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Decreased human antigen R expression confers resistance
to tyrosine kinase inhibitors in epidermal growth
factor receptor-mutant lung cancer
by inhibiting Bim expression
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Abstract. Primary resistance to epidermal growth factor
receptor-tyrosine kinase inhibitors (EGFR-TKIs) is an
obstacle for the treatment of non-small cell lung cancer
(NSCLC); however, the associated mechanisms are not well
understood. Studies have reported that Bim expression levels
may be associated with the efficacy of EGFR-TKI treatment
in NSCLC patients harboring EGFR mutations. Human
antigen R (HuR) regulates the mRNA and protein expression
of target genes, including certain B-cell lymphoma 2 family
members. The present study investigated whether HuR medi-
ates resistance to EGFR-TKIs via the regulation of Bim. The
results demonstrated that decreased levels of HuR and Bim
protein expression are associated with primary resistance to
EGFR-TKIs and reduced median progression-free survival in
NSCLC patients. In vitro assays also revealed that knockdown
of HuR resulted in primary EGFR-TKI resistance and reduced
gefitinib-induced apoptosis in HCC827 cells by decreasing Bim
expression. Furthermore, elevated HuR expression restored
gefitinib sensitivity and enhanced gefitinib-induced apoptosis
in H1650 cells by increasing Bim expression. In vivo, it was
further demonstrated that overexpression of HuR was able
to restore the gefitinib sensitivity of H1650 cells. Therefore,
altered HuR/Bim expression is proposed to be a novel mecha-
nism of EGFR-TKI resistance in NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-associated mortality
worldwide, accounting for 158,040 mortalities in 2015, and
non-small cell lung cancer (NSCLC) is a common histological
subtype of lung carcinoma (1-3). Epidermal growth factor
receptor (EGFR) mutations commonly occur in East Asian
patients with NSCLC. Approximately 70% of NSCLC patients
with EGFR mutations exhibit a favorable response to tyrosine
kinase inhibitors (TKIs), such as gefitinib, when compared
with that in patients with wild-type EGFR (4-7). However,
drug resistance invariably emerges, and the disease eventually
progresses, which is referred to as acquired resistance. The
mechanisms underlying acquired resistance to EGFR-TKIs
include the T790M gatekeeper mutation, amplification of
mesenchymal-epithelial transition and human EGFR 2 (HER?2)
amplification (8). However, ~30% of patients with EGFR muta-
tions do not exhibit sufficient responses to EGFR-TKIs, which
is known as primary resistance (9). Although possible mecha-
nisms have been investigated in several studies, the molecular
background of primary resistance remains unknown.

The Bim gene (also known as BCL2L11), which encodes
a BH3-only protein, is a pro-apoptotic member of the B-cell
lymphoma 2 (Bcl-2) family (10). Overexpression of Bim
triggers apoptosis by inducing cytochrome c release (11-13).
It has previously been demonstrated that Bim is essential for
EGFR-TKI-induced killing of NSCLC cells (14). A recent
study further demonstrated that a common Bim deletion
polymorphism contributes to poor responses among NSCLC
patients with EGFR-mutations treated with EGFR-TKIs (15).
Patients with this polymorphism were shown to have a reduced
median progression-free survival (mPFS; 6.6 vs. 11.9 months,
respectively; P=0.003) (16). However, the association between
the Bim polymorphism and the response to EGFR-TKIs has
not been completely elucidated. By contrast, certain studies
have suggested that the presence of this polymorphism
is not associated with the efficacy of EGFR-TKIs (17).
Faber et al (18) demonstrated that low Bim mRNA expression
in cancer specimens accurately predicts the apoptotic response
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to targeted therapies, and confirmed that Bim levels can serve
as a correlative marker of EGFR-TKI treatment efficacy.

Human antigen R (HuR) is a widely studied RNA-binding
protein that is involved in the regulation of major pathways
required for proliferation, apoptosis, differentiation and thera-
peutic resistance (19). In the cellular context, HuR binds to the
3'-untranslated regions of mRNAs, regulating their stability
and translation (20). It has been increasingly reported that
HuR is closely associated with the development of numerous
types of malignant tumors, including breast (21), colon (22),
ovarian (23) and pancreatic cancer (24,25). Furthermore,
HuR has been demonstrated to participate in the promotion
of chemoresistance by increasing Bcl-2 mRNA stability (19),
and HuR displays a good potential for diagnosis and prognosis
in cancer.

Therefore, the aim of the present study was to determine
whether HuR expression affects the clinical outcomes of
NSCLC patients treated with EGFR-TKIs through the modu-
lation of Bim expression.

Materials and methods

Cell lines. H1650, PC-9 and HCC827 lung cancer cell lines
were purchased from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). These cell
lines were cultured in RPMI containing 10% fetal bovine
serum. All cells were cultured at 37°C in an incubator with
5% CO,.

Tissue samples. Paraffin-embedded tissue specimens
were collected at the General Hospital, Jinan Command
of the People's Liberation Army (Jinan, China) between
October 2008 and May 2016 (Table I). All the patients involved
were diagnosed with adenocarcinoma via biopsy or surgery.
Tumor histology and subtypes were classified according to the
World Health Organization criteria (26). Eastern Cooperative
Oncology Group performance status (ECOG-PS) was used to
assess the functional status of patients (27). In addition, the
majority of the selected patients were treated with first-line
EGFR-TKI treatment. Primary drug resistance was defined
as progression within 3 months after the use of EGFR-TKISs,
and the sensitive group had a PFS duration of >6 months.
Informed consent was obtained from all patients, and the
study was approved by the Ethics Committee of the General
Hospital (Jinan Command of the People's Liberation Army,
Jinan, China).

Chemicals and antibodies. Gefitinib was purchased from
LC Laboratories (cat. no. G-4408; New Boston, MA, USA),
dissolved in dimethyl sulfoxide to a final concentration of 10 mM
and stored at -20°C. Anti-Bim antibodies used for western
blotting were purchased from Cell Signaling Technology, Inc.
(cat. no. 2819; Danvers, MA, USA). Anti-HuR and anti-B-actin
antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). All other chemicals were acquired from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

RNA interference. Small interfering RNA (siRNA) against
HuR was used for RNA interference. The siRNA target
sequence for HuR was: 5'-UUUGUCAUGGUCACAAAG
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CTT-3'". Briefly, cells were plated at a density of 5x10°
cells/well in 12-well plates. Using Lipofectamine® 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), cells were
transfected with 80 nmol/l siRNA duplex mixture (GeneChem
Co., Ltd., Shanghai, China) for 48 h.

Construction, transduction and expression of HuR lentiviral
vectors. The HuR gene sequence was amplified by polymerase
chain reaction (PCR) using a PrimeScript™ One Step RT-PCR
Kit (Takara Bio, Inc., Otsu, Japan) and then subcloned into
a lentiviral expression vector (GV365; GeneChem Co.,
Ltd.). The PCR primers used for HuR amplification were as
follows: HuR forward, 5'-GAGGATCCCCGGGTACCGGTC
GCCACCATGTCTAATGGTTATGAAGAC-3' and reverse,
5'-TCCTTGTAGTCCATACCTTTGTGGGACTTGTTGG
TTTTG-3" The thermocycling conditions used for PCR were
as follows: Initial denaturation for 5 min at 98°C; followed
by 30 cycles of denaturation for 10 sec at 98°C, annealing
for 10 sec at 55°C and extension for 90 sec at 72°C; followed
by a final extension for 8 min at 72°C. Lentiviral packaging
plasmids (pHelper 1.0; GeneChem Co., Ltd.) were used for the
packaging and production of lentiviral particles. GV365 has a
green fluorescent protein (GFP) marker for positive selection.
Briefly, H1650 cells were transduced with lentiviral particles as
previously described (28),and H1650 cells that stably expressed
high levels of HuR were obtained and subsequently named
GV365-H1650 cells. Subsequently, the expression of GFP was
observed using fluorescence microscopy, while the expression
of HuR was detected using reverse transcription-quantitative
PCR (RT-gqPCR) and western blotting.

Cell viability assay. As aforementioned, HCC827 cells were
transfected with siRNA targeting HuR for 48 h, and the
resultant cells were subsequently names named siHCC827
cells. H1650, GV365-H1650, siHCC827 and HCCR27 cells
were cultured in 96-well flat-bottomed microliter plates
and were allowed to adhere at 37°C overnight in 5% CO,
(~1x10* cells/well). After cellular adhesion, gefitinib was added
at a final concentration of 0-40 uM. After 48 h of incubation,
the cytotoxic effects were assessed using the Cell Counting
Kit-8 (CCK-8; Beyotime Institute of Biotechnology, Shanghai,
China), according to the manufacturer's protocol. Each sample
was plated in triplicate.

Apoptosis assays and Annexin V staining. Apoptosis
was examined by performing Annexin V and dye exclu-
sion assays. Briefly, cells were simultaneously stained
with Annexin V-allophycocyanin (APC; blue staining)
and propidium iodide (PI; red staining). This assay was
conducted to differentiate between intact (APC/PI), early
apoptotic (APC*/PI') and late apoptotic (APC*/PI*) cells.
Comparative experiments were performed by bivariate flow
cytometry using a FACScan (BD Biosciences, San Jose, CA,
USA). Cell Quest software (version 3.3; BD Biosciences,
Franklin Lakes, NJ, USA) was used to analyze the obtained
data of the cell populations, for which debris was gated out.

RNA isolation and RT-qPCR analyses. Total RNA was
isolated from H1650, GV365-H1650, siHCC827 and HCCS827
cells using the TRIzol reagent (Invitrogen; Thermo Fisher
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Table I. Patient characteristics and comparison between patients in the EGFR tyrosine kinase inhibitor resistant and sensitive

groups.
Resistant group (n=27) Sensitive group (n=54) P-value

Sex, n 0.01
Male 22 23
Female 5 31

Age (years), n 0.343
=60 13 32
<60 14 22

ECOG PS,n 0.717
Score 0-2 26 51
Score 3 1 3

EGFR mutation, n 0.501
Exon 19 deletion 17 38
L858R mutation 10 16

Tumor stage, n 0.069
IIa 1 6
I1Ib 1 7
v 25 41

Surgical history, n 0.392
Yes 3 10
No 24 44

Chemoradiotherapy history, n 0.270
Yes 17 27
No 10 27

Brain metastases, n 0.089
Yes 3 15
No 24 39

The resistant group exhibited progression within 3 months of treatment, while the sensitive group exhibited progression-free survival for
>6 months. EGFR, epidermal growth factor receptor; ECOG PS, Eastern Cooperative Oncology Group performance status.

Scientific, Inc., Waltham, MA, USA) in accordance with the
manufacturer's instructions. Isolated RNA was reverse-tran-
scribed into cDNA using PrimeScript™ RT reagent kit with
gDNA Erase (Takara Bio, Inc.). To investigate the expression
of target genes, qPCR was performed in triplicate using an
ABI Step One Plus Detection System (Applied Biosystems;
Thermo Fisher Scientific, Inc.) using SYBR® Premix Ex Taq™
(Takara Bio, Inc.) in a 25 pl reaction with 900 nM primers.
qPCR thermocycling conditions were as follows: Initial dena-
turation for 30 sec at 95°C; followed by 40 cycles at 95°C for
5 sec and 60°C for 30 sec. The PCR primers for HuR, Bim or
[-actin were as follows: HuR forward, 5-~ACATGACCCAGG
ATGAGTTACGAAG-3', and reverse, 5"TCGCGGTCACGT
AGTTCACAA-3'; Bim forward, 5“TGATTCTTGCAGCCA
CCCTG-3, and reverse, 5'-GGGGAACAAGGGCCAAGA
AA-3'; B-actin forward, 5"-TGGCACCCAGCACAATGAA-3,
and reverse, 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3'".
The relative quantification of HuR and Bim expression was
calculated using the 2224 method (29), and normalized to
[-actin expression.

Western blotting. Cells were lysed with lysis buffer (Beyotime
Institute of Biotechnology), and the precipitated cell debris
was discarded by centrifugation at 4°C for 15 min (1,200 x g).
The protein concentration was then determined using a
Bradford protein assay kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Protein samples (30-50 pg/lane) were
separated on a 2.5% SDS-PAGE gel and then transferred
to polyvinylidene difluoride membranes. Following this,
membranes were blocked with 5% (w/v) non-fat dry milk in
1X Tris buffered saline with 0.1% Tween 20 for 3 h at 37°C
and then incubated overnight at 4°C with primary antibodies
against the following proteins: HuR (cat. no. sc-5261; 1:1,000)
and GAPDH (cat. no. sc-20358; 1:1,000) were purchased from
Santa Cruz Biotechnology, Inc.; and antibodies against Bim
(cat. no. 2819; 1:2,000) were procured from Cell Signaling
Technology, Inc. Following this, the membranes were
washed and incubated with the following secondary anti-
bodies for 1 h at 25°C: HRP-tagged rabbit anti-mouse IgG
(cat. no. sc-358920; 1:2,000; Santa Cruz Biotechnology, Inc.),
HRP-conjugated donkey anti-goat [gG-HRP (cat. no. sc-2020;
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1:5,000; Santa Cruz Biotechnology, Inc.) and HRP-conjugated
mouse anti-rabbit IgG (cat. no. A01827-200; 1:5,000; Genscript,
Piscataway, NJ, USA). The blots were visualized using an
enhanced chemiluminescence kit (Beyotime Institute of
Biotechnology, Shanghai, China). Images were captured using
Scion image software (version 4.0.3.2; Scion Corporation,
Frederick, MD, USA).

Immunohistochemical (IHC) analysis. Formalin-fixed,
paraffin-embedded tissues collected from patients with
NSCLC (n=81) were sectioned at 5 mm. Briefly, tissue sections
were incubated at 60°C for 2 h, deparaffinized, rehydrated in a
descending alcohol series and subsequently blocked with 3%
hydrogen peroxide for 30 min at room temperature. Following
incubation with sodium citrate buffer (0.01 M) at room
temperature for 30 min, the sections were then preincubated in
10% normal goat serum (Beyotime Institute of Biotechnology)
at room temperature for 30 min to prevent non-specific
staining. Subsequently, the sections were incubated overnight
at 4°C with antibodies against HuR (cat. no. sc-5261; 1:1,000;
Santa Cruz Biotechnology, Inc.) and Bim (cat. no. 2819; 1:1,000;
Cell Signaling Technology, Inc.). Following this, sections
were then incubated with corresponding horseradish peroxi-
dase (HRP)-tagged secondary antibodies (cat. no. sc-358920,
1:1,000; and cat. no. sc-2020, 1:2,000; Santa Cruz
Biotechnology, Inc.) for 30 min at room temperature. Two
pathologists individually examined the levels of IHC signaling
under a light microscope (magnification, x200). The algorithm
output returns a number of quantitative measurements, namely
the intensity and percentage of positive staining present (30).
Subsequently, the staining intensity and percentage of
positive staining were categorized into 4 and 5 classes,
respectively, following the determination of cut-off values,
according to a previously published protocol (30). The inten-
sity of staining was categorized as 0 (no staining), 1+ (weak
staining), 2+ (moderate staining) and 3+ (strong staining).
In each sample, five high-power fields were selected, and the
specimens were categorized into five semi-quantitative classes
based on percentage of positive staining as follows: 0 (<5%
stained cells), 1 (6-25% stained cells), 2 (26-50% stained cells),
3 (51-75% stained cells) and 4 (>76% stained cells). The prod-
ucts of percent positive and intensity scores yielded final IHC
scores of <2 (negative) and >2 (positive).

Invivo animal model experiments. A total of 14 healthy female
BALB/c nude mice (aged 4 weeks old, weighing 14.6-21.8 g)
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and subsequently housed
at 21°C and 50-55% humidity with a 14/10 h light/dark cycle
under germ-free (GF) conditions at the Laboratory Animal
Research Center in General Hospital, Jinan Command of the
People's Liberation Army. Mice were permitted to acclimatize
for 1 week post-arrival. Mice received a standard laboratory
chow and water ad libitum. For experiments assessing the
effect of drug treatment on tumor growth, 10 female BALB/c
nude mice were selected. The mice were randomized into
two groups, including the transfection and control groups.
In the transfection and control groups, GV365-H1650 cells
or non-transfected H1650 cells were respectively injected
into the back of BALB/c nude mice. The xenograft size was
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measured every 3 days, and the tumor volume was determined
as follows: (length x width?)/2. A total of 2 weeks post-tumor
implantation (all tumors were =500 mm? in volume), gefitinib
(5 mg/kg) was administrated once a day via intragastric
administration for a total of 15 days. Animal welfare and
relevant experiments were conducted in compliance with the
Guide for the Care and Use of Laboratory Animals (Animal
Scientific Procedures, SAC/TC281), and were approved by the
Ethics Committee of the General Hospital, Jinan Command of
the People's Liberation Army.

Statistical analysis. The correlation of HuR and Bim staining
with the different clinicopathological features of patients was
evaluated using the 2 test. Univariate survival analysis was
calculated using the Kaplan-Meier Method. Significance of
the data was analyzed by the log-rank test. A P-value of <0.05
was considered to indicate a difference that was statistically
significant, and all P-values were two-sided. All statistical
calculations were performed using the SPSS statistical software
(version 18.0; SPSS, Inc., Chicago, IL, USA).

Results

Negative expression of HuR and Bim correlates with lower
EGFR-TKI sensitivity in tumor tissues obtained from
EGFR-mutant NSCLC patients. The associations between
HuR and Bim expression levels and clinicopathological
characteristics of patients with NSCLC were determined
using x> tests. There was an evident difference in terms of
the sex between the two groups of patients. Female patients
accounted for 18.5% of cases in the resistant group, whereas
they comprised 57.4% of the sensitive group cases, and this
different was statistically significant (P=0.01; Table I).
However, there were no significant differences between the
EGFR-TKI-sensitive group and EGFR-TKI-resistant group
with respect to the age, ECOG-PS (27), mutation type, tumor
stage, surgery or chemoradiotherapy history, and brain metas-
tases (P>0.05; Table I) (31).

For HuR staining, 81.5% (22 out of 27) cytoplasm-negative
and 18.5% (5 out of 27) cytoplasm-positive specimens were iden-
tified in the EGFR-TKI-resistant group, whereas 20.4% (11 out
of 54) specimens were cytoplasm-negative and 79.6% (43 out
of 54) were cytoplasm-positive in the EGFR-TKI-sensitive
group. These results indicated that IHC staining for HuR was
higher in the EGFR-TKI-sensitive group as compared with
that in the EGFR-TKI-resistant group (P<0.001; Table II).
For Bim staining, 70.4% (19 out of 27) cytoplasm-negative
and 29.6% (8 out of 27) cytoplasm-positive specimens were
detected in the EGFR-TKI-resistant group, whereas 7.4%
(4 out of 54) cases were cytoplasm-negative and 92.6% (50 out
of 54) were cytoplasm-positive in the EGFR-TKI-sensitive
group. These findings indicated that IHC staining for Bim was
also higher in the EGFR-TKI-sensitive group as compared
with that in the EGFR-TKI-resistant group (P<0.001; Table II).
Therefore, the altered expression of HuR and Bim may modu-
late the therapeutic effect of EGFR-TKIs in NSCLC and serve
as an important index for the treatment of this disease.

Association among HuR expression, Bim expression and
clinicopathological variables. The correlation of Bim



. DIDOS
EJ PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 42: 2930-2942, 2018

Table II. Expression levels of HuR and Bim in epidermal growth factor receptor-tyrosine kinase inhibitor resistant and sensitive

groups.
Cytoplasmic expression Resistant group (n=27) (%) Sensitive group (n=54) (%) y* value P-value
HuR, n (%) 84 <0.001
Negative 22 (81.5) 11 (20.4)
Positive 5(18.5) 43 (79.6)
Bim, n (%) 10 <0.001
Negative 19 (70.4) 4(74)
Positive 8 (29.6) 50 (92.6)
HuR, human antigen R.
Table III. Correlation between the expression levels of HuR and Bim in all patients.
Bim expression
HuR expression Positive (%) Negative (%) Total Positive rate (%) P-value
Positive (%) 46 (95.8) 2(4.2) 48 95.8 P<0.01
P<0.05
Negative (%) 12 (36 4) 21 (63.6) 33 36.4
Total 58 23 81 71.6

HuR, human antigen R.

Table IV. Correlation of cytosolic Bim staining with the clinicopathological features and cytoplasmic HuR expression in the

EGFR-tyrosine kinase inhibitor resistant group.

Clinicopathological features Total (n=27) Negative Bim taining x? value P-value
Sex, n 1.877 0.221
Male 22 19
Female 5 3
Age (years), n 0.345 0.648
>60 13 10
<60 14 12
EGFR mutation, n 3.610 0.124
Exon 19 deletion 17 12
L858R mutation 10 10
HuR staining 372 0.010
Positive 5 1
Negative 22 21

EGFR, epidermal growth factor receptor; HuR, human antigen R.

expression with HuR expression in NSCLC patients was
analyzed by performing 7 tests. In patients with a positive
expression of HuR, the positive rate of Bim was significantly
higher (95.8 vs. 4.2%, P<0.01). In addition, the Bim negative
expression rate was significantly higher in patients with negative
HuR expression (63.6 vs. 36.4%, P<0.05), proving the existence

of correlation between HuR and Bim expression (Table III).
Notably, among the 27 cases with interpretable HuR and Bim
staining, negative Bim expression was associated with negative
cytoplasmic HuR expression (P=0.01; Table IV). However,
Bim status was not correlated with the sex, age or mutation
type (P>0.05; Table IV).
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Figure 1. Bim and HuR expression levels in 54 non-small cell lung cancer tissues, and their association with PFS. Kaplan-Meier curves depicted the PFS
according to the expression of (A) Bim and (B) HuR. HuR, human antigen R; PFS, progression-free survival.
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Figure 2. Gefitinib-resistant cells display altered expression profiles of HuR and Bim. (A) Three non-small cell lung cancer cell types were treated with
gefitinib for 48 h, and then dose-response curves were used to calculate the ICy, using Cell Counting Kit-8 assay. (B) Comparison of the ICy, values of three
cell lines. (C) Comparison of the HuR and Bim protein expression levels in the three cell lines using western blotting. (D) HuR and Bim mRNA levels were
quantified by reverse transcription-quantitative polymerase chain reaction in the three cell lines, and normalized to -actin levels. "P<0.05 and “"P<0.01, vs. the
PC-9 and HCC827 groups, as determined by the least significant difference test. HuR, human antigen R; ICy,, half maximal inhibitor concentration.

Negative HuR and Bim expression is associated with reduced
PFS in patients in the sensitive group undergoing EGFR-TKI
treatment. In the EGFR-TKI-sensitive group, the mPFS was
12.8 months for patients with positive Bim expression and
9.7 months for patients with negative Bim expression. The
mPFS of patients with positive Bim expression was signifi-
cantly higher in comparison with that of patients with negative
Bim expression, based on Kaplan-Meier analysis (P=0.0036;
Fig. 1). By contrast, the mPFS was 16.5 months for patients
with positive HuR expression and 9.7 months for patients
with negative HuR expression in the EGFR-TKI-sensitive
group; thus, patients with positive HuR expression exhibited
a significantly longer mPFS based on Kaplan-Meier anal-
ysis (P=0.0008; Fig. 1).

Gefitinib-resistant cells display altered expression of HuR
and Bim. To determine whether HuR and Bim expression were
implicated in gefitinib resistance, three EGFR-mutant lung
cancer cell lines, namely PC9, HCC827 and H1650, were used
in the present study. CCK-8 assays were performed to determine
the half maximal inhibitor concentration (ICs,) for gefitinib.
The IC;, value for gefitinib in the H1650 cells was 21.28 yM.
By contrast, HCC827 and PC-9 cells exhibited significantly
lower IC,, values for gefitinib (0.05 and 0.004 M, respectively;
Fig. 2A and B). Western blot analysis revealed an evident
downregulation of HuR and Bim levels in gefitinib-resistant
H1650 cells (Fig. 2C). The determination of mRNA levels for
these genes led to similar conclusions. Indeed, H1650 cells
exhibited reduced HuR levels by 10-fold and reduced Bim



SPANDIDOS

PUBLICATIONS
A HCccs27 siHCC827 B
HuR
BIM
GAPDH
C  is- D
&
c
S
w
8 1o 2z
a B
8 L.
3 3
i o
£
E 05+ _*x
]
2 .
T
@
g e
0.0- :

1
siHUR-HCC827

HCC82

Relative HUR mRNA expression level

1.0
0.84
0.6
0.4+

4
0.2

0.0

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 42: 2930-2942, 2018

150
100
50—

*k
0 - .I-I:-l..::::l
HCCB27 siHuR-HCC827
A HCC827 IC50=0.004 M
O siRNA-HCCB827 1C50=8.142 uM

L

'I‘ T
L) L T L 1
0 5 10 15 20 25
Gefitinib (uM)
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1C,, half maximal inhibitor concentration.

levels by 5-fold, as compared with those in parental HCC827
cells (Fig. 2D). According to the differential expression levels
of HuR, in subsequent experiments, expression levels of HuR
were downregulated in HCC827 cells via siRNA interference.
Meanwhile, expression levels of HuR were upregulated in
H1650 cells transfected with HuR lentiviral vectors.

Knockdown of HuR confers primary EGFR-TKI resistance and
a reduction in gefitinib-induced apoptosis in HCC827 cells by
decreasing Bim expression. The results of the current study
revealed that HuR and Bim were upregulated in HCC827 cells
compared with their expression levels in H1650 cells. Since
HCC827 cells had the lowest IC5, value for gefitinib, it is hypoth-
esized that altered expression of HuR/Bim serves an important
role in modulating gefitinib sensitivity in EGFR-mutant lung
cancer cells. The study next examined HCC827 cells to deter-
mine whether lower expression of HuR promotes gefitinib
resistance. In HCC827 cells, HuR expression was down-
regulated via siRNA interference. As expected, RT-qPCR and
western blotting data indicated that HuR expression decreased
significantly following HuR knockdown as compared with
the levels in control cells (Fig. 3A-C). Furthermore, a CCK-8
assay kit was used to detect gefitinib sensitivity at 48 h after
transfection, revealing that the cell viability increased in

HuR-knockdown HCCS827 cells compared with that in control
HCCB827 cells. The results revealed that the cell viability of
siHuR-HCC827 cells was markedly increased compared with
control HCCS827 cells (Fig. 3D). Annexin V/PI staining also
demonstrated a marked decrease in gefitinib-induced apop-
tosis in the HuR-knockdown HCCS827 cells compared with
that in control cells (Fig. 4).

The effect of HuR knockdown in HCCS827 cells on Bim
expression was also examined. Western blotting and RT-qPCR
were used to detect the expression of Bim protein and mRNA
in HCCR827 cells, respectively. The expression levels of
Bim protein and mRNA were significantly decreased in the
HuR-knockdown group in comparison with that in the control
group (P<0.01; Fig. 3).

Elevated expression of HuR restores gefitinib sensitivity
and enhances gefitinib-induced apoptosis in HI650 cells
by increasing Bim expression. As mentioned earlier, the
expression of HuR was lower in H1650 cells. Next, these cells
were used to determine whether a higher expression of HuR
was able to restore gefitinib sensitivity by manipulating Bim
expression using a HuR lentiviral expression vector. HuR
and Bim expression levels in infected and control cells were
then examined using western blotting and RT-qPCR. Western
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blotting indicated that the protein expression of HuR and
Bim was increased with lentiviral infection (Fig. 5A). HuR
and Bim mRNA levels were also significantly higher in the
H1650 infected group as compared with those in the control
group (P<0.01; Fig. 5B and C). The results revealed that the

cell viability of GV365-H1650 cells was markedly decreased
compared with the control H1650 cells (Fig. 5D). Furthermore,
Annexin V/PI staining indicated that HuR overexpression
increased the apoptosis rates when compared with those in
control cells (Fig. 6).
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xenografts formed by injection of HuR-overexpressing H1650 cells.

H1650xenografttumor burdenis nearly suppressed by gefitinib
treatment with HuR overexpression. Prior to the administra-
tion of gefitinib treatment, xenograft tumors originating from
the HuR-overexpressing H1650 stable clone and control clone
exhibited continued and rapid growth. As shown in Fig. 7A,
the size of tumors in the two groups 15 days post-treatment
grew rapidly, with no significant difference between the two
groups without gefitinib. By contrast, when gefitinib treatment
was administered for 15 days in mice with xenograft tumors,
the tumor burden induced by HuR-overexpressing H1650
cells was evidently suppressed by gefitinib in comparison
with that in the control group (Fig. 7B). In addition, suppres-
sion of the tumor burden in the transfection + gefitinib group

continued for 15 days. However, the tumor burden induced
by the control + gefitinib clone was not evidently changed
following gefitinib treatment. Tumor volumes in the transfec-
tion + gefitinib group were significantly smaller in comparison
with those in the control + gefitinib group (Fig. 7C and D). The
growth trend of xenograft tumors in each group exhibited an
upward trend; however, the growth increase in the transfec-
tion + gefitinib group was significantly slower compared with
that of the control + gefitinib group (Fig. 7E; Table V). IHC
analysis further revealed that HuR expression was signifi-
cantly increased and that Bim expression was simultaneously
elevated in transfection + gefitinib group following gefitinib
treatment (Fig. 7F and G).
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Table V. Volume of xenograft tumors in the two groups subse-
quent to gefitinib treatment, examined at 3-day intervals (mean
+ standard error of the mean).

Volume (mm?)

Day Control+gefitinib  Transfection+ gefitinib P-value

0 00£26.49 112.57+£72.35 0.093
3 118.64+47.90 200.29+62.10 0.017
6 349.79+153.93 347.36+68.54 0.970
9 771.71+375.42 455.07+98.86 0.041
12 1,369.43+811.87 437.43+126.81 0.012
15 2,260.28+1,322.97 479.14+216.38 0.004

Control, xenografts formed by injection of H1650 cells; transfection,
xenografts formed by injection of HuR-overexpressing H1650 cells.

HuR and Bim expression levels were next measured by
western blotting and RT-qPCR in the transplanted tumors.
The levels of HuR and Bim were significantly higher in
the transduction + gefitinib group as compared with the
control + gefitinib group following gefitinib treatment (Fig. 8).
These results strongly support the mechanism implied by the
cell model, and suggest that HuR-mediated Bim overexpres-
sion confers EGFR-TKI resistance.

Discussion

The present study demonstrated that different HuR expres-
sion levels may explain the contradictory findings regarding
the EGFR-TKI clinical outcomes; specifically, low-HuR
expression was associated with an unfavorable response
to EGFR-TKIs. Mechanistically, HuR affected the clinical
outcomes of EGFR-TKI treatment of NSCLC by influencing
Bim expression. The current study also found that lower
HuR expression resulted in resistance to EGFR-TKIs by
inhibiting apoptosis. In addition, xenograft tumor growth in
nude mice induced by H1650 cells overexpressing HuR was
completely suppressed by an EGFR inhibitor (gefitinib);

however, complete tumor inhibition was not observed in the
control (low HuR expression) group. These findings strongly
supported the observations in the cell model and revealed that
HuR-mediated Bim expression confers EGFR-TKI sensitivity.

The Bcl-2 family consists of anti-apoptotic and pro-apoptotic
proteins regulating apoptosis (32-35). As a tumor suppressor,
Bim is one of the most powerful BH3-only proteins and is able
to engage all pro-survival proteins. Deregulating Bim expres-
sion at the genetic, transcriptional and post-translational levels
may confer resistance to apoptosis (10,36). In addition, Bim
upregulation is associated with gefitinib-induced apoptosis in
EGFR-mutant lung cancer cells (37). Therefore, Bim expres-
sion may correlate with the sensitivity to EGFR-TKIs (38).
In addition to the contribution of Bim to the sensitivity to
EGFR-TKIs, HuR expression may also confer such sensitivity
in EGFR-mutant lung cancer cells.

HuR is a RNA-binding protein in the placenta lethal
abnormal visual (embryonic lethal abnormal vision) family,
and is located on chromosome 19p13.2 (27,39). HuR has been
reported to be associated with numerous human carcinomas,
including breast (40), liver (41), pancreatic (42), ovarian (43,44)
and colorectal cancer, as well as NSCLC (45,46). Recently
published studies indicated that elevated HuR expression is
associated with aggressiveness and poor prognosis in patients
with invasive breast carcinoma and lung carcinoma (47,48).
Furthermore, HuR also stabilizes mRNAs encoding crucial
regulators of cellular proliferation, differentiation and stress
response, such as cyclins (49), cyclooxygenase-2 (50,51),
p21 (52), HER2 (53) and Bcl-2 (54,55). However, the role of
HuR in EGFR-TKI resistance in NSCLC and the associated
mechanism have not been reported.

In the present study, specimens were collected from 81
NSCLC patients who received EGFR-TKI therapy to examine
whether HuR and Bim expression levels were associated with
the response to EGFR-TKIs and the patients' PFS. The study
indicated that the HuR protein expression in tumor tissues was
positively correlated with EGFR-TKI response in the patients
with NSCLC. Furthermore, the expression of cytoplasmic
Bim was closely correlated with HuR expression (P<0.01),
but was not correlated with the sex, age and mutation
type (P>0.05). In the EGFR-TKI-sensitive group, patients with
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high HuR tumor expression exhibited longer mPFS following
EGFR-TKI therapy in comparison with those with low HuR
expression (16.5 months vs. 9.7 months, respectively; P<0.01).
Similarly, the mPFS of patients with positive Bim expression
was significantly higher than that of patients with negative Bim
expression (12.8 months vs. 9.7 months, respectively; P<0.01).
Kaplan-Meier analysis also revealed that patients with low HuR
and Bim expression levels exhibited a shorter PFS as compared
with those with high HuR and Bim expression levels. In three
lung cancer cell lines that harbor an EGFR mutation, RT-qPCR
and western blotting demonstrated that HuR and Bim expres-
sion was significantly lower in the EGFR-TKI-resistant cell
line H1650 when compared with the EGFR-TKI-sensitive cell
lines HCC827 and PC9. Therefore, the present study suggests
that HuR and Bim levels may be predictive of the treatment
response and outcome of EGFR-TKI therapy in NSCLC
patients harboring EGFR mutations. However, the collected
cases all involved patients with lung adenocarcinoma, with the
majority of patients presenting IV stage disease, which is a
limitation of the current study. Therefore, further expansion of
the corresponding cases and further subgroup analysis should
be performed in future studies.

Knockdown of HuR expression was also conducted in the
current study, which resulted in resistance to EGFR-TKIs in
HCC827 cells by decreasing apoptosis. In addition, the expres-
sion levels of HuR and Bim in HuR-knockdown HCC827 cells
was lower compared with that in the control group. By contrast,
overexpression of HuR restored the sensitivity to EGFR-TKIs
in H1650 cells by increasing apoptosis. Accordingly, HuR and
Bim expression levels in the HuR-transduced H1650 group
were higher than those in the control group. High expression
of HuR was associated with EGFR-TKI sensitivity through
upregulation of Bim expression. These findings indicated that
HuR serves functionally important roles in the sensitivity
of cancer cells to EGFR-TKIs. Furthermore, resistance to
EGFR-TKIs was observed when HuR was suppressed in
cancer cells. To further validate the role of HuR in regulating
EGFR-TKI resistance, this protein was overexpressed in a
xenograft mouse model. In agreement with the in vitro data,
HuR overexpression restored gefitinib sensitivity in the mouse
model.

However, a limitation of the present study is that the results
did not indicate the direct regulation of HuR on Bim. It was
observed that low expression of HuR can lead to low expres-
sion of Bim and the change of cell apoptosis. Therefore, HuR
may be able to affect apoptosis by regulating Bim expression
In the follow-up experiments, further investigation of the
correlation between HuR and other associated factors that
can cause apoptosis will be performed. Further investigation
is also required to identify the underlying molecular mecha-
nisms. In addition, the correlation between HuR and Bim
was only confirmed in one cell line; thus, subsequent studies
should confirm this correlation in more cell lines, and further
prove these results.

In conclusion, the present study suggested that decreased
Bim expression, resulting from HuR downregulation, may
confer primary resistance to EGFR-TKIs in EGFR-mutant
lung cancer cells. Therefore, it is suggested that decreasing
HuR expression in patients with NSCLC may predict primary
resistance to EGFR-TKI treatment. The data also indicated that
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altered HuR/Bim expression constitutes a novel mechanism
of primary EGFR-TKI resistance in NSCLC, and provided a
rationale for therapeutic strategies to reverse gefitinib resis-
tance in NSCLC.
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