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Multiple myeloma proteostasis can be targeted
via translation initiation factor eIF4E
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Abstract. Intensive protein synthesis is a unique and diffe-
rential trait of the multiple myeloma (MM) cells. Previously
we showed that tetraspanin overexpression in MM cell
lines attenuated mTOR and PI3K cascades, induced protein
synthesis, activated unfolded protein response (UPR), and
caused autophagic death, all suggesting breach of proteostasis.
Here we assessed the role of translation initiation in the
tetraspanin-induced MM cell death with emphasis on eIF4E
translation initiation factor. We showed tetraspanins attenuated
pelF4E and its targets [c-Myc, cyclin D1 (cycD1)]; eIF4E attenu-
ation was Akt-dependent. eIF4E inhibition in MM cells [bone
marrow (BM), lines] by siRNA and/or the anti-viral drug and
competitive eIF4E inhibitor ribavirin (RBV) deleteriously
affected MM cells in a similar manner to the overexpression
of tetraspanins. Furthermore, combined application of RBV
and velcade had a synergistic anti-MM effect. Our results
demonstrate that breach of proteostasis via eIF4E inhibition is
an attractive therapeutic approach that may be relatively easily
achieved by employing RBV, making this strategy readily
translatable into the clinic.

Introduction

The malignant phenotype is characterized with extensive
complexity that present a daunting problem with respect
to treatment. Successful therapy depends on identification
and targeting of critical functional nodes that will termi-
nate the tumorigenic state by differentiation or death. This
problem is definitely characteristic of the incurable multiple
myeloma (MM), a malignancy of plasma cells that accumulate
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in the bone marrow (BM) (1). It is accepted that effectual MM
treatment will need to address the cells in their supportive
microenvironment as well as target compound signaling
cascades so as to overcome cell heterogeneity and evolving
resistance (1).

A unifying trait of MM cells is their extensive protein
synthesis (2-4) supported by expanded endoplasmic reti-
culum (5) and activated unfolded protein response (UPR)
pathways (6-8). Deregulation of protein synthesis has been
linked to human cancers, MM included, with elevated global
translation as well as increased synthesis of proteins integral
to the malignant phenotype (4).

Protein synthesis is controlled by multiple stimuli primarily
at the initiation level as observed under growth-promoting
conditions and stress-induced synthesis shutdown (2,9-11).
Translation initiation depends on recruitment of eukaryotic
initiation complex elF4F, which is composed of three proteins:
the 5' cap binding eIF4E, scaffolding protein eI[F4G, and RNA
helicase eIF4A. Many tumors, including subtypes of MM,
display elevated levels of translation initiation factors (3,4).
Moreover, eIF4E overexpression induces malignant trans-
formation and drug resistance (12), yet its knockdown (KD)
selectively decreases translation of specific targets with no
effect on global protein synthesis (11). Concordantly, the avail-
ability of eIF4E for capped mRNA translation dictates protein
repertoire as well as synthesis rate (13). Regulation of eIF4E
integrates metabolic and mitogenic cues with cell proliferation
and growth (mTOR/4E-BP1 and PI3K/Ras/ERK/MNK). In
fact, constitutive mitogenic activation of PI3K/Akt/mTOR (an
established MM characteristic) in combination with activated
Ras (detected in ~50% of MM cases) (2,14) may afford an
explanation for elevated free eIF4E via mTOR/4E-BP1 and
Ras/MNK/eIF4E phosphorylations in MM. Furthermore,
several elF4E targets are elevated in MM and may well be
attributed to its enhanced activity: MMP9, Bcl2, BelXL,
survivin, cyclin D1 (cycDl1), c-Myc, and VEGF (2,14).
Interestingly, the frequent deregulation of c-Myc in MM can
rarely be explained by translocation to an Ig locus; however
elevated elF4E translation could explain elevated c-Myc
synthesis (15). If so, this could also feedback on eIF4E levels
by increasing its transcription (15).

Previously, we demonstrated the downregulation of
specific tetraspanin family members (CD8IN1, CD82N1) in
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MM (16,17). Tetraspanins are transmembrane proteins that
orchestrate protein complexes thereby regulating proteins
segregation and proximity and influencing fundamental
biological processes, such as adhesion, migration, and prolife-
ration. The expression of certain family members is correlated
with malignant processes and prognosis (18,19).

We also reported that overexpression of tetraspanin family
members (CD81N1, CD82N1) normally silenced in myeloma,
caused activation of UPR and autophagic death in MM cell
lines, indicative of breached protein homeostasis (proteo-
stasis) (6,16,17). Recently, we showed that elevated protein
synthesis induced by the overexpressed tetraspanins was
instrumental in the MM cell death (20). We also observed an
attenuation of eIF4E regulators, mTOR and PI3K signaling
cascades yet elevated protein synthesis (20,21). Hence, we
speculated that protein synthesis regulated by these cascades
might have been perturbed by CD81N1/CD82N1 and involved
in determining the fate of MM cells. We investigated the
tetraspanins' role in protein synthesis, particularly their effect
on elF4E. We proceeded to explore the efficacy of targeting
elF4E directly, to MM therapy.

Materials and methods

Celllines andreagents. MM cell lines RPMI-8226,CAG, U266,
ARP-1 and ARK were cultured in RPMI-1640 supplemented
with 20% heat-inactivated FBS and antibiotics (Biological
Industries, Kibbutz Beit-Haemek, Israel). RPMI-8226 consti-
tutively expressing Akt was prepared by us previously (21)
by stably transfecting Aktl/PKBa in pUSEamp or empty
control vector (Millipore, Darmstadt, Germany) and selecting
single cell clones with 1 mg/ml G418 (Clontech, Mountain
View, CA, USA). Cultured cells (20,000 cells/96-well culture
plates) were treated with ribavirin (RBV) (0-7 uM) (Sigma,
St. Louis, MO, USA) diluted in water. We determined 5 days
RBV IC50 4.1 uM for RPMI-8226, 9.2 uM for CAG; Fig. 5).
Velcade (bortezomib) from the oncologic pharmacy at Meir
Medical Center was diluted in saline and used at 5 nM.

Study group. Eight peripheral blood samples obtained from
healthy volunteers aged 45-80 years and 18 BM samples
obtained from patients newly diagnosed (unless other-
wise indicated) with MM were studied. Details regarding
myeloma isotype, burden (% monoclonal CD138* plasma
cells/BM aspirate mononuclear cells), light chain ratio (k/}),
and (32 microglobulin levels are detailed in Table I. Blood
and BM leucocytes were separated by Ficoll gradient (Sigma)
according to manufacturer's instructions. The latter were
hereafter regarded as mononuclear cells enriched with
MM cells. Drug-treated BMs were cultured <5 days in
RPMI-1640 supplemented with 20% heat-inactivated FBS
and antibiotics. Lack of significant death under these condi-
tions in control BM samples indicated that the experimental
model was appropriate. B cells tagged with anti-CD19-Rd
antibody (Dako, Glostrup, Denmark) were sorted from total
blood leukocytes (BD FACSAria™ cell sorter; Tel Aviv
University, Tel Aviv, Israel). The study was approved by Meir
Medical Center Helsinki Committee, conducted according
to Helsinki guidelines, and all participants signed informed
consent forms.
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Transient transfection of MM cell lines and constitu-
tive Akt/empty RPMI-8226. Purified plasmids pEGFP-N1
(N1/Mock), CD8ININ1-eGFP (81N1) and CD82N1N1-eGFP
(82N1) were separately introduced into RPMI-8226, CAG,
constitutive Akt-RPMI-8226,orempty RPMI-8226asdescribed
previously (17). Fluorescence (=10,000 events/analysis) was
analyzed by flow cytometer (FACS) (EPICS XL; Beckman
Coulter, Nyon, Switzerland) (17). Successful overexpression of
CDS8INI1,CD82N1, and Akt in our models was demonstrated by
us previously (17,21). Transfected and untransfected cells were
harvested 24 h post-transfection and stained with propidium
iodide (PI) (1 ug/ml) for 10 min. PI/PI* cells were enumerated
by FACS. PI' or eGFP*/PI" were regarded as surviving cell
fractions, whereas PI" and eGFP*/PI* were regarded as dead
cells. CDSININ1/NI1-transfected Akt/empty RPMI-8226 cells
were harvested 19, 21 and 24 h post-transfection and assayed
by immunoblotting for protein levels.

SIRNA transfection. Validated Alexa-labeled AllStars
negative control and eIF4E siRNAs (20 nM) (Qiagen,
Valencia, CA, USA) were delivered into MM cell lines using
DMRIE-C (Invitrogen Life Technologies, Carlsbad, CA, USA).
Fluorescence (=10,000 events/analysis) was analyzed by FACS
(=95%). Silencing of eIF4E was detected at the transcript level
by qPCR. Tested time points included 24,48, 72,96 and 120 h
post-transfection. All analyses of siRNA-transfected cells
were done with unsorted cells.

Cell sorting. Transiently transfected cells (18/24 h post-trans-
fection) or CD19-Rd-stained leucocytes were passed through
a syringe for clump dispersion. eGFP* and eGFP- cells or
CD19* and CDI19" cells (5x10° cells/ml 10% FBS PBS) were
collected (BD FACSAria™ cell sorter; Tel Aviv University).
eGFP cells treated with transfection reagent only were used to
calibrate the threshold of eGFP* cells.

Quantitative reverse transcription polymerase chain reaction
(RT-gPCR). Total RNA was extracted from 96 h siRNA-trans-
fected cells with PARIS kit (Applied Biosystems, Carlsbad,
CA, USA). RNA (1 ug) was reverse transcribed (GeneAmp
RNA PCR; Applied Biosystems) and amplified with QuantiFast
SYBR-Green RT-PCR kit and eIF4E QuantiTect primers (cat.
no. QT00046018; Qiagen) according to manufacturer's instruc-
tions. eIF4E expression was normalized to (3-actin. A standard
sample dilution series was executed with unknown samples for
elF4E and fB-actin to verify the linearity of the results.

Viability and proliferation (WST-1) assay. Cell proliferation
reagent WST-1 (Roche Diagnostics, Basel, Switzerland) was
used according to manufacturer's instructions. Absorbancies
measured by a scanning multiwell spectrophotometer (ELISA
reader, model Sunrise; Tecan, Salzburg, Austria) were plotted
on a linear scale. Cell survival was estimated as percentage of
solvent-treated control values.

Apoptosis/necrosis analysis. Cells (10%) incubated with
Annexin V-PE (250 pg/ml) (BioVision, Inc., Milpitas, CA,
USA)/TAAD (0.05 pg/ml/15 min) (eBioscience, San Diego,
CA,USA) were analyzed by FACS. Apoptotic Annexin*7AAD"
and necrotic Annexin*7JAAD" cells were enumerated. BM
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Table I. Clinical characteristics of the MM patients.
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Patient Gender Age Diagnosis  Plasma cells in BM aspirate CD138* of Isotype  Light chain (2 microglobulin
no. (years) mononuclear cells (%) plasma cells (%) (g/dl) (x/\ ratio) (mg/l)
1 M 59 MM 13 97 Hypo K 488 4.1
2 M 67 MM 20 90 IgA 3.1 k3.2 2.1
3 M 60 MM 70 99 Hypo K 907 12
4 M 72 MM 40 89 IgA 4 K 166 4.7
5 M 53 MM 30 92 Normo 21 0.02 34
6 M 68 MM 15 95 IeG 28 k114 2.1
7 M 75 MM 15 NT IsG 29 K 16.6 5.8
8 M 54 MM 80 95 IeG 36 2 0.00 5
9 F 50 MM 35 98 Hypo 2 0.00 NT
10 F 55 MM 60 91 IgA 075 210.06 3.1
11 F 68 MM 30 55 IegG 35 k133 22
12 F 62 MM 15 96 IegG 3 1 0.01 32
13 F 57 SMM 20 NT IsG 3 2 0.03 27
14 F 54  Relapse MM 40 94 Hypo 1 0.00 6.2
15 F 59 SMM 25 95 IeG 49 K 6127 25
16 F 52 MM 50 76 Hypo 2 0.00 34
17 F 85 MM 35 94 IgA 085 «1.73 NT
18 F 68 MM 50 93 IeG 26 2 0.1 35

MM, multiple myeloma; BM, bone marrow; CD138, pathologic plasma cell marker (46); Normal /A ratio, 0.26-1.65 (47); Normal 32 microglo-
bulin <2 mg/l (47); M, male; F, female; SMM, smoldering multiple myeloma; NT, not tested; Hypo, hypogammaglobulinemia; Normo,

normogammaglobulinemia.

MM samples were assayed for Annexin/7AAD in CD138* cell
fraction thereby addressing MM cells only.

Western blotting. Cells were lysed 10 min on ice (6). Protein
samples (300,000 cells) mixed 1:5 with loading buffer
were separated by SDS-PAGE and transferred to PVDF
membrane. Membranes were blocked (5% milk powder)
and incubated with primary antibodies at 4°C overnight.
Rabbit anti-pelF4E (Ser209), total eIF4E, p4E-BP1 (Ser65),
total 4E-BP1, pMNKI1 (Thr197/Thr202), total MNKI,
cycDI1, BiP/GRP78 and mouse anti-c-Myc (1:1,000 dilu-
tion) were from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Rabbit anti-GADDI153/CHOP (1:500) was from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and
rabbit anti-ATF-6 (1:2,000) from Abcam (Cambridge, UK).
The anti-pMNKI1 antibody cross-reacts with pMNK?2a
and pMNK2b. Bound antibodies were visualized using
peroxidase-conjugated secondary antibody (1:10,000, 75 min
at 25°C; Jackson ImmunoResearch Laboratories, West Grove,
PA,USA) and ECL detection (Santa Cruz Biotechnology, Inc.).
Products were visualized with LAS3000 Imager (Fujifilm,
Greenwood, SC, USA). Integrated optical densities of immu-
noreactive protein bands were measured as arbitrary units
employing Multi Gauge software (Fujifilm). All study results
were normalized to cell number and tubulin-loading control.

Statistical analysis. Student's paired t-tests were used to
analyze differences between cohorts. Effects were considered
significant when p<0.05. An antagonistic effect was verified by

drugs' interaction formula q = P(A + B)/P(A) + P(B) - P(A) x
P(B) (g<0.85, antagonist; g>1.15, synergist; 1.15>q>0.85, addi-
tive) (22). All experiments were conducted 3-7 separate times.

Results

Baseline expression of elF4E in MM. We determined the
expression and baseline levels of eIFAE protein in a panel of
MM cell lines (n=5) and BM mononuclear cells from MM
patients (n=18) compared to peripheral B cells from normal
donors (n=8). The comparison to normal peripheral B cells
was implemented as done by others and us previously (16,23)
because normal plasma cells are not readily available and
patients' BM samples were limited in volume due to prior use
for medical purposes. This disallowed CD138* cell sorting
in quantities necessary for immunoblotting so we assayed
BM mononuclear cells enriched with MM cells (Table 1), as
described in Materials and methods. We determined elF4E
is expressed in all specimens (immunoblot) (Fig. 1). Higher
levels of total and phosphorylated eIF4E were observed in
MM cells compared to B cells (cell lines: 2-fold change, BM
samples: ~10-fold change; p<0.05) (Fig. 1). The differences in
expression of phosphorylated and total eIF4E between MM
cell lines and BM samples were also significant (p<0.05) and
elaborated upon in the Discussion. These findings suggest a
potential role for eIF4E in MM.

Tetraspanins attenuated levels of translation initiation factor
elF4E in MM cell lines. Next, we transiently transfected
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Figure 1. Baseline expression of eIF4E in B and multiple myeloma (MM) cells. (A) Graphic presentation and (B) representative immunoblots of expression
of phosphorylated (p) and total (t) eIF4E in B cells (n=8), MM cell lines (n=5: 8226, ARK, U266, ARP-1, CAG) and bone marrow (BM) samples (n=18) of
MM patients (x-axis) was detected by immunoblotting and expressed as arbitrary units (mean + SE) of immunoblotting densitometry. Each sample (normal-
ized to cell number and tubulin) is indicated by an empty circle and group averages are depicted by a line. Statistically significant differences between

cohorts ("p<0.05, “p<0.01) are indicated.

CD81IN1 and CD82N1 into MM cell lines (RPMI-8226,
CAG). The actual overexpression of the tetraspanins was
corroborated by flow cytometry (using anti-CD81N1 and
anti-CD82N1 monoclonal antibodies) and microscopic
analyses (17). Subsequently we assayed total and phosphory-
lated elF4E protein levels in sorted CD81N1/CD82N1/Mock
(N1)-transfected MM cell lines (RPMI-8226, CAG). A
decrease in phosphorylated eIF4E protein levels was detected
in the MM cell lines with both tetraspanin vectors (~60%?+ in
RPMI-8226, ~40%} in CAG, p<0.05) (Fig. 2A). The cell lines
differed in the effect CD81N1 and CD82N1 had on total eIF4E
levels. A decrease in total eIF4E level was determined in
CAG transfected with CD81N1/CD82N1 (~40%}! and ~15%},
respectively, p<0.05) yet no change in its levels were seen in
RPMI-8226 (Fig. 2A).

Then we examined the expression levels of major
elF4E regulators. Concordantly with the common
tetraspanin-induced decrease in phosphorylated eIF4E we
also determined a decrease in the phosphorylated active
form of its kinase MNK1/2, in both cell lines (40-65%},
p<0.05) (Fig. 2B). Examination of the eIF4E-binding protein,
4E-BP1, uncovered significant changes in its expression
following CD8IN1/CD82N1 overexpression in both cell
lines (Fig. 2B). RPMI-8226 was characterized with decreased
phosphorylated 4E-BP1 in CD82N1 overexpressing
cells (32%9, p<0.05) but no change in CD81N1. CAG was
typified by a decrease in the total 4E-BP1 levels with both
tetraspanin vectors (55-65%+4, p<0.05) without changes in
phosphorylated 4E-BP1.

We examined the expression of known eIF4E targets in order
to validate whether CD81N1/CD82NI1 indeed caused a reduction
in elF4E activity (Fig. 2C). A common reduction in cycDI was
observed in both cell lines with CD81N1 and CD82N1 (40-65%,
p<0.05) (Fig. 2C). Reduced expression of c-Myc was observed
in CD8INI transfected RPMI-8226 and CD81N1/CD82N1
transfected CAG (45-60%?, p<0.05) (Fig. 2C).

Taken together, our findings so far indicate that the
tetraspanins reduced the activity of the translation initiation
factor eIF4E and its targets (Table II).

Constitutive Aktabrogates pelF4E reductionin CD8INI-trans-

fected RPMI-8226 and rescues cells from consequent death.
In a previous study we constructed and corroborated a multiple
myeloma model expressing constitutive Akt (21). Furthermore,
we have demonstrated the capability of constitutively active
Akt to partially rescue the MM cell lines (RPMI-8226, CAG)
from the tetraspanin (CD81N1/CD82N1)-induced death (21).
Here we wanted to explore the possible involvement of elF4E
status in this phenomenon. Thus, we used the same model
of control (empty vector-RPMI-8226) or stably transfected
Akt-RPMI-8226 co-transfected with a Mock vector N1 or
CD8INI, and re-assessed cell death and levels of pelF4E and
pMNK1/2.

Increased pelF4E levels were observed in CD81NI1-trans-
fected Akt-RPMI-8226 compared to the CD81NI1-transfected
control empty vector-RPMI-8226 (105%1, p<0.05) (Fig. 3A).
This was coupled with a definite rescue of the transfected
cells from death (21) (28%, p<0.05). Analysis of the MM cells
3 h earlier, as described in Materials and methods, displayed
elevated levels of pMNK1/2 in Akt-RPMI-8226 expressing
CDS8INI cells relative to the empty vector-RPMI-8226
co-transfected with CD81N1 (18%1, p<0.05) (Fig. 3B). The
timing of elevated phosphorylated MNK1/2 is consistent with
its position in the signaling cascade, downstream of Akt and
upstream of elF4E. These results demonstrate the co-regulation
of survival and pelF4E levels in tetraspanin-overexpressing
MM cell lines (Table II).

KD of elF4E deleteriously affects MM cell lines. Next, we
wanted to confirm directly that eIF4E activity is indeed
critical to MM cell lines' growth and survival. Thus, we
introduced anti-eIF4E siRNA into the MM cell lines (~85%
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Figure 2. Tetraspanins attenuate levels of elFAE in multiple myeloma (MM) cell lines. RPMI-8226 and CAG (depicted at the top) were transiently transfected
with N1/Mock, CD81ININI, or CD82N1NI. Representative immunoblots and graphic presentation (indicated at the top of each graph) (mean + SE, n=3) of
(A) elF4E [phospho (p), total (t)] densitometry, (B) its regulators MNK1/2, 4E-BP1 and (C) its targets c-Myc and cyclin D1 (cycDI) are presented. All protein
quantities (normalized to cell number) were compared to corresponding quantitation in Mock transfected cell lines and presented as fold change. (D) Hsc70
served as a loading control and is presented for experiments conducted in RPMI-8226 and CAG, respectively. Statistically significant differences (‘p<0.05,

“p<0.01) are depicted.
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Figure 3. Constitutive Akt elevates pelF4E levels in CD8INI transfected RPMI-8226. RPMI-8226 cells, constitutively expressing Akt or empty control
vector, were also transiently transfected with N1/Mock or CD8IN1. Graphic presentation (mean + SE, n=3, top) and representative immunoblots (bottom) of
(A) phosho (p)-elF4E/total (t) eIF4E and (B) phosho (p) MNK/total (t) MNK densitometry are presented. All protein quantities (normalized to cell number)
were compared to quantification in corresponding Mock transfected cell lines and presented as fold change. Statistically significant differences ("p<0.05) are
indicated. At least three separate experiments in duplicate were conducted, and FACS recorded 10,000 events. (C) Hsc70 served as a loading control. It should be
noted that the basal levels of eIF4AE/MNK/Hsc70 expressions are lower in the Akt-expressing cells in comparison to the 8226 cells expressing the empty vector.
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Table II. Summary of the responses of MM cell lines to eIF4E modulation.
Assayed parameter Model
RPMI-8226 CAG
CDS8ININI1 CD82NIN1 CDS8ININI1 CD82NINI1

elF4E, regulators Phospho-elF4E i i i !
and targets Total eIF4E = = } }

4E-BP1 = } } }

MNK1/2 } } } i

c-Myc i = i !

Cyclin D1 i i i }
Constitutive Akt pelF4E t NT NT NT

pMKN1/2 1 NT NT NT

Rescue v v v v
Treatment Assayed Model

parameter

RPMI-8226 CAG

siRNA elF4E Cell count = }

Viability } i

Death i t

UPR i t

c-Myc } i

Cyclin D1 i }
Ribavirin Cell count = =

Viability } '

Death = =

UPR 1 t

c-Myc i i

Cyclin D1 } !
Ribavirin+Velcade Cell count } }

Viability i i

Death 1 t

UPR i t

Lishner et al (21). MM, multiple myeloma; NT, not tested; UPR, unfolded protein response.

transfection in RPMI-8226, ~95% in CAG) and validated KD
of elF4E at 24 and 48 h post-transfection (RNA and protein,
respectively, Fig. 4A). eIF4E KD was detected in unsorted
cells by gPCR (50%¢* in RPMI-8226 and CAG, p<0.01 and
p<0.05, respectively) and by immunoblotting (50%}% in
RPMI-8226, p<0.01 and 60%} CAG, p<0.05) (Fig. 4A). We
went on to assay the consequences of eIF4E KD on the expres-
sion of its dependent targets. Again, significant attenuation
of cycDI1 and c-Myc was observed in both cell lines 96 h
post-transfection demonstrating that eIF4E activity was indeed
compromised (30-40%94 in RPMI-8226 and 30-35%} in CAG,
p<0.01 and p<0.05, respectively) (Fig. 4C). Subsequently, we
assessed the affect of e[F4E KD on the phenotype of MM
cell lines 96-120 h post-transfection. Decreased viability was

evidenced in both cell lines (96 h post-transfection: 20%}1
in RPMI-8226; 10%} in CAG; p<0.05). A decrease in cell
count was also determined in CAG only (96 h post-trans-
fection: 33%9; p<0.05). Analysis of cell death demonstrated
moderately increased total cell death in both cell lines 96 h
post-siRNA transfection in CAG and 120 h in 8226 (10-12%1,
p<0.01) attributed to apoptosis and necrosis (2-8%1 apop-
tosis, p<0.01 and 4-8%?* necrosis, p<0.05) (Fig. 4D, Table II).
Higher death rates were evident in both cell lines at 120 h
post-transfection (15%? total death, p<0.01). Next, we assayed
elFAE KD on MM cell proteostasis by studying the expression
of UPR proteins. A significant elevation of all UPR signaling
arms (PERK, IRE1, and ATF-6 represented by CHOP, pJNK
and ATF-6, respectively) was determined in both MM cell
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Figure 4. Knockdown (KD) of eIF4E deleteriously affects multiple myeloma (MM) cell lines. RPMI-8226 and CAG were transfected with negative siRNA
control (NEG) or anti-eIF4E siRNA. Protein quantities were normalized to cell number and Hsc70 served as a loading control. All assayed parameters
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lines. RPMI-8226 displayed at 48 h post-transfection elevated
BiP (28%t, p<0.05), CHOP (83%1, p<0.01), pJNK (107%1,
p<0.05), and ATF-6 (61%1, p<0.01) (Fig. 4B). CAG displayed
at 24 h post-transfection elevated BiP (22%1, p<0.05), CHOP
(22%1, p<0.05), pJINK (35%1, p<0.05), and ATF-6 (44%t,
p<0.05) (Fig. 4B). Taken together, these findings suggest that
inhibition of eIF4E perturbs proteostasis in MM cell lines and
enhances stress that leads to activation of the UPR.

Competitive inhibition of elF4E with RBV elevates ER stress in
MM cell lines. Our findings so far indicate that eIF4E diminu-
tion may have anti-myeloma activity but the delivery of siRNA is

currently clinically difficult. Therefore, we examined the effect
of a clinically employed anti-viral drug, RBV suggested to act
as a mimic for the 5' cap present on most human transcripts
thereby competing with eIF4E binding (24-27). RBV doses were
calibrated and IC50 was determined for each cell line (Fig. 5),
as described in Materials and methods. As hypothesized,
RBV (5 uM, 5 days) (24) caused decreased expression of eIF4E-
dependent targets cycDI1 and c-Myc in both cell lines (15-35%4
and 20-45%}, respectively; p<0.05) (Fig. 6). Furthermore, RBV
caused increased UPR signals indicative of elevated ER stress
in RPMI-8226 (35%t BiP, p<0.01; 48%t pJNK, p<0.05) and
CAG (39%t BiP, p<0.05; 35%t pJNK, p<0.05%, 44%t CHOP,
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Figure 5. The dose response of MM cell lines to ribavirin (RBV). RPMI-8226
and CAG MM cell lines (n=3) were treated with escalating drug concentra-
tions of RBV (0-7 uM, x-axis) for 5 days and assayed for viability detected
with WST-1 cell proliferation assay. IC50 of RBV 5 days was established as
4.1 uM for RPMI-8266 and 9.2 uM for CAG.

p<0.01; 49%1t ATF-6, p<0.05) (Fig. 7A, Table II). RBV also
caused mild but significant reduction in the viability of MM cell
lines (~10%}, p<0.05). No biologically significant differences in
cell counts or death were determined.

Combined RBV and velcade has anti-myeloma potential.
Based on the observations we have made so far, we hypothe-
sized that RBV may sensitize MM cells to drugs that induce
ER-stress, such as velcade (bortezomib) (28,29).

Indeed, in combined treatment of MM cell lines with 5 yuM
RBYV and 5 nM velcade for 5 days we witnessed significantly
increased UPR compared to the effect of each drug admi-
nistered alone (RPMI-8226: 116%1 BiP, 107%1 pJNK, 50%*
CHOP, 57%t ATF-6, p<0.05; CAG: 76%t BiP, 57%1t pJNK,
138%*1 CHOP, 122%1 ATF-6, p<0.05). This combined effect is
synergistic (g>1.15) or additive (q=0.86) (Fig. 5A). RPMI-8226
and CAG treated with combined RBV and velcade also
demonstrated reduced cell counts (20%}+, p<0.05), reduced
viability (40-72%}, p<0.05), and increased cell death (63-75%,
p<0.05) (Fig. 6B, Table II) in comparison to each drug admi-
nistered alone (synergistic, q>1.15). Increased proliferation
coupled with elevated death would result in minimal changes
to steady state cell numbers yet higher extents of cell death.

Next, we administered RBV alone and in combination
with velcade to primary mononuclear BM samples (enriched
with MM cells) (n=7). We ruled out the possibility that culture
conditions caused decreased viability by demonstrating no
decrease in control cells cultured up to 9 days (data not shown).
Treatment of BM MM cells with combined RBV and velcade
showed a significantly synergistic (q>1.15) and additive (q=1)
deleterious effect compared to the drugs administered indi-
vidually (Fig. 7C). Particularly, this anti-myeloma response
was evidenced in diminished cell counts (35%4, p<0.01),
viability (43%}H, p<0.01), and increased cell death in CD138*
cell fraction (FACS) (37%1, p<0.05).

Discussion

The premise of our study was that CDS8ININ1/CD82N1N1
overexpression breached the proteostasis of MM cell lines,
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Figure 6. Ribavirin (RBV) decreases eIF4E-dependent targets in multiple
myeloma (MM) cell lines. RPMI-8226 and CAG were treated with 5 yuM
RBYV or solvent. Representative immunoblots (top panel) and graphic presen-
tations of fold change in densitometry (mean + SE, n=3) (bottom panel) of
elF4E targets cyclin D1 (cycD1) and c-Myc in MM cell lines are presented.
Protein quantities were normalized to cell number and tubulin (tub) served
as a loading control. Statistically significant differences ("p<0.05, “p<0.01)
are indicated.

based on activation of UPR and induction of autophagic
death (6). The increased fatal protein synthesis caused by the
re-expression of tetraspanins (20) suggested that their natural
downregulation in MM cells (16) may sustain specific ‘proteo-
stasis network’ characteristics suited for the malignant cell
survival and proliferation. Furthermore, the reduced mTOR
and Akt signals in our research model (21) were consistent
with altered eIF4E activity. Indeed, this study shows that
CD8IN1/CD82NI1 transfection decreases eIF4E expression
and function and may reaffirm that reduced CD81N1/CD82N1
in MM cells is instrumental to elevated eIF4E expression and
beneficial to MM cells survival.

elF4E expression was described previously in MM
cells (3,30) but to the best of our knowledge its importance
was not addressed directly. We showed elevated expression
of eIF4E in myeloma cells (BM samples and cell lines).
Additionally, higher eIF4E levels were observed in BM
myeloma cells compared to MM cell lines. This phenomenon
may be attributed to signals originating from the BM micro-
environment that affect eIFAE and are absent in cell culture.

The significance of eIF4E to myeloma cell survival and
proliferation is evidenced in our study at multiple levels. We
demonstrated that the expression of c-Myc and cycDl1 in
RPMI-8226 and CAG is contingent on eIF4E activity. Both
proteins are oncogenes overexpressed in MM and important
to cell growth and survival. In many cases of MM there is
no obvious mechanistic explanation for elevated c-Myc
expression and our results may afford clarification of this
issue (2,14). The same is true for cases of elevated cycDI1
that is not caused by Ig translocation. Interestingly, in a
previous study conducted on the same model we showed
that CD8ININ1/CD82N1NI1 caused a decrease in MMP9,
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Figure 7. Combined ribavirin (RBV) and velcade (Vel) is advantageous in anti-myeloma treatment. Multiple myeloma (MM) cell lines and samples from
bone marrow (BM) of MM patients were treated with solvent, 5 uM RBV, 5 nM Vel or RBV and Vel combination. (A) Combined RBV and Vel-affected
unfolded protein response (UPR) of MM cell lines. Representative immunoblots (bottom panel) and graphic presentations (top panel) of UPR signaling
arms are presented (mean + SE, n=3). Hsc70 served as a loading control. The effect of RBV and Vel treatment on (B) MM cell lines and (C) BM CD138*
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treatment are indicated.

which is also dependent on eIF4E (17,31). Using constitu-
tively expressing Akt-RPMI-8226 model we elaborated upon
previous findings (21) and demonstrated that rescue from
CD81N1-induced death is accompanied by increased eIF4E
phosphorylation. We also showed elevated pMNK1/2. Taken
together, these results suggest that the tetraspanins critically
attenuate Akt activity, causing decreased pmTOR, pMNK1/2
and consequently diminished pelF4E levels.

siRNA and RBV mediated inhibition of eIF4E further
stratified its importance to MM cell line growth and survival.
This negative effect may be partially attributed to the down-
regulation of c-Myc and cycDI. Of note, while anti-eIF4E
siRNA caused MM cell death RBV induced stress that did

not result in death. Mechanistic differences may underlie this
disparity since anti-eIFAE siRNA diminishes its expression,
whereas RBV only abolishes its capped mRNAs' association
thereby leaving eIF4E available for other cellular functions
such as mRNA transport (32). The use of siRNA and a specific
chemical inhibitor of eIF4E circumvent the limitations of the
artificial tetraspanin overexpression model and confirm the
accuracy of our findings. Moreover, our current observations
and previously published data on the tetraspanin-induced
changes in the MM cell line model all support the deduction
that the regulation of proteostasis is critically important to
survival of MM cell lines and that eIF4E expression level is
instrumental to this equilibrium. A reasonable assumption
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is that the tetraspanin-induced death of the MM cell lines
is a sum consequence of the compiled effects as previously
reported (6,20,21).

Our findings regarding eIF4E regulation comply with
published data and substantiate a role for both Ras/MNK and
mTOR/4E-BP1 (33). It is established that eIF4E phosphory-
lation is carried out by MNK1/2, and indeed we witnessed
reduced phosphorylated MNK1/2 in concordance with
reduced phosphorylated eIF4E with both tetraspanin vectors
in both MM cell lines (33). The role of 4E-BP1 is more
complex. On the one hand, it binds eIF4E in the cytoplasm
thereby preventing its inclusion in the translation initiation
factor eIF4F (10), on the other hand, it has been shown to be
instrumental to nuclear compartmentalization of eIF4E, where
the translation factor promotes export of specific mRNAs to
the cytoplasm for translation (34,35). It was shown that fully
phosphorylated 4E-BP1, manifested in phosphorylated serine
65 residues, releases eIF4E (10). Free eIF4E is phosphorylated
and activated or ubiquitinated and degraded (10). We showed
MM cell lines displayed different regulatory mechanisms
where 4E-BP1 is concerned. RPMI-8226 displayed stable total
elF4E levels probably due to increased protective binding to
un-phosphorylated 4E-BP1. CAG demonstrated decreased
total eIF4E levels possibly explained by the significantly
depleted 4E-BP1 levels. Regulation of 4E-BP1 by degradation
was published in a model of sea urchins (36).

Recently, we reported that tetraspanins affect global
protein synthesis (20), yet to the best of our knowledge this is
the first account linking tetraspanins to specific mechanisms
regulating the process. Previous studies described association
of tetraspanin members with cell proliferation and production
of specific proteins failed make a more general connection
to cell proteostasis (37-39). Most interesting are publications
that described the tetraspanin influence on expression of
proteins that can now be categorized as eI[F4E-dependent
targets (40-42). Available therapeutic approaches unbalance
proteostasis by limiting protein synthesis and availability
or affecting protein degradation. Our results present a
tetraspanin-dependent attenuation of eIF4E as a means to
critically unbalancing myeloma cell proteostasis.

An unresolved conundrum is the conflicting observations
we have made that on the one hand tetraspanins elevate global
protein synthesis (20) yet on the other hand cause decrease of
elFAE levels and activity. While these findings are in concor-
dance with eIF4E KD studies that showed global protein
synthesis is unaffected (43) we cannot currently explain by
what mechanism the tetraspanins promote protein production.
Current studies underway in our laboratory are exploring the
possible involvement of eIF4GI on the effect of tetraspanins.

Altogether, our results demonstrate that targeting eI[F4E
in MM has therapeutic potential. This is especially promising
due to the various publications proclaiming that the initiation
factor is overexpressed in cancer cells, affording a certain
advantage in terms of selectivity. This approach is clinically
more feasible with the use of RBV, as we had shown since it is a
widely prescribed anti-viral drug and has limited and treatable
side-effects (44). The efficacy of this strategy was previously
demonstrated in acute myeloid leukemia and in head and neck
cancer (45,46). Interestingly, a recently published case report
described regression of myeloma in a patient treated with
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RBYV for HCV infection (47). The advantageous combination
of RBV and velcade affords proof-of-concept to the potential
utility of simultaneously targeting various proteostasis arms
in MM treatment.
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