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1. INTRODUCTION

The regulation of gene expression at the level of translation initiation is
critical for proper control of cell growth, proliferation, differentiation, and
apoptosis. Deregulation of translation initiation is frequently observed in
tumors and plays an important role in the genesis, progression, and
evier Inc.
reserved.
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maintenance of some cancers. This is because unrestricted translation
favors expression of genes that promote cell proliferation, malignant
transformation, and cancer progression. Conversely, restricting the trans-
lation initiation by molecular and chemical genetic approaches reverts the
malignant phenotype because it preferentially reduces translation of
mRNAs that code for proteins important for the genesis and progression
of cancer. The growing understanding of the structural biology and the
mechanistic insight into the translation initiation cascade led to the iden-
tification of pharmacological targets for the development of mechanism-
specific anticancer agents: a new paradigm for anticancer therapy. This
report will not cover the impact of changes in signaling pathways such as
PI3K-Akt and Ras-Raf MAPK on translation initiation.

Translation initiation is the process of assembling the translation com-
petent ribosome on the AUG start codon of the bona fide open reading frame
(ORF). This requires, at a minimum, the assembly of mRNA, 43S preinitia-
tion complex, and 60S ribosomal subunits in a complex such that anticodon
of Met-tRNA (Met-tRNAi) is paired with the AUG start codon of the ORF
(Figure 1). The translation initiation machinery is made up of a host of
translation initiation factors. The ternary complex, which comprises of
the Met-tRNAi and the GTP-coupled eukaryotic initiation factor 2 (eIF2)
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Figure 1 Eukaryotic cap-dependent translation initiation cascade.
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binds to the small ribosomal subunit (40S) forming part of the 43S preinitia-
tion complex. This complex also includes other translation initiation factors
such as eIF1, eIF1A, and eIF3. The interaction of the 43S preinitiation
complex with mRNA is facilitated by the eIF4F complex formed by the
eIF4G, the scaffolding protein, eIF4A, the DEAD-box RNAhelicase, and the
eIF4E, the mRNA cap (the 7-methyl-guanosine 50-triphosphate) binding
protein. The binding of eIF4E to the cap at the 50-end of mRNA is critical
for scanning to locate the AUG initiation codon. The RNA helicase eIF4A in
the eIF4F complex unwinds the secondary structure of the mRNA and
allows the 43S preinitiation complex to scan the 50 untranslated region
(50UTR) of the mRNA for the AUG start codon. The scaffolding protein
eIF4G also interacts with other translation initiation factors such as eIF3,
eIF2, eIF1, and eIF5 and polyadenylate binding protein. The eIF1 in the
preinitiation complex plays an important role in the processivity of the
50UTRscanning and, togetherwith eIF1Aand eIF5B, contributes to selection
of the bona fide start codon. In addition, the hydrolysis of GTP in the ternary
complex by eIF5 and eIF5B plays an important role in the binding of the
large ribosomal subunit to the 48S preinitiation complex and formation of
the 80S initiation complex that is competent for polypeptide synthesis [1–3].
1.1. Role of translation initiation in cancer

Tight regulation of translation ensures that the appropriate quantity and
mix of proteins is synthesized. For example, quiescent cells synthesize
mostly metabolic and housekeeping proteins. In proliferating cells, not
only is the overall rate of protein synthesis increased, but also the mix of
newly synthesized proteins is changed to include proteins required for
DNA synthesis, chromosome segregation, and cell division. Relieving the
physiological restraints on translation initiation induces preferential syn-
thesis of oncogenic proteins and results in malignant transformation.
1.2. Weak and strong mRNAs

The secondary structures in the 50UTR of mRNAs reduce the processivity
of and may cause termination of scanning, while the upstream ORFs
(uORFs) cause unproductive initiations. Both these factors lead to
reduced translational efficiency. The mRNAs that contain stable second-
ary structure in the 50UTR require ATP and the helicase activity of eIF4A
to enhance the scanning by the 43S preinitiation complex [1]. Frequent
initiation and robust RNA helicase activities are needed to overcome
inefficiencies caused by complex secondary structures and uROFs. Inter-
estingly, strong mRNAs coding for housekeeping proteins usually
possess a relatively short and simple 50UTR, while those coding for
most pro-proliferation and survival proteins contain a rather long
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50UTR usually burdened by stable secondary structures and/or uORFs.
The stable secondary structures and uORFs reduce while strong Kozak
consensus sequences [4] increase the efficiency of translation. The stable
secondary structures in the 50UTR, presence of uORFs, and weak Kozak
sequences render the mRNA translation highly dependent on the activity
of translation initiation factors. This differential dependence of mRNA
translatability on the activity of the translation initiation factors forms one
of the bases of gene specific regulation at the level of translation initiation
[5–7]. Perhaps not surprisingly, malignant transformation is associated
with a selective increase in the translation of weakmRNAs that encode for
numerous growth factors and oncogenic proteins.
1.3. Expression of translation initiation factors in cancer

Components of the eIF4F complex are overexpressed in many cancers.
Levels of eIF4E are elevated in non-Hodgkin’s lymphoma, neuroblasto-
mas, and cancers of breast, bladder, colon, prostate, gastrointestinal tract,
and lung. Further, in head and neck as well as in breast cancers [8], levels
of eIF4E increase during the progression from normal tissue to invasive
carcinomas, and this increase correlates with the risk of recurrence after
surgical excision [9] and with the cancer-related mortality [10–12]. Levels
of eIF4G are elevated in squamous cell lung carcinomas [13–16], and
eIF4A is overexpressed in melanomas and primary hepatocellular carci-
nomas [17,18]. Experimentally, overexpression of eIF4E in mice leads to
malignant transformation. However, ectopic expression of eIF4E-binding
protein-1 (4E-BP1), which inhibits eIF4E/eIF4G protein–protein interac-
tion, suppresses translation initiation. This results in partial reversal of
transformed phenotype and tumorogenesis. These observations support
the notion that pharmacological interventions that reduce the activity of
eIF4F may offer a new paradigm for anticancer therapy.

Similarly, overexpression of eIF2, the critical component of the ternary
complex, and inactivating mutations eIF2a kinases has been reported in
human cancers [19–22]. Both these will increase the abundance of the
ternary complex rendering translation initiation unrestricted. Experimen-
tally, forced expression of eIF2a-S51A, a nonphosphorylatable eIF2a
mutant [23] or of Met-tRNAi, causes transformation of normal cells into
malignant cells [24].

Finally, various subunits of eIF3 are overexpressed in some human
cancers, and when that occurs, it usually predicts a poor prognosis [25].
Consistently, overexpression of the five subunits of eIF3, either individu-
ally or in combination, causes malignant transformation [26].
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1.4. Drug targets in the translation initiation cascade

The availability of a high resolution crystal structure of the cap-binding
protein eIF4E, which is considered to be rate limiting for the translation
initiation process, and its complexes with 7-Me-GDP [27], as well as with
the 17 residues from the consensus sequences of 4E-BP1(51–67) and
eIF4GII(621–637) [28], made it the first target for the development of
anticancer agents. The developments targeted both the eIF4E/eIF4G
interface and the cap-binding site on eIF4E. Another obvious target for
inhibitors of initiation is eIF4A, the ATP-dependent RNA DEAD-box
helicase. Structural studies [29–31] suggest sites for targeting eIF4A either
in the domain interface, the ATP binding sites, or interfaces with the
eIF4G middle domain. There are additional potential targets in the
translation initiation machinery, such as the eIF5, eIF2, eIF1, and eIF1A
proteins. However, the impact of inhibition of these translation initiation
factors remains to be studied.
2. STATE OF THE ART

2.1. Inhibitors of eIF4F

Direct targeting of eIF4F complex was accomplished by either disrupting
the expression of eIF4E or by blocking the interaction between eIF4E and
eIF4G (Figure 2). The former was achieved by either developing eIF4E-
specific antisense oligonucleotides (ASOs) that trigger RNase H-mediated
RNA digestion [32,33] or by using synthetic eIF4E-specific siRNA that
binds and cleaves the cognate eIF4A mRNA [34], while the latter was
achieved by high-throughput screening campaign of small molecule
libraries employing a fluorogenic eIF4GII-derived eIF4E-binding peptide
and a transgenically expressed GB1-eIF4E fusion protein [35].
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Figure 2 Strategies to inhibit formation of the eIF4F complex.



194 Bertal H. Aktas et al.
2.1.1. Targeting eIF4E
2.1.1.1. Antisense Oligonucleotides Early studies demonstrated that many
phenotypic changes associatedwithHeLa cells and ras-inducedmalignant
transformation of other cells can be reversed by expression of ASOs
complementary to eIF4E mRNA [36,37]. Ectopic expression of eIF4E
ASOs in FaDu, a head and neck squamous cell carcinoma (HNSCC) cell
line, suppressed tumorigenic and angiogenic properties in amousemodel
of human HNSCC [28]. The ASO reduced eIF4E expression in numerous
human and murine cell lines and decreased the expression of key malig-
nancy-related proteins such as cyclinD1, VEGF, c-myc, survivin, andBCL-
2, but not the expression of housekeeping protein such as b-actin. More-
over, ASO-associated reduction in eIF4E expression leads to apoptosis,
reduction in cell viability, and inability of HUVEC to form vessel-like tube
structures [38]. Systemic treatment of mice models of human prostate and
breast cancers with eIF4E ASO (Figure 3) leads to increased apoptosis,
inhibition of tumor growth, and the reduction of eIF4E expression. Immu-
nostaining of VEGF and endothelial specific marker, von Willebrand’s
factor, suggest that eIF4E ASO treatment reduced tumor vascularity with
no apparent toxicity [29]. In a phase I clinical trial with patients who suffer
fromavariety of cancers, treatmentwith eIF4EASOLY2275796 (1) induced
apoptosis and reduced the tumors’ expression of eIF4E and eIF4E-
regulated proteins BCL-2 and c-myc [39]. Currently, two phase 1b/2
combination studies of ISIS-EIF4ERx (LY2275796) with either (a) carbopla-
tin and paclitaxel or (b) docetaxel and prednisone, on non-small cell lung
and castrate-resistant prostate cancers, respectively, are underway.
2.1.1.2. Inhibitors of eIF4E/eIF4G Interaction Both eIF4G and 4E-BP1
share a hydrophobic and helical consensus motif, Y(X)4Lf, which binds
to a conserved and hydrophobic hotspot on the dorsal surface of eIF4E
O

5�-TGTCATATTCCTGGATCCTT-3� eIF4E ASO4   1
(B)

(A)

O

O
O
S

P
O

O
O

O

O O
O

Me

Base

Me

Base

-
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(Figure 4) [28]. This motif formed the basis for a high-throughput fluores-
cence polarization (FP) screening assay, which led to the discovery of a
prototypic inhibitor of eIF4E/eIF4G interaction: 4EGI-1 (2, Figure 5) [35].
In the cell-free FP assay, 4EGI-1 displayed a Kd � 25 mM. In rabbit reticu-
locyte lysate, 4EGI-1 inhibits binding of full-length eIF4G to eIF4E with a
Kd of 20 mM and inhibits cap-dependent translation of a dual-luciferase
mRNA reporter construct. Interestingly, 4EGI-1 enhances the binding of
4E-BP1 to eIF4E. NMR titration of GB1-eIF4E fusion protein with 4EGI-1
suggests reversible and tight ligand binding to residues on the convex
dorsal surface of eIF4E. Importantly, 4EGI-1 inhibited expression of onco-
genic proteins such as c-Myc and Bcl-XL at the translational level, with
negligible effects on the translation of housekeeping proteins such as
Figure 4 eIF4G- and 4E-BP-derived peptides (cyano and aquamarine, respectively)

containing the helical conserved consensus motif, Y(X)4Lf, bind to the same

hydrophobic patch on the convex dorsal surface on eIF4E.
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Figure 5 Inhibitors of eIF4E/eIF4G protein–protein interactions: 4EGI-1 (2) and

4E1RCat (3).
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b-actin, tubulin, or ubiquitin. Further, 4EGI-1 inhibits proliferation and/
or survival of Jukart cells, various melanoma, breast, lung, and prostate
cancer cell lines with IC50s of 1–20 mM, and inhibits preferentially prolif-
eration of p210bcr/abl-transformed Ba/F3 cells compared to vector-trans-
fected immortalized maternal cells (IC50 15 and >40 mM, respectively)
[35]. In vivo, 4EGI-1 strongly inhibits growth of human CRL-1500 breast
and CRL-2813 melanoma cancer xenografts, without any apparent mac-
roscopic- or microscopic-toxicity [40]. As anticipated, in the tumors, treat-
ment with 4EGI-1 led to dissociation of eIF4G from eIF4E and increased
the association of 4E-BP1 with eIF4E. The 4EGI-1 treated tumors had a
lower expression of proliferating cell nuclear antigen (PCNA) and onco-
genic and growth regulatory proteins such as cyclins D1 and E, c-Myc,
Bcl-2, and VEGF as compared with the nontreated tumors. Importantly,
4EGI-1 did not increase the fraction of apoptotic cells in the treated
tumors as compared with the nontreated ones [40].

The antileukemic potential of 4EGI-1 in acute myeloid leukemia
(AML) is demonstrated ex vivo by robust reduction of clonogenic growth
of AML precursors and a massive induction of blast cell apoptosis [41],
with minimal impairment of normal hematopoiesis. Importantly, treat-
ment of AML cells by 4EGI-1, but not the rapalog RAD001, abrogates
eIF4F complex formation, reduces translation of c-Myc mRNA, and
reduces levels of c-Myc, cyclin D1, and Bcl-xL, proteins implicated in
the oncogenic process.

In human lung cancer cells, in addition to the inhibition of cap-depen-
dent translation, 4EGI-1 also augments tumor necrosis factor-related apo-
ptosis-inducing ligand (TRIAL), which mediates apoptosis through
induction of death receptor 5 (DR5), and downregulates c-FLIP, which
inhibits caspase-8 activation. This pro-apoptotic activity of 4EGI-1
appears to be independent of inhibition of cap-dependent translation
[42]. As such, 4EGI-1 contributes in a cooperative manner to the induction
of apoptosis by inhibiting cap-dependent translation initiation, while
sensitizing human lung cancer cells to TRIAL-induced apoptosis. This
could be an exciting demonstration of reinforcing polypharmacology.
4EGI-1 also preferentially suppresses proliferation of malignant pleural
mesothelioma cells by inhibiting cap-dependent translation as compared
to LP9 normal mesothelial cells and inhibits growth of non-small cell lung
cancer by the same mechanism [43,44].

Recently, other screening efforts led to the discovery of 4E1RCat (3,
Figure 5), which inhibits eIF4E/eIF4G interaction with an IC50 � 4 mM as
measured in the time-resolved-FRET assay [45]. It is distinct from
2 because it inhibits not only eIF4E/eIF4G interactions but also the
eIF4E/4E-BP1 interaction. In an animal model of Em-Myc-driven lym-
phoma, 3 was effective in reversing chemo-resistance to doxorubicin
treatment.
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2.1.1.3. Ribavirin The antiviral drug Ribavirin (4, Figure 6) is a nucleotide
analog that causes hypermutations in the genome of RNA viruses and
disrupts replication of DNA viruses [46]. Ribavirin displays cytostatic activ-
ity inmammalian cells and is reportedlyuseful for treatment of patientswith
acutemyeloid leukemia [47,48]. It is currently being evaluated for treatment
of breast cancer patients [49]. Although some reports attributed the antican-
cer activity of Ribavirin to its mimicry of 7-methyl-guanosine (mRNA cap)
and inhibition of translation initiation[50,51], others have challenged this
view [52,53]. Specifically, ribavirin was two to four orders of magnitude less
potent than 7-Me-GTP in vitro in inhibiting cap-dependent translation. Fur-
ther, unlike 7-Me-GTP, Ribavirin did not preferentially inhibit cap-depen-
dent translation compared to cap-independent translation.
2.1.1.4. 7-Methylguanidine (Cap) Analogs The eIF4E interacts with the
mRNA cap, forming the 48S initiation complex, which is critical for
translation initiation. Therefore, cap (Me7GTP 5) analogs (Figure 7) have
been sought after as potential inhibitors of translation initiation and novel
anticancer drugs. Several attempts were made over the years to synthe-
size cap analogs that will be cell permeable, bind to eIF4E with high
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affinity, and inhibit effectively cap-dependent translation [54,55]. An
interesting series of Bn7-GMP derivatives yielded one of the most potent
cap analogs p-FBn7GMP (6, Kd ¼ 1.96 mM) [56]. To date, none of these
have been employed as anticancer agents in vivo.
2.1.1.5. 4E-BP1 and Related Peptides 4E-BP1 is a natural repressor of trans-
lation initiation that disrupts eIF4E/eIF4G interaction. Cell permeable
peptides that contain the conserved eIF4E-binding motif present in
eIF4G and 4E-BP1 will inhibit eIF4E/eIF4G interaction [28,57]. 4E-BP1-
derived peptides fused to cell penetrating peptides, such as penetratin
[58] and TAT [59], induce apoptosis in cancer cells [58]. More recently, a
helix-stabilized eIF4E-binding peptide derived from eIF4G1 fused to TAT
was shown to inhibit translation initiation and induce apoptosis in MCF-7
breast cancer cells [59].

In another approach, 4E-BP1-derived eIF4E-binding sequence was
conjugated to an agonist of gonadotropin-releasing hormone [D-Lys6]
GnRH, generating a fusion peptide [D-Lys6]GnRH–4E-BP1 that can be
taken up by GnRH receptor-expressing tumor cells in a tissue-specific
manner. GnRH in this context serves the dual purpose of facilitating entry
of peptide into the cells, and targeting it only to ovarian cancer cells [60].
In a mouse model of intraperitoneally implanted ovarian cancer, this
peptide reduced tumor burden compared to saline treatment [60].
Another approach to this peptide based cancer therapy is the delivery of
full-length 4E-BP1 into the cells by adenovirus mediated gene therapy
[61]. Adenovirus-mediated transfer of 4E-BP1 by itself failed to inhibit the
growth of pancreatic or gastric carcinoma cells because hyperphosphor-
ylation of recombinant protein inhibited its binding to eIF4E. Combined
treatment with mTOR inhibitors, on the other hand, reduced the phos-
phorylation of recombinant 4E-BP1 and inhibited proliferation of cancer
cell proliferation in vitro and tumor growth in vivo [61].
2.1.1.6. MAPK-Interacting Kinases Inhibition of the mitogen-activated
protein kinase (MAPK) and interacting kinases (Mnk1), which bind to
the C-terminal MA3 domain of human eIF4G and phosphorylates Ser209
of eIF4E, has recently been shown to block eIF4E phosphorylation and
suppress outgrowth of experimental lung metastases [62]. Screening has
identified antifungal agent cercosporamide (7, Figure 8) as a potent, selec-
tive, and orally bioavailable Mnk inhibitor. Cercosporamide blocks eIF4E
phosphorylation in vitro and in normal mouse tissue and xenografted
tumors within 30 min after oral administration. Cercosporamide reduces
tumor growth in HCT116 tumor bearing animals, and suppresses the
outgrowth of B16 melanoma lung metastases [62]. Thus, the Mnk/eIF4G
complex may be an attractive target for development of antitumor agents.
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2.1.2. Targeting eIF4A
2.1.2.1. Pateamine A Pateamine A (8, Figure 9), a thiazole-containing
macrolide isolated from the marine sponge Mycale sp., with well-known
antineoplastic activity [63,64] interacts with eIF4AI, disrupts the eIF4A/
eIF4G interaction, and inhibits translation initiation [65–68]. In biochemi-
cal assays, 8 stimulates rather than inhibits the helicase activity of eIF4A
by induction of conformational changes in the structure of eIF4A, but
because 8-bound eIF4A cannot associate with eIF4G, it cannot unwind
mRNA secondary structures in the 48S preinitiation complex (Figure 10).
Treatment of cells by 8 induces formation of stress granules, presumably
by inhibiting translation initiation [69,70]. Pateamine A inhibits the non-
sense-mediated mRNA decay by directly targeting eIF4AIII, a core com-
ponent of the exon junction complex (EJC), independent of inhibition of
translation initiation [71]. Simplified 8 analogs have been synthesized and
shown to possess potent anticancer activity [72]. Pateamine A causes
acute inhibition of DNA synthesis presumably by inhibition of DNA
polymerases, indicating that polypharmacology, that is, modulation of
several unrelated targets by 8 may contribute to its apparent antineoplas-
tic effects.
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2.1.2.2. Cyclopenta[b]benzofuran Flavaglines—Silvestrol Cyclopenta[b]
benzofuran flavaglines (CBFs) are potential anticancer agents originally
isolated from the species of Aglaia genus of the Meliaceae plant family.
These agents inhibit protein synthesis and display in vitro activity against
cancer cells and in vivo activity against xenograft tumors [73–78].

Silvestrol (9, Figure 11), a CBF isolated from Aglaia silvestris, inhibits
translation initiation by targeting eIF4A and ribosome loading onto
mRNA templates [79]. Silvestrol prevented growth of human Jurkat and
LNCaP cells in culture [77,80] and showed weak antitumor potential in
xenograft tumor models of human BC1 breast cancer [74]. While ineffec-
tive as a single agent against Em-myc lymphomas that harbor mutants of
tumor-suppressor phosphatase and tensin homolog (PTEN), or overex-
press eIF4E [79], Silvestrol inhibited growth of human MDA-MB-231
breast cancer xenografts [81]. Importantly, in combination with doxorubi-
cin, it was effective against Ptenþ/�Em-myc and Em-myc/eIF4E tumors,
which were refractory to rapamycin/doxorubicin treatment [79]. Silves-
trol preferentially inhibits translation of weak mRNAs coding for proteins
such as cyclin D1, survivin, Mcl-1, Bcl-2, and c-Myc [81].



Inhibition of Translation Initiation as a Novel Paradigm for Cancer Therapy 201
2.1.2.3. Hippuristanol Hippuristanol (10, Figure 12), purified from the
coral Isis hippuris extract [82], was discovered in a chemical screen for
inhibitors of translation initiation [83]. Hippuristanol interferes with bind-
ing of eIF4A to RNA and thereby inhibits the ATPase activity, but does
not prevent binding of ATP to eIF4A (Figure 13). As such, 10 inhibits RNA
dependent helicase activity, resulting in abrogation of cap-dependent
translation [66]. Hippuristanol binds to amino acids adjacent to and over-
lapping with two conserved motifs present in the carboxy-terminal
domain of eIF4A that are implicated in interaction with RNA and ATP,
and interdomain contacts [30]. Inhibition of cap-dependent translation is
thought to underlie inhibition of adult T-cell xenograft tumor growth [84].
Hippuristanol was synthesized by various synthetic approaches and was
OH 10
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Figure 12 Hippuristanol, a natural product that inhibits RNA dependent helicase
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subjected to limited structure activity relationship studies [85–87]. Both
the gem-dimethyl on the spiro-furan ring F and the size of this ring are
important for the antiproliferative activity of 10.

Overall, these results suggest that inhibition of translation initiation by
modulating eIF4A activity is a promising approach to altering drug
resistance associated with PI3K/mTOR activation, and for inhibition of
tumor growth.
2.2. Inhibitors of ternary complex

2.2.1. Salubrinal
Salubrinal (11, Figure 14) was discovered in a screen for agents that
protect cells from endoplasmic reticulum stress induced cell death and
was shown to cause eIF2a phosphorylation by selectively inhibiting an
eIF2a phosphatase [88]. Salubrinal directly interacts with bcl-2 and inhi-
bits induction of apoptosis by DNA damaging agents [89]. Salubrinal
inhibits leukemia cell proliferation synergistically with proteasome inhi-
bitors [90] and renders a subpopulation of bortezamib-resistant multiple
myeloma cells sensitive to this FDA approved proteasome inhibitor [91].
2.2.2. 15-Deoxyspergualin
15-Deoxyspergualin (12, Figure 15), an analog of the immunosuppressive
agent spergualin, inhibits cell cycle progression and cytokine production
upon naı̈ve T-cell activation [92]. It also displays significant tumoricidal
activity [93]. It interacts with the EEVD domain of heat shock protein 70
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Figure 14 Salubrinal inhibits ternary complex formation by inhibiting eIF2a
phosphatase.
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and causes phosphorylation of eIF2a [94]. Activation of eIF5A, an RNA
binding protein, involves hypusination of Lys50. Inhibition of eIF5A hypu-
sination by 12 inhibits translation initiation and cell proliferation [95,96].
Consistently, incubation ofmousemammary carcinomaFM3Acellswith 12
led to inhibition of cell growth and to the formation of inactive eIF5A.

2.2.3. Thiozolidone-indenones
Thiazolidinediones (TZD) were discovered as peroxisome proliferator
activated receptor gamma (PPAR-g) agonists and developed for the man-
agement of lipid and glucose metabolism in type-2 diabetes [97,98]. This
class includes drugs such as pioglitazone, rosiglitazone, ciglitazone, and
troglitazone (13, Figure 16), all of which display some antiproliferative
activity against cancer cells in vitro and inhibit tumor growth in xenograft
models of human cancer [99–102].

Although the activity of TZDs against cancer cell lines or xenograft
tumors was thought to be mediated by activation of PPAR-g, in many
instances, it was shown that the antiproliferative activity of these agents is
independent of PPAR-g. These PPAR-g independent effects are report-
edly mediated by: (a) Ca2þ store depletion and subsequent phosphoryla-
tion of eIF2a and inhibition of translation initiation (Figure 17) [99];
(b) induction of cellular acidosis through inhibition of the Naþ/Hþ

exchanger [103]; (c) inhibition of Bcl-xL/Bcl-2 complex [104]; (d) release
HO
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O
S

O
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N

Figure 16 Troglitazone an antiproliferative agent from the TZD family.
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Figure 17 Mechanism of action of antiproliferative agents such as TZDs and clotrima-

zole that release Ca2þ from ER and phosphorylate eIF2a.
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of apoptotic factors from themitochondria through the production of ROS
[105]; (e) upregulation of PTEN expression; (f) AMPK phosphorylation;
and (g) downregulation of Akt/mTOR/p70S6 signaling cascades [106].
This multitude of seemingly disparate PPAR-g independent activities of
TZDs suggests either that TZDs are very promiscuous agents or that one
of the PPAR-g independent mechanisms underlies most of these activ-
ities. We suggest that eIF2a phosphorylation-dependent inhibition of
translation initiation may be the unifying mechanism that underlies the
antiproliferative effects of TZDs.
2.2.4. Clotrimazole
Clotrimazole (14, Figure 18) was developed in 1970s for the treatment of
fungal infections [107]. It was subsequently shown to inhibit Ca2þ activated
potassium channels, release Ca2þ from internal stores, inhibit Ca2þ release
activated Ca2þ influx, and inhibit proliferation of cancer cells in vitro and
tumor growth and metastasis in vivo [108]. Further studies demonstrated
that partial depletion of Ca2þ stores cause phosphorylation of eIF2a and
inhibition of translation initiation. This accounts, at least in part, for the
anticancer activity of 14 [109]. Further, 14 inhibits angiogenesis [110] and
sensitizes glioblastoma cells to radiation therapy [111]. These affects are
likely secondary to the inhibition of translation initiation. Nevertheless,
like many first generation translation initiation inhibitors, 14 has polyphar-
macology thatmay include inhibition of translation initiation and glycolytic
supply of ATP that are required for cancer cells proliferation [112].
2.2.5. 3,3-Diaryl oxindoles
3,3-Diaryl oxindoles (Figure 19) were developed through structure activ-
ity relationship studies to identify agents that induce sustained-partial
depletion of internal Ca2þ stores, thereby inducing eIF2a phosphorylation
and inhibiting translation initiation [113,114]. Two lead compounds iden-
tified through this effort, #1181 (15) and #1430 (16), inhibit proliferation of
a wide variety of cancer cells with low micromolar potencies. In vitro
Cl

14

N

N

Figure 18 Clotrimazole, an antifungal agents that depletes ternary complex and inhibits

cap-dependent translation initiation.
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studies with compound 15 demonstrate that this agent inhibits translation
initiation, and preferentially abrogates the expression of oncogenic and
antiapoptotic proteins with negligible effect on the expression of
housekeeping proteins. Most, but not all of these effects, are translational.
Treatment of mice bearing MCF-7 human breast cancer cell derived
tumors (�150 mm3) with 140 mg/kg/bid of #1181 sc for 3 weeks resulted
in �30% regression in tumor size [40]. This antitumor activity is asso-
ciated with phosphorylation of eIF2a and inhibition of the expression of
oncogenic proteins. These findings provide proof-of-principle that phos-
phorylation of eIF2a and reduced formation of the ternary complex are
pharmacologically viable targets for cancer therapy.

Screening oxyphenistatin analogs for preferential inhibition of human
breast cancer cell (MDA-468) proliferation, as compared to a related non-
cancer cell, identified 6,7-difluoro-oxyphenistatin (17) to have 1000-fold
greater antiproliferative activity toward MDA-468 cells (IC50 ¼ 20 nM)
[115]. In addition, oxindole 17 showed potent antitumor activity in xeno-
graft micemodels of human prostate and breast cancers following p.o. or i.
v. administration [116]. Further optimization led to the development of 3-
aryl,3-cycloalkyl-oxindoles that presented a significant departure from the
3,3-diaryloxindole chemotype [117]. Oxindole 18 showed nanomolar anti-
proliferative activity toward breast and prostate cancer cells and caused
complete tumor regression in a rat xenograft model of human prostate
cancer [117]. A very recent publication reports on N,N’-diarylureas that
activate heme-regulated inhibitor kinase, induce eIF2a phosphorylation,
inhibit translation initiation, and display anticancer activity [118].
3. CONCLUSIONS

Prominent targets for anticancer drugs like phosphoinositide 3-kinase
(PI3K), AKT kinase, or mammalian target of rapamycin (mTOR) are all
upstream of 4E-BP1 phosphorylation, and they trigger inhibition of trans-
lation initiation while modulating other downstream targets. Targeting
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cancer pathways downstream of their cellular signaling networks at the
level of translation initiation will be more effective and could offer fewer
side effects than inhibiting their upstream targets. The location of transla-
tion initiation at the apex of many well-defined oncogenic, pro-apoptotic,
and tumor-suppressor pathways, and the plethora of distinct targets
make it an attractive field for the development of a new generation of
anticancer agents. The diverse nature of these targets includes interaction
with classical active sites, as well as challenging targets such as protein–
protein interactions. Because restoration of translational control down-
regulates oncogenic proteins with minimal effect on housekeeping pro-
teins, it will affect predominantly the addicted cancer cells and spare
normal ones. Hence, small molecule inhibitors of translation initiation
have excellent potential for achieving a wide therapeutic window. There-
fore, this emerging field represents a new and highly promising paradigm
in cancer therapy.
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