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Abstract

Long noncoding RNAs (IncRNAs) participate in various biological processes such as apo-
ptosis. The function of IncRNAs is closely correlated with their localization within the cell.
While regulatory potential of many IncRNAs has been revealed at specific subcellular loca-
tion, the biological significance of discrete distribution of an IncRNA in different cellular com-
partments remains largely unexplored. Here, we identified an IncRNA antisense to the pro-
apoptotic gene PYCARD, named PYCARD-AS1, which exhibits a dual nuclear and cyto-
plasmic distribution and is required for the PYCARD silencing in breast cancer cells. The
PYCARD-regulated apoptosis is controlled by PYCARD-AS1; moreover, PYCARD-AS1
regulates apoptosis in a PYCARD-dependent manner, indicating that PYCARD is a critical
downstream target of PYCARD-AS1. Mechanistically, PYCARD-AS1 can localize to the
PYCARD promoter, where it facilitates DNA methylation and H3K9me2 modification by
recruiting the chromatin-suppressor proteins DNMT1 and G9a. Moreover, PYCARD-AS1
and PYCARD mRNA can interact with each other via their 5’ overlapping region, leading

to inhibition of ribosome assembly in the cytoplasm for PYCARD translation. This study
reveals a mechanism whereby an IncRNA works at different cellular compartments to regu-
late the pro-apoptotic gene PYCARD at both the epigenetic and translational levels, contrib-
uting to the PYCARD-regulated apoptosis, and also sheds new light on the role of discretely
distributed IncRNAs in diverse biological processes.

Author summary

As the reveal of tens of thousands of long noncoding RNAs (IncRNAs) from mammalian
genomes, there is increasing interest to understand how these transcripts function in
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physiological and pathological processes. The regulatory potential of many IncRNAs has
been revealed at specific subcellular location. Nevertheless, many IncRNAs are discretely
distributed in different cellular compartments, and the related biological significance
remains largely unclear. PYCARD-ASI is such a “discrete” IncRNA, which exhibits a dual
nuclear and cytoplasmic localization. Here, we provide a comprehensive picture of how
PYCARD-ASI works at different cellular compartments to regulate the pro-apoptotic
gene PYCARD at both the epigenetic and translational levels, thereby contributing to the
apoptotic regulation. Our study adds a different layer to the IncRNA-mediated regulation
of gene expression, and strongly suggests that the transcripts of a specific IncRNA may
have distinct functionalities at different cellular compartments where they are located.

Introduction

The great majority of mammalian genomes are pervasively transcribed, giving rise to tens

of thousands of noncoding transcripts, especially long noncoding RNAs (IncRNAs) [1].
LncRNAs participate in a large range of biological processes such as cell differentiation, apo-
ptosis and proliferation, and most of them function by participating in the regulation of gene
expression [2, 3]. Unlike mRNAs, which must be localized to the cytoplasm for protein synthe-
sis, IncRNAs exhibit diverse subcellular distribution patterns, ranging from predominant
nuclear foci to almost exclusively cytoplasmic localization, and exert distinct regulatory effects
at their particular site of action [4, 5]. Thus, the subcellular localization of IncRNAs is critical
for their biological function.

A number of studies have implicated the regulatory potential of IncRNAs at specific subcel-
lular location. Determined by the site of action where they are located, IncRNAs may work in
cis on neighboring genes or in trans to regulate distantly located genes or molecular targets in
the nucleus or cytoplasm [5, 6]. Also, our related studies showed that several nuclear IncRNAs
drive tumorigenesis by sequestering the activity of PSF protein in repression of proto-onco-
gene transcription [7, 8], and revealed that the OCC-1 transcripts localized in cytoplasm
inhibit cell cycle transition by modulating the stability of HuR protein [9]. Current studies on
IncRNAs have greatly advanced our knowledge of their physiological and pathological roles.
Nevertheless, a substantial proportion of IncRNAs are revealed to exhibit a discrete subcellular
distribution [10], and the biological significance of discrete distribution of an IncRNA in dif-
ferent cellular compartments remains largely unexplored.

The pro-apoptotic gene PYCARD encodes a signaling factor that consists of an N-terminal
PYRIN-PAAD-DAPIN domain (PYD) and a C-terminal caspase-recruitment domain
(CARD) and operates in the intrinsic and extrinsic cell death pathways [11, 12]. PYCARD was
originally identified to undergo the DNA methyltransferase-1 (DNMT1)-mediated epigenetic
silencing in a wide range of human tumors [13-17], and subsequent studies showed that its
inactivation is also associated with other epigenetic events such as H3K9 dimethylation [18].
In this study, we further report an IncRNA antisense to PYCARD, named PYCARD-AS],
which exhibits a dual nuclear and cytoplasmic distribution and is required for the PYCARD
silencing in breast cancer cells. PYCARAD-ASI is functionally involved in the PYCARD-regu-
lated apoptosis, and regulates apoptosis in a PYCARD-dependent manner, indicating that
PYCARD is a critical function mediator of PYCARD-AS1. Mechanistically, PYCARD-ASI1 not
only acts in cis to facilitate the recruitment of DNMT1 and histone H3K9 methyltransferase
G9a to the PYCARD locus, but also inhibits ribosome assembly in the cytoplasm for PYCARD
translation, leading to coordinated regulation of PYCARD expression at the epigenetic and
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translational levels. Our findings highlight the notion that the transcripts of a specific IncRNA
may operate in biological processes by exerting distinct regulatory effects at different cellular
compartments.

Results
PYCARD-ASI is an IncRNA distributed in both nucleus and cytoplasm

Through a GenBank search, we identified the gene C160rf98 on the opposite strand of the
PYCARD gene, which produces a transcript in a head-to-head orientation relative to the
PYCARD mRNA (Fig 1A). Based on the sequence of C1601f98, the experiments of 5'- and
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Fig 1. PYCARD-ASI is an IncRNA distributed in both nucleus and cytoplasm. (A) Schematic illustration of
genomic loci of C160rf98, PYCARD and three neighboring genes on human chromosome 16p11.2. C1607f98, FUS and
TRIM?72 are encoded by the (+) DNA strand, while PYCARD and PYDCI are encoded by the (-) DNA strand. (B) The
length of PYCARD-AS]1 determined by 5" and 3’ RACE assays. Lane 1, 3’ RACE product; lane 2, 5 RACE product;
lane 3, RT-PCR reaction omitting reverse transcriptase as a negative control; lane 4, full-length PYCARD-ASI. (C)
Exon composition of the PYCARD-AS1 and PYCARD transcripts. Rectangles represent exons and arrows mark TSSs.
Short lines show location of the PYCARD-AS1- and PYCARD-specific shRNAs (shAS and shS, respectively). Arrows
also indicate the primers used for RACE (GSP-F1 and GSP-F2 for 3’ RACE, GSP-R1 and GSP-R2 for 5 RACE) and
RT-PCR (F3 and R3) in (B), and the primers used for the subsequent qRT-PCR detecting the abundance of
PYCARD-ASI1 (AS-F and AS-R) and PYCARD (S-F and S-R) transcripts. AS-R and S-R were also used to initiate the
RT reaction in directional RT-PCR in (D). (D) Directional RT-PCR experiments detecting the PYCARD-AS1 and
PYCARD transcripts. RNA extracted from SKBR3 cells was reverse-transcribed using gene-specific reverse primers
(AS-R and S-R), and the resulting cDNA was subjected to a PCR amplification that involves a primer pair
corresponding to the non-overlapping regions of PYCARD-AS1 and PYCARD. RT reaction initiated by random
hexamers (RP6) was set up as a positive control, and RT reaction omitting reverse transcriptase (-RT) was included as
a negative control. (E) RNA FISH detecting the distribution of PYCARD-ASI in SKBR3 cells (scale bars, 10 um). (F)
qRT-PCR assay following nuclear/cytoplasmic fractionation detecting the distribution of the indicated transcripts in
SKBR3 cells. The qRT-PCR data, represented as a percentage of the total amount of detected transcripts, are presented
as means * SD from three independent experiments performed in triplicate.

https://doi.org/10.1371/journal.pgen.1008144.9001
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3'-RACE were initiated with total RNA from SKBR3 cells and resulted in a 1,095-nucleotide
(nt) antisense transcript of PYCARD (Fig 1B), which is the same as the transcript annotated as
PYCARD-AS1. PYCARD-ASI originates in the second intron 892 nt downstream of the tran-
scription start site (TSS) of PYACRD, ends at nt 676 upstream of the PYCARD TSS, and con-
sists of two exons (Fig 1C). A “directional” RT-PCR assay, which was set up by using gene-
specific reverse primers in RT reaction (AS-R and S-R, shown in Fig 1C), showed that neither
PYCARD-ASI nor PYCARD produces longer RNA species spanning their 3" non-overlapping
regions (Fig 1D). In addition, the RT-PCR detection initiated by different primers (S1A Fig),
as well as the 3'-RACE experiment, indicated that PYCARD-AS]I is poly(A)-tailed, belonging
to an mRNA-like transcript. We next examined the sensitivity of PYCARD-ASI transcription
to the Pol IT inhibitor a-amanitin. Following o-amanitin treatment, the levels of PYCAR-
D-ASI1 and ACTB transcripts were reduced, whereas those of pre-tRNA"" and 45S pre-rRNA
showed no change (S1B Fig), indicating that PYCARD-ASI is transcribed by Pol II.
PYCARD-ASI is annotated as a noncoding transcript in GenBank. In addition, the
Coding Potential Calculator tool [19] predicted that PYCARD-AS1 displays no protein-coding
potentiality (S1C Fig). Although UniProt showed a putative protein prediction of 204 amino
acids for PYCARD-ASI1 (S1D Fig), we found that the putative open reading frame (ORF) of
PYCARD-ASI could not be expressed as an N-terminal enhanced green fluorescent protein
(EGFP) fusion protein (S1E and S1F Fig). By RNA FISH assay, PYCARD-AS1 was revealed to
exhibit a dual nuclear and cytoplasmic distribution (Fig 1E). Moreover, cellular fractionation
assay showed that the distribution of PYCARD-ASI is clearly distinct from that of the nuclear-
localized U1 snRNA, the mitochondrially retained 12S rRNA and the protein-coding GAPDH
mRNA (Fig 1F). We further separated the chromatin fraction, and found that approximately
25% of nuclear-localized PYCARD-ASI transcripts were chromatin-enriched (S1G Fig).

PYCARD-ASI is a negative regulator of PYCARD

Since antisense IncRNAs have been implicated as regulator of their sense counterparts [2, 5],
we set out to analyze whether PYCARD-ASI can regulate PYCARD expression. The transcrip-
tion level of PYCARD-AS]1 was first measured in four breast cancer cell lines, namely, SKBR3,
MCF7, MDA-MB-231 and T47D. PYCARD-ASI transcription was detectable in all cell lines,
with SKBR3 expressing it most (S2A Fig). Next, shRNAs were designed to silence PYCAR-
D-AS1 and detect the effect of PYCARD-AS1 knockdown on PYCARD expression in SKBR3
cells. The shRNAs were shown to reduce the levels of total and cytoplasmic PYCARD-AS1 and
efficiently act on the nuclear-retained and chromatin-associated PYCARD-AS1 (Fig 2A-2F).
Concomitantly, we observed that PYCARD-ASI silencing increases the PYCARD mRNA and
protein levels (Fig 2G and 2H and S2B Fig), indicating a negative regulation of PYCARD by
PYCARD-ASI. In parallel, we knocked down PYCARD mRNA with specific shRNA, and
found that PYCARD silencing didn’t change the PYCARD-ASI level (S2C Fig). In addition,
PYCARD-AS1 knockdown was shown to have no effect on the mRNA levels of FUS, TRIM72
and PYDCI, three genes neighboring PYCARD and PYCARD-ASI (Fig 1A and S2D Fig),
suggesting that PYCARD-ASI specifically regulates PYCARD. Also, the negative PYCARD
regulation by PYCARD-AS1 was confirmed in MCF7, MDA-MB-231 and T47D cells (S2E-
S2G Fig).

The silencing of PYCARD is closely correlated with the defective apoptosis of tumor cells,
and its reactivation was revealed to increase the susceptibility of tumor cells to cytotoxic agents
[20]. Confirming the regulatory effect of PYCARD-ASI on PYCARD expression prompted
assays on the contribution of PYCARD-ASI to PYCARD-regulated apoptosis. We tested
whether PYCARD-ASI regulates the sensitivity of SKBR3 cells to paclitaxel, which is also
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Fig 2. PYCARD-ASI is a negative regulator of PYCARD. (A-G) qRT-PCR performed in SKBR3 cells to confirm the downregulation of total (A),
cytoplasmic (B), nuclear-retained (C) and chromatin-associated (D) PYCARD-ASI1 by three different shRNAs, and to detect the effect of PYCARD-AS1
knockdown on PYCARD expression (G). ACTB mRNA, 12S rRNA, Ul snRNA, XIST RNA, and ACTB mRNA were included in (A, B, C, D, and G) as
an internal control to normalize the amount of RNA in the samples. Distribution of 12S rRNA, U1 snRNA (E) and XIST RNA (F) was tested to confirm
the cellular fractionation in (B-D). Data are presented as means + SD from three independent experiments performed in triplicate; *p < 0.05;

**p < 0.01. (H) Immunoblotting detecting the effect of PYCARD-AS1 knockdown on PYCARD expression in SKBR3 cells. ACTB was used as an
internal control to normalize the amount of total protein in the samples. PYCARD immunoblotting signals from three independent assays (S2B Fig)
were subjected to densitometric analysis, and the data are presented as means + SD; *p < 0.05. (I) PYCARD-AS] affects the sensitivity of SKBR3 cells to
paclitaxel-induced apoptosis in a PYCARD-dependent manner. The indicated SKBR3 cells were subjected to annexin V/propidium iodide staining
followed by flow cytometry analysis, and the rates of apoptosis were analyzed. Data are presented as means + SD from three independent experiments;
*p < 0.05. Like PYCARD, PYCARD-AS1 showed no effect on apoptosis in the absence of cytotoxic agent [21]. (J) Heat map representation of
microarray data from two independent experiments on the gene expression levels in the indicated shRNA-treated SKBR3 cells (p < 0.05). (K) gRT-PCR
of FOXQI and RASSF2, two PYCARD-AS1 and PYCARD-controlled genes, in the indicated SKBR3 cells. Data are presented as means + SD from three
independent experiments performed in triplicate; “p < 0.05; **p < 0.01.

https://doi.org/10.1371/journal.pgen.1008144.9002
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associated with the expression level of PYCARD [21]. Knockdown of PYCARD-ASI increased
PYCARD expression (S2H Fig), and the PYCARD-AS1-knockdown SKBR3 cells showed
increased sensitivity to paclitaxel treatment compared with the control cells (Fig 2I and S2I
Fig). Remarkably, simultaneous PYCARD knockdown, which neutralized the increased
PYCARD expression (S2H Fig), was shown to largely weaken the sensitivity of SKBR3 cells to
paclitaxel increased by PYCARD-ASI silencing (Fig 2I and S2I Fig), suggesting that PYCAR-
D-ASI1 regulates apoptosis in a PYCARD-dependent manner.

SKBR3 cells included in the above apoptosis assay were also subjected to global gene expres-
sion analysis. Microarray data revealed hundreds of genes that were induced or suppressed
more than twofold as a consequence of PYCARD-AS1 knockdown, and showed that the
expression of a significant proportion of these differentially expressed genes (91 of 175
PYCARD-ASI knockdown-induced genes and 37 of 59 PYCARD-ASI knockdown-sup-
pressed genes) could be reversed at least 1.5-fold in PYCARD-AS1 and PYCARD double-
knockdown SKBR3 cells compared with that in PYCARD-ASI knockdown SKBR3 cells
(Fig 2] and S1 Table; GEO accession number: GSE85032). Several target genes identified by
microarray were randomly selected for qRT-PCR confirmation (Fig 2K and S2] Fig). The
above data indicate that PYCARD-ASI is involved in the PYCARD-regulated apoptosis, and
that PYCARD is a critical downstream target of PYCARD-ASI.

PYCARD-ASI regulates PYCARD at the epigenetic level

Following on from the above studies, we attempted to determine how PYCARD-AS1 sup-
presses PYCARD by using SKBR3 cells. DNA methylation and histone H3K9 dimethylation
are two types of epigenetic modifications contributing to the PYCARD silencing in tumor cells
[13, 18]. Since shRNAs were shown to act on the PYCARD-ASI in nucleus (Fig 2C and 2D),
we first analyzed whether PYCARD-AS1 knockdown can impact the methylation status of the
PYCARD promoter, with the PYCARD-ASI promoter being detected as a control. The results
from bisulfite sequencing showed that the PYCARD promoter, but not the PYCARD-AS! pro-
moter, was partially demethylated by PYCARD-AS1 knockdown (Fig 3A), leading to a rela-
tively hypomethylated state. We also performed ChIP assay to examine the distribution of
H3K9me?2 across a genomic region of approximately 2.7 kb that covers the PYCARD and
PYCARD-ASI loci. The decrease of H3K9me2 occupancy, which occurred upon PYCAR-
D-AS1 knockdown, was only detected in the region near the PYCARD TSS (Fig 3B, upper).
Histone modification H3K27me3 was included as a ChIP control, and the result showed that it
was rarely enriched across this genomic region compared with H3K9me2 (Fig 3B, lower).

As detected by Pol IT ChIP assay, PYCARD-AS1 knockdown also resulted in an elevation in
the initiating Pol IT occupancy at the 5 PYCARD region, as well as an elevation in the elongat-
ing Pol II occupancy at the 3 PYCARD region and the total Pol II occupancy at the 5’ and 3’
PYCARD regions (Fig 3C), indicating an enhanced PYCARD transcription initiation. The
effect of PYCARD-ASI on PYCARD transcription was further dissected via nuclear run-on
assay, and the results revealed an increased production of nascent transcript for PYCARD
when PYCARD-AS1 was knocked down (Fig 3D). Altogether, the findings described above
suggest that PYCARD-ASI knockdown in SKBR3 cells changes the chromatin status from an
inactive state to an active one, thereby inducing PYCARD transcription.

PYCARD-ASI recruits DNMT1 and G9a to PYCARD promoter

In addition to DNMT1, which had previously been identified [22], G9a, a histone methyl-
transferase responsible for H3K9 dimethylation, was also revealed to occupy the PYCARD
promoter in SKBR3 cells (S3A Fig). PYCARD expression was induced by DNMT1
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Fig 3. PYCARD-ASI regulates PYCARD at the epigenetic level. (A) DNA methylation status of the PYCARD-ASI (left) and PYCARD
(right) promoter regions in SKBR3 cells with or without PYCARD-AS1 knockdown. Genomic DNA modified with bisulfite was
amplified with primer sets that span a PYCARD (nt —234/+161 with respect to the PYCARD TSS) or PYCARD-ASI (nt —242/+96 with
respect to the PYCARD-ASI TSS) promoter region. The two regions harbor 34 and 10 CpG sites, respectively. Each row indicates the
sequence of an independent amplicon where methylated (black circles) and unmethylated (white circles) CpG sites are indicated. The
short lines represent the segments that were detected by the ChIP-based tiling assays in Fig 3 and Fig 4 and S3 Fig. Relative to the
PYCARD or PYCARD-ASI TSS, their locations are nt -871/-763 (+1655/+1763), nt -716/-572 (+1464/+1608), nt -459/-338 (+1230/
+1351), nt -280/-64 (+956/+1172), nt +130/+279 (+614/+763), nt +442/+574 (+319/+451), nt +778/+889 (+4/+115), nt +1027/+1130
(-238/-135), nt +1291/+1443 (-551/-399), nt +1537/+1722 (-830/-645) and nt +1837/+1998 (-1106/-945). (B, C) ChIP assays detecting
the occupancy of H3K9me?2 (B, upper), H3K27me3 (B, lower), serine 5-phosphorylated initiating Pol II (S5P Pol II) (C, upper), serine
2-phosphorylated elongating Pol II (S2P Pol II) (C, middle) and total RNA polymerase II (total RNA Pol IT) (C, lower) on the segments
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shown in (A) in SKBR3 cells with or without PYCARD-ASI knockdown. The data of retrieved DNA segments, represented as a
percentage of the amount input, are presented as means + SD from three independent experiments performed in triplicate; * p < 0.05; **
p < 0.01. (D) Nuclear run-on assay detecting the impact of PYCARD-AS1 knockdown on PYCARD and PYCARD-ASI transcription in
SKBR3 cells. ACTB mRNA was used as an internal control to normalize the amount of total RNA in the samples. Data are presented as
means * SD from three independent experiments performed in triplicate; **p < 0.01.

https://doi.org/10.1371/journal.pgen.1008144.9003

knockdown, G9a knockdown, or DNMT1 and G9a double-knockdown (S3B Fig). Moreover,
PYCARD-AS1 knockdown was shown to cause simultaneous loss of the DNMT1 and G9a
occupancy at the PYCARD promoter without influencing their expression levels (Fig 4A and
4B and S3C Fig). These findings indicate that PYCARD is under the control of DNMT1 and
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Fig 4. PYCARD-ASI recruits DNMT1 and G9a to PYCARD promoter. (A, B) ChIP assays detecting the occupancy of DNMT1 (A) and G9a
(B) on the segments shown in Fig 3A in SKBR3 cells with or without PYCARD-AS1 knockdown. (C) Native RIP detecting PYCARD-ASI1 and
7SK RNA retrieved by DNMT1-, G9a-, or p53-specific antibody or by normal IgG. (D) Short lines schematically show location of the antisense
probes used for ChIRP assays in (E, F). (E) ChIRP assay using oligos antisense to PYCARD-ASI1 (antisense probes) detecting the PYCARD
promoter DNA (segment 4 shown in Fig 3A), or the ACTB promoter DNA, associated with PYCARD-ASI transcript in SKBR3 cells. Oligos
reverse-complementary to the antisense probes (sense probes) and beads without probe addition (beads) were tested as controls. (F) ChIRP
assay detecting the PYCARD promoter DNA associated with PYCARD-AS] transcript in SKBR3 cells with or without PYCARD-AS1
knockdown. In (A, B, C, E and F), Data are presented as means + SD from three independent experiments performed in triplicate; “p < 0.05;
“*p < 0.01;**p < 0.001.

https://doi.org/10.1371/journal.pgen.1008144.g004
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G9a, and that PYCARD-ASI contributes to the recruitment of DNMT1 and G9a to the
PYCARD promoter.

A native RIP assay using DNMT1- and G9a-specific antibodies retrieved a substantial
amount of PYCARD-ASI (Fig 4C), revealing a PYCARD-ASI association with DNMT1 and
G9a. Meanwhile, ChIRP assay using tiling oligos against PYCARD-ASI (Fig 4D) specifically
retrieved the PYCARD promoter DNA (Fig 4E), indicating that PYCARD-ASI is also associ-
ated with the PYCARD locus. In accordance with the finding that shRNAs can efficiently
knock down the nuclear-retained and chromatin-associated PYCARD-AS] transcript (Fig 2C
and 2D), PYCARD-AS1 knockdown was shown to decrease the PYCARD promoter DNA
associated with PYCARD-ASI transcript (Fig 4F). Together, the above results suggest that
PYCARD-AS1 may recruit DNMT1 and G9a to PYCARD promoter via the intermolecular
interactions.

DNMT1 and G9a interact with the 3’ region of PYCARD-AS1

We proceeded to elucidate the molecular mechanism whereby PYCARD-AS] epigenetically
regulates PYCARD. Although IncRNAs contain functionally redundant sequences, it is
acknowledged that their core functionality generally depends on particular functional region
[23]. To map the DNMT1- and G9a-interacting region within PYCARD-ASI, nuclear extract
from SKBR3 cells was subjected to limited RNase T1 digestion, so that G residues protected by
an RNA binding protein would remain preferentially uncleaved. After DNMT1 or G9a RIP,
the enriched RNA fragments, which were associated with DNMT1 or G9a and protected from
degradation, were identified by QRT-PCR analysis using primer sets that scanned the PYCAR-
D-ASI transcript in overlapping ~150 nt-long segments (Fig 5A). As shown in Fig 5B, the
PYCARD-AS] transcript from nt 631 to 1,095 was enriched by DNMT1- and G9a-specific
antibodies after RNase T1 treatment, suggesting that the 3 PYCARD-AS1 domain is the major
region responsible for the DNMT1 and G9a interaction.

The above finding was confirmed by an RNA pull-down assay using an in vitro-generated
biotinylated 3’ PYCARD-ASI region, which was shown to bind DNMT1 and G9a with equal
efficiency as full-length PYCARD-ASI (Fig 5C). However, the effort to further narrow down
and distinguish the DNMT1- and G9a-binding regions was failed because neither DNMT1
nor G9a could be retrieved by any of the biotinylated RNA segments derived from the 3/
PYCARD-ASI region (Fig 5C). In addition to the consensus primary sequence, a proper sec-
ondary structure is also critical for the function of IncRNAs such as protein binding [24, 25].
Thus, further truncation of the 3 PYCARD-AS] region might have destroyed the necessary
secondary structure and thus impair its property of association with DNMT1 and G9a. On the
other hand, given that DNMT1 and G9a are reported to interact with each other directly [26],
it could be speculated that DNMT1 and G9a form a unique complex prior to their binding to
PYCARD-ASL. Consistently, our IP assay showed that RNase treatment didn’t destroy the
DNMT1-GY%a interaction (S4A Fig).

PYCARD-ASI localizes at the PYCARD locus via its 5’ region

Since there is a substantial degree of reverse complementarity between PYCARD-ASI and
PYCARD sequences, we tested whether the association of PYCARD-AS1 with the PYCARD
locus, as demonstrated by ChIRP assay (Fig 4E and 4F), is mediated by direct base pairing,
which results in formation of an RNA/DNA hybrid (i.e. R-loop). Total RNA extracted from
RNase H- or RNase inhibitor-treated SKBR3 cells was subjected to region-specific qRT-PCR
as well as primer walking assay. These analyses indicated that the region of potential RNA-
DNA interaction is likely to be contained in a 317-nt fragment within exon 2 of PYCARD-AS1
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https://doi.org/10.1371/journal.pgen.1008144.g005

(nt 576/892 with respect to the PYCARD-ASI TSS), which is complementary to a region of the
first exon of PYCARD (nt 1/317 with respect to the PYCARD TSS), because this PYCARD-AS1
region is sensitive to the RNase H treatment, which degrades RNA in RNA/DNA hybrids (Fig
5D and 5E and S4B Fig).

We next established an RNase-ChlIP assay to test whether R-loop formation contributes to the
DNMT1/G9a occupancy at the PYCARD promoter, which was revealed to be PYCARD-AS1-
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dependent in SKBR3 cells (Fig 4A and 4B). RNase T1 treatment, which would degrade the sin-
gle-stranded PYCARD-AS] sequence lying outside the 3 DNMT1/G9a-binding region, led to a
separation of the 3’ PYCARD-ASI region from the PYCARD DNA that abrogated the associa-
tion between DNMT1/G9a complex and PYCARD promoter; if PYCARD-ASI interacts with the
PYCARD DNA sequence to recruit DNMT1 and G9a as expected, treatment with RNase H
would result in the significant release of DNMT1 and G9a from the PYCARD promoter (Fig 5F).
We next tested several other DNMT1- and G9a-targeted loci that include KCNQ!I and CDH1,
two genes characterized to also associate with the IncRNA KCNQ1OT1 or NEAT1 [27-30]. The
results showed that the R-loop-dependent genomic recruitment of DNMT1 and G9a is not con-
fined to the PYCARD locus (S4C and $4D Fig).

PYCARD-ASI interferes with PYCARD translation

As PYCARD-AS1 and PYCARD mRNA constitute a pair of head-to-head overlapping tran-
scripts, we next sought to determine whether they can interact with each other. Affinity pull-
down assay showed that the in vitro-generated biotinylated full-length PYCARD-ASI retrieved
a substantial amount of PYCARD mRNA compared with the negative controls including
beads alone or EGFP transcript (Fig 6A). In parallel, the deletion mutant of PYCARD-AS1
that lacks the overlapping region (PYCARD-AS1AOS, shown in Fig 6C, upper) was tested, and
the result showed that deletion of the overlapping region led to an impaired association with
PYCARD mRNA (Fig 6A). The interaction between PYCARD-AS1 and PYCARD transcripts
was also confirmed within the cellular context by a MS2-RIP assay (Fig 6B); furthermore, an
RNase-A assay indicated that the overlapping region of this pair of transcripts was resistant to
RNase degradation (Fig 6C, lower). PYCARD-ASI was revealed to exhibit a dual nuclear and
cytoplasmic distribution (Fig 1E and 1F). Interestingly, by cellular component-specific RNase-
A assays, the PYCARD-AS1-PYCARD interaction was detectable in both the nucleus and the
cytoplasm (S5A Fig).

The interaction between PYCARD-AS1 and PYCARD transcripts implies a post-transcrip-
tional regulation of PYCARD by PYCARD-ASI. IncRNAs have been involved in the stability
control of their paired mRNAs [31-37]. However, it seems unlikely that PYCARD-AS1 oper-
ates through this strategy because its depletion didn’t change the half-life of PYCARD mRNA
in SKBR3 cells, which were treated with a-amanitin in advance to block new RNA synthesis
(S5B Fig). In addition, PYCARD-AS1 was demonstrated to have no effect on the subcellular
distribution of PYCARD mRNA (S5C Fig).

We next tested whether PYCARD-AS1 gets connected to the PYCARD translation by moni-
toring the association of PYCARD mRNA with polysomes, the translational entity, in SKBR3
cells with or without PYCARD-ASI knockdown. SKBR3 cell lysates fractionated through
sucrose gradients were subjected to RNA isolation (Fig 6D), and the isolated RNA samples
were used to measure the recruitment of PYCARD mRNA on polysomes by qRT-PCR. As
shown in Fig 6E (upper), PYCARD-AS1 knockdown drove a shift of PYCARD mRNA toward
heavier polysomes, in keeping with increased translation. As a negative control, the distribu-
tion of GAPDH mRNA in separation fractions did not change (Fig 6E, lower). Given that the
overlapping region of this pair of sense-antisense transcripts is localized at their 5 ends, we
reasoned that PYCARD-ASI can influence the ribosome assembly on PYCARD mRNA when
they interact with each other. To test this, we established an RIP assay to determine whether
PYCARD-ASI knockdown can affect the ratio of ribosome-occupied PYCARD to total
PYCARD mRNA, which was expected to eliminate the "contaminating” effect of PYCAR-
D-AS1 knockdown on PYCARD transcription. The results clearly showed that occupancy of
RPS6 and L26, the integral components of ribosomal subunits, on PYCARD mRNA was
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Fig 6. PYCARD-ASI1 suppresses PYCARD translation. (A) The indicated biotin-labelled transcripts were used to pull down GAPDH or PYCARD
mRNA from SKBR3 cell lysates. The retrieved mRNA was subjected to qRT-PCR analysis, and the data of retrieved mRNA are relative to the values for
the control beads. The used PYCARD-AS1AOS transcript is shown schematically in (C, upper). (B) MS2-RIP assay detecting the PYCARD mRNA
associated with PYCARD-ASI or PYCARD-AS1AOS. GAPDH mRNA was detected as a negative RNA control. (C) RNase-A assay detecting the
association between endogenous PYCARD-AS1 and PYCARD transcripts. RNA extracted from the RNase A-treated SKBR3 cell lysates was subjected
to qRT-PCR analysis with primer sets that span the non-overlapping and overlapping regions (1 and 2, shown schematically), or with primers detecting
GAPDH mRNA. (D) Schematic representation of the distribution of RNA, ribosomal subunits, ribosomes and polysomes along fractions of an
increasing sucrose gradient (top to bottom fractions). RNA and protein abundances were determined by measuring the absorbance at 254 and 280 nm
(upper); RNA samples extracted from gradient fractions were visualized with ethidium bromide (lower). (E) PYCARD mRNA (upper), but not
GAPDH mRNA (lower), was increased in heavy polysomes by PYCARD-AS1 knockdown. The relative distribution of PYCARD or GAPDH mRNA
was determined by qRT-PCR analysis of RNA in gradient fractions, and was presented as a percentage of the total RNA in the gradient. Data represent
mean values from three independent experiments. (F) Native RIP detecting PYCARD (upper) or GAPDH (lower) mRNA retrieved by L26- or
RPS6-specific antibody in SKBR3 cells with or without PYCARD-AS1 knockdown. (G, H) qRT-PCR (G) and immunoblotting (H) detecting the
PYCARD expression level in response to PYCARD-AS1 knockdown with or without complementation with PYCARD-AS10S or PYCARD-AS1AOS.
In (A, B, C, F and G), data are presented as means * SD from three independent experiments performed in triplicate; *p < 0.05; **p < 0.01;

“**p < 0.001.

https://doi.org/10.1371/journal.pgen.1008144.9006

increased by PYCARD-AS1 knockdown (Fig 6F, upper). In parallel, PYCARD-AS1 knock-
down was shown to have no effect on the RPS6 and L26 occupancy on GAPDH mRNA (Fig
6F, lower). To further address this issue, we performed a compensation experiment by infect-
ing the PYCARD-ASI1-knockdown SKBR3 cells, which had increased mRNA and protein lev-
els of PYCARD (Fig 6G and 6H), with lentivirus expressing the 5" overlapping region of
PYCARD-ASI (PYCARD-ASIOS) or the PYCARD-AS1AOS, which contains several point
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https://doi.org/10.1371/journal.pgen.1008144.9007

mutations that disrupt the shRNA target. Neither of the transcripts could compensate for

the effect of PYCARD-AS1 knockdown on PYCARD mRNA level (Fig 6G). However, the
PYCARD-ASIOS, but not the PYCARD-AS1AOS, has the ability to neutralize the PYCARD
translation increased by PYCARD-AS1 knockdown (Fig 6H). Collectively, the results suggest
that PYCARD-ASI also suppresses the translation of PYCARD in addition to its transcription.

Discussion

LncRNAs have been implicated in a large range of biological processes such as apoptosis, and
their function is closely correlated with the cellular compartments where they are located. It is
interesting that a sizable proportion of IncRNAs are discretely distributed in different cellular
compartments [10]. PYCARD-ASI reported here is such a "discrete” IncRNA, which exhibits a
dual nuclear and cytoplasmic distribution, and our current study describes a model whereby
the discretely distributed PYCARD-ASI transcripts link different effector mechanisms to
simultaneously operate in the different aspects of PYCARD regulation (Fig 7), contributing to
the PYCARD-regulated apoptosis.

We first showed that PYCARD-ASI can regulate PYCARD at the epigenetic level. Current
evidence indicates that interaction with DNA methyltransferase or histone modifier is the
major mechanism through which IncRNAs function in epigenetic regulation [2, 38]. Neverthe-
less, PYCARD-ASI represents one of the few IncRNAs, which include KCNQ1OT1 and
NEATI [27, 28, 30], identified to simultaneously modulate DNA methylation and histone
modification at the loci of regulated genes. Biochemical interactions between DNA and his-
tone methyltransferases were thought to provide a molecular explanation for the combinato-
rial pattern of DNA and histone modification in chromatin [26, 39, 40]. The current data
further indicate that PYCARD-ASI interacts with the DNMT1/G9a complex and aids in its
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recruitment to the PYCARD promoter. The core functionality of IncRNAs relies heavily on
the cooperative action of their dispersed functional regions [23, 41]. In the case of PYCAR-
D-AS1-mediated epigenetic regulation of PYCARD, PYCARD-AS] interacts with DNMT1/
G9a complex via its 3’ region, and localizes at the PYCARD promoter via its 5’ region, thereby
facilitating the location-specific DNMT1/G9a recruitment. While the detailed mechanism
underlying the IncRNA-mediated R-loop formation is not fully understood [42], our results
showed that the R-loop structure formed by the 5 PYCARD-ASI region substantially contrib-
utes to the PYCARD-ASI-mediated PYCARD regulation. On the other hand, the interactions
between IncRNA and DNMT1 are documented to have either positive or negative effect on the
activity of DNMT1 [43-45]. The "guiding” IncRNAs, including PYCARD-ASI reported here,
can facilitate the DNMT1-mediated DNA methylation by recruiting DNMT1, whereas some
other IncRNAs, such as ecCEBPA and Dali, were found to sequester the DNMT1 activity as
they compete with the DNA substrate of DNMT1 for DNMT1 binding [46, 47].

PYCARD-ASI also exerts inhibitory effect on PYCARD translation. Recent studies have
shown that through binding mRNAs, IncRNAs, especially antisense IncRNAs, can repress or
promote mRNA translation [35, 48-50]. The distinct effects may depend on specific binding
sequences and embedded elements in IncRNAs. In the case of PYCARD-AS1-mediated repres-
sion of PYCARD translation, PYCARD-AS]I activity depends on the 5 overlapping sequence,
which interferes with the ribosome assembly on PYCARD mRNA. The feature of 5’ overlap-
ping sequence is shared by many other natural antisense transcripts. Nevertheless, the anti-
sense Uchli RNA was reported to exert an opposite effect on the translation of its sense
counterpart due to the presence of an embedded inverted SINEB2 element, which facilitates
the ribosome binding to mRNA [49]. The paired antisense IncRNA may also affect certain
other steps in protein translation. For instance, a binding of the PXN mRNA by its antisense
IncRNA PXN-AS1-S can reduce PXN protein synthesis by inhibiting translational elongation
[35]. In addition, a recent study reported that through competitive RNA-RNA interaction, an
IncRNA is able to attenuate the activity of its paired antisense IncRNA in repression of mRNA
translation [50], thereby constituting a finely tuned IncRNA/antisense IncRNA/mRNA trans-
lational regulatory axis. The cluster of natural antisense transcripts comprises a surprisingly
large fraction of IncRNAs [51]; moreover, the IncRNA-mRNA gene pairs are prevalent in
mammalian genomes [52]. Thus, effect on mRNA translation might be a common effector
mechanism employed by IncRNAs, especially antisense IncRNAs, to function in biological
processes.

Taken together, this study provides an example of how an IncRNA works at different cellu-
lar compartments to regulate a specific target gene at multiple levels, contributing to the regu-
lation of apoptosis. The feature of discrete distribution in different cellular compartments is
not exclusively exhibited by PYCARD-AS]I; instead, it is extensively shared by other IncRNAs
[10]. We propose that, as with PYCARD-AS1, many other discretely distributed IncRNAs
should also be multifunctional within the cell, and that elucidating their different functionali-
ties at distinct distribution sites will greatly broaden our knowledge of IncRNA biology and
provide new insights into their physiological and pathological roles in depth.

Materials and methods
Plasmid constructions

PYCARD-ASI cDNA was synthesized from SKBR3 cells by RT-PCR. For the test of protein-
coding potentiality of PYCARD-AS], the EGFP-coding sequence was inserted into the 3’ end
of the putative PYCARD-AS1 OREF, and the fusion gene PYCARD-AS1-EGFP was cloned
into the restriction sites Nhe I and Xho I of plasmid pcDNA3.1 (Invitrogen). For lentivirus-
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mediated RNA interference, complementary sense and antisense oligonucleotides encoding
short hairpin RNAs (shRNAs) targeting PYCARD-AS1, PYCARD, DNMT1 and G9a tran-
scripts were synthesized, annealed and cloned into the Age I and EcoR I sites of plasmid
pLKO.1 (Addgene). For compensation experiment, cDNA corresponding to the PYCARD-
AS10S or PYCARD-AS1AOS was PCR-amplified from the PYCARD-AS1 ¢cDNA and cloned
into the Xho I and EcoR I sites of plasmid pLVX (BD Clontech). For MS2-RIP experiment, the
MS2-6x fragment was synthesized and fused to the 5" end of PYCARD-AS1 or PYCARD-
ASIAQOS cDNA, and the resulting fusion constructs (MS2-PYCARD-AS1 and MS2-PYCAR-
D-AS1AOS) were cloned into the Xho I and EcoR I sites of plasmid pcDNA3.1; the sequence
encoding MS2 coat protein was PCR-amplified from plasmid pMS2-GFP (Addgene) and
fused to the 3’ end of FLAG tag-encoding sequence, and the resulting FLAG-MS2 construct
was cloned into the Hind III and Xho I sites of plasmid pcDNA3.1. The primers and oligonu-
cleotides used for plasmid construction are shown in S2 Table.

Cell culture

HEK?293T, SKBR3, T47D, MDA-MB-231 and MCF?7 cells were obtained from the ATCC and
cultured in DMEM, MEM or RPMI1640 supplemented with 10% FBS in a 5% CO, incubator at
37°C. To block cellular transcription by Pol IT, SKBR3 cells in culture media were treated with
50 uM a-amanitin (Sigma-Aldrich). For the apoptosis analysis, SKBR3 cells were treated with 5
nM paclitaxel (Sigma-Aldrich) for 72 h. Plasmid transfections were performed using Lipofecta-
mine 2000 (Invitrogen). For lentivirus infection, shRNA-encoding pLKO.1, or pLVX encoding
specific PYCARD-AS10S or PYCARD-AS1AOS, was co-transfected with psPAX2 and pMD2.
G plasmids (Addgene) into HEK293 cells; the infectious lentivirus was harvested 2 days post-
transfection, filtered through 0.45-um PVDF filters and transduced into SKBR3, T47D,
MDA-MB-231 or MCF?7 cells. After lentivirus infection, the resulting cell population, but not
the isolated single clones, were used for subsequent assays to avoid clone-specific effects.

5-and 3'-RACE

The full-length PYCARD-AS1 was obtained using 5'- and 3'-RACE System for Rapid Amplifi-
cation of cDNA Ends (Invitrogen) in accordance with the manufacturer’s instructions. RACE
PCR products were separated on a 1.5% agarose gel. Gel products were extracted with a Gel
Extraction kit (Foregene), cloned into pMD18-T vector and sequenced bidirectionally using
M13 forward and reverse primers. The primers used in the RACE experiments are shown in
S2 Table.

RNA FISH

RNA FISH was conducted using QuantiGene ViewRNA ISH Cell Assay Kit (Invitrogen) in
accordance with the manufacturer’s instructions. In brief, SKBR3 cells cultured on cover slips
were fixed, permeabilized and digested by protease to allow target accessibility. A probe set
specific for PYCARD-ASI (designed and supplied by Invitrogen) was added to the cells and
hybridization was performed at 40°C for 3 h. After a series of signal amplification with Pre-
Amplifier Mix, Amplifier Mix and Label Probe Mix supplied in the kit, cells were counter-
stained with DAPI and then detected using a fluorescent microscope (Leica).

Cellular fractionation

A total of 1 x 107 cells were washed twice in cold PBS and then incubated in hypotonic buffer
(50 mM HEPES, pH 7.5, 10 mM KCl, 350 mM sucrose, 1 mM EDTA, 1 mM DTT and 0.1%
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Triton X-100) on ice for 10 min. After 5 min of centrifugation at 2,000 g, the supernatant was
collected as the cytoplasmic fraction, and after additional washing, the remainder was consid-
ered as nuclear pellets, which could be resuspended in lysis buffer (10 mM HEPES, pH 7.0, 100
mM KCI, 5 mM MgCl,, 0.5% NP-40, 10 uM DTT and 1 mM PMSF) to prepare the nuclear
lysate. To isolate the chromatin-enriched RNA, the chromatin pellets, as well as the soluble
nucleoplasm, was prepared from the nuclear extract as described [53].

Gene expression analysis

RNA samples were prepared from whole cell lysate or specific subcellular fractions using TRI-
zol reagent (Invitrogen). RNA levels for a specific gene were measured by qRT-PCR (starting
with 50-100 ng RNA sample per reaction) using Real-Time PCR Easy (Foregene), in accor-
dance with the manufacturer’s instructions. The qRT-PCR data were normalized to ACTB
mRNA, 18S rRNA, mitochondrial-retained 12S rRNA, nuclear-localized Ul snRNA, or chro-
matin-associated XIST RNA, or presented as a percentage of the total amount of detected tran-
scripts. The primers used in the qRT-PCR are shown in S2 Table.

For global gene expression analysis, 15 pg of biotinylated cDNA synthesized from total
RNA was hybridized to the Affymetrix GeneChip™® PrimeView™ Human Gene Expression
Array at 45°C for 16 h with Affymetrix GeneChip Hybridization Oven 640. After washing and
staining with Affymetrix Fluidics Station 450, GeneChips were scanned by the Affymetrix
GeneChip Command Console installed in the GeneChip Scanner 3000 7G. Hybridization data
were analyzed with the Robust Multichip Analysis (RMA) algorithm using the default Affyme-
trix settings. Values are presented as log2 RMA signal intensity.

Apoptosis assay

A total of 5 x 10° cells treated with paclitaxel were harvested and stained with Alexa Fluor™
488 Annexin V/Dead Cell Apoptosis kit (Invitrogen), in accordance with the manufacturer’s
instructions. Flow cytometry analysis was carried out using an Accuri C6 flow cytometer (BD
Biosciences).

Bisulfite sequencing

Genomic DNA was extracted with the Genomic DNA Isolation kit (Foregene) and the bisulfite
conversion reaction was performed using CpGenome Turbo Bisulfite Modification kit (Milli-
pore), in accordance with the manufacturer’s instructions. PCR amplification of bisulfite-
treated DNA was carried out with PCR Easy (Foregene). The amplified products were cloned
and sequenced. The primers used in the PCR amplification are shown in S2 Table.

Antibodies (Abs)

The Abs used for immunoblotting were rabbit anti-PYCARD Ab (13833, Cell Signaling),
mouse anti-actin Ab (sc-130301, Santa Cruz Biotechnology), mouse anti-DNMT1 Ab
(ab13537, Abcam) and goat anti-G9a Ab (sc-22879, Santa Cruz Biotechnology). The Abs used
for IP analysis were mouse anti-DNMT1 Ab (ab13537, Abcam) and normal mouse IgG (sc-
2025, Santa Cruz Biotechnology). The Abs used for ChIP analysis were rabbit anti-H3K9me2
Ab (4658, Cell Signaling), rabbit anti-H3K27me3 Ab(9733, Cell Signaling), rabbit anti-RNA
polymerase II CTD repeat YSPTSPS (S5P Pol II) Ab (ab5131, Abcam), rabbit anti-RNA poly-
merase IT CTD repeat YSPTSPS (S2P Pol II) Ab (ab5095, Abcam), mouse anti-RNA pol I

Ab (39097, Active Motif), mouse anti-DNMT1 Ab (ab13537, Abcam), rabbit anti-G9a Ab
(ab40542, Abcam), normal mouse IgG (sc-2025, Santa Cruz Biotechnology) and normal rabbit
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IgG (sc-2027, Santa Cruz Biotechnology). The Abs used for RIP analysis were mouse anti-
DNMT1 Ab (ab13537, Abcam), rabbit anti-G9a Ab (ab40542, Abcam), mouse anti-p53 Ab
(P6874, Sigma-Aldrich), rabbit anti-RPS6 Ab (ab70227, Abcam), rabbit anti-L26 Ab (ab59567,
Abcam), normal mouse IgG (sc-2025, Santa Cruz Biotechnology) and normal rabbit IgG (sc-
2027, Santa Cruz Biotechnology). The Ab used for nuclear run-on assay was anti-BrdU Ab
(ab1893, Abcam).

Immunoblotting and immunoprecipitation

A total of 5 x 10° cells were washed twice in cold PBS and pelleted. The pellet was resuspended
in lysis buffer (10 mM HEPES, pH 7.0, 100 mM KCI, 5 mM MgCl,, 0.5% NP-40, 10 uM DTT
and 1 mM PMSF), incubated on ice with frequent vortexing for 15 min and then the lysate was
obtained by centrifugation at 12,000 g for 10 min. Protein concentrations of the extracts were
measured by the bicinchoninic acid assay (Pierce). Forty micrograms of the protein was used
for immunoprecipitation, or was fractionated by SDS-PAGE, transferred onto PVDF mem-
branes and then blotted.

For immunoprecipitation assays, protein samples were incubated with a specific antibody
or control IgG overnight at 4°C. Subsequently, the samples were incubated with 50 ul of pro-
tein A agarose beads (Invitrogen) for 4 h at 4°C and then washed three times in washing buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM MgCl, and 0.5% NP-40). Finally, protein
complexes were eluted by SDS buffer (120 mM Tris-HCI, pH 6.8, 20% glycerol and 4% SDS)
and then detected by immunoblotting.

Native RIP assay

For native RIP assays, RNase OUT (50 U/ml, Invitrogen) and a protease inhibitor cocktail
(Roche) were added to the lysis buffer, and Ribonucleoside Vanadyl Complex (10 mM, NEB)
was added to the washing buffer (the buffer mentioned here is the same as that used in immu-
noblotting and immunoprecipitation). Following the addition of antibody to the lysate, sam-
ples were incubated with 50 pl of protein A agarose bead (Invitrogen) for 4 h at 4°C and then
washed three times in washing buffer. The beads were resuspended and treated with proteinase
K at 45°C for 45 min. Coprecipitated RNAs were extracted using TRIzol reagent, ethanol-pre-
cipitated with Glycoblue (Invitrogen) as a carrier and then detected by qRT-PCR. The data of
retrieved RNAs are presented as a percentage of the amount input.

For RIP-based mapping assays, lysates were first mixed with RNase T1 (1 U/ml, Thermo
Fisher Scientific), after which standard native RIP assays were performed using an antibody
against DNMT1 or G9a. Following extraction of the coprecipitated RNA, the PYCARD-AS1
segments bound by DNMT1 and G9a, and hence protected from RNase T'1 digestion and
immunoprecipitated, were identified by qRT-PCR analysis using primer sets that scanned the
PYCARD-AS] transcript at ~150-nt-long, overlapping intervals (S2 Table).

For MS2-RIP, pcDNA3.1-MS2-PYCARD-ASI, or pcDNA3.1-MS2-PYCARD-AS1AQS,
was co-transfected with pcDNA3.1-FLAG-MS2 into SKBR3 cells. After 48 h, cells were sub-
jected to RIP assay with Anti-FLAG M2 Magnetic beads (Sigma-Aldrich) in accordance with
the manufacturer’s instructions.

Nuclear run-on assay

A total of 1.5 x 107 cells were washed with cold PBS and harvested in cold douncing buffer (5
mM MgCl,, 0.5% NP-40, 10% glycerol, and 50 mM Tris-HCI, pH 7.4). After 10 min of incuba-
tion on ice, cells were disrupted with 30 strokes of a Dounce homogenizer, centrifuged at
3,300 g for 5 min and washed four times with 1 ml cold douncing buffer. Microscopic analysis
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indicated that samples contained intact nuclei, cellular debris and some intact cells. The crude
nuclei were then resuspended in 100 pl nuclear run-on buffer (5 mM MgCl,, 150 mM KCl,
0.1% sarbyl, 10 mM DTT and 50 mM Tris-HCI, pH 7.4), and were mixed with 1 pl each of 10
mM ATP, GTP, CTP, 1 ul 10 mM BrUTP (Sigma-Aldrich) and 1 pl RNase inhibitor (Thermo
Fisher Scientific). Reaction mixtures were pre-incubated on ice for 30 min, then at 28°C for 5
min. The RNA was isolated by TRIzol reagent (Invitrogen), and DNA was removed by DNase
I (Promega) treatment. Nascent transcripts were immunoprecipitated with anti-BrdU anti-
body (Abcam) and subjected to qRT-PCR assays with primers listed in S2 Table.

ChIP and RNase-ChIP

ChIP analyses were performed as described [7]. For RNase-ChlIP assays, 1 x 10° cells were col-
lected by centrifugation, permeabilized in 1 ml of PBST (PBS containing 0.05% Tween 20),
and treated with 1,000 U/ml RNase T1 (Thermo Fisher Scientific), 1,000 U/ml RNase H
(Thermo Fisher Scientific) or 1,000 U/ml RNase inhibitor (Thermo Fisher Scientific) for 4 h at
25°C. The following procedures were carried out in accordance with the standard ChIP proto-
col. The genomic DNA in the precipitate was detected by qPCR using the primers shown in S2
Table, and the DNA precipitated by each antibody, including IgG, is presented as a percentage
of the amount input.

RNase-H assay

The collected cells were subjected to permeabilization treatment and then treated with RNase
H or RNase inhibitor as described in RNase-ChIP assay. RNA was extracted from the treated
cells and subjected to region-specific qQRT-PCR as well as primer walking assay using primers
listed in S2 Table to test the abundance of specific PYCARD-ASI regions.

ChIRP assay

Cells were cross-linked by 1% glutaraldehyde at room temperature for 10 min, followed by
three washes in cold PBS. After being snap-frozen by liquid nitrogen and stored at -80°C,
cross-linked cells were resuspended in nuclear lysis buffer (10 mM EDTA, 1% SDS and 50
mM Tris-HCI, pH 7.5) supplemented with a protease inhibitor cocktail (Roche), and sonicated
until DNA was in the size range of 100~500 bp. Cell lysates and a set of biotin-labelled anti-
sense probes (20 nt in length) were then incubated at 37°C for 4h, with the corresponding
sense probes being included as a control. Streptavidin-coupled Dynabeads (Invitrogen) were
added to pull down the probes. After washing, the retrieved DNA was isolated using the ChIP
DNA Clean & Concentrator kit (Zymo Research) and subjected to qPCR analysis. The probes
used for ChIRP are shown in S2 Table.

RNA pull-down

To synthesize biotin-labelled transcripts, PCR fragments were prepared using forward primers
harboring the T7 RNA polymerase promoter. Following purification of the PCR products, bio-
tinylated transcripts were synthesized using MaxiScript T7 kit (Ambion). Biotinylated RNA
was heated to 85°C for 2 min, placed on ice for 2 min, supplied with RNA structure buffer (0.1
M KCI, 10 mM MgCl, and 10 mM Tris-HCI, pH 7.0) and then incubated at room temperature
for 20 min. Cell lysates were incubated with 10 pmol of biotinylated transcripts for 3 h at 25°C.
Complexes were isolated with streptavidin-coupled Dynabeads (Invitrogen). The retrieved
protein and RNA were detected by immunoblotting and qRT-PCR, respectively.
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RNase-A assay

RNase-A assay was performed as described [31]. Briefly, cell lysates were treated with 20 ng/ml
RNase A (Thermo Fisher Scientific) at 37°C for 30 min. RNA was extracted from the resultant
sample, and subjected to qRT-PCR using primers shown in S2 Table to detect the association
between PYCARD-ASI and PYCARD transcripts.

Polysome analysis

Polysome analysis was performed as described [48]. A total of 5 x 10° cells were preincubated
with 100 mg/ml cycloheximide (Sigma-Aldrich) for 15 min. Cytoplasmic lysates were prepared
and then fractionated by ultracentrifugation through 15%-50% linear sucrose gradients.
Twelve fractions were collected, and RNA extracted from each fraction was subjected to
qRT-PCR detection for specific transcript.

Statistical analysis

Student's ¢-test was performed to compare the differences between experimental groups rela-
tive to their paired controls. The data were presented as the mean + SD and p-values of < 0.05
or below were considered statistically significant.

Supporting information

S1 Fig. PYCARD-ASI is a Pol II-transcribed noncoding transcript. (A) PYCARD-ASI is
poly(A)-tailed. Total RNA extracted from SKBR3 cells was reverse-transcribed using Oligo-
dT or random hexamers (RP6). GAPDH mRNA served as a control polyadenylated tran-
script, and pre-tRNA"" served as a control non-polyadenylated transcript. (B) PYCAR-
D-AS1 transcription is sensitive to oi-amanitin. SKBR3 cells were treated with a-amanitin at
a concentration of either 0 or 50 uM for 8 h. Total RNA was prepared from these cells, and
the levels of the indicated transcripts were determined by RT-PCR. Increasing amounts of
cDNA template from the untreated cells (lanes 1-3) were used for PCR to test whether the
PCR amplification occurs quantitatively. 45S pre-rRNA, pre-tRNA"" and ACTB were

used as controls. (C) PYCARD-AS1 was predicted to be a noncoding transcript. The RNA
sequences of PYCARD-AS1, PYCARD, GAPDH and HOTAIR were put into the CPC
program, with HOTAIR serving as a control noncoding transcript, while PYCARD and
GAPDH served as control coding transcripts. Scores above 0 suggest coding potential,
whereas scores below 0 represent no coding potential. (D, E) The ORF analysis of PYCAR-
D-AS1 sequence by UniProt (D) and the diagram of fusion gene PYCARD-AS1-EGFP
inserted in pcDNA3.1 plasmid. (F) Phase contrast or fluorescence microscopy of SKBR3
cells that had been transfected with the indicated plasmid (scale bars, 100 um). (G) qRT-PCR
assays detecting the distribution of the indicated transcripts in chromatin and nucleoplasm
extract from SKBR3 cells. XIST, a canonically chromatin-associated IncRNA, and the pro-
tein-coding GAPDH mRNA, were assessed as controls to confirm the findings of our
chromatin fractionation. The qRT-PCR data, represented as a percentage of the detected
transcripts in nuclear fraction, are presented as means + SD from three independent experi-
ments performed in triplicate.

(TIF)

S2 Fig. PYCARD-ASI is a negative regulator of PYCARD. (A) qRT-PCR measuring expres-
sion level of PYCARD-ASI in the indicated breast cancer lines relative to the level in SKBR3
cells. 18S rRNA was used as an internal control to normalize the amount of total RNA in

the samples. (B) The replicate blots subjected to the densitometric analysis in Fig 2H. (C)
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qRT-PCR detecting the effect of PYCARD knockdown on PYCARD-ASI level in SKBR3 cells.
(D) qRT-PCR detecting the effect of PYCARD-AS1 knockdown on the mRNA levels of FUS,
TRIM72 and PYDCI in SKBR3 cells. (E-G) qRT-PCR (left) and immunoblotting (right)
detecting the effect of PYCARD-ASI knockdown on PYCARD expression in MCF7 (E),
MDA-MB-231 (F) and T47D (G) cells. (H) qRT-PCR detecting the abundance of PYCARD in
SKBR3 cells after PYCARD-AS1 knockdown and simultaneous PYCARD knockdown. (I)
Representative plots of apoptosis of the indicated SKBR3 cells with or without paclitaxel treat-
ment. (J) QRT-PCR of a representative panel of PYCARD-AS1- and PYCARD-regulated genes
in the indicated SKBR3 cells. In this figure, the qRT-PCR data are presented as means + SD
from three independent experiments performed in triplicate; for immunoblotting, signals
from three independent assays were subjected to densitometric analysis, and the data are pre-
sented as means + SD; * p < 0.05; ** p < 0.01; *** p < 0.001.

(TIF)

$3 Fig. DNMT1 and G9a regulate PYCARD. (A) ChIP assays detecting association of
DNMT1 (upper) and G9a (lower) with the segments shown in Fig 3A in SKBR3 cells. (B)
gRT-PCR detecting the levels of DNMT1, G9a, PYCARD and PYCARD-ASI in the indicated
SKBR3 cells. (C) qRT-PCR detecting the levels of DNMT1 and G9a in SKBR3 cells with or
without PYCARD-ASI knockdown. Data in this figure are presented as mean + SD from three
independent experiments performed in triplicate; **p < 0.01.

(TIF)

S4 Fig. DNMT1 and G9a regulate PYCARD via PYCARD-ASLI. (A) The interaction
between DNMT1 and G9a confirmed by DNMT1 IP followed by immunoblotting. The
interaction was not abolished by DNase I or RNase A treatment. (B) Semi-quantitative
RT-PCR detecting the PYCARD-ASI region associated with the PYCARD locus in SKBR3
cells after the permeabilization treatment and the treatment with an RNase H or RNase
inhibitor. The reverse transcription reaction was initiated by a PYCARD-AS1-specific
reverse primer (R, shown schematically), which was paired with each forward walking
primers (F1-F6, shown schematically) in the subsequent PCR amplification. (C, D) RNase-
ChIP assays detecting the association of DNMT1 (C) or G9a (D) with the indicated gene
promoters. SKBR3 cells were permeabilized and treated with an RNase inhibitor, RNase H
or RNase T1, in advance. Untreated SKBR3 cells were also included. In (C and D), data
are presented as mean + SD from three independent experiments performed in triplicate;
*p <0.05.

(TIF)

S5 Fig. Interaction between the PYCARD-AS1 and PYCARD transcripts. (A) RNase-A
assay detecting the interaction between PYCARD-AS1 and PYCARD transcripts in the
nucleus (left) and cytoplasm (right). Nuclear and cytoplasmic lysates were prepared from
SKBR3 cells, and the lysates were subjected to RNase-A treatment, RNA extraction and
qRT-PCR analysis to detect the non-overlapping and overlapping regions (1 and 2) described
in Fig 6B. (B) The stability of PYCARD (left) and GAPDH (right) mRNAs over time was mea-
sured by qRT-PCR relative to the start time point after blocking new RNA synthesis with o-
amanitin in SKBR3 cells with or without PYCARD-AS1 knockdown and normalized to 18S
rRNA. (C) qRT-PCR analysis following nuclear/cytoplasmic fractionation detecting the
distribution of PYCARD (left) and GAPDH (right) mRNAs in SKBR3 cells with or without
PYCARD-ASI knockdown. Data in this figure are presented as means + SD from three inde-
pendent experiments performed in triplicate; ** p < 0.01; *** p < 0.001.

(TIF)
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S1 Table. List of genes that are regulated by PYCARD-AS1 knockdown and PYCAR-
D-AS1/PYCARD double-knockdown.
(DOCX)

$2 Table. Sequences of primers and oligos used in this study.
(DOCX)

S1 Data. Excel file containing the underlying numerical data for Fig 1F.
(XLSX)

$2 Data. Excel file containing the underlying numerical data for Figs 2A, 2B, 2C, 2D, 2E,
2F, 2G, 2H, 1I and 2K.
(XLSX)

$3 Data. Excel file containing the underlying numerical data for Fig 3B, 3C and 3D.
(XLSX)

$4 Data. Excel file containing the underlying numerical data for Fig 4A, 4B, 4C, 4E and 4F.
(XLSX)

S5 Data. Excel file containing the underlying numerical data for Fig 5B, 5E and 5F.
(XLSX)

$6 Data. Excel file containing the underlying numerical data for Fig 6A, 6B, 6C, 6E, 6F
and 6G.
(XLSX)

S7 Data. Excel file containing the underlying numerical data for S1G Fig.
(XLSX)

S8 Data. Excel file containing the underlying numerical data for S2A, S2C, S2D, S2E, S2F,
$2G, S2H and S2] Fig.
(XLSX)

S9 Data. Excel file containing the underlying numerical data for S3A, S3B and S3C Fig.
(XLSX)

$10 Data. Excel file containing the underlying numerical data for S4C and S4D Fig.
(XLSX)

S11 Data. Excel file containing the underlying numerical data for S5A, S5B and S5C Fig.
(XLSX)
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