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Modifying chemotherapy response by targeted inhibition of

eukaryotic initiation factor 4A

R Cencic'®, F Robert"?, G Galicia-Vazquez', A Malina', K Ravindar?, R Somaiah?, P Pierre>**, J Tanaka®, P Deslongchamps? and

J Pelletier'”®

Translation is regulated predominantly at the initiation phase by several signal transduction pathways that are often usurped in
human cancers, including the PI3K/Akt/mTOR axis. mTOR exerts unique administration over translation by regulating assembly of
eukaryotic initiation factor (elF) 4F, a heterotrimeric complex responsible for recruiting 40S ribosomes (and associated factors) to
mMRNA 5’ cap structures. Hence, there is much interest in targeted therapies that block elF4F activity to assess the consequences on
tumor cell growth and chemotherapy response. We report here that hippuristanol (Hipp), a translation initiation inhibitor that
selectively inhibits the elF4F RNA helicase subunit, elF4A, resensitizes Epi-Myc lymphomas to DNA damaging agents, including those
that overexpress elFAE—a modifier of rapamycin responsiveness. As Mcl-1 levels are significantly affected by Hipp, combining its
use with the Bcl-2 family inhibitor, ABT-737, leads to a potent synergistic response in triggering cell death in mouse and human
lymphoma and leukemia cells. Suppression of elF4Al using RNA interference also synergized with ABT-737 in murine lymphomas,
highlighting elF4Al as a therapeutic target for modulating tumor cell response to chemotherapy.
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INTRODUCTION

Evasion of apoptosis is a characteristic feature of tumor cells and a
major cause of chemotherapy treatment failure. Chemoresistance
can be attributed to an abundance shift in favor of the pro-survival
proteins Bcl-2, Bcl-X, Bcl-W, Mcl-1 and Bfl-1 (all defined by sequence
conservation in 4 a-helical Bcl-2 homology (BH) domains).! The
activity of these proteins is restrained by a group of BH3-containing
proteins, among which are Puma, Noxa, Bim, Bid, Bad and Bik.'
Anticancer therapies that target DNA integrity or replication indirectly
trigger cell death in tumors. Consequently, tumors with elevated
levels of Bcl-2, Mcl-1 or Bcl-X, tend to be refractory to chemo- and
radiotherapy.' Therefore, inhibiting the function or production of
pro-survival family members represents a promising strategy for
designing novel anticancer drugs to overcome these resistance
mechanisms. With this in mind, ABT-737 was developed as a BH3
mimetic to selectively bind to Bcl-2, Bcl-X; and Bcl-W. This compound
is effective at inducing tumor regression? but unfortunately,
resistance arises as a consequence of elevated Mcl-1 and Bfl-1
expression—both of which are poorly targeted by this drug.’

We have previously demonstrated that Mcl-1 expression is
translationally regulated by the PI3K/mTOR signaling pathway and
contributes to mTOR-dependent pro-survival signaling.® The PI3K/
mTOR pathway selectively regulates protein synthesis through
coordinated assembly of the rate-limiting translation initiation
factor, eukaryotic initiation factor (elF) 4F—a heterotrimeric
complex comprising a cap-binding protein (elF4E), a DEAD-box

RNA helicase (elF4A) and a large scaffolding protein (elF4G).*
Increased signaling flux through the PI3K/mTOR pathway releases
both elF4E and elF4A from their respective negative regulatory
partners, 4E-BPs and PDCD4 (a tumor suppressor gene product),
allowing these to assemble into the elF4F complex.* Both elF4A
and elF4F are required for efficient ribosome recruitment to
mRNA templates and different mRNA transcripts show variable
dependencies on elF4F/elF4A for ribosome recruitment—a feature
attributed to accessibility of the mRNA 5’ cap and local secondary
structure.* In this manner, mTOR control of elF4F assembly is
thought to act as a critical node for cell survival and prolifera-
tion.>>® Altered flux through the PI3K/mTOR pathway is one of the
most common lesions present in human cancers and is thought to
lead to selective translational effects.”® The production of Mcl-1 is
particularly sensitive to perturbations affecting mTOR® and elF4E®
activity, elF4A function® and elF4F integrity.'® As Mcl-1 has a short
intrinsic protein half-life (t,,=1-2h),"""® blocking Mcl-1 mRNA
translation leads to its rapid depletion.

Translation initiation is an emerging chemotherapeutic target
that remains to be fully explored. Several compounds that
block translation initiation, either by interfering with elF4E:elF4G
interaction or with elF4A activity have been identified."
In particular, interfering with elF4A activity, using small
molecules that act as chemical inducers of dimerization (that is,
rocaglamides), exerts anti-neoplastic activity in vitro and
in vivo.>'>'® However, the indirect mechanism of the action of
rocaglamides whereby they engage elF4A to bind RNA in a
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sequence-independent manner®'> and the reported ability of serum, 100U/ml penicillin/streptomycin and 55um B-mercaptoethanol

rocaglamides to inhibit the Raf-MEK-ERK-S6K/elF4B signaling ~ were used. Jeko-1 was cultured in RPMI supplemented with 20%
pathway (which could indirectly have an impact on elF4A’s fetal bovine serum and 100 U/ml penicillin/streptomycin. Granta 519 and
activity)'” have made it difficult to attribute antitumor activity of ~ MV-4-11 were culture in DMEM and IMDM, respectively, supplemented
this class of inhibitors to a direct inhibition of elF4A or eilF4F  With 10% fetal bovine serum and 100 U/ml penicillin/streptomycin.

. s . . All retroviral packaging was performed using ecotropic Phoenix cells
activity. In addition, rocaglamides are substrates for the multidrug according to established protocols (http://www.stanford.edu/group/nolan/

resistance transporter, Pgp-1, imposing a significant challenge to retroviral_systems/retsys.html). All murine lymphomas used in this study

. .. 1
their clinical development. _ . . ) were maintained in B-cell media (45% DMEM, 45% IMDM, 55pum

We have recently described the biological properties of B-mercaptoethanol and 10% fetal bovine serum) on y-irradiated Arf~/~
hippuristanol (Hipp), a natural product isolated from the coral MEF feeder layers. Feeder layers comprised ~25% confluent irradiated

Isis hippuris_w'20 Hipp blocks translation initiation by binding to the Arf~/~ MEFs pre-incubated with B-cell Media for 3 days prior to the addition
C-terminal domain of elF4A and antagonizing its interaction with of lymphoma cells. Lymphomas were routinely split 1:3 every 2-3 days.

/= . /-
RNA, a feature that can be rescued bg elF4A mutants engineered To generate Tsc2 " Ep-Myc/shBim or Tsc2 " "Ey-Myc/shNoxa lymphomas,
to be recalcitrant to Hipp binding 19,2 Hipp does not inhibit other Tsc2 " "Ep-Myc lymphomas were infected with MLS retrovirus expressing the
RNA helicases outside of the .eIF4A family. an observation appropriate shRNA, followed by cell sorting on a FACSAria Il (BD Biosciences,

i San Jose, CA, USA) to obtain the GFP ™ population. Arf "~ Ep-Myc/Bcl-2, Arf =/~

consistent with the lack of conservation of the Hipp binding site En-Myc/Mcl-1, p53—/~ Eyu-Myc/Bcl-2 and p53~/~ Eu-Myc/Mcl-1 lymphomas
19 . ;o . . . . ’

among these.”” Hipp’s in vivo activity has not been significantly  \vere generated by infecting Arf~/~ En-Myc or p53~/~ Ep-Myc cells with

studied due to its limited availability, a shortcoming recently MSCV-Bcl-2/EMCV/tRFP  or  MSCV-hMcl-1/EMCV/GFP  followed by cell

overcome by the elucidation of synthetic routes to its produc- sorting on a FACSAria Il (BD Biosciences).
tion.2"?? Herein, we show that Hipp is capable of reversing drug Please see the Supplemental Methods and Materials for additional
resistance in tumors engineered to be dependent on PI3K/AKT/ information.

mTOR signaling. These studies were extended to demonstrate
that suppressing elF4A activity sensitizes human lymphoma cells to
Bcl-2 targeted therapies. Our study identifies elF4A as a therapeutic

target for modulating tumor cell response to chemotherapy. RESULTS

Targeting elF4A chemosensitizes Myc-driven tumors to DNA
damaging agents

MATERIALS AND METHODS We took advantage of the Ep-Myc model to assess the
in vivo chemosensitization potential of Hipp using the approach
The generation of Tsc2 ™ /“Eu-Myc, Pten ™/~ Eu-Myc, En-Myc/Bcl-2, Tsc2 ™/~ outlined ’in Figure 1a. This model has been used to identifyBand
Eu-Myc/Mcl-1 and Ep-Myc/elF4E lymphomas has been described.>® Mino, characterize novel oncogenes and tumor suppressor pathwayg for
Ri-1, Namalwa, Sc-1, EoL-1 and MOLT-3 cell lines were cultured in RPMI testing the contribution of effector pathways to tumor initiation®* and
supplemented with 10% fetal bovine serum and 100U/ml penicillin/  maintenance,” and for assessing response to chemotherapy.>** We
streptomycin. For culturing of hMB cells, RPMI containing 10% fetal bovine took advantage of engineered Tsc2 ™/~ Eu-Myc and Pten ™~ Eu-Myc

Cell lines, cell culture and retroviral vectors
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Figure 1. Hipp alters chemoresistance to DNA damaging agents in Ep-Myc Iymphomas (a) Schematic illustrating generation of Eu-Myc tumors
of defined genotypes. Indicated are the ex vivo and in vivo manipulations used in this study to assess tumor growth and drug response. (b)
Kaplan-Meier plot demonstrating response of Tsc2*/~Eu-Myc tumor- bearmg mice to Hipp, Dxr, and Hipp + Dxr treatment. P<0.001 for
Hipp -+ Dxr versus Dxr. (c) Hipp inhibits translation in Tsc2 /'~ Ep-Myc tumors in vivo. Mice bearing Tsc2+/ Ep-Myc tumors were treated with
vehicle or Hipp (10 mg/kg) and 4 h later, tumors were excised, cytoplasmic extracts prepared and polysomes resolved. The position of 80S
ribosomes is indicated and the polysome/monosome (P/M) ratios from three independent experiments denoted. (d) Hipp inhibits translation
in vivo. Mice bearing Tsc2*’/~ Eu-Myc tumors were treated with vehicle or Hipp (10mg/kg) and 4h later were injected with 100 mg/kg
puromycin. One hour later, tumors were excised, cytoplasmic extracts prepared, proteins resolved by SDS-PAGE and transferred to Immobilon-
P by western blotting. Blots were probed with an anti-puromycin (upper panel) or an anti-elF4Al (lower panel; loading control) antibody. (e)
Representative micrographs of Tsc2 */"Ep-Myc lymphoma sections stained by TUNEL assay; bars represent 50 pm. C57BL/6 mice bearing well-
palpable tumors were administered vehicle or Hipp. Twenty-four hours later, mice received Hipp, Dxr, or a combination of Hipp + Dxr. Six
hours after treatment, tumors were extracted and stained. (f) Quantification of tumor cells positive for TUNEL staining following treatments
described in Panel E and Suppl Figure 1. The cell count was obtained from two different fields taken from two sections (n =4). Results are
expressed as the percent mean + s.d.
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Figure 2. Hipp chemosensitizes across tumor genotypes and to cyclophosphamide in Eu-Myc lymphomas. (a) Kaplan-Meier plot illustrating

the response of Pten*’~ Eu-Myc tumor-bearing mice to Dxr, Rap, Hipp, or a combination of these. n=10 mice per cohort. P<0.001 for
Hipp + Dxr versus Dxr. (b) Kaplan-Meier curve demonstrating response of Ep-Myc/elF4E tumor-bearing mice to Dxr, Rap or Hipp or a
combination of these. n = 10 mice per cohort. P<0.001 for Hipp + Dxr versus Dxr. (c) Kaplan-Meier curve demonstrating response of Pten "/~ Ei-
Myc tumor-bearing mice to cyclophosphamide (CTX), Rap, Hipp or a combination of these. n =10 mice per cohort. P<0.001 for Hipp + CTX

versus CTX.

tumors as these are dependent on Mcl-1 for their survival® exhibit
deregulated mTORC1 activity—a central regulator of translation
initiation, and are genes for which mutations have been documented
in human Burkitt's lymphoma.?® Treatment of mice bearing Tsc2 ™/~
Ep-Myc lymphomas with Hipp did not induce any remissions at the
doses tested, whereas doxorubicin (Dxr) or rapamycin (Rap) induce
short-lived remissions (Figure 1b and Supplementary Figure S1A).2
Hipp however synergized with Dxr in vivo to extend tumor-free
survival up to 17 days (Figure 1b; P<0.001 for Hipp + Dxr versus Dxr).
Treatment of mice with Hipp lead to an in vivo reduction in protein
synthesis in tumor cells, as assessed by a reduction in polysome/
monosome ratio in tumor cells isolated from Hipp-treated mice
(Figure 1) and in vivo monitoring of protein synthesis in Tsc2™/~
Ep-Myc tumor cells using SUNSET (Figure 1d).%° Likewise, exposing
Tsc2 ™/~ Ep-Myc lymphoma cells to 50nm Hipp led to a similar
reduction in protein synthesis (Supplementary Figure S1B)—an effect
that was not due to loss of cell viability (Supplementary Figure S1C).
We observed an increase in apoptosis associated with Hipp's ability to
alter the Dxr-response in Tsc2 ™/~ Ep-Myc tumors, as judged by
TUNEL staining of tumor tissue (Figures 1e and f, and Supplementary
Figure S1D). No apparent difference in Ki-67 staining was detected
among samples from Hipp-, Dxr- or Hipp -+ Dxr-treated mice
(Supplementary Figure STE).

We then sought to determine whether the results described
above for the Tsc2™/~Eu-Myc setting could be extended to
different tumor genotypes and chemotherapeutic agents. We
found that Hipp and Dxr also synergized in animals bearing
Pten*’~ Ep-Myc (Figure 2a) or Ep-Myc/elF4E tumors (Figure 2b).
The latter result is particularly noteworthy, as elF4E is a genetic
modifier of the Rap-response® and elevated elF4E levels lead to
resistance to Rap -+ Dxr combination treatment (Figure 2b). These
experiments extend the utility of Hipp in chemosensitizing cells to
include tumors with lesions upstream of Tsc1/2 and downstream
of mTOR. Hipp also synergized with cyclophosphamide
(CTX), a standard-of-care chemotherapeutic used in the treatment
of lymphomas (Figure 2c). These results indicate that Hipp
is effective at resensitizing Myc-driven lymphomas to DNA
damaging agents in vivo.

To address concerns regarding toxicity in vivo, we administered
Hipp to mice at the effective doses and monitored body weight
and liver function (Supplementary Figures S2A, B). Treated animals
neither suffered from weight loss (Supplementary Figure S2A) nor
showed any signs of liver cell damage as assessed by ALT and AST
levels (Supplementary Figure S2B). Among the hematological
parameters that we measured, there was little difference in
B220" (B-cell), Ly-6G™ (granulocytes), CD11b™ (monocyte/

© 2013 Macmillan Publishers Limited

macrophages, granulocytes) and CD4 ™ (T cell) populations when
comparing vehicle to Hipp-treated mice (Supplementary Figure S2C).
These results are similar to what has been reported for silvestrol, a
potent rocaglamide that interferes with elF4A activity.® Taken
together, they indicate that transient inhibition of elF4A is well
tolerated at the organismal level. We also tested whether Hipp
was a substrate for Pgp-1 (MDR1), a major drug efflux protein
implicated in chemoresistance.?” A significant increase in ICs of
Dxr or silvestrol was noted in cells expressing high levels of Pgp-1
(Supplementary Figures S2D, E), consistent with these being
substrates for Pgp-1."® This phenomenon was not observed with
Hipp indicating that it is not a Pgp-1 substrate (Supplementary
Figure S2F).

Mcl-1 and Bcl-2 are genetic modifiers of the Hipp + Dxr synergy
response in Ep-Myc lymphomas

Mcl-1 and Bcl-2 are known modifiers of drug sensitivity.
To determine if altering Mcl-1 or Bcl-2 levels could affect the
Hipp + Dxr synergy response, we generated Ep-Myc lymphomas
overexpressing these anti-apoptotic proteins (Figure 3a, lanes 2
and 3). Mice bearing these lymphomas displayed a poor response
to Hipp + Dxr and Rap + Dxr combination treatments (Figures 3b
and ¢). To extend these results, we tested whether the pro-
apoptotic ‘BH3-only’ family members, Bim (which interacts with
Bcl-2, Bcl-X;, Bcl-W, and Mcl-1) and Noxa (which interacts with
Mcl-1) could also modulate the tumor response to Hipp/Dxr. Two
shRNAs for each target were developed and caused a greater than
four-fold reduction in Bim protein (Figure 3d) and Noxa mRNA
(Figure 3e) levels. (Note that we could not probe for NOXA protein
levels due to poor reactivity of available antibodies.) Infection of
Tsc2*/~Ep-Myc tumor cells with either Bim or Noxa shRNAs
significantly dampened the in vivo ability of Hipp and Dxr to
synergize (Figures 3f and g). To determine if these effects were
due to altered sensitivity to Hipp and/or Dxr, Tsc2™/~ Eu-Myc
lymphomas were exposed ex vivo to single agents and cell
viability was assessed. A nearly two- and five- fold increase in the
resistance to Hipp and Dxr, respectively, was observed upon
ectopic overexpression of Mcl-1 (Supplementary Figures S3A, B). A
smaller but reproducible increase in the resistance to Hipp and
Dxr was noted upon Bim and Noxa suppression in Tsc2 ™/~ Ep-Myc
lymphomas (Supplementary Figures S3C-F). (These experiments
could not be performed with Ep-Myc/Bcl-2 tumor cells since we
are unable to propagate these ex vivo.) Although these results do
not rule out a contribution from tumor cell extrinsic responses to
the Hipp + Dxr-response in vivo, they do indicate that components
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Figure 3. Components of the intrinsic cell death pathway are genetic modifiers of Hipp-mediated chemosensitivity. (a) Western blot analysis of
Mcl-1, Bcl-2, Bcl-X, and Bim in Tsc2 "/~ Eu-Myc tumors. Extracts were derived from: Tsc2 "/~ Eu-Myc (lane 1); Tsc2 ™/~ Ep-Myc/Mcl-1 (lane 2); and
Eu-Myc/Bcl-2 (lane 3) cells. (b) Kaplan-Meier curve demonstrating response of Tsc2 "/~ Eu-Myc/Mcl-1 tumor-bearing mice to Hipp, Dxr, Rap or a
combination of treatments. n=10 mice per cohort, P=0.157 for Hipp -+ Dxr versus Dxr. (c) Kaplan-Meier curve demonstrating response of
Ep-Myc/Bcl-2 tumor-bearing mice to Hipp, Dxr, Rap or a combination of treatments. n= 10 mice per cohort, P=0.118 for Hipp + Dxr versus
Dxr. (d) Western blot analysis of Tsc2 " "Eu-Myc lymphomas expressing the indicated shRNAs or Mcl-1 cDNA (lane 5) and probed with
antibodies to the proteins denoted to the left of the panels. h, human; m, mouse. (e) Quantitation of Noxa RNA levels by RT-qPCR from total
RNA isolated from Tsc2 "/“Ep-Myc lymphomas expressing the indicated shRNAs. The values were normalized to B-actin mRNA. (f) Kaplan-
Meier curve demonstrating response of Tsc2 ™/~ Ep—M/yc tumor-bearing mice expressing the indicated shRNAs, or overexpressing Mcl-1, to
Hipp +Dxr combination treatment. n=8 (Tsc2 "/ Eu-Myc/shFLuc.1309), n=9 (Tsc2 "/ Eu-Myc/shNoxa.870), n=10 (Tsc2 " Ep-Myc/
shNoxa.1678), n =10 (Tsc2 "/ "Ep-Myc/Mcl-1); P<0.001 for Tsc2"/"Ep-Myc/shFLuc.1309 compared to Tsc2 */"Eu-Myc/shNoxa.870. (g) Kaplan-
Meier curve demonstrating response of Tsc2 '/~ Ep-Myc tumor-bearing mice expressing the indicated shRNAs or overexpressing Mcl-1 to
Hipp + Dxr combination treatment. n=>5 (Tsc2 /" Eu-Myc/shFLuc.1309), n=4 (Tsc2" /" Ep- lyc/shBim.764), n=4 (Tsc2 "/ "Eu-Myc/shBim.825),
n=5 (Tsc2 " Eu-Myc/Mcl-1); P<0.001 for (Tsc2 */"Eu-Myc/shFLuc.1309 compared to Tsc2*” Eu-Myc/shBim.825). (Note that the shFluc.1309
cohort in this experiment was independently derived from the one present in panel 2F and shows a slightly shortened tumor-free survival
period.).

of the intrinsic cell death pathway are major modifiers of the lines that displayed an increase in the Hipp ICso, with Bcl-2
Hipp + Dxr synergy response in vivo and do so at least in part by expressing cells demonstrating a more significant shift than cells
affecting cell sensitivity to Hipp and Dxr. expressing Mcl-1 (Figure 4b and Supplementary Figure S4).

Expression of Bcl-2 in Arf~/~Epu-Myc or p53~/ Ep-Myc cells
sensitized these to ABT-737 (Supplementary Figure S4)—an
H|pp sensitizes MyC‘driVen tumors to BCl'Z‘targeted therapeutiCS expected phenomenon that is thought to be the consequence
The effectiveness of Hipp in reducing Mcl-1 levels (see below) and of elevated BH3 protein levels predisposing to Bcl-2 dependence
the role that Bcl-2 family members have in mediating resistance to and response to ABT-737.28 No synergy was observed between
Hipp's chemosensitizing properties (Figure 3) suggested that a Hipp and ABT-737 in Arf~/~ Ep-Myc/Mcl-1 or p53 =/~ Ep-Myc/
combination of Hipp and Bcl-2 targeted therapy might be an Mcl-1 cells (Supplementary Figures S5A and S5C). Arf =~/ ~ Eu-Myc/
appropriate strategy to curtail chemoresistance arising from the Bcl-2 and p53 ~/~ Ep-Myc/Bcl-2 showed synergy at concentrations
activation of the intrinsic cell death pathway. To test this, we of Hipp >160nm (Supplementary Figures S5B, S5D-S5F).
generated a series of isogenic lines ectopically expressing Mcl-1, Although there was little synergy between Hipp and ABT-737 in
Bcl-2 or both, using Arf /~Eu-Myc and p53~/ Ep-Myc cells  either Arf~/~ Ep-Myc or p53 ~/~ Eu-Myc parental cell lines, ectopic
(Figure 4a, Supplementary Figures S4-S6). Ectopic expression of expression of Bcl-2 and Mcl-1 led to a strong synergistic relation-
Mcl-1 or Bcl-2 in Arf~/~Ep-Myc or p53~/~ Ep-Myc cells produced ship between Hipp and ABT-737 (Figure 4c and Supplementary

Blood Cancer Journal © 2013 Macmillan Publishers Limited
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Figure 4. Hipp and ABT-737 synergize in Myc-driven lymphomas. (@) Western blot analysis of Mcl-1 and Bcl-2 in the indicated tumor
genotypes. hMcl-1 was detected using the human-specific antibody, AHP2138 (AbD Serotec). (b) Table showing the ICsos of the |nd|cated cell

lines when exposed to Hlpp for 18 hrs. (c) Combination index (Cl) plot displaying the synergistic effect for Hipp and ABT-737 in Arf~/
~ Epu-Myc/Mcl-1/Bcl-2 cells. The primary data were taken from Supplementary Figures S6B and S6D, respectively. Each

Mcl-1/Bcl-2 and p53~7

~Ep-Myc/

dot represents the Cl value of a specific Hipp + ABT-737 drug combination. (d) Western blot illustrating sensitivity of Mcl-1 production to Hipp

in Arf~/

~Ep-Myc/Mcl-1/Bcl-2 cells. Cells were exposed to the indicated concentrations of Hipp for 18h, at which point cell extracts were

prepared and analyzed by western blotting with antibodies recognizing the proteins indicated to the left of the panels. h, human; m, murine.
Both human and mouse Mcl-1 proteins were detected using the AHP-1249 antibody from AbD Serotec.

Figure S6). Mcl-1 levels in Arf~/~ Eu-Myc/Mcl-1/Bcl-2 cells are
significantly depleted upon exposure of cells to Hipp (Figure 4d).

Suppression of elF4Al is sufficient to chemosensitize Myc-driven

tumors to Bcl-2 targeted therapeutics

Mammalian cells encode for two elF4A isoforms, elF4Al and
elF4All, that share 90% similarity at the protein level and have
non-redundant but overlapping activities.?>*° As Hipp inhibits
both isoforms, we sought to determine if RNA;-mediated
suppression of either or both isoform could phenocopy the
ABT-737 sensitization. Long-term (6 days) suppression of elF4Al,
but not elF4All, was lethal (Figures 5a and b), with little change in
the percentage of viable uninfected cells (Supplementary Figure
S7A). This effect was p53-dependent, as it was significantly
blunted in p53 =/~ Epu-Myc/Bcl-2 cells (Supplementary Figure S7B).
Suppression of elF4All, elF4E or Mcl-1, as well as expression of a
neutral shRNA targeting Firefly luciferase (shFLuc) had a minor
impact on the GFP ™ cell population (~20% change) (Figure 5b,
Supplementary Figure S7B). These results indicate that long-term
suppression of elF4Al in Arf~/~ Eu-Myc/Bcl-2 cells is lethal.

To assess if suppression of elF4Al and/or elF4All would
synergize with ABT-737 on a shorter time scale, we infected
Arf~/~Ep-Myc/Bcl-2 and p53~/~Ep-Myc/Bcl-2 cells with retro-
viruses expressing shRNAs and exposed the cells to either vehicle
or ABT-737 for a short-term pulse (that is, 18 hours) (Figure 5c,
Supplementary Figure S7C). We then monitored the fitness of
shRNA-expressing cells (GFP ™) relative to uninfected cells (GFP )
in a competition assay to detect altered sensitivity to ABT-737. The
results demonstrate that ABT-737 had little effect on the viability
of Arf~/~Ep-Myc/Bcl-2 expressing shFLuc.1309, whereas loss of
viability was apparent upon Mcl-1 suppression (Figure 5c, left
panel; see shMcl-1.1334). Suppression of elF4Al, but not elF4All,
led to a dose-dependent loss in Arf~/~ Ep-Myc/Bcl-2 cell viability
in the presence of ABT-737 (Figure 5c, right panel), which was
significantly blunted upon loss of p53 (Supplementary Figure S7C,

© 2013 Macmillan Publishers Limited

right panel). These results indicate that suppression of elF4Al in
Arf =/~ Ep-Myc/Bcl-2 cells is sufficient to synergize with ABT-737.

Hipp and ABT-737 synergize in human lymphoma and leukemia

tumor cells

To extend our results to the human setting, we tested the
sensitivity of a number of lymphoma and leukemic tumor cells to
Hipp (Figure 6 and Supplementary Figure S8). Viability of the
Burkitt's lymphoma lines, Daudi, Ramos and Raji was reduced by
Hipp (with ICss ranging from 300 nm to 1.25 pm), whereas BJAB and
Namalwa were relatively resistant with 80% of cells surviving at
concentrations as high as 1.25um (Figure 6a). In addition, many
other lymphoma/leukemic lines tested appeared relatively resistant
to Hipp, with MV-4-11 and Mino being the more sensitive ones.
Lines hMB, Granta 519 and Sc-1 showed less than a 10% reduction
in viability when exposed to concentrations as high as 1250 nm
(Supplementary Figure S8A). However, despite this, we found
synergy between Hipp and ABT-737 in all Burkitt's (Figure 6b) and
lymphoma/leukemia lines (Supplementary Figure S8B) tested,
although the extent varied among cell lines. In contrast, no synergy
was observed between Hipp (5-625nm) and ABT-737 (156 nm—
2.5 um) in immortalized hTert-BJ cells (R Cencic, unpublished data),
hinting that such activity may not extend to the non-transformed
setting. No correlation was apparent between Hipp sensitivity
(Figure 6a and Supplementary Figure S8A) and expression levels
of elF4A or PDCD4 (a repressor of elF4A) (Figure 6c¢ and
Supplementary Figure S8C) in the cell lines tested. As well, Hipp +
ABT-737 synergy appeared independent of p53 mutation status and
levels of Bcl-2, Mcl-1, Bcl-X, or Bim (Figure 6¢ and Supplementary
Figure S8C). These results indicate that ABT-737 and Hipp synergize
in the majority of transformed lymphoma/leukemia lines tested.

DISCUSSION

Mutations leading to constitutive activation of the PI3K/Akt/mTOR
signaling axis are among the most common found in human
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levels in p53 7~ Eu-Myc/Bcl-2 cells infected with retrovirus expressing the indicated shRNAs. (b) Competition assay of Arf~/~ Eu-Myc/Bcl-2
lymphomas infected with retroviruses expressing the indicated shRNAs. Flow cytometry was used to determine the %GFP* population
during a 6-day time course following the last infection. Data from cells infected with shRNAs to FLuc, Mcl-1 and elF4E are grouped in the left
panel, while those targetlng eIF4AI/II are grouped in the right panel for clarity. Error bars indicate SEM; n=3. (c) Synergy between elF4Al
suppression and ABT-737 in Arf~/~ Eu-Myc/Bcl-2 lymphomas. Following the last infection, cells were exposed to vehicle or the indicated
concentrations of ABT-737 for 18 h at which time flow cytometry was used to determine the %GFP " cells. Data from cells infected with
shRNAs to FLuc, Mcl-1 and elF4E are grouped in the left panel, whereas those targeting elF4Al/Il are grouped in the right panel for clarity. Error
bars indicate s.e.m.; n=3.
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Figure 6. Sensitivity of Burkitt's lymphoma cells to Hipp. (a) Dose response curves assessing sensitivity of Burkitt's lymphoma cells to Hipp.
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tumors.®! There is thus intensive effort to develop inhibitors of this potential resistance mechanisms are bypassed. Here, we explored

pathway, such as rapalogs, TOR-kinase inhibitors (KI) and dual-
specificity PI3K/TOR inhibitors. The presence of a TOR-S6K-IRS1
negative feedback loop,>? the ability of elevated elF4E levels to
impart resistance to Rap>* and PI3K/TOR Kis,** and the association
of TSC1 loss with everolimus resistance in the clinic®® highlight
the barriers facing clinical development of PI3K/TOR inhibitors.
By targeting downstream of the mTOR/elF4F axis, all of these
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the ability of Hipp, a selective and potent inhibitor of the
DEAD-box RNA helicases elF4Al and elF4AlI'%”° to sensitize
Myc-driven lymphomas to both standard-of-care and molecular-
targeted chemotherapies. We find that Hipp can synergize with
DNA damaging agents in Ep-Myc lymphomas harboring lesions
upstream or downstream of mTOR to overcome chemoresistance.
Most notably, Hipp resensitizes elF4E-overexpressing Ep-Myc

© 2013 Macmillan Publishers Limited



lymphomas to Dxr indicating that elF4E-induced chemoresistance
in these tumors can be overcome by inhibiting the elF4A
downstream helicase. In addition, the ability to manipulate the
intrinsic apoptotic effectors in the Ep-Myc model enabled us to
identify Mcl-1 and Bcl-2 as genetic modifiers of the Hipp response
(Figure 3). This in turn suggested a strategy by which acquired
Mcl-1 or Bcl-2 resistance could be targeted—through combining
Hipp with the Bcl-2 family inhibitor, ABT-737.2

Although ABT-737 is efficacious as a single agent in several
clinically relevant settings, many cancers are refractory to ABT-737
treatment>® As ABT-737 only binds weakly to Mcl-1, cells
engineered to overexpress Mcl-1 are universally resistant
to ABT-737 treatment® Indeed, human lymphomas derived
from parental lines initially sensitive to ABT-737 treatment
acquire resistance primarily through upregulation of Mcl-1 (and A1/
Bfl-1)."*" Mcl-1 is 1 of the top 10 amplified genes in human tumors,
making it likely to be a major contributor to ABT-737 (and to its orally
bioavailable version, ABT-263) resistance in the clinic.*> Methods to
limit Mcl-1 expression (such as targeting translation by Hipp) can
have a significant impact on the anticancer arsenal as these, in
principle, should resensitize resistant cells to ABT-737 intervention.*

Although Hipp is able to synergize with ABT-737 in both Arf =/~
Eu-Myc/Bcl-2 and p53 7/~ Eu-Myc/Bcl-2 cells (at concentrations
> 160 nm) (Supplementary Figures S5E, S5F), p53 =/~ Ep-Myc/Bcl-2
cells were recalcitrant to RNAi-mediated suppression of elF4Al and
high concentrations of ABT-737 (Supplementary Figure S7C).
We attribute these unequal responses to incomplete elF4Al
inhibition obtained by RNAi compared to complete inhibition
of RNA binding achievable with Hipp in cells. The ability of Hipp
and ABT-737 to synergize in Bcl-2-overexpressed (as well as Bcl-2/
Mcl-1 doubly overexpressed) derived cell lines (Supplementary
Figures S5E, S5F, and Figure 4) but not in the parental Arf~/~
Ep-Myc and p53 7~ Ep-Myc lines (Supplementary Figure S6) can
be rationalized by the accompanying stabilization and increase in
Bim levels seen upon overexpression of Bcl-2 in Eu-Myc lymphoma
cells (Figure 3a). This excess in Bim protein content binds to and
inhibits all anti-apoptotic Bcl-2-like proteins, effectively ‘priming’
the mitochondrion for the intrinsic cell death pathway—this
explains how cells with high Bcl-2 levels can nevertheless be
sensitive to treatment with ABT-737.43%

However, there may be situations where extraordinarily high
levels of Bcl-2 and/or Mcl-1 impair the ability of translation
initiation inhibitors to reduce these to levels sufficient to trigger an
apoptotic response. The strategy described in this study may not
be effective in such situations. As well, in ABT-737/Hipp synergy
experiments, we utilized engineered murine lymphomas where
the manipulated anti-apoptotic family members had been
introduced into mature tumors. Tumors arising from situations
where deregulated expression of the anti-apoptotic drivers
directly contribute to initiation or maintenance may respond
differently to ABT-737/Hipp combination treatments.

Mutations in elF4Al are not prevalent in human tumors and
ectopic expression of elF4Al in the Ep-Myc model is not
transforming (unlike elF4E) (J Pelletier, data not shown). However,
elF4Al is one of the more abundant translation initiation factors,
present at nearly three copies per ribosome.® This contrasts to
the rate-limiting levels of the elF4E subunit of elF4AF—estimated at
~0.3 copies/ribosome.3 It would thus be difficult to rationalize
what translational consequences, and hence selective advantage,
increasing elF4Al levels would have when not limiting for
translation initiation. Indeed, we found no correlation in vitro
between elF4Al levels and Hipp sensitivity among the lymphoma/
leukemia cells tested (Figure 6 and Supplementary Figure S8).
However, what might be more important in some settings are the
levels of PDCD4—a tumor suppressor gene product that
sequesters elF4Al and affects translation of selective mRNAs.
Interestingly, loss of PDCD4 leads to spontaneous lymphoma
development in null mice* and is an unfavorable prognostic

© 2013 Macmillan Publishers Limited

Targeting elF4A to modulate response to chemotherapy
R Cencic et al

indicator.***” However, in the human lymphomas and leukemias
that we analyzed, neither Hipp sensitivity nor Hipp -+ ABT-737
synergy correlated with differences in PDCD4 levels (Figure 6 and
Supplementary Figure S8). Other elF4A-interacting partners, such
as BC-1*® or elF4G2 (p97/DAP5),*> may have a role in affecting
elF4A availability for elF4F-dependent translation, and their role in
molding the cancer cell proteome remains to be explored.

We have previously used inhibitors of translation elongation®®
or initiation'®'® to overcome chemoresistance in the Ep-Myc
model. However, in general the use of translation elongation
inhibitors as chemotherapeutics show significant toxicity and a
poor therapeutic window. One exception appears to be homo-
harringtonine (omacetaxine mepesuccinate), which has been
approved for use against chronic myelogenous leukemia. Among
initiation inhibitors tested in the Ep-Myc model, rocaglamides'
have a complex mechanism of action making it difficult to ascribe
any physiological effects to direct inhibition of elF4F/elF4A activity'*
(see Introduction). As well, both rocaglamides (that is, silvestrol) and
homoharringtonine are Pgp-1 substrates.'® Hipp on the other hand
is not a Pgp-1 substrate (Supplementary Figure S2F) and has a
straightforward mechanism of action on translation that leads to
inhibition of elF4A RNA binding.'®?® One caveat to the interpre-
tation of our data is that we do not know if Hipp (or ABT-737)
accumulates to the same levels in the different cell lines used. We
do know however that the ICs, for translation inhibition by Hipp
among many different cell lines tested does not vary significantly
(data not shown), arguing against large variations in intracellular
concentrations.

We note that the effects reported here for Hipp are likely an
underestimation of what is achievable with this compound in vivo.
We have not optimized dosing regiments in our in vivo experi-
ments due to limitations in compound availability, have not yet
determined a maximume-tolerated dose due to solubility issues at
concentrations >20 mg/ml, and have not developed strategies to
prevent epimerization that leads to compound inactivation.?
Dose-limiting bioavailability could be the reason why viability of
Tsc2™/~Eu-Myc cells is inhibited in vitro (Supplementary
Figure S3) yet little effect on tumor burden is apparent in vivo in
cohorts treated with only Hipp (Figure 1b). Nonetheless, the
concentrations we used in vivo were sufficient to obtain significant
reversal of chemoresistance, while showing little toxicity towards
the host (Figures 1, 2 and Supplementary Figure S2). In some
xenograft models, Hipp has shown single-agent activity,”'*?
suggesting that some tumors may be quite susceptible to the
inhibition of translation initiation in vivo. In summary, our results
highlight the potential of curtailing translation initiation by
targeting elF4A activity to reverse drug resistance.
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