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Abstract

Epithelial-to-mesenchymal transition (EMT) is one of the
acquired resistance mechanisms to EGFR tyrosine kinase
inhibitors (TKI) in lung cancers. Because EMT is related to
tumor invasion, metastases, and resistance to various treat-
ments, it is important to prevent the emergence of EMT.
However, molecular mechanism(s) underlying EMT pheno-
typic changes, as well as biomarker(s) that predict the
emergence of EMT in EGFR-mutated lung cancers, are
unclear to date. Through the comparison of expression data
between isogenic lung cancer cell lines that acquired resis-
tance to EGFR-TKI(s), we identified that high CD44 expres-
sion is related to a mesenchymal phenotype and that
shRNA-mediated knockdown of CD44 reversed the EMT
change. High membranous CD44 expression was identified
in lesions with mesenchymal phenotype that were obtained
from lung cancer patients who developed acquired resis-

tance to gefitinib or afatinib, whereas isogenic lesions with-
out EMT change showed negative/weak staining for CD44.
Immunohistochemistry for treatment-na€�ve lung cancer cell
lines with EGFR mutations found those that acquire resis-
tance to EGFR-TKIs via EMT (HCC4006 and H1975 cells)
had strong membranous CD44 expression compared with
non–EMT-transforming lines which demonstrated negative
or weak staining (Fisher exact test P value ¼ 0.036). shRNA-
mediated CD44 knockdown in HCC4006 cells prevented
the emergence of EMT after chronic exposure to osimertinib.
These results suggest that upregulation of CD44 facilitates
EMT-phenotypic change in lung cancers with EGFR muta-
tions when treated with EGFR-TKIs. In addition, our
results suggest that CD44 can be a useful biomarker to
predict the emergence of EMT upon EGFR-TKI mono-
therapy. Mol Cancer Ther; 17(10); 2257–65. �2018 AACR.

Introduction
Lung cancer with EGFR somatic mutation is one of the most

common molecularly defined subtypes of lung cancers. Despite
initial dramatic efficacy of EGFR tyrosine kinase inhibitors (TKI)
in EGFR-mutant lung cancer patients (1), emergence of acquired
resistance is almost inevitable at a median of 9 to 13 months (2).
To understand and to overcome the mechanisms underlying the
acquired resistance, a number of studies have been performed to
date. These studies identified genetic changes, such as secondary
mutations in the EGFR gene (T790M and other rare mutations),
gene amplifications ofMET or ERBB2, or genetic aberrations that

activate downstream signaling of the EGFR (PTEN loss,mutations
in BRAF or NRAS, or gene copy-number gains of KRAS or NRAS;
refs. 3–5), and the phenotypic changes, such as small-cell lung
cancer (SCLC) transformation and epithelial-to-mesenchymal
transition (EMT; refs. 2, 6). EMT is often observed in cell line
models with EGFR mutations that were chronically treated with
an EGFR-TKI monotherapy [HCC4006 (7–12) and NCI-H1975
cells (6, 13, 14)] and also in EGFR-TKI–refractory clinical speci-
mens (6, 15). Although RB1 inactivation has been identified as
part of the molecular mechanisms of SCLC transformation (16),
the molecular mechanism(s) underlining EMT change is still
unclear to date. In addition, there is no biomarker to predict the
emergence of EMT-mediated acquired resistance in clinical prac-
tice, although a few in vitro studies have suggested strategies to
prevent EMT-mediated resistance using the HCC4006 cell line
model (10, 12).

Materials and Methods
Cell lines, reagents, and cell proliferation assay

All TKI-resistant human lung cancer cell lines used in this study
were established in our previous studies at Aichi Cancer Center
Hospital, Nagoya, Japan, in 2010 (HCC827ER, HCC827EPR, and
HCC4006ER cells) or at Kindai University Faculty of Medicine,
Osaka-Sayama, Japan, in 2015 (HCC827CNXR-S1 and
HCC827CNXR-S4 cells). The molecular mechanism(s) of resis-
tance to TKIs for these cells are summarized in Supplementary
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Table S1 (7, 17, 18). All the TKI-na€�ve parental cells were the kind
gift of Dr. Adi F. Gazdar (Hammon Center for Therapeutic
Oncology Research, University of Texas Southwestern Medical
Center at Dallas, Dallas, Texas) in 2009 or before. The identity of
the parental and descendant resistant cells was confirmed by
analyzing the short tandem repeat profile as reported previously
(17, 18) at the establishment of the resistant cells. Mycoplasma
testingwas also performedusing aPCR-basedmycoplasma test kit
(Takara), and a passage control within 20 passageswas performed
for all parental and resistant cells.

All cells were cultured in RPMI1640 medium supplemented
with 10% FBS and 1 � penicillin/streptomycin solution (Med-
iatech, Inc.) at 37�C and 5% CO2. A T790M-specific EGFR-TKI,
osimertinib (AZD9291), and cisplatin were purchased from
Selleck Chemicals. Cell proliferation was measured using the
PrestoBlue Cell Viability Reagent (Life Technologies), accord-
ing to the manufacturer's instructions as described previously
(14). Experiments were repeated 2 to 3 times to confirm the
results. All experiments using acquired resistance cells were

performed following removal of drug(s) to avoid the direct
effects of the drug(s).

TMA preparation, antibodies, and immunohistochemistry
analysis for cell lines

Wemainly used an immunohistochemistry (IHC) technique to
evaluate protein expression so that we can apply the results of the
current in vitro study to future analyses for clinical formalin-fixed
paraffin-embedded (FFPE) specimens. FFPE cell blocks were pre-
pared to make a cell line tissue microarray (TMA) in our recent
study (14). The TMA was sectioned at a thickness of 4 mm and
mounted on charged glass slides. All stainingwas performedon the
Benchmark XT automated stainer (VentanaMedical Systems, Inc.).
Antibodies against E-cadherin [anti–E-cadherin (36)MouseMono-
clonal antibody] and vimentin [anti-Vimentin (V9) Mouse Mono-
clonal antibody] were purchased from Ventana Medical Systems,
and the antibody against variant nonspecific CD44 (HPA005785)
was purchased from Sigma-Aldrich Corporation. The staining
platform utilized the Ultraview development reagents (Ventana

Figure 1.

EMT status inHCC827 lung cancer cells
and their EGFR-TKI–resistant
daughter cell lines. A, HCC827
parental cells and HCC827EPR cells
(T790M mutation) demonstrated an
epithelial phenotype, whereas
HCC827CNXR-S4 cells (EGFR loss plus
MET gene amplification) harbored a
mesenchymal phenotype. B, EGFR
knockdown in HCC827ER cells (MET
gene amplification), which mimic
HCC827CNXR-S4 cells, did not confer
EMT changes. C, Hierarchical
clustering for HTG EdgeSeq OB panel
data revealed that HCC827 cells and
their daughter cell lines clustered
together, whereas HCC827CNXR-S4
cells were distinct among these
cell lines.
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Medical Systems). The specimens were evaluated using theH-score
assessment as previously described, and the scoring was performed
by two independent investigators (K. Suda and H. Yu).

Comprehensive comparison of cancer-related gene expression
The HTG EdgeSeq Oncology-Biomarker (OB) Assay (HTG

Molecular Diagnostics, Inc.) was performed to compare expres-
sion levels of multiple cancer-related genes as previously
described (19). Parsed data for the HTG EdgeSeq OB Assay
panel provided raw counts of 2,545 cancer-related genes. The

data were normalized by using quantile–quantile normaliza-
tion that makes the library sizes equal for all samples. To
evaluate the similarity of gene expression status among sam-
ples, we used Spearman rank correlation and complete linkage
to generate hierarchical clustering. We also employed negative
binominal to model the count distribution in the sequencing
data and conditional maximum likelihood–based exact test
using edgeR (20) to identify differentially expressed genes
between groups. We then computed the q-value of FDR for
multiple comparisons for the genes.

Figure 2.

CD44 is highly expressed in
HCC827CNXR-S4 cells. A, The
heatmap includes significant genes
from comparison between cell lines
with epithelial phenotype (HCC827
and HCC827EPR cells) and a cell line
with mesenchymal phenotype
(HCC827CNXR-S4 cells). The
expression data for HCC827ER cells
and HCC827ER cells treated with
osimertinib (AZD9291) were added to
the heatmap for further analysis to
identify gene(s) with the most
importance. B, Relative expression
levels of CD44 between HCC827 cells
and their daughter cells. C, IHC for
CD44 in HCC827, HCC827EPR, and
HCC827CNXR-S4 cells, showing
elevated CD44 protein expression
in HCC827CNXR-S4 cells.
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Antibodies and Western blot analysis
Antibodies against E-cadherin (#3195S), vimentin (#5741S),

CD44 (#3570S), and b-actin (#4970S) were purchased from Cell
Signaling Technology. Total cell lysateswere prepared, and immu-
noblotting was conducted as described previously (14).

Short hairpin–mediated knockdown
Lentiviral preparations with an shRNA that specifically targets

CD44 (TRCN0000296191) or a nontargeting control were pur-
chased from the UCD Genomics Core. Transfection was per-
formed per the established protocol using polybrene (Sigma-
Aldrich Corporation), and 10 mg/mL puromycin (Invitrogen)
treatment was used to select for the transfected cells.

CD44 overexpression assay
Transfection of HCC827 parental cells with a CD44 expression

lentiviral vector (ccsbBroad304_05963) or a control vector
(pLX304) was performed. The lentiviral vectors were purchased
from the UCD Genomics Core. Transfection was performed per
the established protocol using polybrene (Sigma-Aldrich Corpo-
ration), and 10 mg/mL blasticidin (Sigma-Aldrich Corporation)
treatment was used to select for the transfected cells.

Clinical specimens and IHC analysis
FFPE tumor specimens were obtained at autopsy from patients

with EGFR-mutant lung cancers who developed acquired resis-
tance to gefitinib (Patient 1; identical samples of Case 3, ref. 21) or
afatinib (Patient 2); the specimens were obtained in accordance

with ethical guidelines (Declaration of Helsinki), and the study
was approvedby an Institutional ReviewBoard.Written-informed
consent from their legal guardians was obtained. All staining was
performed as described in IHC analysis for cell lines.

Results
EMT status in HCC827 and isogenic resistant cell lines

First, we screened E-cadherin and vimentin expression, repre-
senting commonly used epithelial and mesenchymal markers,
respectively, in HCC827 parental cells (del E746_A750) and their
isogenic resistant cell lines to EGFR-TKI(s) by IHC. As shown
in Fig. 1A and Supplementary Fig. S1A and S1B,HCC827 cells and
HCC827EPR cells (del E746_A750 þ T790M) showed epithelial
phenotype, whereas HCC827CNXR-S4 cells (del E746_A750 þ
loss of amplified EGFR-mutant allele þMET gene amplification)
showed a mesenchymal phenotype. HCC827ER cells (del
E746_A750 þ MET gene amplification) and HCC827CNXR-S1
cells (del E746_A750 þ T790M þ MET gene amplification)
showed slight decrease in E-cadherin expression which is not
sufficient to conclude that these cells acquired EMT phenotype.
Therefore, we excluded these two cell lines from the hierarchical
clustering analysis. To investigate the possibility that inactivation
of EGFR together with gene amplification ofMET causes EMT, we
employed HCC827ER cells (del E746_A750 þ MET gene ampli-
fication). We determined this was not the case, because either
shRNA-mediated EGFR knockdown (Fig. 1B) or an EGFR-TKI
treatment (osimertinib; Supplementary Fig. S1A and S1B) did not

Figure 3.

Knockdown of CD44 reversed EMT
changes in HCC827CNXR-S4 cells. A
and B, Morphologic difference
between HCC827CNXR-S4 cells
transfected with control shRNA (A)
and anti-CD44 shRNA (B). C, The
expression of E-cadherin was
increased in HCC827CNXR-S4 cells
after transfection with anti-CD44
shRNA. D, The expression of vimentin
was increased in HCC827 parental
cells after transfection with CD44-
overexpressing vector.
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confer EMT in HCC827ER cells. Therefore, we further analyzed
the molecular mechanism(s) which are involved in this pheno-
typic change in HCC827CNXR-S4 cells.

CD44 is highly expressed in HCC827CNXR-S4 cells
We used the HTG EdgeSeq OB panel to compare the gene

expression patterns between cell lines. The hierarchical clustering
(Fig. 1C) showed that HCC827 cells and their daughter cell lines
with various resistancemechanisms clustered together in contrast
to another EGFR-mutated lung cancer cell line (H3255). How-
ever, among the HCC827 cell line family members, we observed
that HCC827CNXR-S4 cells had distinct gene expression pattern
comparedwith parental cells and other isogenic resistant cell lines
(Fig. 1C).

We then explored genes with significant difference in expres-
sion levels between epithelial phenotype cell lines (HCC827 and
HCC827EPR cells) and mesenchymal phenotype cell line
(HCC827CNXR-S4 cells). The cutoff value of FDR < 0.1 by exact
test identified 13 upregulated and 56 downregulated genes in
HCC827CNXR S4 cells (Fig. 2A). Among these genes, we searched
for candidate gene(s) which may have important roles on EMT
change using the following criteria: (1) differentially expressed in
HCC827CNXR-S4 cells compared with HCC827ER cells with/
without osimertinib treatment, and (2) gene(s) related to EMT in
the literature. From these criteria, we identified that CD44, a cell-
surface glycoprotein which is related to EMT or cancer stem cell
phenotype in several cancer types (22), was highly expressed in
HCC827CNXR-S4 cells compared with other isogenic HCC827
cell lines (Fig. 2B and C). We also identified, through an analysis
of publically available gene expression data, that a resistant cell
linewith an EMTphenotypewhich acquired resistance to gefitinib
(HCC827-GR-high2 cells) harbored high CD44 expression (4.76
times compared with parental cells; ref. 8). Therefore, we focused
additional efforts on evaluating CD44 related to EMT changes.

CD44 knockdown reversed EMT phenotype in HCC827CNXR-
S4 cells

To evaluate the role of CD44 in EMT changes of
HCC827CNXR-S4 cells, we transfected lentiviral preparations
with an shRNA that specifically targets CD44 as compared with
a nontargeting control. shRNA-mediated knockdown of CD44
conferred parental cell–like appearance and reversion of EMT in
HCC827CNXR-S4 cells (Fig. 3A–C). However, CD44 knockdown
did not restore the sensitivity to EGFR-TKIs in HCC827CNXR-S4
cells (Supplementary Fig. S1C) probably due to survival signaling
from amplified MET gene, whereas MET-TKI monotherapy was
effective in this cell line (18).

CD44 overexpression increased vimentin expression in
HCC827 parental cells

To evaluate the role of CD44 further, we transfected lentiviral
preparations with an open reading frame for CD44 as compared
with a nontargeting control vector. Although the forced expres-
sion of CD44 did not affect E-cadherin expression, HCC827 cells
with CD44 overexpression showed higher vimentin expression
compared with the cells transfected with control vector (Fig. 3D).
Through a growth-inhibitory assay, we observed that CD44 over-
expression did not have any impact on the sensitivity of EGFR-
TKIs in HCC827 parental cells (Supplementary Fig. S1D).

CD44 is highly expressed in TKI-refractory specimens with
mesenchymal phenotype

To validate our in vitro findings, we analyzed tumor specimens
obtained frompatientswhodeveloped TKI-refractory lesionswith
both epithelial phenotype andmesenchymal phenotype (isogen-
ic lesions). In addition to the expression levels of E-cadherin, the
morphology of tumor cells was distinct between these two types
of lesions as mesenchymal lesions were diagnosed as pleomor-
phic carcinomas (Fig. 4; Supplementary Figs. S2 and S3).

Figure 4.

CD44 is overexpressed in lesions with
mesenchymal phenotype after
acquisition of resistance to EGFR-TKIs
(Patient 1). The results of IHC staining
for isogenic lesions obtained from a
lung adenocarcinoma patient who
acquired resistance to gefitinib
monotherapy are shown. The primary
tumor (left) was moderately
differentiated adenocarcinoma with
epithelial phenotype. The resistance
mechanism of the primary lesion to
gefitinib was the acquisition of T790M
mutation. The metastatic lesion for
right adrenal gland (right) was
pleomorphic carcinoma in histology
with mesenchymal phenotype.
Although tumor cells in the primary
tumor were negative for CD44, those
in the adrenal gland metastasis had
high membranous staining for CD44.
Other staining data for clinical
specimens are available in
Supplementary Figs. S2 and S3.
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Evaluating IHC staining for CD44, we found that the membra-
nous expression of CD44 was much higher in lesions with
mesenchymal phenotype than those with epithelial phenotype
(Fig. 4; Supplementary Figs. S2 and S3). Although these findings
are based on two cases and may not represent all EMT-mediated
resistance, these data are comparable with our in vitro findings.

Innate CD44 expression status in lung cancer cells with EGFR
mutations

We next evaluated CD44 expression in treatment-na€�ve lung
cancer cell lines comparing those that often acquire resistance to
EGFR-TKIs by EMT (HCC4006 andNCI-H1975 cells) versus those
that commonly employ other resistancemechanism(s). As shown
in Fig. 5, cell lines "destined" to develop EMT (HCC4006 and

NCI-H1975 cells) expressed the highest levels of CD44 compared
with other cell lines (Fisher exact test P ¼ 0.036). Data from the
Cancer Cell Line Encyclopedia support the results of IHC analysis,
showing that HCC4006 and NCI-H1975 cells harbored the high-
est expression of CD44 among lung cancer cell lines with EGFR
mutations. These data support the hypothesis that CD44 expres-
sion, prior to EGFR-TKI therapy, may predict the emergence of
EMT-mediated acquired resistance to EGFR-TKIs.

CD44 knockdown prevents EMT-mediated resistance to
osimertinib in HCC4006 cells

To further investigate this hypothesis, we generated HCC4006
cells with shRNA-mediated CD44 knockdown (Fig. 6A) and
chronically treated these cells with osimertinib as previously

Figure 5.

The results of IHC staining for CD44 in treatment-na€�ve lung cancer cell lines with EGFR mutations. The staining pattern was heterogeneous in some cell lines;
however, only the cell lines which often acquire resistance to EGFR-TKIs by EMT (HCC4006 and H1975 cells) showed strong (3þ) expression of CD44.
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described (3). As we expected, the osimertinib-resistant cells,
which were designated as HCC4006 shCD44-OR cells (Fig.
6B), did not acquire EMT phenotype upon acquisition of resis-
tance to osimertinib (Fig. 6C). The osimertinib resistance mech-
anism in HCC4006 shCD44-OR cells was neither secondary
mutation in the EGFR exon 20 (including C797S) nor MET-
mediated ones. Further experiments to identify the resistance
mechanism(s) in that cell line are ongoing.

Discussion
Chronically treated EGFR-mutant lung cancer cell lines with

EGFR-TKIs for 3 to 9 months have been widely used as in vitro
models of acquired resistance to EGFR-TKIs. These studies have
revealed that each cell line has its "favorite" resistancemechanism,
including MET gene amplification in HCC827 cells, T790M
gatekeeper mutation in PC9 cells, and EMT-like change in
HCC4006 and NCI-H1975 cells (2). In addition, these studies
have shown that such "destiny" can be changed by upfront
combination therapies which cotarget EGFR and the respective
"favorite" resistance mechanism (10, 12, 17).

EMT has long been recognized as playing amajor role in cancer
progression and metastasis (23), as well as one of acquired
resistance mechanisms to EGFR-TKIs (6, 7). Importantly, in vitro
studies have shown that acquired resistant cells to EGFR-TKIs via
EMT also demonstrated cross resistance to some cytotoxic agents
(8, 24), which are the current gold-standard in second-line ther-
apy in patients without detectable T790M mutations. To prevent
the emergence of EMT after EGFR-TKI treatment failure, in vitro
studies which used the HCC4006 cell line model have suggested

combination therapies of EGFR-TKI with either the TGFb receptor
inhibitor (10) or dasatinib (12). Both studies showed that these
combination therapies led HCC4006 cells to develop T790M
mutation which is treatable using osimertinib. It is of note,
however, that both studies demonstrated that these combination
therapies were not able to reverse EMT in HCC4006 EGFR-TKI–
resistant cells after the cells once acquired mesenchymal pheno-
type against EGFR-TKImonotherapy. These results emphasize the
importance of upfront combination therapy to prevent the emer-
gence of EMT rather than the strategy of resistance mechanism-
based second-line therapies.

However, in clinical practice, there are no pretreatment bio-
markers that may predict emergence of EMT upon acquisition of
resistance to EGFR-TKI monotherapies. In this study, from the
comprehensive analysis of gene expression data in acquired
resistant isogenic cells to EGFR-TKIs (cells with epithelial pheno-
type vs. those with mesenchymal phenotype), we identified that
CD44 expression is correlated with acquisition of EMT change,
which was also confirmed in isogenic clinical specimens (lesions
with epithelial phenotype vs. those with mesenchymal pheno-
type). In addition, we demonstrated that high CD44 expression,
prior to treatment, can be a biomarker that predicts the emergence
of EMT.

CD44 is a complex/multifunctional transmembrane glycopro-
tein that was initially identified as a receptor for hyaluronic acid
and a lymphocyte-homing receptor as well as a regulator of cell
adhesion, angiogenesis, inflammation, and tumor development
(22). CD44 is also reported to promote EMT inmany cancer types,
including colon, gastric, pancreatic, prostate, and liver cancers
(22), as well as in lung cancers (25). In addition, several in vitro

Figure 6.

Establishment of osimertinib-resistant
cells fromHCC4006 cells after shRNA-
mediated CD44 knockdown. A,
Western blotting revealed decreased
expression of CD44 in CD44 shRNA-
transfected cells. B, HCC4006
shCD44-OR cells showed insensitivity
to osimertinib compared with
HCC4006 cells transfected with CD44
shRNA (HCC4006 shCD44).
HCC4006 shCD44-OR cells were
established from HCC4006 shCD44
cells via chronic treatment with
osimertinib. C, HCC4006 shCD44-OR
cells (marked with �) harbored high E-
cadherin expression level identical to
HCC4006 parental cells. The data of
HCC4006ER (erlotinib-resistant) cells
with EMT phenotypic changes that
were established from HCC4006 cells
via chronic treatment with erlotinib
are shown for comparison.
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studies have shown that CD44 was highly expressed in cell lines
with EMT change which were generated to acquire resistance to
ionizing radiation therapy (26) or to cisplatin (27). CD44 has
multiple variants, and CD44s is one of them that has significant
roles in EMT in many cancer types. Although we did not perform
further variant analysis, our results suggest that the expression of
variant nonspecific CD44, which is analyzable with an IHC
technique, can be a biomarker to predict the emergence of
EMT-mediated acquired resistance to EGFR-TKIs.

In this study, we observed that CD44 expression was upregu-
lated in EGFR-TKI acquired resistant cells with mesenchymal
phenotype and EGFR-TKI acquired resistant lesions with mesen-
chymal phenotype. At the same time, we also found that some of
treatment-na€�ve parental cell lines (HCC4006 and NCI-H1975
cells), which show epithelial phenotype but tend to acquire EMT
upon acquisition of resistance to EGFR-TKIs, have high expression
levels of CD44. These results indicate that CD44 plays an impor-
tant role in the process of EMT phenotype acquisition, but high
CD44 expression alone is not sufficient to convert epithelial cells
to mesenchymal cells.

As described above, the blockade of TGFb signaling or Src
(one of the targets of dasatinib) pathways prevented HCC4006
cells from developing the EMT change after chronic treatment
with EGFR-TKI (10, 12). In this study, we also observed that
shRNA-mediated knockdown of CD44 prevented HCC4006
cells from developing the mesenchymal phenotype after chron-
ic osimertinib exposure. Because CD44 is reported to activate
TGFb/Smad signaling through the miR-106b family (28), and
CD44 is also known to activate Src-mediated signaling (29), it
is possible that these phenomena in HCC4006 cell line experi-
ments are all based on inhibition of CD44 and its downstream
signaling.

In summary, we demonstrated that CD44 is correlated with
mesenchymal phenotype in cell line models and clinical speci-
mens upon acquisition of resistance to EGFR-TKIs. Our results
also indicate that prior to treatment, CD44 levels can be a useful

biomarker to predict the emergence of EMT when treated with
EGFR-TKI monotherapies.
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