dallas, TX, USA); antibodies against
c-Fos (9F6), IkBa, phospho-IkBa (Ser32/36), Akt and phospho-Akt (Ser473)
were from Cell Signaling Technology (Danvers, MA, USA); and anti-JunD
was from Abcam (Cambridge, UK).

Cell culture and transfection

All human MM cell lines as well as KM-105 and HS-27A stromal cell lines
were cultured in RPMI-1640 medium supplemented with 10% heat-
inactivated fetal bovine serum, 1% penicillin/ streptomycin and 2 mm L-
glutamine (all from Gibco, Thermo Fisher Scientific Inc, Waltham, MA,
USA). MM.1S cells were transiently transfected with indicated plasmids
using the Amaxa Cell Line Nucleofector Kit V (Lonza, Basel, Switzerland)
according to the manufacturer’s instructions.

Primary human BMSCs and MM cells

Primary bone marrow stromal cells (BMSCs) and MM cells from MM
patients were isolated from BM aspirates after informed consent was
obtained in accordance with the Declaration of Helsinki. The collection and
use of patient MM cells and BMSCs has been approved by the Ethics
committee of the Medical Faculty, University of Heidelberg (approval
number 229/2003 and S-152/2010). Isolation, purification and culture
of BMSCs and primary MM cells were performed as described in
Supplementary Methods.

Co-culture and conditioned medium assays

Co-culture experiments were performed as described previously."* For
details, see Supplementary Methods.

Cell lysis and western blot analysis

Whole-cell lysates were prepared in RIPA lysis buffer (150 mm NaCl, 10 mm
Tris pH 7.2, 0.1% SDS, 1% Triton X-100, 1% deoxycholate and 5 mm EDTA)
supplied with Halt Protease and Phosphatase Inhibitor Cocktail (Pierce,
Darmstadt, Germany). Western blot analysis was performed as previously
described.™

Quantitative reverse transcription-PCR
Quantitative reverse transcription-PCR was performed as previously
described." The primers used are shown in Supplementary Table 1.
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Oncomine analysis

Oncomine analysis (www.oncomine.org) for JunB mRNA expression was
performed using publicly available microarray data sets (GSE13591 and
GSE5900)">'® in samples isolated from healthy individuals and samples
isolated from monoclonal gammopathy of undetermined significance,
smoldering MM and MM patients.

Plasmids, retroviral/lentiviral constructs and transduction

The 3x AP-1 reporter was a gift from Alexander Dent (Indiana University
School of Medicine, Indianapolis, IN, USA; Addgene plasmid 40342)."” For
lentivirus-mediated RNA interference, constructs carrying small hairpin
RNA (shRNA) in the pLKO.1-puro vector were from RNAi Consortium shRNA
Libraries (TRC, Broad Institute, Cambridge, MA, USA). The shRNA constructs
used are shown in Supplementary Table 2. pLKO.1-puro-scramble (pLKO-
SCR) was used as negative control. For lentivirus-mediated inducible
shRNA knockdown, pRSIT17-U6Tet-sh-CMV-TetRep-2A-TagGFP2-2A-Puro
vector was used and the JUNB-specific shRNA (shJunB #1) hairpin
sequence was inserted (Tet-SCR and Tet-shJunB; Cellecta/Biocat, Heidel-
berg, Germany). For retrovirus-mediated gene overexpression, pMSCV-
JunB-ER-IRES-GFP (JunB-ER) and control empty vector pMSCV-IRES-GFP
(IRES-GFP) were used.'® Viral production and transduction are described in
Supplementary Methods.

Cell fractionation and TransAM AP-1 transcription factor assay

Extracts of cytoplasmic and nuclear fractions were prepared using Nuclear
Extract Kit (Active Motif, Carlsbad, CA, USA), and then TransAM assays
(Active Motif) were performed according to the manufacturer’s
instructions.

AP-1 reporter gene assay
AP-1 reporter gene assay was measured as previously described.

Cell proliferation and viability assays

Cell proliferation was measured by [*H]-thymidine incorporation, as
described previously;'® or by measuring green fluorescent protein (GFP)-
positive cells using Tecan Infinite 200 PRO (Tecan, Mannedorf, Schweiz).
AlamarBlue assay was performed to assess the cell viability according to
the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific Inc.,
Waltham, MA, USA). All experiments were performed in triplicate or
quadruplicate.

Cell cycle assay

Propidium iodide (Sigma)-stained cells were analyzed on a FACSCanto Il
flow cytometer (BD Biosciences, San Diego, CA, USA), and the percentage
of cells in sub-G1, G1, S and G2/M phases was determined using the BD
FACSDiva (BD Biosciences) and FlowJo softwares (Ashland, OR, USA).

In vivo studies

The 6-8-week-old Fox Chase nonobese diabetic/severe combined
immunodeficient (SCID/NOD) female mice (Harlan Laboratories, Inc.,
Indianapolis, IN, USA) were housed and monitored in the Animal Research
Facility at Magna Graecia, Catanzaro, Italy. All experimental procedures and
protocols have been approved by the institutional ethical committee at the
Magna Graecia University, Catanzaro. In accordance with the institutional
guidelines, mice were killed when their tumors reached 2 cm in diameter,
or in the event of paralysis or major compromise in their quality of life. For
details, see Supplementary Methods.

Microarray analysis

MM.1S cells were infected with pLKO-shJunB #1 or pLKO-SCR lentivirus.
After puromycin selection, the cells were stimulated with 25 ng/ml IL-6 for
4 h or left unstimulated. Total RNAs for microarray analyses were extracted
with the TRIzol Reagent (Invitrogen, Thermo Fisher Scientific Inc.) followed
by DNase treatment. Then, the cleanup of RNA samples was performed
using RNeasy Mini kit (Qiagen, Hilden, Germany). All samples were
prepared in biological duplicate. Gene Expression Profiling was performed
using lllumina HumanHT-12 v4 Expression BeadChip Kits (lllumina Inc., San
Diego, CA, USA) at the DKFZ Genomics and Proteomics Core Facility
(Heidelberg, Germany). Clustering was performed using R (http://www.R-
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project.org/) and GenePattern.'® Gene set enrichment analysis (GSEA) was
performed as previously described® (GSEA v2.0 at http://www.broad.mit.
edu/gsea) using gene set as permutation type and 1000 permutations and
signal to noise as a metric for ranking genes.

Statistics

Statistical analysis was performed using Student’s t-test. P-values are
indicated by asterisks (*P < 0.05 and **P < 0.01).

RESULTS
The bone marrow microenvironment specifically induces JunB

In order to increase our insight into the pathophysiologic function
of AP-1 family members in MM, we first determined their
expression profiles in a panel of MM cell lines. Our data show a
heterogeneous pattern of expression among the most prominent
AP-1 family members (JunB, c-Jun, JunD, c-Fos and c-Maf) in MM
cell lines (Figure 1a). Next, we co-cultured MM.1S cells with BMSCs
to examine whether the BM microenvironment plays a regulatory
role in AP-1 expression in MM cells. Our data demonstrate that
when co-cultured with BMSCs, JunB was the AP-1 member
strongest and durable upregulated in a time-dependent manner
at both the mRNA (Figure 1b) and protein levels (Figure 1c). In
contrast, BMSC-mediated induction of other AP-1 family members
(c-Jun, JunD, c-Fos, c-Maf) was moderate or undetectable in MM
cells (Figures 1b and c). In BMSCs, AP-1 member expression levels
did not change (data not shown). The specific induction of JunB in
MM cells was observed in not only MM.1S cells (Figure 1;
Supplementary Figure 1) but also other MM cell line cells
(Figure 1d) when co-cultured with BMSCs isolated from MM
patients. Importantly, BMSC-induced JunB upregulation was also
observed in primary MM cells isolated from patients at initial
diagnosis, but not in mononuclear cells isolated from a healthy
donor (Figures 1e and f).

Furthermore, we evaluated the expression of JunB mRNA in MM
patient samples using the Oncomine software. Consistent with our
results, we identified a significant induction of JunB mRNA levels
progressing from normal plasma cells to cells from patients with
monoclonal gammopathy of undetermined significance, smolder-
ing MM and MM in two'>'® independent gene expression
profiling data sets (Figure 1g). In contrast, no significant changes
were observed in the expression of other AP-1 family members
(data not shown). Taken together, our data demonstrate a
significant and specific upregulation of JunB in MM cells exposed
to the BM microenvironment and indicate that JunB expression
may correlate with MM pathogenesis.

Induction of JunB in MM cells is predominantly mediated by
soluble factors secreted by the bone marrow microenvironment

We next explored whether direct MM/BMSC cell—cell contact is
required for JunB upregulation. Conditioned medium from the
BMSC line KM105 significantly induced JunB upregulation in MM
cells (Figures 2a and b and Supplementary Figure 2a) at both
the transcriptional and translational levels (Supplementary
Figure 2b—d). Fixing BMSCs with paraformaldehyde before co-
cultures completely abrogated JunB upregulation in MM cells
(Figure 2c). Moreover, JunB upregulation in MM cells was also
observed in a transwell system that does not allow direct BMSC/
MM cell contact (Figure 2d). These data strongly support a role of
secreted factors in BMSC-induced JunB upregulation in MM cells.

Soluble factors significantly upregulated in the MM BM micro-
environment include IL-6, insulin-like growth factor-1, vascular
endothelial growth factor, macrophage inflammatory proteins,
monocyte chemoattractant proteins and stromal cell-derived
factor-1.2' IL-6 is the preeminent growth and survival factor
in MM?*% predominantly produced and secreted by BMSCs
and osteoblasts.>** As shown in Figure 2e, IL.-6 induced JunB
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upregulation in MM cells in a time- and dose-dependent manner.
Conversely, tocilizumab, a humanized monoclonal IL-6 receptor
antibody, time-dependently inhibited BMSC-induced JunB upre-
gulation (Figure 2f). Remarkably, tocilizumab inhibited BMSC-
induced cell proliferation in both the MM.1S cell line and primary
MM cells (Figure 2g). Using U0126, BAY 11-7085 and LY294002,
our data show that IL-6-triggered JunB upregulation is MEK/MAPK
and NF-kB dependent, but PI3K/Akt independent (Figure 2h).
Taken together, our data demonstrate that humoral factors
secreted by the MM BM microenvironment, IL-6 in particular,
trigger MEK/ERK- and NF-kB-dependent but PI3K-independent
induction of JunB expression in MM cells.

JunB induces MM cell proliferation

The specific pathophysiologic relevance of JunB upregulation in
MM was investigated next. After nuclear protein extraction, the
binding of activated AP-1 family members JunB, c-Jun, JunD and
c-Fos to the oligonucleotide of their consensus binding site was
quantified using antibodies specific for the bound, active form of
JunB, pSer73 of c-Jun, JunD, and c-Fos. MM/BMSC co-cultures
induced significant binding of JunB to its oligo-containing TRE
element in vitro, but only moderate or no binding of other AP-1
family members to their specific oligo elements (Figure 3a).
Tocilizumab significantly decreased JunB binding in MM cells co-
cultured with BMSCs (Figure 3b), further supporting a key role for
IL-6 in regulating JunB expression. We next addressed AP-1
transactivation activity by a reporter assay. As shown in Figure 3c,
IL-6 enhanced AP-1 transactivation activity, and doxycycline-
induced silencing of JUNB significantly inhibited AP-1-reporter
activity in MM cells exposed to exogenous IL-6.

Knockdown of JUNB abrogated BMSC-induced JunB upregula-
tion in MM cells. Importantly, shRNA-mediated knockdown of c-
JUN, JUND and c¢-FOS did not influence BMSC-induced JunB
upregulation (Figure 3d). Functionally, shRNA-mediated JUNB
knockdown triggered robust and rapid inhibition of MM.1S cell
proliferation in MM/BMSC co-cultures. Because of complete
depletion of JunB by shJunB #1 but not shJunB #2, shJunB #1
was used for all subsequent experiments. Knockdown of JUND and
¢-FOS triggered delayed inhibition of MM.1S proliferation when
co-cultured with BMSCs (Figure 3e). Cell cycle analysis revealed a
significant increase of the G2/M phase followed by a subsequent
significant increase of the sub-G1-phase after silencing of JUNB in
MM.1S cells co-cultured with primary BMSCs (Figure 3f), KM-105
(Supplementary Figure 3a) or HS-27A BM stromal cell line cells
(data not shown), respectively. Similar results were obtained in
RPMI 8226 and DOX40 cells, when cultured alone (Supplementary
Figure 3b) or in MM/BMSC co-cultures (Figure 3g). These results
suggest an essential functional role of JunB in MM.

Induced silencing of JUNB inhibits MM cell proliferation in a
murine MM xenograft model

Doxycycline-induced JUNB silencing (Supplementary Figure 4a)
inhibited cell growth in Tet-shJunB/ MM.1S cells when cultured in
the presence of BMSCs (Supplementary Figure 4b). In contrast,
doxycycline did not induce inhibition of BMSC-triggered MM cell
proliferation in MM.1S cells infected with scrambled shRNA
(Supplementary Figure 4b). Inhibition of IL-6-induced MM cell
proliferation by doxycycline-induced JUNB knockdown in Tet-
shJunB/MM.1S cells was rescued by transfection with a JUNB
expression vector (Supplementary Figure 4c). In vivo, Tet-SCR/
MM.1S or Tet-shJunB/MM.1S were injected subcutaneously
together with human-derived BMSCs and matrigel into the left
and right flanks of mice, respectively (Figure 4a), and fed with
doxycycline in their drinking water for 5 weeks. Treatment with
doxycycline inhibited JunB protein levels in Tet-shJunB/MM.1S,
but not in Tet-SCR/MM.1S (Supplementary Figure 4d). A significant
reduction in growth was observed in tumors formed by

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 1. Co-cultures of MM cells with BMSCs rapidly and strongly induce sustained expression of JunB, but not of other AP-1 family members.
(a) Protein levels of AP-1 members in MM cells. Cell lysates were prepared from the indicated MM cell lines and analyzed by western blotting
with antibodies against JunB, c-Jun, JunD, c-Fos and c-Maf. ERK2 served as a loading control. (b, ¢) AP-1 profiling in MM.1S cells induced by
MM/BMSC co-cultures. MM.1S cells were cultivated alone or with primary BMSCs from MM patients (Pat. BMSCs). At the indicated time points,
MM cells were detached from BMSCs and lysed. The expression levels of JunB, c-Jun, JunD, c-Fos and c-Maf in MM cells were determined by
quantitative PCR (gPCR) with B2M as an endogenous control (b), and by western blotting with ERK2 as a loading control (c). **Fold change *2.5
and P < 0.01 as compared with control. (d) AP-1 profiling in additional MM cells induced by MM/BMSC co-cultures. Three human MM cell lines
(NCI-H929, RPMI 8226 and DOX40) were cultivated alone or with patient BMSCs for 8 h. Then, expression of JunB, c-Jun, JunD, c-Fos and c-Maf
in MM cells was analyzed by western blotting with ERK2 as a loading control. (e, f) JunB expression in primary MM cells. Primary CD138+ MM
cells isolated from three patients at initial diagnosis (Pat. MM) or peripheral blood mononuclear cells (PBMCs) from a healthy donor (HD) were
cultivated alone or with patient BMSCs for 8 h. Then, MM cells were harvested for analysis of JunB expression by qPCR with B2M as an
endogenous control (e), and by western blotting with ERK2 as a loading control (f). Each value is shown as mean + s.d. of three independent
experiments. **P < 0.01 compared with control. (g) Oncomine analysis of publicly available microarray data sets for JunB mRNA expression in
normal plasma cells (NPCs), cells from patients with monoclonal gammopathy of undetermined significance (MGUS), smoldering multiple
myeloma (Smoldering MM) and MM. The numbers in the parentheses are the n numbers per group. P-values as indicated; NS, not significant.
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Figure 2. Induction of JunB expression in MM cells is predominantly mediated by soluble factors, IL-6 in particular, secreted by BMSCs rather
than direct MM/BMSC contact. (a, b) Induction of JunB expression in MM cells mediated by soluble factors secreted by the KM-105 stromal cell
line. MM.1S cells were cultivated alone, with KM-105 BMSCs or with KM-105 conditioned medium (CM). At the indicated time points, MM cells
were harvested for analysis of JunB expression by western blotting with ERK2 as a loading control (a), and for analysis of JunB and c-Jun
expression by quantitative PCR (qPCR) with B2M as an endogenous control (b). Each value is shown as mean +s.d. of three independent
experiments. **P < 0.01 compared with control. (¢, d) Induction of JunB expression in MM cells is predominantly mediated by soluble factors
secreted by BMSCs rather than direct MM/BMSC contact. MM.1S cells were cultivated alone, with paraformaldehyde-fixed or non-fixed patient
BMSCs (c); or with patient BMSCs, using a non-contact co-culture system as described in the ‘Materials and methods’ (d). After 8 h, JunB
expression in MM cells was analyzed by western blotting with ERK2 as a loading control. (e) IL-6 induces JunB upregulation in a dose- and
time-dependent manner. MM.1S cells were treated with or without IL-6 at the indicated concentrations. At the indicated time points, MM cells
were harvested for analysis of JunB expression by western blotting with ERK2 as a loading control. (f) Tocilizumab inhibits BMSC-induced
upregulation of JunB in MM cells. MM.1S cells were pretreated with tocilizumab and then cultivated alone or with patient BMSCs. At the
indicated time points, MM cells were harvested for analysis of JunB expression by western blotting with ERK2 as a loading control.
(g) Tocilizumab inhibits BMSC-induced proliferation of MM cells. MM.1S cells or primary CD138+ MM cells isolated from three patients
(Pat. MM) were pretreated with tocilizumab and then cultivated alone or with patient BMSCs. After 24 h, cell proliferation was evaluated by
[*H]-thymidine incorporation assay. Each value is shown as mean +s.d. of three independent experiments. *P < 0.05 and **P < 0.01. (h)
Inhibition of the MEK/ERK pathway by U0126 and the NF-xB pathway by BAY 11-7085, but not the PI3K pathway by LY294002, blocks JunB
upregulation. MM.1S cells were pretreated with U0126, BAY 11-7085 or LY294002, and then cultivated alone or with Pat. BMSCs. After 2 h, MM
cells were harvested for western blotting analysis using antibodies against JunB, p-ERK, p-lkBa and p-AKT. ERK2 served as a loading control.

Leukemia (2017) 1570-1581 © 2017 Macmillan Publishers Limited, part of Springer Nature.



JunB in myeloma proliferation and drug resistance

F Fan et al
1575
a b
o 3 O - Pat. BMSCs 35 - 0 no oligo
2 o+ Pat. BMSCs 1 h 3 i v B
8% ° m + Pat. BMSCs 24 h =5 5x o wiolgo
85 2 ££ 2 m mut oligo
58 w 55 2
S8 45 80
E% m5 15
£ 1 Sz 1
-€ Sg
o — 05 = 05
< 0 0
JunB _P7 JunD c-Fos Fat BMSCes = x ) &
c-Jun Tocilizumab - . + +
C oz d -Pat. BMSCs  + Pat. BMSCs
T o-IL-6 — o = o
82 2 m+IL615h e OBY
838 m+IL-624h xRL52xRE52 0
g5 15 shRNA @33 536033836
2T -
22 Jung | = —==3)
E—a_N
35 05 c-Jun | |
x5
® 0 JunD | = = |
3XAP1 4 + - -
pGL2 - - + + c-Fos | 2 ‘
Doxycycline - + " +
ERK2 |[= |
f
- o SCR . shJunB #1
= -
g E g 1500 |‘ 1500
£c 1000 | 1000
1 3 { -w
f_!. g O s | ‘ 500 /l 1
g ) J | 4 P y /\
& u5 o - 0 L - — b
E ‘c\a 50 100 150 200 50 100 150 200
._‘E _— (X 1000} {X 1000)
- PI-A
| SCR shJunB #1
Days Sub-G1| 3.53(1.7) 21.93(0.3)
—¢— shJunB #1 == shJunB #2 G1 58.93 (0.7) 36.40(1.2)
«eaee shJunD =¥= shc-Fos S 24.50(3.8) 17.77 (3.7)
G2/M |13.03 (2.0) 23.90 (2.7)
g E . 120
TS 100 o SCR
g E B B shJunB #1 RPMI 8226 DOX40
gﬂﬁ 80 e SCR + - L
58 wox shJunB#1 - + =
A we BT B
B 20
2z % N

RPMI 8226 DOX40

Figure 3. BMSC-induced AP-1 activity and cell proliferation is significantly inhibited by JUNB knockdown in MM cells. (a) BMSC-induced AP-1
family member binding activity in MM.1S cells. MM.1S cells were cultivated alone or with patient BMSCs. At the indicated time points, the
nuclear extracts were prepared and DNA-binding activities of different AP-1 family members were measured using TransAM AP-1 family kit as
described in the ‘Materials and methods' Each value is shown as mean =+ s.d. of three independent experiments. *P < 0.05 and ** P < 0.01 as
compared with control. (b) Tocilizumab inhibits BMSC-induced JunB-binding activity in MM.1S cells. MM.1S cells were pretreated with
tocilizumab and then cultivated alone or with patient BMSCs. After 24 h, DNA-binding activity of JunB was determined using TransAM AP-1
family kit. The wild-type (wt) or mutated (mut) AP-1 consensus oligonucleotide was used as a competitor for JunB binding. Each value is
shown as mean +s.d. of three independent experiments. **P < 0.01. (c) Inhibition of IL-6-induced AP-1 activity by JUNB knockdown. Tet-
shJunB/ MM.1S cells treated with or without doxycycline were transiently transfected with 3 x AP-1 reporter or pGL2 basic vector, together
with pRL-CMV Renilla luciferase vector. Then, the cells were treated with IL-6 or left untreated. At the indicated time points, luciferase activity
was measured by dual-luciferase reporter assay. The fold change of luciferase activity relative to control cells is shown as mean =+ s.d. from
three independent experiments. *P < 0.05 and **P <0.01 as compared with control. (d, e) Rapid and strong inhibition of MM.1S cell
proliferation by JUNB knockdown. Silencing of AP-1 family members (JUNB, c-JUN, JUND, c-FOS) in MM cells was achieved by using a lentiviral
delivery system. pLKO.1-infected MM.1S cells after 48 h of selection with 1 pg/ml puromycin were cultivated alone or with patient BMSCs.
After 2 h, expression of AP-1 family members in MM cells was analyzed by western blotting with ERK2 as a loading control (d). Cell
proliferation of MM.1S cells cultivated with patient BMSCs was evaluated by [*H]-thymidine incorporation assay. pLKO.1-SCR-infected MM.1S
cells served as control. Each value is shown as mean +s.d. of two independent experiments. **P < 0.01 compared with control (e). (f)
Significant increase of the G2/M phase followed by a subsequent significant increase of the sub G1-phase after silencing of JUNB in MM.1S
cells co-cultured with patient BMSCs. JUNB knockdown-induced changes in the cell cycle of MM cells was analyzed. The mean percentage of
MM cells in each cell cycle phase is presented in the lower panel, with the s.d. values in parentheses. (g) JUNB knockdown-induced inhibition
of cell proliferation in other MM cells. pLKO.1-shJunB #1-infected MM cells (RPMI 8226 and DOX40) after 48 h of selection with 1 pg/ml
puromycin were then cultivated with patient BMSCs. After 24 h, cell proliferation was evaluated by [*H]-thymidine incorporation assay (left
panel), and expression of JunB in MM cells was analyzed by western blotting with ERK2 as a loading control (right panel). Each value is shown
as mean =+ s.d. of two independent experiments. **P < 0.01 compared with control.
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Figure 4. Induced silencing of JUNB inhibits MM cell proliferation in

a murine MM xenograft model. Tet-SCR/MM.1S or Tet-shJunB/MM.1S
were injected subcutaneously together with human-derived BMSCs
and matrigel into the left and right flanks of mice, respectively
(injection scheme), and fed with doxycycline in their drinking water
for 5 weeks. (a) Injection scheme and photographs of one
representative mouse at days 18, 30 and 38 after cell inoculation.
(b) Growth curves of MM.1S xenografts.

Tet-shJunB/ MM.1S versus control cells (Figures 4a and b and
Supplementary Figure 4e). Doxycycline did not induce toxicity, as
evidenced by equal body weight of mice treated with doxycycline
or those left untreated (Supplementary Figure 4f). Taken together,
our data demonstrate for the first time that JunB plays a key role
in MM growth.

Effect of JUNB knockdown on gene expression in MM cells

To gain insight into molecular pathways driving JunB-mediated
phenotypes, we next performed gene expression profiling of
MM.1S cells infected with scrambled control and JUNB-targeting
shRNA, with or without IL-6 stimulation. Unsupervised clustering
segregated the samples in two sharply divided groups, suggesting
a prominent role for JunB in MM biology, even more prominent
than IL-6 stimulation (Figure 5a). We then sought to identify
the subset of genes that were upregulated by IL-6 stimulation
through JunB. To this end, we performed GSEA. Remarkably, the
apoptotic pathway was among the most significantly deregulated
pathways in MM cells after IL-6 treatment in JUNB knockdown cells
(normalized enrichment score = 1.64, false discovery rate =0.016)
(Figure 5b). Among the genes deregulated following JUNB
knockdown were CASPASE-3, CASPASE-8, FADD, BID, DFFB, APAF1
and BIRC3 (Figure 5c¢ and Supplementary Figure 5). More
specifically, JUNB knockdown had an impact on both the intrinsic
and extrinsic apoptotic pathways (Figure 5d). Beyond apoptosis,
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genes of several additional pathways were deregulated following
JUNB knockdown, including the PI3K, NF-kB, JAK/Stat and MAPK
pathways (Figure 5d). Moreover, JUNB knockdown deregulated
molecules associated with DNA replication, metabolism, cell cycle,
cell surface proteins as well as the production of cytokines and
growth factors (Figure 5e).

JunB protects MM cells against dexamethasone- and bortezomib-
induced cell death

Despite recent advances in MM treatment, MM remains an
incurable disease predominantly because of the development of
drug resistance.' In contrast to glucocorticoid (GC)-sensitive
MM.1S cells, cells of the MM.1 subline MM.1R are GC resistant.”®
Interestingly, we observed high levels of basal JunB expression in
MM.1R versus MM.1S cells (Figure 1a), indicating a potential role of
JunB in dexamethasone-resistant MM.1R cells. Our results show
that shRNA-mediated knockdown of JUNB (Supplementary
Figure 6) potently sensitize MM.1R cells to dexamethasone
treatment in a dose-dependent manner leading to inhibition of
cell proliferation (Figure 6a) and survival (Figure 6b).

We next generated MM.1S cells stably expressing an inducible
JunB fusion protein with the hormone-binding domain of the
human estrogen receptor (JunB-ER) in order to further investigate
the role of JunB in drug resistance of MM cells. The principle of
this inducible system is that, although the chimeric protein is
constitutively expressed, it is inactive in the absence of hormone
and can be activated by the addition of 4-hydroxytamoxifen
(4-OHT)."® As expected, whereas absolute protein levels of JunB
did not change (Figure 6c¢), 4-OHT triggered a dose-dependent
increase of transcriptional activity in JunB-ER/ MM.1S cells but
not control MM.1S cells (Figure 6d). Importantly, activation of
the JunB-ER fusion protein with 4-OHT significantly increased
resistance to dexamethasone in JunB-ER/MM.1S cells, but not
control MM.1S cells (Figures 6e and f and Supplementary
Figure 7a). Similarly, activation of the JunB-ER fusion protein with
4-OHT also significantly increased resistance to bortezomib in
JunB-ER/MM.1S cells, but not control MM.1S cells (Figures 6g and h
and Supplementary Figure 7b).

In summary, these data demonstrate that JunB plays a key role
in not only MM cell proliferation and survival, but also in drug
resistance.

DISCUSSION

Despite unprecedented therapeutic advances during the past two
decades that led to major improvements of patient survival, MM
remains an incurable disease with a continued need for new
therapies. Although the TF family AP-1 has emerged as an actively
pursued drug discovery target, little is known about its function in
plasma cell biology and MM pathophysiology. Here we introduced
JunB as the main AP-1 TF member involved in the pathogenesis of
MM. This was first evidenced by rapid and strong upregulation of
JunB but not other AP-1 family members in MM cells when co-
cultured with BMSCs. Consistently, analysis of publicly available
data sets revealed the progression of JUNB expression from
normal plasma cells to cells isolated from monoclonal gammo-
pathy of undetermined significance, smoldering MM and MM
patients. Moreover, our data show that JunB upregulation was
predominantly triggered in response to MM/BMSC-induced IL-6
secretion. In concordance with our data, previously obtained gene
expression profiles in the IL-6-dependent MM cell lines INA-6 and
XG-1 have shown significant upregulation of JunB in response to
IL-6.2° Conversely, blockade of the IL-6 receptor by tocilizumab
inhibited MM/BMSC-induced JunB upregulation in MM cells.
Moreover, our data demonstrate that IL-6 triggers MEK/ERK- and
NF-kB-dependent but PI3K-independent induction of JunB expres-
sion in MM cells. Supporting our own data, the involvement of the
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Effect of JUNB knockdown on gene expression in MM cells. (@) Unsupervised hierarchical clustering of MM1S cells infected with

scrambled (SCR) or JUNB (shJunB) shRNAs in the presence or absence of IL-6 (IL6). (b) GSEA enrichment profile of the gene set
Biocarta_death_pathway from MSigDB. The bar-code plot indicates the position of the genes belonging to the gene set on the expression
data rank-sorted by its association with JUNB knockdown, with red and blue colors indicating over- and underexpression in the shRNA group.
(c) Heat map of the ranked genes listed in the MSigDB gene set Biocarta_death_pathway. (d) Summary of genes associated with MM cell
apoptosis that are modified by JUNB knockdown. Upregulated genes are in red; downregulated genes are shown in blue. (e) Overview of

genes modified by JUNB knockdown. Upregulated genes are shown

MEK/ERK and NF-kB pathways in the regulation of AP-1 family
member expression and activity has been suggested before, for
example, in Hodgkin’s lymphoma and anaplastic large-cell
lymphoma.>?’3° However, detailed mechanisms by which MEK/
ERK and NF-kB pathways upregulate JunB in MM cells are

© 2017 Macmillan Publishers Limited, part of Springer Nature.

in underlined font, downregulated genes are shown in normal font.

currently unknown. Studies to particularly investigate the poten-
tial regulatory role of NF-kB itself as well as of Ets-1 and Elk-1 to
induce JunB expression in MM cells are ongoing. Of note, IL-6-
induced upregulation of JunB was independent of the Ras
mutation status in MM cells, with RPMI 8226, DOX40, MM.1S
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Figure 6. JunB protects MM cells against dexamethasone- and bortezomib-induced MM cell death. (a, b) Depletion of JunB sensitizes

dexamethasone-resistant MM.1R cells to dexamethasone. pLKO.1-shJunB #1 or SCR-infected MM.1R after 48 h of selection with 1 pg/ml
puromycin were then treated with or without dexamethasone at the indicated concentrations. Cell proliferation was evaluated using the [>HI-
thymidine incorporation assay after 48 h (a), and cell viability was evaluated by AlamarBlue assay after 72 h (b). Each value is shown as
mean =+ s.d. of two independent experiments. *P < 0.05 and **P < 0.01. (¢, d) 4-Hydroxytamoxifen (4-OHT)-induced JunB activity in JunB-ER/
MM.1S but not IRES-GFP/ MM.1S cells. JunB-ER/ MM.1S and IRES-GFP/MM.1S cell lines were established as described in the ‘Materials and
methods. Cells were treated with or without 4-OHT at the indicated concentrations. After 8 h, expression of JunB-ER in MM cells was analyzed
by western blotting with the antibody against JunB. ERK2 served as a loading control. *Indicates position of JunB-ER protein that is ~ 80 kDa
(€). JunB-ER/MM.1S and IRES-GFP/ MM.1S cells were transiently transfected with 3 x AP-1 reporter together with pRL-CMV Renilla luciferase
vector. Then, cells were treated with 4-OHT at the indicated concentrations or left untreated. After 6 h, luciferase activity was measured by
dual-luciferase reporter assay. Fold change of luciferase activity relative to control cells is shown as mean +s.d. from three independent
experiments. **P < 0.01 compared with control (d). (e, f) 4-OHT-triggered JunB activity reduces dexamethasone-induced inhibition of
proliferation in JunB-ER/ MM.1S but not IRES-GFP/MM.1S cells. JunB-ER/MM.1S (f) and IRES-GFP/MM.1S (e) cells cultivated in the presence or
absence of 0.2 um 4-OHT were treated with dexamethasone at the indicated concentrations or left untreated, and proliferation was
determined by the [*H]-thymidine incorporation assay after 24 h. **P < 0.01. (g, h) 4-OHT-triggered JunB activity reduces bortezomib-induced
cell death in JunB-ER/MM.1S but not IRES-GFP/MM.1S cells. JunB-ER/MM.1S (h) and IRES-GFP/MM.1S (g) cells cultivated in the presence or
absence of 0.2 pm 4-OHT were treated with bortezomib at the indicated concentrations or left untreated, and cell viability was determined by
the AlamarBlue assay after 24 h. **P < 0.01.
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and MM.1R cells carrying K-Ras mutations, and NCI-H929 cells
carrying an N-Ras mutation.>'3 Ongoing studies investigate
whether other cellular and noncellular components of the BM
microenvironment also induce JunB upregulation in MM cells.

Functionally, the Jun protein family has been proposed to be
the limiting component that determines whether AP-1 promotes
or inhibits cell proliferation.>* Early studies suggested antagonistic
roles for Jun proteins in proliferation and transformation, with
c-Jun enhancing and JunB inhibiting transformation. However,
accumulating evidence shows that both c-Jun and JunB can
exert distinct functions depending on the cellular origin, the cell-
cycle stage and environmental conditions. For example, JunB is a
gatekeeper in acute and chronic myeloid leukemia;**?¢ in
contrast, it is a positive regulator in renal cell carcinoma,’
Hodgkin’s lymphoma, anaplastic large-cell lymphoma, lympho-
matoid papulosis and cutaneous lymphomas.?’?8384% Moreover,
amplification and/or overexpression of JUNB has been associated
with cervical, endometrial and colorectal cancers.*’™ In this
report, the pathophysiologic relevance of BMSC/IL-6-induced JunB
upregulation in MM was evidenced by increased JunB/DNA
binding and JunB transcriptional activity. Moreover, the predomi-
nant effect of JunB among other AP-1 family members on MM cell
growth and survival was confirmed by shRNA-induced knock-
down. Importantly, our in vitro data could also be translated into a
murine xenograft model using doxycycline-inducible Tet-shJunB/
MM.1S cells. Molecules deregulated upon JUNB knockdown in MM
cells are associated with not only cell apoptosis but also DNA
replication, metabolism, cell cycle, cell surface proteins as well as
the production of cytokines and growth factors. Mechanisms by
which AP-1 family members achieve this functional diversity
dependent on the cell type are not completely understood. The
availability of external and internal survival factors, the complex
interactions between different dimerization partners as well as the
interaction of the AP-1 complex with other transcription factors
are presumably critical.>'®3%#4*® Qur ongoing studies in MM aim
to identify functional relevant binding partners of JunB. Although
our data demonstrate a key role for JunB, a functional role of JunD,
c-Fos and other more rare AP-1 family members in MM patho-
genesis cannot be excluded. Further studies to identify and
delineate their respective roles are needed.

Finally, MM remains an incurable disease predominantly
because of the development of drug resistance. Of note, our data
demonstrate the involvement of JunB in mediating resistance to
not only dexamethasone but also bortezomib in MM cells. In
accordance with a role of JunB in drug resistance, JunB was
among a limited subset of 170 out of 15 906 human cDNAs tested
for their ability to confer resistance to kinase inhibitors in a recent
global screening study.* In order to delineate mechanisms that
mediate JunB-induced resistance of MM cells to dexamethasone,
we performed additional experiments investigating the effect of
JUNB knockdown on the GC receptor. Specifically, GC receptor
expression levels were compared in MM.1R cells transfected with
SCR control or shJunB using quantitative PCR. Equally low levels of
GC receptor expression were observed in both SCR/MM.1R and
shJunB/MM.1R cells. We therefore excluded a direct transcriptional
effect of JunB on GC receptor expression as a cause for trans-
ferring dexamethasone resistance to MM.1R cells. JunB-mediated
modulation of molecules that inhibit GC receptor activity may
represent a likely alternative mechanism. For example, Hsp27
has been proposed to overcome IL-6-mediated protection of
dexamethasone-induced apoptosis.*® Whether JunB regulates
Hsp27 expression in MM cells is currently unknown. Furthermore,
previous studies have shown that inhibition of deubiquitinating
enzymes resensitizes MM cells to bortezomib.>"*> Whether JunB
mediates resistance of MM cells to bortezomib via induction of
deubiquitinating enzymes is under investigation. Moreover, using
two- and three-dimensional co-culture systems, we currently
evaluate whether JunB also confers resistance to a panel of other
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investigational, novel and conventional anti-MM agents including
lenalidomide, pomalidomide, carfilzomib and doxorubicin.

Besides targeting molecules within oncogenic signaling path-
ways (for example, cytokine/growth factor receptors, that is, IL-6
receptor), which converge at a specific TF or downstream
effectors, approaches to directly target TFs are among the most
promising novel anticancer strategies with a potentially high
therapeutic index. We and others hypothesize that inhibition of
TFs as the terminal effectors of oncogenic signal transduction
leads to selective tumor cell death, whereas normal cells tolerate
the loss of TFs with little consequences because of redundancies
in normal signaling pathways. Indeed, drugs that target nuclear
hormone receptors, including dexamethasone, tamoxifen, fulves-
trant, bicalutamide and enzalutamide, belong to the most
successful targeted therapies in oncology.>®> Among non-nuclear
hormone receptors TFs, TP53 and MYC, which encode the TFs p53
and c-Myc, are commonly altered genes across all cancers,
including MM>* Large surface areas for protein-DNA and
protein—protein interactions, which are difficult to target, and
the predominant nuclear localization, which makes the TF less
accessible to therapeutic agents, remain a challenge.> Preclinical
studies that investigate the anti-MM activity of agents that target
TFs such as c-Myc,*® Hif-1a>”*® and SP17¢"*? showed already
promising results. In addition, AP-1 family members have emerged
as actively pursued therapeutic targets over the past years.
Worldwide academic and industrial efforts are dedicated to the
development of selective AP-1 inhibitors.%® Strategies to target
JunB and other TFs include the inhibition of their expression (RNA
interference or miRNAs) and DNA binding (oligodeoxynucleotide
decoys or pyrrole-imidazole polyamides), as well as more recently
the disruption of critical protein—protein interactions, and the
restricted binding at the epigenetic level by modulation of the
chromatin accessibility. However, no effective AP-1 member
inhibitor has yet been approved for clinical use.

We also explored the possible role of JunB on patient survival.
High JUNB expression levels were associated with a better prognosis
when compared with patients with low JUNB levels (Supplementary
Figure 8a). We surmise that MM cells, in which JunB is upregulated,
rely extensively on the support of the microenvironment (including
IL-6). Once cells become independent from their microenvironment
surroundings, they render more aggressive and do not any longer
rely on JunB so extensively. To further corroborate this hypothesis,
we used an additional MM patient data set that includes gene
expression profiles at the baseline (780 patient samples) and at
relapse (255 patient samples) after various therapies. Remarkably, the
expression levels of JUNB were significantly higher at the baseline
than at relapse of the disease (Supplementary Figure 8b).

In summary, our data demonstrate for the first time a critical
role for JunB/AP-1 in MM cell growth, survival and drug resistance
and strongly propose JunB as a novel therapeutic target in MM.
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