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Abstract

Aberrant activation of the PI3K–mTOR signaling pathway
occurs in >80% of head and neck squamous cell carcinomas
(HNSCC), and overreliance on this signaling circuit may in
turn represent a cancer-specific vulnerability that can be
exploited therapeutically.mTOR inhibitors (mTORi) promote
tumor regression in genetically defined and chemically
inducedHNSCCanimalmodels, and encouraging results have
been recently reported. However, the mTOR-regulated targets
contributing to the clinical response have not yet been iden-
tified. Here, we focused on EIF4E-BP1 (4E-BP1), a direct target
of mTOR that serves as key effector for protein synthesis. A
systematic analysis of genomic alterations in the PIK3CA–
mTOR pathway in HNSCC revealed that 4E-BP1 is rarely
mutated, but at least one 4E-BP1 gene copy is lost in over
35% of the patients with HNSCC, correlating with decreased
4E-BP1 protein expression. 4E-BP1 gene copy number loss
correlated with poor disease-free and overall survival. Aligned
with a tumor-suppressive role, 4e-bp1/2 knockoutmice formed

larger and more lesions in models of HNSCC carcinogenesis.
mTORi treatment or conditional expression of a mutant 4E-
BP1 that cannot be phosphorylated bymTORwas sufficient to
disrupt the translation–initiation complex and prevent tumor
growth. Furthermore, CRISPR/Cas9–targeted 4E-BP1 HNSCC
cells resulted in reduced sensitivity to mTORi in vitro and in
vivo. Overall, these findings indicate that in HNSCC, mTOR
persistently restrains 4E-BP1 via phosphorylation and that
mTORi can restore the tumor-suppressive function of 4E-BP1.
Our findings also support 4E-BP1 expression and phosphor-
ylation status as amechanistic biomarker ofmTORi sensitivity
in patients with HNSCC.

Significance:These findings suggest that EIF4E-BP1 acts as
a tumor suppressor in HNSCC and that 4E-BP1 dephos-
phorylation mediates the therapeutic response to mTORi,
providing a mechanistic biomarker for future precision
oncology trials.

Introduction
Each year, approximately 600,000 new cases of head and neck

squamous cell carcinoma (HNSCC), including cancers the oral
cavity, oropharynx, larynx, and hypopharynx, are diagnosed

worldwide, resulting in 300,000 deaths, 13,000 of which occur
in the United States alone (1). The main risk factors for HNSCC
include tobacco and alcohol use and high-risk human papillo-
mavirus (HPV) infection (2). The incidence of HNSCC is rising
with the increasing incidence of HPVþ oropharyngeal cancer (3).
HNSCC has a poor 5-year survival rate, approximately 63% (1),
which emphasizes the urgent need to develop new effective
options to prevent and treat this malignancy.

Early studies by our team revealed that aberrant activation of
the PI3K–mTOR signaling network is one of the most frequent
molecular alterations in HNSCC (4–6). Indeed, this study of a
large collection of HNSCC tissues and multiple HNSCC mouse
models have provided evidence that PI3K–mTOR activation is an
early andnecessary step forHNSCCdevelopment. The underlying
molecular mechanisms resulting in pathway over activity
have been recently elucidated by next-generation sequencing
approaches as part of The Cancer Genome Atlas (TCGA) net-
work (7–10). This large deep-sequencing initiative has revealed
numerous mutations, copy number variations, and altered DNA
methylation profiles in individualHNSCC lesions, thus providing
an in-depth genomic characterization of HNSCC (7–10). Of
interest, the PI3K–mTOR circuitry is among the most commonly
altered signaling mechanisms. In particular, multiple genetic and
epigenetic changes, including frequent PIK3CA mutations and
gene copy number gain, and PTEN gene copy number loss and
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mutations, converge to sustain persistent aberrant PI3K–mTOR
pathway activation in HNSCC (reviewed in refs. 10 and 11). In
turn, the overreliance on this pathway for HNSCC progression
andmetastasismay represent a vulnerability that can be exploited
therapeutically for HNSCC treatment.

In this regard,mTORinhibition isquite effective inpromoting the
regressionof tumor lesions inmultipleHNSCCxenografts, aswell as
in chemically induced and genetically defined HNSCC mouse
models (4, 6, 12, 13). These findings provided the rationale for
launching a phase IIb clinical trial targetingmTORwith its allosteric
inhibitor, rapamycin, in patients with HNSCC in the neoadjuvant
setting (14). This trial (NCT01195922), which was recently com-
pleted, achieved objective clinical responses (�30% tumor volume
reduction, including a complete pathologic response) in 25% of the
patients, in spite of a short duration of the trial (3 weeks; ref. 14).
However, given the extraordinary complexity of themTORnetwork,
we still donotknowwhichof themTOR-regulated targets contribute
to the clinical response. This prevents identifying genetic alterations
that can have predictive value regarding the sensitivity or resistance
to mTOR inhibitors in spite of encouraging clinical results in
unselected patients with HNSCC.

While conducting an in-depth PI3K–mTOR–pathway specific
analysis of genetic alterations in HNSCC, we found that a high
percentage of lesions exhibit loss of at least one copyofEIF4E-BP1.
This gene encodes a translational repressor, 4E-BP1, which blocks
the translationof a subset of growthpromoting genes (reviewed in
refs. 15 and 16). Specifically, cap-dependent translation initiation
is activated by binding ofmRNA to the eukaryotic initiation factor
complex, eIF4F, which is comprised of several subunit proteins:
eIF4A, eIF4E, and eIF4G (15, 16). eIF4E physically binds to the
m7G cap structure at the 50 end of themRNA, and eIF4G functions
as a scaffold by interacting with eIF4E, eIF4A and eIF3 (15, 16).
eIF4E–eIF4G association is essential for cap-dependent transla-
tion initiation (15, 16). 4E-BP1 (eIF4E-binding protein 1) and its
related 4E-BP2 and 4E-BP3 proteins, displace eIF4G by binding to
eIF4E, thereby preventing translation initiation (15, 16). This
interaction of 4E-BPs with eIF4E is disrupted upon phosphory-
lation by mTOR in its mTORC1 complex (17, 18). This finding,
and the emerging role of protein translation control in cancer
growth (15, 16, 19), prompted us to explore whether 4E-BP1
contributes toHNSCCprogression and its therapeutic response to
mTOR inhibition. We provide evidence that EIF4E-BP1 acts as
tumor-suppressive gene in HNSCC, and that the therapeutic
response to mTOR blockade is dependent, at least in part, on
the ability to reactivate 4E-BP1 translation–repressive function.
We also provide evidence that 4E-BP1 protein levels and status of
phosphorylation may represent mechanistic biomarkers predict-
ing sensitivity to mTORi in HNSCC.

Materials and Methods
Cell lines and tissue culture

Human head and neck cancer cell lines Cal33 and HN12 were
developed as part of the NIDCR Oral and Pharyngeal Cancer
Branch cell collection and have been described previously (4, 20).
All cell lines underwent DNA authentication by multiplex short
tandem repeat profiling (Genetica DNA Laboratories, Inc.) prior
to the described experiments to ensure consistency in cell identity.
No presence ofMycoplasmawere found according to Mycoplasma
Detection Kit-QuickTest from Biomake. All cells were cultured in

DMEM containing 10% FBS supplemented with antibiotic/anti-
mycotic solution at 37�C in the presence of 5% CO2.

DNA constructs and lentivirus
Cal33 andHN12 cells stably expressing the reverse tetracycline-

controlled transactivator fused to VP16 (rtTA) were generated
by infection with pLESIP rtTA lentivirus. A phosphorylation-
defective mutant of 4E-BP1 (T37A, T46A, S65A, and T70A, 4E-
BP1 M) was engineered using appropriate oligonucleotides and
the QuikChange II method, and cloned into a tetracycline-induc-
ible lentiviral vector tagged with GFP (pLTI-GFP-4E-BP1 mut;
refs. 21, 22). An empty GFP vector was used as a control. After
lentivirus infection, 4E-BP1 mut (fused to GFP) was expressed in
cells by adding doxycycline to the medium, and GFPþ cells were
sorted by FACS.

CRISPR/CAS9
Lenti-CRISPR-v2 plasmidwas purchased fromAddgene. A single

guide RNA (sgRNA) to facilitate genome editing was designed
according to Zhang Lab protocol (23). The sgRNAs of 4E-BP1 are
as follows: forward, 50CACCGCACCACCCGGCGAGTGGCG30;
reverse, 50AAACCGCCACTCGCCGGG-TGGTGC30.

Immunoblot analysis
Cells were lysed in lysis buffer supplemented with protease

phosphatase inhibitors, and Western blot assays were performed
as described previously (24). See Supplementary Materials for
additional details.

7-methyl GTP pull-down and immunoprecipitation assay
Cell lysateswere incubatedwith g-Aminophenyl-m7GTP (C10-

spacer)-Agarose (catalog no. AC-155L) from Jena Bioscience or
incubated with Protein A Agarose (catalog no. 16–125) from
EMD Millipore), conjugated with elF4G antibody. Beads were
washed three times with lysis buffer. Proteins were released with
SDS–PAGE loading buffer and analyzed by Western blot analysis
using the antibodies listed above.

In vivo mouse experiments and analysis
All the animal studies using HNSCC tumor xenografts and oral

carcinogenesis studies inwild-type and 4e-bp1/2 double knockout
(KO) mice were approved by the Institutional Animal Care
and Use Committee of University of California, San Diego with
protocol ASP # S15195. See Supplementary Materials for addi-
tional details.

IHC
IHC analysis of pS6, 4E-BP1, p4E-BP1, cleaved caspase-3, and

Ki67 were performed following our previously reported proce-
dures (24). Staining for 4E-BP1 and p4E-BP1 in human HNSCC
was performed on tissue arrays (US Biomax OR601a). See Sup-
plementary Materials for additional details.

RNA isolation from RNA-binding proteins, polysome analysis,
and qPCR

To isolate RNA from ribonucleoprotein elF4G, we used pro-
tocols as described previously (25). To analyze polysome profil-
ing, we used protocols as described previously (26, 27). For qPCR,
see Supplementary Materials for additional details and Supple-
mentary Table S1 for the list of oligonucleotides.
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TCGA analysis
Data regarding the copy number of 4E-BP1, analysis of disease-

free or overall survival of an HNSCC cohort, and analysis DNA
methylation–mediated gene silencing were all extracted from the
cBio Portal for Cancer Genomics (http://www.cbioportal.org/
public-portal/). See Supplementary Materials for additional
details.

Statistical analysis
Data analyses, variation estimation, and validation of test

assumptions were performed with GraphPad Prism version 7 for
Windows (GraphPad Software). See Supplementary Materials for
additional details. The asterisks of figures denote statistical sig-
nificance (nonsignificant or ns, P > 0.05; �, P < 0.05; ��, P < 0.01;
and ���, P < 0.001). All the data are reported as mean � SEM.

Results
Loss of 4E-BP1 expression in HNSCC: poor patient prognosis
and enhanced carcinogenesis in 4e-bp1/2 KO mice

While analyzing genetic alterations in the PIK3CA–mTOR
pathway in HNSCC, we observed that although the 4E-BP1 gene
(EIF4E-BP1) is rarelymutated, at least one gene copy is lost in over
35% of patients with HNSCC (34.9% heterozygous and 1.4%
homozygous, respectively; Supplementary Fig. S1A). To begin
exploring the importance of 4E-BP1 loss in the progression of
HNSCC, we initially analyzed the correlation between genomic
alterations and disease-free (Fig. 1A;, n ¼ 181, P ¼ 0.0004) and
overall (Supplementary Fig. S1B; n¼ 511, P¼ 0.0061) survival of
patients with HNSCC from TCGA. In both analyses, 4E-BP1 gene
loss was a strong predictor of poor prognosis.

At the protein level, we evaluated the expression of 4E-BP1 and
phospho-4E-BP1 (p4E-BP1, 4E-BP1 phosphorylated in Thr37/
46) in HNSCC tissue microarray (TMA, n ¼ 49) sections by IHC
(Fig. 1B). In the TMA, we observed 4E-BP1 expression loss in 16%
(n ¼ 8) of the HNSCC cases, with 67% (n ¼ 33) of the cases
displayingmoderate expression. As controls, no immune staining
for 4E-BP1 was observed in eif4e-bp1/2 KOmice (Fig. 1C), and in
HNSCCcells inwhich 4E-BP1was genome edited (see below), but
rescued by reexpression of the corresponding gene (Supplemen-
tary Fig. S1C). Analysis of the HNSCC TCGA cohort showed that
DNA copy number of 4E-BP1 was significantly correlated with
both mRNA (n ¼ 511, P < 0.0001) and protein (n ¼ 351, P <
0.0001) expression of 4E-BP1 (Supplementary Fig. S1D).
Although homozygous deletion of 4E-BP1 can occur in 1.4% of
HNSCC cases (above), reduced expression could also result from
loss of one gene copy and gene or promoter methylation of the
remaining allele. Indeed, we observed a strong correlation
between gene expression and DNAmethylation in the gene body
of 4E-BP1 (Fig. 1D; Supplementary Fig. S2A; n ¼ 566, P <0.001).
We also examined the status of phosphorylation of 4E-BP1, p4E-
BP1 (Thr37/46) by IHC, and found that 71% (n¼ 35) of the cases
in the HNSCC TMA sections were positive (n ¼ 49), whereas all
cases that lack detectable 4E-BP1 protein expression were also
negative for p4E-BP1, thus serving also as an internal control. As
additional controls, p4E-BP1 immunodetection was lost in
CRISPR/Cas9–targeted 4E-BP1HNSCC cells and rescued by reex-
pression of wild-type 4E-BP1 but not of a mutant that cannot be
phosphorylated in the corresponding residues (Supplementary
Fig. S1C and see below), and its immunodetection was abolished
by mTOR inhibition (see below). This suggests that in most

HNSCC cases in which 4E-BP1 is expressed, this translational
inhibitor is persistently phosphorylated, thus repressing its func-
tion (15, 16).

To investigate whether 4E-BP1 loss contributes to HNSCC
progression, we examined the impact of 4E-BP1/2 (eif4e-bp1/2)
gene deletion (28) on cancer development in the oral-specific
4NQO-carcinogenesis model (13). These mice lack 4e-bp1
immune reactivity (Fig. 1C). 4e-bp1/2 KO mice do not develop
tumors spontaneously (28, 29), and as expected, these mice did
not exhibit spontaneousHNSCC lesions. However, we found that
they are highly susceptible to chemically induced (4NQO) oral
carcinogenesis. These KO mice had nearly double the number of
squamous carcinomas in the tongue, and these tumorswere larger
than those in wild-type C57Bl/6 mice (Fig. 1E and F; Supple-
mentary Fig. S2B). Collectively, these findings and the analysis of
the HNSCC oncogenome revealing that a high percentage of
lesions exhibit loss of 4E-BP1 function, either by gene copy loss,
genemethylation, or persistent phosphorylation, suggest that 4E-
BP1 may represent a potential tumor suppressor in HNSCC.

Dephosphorylation of 4E-BP1 disrupts translation-initiating
complexes and is sufficient to prevent HNSCC tumor growth

mTOR regulates ribosomal biogenesis and protein synthesis
through at least two eukaryotic translation regulators, 4E-BP1
andp70S6K (p70-S6 kinase); the latter phosphorylates ribosomal
protein S6 (S6) and several initiation factors, including
eIF4B (17, 30). To confirm the contribution of 4E-BP1–regulated
ribosomal biogenesis and protein synthesis in this process, we
took advantage of a 4E-BP1 mutant protein engineered previous-
ly (15, 16), in which the residues T37, T46, S65, and T70 were all
mutated to alanine (termed 4E-BP1 M; Fig. 2A). This mutant
cannot be regulated by mTOR due to lack of phosphorylated
residues, thus mimicking the accumulation of the hypopho-
sphorylated form of 4E-BP1 (termed de-phospho-Thr46-4E-BP1)
induced by mTOR inhibition and its consequent effect on cap-
dependent translation (31). We conditionally expressed 4E-BP1
M in representativeHNSCC cells, HN12 andCal33, both ofwhich
exhibit elevated mTOR activity, as most SCC cell lines (4, 20).
These cells harbor wild-type and PIK3CA mutant, respective-
ly (20). Cells expressing DNA vector or rtTA (reverse tetracy-
cline-controlled transactivator) alone served as controls. An anti-
body that detects 4E-BP1 only when dephosphorylated at Thr46
was used to recognize de-phospho-Thr46-4E-BP1. Expression of
4E-BP1 M increased de-phospho-Thr46-4E-BP1 levels, but did
not affect mTOR signaling as it did not reduce phospho-S6 (pS6)
and phospho-AKT (pAKTS473) levels, the latter a typical target of
the mTORC2 complex (Fig. 2B; ref. 32). To explore whether
expression of 4E-BP1 M in HNSCC can disrupt the protein–
protein interactions between eIF4E and eIF4G, both key elements
of translation–initiation complex, we used m7GTP pulldown
and eIF4G immunoprecipitation (IP) experiments (scheme in
Supplementary Fig. S3A and S3B). This study revealed that
expression of 4E-BP1 M in Cal33 and HN12 HNSCC cells did
not change the expression of eIF4E and eIF4G (Fig. 2B), but
disrupted their association (Fig. 2C and D; Supplementary
Figs. S3C and S4A–S4D). Remarkably, inducible expression of
4E-BP1 M halted HNSCC tumor growth (Fig. 2E and F; Supple-
mentary Fig. S4E and S4F). Of importance, this mutant did not
affect S6 phosphorylation (Fig. 2G and H), suggesting that in
HNSCC disruption of the 4E-BP1 signaling branch may be suf-
ficient to cause tumor reduction, in spite of a pS6 accumulation.
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Figure 1.

EIF4E-BP1 is a candidate HNSCC tumor–suppressive gene.A, The TCGA database was used to determine the relationship between EIF4E-BP1 copy number
variation and disease-free survival. Data of copy number variation predicted by GISTIC algorithmwere available for 181 patients with HNSCC in disease-free
survival (log-rank test; P¼ 0.0004). Nonloss includes normal, copy gain, and amplification. Loss includes heterozygous deletion and homozygous deletions.
B, Top, representative cores of HNSCC lesions stained with total 4E-BP1 (4E-BP1) and phospho-4E-BP1 (p4E-BP1, Thr37/46) using a HNSCC TMA. Bottom, the
intensity of staining was scored as described previously (n¼ 49; ref. 6) and divided into negative-, moderate-, and high- expressed groups. C, Representative
IHC analysis of 4E-BP1 in wild-type (WT) and eif4e-bp1/2 KOmice, respectively. D, Significant negative correlation between DNAmethylation and gene
expression in the first intron of EIF4E-BP1, suggestive of DNAmethylation–mediated gene silencing (n¼ 566, r¼�0.42, P¼ 4.56� 10�23). E, 4NQO-induced
carcinogenesis in eif4e-bp1/2 KOmice. Numbers of squamous cell carcinomas at the end of 4NQO-carcinogen treatment (mean� SEM, n¼ 10 wild-typemice;
n¼ 8 4e-bp1/2 KOmice). F, Top, representative pictures of live mice tongue in wild-type and eif4e-bp1/2 KOmice on week 26 of 4NQO treatment. Bottom,
representative pictures of tongue lesions in wild-type and eif4e-bp1/2 KOmice on week 26 (time point when mice were sacrificed) of 4NQO treatment. These
tumors in eif4e-bp1/2 KOmice were larger than those inWT C57Bl/6 mice.
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Reduced growth and apoptotic effect of HNSCC cells engineered to express a mutant form of 4E-BP1 lacking mTOR phosphorylation sites.A, Scheme of 4E-BP1
M. The amino acids T37, T46, S65, and T70 of 4E-BP1 were mutated into alanine (A). This 4E-BP1 M remain nonphosphorylated when expressed. B,Western blot
analysis of signaling events in HNSCC expressing 4E-BP1 M.Wild-type Cal33 cells (control), cells expressing rtTA (rtTA), cells infected with rtTA and inducible
GFP fusion empty lentiviral virus (iG), or cells infected with rtTA and inducible GFP fusion 4E-BP1 M lentiviral virus (iG 4E-BP1) were turned on by doxycycline for
2 days, and lysates were analyzed as indicated. C and D, 7mGTP pull down (C) and eIF4G co-IP (D) analyzing the regulation of complex formation by 4E-BP1.
Cells (same as B) were treated as described above and analyzed as indicated. E, Cal33 cells expressing empty vector (iG) or 4E-BP1 M (iG 4E-BP1 M) were
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group). F, Representative histologic tissue sections from each treatment group in E. Scale bars, 1 mm. G and H, Representative IHC analysis of pS6 and p4E-BP1 in
tumors from E. I and J, Representative IHC analysis (left) and quantification (right) of Ki67 and cleaved caspase-3 in tumors from E. Data are represented as
mean� SEM, n¼ 3 in each group.

4E-BP1 Is a HNSCC Tumor Suppressor

www.aacrjournals.org Cancer Res; 79(7) April 1, 2019 OF5

Research. 
on May 23, 2019. © 2019 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 20, 2019; DOI: 10.1158/0008-5472.CAN-18-1220 

http://cancerres.aacrjournals.org/


Moreover, IHC for Ki67 and cleaved caspase-3 showed that, 4E-
BP1 M also caused a reduction of cell proliferation and increased
cell apoptosis in HNSCC tumors (Fig. 2I and J), similar to mTOR
inhibition (see below).

INK128, anmTORkinase inhibitor, displays antitumor effect in
HNSCC and disrupts the translation–initiation eIF4F complex
through 4E-BP1

As 4E-BP1 acts downstreamofmTOR,we askedwhethermTOR
inhibition is sufficient to influence its tumor-suppressive effect in
HNSCC. For these studies, we used rapamycin (sirolimus), a first
generation of mTOR allosteric inhibitor (33), and INK128 (also
known as MLN-0128 and TAK-228), which is representative of a
second generation of small-molecule active-site mTOR kinase
inhibitors (34, 35). As expected, both rapamycin and INK128

decreased pS6 levels. Interestingly, both drugs decreased p4E-BP1
and increased de-phospho-Thr46-4E-BP1 levels, with INK128
exerting a stronger effect. INK128 also decreased pAKTS47 3 levels,
a typical target of the mTORC2 complex (32), while rapamycin
did not (Fig. 3A). Although ERK was reported in some studies to
inhibit 4E-BP1 function (36), in our study, inhibition of ERK
with trametinib, a MEK1/2 inhibitor, had limited effect on
the levels of phosphorylated 4E-BP1, as determined with use of
p4E-BP1 and dephospho-Thr46-4E-BP1 antibodies. Rapamycin
and LY294002, which inhibit mTORC1 and PI3K, respectively,
the latter acting upstream of mTOR, served as additional controls
(Supplementary Fig. S5A). Immunoblotting, m7GTP pull-down
and eIF4G co-IP experiments revealed that mTOR inhibition
promotes the association of 4E-BP1, and specifically its depho-
sphorylated form, with eIF4E, and disrupts the association
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Antitumor effect of mTOR kinase
inhibition with INK128 and
disruption of 4E-BP1 protein
complexes. A,Western blot
analysis of signaling events in
HNSCC cells treated with mTOR
inhibitors. Cal33 and HN12 cells
were treated with rapamycin
(20 nmol/L) or INK128 (20 nmol/L)
for 1 hour, and lysates were
analyzed as indicated. B and C,
7mGTP pull down (B) and eIF4G
co-IP (C) to analyze the regulation
of translation–initiation complex
formation by mTOR inhibition. Cells
(similar to A) were treated as
described above and analyzed as
indicated. D, Cal33 (top) and HN12
(bottom) were transplanted into
athymic nudemice, and when they
reached approximately 200mm3,
mice were treated with vehicle
diluent or INK128 for approximately
20 days, as indicated.
E, Representative histologic
sections from each treatment
group in D. Scale bars, 1 mm.
(��� , P < 0.001 when compared
with the control-treated group,
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between eIF4E and eIF4G (Fig. 3B and C; Supplementary Fig.
S5B). Aligned with the results of 4E-BP1 dephosphorylation
(above), INK128 showed higher effect than rapamycin. This
provided a strong rationale for the preclinical evaluation of the
efficacy of INK128 in HNSCC. Indeed, we observed that INK128
displays potent antitumor effects, achieving statistically signifi-
cant differences in tumor burden as early as three days after
treatment initiation (Fig. 3D and E; n ¼ 10, P < 0.001).

CRISPR/Cas9 targeting of 4E-BP1 in HNSCC reduces the
sensitivity tomTOR inhibition and reveals a role for themTOR/
4E-BP1 axis in the regulation of mRNA translation of
proliferative genes

To further explore the role of 4E-BP1 in the antitumor activity of
mTOR inhibition, we targeted 4E-BP1 in Cal33 and HN12
HNSCCcell lines using theCRISPR/Cas9 system.Nearly complete
4E-BP1 expression suppression was achieved (Fig. 4A). In these
CRISPR/Cas9–targeted 4E-BP1 cells (4E-BP1 CCT), mTOR inhi-
bition remained sensitive to reduce pS6 levels. As expected,mTOR
inhibition in cells lacking 4E-BP1 did not result in changes in p4E-
BP1 and total 4E-BP1 levels, with slight immunoreactivity

remaining likely revealing the presence of few cells retaining
residual 4E-BP1, or due to cross-reactivity with 4E-BP2
(Fig. 4A; Supplementary Fig. S4A). In light of these results,
disruption of the eIF4E/eIF4G complex by mTOR inhibition was
almost completely reversed in 4E-BP1 CCT cells compared with
parental cells (Fig. 4B and C; Supplementary Fig. S5C and S6A–
S6D). We next investigated the molecular mechanism by which
4E-BP1 may mediate cancer progression in HNSCC. We isolated
mRNAs associated with eIF4G, the component of the eIF4F cap–
binding complex that binds mRNAs (15, 16). Initially we used a
targeted approach, based on prior findings that SOX2 (37) and
cyclin D1 (CCND1; ref. 38) can be regulated by eIF4E/4E-BP1–
dependent translation, and observed decreased association of
these well-known HNSCC proliferative (20) genes, with eIF4G
(Fig. 4D and E). This prompted us to also explorewhether BMI1, a
key HNSCC cancer–proliferative and stemness gene (39), is also
regulated by 4E-BP1. Indeed, BMI1mRNA associationwith eIF4G
was significantly reduced by mTORi treatment, which was
reflected by reduced expression levels. Of importance, in 4E-BP1
CCT cells, INK128 was less effective compared with its parental
cells (Fig. 4E), supporting the conclusion that translation of these
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CRISPR/CAS9–targeted 4E-BP1
HNSCC cells result in insensitivity to
mTORi in vitro and reveal a role for
4E-BP1 in the regulation of the
expression of proliferative
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targeted 4E-BP1 cells 4E-BP1 CCT
were achieved.Western blot
analysis of signaling events in
HNSCC cells treated with mTOR
inhibitors. Cal33 and Cal33 4E-BP1
CCT cells were treated with
rapamycin (20 nmol/L) or INK128
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were analyzed as indicated.
B and C, 7mGTP pull down (B) and
eIF4G co-IP (C) analyses of the
regulation of translation–initiation
complex formation by mTOR
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were treated with INK128 for 2 days,
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co-IP, and associated RNAs
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total RNA. RNAs were followed by
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HNSCC growth–promoting genes is dependent on 4E-BP1
expression and phosphorylation status.

To further investigate the impact in translational control caused
by mTOR inhibition in HNSCC, polysome-bound mRNAs were
isolated by sucrose gradient fractionation after INK128 treatment
of Cal33 HNSCC cells, and subjected to RNA sequencing. The
complete list of genes whose polysome association was signifi-
cantly altered by mTOR inhibition is shown in Supplementary
Table S2. We compared this gene list with those whose mRNA
translation has been previously reported to be regulated by
mTORC1 in mouse embryonic fibroblasts and prostate can-
cer (40, 41), and developed an extended list of shared genes of
interest based on their relevance to HNSCC. These included
CCNA2, CCNE1, CCNE2, BMI1, PCNA, EZH2, Eef2, eIF4B, and
ODC1, and validated them in 4E-BP1CCT tumor samples and 4E-
BP1 M–expressing cells. First, the protein expression of these
selected molecules was dependent on 4E-BP1 expression and
phosphorylation status in HNSCC (Fig. 5A). Moreover, their
mRNA association with eIF4G was significantly reduced by
INK128 treatment as well as in 4E-BP1 M cells, and the
mTORi-induced reduction was rescued in 4E-BP1 CCT tumors
(Fig. 5B and C), thus supporting their translational control by
mTOR through 4E-BP1.

mTOR inhibition resistance in vivo in CRISPR/Cas9–targeted
4E-BP1 HNSCC cells

The reduced sensitivity of 4E-BP1 CCT tumors to mTOR inhi-
bition was also recapitulated in a xenograft model. INK128 had
reduced antitumor activity in 4E-BP1CCT tumors (Fig. 6A and B).
Of note, the partial response of 4E-BP1 CCT tumors to INK128
may be due to other effects of mTORC1/2, such as AKT inhibition
(Fig. 4A). Consistent with our in vitro data (Fig. 4A), mTOR
inhibition reduced pS6 in 4E-BP1 parental and 4E-BP1 CCT
xenografts (Fig. 6C and D). Although p4E-BP1 was reduced in
parental cells, there was no p4E-BP1 immunoreactivity in CCT
cells already under basal conditions. Consistent with the reduced
antitumor effect of INK128 in 4E-BP1 CCT cells, this mTORi
reduced Ki67 in CCT cells less effectively than in parental cells
(Fig. 6E, left). Moreover, HNSCC treated with INK128 failed to
accumulate cleaved caspase-3 in 4E-BP1 CCT cells, in contrast to
its proapoptotic activity in wild-type cells (Fig. 6E, right).

Discussion
The elucidationof the genomic landscapeofmost solid tumors,

including HNSCC, has provided a unique opportunity to identify
new precision therapeutic options to prevent and treat cancer.
Most of the cancer driver and tumor-suppressive alterations
identified to date occur in a discrete number of genes whose
protein products are organized in pathways and networks. For
example, inHNSCCmanydistinct alterations, ranging from EGFR
and FGFR1 mutations and overexpression, HRAS mutations,
PIK3CA mutations and gene amplification, as well as few muta-
tions and copynumber variations inAKT1, PTEN, andTSC1/TSC2
converge in the activation of the PI3K–mTOR signaling circuit-
ry (11). This prompted the exploration of the clinical benefit of
PI3Ki and mTORi in this malignancy (reviewed in ref. 11).
However, we still do not know the molecular events mediating
the therapeutic response of these PI3K/mTORi and their mechan-
isms of sensitivity and resistance, whichmay prevent the selection
of the patients that may benefit the most from these novel

anticancer agents. Here, we provide evidence that 4E-BP1, a direct
mTOR substrate, acts as a HNSCC tumor suppressor, and that
while 4E-BP1 dephosphorylation mediates the therapeutic
response to mTORi, its gene copy loss or reduced expression
renders HNSCC lesions resistant to mTOR inhibition.

Indeed, we observed that one-third of HNSCC lesions lose at
least one allele of 4E-BP1, exhibiting lower progression-free and
overall survival, and that eif4e-bp1/2 double KO mice are highly
susceptible to chemically induced oral carcinogenesis. We also
engineered a mutant 4E-BP1 that cannot be phosphorylated by
mTOR resembling de-phospho-Thr46-4E-BP1, and generated
HNSCC cells expressing this mutant in a tetracycline-inducible
fashion. Expression of 4E-BP1 M was sufficient to disrupt the
function of the translation–initiation complex, and resulted in
tumor regression in HNSCC xenograft models. Certainly, over-
expressionof thismutant in the context of awild-type 4E-BP1may
have additional effects to those caused by dephosporylation of
endogenous 4E-BP1, a possibility that warrants further investi-
gation. In this regard, as a complementary approach we observed
thatmTORi could not affect the translation–initiation complex in
4E-BP1 CCT HNSCC cells, and that this limited the tumor-
suppressive activity of mTORi. Taken together, our findings sug-
gest that endogenous 4E-BP1 may exert tumor-suppressive activ-
ity by restraining the expression of oncogenic translational pro-
grams in HNSCC, and that cancer progression requires bypassing
the growth inhibitory properties of 4E-BP1 by gene loss and
methylation, or via persistent phosphorylation by mTOR. In the
latter case, which involves nearly 70% of all HNSCC cases, the
latent tumor-suppressive activity of 4E-BP1 can in turn be reacti-
vated by mTOR inhibition, thus contributing to the antitumor
activity of mTORi in this cancer type.

Our findings support the idea that in HNSCC, mTORi causes
4E-BP1 dephosphorylation and consequently suppresses cancer
by inhibiting translation initiation. Indeed, both the mTORC1
inhibitor rapamycin and mTORC1/2 inhibitor INK128 induced
the accumulation of de-phospho-Thr46-4E-BP1. Interestingly,
the same dose of INK128 showed relatively higher activity in
promoting 4E-BP1 dephosphorylation and disruption of
eIF4E–eIF4G association, suggesting a stronger inhibition of
translation initiation. The reason for this difference might be
that rapamycin and its analogues (rapalogs), which represent
the first generation of mTOR inhibitors, block primarily mTOR
in its complex 1 (mTORC1) indirectly by binding to FKBP12;
whereas INK128, which represents a second generation of
mTOR inhibitors, blocks both mTORC1 and mTORC2 by
inhibiting the mTOR kinase directly (34, 35), hence displaying
a stronger activity (reviewed in ref. 32). Specifically, a catalytic
cleft exists within FKBP12-rapamycin–binding domain of
mTOR, enabling limited access to 4E-BP1 as a substrate, where-
as ATP-competitive inhibitors, such as INK128, can bind deeper
inside the catalytic cleft abolishing the ability to phosphorylate
4E-BP1 (42, 43).

Inhibition of translation initiation by directly targeting the
eIF4E–eIF4G association represents an attractive therapeutic
option. 4EGI-1, a small-molecular inhibitor that was developed
todisplace eIF4G fromeIF4Ehasdisplayed antitumor effects (44).
However, the affinity of 4EGI-1 for the eIF4G/eIF4E complex is
lower than 4E-BP1 for eIF4E (45), indicating that this approach
may require further optimization to achieve its full potential.
Certainly, mTOR inhibition may represent a readily available,
effective, and clinically relevant choice to disrupt the eIF4G/eIF4E
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Representative 4E-BP1–regulated molecules. A,Western blot analysis of signaling and 4E-BP1–regulated molecules in vitro and in vivo in 4E-BP1 control and 4E-
BP1 CCT HNSCC xenografts (left), and HNSCC cells expressing the 4E-BP1 M (right). Left, cells were transplanted into athymic nude mice, and when they reached
approximately 200mm3, mice were treated with vehicle diluent or INK128 for 5 days, as indicated. Right, cells infected with rtTA and inducible GFP fusion 4E-BP1
M lentiviral virus (iG 4E-BP1 M) were turned on by doxycycline for 5 days. Lysates were analyzed as indicated. B, The lysates of 4E-BP1 wild-type (WT) and
4E-BP1 CCT HNSCC xenografts (same as A) were subjected to eIF4G co-IP and associated RNAs analyzed (bound RNA). The same treated lysates were used to
isolate total RNA. RNAswere followed by qPCR to assess the eIF4G-binding levels of regulated genes. C, The lysates of 4E-BP1 M (same asA) were subjected to
eIF4G co-IP and associated RNAs analyzed (bound RNA). The same treated lysates were used to isolate total RNA. RNAs were followed by qPCR to assess
the eIF4G-binding levels of regulated genes. For each gene, data were normalized to its control group. dox, doxycycline. Data are mean� SEM% of total
input (ns, P > 0.05; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 when compared with the control-treated group, n¼ 3/group).
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complex by unleashing the latent 4E-BP1 tumor–suppressive
function in cancers expressing it. Regarding the latter, 4E-BP1
CCT cells showed reduced sensitivity in vitro and in vivo tomTORi,
suggesting that 4E-BP1 expression is required for the effectiveness

of mTORi. In this case, the assessment of 4E-BP1 expression and
status of phosphorylation may help select patients most likely to
respond to mTORi. HNSCCs in which 4E-BP1 protein is lost may
not respond fully to these agents, and theymay instead be suitable
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candidates for future clinically relevant direct eIF4G/eIF4E com-
plex inhibitors.

Accumulation of de-phospho-Thr46-4E-BP1, either engi-
neered (4E-BP1 M) or when induced by INK128 administra-
tion, reduced cell proliferation and caused apoptosis in
HNSCC xenografts, aligned with a proposed role for 4E-BP1
in the control of apoptosis in breast cancer, glioma, lympho-
mas, and other cancers (46–48). Recent high resolution
transcriptome-scale ribosome profiling studies revealed
the impact of mTORi on mRNA translational efficiency (40, 41).
Specifically, most direct mTOR target mRNAs possess a pyrimi-
dine-rich translational element (PRTE) and/or a 50 terminal
oligopyrimidine track (TOP) within their 50 untranslated
regions (40, 41). These include Eef2 and eIF4B, two genes har-
boring PRTE and TOP 50 sequences whose mRNA translation and
eiF4G association were highly repressed by mTOR blockade in

HNSCC, and rescued by 4E-BP1CCT.However, prolongedmTOR
blockade canalso result in reduced translationofmultiplemRNAs
that may not harbor these targeting sequences (40, 41). Indeed,
our ribosomal profiling revealed that many mRNAs are regulated
by mTOR in HNSCC, including multiple drivers of HNSCC
proliferation and likely cancer cell stemness, all of which were
resistant to the reduction of their association to eiF4G and protein
expression in 4E-BP1 CCT cells and tumors. These findings raise
the possibility that multiple molecules often associated with
cancer stem cells (or cancer-initiating cells) and tumor growth
may be under mTOR/4E-BP1 translational control. Together,
these findings support a key role for the mTOR/4E-BP1 axis in
HNSCC growth, survival, and CSC characteristics, which can be
exploited therapeutically for HNSCC treatment.

Overall, deep-sequencing approaches are now making it pos-
sible to identify precisionmedicine strategies for cancer treatment.
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In this regard, our findings support a tumor-suppressive role of
4E-BP1 in HNSCC, and that its expression and phosphorylation
status are associated with prognosis and the clinical response of
mTORi in HNSCC. In addition, these findings suggest that direct
mTOR kinase blockers will be even more efficacious in the clinic
than its allosteric inhibitors, such as rapalogs, as they are more
potent in promoting the accumulation of de-phospho-Thr46-4E-
BP1, thereby restoring its endogenous growth-suppressive and
proapoptotic function. Taken together, we can conclude that
mTORi may unleash 4E-BP1's tumor-suppressive activity, by
dephosphorylating 4E-BP1 thus reducing the translation of
growthpromoting, survival, and candidate cancer stemness genes,
and that in turn 4E-BP1 expression and phosphorylation may
serve as a prognostic biomarker for mTORi activity in patients
with HNSCC (Fig. 7).
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