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“Shoot the driver” is the paradigm of 
targeted cancer therapy. However, resis-
tance to targeted inhibitors of signaling 
pathways is a major problem. In part, 
the redundancy of signaling networks 
can bypass targeted inhibitors and 
thereby reduce their biological effect. 
In this case, the driver turns out to be 
one of several potential messengers and 
is easily replaced. Cocktails of multiple 
targeted inhibitors are an obvious solu-
tion. This is limited, however, by the 
lack of potent inhibitors and may also 
produce increased toxicity. Therefore, 
we explored the direct blockade of a key 
biological activity downstream from 
multiple converging oncogenic signals. 
Specifically, several oncogenic signal-
ing pathways, including AKT, MAPK 
and PIM kinase signals, converge on 
the activation of cap-dependent transla-
tion. In cancer cells, aberrant activation 
of cap-dependent translation favors the 
increased expression of short-lived oncop-
roteins like c-MYC, MCL1, CYCLIN D1 
and the PIM kinases. Intriguingly, can-
cer cells are especially sensitive to even 
temporary reductions in these proteins. 
We will discuss our findings concerning 
translational inhibitor therapy in cancer.

Targeted cancer therapies are designed 
to block selected pathways or molecules 
that are required for tumor cell survival. 
The most successful examples are inhibi-
tors of the BCR-ABL fusion protein that 
drive chronic myeloid leukemia (CML). 
By shutting down the activity of a single 
molecule driving the growth of CML 
cells, imatinib and its successors dasatinib 
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and nilotinib can produce complete and 
sustained remissions as single agents 
(reviewed in ref. 1). However, it has 
proven difficult to translate this success to 
other cancers. In metastatic melanoma, for 
example, the BRAF inhibitor vemurafenib 
produces high response rates in patients 
whose tumors bear the BRAF-V600E 
activating mutation (reviewed in ref. 2). 
Excitement generated by these results is 
well-deserved, as they have opened a new 
treatment paradigm in a disease with few 
available options and a grim prognosis. 
Unfortunately, however, resistance to 
the drug generally is seen within a few 
months. Median progression-free survival 
resulting from vemurafenib for treatment-
naïve metastatic melanoma patients with 
V600E was about six months,3 compared 
with imatinib in CML, which kept 93% 
of patients progression-free at five years.4 
The success of TKIs in CML is still the 
exception and not the rule in targeted can-
cer therapeutics.

Resistance to targeted inhibitors is an 
emerging problem with multiple causes 
and potential solutions. While mecha-
nisms of resistance to BRAF inhibition 
in melanoma remain to be elucidated, 
they are well-described for some targets 
in other cancers. Drugs against the epi-
dermal growth factor receptor (EGFR) 
kinase, for example, are bypassed both by 
activation of downstream mediators, most 
prominently KRAS, and by signaling 
through parallel pathways like the MET 
oncogene (reviewed in ref. 5). Resistance 
mechanisms are varied and complex in 
some ways, but most boil down to the 
same idea: evolution has provided multiple 
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as one mechanism of rapalog resistance 
in NHLs.16 The PIM family kinases are 
active upon expression and do not require 
activating modifications. They have been 
known for some time to be able to pro-
mote phosphorylation of 4E-BP1 in a 
manner resistant to rapamycin.21,22 We 
now report expression of PIM1 and/or 
PIM2 in more than 60% of diffuse large 
B-cell lymphoma (DLBCL) and follicular 
lymphoma (FL) and more than 75% of 
mantle cell and small lymphocytic lym-
phomas. Our study found PIM expression 
(either PIM1 or PIM2) was associated 
with worse time to event and overall sur-
vival in FL, while another recent report 
points to PIM2 as a driver of aggressive 
disease in activated B-cell type DLBCL.23 
In addition, two recent studies of chromo-
somal translocations mediated by activa-
tion-induced deaminase (AID) identified 
PIM1 as a frequent target.24,25 In sum, 
expression of PIM kinases is common in 
NHLs, may be associated with a more 
aggressive clinical course and exemplifies 
how the redundancy of messaging mol-
ecules can bypass the clinical activity of 
selective signaling inhibitors.

In experimental systems, we found that 
direct blockade of cap-dependent transla-
tion was highly effective against lympho-
mas with redundant PI3K/AKT and PIM 
signals.16 Briefly, using both a constitu-
tively active mutant 4E-BP1 allele that 
blocks eIF4E activity and a small mol-
ecule inhibitor of the eIF4A helicase, sil-
vestrol, we were able to completely restore 
rapalog sensitivity in lymphomas engi-
neered to express PIM2 kinase activity. 
Mechanistically, we found that silvestrol 
dramatically reduced the translation of 
critical oncoproteins, including c-MYC, 
cyclin D1 and MCL1. Interestingly, sil-
vestrol also blocked the translation of 
both PIM kinases themselves. Moreover, 
consistent with prior reports, silvestrol 
treatment at an effective dose was well-
tolerated in animals, and we observed 
no frank toxicity.19 Hence, blocking cap-
dependent translation disrupts upstream 
signaling molecules, the PIM kinases and 
also key oncoproteins commonly consid-
ered “undruggable” oncoproteins, includ-
ing c-MYC.

Silvestrol worked dramatically better 
than inhibition of the upstream kinases. 

in part, by blocking activities that are 
not strictly required by tumor cells as 
much as by normal tissues. Finally, unlike 
metabolic pathways, where a limiting sub-
strate is passed down, signaling cascades 
amplify signals toward a key activity, and 
the initial signal or message is both ener-
getically “cheap” and infinitely recurrent. 
Accordingly, it is conceivable that direct 
block of the downstream effects provide 
an alternative or complementary approach 
to targeting upstream signaling molecules.

Multiple oncogenic signals, including 
the PI3K, MAPK/ERK and PIM kinase 
pathways converge on the activation of 
cap-dependent translation, the process 
by which most capped mRNAs are trans-
lated into proteins (reviewed in ref. 9). 
Signaling pathways control the availability 
of the cap-binding protein eIF4E that is 
the limiting component of the multimeric 
translation complex eIF4F, which also 
includes scaffolds (eIF4G) and RNA heli-
case activities (eIF4A).10-12 The complex 
ultimately mediates loading of mRNAs 
onto ribosomes. Availability of the eIF4E 
factor is especially important for mRNAs 
with long and structured 5' UTRs. These 
include, in particular, short-lived cell 
cycle regulators and oncoproteins. Hence, 
regulation of eIF4E via upstream signals 
provides an immediate level of expres-
sion control that directly controls levels 
of proteins, including c-MYC, cyclin D1, 
BCL2, MCL1 and PIM1.13-17 Cancer cells 
require continuous expression of these 
proteins. For example, even brief loss of 
MYC expression produces widespread cell 
death in several cancers but only produces 
reversible cell cycle arrest in normal tis-
sues.18 Hence, the increased requirement 
for the continuous translation of onco-
proteins in cancer cells may provide a 
therapeutic window for inhibitors of cap-
dependent translation.

We recently investigated the thera-
peutic potential of directly blocking cap-
dependent translation in non-Hodgkin 
lymphoma (NHL).15,16,19 Rapalogs, inhibi-
tors of mTORC1, the upstream activator 
of cap-dependent translation, have been 
extensively studied in NHL in clinical tri-
als (reviewed in ref. 20). However, their 
activity has, overall, been modest, and our 
results implicate mTORC1-independent 
activation of translation by PIM kinases 

routes to the crucial endpoints that allow 
sustained growth and proliferation of can-
cer cells. Cocktails of multiple inhibitors 
have been proposed to prevent or thwart 
resistance (reviewed in ref. 6), and this 
approach appears highly promising based 
on some recent preclinical studies. In 
prostate cancer, for example, combined 
blockade of androgen receptor signal-
ing and the PI3K/AKT/mTOR pathway 
showed potent synergy in model systems.7 
Unfortunately, similar approaches against 
many other cancers are currently limited 
by the availability of potent, selective 
inhibitors and a need to identity which 
combinations will be effective. Moreover, 
combined toxicities from simultaneous 
use of multiple inhibitors will pose limits 
on the number and intensity of drugs that 
can be used.

An alternative and potentially comple-
mentary approach is to directly target the 
downstream biological processes that are 
activated by signaling pathways and that 
cancer cells rely on. Experiences with 
inhibitors of EGFR, BRAF, and other 
signaling molecules suggest that most 
tumors can reliably activate parallel or 
downstream messengers to thwart effi-
cacy. So inhibiting a signaling interme-
diate (i.e., a messenger) allows resistance 
if the biological effects can be achieved 
via an alternate route. Ultimately, tumor 
cells don’t depend on the messenger, often 
a kinase, and, instead, require a down-
stream biological function. This opens the 
possibility that targeting the critical effect 
directly may be an effective cancer therapy 
and could overcome the problem of redun-
dant messengers.

Several inherent properties of signaling 
pathways are relevant to targeted thera-
pies, their side effects and mechanisms of 
resistance.8 For example, signaling path-
ways frequently converge on key activi-
ties. As explained above, this redundancy 
can produce resistance to targeted agents. 
Often redundant pathways are induced 
via feedback mechanisms, which provide 
robust signals and can also bypass selective 
inhibitors. Signals also diverge, however, 
and seemingly parallel pathways therefore 
also produce pleiotropic and non-overlap-
ping effects. It is possible not all activities 
are required by cancer cells. Hence, an 
upstream block may produce toxicities, 
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has shown activity against a variety of 
tumor types and can be given to mice at 
high enough concentrations for antitumor 
activity without major toxicity. The drug 
shows activity as a single agent against 
human breast and prostate cancer cell 
lines in xenograft experiments in nude 
mice.26 This produced mild transient 
impairment of hepatic synthetic function 
but no toxicities producing morbidity or 
mortality. In genetically defined murine 
tumor models, silvestrol showed potent 
synergy with chemotherapy when used 
against tumors bearing translational acti-
vation due to loss of Pten or overexpression 
of eIf4e.19 Originally isolated from Aglaia 
silvestris, silvestrol has a complex struc-
ture that has proved difficult to chemically 
synthesize in quantity. For this reason, the 
parent compound is not an ideal clinical 
drug candidate. Efforts are underway by 
Drs. Pelletier (McGill) and Porco (Boston 
University) to develop analogs with more 
efficient synthesis profiles and that retain 
its biochemical properties. In sum, cap-
dependent translation is a promising drug 
target alternate to mTORC1 and upstream 
kinase inhibitors.

Outlook

Shooting the driver may not be the 
only option in targeted therapy. Our 
study is a successful example of block-
ing cap-dependent translation in cancer 
as an alternate approach to targeting the 
upstream kinases.16 However, many ques-
tions remain.

What about toxicity of blocking trans-
lation? Cap-dependent translation is a 
fundamental biological process in cancer 
and normal cells, and it seems surprising 
that its transient inactivation is tolerated 
in vivo. Temporary blockade of cap-
dependent translation, however, affects 
primarily ephemeral oncoproteins, includ-
ing c-MYC, cyclinD, MCL1 and the PIM 
kinases. Data on the transient inactivation 
of c-MYC indicate selective effects on can-
cer cells,18 but exactly why cancer cells are 
more sensitive to these effects than normal 
regenerative tissues is not clear.

How broadly relevant is blocking trans-
lation in cancer? Translation is a key out-
put of signaling pathways, including RAS, 
PI3K/AKT and PIM, that are activated in 

direct blockade of a key biological activity, 
in this instance, cap-dependent transla-
tion of oncoproteins.

Silvestrol is not the only means to 
block cap-dependent translation, and 
others are reviewed in reference 9. These 
include antisense oligonucleotides against 
eIF4E and peptide inhibitors of eIF4F 
complex formation, though neither has 
entered clinical trials. Silvestrol is the 
most well-studied of several compounds 
that emerged from library screens for abil-
ity to disrupt the function of the eIF4F 
subunit eIF4A, an RNA helicase required 
for its ability to promote mRNA transla-
tion. A plant-derived flavagline, silvestrol 

Briefly, we tested the SuperGen Inc. PIM 
kinase inhibitors SGI-1776 and SGI-1773 
side by side with silvestrol in a panel of 
these PIM-expressing human NHL cell 
lines. Notably, SGI-1776 is the only PIM 
inhibitor that has entered clinical trials, 
although these had to be discontinued 
due to cardiac toxicity of the compound 
(SuperGen press release, 2010). In any 
case, silvestrol showed in vitro potency at 
IC

50
 of less than 10 nM in all cases, and 

the PIM kinase inhibitors were 100 to 
1,000 times less active. These results high-
light some problems associated with the 
“inhibitor cocktail” approach and indicate 
a complementary strategy that includes 

Figure 1. Converging pathways. Multiple oncogenic signals activate cap-dependent translation. 
Our study shows how targeting cap-dependent translation can bypass multiple upstream signals 
simultaneously and knocks down expression of short-lived translationally regulated oncopro-
teins. Our strategy represents an alternative or possibly complementary approach to cocktails of 
multiple targeted inhibitors in cancer therapy.
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most (if not all) cancers (Fig. 1). We have 
limited data, however, on the effects of 
blocking the translational output of these 
pathways in cancer. Besides our study in 
lymphoma, Cencic et al.l reported activity 
against human breast and prostate cancer 
cell lines both in vitro and in vivo.26

What are optimal combination strate-
gies? Our data indicate that combination 
of silvestrol with rapalogs may produce a 
one-two punch by blocking both mTORC-
dependent and -independent activation of 
translation. Other studies on silvestrol19 
or rapamycin11 indicate potent synergy of 
translation inihibition with DNA damag-
ing agents. Clearly, further work is needed 
to integrate a new therapeutic approach 
with existing concepts.

While challenges remain, our study 
provides proof of concept that direct inhi-
bition of a key output of multiple signaling 
pathways provides a conceptual and thera-
peutically feasible alternative to targeting 
multiple signaling molecules.
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