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The regulatorymechanism of long non-coding RNAs (lncRNAs)
in trastuzumab resistance is not well established to date. In this
research, we identified differentially expressed lncRNA and
investigated its regulatory role in trastuzumab resistance of
breast cancer. HiSeq sequencing and quantitative real-time
PCR were performed to identify the dysregulated lncRNAs.
Mass spectrometry, RNA fluorescence in situ hybridization
(RNA-FISH), and immunoprecipitation assays were performed
to identify the direct interactions between ZNF649-AS1 and
other associated targets, such as polypyrimidine tract binding
protein 1 (PTBP1) and autophagy related 5 (ATG5). Our results
showed thatZNF649-AS1wasmore highly expressed in trastuzu-
mab-resistant cells compared to sensitive cells. Increased expres-
sion of ZNF649-AS1 was associated with a poorer response and
shorter survival time of breast cancer patients. ZNF649-AS1
was upregulated by H3K27ac modification at the presence of
trastuzumab treatment, and knockdown of ZNF649-AS1
reversed trastuzumab resistance via modulating ATG5 expres-
sion and autophagy. Mechanically, ZNF649-AS1 was associated
with PTBP1 protein, which further promoted the transcription
activity of the ATG5 gene. In conclusion, we demonstrated that
H3K27ac modification-induced upregulation of ZNF649-AS1
could cause autophagy and trastuzumab resistance through asso-
ciating with PTBP1 and promoting ATG5 transcription.

INTRODUCTION
Human epidermal growth factor receptor 2-positive (HER2+) breast
cancer is oneof themost common types of breast cancer.HER2 is ampli-
fied or overexpressed in 15%–20% of all breast cancer patients.1 Adju-
vant trastuzumab currently represents the standard treatment for these
patients;2 however, only a fraction ofmetastatic patients respond to tras-
tuzumab, with approximately 60% developing resistance after the initial
response.3 Thus, there is an urgent need to develop effective therapeutic
approaches and targets to promote trastuzumab cytotoxicity.

Non-coding RNAs (ncRNAs) have attracted much research interest in
recent years due to an accumulation of functional data suggesting that
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ncRNAs play important roles in cellular proliferation, apoptosis, differ-
entiation, migration, and invasion. ncRNAs have also been found to be
dysregulated in several types of human cancers.4 Among the ncRNAs,
long ncRNAs (lncRNAs) havemany functions, including in tumor pro-
gression and in response to therapy.5 The evidence is increasingly indi-
cating that numerous lncRNAs are involved in regulating drug
resistance, especially in breast cancer.6 For example, Li et al.7 demon-
strated that lncRNA GAS5 suppresses trastuzumab resistance in breast
cancer. Zhu et al.8 reported that lncRNA UCA1 induces trastuzumab
resistance by sponging miR-18a. Shi et al.9 revealed the critical role
of lncRNA ATB in trastuzumab resistance in breast cancer. These
studies suggest that lncRNAs may be important regulators in the for-
mation of trastuzumab resistance. However, the specific functions
and regulation pathways of these lncRNAs remain to be elucidated.

Autophagy is a highly conserved cellular process that is induced by
diverse pathologies and cellular stress conditions, including nutrient
deprivation, endoplasmic reticulum stress, and hypoxia.10 Autophagy
is known to be involved in the resistance of cancer to multiple chemo-
therapeutic drugs, including cisplatin,11 paclitaxel,12 and gemcita-
bine13. Autophagy plays a vital role in regulating cancer chemoresist-
ance, the blocking of which can be used to develop a promising
therapeutic strategy for breast cancer treatment.14 By modulating
key autophagy-related expression of proteins, lncRNAs play essential
roles in regulating autophagy.15 More generally, the contribution of
autophagy mediated by lncRNA in cancer therapy and drug resis-
tance has attracted substantial attention in the field of cancer research.
In their study, Wang et al.16 reported that lncRNA H19 promotes
erican Society of Gene and Cell Therapy.
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Figure 1. lncRNA ZNF649-AS1 Is Upregulated in Trastuzumab-Resistant Breast Cancer Cells

(A and B) Gene expression variations between SKBR-3-TR and SKBR-3 cells were screened by RNA sequencing and presented as a scatterplot (A) and volcano plot (B). NC,

negative control, BC, breast cancer. (C) Heatmap was used to show the 639 lncRNAs with significant differential expression (p < 0.05 and log2[fold change] > 2). (D) The top

20 most upregulated and 20 downregulated lncRNAs and shown in a heatmap. (E) The expression levels of AC010789.1, AL590483.1, Linc02474, FOXD3-AS1, and

ZNF649-AS1were detected via quantitative real-time PCR in 30 paired breast cancer tissues and adjacent non-tumor tissues. (F) Quantitative real-time PCRwas used for the

detection of ZNF649-AS1 in trastuzumab-resistant and parental cells. *p < 0.05, **p < 0.01.
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tamoxifen resistance in breast cancer via autophagy. Therefore, iden-
tifying the regulatory relationship between lncRNAs and autophagy
in trastuzumab resistance may provide new insights into breast can-
cer and the development of therapeutic strategies.

In this study, we performed a comprehensive analysis of the lncRNA
expression profiles from RNA-sequencing data and confirmed the
essential role played by ZNF649-AS1 (19q13.41, ENSG00000268095)
in trastuzumab resistance in breast cancer. This finding provides in-
sights into the function and mechanisms underlying the regulation of
trastuzumab resistance by ZNF649-AS1.

RESULTS
lncRNA ZNF649-AS1 Is Upregulated in Trastuzumab-Resistant

Breast Cancer Cells

To identify the lncRNAs that are closely associated with trastuzumab
resistance, we performed HiSeq sequencing using the established tras-
tuzumab-resistant cells (Figure S1). Scatter and volcano plots were
used to evaluate variations in gene expression between SKBR-3 cells
resistant to trastuzumab treatment (SKBR-3-TR cells) and SKBR-3
cells (Figures 1A and 1B). In total, 639 lncRNAs were identified
with significant differential expression (p < 0.05 and log2[fold change]
> 2) (Figure 1C). To identify the most promising lncRNAs, we
focused our analysis on the top 20 most upregulated and 20 downre-
gulated lncRNAs, as shown in the heatmap in Figure 1D. Starting
from the lncRNAs with the greatest fold changes, we filtered the
appropriate candidate lncRNAs in descending order. Candidates
should be plausible for primer design, and only those with consistent
levels of expression in cells and tissue samples were selected. Finally,
we selected three candidate lncRNAs from the most upregulated
group and two from the most downregulated group (Table S2). We
tested the expression of the selected genes in 30 paired breast cancer
tissues and adjacent non-tumor tissues from HER2+ patients.
ZNF649-AS1 (Chr19: 51888025-51900464) was the most upregulated
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Figure 2. lncRNA ZNF649-AS1 Is Associated with Poor Response to Trastuzumab Treatment

(A) Quantitative real-time PCR showed that ZNF649-AS1 was significantly upregulated in 30 trastuzumab-resistant tissues compared with 30 responding tissues. (B) Serum

ZNF649-AS1 was determined in 45 resistant and 45 responding patients. (C) Statistical analysis showed that the proportion of responding patients in the high-ZNF649-AS1

group was significantly lower in than that in low-ZNF649-AS1 group. (D) ROC curve was established to evaluate the potential of ZNF649-AS1 expression in discriminating

responding and non-responding patients. (E) Kaplan-Meier survival analysis proved that high ZNF649-AS1 expression is associated with poorer overall survival (upper panel)

and progressive-free survival (lower panel).
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lnRNA, with statistical significance (Figure 1E). Moreover, ZNF649-
AS1 was significantly upregulated in SKBR-3-TR cells and BT474
cells resistant to trastuzumab treatment (B7474-TR cells) compared
to their parental cells, respectively (Figure 1F).

lncRNA ZNF649-AS1 Is Associated with Poor Response to

Trastuzumab Treatment

To verify whether ZNF649-AS1 is associated with trastuzumab treat-
ment, we detected its expression in 60 breast cancer tissues from pa-
tients receiving trastuzumab treatment (30 responding and 30 non-re-
sponding patients). As shown in Figure 2A, ZNF649-AS1 is
upregulated in non-responding patients compared to responding pa-
tients. Predictive biomarkers should be blood based, as blood samples
can be easily obtained and allow for the monitoring of cancer progres-
sion. Thus, 90 serum samples from patients receiving trastuzumab
2490 Molecular Therapy Vol. 28 No 11 November 2020
treatment, including 45 responding and 45 non-responding patients,
were used to determine the expression of ZNF649-AS1. ZNF649-AS1
was found to be dramatically upregulated in non-responding patients
compared to responding patients (Figure 2B). Moreover, the receiver
operator characteristic (ROC) curve showed a relatively high diagnostic
value of ZNF649-AS1 expression, with an area under the curve (AUC)
of 0.794, and a diagnostic sensitivity and specificity of 71.1% and 80.0%,
respectively (Figure 2C). By stratifying patients into high or low
ZNF649-AS1 expression groups, using the stratification criteria
(1.95) obtained from the ROC curve, we found that the proportion
of patients responding to trastuzumab therapy was much lower in
the high ZNF649-AS1-expressing group than in low ZNF649-AS1-ex-
pressing group (Figure 2D). More importantly, Kaplan-Meier survival
analysis indicated that high ZNF649-AS1 expression was associated
with poor overall survival and progression-free survival (Figure 2E).



Figure 3. Trastuzumab Increases ZNF649-AS1 Expression by Inducing H3K27

(A) The H3K27ac enriched area at the promoter of ZNF649-AS1 was predicted online at the UCSC Genome Browser (http://genome.ucsc.edu). (B) RIP assay using anti-

H3K27ac antibody showed that H3K27ac was enriched at the promoter region of ZNF649-AS1. Moreover, the enriched level was significantly increased in trastuzumab-

resistant cells in contrast to parental sensitive cells. (C) RIP assay showed that trastuzumab treatment increased the enrichment of H3K27ac at the ZNF649-AS1 promoter in

SKBR-3 and BT474 cells. (D) Quantitative real-time PCR was performed to measure the differential expression of ZNF649-AS1 in trastuzumab-treated cells and controlled

cells. (E) ChIP sequencing (ChIP-seq) was performed in tissues from responding and non-responding patients. (F) The acetyltransferase inhibitor C646 significantly sup-

pressed the binding level of H3K27ac. (G) C646 treatment significantly inhibited the expression of ZNF649-AS1 in SKBR-3 and BT474 cells. *p < 0.05, **p < 0.01.
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Cox regression analysis indicated that levels of ZNF649-AS1 in the
serum and TNM stage served as independent predictive factors for
overall survival (OS) and progression-free survival (PFS) (Table S3).

Trastuzumab Increases ZNF649-AS1 Expression by Inducing

H3K27 Acetylation

Next, we investigated the underlying mechanism of ZNF649-AS1 up-
regulation in trastuzumab-resistant cells. By analyzing the transcrip-
tional modification regions on the UCSC Genome Browser (http://
genome.ucsc.edu/), we found that there was an enriched H3K27ac
binding area upstream of the ZNF649-AS1 promoter region in seven
cell lines (Figure 3A). We then performed a chromatin immunopre-
cipitation (ChIP) assay using anti-H3K27ac antibody and found that
H3K27ac was enriched at the ZNF649-AS1 promoter region. More-
over, the enrichment level of H3K27ac was significantly increased
in SKBR-3-TR and BT474-TR cells compared to their parental cells,
Molecular Therapy Vol. 28 No 11 November 2020 2491
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Figure 4. Silencing lncRNA ZNF649-AS1 Reverses Trastuzumab Resistance of Breast Cancer Cells

(A) ZNF649-AS1 was silenced by two specific small interfering oligonucleotides in SKBR-3-TR and BT474-TR cells. (B) RTCA of cell viability in breast cancer cells silenced

with ZNF649-AS1. (C) TUNEL assay showed that silence of ZNF649-AS1 promoted cell apoptosis compared to control cells. (D) Quantitative real-time PCR verified the

upregulation of ZNF649-AS1 after transfection of ZNF649-AS1-loaded plasmids in SKBR-3 and BT474 cells. (E and F) Overexpression of ZNF649-AS1 increased cell viability

(E) and suppressed apoptosis (F) in cells treated with trastuzumab. **p < 0.01, ***p < 0.001, compared to control groups.

Molecular Therapy
respectively (Figure 3B). To further confirm the effects of trastuzu-
mab treatment, we treated SKBR-3 and BT474 cells with trastuzumab
for 48 h. As shown in Figures 3C and 3D, the levels of H3K27ac
enrichment and ZNF649-AS1 were increased in trastuzumab-treated
cells compared to the control cells. Consistently, H3K27ac enrich-
ment was also increased in breast cancer tissues from trastuzumab-
resistant patients compared to those from chemo-sensitive patients
(Figure 3E). We then treated cells with C646, a well-known acetyl-
transferase inhibitor, and found that H3K27ac enrichment and
ZNF649-AS1 expression were dramatically suppressed (Figures 3F
and 3G). Collectively, our results suggest that trastuzumab treatment
increases the levels of ZNF649-AS1 by inducing H3K27ac enrichment
at the promoter region. However, further study is needed to elucidate
a detailed regulatory mechanism.

Silencing lncRNA ZNF649-AS1 Reverses Trastuzumab

Resistance of Breast Cancer Cells

To identify the role of ZNF649-AS1 in trastuzumab resistance, we
silenced ZNF649-AS1 expression using specific inhibitors. As shown
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in Figure 4A, we observed a significant reduction in the expression of
ZNF649-AS1 in cells transfected with small interfering RNA (siRNA)
against (si-)ZNF649-AS1#1 or si-ZNF649-AS1#2 compared to the
control cells. Real-time cellular analysis (RTCA) revealed that the
knockdown of ZNF649-AS1 significantly suppressed cell viability
upon trastuzumab treatment (Figure 4B). Flow cytometry showed
that the silencing of ZNF649-AS1 did not affect the cell cycle mode
(data not shown), suggesting that ZNF649-AS1 may influence cell
viability independent of its regulation of cell proliferation or the
cell cycle. Thereafter, we assessed its role in apoptosis. The results
of a TUNEL (terminal deoxynucleotidyltransferase-mediated deoxy-
uridine triphosphate nick end labeling) assay showed that cell
apoptosis was increased after ZNF649-AS1 knockdown (Figure 4C),
which was consistent with the flow cytometry results (Figure S1).

Next, we investigated the influence of ZNF649-AS1 overexpression in
trastuzumab resistance in SKBR-3 and BT474 parental cells. As
shown in Figure 4D, ZNF649-AS1 was overexpressed in these cells af-
ter transfection of ZNF649-AS1-sequenced plasmids. By treating



Figure 5. Trastuzumab Treatment Induced Autophagy via lncRNA ZNF649-AS1

(A) GO pathway analysis showed that ZNF649-AS1 is associated with autophagy regulation. (B) Western blot showed that trastuzumab-resistant cells induced increased the

proportion of LC3II/LC3I and decreased p62 expression. (C and D) Trastuzumab-resistant cells expressed increased LC3 puncta (C) and autophagosomes formation (D). (E)

CQ treatment suppressed LC3II/LC3I proportion and increased p62 expression. (F) CCK-8 assay revealed that CQ treatment suppressed cell viability. (G) Western blot

showed that knockdown of ZNF649-AS1 suppressed autophagy activity. (H and I) GFP staining suggested that ZNF649-AS1 positively regulated LC3 puncta (H) and

autophagosomes formation (I). **p < 0.01, ***p < 0.001.
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SKBR-3 and BT474 cells with trastuzumab (3 mg/mL for 48 h), we
found an enhanced ZNF649-AS1-induced resistance to trastuzumab
compared to the control (Figure 4E). Furthermore, ZNF649-AS1 was
found to suppress the apoptosis of SKBR-3 and BT474 cells
(Figure 4F).

lncRNA ZNF649-AS1 Is Essential for Trastuzumab-Induced

Autophagy

Using Gene Ontology (GO) analysis, we hypothesized that autophagy
may be involved in the function of ZNF649-AS1 (Figure 5A). To vali-
date the hypothesis, we measured the levels of LC3 and p62, which are
widely used as autophagy markers.17,18 Remarkably, trastuzumab-
resistant cells showed higher LC3-II and lower p62 protein levels
than did the corresponding parental cells, suggesting that autophagic
flux was induced when chemoresistance occurred (Figure 5B).
Consistently, trastuzumab-resistant cells showed an increased forma-
tion of LC3 puncta (Figure 5C) and autophagosomes (Figure 5D). To
verify whether autophagy is essential for trastuzumab resistance, we
treated trastuzumab-resistant cells with chloroquine (CQ), a well-
known autophagy inhibitor.19 Our results showed that CQ treatment
suppressed autophagy and reversed the chemoresistance status (Fig-
ures 5E and 5F).

Next, we investigated the role of ZNF649-AS1 in autophagic activity.
The knockdown of ZNF649-AS1 resulted in reduced levels of LC3-II
and enhanced levels of p62 in SKBR-3-TR. In contrast, in SKBR-3
Molecular Therapy Vol. 28 No 11 November 2020 2493

http://www.moleculartherapy.org


Molecular Therapy
cells with ZNF649-AS1 overexpression, the level of LC3-II was
increased, while the level of p62 was decreased (Figure 5G). Silencing
of ZNF649-AS1 in SKBR-3-TR cells reduced the numbers of LC3
puncta and blocked the formation of autophagosomes, whereas the
overexpression of ZNF649-AS1 led to an increase in the number of
LC3 puncta and autophagosomes in SKBR-3 cells (Figures 5H and
5I). Taken together, our results indicate that trastuzumab resistance
induces enhanced autophagy activity, and that the inhibition of
ZNF649-AS1 could reverse autophagy, thereby inducing
chemosensitivity.

ZNF649-AS1 Induces Trastuzumab Resistance and Autophagy

by Upregulating ATG5

To find the genes responsible for ZNF649-AS1-induced autophagy
and trastuzumab resistance, we analyzed the co-expression network
of ZNF649-AS1 and target mRNAs (Figure 6A). Interestingly, we
identified an autophagy-related mRNA, autophagy related 5
(ATG5), that was targeted by ZNF649-AS1. ATG5 was upregulated
in SKBR-3-TR and BT474-TR cells compared to parental cells at
both the transcript and protein levels (Figure 6B). In addition,
ATG5 was upregulated in the tissues of patients showing resistance
to trastuzumab compared to patients responding to therapy (Fig-
ure 6C). According to the data obtained from the Pan-Cancer Atlas,
ZNF649-AS1 was slightly positively associated with ATG5 expression
(Figure 6D). This correlation was further confirmed in 60 tissues from
HER2+ patients receiving trastuzumab treatment (Figure 6E). Next,
we sought to determine whether ATG5 is essential for ZNF649-
AS1-regulated trastuzumab resistance. By performing a series of
gain- or loss-of-function experiments, we found that the inhibition
of ATG5 attenuated chemoresistance of trastuzumab-resistant cells
(Figure 6F), while increasing ATG5 promoted trastuzumab resistance
in parental cells (Figure 6G). Moreover, the suppression of ATG5
abolished the trastuzumab resistance induced by ZNF649-AS1 in sen-
sitive cells (Figure 6H), whereas enhanced ATG5 abrogated the
ZNF649-AS1 knockdown-induced chemosensitivity of resistant cells
(Figure 6I).

ZNF649-AS1 Activates the Transcription of ATG5 by Recruiting

PTBP1

We used cellular fractionation polymerase chain reaction (PCR) to
find that ZNF649-AS1 was mainly distributed in the cytoplasm of
breast cancer cells (Figure 7A). RNA fluorescence in situ hybridiza-
tion (RNA-FISH) confirmed this conclusion (Figure 7B), suggesting
that ZNF649-AS1 regulates downstream pathways at the post-tran-
scriptional level. Based on an online minimum free energy (MFE)
evaluation (http://rna.tbi.univie.ac.at/), we predicted that the
ZNF649-AS1 transcript at the 981–1190 nt loci formed stem-loop
structures (Figure 7C), which is essential for the association with tar-
geted RNA-binding proteins. To verify the proteins associated with
ZNF649-AS1, RNA pull-down followed by mass spectrometry was
performed. As a result, several potential ZNF649-AS1-interacting
proteins were identified (Table S4), among which we found polypyr-
imidine tract binding protein 1 (PTBP1), which may participate in
localization, translation initiation, and mRNA stability. By designing
2494 Molecular Therapy Vol. 28 No 11 November 2020
a ZNF649-AS1 probe and performing an RNA pull-down assay, we
found that PTBP1 protein was enriched by ZNF649-AS1 (Figure 7D).
Moreover, an RNA immunoprecipitation (RIP) assay verified that
ZNF649-AS1 was precipitated by PTBP1 antibody (Figure 7E). These
findings suggest that ZNF649-AS1 is associated with PTBP1 protein
to play critical bio-functions.

We sought to prove that ZNF649-AS1 increases ATG5 mRNA stabil-
ity by binding with PTBP1. Figure 7F shows that the silencing of
PTBP1 downregulated the ATG5 mRNA levels. Moreover, the
silencing of PTBP1 abrogated the ZNF649-AS1-induced increase of
ATG5 mRNA (Figure 7G). To determine the role of PTBP1, we per-
formed a RIP assay. The overexpression of ZNF649-AS1 increased
endogenous PTBP1 binding to ATG5 in SKBR-3 cells, while the
knockdown of ZNF649-AS1 exerted the opposite effect in SKBR-3-
TR cells (Figure 7H). In addition, we treated trastuzumab-resistant
cells with actinomycin D (ActD), which is widely used for the exper-
imental blockage of the transcriptional process, and found that
silencing ZNF649-AS1 or PTBP1 caused an increased degradation
of ATG5 mRNA (Figure 7I). In addition, the overexpression of
ZNF649-AS1 increased its half-life, while the knockdown of PTBP1
reduced the half-life back to normal levels (Figure 7J). As such, our
results proved that ZNF649-AS1-bound PTBP1 increased the expres-
sion levels of ATG5 by enhancing the stability of mRNA.

Knockdown of ZNF649-AS1 Reverses Trastuzumab Resistance

and Autophagy In Vivo

Based on our in vitro observations, we sought to validate our data by
establishing xenografts in BALB/c nude mice models. We generated
xenografts by subcutaneously injecting SKBR-3-TR cells stably in-
fected with short hairpin RNA (shRNA) targeting (sh-)ZNF649-
AS1 or sh-negative control (NC), followed by intraperitoneal treat-
ment with trastuzumab (described in Materials and Methods). By
stripping the tumors from the nude mice, we established xenografts
for the different groups after 20 days of treatment (Figure 8A). The
tumors that formed in the sh-ZNF649-AS1 group were found to be
substantially smaller than those in the sh-NC group (Figure 8B). By
conducting an immunohistochemistry (IHC) assay, we found that
the tumors formed from sh-ZNF649-AS1-infected cells exhibited
decreased expression levels of ATG5 compared to tumors formed
from the control cells (Figure 8C). Moreover, lower levels of LC3
puncta (Figure 8D) and autophagosome (Figure 8E) formation
were observed in the mice from the sh-ZNF649-AS1 group.

DISCUSSION
It has now become widely accepted that mammalian genomes encode
numerous lncRNAs.20 The dysregulation of some of these lncRNAs
has been found in various types of cancers at various stages, including
cancer initiation, progression, and chemoresistance, in breast can-
cer.21 However, the functions and mechanisms of these lncRNAs in
resistance to treatment, such as trastuzumab resistance, are not yet
fully understood. Based on our lncRNA sequencing data, we identi-
fied an antisense lncRNA, ZNF649-AS1, which was highly expressed
in trastuzumab-resistant cells compared to the corresponding
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Figure 6. ATG5 Is Essential for ZNF649-AS1-Induced Trastuzumab Resistance and Autophagy

(A) The co-expression network of ZNF649-AS1 and target mRNAswas analyzed by using the RNA sequencing data. (B) ATG5was upregulated in trastuzumab-resistant cells

in both transcript and protein levels. (C) ATG5 mRNA expression was increased in 30 non-responding tissues and 30 responding tissues. (D) ZNF649-AS1 was slightly

positively associated with ATG5 expression according to The Cancer Genome Atlas (TCGA) database. (E) The positive correlation was further validated in 60 tissue samples.

(F and G) Inhibition of ATG5 attenuated chemoresistance of trastuzumab-resistant cells (F) while it increased ATG5-promoted trastuzumab resistance in parental cells (G). (H

and I) Suppression of ATG5 abolished the trastuzumab resistance induced by ZNF649-AS1 in sensitive cells (H), whereas enhanced ATG5 abrogated the ZNF649-AS1

knockdown-induced chemosensitivity of resistant cells (I). *p < 0.05.
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Figure 7. ZNF649-AS1 Activates the Transcription of ATG5 via Recruiting PTBP1

(A) Cellular fractionation PCR showed that ZNF649-AS1 was mainly distributed in the cytoplasm section. (B) RNA fluorescence in situ hybridization (RNA-FISH) verified that

ZNF649-AS1 was mainly distributed in cytoplasm of SKBR-3-TR and BT474-TR cells. (C) Prediction of 981–1190 nt ZNF649-AS1 structure was based on minimum free

energy (MFE) and partition function (http://rna.tbi.univie.ac.at/). (D) RNA pull-down assay showed that PTBP1 protein was directly enriched by ZNF649-AS1 probe in breast

cancer cells. (E) RIP was performed using anti-PTBP1 and control IgG antibodies, followed by quantitative real-time PCR to examine the enrichment of ZNF649-AS1 and U6.

U6 served as a negative control. (F) ATG5 mRNA was silenced by knockdown of PTBP1. (G) Quantitative real-time PCR showed that ZNF649-AS1 upregulated ATG5

(legend continued on next page)
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Figure 8. Knockdown of ZNF649-AS1 Reverses

Trastuzumab Resistance and Autophagy In Vivo

(A) Representative images of the xenograft after intraperi-

toneal injection with once every two days 3 mg/kg trastu-

zumab treatment for 3 weeks in sh-NC or sh-ZNF649-AS1

cell groups. (B) Tumor sizes were calculated every 2 days.

(C) Immunohistochemistry analysis revealed that the tumors

developed from sh-ZNF649-AS1 cells displayed lower

ATG5 staining than did the sh-NC group. (D) GFP staining

showed that LC3 puncta was suppressed in ZNF649-AS1-

silenced xenograft tissues compared to controlled tissues.

(E) The formed autophagosomes were significantly

decreased in tumors developed from ZNF649-AS1-

silenced cells compared to controlled tissues. **p < 0.01.
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parental cells. Gain- and loss-of-function assays showed that the
knockdown of ZNF649-AS1 reverses trastuzumab resistance. Exper-
imental analysis revealed that the silencing of ZNF649-AS1 sup-
pressed autophagy, thereby reversing trastuzumab resistance of breast
cancer. ATG5 was verified as a functional target of ZNF649-AS1 dur-
ing autophagy and chemoresistance. Mechanistically, ZNF649-AS1
enhanced the translation of ATG5 mRNA by binding with PTBP1,
thereby inducing autophagy and trastuzumab resistance (Figure 9).

More effective therapies using trastuzumab emtansine are now avail-
able.22 Unfortunately, resistance to trastuzumab and other therapies
that target the HER2 pathway is still found in cancer patients, who
cannot benefit from a trastuzumab-based drug regimen. In addition,
the identification of patients who could benefit from HER2-directed
therapies is greatly hindered by a lack of biomarkers for predicting
the therapeutic response of patients.23 This is despite the extensive
retrospective analysis of phase III clinical trial data for the potential
roles of related receptor tyrosine kinases (RTKs) (epidermal
growth factor receptor [EGFR], HER3, and insulin growth factor 1 re-
ceptor [IGF-1R]), ligands (EGF and transforming growth factor a

[TGF-a]), or phosphatidylinositol 3-kinase (PI3K) pathway alterations.
expression; however, this upregulation was significantly reversed by co-transfection of si-PTBP1. (H) The end

overexpression of ZNF649-AS1 in SKBR-3 cells, while it was decreased by knockdown of ZNF649-AS1 in SK

silenced or overexpressed with ZNF649-AS1 were cultured with 2 mg/mL actinomycin D (ActD) for 1–3 h, then

***p < 0.001.
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The expression of HER2 itself is currently the only
biomarker available to guide treatment decisions
within the HER2+ patient cohort.24 As a result,
there are currently numerous studies focusing on
identifying potential pathways and predictive bio-
markers for these patients.25,26

Functionally, the dysregulation of lncRNAs is
closely associated with aberrant biological behav-
iors of human cancers.27 Also, note that some
lncRNAs oriented in the antisense direction
with respect to a protein coding loci in the oppo-
site strand usually act as regulators in many pathological processes.28

Previous studies have shown that natural antisense transcripts play
critical roles in various physiological and pathological processes by
regulating gene promoter activation and transcription.29 The cDNA
of ZNF649 is 3,176 bp and encodes a protein of 505 aa in the nuclei.
It has been reported that ZNF649 is expressed in most of the exam-
ined human adult and embryonic tissues.30 ZNF649 is a transcription
suppressor when fused to GAL-4 DNA-binding domain and co-
transfected with VP-16. In this study, we identified its antisense tran-
script, ZNF649-AS1, as an upregulated lncRNA during trastuzumab
resistance. By analyzing the transcriptional modification region using
the UCSC Genome Browser (http://genome.ucsc.edu/), we found an
enriched H3K27ac binding area upstream of the ZNF649-AS1 pro-
moter region. Moreover, we found that ZNF649-AS1 was transcrip-
tionally activated via trastuzumab treatment-induced acetylation.
Although the role of ZNF649-AS1 in cancer has not yet been eluci-
dated, our findings confirm that its function in trastuzumab resis-
tance is meaningful.

Autophagy is known to be involved in the maintenance of tumor cell
survival under a variety of adverse conditions, including nutrient
ogenous PTBP1 binding to ATG5 mRNA was increased by

BR-3-TR cells. (I and J) SKBR-3-TR (I) and SKBR-3 (J) cells

subjected to qPCR analysis of ATG5. *p < 0.05, **p < 0.01,
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Figure 9. A Scheme of the Proposed Mechanisms

Trastuzumab treatment increases the H3K27ac enrichment at the ZNF649-AS1

promoter region, inducing upregulation of ZNF649-AS1, which thereby increases

ATG5 expression by guiding PTBP1 to activate its transcription. Then, increased

ATG5 protein induced autophagy and trastuzumab resistance.
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deficiency, chemotherapy, and radiation treatment.31 Accumulating
evidence suggests that the regulation of autophagic activity could
enhance the action of many antitumor agents, including oxaliplatin,
cisplatin, doxorubicin, and 5-fluorouracil (5-FU). Thus, autophagy
has been proposed as a potential drug target to reverse drug resis-
tance. Previous reports have shown that a series of lncRNAs regulate
drug resistance by modulating autophagy.32,33 Notably, we found
that trastuzumab-resistant cells showed increased levels of autopha-
gic activity compared to their corresponding parental cells, and
further confirmed ZNF649-AS1 as a vital autophagy-regulating
lncRNA by inducing autophagy to enhance trastuzumab resistance.
The molecular mechanism of autophagy involves several conserved
autophagy-related genes (ATGs), which have multiple functions in
various physiological contexts. Among these genes, ATG5 protein
conjugated with ATG12 and ATG8 (LC3) has been previously found
to be involved in the early stages of autophagosome formation.34

ATG5 is important for development, cell differentiation, and ho-
meostasis maintenance, including early neonatal starvation.35 In
our study, we demonstrated that ZNF649-AS1 regulates the expres-
sion of ATG5 at the post-transcriptional level, indicating the great
value of the ZNF49-AS1-ATG5 regulatory pathway in autophagy
and trastuzumab resistance.

To determine the underlying mechanism by which ZNF649-AS1 reg-
ulates the ATG5 protein levels, we screened ZNF649-AS1-interacting
proteins and identified PTBP1. PTB was discovered as a splicing regu-
lator, perhaps because of its large number of targets and its efficient
crosslinking to RNA with short-wave UV light.36 The PTB locus on
human chromosome 19 (PTBP1 gene) produces several spliced iso-
forms. In the present study, we found that PTBP1 was associated
with ZNF649-AS1 and may act as an adaptor protein that cooperates
with PTBP1 to bind to the ATG5 gene. By performing a RIP assay, we
2498 Molecular Therapy Vol. 28 No 11 November 2020
revealed that PTBP1 interacts directly with ATG5 mRNA, and that
ZNF649-AS1 increased this association level. Moreover, ZNF649-
AS1 showed no effect on the ATG5 protein stability, which further
supported our hypothesis.

Recent studies have revealed the therapeutic potential of lncRNAs for
use in cancer treatment, designing specific silencing molecular or
overexpression vectors to knock down or upregulate specific onco-
genic lncRNAs.37 Additionally, silencing nucleic acids against specific
molecular targets may serve as new-generation therapeutic drugs to
overcome an existing resistance.38 Therefore, the inhibition of trastu-
zumab resistance via the precise control of key genes represents a po-
tential therapeutic method.

We would point out several limitations of this study. First, HiSeq
sequencing analysis was only performed for SKBR-3-TR/SKBR-3
cells. In future, it may be more powerful if BT474-TR/BT474 cells
are included in the sequencing analysis. However, we confirmed the
upregulation of ZNF649-AS1 in both cell lines during the validation
phase. Second, although we preliminarily proved the role of ZNF649-
AS1/PTBP1/ATG5 in autophagy and trastuzumab resistance, the pre-
cise regulatory model and interactions with other cellular factors in
the tumor microenvironment will require further study to be fully
elucidated.

In conclusion, we found that ZNF649-AS1 plays a crucial role in tras-
tuzumab resistance in breast cancer by inducing the direct suppres-
sion of ATG5 expression, which results in the inhibition of auto-
phagy. Our results provide insight into ncRNA-regulated
therapeutic effects in cancer therapy and a basis for the development
of more efficient strategies to reverse trastuzumab resistance in pa-
tients with breast cancer.

MATERIALS AND METHODS
Patient Samples

Tissue samples from 90 HER2+ patients who had previously received
trastuzumab treatment were enrolled in this study. Another indepen-
dent cohort of serum samples obtained from nine HER2+ patients was
included to investigate the predictive role of serum ZNF649-AS1.
Cancerous tissues were collected from January 2012 to August 2014
and snap-frozen in liquid nitrogen at ‒80�C. Patients who had previ-
ously received radiotherapy and chemotherapy before surgical treat-
ment were excluded. For the remaining patients, their general clinical
information and detailed pathological records were collected. Written
informed consent was obtained from all patients. Our study protocol
was approved by the Research Scientific Ethics Committee of The
First Affiliated Hospital of Zhengzhou University and Hainan Gen-
eral Hospital. All participants signed informed consent prior to using
the tissues and serum samples for scientific research. The overall sur-
vival rates of the enrolled patients were followed up over a median
period of 65 months. OS was calculated from the date of surgery to
the date of mortality or the final follow-up. PFS was calculated
from the date of surgery to the date of first recurrence or the final
follow-up.
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Cell Culture and Treatment

Human HER2+ breast cancer cell lines SKBR-3 and BT474 were pur-
chased from American Type Culture Collection (Manassas, VA,
USA) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (HyClone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Life Technologies, Grand Is-
land, NY, USA) in humidified air at 37�C with 5% CO2. The cell lines
were authenticated by short tandem repeat (STR) profiling. Trastuzu-
mab (Herceptin) was purchased from Roche (Basel, Switzerland) and
used by dissolving in phosphate-buffered saline (PBS). SKBR-3-TR
and BT474-TR cells were obtained by establishing xenografts fol-
lowed by four courses of trastuzumab treatment, as previously
described.39

Vector Construction and Cell Transfection

si-PTBP1 and si-ZNF649-AS1#1 and si-ZNF649-AS1#2 were synthe-
sized and purchased from GenePharma (Shanghai, China). Negative
control siRNA was purchased from Invitrogen (catalog no. 12935-
110; Carlsbad, CA, USA). ZNF549-AS1 cDNA or negative control
cDNA was enlarged and cloned into a pcDNA3.1 expression vector,
denoted as p-ZNF649-AS1 and p-NC. sh-ZNF649-AS1 or sh-NC
was synthesized and packaged into lentivirus by GeneChem
(Shanghai, China). The transfection of sh-ZNF649-AS1 or sh-NC
into human HEK293T cells with lentiviral packaging vectors was per-
formed to yield high-titer lentiviruses, also manufactured and verified
by GeneChem. Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
was used for in vitro transfection with a final concentration of 100 nM
according to the manufacturer’s instructions. For stable infections,
SKBR-3-TR and BT474-TR cells were transduced with sh-ZNF649-
AS1 or sh-NC lentiviruses in the presence of Polybrene (10 mg/mL)
(MilliporeSigma, Shanghai, China) at a multiplicity of infection
(MOI) of 30 for 72 h. A selection procedure was then carried out
for 5–7 days using blasticidin (15 mg/mL) (MilliporeSigma, Shanghai,
China). Thereafter, clear-edge healthy multicell colonies were
collected, re-plated in six-well plates containing fresh culture medium
without blasticidin, and allowed to proliferate for three to five pas-
sages. The sequences of the oligonucleotides are provided in Table S1.

Quantitative Real-Time PCR Analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and treated with DNase I (Thermo Fisher Scientific, Wal-
tham, MA, USA), followed by conversion into cDNA using random
primers and RevertAid Moloney murine leukemia virus (M-MuLV)
reverse transcriptase (Thermo Fisher Scientific). The cDNA templates
were amplified by real-time PCR using the SYBR Green PCR kit (Ta-
KaRa, Tokyo, Japan). Quantitative real-time PCR was conducted on
an Applied Biosystems 7500 sequence detection system (Applied Bio-
systems, Thermo Fisher Scientific) using the following thermal
cycling conditions: 95�C for 30 s, followed by 45 cycles of 95�C for
5 s and 60�C for 30 s. The final extension was 72�C for 5 min. Details
on the specific primers used are provided in Table S1. The experi-
ments were repeated three times and the relative expression of
RNA was calculated using the 2�DDCt method.40
Expression Profile Analysis of lncRNAs

SKBR-3-TR and SKBR-3 cells were used to screen the differentially
expressed lncRNAs. Five samples were enrolled for both groups.
The extraction of total RNA, sequencing platform, data analysis,
and the construction of the cDNA library were performed as previ-
ously described.39 For sequencing, the raw reads were preprocessed
by filtering out rRNA reads, sequencing adapters, short-fragment
reads, and other low-quality reads. TopHat v2.0.9 was used to map
the cleaned reads to the human GRCh38 reference genome with
two mismatches. For known gene models, Cufflinks v2.1.1 was run
with a reference annotation to generate fragments per kilobase of
transcript per million mapped reads (FPKM) values after genome
mapping. Cuffdiff was used to evaluate differentially expressed genes.
The differentially expressed genes were selected using the following
filter criteria: p % 0.05 and fold change R 2.

Cell Viability Analysis by RTCA and CCK-8 Assays

The cell proliferation ability was evaluated by RTCA on xCELLigence
(ACEA Biosciences, CA, USA), according to the manufacturer’s in-
structions. Each well of E-plates was filled with 50 mL of culture me-
dia, and background impedance measurement was performed for
10 min. Cell suspensions at a cell density of 1 � 104 cells/well were
then seeded onto the E-plate and incubated for 30 min at room tem-
perature to allow for an initial cell adhesion at the bottom of each well,
followed by incubation at 37�C. RTCA software was used for the anal-
ysis of the cell index values.

Cell viability was assessed using Cell Counting Kit-8 (CCK-8) (Do-
jindo, Kumamoto, Japan), according to the manufacturer’s instruc-
tions. A total of 5,000 cells with corresponding treatment were seeded
onto 96-well culture plates. At a specific time point, CCK-8 reagent
was added to the wells and incubated for 2 h at 37�C. Lastly, absor-
bance was measured at 450 nm using an Infinite M200 spectropho-
tometer (Tecan, Switzerland).

Cell Cycle and Apoptosis Analysis by Flow Cytometry

Cells were fixed in absolute ethyl alcohol at ‒20�C overnight, washed
twice with PBS, and resuspended in propidium iodide (PI) staining
solution containing 0.1 mg/mL RNase A, 50 mg/mL PI, and 0.2%
Triton X-100. Cell cycle distribution was analyzed using bivariate
flow cytometry on a LSRFortessa flow cytometry platform.

To evaluate the cell apoptosis, 2� 105 cells were harvested and resus-
pended in 500 mL of annexin V binding buffer, and then incubated
with 5 mL of annexin V for 10 min and 5 mL of 7-aminoactinomycin
D (7-AAD) for 15 min by flow cytometry, according to the manufac-
turer’s instructions.

RIP and ChIP

RIP was implemented using a Magna RIP RNA-binding protein
immunoprecipitation (IP) kit (Millipore, Cambridge, MA, USA), ac-
cording to the manufacturer’s instructions. After harvesting the cells
in IP lysis buffer and mechanical shearing using a homogenizer, an-
tibodies against PTBP1 (catalog no. ab61193; Abcam, Cambridge,
Molecular Therapy Vol. 28 No 11 November 2020 2499
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MA, USA) and immunoglobulin G (IgG) (catalog no. 12-371; EMD
Millipore) were added and cultured with the cell extract overnight un-
der 4�C. Streptavidin-coated magnetic beads were then added and
incubated for 2 h. The isolated and purified RNAs in which
ZNF649-AS1 may be enriched were then analyzed using quantitative
real-time PCR.

A ChIP assay was carried out using a Simple ChIP enzymatic ChIP kit
(Cell Signaling Technology, CA, USA). The cross-linked cell lines
were cultured in 4% formaldehyde for 30 min at room temperature,
followed by lysis in radioimmunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific, Waltham, MA, USA). The lysates were ul-
trasonicated to obtain DNA fragments that were 200 to 1,000 bp in
length. IP was conducted by incubating with specific antibodies
against H3K27ac antibody (catalog no. ab4729; Abcam) or the nega-
tive control IgG antibody (catalog no. 12-371; EMD Millipore) over-
night at 4�C. After rinsing and elution, the de-cross-linked chromatin
samples were retrieved and quantitated using quantitative real-time
PCR, with IgG antibody as the negative control. All experimental pro-
cedures were performed at least in triplicate.

RNA Pull-Down and Mass Spectrometry

ZNF649-AS1 was transcribed using T7 RNA polymerase in vitro
(Ambion Life), followed by purification with an RNeasy Plus mini
kit (QIAGEN) and treatment with DNase I (QIAGEN). The cell ly-
sates were freshly prepared using a ProteaPrep zwitterionic cell lysis
kit, mass spec grade (Protea), using lysis buffer supplemented with
anti-RNase, protease/phosphatase inhibitor cocktail, panobinostat,
and methylstat. The beads were washed briefly three times and
boiled in SDS buffer. The retrieved protein was separated using elec-
trophoresis, then silver stained and analyzed by mass spectrometry
(ekspert nanoLC; AB Sciex TripleTOF 5600+). Data were analyzed
using ProteinPilot software (https://pdf.medicalexpo.com/pdf/
sciex/proteinpilot-software/79612-124319.html). The retrieved pro-
tein PTBP1 was validated using a western blot.

Nucleocytoplasmic Separation

Nuclear and cytosolic fractions were separated using the PARIS kit
(Am1921; Thermo Fisher Scientific, USA), according to the manufac-
turer’s instructions. The expression levels of GAPDH, U1, and
ZNF649-AS1 in the cytoplasm or nucleus of breast cancer cells
were then detected using quantitative real-time PCR.

RNA-FISH

GFP-labeled ZNF649-AS1 probes were obtained from RiboBio. Hy-
bridizations were carried out using a FISH kit (RiboBio), according
to the manufacturer’s instructions. Briefly, 4% paraformaldehyde
was used to fix SKBR-3-TR and BT474-TR cells, followed by treat-
ment with 0.5% Triton X-100. The cells were then cultured with spe-
cific probes overnight. All of the fluorescence images were captured
using a Nikon A1Si laser scanning confocal microscope (Nikon In-
struments, Japan). The sequence used for the ZNF649-AS1 probe
was as follows: 50-ATTCCTTTATTTTATGGGATGTTCTGTAGG-
GAGTT-30.
2500 Molecular Therapy Vol. 28 No 11 November 2020
Autophagy Detection

A total of 2 � 104 cells per well were seeded into six-well plates and
cultured in complete medium. Autophagy was detected using
monomeric red fluorescent protein (mRFP)-GFP-LC3 adenoviral
vectors purchased from HanBio Technology (HanBio, Shanghai,
China), and observed using a confocal microscope (Zeiss LSM
710; Zeiss, Oberkochen, Germany) using a�63 lens. The acquisition
setting was set between samples and experiments as follows: XY res-
olution, 1,024� 1,024 pixels; pinhole adjusted to 1.1 mm of Z-thick-
ness; increments between stack images were 1 mm; laser power and
gain were set for each antibody. Autophagic flux was determined by
calculating the number of GFP and mRFP dots (dots/cell were
counted).

IHC Analysis and Scoring Methods

Paraffin-embedded sections of tumor tissues from nude mice were
placed in an incubator maintained at 60�C for 2 h, followed by im-
mersion in xylene. Different concentrations of ethanol (including
70%, 85%, 95%, and 100%) and deionized water were used to hydrate
the samples. The samples were then immersed in citrate buffer solu-
tion (0.01 mol/L [pH 6.0]) and heated at a temperature between 95�C
and 100�C for 30 min. After washing with PBS, the samples were
incubated with 0.5% Triton X-100 for 30 min. This fraction was
then stained using the biotin-streptavidin horseradish peroxidase
(HRP) detection system (ZSGB, China), followed by incubation
with primary antibody targeting ATG5 (1:200) (ab108327; Abcam)
overnight at 4�C. The presence of brown chromogen was taken to
be indicative of positive immunoreactivity.

The immunostaining intensity of each sample was graded as follows:
negative, 0; weak, 1; moderate, 2; or strong, 3. The proportion of posi-
tively stained cells was assessed as a percentage. The score was then
calculated as the intensity score multiplied by the percentage of cells
stained: score = intensity�% of positive cells. Images were visualized
using a Nikon Eclipse Ti (Fukasawa, Japan) microscope and pro-
cessed using Nikon software.

In Vivo Nude Mouse Model

Tumor xenografts were established using female BALB/c nude mice
(4–6 weeks old) purchased from the Model Animal Research Center
of Nanjing University (Nanjing, China). Equal numbers of SKBR-3-
TR and SKBR-3 cells (3 � 106) were subcutaneously injected into
each mouse to establish the breast cancer xenograft model. After
1 week, the mice received an intraperitoneal injection of trastuzumab
(3 mg/kg) once every 2 days for 20 days. On day 28, the animals were
euthanized and their tumors were removed. The diameters of the tu-
mors were recorded once every 2 days starting from day 12 using a
caliper. Tumor volume was calculated as follows: (length � width)2

� 0.5. The mice were sacrificed after 30 days, and the weight of
neoplasm was measured immediately after resection. Tissues were
fixed to obtain pathological slides fixed with 4% paraformaldehyde,
followed by IHC staining for ATG5. Animal experiments were
approved by the Institutional Review Board of The First Affiliated
Hospital of Zhengzhou University (Henan, China).

https://pdf.medicalexpo.com/pdf/sciex/proteinpilot-software/79612-124319.html
https://pdf.medicalexpo.com/pdf/sciex/proteinpilot-software/79612-124319.html
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Bioinformatics Analysis

The putative modification at the promoter of the ZNF649-AS1 gene
was predicted using the UCSC Genome Browser (http://genome.
ucsc.edu). Based on MFE and partition function, the stem-loop struc-
ture of ZNF649-AS1 was established using the ViennaRNAWeb Ser-
vices (http://rna.tbi.univie.ac.at/).

Western Blotting Assay

The cells from all of the groups were collected, washed with 3 mL of
pre-cooled PBS, placed on ice, and boiled in SDS-sample buffer. The
proteins samples were resolved by electrophoresis using 10% SDS-
PAGE, then transferred onto polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked for 1 h in 5% skim milk at room
temperature, followed by incubation with primary rabbit antibodies
against PTBP1 (1:1,000) (ab133734; Abcam), ATG5 (1:1,000)
(ab228668; Abcam), mouse antibodies against P62 (1:1,000)
(ab56416; Abcam), LC3B (1:1,000) (ab48394; Abcam), and GAPDH
(1:5,000) (ab8245; Abcam) at 4�C overnight. Membranes were then
incubated with the corresponding secondary antibody at 37�C for 1
h. Lastly, the PVDF membranes were developed using ECL chemilu-
minescent reagent, and protein bands were visualized using a Bio-Rad
Gel Doc XR+ system (Bio-Rad, Hercules, CA, USA).

Statistical Analysis

All experiments were performed in triplicate. Data are presented as
the mean ± standard deviation (SD). Comparison between two
groups was performed using a Student’s t test. One-way analysis of
variance (ANOVA) was used to compare multiple groups (more
than two). A Fisher’s exact test was used to evaluate the differences
in proportions between different groups. Statistical analyses were per-
formed using GraphPad Prism (v5.01) (GraphPad, San Diego, CA,
USA). p < 0.05 was considered as statistically significant. The datasets
used and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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