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A HOTAIR regulatory element modulates glioma
cell sensitivity to temozolomide through long-range
regulation of multiple target genes
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Temozolomide (TMZ) s a frequently used chemotherapy for glioma; however, chemoresistance is a major problem limiting
its effectiveness. Thus, knowledge of mechanisms underlying this outcome could improve patient prognosis. Here, we
report that deletion of a regulatory element in the HOTAIR locus increases glioma cell sensitivity to TMZ and alters transcrip-
tion of multiple genes. Analysis of a combination of RNA-seq, Capture Hi-C, and patient survival data suggests that
CALCOCOI and ZC3HIO0 are target genes repressed by the HOTAIR regulatory element and that both function in regulating
glioma cell sensitivity to TMZ. Rescue experiments and 3C data confirmed this hypothesis. We propose a new regulatory

mechanism governing glioma cell TMZ sensitivity.
[Supplemental material is available for this article.]

Glioma is the most common primary brain tumor, and ~80% of
malignant primary tumors in the central nervous system are
glioma (Weller et al. 2015). Glioblastoma (GBM) is the most ag-
gressive glioma and constitutes >50% of all gliomas. Despite treat-
ment advances, prognosis for glioblastoma is still very poor, and
median survival time for patients is only 14-17 mo (Reifenberger
et al. 2017). Current standard treatment options include surgery,
radiation, and chemotherapy, specifically temozolomide (TMZ),
which is the most frequently used clinical chemotherapy for
GBM (Wick et al. 2012; Sandmann et al. 2015). TMZ efficiently
crosses the blood brain barrier and induces glioma cell apoptosis;
however, chemoresistance often develops, representing a major
therapeutic obstacle. Thus, strategies to increase glioma cell sen-
sitivity to TMZ could serve as useful interventions to improve
patient prognosis.

Glioma resistance to TMZ is associated with multiple factors.
Some report that high expression of O-6-methylguanine-DNA
methyltransferase (MGMT) is related to robust TMZ resistance
(Kitange et al. 2009; Wick et al. 2014). In addition, factors such
as P4HB (Sun et al. 2013), ALDH1A1 (Schifer et al. 2012), and
poly (ADP-ribose) polymerase (Clarke et al. 2009) have been asso-
ciated with TMZ resistance in glioma cells. However, clinical tests
of strategies designed to attenuate TMZ resistance have not yet pro-
duced satisfactory results (Quinn et al. 2009; Warren et al. 2012),
requiring further investigations.

Zhang et al. recently identified a regulatory element in the
locus of the long noncoding RNA HOTAIR (Zhang et al. 2014).
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That study suggested that this element functions as an enhancer
associated with progression of esophageal squamous cell carcino-
ma (ESCC) (Zhang et al. 2014). Follow-up studies report that this
regulatory element or single-nucleotide polymorphisms (SNPs)
within it are associated with risk or progression of uterine cervical
(Weng et al. 2018), head and neck (Pan et al. 2017), and lung
(Wang et al. 2018) cancers, while few studies report association
of this element with glioma.

Based on ChIP data reported by Rheinbay and colleagues
(Rheinbay et al. 2013), we found that in glioma cells and in glio-
blastoma stem cells derived from human tumors, the HOTAIR
regulatory element is marked by H3K4mel, H3K4me3, and
H3K27me3. Overall, H3K4mel marks candidate enhancers, and
the H3K4me3 mark is an active mark of transcriptional initiation
(Zhou et al. 2011; Rheinbay et al. 2013). H3K27me3 is a repressive
mark prototypical of the polycomb repressive complex (Boyer
et al. 2006; Zhou et al. 2011). Thus, the epigenetic pattern at the
HOTAIR regulatory element in glioma cells and glioma stem cells
suggests a possible bivalent function.

Development of high-order chromosome conformation cap-
ture techniques has facilitated analysis of long-range DNA interac-
tions and enabled analysis of regulatory elements that enhance or
repress gene expression through long-range interactions (Wei et al.
2013; Liu et al. 2017; Luo et al. 2017; Qian et al. 2019; Su et al.
2019). We hypothesized that the HOTAIR element may function
in glioma progression or chemosensitivity. Here, we investigate
the regulatory network governed by the element and discover
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Figure 1. Deletion of the HOTAIR regulatory element increases glioma cells’ sensitivity to TMZ.
(A) H3K4me1, H3K4me3, H3K27me3 ChIP of the region containing the HOTAIR regulatory element
(red line) in glioma cells (GC) and glioma stem cells (GSC) derived from human tumor. (B) Schematic
showing the timing of LDH and Caspase 3/7 assays. U251 glioma cells were treated with TMZ (1 mM)
for 24-72 h. (C,D) An LDH assay was used to detect LDH release in wild-type U251 cells (Ctrl) and
HOTAIR regulatory element knockout U251 lines (KO-1, KO-2). LDH release was assayed after cells
were treated 24 h and 48 h with TMZ (1 mM). Data represent means + S.E.M. of three independent ex-
periments. (*) P<0.05, (**) P<0.01 compared with control. (E,F) Proteolytic activities of caspase 3/7
were tested in wild-type U251 cells (Ctrl) and HOTAIR regulatory element knockout U251 cells (KO-1,
KO-2) treated 48 h and 72 h with TMZ. Data represent means+ S.E.M. of three independent experi-
ments. (*) P<0.05, (**) P<0.01 compared with control. (G) LDH assay was used to detect LDH release
in wild-type U251 cells (Ctrl) and HOTAIR regulatory element knockout U251 lines (KO-1, KO-2) with
HOTAIR overexpression (HOTAIR-OE) or transfected with control vector. LDH release was tested after cells
were treated 48 h with TMZ. Data represent means+S.E.M. of three independent experiments. (H)
Proteolytic activities of caspase 3/7 were tested in wild-type U251 cells (Ctrl) and HOTAIR regulatory el-
ement knockout U251 cells (KO-1, KO-2) with HOTAIR overexpression (HOTAIR-OE) or transfected with
control vector. Caspase 3/7 activities were tested after cells were treated 72 h with TMZ. Data represent
means + S.E.M. of three independent experiments. (/) RT-gPCR analysis of HOTAIR in wild-type U251 cells
transfected with control plasmid or HOTAIR overexpression plasmid. Data represent means+ S.E.M. of
three independent experiments. (****) P<0.0001 compared with corresponding cells transfected with
Ctrl vector. (J) Comparison of gene expression in TMZ-treated (1 mM, 72 h) HOTAIR regulatory knockout
(KO) and wild-type (WT) cell lines. Heat map shows clustering of differentially expressed genes in KO and
WT glioma cells. KO-1A and B, KO-2A and B, WT-A and B refer to two biological replicates, respectively.
(K) Function of genes (Q-value <0.01) as analyzed by DAVID.

that the HOTAIR regulatory element
modulates glioma cell TMZ sensitivity
through long-range regulation of both
CALCOCO1 and ZC3H10.

Results

Deletion of the HOTAIR regulatory
element increases glioma cell sensitivity
to TMZ

The HOTAIR regulatory element is
marked by H3K4mel, H3K4me3, and
H3K27me3 in glioma cells and glioblas-
toma stem cells derived from human
tumors based on ChIP data reported by
Rheinbay and colleagues (Fig. 1A; Rhein-
bay et al. 2013). To investigate whether
the HOTAIR regulatory element func-
tions in glioma cell sensitivity to TMZ,
we used the CRISPR-Cas9 system to
delete that element in U251 cells, a hu-
man GBM line. Two knockout lines
(KO-1 and KO-2) were used in all of the
following experiments (Supplemental
Fig. S1A,B). We then treated both KO
lines plus WT U251 cells with high
(1 mM) doses of TMZ to assess drug sensi-
tivity, based on lactate dehydrogenase
(LDH) release and caspase 3/7 activity.
LDH is a stable cytosolic enzyme that is
released upon cell lysis which indicates
cell death induced by TMZ, while in-
creased caspase 3/7 activity indicates
apoptosis. LDH release was evaluated
24 h and 48 h after TMZ treatment and
Caspase 3/7 activities at 48 h and 72 h
(Fig. 1B). Relative to WT U251 cells treat-
ed with TMZ, LDH release in KO-1 and
KO-2 glioma cells was significantly in-
creased approximately two- to threefold
at 24 h and two- to fourfold at 48 h
(Fig. 1C,D). Caspase 3/7 activities also in-
creased markedly in TMZ-treated KO-1
and KO-2 glioma cells relative to WT
U251 cells treated with TMZ at 48 h
and 72 h (Fig. 1E,F). These data suggest
that loss of the HOTAIR regulatory ele-
ment increases glioma cells’ sensitivity
to TMZ. RT-qPCR analysis showed that
HOTAIR mRNA is expressed at a low level
in U251 cells (Supplemental Fig. S2A),
and no significant change of HOTAIR's
expression was detected in HOTAIR
RE KO cells (Supplemental Fig. S2B).
Moreover, overexpression of the HOTAIR
IncRNA did not antagonize the increase
in sensitivity to TMZ in either KO line
(Fig. 1G,H): LDH release and caspase 3/
7 activity were comparable in KO cells
transduced with control vector and KO
cells overexpressing HOTAIR following
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TMZ treatment (1 mM). U251 cells were transfected with HOTAIR
overexpression plasmids, and overexpression efficiency was veri-
fied by RT-qPCR (Fig. 1I). RNA-seq analysis of control and
KO U251 cells indicated global changes in mRNA levels in KO rel-
ative to WT cells treated with TMZ (1 mM, 72 h) (Fig. 1]). Gene On-
tology analysis of significantly changed genes (Q value<0.01)
based on the DAVID knowledgebase (https://david.ncifcrf.gov)
showed that the top pathway altered was PI3K-AKT signaling
(Fig. 1K). Accordingly, the PI3K-AKT pathway is reportedly associ-
ated with TMZ resistance in glioma cells (Shi et al. 2017; Zhong
et al. 2018).

Long-range interactions of the HOTAIR regulatory element
with multiple target genes

Given that HOTAIR overexpression did not reverse increases in
TMZ sensitivity in KO glioma cells, we surmised that the HOTAIR
regulatory element itself has a complex function in regulatory net-
works in glioma cells. To search for target genes potentially regulat-
ed by this element, we performed Capture Hi-C in U251 glioma
cells to analyze the interactome. To do so, we selected a 723-bp
bait region (Fig. 2A) and performed Capture Hi-C based on a previ-
ously reported protocol (Davies et al. 2016; Belaghzal et al. 2017).
Target sites from two biological replicates are shown in Circos
plots (Krzywinski et al. 2009) in Figure 2, B and C, where red and
blue lines, respectively, represent possible interactions in the two
replicates. That analysis revealed that 67% and 63.2% are in cis in-
teraction sites, respectively, in the two biological replicates.
Mapping of these interaction sites to the human genome led to

identification of 89 target genes reproducible in both. These genes
represent possible interactions with the HOTAIR regulatory ele-
ment. Among the 89, 84 were located in cis with the element,
and five were in trans.

To identify genes potentially regulated by the HOTAIR regula-
tory element, we performed RNA-seq on both wild-type and
HOTAIR KO U251 cell lines (Fig. 3A). These genes may be direct
or indirect targets of the regulatory fragment. When combined
with Capture Hi-C, it may reveal genes that are directly regulated
by the regulatory fragment. Positive candidate genes identified
in both RNA-seq and Capture Hi-C are shown in Fig. 3B. Genes
with significant changes in mRNA levels in enhancer KO relative
to WT U251 cells (fold-change >1.5 or <-1.5; Q value<0.05)
are denoted by gene names (Fig. 3B). Overall, eight genes
may be directly regulated by the HOTAIR regulatory element
(Fig. 3B), including seven up-regulated in KO cells and one
down-regulated.

Given that deletion of the HOTAIR regulatory element
increased glioma cell sensitivity to TMZ, we asked which target
genes function in this outcome. To do so, we first analyzed
patient survival data associated with the eight target genes (Fig.
3C), which were available through The Cancer Genome Atlas
(TCGA) database. Our analysis of survival curves indicated that
three candidates (CALCOCO1, ZC3H10, and TNS2) showed a pat-
tern consistent with our in vitro data: All three were up-regulated
in HOTAIR regulatory element KO cells, and accordingly, high
levels of all three corresponded to longer survival time in glioma
patients. These observations suggest overall that the HOTAIR regu-
latory element may function as a silencer of these candidate genes

in glioma and that this activity is associ-
ated with TMZ sensitivity.

A [——  —————
Capture Hi-C probe HOTAIR RE Capture Hi-C probe
723bp

/ s
I SN_ »
i

2 % 3\ y -
\ 4 7 X
) / AN

2 ~,
HOTAIRRE e HOTARRE * ;5™

Figure 2. Intra- and inter-chromosomal interactions with the HOTAIR regulatory element. (A) The
723-bp Capture Hi-C bait region and Capture Hi-C signal near the bait region. (B) Circos plot showing
genome-wide intra-interactions indicated by curves extending from the bait region; the two biological
replicates are in red and blue, respectively. HOTAIR RE: HOTAIR regulatory element. (C) Circos plot show-
ing genome-wide intra- and inter-interactions indicated by curves extending from the bait region; the
two biological replicates are in red and blue, respectively. HOTAIR RE: HOTAIR regulatory element.
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Long-range interactions between HOTAIR
regulatory element and target genes are
associated with TMZ sensitivity

We next assessed CALCOCO1, ZC3H10,
and TNS2 expression in WT U251 glioma
cells and the two KO lines. RT-qPCR ana-
lysis showed increased CALCOCO1 and
ZC3H10 transcript levels in KO lines
relative to WT U251 cells with or without
treatment of TMZ (1 mM, 72 h), while
TNS2 mRNA levels were comparable in
both (Supplemental Fig. S3), suggesting
that TNS2 is a false positive. In addi-
tion, TMZ treatment (1 mM, 72 h) signi-
\ e ficantly up-regulated CALCOCOI1 and
. ZC3H10 in both WT U251 cells and KO
‘ > lines as shown by RT-qPCR (Fig. 4A)
and western blot (Fig. 4B). Thus, we con-
/ 2 fined our analysis in the rest of the study

to CALCOCO1 and ZC3H10.
,o’b The CALCOCO1 and ZC3HI0 loci
o are ~0.25 Mb and ~2.2 Mb distant from
A the HOTAIR regulatory element region,
respectively. The interactions between
the HOTAIR regulatory element and CAL-
COCO1 or ZC3H10 genes, respectively,
are shown by Capture Hi-C (Fig. 4C,D).
A Chromatin Conformation Capture
(3C) assay was then performed to further
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Potential target genes regulated by the HOTAIR regulatory element. (A) Comparison of gene expression in HOTAIR regulatory knockout (KO)

and wild-type (WT) glioma lines. Heat map shows clustering of differentially expressed genes in KO and WT glioma cells. KO-1A and B, KO-2A and B, WT-A
and B refer to two biological replicates, respectively. (B) Comparison of fold-changes in gene expression based on RNA-seq data and corresponding Capture
Hi-C signal. Eighty-nine potential target genes reproducible in two biological replicates are shown on the plot. Among them, eight with significant expres-
sion change between KO and WT (adjusted P-value <0.05, and fold-change >1.5 or <—1.5) are marked with the gene name. (C) Shown are the eight target

genes and associated survival data from glioma patients.

define these interactions (Fig. 4E,F). A C5 fragment at the CAL-
COCO1 promoter and Z3 fragment at the ZC3HIO promoter
showed significantly higher interaction frequency with the
HOTAIR regulatory element region compared to the neighboring
regions. The interaction frequencies between the HOTAIR regula-
tory element and C5 and Z3 fragments were significantly de-
creased in U251 cells treated with TMZ (Fig. 4E,F). In addition,
we performed Hi-C based on a previously reported protocol
(Belaghzal et al. 2017) to measure changes of interactions between

the HOTAIR element and CALCOCO1 or ZC3H10 in U251 cells
treated with TMZ (1 mM, 72 h). Analysis of Z-scores showed wide-
spread changes in long-range interactions near the HOTAIR regula-
tory element in TMZ-treated U251 cells compared with U251 cells
not treated with the drug and decreased interactions between the
HOTAIR element and CALCOCO1 or ZC3H10 in U251 cells treated
with TMZ (Supplemental Fig. S4). These data suggest that interac-
tions between the HOTAIR regulatory element and CALCOCO1
and ZC3H10 are associated with TMZ-induced cell death.
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Figure 4. CALCOCOT and ZC3HT10 are potentially regulated by the HOTAIR regulatory element.
(A) RT-gPCR analysis of mRNA (independent mRNA library) levels of potential target genes CALCOCOT
and ZC3HT10. Data represent means+S.E.M. of three independent experiments. (*) P<0.05, (**) P<
0.01, (***) P<0.001 compared with corresponding Ctrl cells. (B) Western blot analysis of CALCOCO1
and ZC3H10 in wild-type U251 cells (Ctrl) and HOTAIR regulatory element knockout U251 lines
(KO-1, KO-2) that were treated with or without TMZ (1 mM, 72 h). Relative protein levels were quantified
by using Image]. (C) Capture Hi-C loop view shows interactions between HOTAIR RE and CALCOCOT.
(D) Capture Hi-C loop view shows interactions between HOTAIR RE and ZC3H10. (E) CALCOCOI-
HOTAIR RE interaction analyzed by 3C assay in U251 cells treated with or without TMZ (1 mM, 72 h).
Interaction frequency was calculated as described in the Methods. Data represent means+S.E.M.
of three independent experiments. (*) P<0.05, (**) P<0.01, compared with corresponding relative
enrichment in U251 cells treated with TMZ. (F) ZC3H10-HOTAIR RE interaction analyzed by 3C
assay in U251 cells treated with or without TMZ (1 mM, 72 h). Interaction frequency was calcu-
lated as described in the Methods. Data represent means+S.E.M. of three independent experiments.
(*) P<0.05, compared with corresponding relative enrichment in U251 cells treated with TMZ.

caspase 3/7 activities (Fig. SLJ) in si-
control TMZ-treated (1 mM) KO relative
to TMZ-treated (1 mM) KO cells transfect-
ed with CALCOCOI1 or ZC3H10 siRNAs.
However, combined knockdown of
CALCOCO1 and ZC3H10 markedly de-
creased TMZ sensitivity in HOTAIR regu-
latory element KO glioma lines based
on decreased LDH release and caspase
3/7 activities (Fig. SK,L), suggesting that
CALCOCO1 and ZC3H10 function syn-
ergistically to modulate TMZ sensitivity.

Discussion

Development of chromosome confor-
mation capture technologies has facilitat-
ed study of long-range gene regulation by
regulatory elements (Dekker et al. 2002;
Dostie et al. 2006; Simonis et al. 2006;
Lieberman-Aiden et al. 2009; Davies
et al. 2016). Using those technologies,
here, we show that deletion of a recently
identified HOTAIR regulatory element in
U251 glioma cells increased sensitivity
of those cells to TMZ, and HOTAIR over-
expression could not reverse this change
in TMZ sensitivity. Thus, we suggest that
the element modulates glioma cell TMZ
sensitivity through long-range regulation
of other target genes, based in part on our
review of the pattern of epigenetic marks
at this locus. Analysis of Capture Hi-C,
RNA-seq, and patient survival data re-
vealed that CALCOCO1 and ZC3HI0
may be key target genes regulated long-
range by the HOTAIR element and that
these genes regulate glioma cell sensitiv-
ity to TMZ.

Bivalent chromatin structure has
been previously reported (Azuara et al.
2006; Bernstein et al. 2006; Ku et al.
2008; Vastenhouw and Schier 2012).
Bernstein et al. proposed that bivalent
chromatin domains marked by H3K4
methylation and H3K27 methylation
silence some developmental genes in em-

CALCOCOI and ZC3H10 down-regulation decreases TMZ sensitivity
in glioma cells lacking the HOTAIR regulatory element

We next asked whether CALCOCO1 or ZC3H10 regulation by the
HOTAIR regulatory element modulates glioma cell sensitivity to
TMZ. To do so, we undertook CALCOCO1 or ZC3H10 knockdown
using siRNAs. RT-qPCR analysis of U251 cells and U251 cells trans-
fected with siRNAs verified that CALCOCO1 or ZC3HI10 siRNA
transfection down-regulated CALCOCO1 or ZC3H10 ~0.3-fold
or 0.4-fold relative to the control, respectively (Fig. SA-D).
Transfection of cells with both CALCOCO1 and ZC3H10 siRNAs
down-regulated CALCOCO1 and ZC3H10 ~0.3-fold or less
relative to the control (Fig. SE,F). When we knocked down
CALCOCO1 or ZC3HI10 separately in WT and KO lines, we ob-
served no significant change in LDH release (Fig. 5G,H) or in

bryonic stem cells but keep these genes poised for activation (Bern-
stein etal. 2006). A similar function for bivalent chromatin has also
been reported in cancer cells (Zaidi et al. 2017). Moreover, Zhang
et al. identified the HOTAIR regulatory element as an enhancer in
ESCC (Zhangetal. 2014), while our data suggest that this regulatory
element silences CALCOCO1 and ZC3H10in glioma and also func-
tions as an enhancer for other genes, like RPL41 (Supplemental Fig.
S$5). Our combining of Capture Hi-C with RNA-seq data revealed
eight target genes potentially regulated by the HOTAIR element,
seven up-regulated in cells lacking the element and one down-reg-
ulated, again suggesting a bivalent function in glioma cells. More
investigations are needed to confirm this function. We focused
on regulation of two of them, CALCOCO1 and ZC3H10, as their ex-
pression patterns are consistent with patient survival data. More-
over, experiments in which we knocked out the regulatory
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Figure 5. Knockdown of both CALCOCOT and ZC3H10 rescues increased TMZ sensitivity in HOTAIR
regulatory element KO glioma cells. (A) RT-qPCR verification of CALCOCOT siRNA knockdown efficiency.
Data represent means+ S.E.M. of three independent experiments. (**) P<0.01 compared with Ctrl.
(B) Western blot verification of CALCOCO1 siRNA knockdown efficiency. Relative protein levels were quan-
tified by using Image]. (C) RT-qPCR verification of ZC3H10 siRNA knockdown efficiency. Data represent
means + S.E.M. of three independent experiments. (**) P<0.01 compared with Ctrl. (D) Western blot
verification of ZC3H10 siRNA knockdown efficiency. Relative protein levels were quantified by using
Image]. (E) RT-gPCR verification of CALCOCO1 siRNA and ZC3H10 siRNA knockdown efficiency. Data rep-
resent means + S.E.M. of three independent experiments. (***) P<0.001, (****) P<0.0001, compared
with Ctrl. (F) Western blot verification of CALCOCO1 siRNA and ZC3H10 siRNA knockdown efficiency.
Relative protein levels were quantified by using Image]. (G,H) LDH release was tested in control U251 gli-
oma cells and HOTAIR regulatory element KO glioma cells transfected with control siRNAs and CALCOCOT1
or ZC3H10 siRNAs. LDH release was tested after 48 h of TMZ (1 mM) treatment. Data represent means +
S.E.M. of three independent experiments. (/,/) Caspase 3/7 activities were tested in control U251 glioma
cells and HOTAIR regulatory element KO glioma cells transfected with control siRNAs or CALCOCOT or
ZC3H10 siRNAs. Caspase 3/7 activities were tested after cells were treated 72 h with TMZ (1 mM).
Data represent means £ S.E.M. of three independent experiments. (K) LDH release was tested in control
U251 glioma cells and HOTAIR regulatory element KO glioma cells transfected with control siRNAs or
CALCOCO1 and ZC3HT10 siRNAs. LDH release was tested after cells were treated 48 h with TMZ
(1 mM). Data represent means + S.E.M. of three independent experiments. (*) P<0.05 compared with
corresponding Ctrl. (L) Caspase 3/7 activities were tested in control U251 glioma cells and HOTAIR reg-
ulatory element KO glioma cells transfected with control siRNAs or CALCOCOT and ZC3H10 siRNAs.
Caspase 3/7 activities were tested after cells were treated 72 h with TMZ (1 mM). Data represent
means £ S.E.M. of three independent experiments. (*) P<0.05 compared with corresponding Ctrl.

element in glioma cells supported the
idea that these two genes function to-
gether to modulate glioma cells’ TMZ sen-
sitivity. CALCOCO1 and ZC3H10 reside
on the same chromosome as the HOTAIR
regulatory element in humans and are
0.25 Mb and 2.2 Mb, respectively, distant
from it. Thus, they may be regulated by
the element through long-range interac-
tions. A previous study reports such re-
pressive long-range regulations: Luo and
colleagues identified a prostate cancer
risk element that regulates HOXA13
through a repressive chromatin loop
(Luoetal. 2017). Our study reveals the re-
pressive function of the HOTAIR regulato-
ry element.

CALCOCO1, also known as CoCoA,
isanuclear receptor coactivator that binds
to the MYBBP1A N terminus to enhance
transcriptional activation (Kim et al
2003). Other studies report that CAL-
COCO1 and CCAR1, a different coactiva-
tor, synergize to coactivate the tumor
suppressor TP53 (Kim et al. 2008). One
possibility is that increased TMZ sen-
sitivity seen following enhancer KO
is partially due to changes in TP53 activ-
ity, although further investigations
are needed. Our second target gene
ZC3H10 reportedly functions as a tumor
suppressor and is down-regulated in
highly malignant breast cancer cells,
and its expression significantly inhibits
colony formation by breast cancer cells
in vitro (van 't Veer et al. 2002; Guar-
diola-Serrano et al. 2008). Overexpres-
sion of CALCOCOI or ZC3HI0 also
induced an increase of caspase 3/7 activ-
ity in U251 cells treated with TMZ
(Supplemental Fig. S6). The reported
functions of both CALCOCOI1 and
ZC3H10 are consistent with our findings,
as up-regulation of both following dele-
tion of the HOTAIR regulatory element
increases TMZ sensitivity of glioma cells.
Moreover, TMZ treatment decreased
the interactions between the HOTAIR
RE and CALCOCO1 or ZC3H10 and up-
regulated expression of CALCOCO1 and
ZC3H10. We also showed that individual
knockdown of CALCOCO1 and ZC3H10
cannot rescue the increase in TMZ sensi-
tivity, suggesting that the HOTAIR regu-
latory element governs a network of
genes functioning in drug sensitivity.

Development of methods to en-
hance TMZ as chemotherapy is impor-
tant to improve the prognosis of glioma
patients. Several studies of the mecha-
nism of TMZ sensitivity/resistance have
focused on downstream factors that
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regulate DNA methylation, as TMZ is an alkylating chemothera-
peutic agent (Wick et al. 2014). However, ours is one of the few
studies to investigate this mechanism in view of long-range gene
regulation networks. Our study reveals a new mechanism underly-
ing TMZ sensitivity related to high-order chromatin structures in
which the HOTAIR element modulates TMZ sensitivity through
long-range regulation networks. Previous studies have reported
methods to modify high-order chromatin structure as a means to
change target gene expression (Deng et al. 2012, 2014; Morgan
et al. 2017). Future analysis should focus on whether such ap-
proaches could represent an alternative method to improve prog-
nosis of glioma patients.

In summary, our study shows that a recently identified
HOTAIR regulatory element functions as a silencer to modulate
glioma cell sensitivity to TMZ through long-range regulation of
the targets CALCOCO1 and ZC3H]10.

Methods

Cell culture

The GBM cell line U251 was obtained from the National
Infrastructure of Cell Line Resource (China). U251 cells were incu-
bated at 37°C with 5% CO, and cultured in Dulbecco’s Modified
Eagle Medium (GIBCO), supplemented with 10% fetal bovine se-
rum (FBS) (BI) and 1% penicillin-streptomycin (GIBCO). All cells
were tested for mycoplasma contamination each month. All cells
used in this paper were mycoplasma-free.

CRISPR-Cas?-mediated deletions

U251 glioma cells were transfected with Cas9 and guide RNA plas-
mids that target the HOTAIR regulatory element region (hg19_Chr
12: 54,360,188-54,360,822). Guide RNAs were designed using the
MIT CRISPR Design website (https://zlab.bio/guide-design-
resources). To minimize potential off-target effects of guide RNA,
only high-score guide RNAs (score >85) were used. Guide RNA se-
quences are listed in Supplemental Table S1. Cell clones were
genotyped by PCR, and two clones with homozygous deletion of
the HOTAIR regulatory element were used for experiments.
Genotyping PCR primers are listed in Supplemental Table S1.
GRCh37 (hg19) was used in this study. The differences between
GRCh37 and GRCh38 did not affect the deletion region of the reg-
ulatory element and the relative position of the regulatory element
and its targets; therefore, using GRCh38 would not significantly af-
fect the conclusions in this study.

Lactate dehydrogenase assay

Lactate dehydrogenase in the culture medium was evaluated using
the LDH cytotoxicity kit (Promega). In brief, cells were cultured in
96-well plates. After cells were treated with TMZ or transfected
with siRNA or overexpression plasmids, the culture medium was
collected and LDH activity was assayed in accordance with the
manufacturer’s instructions. The OD value at 490 nm was mea-
sured using a microplate reader. Levels of released LDH of each
group were calculated as a percentage of the total amount (positive
control as described in the kit protocol).

Caspase 3/7 activity measurements

A Caspase-Glo 3/7 kit (Promega) was used to evaluate caspase 3/7
activities in U251 cells based on the manufacturer’s instruction. In
brief, cells were harvested and incubated with 100 uL Caspase-Glo
3/7 reagent for 1 h on a rotary shaker in the dark. Luminescence of

each sample was measured at 485/530 nm using a microplate read-
er. Relative caspase 3/7 activity was calculated to evaluate fold-
changes of samples treated with TMZ or transfected with siRNA
or overexpression plasmids relative to controls.

HOTAIR overexpression

HOTAIR was amplified by PCR with NEBNext High-Fidelity 2x PCR
Master Mix (New England BiolLabs) and subsequently cloned
into the pCDH-CMV-MCS-EF1-Puro overexpression plasmid
(System Biosciences) using restriction enzymes Nhel (New
England BioLabs) and Notl (New England BioLabs). Plasmids
were amplified in One Shot Stbl3 chemically competent E. coli
(Thermo Fisher Scientific) with ampicillin (Bio Basic Canada,
Inc.) selection. Plasmids were transiently transfected using
Lipofectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions.

RNA-seq

Total RNA was extracted from U251 glioma cells or HOTAIR
regulatory element KO U251 cells treated with or without TMZ
(1 mM, 72 h). Barcoded RNA-seq libraries were sequenced as
150-bp paired-end reads using the Illumina HiSeq 4000 platform.
Reads were mapped to the human reference genome (hg19) using
HISAT (Kim et al. 2015) with a GENCODE GTF file supplied as gene
model annotations. HTSeq (Anders et al. 2015) was used to quan-
titate transcript abundance for each gene. DESeq2 (Love et al.
2014) was used to perform normalization and regularized log
transformations on read counts.

Survival curve

Clinical glioma patients’ survival data were obtained from TCGA.
Patient samples were divided into two groups based on the expres-
sion level of specific genes indicated in the main text. Samples
with gene expression levels higher or lower than the median
were marked as “high expression group” or “low expression
group,” respectively. P-value<0.0001 indicates a significant sur-
vival difference between the two groups.

Capture Hi-C and Hi-C

Capture Hi-C and Hi-C were performed as previously described
(Davies et al. 2016; Belaghzal et al. 2017). The Hi-C library was
generated with Dpnll (New England BioLabs) digestion. Two
biological replicates were assessed with 1 x 10”7 U251 cells. The Hi-
C library was then sheared to 200- to 300-bp fragments by
sonication, and the library or precapture library was prepared
using the NEBNext DNA library kit according to the manufacturer’s
instructions (New England Biolabs). Biotinylated probes
and streptavidin beads (Invitrogen) were used to enrich the
“bait” region and its linked chromatin fragments by two rounds
of hybridization-capture approach. Capture Hi-C libraries were
sequenced as 150-bp paired-end reads using the Illumina HiSeq X
Ten platform. Capture Hi-C and Hi-C data were analyzed based
on a pipeline proposed in previous studies (Supplemental Table
S2; Servant et al. 2015; Davies et al. 2016; Belaghzal et al. 2017).

Two biotinylated DNA oligonucleotides were designed for
both ends of the region containing the HOTAIR regulatory ele-
ment, with the following sequence (5'-3):

Biotin-
GATCGAAAGATAAAAAGAGGCGGGAGGGAGGCAGAAGC
AAGGGTCGGCTGTTGCTCTCCCTCGCCCGGGCGCCTGC
AGCAGTCTGGGTGGGCGGGGGCGCCATGACAAAGTGAA
GGTCAA
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Biotin-
GTCTGAATGTTACGGTTTCCTTCAGAAAACAAGGCGGTA
CACTCGGTAAGGAGAAGTGAGGCAGCAGGGGTGGGGA
GGGCTGGTGCGGTAGGAGGCTTGGTTTTATTTCTTTCTC
AGATC

Quantitative real-time PCR

Total RNA was extracted using TRIzol Reagent (Invitrogen) follow-
ing the manufacturer’s protocol. Five micrograms total RNA was
reverse-transcribed into cDNA using a PrimeScript RT reagent kit
(Takara). PCR analysis was performed using an SYBR Premix Ex
Taq kit (Takara). Primer sequences used in the study are listed in
Supplemental Table S3. GAPDH served as an internal reference,
and the relative expression of messenger RNAs (mRNAs) was quan-
tified using the 27**“* method.

Chomatin Conformation Capture (3C) assay

The 3C assay was performed as previously described (Hagege et al.
2007). In brief, U251 cells were cross-linked with 1% formaldehyde
and quenched with 125 mM glycine. The 3C library was generated
with HindlIII (New England BioLabs) digestion and followed by li-
gation with T4 ligase (New England BioLabs). The ligated products
were quantified by RT-qPCR. Primers used in the 3C assay are listed
in Supplemental Table S4. Control 3C template was generated
by using bacterial artificial chromosomes (BACs) RP11-657H18
and RP11-1661L22 and DNA fragments that contain the HOTAIR
regulatory element region, CALCOCO1 loci, and ZC3H10 loci, re-
spectively. BACs and DNA fragments were digested with HindIIl
and ligated. The ligated product from the control was used for

normalization. The relative interaction frequency was calculated
as 2Ct(Control)—Ct(3C)

Western blots

Proteins were collected from glioma cells using RIPA lysis buffer
with 1x protease inhibitor cocktail (Roche). Sample loading was
based on the results of a Bicinchoninic Acid (BCA) assay. Proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and then transferred to polyvinylidene
difluoride (PVDF) 0.45-um membranes (Millipore). The mem-
branes were blocked and incubated with primary antibody over-
night at 4°C, followed by secondary antibodies for 1 h at room
temperature. Then, the blot bands were detected by Image Quant
LAS 4000 with an Enhanced Chemiluminescence kit (Thermo
Fisher Scientific). Relative protein levels were quantified by using
ImageJ. Antibodies used in western blots were as follows:
CALCOCO1 (Bioworld BS71035), ZC3H10 (Abcam ab127693),
GAPDH (Santa Cruz Biotechnology sc-365062), goat anti-rabbit
IgG-HRP (Sungene Biotech LK2001), and rabbit anti-mouse
IgG-HRP (Abcam ab6728).

siRNA transfection

Glioma cells were transfected with siRNAs (Supplemental Table S5)
using Lipofectamine 3000 reagent (Thermo Fisher Scientific).
siRNA knockdown efficiency was verified by RT-qPCR 48-72 h
later.

Statistical analysis

Data represent means +S.E.M.; statistical analysis was performed
using Student’s t-test. (*) P<0.05, (**) P<0.01, (***) P<0.001,
(****) P<0.0001.

Data access

All sequencing data generated in this study have been submitted
to the NCBI Gene Expression Omnibus (GEO; https://www.ncbi
.nlm.nih.gov/geo/) under accession numbers GSE125629 and
GSE125243.
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