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H3K27me3 induces multidrug resistance in small cell lung cancer 
by affecting HOXA1 DNA methylation via regulation of the lncRNA 
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Background: The long non-coding RNA (lncRNA) HOX transcript antisense RNA (HOTAIR) serves as 
a powerful predictor of tumor progression and overall survival in patients. Our previous studies showed that 
HOTAIR modulated HOXA1 DNA methylation by reducing DNMT1 and DNMT3b expression in drug-
resistant small cell lung cancer (SCLC). Moreover, H3 lysine 27 trimethylation (H3K27me3) is catalyzed by 
enhancer of zeste homolog 2 (EZH2) and plays a critical role in SCLC chemoresistance. However, it is not 
completely clear whether H3K27me3 affects HOXA1 DNA methylation or whether this effect is mediated 
by HOTAIR.
Methods: The levels of EZH2 and H3K27me3 were identified in SCLC tissues by immunohistochemical 
(IHC) staining and in SCLC multidrug-resistant cells by Western blotting. Cell counting kit-8 (CCK-8) and 
flow cytometry were used to detect and analyze the biological function of H3K27me3. Then, we assessed the 
role of HOTAIR in the regulation of EZH2 and H3K27me3 by using lentivirus and small interfering RNA. 
Further, bisulfite sequencing PCR was conducted to detect the methylation levels of HOXA1 DNA. Finally, 
Western blotting was performed to examine the regulatory role of H3K27me3 in controlling HOTAIR 
expression in SCLC.
Results: In this study, we found that EZH2 and H3K27me3 levels were markedly higher in SCLC tissues 
and multidrug-resistant SCLC cells. The results indicated that H3K27me3 was related to multidrug 
resistance. HOTAIR overexpression and knockdown showed that EZH2 and H3K27me3 were regulated 
by HOTAIR. Moreover, H3K27me3 affected HOXA1 DNA methylation levels. Strikingly, we found that 
H3K27me3 acted as a negative feedback regulator of HOTAIR.
Conclusions: Our study showed that H3K27me3 affects HOXA1 DNA methylation via HOTAIR 
regulation, indicating that H3K27me3 may be a potential therapy target for SCLC chemoresistance.

Keywords: H3K27me3; HOTAIR; DNA methylation; chemoresistance; small cell lung cancer (SCLC)

Submitted May 01, 2018. Accepted for publication Sep 25, 2018.

doi: 10.21037/atm.2018.10.21

View this article at: http://dx.doi.org/10.21037/atm.2018.10.21

440

https://crossmark.crossref.org/dialog/?doi=10.21037/atm.2018.10.21


Fang et al. H3K27me3 mediated chemoresistance

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2018;6(22):440atm.amegroups.com

Page 2 of 10

Introduction

Lung cancer, with approximately 1.8 million new cases 
and more than 1 million related deaths each year, is the 
most common malignancy and has rapidly emerged as a 
primary cause of cancer-related death worldwide over the 
past several decades (1). Small cell lung cancer (SCLC) 
is the most aggressive type of lung cancer and accounts 
for approximately 15–18% of all lung cancer cases (2). 
The majority of SCLC patients are initially responsive to 
chemotherapy drugs, but they inevitably develop multidrug 
resistance within a year (3,4). Thus, a better understanding 
of the mechanisms underlying multidrug resistance is 
urgently needed for improving SCLC treatment.

HOX transcript antisense RNA (HOTAIR), a widely 
studied long non-coding RNA (lncRNA), is transcribed 
from the HOXC gene cluster, bridges polycomb repressive 
complex 2 (PRC2) and lysine-specific demethylase 1 
(LSD1) and suppresses the transcription of HOXD genes 
by catalyzing H3 lysine 27 trimethylation (H3K27me3) 
and the spontaneous demethylation of H3K4 (5-7). Many 
researchers have also demonstrated that HOTAIR and 
enhancer of zeste homolog 2 (EZH2) interact with each 
other in different types of cancer, inducing gene silencing 
and influencing chromatin dynamics (7-11). Moreover, 
aberrant DNA methylation has been demonstrated to 
participate in the development of chemoresistance in 
various types of cancer, such as ovarian and lung cancer (12).  
In our previous study, HOTAIR knockdown decreased 
HOXA1 DNA methylation by reducing the expression of 
DNMT1 and DNMT3b in chemoresistant SCLC (13).

Histone methylation is a vital epigenetic phenomenon that 
participates in a diverse array of cellular processes, such as 
transcription control, RNA splicing and tumorigenesis (14-19).  
H3K27me3, which is catalyzed by EZH2 (20), is correlated 
with transcriptional repression, is essential for cancer 
chemoresistance and is a prognostic factor in lung  
cancer (21,22). Multiple studies have shown that HOTAIR 
couples with EZH2 to mediate both cell invasion and cell 
metastasis (23,24). However, whether HOTAIR affects 
HOXA1 DNA methylation in SCLC by regulating EZH2-
mediated H3K27me3 remains largely unknown.

In this study, we found that EZH2 and H3K27me3 
enrichment levels were markedly high in SCLC tissues and 
multidrug-resistant SCLC cells. Moreover, H3K27me3 was 
related to multidrug resistance. We found that HOTAIR 
promoted EZH2 and EZH2-mediated H3K27me3. 
H3K27me3 affected the methylation level of HOXA1. 

Furthermore, H3K27me3 acted as a feedback regulator 
of HOTAIR. Thus, these results suggest that H3K27me3 
induces multidrug resistance in SCLC by affecting HOXA1 
DNA methylation via the regulation of the lncRNA 
HOTAIR.

Methods

Cell lines and cell culture

The human SCLC cell lines NCI-H69 and NCI-H446 
and the multidrug-resistant subline NCI-H69AR were 
purchased from the American Type Culture Collection 
(ATCC). Cells were cultured in RPMI 1640 containing 
10% fetal bovine serum (Gibco, CA, USA) at 37 ℃ in a 
humidified incubator with 5% CO2. 

Immunohistochemical (IHC) staining 

Formalin-fixed, paraffin-embedded tissues were sectioned, 
deparaffinized and rehydrated gradually. Sample sections 
were incubated with primary antibodies directed against 
EZH2 (Cell Signaling Technology, #5426, USA) and 
H3K27me3 (Cell Signaling Technology, #9733, USA) at 4 ℃  
overnight. Secondary antibodies were applied according 
to the manufacturer's protocol. The percentage of positive 
cells was calculated in five randomly selected high-power 
fields. The results were classified based on the total scores 
of the percentage of positively stained tumor cells and the 
staining intensity. The percentages of positively stained 
tumor cells were classified into four groups with scores 
ranging from 0 to 3 (<10%, 0; >10%, 1; >25%, 2; and 
>50%, 3). The staining intensities were scored as follows: 
no staining, 0; low, 1; medium, 2; and high, 3). A final 
IHC score was calculated by adding the two scores; a score  
>3 indicated positive expression, and a score ≤3 indicated 
negative expression.

Western blotting

Protein was extracted from cells with RIPA lysis buffer, 
and the protein concentrations were detected using the 
standard BCA method (BCA™ Protein Assay Kit, CoWin 
Biosciences, China). Subsequently, each protein sample was 
separated on 12% SDS-PAGE gels and transferred onto 
PVDF membranes (Millipore, Etten-Leur, Netherlands). 
After blocking with 5% nonfat milk for 2 h, the membranes 
were incubated with the primary antibodies used for IHC at 
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4 ℃ overnight. The membranes were then incubated with a 
horseradish peroxidase-labeled secondary antibody. Finally, 
the protein bands were visualized using chemiluminescence 
(ECL) after being washed again with TBST.

Quantitative real-time polymerase chain reaction  
(qRT-PCR)

Total RNA was extracted from the cell  l ines with 
TRIzol reagent (Invitrogen, NY, USA) according 
to the manufacturer’s instructions. RT-PCR assays 
were performed to detect HOTAIR expression using 
a Prime Script RT reagent kit (TIANGEN, Beijing, 
China) according to the manufacturer’s protocol. The 
primers used in our study were as follows: HOTAIR, 
(F) 5'-GGTAGAAAAAGCAACCACGAAGC-3' and 
(R) 5'-ACATAAACCTCTGTCTGTGAGTGCC-3'; 
GAPDH, (F) 5'-GAGTCAACGGATTTGGTCGT-3' 
and (R) 5'-CATGGGTGGAATCATATTGGA-3'. Data 
collection was performed with an ABI Illumina instrument. 
The results were normalized to the expression of GAPDH. 
The relative expression of A was analyzed using the 2−ΔΔCt 
method. 

Bisulfite sequencing PCR (BSP)

Cel l  DNA was  i so la ted ,  b i su l fa te  modi f ied ,  and 
detected as previously described (20). The primer 
sequences  for  PCR were  a s  fo l lows :  (F )  5 ' -GT 
TTAGTTTTAGAATAGAGGAGGTGGTT-3' and (R) 
5'-AAAATCAATAAACCAA AACTC-3'. The region of 
the D promoter is shown in Figure S1 in the supplementary 
material.

Flow cytometry

Cells were treated with chemotherapy drugs for 24 h and 
collected for cell apoptosis and cell cycle analyses. Cell 
apoptosis assays were performed using an Annexin V 
eFluor™ 450/eFluor™ 660 kit (eBioscience, San Diego, 
USA) according to the manufacturer’s protocol. For cell 
cycle analysis, cells were fixed in 70% ethanol at 4 ℃ 
overnight. Subsequently, the cells were incubated with 
RNase and stained with Fixable Viability Dye eFluor™ 
660. Finally, CellQuest Pro software was used for apoptosis 
analyses, and ModFit LT software was used for cell cycle 
analyses. 

Cell counting kit-8 (CCK-8) 

Cells were seeded in 96-well plates at 7×103 cells per well. 
Following culture for 6 h, the cells were treated with 
chemotherapy drugs [cisplatin (CDDP; Shandong, China), 
etoposide (VP-16; Jiangsu, China) and adriamycin (ADM; 
Jiangsu, China)] for 24 h. The absorbance at 450 nm was 
measured after incubation with 10 μL of CCK-8 reagent 
(Dojindo, Kumamoto, Japan) for approximately 4 h. Cells 
without chemotherapy drug treatment were used to indicate 
100% survival. The assay was conducted in six replicate 
wells for each sample, and three parallel experiments were 
performed.

Cell transfection

For stable transfection, H69 and H446 cells were 
infected with HOTAIR lentiviral particles (GenePharma, 
Shanghai, China) and control lentiviruses according to the 
manufacturer’s instructions. For HOTAIR knockdown, 
cells were transfected separately with two siRNAs 
(GenePharma, Shanghai, China) using Lipofectamine 2000 
(Invitrogen, NY, USA). The transfection efficiencies were 
detected by qRT-PCR. The siRNAs used were as follows: 
siHOTAIR#1, 5'-CCCAUGGACUCAUAAACAATT-3' 
a n d  5 ' - U U G U U U A U G A G U C C A U G G G T T- 3 ' ; 
siHOTAIR#2, 5'-GC CUUUGGAAGCUCUUGAATT-3' 
and 5'-UUCAAGAGCUUCCAAAGGCTT-3'.

Statistical analysis

All experiments were performed in triplicate. The data are 
shown as the means ± SD, and the statistical analyses were 
carried out with SPSS 22.0 software. Student’s t-test was 
used to evaluate the difference between two means, and 
comparisons between more than two groups were calculated 
using one-way ANOVA. P<0.05 was considered statistically 
significant (*P<0.05, **P<0.01).

Results

H3K27me3 induced multidrug resistance in SCLC 

To determine if H3K27me3 is associated with SCLC, 
we performed IHC to detect H3K27me3 expression 
in five SCLC tissue samples. As EZH2 was previously 
demonstrated to catalyze H3K27 methylation (25), we also 
examined the expression of EZH2. H3K27me3 and EZH2 
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were detected predominantly in the cell nucleus. EZH2 and 
H3K27me3 levels were markedly higher in SCLC cells than 
in normal lung alveolar epithelial cells (Figure 1A). 

Then, we assessed H3K27me3 in H69AR/H69 and 
H446 cells with Western blotting assays and found that the 
H3K27me3 levels were increased in the multidrug-resistant 
cells compared with those in the parental cells (Figure 1B  
and Figure S2). We used highly selective inhibitors to 
alter the H3K27me3 levels. EI1, a selective inhibitor of 
EZH2, inhibits EZH2/PRC2 methyltransferase activity 
and decreases H3K27 methylation without changing other 
histone H3 methylation marks (25,26). GSK J4 is a selective 
inhibitor of two demethylases, JMJD3/UTX, the inhibition 
of which increases H3K27 methylation levels (27,28). EI1-
treated cells (H69AR cells) exhibited decreased H3K27me3 
upon EZH2 downregulation; in addition, GSK J4-treated 
cells (H69 and H446 cells) exhibited increased H3K27me3 
with unchanged EZH2 levels (Figure 1C and Figure S2). 
CCK-8 assays indicated that the IC50 values of CDDP, 
ADM and VP-16 were significantly decreased in H69AR 
cells after treatment with EI1 and that the IC50 values 
significantly increased in H69 and H446 cells with GSK 
J4 treatment (Figure 1D). Flow cytometry showed that the 
apoptosis rates significantly increased in EI1-treated cells 
after anticancer drug treatment, whereas the apoptosis rates 
significantly decreased in GSK J4-treated cells (Figure 1E). 
Furthermore, cell cycle progression was not significantly 
changed (Figure S3). Thus, all these data indicate that 
H3K27me3 induces multidrug resistance and exerts 
antiapoptotic effects in SCLC. 

EZH2 and H3K27me3 were upregulated by HOTAIR

To determine whether HOTAIR plays a key role in EZH2 
and H3K27 trimethylation, we examined the enrichment 
levels  of  EZH2 and H3K27me3 under  HOTAIR 
interference. We previously found that HOTAIR mRNA 
levels were higher in H69AR cells than in H69 and H446 
cells (13). We then used a lentivirus to overexpress HOTAIR 
by nearly 658-fold in H69 cells and 4340-fold in H446 
cells (Figure 2A). HOTAIR overexpression significantly 
increased H3K27me3 and EZH2 levels in H69 and H446 
cells according to Western blotting assays (Figure 2B).  
In contrast, HOTAIR expression was downregulated by 
as much as 70% in H69AR cells transfected with two 
different siRNAs (Figure 2C). Strikingly, silencing HOTAIR 
significantly reduced the levels of both EZH2 and 
H3K27me3 (Figure 2D). Collectively, these data suggest 

that EZH2 and H3K27me3 are upregulated by HOTAIR. 

HOTAIR affected HOXA1 DNA methylation through 
H3K27me3

To explore whether HOTAIR affects HOXA1 DNA 
methylation by regulating H3K27me3, we used BSP to 
investigate the methylation status of the CpG island in the 
HOXA1 promoter. The analysis revealed that HOTAIR 
overexpression resulted in increased H3K27me3 levels and 
CpG island methylation levels in the HOXA1 promoter 
in H69 and H446 cells. In contrast, HOTAIR knockdown 
resulted in decreased H3K27me3 levels and CpG island 
methylation levels in the HOXA1 promoter in H69AR 
cells (Figure 3A). Next, we found that H3K27me3 levels 
decreased with EI1 treatment and that HOXA1 DNA 
methylation levels decreased consistently with H3K27me3 
downregulation in HOTAIR-overexpressing cells (H69 
and H446). Conversely, H3K27me3 levels increased with 
GSK J4 treatment and HOXA1 DNA methylation levels 
increased consistently with H3K27me3 upregulation in 
HOTAIR-knockdown cells (H69AR) (Figure 3B). These 
results indicate that H3K27me3 affects HOXA1 DNA 
methylation via HOTAIR regulation.

H3K27me3 acted as a negative feedback regulator of 
HOTAIR

To further identify the association between H3K27me3 and 
HOTAIR, we investigated whether HOTAIR expression 
is dependent on H3K27me3 levels. H3K27me3 was 
dramatically increased in H69 and H446 cells treated with 
GSK J4 according to Western blotting assays (Figure 1C  
and Figure 4A).  This increase occurred in a dose-
dependent manner. However, after treatment with the 
same concentration of GSK J4, qRT-PCR indicated that 
HOTAIR expression levels constantly increased and reached 
a peak of 3.0 μM in H69 cells and of 1.5 μM in H446 cells 
and then decreased (Figure 4B). These results indicate 
that H3K27me3 acts as a negative feedback regulator of 
HOTAIR. 

Discussion

SCLC has been designated a “recalcitrant” cancer due to its 
high lethality and the lack of substantial therapeutic progress 
made over the past years. Recent studies have revealed 
that the lncRNA HOTAIR acts as a vital mediator of the 
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Figure 1 H3K27me3 was related to resistance to anticancer drug treatment. (A) H3K27me3 and EZH2 levels in SCLC tissue and normal 
lung tissue were detected by IHC staining; (B) H3K27me3 and EZH2 levels in multidrug-resistant cells and sensitive cells were detected by 
Western blotting; (C) H3K27me3 and EZH2 levels after treatment with different concentrations of EI1 and GSK J4; (D) IC50 values were 
measured with CCK-8 assays after EI1-treated and GSK J4-treated cells were exposed to CDDP, ADM, and VP-16; (E) cell apoptosis was 
determined by flow cytometric analysis in EI1-treated and GSK J4-treated cells after drug exposure. The results are presented as the mean ± 
SD. *P<0.05, **P<0.01, compared with the control group.
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Figure 2 EZH2 and H3K27me3 levels were upregulated by HOTAIR. (A,C) HOTAIR overexpression and knockdown were validated 
by RT-PCR; (B,D) H3K27me3 and EZH2 enrichment were measured with Western blotting assays of the HOTAIR-overexpressing and 
HOTAIR-knockdown cells. The results are presented as the mean ± SD. **P<0.01, compared with the control group.

molecular mechanisms underlying cancer development 
and progression, including proliferation, metastasis and 
chemoresistance (13,23,29,30). Our previous studies showed 
that HOTAIR regulates HOXA1 DNA methylation by 
reducing DNMT1 and DNMT3b levels in chemoresistant 
SCLC. Moreover, HOTAIR couples with EZH2 to act as 
a pivotal mediator of cell invasion and metastasis. EZH2 
possesses histone methyltransferase activity and methylates 
H3K27 (26,31). Recently, mounting evidence has suggested 
that H3K27me3 is correlated with chemoresistant 
cancer, including SCLC (21,22). To verify the hypothesis 
that H3K27me3 affects HOXA1 DNA methylation via 
HOTAIR regulation in SCLC chemoresistance, we initially 
found that EZH2 and H3K27me3 levels were markedly 
higher in SCLC tissues than in adjacent noncancerous 
tissues. Furthermore, we found that EZH2 and H3K27me3 
were upregulated in multidrug-resistant SCLC cells. To 
further validate the biological functions of H3K27me3, 
we determined the effect of H3K27me3 on SCLC cell 
sensitivity to anticancer drugs. Our data indicated that 
H3K27me3 affects multidrug resistance by inhibiting 

apoptosis in SCLC. However, previous studies have shown 
that H3K27me3 suppresses proliferation via apoptosis and 
cell cycle arrest in cancer (32,33). This inconsistency may 
be attributed to the different types of cancer. 

To further investigate whether EZH2 and H3K27me3 
are regulated by HOTAIR, we successfully established 
two stable HOTAIR-overexpressing cell sublines and 
effectively suppressed HOTAIR expression using siRNAs. 
HOTAIR overexpression significantly increased EZH2 
and H3K27me3 levels, whereas HOTAIR knockdown 
significantly reduced both EZH2 and H3K27me3 levels. 
Our results indicate that EZH2 and H3K27me3 are 
upregulated by HOTAIR. 

CpG island methylation in the promoter may be a 
crucial mechanism regulating gene expression at the 
epigenetic level (34,35). Moreover, histone modifications 
alter DNA methylation (36,37). HOTAIR has been found 
to bind PRC2, mediate H3K27 trimethylation and silence 
the HOXD locus (38). To investigate whether HOTAIR 
affects HOXA1 DNA methylation through H3K27me3, 
we determined the correlation between the CpG island 
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methylation status and H3K27me3 levels. HOXA1 DNA 
methylation levels decreased consistently with H3K27me3 
downregulation and increased consistently with H3K27me3 
upregulation, which validated our hypothesis. However, 
the molecular mechanisms involved in H3K27me3-induced 
HOXA1 DNA methylation need to be further explored in 
the future.

A previous study indicated that EZH2-mediated H3K27 
methylation contributes to the repression of a subset of 
lncRNAs in embryonic stem cells (10). Our study provides 
evidence to support the hypothesis that H3K27me3 

may repress HOTAIR expression. HOTAIR expression 
constantly increased and reached its peak level and then 
decreased dependent on increasing levels of H3K27me3. 
Additionally, H3K27me3 can bind the HOTAIR promoter 
region in human liver cancer stem cells (39). Therefore, 
all the results indicate that H3K27me3 suppresses 
HOTAIR, likely by binding to its promoter. To the best of 
our knowledge, this is the first study to reveal a negative 
feedback loop between H3K27me3 and HOTAIR in 
SCLC cells. This information may aid in understanding 
the pleiotropic functions of H3K27 methylation in the 

Figure 3 H3K27me3 affected HOXA1 DNA methylation via HOTAIR regulation. (A) The levels of H3K27me3 in HOTAIR-
knockdown cells treated with GSK J4 and HOTAIR-overexpressing cells treated with EI1 determined by Western blotting assays; (B) 
analysis of the HOXA1 CpG islands in HOTAIR-knockdown cells treated with GSK J4 and HOTAIR-overexpressing cells treated with 
EI1 according to BSP.

A

B
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regulation of lncRNA expression in cancer progression. 
However, further experiments need to be performed to 
determine the mechanism by which H3K27me3 suppresses 
HOTAIR expression.

Conclusions

In conclusion, our study found that H3K27me3 induced 
multidrug resistance in SCLC by affecting HOXA1 DNA 
methylation via regulation of the lncRNA HOTAIR. 
Moreover, H3K27me3 modulated HOTAIR expression 
through a negative feedback mechanism (Figure 5). 
Therefore, our study aided in understanding the mechanism 
of SCLC chemoresistance and indicated that H3K27me3 
may be a potential therapeutic target for treating 
chemoresistance in SCLC, but this treatment must be 

Figure 4 H3K27me3 may repress HOTAIR expression. (A) Relative expression of H3K27me3/H3 upon treatment with different 
concentrations of GSK J4 (0, 0.5, 1, 1.5, 3.01, and 6.01 μM); (B) HOTAIR mRNA expression upon treatment with different concentrations 
of GSK J4 (0, 0.5, 1, 1.5, 3.01, and 6.01 μM). The results are presented as the mean ± SD. *P<0.05, compared with the control group.

Figure 5 Schematic illustration of HOTAIR/EZH2-mediated 
H3K27me3 and HOXA1 DNA methylation in chemoresistant 
SCLC cells.
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confirmed with additional clinical studies.
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Supplementary

Figure S1 The HOXA1 promoter region.



Figure S2 Protein levels of EZH2 and increased H3K27me3 were revealed by Western blotting in SCLC cells and after treatment with E1I 
and GSK J4. Band intensities were measured by densitometry; EZH2 levels were normalized to β-actin expression, and H3K27me3 levels 
were normalized to H3 expression.

Figure S3 Cell cycle progression analyses did not indicate significant differences. Cell cycle progression was determined by flow cytometry 
after H69AR cells were exposed to CDDP (A), VP-16 (B) and ADM (C).
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