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Elevated HOTAIR expression associated with cisplatin resistance
in non-small cell lung cancer patients

Ming-Yue Liu"?, Xi-Qing Li’, Tian-Hui Gao’, Yao Cui’, Ning Ma’, Yun Zhou’, Guo-Jun Zhang1

'Department of Respiratory Medicine, First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China; *Department of Oncology,
Henan Provincial People’s Hospital (Zhengzhou University People’s Hospital), Zhengzhou 450003, China

Contributions: (I) Conception and design: MY Liu, GJ Zhang; (II) Administrative support: GJ Zhang; (III) Provision of study materials or patients:
XQ Li, TH Gao, Y Cui, N Ma, Y Zhou; (IV) Collection and assembly of data: XQ Li, TH Gao, Y Cui; (V) Data analysis and interpretation: N Ma,
Y Zhou; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Guo-Jun Zhang. Department of Respiratory Medicine, First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052,
China. Email: liumingyuezz@163.com.

Background: This study investigated the mechanism of drug resistance in non-small cell lung cancer
(NSCLC) patients. We specifically studied whether long noncoding RNAs influence drug resistance in
NSCLC to discover new therapeutic targets to increase the survival rate of drug-resistant NSCLC patients.
Methods: Tissue samples were collected from NSCLC patients, and total RNA was isolated for assessment
of HOTAIR expression and drug resistance status. M'T'T assays, tumor sphere formation assays, and western
blot were performed to cytologically determine the relationship between HOTAIR expression and cisplatin
resistance, as well as to elucidate the potential molecular mechanism involved.

Results: HOTAIR expression in tissues of drug-resistant NSCLC patients was higher than that of non-
drug-resistant patients. HOTAIR expression was elevated in cisplatin-resistant cell strains (A549/CDDP),
and reducing HOTAIR expression increased the sensitivity of A549/CDDP cells to cisplatin. In addition,
overexpression of HOTAIR in A549 cells increased resistance to cisplatin. Tumor sphere formation assays
showed that the volume of spheres formed by cell strains expressing elevated levels of HOTAIR was greater
than that of cell strains with low expression. Western blot experiments showed that elevated expression of
HOTAIR upregulated tumor stem cell-related biomarkers and HOTAIR expression was directly related to
KIf4 expression.

Conclusions: Elevated HOTAIR expression is associated with drug resistance in NSCLC patients and is
related to KIf4 upregulation, providing a new therapeutic target for drug-resistant NSCLC patients.
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. key area of focus in oncology research.
Introduction ) ) )
With the rapid development of sequencing technology

Non-small cell lung cancer (NSCLC) accounts for ~85%
of lung cancers. Techniques for early diagnosis and the
emergence of new-targeted drugs have greatly increased the
survival rate of NSCLC patients. However, for late-stage
patients and those with drug resistance, the survival rate is
still very low (1). Improving treatment outcomes in late-

stage cancer patients, especially drug-resistant patients, is a
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in recent years, large numbers of long noncoding RNAs
(IncRNA) have been identified. IncRNAs are non-protein-
coding RNAs with lengths generally above 200 bp.
They play an important role in protein regulation by
regulating the chromatin state to influence the expression
of neighboring genes (2). Increasing research shows that
IncRNAs play a role in lung cancer proliferation, invasion,
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and prognosis (3,4). Tumor stem cells are a source of tumor
recurrence and the development of drug resistance. Increasing
evidence shows that IncRNA abnormalities are often observed
in tumor stem cells, and abnormal IncRNA expression in
tumor stem cells plays an important role in tumor formation,
development, metastasis, and drug resistance (5,6). HOTAIR
is an IncRINA that was initially found to play an important role
in breast cancer metastasis (7,8). HOTAIR is highly expressed
in many tumors, including lung cancer tumors (9,10).
Expression of HOTAIR in lung cancer is correlated with
lymph node metastasis, brain metastasis, and poor prognosis
(10-12). However, it is currently not clear whether HOTAIR
is related to alterations, amplification, deletions, or point
mutations in tumor-related genes (9), or whether there
is a correlation with drug resistance and if so, by which
mechanism.

This study aimed to determine whether HOTAIR
is related to drug resistance in NSCLC patients and
preliminarily investigate a possible mechanism in order to
form a theoretical basis for the discovery of novel targeted
therapies.

Methods
Clinical data

In total, 65 patients [36 men, 29 women, 33 patients <52 years
of age, 32 patients >52 years of age; median age 52 years
(range, 38-80 years)] underwent surgery to treat NSCLC
at Henan Provincial People’s Hospital between June 2013
and June 2015. Diagnosis was confirmed by pathology,
and patients did not undergo radiation or chemotherapy
before surgery. Histopathological types were assigned using
WHO pathological staging criteria (13). All patients gave
their informed consent, and the experiment was approved
by the ethics committee at Henan Provincial People’s
Hospital. Total RNA was collected from tumor tissues of
30 patients with squamous carcinoma for which cisplatin
treatment after surgery was effective (non-drug-resistant
patients) and 35 patients with lung adenocarcinoma for
which cisplatin treatment after surgery was ineffective
(drug-resistant patients). Written informed consent was
obtained from all patients. Drug-resistant patients were
those that exhibited progressive disease after undergoing
4 weeks of chemotherapy as evaluated by RECIST efficacy
criteria, and non-drug-resistant patients were those that
exhibited a response after 4 weeks of chemotherapy. After
reverse transcription, quantitative PCR was used to measure
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HOTAIR expression.

A459 NSCLC cells and drug-resistant strains were
obtained from the Henan Provincial People’s Hospital
Research Center. Trizol reagent was purchased from
Invitrogen (Carlsbad, CA, USA). Reverse transcription
reagent kits and fluorescent quantitative PCR reagent
kits were purchased from Takara (Dalian, Liaoning,
China). Primers were synthesized by Shanghai Invitrogen
Biotechnology Co. (Shanghai China). Cisplatin was
purchased from Qilu Pharmacy Ltd. Co. (Jinan, Shandong,
China). Thiazolyl blue (M'TT), epidermal growth factor
(EGF), and basic fibroblast growth factor (bFGF) were
purchased from Sigma (St. Louis, MO, USA). B27 was
purchased from Shanghai Invitrogen Co. Protein lysis buffer
was purchased from Cell Signal Co. (St. Louis, MO, USA).
A BCA protein content measurement kit was purchased
from CWBIO (Shanghai, China). Nanog, Oct3/4, Sox2,
c-Myc, p-catenin, GAPDH antibodies (diluted 1:100)
were purchased from Santa Cruz Biotechnology (Dallas,
TX, U.S.A). KIf4 was purchased from Abcam (Cambridge,
Cambridgeshire, England). Cell culture media, antibiotics
and antimycotics, and fetal bovine serum were purchased

from Gibco (New York, NY, USA).

RNA isolation

Cryopreserved NSCLC tissue was crushed into a powder and
lysed for 10 min by addition of 1 mL of Trizol reagent. The
supernatant was transferred to an Eppendorf (EP) tube and
200 pL of chloroform was added and mixed. The mixture
was centrifuged at 12,000 rpm for 15 min, and 200 pL
of the supernatant was transferred to a new RNase-free EP
tube. An equal volume of isopropanol was added and mixed
by inversion. The mixture was centrifuged at 12,000 rpm
for 10 min, the supernatant was discarded, and 1 mL of
70% ethanol was added and mixed by inversion. The
mixture was centrifuged at 12,000 rpm for 10 min, ethanol
was discarded, and the pellet was air dried and resuspended
in DEPC-treated distilled water. A Malcom e-spect visible
light spectrophotometer (Malcom, Tokyo, Japan) was used
to measure the concentration of the isolated RNA; samples
with OD260/280 values between 1.8 and 2.0 were used for
experiments. Reverse transcription and quantitative PCR
were performed following the manufacturer’s instructions.

Lentivirus production and transduction

HOTAIR was cloned into the overexpression vector pPCDH-
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MSCV-mcs-EF1-GFP-T2A-Pu (SBI) after amplification.
The pLKO.1 vector was used to connect the knocked-down
HOTAIR sequence (5'-CCGGGAACGGGAGTACA
GAGAGAATCTCGAGATTCTCTCTGTACTC
CCGTTCTTTTTG-3"). The lentiviral packaging
plasmids psPAX2 and pMD2.G were kindly provided
by Prof. Didier Trono (University of Geneva, Geneva,
Switzerland).

Detection of cell drug resistance

Cells were cultured in standard conditions for 48 h. In
the absence of light, 20 pL of previously prepared MTT
solution (5 mg/mL) was added to each well. Cells were
incubated for 4 h, after which the culture medium was
discarded and 150 pL of DMSO was added to each well
and the plate was gently agitated for 10 min at room
temperature. Optical density (OD) was measured at an
absorbance wavelength of 490 nm using a microplate reader.
The formula for calculating the cell survival rate was: cell
survival rate = (OD value of drug-treated group - OD value
of empty control group)/(OD value of normal cell control
group - OD value of empty control group) x100%. Half-
maximal inhibitory concentration (ICj;) calculation software
was used to calculate the IC;, of sulforaphane (SF) on the
two strains of cells.

Tumorsphere formation

As tumor stem cells, but not tumor cells, can grow in
suspension in a serum-free medium, a tumorsphere culture
can be used to isolate and characterize stem cells. Cells in
the logarithmic growth phase were digested with trypsin,
collected by centrifugation at 1,000 rpm for 2 min, and the
supernatant was removed. Cells were washed with Hanks’
balanced salt solution three times, and suspended in a
tumorsphere serum-free medium containing DMEM/F12
(1:1). B27 supplement (1:50), EGF (25 ng/L), and fibroblast
growth factor (25 ng/L) were added. After determination of
the cell number and adjusting the density to 1,500 cells/mL,
a single cell suspension was evenly transferred into an ultra-
low-attachment 6-well plate for the primary tumorsphere
culture. After 3—4 days, the number of tumorspheres was
counted in three fields at a low magnification; the counting
was repeated three times. Tumorsphere diameter was also
recorded. Cells of each group in the logarithmic growth
phase were collected, trypsinized, centrifuged, and washed
3 times in sterile PBS to completely remove serum. Next,
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cells were resuspended in previously prepared tumor
sphere culture medium as a single-cell suspension. Finally,
1x10’ cells were placed in a low-adhesion culture plate and
cultured at a constant temperature of 37 °C, 95% humidity,
and 5% CO,. For the first 3 days, a 1 mL pipette was used
to gently pipette the culture medium up and down every
2 hours in the morning to prevent cell adhesion, and in the
evening, cells were collected in a sterile glass centrifuge
tube overnight. Each day, 0.25 mL of fresh tumor sphere
culture medium was added. On day 14, the number and size
of tumor spheres formed was determined for cells of each
group, and statistical analysis was performed.

Western blot

A 10% resolving gel and a 5% stacking gel were used for
immunoblotting experiments. After loading prepared
samples in the gel, electrophoresis was performed through
the stacking gel at 80 V for 30 min and through the
resolving gel at 100 V for 90 min. The gel was transferred
to a membrane using a low-temperature constant current of
350 mA for 120 min. The membrane was sealed with BSA
for 1 h, incubated with a primary antibody overnight at
4 °C, and developed and imaged using a gel documentation
system (BIO-RAD, Hercules, CA, USA). The membrane
was incubated with a secondary antibody for 2 h at room
temperature, and the results were analyzed.

Statistics

SPSS (v13.0) software (Chicago, IL, USA) was used to
perform statistical analysis. Data were reported as mean =
standard deviation. Two-sample means were compared using
a Student’s ¢ tests, multiple-sample means were compared
using complete randomized block one-way ANOVA, and
pairwise multiple-sample means were compared using LSD
and Bonferroni tests. P<0.05 was considered statistically
significant, and P<0.01 was considered very statistically
significant.

Results

There was no significant correlation between the
occurrence of cisplatin resistance and clinical parameters
(Table 1). HOTAIR expression did not significantly correlate
with sex, age, pathological type, T classification or clinical
stage, but significantly correlated with pathological grade
(P<0.01, Tble 1).
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Table 1 Correlation between clinicopathologic characteristics, drug resistance, and HOTAIR expression in 65 NSCLC patients
DDP-R HOTAIR-H
Variable Cases
SENSE, n (%) RECIST, n (%) P High, n (%) Low, n (%) P
Sex
Male 36 15 (41.7) 21 (58.3) 0.419 24 (66.7) 12 (33.3) 0.257
Female 29 15 (51.7) 14 (48.3) 23 (79.3) 6 (20.7)
Age (years)
<52 33 18 (54.5) 15 (45.5) 0.168 22 (66.7) 11 (33.3) 0.302
>52 32 12 (37.5) 20 (62.5) 25 (78.1) 7(21.9)
Histological subtype
Squamous carcinoma 30 16 (53.3) 14 (46.7) 0.282 20 (66.7) 10 (33.3) 0.347
Lung adenocarcinoma 35 14 (40.0) 21 (60.0) 27 (77.1) 8 (22.9)
Histological grade
Gr1 29 16 (55.2) 13 (44.8) 0.191 15 (61.7) 14 (48.3) 0.001
Gr 2-3 36 14 (38.9) 22 (61.1) 32 (88.9) 4(11.1)
T classification
T1-T2 24 12 (50.0) 12 (50.0) 0.634 15 (62.5) 9 (37.5) 0.176
T3-T4 41 18 (43.9) 23 (56.1) 32 (78.0) 9 (22.0)
Clinical stage
-1 35 15 (42.9) 20 (57.1) 0.565 23 (65.7) 12 (34.3) 0.199
-1V 30 15 (50.0) 15 (50.0) 24 (80.0) 6 (20.0)

NSCLC, non-small cell lung cancer; DDP-R, DDP-resistance; HOTAIR-H, HOTAIR-high expression; RECIST, resistance; Gr, grade.

Elevated expression of HOTAIR in drug-resistant NSCLC
patients

Comparing HOTAIR expression in the tissues of drug-
resistant and non-drug-resistant patients, HOTAIR
expression in the cisplatin-resistant group was greater than
that in the non-resistant group (P<0.01; Figure I). This
result indicates that elevated HOTAIR expression was
associated with cisplatin resistance in NSCLC patients.

Elevated HOTAIR expression promotes cisplatin resistance

Our observations of elevated HOTAIR expression in
drug-resistant patient tissue specimens prompted further
investigation of this factor. We selected the A549 cell line
and its cisplatin-resistant strain (A549/CDDP) to conduct
additional experiments. We found that HOTAIR was
highly expressed in A549/CDDP cells (Figure 24). Next,
we upregulated HOTAIR expression in A549 cells and
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knocked down HOTAIR expression in A549/CDDP cells
(Figures 2B,C). Using cell survival experiments, we observed
that overexpression of HOTAIR in A549 cells promoted
the development of cisplatin resistance, whereas the
upregulation and downregulation of HOTAIR expression
in A549/CDDP cells promoted cisplatin sensitivity
(Figure 2D). This result indicated that elevated HOTAIR

expression was implicated in cisplatin resistance.

Drug resistance induced by elevated HOTAIR expression
may be caused by promotion of tumor sphere cell growth
and induction of tummor stem cell biomarker expression

Tumor stem cells are one of the primary factors in the
development of drug resistance. Elevated expression of
HOTAIR affects the biology of tumor stem cell colonies,
which in turn influences drug resistance. We performed
tumorsphere formation experiments using A549 cells,
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Figure 1 HOTAIR expression in drug-resistant patients is higher
than that in non-drug-resistant patients. HOTAIR expression in
drug-resistant patients and non-drug-resistant patients was expressed
as mean = SD, and there was a statistically significant difference

between the two groups (P<0.01). SD, standard deviation.
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A549/CDDP cells, A549 cells overexpressing HOTAIR,
and A549/CDDP cells with HOTAIR knocked-down.
We found that increased HOTAIR expression promoted
tumor sphere formation, whereas reduced HOTAIR
expression decreased tumor sphere formation (Figure 3A4).
Western blot experiments showed that elevated HOTAIR
expression upregulated expression of the tumor stem cell-
related biomarkers Nanog, Oct3/4, Sox2, c-Myc, B-catenin,
and Klf4 (Figure 3B). These results indicate that elevated
HOTAIR expression can induce upregulation of tumor
stem cell-related biomarkers, which could be a molecular
mechanism by which cells develop drug resistance.

Elevated HOTAIR expression upregulates KIf4 expression
in P-catenin-deficient cells; HOTAIR expression and Kif4

expression are positively correlated

HOTAIR expression influences expression of Nanog,
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Figure 2 Elevated HOTAIR expression promotes cisplatin resistance. (A) Relative HOTAIR expression in A549 and A549/CDDP cells;
(B) overexpression of HOTAIR in A549 cells determined by PCR; (C) overexpression of HOTAIR in A549/CDDP cells determined by
PCR; (D) growth rate of each group determined by MTT. Data from each group were determined in three separate experiments, and the

results were expressed as mean = SD. SD, standard deviation.
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Figure 3 Elevated HOTAIR expression promotes tumor sphere growth and upregulates expression of tumor stem cell biomarkers. (A)

Colony-forming assay showing that drug-resistant A549 cells were easily cloned (top); colony-forming ability was increased in HOTAIR-
overexpressing A549 cells (middle); colony-forming ability was decreased in knocked-down HOTAIR A549 cells (down); (B) Western blot
was used to determine protein expression of the stem cell factors KIf4, Nanog, Oct4, C-myc, Sox-2, and beta-catenin in A549, A549/CDDP,
overexpressed HOTAIR (pcDNA/HOTAIR) and its control (pcDNA/Control), as well as silent HOTAIR (siRNA/HOTAIR) and its control

(siRNA/Control) cells.

Oct3/4, Sox2, c-Myc, B-catenin, and Klf4. Because the gene
encoding B-catenin is upstream of those encoding Nanog,
Oct3/4, Sox2, c-Myc, and Klf4, we knocked down B-catenin
in the context of elevated HOTAIR expression. Western blot
experiments showed that expression of Nanog, Oct3/4, Sox2,
and c-Myc was not affected by HOTAIR expression, whereas
that of KIf4 was still affected (Figure 44). Thus, HOTAIR
regulation of KIf4 expression was not regulated by B-catenin.
Next, we analyzed the correlation between Klf4 and
HOTAIR, and found that the two genes positively correlated,
with a Pearson coefficient of R’=0.744 (Figure 4B).

Discussion

Cisplatin is a first-line chemotherapy drug against NSCLC,
but cisplatin resistance among NSCLC patients has become
increasingly severe and represents an important cause of
chemotherapy failure (14,15). IncRNAs are a major research
focus, and their number exceeds that of protein-coding
RNAs. An increasing number of IncRNAs that participate
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in gene regulation are being discovered (16). Ever since
the discovery of HOTAIR, an important representative
IncRNA, research has shown that it is abnormally expressed
in many types of tumors. Elevated HOTAIR expression is an
important factor that promotes breast cancer metastasis and
poor prognosis, and regulates polycomb repressive complex
2 (PRC2) by regulating target genes, thereby participating
in gene expression by changing the methylation of histone
H3 lysine 27 and promoting tumor invasion and metastasis
(8,17). In lung adenocarcinoma, increased HOTAIR
expression inhibits p21, thereby promoting proliferation
and cisplatin resistance (10). Our results show that
HOTAIR expression is abnormal in NSCLC; specifically,
in the tissues of cisplatin-resistant NSCLC patients, its
expression level was increased compared with that of the
non-drug-resistant group.

Research has shown that cisplatin resistance in NSCLC
is closely related to IncRINA status and abnormal expression
of HOX loci was detected in tissue specimens from patients
with advanced NSCLC (15). Our research showed that
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Figure 4 HOTAIR regulates KIf4 expression and the two genes showed a positive correlation. (A) The expression levels of stem cell-related

factors were different in different NSCLC treatment groups; (B) expression of KLF4 and HOTAIR was positively correlated.

HOTAIR was expressed in A549 and A549/CDDP cells
and that its expression levels were higher in drug-resistant
strains than in non-drug-resistant strains. HOTAIR
overexpression in A549 cells promoted cisplatin resistance,
and knocked down HOTAIR in A549/CDDP cells reduced
cisplatin resistance.

The cause of drug resistance in tumors is heterogeneous,
as cellular components in tumor tissues have different
sensitivities to chemotherapy. Compared with normal tumor
cells, tumor stem cells are not easily killed by chemotherapy
drugs (18). Tumor stem cells are a small population of
special cells among other tumor cells with the potential to
self-renew and differentiate, and are an important reason
for tumor invasion, metastasis, and drug resistance (19-21).
Tumor stem cells have a strong tendency to form spheres
in vitro, and a minimal number of tumor stem cells can
form tumors subcutaneously in nude mice; in addition,
tumor stem cells are often drug-resistant (22). Studies
have shown that IncRNAs also play an important role in
tumor stem cells (23). HOTAIR is a commonly observed
IncRNA and can promote changes in tumor formation,
metastasis and degree of differentiation by affecting the
stemness of tumor stem cells (24-27). Our in vitro sphere
formation assay showed that the ability of A549/CDDP
cells to form spheres in vitro was greater than that of A549
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cells. Further experiments showed that upregulation of
HOTAIR expression in A549 cells resulted in an increased
volume in tumor spheres, whereas knocked down HOTAIR
in A549/CDDP cells inhibited tumor sphere growth.
These results show that elevated HOTAIR expression in
tumor stem cells promotes stemness. Further, western blot
experiments showed that HOTAIR promoted expression of
B-catenin, Nanog, Oct3/4, Sox2, c-Myc, and Klf4. These
are important biomarkers of tumor stem cells, and are
highly expressed in many tumors and strongly associated
with tumor invasion, metastasis, and poor prognosis (28).
Elevated expression of HOTAIR promoted expression
of these biomarkers of stemness, which could lead to the
development of drug resistance.

With respect to understanding the mechanism by
which HOTAIR potentially functions in lung cancer, the
greatest obstacle is that there is no standard method for
predicting downstream sites of action (29,30). We know
that the PB-catenin gene is upstream of Nanog, Oct3/4,
Sox2, c-Myc, and Klf4, and our previous studies have
shown that there is a correlation between B-catenin and
Nanog in lung cancer (31,32). Moreover, elevated B-catenin
expression can promote Nanog, Oct3/4, Sox2, c-Myc,
and Klf4 expression (33,34). To determine how HOTAIR
promotes P-catenin, Nanog, Oct3/4, Sox2, c-Myc, and
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KlIf4 expression, we knocked down P-catenin expression
in the context of elevated HOTAIR expression, and found
that Nanog, Oct3/4, Sox2, and c-Myc expression was no
longer regulated by HOTAIR but Klf4 was still regulated
by HOTAIR. These results led us to believe that HOTAIR
regulation of Klf4 is at least partially independent of
B-catenin. Further clinical tissue specimen analysis showed
that HOTAIR expression and Klf4 expression positively
correlated, further demonstrating that HOTAIR may
directly regulate Klf4 expression. Furthermore, we also
observed that although there was a statistically significant
difference, individual patients had the opposite result for
KIt4 and HOTAIR expression. This result could be related
to KIf4 function, which is different depending on subcellular
localization (cell membrane, cytoplasm, or nucleus) (35,36).
Thus, the specific functions and interactions of HOTAIR in
the cell membrane, cytoplasm, and nucleus require further
investigation.

Elevated HOTAIR expression in NSCLC is an
important factor in the development of cisplatin resistance,
and HOTAIR may directly regulate Klf expression to
promote stemness. The discovery of potential therapies
targeting HOTAIR provides a novel molecular strategy for
treatment of cisplatin-resistant NSCLC patients.
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