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The p53 gene ismutated in over half of all cancers, reflecting its critical role as a tumor suppressor. Although p53 is a
transcriptional activator that induces myriad target genes, those p53-inducible genes most critical for tumor sup-
pression remain elusive. Here, we leveraged p53 ChIP-seq (chromatin immunoprecipitation [ChIP] combined with
high-throughput sequencing) and RNA-seq (RNA sequencing) data sets to identify new p53 target genes, focusing on
the noncoding genome. We identify Neat1, a noncoding RNA (ncRNA) constituent of paraspeckles, as a p53 target
gene broadly induced bymouse and human p53 in different cell types and by diverse stress signals. Using fibroblasts
derived fromNeat1−/− mice, we examined the functional role ofNeat1 in the p53 pathway. We found thatNeat1 is
dispensable for cell cycle arrest and apoptosis in response to genotoxic stress. In sharp contrast,Neat1 plays a crucial
role in suppressing transformation in response to oncogenic signals. Neat1 deficiency enhances transformation in
oncogene-expressing fibroblasts and promotes the development of premalignant pancreatic intraepithelial neopla-
sias (PanINs) and cystic lesions in KrasG12D-expressingmice.Neat1 loss provokes global changes in gene expression,
suggesting amechanism bywhich its deficiency promotes neoplasia. Collectively, these findings identifyNeat1 as a
p53-regulated large intergenic ncRNA (lincRNA)with a key role in suppressing transformation and cancer initiation,
providing fundamental new insight into p53-mediated tumor suppression.
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The role of p53 as a critical tumor suppressor is well illus-
trated by the fact that it is foundmutated inmore than half
of all human cancers (Olivier et al. 2010). The highly pen-
etrant cancer predisposition observed in Li-Fraumeni pa-
tients with germline mutations in p53 and in p53-null
mice further highlights the importance of p53 in tumor
suppression (Vousden and Prives 2009; Brady and Attardi
2010). p53 is a cellular stress sensor that responds to sig-
nals such as DNA damage and oncogene expression and
triggers cell cycle arrest, senescence, or apoptosis to re-
strain cellular proliferation in the face of these signals. In
addition, p53 also regulates other processes, including
autophagy and metabolic homeostasis, which may con-
tribute to tumor suppression (Vousden and Prives 2009;
Kenzelmann Broz et al. 2013; Kruiswijk et al. 2015).p53
is a transcription factor that drives different biological re-
sponses by promoting the expression of a networkof target

genes. While the target genes involved in promoting cell
cycle arrest or apoptosis are well characterized, the target
genes responsible for mediating p53 function in tumor
suppression remain enigmatic. For example, it has been
shown that the target genes critical for DNA damage-in-
duced p53-dependent cell cycle arrest or apoptosis—such
as p21, Puma, and Noxa—are dispensable for tumor sup-
pression (Brady et al. 2011; Li et al. 2012; Valente et al.
2013). These findings have raised the question of which
p53 target genes are therefore the most essential for
suppressing tumorigenesis. Recent genomic approaches,
including ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) and
RNA-seq (RNA sequencing), have helped to identify new
p53-regulated genes whose biological functions in the
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p53 tumor suppression pathway could be explored (Ken-
zelmann Broz et al. 2013; Sánchez et al. 2014; Léveillé
et al. 2015; Younger et al. 2015).

Although studies on genes in the p53 network have fo-
cused largely on protein-coding genes, in recent years,
the role of p53-inducible noncoding RNAs (ncRNAs), in-
cluding both microRNAs and large intergenic ncRNAs
(lincRNAs), in p53 biological responses has been increas-
ingly recognized. The first of these to be discovered,
miR34a, plays an important role in restricting cellular re-
programming (as does p53) and can promote tumor sup-
pression, by enhancing p53 activity through a positive
feedback loop (Krizhanovsky and Lowe 2009; Choi et al.
2011; Okada et al. 2014). Subsequently, several p53-induc-
ible lincRNAs, including LincRNAp21, loc285194, PAN-
DA, and DINO, were identified (Huarte et al. 2010; Hung
et al. 2011; Liu et al. 2013; Schmitt and Chang 2016;
Schmitt et al. 2016). While these lincRNAs have been
shown to regulate cellular proliferation and survival in vi-
tro, cancer phenotypes using mice lacking their cognate
genes have not been well explored. Analysis of such p53-
regulated lincRNAs in clear genetic model systems in
vivo could provide key new insight into p53-mediated tu-
mor suppression.

To identify new ncRNAs regulated by p53 and their
functional roles in the p53 pathway, we leveraged ChIP-
seq and RNA-seq data sets that we generated previously
in wild-type mouse embryonic fibroblasts (MEFs) treated
with the DNA-damaging agent doxorubicin to activate
p53 (Kenzelmann Broz et al. 2013). We identify the
lincRNA Neat1 as a direct p53 target gene. NEAT1 was
originally identified as an abundant nuclear ncRNA that
is an essential component of paraspeckles, nuclear bodies
thought to control gene expression through the nuclear re-
tention of hyperedited RNAs (Hutchinson et al. 2007; for
review, seeNaganuma andHirose 2013). Here, we interro-
gated the role of Neat1 in the p53 pathway using Neat1
knockout mice. Interestingly, we found that Neat1 plays
an essential role in suppressing both transformation in on-
cogene-expressing fibroblasts and pancreatic cancer initia-
tion by constraining mutant Kras-induced pancreatic
intraepithelial neoplasias (PanINs) and cystic lesions rem-
iniscent of intraductal papillary mucinous neoplasms
(IPMNs). Additionally, we found that Neat1 deficiency
in oncogene-expressing fibroblasts is associatedwith glob-
al changes in gene expression. Together, these findings
identify Neat1 as a p53-regulated lincRNA with a funda-
mental role in suppressing transformation and cancer
initiation, providing importantnew insight intop53-medi-
ated tumor suppression pathways.

Results

Neat1 is a p53 target gene in various primary
and transformed mouse and human cell types

With the goal of understanding how lincRNAs mediate
downstream p53 functions, we used ChIP-seq and RNA-
seq data sets that we had generated previously using pri-
mary MEFs treated with doxorubicin to identify key

lincRNAs induced by p53 (Fig. 1A; Kenzelmann Broz
et al. 2013). Of the 432 genes that we delineated as bound
and modulated by p53, we identified two ncRNAs, Neat1
and Gm5801, although only Neat1 was significantly in-
duced by p53, while Gm5801 was weakly repressed by
p53. We found a clear p53-binding peak 1.3 kb upstream
of the Neat1 transcription start site, which contained a
consensus p53-binding element and to which we could
confirm p53 binding by ChIP-qPCR (ChIP combined
with quantitative PCR [qPCR] (Fig. 1B). To validate that
Neat1 expression is activated by p53 in mouse cells, we
performed qRT–PCR analysis of wild-type and p53−/−

MEFs treated with doxorubicin and found that, indeed,
Neat1 is activated by doxorubicin in a p53-dependent
manner (Fig. 1C). Neat1was also induced in a p53-depen-
dent manner by UV-C radiation, another DNA-damaging
agent that activates p53, but through a different mecha-
nism (Fig. 1C). Finally, to determine whether p53 regu-
lates Neat1 in other cell types, we examined Neat1
expression in doxorubicin-treated wild-type and p53−/−

mouse embryonic stem cells (ESCs) and found largely
p53-dependent induction by doxorubicin (Fig. 1D). Collec-
tively, these findings confirm thatNeat1 is bound and reg-
ulated by mouse p53 in multiple settings. These data are
consistent with published reports showing that human
p53 binds to theNEAT1 locus and activates its expression
in human fibroblasts and cancer cell lines (Botcheva et al.
2011; Blume et al. 2015; Adriaens et al. 2016).

Our own analyses bolstered the identity of NEAT1 as a
p53 target gene in human cells. We also identified one
strongly enriched p53 peak in our human fibroblast p53
ChIP-seq data, located 1.4 kb upstream of the transcrip-
tional start site ofNEAT1. p53 binding occurs in a position
analogous to the peak found inmouseNeat1, andwe found
that this region harbored a site with a near-perfect match
to the consensus p53-binding site (Fig. 1E; Younger et al.
2015). Moreover, we found that both the long (NEAT1_2,
23 kb) and short (NEAT1_1, 3.7 kb) isoforms of NEAT1 as
well as NEAT1 paraspeckles are induced by doxorubicin
inprimaryhuman fibroblasts andhumanESCs in ap53-de-
pendent manner (Fig. 1F–H; Supplemental. Fig. S1A,B).
Furthermore, treatment of human ESCs and A549 lung
cancer cells with Nutlin-3a, a p53 stabilizer that does
not rely on DNA damage (Vassilev et al. 2004), showed
thatNEAT1 is induced by p53 in the absence of genotoxic
stress (Fig. 1H,I). Finally, treatment of wild-type and p53-
null HCT116 colorectal carcinoma cells treated with dox-
orubicin revealed that expression of bothNEAT1 isoforms
is doxorubicin-inducible and that this responsedependson
p53 (Fig. 1J,K). Together, these findings underscore a con-
served induction ofNEAT1 in response to various p53-ac-
tivating signals in a diversity of mouse and human cell
types, raising the possibility thatNEAT1may play an im-
portant role in p53 responses.

Neat1 is dispensable for p53-dependent
DNA damage responses

We next sought to elucidate the role of Neat1 in the p53
pathway. To unequivocally establish the contribution of
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Neat1 to p53 function, we used Neat1 knockout mice
(Nakagawa et al. 2011). Notably, while MEFs derived
from wild-type mice are completely proficient in forming
paraspeckles in the nucleus, no paraspeckles are observed
inNeat1−/−MEFs, as seen by costaining forNeat1 and the
paraspeckle protein Sfpq (Fig. 2A). We first focused on p53

responses to acute genotoxic stress, upon which p53 di-
rects either cell cycle arrest or apoptosis. To assess wheth-
er Neat1 is necessary for p53-dependent DNA damage
responses, we exposed primary MEFs derived from wild-
type, p53−/−, andNeat1−/− mice to 5 Gy of ionizing radia-
tion, a classical assay to test for p53-dependent G1 cell

Figure 1. Neat1 is a p53 target gene inmouse and human cells. (A) Experimental outline that led to the discovery ofNeat1 as a p53 target
gene.Wild-type and p53−/−MEFswere either left untreated or treated with 0.2 µg/mL doxorubicin for 6 h to generate a list of doxorubicin-
regulated p53-dependent RNAs using RNA-seq. Wild-type MEFs were also treated with doxorubicin for 6 h prior to ChIP-seq analysis
(Kenzelmann-Broz et al. 2013). Four-hundred-thirty-two genes bound and regulated by p53 were defined, and the annotation of long
ncRNAs among these pinpointed Neat1 as a novel p53-inducible target gene. (B) ChIP-qPCR testing for p53 binding at a peak identified
inNeat1 byChIP-seq analysis togetherwithCdkn1a as a positive control. The percentage of immunoprecipitatedDNA relative to input is
indicated. p53−/−MEFs served as a negative control. (C ) qRT–PCR analysis ofNeat1 expression inwild-type and p53−/−MEFs treatedwith
0.2 µg/mL doxorubicin (left) or 20 J/m2 UV light (right) and collected at the indicated time points, normalized to β-actin. (D) qRT–PCR
analysis ofNeat1 expression inmouse ESCs treatedwith 0.2 µg/mL doxorubicin for the indicated times, normalized to β-actin. (E) Human
p53 ChIP-seq profiles (Younger et al. 2015) in primary human fibroblasts reveal a strong p53-binding site in the promoter ofNEAT1. The
top track shows the p53 ChIP sample, with the carat indicating the “called” peak as determined by DNANexus. The bottom track shows
ChIP-seq input reads. The numbers in parentheses indicate the numbers of base pairs in individual half-sites matching the consensus se-
quence. (F ) qRT–PCR analysis ofNEAT1 and CDKN1A in primary human fibroblasts expressing shGFP or shp53 8 h after initiating dox-
orubicin treatment, normalized to β-ACTIN. (G) Northern blot of doxorubicin-treated (for 24 h) primary human fibroblasts transfected
with a scrambled siRNA (siNT), sip53, or either of two different siRNAs against NEAT1 (siN1 and siN2). The numbers below the blots
correspond to the expression levels normalized to the RPLPO loading control. (H, left) NEAT1 expression levels by qRT–PCR in two dif-
ferent human ESCs treated with Nutlin3a for 2 d, normalized to β-ACTIN. (Right)NEAT1 expression levels by qRT–PCR in human ESCs
expressing shGFP or shp53 and left untreated or treated with doxorubicin for the indicated times, normalized to β-ACTIN. (I )NEAT1 ex-
pression levels by qRT–PCR in human A549 lung cancer cells treated with Nutlin3a for 1 or 2 d, normalized to β-ACTIN. (J) qRT–PCR
analysis ofNEAT1 andCDKN1A in wild-type and p53-null HCT116 cells treatedwith 0.2 µg/mL doxorubicin for different times, normal-
ized to β-ACTIN. (K ) Northern blot of wild-type and p53-null HCT116 cells after doxorubicin treatment for different lengths of time.
RPLPO serves as a loading control. The numbers below the blots correspond to the expression levels normalized to RPLPO. Error bars
represent ±SD. (∗) P≤ 0.05; (∗∗∗) P≤ 0.001; (n.s.) nonsignificant, based on the two-tailed unpaired Student’s t-test.
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cycle arrest. We then evaluated the cell cycle profiles 18 h
after irradiation. In these assays, we observed that both
wild-type andNeat1−/−MEFs underwent G1 cell cycle ar-
rest to an equivalent extent, while the p53−/− MEFs failed
to undergo G1 arrest, suggesting thatNeat1 is dispensable
for p53-dependent cell cycle arrest (Fig. 2B).

The expression of the E1A and HRasV12 oncogenes
sensitizes MEFs to apoptosis in response to DNA damage
(Lowe et al. 1993). Thus, to test whetherNeat1 plays a role
in p53-dependent apoptosis, we treated E1A;HRasV12-ex-
pressing wild-type, p53−/−, and Neat1−/− MEFs with dox-
orubicin and evaluated apoptosis using Annexin V/
propidium iodide (PI) staining 12 and24h later. Consistent
with known p53 biology, E1A;HRasV12-expressing wild-
type MEFs efficiently underwent apoptosis, while the
E1A;HRasV12-expressing p53−/− MEFs remained resis-
tant to apoptosis (Fig. 2C). The levels of apoptosis in
E1A;HRasV12-expressingNeat1−/− MEFs were not statis-
tically significantly different from those inE1A;HRasV12-
expressing wild-type MEFs, indicating that Neat1 is dis-
pensable for p53-dependent apoptosis. Together, these ex-
periments suggest that, although Neat1 is induced by
DNA damage, Neat1 is not necessary for the p53-depen-
dent DNA damage responses of cell cycle arrest and apo-
ptosis, at least in the cellular contexts examined.

Neat1 suppresses transformation in oncogene-expressing
fibroblasts

Given that Neat1 is dispensable for p53 responses to gen-
otoxic stress and that recent studies have suggested that
distinct transcriptional programs are required for p53 ac-
tion downstream from acute DNA damage and oncogenic
signals (Brady et al. 2011; Bieging et al. 2014), we next
sought to establish whether Neat1 might instead be
important for p53 responses to oncogenic signals. Specifi-
cally, we examined the contribution of Neat1 to transfor-
mation suppression in a classic oncogene-expressing
fibroblast model. We first investigated whether Neat1
deficiency can increase transformation by compar-
ing E1A;HRasV12-expressing wild-type, p53−/−, and
Neat1−/− MEFs. Importantly, Neat1 deficiency also com-
promises paraspeckle formation in this context, as deter-
mined by Neat1/Sfpq costaining (Fig. 3A). We confirmed
next that p53 deficiency greatly enhances both clonogenic
potential in low-density plating assays and anchorage-in-
dependent growth in soft agar assays relative to p53-ex-
pressing cells, as reported (Kenzelmann Broz et al. 2013).
Interestingly, we found thatNeat1 deficiency also signifi-
cantly increases both clonogenic potential and anchorage-
independent growth relative toNeat1-proficient cells (Fig.

Figure 2. Neat1 is dispensable for p53 acute DNA
damage responses. (A, left) RNA-FISH using a Qua-
sar 570-labeled complex probe against Neat1 to ex-
amine paraspeckles in wild-type and Neat1−/−

primary MEFs. Nuclei were stained with DAPI.
(Right) High-magnification detail of RNA-FISH
against Neat1 (using a Quasar 570-labeled probe)
and immunostaining of the paraspeckle protein
Sfpq in wild-type andNeat1−/− primary MEFs. Nu-
clei were stained with DAPI. (B) Cell cycle arrest
analysis in MEFs of different genotypes. (Left) Rep-
resentative FACS analyses of 5-ethynyl-2 deoxyuri-
dine (EdU)-incorporating and propidium iodide (PI)-
stained untreated and irradiated (5 Gy) MEFs of dif-
ferent genotypes. (Right) Quantification of G1 ar-
rest response in MEFs, indicated by the ratio of
the S-phase fraction in irradiated cells to the S-
phase fraction in untreated cells. n = 3. (C ) Apopto-
sis analysis in MEFs of different genotypes. (Left)
Representative FACS analyses of Annexin V and
PI staining in E1A;HRasV12 MEFs of each geno-
type. (Right) Quantification of Annexin V-positive
E1A;HRasV12 MEFs of different genotypes (wild
type, Neat1−/−, and p53−/−) after being either left
untreated (ut) or treated with 0.2 µg/mL doxorubi-
cin for 12 or 24 h. n = 6. At least two different
MEF lines were used in these experiments. Error
bars represent ±SD. (∗) P≤ 0.05; (∗∗∗) P≤ 0.001; (n.
s.) nonsignificant, based on the two-tailed unpaired
Student’s t-test.

Mello et al.

4 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


3B,C), indicating thatNeat1 loss promotes transformation
similarly to p53 deficiency. To querywhetherNeat1 is the
main conduit for p53-mediated transformation suppres-
sion, we attenuated p53 expression by knockdown in
E1A;HRasV12-expressing wild-type and Neat1−/− MEFs.
We observed an increase in anchorage-independent
growth upon p53 knockdown in E1A;HRasV12;Neat1−/−

MEFs, suggesting that Neat1 is simply one component
downstream from p53 in tumor suppression (Fig. 3D).
This finding is consistent with our observation that over-
expression of the short isoform of Neat1 (Neat1_1) is suf-
ficient to inhibit transformation in the absence of p53 but
not as potently as p53 (Fig. 3E; Supplemental Fig. S2). Fi-
nally, to interrogate Neat1 tumor suppressor activity in
vivo, we injected E1A;HRasV12;wild-type and E1A;
HRasV12;Neat1−/− cells subcutaneously into immuno-

compromisedmice. In concordancewith our observations
in vitro,Neat1 deficiency resulted in an increase in tumor
mass and volume (Fig. 3F), indicating that Neat1 also has
tumor suppressor activity in vivo. This finding is consis-
tent with the p5325,26 transactivation domain 1 mutant
that we generated previously (which activates only a sub-
set of p53 target genes and yet serves as a potent tumor
suppressor) being able to activate Neat1 (Fig. 3G; Brady
et al. 2011). Collectively, these findings show that Neat1
plays a key role in suppressing transformation of onco-
gene-expressing fibroblasts, as does p53.

Neat1 suppresses transformation in pancreatic
cancer cells

As cancers derived from epithelia or carcinomas represent
the majority of human cancers, we next sought to

Figure 3. Neat1 suppresses transforma-
tion in oncogene-expressing MEFs. (A)
RNA-FISH against Neat1 (using a Quasar
570-labeled probe) and immunostaining of
the paraspeckle protein Sfpq in E1A;
HRasV12 and E1A;HRasV12;Neat1−/−

MEFs. Nuclei were stained with DAPI. (B)
Clonogenic potential of E1A;HRasV12
MEFs of different genotypes (wild type,
Neat1−/−, and p53−/−) assayed using a low-
density plating assay. Colonieswere stained
with crystal violet. (Left) Representative
wells from clonogenic assays are shown.
(Right) Dots represent average colony num-
bers from triplicate samples, integrating re-
sults from three different experiments using
two to four different MEF lines per geno-
type. (C ) Anchorage-independent growth
of E1A;HRasV12 MEFs of different geno-
types (wild type, Neat1−/−, and p53−/−) in
a soft agar colony assay. Colonies were
stained with Giemsa. (Left) Representative
wells are shown. (Right) Dots represent av-
erage colony numbers from triplicate sam-
ples. Two independent experiments using
two to four MEF lines per genotype were
performed. (D) Anchorage-independent
growth of E1A;HRasV12 MEFs of different
genotypes (wild type and Neat1−/−) upon
the introduction of control shRNA or
shRNA against p53. Colonies were stained
with Giemsa. (Left) Representative wells
are shown. (Right) Dots represent average
colony numbers for triplicate samples
from two independent experiments using
twoMEF lines per genotype. (E) Clonogenic
potential of E1A;HRasV12; p53−/− MEFs af-

terNeat1 or p53 overexpression. pLex-empty served as a negative control. (Left) Representative wells from clonogenic assays are shown.
(Right) Dots represent average colony number for triplicate samples from two independent experiments. Independent experiments forB–E
were performed with both different MEF lines and some MEF lines multiple times to ensure both repetition and representation by mul-
tiple MEF lines. (F, left) Average tumor volumes as a function of time in Scidmice injected with E1A;HRasV12-expressing wild-type and
Neat1−/− MEFs. The dots represent the average of tumors from the left and right flanks of a given animal. Two different E1A;HRasV12;
Neat1+/+ and three different E1A;HRasV12;Neat1−/− MEF lines were used, totaling four and six tumors of each genotype, respectively.
(Middle) Images of the tumors at the end of the experiment, 22 d after injection. (Right) Tumor weight at day 22. (G) Neat1 expression
levels by qRT–PCR in homozygous p53LSL-wt and p53LSL-25,26 primary MEFs upon adeno-Cre-induced reactivation of p53, normalized
to β-actin. Error bars represent ±SD. (∗) P≤ 0.05; (∗∗∗) P≤ 0.001, based on the two-tailed unpaired Student’s t-test.
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examine the role for Neat1 in a carcinoma model. We fo-
cused specifically on pancreatic ductal adenocarcinoma
(PDAC), which can be modeled in mice by Pdx1-Cre-me-
diated expression of activated KrasG12D in the pancreas, as
we discovered that Neat1 expression is also p53-depen-
dent in KrasG12D-expressing premalignant pancreatic epi-
thelium in an RNA-seq data set that we generated (Fig.
4A; SS Mello, LJ Valente, N Raj, JA Seoane, BM Flowers,
J McClendon, KT Bieging-Rolett, J Lee, D Ivanochko,
MM Kozak, et al., in prep.). Based on this observation,
we hypothesized that Neat1 could be involved in p53-de-
pendent PDAC suppression. To test this idea, we assessed

whether Neat1 overexpression could also reduce the tu-
morigenicity of p53-null pancreatic cancer cells using a
clonogenic potential assay. Indeed, we found that, as
with p53, overexpression of Neat1 in a p53−/− pancreatic
cancer cell line decreased clonogenic potential, and this
was associated with an increase in paraspeckles (Fig. 4B,
C; Supplemental Fig. S3). These data indicate that ectopic
Neat1 expression can suppress transformation in different
cell types.

Neat1 deficiency promotes pancreatic cancer initiation

p53 is known to serve as a barrier to PDAC development
inKRas+/LSL-G12Dmice expressing Cre recombinase under
the control of a pancreatic-specific promoter. Given our
initial data highlighting the capacity ofNeat1 to suppress
transformation of pancreatic cancer cells, we sought to
determine whether Neat1 can restrain pancreatic cancer
initiation in vivo. As RNA-FISH in pancreas tissue
showed that the numbers of Neat1 paraspeckles in
KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/− mice are significantly
lower than in KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/+ mice
(Fig. 5A), we used both Neat1 heterozygous and Neat1-
null mice to determine the role of Neat1 in suppression
of pancreatic cancer initiation. Pancreatic cancer can arise
through the dedifferentiation of pancreatic acinar cells
into ductal-like cells, a process known as acinar-to-ductal
metaplasia (ADM), leading to premalignant lesions
known as PanINs, which ultimately progress to PDAC
(Guerra et al. 2007; Zhu et al. 2007; Morris et al. 2010;
Kopp et al. 2012). PDAC has also been reported to arise
from cystic lesions known as IPMNs, which are thought
to originate from ductal cells (Matthaei et al. 2011; von Fi-
gura et al. 2014).

We first examined the consequences of Neat1 defi-
ciency for ADM and PanIN formation in KRas+/LSL-G12D;
Ptf1a-Cre mice treated with cerulein, an inducer of
pancreatitis that enhances pancreatic cancer initiation
by triggering ADM and PanIN formation (Guerra et al.
2011). Interestingly, we found that both KRas+/LSL-G12D;
Ptf1a-Cre;Neat1+/− and KRas+/LSL-G12D;Ptf1a-Cre;Neat1−/−

mouse pancreata displayed dramatic ADM (with a great
increase in PanIN burden marked by Muc5ac or Alcian
blue positivity) relative to KRas+/LSL-G12D;Ptf1a-Cre;
wild-type mouse pancreata (Fig. 5B). These findings un-
derscore a critical function for Neat1 in suppressing pan-
creatic cancer initiation. The increased propensity for
ADM observed with Neat1 deficiency was further sup-
ported by an ex vivoADM transdifferentiation assay using
organoid cultures of acini from KrasLSL-G12D;Neat1+/+ and
KrasLSL-G12D;Neat1−/− mice (Supplemental Fig. S4). In ad-
dition to increasing ADM, Neat1 deficiency also in-
creased PanIN burden by enhancing the percentage of
Ki67-positive cells in PanINs relative toNeat1-expressing
PanINs, suggesting that Neat1 also restricts proliferation
in PanINs (Fig. 5B). Interestingly, we also observed that
both heterozygous and homozygous loss of Neat1 led to
the increased formation of cystic lesions lined by mucin-
ous epithelium, some of which were low-grade, while
others had clear papillae, histologically similar to human

Figure 4. Neat1 is associatedwith suppressionof pancreatic can-
cer cell growth. (A) Tracks representingNeat1 expression levels in
RNA-seq data from CD133+ FACS-sorted mouse pancreata from
KRas+/LSL-G12D;Pdx1-Cre;p53+/+ mice (top) and KRas+/LSL-G12D;
Pdx1-Cre;p53−/− mice (bottom). (B) Clonogenic potential of a
PDAC cell line derived from KRasG12D;Pdx1-Cre;p53fl/fl mice af-
terNeat1 or p53 overexpression. pLex-empty served as a negative
control. (Left) Representative wells from clonogenic assays are
shown. (Right) Dots indicate average colony number of triplicates
fromeach independent experiment.n = 4. (∗)P < 0.05, based on the
two-tailed unpaired Student’s t-test. (C ) RNA-FISH for Neat1 in
p53-null PDAC cells after empty vector or Neat1 transduction.
(Left) Representative RNA-FISH images for Neat1. Nuclei were
stained with DAPI. (Right) Average number of Neat1 foci ± SEM
per nucleus. (∗) P≤ 0.05, based on the two-tailed unpaired Stu-
dent’s t-test.
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IPMNs presenting gastric-type differentiation (Fig. 5C;
Supplemental Figs. S5, S7). Together, these findings sug-
gest that Neat1 loss enhances the formation of multiple
types of preneoplastic lesions in the context of Kras acti-
vation and pancreatitis.
To analyze the role of Neat1 in maintaining pancreatic

homeostasis in aging mice, we next explored whether
Neat1 deficiency promotes spontaneous ADM and PanIN
formation or the generation of IPMN-like lesions in the
absence of pancreatitis. We aged KRas+/LSL-G12D;Ptf1a-
Cre;Neat1+/+, KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/−, and
KRas+/LSL-G12D;Ptf1a-Cre;Neat1−/− mice for 5 mo and
found that Neat1-deficient mice presented a dramatic
loss of normal acinar parenchyma and an accumulation
of PanIN lesions relative to KRas+/LSL-G12D;Ptf1a-Cre;
Neat1+/+ mice, as indicated by hematoxylin and eosin
(H&E) staining and diminished expression of the acinar
marker amylase accompanied by positivity for the ductal
marker Ck19 (Fig. 6A). Similar towhatwe observed in cer-
ulein-treated mice at early time points, we found that the
loss of Neat1 also increased the percentage of Ki67-posi-
tive cells in Ck19-positive lesions of aging mice (Fig.
6B). Interestingly, we again observed a significant increase
in mucinous cystic lesions in aging KRas+/LSL-G12D;Ptf1a-
Cre;Neat1+/− and KRas+/LSL-G12D;Ptf1a-Cre;Neat1−/−

mice compared with KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/+

mice (Fig. 6C; Supplemental Figs. S6, S7). While Neat1
deficiency enhanced the formation of both PanIN and
IPMN-like preneoplastic lesions (Fig 6), there was no in-
creased cancer predisposition at this time point, suggest-
ing that Neat1 loss promotes efficient ADM and cystic
lesion/IPMN formation but that it may take more time
or potentially cooperating genetic lesions to fully develop
cancer. Together, these findings suggest that Neat1 sup-
presses the development of pancreatic neoplasias in vivo
and does so by restricting ADM, limiting PanIN prolifera-
tion, and suppressing the development of cystic lesions.

Neat1 deficiency induces global gene expression
profile changes

To gain insight into how Neat1 loss might promote both
transformation and the development of preneoplastic
lesions, we leveraged our tractable in vitro E1A;HRasV12
cell model to analyze genome-wide expression profiles in
the presence and absence of Neat1 by RNA-seq. Compar-
ison of gene expression profiles in four E1A;HRasV12;
Neat1+/+ and four E1A;HRasV12;Neat1−/− MEF lines re-
vealed that loss of Neat1 results in significant expression
level changes in ∼1300 genes (q-value 0.005) (Fig. 7A).
Analysis using Enrichr (Chen et al. 2013; Kuleshov et al.
2016) revealed that most up-regulated genes were related
to mechanisms of protein synthesis (data not shown), a
process that is commonly enhanced during tumorigenesis
(Truitt and Ruggero 2016). Enrichr also identified gene ex-
pression programs down-regulated upon Neat1 loss in
E1A;HRasV12-expressing cells, including nervous system
development and function and axon guidance programs,
which have been associated previously with cancer devel-
opment (Fig. 7B,C; Dallol et al. 2003; Chedotal et al. 2005;

Figure 5. Neat1 suppresses pancreatic cancer initiation in vivo
upon pancreatitis. (A) RNA-FISH for Neat1 in pancreas sections
of cerulein-treated KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/+ and
KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/− mice. (Left) Representative
RNA-FISH images for Neat1. Nuclei were stained with DAPI.
(Right) AverageNeat1 foci ± SD per nucleus (B) Pancreas histolo-
gy of KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/+ (n = 13), Kras+/LSL-G12D;
Ptf1a-Cre;Neat1+/− (n = 6), and Kras+/LSL-G12D;Ptf1a-Cre;
Neat1−/− (n = 4) mice with acute pancreatitis 7 d after cerulein
treatment. (Left) Representative hematoxylin and eosin (H&E),
Muc5ac (PanIN marker), and Ki67/Alcian blue costaining (mark-
ers of proliferation and PanINs, respectively) of pancreata from
cerulein-treated cohorts. (Top right) Average PanIN area ± SD as
a percentage of total pancreas area, as determined by Muc5ac
quantification. (Bottom right) Average percentage ± SD of prolif-
erating PanIN cells per mouse pancreas, as determined by the
counting of at least 1000Alcian blue cells. (C, left) Representative
low-magnificationH&E staining of pancreata fromcerulein-treat-
ed cohorts, evidencing large cystic lesions reminiscent of human
IPMN lesions. (Right) Average number of cystic lesions per
mouse ± SD. Cystic lesions are defined by size criteria (diameter
≥280 µm). (∗) P≤ 0.05; (∗∗∗) P≤ 0.001, based on the two-tailed un-
paired Student’s t-test.
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Biankin et al. 2012; Mi Je et al. 2013; Göhrig et al. 2014).
We confirmed the differential expression of various genes
in these categories by qRT–PCR analysis in E1A;
HRasV12;wild-type and E1A;HRasV12;Neat1−/− MEF
lines, focusing on genes such as Srgap3, Dll1, Reln, and
Plxna4, which have been shown previously to display tu-
mor suppressor activity (Sato et al. 2006; Balakrishnan
et al. 2009; Zhang et al. 2011; Castellano et al. 2016).
Moreover, given that deficiency in SWI/SNF complex
function leads to the formation of IPMNs in mouse mod-
els for PDAC (von Figura et al. 2014; Roy et al. 2015), we
also queried the status of chromatin remodeling gene ex-
pression in E1A;HRasV12;Neat1−/− MEFs using the
RNA-seq data. Interestingly, we found that expression of
various SWI/SNF components, such as Smarca1 and
Smarcc2, was reduced in Neat1-deficient cells relative
to controls (Fig. 7C,D). Importantly, the SWI/SNF com-
plex, including the Smarca1 and Smarcc2 subunits, has
been shown tohavean extensive role in tumor suppression
(Weissman and Knudsen 2009; Wilson and Roberts 2011;
Amankwah et al. 2013; Takeshima et al. 2015). Addition-
ally, we found that Ogt, a chromatin modifier involved
in histone GlcNAcylation, is down-regulated in
Neat1−/− cells. To determine whether this compromise
in gene expression could also explain the pancreatic phe-
notypes that we observed, we examined the expression of
someof these genes inNeat1-deficient pancreata. Interest-
ingly, many, but not all, of these genes display diminished
expressionwithNeat1 loss in thepancreas, suggesting that
these gene expression changes could underlie the pheno-
types seen in Neat1-deficient pancreata (Fig. 7E).

The enhanced formation of ADMs, PanINs, andmucin-
ous cystic lesions in KRasG12D-expressingNeat1-deficient
mice suggests that these mice are more susceptible to the
dedifferentiation process that precedes the generation of
preneoplastic lesions. To investigate whether Neat1 has
a role in inhibiting dedifferentiation, we used gene set en-
richment analysis (GSEA) to analyze our MEF RNA-seq
data and test whether Neat1 deficiency impacts the ex-
pression of genes involved in pancreas development.
We generated a GSEA signature gene set based on a previ-
ously published compilation of gene regulatory networks
involved in pancreas development and differentia-
tion (Arda et al. 2013).We found that the expression of var-
ious pancreas development genes, such as Dll1, Gata6,
Bhlha15, Mist1, Foxa1, and Neurod1, is decreased in
E1A;HRasV12;Neat1−/− cells relative to E1A;HRasV12;
Neat1+/+MEFs (Fig. 7F). Furthermore, we found that a sub-
set of these genes—Bhlha15 and Sox9—is also down-regu-
lated inNeat1-deficient pancreata (Fig. 7G). Interestingly,
Bhlha15 has a key role in pancreas development, as it is
necessary for acinar cell differentiation and maintenance
of the exocrine pancreas (Shi et al. 2009; Direnzo et al.
2012; Martinelli et al. 2013). Moreover, Sox9, known as
a master regulator of the pancreatic developmental pro-
gram, is responsible for maintaining the embryonic and
adult ductal state (Seymour 2014), and a decrease in
Sox9-positive cells was associated previously withmucin-
ous cystic lesions (Tanaka et al. 2013). These findings
suggest that Neat1 deficiency impacts the regulatory

Figure 6. Neat1 suppressespancreaticcancer initiation invivo in
aging mice. (A) Pancreas histology of 5-mo-old KRas+/LSL-G12D;
Ptf1a-Cre;Neat1+/+ (n = 5), Kras+/LSL-G12D;Ptf1a-Cre;Neat1+/−

(n = 3), and Kras+/LSL-G12D;Ptf1a-Cre;Neat1−/− (n = 4) mice. (Left)
Representative H&E, amylase +Ck19 double-immunofluores-
cence staining (specificmarkers of acinar cells and epithelial cells
of ductal origin, respectively) of pancreata from aged cohorts.
(Right) Average amylase and Ck19-positive areas ± SD as a per-
centage of total pancreas area. (B, left) Representative H&E and
Ck19 + Ki67 staining (markers of epithelial lesions and prolifera-
tion, respectively) of pancreata fromaged cohorts. (Right) Percent-
age ± SD of proliferating Ck19-positive epithelial cells, as
determinedby counting at least 1000cells. (C, left) Representative
low-magnification H&E staining and amylase + Ck19 double-im-
munofluorescence staining of pancreata from aged cohorts, evi-
dencing large cystic lesions reminiscent of human IPMN
lesions. (Right) Average number of cystic lesions per mouse ±
SD. Cystic lesions are defined by size criteria (diameter ≥280
µm) ± SD. (∗) P≤ 0.05; (∗∗∗) P≤ 0.001, based on the two-tailed un-
paired Student’s t-test.
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networks involved in the differentiation andmaintenance
of pancreatic acinar and ductal cells, processes that could
directly explain the susceptibility of KRasG12D-expressing

Neat1-deficient mice to the formation of different types
of pancreatic preneoplastic lesions. Collectively, these
findings suggest that the ability of Neat1 to globally

Figure 7. Neat1deficiency triggers global geneexpressionprogramchanges. (A) Scatter plot of the log2 (fold-change) versus themean reads
count per gene, generated using RNA-seq expression profiling data from E1A;HRasV12;wild-type and E1A;HRasV12;Neat1−/−MEFs. The
dots represent differentially expressed genes according to DEseq2 analysis. (B) Table with Reactome categories found down-regulated in
E1A;HRasV12;Neat1−/− MEFs. (C ) Heat map representing the expression of the top differentially expressed genes in E1A;HRasV12;
wild-type and E1A;HRasV12;Neat1−/− MEFs. (D) qRT–PCR analysis of genes involved in axon guidance, GABA receptor activation, and
chromatin remodeling in E1A;HRasV12;wild-type and E1A;HRasV12;Neat1−/−MEFs, normalized toGapdh. n = 6. (E) qRT–PCR analysis
of expression of genes involved in axon guidance, GABA receptor activation, and chromatin remodeling in pancreata of KRas+/LSL-G12D;
Ptf1a-Cre;Neat1+/+ andKRas+/LSL-G12D;Ptf1a-Cre;Neat1−/−mice 7 d after cerulein treatment, normalized toGapdh. n = 2. (F ) Gene set en-
richment analysis heat map of genes contributing to enrichment (left) and enrichment plot of pancreas development genes differentially
expressed inE1A;HRasV12;Neat1+/+ andE1A;HRasV12;Neat1−/−MEFs (right). False discovery rate is 0.052. (G) qRT–PCRanalysis of pan-
creas development genes found differentially expressed in E1A;HRasV12 MEFs in pancreata of KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/+ and
KRas+/LSL-G12D;Ptf1a-Cre;Neat1−/− mice 7 d after cerulein treatment, normalized toGapdh. (∗) P≤ 0.05, based on the one-tailed unpaired
Student’s t-test.
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regulate gene expression—with effects on diverse tran-
scriptional programs—provides a potential mechanism
for howNeat1 acts to suppress transformation and tumor
initiation.

Discussion

Here, we leveraged ChIP-seq and RNA-seq data from p53
wild-type and p53−/− MEFs to identify p53-regulated
ncRNAs that might help in understanding downstream
components in p53 biological responses. We demonstrate
thatNeat1/NEAT1 is a bona fide direct p53 target gene in
diverse mouse and human cell types and that it is induced
in response to different stress signals. Moreover, we que-
ried its biological function downstream from p53 and pro-
vided the first evidence that Neat1 is dispensable for p53-
dependent cell cycle arrest or apoptosis responses to DNA
damage. In dramatic contrast, however, we showed that
Neat1 does play a critical role in p53-dependent tumor
suppression in oncogene-expressing fibroblast tumors
and in suppression of pancreatic cancer initiation. Thus,
our findings provide key genetic evidence that Neat1 is
a novel component of the p53 tumor suppression program.

Previous studies on NEAT1 in cancer have focused pri-
marily on NEAT1 expression levels during the develop-
ment of various types of human cancers. In some
studies, NEAT1 levels were found to increase during tu-
morigenesis, and high levels of NEAT1 expression were
associated with worse prognosis (Li et al. 2015; He et al.
2016; Ma et al. 2016; Wang et al. 2016). NEAT1 can also
promote cell survival and/or proliferation of human can-
cer cell lines, and Neat1 acts as an oncogene in mice sub-
jected to the DMBA-TPA skin carcinogenesis protocol
(Adriaens et al. 2016). However, beyond the suggestion
that NEAT1 is an oncogene, other studies have suggested
that NEAT1 acts as a tumor suppressor in certain con-
texts. NEAT1 is down-regulated in some cancers relative
to normal tissue, augmentedNEAT1_2 levels were shown
to predict better overall survival in colorectal cancer pa-
tients, and increased NEAT1 levels were associated with
enhanced apoptosis in irradiated chronic lymphocytic
leukemia cells (Gibb et al. 2011; Blume et al. 2015; Wu
et al. 2015). Moreover, NEAT1_2 was found to inhibit
cellular proliferation (Wu et al. 2015). These seemingly
contradictory results may reflect cell type-specific roles
for NEAT1 in tumorigenesis. Importantly, these piece-
meal and contradictory findings underscore the critical
need for analysis ofNeat1 function in a genetically tracta-
ble animalmodel, such asNeat1 knockoutmice, to derive
an unequivocal understanding of the role of Neat1 in
tumorigenesis.

Several molecular functions have been proposed for
NEAT1 that could relate to how it serves as a tumor sup-
pressor. First, NEAT1 is essential for the formation and
maintenance of paraspeckles, (Clemson et al. 2009; Sasaki
et al. 2009; Sunwooet al. 2009),whichhavebeen suggested
as sites of nuclear retention for adenosine-to-inosine (A-to-
I) edited RNAs, thereby exerting an effect on gene expres-
sion at a post-transcriptional level (Prasanth et al. 2005;

Chen and Carmichael 2009; Fox and Lamond 2010). Re-
cent reports have also suggested that NEAT1 may act at
the post-transcriptional level by interacting with splicing
factors and RNA 3′ end processing factors to modulate
the proper maturation of precursor mRNAs (West et al.
2014).NEAT1 can also regulate genes at the transcription-
al level by sequestering transcriptional regulators into par-
aspeckles (Hirose et al. 2014) or binding theDNAof active
genes (West et al. 2014) to increase active chromatinmarks
such as histone H3K4 trimethylation and histone H3K9
acetylation in these genes (Chakravarty et al. 2014), sug-
gesting yet another pleotropic mechanism by which it
could regulate the gene expression. Consistent with these
transcriptional effects, the enhanced transformation and
pancreatic neoplasia that we observed in the absence of
Neat1 are associated with altered gene expression pro-
grams in specific functional categories such as axon guid-
ance, GABA A receptor activation, and chromatin
remodeling. Interestingly, mutations in axon guidance
genes were associated previously with pancreatic cancer
in a study profiling the mutational landscape of this dis-
ease (Biankin et al. 2012). Indeed, some of the axon guid-
ance genes with diminished expression upon Neat1
deficiency have activities consistent with tumor suppres-
sion: Srgap3, which is involved in the inhibition of anchor-
age-independent growth; Dll1, which can reduce tumor
growth and vascularization; Reln, which can restrain Ras
and PI3K; and Plxna4, which is involved in the inhibition
of bFGF and VEGF-induced cell proliferation (Kigel et al.
2011; Zhang et al. 2011; Lahoz and Hall 2013; Castellano
et al. 2016). It will be interesting to reveal the transcrip-
tional programsmost critical forNEAT1 activity in tumor
suppression in more detail in future studies.

The mechanisms underlying Neat1/NEAT1 function
described above may also provide key insights into how
it might modulate cellular responses during tumor sup-
pression. Neat1/NEAT1 has been shown previously to
control several aspects of cell behavior by enhancing or de-
creasing cell division, inhibiting cell death, and increasing
migration (Chakravarty et al. 2014; Chen et al. 2015;
Choudhry et al. 2015; Wu et al. 2015; Ma et al. 2016;
Wang et al. 2016). Our findings in the pancreatic cancer
model support the notion thatNeat1 inhibits cell prolifer-
ation. In addition, the observation thatNeat1/NEAT1 lev-
els increase during differentiation of a variety of cell types,
including ESCs, muscle cells, neuronal cells, and glial
cells, suggests that NEAT1 may play a role in cellular dif-
ferentiation (Lehnert et al. 2007; Chen and Carmichael
2009; Sunwoo et al. 2009; Mercer et al. 2010; Zeng et al.
2014). Moreover, studies of Neat1-null mice have shown
thatNeat1 is required for proper corpus luteum differenti-
ation and mammary gland development (Nakagawa et al.
2014; Standaert et al. 2014). Consistent with a role in reg-
ulating differentiation is our observation that Neat1 defi-
ciency in KrasG12D-expressing acini triggers increased
ADM, a dedifferentiation event throughwhich terminally
differentiated acinar cells reprogram into ductal cells and
then PanINs, leading ultimately to PDAC development
(Kopp et al. 2012). In addition, we found thatKrasG12D-ex-
pressing Neat1-deficient mice are prone to develop cystic
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lesions, suggesting thatNeat1 could also be acting inmore
than one way to limit pancreatic neoplasia. Ductal cells
undergo a dedifferentiation process to become IPMN le-
sions (Roy et al. 2015), and our results thus suggest that
Neat1 is also involved in the maintenance of terminally
differentiated ductal cells in the context of oncogenic
Kras. The decreased expression of pancreatic differentia-
tion genes observed uponNeat1 loss support an important
role for Neat1 in differentiation in the pancreas. Interest-
ingly, Neat1−/− mice in the context of wild-type KRas
are not reported to develop cancer, and we similarly did
not detect any noticeable developmental defects or pan-
creas abnormalities of Neat1−/− mice (Supplemental Fig.
S8), reinforcing the idea that Neat1 tumor suppressor ac-
tivities are triggered only upon oncogenic stress. Collec-
tively, our findings suggest that Neat1 function in
differentiation could be the basis for its activity as a sup-
pressor of transformation and pancreatic neoplasia.
Despite the unequivocal importance of p53 in tumor

suppression, themechanisms throughwhich it suppresses
cancer development remain elusive. Recent studies have
suggested that the best-characterized p53 functions— in-
ducing cell cycle arrest or apoptosis in response to geno-
toxic stresses—as well as the well-studied p53 target
genes involved in these responses (p21, Noxa, and
Puma) are dispensable for tumor suppression (Brady
et al. 2011; Li et al. 2012; Valente et al. 2013). New strat-
egies are therefore needed to elucidate the molecular un-
derpinnings of p53 tumor suppressor function. Here, the
use of genomic approaches such as ChIP-seq and RNA-
seq has helped to greatly expand the repertoire of genes
known to be directly regulated by p53. Our discovery
thatNeat1/NEAT1 is a conserved p53-inducible lincRNA
with a critical role in p53-dependent transformation sup-
pression provides a key piece to the p53 tumor suppres-
sion puzzle. Understanding the cellular and molecular
basis for how NEAT1 acts as a tumor suppressor will ulti-
mately greatly expand our understanding of p53-mediated
tumor suppression.

Materials and methods

Cell culture experiments

MEFs, colorectal cancer cells (HCT116), and pancreatic cancer
cells were cultured in DMEM containing 10% FBS. Primary hu-
man fibroblasts are originally from Coriell Cell Repository and
were cultured in DMEM containing 15% FBS. Human ESCs H9
(Wicell) and LSJ2 (Stanford) were maintained as described (Con-
klin et al. 2012). Mouse ESCs were cultured together with irradi-
ated feeders in DMEM supplemented with 20% stem cell
certified FBS, 10% NEAA, LIF, and β-mercaptoethanol. Doxoru-
bicin (Sigma) treatment was at 0.2 μg/mL, and Nutlin-3a
(Sigma-Aldrich) was at 10 µM. UV-C treatment was at 20 J/m2,
and ionizing radiation dose was 5 Gy of γ radiation. Lentiviral in-
fections for gene silencing or overexpression were performed as
described (Brady et al. 2011). siRNA transfection using sequences
against p53 (Dharmacon, M-003329-03) or NEAT1 were per-
formed using Dharmafect 4 (Dharmacon) according to the manu-
facture’s protocol, and siGENOME nontargeting siRNA pools
(Dharmacon,D-001206-14) were used as a control. For clonogenic
assays in which Neat1 or p53 was overexpressed, E1A;HRasV12;

p53−/− MEFs were transduced with pLEX MCS-empty (negative
control), pLEXMCS-p53 (positive control), or pLEX MCS-Neat1.

Cell cycle arrest and apoptosis assays

MEFswere irradiated, 5-ethynyl-2´-deoxyuridine (EdU)-pulsed af-
ter 14 h for 4 h, and processed using the Click-iT EdU Alexa fluor
488 imaging kit (ThermoFisher Scientific) according to the man-
ufacturer’s protocol. For apoptosis experiments, E1A;HRasV12
MEFs were treated with doxorubicin for 12 or 24 h and stained
with Annexin V FITC (Invitrogen) and PI, following the manufac-
turer’s protocol. Both cell cycle and apoptosis experiments were
assessed by flow cytometry.

Clonogenic assays, anchorage-independent growth assays,
and subcutaneous tumor studies

For the clonogenic assays, E1A;HRasV12 MEFs were plated in
triplicate on six-well plates at 150 cells per well and left to
grow for ∼12 d. Cells were fixed with 10% formalin and stained
with 0.1% crystal violet. Anchorage-independent growth assays
were performed as described previously (Kenzelmann Broz et al.
2013). Plates were scanned, and colony number quantification
was performed manually for clonogenic assays, while OpenCFU
(Geissmann 2013) was used to quantify the scanned images of
wells from the anchorage-independent growth assays. Subcutane-
ous tumor studies were performed as described (Brady et al. 2011).

RNA-seq and data sets

Total RNA was extracted from wild-type and Neat1−/− E1A;
HRasV12 MEFs using the Qiagen RNeasy mini extraction kit
(Qiagen) according to the manufacturer’s protocol. RNA-seq li-
braries were generated using the Illumina TruSeq kit (version 2)
following the manufacturer’s instructions. The libraries were se-
quenced on a HiSeq 4000 system (Illumina), and the RNA-seq
reads were analyzed with Basespace’s RNA Express pipeline
(RNA Express Legacy version: 1.0.0), which encompasses align-
ment using the STAR aligner (Dobin et al. 2013) and differential
expression analysis using DESEQ2 (Love et al. 2014). Differen-
tially regulated genes were also analyzed using Enrichr (Chen
et al. 2013; Kuleshov et al. 2016) to detect which biological path-
ways are being altered upon Neat1 loss. GSEA was used to test
whether Neat1 deficiency impacts the expression of genes in-
volved in pancreas development (Subramanian et al. 2005). A pan-
creas development signature was generated based on a previously
published study (Arda et al. 2013). The RNA-seq data generated
by this work is available in the Gene Expression Omnibus
(GEO) database under accession number GSE100098. For the
identification of NEAT1/Neat1 as a p53 target gene, previously
generated mouse ChIP-seq and RNA-seq data sets (GSE46240)
as well as a human p53 ChIP-seq data set (GSE55727) were used.

qRT–PCR, RNA-FISH, and Northern blot analysis

RNA was isolated using Trizol (Invitrogen) and reverse-tran-
scribed using MMLV reverse transcriptase (Invitrogen) and ran-
dom primers. qPCR was performed with Power SYBR Green
PCR master mix (Thermo Fisher) and a 7900HT Fast real-time
PCR machine (Applied Biosystems). A standard curve was used
to quantify the samples. ChIP-qPCR was performed as described
(Kenzelmann Broz et al. 2013). Primer sequences for qRT–PCR
and ChIP-qPCR are listed in Supplemental Table S1. RNA-FISH
was performedusing Stellaris RNA-FISH complex probe sets (Bio-
search Technologies) according to the manufacturer’s protocol.
The mouse Neat1 probe set was Quasar 570-labeled, while the

Neat1 is a p53-inducible transformation suppressor

GENES & DEVELOPMENT 11

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.284661.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.284661.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.284661.116/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


human NEAT1 probe set was FAM (6-carboxyfluorescein)-la-
beled. Double staining with Sfpq was performed using a rabbit
polyclonal anti-Sfpq antibody (1:200; Bethyl Laboratories).North-
ern blotting was performed as described (Johnson et al. 2005).

Mouse models for pancreatic cancer

Pancreatitis was triggered by treating 8-wk-old KRas+/LSL-G12D;
Ptf1a-Cre, KRas+/LSL-G12D;Ptf1a-Cre;Neat1+/−, and KRas+/LSL-
G12D;Ptf1a-Cre;Neat1−/− mice with eight hourly intraperitoneal
injections of cerulein (100 μg per kilogram of body weight;
Sigma-Aldrich) over 2 d, as described previously (Jensen et al.
2005). Mice were sacrificed 7 d after cerulein treatment, and the
pancreata were analyzed by different histological parameters.
Spontaneous transformation was also assessed in mice aged for
5mo. Both groupswere evaluated by a trained pathologist special-
izing in pancreatic cancer. Mice were on a 129/Sv and C57BL/6
mixed background.

Histology and immunohistochemistry

Tissue specimen processing, sectioning, and H&E staining were
performed using standard protocols. Immunohistochemistry
was performed using the VectaStain Elite ABC kit (Vector Labo-
ratories) according to the manufacturer’s protocol. The antibod-
ies used were mouse anti-MUC5AC (1:500; ThermoFisher),
mouse anti-Ki67 (1:100; BD Pharmingen), rat anti-Ck19 (1:750;
University of Iowa), and goat anti-amylase (1:100; SantaCruz Bio-
technology). The sectionswere counterstainedwith hematoxylin
or Alcian blue/nuclear fast red using the NovaUltra Alcian blue
stain kit (IHC World) according to the manufacturer’s instruc-
tions. For Ck19 and amylase staining, the sections were stained
using anti-goat Alexa 488 (1:200; Invitrogen) and anti-rat Alexa
594 (1:200; Invitrogen) and counterstained with DAPI. Pictures
were taken using a Leica microscope and/or with a NanoZoomer
2.0-RS slide scanner (Hamamatsu). Analysis of the PanIN and
mucinous cystic lesion areas and Ki67 stainingwas performed us-
ing ImageJ. To simulate the size criterion used to diagnose IPMNs
in humans, we also used a size criterion (diameter ≥280) to call
cystic lesions/IPMNs. This sizewas based on the ability to distin-
guish large cystic lesions from PanIN lesions. Further classifica-
tion of these lesions was performed based on their lining using
H&E and Muc5ac staining.
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