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Expression	of	eukaryotic	translation	initiation	factor	4E	(eIF4E)	is	commonly	elevated	in	human	and	experi-
mental	cancers,	promoting	angiogenesis	and	tumor	growth.	Elevated	eIF4E	levels	selectively	increase	transla-
tion	of	growth	factors	important	in	malignancy	(e.g.,	VEGF,	cyclin	D1)	and	is	thereby	an	attractive	anticancer	
therapeutic	target.	Yet	to	date,	no	eIF4E-specific	therapy	has	been	developed.	Herein	we	report	development	of	
eIF4E-specific	antisense	oligonucleotides	(ASOs)	designed	to	have	the	necessary	tissue	stability	and	nuclease	
resistance	required	for	systemic	anticancer	therapy.	In	mammalian	cultured	cells,	these	ASOs	specifically	tar-
geted	the	eIF4E	mRNA	for	destruction,	repressing	expression	of	eIF4E-regulated	proteins	(e.g.,	VEGF,	cyclin	
D1,	survivin,	c-myc,	Bcl-2),	inducing	apoptosis,	and	preventing	endothelial	cells	from	forming	vessel-like	
structures.	Most	importantly,	intravenous	ASO	administration	selectively	and	significantly	reduced	eIF4E	
expression	in	human	tumor	xenografts,	significantly	suppressing	tumor	growth.	Because	these	ASOs	also	tar-
get	murine	eIF4E,	we	assessed	the	impact	of	eIF4E	reduction	in	normal	tissues.	Despite	reducing	eIF4E	levels	
by	80%	in	mouse	liver,	eIF4E-specific	ASO	administration	did	not	affect	body	weight,	organ	weight,	or	liver	
transaminase	levels,	thereby	providing	the	first	in	vivo	evidence	that	cancers	may	be	more	susceptible	to	eIF4E	
inhibition	than	normal	tissues.	These	data	have	prompted	eIF4E-specific	ASO	clinical	trials	for	the	treatment	
of	human	cancers.

Introduction
Eukaryotic translation initiation factor 4E (eIF4E) binds the 5′ cap 
structure of cellular mRNAs, delivering these mRNAs to the eIF4F 
translation initiation complex. This complex then scans 5′–3′ from 
the cap, unwinding secondary structure in the mRNA 5′ untrans-
lated region (5′UTR) to expose the translation initiation codon, 
enable ribosome loading, and promote translation (1, 2). eIF4F 
complex assembly is rate limiting for initiation and dependent 
upon eIF4E availability. Under normal cellular conditions, eIF4E is 
bound by eIF4E binding proteins (4E-BPs), thereby limiting eIF4F 
complex assembly. Stimulation of the PI3K/AKT/mTOR pathway 
leads to hierarchical 4E-BP phosphorylation, eIF4E release, and 
eIF4F complex formation (3–5).

In human and experimental cancers, free eIF4E levels are com-
monly elevated via increased PI3K/AKT/mTOR signaling or 
eIF4E overexpression (1, 5, 6). Increased eIF4E expression has 
been associated with tumor formation and progression in human 
malignancies including leukemias, lymphomas, and cancers 

of the breast, colon, bladder, lung, prostate, and head and neck 
(reviewed in ref. 1).

In tumors, elevated eIF4E function preferentially and dispropor-
tionately enhances translation of select mRNAs. Increased eIF4E 
function can selectively enable the nucleocytoplasmic transport 
of potent growth regulatory proteins such as cyclin D1 (7–11). 
Increased eIF4E function also enhances ribosome loading of 
mRNAs with lengthy G+C-rich 5′UTRs, many of which encode 
potent growth and survival factors involved in malignancy (e.g., 
c-myc, ODC, VEGF, survivin). Interestingly, most mRNAs, which 
are characterized by short, unstructured 5′UTRs (e.g., β-actin) are 
largely unaffected by changes in eIF4E activity (1). Consequently, 
changes in eIF4E most profoundly influence the protein expres-
sion of potent regulators of cell growth and survival, i.e., proteins 
involved in malignancy (1, 2, 12).

In experimental models, eIF4E overexpression induces cellular 
transformation, tumorigenesis, invasion, and metastasis (13–15) 
by selectively upregulating the translation of growth-promoting 
genes such as ODC (16), cyclin D1 (7–11), and c-myc (13). Further-
more, eIF4E can promote the establishment of autocrine stimu-
latory loops (15, 17). In transgenic models, eIF4E overexpression 
yields a high incidence of cancer, notably lymphomas, lung adeno-
carcinomas, hepatomas, and angiosarcomas (18). In the Eμ-myc 
transgenic B cell lymphoma model, wherein myc oncogene expres-
sion is driven by the immunoglobulin heavy chain enhancer, eIF4E 
overexpression accelerates lymphomagenesis (18, 19) and imparts 
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resistance to doxorubicin (19). Whereas enhanced eIF4E function 
promotes malignancy, reducing or inhibiting eIF4E function sup-
presses malignancy, in concert with reduced expression of potent 
growth and angiogenesis factors (6, 20–25).

Collectively these data indicate that eIF4E may be a promis-
ing therapeutic target for the treatment of human malignancies. 
Further, whereas eIF4E is largely bound to 4E-BPs and inactive in 
normal tissues, eIF4E function is frequently elevated in cancers, 
suggesting that cancers may be preferentially susceptible to eIF4E-
targeted therapy. Herein we report on eIF4E antisense oligonucle-
otides (ASOs) designed specifically to target the eIF4E RNA for 
destruction and to have the plasma and tissue stability necessary 
for systemic i.v. delivery. Dosed i.v., eIF4E ASOs show single-agent 
activity in human cancer xenografts, reducing eIF4E expression 
in xenograft tumor and normal mouse tissues and suppressing 
tumor growth and angiogenesis without eliciting toxicity. Collec-
tively these data show that tumors are preferentially susceptible to 
eIF4E-targeted therapy and have prompted the initiation of eIF4E 
ASO clinical trials for the treatment of human cancers.

Results
eIF4E-specific ASOs. Currently there are no direct, small molecule 
eIF4E inhibitors advanced to the clinic, and the development of 
drug-like small molecules that directly interfere with eIF4E binding 
to the mRNA cap has proven difficult. We therefore sought a differ-
ent strategy to target eIF4E for cancer therapy. We chose to develop 
an eIF4E-specific second-generation ASO that could be adminis-
tered systemically for the treatment of human cancers. ASOs rec-
ognize and hybridize to target mRNA by Watson-Crick base pairing 
and trigger RNase H–mediated RNA destruction. Earlier genera-
tion ASOs lacked the nuclease resistance and tissue stability neces-
sary for systemic therapy. By contrast, the second generation ASOs 
have been reengineered, retaining the phosphorothioate backbone 
core (to promote RNase H–mediated degradation) but are now 
flanked with five 2-methoxyethyl–modified (MOE-modified) bases 
(underlined in Figure 1) to improve potency, nuclease resistance, 
and tissue half-life (26–29).

Overlapping MOE-gapmer ASOs, targeting the entire eIF4E 
mRNA sequence (Figure 1), were evaluated for the ability to reduce 
eIF4E RNA expression. The eIF4E sequence is well conserved across 

species. We therefore chose ASOs that would 
target both human and murine eIF4E so that we 
could simultaneously assess the in vivo effects 
of eIF4E reduction on human xenograft tissues 
and normal mouse tissues. These eIF4E ASOs 
reduce eIF4E RNA expression by more than 50% 
at concentrations less than 25 nM in human 
tumor cells and murine endothelial cells, as 
measured by quantitative RT-PCR (Figure 2A).

eIF4E ASOs reduce expression of eIF4E and 
eIF4E-regulated proteins. We next assessed ASO-
mediated reduction of eIF4E protein in cul-
tured human tumor and endothelial cells by 
Western blotting with cells harvested 24, 48, 
or 72 hours after transfection. These analyses 
defined 72 hours after transfection as being 
the optimal time frame for eIF4E protein 
reduction (data not shown) in a wide range of 
human tumor cells, including head and neck 
cancers (FaDu, SW579), prostate cancers (PC-3,  

CWR-22Rv1), breast cancers (MDA-MB-231) and non–small 
cell lung cancers (NCI-H460) (Figure 2, B–D). eIF4E ASOs also 
reduced eIF4E expression in human umbilical vein endothelial 
cells (HUVECs) (Figure 2C).

Many key proteins involved in malignancy are translationally con-
trolled, including the potent angiogenic factors VEGF and FGF-2, 
the oncogenes cyclin D1 and c-myc, the antiapoptotic proteins of 
the Bcl family, as well as the inhibitor of apoptosis protein survivin 
(refs. 30, 31; see ref. 1 for a more extensive list of translationally 
controlled proteins involved in malignancy). Indeed, modulation of 
eIF4E can directly affect the expression of many of these malignancy- 
related proteins (reviewed in refs. 1, 30). We therefore evaluated 
whether ASO-mediated eIF4E reduction would affect the expres-
sion of these malignancy-related proteins. We specifically chose to 
evaluate the oncogenes c-myc and cyclin D1, the angiogenesis fac-
tor VEGF, and the antiapoptotic proteins Bcl-2 and survivin. The 
expression of cyclin D1, c-myc, VEGF, Bcl-2, and survivin was sub-
stantially decreased along with reduced eIF4E expression 72 hours 
after transfection with 4E-ASO4 (Figure 2D). By contrast, β-actin 
expression was largely unaffected by reduced eIF4E expression (Fig-
ure 2), consistent with the notion that altering eIF4E levels selec-
tively affects expression of growth regulatory proteins (1).

eIF4E ASOs do not substantially affect global protein synthesis. Though 
translation of many growth and survival factors is heavily depen-
dent upon the availability of eIF4E, most cellular mRNAs require 
only minimal eIF4E function to be efficiently translated (1, 2). 
Consequently, modulating eIF4E function has limited effects 
on global protein synthesis (1, 20). We therefore determined the 
extent to which eIF4E reduction by eIF4E ASOs would affect global  
protein synthesis rates. MDA-MB-231 cells (a highly invasive 
human breast cancer cell line) were transfected with 4E-ASO4 or 
4E-ASO2. 35S incorporation into total protein was measured in 
parallel with eIF4E RNA expression 72 hours after transfection. 
Though eIF4E RNA expression was reduced by approximately 80% 
in MDA-MB-231 cells transfected with 75 nM ASO, there was only 
a marginal change in the 35S-labeled protein expression pattern 
(Figure 3, A and B). When normalized to total RNA, 35S incor-
poration into newly synthesized protein was reduced 20% when 
compared with the mismatch ASO or mock-transfected controls 
(Figure 3C). Similarly, 35S incorporation into newly synthesized 

Figure 1
The eIF4E ASOs. Four eIF4E ASOs were selected for the reduction of eIF4E in cultured 
human and murine cells. The relative position within the human eIF4E cDNA (GenBank 
accession no. M15353) for 4 eIF4E-specific ASOs is depicted. The sequences for the 
universal non-silencing ASO control and the ASO mismatch control are included. The 
MOE-modified bases are underlined.
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protein was also only marginally reduced in HeLa cells transfected 
with 100 nM 4E-ASO4 or 4E-ASO2, though eIF4E RNA levels were 
decreased more than 80% (data not shown). By contrast, cyclohex-
imide, which completely blocks global protein synthesis, nearly 
completely reduced 35S incorporation (Figure 3). These data dem-
onstrate that eIF4E reduction by 2 different ASOs has only a lim-

ited effect on total protein synthesis, an effect both qualitatively 
and quantitatively distinct from that of cycloheximide.

eIF4E ASO transfection induces apoptosis. eIF4E has been implicated 
in the regulation of cellular growth and survival (1, 30–35). Block-
ing the interaction of eIF4E with eIF4G using specific peptides 
can induce apoptosis (32). Moreover, eIF4E overexpression can 

Figure 2
eIF4E expression is reduced in cultured human and murine cells. (A) eIF4E expression was assessed by quantitative RT-PCR. Representative 
data are shown for human cervical carcinoma cells (HeLa), human non–small cell lung cancer cells (A549), and murine endothelial cells (b.END 
cells) 24 hours after transfection. Cells were transfected using lipofectin, the eIF4E-specific ASOs, or the non-silencing ASO controls at the indicated 
concentrations (5′–3′, ASO ctrlA, GGATAGAACGCGAAAGCTTG; ASO ctrlB, GTACAGTTATGCGCGGTAGA; ASO ctrlC, CGTTATTAACCTCC-
GTTGAA; ASO ctrlD, TTAGAATACGTCGCGTTATG). Data are presented as the percentage of eIF4E in control untransfected cells. (B–D) eIF4E 
protein expression was evaluated by Western blotting from cell lysates harvested 72 hours after transfection. Each blot was reprobed for β-actin to 
control for loading and transfer variations. Representative data are shown for human prostate cancer cell lines (CWR22Rv1 and PC-3), head and 
neck cancer cell lines (FaDu and SW579), a human breast cancer cell line (MDA-MB-231), a human non–small cell lung cancer cell line (NCI-H460), 
and the HUVEC. (B) Cells were transfected with 50, 100, or 200 nM 4E-ASO4 or the ASO control. (C) Data shown represent cells transfected with 
200 nM 4E-ASO4 or the mismatch (MM) control. (D and E) MDA-MB-231 breast cancer cells were transfected with 4E-ASO4 or mismatch control 
ASO. Protein was harvested 72 hours after transfection, and lysates were analyzed by Western blotting for the indicated proteins.
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protect cells from apoptosis (31, 33–35), in part by regulating the 
translation of many mRNAs encoding proteins involved in regu-
lating apoptosis such as survivin (30, 31). We therefore sought to 
determine whether ASO-mediated eIF4E reduction might induce 
apoptosis. Transfection of MDA-MB-231 breast cancer cells with 
4E-ASO4 induced substantial apoptosis as measured by TUNEL 
staining (Figure 4A). Nearly 40% of MDA-MB-231 cells were posi-
tive for TUNEL staining and 50% were positive for activated cas-
pase-3 staining 72 hours after transfection with 100 nM 4E-ASO4, 
which typically reduces eIF4E levels by approximately 80% (Figure 
2D). By contrast, in the MDA-MB-231 cells transfected with the 
mismatch control ASO, 10% of cells were TUNEL- and activated 
caspase-3–positive (Figure 4B). Accordingly, there was a marked 
reduction in cell number, which was evident by the reduced num-
ber of Hoechst-stained nuclei (Figure 4A). Likewise, the percentage 
of TUNEL- and activated caspase-3–positive cells was also increased 
in the non–small cell lung cancer line H460 after transfection with 
100 nM 4E-ASO4 when compared with cells transfected with the 
mismatch ASO control (Figure 4B). These data demonstrate that 
4E-ASO–mediated reduction in eIF4E induces apoptosis.

eIF4E ASO transfection blocks endothelial cell tube formation in vitro. 
The AKT/mTOR signaling pathway, which liberates eIF4E from 
the 4E-BPs, is activated in endothelial cells by angiogenic factors 
(36). It is therefore plausible that eIF4E plays a direct role in the 

endothelial cell response to angiogenic stimuli, though this has 
never been explored. We therefore evaluated whether eIF4E reduc-
tion might suppress the response of endothelial cells to angiogenic 
stimuli. Specifically, we chose to evaluate the formation of tube or 
chord-like structures by HUVECs. Though this large endothelial 
cell model may not fully reflect the process of angiogenesis, these 
cells nevertheless provide a useful model system for evaluating the 
response of endothelial cells to angiogenic stimuli. The formation 
of these vessel-like structures by HUVECs cultured on Matrigel was 
scored semi-quantitatively on a scale of 1 to 5 after eIF4E ASO or 
control ASO transfection (37). Two separate ASO controls showed 
only marginal effects on tube formation, whereas 4E-ASO4 yielded 
a dose-dependent decrease in tube formation, corresponding to a 
dose-dependent reduction in eIF4E RNA expression of greater than 
80% (Figure 4, C and D). 4E-ASO2 also suppressed endothelial tube 
formation, though to a lesser extent than 4E-ASO4 (Figure 4C).

We next confirmed these analyses in a separate HUVEC cell sys-
tem. After transfection with the 4E-ASO4, HUVECs were replated 
on a bed of dermal fibroblasts (38) and incubated 6 days to allow 
for the formation of chordlike structures. 4E-ASO4 transfection 
reduced eIF4E protein expression by approximately 65% (after 
normalization to β-actin) 48 hours after transfection and mark-
edly reduced the formation of the elongated endothelial chordlike 
structures by HUVECs when compared with those treated with 
the mismatch control ASOs (Figure 4E). Collectively, the results 
of these assays suggest that eIF4E reduction may influence the 
response of endothelial cells to angiogenic stimuli.

Systemic eIF4E ASO dosing reduces eIF4E expression in xenograft 
tumors, suppressing tumor growth and angiogenesis. MOE-gapmer 
ASOs such as the eIF4E ASOs can be administered systemically 
(i.e., intravenously) (26–29). Importantly, in recent human clini-
cal trials, second-generation MOE-gapmer ASOs administered i.v. 
showed dose-dependent ASO accumulation and target reduction 
in primary prostate cancer tissues (39). These data clearly show 
that second-generation ASOs can accumulate in human cancer 
tissues, successfully reducing target mRNA and protein. We there-
fore sought to determine whether i.v. administration of 4E-ASO4 
would reduce eIF4E expression in human cancer xenograft tissue 
and whether this might affect xenograft tumor growth.

A role for eIF4E in the genesis and maintenance of breast cancers 
has been established (6). We therefore chose to evaluate the impact 
of i.v. eIF4E ASO administration on eIF4E expression and tumor 
growth in the MDA-MB-231 breast cancer xenografts. 4E-ASO4 
was administered at 50 mg/kg thrice weekly by i.v. bolus injection 
to nude mice bearing MDA-MB-231 xenografts. Treatment con-

Figure 3
Reduction of eIF4E and global protein synthesis. (A) The human 
breast cancer cell line MDA-MB-231 was transfected for 72 hours with 
4E-ASO4, 4E-ASO2, or the mismatch ASO control at the indicated 
concentrations. Cells were labeled 72 hours after transfection with  
35S-methionine/cysteine (Promix). As a positive control for blocking 
total protein synthesis, cells were pretreated with cycloheximide (CHX) 
4 hours before the addition of Promix. Equal protein was loaded per 
lane on an SDS-PAGE gel, electrophoresed, dried, and exposed to 
a phosphorimager screen overnight. (B) RT-PCR analyses for eIF4E 
expression normalized to total RNA as determined by Ribogreen stain 
are depicted for MDA-MB-231. (C) 35S incorporation per lane was nor-
malized to total RNA from the same sample. Data represent 2 separate 
experiments in MDA-MB-231.
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tinued for more than 2 months and dramatically suppressed the 
growth of these tumors (Figure 5A; P < 0.01 versus mismatch con-
trol–treated tumors). To increase our throughput for the analysis 
of eIF4E protein levels in xenograft tissues, we developed and vali-
dated an eIF4E ELISA. MDA-MB-231 xenograft tumor tissues har-
vested at the end of the study showed a significant 64% reduction 

in eIF4E expression as measured by ELISA (P = 0.011; Figure 5A, 
right). Importantly, the body weight of these mice was unaffected 
by this treatment (data not shown).

We sought next to determine whether additional xenograft mod-
els might also be affected by eIF4E ASO administration. Prostate 
cancers frequently show enhanced AKT/mTOR pathway signaling 

Figure 4
eIF4E ASO transfection induces apoptosis and suppresses endothelial cell tube formation. (A) MDA-MB-231 human breast cancer cells were 
transfected for 72 hours with 100 nM 4E-ASO4 or mismatch control. Representative photomicrographs illustrate the dramatic increase in TUNEL 
staining after 4E-ASO4 transfection. Nuclear staining is revealed by Hoechst dye. (B) The mean percentage of cells positive for TUNEL or 
activated caspase-3 is depicted for both MDA-MB-231 and H460 non–small cell lung cancer cells (± SEM). Data in A and B are representative 
of more than 4 separate determinations. (C) HUVECs were plated on Matrigel and transfected with the 4E-ASO4, 4E-ASO2, or non-silencing 
ASO controls as indicated (ASO ctrlE, 5′-TGTTACAGTCTTGTACCCTT-3′ and "randomer" ASO ctrlF, a random mix of 420 possible 20-mer 
nucleotide sequences). The formation of vessel-like tubes was scored semi-quantitatively on a scale of 1 to 5. Data are presented as the mean 
tube score from 4 separate determinations ± SD. (D) Mean eIF4E expression ± SEM was evaluated from parallel plates by quantitative RT-PCR 
for the controls and the 4E-ASO4–transfected HUVECs. RT-PCR for the cells treated with 4E-ASO2 was not performed. (E) HUVECs were 
transfected for 48 hours with 150 nM 4E-ASO4 or mismatch control ASO, replated on dermal fibroblasts, and incubated for 6 days to assess the 
formation of chord-like structures. Endothelial cells were visualized immunohistochemically with an anti-CD31 antibody (green). Hoechst stain 
reveals the nuclei of the dermal fibroblasts (blue). Western blot analyses of eIF4E expression 48 hours posttransfection are shown. Data are 
representative of 5 separate experiments.
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Figure 5
Administration of 4E-ASO4 i.v. suppresses eIF4E expression and xenograft tumor growth. (A) Nude mice bearing MDA-MB-231 human breast 
cancer xenografts (~100 mm3) were dosed i.v. with 4E-ASO4 or mismatch control at 50 mg/kg (n = 10/group) thrice weekly after an initial 100 mg/
kg loading dose. eIF4E expression was evaluated by ELISA from xenograft tissues (right). (B) Nude mice bearing PC-3 human prostate cancer 
xenografts (~100 mm3) were dosed i.v. with 4E-ASO4 or mismatch control (n = 8/group) after an initial loading dose of 50 mg/kg ASO, followed by 
the indicated doses thrice weekly. eIF4E expression was evaluated by ELISA from xenograft tissues (right). For A and B, 4E-ASO4 administration 
significantly suppressed xenograft tumor growth versus mismatch ASO controls (repeated measures ANOVA with covariates of log baseline tumor 
size and log baseline body weight, P = 0.01 for MDA-MB-231; P = 0.015 for PC-3). eIF4E protein expression was reduced significantly by 4E-ASO4 
administration (64% reduction, P = 0.011 for MDA-MB-231; 56% reduction, P = 0.012 for PC-3). Data are plotted as mean tumor volume versus 
time after tumor inoculation ± SEM and are representative of 3 separate tumor xenograft studies with PC-3 and 2 separate xenograft studies with 
MDA-MB-231. (C) PC-3 prostate carcinoma xenograft tissue was evaluated by immunohistochemistry for eIF4E, VEGF, vWF, TUNEL, and Ki-67. 
eIF4E staining in liver from these same mice is also shown. Representative data are shown for mismatch control–treated tumors and tumors from 
2 separate mice treated with 25 mg/kg 4E-ASO4. The most intensely stained sections from each tumor are shown.
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as well as increased eIF4E expression, particularly in advanced dis-
ease (refs. 40, 41, J.R. Graff and J.H. Carter, unpublished observa-
tions), suggesting a role for eIF4E in human prostate cancers. Addi-
tionally, second-generation ASOs accumulate and reduce target 
gene expression in human prostate cancer tissue (39). We therefore 
chose to evaluate the impact of 4E-ASO4 administration on the 
growth of PC-3 human prostate cancer xenografts. PC-3 xenograft 
tumor growth was significantly reduced in mice dosed with 25 mg/
kg 4E-ASO4 when compared with mice treated with the 25 mg/kg 
mismatch control ASO (P = 0.015; Figure 5B). The group dosed 
with 12.5 mg/kg 4E-ASO4 showed an intermediate effect, failing 
to show statistical significance when compared with either the mis-
match control group or 25 mg/kg 4E-ASO4 group (Figure 5B). The 
group mean tumor volume was unaffected by dosing with 5 mg/kg 
4E-ASO4. Importantly, there was no change in mean body weight 
related to eIF4E ASO treatment (data not shown).

Tumors were harvested at the end of this study to evaluate 
eIF4E expression. The eIF4E ELISA data showed a dose-related 
reduction in eIF4E protein expression, paralleling the anti-tumor 
effects of the eIF4E ASO (Figure 5B, right). The 25 mg/kg 4E-
ASO4 group showed a 56% reduction in eIF4E protein expres-
sion relative to the mismatch control (normalized to the GAPDH 
ELISA data, P = 0.012; normalized to total protein concentration, 
P = 0.017). The 5 mg/kg dose group showed no change in eIF4E 
levels (P = 0.477 versus mismatch control; Figure 5B, right), con-
sistent with having no effect on tumor growth. The 12.5 mg/kg  
dose group, which showed an intermediate effect on tumor 
growth, showed a slight but statistically insignificant reduction in 
eIF4E expression compared with the mismatch control (P = 0.323 
versus mismatch control; Figure 5B, right). To complement and 
confirm these ELISA data, we also examined eIF4E protein expres-
sion by immunohistochemistry. In mice treated with 25 mg/kg 
4E-ASO4, eIF4E immunostaining in xenograft tumors was mark-
edly reduced when compared with tumors from mice treated with 
the mismatch control (Figure 5C).

The eIF4E ASOs suppressed VEGF expression in cultured 
tumor cells (Figure 2D) and inhibited tube formation by cultured 
endothelial cells (Figure 4, C–E), suggesting that the reduction of 
eIF4E may have antiangiogenic effects. We therefore examined the 
PC-3 xenograft tumors for VEGF expression and endothelial con-
tent. Immunostaining showed that VEGF protein expression was 
reduced in PC-3 tumor xenografts treated with 25 mg/kg 4E-ASO4 
compared with those treated with the mismatch control ASO (Fig-
ure 5C). Immunostaining for vWF, an endothelial-specific marker 
(42), was also reduced in both intensity and area in the tumors 
treated with the 4E-ASO4 when compared with mismatch control 
tumors (Figure 5C). These data are suggestive of an antiangiogenic 
effect of the eIF4E ASO in treated xenograft tumors.

In cultured human cancer cells, the 4E-ASO4 robustly induced 
apoptosis. We therefore sought to determine whether apoptosis 
might be evident in the tumors treated with 4E-ASO4. In tumors 
from mice dosed with 25 mg/kg 4E-ASO4, the number of TUNEL-
positive cells was markedly increased for each ×40 field in the 4E-
ASO4–treated tumors (88.4 ± 20.9 cells/field) compared with the 
mismatch-treated tumors (10.1 ± 1.3 cells/field; P = 0.020, 2-tailed 
Student’s t test) (Figure 5C). We also evaluated proliferation in these 
xenograft tumors by Ki-67 immunostaining, a marker for mitotic 
cells. Tumors from mice treated with 4E-ASO4 showed a marked 
reduction in Ki-67 positivity (Figure 5C). In tumors from mice treated  
with the mismatch control, there were 83.2 ± 5.0 Ki-67–positive cells 

per ×40 field, whereas in tumors from mice treated with 4E-ASO4, 
the Ki-67–positive cells were dramatically reduced to 21.1 ± 4.8 cells 
per field (P < 0.001, 2-tailed Student’s t test). These data indicate 
that systemic administration of the 4E-ASO4 elicits apoptosis and 
reduces proliferation in xenograft tumors.

eIF4E expression is reduced in normal mouse tissues without toxicity. The 
mRNA cap-binding protein eIF4E is necessary for cap-dependent 
translation, which accounts for the majority of cellular translation 
(1). As such, eIF4E is considered an essential part of the protein 
synthesis machinery. To assess whether the reduction of eIF4E 
might deleteriously affect normal tissues, we expressly engineered 
and selected ASOs that could effectively target both human and 
murine eIF4E (see Figure 2). There was neither a change in body 
weight of the xenograft-bearing mice treated with the eIF4E ASO 
nor signs of illness or distress. We therefore examined eIF4E pro-
tein levels in the livers of these tumor-bearing mice, particularly 
because the liver is a tissue where ASOs preferentially accumulate 
(26–29). eIF4E protein was reduced in these livers by eIF4E ASO 
treatment when compared with livers from mice treated with the 
mismatch control ASOs (Figure 5C) (eIF4E was reduced >80% in 
these tissues by ELISA; data not shown).

To evaluate more fully the impact of eIF4E reduction on normal 
function, we dosed non–tumor bearing mice twice weekly at 40 
mg/kg (80 mg/kg/wk compared with 75 mg/kg/wk in the xeno-
graft studies) for 3 weeks with each of the 4 eIF4E ASOs. We mea-
sured eIF4E expression in liver as well as liver weight, body weight, 
spleen weight, and plasma levels of liver transaminases to detect 
liver injury. eIF4E RNA expression was reduced by up to 80% by 
these eIF4E ASOs (Figure 6A) (Western blotting showed a similar 
eIF4E reduction for each 4E-ASO; data not shown). Despite this 
profound reduction in eIF4E expression, there was no appreciable 
change in liver weight, spleen weight, body weight, or liver trans-
aminase levels in these mice when compared with saline treatment 
or treatment with a non-silencing ASO control (Figure 6, B–D). 
Collectively, these data indicate that eIF4E expression levels can 
be profoundly reduced in normal tissues without eliciting signs 
of illness or distress, changing body or organ weight, or affecting 
plasma levels of liver transaminases.

Discussion
Elevated eIF4E function has been repeatedly implicated in malig-
nancy, enhancing the translation of key malignancy-related pro-
teins, promoting angiogenesis, enabling tumor growth and pro-
gression, and imparting chemoresistance (1, 2, 6, 18, 19). eIF4E is 
therefore a rational target for novel anticancer therapeutics. With 
this report, we now show that eIF4E can be selectively targeted in 
human cancer xenograft tissues for destruction by second-gen-
eration ASOs. Specifically, we show that eIF4E ASOs decreased 
eIF4E RNA and protein expression in cultured human cancer 
and endothelial cells as well as murine cell lines. Moreover, eIF4E 
reduction in human tumor cells robustly induced apoptosis and 
suppressed expression of VEGF, cyclin D1, c-myc, Bcl-2, and sur-
vivin. eIF4E reduction also inhibited the formation of vessel-like 
structures by cultured human endothelial cells. Furthermore, 
systemic administration of eIF4E ASOs suppressed eIF4E expres-
sion in normal mouse tissues and in xenografted human cancer 
tissues, repressing xenograft tumor growth without eliciting tox-
icity. Indeed, in non–tumor bearing mice, eIF4E-specific ASOs 
dramatically reduced eIF4E expression in the mouse liver without 
appreciably altering liver weight, spleen weight, body weight, or 
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plasma levels of liver transaminases. These preclinical data have 
provided the foundation for further evaluation of eIF4E ASOs in 
human clinical trials for the treatment of cancer.

Our data suggest that targeting eIF4E may suppress tumor 
growth through multiple mechanisms. eIF4E ASOs can affect 
tumor cells directly. eIF4E ASO transfection reduced eIF4E 
expression and diminished the expression of the oncogenes,  
c-myc and cyclin D1, and the anti-apoptotic proteins survivin and 
Bcl-2. Accordingly, the eIF4E ASO robustly induced apoptosis and 
reduced cell viability in cultured tumor cells (Figure 4). Increased 
apoptosis and reduced cellular proliferation were also evident 
in xenograft tumor tissues from mice treated with 4E-ASO4 
(Figure 5C). Consistent with these effects, 4E-ASO4 profoundly 
suppressed the growth of human breast and prostate xenograft 
tumors (Figure 5, A and B).

eIF4E ASO treatment may also suppress tumor growth by sup-
pressing angiogenesis. eIF4E reduction suppressed expression of 
the potent angiogenic factor VEGF by cultured human tumor cells 
(Figure 2D) and inhibited the formation of endothelial tube struc-
tures by cultured human endothelial cells (Figure 4, C–E). Further-
more, immunostaining for VEGF and for the endothelial cell marker  
vWF was reduced in conjunction with eIF4E reduction in PC-3 
xenograft tumor tissues treated with 4E-ASO4 (Figure 5C). Col-
lectively these data suggest that eIF4E reduction may affect tumor 
cells directly and may also affect tumor-related angiogenesis.

Our data also now show for what we believe to be the first time 
that tumor tissues may be more susceptible than normal tissues to 
the reduction of eIF4E. Systemic delivery of eIF4E ASOs routinely 
reduced eIF4E expression by approximately 80% in the mouse liver 
but did not elicit changes in body weight, liver or spleen weight, 
or levels of liver transaminases (Figure 6). Similarly, in xenograft-
bearing mice, eIF4E was routinely reduced by approximately 80% 
in the mouse liver (see Figure 5C) without eliciting changes in body 
weight or any signs of illness or distress. Yet in these same mice 
tumor growth was significantly suppressed (Figure 5, A and B), 

coinciding with an approximately 50% reduction in eIF4E expres-
sion within the tumor. These data thereby indicate that reduced 
eIF4E expression suppresses tumor growth but does not, at least 
under these conditions, deleteriously affect normal tissues.

The differential susceptibilities of tumor tissue and normal tis-
sue to eIF4E reduction may be related to the following: In nor-
mal resting cells, eIF4E would largely be inactive, as it would be 
complexed with the inhibitory 4E-BPs in the absence of mitogenic 
signals (3–6). Reducing the expression of an inactive protein may 
have minimal impact on that cell or tissue. In addition, most cel-
lular mRNAs (i.e., those necessary for normal cell or tissue mainte-
nance, for example β-actin) require only minimal eIF4E function to 
be translated (1). On the other hand, the continued expression of 
potent growth and survival factors, most of which are encoded by 
mRNAs with lengthy G- and C-rich 5′UTRs, is particularly depen-
dent upon elevated eIF4E function. Hence eIF4E reduction would 
most profoundly impact the translation of these potent growth 
and survival factors, which are necessary to sustain tumor growth 
and survival. Such eIF4E reduction would have a more modest 
effect on the expression of proteins necessary for normal tissue 
maintenance (1). Indeed, our data showing that eIF4E reduction 
has a limited effect on global protein synthesis are consistent with 
this notion (Figure 3). It is however plausible that the reduction 
of eIF4E in normal tissues could have an impact on the ability of 
these tissues to respond to stress, as might occur in response to 
radiation or standard chemotherapy treatment.

The data presented herein demonstrate for what we believe to be 
the first time the feasibility of employing eIF4E-specific therapy 
for the treatment of human malignancies. These data illustrate 
that systemic administration of second-generation ASOs, which 
have been expressly engineered for enhanced plasma and tissue 
stability, can effectively target eIF4E for destruction in xenograft 
tumor tissues, significantly suppressing tumor growth and affect-
ing angiogenesis. Moreover, even with profound reduction of 
eIF4E expression in mouse liver (~80%), mice showed no signs of 

Figure 6
ASO-mediated reduction of 
eIF4E is well tolerated. Four 
distinct eIF4E-specific ASOs 
(4E-ASO1, -2, -3, and -4) and 
the control ASO were admin-
istered i.v. at 40 mg/kg twice 
weekly (80 mg/kg/wk) for 3 
weeks. At the end of the 3-week 
study, mice were weighed and 
liver, spleen, and blood were 
harvested. (A) eIF4E expres-
sion was evaluated by quantita-
tive RT-PCR in liver, a prefer-
ential site of ASO accumulation. 
(B and D) Body weights, liver 
weights, and spleen weights 
were recorded. (C) Plasma was 
analyzed for liver transaminase 
(aspartate aminotransferase 
[AST] and alanine aminotrans-
ferase [ALT]) levels.
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illness or distress, no changes in body, liver, or spleen weight, and 
no increases in plasma levels of liver transaminases. These data 
reinforce the notion that targeting eIF4E will selectively affect 
tumor tissues compared with normal tissues (1) and provide the 
foundation for advancing eIF4E ASOs to clinical trials for the 
treatment of human malignancies.

Methods
ASO generation and selection. Second-generation ASOs with a phosphoro-
thioate backbone and flanking bases modified with a methoxyethyl group 
at the 2′ position of the sugar were screened for the reduction of eIF4E 
RNA levels in cultured human and mouse cell lines by quantitative real-
time RT-PCR. These ASOs did not show significant alignment with the 
eIF4E homologous proteins eIF4E-2 or eIF4E-3. A variety of nonsilencing 
control MOE-gapmer ASOs were used throughout the course of this work. 
The sequences for the universal ASO control, the mismatch ASO control, 
and 4 eIF4E-specific ASOs are shown in Figure 1.

Cell culture, RT-PCR, Western blotting, and ELISA analyses. Cells were cul-
tured as described in ref. 43. Murine b.END cells and all tumor cell lines 
were purchased from ATCC and cultured as recommended by the ATCC. 
RNA was extracted using the RNeasy kit (QIAGEN) and subjected to 
RT-PCR to amplify the eIF4E-specific RNA. The human eIF4E RNA sig-
nal was detected by Taqman RT-PCR according to the manufacturer’s 
standard protocol (Applied Biosystems) using the following prim-
ers: forward primer, 5′-TGGCGACTGTCGAACCG-3′; reverse primer, 
5′-AGATTCCGTTTTCTCCTCTTCTGTAG-3′; probe, 5′-FAM-AAAC-
CACCCCTACTCCTAATCCCCCG-TAMRA-3′. The murine eIF4E RNA sig-
nal was detected by Taqman RT-PCR with the following primers: forward 
primer, 5′-AGGACGGTGGCTGATCACA-3′; reverse primer, 5′-TCTC-
TAGCCAGAAGCGATCGA-3′; probe, 5′-FAM-TGAACAAGCAGCAGAGA-
CGGAGTGA-TAMRA-3′. These RT-PCR signals were normalized to total 
RNA using RiboGreen (Invitrogen). Proteins were isolated from cells, 
and Western blots were performed as described in ref. 40 using the fol-
lowing antibodies: eIF4E 1:500 (BD Biosciences); β-actin 1:10,000 (Sigma-
Aldrich); survivin 1:200 (Millipore); and cyclin D1 1:500, VEGF 1:100, Bcl-2 
1:500, and c-myc 1:200 (Santa Cruz Biotechnology Inc.). The eIF4E ELISA 
was run in a 96-well format using ELISA plates (Greiner Bio-One) coated 
overnight with 1.25 μg/ml donkey anti-mouse IgG in phosphate-buffered 
saline (Jackson Immunoresearch Laboratories Inc.). The next day, plates 
were washed 3 times in wash buffer (PBS, 0.05% Tween 20) and blocked 
with 120 μl Superblock blocking buffer (Pierce Biotechnology). Plates were 
incubated 1 hour at room temperature with the eIF4E antibody (BD Bio-
sciences), then with lysate for 1 hour followed by a second eIF4E antibody 
for 1 hour (Cell Signaling Technologies), and finally in HRPO-linked anti-
rabbit IgG (Amersham). Samples were washed 3 times with wash buffer 
in between each step. Signal was detected using the SuperSignal ELISA 
Femto maximum sensitivity substrate (Pierce Biotechnology) and read at 
450 nM. The GAPDH ELISA was executed according to the manufacturer’s 
protocol (Active Motif).

Protein translation studies. MDA-MB-231 breast cancer cells (125,000) were 
seeded per well in a 6-well plate and transfected the next day (3 μg/ml oli-
gofectamine or lipofectamine/100 nM ASO). eIF4E reduction was assessed 
by quantitative RT-PCR from parallel samples 72 hours after transfection. 
Cells were washed twice with 1 ml warm DMEM lacking methionine and 
cysteine plus 10% dialyzed FBS, then incubated in 4 ml warm labeling 
medium for 20 minutes 72 hours after transfection. 35S-methione/cyste-
ine stock (Pro-Mix l-[35-S] in vitro cell labeling mix, 14.3 mCi/ml, catalog 
no. SJQ0079; Amersham Biosciences) was diluted 1:250 in warm labeling 
medium (more than ~0.06 mCi/ml final). Labeling medium (1 ml) was 
added to each well for 1 hour at 37°C, 5% CO2. Media were removed, and 

plates were washed twice with 2 ml ice-cold (4°C) PBS. We added 100 μl 
2% SDS, 100 mM Tris, pH 6.8, 5% glycerol, and cells were scraped, put on 
ice and frozen at –80°C, and passed though a 22.5-gauge needle. Lysate  
(5 μl) was reserved for a protein concentration assay, and 5 mg total pro-
tein/lane was added and electrophoresed through a 4%–12% NuPAGE gra-
dient gel (Invitrogen) and dried on Whatman paper at 75°C for 3 hours. 
Radiography was quantitated per lane by phosphorimager after overnight 
exposure on a phosphor screen. As a control, samples were pretreated with 
cycloheximide (75 μg/ml) before the addition of label-to-block translation. 
For quantitation, the values for 35S incorporation were normalized to total 
RNA (RiboGreen; Invitrogen).

Endothelial cell tube formation assays. HUVECs were purchased from Cas-
cade Biologics and cultured in Media 200 (Cascade Biologics). Transfec-
tions were executed using either lipofectin or oligofectamine as per the 
manufacturer’s protocol (Invitrogen). HUVEC cells were plated on growth 
factor–depleted Matrigel (BD Biosciences) to elicit tube formation 52 
hours after transfection (37). After 16 hours incubation, tube formation 
was evaluated semi-quantitatively by eye on a scale of 1 to 5.

Alternately, HUVECs were cocultured with normal human dermal fibro-
blasts (38) in the recommended culture media and maintained according 
to the manufacturer’s instructions (Cambrex). To ensure that the response 
of HUVEC cells did not simply reflect reduced cell number after trans-
fection with 4E-ASO4, HUVECs were harvested from the mismatch or 
4E-ASO4 transfections 48 hours after transfection and counted with a 
hemocytometer. Viable cells (as determined by trypan blue exclusion) were 
then replated at 1,800 HUVECs per well on a bed of dermal fibroblasts 
(that had been plated 24 hours earlier in optimized media in 96-well plates; 
TCS Cellworks). Media were replenished every 2 or 3 days. Six days after 
HUVEC plating, cells were fixed with 70% cold ethanol and processed for 
anti-CD31/Alexa Fluor 488 immunofluorescence. Nuclear staining was 
performed using Hoechst dye (Invitrogen). Immunofluorescence was read 
by ArrayScan Vti, and the multi-parameter tube formation bioapplication 
was used for quantification (Cellomics). Data are presented as mean tube 
area (length × width of the CD31-positive structures) ± SEM.

Animal studies. Xenograft studies were executed essentially as described 
in ref. 43, with tumor-bearing mice randomized to treatment groups when 
group mean tumor volumes reached approximately 100 mm3. All mice 
were treated with an initial loading dose of 50 mg/kg ASO (either the 
eIF4E ASO or the mismatch ASO), on Monday, Tuesday, and Wednesday, 
followed by the indicated maintenance doses (5–50 mg/kg) beginning Fri-
day and thrice weekly thereafter. Body weight was monitored each time 
tumors were measured. Tumors and livers were harvested as described in 
ref. 43 to evaluate eIF4E expression. All animal work was performed in an 
Association for Assessment of Laboratory Animal Care–certified facility 
and was approved by the Eli Lilly and Company Institutional Animal Care 
and Use Committee.

To evaluate the effects of reducing eIF4E in normal mouse tissues, mice 
were dosed twice weekly with 40 mg/kg ASO (80 mg/kg/wk compared with 
75 mg/kg/wk of the standard dosing in the PC-3 tumor efficacy studies). 
After 3 weeks mice were weighed and killed by cardiac puncture to obtain 
plasma. Plasma was shipped to LabCorp for determination of liver trans-
aminase levels (alanine aminotransferase and aspartate aminotransferase). 
Liver and spleen weights were recorded.

High-content image–based analysis of activated caspase-3 and TUNEL staining. 
MDA-MB-231 cells were transfected as described above for 72 hours. Cells 
were fixed with 3.7% formaldehyde and washed in Dulbecco’s PBS (D-PBS). 
Cells were permeabilized with 0.1% Triton X-100 in D-PBS, washed, and 
blocked in D-PBS containing 1% BSA. Cells were then incubated for 1 hour 
with rabbit anti–activated caspase-3 polyclonal antibody (BD Biosciences) 
diluted in D-PBS with 1% BSA. Cells were washed 2 times with D-PBS then 
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incubated for 1 hour with Alexa Fluor 488–conjugated goat anti-rabbit IgG 
(Invitrogen) and 200 ng/ml Hoechst 33342 (Invitrogen) diluted in D-PBS 
with 1% BSA. TUNEL staining was performed with the In Situ Cell Death 
Detection Kit, TMR Red (Roche Applied Science) as per the manufacturer’s 
protocol. Stained plates were scanned using ArrayScan Vti (Cellomics). 
Quantitation of TUNEL and activated caspase-3 staining was performed 
using the Cellomic Target Activation Bioapplication with a minimum per-
cent positive based on the control population for each cell line.

Immunohistochemical analyses. Tumors and livers from treated mice 
were formalin fixed and paraffin embedded. Antigen retrieval and anti-
body staining were performed on 5-μm histological sections of the for-
malin-fixed, paraffin-embedded tumor and liver specimens essentially 
as described in ref. 44. eIF4E immunoreactivity was executed using the 
DAKO Animal Research Kit (Dako) and the eIF4E antibody (BD Biosci-
ences) diluted 1:150 in DAKO antibody diluent. Adjacent sections from 
each specimen were incubated in a DAKO autostainer at room tempera-
ture for 5 minutes with 0.03% hydrogen peroxide containing sodium 
azide, rinsed in water and then in Tris-buffered saline Tween-20 (TBS-T),  
then incubated for 1 hour with either biotinylated eIF4E antibody or 
biotinylated mouse IgG2b at an equivalent protein concentration (1.67 
μg/ml). Sections were rinsed twice with TBS-T and incubated with strep-
tavidin conjugated to horseradish peroxidase (in PBS) for 15 minutes. 
Staining was visualized using 3,3′-diaminobenzidine as described in ref. 
44. The immunohistochemical evaluation of eIF4E was validated by ana-
lyzing formalin-fixed, paraffin-embedded human cancer cells transfected 
with the eIF4E ASO. A fraction of the transfected cell pellets was retained 
before fixation for ELISA and Western blot analyses. Using the same anti-
body, a substantial reduction in eIF4E expression was evident by ELISA 
and Western blotting, and correlated with a dramatic reduction in eIF4E 
immunohistochemical detection (data not shown).

VEGF immunostaining was detected using monoclonal mouse anti-
VEGF, clone VG1 (DAKO), which labels VEGF isoforms VEGF-121, 
VEGF-165, and VEGF-189, as described in ref. 45. vWF (factor VIII–
related antigen) was detected using DAKO rabbit anti-human vWF, 
which also cross-reacts strongly with murine vWF. Antigen retrieval was 
achieved with Proteinase K according to the manufacturer’s instructions 
(catalog no. S3020; DAKO). The DAKO EnVision-HRP (DAB) was used 
to detect immunoreactivity with a 1:1,000 dilution of vWF antibody, 
using rabbit IgG at an equivalent protein concentration (3.1 μg/ml) as a 
control for each specimen.

Ki-67 staining. Tissues were dewaxed and rehydrated through a graded 
series of alcohols to PBS. Antigen retrieval was performed with 10 mM 
citrate buffer, pH 6.0, for 20 minutes at 90°–93°C followed by 20 minutes 
at room temperature. For the immunohistochemical detection of Ki-67 
positivity, slides were incubated with a monoclonal mouse antibody (1:75 
dilution, clone MIB-1; DAKO) for 1 hour, utilizing the DAKO Animal 
Research Kit and a DAKO autostainer. Mouse IgG1 (DAKO) served as the 
negative control. Sections were counterstained with methyl green. Sections 
of human tonsil and human small intestine were the positive controls.

TUNEL staining in xenografts. Tissues were dewaxed and rehydrated 
through a graded series of alcohols to PBS. Apoptosis was detected using 
the ApoTag kit (Millipore) according to the manufacturer’s directions. Sec-
tions of human tonsil and human small intestine, as well as a control tissue 
provided with the ApoTag kit, were the positive controls.

Quantification of Ki-67 and TUNEL stain. For each histologic section of 
xenografts from 4E-ASO and mismatch control–treated mice, labeled cells 
were counted in each of 5 randomly chosen ×40 microscopic fields (total 
magnification, ×400). Counts from each of 2 separate staining runs for 
each stain were averaged for each specimen. Data are expressed as mean 
number of labeled cells per ×40 field ± SEM.
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