Oncogene (2020) 39:1739-1755
https://doi.org/10.1038/541388-019-1099-5

ARTICLE

Check for
updates

Targeting the IL-1B/EHD1/TUBB3 axis overcomes resistance
to EGFR-TKI in NSCLC

Jian Huang®" - Xiuwen Lan? - Ting Wang' - Hailing Lu' - Mengru Cao' - Shi Yan' - Yue Cui' - Dexin Jia' - Li Cai’ -

Ying Xing'

Received: 22 April 2019 / Revised: 29 October 2019 / Accepted: 4 November 2019 / Published online: 18 November 2019
© The Author(s), under exclusive licence to Springer Nature Limited 2019

Abstract

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (EGFR-TKIs) significantly prolong the survival time of
non-small-cell lung cancer (NSCLC) patients with EGFR-activating mutations, but resistance develops universally.
Activation of the phosphatidyl inositol-3 kinase (PI3K)/AKT signaling pathway and phenotypic alterations in
epithelial-mesenchymal transition (EMT) are both mechanisms of acquired resistance to EGFR-TKIs. However, the
mechanisms underlying this resistance remain unclear. In this study, EHD1 depletion significantly increased NSCLC cell
sensitivity to EGFR-TKI, which was accompanied by EMT reversal. Microarray analysis showed that the PTEN/PI3K/AKT
signaling pathway is a crucial pathway regulated by EHD1. Moreover, a PTEN inhibitor abolished EHD1 shRNA regulation
of EGFR-TKI sensitivity, EMT, and cancer progression. Mass spectrometry showed that TUBB3 is a novel EHDI-
interacting protein. EHD1 modulated microtubule stability by interacting with TUBB3. Furthermore, TUBB3 depletion
significantly attenuated EHD1-induced EGFR-TKI resistance and EMT. Bioinformatics analysis revealed that EHD1 is
significantly associated with the gene set, “Cellular Response to Interleukin-1p (IL-1p)”. As expected, treatment with IL-1p
led to increased expression of EHD1, activation of PTEN/PI3K/AKT signaling, and induction of EMT in NSCLC cells. In
patient specimens, EHD1 was highly expressed in EGFR-TKI-refractory specimens. EHD1 was positively associated with
TUBB3 and IL-1R1 but negatively associated with PTEN. In addition, targeting the IL-15/EHD1/TUBB3 axis mitigated
cancer progression by inhibiting cell proliferation and metastasis and promoting apoptosis. Our study demonstrates the
involvement of the IL-1/EHD1/TUBB3 axis in EGFR-TKI resistance and provides a potential therapeutic approach for
treating patients with NSCLC that has acquired EGFR-TKI resistance.

Introduction

Lung cancer is the most common cause of cancer-related
mortality worldwide [1]. The 5-year survival rate for
patients with lung cancer is only 15%, and ~85% of these
cases are non-small-cell lung cancer (NSCLC) [2]. EGFR-

These authors contributed equally: Jian Huang, Xiuwen Lan

Supplementary information The online version of this article (https://

doi.org/10.1038/s41388-019-1099-5) contains supplementary
material, which is available to authorized users.

< Li Cai
caili@ems.hrbmu.edu.cn

P4 Ying Xing
xingying0618 @163.com

The Fourth Department of Medical Oncology, Harbin Medical
University Cancer Hospital, 150 Haping Road, Harbin 150040,
China

Department of Critical Care Medicine, Harbin Medical University
Cancer Hospital, 150 Haping Road, Harbin 150040, China

TKIs, including gefitinib and erlotinib, have demonstrated
dramatic efficacy in NSCLC patients with EGFR-activating
mutations [3]. Unfortunately, most patients do not achieve a
complete response, and nearly all patients eventually
acquire EGFR-TKI resistance, which leads to lethal disease
progression [4]. The identified acquired resistance
mechanisms have been mainly categorized as secondary
mutations in the EGFR gene (T790M and other rare
mutations), the activation of alternative signaling pathways
(such as the phosphatidyl inositol-3 kinase (PI3K)/AKT
pathway), and  phenotypic  changes such as
epithelial-mesenchymal transition (EMT) [5, 6]. The

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-1099-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-1099-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-019-1099-5&domain=pdf
http://orcid.org/0000-0002-2409-0878
http://orcid.org/0000-0002-2409-0878
http://orcid.org/0000-0002-2409-0878
http://orcid.org/0000-0002-2409-0878
http://orcid.org/0000-0002-2409-0878
mailto:caili@ems.hrbmu.edu.cn
mailto:xingying0618@163.com
https://doi.org/10.1038/s41388-019-1099-5
https://doi.org/10.1038/s41388-019-1099-5

1740

J. Huang et al.

unpredictability, diversity, and cooccurrence of EGFR-TKI
resistance mechanisms present a challenge for efficiently
developing innovative treatment strategies that can over-
come EGFR-TKI resistance in patients.

C-terminal Eps15-homology (EH) domain-containing
protein (EHD1) regulates multiple steps of endocytosis
and vesicle trafficking [7, 8]. EHD1 has a substantial effect
on the regulation of mitosis and pre-cytokinetic events such
as microtubule dynamics [9, 10]. Furthermore, some studies
have suggested that EHD1 plays a key role in tumor
development and progression [11-13]. Recently, we
reported that EHDI1 is involved in promoting lung cancer
progression and that EHD1 plays a role in erlotinib resis-
tance using a lung cancer cell line and its EGFR-TKI-
resistant daughter cell line, but the underlying mechanisms
in EGFR-TKI resistance have not been fully elucidated
[14, 15].

Microtubules are cytoskeletal proteins that comprise o-
and p-tubulin heterodimers [16]. The dynamics and stability
of microtubules play important roles in multiple cellular
activities, including vesicle transport, cell movement, cen-
trosome assembly, and chromosome segregation [17].
Notably, the dynamics and stability of microtubules are also
reported to be related to EMT and cancer metastasis
[18, 19]. Class III B-tubulin (PIHI-tubulin, which is also
referred to as TUBB3) is a microtubule protein that gen-
erates highly dynamic microtubules [20]. Previous studies
have shown that TUBB3 promotes cancer development and
induces EMT [21-24]. In addition, TUBB3 overexpression
is associated with a reduced efficiency of tubulin-binding
agents (TBAs) and DNA-damaging agents in cancers
[25, 26]. However, the role of TUBB3 in tumor sensitivity
to targeted therapies remains unknown.

Interleukin 1f (IL-1P) is an innate proinflammatory
cytokine that has been reported to facilitate EMT and thus
tumor metastasis in various cancer cells [27, 28]. In this
mechanism, IL-1f induces B-catenin translocation, resulting
in increased activation of transcription of target genes, such
as SNAIL1 and CCDNI1, which are involved in EMT [29].
Although previous research has confirmed that IL-1P is
associated with the acquisition of an unresponsive pheno-
type to cetuximab, which is a monoclonal antibody that
targets EGFR, the functional significance of IL-1f in
EGFR-TKI resistance is unclear [30].

In this study, we aimed to establish a detailed mechan-
istic understanding of EHD1 as a significant factor in
acquired EGFR-TKI resistance and tumor progression. We
identified EHD1 through PTEN/PI3K/AKT signaling via
TUBB3, which causes gefitinib resistance and promotes
EMT. Moreover, we showed that IL-1p-induced EHDI1
potentiates EGFR-TKI resistance and EMT. We demon-
strated for the first time that TUBB3 and IL-1f8 play a
crucial role in the resistance to gefitinib, suggesting novel
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therapeutic targets for treating this subset of patients with
lung cancer. Our findings suggest that the IL-1p/EHD1/
TUBB3 axis contributes to acquired gefitinib resistance in
patients with NSCLC and an EGFR-activating mutation.

Results

EHD1 knockdown resensitizes gefitinib-resistant
NSCLC cells to gefitinib

EGFR-TKI-resistant cell lines (HCC827GR and PC9GR
cells) were generated by treating EGFR-TKI-sensitive
HCC827 and PC9 cells, which harbor the EGFR exon 19
deletion, with increasing concentrations of gefitinib. The
half-maximal inhibitory concentration (ICs,) for gefitinib
was dramatically increased in the EGFR-TKI-resistant cell
lines compared with the EGFR-TKI-sensitive cell lines
(Supplementary Fig. Sla, b). Expression vectors containing
short hairpin RNAs (shRNAs) targeting EHD1 were trans-
fected into EGFR-TKI-resistant cell lines. shRNA2
(shEHD1#2) and shRNA3 (shEHDI1#3) most efficiently
knocked down EHD1 expression and were therefore used in
the subsequent experiments (Fig. 1a). EHD1 knockdown
sensitized EGFR-TKI-resistant cells to different concentra-
tions of gefitinib (Fig. 1b and Supplementary Fig. Slc).
Next, we conducted an EdU incorporation assay and a
CCK-8 assay to analyze cell viability. EHD1 depletion
decreased the viability of HCC827GR and PCI9GR cells,
and gefitinib (IC,5*®") treatment resulted in robust inhibition
of EGFR-TKI-resistant cell viability (Fig. 1c, d and Sup-
plementary Fig. S1d). In addition, we observed similar
patterns in a long-term colony formation assay, suggesting
that EHD1 depletion alleviates cell proliferation and sensi-
tizes EGFR-TKI-resistant NSCLC cells (Fig. le). Flow
cytometric analysis revealed that EHD1 knockdown sig-
nificantly enhanced the apoptosis of HCC827GR and
PCIGR cells following exposure to gefitinib (Fig. 1f).
Overall, our results showed that EHD1 promotes cell pro-
liferation and inhibits apoptosis in gefitinib-resistant lung
cancer cells.

EHD1 depletion reverses EMT in EGFR-TKI-resistant
NSCLC cells

The Transwell assay showed that the gefitinib treatment
alone (IC,s*") minimally affected the motility of EGFR-
TKI-resistant cells. Interestingly, EHD1 depletion decreased
the migration and invasion abilities of EGFR-TKI-resistant
NSCLC cells; these effects were further enhanced when
EHD1 depletion was combined with gefitinib (Fig. 2a and
Supplementary Fig. S2a). The wound healing assay showed
the same results in HCC827GR and PCI9GR cells treated
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Fig. 1 EHDI1 knockdown overcomes TKI resistance in TKI-resistant
lung cancer cells. a EHD1 protein expression levels were determined
by Western blotting in HCC827GR (left panel) and PCOGR (right
panel) cells stably expressing empty vector or shEHD1 (shEHD1#1, 2,
3). GAPDH served as a loading control. b HCC827GR-shEHD1 (left
panel), PCOGR-shEHD1 (right panel) and corresponding vector con-
trol cells were treated with the indicated doses of gefitinib for 48 h, and
cell viability was analyzed by a CCK-8 assay. Cell viability of the
indicated cells cultured in the presence or absence of gefitinib (IC2548h)

with gefitinib, transfected with shEHD1, and treated with a
combination of gefitinib and shEHD1 transfection (Fig. 2b).

EMT is extensively correlated with therapeutic resistance
to EGFR-TKIs [31]. As expected, we observed that long-
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was analyzed by an EdU incorporation assay at 48 h (¢) and by a CCK-
8 assay at 24, 48, 72, and 96 h (d). e The colony-forming efficiency of
HCC827GR-shEHD1, PCOGR-shEHD1 and corresponding vector
control cells treated with or without gefitinib was determined. f Flow
cytometric analysis of apoptosis in the indicated cells treated with or
without gefitinib as assessed by Annexin V and 7-AAD staining. A
representative flow profile is shown (upper panel), and a summary of
the percentage of Annexin V-positive cells is shown (lower panel).
*P <0.05, **P < 0.01, and ***P < 0.001

term gefitinib treatment of TKI-sensitive cells changed the
cellular phenotype to an elongated cell morphology and
decreased cell-cell contacts, while the TKI-sensitive cells
showed a cuboidal and cobblestone-like morphology
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Fig. 2 The effect of EHD1 knockdown on cell motility and EMT in
TKI-resistant cells. a Transwell assays were conducted to assess TKI-
resistant cell migration and invasion after EHD1 knockdown in cells
cultured in the presence or absence of gefitinib compared with those of
corresponding vector control cells (i.e., crystal violet staining of
migratory and invasive cells). b A wound healing assay was performed
in the indicated cells as described in a. ¢ Representative phase contrast
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images of TKI-sensitive parental cells, TKI-resistant cells, and EHD1-
knockdown cells (upper panel). Inmunofluorescent staining confirmed
the changes in the expression of EMT markers (lower panel). d
Western blot analysis of E-cadherin, N-cadherin, Vimentin, and Snail
expression in TKI-sensitive parental cells, TKI-resistant cells, and
EHDI1-knockdown cells. GAPDH served as a loading control. *P <
0.05, **P <0.01 and ***P <0.001
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(Fig. 2c). EHD1 knockdown induced a transition from a
spindle-like to epithelial-like cell morphology, as indicated
by the upregulation of E-cadherin expression and down-
regulation of Vimentin and N-cadherin expression (Fig. 2c).
Consistent with the immunofluorescence staining results,
Western blot analysis showed that the silencing of EHD1
effectively increased the E-cadherin expression level while
suppressing the expression of mesenchymal markers in both
HCC827GR and PCIGR cells (Fig. 2d and Supplementary
Fig. S2b). Based on these findings, we concluded that
EHD1 depletion mitigates cell motility and reverses EMT in
EGFR-TKI-resistant lung cancer cells.

EHD1 knockdown inhibits PTEN/PI3K/AKT signaling
activation

To show the potential mechanism by which EHDI1 influ-
ences EGFR-TKI resistance and NSCLC progression, we
performed microarray analysis to examine the global gene
expression profile of NSCLC cells. Decreased activation of
PTEN/PI3K/AKT signaling (notable upregulation of PTEN
expression) was observed in EHD1-knockdown cells com-
pared with the control (NC) cells (Fig. 3a and Supple-
mentary Table S1). Consistently, Western blot analysis
indicated that the level of PTEN expression was increased,
whereas the phosphorylation of AKT (S473) and its
downstream effectors Pras40 (Thr246), GSK3p (Ser9), and
Foxol (Thr24)/3a (Thr32) was decreased in EHDI-
knockdown EGFR-TKI-resistant cells compared with the
control cells (Fig. 3b). Based on these findings, we con-
cluded that EHD1 promotes PTEN/PI3K/AKT signaling
activation.

EHD1 induces EGFR-TKI resistance and EMT in a
PTEN-dependent manner

Next, we used the PTEN inhibitor SF1670 to examine
whether PTEN/PI3K/AKT signaling is responsible for
EHD1-mediated gefitinib resistance and EMT. To further
assess the potency of SF1670, we conducted dose-ranging
experiments to estimate the level of SF1670 needed to
achieve the maximal response (Supplementary Fig. S3a).
SF1670 seemed to be a very potent PTEN inhibitor and
could efficiently augment AKT phosphorylation at a con-
centration of 500 nM. Hence, we pretreated cells with
SF1670 (500 nM) in the subsequent experiments. Western
blot analysis indicated that SF1670 reversed the decrease in
the PTEN/PI3K/AKT signaling activity observed in EGFR-
TKI-resistant lung cancer cells subjected to EHD1 knock-
down (Fig. 3c).

As demonstrated by the CCK-8 assay, the silencing of
EHDI1 increased the sensitivity to gefitinib, and SF1670
eliminated this effect (Fig. 3d). SF1670 caused a significant

increase in the viability of EHD1 knockdown-resistant cells
(Fig. 3e) and a higher colony-forming efficiency (Supple-
mentary Fig. S3b). Similar results were also observed in the
apoptosis analysis (Supplementary Fig. S3c).

Next, we found that SF1670 treatment led to increased
migration and invasion abilities in EHD1-knockdown cells
(Fig. 3f and Supplementary Fig. S3d). We also examined
the expression levels of EMT markers treated with SF1670
by Western blot analysis. SF1670 downregulated E-
cadherin expression and upregulated mesenchymal marker
expression in EHDI1-depleted cells (Fig. 3g). In addition,
siRNAs targeting PTEN, among which siRNA-2 (siP-
TEN#2) and siRNA-3 (siPTEN#3) significantly repressed
PTEN expression, were used to examine the effects of
PTEN depletion on EHD1-induced activation of PTEN/
PI3K/AKT signaling and EMT (Supplementary Fig.
S3e—g). Overall, these data suggest that PTEN is required
for EHD1-induced EGFR-TKI resistance and EMT.

EHD1 modulates microtubule stability through
interacting with TUBB3

To elucidate the mechanism by which EHD1 promotes
EGFR-TKI resistance and tumor progression, we analyzed
proteins that interact with EHD1 using mass spectrometry.
Notably, TUBB3 and the bait EHD1 were identified, and
their peptide sequences are shown in Fig. 4a. We subse-
quently performed co-IP to validate whether EHD1 interacts
with endogenous TUBB3. After IP of EHD1, we observed
that TUBB3 interacted with EHDI1, and vice versa, in
HCC827GR and PCI9GR cells (Fig. 4b, c). Confocal
microscopy analysis demonstrated the subcellular localiza-
tion and distribution of EHD1 and TUBB3 in the cytoplasm
of the two cell lines (Fig. 4d). Furthermore, we found that
the TUBB3 protein expression levels did not change when
EHD1 was silenced, and TUBB3 knockdown did not
affect the protein expression level of EHD1 (Supplementary
Fig. S4).

How does EHD1 interact with TUBB3, which is com-
posed of microtubules? A previous study reported that
EHD1 is essential for proper central spindle formation and
influences microtubule dynamics during mitosis [9].
Diverse cellular activities, including intracellular trafficking,
cell migration, and cell division, depend on the dynamics
and stability of microtubules [17]. Microarray analysis
revealed a significantly positive correlation between EHD1
and cytoskeletal organization (Fig. 4e and Supplementary
Table S2). Hence, we hypothesized that EHD1 modulates
the stability of microtubules. To explore the role of EHD1
in microtubule stability, we treated the cells with a micro-
tubule destabilizing agent (nocodazole) for 0, 20, and
40 min to make the microtubules depolymerize [32]. After
cell extracts consisting of polymeric or soluble dimeric
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tubulin were obtained, Western blot analysis showed that
nocodazole could depolymerize microtubules in a time-
dependent manner. Moreover, a higher level of polymerized

tubulin was detected in EHD1-knockdown cells compared
with that in the control cells (Fig. 4f). Collectively, these
results suggest that EHDI1 regulates the stability of
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Fig. 3 PTEN/PI3K/AKT signaling is essential for EHD1-mediated
TKI resistance and EMT. a Heatmaps showing the differential
expression of PTEN/PI3K/AKT pathway gene signatures in control
and EHD1-knockdown NSCLC cells. Red and green indicate high and
low mRNA expression levels, respectively. b Western blot analysis of
key signal transduction proteins in TKI-resistant cells stably expres-
sing empty vector or shEHD1 and cultured in the presence of gefitinib.
GAPDH served as a loading control. ¢ The effect of a PTEN inhibitor
(SF1670) on PTEN/PI3K/AKT signaling was analyzed by Western
blotting with the indicated antibodies and samples. GAPDH served as
a loading control. d Cell viability of HCC827GR-shEHDI1 and
PCI9GR-shEHDI1 cells after incubation with the indicated concentra-
tions of gefitinib in the presence of the PTEN inhibitor (SF1670) for
48 h was analyzed by a CCK-8 assay. e A CCK-8 assay was used to
examine changes in the proliferation rate of EHD1-knockdown cells
cultured with gefitinib either alone or in combination with SF1670 at
different time intervals (from 24 to 96 h). f HCC827GR-shEHD1 and
PCIGR-shEHD1 cells seeded in Transwell culture chambers were
treated with gefitinib either alone or in combination with SF1670.
After 24-48 h, the migratory and invasive cells on the lower surface of
the filter were stained with crystal violet and counted. g Protein
expression levels of E-cadherin, N-cadherin, and Snail were analyzed
by Western blotting. *P <0.05, **P <0.01 and ***P <0.001

cytoskeletal microtubules through interacting with TUBB3
in vitro.

Suppression of TUBB3 expression increases gefitinib
sensitivity

To examine the functional significance of TUBB3 in lung
cancer, we showed that the TUBB3 mRNA expression level
was significantly increased in NSCLC samples compared
with normal lung samples from the cancer genome atlas
(TCGA) datasets (Supplementary Fig. S5a). Next, Western
blot analysis revealed higher protein expression levels of
TUBB3 in the NSCLC samples than in adjacent non-
cancerous lung tissues (Supplementary Fig. S5b). Further-
more, the Kaplan—-Meier plotter online tool was used to
validate the effect of TUBB3 on lung cancer survival. The
results consistently show that both LUAD and LUSC
patients with elevated levels of TUBB3 expression had
poorer OS (P =0.016, P =0.005) than did corresponding
patients with low TUBB3 expression levels (Supplementary
Fig. S5c). Using the web-based tools in The Human Protein
Atlas (https://www.proteinatlas.org) based on the TCGA,
low TUBB3 expression predicts a favorable prognosis in
NSCLC (Supplementary Fig. S5d). As depicted in Sup-
plementary Fig. S6a, the interference efficiency of shRNAs
targeting TUBB3 was validated by Western blotting.
shRNA-2 (shTUBB3#2) and shRNA-3 (shTUBB3#3) could
significantly repress TUBB3 expression and were used for
further studies (Supplementary Fig. S6a). TUBB3 depletion
was shown to induce in vitro sensitization to gefitinib in
EGFR-TKI-resistant lung cancer cells (Supplementary Fig.
S6b). The Transwell and wound healing assays showed that

silencing TUBB3 significantly attenuated the motility of
resistant cells that were treated or untreated with gefitinib
compared with that of the corresponding control cells
(Supplementary Fig. Séc, d).

Next, the effect of TUBB3 on the activation of PTEN/
PI3K/AKT signaling was determined. Compared with the
controls, TUBB3 knockdown clearly decreased the
expression levels of p-AKT, p-pras40, and p-GSK3p.
Strikingly, TUBB3-knockdown cells showed markedly
increased expression levels of PTEN (Supplementary Fig.
S6e). These results suggest that TUBB3 promotes the
resistance to gefitinib in EGFR-TKI-resistant cells via
PTEN/PI3K/AKT signaling.

TUBBS3 is essential for EHD1-induced gefitinib
resistance and EMT

Next, we investigated whether TUBB3 is necessary for
EHD1-mediated TKI resistance and EMT. First, we con-
ducted an expression rescue experiment by transiently
transfecting EHD1-knockdown EGFR-TKI-resistant cells
with a vector encoding the human EHD1 gene (Fig. 5a).
The CCK-8 assay showed that re-expression of EHDI
enhanced the resistance to gefitinib compared with the
EHDI1-knockdown cells (Fig. 5b). However, shTUBB3
abolished the EHDI1 re-expression-induced EGFR-TKI
resistance effect, cancer cell migration and invasion abil-
ity, EMT, and activation of PTEN/PI3K/AKT signaling
(Fig. 5b—d). Thus, our data provide compelling evidence
that TUBB3 is required in EHD1-mediated gefitinib resis-
tance via EMT formation by triggering PTEN/PI3K/AKT
signaling.

EHD1 promotes gefitinib resistance via PTEN/PI3K/
AKT signaling in vivo

BALB/c-nu mice were distributed and assigned randomly to
the following experimental groups: (1) PCOGR-vector (left)
+ PCI9GR-shEHD1 (right) + water, (2) PC9GR-vector
(left) + PCOGR-shEHD1 (right) + gefitinib, (3) PC9GR-
shEHDI1 (left) + gefitinib 4+ SF1670. Representative tumor
burdens in nude mice monitored by D-luciferin-based bio-
luminescence are shown in Fig. 6a, b. The tumor burden
was reduced in the nude mice injected with PCI9GR-
shEHD1 cells compared with the nude mice injected with
PCI9GR-vector cells (Fig. 6a, ¢, d and Supplementary Fig.
S7), suggesting that EHD1 promotes tumor growth. Intri-
guingly, a significant reduction in the tumor burden was
observed in the shEHDI-transfected PCIGR cells treated
with gefitinib compared with the control cells (Fig. 6b—d
and Supplementary Fig. S7). These results strongly indicate
that EHD1 plays an important role in tumor progression and
EGFR-TKI resistance. Moreover, treatment with gefitinib
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Fig. 4 EHDI interacts with TUBB3 to enhance microtubule instability.
a NSCLC cells transfected with the FLAG-tagged EHD1 construct or
vector control plasmid were harvested after 48 h. IP and mass spec-
trometry analyses were performed on total proteins from the cells as
described in the Supplementary Materials and Methods section. The
domains of TUBB3 and the bait EHD1 that significantly interacted
were identified, and the peptide sequences of TUBB3 and EHDI are
shown. b IP analysis of HCC827GR and PC9GR cells with an anti-
EHDI antibody and Western blot analysis of TUBB3 and EHDI
expression. ¢ IP analysis of cells using an anti-TUBB3 antibody and
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Western blot analysis of TUBB3 and EHD1 expression. d Repre-
sentative images of the colocalization of EHDI1 (red) and TUBB3
(green) in HCC827GR and PCI9GR cells. e Heatmaps showing that
EHD1 was significantly correlated with cytoskeletal organization in
control and EHD1-knockdown NSCLC cells. Red and green indicate
high and low mRNA expression levels, respectively. f HCC827GR
and PCIOGR cells stably expressing empty vector or shEHD1 were
treated with nocodazole for 0, 20, and 40 min. The polymeric and
soluble dimeric fractions of tubulin were isolated and examined using
Western blot analysis
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and the PTEN inhibitor (SF1670) significantly restored
tumor burden suppression in the nude mice injected with
PCI9GR-shEHDI1 cells compared with the mice treated with
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of migratory and invasive cells as analyzed with a Transwell assay. d
Proteins extracted from the indicated cells were subjected to Western
blotting to analyze the expression of PTEN, phosphorylated AKT and
EMT markers, such as E-cadherin and Vimentin. *P <0.05, **P<
0.01, and ***P <0.001

gefitinib alone (Fig. 6b—d and Supplementary Fig. S7).
Western blot analysis showed that the expression levels of
PTEN and E-cadherin were significantly elevated, whereas
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the expression level of N-cadherin was decreased in the
tumors formed by PC9GR-shEHDI cells compared with the
tumors formed by the control cells with or without gefitinib
treatment (Fig. 6e). Moreover, the expression level of E-
cadherin was lower in the tumor tissues treated with SF1670
compared with the tumor tissues treated with gefitinib
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alone, indicating that EHD1 induces EMT depending on
PTEN/PI3K/AKT signaling in vivo (Fig. 6e). These results
were also confirmed by IHC analysis (Fig. 6f). These results
strongly support the hypothesis that EHD1 causes EGFR-
TKI resistance by inducing EMT via the activation of
PTEN/PI3K/AKT signaling in vivo.
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<« Fig. 6 Targeting EHD1 suppresses lung cancer growth and resistance

to EGFR-TKI in a mouse xenograft model. PC9GR-vector cells or
stable EHD1-knockdown (shEHDI1) cells (each cell type expressed
luciferase) were subcutaneously injected into the left and right dorsal
regions of the posterior limbs, respectively, of nude mice. Mice
receiving PCOGR-vector and PCOGR-shEHD1 xenografts were treated
with water or gefitinib (100 mg/kg), and a subset of PCOGR-shEHD1
xenograft mice treated with gefitinib were also administered SF1670
(1 umol/kg). a Tumor formation was monitored by bioluminescence
imaging at the indicated time points to assess the therapeutic effect of
EHD1 knockdown. b Bioluminescence imaging was used to analyze
the therapeutic effect in PCOGR-shEHD1 mice treated with gefitinib
either alone or in combination with SF1670. ¢ Representative features
of the tumors in the different treatment groups at 21 days. d The tumor
volume in the nude mice from the five groups was measured at 4-day
intervals from days 0 to 32 (n =4 mice in each group). e Western blot
analysis of the expression of the indicated markers in protein extracts
obtained from harvested tumors. f Immunohistochemistry analysis to
confirm the expression of EHD1, PTEN, E-cadherin, and N-cadherin
in the indicated groups of tumor samples. Magnification, x100 and
x400

IL-1B upregulates EHD1 and induces EGFR-TKI
resistance

To identify the functional signatures of EHD1-bound genes
that were enriched in the NSCLC cells, gene set enrichment
analysis (GSEA) was conducted by using the TCGA data-
base. We further ranked the gene sets in the GSEA from the
TCGA data, and the most notable finding was that the
functional gene set “Cellular Response to Interleukin-1p",
which is positively related to EHD1, was enriched in the
NSCLC samples (Fig. 7a, b and Supplementary Fig. S8a).
Accumulating evidence suggests that continuous exposure
to inflammatory cytokines, including IL-1f, is known to
promote both primary lung tumors and lung metastasis [33].
A positive correlation between EHD1 and IL-1f was
observed in the lung cancer samples from the TCGA
database (Fig. 7c). Western blot analysis showed that IL-1p
stimulates the upregulation of EHD1 protein expression and
increases the activity of PTEN/PI3K/AKT signaling (Fig.
7d). To investigate the effect of IL-1p on EHD1-induced
EGFR-TKI resistance, we performed a CCK-8 assay, long-
term colony formation assay, Transwell assay, wound
healing assay and flow cytometry. The results revealed that
IL-1p stimulation enhanced EHDI1-mediated EGFR-TKI
resistance (Fig. 7e-h and Supplementary Fig. S8b, c).
Considering that IL-1p plays a role in EMT progression,
we analyzed EMT-related marker expression using immu-
nofluorescence staining and Western blot analysis. We
demonstrated that treatment with IL-1p leads to a lower E-
cadherin expression level, whereas higher N-cadherin,
Vimentin, and Snail expression levels were observed in the
EHD1-knockdown EGFR-TKI-resistant cells compared
with the control cells (Fig. 7i, j). These results revealed that
IL-1p stimulation enhanced EGFR-TKI resistance and that

EMT induction is mediated by the upregulation of EHDI.
IL-1p triggers the canonical NF-kB pathway during which
p-p65 expression is increased [34, 35]; therefore, we tested
whether IL-1f induces EHD1 expression through the NF-
kB pathway. BAY 11-7082, a specific inhibitor of NF-xB
pathway that blocks IkB-a phosphorylation, was applied to
inhibit IL-1B-induced NF-kB activation [36]. Interestingly,
the results showed that IL-1P-mediated upregulation of
EHD1 was abrogated when BAY 11-7082 was added
(Supplementary Fig. S8d). These results indicate that IL-1p
induces EHDI1 through the NF-xB pathway.

EHD1 is correlated with TUBB3, IL-1R1, and PTEN in
clinical NSCLC specimens

To determine the relationship between EHDI1 expression
and EGFR-TKI resistance, we examined NSCLC tissues
from patients treated with EGFR-TKIs. In the IHC analysis,
the protein expression level of EHDI1 in these cases was
classified as low (score =0/1) or high (score = 2/3) based
on the intensity and proportion of positively stained cells
(Fig. 8a). As shown in Fig. 8b, the EHD1 expression level
in the EGFR-TKI-insensitive group (PFS <6 months) was
higher than that in the EGFR-TKI-sensitive group (PFS 2
6 months). IHC analysis revealed that high EHD1 expres-
sion in clinical NSCLC specimens is significantly correlated
with EGFR-TKI resistance.

To further examine the relationship between EHD1 and
tumor progression in human NSCLC, we performed THC
staining of EHD1, PTEN, TUBB3, and IL-1R1 in speci-
mens from patients with NSCLC. Consistent with our
observations in the tumor cell lines and xenograft models,
the distribution and intensity of EHD1 were positively
correlated with TUBB3 and IL-1R1 but negatively corre-
lated with PTEN in NSCLC tissue specimens (Fig. 8c, d).
Moreover, IHC analysis revealed that increased expression
of EHDI1 and overexpression of TUBB3 were correlated
with the presence of positive lymph nodes (Supplementary
Fig. S9).

Discussion

Although many patients harboring EGFR-activating muta-
tions respond to EGFR-TKI treatment, the overall responses
can vary, ranging from 5 to 90%, and remission could range
from 3 months to longer than 5 years [37]. Consequently,
understanding the unpredictability and diversity of EGFR-
TKI resistance mechanisms and developing new treatment
regimens that can combat resistance are urgently needed
[38, 39]. In this study, we showed that the IL-1/EHD1/
TUBB3/PTEN signaling axis is crucial for EGFR-TKI
resistance and lung cancer progression. In summary, IL-1f
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promotes the expression of EHDI1, and EHD1 modulates  cancer progression and EMT, leading to EGFR-TKI resis-
microtubule stability through interacting with TUBB3, tance (Fig. 8e).

thereby activating PTEN/PI3K/AKT signaling. The activa- Recent studies have emphasized the importance of
tion of the PTEN/PI3K/AKT signaling axis potentiates lung  upfront combination therapy to prevent the emergence of
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Fig. 7 IL-1p upregulates EHD1 and enhances EGFR-TKI resistance. a
GO analysis of genes that interact with EHD1 (indicated by the inverse
log 10 of P values). b The heatmap shows the gene expression data for
the cellular response to IL-1p gene signatures related to EHD1 based
on the TCGA database. ¢ The correlation between EHD1 and IL-1f
mRNA expression was identified by the TCGA database. d EHDI1-
knockdown TKI-resistant cells were incubated with gefitinib alone or
in combination with IL-1p (10 ng/mL) for 24 h. The cells were lysed,
and the indicated proteins were analyzed by Western blotting. e
HCC827GR-shEHD1 (left panel) and PCOGR-shEHD1 (right panel)
cells that were nonstimulated or stimulated with IL-1p were treated
with the indicated doses of gefitinib for 48 h, and cell viability was
analyzed by a CCK-8 assay. f Cell viability was analyzed by a CCK-8
assay at 24, 48, 72, and 96 h. g Representative images (upper panel)
and quantification (lower panel) of Annexin V and 7-AAD staining of
HCC827GR-shEHD1 and PC9GR-shEHDI1 cells incubated with
gefitinib alone or in combination with IL-1§ at 48 h. h Cell motility
was assessed by Transwell assays via crystal violet staining of
migratory and invasive cells. i The localization and expression of EMT
markers in the indicated cells incubated in the presence or absence of
IL-1p were analyzed by immunofluorescence microscopy and Western
blotting (j). *P < 0.05, **P <0.01, and ***P < 0.001

EMT rather than the strategy of resistance mechanism-
based second-line therapies [40]. Our previous study
revealed that EHD1 promotes lung cancer metastasis by
inducing EMT [15]. Considering the impact of EMT on
EGFR-TKI resistance, we confirmed FEHDI1-induced
EGFR-TKI resistance through EMT in this study. More-
over, increasing evidence has demonstrated that acquired
resistance to EGFR-TKIs in NSCLC is related to preexist-
ing AKT activation, while treatment with EGFR-TKIs fails
to suppress AKT signaling in intrinsically resistant tumor
cells [41-44]. Notably, the activation of AKT signaling is a
convergent feature in patients with NSCLC and an EGFR
mutation with acquired resistance to EGFR-TKIs that may
be due to multiple underlying mechanisms [45]. AKT sig-
naling is activated in various cancers and induces enhanced
cell proliferation, metastasis, EMT, and anti-apoptosis [46].
Consistent with these studies, our results indicated that the
EHD]1-activated AKT pathway leads to EMT and EGFR-
TKI resistance. We demonstrated that EHD1 promotes
tumor progression in an AKT pathway-dependent manner.
The clinical trials demonstrated that patients with tumors
benefit from treatment with AKT inhibitors. Progression-
free survival (PFS) was longer in patients who received
paclitaxel and the AKT inhibitor ipatasertib than in those
who received placebo in triple-negative breast cancer [47].
Our results could help to improve strategies for the selection
of patients with NSCLC who may particularly benefit from
agents that selectively target the AKT pathway. In addition,
PI3K inhibitors have demonstrated dramatic efficacy in
patients with NSCLC. Edgar et al. [48] reported that
patients with PTEN-negative tumors may preferentially
benefit from treatment with a PI3K inhibitor. PI3K inhibi-
tors exhibited satisfactory anticancer effects in preclinical

and clinical studies in several types of cancer, including
lung cancer [49, 50]. Our results show that EHD1/TUBB3
could significantly regulate PTEN expression; as a result,
EHDI1/TUBB3 could serve as biomarkers in guiding the
selection of patients, who are most likely to respond to
PI3K inhibitors.

For the first time, our results revealed that the micro-
tubule component TUBB3 is an EHD1-interacting protein.
TUBBS3 is related to a poor prognosis and the metastasis of
multiple malignancies, and 85% of small cell lung cancer
cases exhibit TUBB3 overexpression [51-54]. In lung
cancer, TUBB3 promotes tumorigenesis, EMT, and anoikis
resistance through the AKT pathway [55]. In addition,
TUBB3 depletion blocks AKT activation and delays the
formation of the AKT signaling complex in response to
glucose starvation [56]. Accordingly, we showed that
TUBB3 regulates PTEN/PI3K/AKT signaling, which
affects cell motility and EMT.

Alterations in the expression of microtubule proteins in
cancer cells are recognized as important contributors to the
resistance to chemotherapeutics, including microtubule-
stabilizing and -destabilizing drugs [57, 58]. Previous stu-
dies have shown that microtubule destabilization facilitates
focal adhesion assembly and thereby increases cell migra-
tion, and microtubule depolymerization contributes to the
process of EMT [59-61]. We demonstrated that EHDI1
modulates microtubule remodeling, possibly influencing
cytoskeletal rearrangement, EMT, and cell motility in
gefitinib-resistant cells. Overall, we proposed a working
model that helps to explain the potential roles of EHD1 as
an oncogene via TUBB3-mediated EMT. We aim to further
investigate the precise mechanisms of the interactions
between EHD1 and tubulins in a future study.

Chronic inflammation is recognized as one of the char-
acteristics of carcinogenesis, tumor progression, and
metastasis in various tumors [62]. Many inflammatory
cytokines have been shown to be associated with ther-
apeutic resistance to EGFR-TKIs and EMT [63]. A previous
study has shown that a blockade of IL-8 signaling effec-
tively reverses EMT in erlotinib-resistant cells and mark-
edly increases their susceptibility to erlotinib [64]. EGFR-
TKI treatment leads to STAT3 activation, which is caused
by IL-6 in an autocrine-dependent manner [65]. It has been
shown that IL-1 signaling activation induces the dis-
assembly of adherens junction complexes and rearranges
the membrane-tethered actin cytoskeleton via PI3K/Rac
signaling [66]. In addition, the activation of IL-1 signaling
is responsible for maintaining ERK and AKT signaling, and
IL-1 is a therapeutic marker for patients who are resistant to
cetuximab for anti-EGFR therapy [30]. Our results con-
firmed these previous observations regarding the role of the
IL-1 pathway in cancer. In the context of EGFR-TKI
resistance, we demonstrated that IL-1p upregulates EHDI,
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Fig. 8 Associations between EHDI, PTEN, TUBB3, and IL-1R1
expression in NSCLC tissues from patients. a Immunohistochemical
staining yielded scores ranging from O to 3, which are representative of
the intensity and proportion of EHD1-positive cells in lung cancer
specimens. A score of 0—1 indicates low expression, and a score of 2-3
indicates high expression. Magnification, x100 and x400. b Repre-
sentative immunostaining profiles of EHDI in drug-sensitive (PFS 2
6 months, n = 23) and drug-insensitive (PFS <6 months, n = 23) lung
cancer tissues. ¢ Representative images of immunohistochemical
staining for EHD1, PTEN, TUBB3, and IL-1R1 in serial sections of
lung cancer samples from patients. Case 1 is representative of a patient
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with EHDI1-overexpressing lung cancer, whereas Case 2 is repre-
sentative of a patient with non-EHD1-overexpressing lung cancer. d
EHD1 expression determined by immunohistochemical staining was
associated with PTEN, TUBB3 or IL-1R1 expression in 91 clinical
NSCLC specimens. e A model of the IL-13/EHD1/TUBB3 axis that
contributes to EGFR-TKI resistance and tumor progression. The
cytokine IL-1p upregulates EHDI1 expression. Increased EHDI
expression modulates the microtubule polymerization dynamics by
interacting with TUBB3, which in turn facilitates the activation of
PTEN/PI3K/AKT signaling and EMT, thereby causing EGFR-TKI
resistance
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thereby induces gefitinib resistance and EMT. A large body
of evidence from investigators supports the notion that the
IL-1 pathway plays a carcinogenic role in EGFR-TKI
resistance.

In summary, we uncovered a novel oncogenic signaling
pathway involved in EHD1 that exclusively acts in acquired
EGFR-TKI resistance and tumor progression by activating
PTEN/PI3K/AKT signaling and promoting EMT in vitro
and in vivo. These findings suggest that targeting IL-1p/
EHD1/TUBB3 signaling could be a potential therapeutic
strategy to enhance the efficacy of EGFR-TKIs in patients
with acquired resistance.

Materials and methods
Cell culture, reagents, and lentivirus infection

The human NSCLC cell lines HCC827, HCC827GR, PC9,
and PCOGR were obtained from Heilongjiang Cancer
Institute (Harbin, China). These cells were cultured in
DMEM or RPMI 1640 medium supplemented with 10%
FBS at 37 °C. The cell lines were authenticated regularly by
short tandem repeat DNA profiling and did not have any
mycoplasma contamination [67]. The EGFR inhibitor
gefitinib and the PTEN inhibitor SF1670 (Medchem
Express, Monmouth Junction, NJ, USA) were used at
concentrations indicated in the text. Lentiviral shRNA
vectors targeting human EHD1 and TUBB3 and a non-
targeting control vector were purchased from Genechem
(www.genechem.com.cn; Shanghai, China). All the plasmid
vectors were verified by sequencing.

Patients

Four pairs of fresh NSCLC tissue samples were collected
from Harbin Medical University Cancer Hospital to
determine the protein expression levels of TUBB3. We
obtained paraffin-embedded samples from 91 NSCLC
patients between May 2008 and August 2016 at the
Harbin Medical University Cancer Hospital, including 46
patients with NSCLC harboring EGFR mutations.
Patients were divided into the following two groups
based on their response to TKIs: the EGFR-TKI insen-
sitive group (n = 23) included patients with disease pro-
gression or stable disease without an extended (6 months)
PFS, and the TKI-sensitive group (n=23) included
patients with a complete or partial response or stable
disease with prolonged PFS (12 months) [68]. All iden-
tifying information relating to the samples was removed.
This study was approved by the Institutional Research
Ethics Committee of the Harbin Medical University
Cancer Hospital for the use of these clinical materials for

research purposes, and patient consent was obtained. The
clinical implications of EHD1, TUBB3 and IL-1p were
further analyzed with datasets from The Cancer Genome
Atlas (TCGA) database.

Microarray processing and analysis

Detailed information on microarray processing and analysis
has been described previously [15]. Pathway enrichment
analysis was based on significant genes and was conducted
using commercially available Ingenuity Pathway Analysis
(IPA) software.

Animal experiments

BALB/c-nu mice (male, 4 weeks of age, Beijing Vital
River Laboratory Animal Technology Co., Ltd.) were
used to establish subcutaneous xenograft tumors. All
animal studies were single blinded during group alloca-
tion and data analysis. Approximately 2x10° cells
transduced with either vector or shEHDI1 and a luciferase
reporter in 100 ul of PBS were injected into the left and
right dorsal regions, respectively, of the posterior limbs of
the mice. When palpable tumors formed, the mice with
two tumors were randomly allocated into groups to
receive gefitinib (100 mg/kg) or sterile water by oral
gavage every day. The mice with PCOGR-shEHD1 tumors
were injected with SF1670 (1 umol/kg) every other day.
The tumor volume was calculated using the following
equation: (length x width?)/2. Subsequently, 100 mg/kg
D-luciferin was injected intraperitoneally into the mice,
and the tumor size was monitored by measuring the bio-
luminescence signal every week until all the mice were
sacrificed for collecting tumor tissues after three weeks of
treatment. All animal studies were approved by the
Institutional Animal Care and Use Committees of Harbin
Medical University.

Statistical analysis

A detailed description of statistical analysis is provided in
Supplementary Data section. Complete information about
‘Materials and methods’ is reported in the Electronic Sup-
plementary Material.
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