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The long non-coding RNA keratin-7 antisense acts as a new
tumor suppressor to inhibit tumorigenesis and enhance
apoptosis in lung and breast cancers
Zhe Zhao1,2,14, Mei Meng1,14, Jun Yao3, Hao Zhou4, Yu Chen1, Juntao Liu1, Jie Wang4, Yuxi Liu1, Yingnan Qiao1, Mengli Zhang1,
Jindan Qi5, Tong Zhang1, Zhou Zhou1, Tao Jiang6, Bingxue Shang7,8,9 and Quansheng Zhou 1,8,10,11,12,13✉

© The Author(s) 2023

Expression of the long non-coding RNA (lncRNA) keratin-7 antisense (KRT7-AS) is downregulated in various types of cancer;
however, the impact of KRT7-AS deficiency on tumorigenesis and apoptosis is enigmatic. We aim to explore the influence of KRT7-
AS in carcinogenesis and apoptosis. We found that KRT7-AS was deficient in breast and lung cancers, and low levels of KRT7-AS
were a poor prognostic factor in breast cancer. Cellular studies showed that silencing of KRT7-AS in lung cancer cells increased
oncogenic Keratin-7 levels and enhanced tumorigenesis, but diminished cancer apoptosis of the cancer cells; by contrast,
overexpression of KRT7-AS inhibited lung cancer cell tumorigenesis. Additionally, KRT7-AS sensitized cancer cells to the anti-cancer
drug cisplatin, consequently enhancing cancer cell apoptosis. In vivo, KRT7-AS overexpression significantly suppressed tumor
growth in xenograft mice, while silencing of KRT7-AS promoted tumor growth. Mechanistically, KRT7-AS reduced the levels of
oncogenic Keratin-7 and significantly elevated amounts of the key tumor suppressor PTEN in cancer cells through directly binding
to PTEN protein via its core nucleic acid motif GGCAAUGGCGG. This inhibited the ubiquitination-proteasomal degradation of PTEN
protein, therefore elevating PTEN levels in cancer cells. We also found that KRT7-AS gene transcription was driven by the
transcription factor RXRα; intriguingly, the small molecule berberine enhanced KRT7-AS expression, reduced tumorigenesis, and
promoted apoptosis of cancer cells. Collectively, KRT7-AS functions as a new tumor suppressor and an apoptosis enhancer in lung
and breast cancers, and we unraveled that the RXRα-KRT7-AS-PTEN signaling axis controls carcinogenesis and apoptosis. Our
findings highlight a tumor suppressive role of endogenous KRT7-AS in cancers and an important effect the RXRα-KRT7-AS-PTEN axis
on control of cancer cell tumorigenesis and apoptosis, and offer a new platform for developing novel therapeutics against cancers.
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INTRODUCTION
Numerous long non-coding RNAs (lncRNAs) have been shown to
be involved in tumorigenesis [1–3] and apoptosis in cancer cells
[4–10]. Several important tumor-suppressive and pro-apoptotic
genes, such as p53 and PTEN, are mutated and/or down-
regulated in various types of cancer [11, 12]; on the other hand,
numerous pro-apoptotic genes are deficient in cancers
[8, 9, 13–16], resulting apoptosis resistance and uncontrolled
tumor growth. It is of great interest to identify new endogenous
tumor-suppressive and pro-apoptotic lncRNAs that control
tumorigenesis and apoptosis.

Keratin-7 antisense (KRT7-AS) is a lncRNA that consists of 1698
nucleic acids and appears to have divergent roles in various types
of cancer. KRT7-AS was reported to enhance tumorigenesis in
gastric [17] and colorectal [18] cancers by stabilizing Keratin-7
(KRT7) mRNA; however, stabilization of KRT7 and KRT7-AS duplex
was reported to promote lung metastasis in breast cancer [19].
Accumulated evidence shows that KRT7 is aberrantly over-
expressed in various malignancies, including pancreatic cancer
[20–22], bladder cancer [23], ovarian cancer [24–26], and various
other malignant tumors [27–37]. Overexpression of KRT7 pro-
motes tumorigenesis [28] and cancer metastasis [19], enhances
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drug resistance, and induces apoptosis resistance [29]. Numerous
clinical studies showed that high KRT7 levels are closely associated
with poor prognosis in various types of cancer [20–24, 28–37], and
KRT7 has been widely used as a diagnostic and prognostic
biomarker in various types of malignant tumor [20–24, 28–37]. In
this scenario, the reduction of KRT7 expression, rather than
stabilization of KRT7, appears to be a reasonable strategy for
tumor suppression. Hence, the role of KRT7-AS in tumorigenesis
and apoptosis needs to be clarified.
In light of that the binding of antisense mRNAs to comple-

mentary sense mRNAs usually causes degradation of the sense
mRNAs in cells [22], we hypothesized that KRT7-AS deficiency may
elevate levels of oncogenic KRT7 in cancer cells, thereby
increasing tumorigenesis and apoptosis resistance. In the current
study, we found that KRT7-AS reduced levels of the oncogenic
KRT7 protein in lung and breast cancers; to our surprise, KRT7-AS
increased the amounts of phosphatase and tensin homolog
deleted on chromosome ten (PTEN), a key tumor suppressor
[38–41] and pro-apoptotic modulator in cancer cells [42, 43].
Mechanistically, KRT7-AS directly binds to PTEN protein and
protects the protein from degradation in cancer cells, thereby
inhibiting tumorigenesis and enhancing apoptosis. KRT7-AS
functions as a new tumor suppressor and apoptotic enhancer in
cancer cells. Interestingly, we found that there is a novel tumor
suppressive RXRα-KRT7-AS-PTEN singling axis in cancer cells, and
activation of the RXRα-KRT7-AS-PTEN axis is a novel strategy for
developing new therapeutics against cancer.

RESULTS
KRT7-AS functions as a new tumor suppressor in lung and
breast cancers
We first mined the TCGA database and found that KRT7-AS
expression levels in nine types of cancer were significantly lower
than those in matched normal tissues, including lung cancer,
breast cancer (Fig. 1A, B), and other seven malignant tumors (Fig.
S1A–G). Particularly, KRT7-AS expression levels in 687 samples of
lung cancer were reduced 5.3-fold compared with those in
adjacent normal lung tissues (p < 0.001, Fig. 1A). Additionally, not
only was KRT7-AS expression in breast cancer significantly
downregulated compared with that in matched normal tissues
(p < 0.001, Fig. 1B), but also the survival time of patients with low
KRT7-AS levels was significantly reduced compared with that of
patients with high levels of KRT7-AS (p= 0.017, Fig. 1C),
suggesting that low KRT7-AS expression is a poor prognostic
factor in breast cancer. Conversely, KRT7-AS was moderately
upregulated in stomach, colon, and bladder cancers, and notably
elevated only in ovarian cancer (Fig. S1H–K).
RNA fluorescence in situ hybridization (FISH) assay showed that

the amounts of KRT7-AS in the human breast cancer tissues were
lower than those in adjacent normal tissues (Fig. 1D). Real time
qPCR indicted that KRT7-AS levels in both types of clinical cancer
tissues were significantly lower than those in adjacent normal
tissues (Figs. 1E, S2A, B). Consistent with the data from patients,
KRT7-AS levels were reduced by threefold to fourfold in five
human lung cancer cell lines compared with those in the normal
human bronchial epithelial cell line HBE (Fig. 1F). Meanwhile, we
used real time qPCR to measure KRT7-AS expression in six breast
cancer cell lines, including MDA-MB-231, MCF-7, BT594, MDA-MB-
468, MDA-MB-435S, and HS578T. The results showed that KRT7-AS
expression levels were downregulated in five out of the six cell
lines that we tested (Fig. S2C). FISH assay showed that KRT7-AS
was mainly located in the cytoplasm of A549 lung cancer cells
(Fig. 1G). Together, these data indicate that KRT7-AS expression is
downregulated in lung and breast cancers.
Next, we investigated the impact of KRT7-AS on lung cancer cell

tumorigenesis. Colony formation assays showed that the over-
expression of KRT7-AS significantly reduced colony numbers in

lung cancer SPC-A-1 cells (Fig. 2A–C) and H1299 cells (Fig. 2D–F),
whereas silencing of KRT7-AS in lung cancer A549 cells increased
the colony numbers (Fig. 2G–I). Meanwhile, KRT7-AS also
significantly decreased colony formation ability in breast cancer
MCF-7 cells (Fig. 2J–L).
Xenograft mice showed that the tumor weight and volume

were significantly smaller in the mice injected with KRT7-AS-
overexpressing human lung cancer H1299 cells than in the
mice injected with vector control H1299 cells (Figs. 1H–J and
S2D). By contrast, the tumor weight and volume were markedly
greater in mice injected with KRT7-AS-silenced A549 cells than
in mice injected with KRT7-AS-expressing A549 control cells
(Figs. 1K–M and S2E). Together, these data suggest that KRT7-
AS functions as a new tumor suppressor in breast and lung
cancers.

Upregulation of KRT7-AS expression inhibits cancer cell
tumorigenesis and enhances apoptosis
In light of that KRT7-AS is deficient in various types of cancer and
silencing of KRT7-AS promotes tumorigenesis, we hypothesized
that upregulation of KRT-AS expression may diminish cancer cell
tumorigenesis and enhance apoptosis. In view of that the
mechanisms underlying KRT7-AS gene transcription have not yet
been reported in literature, we first studied the mechanism of
KRT7-AS transcription in lung cancer cells. Luciferase assay showed
that the KRT7-AS promoter DNA fragments F2, F4, and F6 had
strong promoter activity, whereas F3, F5, and F7 did not have
promoter activity (Fig. 3A). The LASAGNA method predicted a
common RXRα-binding site with the consensus sequence
CGAGGGTCAGCCC near the 5′ KRT7-AS promoter region in F1,
F2, F4, and F6 (Figs. 3A–B, S2F). We deleted or mutated the core
nucleic acids GGTCA of the RXRα binding site to AAAAC in F6-
pGL4.17 (Fig. 3C, D). Luciferase assay showed that both deletion
and mutation of the GGTCA motif in F6-pGL4.17 completely
abolished the KRT7-AS promoter activity (Fig. 3E, F), suggesting
that the nucleic acids GGTCA are the core consensus sequence in
the KRT7-AS promoter responsible for KRT7-AS transcription, which
implies that RXRα is likely the key transcription factor to drive
KRT7-AS transcription. Then we downregulated RXRα using three
different RXRα siRNAs (Fig. 3G). Real time qPCR revealed that RXRα
siRNA#3 markedly inhibited KRT7-AS expression in lung cancer
A549 cells (Fig. 3H). These data confirm that the transcription
factor RXRα controls expression of KRT7-AS. On the other hand, we
explored whether activation of RXRα affects KRT7-AS expression
and found that the RXRα agonist berberine [44, 45] significantly
increased the levels of KRT7-AS in SPC-A-1 cells (Fig. 3I). These
data indicate that RXRα triggers KRT7-AS transcription in lung
cancer cells.
To our surprise, KRT7-AS raised levels of the tumor suppressor

PTEN protein, while berberine also increased PTEN protein
amounts in cancer cells (Fig. 3J, K). Additionally, KRT7-AS
suppressed the phosphorylation of AKT and NF-κB, while
berberine diminished phosphorylated AKT and NF-κB in a
concentration-dependent manner (Figs. 3J and S2G, H). These
data suggest that KRT7-AS is a new PTEN enhancer, and berberine
is a novel KRT7-AS inducer.
Then, we investigated whether KRT7-AS influences the sensitivity

of lung cancer cells to the anti-cancer drug cisplatin and regulates
apoptosis. The results showed that KRT7-AS overexpression
significantly increased the sensitivity of lung cancer cells to
cisplatin (Fig. 4A, C), whereas silencing of KRT7-AS had the opposite
effect (Fig. 4F). Additionally, KRT7-AS enhanced cell sensibility to
cisplatin in breast cancer MCF-7 cells (Fig. S2I). Strikingly, KRT7-AS
overexpression markedly enhanced cisplatin-induced apoptosis of
lung cancer SPC-A-1 and H1299 cells by more than fivefold
(Fig. 4B, D, E), whereas silencing of KRT7-AS in A549 cells
significantly decreased cisplatin-induced apoptosis (Fig. 4G, H),
suggesting that KRT7-AS enhances cancer cell apoptosis.
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Fig. 1 Expression and tumor-suppressive function of the lncRNA KRT7-AS in lung and breast cancers. The levels of KRT7-AS in lung cancer
(A), breast cancer (B), and the adjacent normal tissues were analyzed by integrative analysis using TCGA database. The influence of KRT7-AS
levels on the survival of breast cancer patients was also analyzed using TCGA database (C). The expression of KRT7-AS (red) in breast cancer
and adjacent normal tissues was examined by FISH (D), the nuclei were stained with DAPI (blue). The expression levels of KRT7-AS in paired
human breast cancer tissues and lung cancer tissues (E), and in lung cancer cell lines (95D, NCI-H292, A549, H1299, SPC-A-1), and in the
immortalized normal human bronchial epithelial cell line HBE were analyzed by real time qPCR (F). The sub-cellular localization of KRT7-AS
(red) was examined by FISH (G), the nuclei were stained with DAPI (blue). The inhibitory effect of KRT7-AS on tumorigenesis was accessed in
xenograft mice (H–J, n= 7). Additionally, the tumor size (J) and weight (I) of xenograft mice were measured and statistically analyzed, and
silencing of KRT7-AS strongly enhanced tumor growth in xenograft mice (K–M, n= 6). The tumor volume was also quantified using GraphPad
(M). Above data are shown as mean ± SD of three independent replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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Next, we investigated the mechanisms underlying KRT7-AS
induced lung cancer cell apoptosis. The immunofluorescent
staining indicated that KRT7-AS-overexpressing tumor cells
were highly susceptible to cisplatin, as indicated by high levels
of γ-H2AX, a classic marker of DNA strand breaks (Fig. 4I),
conversely, KRT7-AS-silenced lung cancer A549 cells showed a
decrease in γ-H2AX levels (Fig. 4J). Additionally, Western
blotting showed that KRT7-AS overexpression elevated the
levels of cisplatin-induced γ-H2AX in lung cancer cells (Fig. 4K),
whereas silencing of KRT7-AS decreased the amount of

cisplatin-induced γ-H2AX in A549 cells (Fig. 4L). Furthermore,
KRT7-AS induced elevation of γ-H2AX levels in lung cancer cells
was in a time-dependent manner (Fig. 4M, N, P, Q); by contrast,
silencing of KRT7-AS notably reduced the levels of γ-H2AX
(Fig. 4O, R).
The TUNEL assay showed that overexpression of KRT7-AS

promoted apoptosis of SPC-A-1 and H1299 lung cancer cells
(Fig. 5A, B), while silencing of KRT7-AS diminished apoptosis of the
cells (Fig. 5C). Mechanically, overexpression of KRT7-AS signifi-
cantly increased levels of cleaved-caspase 3 and cleaved-PARP in

Fig. 2 KRT7-AS inhibits lung and breast cancer cell colony formation ability in vitro. KRT7-AS expression levels in lung cancer SPC-A-1 cells
were detected by real time qPCR (A). Colonies of KRT7-AS-overexpressed SPC-A-1 cells were imaged and quantified (B, C). The expression
levels of KRT7-AS in H1299 were measured by real time qPCR (D). The colony formation ability of H1299 cells was accessed (E, F). The KRT7-AS
expression levels in lung cancer A549 cells were detected by real time qPCR (G). Colonies of KRT7-AS-silenced A549 cells were imaged and
quantified (H, I). The colony formation ability of breast cancer MCF-7 cells overexpressed KRT7-AS or vector control was accessed (J–L). Data
are shown as mean ± SD of three independent replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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lung cancer cells in the presence of cisplatin (Fig. 5D, E); whereas
silencing of KRT7-AS significantly reduced levels of cleaved-
caspase 3 and cleaved-PARP in A549 cells (Fig. 5F). Either elevation
of cleaved-caspase3 and cleaved-PARP levels by KRT7-AS over-
expression (Fig. 5G–J) or reduction of cleaved-caspase3 and
cleaved-PARP levels in cancer cells by silencing of KRT7-AS
(Fig. 5K, L) was in a time-dependent manner. Together, these data
indicate that KRT7-AS enhances cancer cell apoptosis and is a new
apoptosis enhancer.

The novel RXRα-KRT7-AS-PTEN signaling axis inhibits
tumorigenesis and enhances apoptosis in cancer cells
Next, we set to study the mechanisms underlying KRT7-AS-
meditated tumor suppression and pro-apoptosis. In light of that
oncogenic KRT7 promotes carcinogenesis [20–24, 28–37] and the
binding of antisense mRNAs to complementary sense mRNAs
usually causes degradation of the sense mRNAs in cells [22], we
first investigated whether KRT7-AS reduces KRT7 levels in cancers.
The alignment between the KRT7-AS and KRT7 mRNAs revealed

Fig. 3 RXRα drives the transcription of KRT7-AS and the RXRα agonist berberine promotes KRT7-AS expression. The KRT7-AS genomic
DNA fragment (−1600 to +400) from the transcription initial site was separated into seven fragments (A, left panel). Luciferase assay showed
that the fragments which contain the transcription factor RXRα-binding site had promoter activity (A, right panel), and indicated that the
promoter DNA from −1600 to −1350 from the transcription initial site was the shortest fragment with strong promoter activity (A, B).
LASAGNA method indicated that the DNA fragment from -1600 to -1350 has six putative transcription factor binding sites (B), The core nucleic
acids GGTCA in wild type of RXRα-binding site in the sub-fragment P6 (C) was mutated to AAAAC (D). Luciferase assay showed that both
deletion and mutation the core nucleic acids CGAGGGTCAGCCC in the RXRα-binding site lost the promoter activity (E, F). RXRα levels were
detected in RXRα-silenced A549 cells (G). KRT7-AS levels were detected in RXRα-silenced A549 cells (H). The RXRα agonist berberine
significantly increased KRT7-AS transcription levels (I), and concurrently raised PTEN protein levels (J, K). Data are shown as mean ± SD of three
independent replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4 Upregulation of KRT7-AS enhances cisplatin-induced DNA damage and increases lung cancer cell sensibility to the drug. Cell Titer-
Glo luminescent (CTG) assay showed that KRT7-AS overexpression enhanced the sensibility of SPC-A-1 (A) and H1299 (C) lung cancer cells to
the anti-cancer drug cisplatin. Flow cytometry analysis showed that KRT7-AS overexpression significantly enhanced cisplatin-induced apoptosis
of SPC-A-1 (B, E) and H1299 (D, E) lung cancer cells. CTG and flow cytometry analysis showed that in KRT7-AS- silenced A549 lung cancer cells,
reduction of KRT7-AS levels diminished cisplatin-induced apoptosis (F, G, H). The effect of KRT7-AS on the DNA damage marker γ-H2AX in
KRT7-AS-overexpressed SPC-A-1 and KRT7-AS-silenced A549 cells in the presence of cisplatin was accessed by IF staining (I, J) and Western
blotting (K, L). Time course study showed that KRT7-AS-induced elevation of γ-H2AX levels in SPC-A-1 (M, P), H1299 (N, Q), and A549 (O, R) lung
cancer cells was in a time-dependent manner (M-R). Data are shown as mean ± SD of three independent replicates. **P < 0.01, ***P < 0.001.
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Fig. 5 KRT7-AS enhances cisplatin-induced apoptosis and activates apoptotic signaling pathways in cancer cells. TUNEL assay showed
that KRT7-AS enhanced cisplatin-induced apoptosis in SPC-A-1 (A) and H1299 (B) lung cancer cells, whereas, silencing of KRT7-AS in A549 (C)
lung cancer cells reduced apoptosis. The levels of Caspase 3, cleaved-Caspase 3, BCL-2, and PARP in KRT7-AS-overexpressed SPC-A-1 (D) and
H1299 (E) lung cancer cells, or KRT7-AS-silenced A549 (F) lung cancer cells were measured by Western blotting. Time course study showed
that KRT7-AS elevated the levels of cleaved-Caspase3 and cleaved PARP in cisplatin concentration- and time-dependent manner (G–L). Data
are shown as mean ± SD of three independent replicates. *P < 0.05, **P < 0.01.
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an overlapping region of 213 nucleic acids with 100% nucleotide
complementarity (Fig. 6A). Next, we examined whether KRT7-AS
deficiency in lung and breast cancers was related to the high
levels of oncogenic KRT7 in clinical cancer patients. Western blots
showed that KRT7 levels were significantly higher in the lung and
breast tumor tissues than that in the adjacent normal tissues
(Fig. 6B, C). Immunohistochemical analysis confirmed that KRT7
was overexpressed in the clinical lung cancer tissues (Fig. 6D, E)
and breast cancer tissues (Fig. 6F, G), of note, KRT7-AS levels were
notably reduced in lung and breast cancer tumor tissues as stated
before (Fig. 1A, B). Strikingly, qPCR showed that KRT7 mRNA levels
were increased by sevenfold and ninefold in the lung and breast
tumors, respectively; meanwhile, the KRT7 downstream oncogenic
forkhead box protein A1 (FOXA1) [46, 47] was markedly elevated
(Fig. 6H, I). Convincingly, Western blots showed that overexpres-
sion of KRT7-AS significantly reduced KRT7 levels in lung cancer
SPC-A-1 and H1299 cells (Fig. 6J, K), and breast cancer MCF-7 cells
(Fig. 6L, M). In short, these data imply that KRT7-AS reduces
expression of oncogenic KRT7 and downstream tumorigenic
FOXA1 in cancer tissues and cells, implying that inhibition of
oncogenic KRT7 and FOXA1 is one of the mechanisms underlying
KRT7-AS-mediated tumor suppression and pro-apoptosis.
To explore other mechanisms underlying KRT7-AS-mediated

anti-tumorigenesis, we performed RNA-Seq and gene expression
profile analysis. The results showed that there are 85 differentially
expressed RNAs in KRT7-AS-overexpressing lung cancer cells as
compared with control lung cancer cells (fold change > 3, p < 0.05;
Fig. S3), and sixteen signaling pathways were obviously changed
in the KRT7-AS-overexpressing lung cancer cells (Fig. S4). As stated
before, berberine promotes expression of KRT7-AS (Fig. 3I) and
increases PTEN protein levels (Fig. 3J, K). Accordingly, we set to
clarify the relationship between KRT-AS and PTEN. Western blots
showed that KRT7-AS overexpression elevated PTEN protein levels
in SPC-A-1 cells and H1299 cells (Fig. 7A), and MCF-7 cells;
conversely, silencing of KRT7-AS using shRNA in A549 cells
markedly reduced PTEN levels (Fig. 7B). Immunofluorescence
analysis indicated that overexpression of KRT7-AS markedly
increased PTEN protein levels in SPC-A-1 cells (Fig. 7C), whereas
silencing of KRT7-AS notably decreased PTEN protein levels in
A549 cells (Fig. 7D); of note, the PTEN mRNA levels were not
affected by either overexpression of KRT7-AS or silencing of KRT7-
AS in the cancer cells (Fig. S5B, C, E). Consistent with the results,
PTEN protein levels were significantly reduced in the human
cancer tissues compared with the adjacent normal tissues
(Fig. 7E–J). Convincingly, overexpression of KRT7-AS increased
PTEN protein levels in the tumors of the xenograft mice (Figs. 7K,
M, O, P; S5J), whereas silencing of KRT7-AS resulted in a decrease
in PTEN protein levels in the tumors (Fig. 7L, N, Q, R; S5K), and
qPCR showed that there was no difference in PTEN mRNA levels
between the two groups of xenograft mice (Fig. S5F–I). Together,
these results imply that KRT7-AS increases PTEN protein levels in
cancer tissues and cells likely by post-transcriptionally modifying
PTEN.
Furthermore, silencing of KRT7-AS significantly increased the

viability of the A549 cells, convincingly, re-overexpression of PTEN
in the KRT7-AS-silenced A549 cells significantly reduced cell
sensibility to cisplatin and colony formation of the cells (Figs.
7S–U, S6A–C). Silencing of KRT7-AS by shRNA increased levels of
phosphorylated p-AKT and p-NF-κB, which was reversed by both
overexpression of PTEN (Fig. S6D–G) and PTEN inhibitor (Fig. S6H,
I). Together, these data suggest that PTEN is involved in KRT7-AS-
mediated tumor suppression and pro-apoptosis, and PTEN is at
the downstream of KRT7-AS.
Next, we explored whether KRT7-AS directly binds to the PTEN

protein. The GO enrichment analysis showed that KRT7-AS has
potential protein-binding capability (Fig. 8A). CatRAPID software
predicted that there are three putative motifs in KRT7-AS that
putatively bind to the PTEN protein with high scores, each motif is

285 nucleotides in length, and we refer to them as motifs 1, 2, and
3, respectively (Fig. 8B). RNA immunoprecipitation assay indicated
that the motif 3, rather than motifs 1 and 2, bound to the PTEN
protein in lung cancer cells, but the sense KRT7 and sense motif 3
mRNAs did not bind to PTEN protein (Fig. 8C). RNA pulldown
assays also confirmed direct binding of the full length of KRT7-AS
(1698 bp) and motif 3 (285 bp) mRNAs to the PTEN protein
(Fig. 8D).
Then, we divided the KRT7-AS motif 3 mRNA into five small

fragments (57nt each) named P1, P2, P3, P4, and P5 (Fig. 8E). We
found that the binding of P4 and P5 was much stronger than that
of the fragments P1, P2, and P3 (Fig. 8F). P4 and P5 possess three
and two motifs that putatively bind to PTEN, respectively. We
named these motifs P4-A, P4-B, P4-C, P5-D, and P5-E (Fig. 8E).
Mutation of P4-C motif almost completely lost its ability to bind
PTEN. By contrast, Mutations of P4-A, P4-B, P5-D, and P5-E motifs
could still bind PTEN (Fig. 8G), suggesting that the P4-C motif is
responsible for binding to the PTEN protein (Fig. 8H). Furthermore,
gel mobility shift assay and super shift assay showed that the wild-
type P4-C motif (GGCAAUGGCGG) bound the PTEN protein
directly, but the mutant P4-C motif could not bind to PTEN
(Fig. 8I). These data indicate that the KRT7-AS P4-C motif
GGCAAUGGCGG directly binds and stabilizes the PTEN protein
(Fig. 8J).
In light of that PTEN plays a key role in tumor suppression and

pro-apoptosis [38–41], we set to elucidate the mechanisms
underlying KRT7-AS-mediated PTEN protein stabilization, anti-
tumor, and pro-apoptosis. We used the ubiquitination-proteasome
inhibitor MG132 to treat lung cancer cells. The results showed that
MG132 increased PTEN protein levels in SPC-A-1 and H1299 cells
(Fig. 9A, B), and overexpression of KRT7-AS further elevated PTEN
protein levels in those cells (Fig. 9A, B). Co-immunoprecipitation
showed that the levels of ubiquitinated PTEN protein were
markedly reduced in KRT7-AS-overexpressing lung cancer cells
compared with those in control cells (Fig. 9C, D). Additionally,
PTEN protein decay was reduced by KRT7-AS overexpression in
SPC-A-1 and H1299 cells (Fig. 9E, F). Analysis of protein dynamics
indicated that KRT7-AS overexpression prolonged the half-life of
PTEN in both SPC-A-1 (Fig. 9H) and H1299 cells (Fig. 9I), whereas
the half-life of PTEN was significantly shortened in KRT7-AS-
silenced A549 cells compared with that in control cells (Fig. 9G, J).
Furthermore, the PTEN protein levels in KRT7-AS-silenced A549
cells were elevated in the presence of ubiquitination inhibitor
MG132 (Fig. 9K, L). Immunoprecipitation analysis revealed that the
amount of ubiquitinated PTEN was notably increased in KRT7-AS-
silenced A549 cells (Fig. 9M, N). Collectively, these data indicate
that KRT7-AS stabilizes PTEN protein in cancer cells by protecting
the protein from degradation by the ubiquitination-proteasome
system (Fig. 9O).

DISCUSSION
Activation of various oncogenes and concurrent defects in
endogenous tumor suppressors and pro-apoptotic genes play
pivotal roles in uncontrolled tumor growth and apoptosis
resistance [8–16, 38–43]. How to effectively suppress oncogenes
and simultaneously activate tumor suppressors and pro-
apoptotic genes is a big challenge in cancer research field.
KRT7-AS is deficient in nine types of cancers; however, the effect
of KRT7-AS deficiency on carcinogenesis remains enigmatic. In
this study, we found that KRT7-AS functions as a new tumor
suppressor and apoptotic enhancer in lung and breast cancers
through reduction of oncogenic KRT7 levels and stabilization of
PTEN protein. We also found that there is a novel tumor
suppressive RXRα-KRT7-AS-PTEN signaling axis in cancer, and
activation of the signaling axis by RXRα agonist berberine
inhibits tumorigenesis and enhances apoptosis. Our findings
provide new insight into lncRNA-mediated tumor suppression
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and pro-apoptosis, and offer a new platform for the develop-
ment of novel therapeutics against cancer.
It has been reported that KRT7-AS enhances tumorigenesis in

gastric cancer [17] and colorectal cancer [18] by stabilizing sense
KRT7 mRNA. This interpretation may be farfetched for majority of
cancers, however, from the standpoint of molecular biology,
cancer biology, and clinical evidence, because the binding of
antisense mRNA to complementary sense mRNA usually causes
either degradation or dysfunctional translation of the latter. It is
well established that KRT7 is oncogenic [24–28], and its over-
expression promotes tumorigenesis and is closely associated with
poor prognosis in various types of cancer [20–24, 28–37].
Accordingly, KRT7 has been widely used as a biomarker for the
diagnosis and prognosis of various cancers [20–23, 28–30, 37].
Hence, the impact of KRT7-AS on tumorigenesis and apoptosis
needs to be verified. In the current study, we found that KRT7-AS
is deficient in lung and breast cancers, low expression of KRT7-AS

is associated with poor prognosis in breast cancer patients.
Additionally, we found that silencing of KRT7-AS notably increases
KRT7 levels and enhances tumorigenic and anti-apoptotic effects
in cancer cells; while overexpression of KRT7-AS reduces levels of
oncogenic KRT7 in lung and breast cancer tissues and tumor cells,
resulting in tumor suppression and pro-apoptosis effects. Thus,
KRT7 mRNA de-stabilization, rather than KRT7 mRNA stabilization,
in cancer cells should be applied in tumor suppression and pro-
apoptosis. Accordingly, we propose that upregulation of tumor-
suppressive KRT7-AS in cancer cells is a sensible strategy for
developing novel therapeutics against lung and breast cancers,
and other KRT7-AS deficient malignant tumors as well.
The tumor suppressor PTEN plays a pivotal role in the

prevention of cancer initiation and progression [48], and pro-
apoptosis [38–41]. In general, PTEN is deficient in various types of
cancer because it is either downregulated or de-stabilized by
ubiquitin-mediated proteasomal degradation in approximate 90%

Fig. 6 KRT7-AS increases the levels of oncogenic KRT7 in lung cancer and breast cancer. The relationship between KRT7 and KRT7-AS in
genomic DNA is depictured in (A). KRT7 protein levels in lung cancer (B) and breast cancer (C) were detected by Western blotting. The levels of
KRT7 protein in the lung cancer (D, E) and breast cancer (F, G) tissues and in the paired normal tissues were examined by IHC. Expression
levels of KRT7 downstream FOXA1 gene in lung cancer (H) and breast cancer (I) were detected using real time qPCR. Western blotting showed
that KRT7 protein was decreased in KRT7-AS-overexpressed SPC-A-1 and H1299 lung cancer cells (J, K). In KRT7-ASoverexpressed MCF-7 cells,
KRT7 protein levels were reduced (L, M). Data are shown as mean ± SD of three independent replicates. **P < 0.01.
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Fig. 7 KRT7-AS elevates amounts of the key tumor suppressor PTEN in cancer cells and inhibits tumorigenesis. Western blotting showed
that overexpression of KRT7-AS elevated PTEN protein levels in SPC-A-1 and H1299 lung cancer cells (A), and in MCF-7 breast cancer cells (B),
whereas silencing of KRT7-AS reduced the levels of PTEN in A549 lung cancer cells (B). The effect of either overexpression of KRT7-AS or silencing
of KRT7-AS on PTEN levels in SPC-A-1 cells (C) and A549 lung cancer cells (D) was accessed by IF staining. Expression of PTEN in lung cancer (E, G)
and breast cancer tissues (F, G), and their paired normal tissues (E–G) was detected by Western blotting. PTEN protein levels in lung cancer (H, J)
and breast cancer (I, J) tissues were measured by IHC staining. The effect of KRT7-AS on PTEN levels in the tumor tissues from the xenograft mice
was accessed by western blotting (K–N) and IHC staining (O–R), respectively. Cell viability and colony formation were detected in KRT7-AS-silenced
or PTEN re-overexpressed A549 cells, and control cells (S–U). Data are shown as mean ± SD of three independent replicates. **P < 0.01, ***P < 0.001.
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Fig. 8 KRT7-AS directly binds to PTEN and stabilizes the protein in lung cancer cells. GO analysis indicated that KRT7-AS possesses putative
protein-binding motifs with the highest count as shown in a red frame (A). CatRAPID analysis showed that KRT7-AS has three putative motifs
that potentially bind to PTEN protein (B). RIP assay showed that the motif 3 of KRT7-AS bound to PTEN protein (C), RNA pulldown assay
indicated that the anti-sense KRT7-AS (full length or motif 3), but not the sense KRT7-AS (full length or motif 3), bound to PTEN protein directly
(D). CatRAPID further predicted that there are five sub-fragments (A–E) in the motif 3 (E). Dot blot showed that the binding of fragments P4
and P5 with PTEN protein was stronger than the other 3 fragments (F). Dot blot showed that the P4 mutation (P4-C-mut) lost its ability for
binding to PTEN protein (G, H). EMSA assay showed that wild type of the P4-C sub-fragment GGCAAUGGCGG bound to PTEN protein directly,
whereas mutant P4-C lost the binding capability (I). Schematic figure showed the binding of KRT7-AS to PTEN protein (J). Data are shown as
mean ± SD of three independent replicates. **P < 0.01.
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cancer patients [49–52]. How to prevent PTEN from degradation
and elevate PTEN levels in cancer cells therefore a scientific
problem to be resolved. In this study, we found that KRT7-AS
binds to PTEN protein directly through the core nucleic acids
GGCAAUGGCGG. This protects the protein from degradation by
the ubiquitination-proteasome system, consequently elevating
PTEN protein levels in cancer cells. On the other hand, berberine-

induced overexpression of KRT7-AS also stabilizes PTEN and
increases PTEN levels in tumor cells. Thus, KRT7-AS acts as “one
stone hits two birds”, that concurrent reduction of oncogenic KRT7
levels and elevation of tumor-suppressive PTEN amounts in
cancer cells.
There is a limitation in the current study, the molecular

mechanism underlying KRT7-AS-mediated prevention of PTEN

Fig. 9 KRT7-AS protects PTEN protein from degradation via inhibiting the ubiquitination-proteasome system in lung cancer cells. The
ubiquitination inhibitor MG132 raised PTEN levels in SPC-A-1 (A) and H1299 (B) lung cancer cells. KRT7-AS overexpression significantly
reversed the ubiquitination of PTEN protein in SPC-A-1 and H1299 cells (C, D). The half-life of PTEN protein was prolonged by KRT7-AS
overexpression in the presence of the protein synthesis inhibitor CHX in SPC-A-1 (E, H) and H1299 cells (F, I). Silencing of KRT7-AS shortened
the half-life of PTEN protein in A549 lung cancer cells (G, J). KRT7-AS-mediated degradation of PTEN protein in A549 cells was significantly
reversed by the ubiquitination inhibitor MG132 (K, L). Silencing of KRT7-AS significantly increased ubiquitination of PTEN protein in A549 cells
(M, N). Schematic figure showed that KRT7-AS binds to PTEN and protects the protein from degradation by ubiquitination system (O). Data are
shown as mean ± SD of three independent replicates. *P < 0.05, **P < 0.01.

Z. Zhao et al.

12

Cell Death and Disease          (2023) 14:293 



protein from degradation by ubiquitination-proteasome system
needs to be further elucidated. In various types of cancer, PTEN
protein levels are downregulated mainly via ubiquitination and
degradation. It has been reported that the E3 ligases NEDD4
[50, 52] and WWP2 [53, 54] are involved in ubiquitination and
degradation of PTEN protein. In this study, we found that KRT7-AS
inhibits PTEN ubiquitination and degradation; whereas, which E3
ligase is responsible for KRT7-AS- mediated inhibition of PTEN
ubiquitination remains to be investigated. We utilized catRAPID
software to analyze the potential binding between KRT7-AS and
E3 ligases. The results indicated that KRT7-AS might interact with
the E3 ligase WWP2, and KRT7-AS might bind to PTEN AA101-152
(containing a core phosphatase functional domain) [55] and
AA303-350 (containing a C2 domain) [56], respectively. In light of
that WWP2 binds to the C2 domain of PTEN, thereby causing PTEN
ubiquitination and degradation, we speculate that the binding of
KRT7-AS to the C2 domain in PTEN sterically blocks the binding of
WWP2 to PTEN protein, therefore preventing PTEN protein from
ubiquitination and degradation.
The anti-cancer drug cisplatin causes DNA damage and cancer

cell apoptosis, and is widely used to treat various types of cancer,
however, most tumors readily develop cisplatin resistance [57, 58],
and cancer cells strongly activate DNA repair machinery to heal
DNA strand breaks, resulting in drug resistance, apoptosis
resistance, and tumor progression [59–65]. Finding a way to
effectively inhibit DNA repair and simultaneously reduce drug and
apoptosis resistance is a major task in cancer research field. We
found that overexpression of KRT7-AS increases sensitivity of
cancer cells to cisplatin and concurrently inhibits DNA repair and
enhances apoptosis in cancer cells, thus diminishing drug and
apoptosis resistance, resulting in effective tumor suppression. Our
findings provide a new strategy for cancer therapy.
The mechanism underlying transcriptional regulation of KRT7-

AS is unclear. We found that the core nucleic acids GGTCA in the
KRT7-AS promoter region are critical for transcription of KRT7-AS,
and transcription factor RXRα [66] drives KRT7-AS transcription.
The RXRα agonist berberine promotes KRT7-AS expression and
increases PTEN levels, activates the tumor suppressive RXRα-KRT7-
AS-PTEN axis, inhibits tumorigenic AKT and NF-κB signaling
pathways, tumorigenesis, and promotes apoptosis. Thus, KRT7-
AS and berberine are potential cancer candidates for the
development of novel therapeutics against cancers.
In summary, KRT7-AS reduces cancer cell tumorigenesis, inhibits

tumor growth, and enhances cancer cell apoptosis mainly through
decreasing oncogenic KRT7 expression and increasing tumor-
suppressive PTEN protein levels in cancer cells. KRT7-AS functions
as a new tumor suppressor and apoptotic enhancer in lung and
breast cancers. There is a novel tumor suppressive RXRα-KRT7-AS-
PTEN signaling axis in cancer cells. Therefore, upregulation of
KRT7-AS expression and activation of the RXRα-KRT7-AS-PTEN
signaling axis are novel strategy for cancer therapy (Graphic
summary).

MATERIALS AND METHODS
Materials
Monoclonal antibody against β-actin and various chemicals were from
Sigma-Aldrich (St. Louis, MO). TaqTM DNA Polymerase was from TaKaRa
Biotechnology Co. Ltd (6119, Shiga, Japan). Revert Aid TM First Strand
cDNA Synthesis Kit was from Vazyme (#R312-01, Nanjing, China).
Antibodies against PTEN (#D4.3), rabbit monoclonal antibody to phos-
phorylated AKT473 (#587F11), total AKT (#11E7), total NF-κB (#D141E2),
phosphorylated NF-κB (#93H1), Caspase 3 (#9662), cleaved-caspase3
(#5A1E), γ-H2AX (#D17A3), PARP (#46D11) and BCL-2 (#D55G8) were
obtained from Cell Signaling Technology (Boston, USA). FISH kit (#C10910)
was from RiboBio (Shanghai, China). Secondary antibodies were obtained
from Thermo Scientific (#A27041, #31320, Waltham, USA). Human lung
cancer cell lines SPC-A-1, H1299, NCI-H292, 95D, and A549 were from ATCC
(Manassas, Virginia).

Cell culture
The human lung cancer cell lines SPC-A-1, H1299, NCI-H292, 95D, and A549
were cultured in DMEM supplemented with 10% fetal bovine serum (the
complete medium), at 37 °C in a humidified atmosphere of 5% CO2 as
previously described [67].

Cell proliferation assay
SPC-A-1, A549, and H1299 cells were seeded in a 96-well plate and
incubated with cisplatin at concentrations of 0–30 μM. After three days of
treatment, 10 μl of the Cell Titer-Glo (CTG) luminescent solution (5 mg/ml)
was added to each well and incubated for 10min at 37 °C, then the dual
fluorescence wavelength absorbance at 490 nm was measured using
SpectraMax M5 multi-detection reader.

Colony formation assay
The 35mm dishes were coated with 1ml 0.5% agarose supplemented with
the complete medium. After the bottom layer solidified, 5000 either SPC-A-
1 or H1299, or A549 cells in 1mL of the complete medium were first mixed
with 0.15mL 4% low melting agarose, and then put onto the dishes and let
it to solidify. The dishes were incubated at 37 °C in 5% CO2 for 14 days, the
colonies were counted and imaged under a Zoom-Stereo microscope
SZX16 (OLYMPUS, Tokyo, Japan).

Stable transfection of cell lines
Either KRT7-AS cDNA or KRT7-AS shRNA, or normal control shRNA was
cloned into the lentivirus vector GV112-IRES-GFP. The 293T cells were
transfected with these constructs to produce infectious viruses. The lung
cancer cell lines SPC-A-1, H1299, and A549 were infected with the
infectious viruses, and the transfected cells were selected using puromycin.
The expression of KRT7-AS in these stably transfected cells was measured
using RT-PCR and real time qPCR, respectively.

Tumor xenograft in mice
Tumor xenograft in mice was conducted in accordance with protocols
approved by the Institutional Animal Care and Use Committee (IACUC) of
Soochow University as previously described [68], and we confirm that all
experiments conform to all relevant regulatory standards, and the mice
were randomly divided into two groups. In brief, 107 human lung cancer
H1299 or A549 cells, which were either overexpression or silencing of
KRT7-AS, were subcutaneously injected in 8-week-old female nude mice,
respectively. Tumor volume was measured and calculated according to the
formula: tumor volume = 0.55 × length × width2.

RT-PCR and quantitative real-time PCR
Total RNA was extracted from A549, H1299, and SPC-A-1 cells with
different treatment. The RT-PCR and quantitative real time PCR (qPCR)
were conducted as we described before [68].

Western blotting
Proteins from SPC-A-1, H1299 and A549 cells were extracted using the MPER
Mammalian Protein Extraction Kit, and Western blotting was performed as
previously described [68]. The proteins were resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with Tris–glycine
running buffer and transferred to nitrocellulose membranes. The mem-
branes were blocked with 5% nonfat milk and incubated with primary
antibodies at 4 °C overnight, followed by incubation with HRP-coupled
secondary antibody for 1 h at 22 °C and the enhanced chemiluminescence
detection reagents, and exposed to X-ray film.

Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) was carried out as previously described [69].
Four hundred microliters of the A549 cell lysates were incubated with
primary monoclonal antibody (1:500) or mouse normal IgG as a control at
4 °C for 4 h, then further incubated with 20 μl of 1% fetal bovine serum
(BAS)-blocked protein A/G agarose beads at 4 °C overnight with rotation.
The immune complexes were released from the beads in SDS loading buffer.
The proteins were detected by Western blotting as mentioned above.

Immunofluorescence microscopy
SPC-A-1, H1299, and A549 cells were seeded onto glass cover slips for 48 h,
then fixed with 4% paraformaldehyde, blocked with 1% BSA for 1 h, and
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incubated with primary antibodies at 4 °C overnight. Then the cells were
incubated with secondary antibodies for 1 h at room temperature, and
counterstained with 4,6-diamidino-2-phenylindole (DAPI). The slides were
observed using confocal microscopy. In addition, the tumor tissues from
xenograft mice were sectioned, deparaffinized, blocked with 5% BSA, and
incubated with primary antibody against PTEN, followed by the addition of
secondary antibodies, counterstained with DAPI, and subjected to be
imaged under confocal microscopy.

Immunohistochemical staining
The tumor tissues from the xenograft mice were sectioned, deparaffinized,
and blocked with 5% BSA; then the slides were stained with anti-PTEN
primary antibody at 4 °C overnight, followed by the incubation with goat anti-
mouse/rabbit secondary antibody for 1 h at room temperature and stained
with 3,3’-diaminobenzidine solution, and observed using Leica microscope.

TUNEL assay
Cell apoptosis was detected using the TUNEL assay kit as previously
described [68]. In brief, lung cancer cells were seeded on glass cover slips
in a six-well plate at 50,000 cells per well and incubated for 48 h, and then
fixed in a 4% paraformaldehyde solution for 20min, permeabilized with
0.3% Triton X-100 for 10min, washed for three times with PBS, and stained
by the fresh TUNEL assay solution. After incubation in the dark at 37 °C for
60min, the cells were incubated with DAPI for 10min in the dark. The
apoptotic cells were imaged using OLYMPUS FSX-100 confocal microscopy.

Cell apoptosis assay
The cell apoptosis was assessed using 7-AAD and PE double staining
method [68]. In brief, cells were incubated with cisplatin at concentrations
of 0–30 μM, harvested, and then stained with 7-AAD and PE. Then, the
stained cells were analyzed by flow cytometry.

Luciferase assay
The genomic DNA fragments that have the length from −1600 bp to
+400 bp in the 5′flanking promoter region of the KRT7-AS gene were
cloned into the luciferase reporter vector pGL4.17. A549 cells were
transfected with either pGL4.17-KRT7-AS promoter DNA or pGL4.17 vector
control. The luciferase activity in cell lysates was measured using the Dual-
luciferase Reporter assay kit as previously described [68].

RNA Binding Protein Immunoprecipitation assay
RNA binding protein immunoprecipitation (RIP) assay was conducted as
reported by Yang et al. [68]. Cultured lung cancer cells were collected and
treated with 0.3% formaldehyde in PBS for 10min, then incubated with
0.125M glycine-PBS for 5 min at 22 °C. The cell pellets were re-suspended
in RIP assay buffer for 30min with shaking and then centrifuged at 4 °C,
1200 rpm for 15min. The cleared lysates were incubated for 4 h at 4 °C
with PTEN antibody. The pellets were washed, re-suspended, and treated
with RIP assay buffer containing proteinase K at 45 °C for 45min. Finally,
RNA was isolated with TRIZOL RNA isolation kit, and KRT7-AS mRNA was
detected with RT-PCR.

In vitro transcription and RNA pulldown assay
Biotin-labeled full-length and truncated fragments of KRT7-AS RNA were
transcribed in vitro with a Biotin RNA Labeling Mix Kit and T7 RNA
polymerase using the KRT7-AS cDNA as a template [70]. The transcription
products were isolated with a RNeasy Mini kit, and the folded RNA was
mixed with cancer cell lysate and incubated at 22 °C for 2 h, then incubated
with streptavidin agarose beads at 22 °C for 1 h. The beads were boiled in
Laemmli loading buffer and samples were run on SDS-PAGE, and the RNA
pulldown-proteins were analyzed by Western blotting.

RNA fluorescence in situ hybridization assay
For RNA fluorescence in situ hybridization (FISH) assay, Cy3-labeled KRT7-
AS probe was used to detect the non-coding RNA expression following the
manufacturer’s instructions [71]. DAPI was used to indicate the nucleus. All
images were obtained with OLYMPUS FSX-100 confocal microscopy.

Lung and breast cancer patients and tumor samples
Ten paired breast cancer and adjacent normal tissues were obtained from
the First Affiliated Hospital of Soochow University. Additionally, five paired

lung cancer and adjacent non-tumorous tissues were obtained from the
Dushu Lake Hospital Affiliated to Soochow University. The First Affiliated
Hospital of Soochow University and the Dushu Lake Hospital Affiliated to
Soochow University have approved our studies. All of the resected cancer
samples were confirmed by clinical diagnostic pathology, and we have
received informed consent from all subjects. No local or systemic
neoadjuvant radiotherapy and/or chemotherapy, and targeted therapy
were managed in the patients.

RNA-Seq and gene expression profile analysis
RNA-Seq was performed as we previously reported [72]. In brief, the total
RNAs in three samples of either KRT7-AS overexpressed H1299 lung cancer
cells or three samples of vector control H1299 cells were extracted by Trizol
solution (Invitrogen), respectively. The gene expression levels in these cells
were detected using the Affymetrix Human Genome U133 Plus 2.0 Array
(containing 48,000 transcripts, total 32,375 human genes, including cDNA
controls) by the Shanghai Biotechnology Co., Ltd (Shanghai, China). The
upregulated and downregulated genes with more or less than 3 folds
(p < 0.05) in the KRT7-AS overexpressed H1299 cells as compared with the
vector control H1299 cells were analyzed using Affy package in R language
(v3.4.4). The enrichment analyses of gene ontology (GO) functional
categories and KEGG pathways of differentially expressed genes (DEGs)
were performed by DAVID tools as shown in the Supplementary Figs. S3
and S4.

Statistical analysis
All results represent the mean ± SD. Differences between the groups were
assessed by one-way ANOVA using GraphPad Prism 5. Statistical
comparisons were performed using the Student’s t-test, and the significance
of differences was indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.

DATA AVAILABILITY
Available by request from the corresponding author or from commercial sources
when applicable.
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