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ABSTRACT

Waldenstrom Macroglobulinemia (WM) is an incurable low-grade |ymphoma
characterized by bone marrow (BM) involvement of IgM secreting lymphoplasmacytic cells. The
induction of unfolded protein response genes (“physiologic” UPR) enables cells to differentiate
into professional secretory cells capable of production of high amounts of endoplasmic reticulum
(ER)-processed proteins, such as immunoglobulins. Ultimately, the initially cytoprotective UPR
triggers an apoptotic cascade if ER stress is not corrected, called proapoptotic/terminal UPR. We
show that WM cells inherently express the physiological UPR machinery compared to normal
BM cells, and that increased ER stress leads to proapoptotic/terminal UPR in WM cells. We
therefore examined tunicamycin, ER stress inducer, for potential anti-tumor effects in WM.
Tunicamycin induced significant cytotoxicity, apoptosis and cell cycle arrest, and inhibited DNA
synthesis in WM cell lines and primary BM CD19+ cells from WM patients with an IC50 of 0.5
to 1ug/mL, but not in healthy donor cells. Importantly, co-culture of WM cells in the context of
the BM microenvironment did not inhibit tunicamycin-induced cytotoxicity. Finaly, we
demonstrate that ER stress inducer synergizes with other agents used in the treatment of WM.
These pre-clinical studies provide a framework for further evaluation of ER stress inducing

agents as therapeutic agentsin WM.


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org at Harvard Libraries on November 7, 2008. For personal use only.

INTRODUCTION

The ER is the site where integral proteins and secretory proteins are folded into their
tertiary structure, and multimeric proteins, such as immunoglobulins, are assembled 2. To
survive under endoplasmic reticulum (ER) stress, eukaryotic cells have a self-protective
mechanism against ER stress, termed the unfolded protein response (UPR) 3. The specific
induction of UPR genes enables cells to differentiate into professional secretory cells capable of
tolerating the constitutive production of high amounts of ER-processed proteins, a process termed
the “physiologic’ UPR. The UPR maintains the quality of newly synthesized secretory and
transmembrane proteins such as immunoglobulins, and is distinct from the “ER stress’ or
“terminal/proapoptotic” UPR which is induced by nutrient deprivation or chemical agents that
cause severe or prolonged ER stress, and triggers an apoptotic cascade called
proapoptotic/terminal UPR 7. Several studies revea a critical role for UPR activation for tumor
cell resistance to hypoxia and tumor growth promotion, and suggest that the UPR may be an
attractive target for anti-tumor modalities. It is therefore reasonable to assume that manipulation
of ER stress might enhance the efficacy of chemotherapeutic drugs and provide new anticancer
targets. So far, data support the potential of drugs that inhibit the norma functions and
homeostasis of the ER in treatment of malignancies, and has lead to the development of heat
shock proteins 90 inhibitors ®°. Interestingly, another novel agent, the proteasome inhibitor
bortezomib, has been shown to target the ER function, by inducing components of the
proapoptotic/terminal UPR *°.

Waldenstrom's Macroglobulinemia is a low-grade lymphoma characterized by the
presence of lymphoplasmacytic cells in the BM and a serum monoclonal IgM in the circulation ™
13 Although indolent, it remains incurable with a median overall survival of 5-6 years. There is
therefore an urgent need for the rational development of novel agents that target aberrant
molecular pathways in WM.

We therefore hypothezised that by increasing ER stress by use of tunicamycin, this would
lead to proapoptotic/terminal UPR and therefore set the first step of a novel targeted therapy in
WM. In this study, we show that WM cells inherently expressed the physiologica UPR
machinery, and that increased ER stress leads to proapoptotic/termina UPR in WM cells.
Tunicamycin also induced significant antitumor activity on WM cells in vitro that provide the

framework for further evaluation of ER stress inducing agents as therapeutic agentsin WM.

MATERIALS AND METHODS
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Cells. The WM cell lines BCWM.1 * and WSU-WM (from Dr. Al Khatib, Wayne State
University, Detroit, MI)] and IgM secreting low-grade lymphoma cell lines, MEC1 (DMSZ,
Braunschweig, Germany) and RL (ATCC, Manassas, VA, USA) were used in this study. All cell
lines were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS; Sigma Chemical, St
Louis, MO), 2uM L-glutamine, 100U/mL penicillin, and 100ug/mL streptomycin (GIBCO, Grand
Island, NY).

Primary WM cells were abtained from BM samples using CD19+ microbead selection
(Milteny Biotec, Auburn, CA) with over 90% purity, as confirmed by flow cytometric analysis
with monoclonal antibody reactive to human CD20-PE (BD-Bioscience, San Jose, CA).
Peripheral blood and BM CD19+ selected cells were obtained from healthy volunteers and used
in comparison for some experiments (All Cells LLC, Berkeley, CA). Patient samples were
obtained after approva from the DanaFarber Cancer Institute Institutional Review Board.

Informed consent was obtained from all patients according to the declaration of Helsinki protocol.

Reagents. Tunicamycin is an ER-stress inducer that inhibits N-linked glycosylation of lipids and
tyrosine incorporation, which ultimately inhibit protein synthesis (Sigma, St Louis, MO).
Bortezomib was obtained from Millennium Pharmaceuticals (Cambridge, MA). Dexamethasone
and fludarabine were purchased at Sigma. The following cytokines CD40L, BLyS, IL-6 and IGF1
were purchased from R&D Systems (Minneapolis, MN). Salubrinal was purchased at Axxora
(San Diego, CA). The pan-caspase inhibitor Z-VAD-fmk was purchased at Promega (Madison,
WI).

Cytotoxicity and DNA synthesis assays. The inhibitory effect of tunicamycin on WM cell
survival was assessed using the MTT assay (Chemicon International, Temecula, CA), as
described *°. Proliferation was measured by DNA synthesis using the [*H]-thymidine uptake
(Perkin Elmer, Boston, MA), as published ™.

Effect of tunicamycin on paracrine WM cel growth in the context of the BM
microenvironment. To evaluate growth stimulation and signaling in WM cells adherent to bone
marrow stromal cells (BMSCs), 3 x10* BCWM1 cells were cultured in BMSC-coated (ratio 3:1)
96-well plates for 48 hours in the presence or absence of tunicamycin in RPMI media
reconstituted. BMSCs were cultured in DMEM media reconstituted for ON to 24hours prior to
addition to BCWM.1 cells. [*H]-thymidine uptake was added for the last 8 hours and growth and

proliferation was studied by measurement of DNA synthesis at 48 hours as described *°. In this
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experiment, both growths of BMSC and tumor cells was measured, although as shown in the
control conditions of the left panel, the growth of BMSC is very slow and therefore does not

affect the study of the growth of tumor cells.

Flow cytometric analysis. Cell-cycle analysis was profiled by flow cytometry using propidium
iodide staining (PI; Sigma Chemical), as described *°. Apoptosis was quantitated using Apo2.7
analysis (Beckman Coulter Inc., CA), as described *°. Flow cytometric analysis was determined

using an Epics (Coulter Immunology, Hialeah, FL) flow cytometer.

Effect of tunicamycin on IgM secretion by BCWM .1 cells. Culture supernatant was harvested
after overnight and 24 hours, and IgM concentration in the supernatant was determined by
enzyme-linked immunosorbent assay (ELISA; Bethyl, Montgomery, TX), following manufacturer

recommandations.

Colony Forming-Cell (CFC) Assay. CFC assays were processed with non-adherent
mononuclear fraction from BM of healthy volunteers using commercialy available
methylcellulose for human colony-forming cell assays (MethoCult®, StemCell Technologies), as
described *°. Burst-forming units-erythroid (BFU-E), colony-forming units-granulocyte (CFU-
GM), macrophage (CFU-M) and granulocyte / erythroid / macrophage / megakaryocyte (CFU-
GEMM) were counted at day 14-16.

Immunobloting. BCWM.1 WM cells were lysed using lysis buffer (Cell Signaling Technology,
Beverly, MA). The antibodies used for immunoblotting included: -p27<P?, -p21"¥ 1 _CDK?2, -
p-CDK2 (thr160), -CDK4, -CDK®6, p53, -p-Rb (ser807/811), -HSP90, -HSP70, -p-HSP27, -
HSP27, -caspase-8, -caspase-9, -caspase-3, -PARP, -Mcl-1, -p-BCL2 (Cel Signaing
Technology); -ATF6 (Abcam, Cambridge, MA), -p-PERK (BioLegend, San Diego, CA) as well
as —a-tubulin, -EDEM, -GADD153/CHOP, -GRP78/BiP (Santa Cruz Biotechnology, Santa Cruz,
CA), and caspase-4 and caspase-12 (BD-Bioscience).

Quantitative RT-PCR analysis (qPCR): Expression of human PERK, GADD34,
CHOP/GADD153, Atf6, GRP78/BiP, Xbpl, IREla, EDEM transcripts were determined using
real time gquantitative RT-PCR based on TagMan® fluorescence methodology and expression of
Xbpl splicing was studied using SYBR green technique, following manufacturer protocols
(Applied BioSystems, Foster city, CA). Applied BioSystems designed the Tagman's primer-
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probe set for those genes (Assays on Demand Gene Expression Product, PN4331182), PERK: Hs
00178128 _ml; GADD34: Hs 00169585 ml; Chop/GADD153: Hs 00358796 gl; ATF6: Hs
00232586_ml; GRP78/BiP: Hs 00607129 gh; Xbpl: Hs 00231936 ml; IREla: Hs
00176385 _ml; EDEM: Hs 00206467 _ml. The primers used for Xbpl splicing were previously
published **. Human 18S rRNA (Applied BioSystems, PN 430832) was used asthe endogenous
control gene. PCR reactions were performed in the 7500 Real Time PCR System (Applied
BioSystems). All reactions were performed in triplicate and included a negative control. The
relative level of target gene was normalized to the endogenous reference gene (18S rRNA) and
determined using the AACt method.

Statistical analysis

Statistical significance of mean differences was determined using the Mann-Whitney U
test. The interaction between tunicamycin with other therapy was analyzed using the CalcuSyn
software program (Biosoft, Ferguson, MO) to determine if the combinations were synergistic
(C1<0.8) ™. The program calculates the combination index (Cl) and determines the affected
fraction (Fa) of cells for each combination, and provides isobologram that illustrates the effect of

each combination.

RESULTS

Baseline expression of “prosurvival/physiologic’ UPR genes is constitutively elevated in
patients with WM. We first sought to determine the baseline level of prosurvival/physiologic
UPR genesin WM cells. We studied UPR genes expression in CD19+ BM selected cells from 16
patients with WM and compared these expressions with CD19+ BM selected cells from 4 healthy
donors (NBM). PERK (PKR-like ER Kinase) is an ER transmembrane protein kinase that
phosphorylates the trandation initiation factor 2 in response to ER stress, leading to genera
translational attenuation. This translational control provides an efficient mechanism to reduce the
burden of newly synthesized proteins to be folded by the ER *#°. GADD34 (Growth Arrest and
DNA Damage inducible protein) transcription is induced to reverse the translational attenuation.
As shown in Figure 1A, expression of PERK (p=0.055) and GADD34 (p=0.03) transcript
expression was increased in WM patients compared to NBM samples.

This increased expression of prosurvival/physiologic UPR genes was also found in the ATF6
(Activating Transcription Factor 6) pathway that controls the transcriptional induction of ER
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resident molecular chaperones to increase the folding capacity of the ER, including BiP
(Immunoglobulin heavy chain-Binding Protein)/GRP78 (Glucose Regulated Protein) and Xbpl
(X-box Binding Protein). Although ATF6 gene expression was similar in WM compared to NBM
CD19+ cells, expression of Xbpl (p=0.03) and BiP (p=0.047) genes was higher in WM than in
NBM primary CD19+ cells (Figure 1B). The mean values with their standard deviation and range
are provided in Figure 1C.

WM cells demonstrate low levels of “ER stress/proapoptotic terminal” UPR genes
expression at baseline. Under prolonged “stress’, the IRE1 (Endoplasmic Reticulum-to-nucleus
signaling) pathway is activated and as a result, the initial cytoprotective UPR triggers an
apoptotic cascade and facilitates cell death 2. This result in Xbpl mRNA undergoes splicing

(Xbpls) at an IRElo specific cleavage site "%%

, While downstream EDEM regulates the
extraction of misfolded proteins into the cytosol for proteasome-mediated destruction . As
shown in Figure 2A, IRE1 (p=0.03), Xbpls (p=0.045) and EDEM (p=0.04) gene expression was
lower in WM patients than in tunicamycin-treated NBM samples. In addition, in response to
prolonged ER stress, PERK induces cell cycle arrest during G1 phase, and induction of
GADD153/CHOP (C/EBP Homologous Protein) a proapoptotic transcription factor that
potentiates apoptosis expression. We aso observed significantly lower expression of CHOP in
patient samples vs. tunicamycin-treated NBM samples (p=0.025) (Figure 2B). The mean values
with their standard deviation and range are provided in Figure 2C.

Taken together, those results confirm that constitutive increased expression of
prosurvival/physiologic UPR genes, but not ER stress/proapoptotic terminal UPR components,
are expressed in WM cells. These results correlate with some clinical presentation of WM, such
as the large amounts of immunoglobulin secreted and that tumor cells are not undergoing cell
death *°.

Tunicamycin induces ER stress and promotes proapoptotic/terminal UPR gene expression
in WM cells. We next investigated whether sustained ER-stress, using the known ER-stress
inducer tunicamycin, resulted in prolonged protein synthesis inhibition and induction of
proapoptotic/terminal UPR gene expression. We first explored ER-stress gene expression in
BCWM.1 cells treated with tunicamycin at different dose- and time- points. As showed in Figure
3A and 3B, tunicamycin (4ug/mL at 24 and 48 hours, and 10ug/mL at 3 and 6 hours) induced

significant expression of genes that characterized the ER stress / “terminal” UPR in atime- and
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dose-dependent manner, such as IRE1, Xbpls, EDEM and CHOP. We then confirmed those
results at the protein level in BCWM.1 cdlls, and found that BiP, CHOP and EDEM protein
expression increased in a dose-dependent manner at 6 hours, while PERK phosphorylation
decreased at the same time-point, and ATF6 expression didn’t vary much in that time point
(Figure 3C). These results confirm that tunicamycin induces ER-stress and consequently
proapoptotic/terminal UPR gene expression in BCWM. 1 célls.

M 27,28

Since bortezomib is activein W
ER-stress in Myeloma '*%, we next evaluated whether bortezomib (10 and 20ng/mL, 6 hours)

, and exertsits activity, at least in part, through induction of

also displayed its activity through induction of ER-stress in WM. The results confirmed that
bortezomib (20ng/mL) induced ER-stress gene expression in BCWM.1 cells at 6 hours (e.g.
genes that characterized the ER stress proapoptotic “terminal” UPR, IRE1, Xbpls and CHOP),
similarly to tunicamycin (Figure 3D). We next studied the ER stress pathways at the protein level
in BCWM.1 cells treated with bortezomib. We found that BiP, CHOP and EDEM proteins
expression increased in a dose-dependent manner at 6 hours, while PERK phosphorylation along
with cleaved ATF6 decreased in the same time-point (Figure 3E)

Tunicamycin decreases proliferation and induces cytotoxicity of WM cells in a time- and
dose-dependent fashion. We next investigated whether sustained ER-stress using tunicamycin
resulted in prolonged protein synthesis inhibition and decreased survival and induction of cell
death. BCWM.1 cells were cultured in presence of tunicamycin (0.01 to 5ug/mL) for 24 and 48
hours. Tunicamycin inhibited proliferation with an 1Cs, that varies from 0.05 to 0.1ug/mL for
BCWM.1 cells (Figure 4A) and WM-WSU WM cells and other IgM-secreting cell lines, RL and
MEC1 (data not shown). Tunicamycin also induced cytotoxicity at 48 hours with an ICs of
0.1pug/mL in al cell lines tested including BCWM.1 cells (Figure 4B). The cytotoxic effect of
tunicamycin was confirmed in primary tumor cells from patients with WM with an 1Cs, that
varies from 0.05 to 0.1ug/mL for al primary samples tested (Figure 4C). In contrast, tunicamycin
did not trigger cytotoxicity in peripheral blood CD19+ cells from 3 healthy volunteers at doses
ranging from 0.01 to 5ug/mL (Figure 4D), and did not alter development of hematopoietic
progenitor cells (data not shown). Salubrinal is a known ER-stress protector that dephosphorylate
eukaryotic trandation initiation factor 2 subunit a (elF2a) ***'. We next sought whether
tunicamycin induced cytotoxicity in the presence of ER-stress protection. We observed that
salubrinal did not rescue cells from tunicamycin-induced ER-stress mediated-cytotoxicity (Figure
4E). We next studied whether IgM secretion in BCWM.1 culture supernatant decreases upon

tunicamycin treatment. As shown in Figure 4F, IgM secretion was decreased after 12 hours and
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24 hours following treatment with tunicamycin at dose and time points (0.05ug/mL and
0.1ug/mL) that failed to induce cell death.

These results demonstrate that tunicamycin triggers significant cytotoxicity in WM and 1gM-
secreting cell lines, as well as in primary patient WM cells, and without toxicity to norma B

cells. Moreover, tunicamycin decreased IgM secretion in WM cells.

Neither growth factors nor adherence to Bone Marrow Stromal Cells (BMSCs) protect
against tunicamycin-induced WM cell cytotoxicity. Since the BM microenvironment confers

tumor cell growth and drug resistance *>'¢

, we next studied whether tunicamycin could overcome
the growth advantage and drug resistance conferred by the BM microenvironment to WM cells.
BCWM.1 cells were cultured with tunicamycin (0.1 to 1ug/mL), in the presence or absence of
BMSCs. Adherence of BCWM.1 cells to BMSCs triggered 1.2 fold increased in the [°H]-
thymidine uptake, and tunicamycin inhibited BCWM.1 cell growth in the context of the BM
microenvironment in a dose-dependent fashion (p<0.001) (Figure 5A), confirming that
tunicamycin retains significant antitumor activity even in the BM milieu.

Previous studies have demonstrated that IL-6, an important factor in development
promoting plasmacytoid lymphocyte growth, is upregulated in WM **%_ Other cytokines and
growth factors appear to promote WM tumor cells growth, such as BLyS (B Lymphocyte
Stimulator) ** and CD40L (CD154) *. As shown in Figure 5B, IL-6 (100ng/mL), BLyS (3ng/mL)
and CD40L (25ng/mL) induced modest proliferation of BCWM.1 cells in about 10% to 25%
increase at 48 hours, that was blocked by tunicamycin (0.1ug/mL and 0.5ug/mL). These results
suggest that tunicamycin overcomes growth and drug resistance triggered by direct interaction

with the BM microenvironment and by cytokines, such as|1L-6, BLyS and CD40L.

Tunicamycin induces caspase-dependent WM cell apoptosis. We next characterized
the molecular mechanisms whereby tunicamycin induced cytotoxicity in BCWM.1 WM cdlls.
Prolonged ER-stress can be responsible for the activation of apoptosis through a mitochondria
dependent and independent pathway. We demonstrated that tunicamycin induced significant
apoptosis as evidenced by positivity of Apo2.7 or propidium iodide staining by flow cytometric
analysis. As shown in Figure 6A, tunicamycin (0.01 to 1lupg/mL) induced dose-dependent
apoptosis in BCWM.1 and IgM secreting cell lines, with 0.5ug/mL tunicamycin inducing 14%
and 30% cell death in BCWM.1 cells at 24 hours and 48 hours, respectively (Figure 6A and 6C).
The pan-caspase inhibitor Z-VAD-fmk (50uM and 100uM) did not inhibit tunicamycin (0.1uM
and 1uM)-induced cytotoxicity at 48 hours (data not shown) *. To determine the mechanism of


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org at Harvard Libraries on November 7, 2008. For personal use only.

tunicamycin-induced apoptosis, we investigated the effect of tunicamycin on BCWM.1 cells by
immunoblotting. The mitochondrial independent pathway is thought to occur through initiator
caspase-12. Activation of caspase-12 appears to be triggered only by various stimuli that activate
ER-stress. Caspase-12, once activated, directly cleaves caspase-9, activating it without the need
for cytochrome c or Apaf-1, which in turn cleaves the effector caspase-3 **°. Tunicamycin (0.05
to 5ug/mL) induced cleavage of caspase-9, caspases-3, and PARP in a dose-dependent fashion
after overnight treatment (Figure 6B), but not of caspase-8 nor caspase-12 and -4. We aso
noticed a decrease in the anti-apoptotic molecules, p-BCL2 and Mcl-1 (Figure 6B). SAPK/INK
MAPK caspase-dependent cell apoptosis has already been demonstrated in B cell malignancies *°

and after ER-stress induction 3.

Tunicamycin-induced BCWM.1 cells apoptosis was
accompanied with slight activation of SAPK/INK a 6 hours using immunobloting, and
cytotoxicity triggered by tunicamycin (0.0lug/mL and 0.1ug/mL), which was blocked by the
JINK1/2 inhibitor SP600125 (10uM and 20uM) at 48 hours (data not shown).

In addition, as shown in Figure 6C, tunicamycin (0.5ug/mL) induced a GO/G1 arrest on
cell cycle analysis at 24 hours. We then studied by immunoblot the molecular pathways of cell
cycle GO/G1 arrest on BCWM.1 cells after overnight treatment with tunicamycin (0.5ug/mL).
Tunicamycin induced increased expression of p53 tumor suppressor protein as well as an increase
of the expression of the cyclin-dependent kinase inhibitors p21"¥Y“** and p274**, in a dose-
dependent fashion. These proteins are known to regulate cyclin-dependent kinase 2 (CDK2),
CDK4 and CDK6 *, important for the G1 to S transition of cell cycle through inactivation of
retinoblastoma tumor suppressor protein (Rb) “2. We observed that tunicamycin induced a
decrease in CDK?2 expression and phosphorylation on thrl60 and an activation of Rb protein as
shown by a decrease in Rb phosphorylation on ser807/811 on BCWM.1 cells (Figure 6D), and

inhibition of cell cycle progression.

Tunicamycin enhances cytotoxicity of other agents in WM disease. Guidelines on WM
treatment either at relapse or frontline consider fludarabine and dexamethasone as major therapies
in WM %, However, there is a need to define the best combinations including those drugs and
new agents since response rates, especially complete response rate, are limited when those agents

are used alone. Since bortezomib is active in WM %%

, we next evaluated the effects of
tunicamycin in combination with bortezomib, as well as other drugs (fludarabine and
dexamethasone), achievable on BCWM .1 cells.

BCWM.1 cells were cultured for 48 hours with bortezomib (5nM and 10nM), tunicamycin (0.01

to 0.1ug/mL) or the combination, and cytotoxicity was measured using the MTT assay at 48

10
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hours. As shown in Figure 7A, bortezomib-induced cytotoxicity was significantly increased by
tunicamycin in a dose-dependent fashion. Tunicamycin 0.01ug/mL and 0.1ug/mL induced 25%
and 50% cytotoxicity, which was augmented to 55% (CI=0.7) and 76% (CI=0.4) by bortezomib
10nM, respectively, consistent with a synergistic effect (Figure 7B). Similarly, we studied the
combination of tunicamycin (0.01ug/mL and 0.1ug/mL) with fludarabine (5pug/ml and 10ug/ml)
in BCWM.1 cells at 48 hours using the MTT assay. As shown in Figure 7C, fludarabine 5ug/mL
and 10ug/ml increased tunicamycin (0.1ug/mL)-induced cytotoxicity to 66% (Cl=0.7) and 80%
(CI=0.6), also indicating synergism (Figure 7D). Lastly, we studied the effect of dexamethasone
(50nM and 100nM) either aone or in combination with tunicamycin (0.01ug/mL and 0.1ug/mL),

and observed no synergy with the combination with dexamethasone at 48 hours (data not shown).

Discussion

In this study, we demonstrated constitutive increased expression of
prosurvival/physiologic UPR components, but not terminal/proapoptotic ER-stress components,
which were also reported in other Ig-related malignancies such as Multiple Myeloma, aso
characterized by excess amount of immunoglobulinsin the serum of the patients *°.

The ER-stress or terminal/proapoptotic UPR is induce by nutrient deprivation or
chemical agents that cause severe or prolonged ER-stress >°. We therefore hypothesized that
increased ER-stress using tunicamycin, a potent ER-stress inducer, would lead to
proapoptotic/terminal UPR and consequently induce cytotoxicity and cell death, and enhance the
efficacy of chemotherapeutic drugsin WM cells. We next demonstrated that tunicamycin, which
blocks N-linked protein glycosylation, induces ER-stress gene and protein expression in
BCWM.1 WM cells. Others have demonstrated that bortezomib, a proteasome inhibitor, is active
in WM and leads to rapid induction of terminal UPR components and ER-stress-induced
apoptosis .

We also demonstrated that tunicamycin inhibited proliferation, induced cytotoxicity and
apoptosis in WM cdll lines and patient samples through activation of caspase-9 followed by
caspase-3 and PARP cleavage. We didn’t observe caspase-12 and -4 activation, and caspase 8
cleavage occurred but at a later time-point. Importantly, tunicamycin had no effect on normal
mononuclear cells or growth of bone marrow colonies, suggesting a favorable therapeutic index.

The role of the bone marrow microenvironment in regulation of growth and drug

resistance of malignant cells has been evocated previously in WM *°. Previous studies in WM

11
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have demonstrated that cytokines such as IL-6 >, BLyS * and CD40L (CD154) *, that mimic
the BM microenvironment, also promote growth, survival and trafficking of human WM cells.
We show in these studies that adherence of BCWM.1 cellsto BMSCs as well as addition of these
cytokines and growth factors did not block tunicamycin-induced cytotoxicity in the context of the
bone marrow milieu.

The regulation of signaling pathways in malignant cells is complex, and therefore
rationally designed combinations of novel agent are needed. Bortezomib is now considered as a
major drug in the treatment of WM disease, but more importantly, it aso induces ER-stress and
promotes terminal UPR components . Interestingly, while tunicamycin promotes terminal UPR
components by accumulation of misfolded proteins through blockage of N-linked protein
glycosylation; bortezomib, a proteasome inhibitor, blocks the proteasome-mediated destruction of
misfolded proteins extracted into the cytosol for degradation by the cytosolic 26S proteasome .
We observed that the combination of 2 ER-stress inducers, bortezomib and tunicamycin, induced
synergistic cytotoxicity on WM cells. However, similar synergism was also observed with the
combination of tunicamycin and fludarabine, implying that other mechanisms might be

responsible for the synergism observed with tunicamycin.

In summary, we demonstrated that the prosurvival/physiologic UPR is constitutively
activated in WM cells and that tunicamycin, an ER-stress inducer that promotes
proapoptotic/terminal UPR induced apoptosis and growth inhibition in WM cells in vitro, without
toxicity in healthy donor cells. In addition, tunicamycin was able to overcome drug resistance and
inhibit proliferation of tumor cells even in the bone marrow microenvironment. Finaly, the
combination of tunicamycin with bortezomib and fludarabine led to synergistic inhibition of
survival in WM cells. These pre-clinical studies provide a framework for further evaluation of

ER-stress inducing agents as therapeutic agentsin WM.
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Figurelegends.

Figure 1. Baseline physiologic/prosurvival UPR gene expression in WM disease. UPR gene
expression in BM CD19+ WM cdlls (N=16) was compared to BM CD19+ cells from healthy
donors (NBM, N=4) using relative quantitative RT-PCR (gPCR). Panels show mean gene
expression as a normalized ratio over ribosomal 18S. (A) Expression of genes of the PERK
pathway, including PERK and GADD34. (B) Expression of genes of the ATF6 pathway,
including ATF6, GRP78/BiP and Xbpl. All data represent mean (+sd) of triplicate experiments.
(C) Pandl that summarizes the mean values for the transcript levels with their standard deviation

and range.

Figure 2. ER-stress/proapoptotic terminal UPR genes expression in WM. UPR gene expression
was compared in BM CD19+ WM cells (N=16) to BM CD19+ cells from healthy donors (NBM,
N=4) treated with tunicamycin (Tm) (10pug/mL for 3 hours) using relative quantitative RT-PCR
(gPCR). Panels show mean gene expression as a normalized ratio over ribosomal 18S. (A)
Expression of genes of the IREL pathway, including IRE1, Xbp-1s and EDEM. (B) Expression of
genes of the PERK pathway, including PERK and GADD153/CHOP. All data represent mean
(xsd) of triplicate experiments. (C) Panel that summarizes the mean values for the transcript

levels with their standard deviation and range.

Figure 3. Tunicamycin induces terminal/proapoptotic ER-stress. (A and B) Time- and dose-
dependent induction of gene expression using relative quantitative RT-PCR (gPCR) in BCWM.1
cells treated with tunicamycin, 4ug/mL for 24 and 48 hours and 10ug/mL for 3 and 6 hours,
respectively. All data represent mean (+sd) of triplicate experiments. (A) Expression of genes of
the IREL pathway, including IRE1, Xbp-1s and EDEM. (B) Expression of genes of the PERK
pathway, including PERK and GADDI153/CHOP. (C) Dose-dependent induction of
terminal/proapoptotic ER-stress proteins. BCWM.1 cells were cultured with tunicamycin (0.1 to
5ug/mL) for 6 hours. Whole cell lysates were subjecting to western blotting using anti-
GADD153/CHOP, -GRP78/BiP, -ATF6, -p-PERK, -EDEM, and o—tubulin antibodies. (D and E)
Bortezomib-induced ER stress in WM disease. (D) We studied expression at the transcriptional
level of ATF6, GRP78/BiP, PERK, GADD153/CHOP, IRE1 and Xbp-1s following treatment of
BCWM.1cells for 6 hours with bortezomib 20ng/mL. (E) Induction of terminal/proapoptotic ER-
stress proteins was also studied in BCWM.1 cells cultured with bortezomib 20ng/mL for 6 hours.
Whole cell lysates were subjected to western blotting using anti-GADD153/CHOP, -GRP78/BiP,
-ATF6, -p-PERK, -EDEM, and a~tubulin antibodies.
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Figure 4. Tunicamycin induces cytotoxicity and decrease in proliferation. (A) Thymidine uptake
assay. BCWM.1 WM cells were cultured with tunicamycin (0.01 to 5ug/mL) for 48 hours. (B)
BCWM.1 cells were cultured with tunicamycin (0.01 to 5ug/mL) for 24 hours @) and 48 hours
(m), then cytotoxicity was studied. (C) Freshly isolated BM CD19+ cells from 3 patients with
WM were cultured with tunicamycin (0.01 to 1ug/mL) for 48 hours. (D) Absence of cytotoxicity
was observed on freshly isolated peripheral blood CD19+ from 3 healthy donors cultured with
tunicamycin (0.01 to 5ug/mL) for 48 hours. Cytotoxicity was assessed by the MTT assay (B to
D). (E) Saubrina (50uM and 75uM) do naot protect BCWM.1 cells from tunicamycin (0.1ug/mL
and 1ug/mL)-induced cytotoxicity at 48 hours. (F) Elisa of BCWM.1 supernatant. IgM secretion
was decreased after 12 hours and 24 hours treatment with tunicamycin (0.05ug/mL and
0.1ug/mL).

Figure 5. Growth factors and coculture with BMSCs do not protect against tunicamycin-induced
BCWM.1 cdl cytotoxicity. (A) BCWM.1 cells were cultured with control media, and with
tunicamycin (0.5 to 1ug/mL) for 48 hours, in the presence or absence of BMSCs. Cdll
proliferation was assessed using the [°H]-thymidin uptake assay. (B) BCWM.1 cells were
cultured with control media in the presence or absence of IL-6 (25ng/mL), CD40L (3ng/mL) or
BLyS (100ng/mL), and treated with tunicamycin (0.1ug/mL and lug/mL) for 48 hours.
Cytotoxicity was assessed by the MTT assay. All data represent mean (xsd) of triplicate

experiments (A and B).

Figure 6. Tunicamycin induces apoptosis and cell cycle arrest. (A) BCWM.1 cells were cultured
with tunicamycin (0.01 to 5ug/mL) for 48 hours. Then the percentage of cells undergoing
apoptosis was studied using positivity of Apo2.7 staining by flow cytometry. (B) Tunicamycin
induces BCWM.1 WM cell apoptosis at 10 hours. BCWM .1 cells were cultured with tunicamycin
(0.01 to 5ug/mL) then whole cell lysates were subjecting to western blotting using anti-caspase 9,
-caspase 8, -caspase 3, -PARP, Mcl-1, p-Bcl2 and a—tubulin antibodies. (C) BCWM.1 cells were
cultured without (control) and with tunicamycin (0.5ug/mL) for 24 hours. Cell cycle was then
studied using Pl staining by flow cytometry. Percentages indicate cells in sub-G1 phase, G1
phase, and G2/M phase for tunicamycin 0.5ug/mL. (D) BCWM.1 cells were cultured for 6 hours.
Whole cell lysates were subjecting to western blotting using anti-CDK4, -CDK®6, -CDK2, -p-

17


http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From www.bloodjournal.org at Harvard Libraries on November 7, 2008. For personal use only.

CDK2, -p27, -p21, -p53, -p-Rb and a—tubulin antibodies. All results represent mean (+sd) of
triplicate experiments (A and C).

Figure 7. Tunicamycin-induced cytotoxicity is enhanced in combination with other therapy.
Cytotoxicity was measured using the MTT assay. All data represent mean (+sd) of triplicate
experiments. (A and C) BCWM.1 cells were cultured with tunicamycin (0.01ug/mL and
0.1ug/mL) in the absence and presence of bortezomib (5 and 10nM, A) and fludarabine (5 and
10ug/mL, C). (B and D) Normalised isobologram produced by the software Calcusyn. Values
below the threshold line represent synergistic combination. Table showing affected fractions (Fa)
and combination indexes (Cl) with tunicamycin and other therapy. Numbers (#) correspond to
those provided in the normalised isobologram. (B) BCWM.1 cells were cultured with either
tunicamycin, bortezomib, or the combination for 48 hours. (D) BCWM.1 cells were cultured with

tunicamycin, fludarabine, and the combination for 48 hours.
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Tunicamycin (Og/mL) 2 0.01 10 055 0777
3 0.1 5 057 0.891
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Fludarabine
Tunicamycin Fludarabine  Fa Cl
0 # (ug/mL) (ngfmlL)
0 0.01 0.1 1 0.01 5 0.3 1.1
Tunicamycin (eg/mL) 2 0.01 10 058 0.873
3 0.1 5 066 0.761
4 0.1 10 08 0.601
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