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The empirical criteria for defining a clinical subtype of lung cancer
are gradually transiting from histopathology to genetic variations
in driver genes. Targeting these driver mutations, such as sensi-
tizing epidermal growth factor receptor (EGFR) mutations, has
dramatically improved the prognosis of advanced non-small cell
lung cancer (NSCLC). However, the clinical benefit of molecularly
targeted therapy on NSCLC appears to be different between lung
adenocarcinomas and squamous cell carcinomas (SqCCs). We re-
port here that the resistance of lung SqCC harboring EGFR muta-
tions to EGFR tyrosine kinase inhibitors (EGFR-TKIs) was due to the
activation of BMP-BMPR-Smad1/5-p70S6K. The combined treat-
ment of these tumor cells with EGFR-TKI, together with inhibitors
specific to BMPR or downstream mTOR, effectively reversed the
resistance to EGFR-TKI. Moreover, blocking the whole PI3K-AKT-
mTOR pathway with the PI3K/mTOR dual inhibitor BEZ235 also
showed efficacy in treating this subtype of lung SqCC. This study
details the empirical basis for a feasible clinical solution for squa-
mous cell carcinomas with EGFR mutations.
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Traditionally, the classification of lung cancer has been based
primarily on histology and morphology (1, 2). With the
identification of mutated driver oncogenes, methods from mo-
lecular pathology are gradually transforming the definition of the
various types of lung cancers (3). Targeting gene aberrances such
as epidermal growth factor receptor (EGFR) mutations (4-8)
and anaplastic lymphoma kinase (ALK) fusion (9, 10) has signifi-
cantly improved the prognosis of advanced non-small cell lung
cancer (NSCLC). However, the clinical benefits brought by targeted
therapies are mainly limited to nonsquamous NSCLC (11), while
chemotherapy remains the major therapeutic choice for squamous
cell carcinomas (SqCCs).

Recent studies assessing somatic mutations and copy number
alteration (CNA) profiles in SqCC performed by the Cancer Ge-
nome Atlas project and other investigators have disclosed specific
gene mutations, including GRMS, BAI3, ERBB4, RUNXIT]I,
KEAPI1, and FBXW7, and CNAs in 3q26, 24, 27, 32-34, and
8p12.35 in lung SqCC (12, 13). About half of all patients with
lung SqCC carry multiple gene aberrances, indicating that complex
genomic characterizations are more common in lung SqQCC than in
adenocarcinoma (ADC). Thus, successful therapeutic strategies
that target a single driver gene in lung ADC might not be feasible
for lung SqCC patients.

Targeting EGFR mutations by EGFR tyrosine kinase in-
hibitors (TKIs) is one of the successful strategies in treating lung
ADC. EGFR-TKIs obtained median progression-free survival
(PFS) of 10-13 mo in EGFR-mutated lung ADC, but only ~3 mo
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in lung SqCC with EGFR mutations (11, 14). Moreover, whether
EGFR mutations exist in lung SqCC still remains controversial.
There is a belief that EGFR mutations might not even occur in
pure pulmonary SqCC, and that the occasional detection of these
mutations in samples diagnosed as SqCC was due to mixed
adenosquamous carcinoma and poorly differentiated ADC (15,
16). In current clinical practice, the utilization of EGFR-TKIs
and the assessment of EGFR mutations are still routinely per-
formed in lung SqCC, especially in nonsmokers. Therefore, it is
critical to identify the subgroups of lung SqCC patients that are
suitable for EGFR-TKI treatment. Exploring the mechanism of
resistance to EGFR-TKIs in lung SqCC will deepen our un-
derstanding of the differences in tumorigenic profiling between
lung SqCC and ADC, and should contribute to guiding clinical
therapeutic decisions.

In the present study, we demonstrated that lung SqQCC patients
with EGFR mutations indeed represent a subset of NSCLC. We
further showed that lung SqCC cell lines were resistant to
EGFR-TKISs both in vitro and in vivo. We also investigated the
mechanisms of resistance to EGFR-TKI in this subset of patients
and provided potential strategies for overcoming TKI resistance
in these patients.

Significance

Epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKI) have demonstrated clinical benefits for patients
suffering from non-small cell lung cancer of adenocarcinoma
with activating mutation of EGFR. Same mutations observed in
lung squamous cell carcinoma do not offer similar benefits. The
underlining resistance mechanism revealed in this study turns
out to be the concurrent activation of bone morphogenetic
proteins (BMPs) signaling pathway in lung squamous cell
carcinoma. The combination of EGFR-TKI with inhibitors of
BMP receptors signaling pathway overcame the resistance.
Such a finding provided a viable clinical strategy to treat
those patients.
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Results
Lung Squamous Cell Carcinomas with EGFR Mutations Define a
Unique Subtype of NSCLC. To determine the frequency of EGFR
mutations in lung squamous cell carcinomas of Chinese patients,
we first examined the percentage of EGFR mutations in Chinese
lung cancer patients. We screened tumor tissue specimens from
2525 patients with advanced lung cancer for EGFR mutations
(19del and 21L858R). There were 863 patients harboring EGFR
mutations, among which lung SqCC contributed about 4.4% (38/863;
Fig. S14). In 396 lung SqCC cases, patients with EGFR muta-
tions accounted for about 9.6% (38/396). In the 38 SqCC patients
carrying EGFR mutations, the majority were male (81.6%), smokers
(86.8%), and had the EGFR 19del mutation (57.9%) (Table S1).
To confirm whether squamous cells were the pure component,
we performed immunohistochemistry (IHC) biomarker analyses
(P63 and TTF-1) in 18 patients with sufficient biopsied speci-
mens. Most of these specimens (16/18) were positive for P63 and
negative for TTF-1 (Table S2 and Fig. 14).

To further confirm the existence of EGFR mutations in lung
SqCC, we also checked THC biomarkers in a cell line (SH416)
derived from a patient diagnosed with advanced lung SqCC, who
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Fig. 1. SqCCs with EGFR mutations represent a subset of NSCLCs. (A) Rep-

resentative IHC images of patients with lung SqQCC. Formalin-fixed, paraffin-
embedded sections (4 pm) were stained for P63 and TTF-1. (B) SH416 (Left), a
stable cell line derived from a lung SqCC patient harboring EGFR 19del
showed in vivo tumor formation (Right). (C) Denaturing high-performance
liquid chromatography (DHPLC) analysis showing that SH416 cells had the
EGFR 19del mutation. (D) SH416 cells showed a lung SqQCC phenotype, with
positivity for P63, P40, and SCCA1, and negativity for TTF-1 and CK5/6. Im-
munocytochemistry staining was used for these biomarkers. (E) Beas/2b-19del
cells and Beas/2b-21L858R cells both showed a lung SqCC phenotype, with
positivity for P40, and negativity for TTF-1, P63, and CK5/6. Immunocyto-
chemistry staining was used for these biomarkers.
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was initially identified as carrying EGFR 19del (17) (Fig. 1 B
and C). immunocytochemistry (ICC) analysis of P63 (positive),
P40 (positive), SCCAL (partially positive), CK5/6 (negative), and
TTF-1 (negative) confirmed that this cell line was a pure squa-
mous cell line (Fig. 1D). To test for the existence of possible
driver gene aberrances other than EGFR 19del that might affect
the efficacy to EGFR-TKI, we detected PTEN loss, mutations
in KRAS, mutations of BRAF V600E and PIK3CA (E545K,
E542K, H1047R, and H1047L), and amplifications of FGFRI,
PIK3CA, and c-MET; none of these aberrances were found
(Fig. S1B).

To test whether EGFR mutations are also functional driver
mutations in lung SqCC, we engineered cell lines using a human
normal epithelial cell line (Beas/2b) in which mutant EGFR
genes (EGFR 19 del or EGFR 21L858R) were stably expressed
(Fig. S2). Beas/2b cell lines stably expressing mutant EGFR
formed colonies at a much higher frequency in soft agar than did
the control Beas/2b cell line. More dramatically, these EGFR-
expressing mutant Beas/2b cell lines readily formed tumors in
BALB/c nude mice, whereas no tumors were observed in mice
inoculated with Beas/2b control cell lines (Fig. S2). ICC staining
in these two cell lines (Beas/2b-19del cells and Beas/2b-21L858R
cells) displayed strong and diffusive P40 positivity and partial
P63 positivity, but displayed negative staining of TTF-1 (Fig. 1E),
indicating the squamous cell histology of these two cell lines.

These results demonstrate that lung SqCC with EGFR mu-
tations indeed exist as a significant fraction of the Chinese lung
cancer population and that mutated EGFR can have oncogenic
properties in the squamous cell background. Thus, these patients
present a unique molecular and histological subtype.

Lung SqCCs with EGFR Mutations Are Resistant to EGFR-TKIs Compared
with Adenocarcinoma with EGFR Mutations. To compare the sur-
vival differences after EGFR-TKI treatment between patients
with mutant and wild-type EGFRs, we screened 60 patients with
advanced lung SqCC who meet following criteria: they received
EGFR-TKI treatment and had EGFR mutations diagnosed in
the period from June 2005 to June 2012. The median PFS after
EGFR-TKI treatment was only 2.4 mo in patients with EGFR
mutations, although this was slightly superior to those without
EGFR mutations (P = 0.064; Fig. 24). No significant difference
in median overall survival (OS) was observed between patients
with mutant and wild-type EGFR (Fig. 2B). The response data
and multivariate analysis with COX proportional hazard ratios
are presented in Tables S3 and S4. To exclude the possible in-
terference of other common gene aberrances, we also tested for
possible concurrent gene variations in PIK3CA, KRAS, DDR2,
and FGFRI1. Of 29 patients with EGFR mutations, there were
nine cases with other key mutations, including two cases with
FGFR1 amplification, one case with PIK3CA amplification, five
cases with EGFR VIII mutation, and one case with KRAS mu-
tation; there were no cases with PIK3CA mutation or DDR2
mutation. After removing the nine cases with other concurrent
mutations, the median PFS and OS after EGFR-TKI treatment
remained 2.3 and 17.5 mo, respectively.

We then tested the responses of lung SqCC cell lines to the
EGFR inhibitor erlotinib. Cell viability tests showed that lung
SqCC cell lines (SH416, Beas/2b-19del, and Beas/2b-21L858R)
were more resistant to erlotinib than a lung ADC cell line with
the EGFR 19del mutation (PC9 cell line; Fig. 2C). The ICsq
values of the SH416, Beas/2b-19del, and Beas/2b-211.858R cell
lines were 9.28, 3.43, and 11.9 pM, respectively. These concen-
trations were more than 100-fold higher than that of the PC9 cell
line (34.36 nM). Further, we tested the response of lung SqCCs to
erlotinib with in vivo xenograft experiments. Tumor shrinkage was
not observed after erlotinib treatment in either the Beas/2b-19del
xenografts or the Beas/2b-21L858R xenografts, although partial
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Fig. 2. SqCCs with EGFR mutation were resistant to EGFR-TKIs. (A) Kaplan-
Meier curve shows that the median PFS after EGFR-TKI in lung SqCC patients
carrying sensitizing EGFR mutation was 2.4 mo, similar to patients with wild-
type EGFR (2.4 mo vs. 1.8 mo, P = 0.064). (B) Kaplan-Meier curve shows that
the median overall survival after EGFR-TKI in lung SqCC patients carrying
sensitizing EGFR mutation was 17.8 mo, similar to those with wild-type EGFR
(17.8 mo vs. 12.5 mo, P = 0.511). (C) Cell viability analysis showed that lung
SqQCC cell lines (Beas/2b-19del, Beas/2b-21L858R, and SH416) presented
stronger resistance to erlotinib than did a lung adenocarcinoma cell line
with EGFR mutation (PC9). Viability at 72 h was calculated as the ratio of
viable erlotinib-exposed cells to viable DMSO-treated cells.

suppressions were observed in the two xenograft models com-
pared with the controls (Fig. S2 B and C).

Taken together, these results are consistent with the clinical
observation that lung SqCCs with EGFR mutations are indeed
resistant to EGFR-TKIs compared with lung ADC cells with the
same EGFR mutations.

Activation of the BMP-BMPR-Smad1/5-70S6K Pathway Conferred
Resistance to EGFR-TKIs in Lung SqCC Cells and Patients with EGFR
Mutations. Activation of other signaling cascades has been dem-
onstrated to be a mechanism of drug resistance (18). Therefore,
to explore the mechanisms of erlotinib resistance in lung SqCC
cells, we first examined the activation of several other intracellular
pathways, including PI3K-AKT-mTOR and MAPK. As expected,
erlotinib suppressed the activation of EGFR and AKT in all cell
lines. Surprisingly, except in the PC9 cell (lung adenocarcinoma
cell line), erlotinib did not affect the activation of p70S6 kinase
in any of the squamous cell lines (SH416, Beas/2b-19del, and
Beas/2b-211.858R cells) as tested by Western blot (Fig. 34 and
Fig. S3A4). The activation of p70S6K was not observed in the
control Beas/2b cells. These results suggest that the activation of
p70S6K may lead to the erlotinib resistance observed in these
cell lines.

Multiple factors can lead to the activation of p70S6 kinase
(19). We hypothesized that these factors were likely increased in
the Beas/2b-19del and the Beas/2b-21L858R cells. To identify
upstream factors that activate p70S6K, we used RNA sequencing
to analyze global gene expression in these two cell lines with or
without erlotinib treatment. We found 136 genes (with at least
2.5-fold changes) concurrently up-regulated both in the Beas/2b-
19del and in the Beas/2b-21L858R cells after erlotinib treatment.
By mapping all of these genes to the KEGG pathway database,
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we found that the TGF-p, PI3K-AKT-mTOR, and MAPK path-
ways were the dramatically changed pathways that were activated
following erlotinib treatment (Fig. S44). Because the activation
status of MAPK differed between the SH416 and Beas/2b-
19del/-21L858R cell lines, we hypothesized that mTOR-p70S6K
might be activated by the TGF-f pathway and that this may induce
the observed resistance to erlotinib.

The TGF- superfamily includes two classes of members, classic
TGF-f proteins and bone morphogenetic proteins (BMPs); these
protein classes activate Smad2/3 and Smad1/5, respectively (20—
22). In the present study, accumulation of pSmad1/5, but not
pSmas2/3, was significantly increased in squamous cells (SH416,
Beas/2b-19del, and Beas/2b-211.858R cells); this was not the case
in ADC cells (PC9 and HCCS827 cells; Fig. 3B and Fig. S3B).
Consistently, the amount of BMPR-II protein, but not the amount
of TGF-BR-II protein, was increased in squamous cells (SH416,
Beas/2b-19del, and Beas2b/21L858R cells) following erlotinib
treatment (Fig. 3C and Fig. S3C). To characterize the functional
significance of the increase in BMPR-II levels in TKI resistance,
we tested multiple TGF-p inhibitors, including LY2109761
(pan-inhibitor to TGF-pR and BMPR), GW788388 (inhibitor
to TGF-pR), and LDN193189 (inhibitor to BMPR; Fig. S4B), for
their ability to reverse TKI resistance. Both LDN193189 and
LY2109761 improved the sensitivity of lung SqCC cells to erlo-
tinib. LDN193189 in particular reversed erlotinib resistance even
at 100-nM concentration relative to LY2109761 at 4 uM (Fig.
S4B). Consistently, elimination of BMPR-II by shRNA knock-
down also improved the sensitivity of lung SqCC cells to erloti-
nib, a phenomenon not observed in TGF-BR-I knockdown cells
(Fig. S4C). In subsequent immunoblotting analyses, the combi-
nation of erlotinib and LDN193189 significantly suppressed
pEGFR, pAKT, and p70S6K signals (Fig. S4D). We also ob-
served the up-regulated transcription of BMP-related genes such
as BMP4, BMP6, and ID2 in the RNA-seq results. These find-
ings suggest that activation of the BMPR pathway resulted in
phosphorylation of 70S6K and induced the observed resistance
to erlotinib in lung SqCC cells.

To figure out which ligand activated the BMP pathway, we
tested the effects of several TGF-f factors and BMPs on erlotinib
resistance in lung SqCC cell lines. Cotreatment of BMP2 (10 ng/mL)
or BMP4 (10 ng/mL) with erlotinib conferred more resistance to
erlotinib compared with erlotinib only treatment in SH416, Beas/
2b-19del, and Beas/2b-21L858R cells. This effect was not
observed when cells were cotreated with TGF-f1 and erlotinib
(Fig. 3D and Fig. S3D). We also detected significantly increased
accumulation of BMP2, BMP4, and BMP7 in the conditional
medium after erlotinib treatment, whereas the levels of TGF-p1,
TGF-p2, and TGF-p3 remained unchanged (data not shown).
These results suggest that BMPs such as BMP2 and BMP4
promoted the BMPR signaling pathway, including downstream
mTOR-p70S6K signals.

To further confirm the results obtained in the in vitro exper-
iments, we collected tumor tissue specimens from 15 patients
with advanced lung SqCC and checked BMPR-II expression.
Twelve such specimens were positive for BMPR-II in THC
staining experiments. Of the 15 total patients, 10 cases carried
EGFR mutations and received EGFR-TKI treatment; 8 of these
patients had PES of less than 3 mo after EGFR-TKI treatment
(group 1), and the other 2 patients had PFS more than 3 mo after
EGFR-TKI treatment (group 2). Interestingly, all 8 patients in
group 1 presented consistent positivity for staining for both
BMPR-II and p70S6K, whereas the 2 patients of group 2 were
negative for these signals (Fig. 3E and Fig. S3E). As a control, we
performed IHC staining assays of BMPR-II and p70S6K ex-
pression in the 11 lung ADC patients with EGFR mutation and
did not observe any differences between the changes in the levels
of these two proteins with PFS following EGFR-TKI treatment
(Fig. 3F). We retrospectively analyzed the expression status of
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Fig. 3. Activation of the BMP-BMPR-Smad1/5-70S6K pathway conferred resistance to EGFR-TKIs in lung SqCC cells and patients with EGFR mutations.
(A-C) The indicated cell lines were treated with erlotinib (1 pM) for 24 h. Cell extracts were immunoblotted to detect the indicated proteins. (D) Cell viability analysis
showed that cotreatment with either BMP2 (10 ng/mL) or BMP4 (10 ng/mL) with erlotinib conferring stronger resistance to erlotinib in Beas/2b-19del cell line.
Viability at 72 h was calculated as the ratio of drug-treated cells to viable DMSO-treated cells. (E and F) Formalin-fixed, paraffin-embedded sections (4 pum)
were stained for BMPR-Il and phos-70S6K. (E) Numbers of cases with positive proteins grouped by PFS after EGFR-TKI in lung SqCC patients (n = 10). (F) Numbers of
cases with positive proteins grouped by PFS after EGFR-TKI in lung adenocarcinoma patients (n = 11).

BMPR-II and p70S6K protein in our lung SqCC cell lines and
found that all of the cell lines (SH416 and Beas/2b-19del/-
21L858R cells) harbored BMPR-II and p70S6K expression.
These results indicated that the subset of EGFR mutation-car-
rying lung SqCC patients with BMPR-II expression and p70S6K
activation were resistant to EGFR-TKI treatment (Fig. S4F).

Strategies to Overcome Resistance to EGFR-TKI in EGFR Mutant Lung
SqCC Cells. Based on the aforementioned possible mechanisms of
EGFR-TKI resistance in SqCC, we designed three strategies to
counter such resistance; these included inhibition of mTOR
(rapamycin), simultaneous inhibition of the EGFR and BMP
pathways (erlotinib plus LDN193189), and blocking of the entire
PI3K-AKT-mTOR pathway (erlotinib plus rapamycin or BEZ235,
a dual inhibitor of PI3K and mTOR). Although we demonstrated
that simultaneously inhibiting the EGFR and BMP pathways
could reverse the sensitivity of SqCC cell lines to erlotinib, this
regimen is not suitable for clinical use, owing to the lack of an
FDA-approved BMPR-II inhibitor. We thus explored the anti-
tumor activity of several other regimens that might be used in
clinical practice that could yield similar activity.

In contrast to erlotinib, the use of rapamycin as single agent
failed to exhibit effective antitumor activity in Beas/2b-19del
and Beas/2b-21L858R cells. Surprisingly, BEZ235 displayed su-
perior anti-tumor activity in SH416, Beas/2b-19del, and Beas/2b-
21L858R cells, compared with erlotinib plus rapamycin or erloti-
nib plus LDN193189, although both such combination treatments
also moderately suppressed the growth of cancer cells (Fig. 4 A
and B and Fig. S54). In the immunoblot, both BEZ235 and
erlotinib plus rapamycin significantly suppressed the activation
of pAKT and p70S6K in SH416, Beas/2b-19del, and Beas/2b-
21L858R cells (Fig. 4C and Fig. SS5B). Subsequently, we assessed
the antitumor activity of BEZ235 and erlotinib plus rapamycin
with in vivo models and observed effective control of tumor
growth (Fig. 4D and Fig. S5C). These results suggest that com-
bined treatment with inhibitors specific to BMPR or downstream
p70S6K can effectively reverse erlotinib resistance. Moreover,
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blocking the whole PI3K-AKT-mTOR pathway with an agent
such as BEZ235 is also a feasible therapy for this subtype of lung
SqCC patients carrying EGFR mutations.

Discussion

Increasing knowledge about aberrances in driver genes is now
promoting the understanding of tumorigenic profiles and is
boosting the development of special molecular target agents that
bring significant survival benefits in lung cancer treatment.
However, lung cancers with different histology, such as squa-
mous cancer and ADC, harbor distinct frequencies of driver
genetic aberrances (10, 13, 23). It has been shown that cancers
with the same driver mutation, but different histological sub-
types, can have differential sensitivity to targeted therapies. In
terms of EGFR mutations, lung SqCC patients harboring these
gene variations showed inferior efficacy and survival rates com-
pared with patients with lung ADCs when treated with TKIs (11,
14). The mechanism underlying this phenomenon remains un-
clear. Here, we systemically analyzed the in vitro and in vivo
responses of lung SqCC with sensitizing EGFR mutations to
EGFR-TKI, and experimentally evaluated both the mechanisms
of resistance and strategies to overcome this resistance.

The discrepancies of morphology and function in histopa-
thology between SqCC and ADC result from the different re-
gions of airway tissue from which these cancer cells originate and
may be associated with the variations of somatic mutations. In
lung SqCCs, EGFR mutations are considered as a rare molec-
ular event; they are reported in less than 5% of Caucasians and
are reported at seemingly higher rates in Asians, ranging from
0% to 20.3% (10, 14, 24-30). In our study, the frequency of
EGFR mutation in advanced lung SqCC patients was 9.6%. The
divergence of these frequencies might be due to different de-
tection methods, tumor heterogeneity, and/or ethnic differences in
genetic background. Rekhtman et al. (15) postulated that EGFR
mutation did not exist in pure SqQCC and held that so-called
“EGFR mutant lung SCC” was mixed in with ADC components
(16). In the present study, we detected EGFR mutations in
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Fig. 4. Strategies for overcoming EGFR mutant lung SqCCs with BMPR-II
and p70S6K expression. (A) Combinational treatment with erlotinib plus
mTOR inhibitor [100 nM rapamycin (Rap)] overcame the EGFR-TKI resistance
in lung Beas/2b-19del cell line. (B) Treatment with BEZ235 or combinational
treatment with erlotinib plus BMPR inhibitor (100 nM LDN193189, LDN)
overcame the EGFR-TKI resistance in lung Beas/2b-19del cell line. Viability at
72 h was calculated as the ratio of drug-exposed cells to viable DMSO-
treated cells. (C) Beas/2b-19del cell lines were treated with the indicated
drug combinations for 24 h. Cell extracts were immunoblotted to detect the
indicated proteins. (D) Balb/C nude mice were s.c. engrafted with Beas/2b-
19del cells, and tumors were treated daily with vehicle control, erlotinib,
erlotinib plus rapamycin, or BEZ235 at the indicated dose. The tumor vol-
umes (y axis) are plotted over time (x axis).

biopsied specimens and confirmed pure squamous components
by IHC staining. Moreover, we confirmed that EGFR mutation
is a functional driver mutation in lung SqCC using an EGFR
mutant SqCC cell line and Beas/2b-based mutant EGFR cell
lines. Because the success rate in establishing primary lung cancer
cell line, especially SqCC cell line, still remains very low (2.3%), only
one EGFR mutant SqCC cell line SH416 was used in this study.
Although Beas/2b-based mutant EGFR cell lines formed colonies
more rapidly in soft agar than did the parental Beas/2b cell line, they
were still not as perfect for the in vitro cell model as patient-derived
SqCC cells such as SH-416. Additional EGFR mutant SqCC cell
lines were urgently needed for further studying function of mutant
EGFR in SqCC cells and their responses to TKIs. Nevertheless,
these results suggest that pure lung SqCC with EGFR mutations do
exist and represent a unique subtype of NSCLC.

Targeting EGFR mutation by EGFR-TKI improves survival
outcomes in lung ADCs, but does little with lung SqCCs. In this
study, the median PFS after EGFR-TKI treatment in lung SqCC
patients carrying EGFR mutations was less than 3 mo, although
this was slightly superior to PFS in lung SqCC patients with wild-
type EGFR. The survival time observed in present study was
similar to previous reports, all of which show significantly shorter
survival for SqCC than for lung ADC with EGFR mutations.
Further, in vitro and in vivo experiments confirmed the relatively
stronger resistance to erlotinib in lung SqCCs compared with

1. Brambilla E, Travis WD, Colby TV, Corrin B, Shimosato Y (2001) The new World Health
Organization classification of lung tumours. Eur Respir J 18(6):1059-1068.

2. Travis WD, Brambilla E, Riely GJ (2013) New pathologic classification of lung cancer:
Relevance for clinical practice and clinical trials. J Clin Oncol 31(8):992-1001.
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ADC:s harboring EGFR mutations. Our clinical and experimental
results suggest that histopathology plays an important role in
lung “EGFRoma.”

With the exception of some identified mechanisms of resis-
tance to EGFR-TKI such as EGFR T790M, c-MET amplifica-
tion, KRAS mutation, epithelial-mesenchymal transitions, and
transformation to SCLC (3), it is generally held that the activa-
tion of the classical TGF-p signaling pathway was related to
secondary resistance to EGFR-TKI in lung ADC (31). Here, we
observed the continuous phosphorylation of 70S6K due to the
activation of another TGF-p superfamily BMP-BMPR protein
that was significantly enhanced by erlotinib treatment. Although
several studies have demonstrated that high expression of BMP2/4
is associated with poor prognosis and that inhibition of BMPR
can decrease the invasiveness and proliferation of lung cancer
cell lines (32), the current study provides, to our knowledge, the
first clear association between BMPR activation and EGFR-TKI
resistance. Importantly, we found that only lung SqCC patients
with BMPR-II and p70S6K expression showed resistance to
EGRR-TKI. Our results indicate that the mechanism of EGFR-
TKI resistance differs between lung squamous and adenocarci-
nomas. This finding supports the potential importance of selecting
EGFR mutant lung SqCC patients without BMPR-II and p70S6K
expression as candidates for EGFR-TKI treatment.

Because the enhanced activation of the BMP-BMPR-p70S6K
pathway confers EGFR-TKI resistance, erlotinib combined with
a BMPR inhibitor (LDN193189) or an mTOR inhibitor (rapa-
mycin) effectively reversed primary resistance. Similarly, BEZ235,
a dual inhibitor of PI3K and mTOR could inhibit the proliferation
of EGFR mutant lung SqCC cells. Taken together, these results
all indicate that simultaneously blocking the activation of up-
stream and bypassing downstream pathways is an effective
strategy for treating lung SqCCs with EGFR mutations. We
speculate that lung SqCC would respond more rapidly to
EGFR-TKI treatment than would ADC, through an activated
bypass pathway in a feedback loop. Our results show different
biological behaviors between lung squamous carcinoma and
adenocarcinoma. Thus, the effect of histological types on mo-
lecular targeted treatment should be considered before therapy
with EGFR-TKI.

Materials and Methods

This study was approved by the Institutional Ethics Committee of Peking
University Cancer Hospital. Written informed consent was obtained from all
patients. All animal studies reported here were approved by the Animal Care
Committee of the National Institute of Biological Sciences (Beijing). S/ Ma-
terials and Methods contains summaries of patient information, cell line
details, and reagent information. Details of the methods, including gene
aberrance detection, IHC, ICC, cell viability tests, Western blot analysis, soft
agar foci formation, RNA sequencing analysis, protein chip analysis, and the
s.c. in vivo experiments can be found in S/ Materials and Methods.
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