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SUMMARY

Basal p53 levels are tightly suppressed under normal conditions. Disrupting this regulation results
in elevated p53 levels to induce cell cycle arrest, apoptosis and tumor suppression. Here, we report
the suppression of basal p53 levels by a nuclear, p53-regulated long noncoding RNA that we
termed PURPL (p53 upregulated regulator of p53 levels). Targeted depletion of PURPL in
colorectal cancer cells results in elevated basal p53 levels and induces growth defects in cell
culture and in mouse xenografts. PURPL associates with MYBBP1A, a protein that binds to and
stabilizes p53, and inhibits the formation of the p53-MYBBP1A complex. In the absence of
PURPL, MYBBP1A interacts with and stabilizes p53. Silencing MYBBP1A significantly rescues
basal p53 levels and proliferation in PURPL-deficient cells, suggesting that MYBBP1A mediates
the effect of PURPL in regulating p53. These results reveal a p53-PURPL autoregulatory feedback
loop and demonstrate a role for PURPL in maintaining basal p53 levels.

eTOC blurb

For a cell to divide, the tumor suppressor protein p53 must be kept at low levels. Li et al. find that
a long noncoding RNA PURPL allows cancer cells to divide by keeping p53 levels low. PURPL
binds to the p53-regulator MYBBP1A to suppress p53 levels and facilitate cell proliferation.
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INTRODUCTION

Long noncoding RNAs (IncRNAs) are an emerging class of regulatory RNAs, >200
nucleotides (nt) long. The mammalian genome is transcribed into thousands of
uncharacterized INcRNAs (lyer et al., 2015, Ulitsky and Bartel, 2013) but only a few
IncRNAs including HOTAIR, MALATI1, NORAD, XIST and CCATZ have established
biological functions (Lee et al., 2016, Lee, 2012, Tripathi et al., 2013, Tripathi et al., 2010,
Fatica and Bozzoni, 2014, Engreitz et al., 2013, Arun et al., 2016, Ling et al., 2013, Redis et
al., 2016, Mueller et al., 2015, Dey et al., 2014, Rinn et al., 2007, Li et al., 2013, Gupta et
al., 2010).

Most IncRNAs are less conserved than mRNAs and are often expressed at low levels in a
cell-type or tissue-specific manner (Tsoi et al., 2015). Therefore, it is difficult to predict
whether a given IncRNA is functional or reflects transcriptional noise. LncRNAs are
regulated by the same transcription factors that regulate protein-coding genes, and increasing
evidence suggests that the master-regulatory transcription factor p53, controls the expression
of subset of INcRNAs (Grossi et al., 2016, Chaudhary and Lal, 2016, Adriaens et al., 2016,
Mello et al., 2017, Chaudhary et al., 2017). Coordinated regulation of even low-abundance
IncRNAs indicates that many IncRNAs have undiscovered, yet critical functions in cell
biology and disease.

The tumor suppressor p53 is mutated in more than 50% of human cancers (Vogelstein et al.,
2000, Vousden and Lane, 2007). In response to stress such as DNA damage, p53 directly
activates the transcription of a myriad of protein-coding genes that control a wide variety of
cellular processes, including cell cycle arrest, apoptosis and senescence (Bieging and
Attardi, 2012, Riley et al., 2008, Beckerman and Prives, 2010). We and others have shown
that p53 also directly upregulates several microRNAs including miR-34aand miR-3189,
which, in turn, suppress gene expression downstream of p53 (Chang et al., 2007, Lal et al.,
2011, Hermeking, 2012, Jones et al., 2015, Raver-Shapira et al., 2007). More recently, we
and others have demonstrated specific functions of a number of p53-regulated IncRNAs,
including /incRNA-p21, PANDA, DINO, PINT, PR-IncRNA-1, LED, linc-475, NEATI and
PINCR (Huarte et al., 2010, Dimitrova et al., 2014, Hung et al., 2011, Marin-Bejar et al.,
2013, Sanchez et al., 2014, Leveille et al., 2015, Melo et al., 2016, Schmitt et al., 2016,
Adriaens et al., 2016, Mello et al., 2017, Chaudhary et al., 2017). Although these studies
illustrate the importance of IncRNAs in the p53 network as well as the functional
heterogeneity of p53-regulated IncRNAs, the function of the vast majority of p53-regulated
IncRNAs remains to be elucidated.

In this study, we investigated the function of a p53-regulated IncRNA that we named PURPL
(p53 upregulated regulator of p53 levels). PURPL is an intergenic IncRNA that we identified
by RNA-seq from multiple colorectal cancer (CRC) lines. We show that loss of PURPL
results in elevated basal p53 levels and impaired cell growth /n vitroand in vivo. PURPL
regulates basal p53 levels by associating with MYBBP1A, a protein known to bind to and
activate p53 (Ono et al., 2014, Kuroda et al., 2011, Kumazawa et al., 2015). Altogether, our
study provides functional insights on PURPL, demonstrating a role of this INCRNA in
suppressing basal p53 levels.
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RESULTS

Identification and characterization of PURPL

To identify InNcRNAs regulated by p53 in multiple CRC cell lines, we performed paired-end
Ribo-zero RNA-seq from p53 wild-type (WT) and isogenic p53 knockout (KO) HCT116,
RKO and SW48 cells under untreated condition or after DNA damage induced by
Doxorubicin (DOXO) for 16 hr at a final concentration of 300 nM. Using a cut-off of 1.50-
fold change, 511 transcripts were upregulated upon DOXO-treatment in a p53-dependent
manner in all 3 CRC lines (Table S1 and Figure S1A). Although hundreds of annotated
intergenic IncRNAs (lincRNAS) were induced in a p53-dependent manner in each cell line,
only 33 were upregulated in all 3 lines. The overlap was more substantial between HCT116
and RKO; 230 lincRNAs were upregulated in both HCT116 and RKO. As positive controls,
several well-established p53-regulated genes including p21 (CDKN1A), GDF15and MDMZ2
were upregulated in all 3 lines (Figure 1A). The 33 lincRNAs included the p53-regulated
PINCR, PR-IncRNA-1, LncRNA-4and LncRNA-7 (Younger et al., 2015, Sanchez et al.,
2014, Chaudhary et al., 2017); other p53-regulated IncRNAs such as NORAD, LED and
linc-475 (Melo et al., 2016, Leveille et al., 2015, Lee et al., 2016) were upregulated in at
least one of the 3 lines.

Our RNA-seq identified RP11-46C20.1/ L OC643401/ L INCO1021, which we termed
PURPL, an abundant lincRNA upregulated after DNA damage in a p53-dependent manner
in all 3 lines (Figures 1A and 1B). Although RefSeq predicts a single multi-exonic transcript
(LINC01021), according to GENCODE version 19 and ENSEMBL version 75, 6 transcripts
are expressed from the PURPL locus (Figure S1B). In addition, we noticed a substantial
signal from intron 2 (Figure 1B), also observed in a recent study from MCF7 cells (Leveille
et al., 2015). RT-qPCR using exon-exon and exon-intron primers indicated that intron 2 may
be retained and that exons 4 and 5 were expressed at low levels (Figure S1C), possibly due
to co-transcriptional degradation of this INcRNA as recently reported (Schlackow et al.,
2017).

We validated the p53-dependent upregulation of PURPL by RT-gPCR upon genetic loss of
p53 (Figure S2A) or upon p53 knockdown (Figure S2B) in HCT116 in the presence or
absence of DOXO. To determine if PURPL is a direct p53 target, we utilized published p53
ChlIP-seq data from HCT116, MCF7 and U20S cells (Nikulenkov et al., 2012, Sanchez et
al., 2014, Menendez et al., 2013). We observed a strong p53 ChlP-seq signal (Figure S2C)
located ~130 base pairs (bp) upstream of PURPL exon 1 and validated this result in HCT116
cells by ChIP-qPCR (Figure S2D). In contrast to these lines that express p53WT,
knockdown of mutant p53 in HT29 and SW480 cells had no effect on PURPL levels (Figure
S2E), demonstrating that PURPL expression is regulated by p53WT. During the course of
our study, regulation of PURPL by p53 was also observed by others (Leveille et al., 2015,
Hunten et al., 2015, Younger et al., 2015). Because the physiological function of PURPL
was not known, we investigated a potential role of this IncRNA in the p53 network.

LncRNAs can be nuclear and/or cytoplasmic. RT-gPCR from nuclear and cytoplasmic
fractions (Figure 1C) and RNA fluorescence /n situ hybridization (RNA-FISH) (Figure S3A)
suggested that a majority of PURPL is in the nucleus. Next, RT-gPCR from HCT116 total
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RNA and /n vitro transcribed PURPL RNA revealed that PURPL is expressed at ~6
molecules per cell in untreated condition and ~60 molecules per cell after DOXO treatment
(Figure S3B). We identified a canonical polyadenylation signal at the 3’end of PURPL
(Figure S3C) and found that PURPL has extremely low coding potential (Figure S3D). To
determine the stability of this IncRNA, we treated HCT116 cells with Actinomycin D (Act
D) for 0, 2, 4 and 8 hr and measured PURPL levels by RT-gPCR. Unlike the very stable
MALATI with a reported half-life of >9 hr (Tani et al., 2010, Tani et al., 2012), we found
that the half-life of PURPL was ~2.5 hr (Figure S3E), suggesting that PURPL is an unstable
IncRNA. As a positive control, more than 90% of MYC mRNA was lost by 2 hr of Act D
treatment (Figure S3F).

Targeted depletion of PURPL using CRISPR/Cas9 uncovers its pro-survival function

In response to DNA damage, some p53 targets (e.g., PUMA, DINO and /incRNA-p21) are
pro-apoptotic (Huarte et al., 2010, Dimitrova et al., 2014, Schmitt et al., 2016) whereas
others such as p21, 14-3-30, PANDA and PINCR are pro-survival (Bunz et al., 1998, Chan
etal., 1999, Hung et al., 2011, Villunger et al., 2003, Chaudhary et al., 2017). We therefore
asked whether PURPL is a pro-apoptotic or a pro-survival INcCRNA. Because even basal
PURPL levels are controlled by p53 and there was a single p53 ChlP-seq peak in the
PURPL promoter (Figure S2), we decided to generate mutations in this region in HCT116
using CRISPR/Cas9. Under this p53 ChIP-seq peak, there were two p53-response elements
(p53REs), of which the left p5S3RE was much more similar to the canonical p53RE (Figures
S4A-C). When we performed CRISPR/Cas9 followed by Sanger sequencing from 34
clones, we found 2 clones in which there were mutations in the p53 ChlP-seq peak region
(Figure S4D). These clones were therefore designated as PURPL-KO#1 and PURPL-KO#2.
For negative controls, we selected 2 wild-type clones in which the p53REs were intact and
designated these as PURPL-WT#1 and PURPL-WT#2. In both KO clones, the left p53RE
was intact but there were mutations in the right p53RE. Importantly, in the 2 KO clones,
both basal and induced PURPL levels were dramatically (>90%) reduced (Figure 2A). In
addition, binding of p53 to the PURPL promoter was completely lost after DOXO-treatment
(Figure SAE) and deleting the left or the right p53RE resulted in reduced basal and induced
luciferase expression in promoter reporter assays (Figure S4F).

We next treated PURPL-WT and PURPL-KO cells with DOXO and assessed the effect on
cell cycle arrest and apoptosis by performing propidium iodide (PI) staining followed by
flow cytometry (FACS) analysis. Both PURPL-KO clones displayed significantly increased
cell death (>30% cells in sub-G1) and a modest decrease in the G2/M population after DNA
damage (Figure 2B). Therefore, we speculated that loss of PURPL might result in a
defective G2/M checkpoint that would disrupt the nuclear envelope and allow the cells to
undergo apoptosis in M-phase by failing to arrest in G2. However, this was not the case.
After DNA damage, the nuclear membrane was intact and the cells did not enter M-phase in
both PURPL-WT and PURPL-KO cells as assessed by immunostaining for the nuclear
envelope marker Nucleoporin (Figure 2C). Consistent with the increased sub-G1 population,
a majority of the PURPL-KO cells stained positive for the apoptosis marker cleaved
caspase-3 (Figure 2C). Thus, in the context of DNA damage, PURPL functions as a pro-
survival p53-regulated gene.
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PURPL suppresses basal p53 levels

To begin to investigate the mechanism involved, we performed microarrays from PURPL-
WT and PURPL-KO cells (Table S2). A cut-off of 1.50-fold change and p<0.05 was used to
identify differentially expressed genes. In our microarrays, the mRNA expression of the
PURPL neighboring genes CDH6, CDH9and CDHI10was not altered upon loss of PURPL.
Surprisingly, loss of basal PURPL resulted in upregulation of several p53 target genes
including CDKN1A, MDM?Z2and TP53/NP1. Pathway analysis revealed over-representation
of p53 signaling in the upregulated gene set (Figure S5A). and loss of PURPL resulted in
significantly increased p53 transcriptional activity driven by a p53-responsive promoter
luciferase vector containing 13 consensus p53 binding sites (el-Deiry et al., 1993) (Figure
S5B). Moreover, basal p21, MDMZ2 and NOXA mRNAs and basal p53 and p21 protein
levels were upregulated upon loss of PURPL (Figures 3A, 3B and S5C) suggesting that
PURPL suppresses basal p53 levels.

We next performed a rescue experiment by re-introducing PURPL (LINC01021) in PURPL-
KO cells. We transfected the cells for 48 hr with a mammalian expression vector (pCB6) or
pCB6 in which we cloned PURPL using synthetic oligonucleotides (pCB6-PURPL). We
observed up to 8-fold overexpression of PURPL (Figure S5D). Comparison of p53 levels
normalized to GAPDH in lanes 5 vs 7 in the immunoblot in Figure 3C and lanes 1 vs 3 in
Figure S5E (quantitated in Figure S5F) showed that reintroduction of PURPL in PURPL-KO
cells decreased basal p53 levels in both KO clones. However, we did not observe a
reproducible effect on the DOXO-induced p53 levels; compare p53 levels in lanes 6 vs 8 in
Figure 3C and 2 vs 4 in Figure S5G. Interestingly, overexpression of PURPL in PURPL-WT
cells decreased basal as well as DOXO-induced p53 levels (Figure 3C; quantitated in Figure
S5G). Thus, basal p53 levels are consistently reduced upon overexpression of PURPL.

In our microarrays, we did not observe a significant difference in p53 MRNA levels between
PURPL-WT and PURPL-KO cells (Table S2) indicating that the increased basal p53 levels
is post-transcriptional. When we blocked protein synthesis using Cycloheximide (CHX), p53
was less rapidly degraded in PURPL-KO cells as compared to PURPL-WT cells (Figures
3D, 3E and S5H) indicating that the elevated basal p53 levels upon loss of PURPL is due to
increased stability of the p53 protein.

To test if this regulation of basal p53 levels is not restricted to HCT116, we next mutated the
p53RE in PURPL in 3 other CRC lines that included RKO, SW48 and DLD1. Unlike RKO
and SW48 that are p53WT, DLD1 express mutant p53. Mutagenesis was confirmed by
Sanger sequencing (Figure S6A). This mutagenesis decreased both basal and DOXO-
induced PURPL expression in RKO and SW48 cells (Figure S6B). In DLD1, PURPL was
not induced after DNA damage and mutation of the p53RE did not alter PURPL expression
(Figure S6B). Moreover, basal p53 levels were elevated upon loss of PURPL in RKO and
SW48 but not in DLD1 (Figures 3F and S6B). These data show that the observed loss of
PURPL expression upon mutagenesis of the p53RE in its promoter, is dependent on p53WT.

We further validated these findings by knocking down this IncRNA with antisense oligos
(ASOs) and performing RT-qPCR for p21 and PURPL in HCT116 and SKHepl (liver
cancer, p53WT) cells. In both lines, transient knockdown of PURPL resulted in significant
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upregulation of p27 mRNA (Figure S7A). Moreover, knockdown of PURPL using ASOs
resulted in increased basal p53 levels (Figures 3G, 3H and S7B) and upregulated the p53-
regulated p27 and 7P53/3 mRNAs (Figure S7D) in multiple p53WT CRC lines that included
HCT116, RKO, SW48 and SK-CO-1 but not in the mutant p53-expressing DLD1 and HT29
(Figures S7C and S7D). Of note, HCT116, RKO, SW48 and DLD1 cells are microsatellite
unstable (MSI) whereas SK-CO-1 and HT29 cells are microsatellite stable (MSS). Thus,
PURPL suppresses basal p53 levels in multiple CRC lines that express p5S3WT regardless of
MSI status.

Loss of PURPL results in growth defects in vitro and impaired tumor growth in vivo

Consistent with the elevated basal p53 levels in PURPL-KO cells, these cells showed
significant growth defects /n vitro as compared to PURPL-WT cells (Figure 4A). This
reduced growth was also observed upon transient knockdown of PURPL in HCT116 with
ASOs (Figure 4B) and in colony formation assays (Figure 4C). Next, to investigate the
effects of PURPL loss in an /n vivo setting, we subcutaneously injected NOD-SCID mice
with PURPL-WT and PURPL-KO cells. Loss of PURPL resulted in significantly reduced
rate of xenograft tumor growth over a period of 4 weeks (Figures 4D—F). The difference in
tumor volume between PURPL-WT and PURPL-KO tumors was ~2.5-fold (p<0.05) as early
as 14 days after injection and reached ~6-fold (p<0.005) after 30 days (Figure 4E). These
results indicate that PURPL plays a role in regulating tumor cell growth, both /n vitroand in
vivo.

To determine the contribution of increased p53 levels in the observed growth defects and
hypersensitivity to DNA damage, we transfected PURPL-KO cells with CTL siRNA or p53
siRNAs. We confirmed efficient knockdown of p53by RT-gPCR (Figure S8A). When we
performed PI staining and FACS analysis in PURPL-KO cells, we observed marked
reduction in cell death after p53 knockdown and DOXO treatment (Figure S8B). In contrast,
upon p53 knockdown, PURPL-WT cells were more sensitive to DOXO (Figure S8C)
consistent with literature (Bunz et al., 1999) where HCT116 were shown to be more
sensitive to DOXO after p53 deletion. Thus, these results indicate a major role of p53 in the
observed hypersensitivity of PURPL-KO cells to DOXO. Moreover, silencing p53 markedly
rescued the proliferation defect of untreated PURPL-KO cells (Figure S8D) and transient co-
depletion of PURPL and p53 in HCT116, partially restored cell proliferation in the absence
of DNA damage (Figure S8E). These data indicate that elevated basal p53 levels play a role
in the growth defects and hypersensitivity to DNA damage upon PURPL 10ss.

RNA pulldowns identify MYBBP1A as a PURPL-interacting protein

LncRNAs often mediate their effects by binding to RNA-binding proteins. To identify
PURPL-interacting proteins, we incubated /n vitro transcribed biotinylated PURPL (Bi-
PURPL) or a control biotinylated luciferase (Bi-Luc) RNA with HCT116 whole cell lysates.
We pulled down RNA-protein complexes using streptavidin beads and identified PURPL-
associated proteins by mass spectrometry (Table S3). MYBBP1A, a protein known to
stabilize p53, was strongly enriched (Figures 5A-C) in the PURPL pulldowns (Ono et al.,
2014, Kuroda et al., 2011, Kumazawa et al., 2015, Akaogi et al., 2013). MYBBP1A is a
predominantly nucleolar protein that associates with RNA and directly binds to p53 in the
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nucleoplasm resulting in p53 activation and stabilization (Ono et al., 2014, Kuroda et al.,
2011, Hochstatter et al., 2012, George et al., 2015). Given the known role of MYBBP1A in
regulating p53, we selected MYBBP1A for further analysis.

To determine if MYBBP1A associates with PURPL in intact cells, we performed RNA-
immunoprecipitation (RIP) from formaldehyde cross-linked HCT116. We observed
significant enrichment (~8-fold) of PURPL but not the housekeeping MRNA SDHA, in the
MYBBP1A IPs (Figure 5D). However, loss of PURPL did not alter MYBBP1A expression
(Figure 5E), consistent with our microarray data. Given the known role of MYBBP1A in
binding to and stabilizing p53 in the nucleoplasm, we hypothesized that PURPL associates
with MYBBP1A in the nucleoplasm to prevent the MYBBP1A-p53 complex formation. If
this is the case, MYBBP1A, p53 and PURPL should be localized in the nucleoplasm.
MYBBP1A is a predominantly nucleolar protein but after its synthesis in the cytoplasm, it
will pass through the nucleoplasm, to enter the nucleolus. p53 is also known to be present in
the nucleoplasm.

To determine if PURPL is in the nucleoplasm, we performed subcellular fractionation in
which we isolated nucleolar and nucleoplasmic fractions from HCT116 cells according to
the well-established protocol from the Lamond lab (see experimental procedures). In the
nucleus, majority of PURPL and the IncRNA MALATI were nucleoplasmic (Figure 5F); the
control pre-rRNA, was mostly nucleolar. The fractionation was further confirmed by
immunoblotting for Histone H3 (NPL (nucleoplasmic) marker), Nucleolin (NCL (nucleolar)
marker) and tubulin (CYT (cytoplasmic) marker) (Figure 5G). Next, in co-1Ps from
nucleoplasmic extracts, p53 was enriched in the MYBBP1A IP in PURPL-KO cells but not
in PURPL-WT cells (Figure 5H). Importantly, re-introduction of PURPL in PURPL-KO
cells inhibited the p53-MYBBP1A interaction (Figure S19A) and partially rescued
hypersensitivity to DNA damage (Figure S9B). These data indicate that PURPL inhibits the
formation of a MYBBP1A-p53 complex in the nucleoplasm.

HuR directly binds to PURPL and acts as an adaptor to recruit MYBBP1A to PURPL

MYBBP1A does not possess canonical RNA-binding domains but has been shown to
associate with RNA via yet, unidentified RNA-binding proteins (Kuroda et al., 2011). In a
recent study, /n vivo UV-crosslinking and RNA-IP (RIP) was utilized to show direct binding
of p53 to DINO, a p53-regulated INCRNA (Schmitt et al., 2016). To test if PURPL directly
binds to MYBBP1A, we used this approach. We did not observe enrichment of PURPL in
the MYBBP1A RIPs (Figure 6A). This result together with the observed association of
PURPL with MYBBP1A from formaldehyde crosslinked cells (Figure 5D), a reagent that
can crosslink proteins that indirectly associate with the RNA, indicates that MYBBP1A
associates with PURPL but does not directly bind to this INCRNA.

We therefore hypothesized that the MYBBP1A-PURPL complex is formed through an
adaptor protein that directly binds to this IncRNA. From our RNA pulldowns and mass
spectrometry, we selected RNA-binding protein HuUR as a potential adaptor protein due to
the following reasons. First, HUR was strongly enriched in the PURPL pulldowns (Figure
6B). Second, we and others have previously shown that HUR plays a role in the p53 pathway
(Lopez de Silanes et al., 2004, Lal et al., 2004, Lal et al., 2005, Mazan-Mamczarz et al.,
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2003, Galban et al., 2003). Finally, HUR binds to AU-rich elements (ARES) in RNA (Lopez
de Silanes et al., 2004, Lal et al., 2004) and we found a single consensus (Lebedeva et al.,
2011) high affinity HuR binding motif (ARE core) at the 3"end of PURPL (Figure 6C).

When we performed /n vitro RNA pulldowns. we found that Bi-PURPL but not Bi-Luc
associates with HUR (Figure 6D); as a negative control, GAPDH was detected only in input
(Figure 6D). Moreover, RNA pulldowns using purified recombinant GST-HuR, showed that
GST-HuR directly binds to Bi-PURPL (Figure 6E). In RT-gPCR following HUR-RIP from
UV-crosslinked HCT116 cells, ~12-fold enrichment of PURPL was observed in HUR RIPs
indicating direct interaction of PURPL and HuR in intact cells (Figure 6F). To determine if
HuR interacts with the ARE in PURPL, we performed HuR-RIP assays from UV-
crosslinked HCT116 cells after sonicating the lysate before the RIP assay, to fragment the
RNAs, a strategy used in the D/NO paper (Schmitt et al., 2016). RT-gPCR with primers that
span the PURPL-ARE or an adjacent Non-ARE region, showed that the PURPL-ARE was
specifically enriched in the HUR IPs (Figure 6G). These data suggest that HuR directly binds
to the ARE at the 3end of PURPL RNA.

If HUR is the adaptor responsible for recruiting MYBBP1A to the PURPL RNA, HUR
should interact with MYBBP1A, and silencing HuR should abrogate the PURPL-
MYBBP1A interaction. Indeed, we found enrichment of HuR in the MYBBP1A IP (Figure
6H); the HUR-MYBBP1A complex was resistant to RNase, suggesting that HuR and
MYBBP1A form a protein-protein complex (Figure 61). Upon silencing HuR (Figure 6J)
followed by MYBBP1A RIP and RT-gPCR from formaldehyde crosslinked cells, the
PURPL-MYBBP1A interaction was lost (Figure 6K), although we pulled down comparable
levels of MYBBP1A (Figure 6L). These data indicate that MYBBP1A associates with
PURPL RNA via the adaptor protein HUR.

Silencing MYBBP1A partially rescues basal p53 levels and proliferation of PURPL-KO cells

We next silenced MYBBP1A in PURPL-WT and PURPL-KO cells and assessed the effect
on p53 protein levels and cell proliferation. Silencing MYBBP1A partially reduced basal
p53 protein levels (Figures 7A, S10A and S10B) and p21 mRNA levels (Figure 7B) and
increased proliferation only in PURPL-KO cells (Figure 7C), suggesting that MYBBP1A
mediates the effects of PURPL, at least in part, by regulating basal p53 levels and cell
proliferation.

To determine if our findings from cell lines are relevant to CRC, we first analyzed PURPL
and MYBBPIA mRNA levels in a CRC cohort (UMMC cohort) where we have performed
IncRNA arrays from 79 CRC patient samples and matched normal (Schetter et al., in
preparation). Both PURPL RNA and MYBBPIA mRNA were significantly up-regulated
(PURPL.: 2.35-fold, p<0.0001; MYBBPIA mRNA: 1.44-fold p<0.0001) in the tumors when
compared to normal tissue (Figure 7D). To determine if PURPL and MYBBP1A expression
correlate with p53 mutation status, we compared PURPL levels between p53WT and mutant
p53 tumors. Of the 79 tumor samples, 42 were p53WT and 37 had missense or nonsense
TP53 mutations. As compared to p53WT tumors, PURPL was significantly down-regulated
(2.39-fold, p=0.0068) in mutant p53 tumors (Figure 7E). In addition, PURPL was more
significantly upregulated in p53WT CRC tumors vs matched normal (p<0.0001) as
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compared to Mutant p53 CRC tumors vs matched normal (p=0.036) (Figures S10A and
S10B).

However, MYBBPIA mRNA levels were not significantly different between p53WT and
p53 mutant tumors (Figure 7E). The higher PURPL levels and the unchanged MYBBPIA
MRNA levels between p53WT tumors as compared to p53 mutant tumors is consistent with
our RNA-seq data and other reports (Hunten et al., 2015, Leveille et al., 2015) where
PURPL was identified as a p53-regulated IncRNA, whereas MYBBPI1A is not a p53 target
gene. Interestingly, when we looked at the correlation between PURPL and MYBBP1A
mRNA levels in this CRC cohort, we observed significant positive correlation (correlation
coefficient r=0.51, p=0.0005) between MYBBPIA mRNA and PURPL levels in p53WT
tumors (Figure 7F) but not in the p53 mutant tumors (Figure S10C), which may be
consistent with our data from cell lines indicating that both PURPL and MYBBP1A are
involved in keeping basal p53 levels low. Collectively, our results identify an auto-regulatory
feedback loop between p53 and PURPL that is mediated in part by recruitment of
MYBBP1A to PURPL by the RNA-binding protein HuR.

DISCUSSION

In this study, we functionally characterized PURPL, a IncRNA directly regulated by p53
under basal conditions and after DNA damage. PURPL suppresses basal p53 levels,
suggesting an auto-regulatory feedback loop.

It is becoming increasingly clear that even in actively dividing cells with minimal p53
activity, p53 directly activates the basal expression of many genes including COKN1A,
GDF15and DDBZ (Allen et al., 2014, Espinosa et al., 2003, Tang et al., 1998). Using
Global Run-on sequencing, it was proposed that many p53 targets are “‘primed’ before p53
activation to allow rapid upregulation of these genes upon p53 activation (Allen et al., 2014).
Consistent with these findings, although PURPL is upregulated by p53 after DNA damage,
its basal expression is also controlled by p53 in multiple CRC lines and in CRC tumors.
Although p53 is inactivated in a majority of cancers, many tumors have intact p53 signaling,
and therapeutic activation of p53 signaling through MDM2 inhibition is being investigated
in clinical trials (Khoo et al., 2014). The significance of basal p53 signaling in cancer
therapeutics was demonstrated in a recent study on a large panel of cell lines and patient-
derived tumor xenografts (Espinosa and Sullivan, 2015, Jeay et al., 2015). The authors found
that cell lines sensitive to p53-activating drugs had partially active p53 signaling even in the
absence of the drug. PURPL may be a promising candidate for future translational research
since PURPL loss can elevate basal p53 to impair proliferation, induce cell death in response
to genotoxic agents and inhibit tumorigenicity /n vivo. However, it will be important to
determine the function of PURPL in normal cells.

Our study contributes to the emerging concept that IncRNAs acts as guides, decoys or
scaffolds to control cellular processes. This has been shown previously in the context of p53:
lincRNA-p21 functions as a transcriptional repressor in the p53 pathway and modulates the
localization of hnRNPK (Huarte et al., 2010, Dimitrova et al., 2014). PANDA, another p53-
regulated IncRNA transcribed from a locus upstream of p27, interacts with the transcription
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factor NF-YA to regulate the expression of pro-apoptotic genes during DNA damage (Hung
etal., 2011). In addition, NORAD is indirectly regulated by p53 and plays a critical role in
maintaining genomic stability by functioning as a decoy and regulates the association of the
RNA-binding protein PUMILIO to its target mMRNASs (Lee et al., 2016). A recent study
showed that the p53-regulated INcCRNA D/NO directly binds to the C-terminal domain of
p53 and regulates p53 levels in response to DNA damage (Schmitt et al., 2016).

PURPL suppresses basal p53 levels, in part, by preventing the p53-MYBBP1A complex
formation in the nucleoplasm. To further support this regulation, it would be important to
estimate, the number of molecules of PURPL, p53 and MYBBP1A in the nucleoplasm, to
determine if they are present in stoichiometric amounts. Further experiments are needed to
determine if this mechanism, the p53-dependence of PURPL expression and the p53-
dependence of the chemosensitizing effects of PURPL inactivation are restricted to tumor
cells that express p5S3WT or could also be observed in normal cells and mutant p53 cells.
The role of PURPL in CRC and other cancers will require further analysis in multiple
cohorts to determine if PURPL expression is associated with clinical outcome.

Future investigations on identification of other effectors of PURPL, determining if HUR and
MYBBP1A interact directly or via other proteins, additional molecular mechanism(s) by
which this IncRNA regulates p53, identifying and determining the role of other PURPL
targets in mediating the effects of this IncRNA, will be necessary to fully understand how
PURPL controls basal p53 levels and in determining its role in tumor initiation and
progression. Finally, it will be interesting to see if depletion/deletion of p53 in PURPL-KO
cells influences the tumorigenicity of these cells in mice.

EXPERIMENTAL PROCEDURES

Ribo-zero paired-end RNA-Seq and bioinformatic analysis

The isogenic pS3WT and p53KO HCT116, RKO and SW48 cells were untreated or treated
with DOXO (300 nM) for 16 hr and total RNA was isolated using RNeasy kit (Qiagen).
Total RNA was fragmented and the cleaved RNA fragments were copied into first strand
cDNA using reverse transcriptase and random primers, followed by second strand cDNA
synthesis using DNA polymerase | and RNase H. The resulting double-strand cDNA was
used as the input to a standard Illumina library prep with end-repair, adapter ligation and
PCR amplification being performed to generate a library that would go on to the HiSeq2000
instrument for sequencing. The HiSeq Real Time Analysis software (RTA 1.18.64) was used
for processing image files, the Illumina BCL2fastq1.8.4 was used for demultiplex and
converting binary base calls and qualities to FASTQ format. The sequencing reads were
trimmed adapters and low quality bases using Trimmomatic (version 0.3), the trimmed reads
were aligned to human hg19 reference genome (GRCh37/UCSC hg19) and Ensembl
annotation version 70 using TopHat_v2.0.8 software. Hundred bases long paired-end reads
were assessed for quality using PICARD and FastQC. The generated FASTQ files were
mapped using TopHat2 alignment algorithm. Differential gene expression analysis was
performed using Cufflinks and Cuffdiff. Average read length was 110 nucleotides and we
had ~ 150 million mapped reads per sample. For a non-zero-fold change, we added 0.01 to
the FPKM of each gene.

Cell Rep. Author manuscript; available in PMC 2018 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 12

UMMC (University of Maryland Medical Center) cohort analysis

Pairs of primary colon tumor and adjacent non-tumorous tissues came from 83 patients
recruited from the University of Maryland Medical Center or Baltimore Veterans Affairs
Medical Center between 1993 and 2002. Cases with familial adenomatous polyposis or
human nonpolyposis colorectal cancer were excluded from this study. Tissues were flash
frozen after surgery. Detailed backgrounds for each tissue donor, including age, sex, clinical
staging, tumor location, and receipt of adjuvant chemotherapy have been collected. Tumor
histopathology was classified according to the World Health Organization Classification of
Tumor system. RNA from frozen tissue samples was extracted using standard TRIZOL
(Invitrogen, Carlsbad, California) methods. 7P53 mutation status was determined by
sequencing all 7P53exons. The microarrays were SurePrint G3 Human Gene Expression
8x60K Microarray Kit and performed following the manufacturer’s instructions.

Targeted deletion using CRISPR/Cas9

An All-in-one construct expressing GFP, the human codon-optimized Streptococcus
pyogenes Cas9 Nickase mutant and the 2 gRNAS targeting the pS3RE in the PURPL
promoter was designed and purchased from DNA2.0 (https://www.dna20.com/). To select
PURPL-WT and PURPL-KO clones, HCT116 were transfected with 5 pg of the all-in-one
construct and after 48 hr, GFP positive cells were FACS sorted. The GFP positive cells were
seeded at 1 cell per well of 96-well plates in 100 ul of DMEM. After 3 weeks, clones were
harvested and split into two 24-well plates. Total RNA was isolated from a 24-well plate and
PURPL expression was measured by RT-qPCR normalized to GAPDH. Genomic DNA from
individual clones with dramatically reduced PURPL expression was extracted, and the DNA
flanking the p53RE of PURPL was PCR amplified and subjected to Sanger sequencing.

Xenograft assays

Animal protocols were approved by the National Cancer Institute Animal Care and Use
Committee following AALAAC guidelines and policies. HCT116 PURPL-WT and PURPL-
KO cells were trypsinized and washed with PBS. Live cells were counted with trypan blue
exclusion and equal numbers of live cells were injected for each clone. Cells (1 x 108) were
mixed with 30% matrigel in PBS on ice and the mixture was injected into the flanks of 6-8-
week-old female athymic nude mice (Animal Production Program, Frederick, MD, USA)
(each group N=10). Tumor volume was measured twice a week after 1 week of injection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
PURPL is a p53-regulated INcRNA
p53 is upregulated upon loss of PURPL, inducing growth defects
PURPL associates with the p53-regulator, MYBBP1A
PURPL suppresses p53 levels by inhibiting the p53-MYBBP1A interaction
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Figure 1. RNA-seq from multiple CRC lines identifies PURPL as a p53-regulated INCRNA
RNA-seq was performed from isogenic (p53WT and p53KO) HCT116, RKO and SW48

cells. (A) Scatter plot (left), Rank order of gene expression (right) and RNA-seq snapshot.
(B) p53-dependent induction of PURPL (RP11-46C20.1) after DOXO treatment. (C) RT-
gPCR for PURPL from nuclear and cytoplasmic fractions of untreated HCT116 cells. The
cytoplasmic GAPDH mRNA and nuclear IncRNA MALATI were used as controls.
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Figure 2. Targeted disruption of the p53RE in PURPL uncovers a pro-survival function of
PURPL

(A) (Top) Schematic showing the pS3RE in the PURPL promoter and location of the guide
RNAs. (Bottom) RT-gPCR analysis from HCT116 PURPL-WT cells (WT#1 and WT#2) and
HCT116 PURPL-KO cells (KO#1 and KO#2) untreated or treated with DOXO for 16 hr. (B)
PURPL-WT and PURPL-KO cells were untreated or treated with DOXO for 48 hr; cell
death (sub-G1 cells) and effect on cell cycle was assessed by PI staining followed by FACS
analysis. (C) Immunostaining for Nucleoporin and cleaved caspase-3 from PURPL-WT and
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PURPL-KO clones with or without DOXO treatment (72 hr). DNA was counterstained with
DAPI. Error bars represent SD from 3 experiments. **p<0.01 and ***p<0.001.
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Figure 3. Loss of PURPL results in upregulation of basal p53 levels
(A) RT-gPCR analysis for select p53-regulated mRNAS and the housekeeping mRNA SDHA

from untreated PURPL-WT and PURPL-KO cells. (B) PURPL-WT and PURPL-KO cells
were untreated or treated with DOXO for 24 hr and immunoblotting for p53, p21 and the
loading control GAPDH was performed. (C) Immunoblotting was performed from PURPL-
WT and PURPL-KO#1 cells transfected for 48 hr with pCB6 or pCB6-PURPL followed by
DOXO for 16 hr. GAPDH was used as loading control. (D) PURPL-WT and PURPL-KO#1
cells were transfected for 48 hr with pCB6 or pCB6-PURPL and then treated with
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Cycloheximide (CHX) for the indicated times; immunoblotting for p53 and the loading
control GAPDH was performed. (E) Decay curve for p53 protein quantitated by
densitometry is shown for the immunoblot shown in Figures 3D and S9. (F) Immunoblotting
for p53 and the loading control GAPDH was performed from PURPL-WT and PURPL-KO
RKO, SW48 and DLD1 cells. (G, H) Parental HCT116, RKO, SW48, SK-CO-1, DLD1 and
HT29 were transfected for 48 hr with CTL-ASO or PURPL-ASO and the levels of p53 and
the loading control GAPDH were assessed by immunoblotting. Error bars represent SD from
3 experiments. *p<0.05 and **p<0.01.
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Figure 4. PURPL-deficient cells show reduced proliferation in vitro and impaired tumor growth

in vivo

(A) Cell proliferation assays determined by Cell counting Kit-8 at the indicated time points
were performed from untreated PURPL-WT and PURPL-KO cells 24 hr after seeding the
cells in 96-well plates. (B) HCT116 cells were transfected with a CTL-ASO or PURPL-
ASO (50 nM) and cell proliferation assays were performed as described in “(A)”. (C)
Untreated PURPL-WT and PURPL-KO cells were seeded at low density in 12-well plates
and colony formation assays were performed after 2 weeks. (D) Tumor volume (N=10 mice/
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each group) in mice was measured by caliper assessment after injecting PURPL-WT and
PURPL-KO cells in mice. (E, F) Mice were euthanized after 30 days, tumors were excised
and weighed. Average tumor mass at Day 30 is shown (E). Error bars represent SD from 3
experiments in A-C. *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5. PURPL associates with MYBBP1A and prevents the formation of a p53-MYBBP1A

complex

(A, B) RNA pulldowns were performed using /n vitro-transcribed biotinylated PURPL (Bi-
PURPL) RNA or biotinylated luciferase (Bi-Luc) RNA and HCT116 whole cell lysates.
Associated proteins were pulled down with streptavidin beads and analyzed by SDS-PAGE
and mass spectrometry. (A) Peptide spectrum matches (PSMs) corresponding to MYBBP1A
in the Bi-Lwuc and Bi-PURPL pulldowns from mass spectrometry analysis, and (B) spectra,
show the four MYBBP1A peptides that associate with PURPL in the RNA pulldowns and
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mass spectrometry. (C) RNA pulldowns were performed as described in *A” followed by
immunoblotting for MYBBP1A. (D) The enrichment of PURPL was measured by RT-qgPCR
from MYBBP1A RNA IPs (RIP) performed from formaldehyde-crosslinked HCT116 cells.
IgG IP and the housekeeping SDHA mRNA were used as negative controls. (E)
Immunoblotting for MYBBP1A and the loading control GAPDH was performed from
PURPL-WT and PURPL-KO HCT116 whole cell lysates. (F) Nucleoplasmic and nucleolar
fractions were prepared from HCT116 cells and the levels of the nucleolar pre-rRNA, the
nucleoplasmic MALATI and PURPL were measured by RT-gPCR. (G) Nucleoplasmic
(NPL), nucleolar (NCL) and cytoplasmic (CYT) fractions were prepared from PURPL-WT
and PURPL-KO cells and the levels of Histone H3, Nucleolin and Tubulin were assessed as
controls for Nucleoplasmic, nucleolar and cytoplasmic fractions, respectively. (H) The
interaction of MYBBP1A with p53 was determined by immunoblotting following co-IPs
from PURPL-WT and PURPL-KO nucleoplasmic extracts. Lysate refers to whole cell
extract prepared from PURPL-WT cells. Error bars represent SD from 3 experiments.
**p<0.01.
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Figure 6. PURPL associates with MYBBP1A via the adaptor protein HUR
(A) /n vivo UV-crosslinked HCT116 cells were subjected to RNA immunoprecipitation

(RIP) with anti-MYBBP1A or IgG antibody. The levels of PURPL or the housekeeping
SDHA mRNA were measured in the IP material by RT-gPCR. (B) Peptide spectrum matches
(PSMs) corresponding to HUR in the Bi-Luc and Bi-PURPL pulldowns from mass
spectrometry analysis is shown. (C) Partial sequence of PURPL RNA and the consensus
high affinity HUR binding motif (UAUUUAU) at the 3”end is shown. (D) Streptavidin
pulldowns were performed using HCT116 whole cell lysates and /n vitro transcribed Bi-Luc
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or Bi-PURPL and the eluted material (undiluted or 1:10 diluted) was subjected to
immunoblotting for HUR or the negative control GAPDH. (E) Bi-Luc or Bi-PURPL were
incubated with GST or GST-HuUR and the mixture was then added to streptavidin beads.
Enrichment of GST-HuR in the RNA pulldowns was determined by immunoblotting for
HuR. (F) RNA IPs (RIP) assays were performed from UV-crosslinked HCT116 cell lysates
using HUR antibody or IgG. Enrichment of PURPL in the IP material was assessed by RT-
gPCR. SDHA mRNA was used as negative control. (G) RIP assays using HUR antibody or
IgG were performed after sonicating UV-crosslinked HCT116 cell lysates. Enrichment of
PURPL-ARE and not the nearby Non-ARE sequence in PURPL in the IP material was
assessed by RT-qPCR normalized to GAPDH using primers that span the ARE or Non-ARE
region. (H) HUR-MYBBP1A interaction was examined in HCT116 cells by
immunoprecipitating MYBBP1A from whole cell lysates followed by immunoblotting for
HuR and MYBBP1A. IgG IP was used as control. “IgG-HC” refers to the 1gG heavy chain.
(1) MYBBP1A was immunoprecipitated from HCT116 whole cell lysates and the
enrichment of HUR in the IP material was assessed by immunoblotting in the presence or
absence of RNase A. GAPDH was used as negative control. 1gG-HC refers to the 1gG heavy
chain. (J) HCT116 cells were transfected with CTL siRNA or HuR siRNAs for 48 hr and
knockdown of HUR was determined by immunoblotting using GAPDH as loading control.
(K) RIP assays were performed from formaldehyde-crosslinked HCT116 cell lysates
transfected with CTL siRNA or HuR siRNAs. Enrichment of PURPL normalized to
GAPDH mRNA in the IP material was assessed by RT-gPCR. (L) Immunoblotting for
MYBBP1A was performed for the RIP assays in “K”. Error bars represent SD from 3
experiments. **p<0.01.
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Figure 7. Silencing MYBBP1A in PURPL-KO cells partially rescues basal p53 levels and cell

proliferation

(A, B) PURPL-WT and PURPL-KO cells were transfected with CTL siRNA or MYBBPIA
SiRNAs for 48 hr. The levels of MYBBP1A, p53 and the loading control GAPDH were
assessed by immunoblotting from whole cell extracts (A) and p22 mRNA levels were
measured by RT-gPCR normalized to GAPDH mRNA (B). (C) PURPL-WT and PURPL-
KO cells were transfected with CTL siRNA or MYBBP1A siRNAs and cell proliferation
was assessed by trypan blue exclusion cell count assay from 2 independent experiments. (D—
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F) Analysis of PURPL and MYBBP1A mRNA levels in CRC patient samples in the
microarrays from the UMMC cohort. PURPL and MYBBP1IA mRNA levels (log2
transformed) were compared between normal (N=79) and tumor (N=79) samples (D) and
between p53WT (N=42) and mutant p53 tumors (N=37) (E). (F) Significant positive
correlation (correlation coefficient shown as “r”) between PURPL and MYBBFP1A mRNA
levels was observed in the p53WT CRC tumors. “N” represents the number of samples in
D—F. Error bars in “B” represent SD from 3 experiments. *p<0.05 and **p<0.01.
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