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Transcription factors (TFs) control an array of expressed genes. However, the specifics of how a gene is expressed in time
and space as controlled by a TF remain largely unknown. Here, in TRPC6-regulated proline oxidase 1 (POX) transcription in human
glioma, we report that 0/P5-AS1, a long noncoding RNA, determines the specificity of p53-driven POX expression. The OIP5-AS1/
p53 complex via its 24 nucleotides binds to the POX promoter and is necessary for POX expression but not for p21 transcription.
An O-site in the POX promoter to which O/P5-AS1 binds was identified that is required for O/P5-AS1/p53 binding and POX
transcription. Blocking OIP5-AS1 binding to the O-site inhibits POX transcription and promotes glioma development. Thus, the
OIP5-AS1/0-site module decides p53-controlled POX expression as regulated by TRPC6 and affects glioma development.
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Introduction

Gene expression is a fundamental biological event linked to
cell proliferation, differentiation, and survival. Transcription
factors (TFs) play a decisive role in promoting gene expression
at the right time and in the right place. They bind to specific
sequences of genomic DNA via their DNA-binding domains
(DBDs) to regulate expression (Lambert et al., 2018). For exam-
ple, p53, a TF and a well-known tumor suppressor, is crucial for
the cell cycle (Shaw, 1996) and the expression of a spectrum of
genes, including MDM2, p21, BAX, PTEN, and proline oxidase 1
(POX) (Polyak et al., 1997; May and May, 1999). It regulates
gene expression by binding to the target gene’s promoter DNA
sequence. The p53-binding site in the genomes of mammals is
comprised of a half-site 5-RRRCWWGYYY-3' followed by a
spacer, which is then followed by a second half-site
RRRCWWGYY sequence (Ma et al., 2007; Riley et al., 2008).
But when p53 is activated, not all p53 target genes are
expressed at the same time (Beckerman and Prives, 2010).
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How p53 controls gene expression specifically by a consensus
binding site remains largely unknown.

Long noncoding RNAs (IncRNAs), transcripts of >200 nucleo-
tides that are not translated into proteins, have emerged as key
regulators of the transcriptional network in development and
disease (Fatica and Bozzoni, 2014). It has been widely reported
that IncRNAs can exert diverse functions by binding to protein,
RNA, and DNA, including transcriptional regulation in cis or
trans and organization of nuclear domains (Fatica and Bozzoni,
2014; Kopp and Mendell, 2018). O/IP5-AS1, a IncRNA first iden-
tified in zebrafish, plays an important role in embryogenesis.
Knocking down OIP5-AS1 in zebrafish results in small heads
and eyes, as well as short, curly tails of the morphants (Ulitsky
et al.,, 2011). In Hela cells, OIP5-AS1 prevents HuUR binding
to its target mRNA to further inhibit cell proliferation (Kim et al.,
2016).

In human glioma, the expression of transient receptor poten-
tial canonical 6 (TRPC6), known as a channel protein (Nishida
et al., 2015), is upregulated and the inhibition of its expression
or activities by RNAi or the dominant-negative form of
TRPC6 (DNC6) suppresses glioma cell proliferation and glioma
development (Ding et al., 2010). However, it remains unclear
how TRPC6 regulates glioma development. Proline dehydroge-
nase (PRODH)/POX is encoded by p53-induced gene 6 (PIG-6),
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and POX can also initiate apoptosis in colorectal cancer cells
(Liu et al., 2005; Phang, 2019).

Here, we report that OIP5-AS1 specifically mediates
p53-driven POX expression, which is crucial for the effects of
TRPC6 on human glioma development. In particular, we found
that O/P5-AS1 mediates p53 binding to the POX promoter by
24 nucleotides (24-nt motif) that pair with the O-site in the POX
promoter. Blocking O/P5-AS1 binding to the O-site by a decoy
or CRISPR/Cas9 inhibits POX expression and promotes glioma
development.

Results
POX expression is specifically regulated by TRPC6 in human
glioma

TRPC6 is a channel protein important for cancer devolvement
and human glioma cell proliferation (El Boustany et al., 2008;
Cai et al., 2009; Chigurupati et al., 2010). We found that both
the mRNA and protein levels of POX in LN229 human glioma
cells were upregulated (Figure 1A and B; Supplementary Figure
S1A) when TRPC6 activity or expression was inhibited by DNC6
(Hofmann et al., 2002) or by RNAI. In contrast, the expression
levels of the tumor suppressor genes BAX, p53, p21, and PTEN
(Chen et al., 2012) were not changed (Figure 1A). Consistently,
expressing TRPC6 greatly suppressed POX but not p21
(Figure 1C0). Next, in ~75% of >40 human glioma samples, the
protein expression level of TRPC6 or p21 was ~3.3- or 3.5-fold
higher whereas that of POX or PTEN was ~6.4- or 1.4-fold lower
than in normal tissues (Figure 1D; Supplementary Figure S1B).
In contrast, there was no difference in the mean levels of
TRPC3 expression between the glioma and normal tissues
(Figure 1D; Supplementary Figure S1B). Further analysis of the
data obtained from The Cancer Genome Atlas (TCGA) revealed
that there was an inverse correlation between the mRNA ex-
pression of TRPC6 and that of POX. However, we could not find
a correlation between the mRNA expression of TRPC6 and that
of p53 or PTEN (Supplementary Figure S2A). Furthermore,
immunohistology of tissues using an anti-POX antibody
showed that normal glial (para-tumor) tissues that were GFAP-
positive exhibited strong immunostaining, while few signals
were noted in the glioma samples (Figure 1E; Supplementary
Figure S2B). Similarly, the POX mRNA level in glioma tissues
was markedly reduced (Supplementary Figure S2C). In situ hy-
bridization showed that the signal of POX mRNA was decreased
in grade 4 glioma tissues compared to nontumor tissues
(Figure 1F). Thus, TRPC6 specifically regulates POX expression
in human glioma cells, and their expression levels are inversely
correlated in human glioma tissues.

The dependence of TRPC6-regulated POX expression on p53

We then asked how TRPC6 controls POX but not BAX, p21, or
PTEN expression in human glioma cells. The upregulation of
POX expression at both mRNA and protein levels was not ob-
served in U251 cells, a human glioma cell line that harbors a

mutated form of p53 (R273H) (Figure 2A), or H1299 cells, a hu-
man lung carcinoma cell line that lacks p53 (Supplementary
Figure S2D; Giaccone et al.,, 1992). Moreover, overexpressing
p53 (R273H) in LN229 cells suppressed the DNC6-induced POX
upregulation (Figure 2B). Therefore, TRPC6 might specifically
regulate POX expression via p53. This assumption was further
supported by the finding that p53 or POL Il association
with the POX promoter was greatly enhanced by DNC6, while
p53 association with the p21 promoter was not affected
in chromatin immunoprecipitation (ChIP) experiments
(Figure 2C; Supplementary Figure S2E). In U251 and H1299
cells, inhibition of TRPC6 did not induce p53 association
with the POX promoter (Figure 2C). Collectively, these results
suggest that TRPC6 regulates p53 association specifically
with the POX promoter to control its expression in glioma
cells.

The OIP5-AS1/p53 complex is important for TRPC6-regulated
POX expression

We next studied how inhibiting TRPC6 induces p53 associa-
tion with the POX promoter but not with the p21 promoter. It
has been noted that gene transcription can be affected by
IncRNAs, molecules known to bind to protein and DNA (Ponting
et al., 2009). Thus, we screened for IncRNAs precipitated by
the antibody against p53 using RNA immunoprecipitation
coupled with deep sequencing (RIP—seq). The RIP—seq from
LN229 cells expressing DNC6 showed that 6 IncRNAs were
enriched in the p53-precipitated complexes, including OIP5-
AS1 (NONHSAG016639.3), known as a tumor suppressor and
important for development (Figure 3A and B; Ulitsky et al.,
2011; Chiu et al., 2018; Kleaveland et al., 2018). The expres-
sion levels of these 6 IncRNAs in LN229 cells were then con-
firmed by quantitative real-time PCR (gPCR) analysis
(Supplementary Figure S3A). Since it has been reported that
some IncRNAs can recognize their targets in a manner depen-
dent on base pairing (Ponting et al., 2009), we then aligned the
6 IncRNAs with the POX promoter and found that O/P5-AS1 con-
tains a 24-nt sequence well paired with a part of the POX pro-
moter (Figure 3C; Supplementary Figure S3B). Moreover, the
complementary 24-nt motif was found exclusively in the POX
but not p21 or MDM2 promoter region (Figure 3D;
Supplementary Figure S3C). Further RIP assays using three
pairs of primers designed to amplify different exons of O/P5-
AS1 showed that O/P5-AS1 was enriched by 7.5- to 11.0-fold
(Supplementary Figure S3D). OIP5-AS1 association with p53
was markedly increased when TRPC6 was inhibited, suggesting
that the O/P5-AS1 and p53 interaction was regulated by TRPC6
(Supplementary Figure S3D). Furthermore, in an electrophoretic
mobility shift assay (EMSA), an OIP5-AS1 3’-terminal 438-nt
fragment (3’-438) containing the 24-nt region was shifted to a
higher position in the presence of recombinant p53, and this
shift was p53 concentration-dependent (Figure 3E). Therefore,
OIP5-AS1 can directly bind with p53. Moreover, OIP5-AS1 ex-
pression was downregulated in glioma tissues, and its
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Figure 1 Specific POX expression regulated by TRPC6 in human glioma. (A) gPCR analysis of the indicated mRNA levels in LN229 cells.
(B) Immunoblotting of total lysates of LN229 cells transfected with GFP and DNC6 (left panel) or control shRNA and shTRPCé (right panel)
with the indicated antibodies. (C) qPCR analysis of POX and p21 mRNA levels in LN229 cells transfected with GFP, DNC6, or WT-TRPC6
(WTC6). (D) Immunoblotting of total lysates from 40 glioma and 39 human normal brain (control) tissues (four samples are shown) probed
with the indicated antibodies. GAPDH as loading controls. (E) Immunohistological staining in glioma and control human brain tissues with
hematoxylin, GFAP, and POX antibodies. Scale bar, 50 um. (F) POX mRNA expression in glioma and control tissues detected by in situ
hybridization. Antisense probe: POX mRNA; sense probe: negative control. Scale bar, 50 um (black) or 10 um (white). Unless stated, data
are mean +SEM of at least three independent experiments in triplicate, t-test, **P < 0.01.

overexpression enhanced POX but not MDM2 or p21 expres-  AS1 was downregulated restored the upregulation of POX ex-
sion in glioma cells (Figure 3F; Supplementary Figure S3E).  pression by DNC6 (Supplementary Figure S4A). We next per-
Furthermore, overexpressing OIP5-AS1 in cells in which OIP5-  formed the chromatin isolate by RNA precipitation (ChIRP)
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Figure 2 Dependence of TRPC6-regulated POX expression on p53 binding with the POX promoter. (A) POX and p21 mRNA levels (upper) and
POX and p53 protein levels (lower) in U251 cells transfected with GFP or DNC6. (B) POX mRNA levels (upper) and POX and p53 protein levels
(lower) in LN229 cells transfected with p53 (R273H) or DNC6. (C) ChIP analysis with p53 or IgG antibodies in LN229, U251, or H1299 cells.
Unless stated, data are mean=+SEM of at least three independent experiments in triplicate, t-test, **P < 0.01, NS indicates no significance.

assay and found that OIP5-AS1 probes with 3’-biotin specifi-
cally enriched OIP5-AS1 from 0.05% to 4.3% of the input
(Figure 3G). Immunoblotting of ChIRP lysates showed that inhi-
bition of TRPC6 greatly enhanced the association of p53 with
0IP5-AS1 in the cells (Figure 3H). Consistently, knockdown of
0IP5-AS1 (by 845#) (Lennox and Behlke, 2016) greatly sup-
pressed p53 association with the POX promoter as assayed in
ChIP experiments, whereas it did not affect p53 association
with the p21 promoter (Figure 3l; Supplementary Figure S3F
and G). Collectively, these results suggest that O/P5-AS1 inter-
acts with p53, and inhibition of TRPC6 enhances the interaction
to increase POX expression.

Direct binding of OIP5-AS1 to the POX promoter via its 24
nucleotides

Since OIP5-AS1 contains a 24-nt sequence that is highly
complementary with a part (defined as the O-site) of the POX
promoter (Figure 4A), we thus examined whether O/P5-AS1
directly binds to the POX promoter via the 24-nt region, which
lacks a canonical p53-binding motif (Maxwell and Kochevar,
2008; Beckerman and Prives, 2010). In EMSA, 3’-438, which
contains the 24-nt region, was shifted to a higher position in
the presence of a 130-bp fragment (containing the O-site) of
the POX promoter, and this shift was 3’-438 concentration-
dependent (Figure 4B). The 3’-438 shift was not observed when


https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab001#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjab001#supplementary-data

0IP5-AS1 specifies p53-driven POX transcription regulated by TRPC6 in glioma | 413

C

OIP5-AS1 5’ -AAGCGATTCTCCTGCCTCAGCCTCCCAAGTAGCTAGGATTACAGGC-3'
POX promoter 3’ -AAGTGATCCCCCTGCCTCAACCTCCCAAGTAGCTGGGACTACAGGC-5'

NONHSAGO059067.1 2
NONHSAG110240.1 |§ | SCARNAS U87 5'-TTGGGATTCTGTCAGTGTGTGTTTCTGAGAGTGATCGGCTCACAG-3"
POX promoter 3 -AAGTGATCCCCCTGCCTCAACCTCCCAAGTA ACTACAGG-5'

NONHSAG110553.1 N
NONHSAG113823.1 SCARNA10 UB5S 5’ -GGTCTGTAATCTTGGTGGGCGATACAGAGTTATGTGTGTTCACTGT-3"
E: POX promoter 3’ -ARGTGATCCCCCTGCCTCAACCTCCCAAG-TAGCTGGEACTACAGG-5"

NONHsAGO77945.1 lf
NONHSAG016639.3 D
NONHSAG102417.2
NONHSAG111341.1 0IP5-AS1 5’ -AAGCGATTCTCCTGCCTCAGCCTCCCAAGTAGCTAGGATTACAGGC-3'
NONHSAGO004011.2 POX promoter 3 -AAGTGATCCCCCTGCCTCAACCTCCCAAGTAGCTGGGACTACAGGC-5"

NONHSAG043668.2
NONHSAGO76519.1

OIP5-AS1 5'-GGGTTCAAGCGATTCTCCTGCCTCAGCCTCCCAAGTAGCTAGGATTACAGGC-3'
p21 promoter 3’ -AGGATCAACCGTTTCTCCCACCTCAGCCACCTGAATACCTGGGACTACAGGT-5"

B . E 3

—  — )8 i
. P53 = + + o+ + o+ »
OIP5-AS1 3‘;;38 + =+ o+ o+ o+ 5= ke L _I s Vechile
: m I |
. w mm OIP5-AS1
F 1 kb < 4 . 2 41
o . OIP5-AS1 2 . 2
w 4 - - -
& \ 500 bp [— B 2 - < .|
P . Z 3
w e | @ - e
= P53 - 4+ o+ o+ E 2 "E_ E
o B 27
|—— o '3
|
14 .
55 kDa- |- o . % 1
il 1
pny 0 T T
. & dp’
- x — 0=
eP&\ o + n
p53-DNC6 O é,& &
G H Biotin-labeled |
0IP5-AS1
Input  NC  “ropes BN GFP-NC [N DNCE-NC
6 Hl cFP GFP DNC6 GFP DNC6 GFP DNC6 ] GFP-845# 3 DNCB-845#
3 Dbncs
1 55 KDa-| ses s — — 053
10+
" 10
D = 4 - -~ —
2T [C] Q 5
53 54 M cFF 2 o o> ¢
< £ I oncs o 8
™ £ 44 — & - 64
o © 6
- > $s o @
T 2 2 29 g o
=) = [
[ FEEL - 5 a-
s} o =
20 ) ot
g 21 S 24 2 2
a < i
0= A PR L 14
& 3¢ oo 2 F & 0 0
¥ P
O‘Q‘) < Q\qb ‘2%.@" N POX promoter p21 promoter

Figure 3 O/P5-AS1/p53 complex is important for TRPC6-regulated POX expression. (A and B) Heatmap and scatter plot of RIP-seq analysis
of LN229 cells transfected with GFP or DNC6 using p53 or IgG antibodies. (C) BLAST analysis of the immunoprecipitated IncRNAs and the
POX promoter. Letters in red indicate the complementary region. (D) BLAST analysis of O/P5-AS1, POX (region of 3000 nt upstream of tran-
scription start site, upper panel), and p21 (region of 3000 nt upstream of transcription start site lower panel) promoter sequences. Letters
in red indicate the complementary region. (E) Interaction of p53 with 3/-438 assayed by EMSA. Upper: shift of 3’-438 (white arrow) to the
higher position (black arrow) in the presence of p53. Lower: Coomassie blue staining of p53 protein. (F) gPCR analysis of O/P5-AS1 levels
in glioma or normal brain tissues (left) and POX, MDM2, and p21 mRNA levels in LN229 cells transfected with O/P5-AS1 for 48 h (right).
B-actin as an endogenous control. (G) O/P5-AS1 enrichment in ChIRP using 3’-biotin-labelled O/P5-AS1 probes and assayed by gPCR in
LN229 cells transfected with GFP or DNC6. POX and B-actin mRNAs as controls. (H) Immunoblotting of lysates precipitated by O/P5-AS1
probes in ChIRP assay using p53 antibody and quantification of p53 protein levels. Probes, a pool of 20 different 3’-biotin-labelled probes
covering the whole region of 0/P5-AS1. NC, without probes. (I) ChIP analysis with p53 or IgG antibodies in LN229 cells transfected with
GFP and DNCé6 with or without 845#. NC, scramble single-strand RNA. 845#, the antisense oligo of O/IP5-AS1. Unless stated, data are
mean + SEM of at least three independent experiments in triplicate, t-test, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4 Direct binding of O/P5-AS1 to the POX promoter via its 24 nucleotides. (A) Diagram of O/P5-AS1 or p53 binding sites in POX pro-
moter (Maxwell and Kochevar, 2008). Green: P-site (contains p53-binding consensus sequence); red: O-site. Letters in red indicate base
pairing between the O-site and 1526—1549 nt of O/P5-AS1. (B-D) EMSA of 3’-438 binding to O-site or P-site. (B) 3’-438 binding to O-site
(130 bp), its mutants (O-site mutl or mut2), or P-site (130 bp). Red arrow: 130 bp containing O-site or its mutants; white arrow: 3’-438;
black arrow: RNA-DNA (3’-438:130 bp) hybrids. (C) 3’-438 or its mutant (3/-438 mut) binding to O-site. Red arrow: 130 bp containing
O-site; white arrow: 3/-438 or 3’-438 mutant; black arrow: RNA-DNA (3’-438:130 bp) hybrids. (D) Blockage of 3’-438 binding to O-site

by the decoy probe. Circle: random or decoy probes; red arrow: 130 bp containing O-site; white arrow: 3’-438; black arrow: RNA-DNA
(3'-438:130 bp) hybrids.

the 130-bp oligos were mutated at the O-site (mut1, mut2) or was utilized (Figure 4B). Reciprocally, the replacement in the
when a fragment containing the canonical p53-binding  24-nt region of 3’-438 blocked the 3’-438 shift (Figure 4C). To
sequence (defined as the P-site, Figure 4A) of the POX promoter  confirm whether the hybrid formation of 3’-438 and the 130-bp
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Figure 5 Effects of O/P5-AS1/0-site module on p53 association with the POX promoter. (A) gPCR analysis of O/P5-AS1 enrichment by OIP5-
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oligo was indeed dependent on the 24-nt region, we synthe-
sized a 24-nt antisense DNA oligo (as a decoy probe) and ex-
amined its effects on the 3’-438 shift. As shown in Figure 4D,
the shift was noticeably suppressed by the decoy probe, but
not by a random probe. These observations provided initial evi-
dence to suggest that O/P5-AS1 directly binds to the O-site in
the POX promoter via its 24-nt region.

Effects of OIP5-AS1/0-site module on p53 binding to the POX
promoter

To investigate whether O/P5-AS1 could bind to the O-site in
cells, we performed ChIRP assays and found that inhibition of
TRPC6 greatly enhanced O/P5-AS1 binding to the O-site in the
POX promoter (Figure 5A). In comparison, such enhancement
was not observed for the p21 promoter (Supplementary Figure
S4B). Furthermore, we generated a knock-in LN229 cell line
named OX3 in which the O-site was replaced by using a
CRISPR/Cas9 approach (Supplementary Figure S4C). ChIRP
assays showed that O/P5-AS1 binding to the POX promoter
was abolished in OX3 cells (Figure 5B). To minimize off-target
effects caused by CRISPR/Cas9 and further confirm OIP5-AS1
via the 24-nt region binding to the O-site in cells, we next

designed a modified DNA decoy (in vivo morpholino) comple-
mentary to the 24-nt region that does not affect O/P5-AS1 ex-
pression and degradation (Summerton, 1999). 0IP5-AS1
binding to the O-site in LN229 cells was greatly suppressed
by the presence of the decoy (Figure 5C). Moreover, ChIP
assays showed that p53 binding to the P-site in OX3 cells was
abolished (Figure 5D, left). Consistently, the decoy (Figure 5D,
right) and knockdown of O/P5-AS1 (Supplementary Figure
S5A) also markedly inhibited p53 binding to the P-site,
whereas they did not affect p53 binding to the p21 promoter
(Supplementary Figure S5A). Collectively, these results sup-
port the hypothesis that O/P5-AS1 binds to the O-site via its
24-nt region and affects p53 association with the P-site and
POX expression when TRPC6 is inhibited.

Critical role of OIP5-AS1/0-site module in POX transcription
and glioma development

We next examined the effects of nuclear O/P5-AS1 knock-
down on DNCé6-induced POX expression. As shown in Figure 6
and Supplementary Figure S6, DNC6 induced POX upregulation
at both the mRNA and protein levels, which was greatly sup-
pressed by 845# (Figure 6A and B; Supplementary Figure S6A)
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Figure 6 Critical role of O/P5-AS1/module in POX transcription and glioma development. (A and B) POX, p21, and MDM2 mRNA levels in
LN229 cells transfected with GFP or DNC6, together with NC (scramble) or 845#. (C and D) POX, p21, and MDM2 mRNA levels (C) and POX
protein levels (D) in LN229 (WT) or OX3 cells transfected with GFP or DNC6. (E and F) POX, p21, and MDM2 mRNA levels (E) and POX protein
levels (F) in LN229 cells transfected with GFP or DNC6 with or without the decoy. (G) Hematoxylin and eosin staining after 4 weeks of intra-
cranial implantation of glioma cells transfected with GFP, DNC6, or DNC6 with the decoy to nude mice. (H) Quantification of the implanted
tumor sizes. Unless stated, data are mean +SEM of at least three independent experiments in triplicate, t-test, **P < 0.01.
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and the decoy (Figure 6E and F; Supplementary Figure S6C),
whereas the expression of p21 and MDM2 was not changed.
In OX3 cells, POX upregulation was not observed at either
the mRNA or protein level (Figure 6C and D; Supplementary
Figure S6B). Together, these results suggest that OIP5-AS1
binding to the O-site is necessary for POX transcription specifi-
cally induced by DNCé.

In an established intracranially xenografted glioma nude
mouse model, after 28 days of implantation, coronal sections
of the brains were stained with hematoxylin and eosin. As
shown in Figure 6G and H, tumors from DNCé-infected cells
were visibly smaller than those from GFP-infected cells.
However, in the presence of the decoy, the tumor size was
almost the same as that from the GFP group. These results
are consistent with the hypothesis that O/P5-AS1 binds to the
O-site to control POX expression to suppress glioma
development.

Discussion

TFs via their DBDs bind to DNA consensus motifs to control
gene expression. Nevertheless, gene expression is temporally
and spatially specific. Therefore, it is important to understand
what directs a TF to bind to its DNA consensus sequence in
one gene promoter but not another. In this study, we report
that OIP5-AS1 determines p53-driven POX transcription as
regulated by TRPC6 in glioma. This is supported by several ex-
perimental results. First, the inhibition of TRPC6 specifically
upregulated POX expression. Second, the p53/0IP5-AS1 com-
plex was pivotal for TRPC6 regulation of POX expression.
Third, OIP5-AS1 via its 24-nt motif binding to the O-site in
the POX promoter controlled POX expression. Finally, the
0IP5-AS1/0-site module was crucial for p53 binding to the
POX promoter, POX expression, and glioma growth. Our
results thus revealed a new mechanism by which OIP5-AS1
through complementary sequence pairing can direct p53 to
the POX promoter to control its expression. Therefore,
IncRNAs and TFs through sequence specificity can regulate
gene expression specifically.

The range of ncRNAs in eukaryotes exceeds the number of
protein-coding genes (Fatica and Bozzoni, 2014), implying their
important roles in cellular activities. Different mechanisms ac-
count for a variety of functions of IncRNAs, which can function
as competing binding factors (Zhuo et al., 2019) and ‘miRNA
sponges’ (Fatica and Bozzoni, 2014). The evidence so far indi-
cates that most nuclear IncRNAs function by guiding chromatin
modifiers or TFs to specific genomic loci (Wang et al., 2011;
Zhu et al., 2018). Here, we found that a IncRNA, OIP5-AS1, can
function as a guide to recruit a TF, p53, to a gene promoter by
base pairing between the IncRNA and DNA. This may be a new
mechanism to explain the precise regulation of gene expres-
sion. Indeed, IncRNA binding to gene promoters has been
reported (Guo et al., 2018; Zhu et al., 2018). For instance, as a
VIM head-to-head antisense transcript on VIM mRNA, VIM-AS1
can form an R-loop with the VIM promoter to regulate NF-xB

binding to its promoter and expression (Boque-Sastre et al.,
2015). But it is not clear whether VIM-AS1 regulates the expres-
sion of other NF-xB-driven genes. Here, we found that O/P5-
AS1 is not an antisense transcript for POX mRNA, but rather
helps p53 to bind to the POX promoter via the O-site, thereby
specifically regulating POX but not other p53-driven genes.
Although the structure of the IncRNA suggests that it has the
potential to bind to RNA or DNA by base pairing, the cocrystalli-
zation of the IncRNA and DNA could provide further structural
information on their binding.

TFs control gene transcription through the interaction
between their DBDs and consensus elements in the gene pro-
moter (Maxwell and Kochevar, 2008). In this context, IncRNAs
promote gene transcription likely independent of the consen-
sus elements to which TFs bind. Here, the O-site to which O/P5-
AS1 binds is not the p53 consensus element, but it is crucial
for p53 binding and p53-driven POX expression. Therefore,
in addition to the consensus element, another domain in the
promoter is also required for IncRNA-regulated gene expres-
sion. In our study, the combination of these two sites, O-site
and P-site, determines the specific regulation of POX expres-
sion. At present, we do not know how the OIP5-AS1/0-site
module affects the p53/P-site module. It has been reported
that p53 can form a tetramer to control gene expression
(Joerger and Fersht, 2008). It is thus speculative that the OIP5-
AS1/0-site module affects the p53/P-site module via affecting
the formation of p53 tetramer.

The intrinsic nucleic acid nature of IncRNAs confers on their
dual abilities to bind with RNA/DNA and proteins (Fatica and
Bozzoni, 2014). Here, OIP5-AS1 interacted with both p53 and
the O-site in the POX promoter. These findings indicate that
OIP5-AS1 acts as a liaison to hook p53 and the POX promoter
together. The question then is whether the part of p53 that
OIP5-AS1 interacts with is the same that interacts with the con-
sensus element. Detailed analysis of the interaction domains
between O/P5-AS1 and p53 will shed light on this question.

An important observation of the current study is that TRPC6,
a nonselective cation channel that is permeable to Ca’"
(Chen et al., 2019), regulated the interaction between p53 and
OIP5-AS1. It has been reported that RNA modifications, such as
2’-0-methylation (2-OMe or N)), can affect RNA—protein inter-
actions (Roundtree et al., 2017). It is therefore speculative that
Ca”" influx via TRPC6 can regulate O/P5-AS1 modifications to
control its interaction with p53.

In conclusion, we identified a IncRNA O/P5-AS1, which spe-
cifically affects POX transcription in a manner that is dependent
on its pairing with DNA and its interaction with p53. We
revealed that the O-site in the POX promoter is crucial for O/P5-
AS1-regulated POX expression (Supplementary Figure S6D), but
how the O-site exchanges signals with the P-site still remains
unclear. In an accompanying work, we provide evidence to
demonstrate that the O/P5-AS1/0-site and p53/P-site coordi-
nately regulate POX expression in response to TRPC6 signaling
in glioma. Specifically, we show that the P-site is crucial for
p53-directed H3K9Me2 demethylation at the POX promoter as
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well as for POX expression specifically regulated by TRPC6
(data not shown).

Materials and methods
Key resources of antibodies and cell lines (Table 1)

Cell culture

LN229 (p53+/’), U251 (p53-R273H), and H1299 (p53-null)
cells maintained in DMEM (Gibco) supplemented with 10% FBS
(Four Seasons) and 50 units/ml penicillin and streptomycin
(Invitrogen) were cultured in a humidified incubator at 37°C and
5% CO,. Transfection was performed using Lipofectamine2000
(Life Technologies) according to the manufacturer’s instructions
(Ribobio). /In vivo morpholino (decoy) was synthesized by Gene
tools.

Adenovirus and lentivirus production and infection

For virus production, 5 x 10° or 1 x 107 HEK293T cells were
plated for each 10-cm or 15-cm plate, respectively. The follow-
ing day, plasmid encoding lentivirus was cotransfected with
GFP and DNC6 into the cells using Lipofectamine2000 (Life
Technologies) according to the manufacturer's instructions.
The supernatant containing viral particles was collected 48 h
after transfection and filtered. For virus infection, cells were
infected with virus for 48 h and used for further experiments.

Human datasets

The data of mRNA expression levels of TRPC6, TP53, PTEN,
and POX (PRODH) in human glioma obtained from TCGA data-
base were analyzed by using the cBioPortal for Cancer
Genomics (Cerami et al., 2012; Gao et al., 2013).

Human tissues

Surgically removed human glioma tissues and normal brain
tissues were obtained frozen or paraffin-embedded from
Changzheng Hospital (Shanghai, China). Gliomas were graded

Table 1 Antibodies and cell lines.

Reagent Resource Identifier

Antibodies
POX antibody Abcam ab203875, ab93210
TRPC3 antibody Alomone ACC-016
p53 antibody Santa Cruz sc-126
p21 antibody Santa Cruz 5C-6246
TRPC6 antibody Alomone ACC-017
PTEN antibody Santa Cruz SC-7974
GAPDH antibody Santa Cruz SC-47724

Cell lines
LN229 ATCC LN229 MG
H1299 ATCC NCI-H1299
U251 ATCC U251 MG
2937 ATCC HEK293T

by the Pathology Department of Changzheng Hospital based on
the World Health Organization grading system. Human normal
brain tissues (mostly from the cortex) were obtained from
patients with physical injuries to the brain. These specimens
were collected with appropriate informed consent from the
patients. The use of human tissue samples was approved by
the ethics committee of the hospital.

Western blotting

Briefly, 20 ug of total proteins collected in 1% SDS RIPA
buffer from cell samples were separated by SDS—-PAGE and
electrophoretically transferred to a PVDF membrane
(Amersham). The membrane was incubated with PBS supple-
mented with 5% skimmed milk (room temperature, 1 h), pri-
mary antibody (4°C, overnight), and then peroxidase-linked
secondary antibody (room temperature, 1.5 h). The protein
bands were visualized by the SuperSignal West Pico
Chemiluminescent substrate toolkit (Pierce) and photographed
by chemiluminescent camera (Tiangen). B-actin and GAPDH
were the internal controls. Each experiment was performed in
triplicate and each measurement was done in triplicate.

Immunohistological staining

For immunohistological staining, 5-um thick paraffin-
processed sections were mounted on poly-D-lysine—coated
glass slides. Each slide was dewaxed in 100% xylene and rehy-
drated by incubation in decreasing concentrations (100%,
95%, and 75%) of alcohol. Sections were incubated in 3% hy-
drogen peroxide to quench endogenous peroxidase for
>20min. Sections were digested in antigen retrieval buffer
(50 mM, Tris—HCl, pH 8.0, 5 mM EDTA) with proteinase K (Merck
KGaA) at a final concentration of 10 ug/ml. The immunoreac-
tions were performed with VECTASTAIN Elite ABC Kit (Vector
Laboratories). Briefly, sections were blocked with horse serum
and incubated overnight with diluted antibodies against POX or
GFAP at 4°C. Following washes with PBS, the slides were incu-
bated with the appropriate biotinylated anti-rabbit IgG second-
ary antibodies (Vector Laboratories) at room temperature for
2h, washed, and incubated with horseradish peroxidase-
conjugated streptavidin (Vector Laboratories). Sections were
developed using a peroxidase substrate 3,3’-diaminobenzidine
kit (Vector Laboratories) and counterstained with hematoxylin
to stain the nucleus. Sections were dehydrated by incubation
in increasing concentrations (75%, 95%, and 100%) of alcohol
and in 100% xylene before coverslips were mounted onto the
sections. POX immunostaining was measured based on the rel-
ative optical intensity of specific area of the brown-colored
3,3’-diaminobenzidine signal.

Reverse transcription and gPCR
Total RNA extracted from human tissues, U87, LN229, and
U251 cells using Trizol reagent (Life Technologies) was reverse-
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transcribed to the first-strand cDNA in a 20-ul reaction volume
containing 5pg RNA, random primer, dNTP, RNAase inhibitor,
and M-MuLV reverse transcriptase (Promega) for 25°C, 10 min,
then 42°C, 1.5h, and 72°C, 10 min. gPCR was performed with
SYBR Premix ExTaq Kit (Genestar) and analyzed on Step One
plus (ABI). The gPCR conditions were as follows: 95°C, 10 min;
95°C, 10sec, 60°C, 15sec, 72°C, 20sec, and additional 39
cycles. Quantification was done by using the comparative Ct
(AACt) method. The primers used for gPCR are listed in
Supplementary Table S1.

In situ hybridization

The three probes targeting the human POX mRNA (GenBank
accession NM_016335.4) were designed and made by Boster
Company. The sequences were: (i) ACGAATAAGCGGGACAAGCA
ATACCAGGCCCACCG; (ii) AAGTGGAGGTGCTTCTTTCACCAAATGGC
TGTGGA; (jii) TTCAACACATACCAGTGCTACCTCAAGGATGCCTA.

Both the sense and antisense probes were labelled with
digoxigenin. Hybridization was performed on 8-um cryosections
of freshly frozen tissues. Sections were immersed in the hybrid-
ization solution, containing 50% formamide, 5x saline sodium
citrate (SSC) buffer (0.75 M NaCl and 75 mM sodium citrate, pH
7.0), 50 ug/ml yeast tRNA, 100 ug/ml heparin, 1x Denhardt
solution, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate, 0.1% Tween-20, and 5mM EDTA, and
hybridized at 65°C for 16 h with sense or antisense probe at a
concentration of 1 ug/ml. Post-hybridization washes were per-
formed three times in 2x SSC at 37°C for 5min and twice in
0.2x SSC at 65°C for 30 min. The hybridized probes were
detected using alkaline phosphatase-conjugated anti-digoxige-
nin Fab fragments and sections were developed using a peroxi-
dase substrate 3,3’-diaminobenzidine kit.

ChiP

The ChIP assays were performed according to the previous
report (Zhang et al., 2016). Briefly, 1 x 107 cells were washed
with PBS, fixed with 1% formaldehyde, and quenched with
0.125M glycine. Cells were then collected for nuclear
extraction by 400ul lysis buffer (50 mM, Tris—HCl, pH 7.4,
1% SDS, 10mM EDTA) and 120ug of sonicated chromatin
(10 sec sonication, 4 times until the lysates turned clear and
then supernatant was collected) were incubated with 10pug
antibodies against p53, POL Il, or IgG (Santa Cruz) at 4°C, over-
night. The next day, the protein A/G magnetic beads (Biotool,
b23202; preblocked with 10 mg/ml BSA and 70 ug/ml salmon
sperm DNA, overnight) were added, incubated for 2 h at 4°C,
and then collected by magnetic scaffold. The precipitated
beads were sequentially washed three times with the SB140
buffer (50 mM HEPES, pH 7.9, 1mM EDTA, 1% Triton X-100,
0.1% SDS, 140mM NaCl, 0.1% deoxycholate), the SB500
buffer (50 mM HEPES, pH 7.9, 1 mM EDTA, 1% Triton X-100,
0.1% SDS, 500 mM NacCl, 0.1% deoxycholate), the LiCl buffer
(20 mM, Tris—HCl, pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5%

deoxycholate, 0.5% Nonidet P-40), and the TE buffer (20 mM,
Tris—HCl, pH 8.0, 1mM EDTA) for 4min each with rotation.
Then, the beads were eluted by the elution buffer (50 mM, Tris—
HCl, pH 8.0, 1% SDS, 10 mM EDTA) and TE-SDS buffer (1%
SDS) and incubated at 65°C, overnight. The eluted beads were
then digested by PK buffer (0.4 pg/ul protease K in TE buffer)
for at least 4 h. Relative enrichment of the interest targets in
the precipitates was measured by qPCR. The p53 and POL Il sig-
nals were normalized to input and IgG. The fold change relative
to the control cells was then calculated. Rabbit and mouse IgG
(Santa Cruz) were used as nonspecific IgG controls.

RIP

All solutions were in DEPC-treated H,O. Briefly, cells were
washed with PBS and fixed by 1% formaldehyde in cold PBS for
10 min and quenched with 0.125M glycine. Cells were col-
lected in EP tubes and washed with PBS twice, suspended by
lysis buffer (50 mM, Tris—HCl, pH 7.4, 1% SDS, 10 mM EDTA).
After a freezing and thawing cycle in nitrogen, the cell lysates
were treated by 30 min ultrasonication until they turned clear.
The antibodies against IgG or p53 were added into the col-
lected supernatant and incubated overnight at 4°C. The protein
A/G magnetic beads (preblocked with 10 mg/ml BSA and
70 ug/ml yeast tRNA, overnight) were added and incubated for
2 h at room temperature and centrifuged. The precipitates were
sequentially washed by wash buffer | (50 mM, Tris—HCl, pH 7.5,
1M NaCl, 1% Nonidet P-40, 1% deoxycholate, 1 M urea) for
5min, 3 times and wash buffer Il (50 mM, Tris—HCl, pH 7.5, 1 M
NaCl, 1% Nonidet P-40, 1% deoxycholate) for 5 min, 3 times
and sequentially eluted by elution buffer and same volume of
TES buffer (50 mM, Tris—HCl, pH 7.4, 10 mM EDTA) at 55°C for
15 min. Then, total RNA in eluted products was extracted by
TRIZOL and transcribed to cDNA for gPCR analysis.

Nuclear extraction

LN229 cells were washed with ice-cold PBS and resuspended
in ice-cold buffer A containing 10 mM HEPES, pH 7.9, 10 mM KCl,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), 1% sodium deoxycho-
late, and protease inhibitor cocktail. The cells were incubated on
ice for 10min and 0.5% Nonidet P-40 (Sangon) for additional
15 min. After centrifuging at 6000 g for 1 min, the pellet was
resuspended in extract buffer (20 mM HEPES, pH 7.9, 400 mM
KCl, 4.5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT, 1% sodium deoxy-
cholate, and protease inhibitor cocktail) and incubated on ice for
1h. The lysate was centrifuged at 10000 g for 10 min, and the
sediment was collected as nuclear extracts.

EMSA

Briefly, synthetic DNA oligos and in vitro transcription of
IncRNA were mixed in hybridization buffer (50 mM, Tris—HCl, pH
8.0, 250 mM NaCl, 2.5 mM EDTA, 2.5 mM DTT, 5 mM MgCl,) for
2 h, from 95°C to 25°C, gradually. The formation of DNA/RNA
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hybrid was visualized in 1% agarose gel stained with nucleic
acid loading dyes. Human p53 protein was purified (Detai Bio)
and mixed with DNA or RNA in hybridization buffer at 37°C for
1 h. Then, the formation of DNA/protein hybrid or RNA/protein
hybrid was visualized by 1% agarose gel stained with nucleic
acid loading dyes.

ChIRP

The ChIRP was conducted following the protocol as previ-
ously reported (Chu et al., 2011). Briefly, Cells collected were
fixed by cold 1% glutaraldehyde for 10 min and quenched with
0.125 M glycine for 5min. They were immediately put into lig-
uid nitrogen and then 400 pl lysis buffer (50 mM, Tris—HCl, pH
7.4, 1% SDS, 10 mM EDTA) per 107 cells were added into the
cells for ~30min ultrasonication until lysates turned clear.
Then, 20 pl lysates were used as total DNA or RNA input, re-
spectively. After addition of 2 pmol O/P5-AS1 probes, hybridiza-
tion was made at 37°C for 4 h with shaking and 20 ul Dyn-2
magnetic beads (Life Technologies) per sample were added
and incubated at 37°C for 30 min with shaking. Then, the beads
were washed 5 times with wash buffer (2x SSC, 0.5% SDS,
phenylmethanesulfonyl fluoride) and eluted by 150 ul elution
buffer (50 mM, Tris—HCl, pH 8.0, 1% SDS, 10 mM EDTA) at 37°C
for 30 min with shaking. The lysates were transferred to a fresh
1.5-ml RNAase-free EP tube and 90 ul PK buffer (100 mM NacCl,
10 mM, Tris—HCl, pH 8.0 for DNA or pH 7.0 for RNA, 1 mM EDTA,
0.5% SDS) and 5% protease K (20 mg/ml) were added and in-
cubated at 50°C for 45min. The eluted products were then
used for DNA, RNA, or protein analysis.

POX promoter editing by CRISPR/Cas9

CRISPR/Cas9 target site was searched within the O-site in
POX promoter region 3000 nt upstream of transcription start
site. The Cas9 guide sequence was designed by online CRISPR
Design Tool (http://tools.genome-engineering.org) (Ran et al.,
2013). Guide sequences were selected for cell genome editing
(Target sg-RNA 1: 5'-TCCCAAGTAGCTAGGATTAC-3'; Target sg-
RNA 2: 5/-TGTAATCCTAGCTACTTGGG-3"), and a 149-bp repair re-
placement template (single-stranded DNA oligonucleotides)
containing mutations in O-site region was designed to target
and replace the POX promoter region: 5-TGATGGCTTAGCTT
GGGCTCAGAGGCCTGACACCTGGGCTCAAGTGATCCCGACCGTCCTC
GAGCATCTCGCCTCGGGACTACAGGCTGGACTGCACCTAGCTAATTTT
TAAAAAATATTTTTTTG-3'. The construction of sg-RNA-expressing
plasmids and clone isolation of cell lines were done following
the reported protocol (Ran et al., 2013). The plasmid for con-
struction of sg-RNA expression was pSpCas9(BB)-2A-Puro
(Addgene plasmid 62988).

In vivo studies
In the intracranial glioma model, U87 cells infected with ade-
novirus at MOI of 10 for 24 h were incubated with the decoy

(0.1mM) for 24h. Then, 5x10°cells suspended in 5yl
Leibovitz L-15 medium (without serum or antibiotics and with
2 mM L-glutamine) (Invitrogen) were injected into the right cau-
date putamen of athymic nude male mice (5-week-old, n=12
per group). Briefly, a 0.5-0.8-mm burr hole was made 2 mm
right to the midline and 1 mm anterior to the bregma before the
cells were stereotactically injected by a 50-ul syringe and 23-
gauge needle (0.6-mm diameter) to a depth of 3.9 mm. Cells
were injected at a speed of 1 ul/min. After 4 weeks of implanta-
tion, mice were anesthetized with chloral hydrate and perfused
with 4% paraformaldehyde, and their brains were removed for
cryosections at 25 um per slice for hematoxylin and eosin stain-
ing. The implanted tumor size was quantified by calculating av-
erage areas of four continuous serial coronal cryosections of
each brain. All athymic nude mice were kept under specific
pathogen-free conditions and their care was in accord with the
animal welfare guidelines.

Quantification and statistical analysis

Statistics was carried out using Microsoft Excel and
GraphPad Prism to evaluate the differences between different
groups, using the t-test or ANOVA (for more than two groups).
All results are shown as mean=+SEM from three or more inde-
pendent experiments. P-values <0.05 were considered statisti-
cally significant, *P<0.05, **P<0.01, ***P<0.001,
****P < 0.0001, respectively.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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