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Breast cancer is the most prevalent cancer among women,
and it is characterized by a high rate of tumor development and
heterogeneity. Breast cancer stem cells (CSCs) may well
contribute to these pathological properties, but the mechanisms underlying their self-renewal and maintenance are still
elusive. Here, we found that the long noncoding RNA HOTAIR
is highly expressed in breast CSCs. HOTAIR is required for
breast CSC self-renewal and tumor propagation. Mechanistically, we demonstrate that HOTAIR recruits the PRC2 protein
complex to the promoter of IκBα to inhibit its expression,
leading to activation of the NF-κB signaling pathway. The
activated NF-κB signaling promotes downstream c-Myc and
Cyclin D1 expression. Furthermore, our analysis of clinical
samples from the GEPIA database indicated that the IκBα level,
as well as the survival rate of patients, with high HOTAIR
expression was signiﬁcantly lower than that of patients with
relatively low HOTAIR expression. Our data suggest that
HOTAIR-mediated NF-κB signaling primes breast CSC selfrenewal and tumor propagation. In sum, we have identiﬁed
HOTAIR-based NF-κB signaling regulatory circuit that promotes tumorigenic activity in breast CSCs, further indicating
that HOTAIR could be a promising target for clinical treatment of breast cancers.

Breast cancer is the most common disease among women in
the world (1) and accounts for 12.2% of new cases and 9.6% of
cancer deaths in China (2). Although multiple therapeutics are
available, their efﬁcacy needs to be further improved, especially
for breast cancers which usually harbor distinct mutations on
estrogen receptor, progesterone receptor, and Her2 (3–6).
Recent studies have suggested that heterogeneity is a result of
the hierarchical organization of tumor cells by a subset of cells
with stem/progenitor cell features known as cancer stem cells
(CSCs) (7). It has gradually been conﬁrmed that the reason
‡
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why breast cancer is so difﬁcult to cure is due to the existence
of breast cancer stem cells (BCSCs), which mediate tumor
development, chemotherapy resistance, and cancer recurrence
(8, 9). Growing evidence has also shown that different
signaling pathways play important roles in the initiation and
maintenance of BCSCs. For example, Pygo2 stimulated MDR1
expression in the resistant cells via the Wnt/β-catenin pathway
and the downregulation of Pygo2 restored the chemotherapeutic drug sensitivity of the resistant cells and decreased the
BCSC population in these cells in response to chemotherapy
(10). The PAK1-STAT3 signaling pathway promoted IL-6
gene transcription and BCSCs formation (11). Although
various cell signaling pathways have been reported to be
involved in the regulation of BCSCs, how breast CSCs sustain
their self-renewal remains largely unknown.
Long noncoding RNAs (lncRNAs) are deﬁned as transcripts
longer than 200 nucleotides (nt) with limited coding potential
and play roles in a wide range of biological processes by
regulating gene expression in cis or in trans through diverse
mechanisms (12–14). LncRNA-mediated biology has been
implicated in many cellular processes (14) and is usually
abnormally expressed in cancer, which have also been reported
to act as a prominent layer of transcriptional regulation often
by collaborating with chromatin remodeling complexes
(15–17). HOTAIR (Hox transcript antisense intergenic RNA)
is one of these lncRNAs transcribed from the HOXC locus and
is able to reprogram chromatin state to promote cancer
metastasis in breast cancers at its ﬁrst discovery (15). Subsequently, HOTAIR has been associated with the metastasis of
many types of cancers, including colorectal (18), pancreatic
(19), lung (20), and breast cancers (21). Furthermore, HOTAIR
has also been associated with poor prognosis and advanced
tumor stage in cancers (22–24). Its prometastatic function is
attributed to HOTAIR-induced epigenetic silencing of
metastasis-suppressor–genes and reorientation of the polycomb repressive complex 2 (PRC2) (15, 25). However, the role
of HOTAIR in CSCs, especially in BCSCs, are not well
understood.
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LncRNA HOTAIR regulates BCSCs stemness via NF-κB pathway
In this study, we found that HOTAIR was more highly
expressed in BCSCs than in non-CSCs. HOTAIR was required
for the self-renewal maintenance of BCSCs, and tumorigenic
capacity of BCSCs was enhanced while HOTAIR was overexpressed. Mechanically, HOTAIR recruited the PRC2 to
inhibit IκBα expression, leading to activation of nuclear factorkappa B (NF-κB) signaling for priming breast CSC selfrenewal.

Results
Although HOTAIR has been found to play the role of protooncogene in different types of cancer, the function of HOTAIR
in stem cells has not been effectively studied, especially in
BCSCs. In order to study the function of HOTAIR in BCSCs,
we ﬁrst prepared to isolate the corresponding cancer stem cells
from MCF-7 and MDA-MB-453. ALDH1 was selected as a
target for the isolation of BCSCs by FACS. 1.6% and 1.2% of
MDA-MB-453 and MCF-7 cells in the side population were
sorted as ALDH1-positive cells, respectively (Fig. S1, A and B),
which was then cultured in the stem cell medium. The results
showed that ALDH1+ cells could grow in suspension and have
the ability of forming oncosphere while the ALDH- cells could
not grow in the same culture medium which was probably due
to the lack of stemness in ALDH- cells (Fig. 1A). The detection
of CD44/CD24 in sorted cells showed that the level of CD44
was signiﬁcantly upregulated, while CD24 was dramatically
downregulated in ALDH1+ cells (Fig. 1B), which was in line
with the expression proﬁles of CD44+/CD24- in CSCs. The
growth rate of ALDH1+ cells was also signiﬁcantly lower than
that of control cells (Fig. 1C). Moreover, the induction of
apoptosis in ALDH+ cells was also lower than that of ALDHcells (Fig. 1D) while treated with paclitaxel. The transplantation of 102 cells of ALDH+ cells or ALDH- cells into the
subcutaneous area of the left or right limb of the nude mouse
resulted in the formation of tumor only in the area where
ALDH+ cells were injected (Fig. 1E). Based on these results, we
identiﬁed ALDH+ cells from MCF7 and MDA-MB-435 as
BCSCs. Meanwhile, MDA-MB-231CSC was obtained as a gift.
Then, we ﬁrst examined the expression of HOTAIR in the
sorted CSCs immediately from FACS as well as in the cultured
oncosphere CSCs. Both the results showed that ALDH+ cells
or cultured CSCs had signiﬁcantly higher expression of
HOTAIR than that of ALDH- cells (Fig. 1, F and G). We then
analyzed the distribution of HOTAIR in these stem cells and
found that HOTAIR was mainly localized in the nucleus
(Fig. 1H), indicating that HOTAIR might play its role in the
nucleus. In summary, these data indicate that HOTAIR was
highly expressed in BCSCs.
To determine the function of HOTAIR in self-renewal of
BCSCs, two shRNAs expressed by lentivirus against HOTAIR
were employed and shHOTAIR-1 achieved more effective
knockdown efﬁciency (Fig. 2A). The result showed that
HOTAIR knockdown remarkably impaired generation of the
fraction of ALDH+ cells (CSCs) (Fig. 2B). Importantly,
HOTAIR depletion also dramatically reduced oncosphere
formation of MCF7 CSC (Fig. 2C). The role of HOTAIR in
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tumor-initiating formation was next explored. We performed
subcutaneous injection of NOD/SCID nude mice with CSCs
stably knockdown of HOTAIR or the control cells. The results
showed HOTAIR depletion resulted in a much weaker tumor
presence compared with control cells as assessed by a limiting
dilution xenograft analysis (Fig. 2, D and E), suggesting that
HOTAIR knockdown reduced tumor-initiating capacity.
Moreover, HOTAIR depletion signiﬁcantly suppressed xenograft tumor growth as examined by tumor volume for
4 months (Fig. 2, F and G). We next aimed to get a preliminary
understanding of how HOTAIR participated in the stem cell
signaling pathway, so the levels of Sox2, Nanog, Oct4, and cMyc were examined upon knockdown of HOTAIR. Notably,
HOTAIR depletion signiﬁcantly reduced the expression of
pluripotent transcription factors c-Myc compared with
scrambled control (Fig. 2H). By contrast, HOTAIR knockdown
did not dramatically affect OCT4, Nanog expression, which
was further conﬁrmed by the detection of protein levels
(Fig. 2I). Unexpectedly, we observed there was an OCT4
reduction in MDA-MB-453 but not in MCF7 after HOTIAR
knockdown for the reasons we did not quite understand yet.
Overall, these data indicate HOTAIR silencing abrogates the
tumorigenic capacity of BCSCs.
We next overexpressed HOTAIR in MCF7 and MDA-MB453 cell lines and established HOTAIR stably overexpressing
cell lines (Fig. 3A), which were then used for the sorting of
ALDH+ cells. Notably, HOTAIR overexpression signiﬁcantly
raised the percentage of ALDH+ cells, indicating that
HOTAIR overexpression increased the portion of CSCs in
MCF7 and MDA-MB-453 (Fig. 3B). HOTAIR overexpression
also signiﬁcantly enhanced oncosphere formation of the CSCs
(Fig. 3C). Tumor-initiating formation was then determined by
a limiting dilution injection of these CSCs into NOD/SCID
nude mice, and the result showed that HOTAIR overexpression resulted in a much stronger tumor presence (Fig. 3,
D and E). Moreover, HOTAIR overexpression dramatically
enhanced xenograft tumor growth (Fig. 3, F and G). Furthermore, we also determined the expression of pluripotent transcription factors Sox2, Nanog, Oct4, and c-Myc in HOTAIRoverexpressed cells and found that only c-Myc but not other
three factor was upregulated on both mRNA and protein level
(Fig. 3, H and I). Taken together, these data indicate that
HOTAIR plays a critical role in the self-renewal maintenance
of BCSCs.
In order to study the signaling pathways that HOTAIR may
participate in, we ﬁrst extracted RNA from nontreated,
HOTAIR knockdown and HOTAIR-overexpressed stem cells
respectively, which were then used for real-time PCR detection
in 96-well plate containing 90 key proteins in the stem cell–
related pathways. The results showed that 13 RNA transcripts were aberrantly expressed in HOTAIR knockdown cells
compared with HOTAIR-overexpressed cells (Fig. 4A). We
then further veriﬁed the expression proﬁles of ALDH1A, cMyc, Cyclin D1, Cyclin D2 by real-time PCR and found that
their levels decreased signiﬁcantly after HOTAIR knockdown
while HOTAIR overexpression resulted in elevated expression
of these genes (Fig. 4B), especially the expression of ALDH1A

LncRNA HOTAIR regulates BCSCs stemness via NF-κB pathway

Figure 1. LncRNA HOTAIR is highly expressed in breast CSCs. A, MCF-7 ALDH1+ and MDA-MB-453 ALDH1+ cells sorted by FACS were cultured in
medium and then examined under microscope. Cells were magniﬁed by 100 folds and the scale bar represented 10 μm. B, CD44 and CD24 were detected
by Western blotting in the indicated cells. β-actin was used as an internal control. C, the growth rate of the ALDH+ or ALDH- cells was measured by MTT.
Results were shown as means ± SD. D, the Caspase 3/7 activity was measured with or without paclitaxel (1 μM) treatments in the indicated cells. Results
were shown as means ± SD. E, ALDH+ or ALDH- breast cancer cells were transplanted into the subcutaneous area of the left or right limb of the nude mouse
and the tumors were examined 1 month after the injection. The number of mice employed in this experiment was ten and the scale bar represented 1 cm.
F, breast CSCs (ALDH+) and non-CSCs (ALDH-) sorted from the corresponding cell lines by FACS were subjected to the analysis of HOTAIR by real-time PCR.
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and c-Myc were consistent with the results we obtained earlier.
Moreover, the expression of the four genes was further
conﬁrmed at the protein level (Fig. 4C). Based on literature
search and GO/KEGG analysis, it was found c-Myc and Cyclin
D1 are targets of the NF-κB signaling pathway (26–28). NF-κB
was found to be involved in the maintenance of the CSC
population in breast cancer (29, 30), but the precise mechanisms that how HOTAIR is involved in this pathway still needs
to be further elucidated. To study whether HOTAIR is
involved in the NF-κB signaling pathway to regulate stem cell
self-renewal, we knocked down HOTAIR or inhibit NF-κB
signaling pathway by PDTC and then examined the target
protein expression. We found that the proteins c-Myc and
Cyclin D1 were both decreased upon HOTAIR knockdown or
PDTC treatment (Fig. 4D). Similarly, when p65 was depleted
by shRNA, c-Myc and Cyclin D1 also decreased, the expression of which were also consistent with HOTAIR knockdown
(Fig. 4E). Additionally, we also found HOTAIR knockdown or
NF-κB interruption by shp65 or PDTC could abrogate oncosphere formation ability of these CSCs (Fig. 4F). These results
indicated that HOTAIR and NF-κb signaling pathways could
regulate c-Myc and Cyclin D1 expression respectively and
were involved in the regulation of the stemness of breast
cancer cells. In order to demonstrate whether HOTAIR
correlated with NF-κb signaling pathway, we examined c-Myc
and Cyclin D1 expression with or without NF-κB inhibition.
The results showed that the expression of c-Myc and Cyclin
D1 increased as expected upon HOTAIR overexpression;
however, c-myc and Cyclin D1 level was antagonized by p65
knockdown or PDTC treatment upon HOTAIR overexpression (Fig. 4G). These results demonstrated that
HOTAIR regulated the expression of c-Myc and Cyclin D1
through the NF-κB signaling pathway. Meanwhile, we also
found NF-κB inhibition by PDTC abrogated sphere formation
ability increased by HOTAIR overexpression (Fig. 4H). In
summary, the results indicate that both HOTAIR and NF-κB
pathway are necessary for c-Myc and Cyclin D1 expression
and maintenance of the stemness.
In order to further study how HOTAIR participated in the
NF-κB signaling pathway, we ﬁrst examined the expression
proﬁles of key proteins in the pathway including p65, p50,
IκBα, and IKK after HOTAIR knockdown or overexpression.
Interestingly, when HOTAIR was overexpressed, IκBα
decreased at both the mRNA and the protein levels (Fig. 5, A
and B). On the contrary, upon HOTAIR knockdown, the
expression of IκBα increased (Fig. 5, A and B). However, p65,
p50, and IKK had not changed signiﬁcantly regardless of
HOTAIR knockdown or overexpression (Fig. 5, A and B).
Moreover, the results showed that the expression of c-Myc and
Cyclin D1 decreased upon knockdown of HOTAIR alone;
however, while shIκBα was simultaneously transfected with

shHOTAIR, the expression of c-Myc and Cyclin D1 recovered
(Fig. 5C). The result preliminarily indicated that HOTAIR
might participate in the regulation of the NF-κB signaling
pathway by regulating the expression of IκBα. There has been
reports that HOTAIR could recruit the PRC2 complex to
regulate the expression of target genes (15, 25, 31, 32). In order
to study whether HOTAIR could also interact with PRC2 in
BCSCs, we carried out RNA pulldown and found that the
components enhancer of zeste homolog 2 (EZH2) and suppressor of zeste 12 (SUZ12) of the PRC2 could be detected
(Fig. 5D). Similarly, the interaction was further conﬁrmed by
EZH2 RIP assay (Fig. 5E). Therefore, we conducted ChIP assay
to study whether HOTAIR could recruit PRC2 complex to
regulate the expression of the IκBα and found that the EZH2
protein could bind to the promoter region of IκBα (Fig. 5F)
and the main binding site was located in the 500bp-1000 bp
upstream of the transcription start site. Upon knockdown of
HOTAIR, EZH2 binding to the promoter region of IκBα was
less efﬁciency while the promoter occupancy was increased by
HOTAIR overexpression (Fig. 5G). Next, truncation or deletion of IκBα promoter were fused to luciferase reporters
respectively to examine which region might be targeted by
PRC2 complex. The results showed that luciferase activity
signiﬁcantly decreased as the truncation contained upstream
sequences from −600 bp, however, as the deletion of −600
to −700 sequences in the promoter rescued luciferase activity
(Fig. 5H). In order to determine which HOTAIR fragment was
responsible to downregulate the IκB alpha expression, IκB
alpha luciferase reporter plasmid was transfected into cells
with WT HOTAIR or truncated HOTAIR respectively and
luciferase activity was measured. The result showed that two
fragments 1 to 600 and 1800 to 2148 were responsible for
inhibition of IκB alpha as deletion of which would reduce the
luciferase activity (Fig. 5I). In summary of the above data,
HOTAIR could guide the PRC2 complex to the promoter
region of IκBα, resulting in the regulation of this gene.
To further study how HOTAIR regulated IκBα expression, we
found the PRC2 complex protein EZH2 as well as histone H3
lysine 27 trimethylation (H3K27me3) bound the IκBα promoter
DNA with much less efﬁciency in HOTAIR knockdown cells
compared with control cells (Fig. 6A). Additionally, H3K27me3
was decreased while IκBα was increased after EZH2 or HOTAIR
knockdown, resulting in the reduction of both Cyclin D1 and cMyc expression (Fig. 6B). A luciferase reporter assay also
established that transcriptional activity of IκBα increased
signiﬁcantly in siEZH2- or siHOTAIR-treated cells compared
with control cells (Fig. 6C). We then transfected NF-κB luciferase reporter plasmid into cells upon knockdown of EZH2 or
HOTAIR and luciferase activity was measured. The result
showed that upon knockdown of EZH2 or HOTAIR, NF-κB
signaling pathway was inhibited (Fig. 6D). Moreover, we

Relative gene expression was normalized to endogenous β-actin. Results are shown as means ± SD. G, HOTAIR was analyzed in oncosphere and nononcosphere cells derived from three breast cell lines. Results are shown as means ± SD. H, breast CSCs were fractionated followed by quantitative realtime PCR for the detection of the corresponding transcripts. β-actin and GAPDH were served as positive controls for cytoplasmic gene expression. U6
RNA was served as a positive control for nuclear gene expression. Data are representative of at least three independent experiments. *p < 0.05, **p < 0.01
by two-tailed Student’s t test. CSC, cancer stem cell; HOTAIR, Hox transcript antisense intergenic RNA.
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Figure 2. HOTAIR is required for the self-renewal maintenance of breast CSCs. A, HOTAIR was silenced in breast CSCs by two independent shRNAs and
analyzed by RT-PCR. HOTAIR-silenced stable cell lines were established. Data are shown as means ± SD. B, ALDH1+ (CSC) subpopulations were detected in
HOTAIR-depleted cells by FACS analysis. Results are shown as means ± SD. C, HOTAIR depletion causes a diminished oncosphere-forming capacity in MCF7
CSC. Cells were magniﬁed by 100 folds and the scale bar represented 10 μm. D, different numbers of HOTAIR-silenced or control breast CSC of MCF7 were
diluted and subcutaneously implanted into NOD/SCID nude mice. Tumor-free mice were measured 1 month after injection. N = 10 for each group. E,
different numbers of HOTAIR-silenced or control breast CSC of MDA-MB-453 were diluted and subcutaneously implanted into NOD/SCID nude mice. Tumorfree mice were measured 1 month after injection. N = 10 for each group. F, HOTAIR-silenced or control breast CSC of MCF7 were diluted and subcutaneously
implanted into NOD/SCID nude mice. Tumors were observed over 1 month. N = 10 for each group. G, HOTAIR-silenced or control breast CSC of MDA-MB-
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transiently cotransfected either WT or mutants (H694A, a SET
domain mutant) EZH2 complementary DNA. Western blot
assays showed that IκBα expression was reduced in EZH2-WT
cells compared with empty vector-transfected cells. In
contrast, overexpression of the methyl-transferase mutant
EZH2-H694A increased IκBα expression while reducing
H3K27me3 levels compared with EZH2-WT and vector control
(Fig. 6E). Consistently, ChIP assays showed that EZH2-WT
increased, but EZH2-H694A mutant reduced, H3K27 histone
methylation within the IκBα promoter when compared with
vector control (Fig. 6F). Next, we analyzed the expression of
HOTAIR in clinical breast cancer patients from the GEPIA
database, and the results showed that compared with normal
breast tissue (N = 291), the expression of HOTAIR in breast
cancer patients (N = 1084) increased signiﬁcantly (Fig. 6G),
indicating that HOTAIR was well correlated with breast cancer
incidences, which was also consistent with the results we previously observed. However, in these samples, the expression of
IκBα in breast cancers was signiﬁcantly decreased, indicating
IκBα expression was also negatively correlated with HOTAIR
expression also in clinical samples (Fig. 6H). Finally, we analyzed
the relationship between the survival rate of breast cancer patients and the expression proﬁles of HOTAIR. The results
showed that the 10-years survival rate of patients with high
HOTAIR expression was signiﬁcantly lower than that of patients
with relatively low HOTAIR (Fig. 6I). Collectively, these data
provide evidence that H3K27 histone methylation is involved in
silencing IκBα transcription and the IκBα level as well as the
survival rate of patients with high HOTAIR expression was
signiﬁcantly lower than that of patients with relatively low
HOTAIR.
In summary, HOTAIR could repress IkBα expression by
recruiting PRC2 complex to the promoter of IkBα, resulting in
the H3K27me3 and inhibition of IkBα expression. The
decreased expression of IkBα was not able to inhibit NF-kB
signaling pathway, promoting the expression of the downstream targets c-myc and Cyclin D1, the two of which were
involved in the regulation of stemness of cancer cells (Fig. 6J).

Discussion
Recently, CSCs have been identiﬁed in many solid tumors,
including bladder, lung, breast, liver, colon, brain, and prostate
cancers (33–39). CSCs are able to self-renewal and differentiation and might account for cancer relapse and metastasis
due to their invasive and drug-resistant capacities (40). However, details of breast CSC biology remain for further investigation. Several markers including ALDH1 have been identiﬁed
in BCSCs. In this study, we isolated the ALDH+ subpopulation
of cells from breast cancer cell lines and identiﬁed them as
BCSCs. Through real-time PCR analysis, we found HOTAIR
was highly expressed in BCSCs and that HOTAIR played a
critical role in maintaining the self-renewal of BCSCs.

LncRNAs have been reported to play widespread roles in
gene regulation (12, 41), which exert their functions via diverse
mechanisms, including modulation of gene expression,
cotranscriptional regulation, cytoplasmic complexes, and
pairing with other RNAs (14). Notably, increasing evidence
indicates that lncRNAs modulate gene expression as epigenetic modiﬁers (16, 32, 42–44). The canonical pathway of NFκB consists primarily of nuclear p65/p50 and is activated
through the phosphorylation and following degradation of
IκBα by IKKα/β. As a result, the degradation of IκBα can
release the p65/p50 dimer to translocate from the cytoplasm
into the nucleus and then stimulate the transcription of
downstream target genes such as cyclin D1 and c-Myc (28). In
this study, we found that HOTAIR inhibits IκBα expression in
trans through recruitment of PRC2 onto the promoter, thus
triggering the NF-κB signaling to initiate self-renewal of
BCSCs. The NF-κB signaling plays a pivotal role in selfrenewal and differentiation of CSCs. Aberrant activation of
NF-κB signaling is implicated in breast cancer and other diseases (45–47). Interestingly, NF-κB was also found to regulate
CSC populations in the basal-like breast cancer subtype in a
non-cell–autonomous manner (47). Here, we show that
depletion of HOTAIR and NF-κB subunit p65 impairs the selfrenewal of BCSCs and their tumor-initiating capacity, suggesting that HOTAIR-mediated NF-κB signaling is critical for
maintaining BCSC self-renewal and tumorigenicity. Selfrenewal maintenance is a very complex biological process,
which is regulated by pluripotent transcription factors, epigenetic states, and also many other cellular pathways (48–50).
Our data support the idea that HOTAIR-mediated NF-κB
signaling activation in BCSCs plays a critical role in the
regulation of BCSC self-renewal. Furthermore, we also found
that activation or inactivation NF-κB signaling could not affect
the expression of HOTAIR (Fig. S2).
Cumulative data indicate that altered IκBα activity leading
to cancers depends on NF-κB signaling pathway. In the
ponasterone A-inducible IκBα SR mouse model, the induction
of IκBα SuperRepressor delayed tumor appearance and
reduced average tumor number. The induction of IκBα
SuperRepressor in ponasterone A-inducible IκBα SR MEC
lines in vitro could obtain the similar result (51). In this study,
we demonstrate that IκBα inhibits the self-renewal of BCSCs
and tumor propagation and acts as a tumor suppressor. IκBα is
inhibited by HOTAIR in BCSCs to trigger the NF-κB signaling
pathway, which primes the self-renewal of BCSCs. A recent
study reported that IκBα functions as a tumor suppressor in
tumorigenesis after ocular transplantation of embryonic stem
cell–derived retinal progenitor cells (52). Consistently, our
ﬁndings reveal that HOTAIR-mediated IκBα repression promotes breast tumorigenicity. Except for imposing constitutive
activation of NF-κB, altered nuclear IκBα activity may either
inhibit or potentiate PRC2-mediated regulation of stem cell–
or differentiation-related transcription (53–55). CSCs are

453 were diluted and subcutaneously implanted into NOD/SCID nude mice. Tumors were observed over 1 month. N = 10 for each group. H, pluripotent
transcription factors were analyzed in HOTAIR-depleted cells by quantitative real-time PCR. Results are shown as means ± SD in MDA-MB-453. I, the level of
pluripotent transcription factors were analyzed in HOTAIR-depleted cell by Western blotting. β-actin was used as a control. CSC, cancer stem cell; HOTAIR,
Hox transcript antisense intergenic RNA (* indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.).
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Figure 3. Tumorigenic capacity of breast CSCs is enhanced by HOTAIR overexpression. A, HOTAIR overexpressing breast tumor cells were established.
Data are shown as means ± SD. B, ALDH1+ (CSC) subpopulations were detected in HOTAIR overexpressed cells by FACS analysis. Results are shown as
means ± SD. C, HOTAIR overexpression causes an increased oncosphere-forming capacity in breast cancer stem cells. Cells were magniﬁed by 100 folds and
the scale bar represented 10 μm. D, different numbers of HOTAIR-overexpressing or control breast CSC of MCF7 were diluted and subcutaneously implanted
into NOD/SCID nude mice. Tumor-free mice were measured 1 month after injection. N = 10 for each group. E, different numbers of HOTAIR-overexpressing
or control breast CSC of MDA-MB-453 were diluted and subcutaneously implanted into NOD/SCID nude mice. Tumor-free mice were measured 1 month
after injection. N = 10 for each group. F, HOTAIR overexpressing or control breast CSC of MCF7 were diluted and subcutaneously implanted into NOD/SCID
nude mice. Tumors were observed over 1 month. N = 10 for each group. G, HOTAIR overexpressing or control breast CSC of MDA-MB-453 were diluted and
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analogous to tissue-speciﬁc stem cells in that they contribute
to long-term growth and are responsible for the maintenance
and growth of tumors (56). Transcriptional regulation is one of
the key regulatory mechanisms determining cell fate, which
includes cis-regulatory elements and transacting factors.
Among all transacting factors, chromatin remodeling regulation plays a pivotal role in gene transcription (57, 58). PRC2
has a histone methyltransferase activity and contains three
core subunit, EZH2, SUZ12, and the embryonic ectoderm
development (EED) (49). Furthermore, EZH2 is the main
catalytic factor in PRC2 for H3K27me3, which usually indicates a status that chromatin is epigenetically repressed (59,
60). Emerging evidences indicate that EZH2 is indispensable
for BCSC proliferation (61) and its speciﬁc silencing inhibits
glioblastoma multiforme CSC self-renewal in vitro and tumorinitiating capacity in vivo (62). Here, we found that HOTAIR
can recruit the PRC2 to inhibit IκBα expression, leading to
priming of BCSC self-renewal.
In summary, HOTAIR can promote BCSC self-renewal and
tumor propagation through activation of NF-κB signaling by
recruiting the PRC2 complex to the IκBα promoter. Our
ﬁndings reveal that HOTAIR represents an additional layer of
regulation of BCSCs maintenance.

Experimental procedures
Cell culture and transfection
The cancer cell were maintained in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) (HyClone) supplemented with 10%
fetal bovine serum (Gemini) and BCSC were maintained in
DMEM/F12 with B27, EGF, and bFGF. All cells were incubated at 37  C in a humidiﬁed chamber containing 5% CO2.
Plasmids were transfected into cells with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
Identiﬁcation of ALDH+ cells by ﬂow cytometry
Cells were washed with PBS at least twice and digested with
0.25% trypsin. Then, the obtained cells were washed with PBS
three times. ALDH was labeled according to the manufacturer’s
instruction. Brieﬂy, 5 μl of the activated aldeﬂuor reagent was
added to 1.0 ml of the cell suspension. 0.5 ml of the mixture
was immediately transferred to the control tube containing 5 μl
of aldeﬂuor deab reagent. Samples were incubated for 30 min at
37  C. Following incubation, all tubes were centrifuged for
5 min at 250g and the supernatant was removed. Cell pellets
were then resuspended in 0.5 ml of Aldeﬂuor assay buffer and
used for sorting the ALDH1+(high ALDH1 activity) and
ALDH1- (low ALDH1 activity) cells by ﬂow cytometry.
Sphere formation assay
The breast cancer cells were seeded in ultra-lowattachment 6-well culture plates (Corning) in FBS-free

DMEM medium supplemented with 2% B27 (Thermo
Fisher Scientiﬁc) supplement without vitamin A, 20 ng/ml
ﬁbroblast growth factor (Sangon), 20 ng/ml epidermal growth
factor (Sangon), 100 U/ml penicillin and 100 ng/ml streptomycin (Sangon), 4 μg/ml insulin (Sangon), and 20% methylcellulose (Sangon). Cells were incubated in a CO2 incubator
for 1 week, and numbers of spheroid cells were counted
under a microscope (Nikon).
MTT assays
Cells were seeded (104/well) in 96-well culture plates overnight. Then MTT solution (5 mg/ml) was added to each well
and the cells were incubated at 37  C for 4 h. Dimethyl sulfoxide was used to dissolve the formazan crystals, and a
microplate reader (BioRad) was used to measure absorbance at
490 nm.
Caspase-3/7 activities
The cells were washed twice with PBS after treatments, and
5 × 106 cells were collected. Then, the cells were dissolved in
100 μl precooled lysis buffer and were shaken for 20 min, and
the supernatant was collected for caspase-3/7 assay. The 50 μl
supernatant was mixed with 50 μl of reaction buffer (2×). The
cells were incubated under dark at 37  C for 1 h. Luminescence was measured using SpectraMax M5(Molecular Device).
Relative caspase-3/7 activity was obtained via calculation of
the ratio to the reference standard.
Lentivirus package
Lentiviruses were generated via transient transfection of
293T cells with lentiviral vectors expressing control or the
gene of interest, cotransfected with the viral envelope vector
pCMV-VSVG, and the viral packaging vector psPAX2. The
medium was replaced 6 h posttransfection and lentiviral particles were concentrated by centrifugation at 10,000 rpm
overnight and resuspended in PBS. Target cells were infected
24 h after plating.
Generation of HOTAIR overexpression and knockdown cells
The sequences of HOTAIR were cloned using the primers
F: 50 -AACCTCGAGCCAGTTCTCAGGCGAGAGCCGCG
GC-30 and R: 50 -ACGGGATCCATGCATAAAACCA
CCACACACACACA-30 and inserted into the pLVX-IRESZsGreen vector. The two most effective shRNA sequences
that
targeting
50 -GAACGGGAGUACAGAGAGA
UU-30 and 50 -CCACAUGAACGCC CAGAGAUU-30 were
selected and cloned into the pSilencer 2.1 vector. As a
negative control, a nontarget scrambled sequence (50 -CTCC
GATCGAGGATAATCGAA-30 ) was also cloned into the
same vector. The lentivirus generation and infection of target
cells were the same as described previously.

subcutaneously implanted into NOD/SCID nude mice. Tumors were observed over 1 month. N = 10 for each group. H, overexpression of HOTAIR resulted in
elevated expression of pluripotent factors in breast cells as assessed by quantitative real-time PCR. Data are shown as means ± SD. I, the expression of
pluripotent factors were determined by Western blot after HOTAIR overexpression. β-actin was used as a control. CSC, cancer stem cell; HOTAIR, Hox
transcript antisense intergenic RNA (* indicates p < 0.05; ** indicates p < 0.01.).
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Figure 4. HOTAIR regulates the stemness of breast cancer cells through NF-κB signaling pathway. A, heat map from mRNA real-time PCR data.
Thirteen RNA transcripts (p < 0.05) from MCF7 CSC with HOTAIR overexpression or knockdown were differently expressed in the indicated treatments. B,
the indicated genes were subjected to the expression analysis by real-time PCR. Relative gene expression was normalized to endogenous β-actin. Results
are shown as means±SD. C, the expression of indicated genes were determined by Western blot after HOTAIR overexpression or knockdown. β-actin was
used as an internal control. D, the expression of indicated genes were determined by Western blot after HOTAIR knockdown or PDTC (50 μM) treatment. βactin was used as an internal control. E, the expression of indicated genes were determined by Western blot after HOTAIR knockdown or p65 knockdown. βactin was used as an internal control. F, the oncosphere-forming ability was examined under microscope after the indicated treatments. Cells were
magniﬁed by 200 folds and the scale bar represented 5 μm. G, c-Myc and Cyclin D1 were determined by Western blot after the indicated treatments. β-actin
was used as an internal control. H, the oncosphere-forming ability was examined under microscope after the indicated treatments. Cells were magniﬁed by
200 folds and the scale bar represented 5 μm. CSC, cancer stem cell; HOTAIR, Hox transcript antisense intergenic RNA; NF-κB, nuclear factor-kappa B (*
indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.).
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Figure 4. (continued).

Western blot

Quantitative real-time PCR
6

RNA was extracted from 2 × 10 cells using TRIzol Reagent and 500 ng of total RNA was reverse-transcribed. The
complementary DNA was used as the template under the
following procedures: an predenaturation step at 95  C for
3 min, followed by 40 cycles of denaturation and annealing/
extension (95  C for 5 s and 60  C for 10 s). A melt curve
(denaturation 95  C for 5 s, annealing 65  C for 10 s, and
denaturation 95  C for 5 s) was performed for speciﬁc
ampliﬁcation analysis. The primers for real-time PCR were
listed in Table S1. All results were calculated using the 2ΔΔCt
relative quantiﬁcation method.
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Cells were washed in PBS and subsequently lysed in RIPA
lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 0.1% SDS, 1%
NP-40, 1× Protease inhibitor). Lysis was performed on ice for
30 min. Lysates were cleared by centrifugation at 8000g for
8 min, mixed with 1 × loading buffer (12% SDS, 30% Glycerol,
0.375 M Tris–HCl pH 6.8, 30% 2-mercaptoethanol, 1% bromophenol blue), and heated at 100  C for 10 min. Subsequently, the proteins were separated on 8 to 10% SDS-PAGE
gel and transferred onto the PVDF membranes (Millipore).
Membranes were saturated and proteins were probed with
primary antibodies and ﬂuorescence-labeled secondary

LncRNA HOTAIR regulates BCSCs stemness via NF-κB pathway

Figure 5. HOTAIR recruits PRC2 complex onto IκBα promoter to inhibit the gene expression. A, the indicated genes were subjected to the expression
analysis by real-time PCR after HOTAIR knockdown or overexpression. Relative gene expression was normalized to endogenous β-actin. Results are shown
as means ± SD. B, the indicated genes were subjected to the expression analysis by Western blotting after HOTAIR knockdown or overexpression. β-actin
was used as an internal control. C, the indicated genes were subjected to the expression analysis by Western blotting after shHOTAIR transfection alone or
along with shIκBα. β-actin was used as an internal control. D, RNA pulldown assay was performed and two core components of the PRC2 were conﬁrmed by
immunoblotting. β-actin was used as a loading control. E, RNA immunoprecipitation (RIP) assay was performed and the indicated genes were subjected to
real-time PCR. F, ChIP-quantitative PCR analysis was performed for the detection of EZH2-binding site in IκBα promoter. Data are shown as means ± SD. G,
ChIP-quantitative PCR analysis was performed for the detection of EZH2-binding site in IκBα promoter after HOTAIR knockdown or overexpression. Data are
shown as means ± SD. H, different loci of IκBα promoter were constructed into pGL4.18 vector (upper panel) and subjected to luciferase reporter assays
(lower panel). Data are shown as means ± SD. I, pGL4.18- IκBα promoter reporter plasmid was transfected into cells with WT HOTAIR or truncated HOTAIR
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Figure 5. (continued).

antibodies in 1× TBST buffer (1× TBS, 0.1% Tween). Then, the
proteins were detected using a LI-COR Odyssey scanner and
band intensities were quantiﬁed using LI-COR Image Studio
Lite Version 3.1. The antibodies of c-Myc, SOX2, Oct4, Nanog,
p50, EZH2 were purchased from Cell signaling Technology.
The antibodies of CD44, CD24, Cyclin D1, ALDH1, p65, IKK,
IκBα, SUZ12, H3K27Me3 were purchased from Abcam and
β-actin was purchased from Santa Cruz.
RNA pull-down assay
Three micrograms of biotinylated RNA were heated to 90
C for 2 min, put on ice for 2 min, supplied with RNA
structure buffer (10 mM Tris pH 7, 0.1 M KCl, 10 mM MgCl2),
and then shifted to room temperature (RT) for 20 min to allow
proper secondary structure formation. 107 breast cancer cell


pallets were resuspended in 2 ml PBS, 2 ml nuclear isolation
buffer (1.28 M sucrose; 40 mM Tris–HCl pH 7.5; 20 mM
MgCl2; 4% Triton X-100), and 6 ml water on ice for 20 min
(with frequent mixing). Nuclei were pelleted by centrifugation
at 2500g for 15 min. Nuclear pellet was resuspended in 1 ml
RIPA buffer (150 mM KCl, 25 mM Tris pH 7.4, 0.5 mM DTT,
0.5% NP40, 1 mM PMSF, and protease Inhibitor (Roche
Complete Protease Inhibitor Cocktail Tablets)). Resuspended
nuclei were mechanically sheared using a dounce homogenizer
with 15 to 20 strokes. Nuclear membrane and debris were
pelleted by centrifugation at 13,000 rpm for 10 min. Folded
RNA was then mixed with 1 mg of cell nuclear extract in RIPA
buffer and incubated at RT for 1 hour. Sixty microliters of
washed Streptavidin agarose beads (Sigma) were added to each
binding reaction and further incubated at RT for 1 h. Beads
were washed brieﬂy ﬁve times in Handee spin columns (Pierce)

respectively and luciferase activity was measured. EZH2, enhancer of zeste homolog 2; HOTAIR, Hox transcript antisense intergenic RNA; PRC2, polycomb
repressive complex 2 (* indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.).
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Figure 6. HOTAIR recruits PRC2 complex onto IκBα promoter to inhibit the gene expression and negatively correlates with IκBα expression in
clinical samples. A, ChIP-quantitative PCR analysis was performed for the detection of EZH2 and H3K27me3 binding site in IκBα promoter after HOTAIR
knockdown. Data are shown as means±SD. B, the indicated genes were subjected to the expression analysis by Western blotting after EZH2 or HOTAIR
knockdown. β-actin was used as an internal control. C, IκBα promoter were constructed into pGL4.18 vector and subjected to luciferase reporter assays after
EZH2 or HOTAIR knockdown. D, NF-κB reporter plasmid was transfected into cells upon knockdown EZH2 or HOTAIR and luciferase activity was measured. E,
the indicated genes were subjected to the expression analysis by Western blotting after EZH2-WT cDNA or EZH2-H694A cDNA transfection. β-actin was
used as an internal control. F, ChIP-quantitative PCR analysis was performed for the detection of H3K27 histone triple-methylation–binding site within the
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Figure 6. (continued).

IκBα promoter. Data are shown as means±SD. G, HOTAIR was detected in breast tumor tissues (n = 1084) and adjacent normal tissues (n = 291). The data
was analyzed from GEPIA database. H, IκBα was detected in breast tumor tissues (n = 1084) and adjacent normal tissues (n = 289). The data was analyzed
from GEPIA database. I, the survival rate of breast cancer patients with high or low HOTAIR expression was analyzed. J, a model describes how HOTAIR
regulates the stemness of breast cancer cells. cDNA, complementary DNA; EZH2, enhancer of zeste homolog 2; H3K27me3, histone H3 lysine 27 trimethylation; HOTAIR, Hox transcript antisense intergenic RNA; NF-κB, nuclear factor-kappa B; PRC2, polycomb repressive complex 2 (** indicates p < 0.01.).
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and boiled in SDS buffer, and the retrieved protein was
detected by standard Western blot technique.
RNA immunoprecipitation
Cells at a concentration of 2 million cells/ml were treated
with 0.3% formaldehyde in medium for 10 min at 37 ºC.
1.25 M glycine dissolved in PBS was added to a concentration
of 0.125 M, and the sample was incubated for 5 min at room
temperature. Cells were then washed twice in cold PBS and
pelleted. The pellet was resuspended in 1 ml of RIPA buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS,
1% NP-40, and 0.5% sodium deoxycholate, 0.5 mM DTT and
1 mM PMSF/cocktail), incubated on ice with frequent vortex
for 30 min, and the lysate was obtained by centrifugation at
13,000 rpm for 10 min. Antibodies were added and samples
were incubated for 4 h at 4  C. Samples were washed two times
in RIPA buffer, four times in 1M RIPA buffer (50 mM Tris, pH
7.4, 1 M NaCl, 1 mM EDTA, 0.1% SDS, 1% NP-40, and 0.5%
sodium deoxycholate), and then twice in RIPA in Handee spin
columns (Pierce). The beads were resuspended in RIPA buffer
and treated with proteinase K at 45  C for 45 min. RNA
samples were extracted with 1 ml Trizol. Proteins isolated
before proteinase K treatment from the beads were detected by
Western blot analysis. Coprecipitated RNAs were puriﬁed with
RNeasy Mini Kit (Qiagen) and detected by qRT-PCR. Non-RT
controls (without reverse transcriptase) were performed
simultaneously to demonstrate that the signals were not from
DNA contamination. The data of retrieved RNAs is calculated
from the subtraction of RT/input ratio and non-RT/input ratio
(for each experiment, n > 5).
Chromatin immunoprecipitation and quantitative real-time
PCR
Cells were crosslinked by addition of 1% formaldehyde and
then the ﬁxed cells were lysed in lysis buffer (140 mM NaCl,
50 mM Hepes–KOH pH 7.5, 1 mM EDTA, 1% Triton-X100,
0.1% SDS, 0.1% Na deoxycholate, and protease inhibitor
cocktail). Then, the samples were subjected to sonication (10
times for 15 s at cycle 90% and output 40%) to shear the
chromatin into fragments of 200 to 500 bp. Next, the lysate
was precleared for 2 h with protein A/G beads and immunoprecipitated with corresponding antibody or normal IgG as
isotype control. The immune complexes were then pulled
down by protein A/G beads and washed once using RIPA
wash buffer (150 mM NaCl, 50 mM Tris–HCl pH 8, 2 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS)
followed by three washes with wash buffer (150 mM NaCl,
20 mM Tris–HCl pH 8, 2 mM EDTA, 1% Triton-X100, and
0.1% SDS) and the last one wash with ﬁnal wash buffer
(500 mM NaCl, 20 mM Tris–HCl pH 8, 2 mM EDTA, 1%
Triton-X100, and 0.1% SDS). The chromatin-antibody complexes were then eluted from the protein A/G beads using 1%
SDS, 100 mM NaHCO3, and 10 mM DTT. Crosslinking was
reversed with 5M NaCl for 6 h at 65  C. Then the antibodybound chromatin complexes were treated with RNAse for 1 h
at 37  C and proteinase K for 2 h at 45  C. The DNA was

extracted with phenol-chloroform, precipitated with ethanol,
and dissolved in deionized water. Quantitative PCR reactions
were performed to check the occupancy of corresponding
proteins on promoters with primers by Real-time PCR.
Luciferase reporter assays
Cells were transfected with pGL4.18 fused with the indicated promoters together with Renilla luciferase reporters
expressing the renilla luciferase. After 48 h, renilla and ﬁreﬂy
luciferase activities were measured by a Dual-Luciferase Reporter Assay System using a multifunctional microplate reader
(Molecular Device). Renilla luciferase was used as an internal
control.
Xenograft tumor model
Animal experiments were performed according to the procedures approved by the Institutional Animal Care and Use
Committee of Zhejiang University and their care was in
accordance with institution guidelines. For the tumorigenesis
assay, cells were injected subcutaneously into the left or right
limb of 4-week-old male NOD/SCID nude mice. The mice
were used for each cell clone and tumor size was measured
every 3 days. The tumor volume was calculated as volume=(length/2) × width2. All mice were bred at pathogen-free
conditions in the Animal Center.
Clinical data extraction and TCGA analysis
Gene expression was analyzed in the website Gepia (http://
gepia.cancer-pku.cn/). Differential expressions of HOTAIR
and IκBα in breast tumor tissues and adjacent normal tissues
were analyzed. The survival rate of breast cancer patients and
the expression of HOTAIR was also analyzed in the website.
Statistical analysis
Statistical analysis was performed using the GraphPad Prism
8. Statistical differences were analyzed by two-tailed Student’s t
test or one-way ANOVA analysis. p values less than 0.05 were
believed to be statistically signiﬁcant.

Data availability
All data that support the ﬁndings of this study are available
from the corresponding authors upon reasonable request.
Supporting information—This
information.

article

contains

supporting

Acknowledgments—We thank Professor Xiaobo Zhang for kindly
providing the MDA-MB-231 breast CSCs. This work was supported
by National Natural Science Foundation of China (Grant No.
81802975), Zhejiang Provincial Natural Science Foundation
(Grant No. LY18H180010, LY22H160045) and Zhejiang Medical
and health Science and Technology Project (Gran No.
2019KY361, 2020KY101).
Authors contributions—X. Zhou and G. Y. conceptualization; Jiajia
Wang, X. L., X. Zhou, and G. Y. writing–original draft; Jiajia Wang,
J. Biol. Chem. (2022) 298(12) 102630

15

LncRNA HOTAIR regulates BCSCs stemness via NF-κB pathway
X. L., X. Zhou, and G. Y. formal analysis; Jiajia Wang, X. L., P. L.,
Junrong Wang, Y. S., X. Zhong, Z. G., J. Y., and Y. J. investigation.
17.

Conﬂict of interest—The authors declare no competing interests.
Declarations—Ethics approval and consent to participate.
This project was reviewed and approved by the Ethical Committee
on Medical Research of Zhejiang University City College. Adult
consent to participate written and human accordance statement.
Abbreviations—The abbreviations used are: BCSC, breast cancer
stem cell; CSC, cancer stem cell; EZH2, enhancer of zeste homolog
2; H3K27me3, histone H3 lysine 27 trimethylation; HOTAIR, Hox
transcript antisense intergenic RNA; lncRNA, long noncoding RNA;
NF-κB, nuclear factor-kappa B; PRC2, polycomb repressive complex
2; SUZ12, suppressor of zeste 12.

18.

19.

20.

21.

22.

References
1. Siegel, R. L., Miller, K. D., and Jemal, A. (2019) Cancer statistics, 2019.
CA. Cancer J. Clin. 69, 7–34
2. Fan, L., Strasser-Weippl, K., Li, J. J., St Louis, J., Finkelstein, D. M., Yu, K.
D., et al. (2014) Breast cancer in China. Lancet Oncol. 15, e279–e289
3. Ma, C. X., Bose, R., Gao, F., Freedman, R. A., Telli, M. L., Kimmick, G.,
et al. (2017) Neratinib efﬁcacy and circulating tumor DNA detection of
HER2 mutations in HER2 nonampliﬁed metastatic breast cancer. Clin.
Cancer Res. 23, 5687–5695
4. Fowler, A. M., Salem, K., DeGrave, M., Ong, I. M., Rassman, S.,
Powers, G. L., et al. (2020) Progesterone receptor gene variants in
metastatic estrogen receptor positive breast cancer. Horm. Cancer 11,
63–75
5. Robinson, D. R., Wu, Y. M., Vats, P., Su, F., Lonigro, R. J., Cao, X., et al.
(2013) Activating ESR1 mutations in hormone-resistant metastatic breast
cancer. Nat. Genet. 45, 1446–1451
6. Bose, R., Kavuri, S. M., Searleman, A. C., Shen, W., Shen, D., Koboldt, D.
C., et al. (2013) Activating HER2 mutations in HER2 gene ampliﬁcation
negative breast cancer. Cancer Discov. 3, 224–237
7. Easwaran, H., Tsai, H. C., and Baylin, S. B. (2014) Cancer epigenetics:
tumor heterogeneity, plasticity of stem-like states, and drug resistance.
Mol. Cell 54, 716–727
8. Pece, S., Tosoni, D., Confalonieri, S., Mazzarol, G., Vecchi, M.,
Ronzoni, S., et al. (2010) Biological and molecular heterogeneity of
breast cancers correlates with their cancer stem cell content. Cell
140, 62–73
9. Ding, J., Wang, X., Zhang, Y., Sang, X., Yi, J., Liu, C., et al. (2019) Inhibition of BTF3 sensitizes luminal breast cancer cells to PI3Kα inhibition
through the transcriptional regulation of ERα. Cancer Lett. 440–441,
54–63
10. Zhang, Z. M., Wu, J. F., Luo, Q. C., Liu, Q. F., Wu, Q. W., Ye, G. D., et al.
(2016) Pygo2 activates MDR1 expression and mediates chemoresistance
in breast cancer via the Wnt/β-catenin pathway. Oncogene 35,
4787–4797
11. Kim, J. H., Choi, H. S., Kim, S. L., and Lee, D. S. (2019) The PAK1-Stat3
signaling pathway activates IL-6 gene transcription and human breast
cancer stem cell formation. Cancers (Basel). 11, 1527
12. Batista, P. J., and Chang, H. Y. (2013) Long noncoding RNAs: cellular
address codes in development and disease. Cell 152, 1298–1307
13. Cech, T. R., and Steitz, J. A. (2014) The noncoding RNA revolution trashing old rules to forge new ones. Cell 157, 77–94
14. Ulitsky, I., and Bartel, D. P. (2013) LincRNAs: genomics, evolution, and
mechanisms. Cell 154, 26–46
15. Gupta, R. A., Shah, N., Wang, K. C., Kim, J., Horlings, H. M., Wong, D. J.,
et al. (2010) Long non-coding RNA HOTAIR reprograms chromatin
state to promote cancer metastasis. Nature 464, 1071–1076
16. Prensner, J. R., Iyer, M. K., Sahu, A., Asangani, I. A., Cao, Q., Patel, L.,
et al. (2013) The long noncoding RNA SChLAP1 promotes aggressive

16 J. Biol. Chem. (2022) 298(12) 102630

23.

24.
25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

prostate cancer and antagonizes the SWI/SNF complex. Nat. Genet. 45,
1392–1403
Yang, F., Huo, X. S., Yuan, S. X., Zhang, L., Zhou, W. P., Wang, F., et al.
(2013) Repression of the long noncoding RNA-LET by histone deacetylase 3 contributes to hypoxia-mediated metastasis. Mol. Cell 49,
1083–1096
Huang, K. B., Zhang, S. P., Zhu, Y. J., Guo, C. H., Yang, M., Liu, J., et al.
(2019) Hotair mediates tumorigenesis through recruiting EZH2 in colorectal cancer. J. Cell. Biochem. 120, 6071–6077
Yang, S. Z., Xu, F., Zhou, T., Zhao, X., McDonald, J. M., and Chen, Y.
(2017) The long non-coding RNA HOTAIR enhances pancreatic cancer
resistance to TNF-related apoptosis-inducing ligand. J. Biol. Chem. 292,
10390–10397
Ren, M. M., Xu, S., Wei, Y. B., Yang, J. J., Yang, Y. N., Sun, S. S., et al.
(2020) Roles of HOTAIR in lung cancer susceptibility and prognosis. Mol.
Genet. Genomic Med. 8, 1–15
Xue, X., Yang, Y. A., Zhang, A., Fong, K. W., Kim, J., Song, B., et al. (2016)
LncRNA HOTAIR enhances ER signaling and confers tamoxifen resistance in breast cancer. Oncogene 35, 2746–2755
Min, S. N., Wei, T., Wang, X. T., Wu, L. L., and Yu, G. Y. (2017) Clinicopathological and prognostic signiﬁcance of homeobox transcript antisense
RNA expression in various cancers. Med. (United States 96, e7084
Zhang, S., Chen, S., Yang, G., Gu, F., Li, M., Zhong, B., et al. (2014) Long
noncoding RNA HOTAIR as an independent prognostic marker in
cancer: a meta-analysis. PLoS One 9, e105538
Qu, X., Alsager, S., Zhuo, Y., and Shan, B. (2019) HOX transcript antisense RNA (HOTAIR) in cancer. Cancer Lett. 454, 90–97
Kogo, R., Shimamura, T., Mimori, K., Kawahara, K., Imoto, S., Sudo, T.,
et al. (2011) Long noncoding RNA HOTAIR regulates polycombdependent chromatin modiﬁcation and is associated with poor prognosis in colorectal cancers. Cancer Res. 71, 6320–6326
Chen, F., Castranova, V., and Shi, X. (2001) New insights into the role of
nuclear factor-κB in cell growth regulation. Am. J. Pathol. 159, 387–397
La Rosa, F. A., Pierce, J. W., and Sonenshein, G. E. (1994) Differential
regulation of the c-myc oncogene promoter by the NF-kappa B rel family
of transcription factors. Mol. Cell. Biol. 14, 1039–1044
Baud, V., and Karin, M. (2009) Is NF-kappaB a good target for cancer
therapy? hopes and pitfalls. Nat. Rev. Drug Discov. 8, 33–40
Murohashi, M., Hinohara, K., Kuroda, M., Isagawa, T., Tsuji, S.,
Kobayashi, S., et al. (2010) Gene set enrichment analysis provides insight
into novel signalling pathways in breast cancer stem cells. Br. J. Cancer
102, 206–212
Zhou, J., Zhang, H., Gu, P., Bai, J., Margolick, J. B., and Zhang, Y. (2008)
NF-κB pathway inhibitors preferentially inhibit breast cancer stem-like
cells. Breast Cancer Res. Treat. 111, 419–427
Kuo, F. C., Neville, M. J., Sabaratnam, R., Wesolowska-Andersen, A.,
Phillips, D., Wittemans, L. B. L., et al. (2022) HOTAIR interacts with
PRC2 complex regulating the regional preadipocyte transcriptome and
human fat distribution. Cell Rep. 40, 111136
Tsai, M., Manor, O., Wan, Y., Mosammaparast, N., Wang, J. K., Shi, Y.,
et al. (2010) Long noncoding RNA as modular scaffold of histone
modiﬁcation complexes. Science 329, 689–693
Pan, S., Zhan, Y., Chen, X., Wu, B., and Liu, B. (2019) Identiﬁcation of
biomarkers for controlling cancer stem cell characteristics in bladder
cancer by network analysis of transcriptome data stemness indices. Front.
Oncol. 9, 1–11
Heng, W. S., Gosens, R., and Kruyt, F. A. E. (2019) Lung cancer stem cells:
origin, features, maintenance mechanisms and therapeutic targeting.
Biochem. Pharmacol. 160, 121–133
Butti, R., Gunasekaran, V. P., Kumar, T. V. S., Banerjee, P., and Kundu, G.
C. (2019) Breast cancer stem cells: biology and therapeutic implications.
Int. J. Biochem. Cell Biol. 107, 38–52
Sun, J. H., Luo, Q., Liu, L. L., and Song, G. B. (2016) Liver cancer stem cell
markers: progression and therapeutic implications. World J. Gastroenterol. 22, 3547–3557
Shimokawa, M., Ohta, Y., Nishikori, S., Matano, M., Takano, A., Fujii, M.,
et al. (2017) Visualization and targeting of LGR5 + human colon cancer
stem cells. Nature 545, 187–192

LncRNA HOTAIR regulates BCSCs stemness via NF-κB pathway
38. Singh, S. K., Clarke, I. D., Terasaki, M., Bonn, V. E., Hawkins, C., Squire,
J., et al. (2003) Identiﬁcation of a cancer stem cell in human brain tumors.
Cancer Res. 63, 5821–5828
39. Mei, W., Lin, X., Kapoor, A., Gu, Y., Zhao, K., and Tang, D. (2019) The
contributions of prostate cancer stem cells in prostate cancer initiation
and metastasis. Cancers (Basel). 11, 1–22
40. Gupta, P. B., Chaffer, C. L., and Weinberg, R. A. (2009) Cancer stem cells:
mirage or reality? Nat. Med. 15, 1010–1012
41. Flynn, R. A., and Chang, H. Y. (2014) Long noncoding RNAs in cell-fate
programming and reprogramming. Cell Stem Cell 14, 752–761
42. Kaneko, S., Bonasio, R., Saldaña-Meyer, R., Yoshida, T., Son, J.,
Nishino, K., et al. (2014) Interactions between JARID2 and noncoding
RNAs regulate PRC2 recruitment to chromatin. Mol. Cell 53,
290–300
43. Klattenhoff, C. A., Scheuermann, J. C., Surface, L. E., Bradley, R. K.,
Fields, P. A., Steinhauser, M. L., et al. (2013) Braveheart, a long noncoding
RNA required for cardiovascular lineage commitment. Cell 152, 570–583
44. Zhu, Y., Rowley, M. J., Böhmdorfer, G., and Wierzbicki, A. T. (2013)
A SWI/SNF chromatin-remodeling complex acts in noncoding RNAmediated transcriptional silencing. Mol. Cell 49, 298–309
45. Shostak, K., and Chariot, A. (2011) NF-κB, stem cells and breast cancer:
the links get stronger. Breast Cancer Res. 13, 214
46. Rayet, B., and Gélinas, C. (1999) Aberrant rel/nfkb genes and activity in
human cancer. Oncogene 18, 6938–6947
47. Yamamoto, M., Taguchi, Y., Ito-Kureha, T., Semba, K., Yamaguchi, N.,
and Inoue, J. I. (2013) NF-κB non-cell-autonomously regulates cancer
stem cell populations in the basal-like breast cancer subtype. Nat.
Commun. 4, 1–13
48. Boumahdi, S., Driessens, G., Lapouge, G., Rorive, S., Nassar, D., Le
Mercier, M., et al. (2014) SOX2 controls tumour initiation and cancer
stem-cell functions in squamous-cell carcinoma. Nature 511,
246–250
49. Ohnishi, K., Semi, K., and Yamada, Y. (2014) Epigenetic regulation
leading to induced pluripotency drives cancer development in vivo. Biochem. Biophys. Res. Commun. 455, 10–15
50. Visvader, J. E., and Lindeman, G. J. (2012) Cancer stem cells: current
status and evolving complexities. Cell Stem Cell 10, 717–728

51. Liu, M., Sakamaki, T., Casimiro, M. C., Willmarth, N. E., Quong, A. A.,
Ju, X., et al. (2010) The canonical NF-κB pathway governs mammary
tumorigenesis in transgenic mice and tumor stem cell expansion. Cancer
Res. 70, 10464–10473
52. Cui, L., Guan, Y., Qu, Z., Zhang, J., Liao, B., Ma, B., et al. (2013) Wnt
signaling determines tumorigenicity and function of esc-derived retinal
progenitors. J. Clin. Invest. 123, 1647–1661
53. Mulero, M. C., Ferres-Marco, D., Islam, A., Margalef, P., Pecoraro, M.,
Toll, A., et al. (2013) Chromatin-bound IκBα regulates a subset of polycomb target genes in differentiation and cancer. Cancer Cell 24,
151–166
54. Brena, D., Bertran, J., Porta-de-la-Riva, M., Guillén, Y., Cornes, E.,
Kukhtar, D., et al. (2020) Ancestral function of Inhibitors-of-kappaB
regulates Caenorhabditis elegans development. Sci. Rep. 10, 1–13
55. Marruecos, L., Bertran, J., Guillén, Y., González, J., Batlle, R., LópezArribillaga, E., et al. (2020) IκBα deﬁciency imposes a fetal phenotype to
intestinal stem cells. EMBO Rep. 21, 1–18
56. Beck, B., and Blanpain, C. (2013) Unravelling cancer stem cell potential.
Nat. Rev. Cancer 13, 727–738
57. Krasteva, V., Buscarlet, M., Diaz-Tellez, A., Bernard, M. A., Crabtree, G.
R., and Lessard, J. A. (2012) The BAF53a subunit of SWI/SNF-like BAF
complexes is essential for hemopoietic stem cell function. Blood 120,
4720–4732
58. Narlikar, G. J., Sundaramoorthy, R., and Owen-Hughes, T. (2013)
XMechanisms and functions of ATP-dependent chromatin-remodeling
enzymes. Cell 154, 490–503
59. Van Mierlo, G., Veenstra, G. J. C., Vermeulen, M., and Marks, H.
(2019) The complexity of PRC2 subcomplexes. Trends Cell Biol. 29,
660–671
60. Laugesen, A., Højfeldt, J. W., and Helin, K. (2019) Molecular mechanisms
directing PRC2 recruitment and H3K27 methylation. Mol. Cell 74, 8–18
61. Chang, C. J., Yang, J. Y., Xia, W., Chen, C. T., Xie, X., Chao, C. H., et al.
(2011) EZH2 promotes expansion of breast tumor initiating cells through
activation of RAF1-β-catenin signaling. Cancer Cell 19, 86–100
62. Suvà, M. L., Riggi, N., Janiszewska, M., Radovanovic, I., Provero, P.,
Stehle, J. C., et al. (2009) EZH2 is essential for glioblastoma cancer stem
cell maintenance. Cancer Res. 69, 9211–9218

J. Biol. Chem. (2022) 298(12) 102630

17

