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SUMMARY

Long noncoding RNAs (IncRNASs) have emerged as regulators of diverse biological processes.
Here we describe the initial functional analysis of a poorly characterized human IncRNA
(LINCO00657) that is induced after DNA damage, which we termed Noncoding RNA Activated by
DNA Damage or NORAD. NORAD is highly conserved and abundant, with expression levels of
approximately 500-1,000 copies per cell. Remarkably, inactivation of NORAD triggers dramatic
aneuploidy in previously karyotypically-stable cell lines. NORAD maintains genomic stability by
sequestering PUMILIO proteins, which repress the stability and translation of messenger RNAS to
which they bind. In the absence of NORAD, PUMILIO proteins drive chromosomal instability by
hyperactively repressing mitotic, DNA repair, and DNA replication factors. These findings
introduce a mechanism that regulates the activity of a deeply conserved and highly dosage-
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sensitive family of RNA binding proteins and reveal unanticipated roles for a IncRNA and
PUMILIO proteins in the maintenance of genomic stability.
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INTRODUCTION

Long noncoding RNAs, or IncRNAs, have recently attracted significant attention due to
their emerging functions in development and disease (Fatica and Bozzoni, 2014; Li and
Chang, 2014). IncRNAs represent a heterogeneous family of RNAs that are defined by a
length of greater than 200 nucleotides and by the lack of any detectable open reading frame
(ORF). The exact number of IncRNAs encoded in the human genome is a matter of debate,
but most estimates place the number in the tens of thousands (lyer et al., 2015; Ulitsky and
Bartel, 2013). The biological roles and molecular functions of the overwhelming majority of
these transcripts remain unexplored or elusive. Compared to other known noncoding RNA
classes, INCRNAs stand out due to their enormous diversity with respect to evolutionary
conservation, expression level, molecular function, and cellular localization (Ulitsky and
Bartel, 2013). In the nucleus, IncRNAs have been shown to regulate transcription in cisor
trans, organize subnuclear structure, and mediate chromosomal interactions (Clemson et al.,
2009; Hacisuleyman et al., 2014; Rinn and Chang, 2012). Cytoplasmic IncRNAs are known
to modulate the activity or abundance of interacting proteins or mRNAs (Faghihi et al.,
2008; Gong and Magquat, 2011; Kino et al., 2010; Kretz et al., 2013; Liu et al., 2015).
Nevertheless, studies of InNcRNA function are still at an early stage. Due to their generally
low abundance and modest evolutionary conservation relative to protein-coding genes
(Cabili et al., 2011; Ulitsky and Bartel, 2013), it has been suggested that a large fraction of
IncRNAs represent products of promiscuous transcription rather than independently
functional RNAs (Struhl, 2007). To resolve this issue, detailed functional studies are needed
to establish the biological role and molecular activity of IncRNAs of interest.
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Pumilio-Fem3-binding factor (PUF) proteins represent a deeply conserved family of RNA
binding proteins that act as negative regulators of gene expression (Wickens et al., 2002).
PUF proteins bind with high specificity to sequences in the 3’ UTRs of target mMRNAs
through their PUMILIO homology domains (Zamore et al., 1997) and stimulate
deadenylation and decapping, resulting in accelerated turnover and decreased translation
(Miller and Olivas, 2011). There are two human and mouse PUF proteins, PUMILIO1
(PUM1) and PUMILIO2 (PUM2), that bind to target transcripts containing an eight
nucleotide sequence (UGUANAUA), referred to as the PUMILIO response element (PRE).
Many mammalian PUM targets have been identified using high-throughput approaches
(Chen et al., 2012; Galgano et al., 2008; Hafner et al., 2010; Morris et al., 2008), revealing
diverse functions for these proteins in germline homeostasis (Chen et al., 2012; Spassov and
Jurecic, 2003), cell cycle control (Kedde et al., 2010; Miles et al., 2012) and neuronal
activity and function (Driscoll et al., 2013; Vessey et al., 2010). Notably, Puml
haploinsufficiency in mice has recently been reported to result in neurodegeneration
(Gennarino et al., 2015), demonstrating that PUM dosage must be precisely controlled in
vivo to avoid significant pathologic consequences. Nevertheless, the mechanisms through
which PUM activity is regulated remain unknown.

Here we describe the unexpected finding that a poorly characterized mammalian INcRNA,
which we termed NORAD, functions as a major regulator of PUM activity in human cells.
This IncRNA initially came to our attention due to its induction after DNA damage, its
strong evolutionary conservation, and its ubiquitous, abundant expression in human tissues
and cell lines. Surprisingly, inactivation of NORAD resulted in chromosomal instability in
previously stably diploid human cell lines. Identification of NORAD-interacting proteins
revealed that this IncRNA functions as a multivalent binding platform for PUM proteins,
with the capacity to sequester a significant fraction of the total cellular pool of PUM1 and
PUM2. We further showed that PUM proteins regulate a large set of target transcripts that
play a critical role in maintaining the fidelity of chromosome transmission and whose
excessive repression in the absence of NORAD results in genomic instability. These findings
have revealed a IncRNA-dependent mechanism that regulates a highly dosage-sensitive
family of RNA binding proteins, uncovering a post-transcriptional regulatory axis that
maintains genomic stability in mammalian cells.

Characterization of NORAD, an abundant, conserved human IncRNA

This study was initiated in an attempt to identify human IncRNAs that regulate the DNA
damage response. To this end, we examined a set of previously identified mouse INCRNAs
that are induced after doxorubicin treatment in a p53-dependent manner (Guttman et al.,
2009). Among these transcripts, we noted a poorly-characterized 4.9 kilobase (kb) unspliced
IncRNA, annotated as 2900097C17Rik, that exhibits a high degree of evolutionary
conservation in mammals. A clear ortholog of this transcript, with 65% nucleotide identity
to 2900097C17Rik, is expressed from the syntenic location in the human genome (Figure
1A). Annotated in RefSeq as LINC00657, this 5.3 kb IncRNA is broadly and abundantly
expressed in human cell lines and tissues (Figure 1A, S1A). Like the mouse ortholog, the
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human transcript has features of an RNA polymerase 1 transcription unit, including an
enrichment of H3K4me3-modified histones at the transcription start site (Figure 1A) and a
canonical polyadenylation signal at the 3’ end, use of which was confirmed by 3’ rapid
amplification of cDNA ends (RACE) (Figure S1B).

As in mouse, the human IncRNA is induced after DNA damage in a p53-dependent manner
in the colon cancer cell line HCT116 (Figure 1B). We therefore named this IncRNA
Noncoding RNA Activated by DNA Damage, or NORAD. Despite its p53-dependent
induction, we were unable to identify an obvious p53 binding site in the vicinity of the
NORAD promoter nor was one identified in a recent p53 ChlP-seq study performed in this
cell line (Sanchez et al., 2014), likely indicating indirect regulation of NORAD by p53.

NORAD is easily detectable as a discrete transcript of the expected size by northern blotting
(Figure 1C). Absolute copy number analysis in a panel of human cell lines with or without
doxorubicin treatment revealed that NORAD is present at ~300—1400 copies per cell, similar
in abundance to highly expressed mRNA transcripts such as ACTB (Islam et al., 2011)
(Figure 1D).

Because INCRNAs may encode conserved peptides (Anderson et al., 2015; Bazzini et al.,
2014), we examined the coding potential of NORAD using PhyloCSF, an algorithm that
discriminates protein coding from noncoding transcripts based on their evolutionary
signatures (Lin et al., 2011). This analysis confirmed the low coding potential of NORAD,
which received a maximum codon substitution frequency (CSF) value similar to other well-
characterized IncRNAs (Figure 1E). NORAD also lacks the potential to encode any
recognizable protein domains, based on a BLASTX analysis of all possible reading frames.
Based on these findings that established NORAD as a highly conserved, ubiquitously
expressed, abundant IncRNA, we set out to investigate its functions in human cells.

NORAD loss-of-function results in chromosomal instability

To elucidate potential functions of NORAD, we designed 3 pairs of transcription activator-
like effector nucleases (TALENS) that target within the first 300 nucleotides of the IncRNA
to facilitate the homology-directed insertion of a transcriptional stop element and
puromycin-resistance cassette flanked by loxP sites (Figure 2A). Initially, this approach was
used to inactivate NORAD in HCT116 cells, a stably diploid human cell line that has been
extensively used to study the p53 pathway and the human DNA damage response (Bunz et
al., 1998; Jallepalli et al., 2001). All 3 TALEN pairs produced correctly targeted subclones
with high efficiency after puromycin selection, allowing the derivation of a large number of
NORAD™" lines (15/147 clones with homozygous insertions). Correct targeting was
confirmed by Southern blotting (Figure S1C) and resulted in the expected loss of NORAD
expression (Figures 2B, S1D).

Despite the induction of NORAD after DNA damage, we observed no consistent defect in
the p53-dependent G1 or G2 checkpoints in NORAD~/~ cells (Figure S2A-C), indicating
that NORAD is not required for these aspects of the DNA damage response. In the course of
these experiments, however, we unexpectedly observed that 2/15 NORAD~~ clones
appeared to have stably tetraploid DNA content (Figure 2C). These findings were confirmed
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by examining metaphase chromosome spreads. With rare exception, wild-type HCT116
cells had 45 chromosomes, consistent with the reported karyotype (Masramon et al., 2000)
(Figure 2D). In contrast, tetraploid NORAD ™~ cells had variable chromosome numbers, with
DNA content approaching 4N. As described below, our subsequent experiments have
demonstrated that the spontaneous generation of tetraploid HCT116 subclones is
exceedingly rare and we have never observed stable tetraploidization of these cells without
NORAD inactivation.

Even apparently diploid NORAD ™~ clones displayed a range of chromosome numbers
(Figure 2D), suggesting that this karyotypically-stable cell line had adopted a chromosomal
instability (CIN) phenotype, defined as the frequent loss or gain of whole chromosomes
(Geigl et al., 2008). Human cancer cells frequently exhibit CIN, which is believed to be an
important driver of tumorigenesis (Rajagopalan et al., 2003), yet the the role of INCRNAs in
regulating this phenotype is poorly understood. Therefore, to more quantitatively assess
whether loss of NORAD induces CIN, we employed an established fluorescent in situ
hybridization (FISH) assay in which marker chromosomes are labeled and scored in
hundreds of interphase cells (Jallepalli et al., 2001). Assaying chromosomes 7 and 20 with
this approach verified that wild-type HCT116 cells exhibit a low frequency of chromosomal
gain or loss (Figure 2E—F). In contrast, up to 25% of NORAD '~ cells displayed gain or loss
of one of these chromosomes, confirming the presence of a CIN phenotype. Importantly,
since only 2 chromosomes were assayed in these experiments, these measurements likely
represent a significant underestimate of the frequency of aneuploidy in NORAD~/~ cells. In
addition, live cell imaging documented a high rate of mitotic errors, including anaphase
bridges and mitotic slippage, in NORAD ™/~ clones (Figure 2G-I). Finally, karyotyping of
representative NORAD ™~ clones revealed the presence of non-recurrent de novo structural
chromosomal rearrangements (Figure S2D). These findings were documented in multiple
NORAD '~ clones generated with distinct TALEN pairs, strongly suggesting that this CIN
phenotype is not caused by an off-target effect of TALEN-mediated genome editing.

To confirm that this phenotype is not unique to HCT116 cells, we introduced the
transcriptional stop cassette into the NORAD locus in BJ-5ta cells, a telomerase-
immortalized non-transformed diploid fibroblast cell line (Figure S3A-B). Although
NORAD™~ BJ-5ta cells were grossly diploid by flow cytometric analysis of DNA content
(data not shown), they exhibited significantly elevated levels of aneuploidy, as determined
by quantification of chromosomes 7 and 20 by FISH (Figure S3C).

Chromosomal instability is specifically due to NORAD loss-of-function

We next performed a series of experiments to confirm that the CIN phenotype that we
observed in NORAD '~ cells was specifically due to loss of this INcRNA rather than a
consequence of genome manipulation with TALENS. First, we used a published TALEN
pair to insert a puromycin resistance cassette at the AAVSL/PPP1R12C locus (Sanjana et al.,
2012). Quantification of chromosomes 7 and 20 documented normal chromosome numbers
in homozygously targeted HCT116 and BJ-5ta cells (Figures 3A, S3C). Live cell imaging
confirmed a low rate of mitotic errors (Figure 2G-I). Furthermore, analysis of 70 subclones
of HCT116 cells transfected with these TALENS revealed that all retained diploid DNA
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content (data not shown). Thus, neither CIN nor tetraploidy is a general property of cells that
have undergone TALEN-mediated genome editing.

Next, we depleted the NORAD transcript using multiple siRNAs and assessed chromosome
content by FISH after 12 days of subsequent growth (Figure 3B, C). As observed following
TALEN-mediated inactivation of NORAD, knockdown of this transcript resulted in
significant aneuploidy. Subclones of control or NORAD knockdown cells were then
produced, revealing infrequent but reproducible de novo generation of tetraploid lines
derived specifically from cells transfected with NORAD-targeting siRNAs (Figure 3D).

Lastly, we used Cre recombinase to excise the transcriptional stop cassette in NORAD ™/~
cells, resulting in restored NORAD expression (Figure 3E). Rescued subclones exhibited
significantly lower levels of aneuploidy than subclones derived from control-treated cells
(Figure 3F). Based on these findings, we conclude that NORAD is essential for the
maintenance of genomic stability in human cells.

NORAD directly regulates both ploidy and chromosomal stability

It has been proposed that CIN can result from whole genome duplication events that produce
a transient tetraploid state that subsequently resolves into an unstable pseudo-diploid state
(Ganem et al., 2007). Therefore, since we recovered both tetraploid and diploid NORAD ™~
clones that each exhibited CIN, it was unclear whether loss of NORAD primarily causes
tetraploidization, which then results in CIN, or whether NORAD directly regulates both
ploidy and chromosomal stability. The fact that CIN can be rescued by NORAD reactivation
in diploid knockout cells (Figure 3E, F) supports the latter possibility. If CIN were due to a
prior, now resolved, tetraploid state, restoration of NORAD should no longer have the
capacity to revert genomic instability in diploid cells. Furthermore, if the CIN phenotype of
NORAD™~ cells is solely a secondary consequence of polyploidization, tetraploid knockout
cells should revert to a diploid state at a measureable frequency. However, 32/32 analyzed
subclones derived from tetraploid NORAD ™~ cells retained tetraploid DNA content. In
contrast, approximately 10% of subclones of diploid NORAD™~ cells gained tetraploid DNA
content (data not shown). These results support a primary role for NORAD in regulating both
ploidy and chromosomal stability in diploid cells.

NORAD is a cytoplasmic multivalent PUMILIO binding platform

Alignment of the NORAD sequence to itself using the BLAST algorithm uncovered a
repetitive ~400 nucleotide domain that recurs 5 times in the transcript (Figure S4A-B). We
termed this sequence the NORAD domain (ND1-ND5). Notably, a large fraction of the
conserved sequence within NORAD is encompassed within these repetitive regions.
Furthermore, subcellular fractionation (Figure S4D) and single molecule RNA FISH (Figure
SAE) demonstrated a nearly exclusively cytoplasmic localization of the NORAD RNA.
Based on these results, we hypothesized that the NORAD domain represents a binding
platform through which this InNcRNA is able to assemble a multivalent cytoplasmic
ribonucleoprotein (RNP) complex.
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To identify components of this putative NORAD RNP, we synthesized 7 biotinylated RNA
fragments encompassing each NORAD domain as well as the 5’ and 3’ segments of the
transcript (Figure S4C). Mass spectrometry was used to identify proteins that bind to these
fragments, and corresponding antisense controls, in HCT116 lysates (Figure S5A, Table S1).
Candidate interactors were filtered for those that were detectable above background in all
five NORAD domain pull downs with at least 5-fold enrichment compared to each
corresponding antisense pull down. Only a single protein, PUMILIO 2 (PUM2), fulfilled
these criteria (Figure S5B). We confirmed the binding of PUM2 to all five NORAD domains
as well as the 5’ end of NORAD using western blotting (Figure 4A). Western blotting also
revealed detectable interaction of NORAD with the related protein PUMILIO 1 (PUML1).
Additionally, immunoprecipition of endogenous PUM proteins resulted in highly significant
enrichment of endogenous NORAD (Figure S5C). Consistent with these data, both NORAD
(Figure S4D, E) as well as PUM1/PUM2 (Morris et al., 2008; Narita et al., 2014; Ponten et
al., 2008) are predominantly localized to the cytoplasm.

Since RNAs and proteins are known to reassociate after cell lysis (Mili and Steitz, 2004), we
took advantage of a previously generated photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation (PAR-CLIP) dataset generated with human FLAG-
tagged PUMZ2 (Hafner et al., 2010) that detects specific PUM2:RNA binding interactions
that occur in intact cells. 7,523 PUM2 binding sites, occurring in ~3,000 transcripts, were
identified in this study. Five PUM2 binding sites within NORAD were reported, with a site
in ND4 representing the 11t most frequently crosslinked site transcriptome-wide (http:/
www.mirz.unibas.ch/restricted/clipdata/RESULTS/PUM2/PUM2.html). These results
further document direct PUM2:NORAD interactions.

In the course of these studies, we noted the presence of a large number of sequences with
homology to NORAD distributed throughout the human genome, with at least 43 genomic
loci that exhibit 84-98% identity to NORAD over at least a 500 bp span. Many of these
homologous sequences have features of processed pseudogenes, including target site
duplications and terminal poly(A) sequences (Kazazian, 2014). Analysis of Illumina
BodyMap 2.0 RNA-seq data revealed little evidence of transcription of most of these loci
(data not shown), with the notable exception of a nearly full-length NORAD-related
sequence on chromosome 6, which is annotated in Refseq as HCG11. However, HCG11 has
an average FPKM of 2.0 in BodyMap data compared to an average FPKM of 31.8 for
NORAD. Accordingly, use of sequence-specific Tagman assays demonstrated that HCG11
abundance is >200-fold lower than NORAD abundance in HCT116 cells (data not shown).
Thus, at present, there is no evidence that any of these NORAD-related sequences are
functional in human cells, although it remains possible that some may be transcribed at
biologically relevant levels in specific tissues or cell types. Importantly, our Southern blot
strategy (Figure S1C) confirmed that these NORAD-related sequences did not confound our
genome editing approach since all analyzed NORAD ™~ clones had single copy insertions of
the lox-STOP-lox cassette at the desired site.

The presence of numerous NORAD pseudogenes likely confounded the mapping of
sequencing reads in the prior PAR-CLIP study (Hafner et al., 2010), since reads that mapped
to multiple genomic locations were excluded from further analyses. We therefore reanalyzed
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these data, first extracting all reads that map to NORAD prior to transcriptome-wide
mapping. Remarkably, this revealed that NORAD was the most highly represented PUM2
CLIP target by a large margin (Figure 4B). To complement these data, we performed PAR-
CLIP on endogenous PUM2 in NORAD*"* and NORAD '~ HCT116 cells. Recovery of
PUM2 was less efficient in this experiment than the prior study, which used heterologous
expression of epitope-tagged PUM2, resulting in less comprehensive transcriptome-wide
PUM2 target identification (Table S2). Nevertheless, NORAD was again the most highly
represented target of endogenous PUM?2 and, as expected, was not detected in NORAD ™~
cells (Figure 4C, Table S2), demonstrating that the NORAD pseudogenes do not confound
our modified mapping approach.

PUM1 and PUM2 exhibit a strong preference to bind to the PUMILIO response element
(PRE) sequence UGUANAUA (Galgano et al., 2008; Wang et al., 2002). Indeed, the PRE is
the most highly represented sequence motif within CLIP clusters identified using
endogenous PUM2 (data not shown) or heterologously-expressed PUM2 (Hafner et al.,
2010). The PRE is expected to occur once in approximately 16 kb of sequence by chance.
Strikingly, there are 15 conserved sequences perfectly matching the PRE in the 5.3 kb
NORAD transcript, with the large majority clustering in or near the NORAD domains (Figure
4D). This is in stark contrast to other PUM-bound transcripts, 90% of which have 2 or fewer
PREs (Galgano et al., 2008). Analysis of CLIP cluster distribution on NORAD confirmed the
binding of endogenous PUM2 to 7/15 PREs and heterologously-expressed PUM2 to 15/15
PREs (Figure 4E). Together, these data provide compelling evidence demonstrating
multivalent interaction of PUMILIO proteins with NORAD and indicate that NORAD is the
preferred PUM2 target transcript in human cells.

NORAD acts as a negative regulator of PUMILIO activity

With 15 PREs per transcript, at an expression level of ~500-1,000 copies per cell (Figure
1D), NORAD has the capacity to bind ~7,500-15,000 PUMILIO protein molecules per cell
in HCT116. Quantitative western blotting documented an average of ~15,000 PUM1 and
~2,000 PUMZ2 proteins per cell (Figure S6). Based on these estimates, we hypothesized that
NORAD sequesters a large fraction of the pool of PUMILIO proteins, thus negatively
regulating their ability to repress target MRNAS. This model invokes at least 3 key
predictions: First, in NORAD™~ cells, PUM1/2 should be hyperactive resulting in relative
repression of PUM1/2 targets; second, PUM1 and/or PUM2 overexpression should
phenocopy NORAD loss-of-function; and third, depletion of PUMZ1/2 should suppress the
NORAD loss-of-function phenotype.

To test these predictions, we first performed RNA-seq on NORAD** and NORAD~/~
HCT116 cells (Table S3). Consistent with PUMILIO hyperactivity, PUM2 CLIP targets
were statistically-significantly downregulated in NORAD ™~ cells (Figure 5A). Significant
downregulation of these targets was also confirmed by Gene Set Enrichment Analysis
(GSEA) (Subramanian et al., 2005) (Figure S7TA).

We next generated HCT116 cell lines with stable overexpression of PUM1 or PUM2 (Figure
S7B). Importantly, NORAD expression was unchanged in these cells (Figure S7C). RNA-
seq confirmed the expected downregulation of PUM2 PAR-CLIP targets (Figure 5B, C,
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Table S3). Furthermore, PUM1 or PUM2 overexpression produced a gene expression
signature that was similar to that observed upon NORAD inactivation, with genes that were
down- or upregulated in NORAD ™~ cells showing a similar pattern of expression in PUM1/2
overexpressing cells (Figure S7D). Accordingly, PUM2 and, to a lesser extent, PUM1
overexpression was sufficient to induce significant levels of aneuploidy (Figure 5D). Thus,
PUMILIO overexpression phenocopies both the molecular and phenotypic consequences of
NORAD inactivation.

Lastly, we used two approaches to deplete PUM1/2 in NORAD ™~ cells. First, CRISPR/
Cas9-mediated genome editing was used to inactivate PUM1, PUM2, or both (Figure S7E),
followed by TALEN-mediated insertion of the transcriptional stop cassette at the NORAD
locus. Individual knockout of PUM1 or PUM2 resulted in partial suppression of CIN in
NORAD " cells, consistent with functional redundancy of these proteins (Figure 5E).
Unexpectedly, double knockout of PUM1 and PUM2 led to measureable aneuploidy (Figure
5F). Together with our finding that PUM1 or PUM2 overexpression also results in
aneuploidy (Figure 5D), these results suggest that precise control of PUM1/2 levels is
necessary to maintain genomic stability. Importantly, knockout of NORAD in the PUM17/~;
PUM2/~ background did not result in a further increase in CIN (Figure 5F). Finally, we
demonstrated that siRNA-mediated depletion of PUM1/2 in NORAD~/~ cells (Figure S7F)
significantly reduced the frequency of mitotic errors, as documented by time-lapse imaging
(Figure 5G, H). These data establish a critical role for PUMILIO proteins downstream of
NORAD in the maintenance of genomic stability.

PUMILIO proteins repress key mitotic, DNA repair, and DNA replication factors

Finally, to determine why PUMILIO hyperactivity results in CIN, we examined the
expression of PUM2 CLIP targets in RNA-seq data from NORAD ™~ cells. Among the 1,303
genes that were statistically-significantly downregulated in NORAD '~ cells were 193
PUM2 targets (Figure 6A, Table S3) that were significantly enriched for regulators of the
cell cycle, mitosis, DNA repair, and DNA replication (Figure 6B). Notably, individual
knockout or knockdown of many of these targets has previously been shown to be sufficient
to induce genomic instability, including components of the cohesin complex (e.g. SMC1A,
SMC3, and ESCO?2), centromere components (e.g. CENPJ), and key factors necessary for
DNA repair and replication (e.g. PARP1, PARP2, EXQOL1, BARD1, MCM4, and MCM8)
(summarized in Table S4). We validated the downregulation of a large set of these
transcripts with qRT-PCR in NORAD ™~ cells, as well as in cells that overexpress PUM1 or
PUM2 (Figures 6C, D, S7G). This coordinated downregulation of a broad set of targets that
are necessary to maintain genomic stability would be expected to strongly impair accurate
chromosome transmission.

DISCUSSION

Here we report the initial functional characterization of a highly conserved IncRNA that we
termed NORAD, which is broadly and abundantly expressed in mammalian cells and tissues.
Our studies of this INCRNA have yielded several important and unexpected findings. First,
inactivation of NORAD is sufficient to produce a chromosomal instability (CIN) phenotype
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in previously karyotypically-stable cell lines, revealing an essential role for a INcRNA in the
maintenance of chromosomal stability in mammalian cells. Second, we show that NORAD
preserves genomic stability by acting as a multivalent binding platform for the PUMILIO
family of RNA binding proteins. Indeed, NORAD appears to be the preferred PUMILIO
target transcript in human cells. Due to its high abundance and multitude of PUMILIO
binding sites, NORAD is able to sequester a significant fraction of the total cellular pool of
PUMILIO proteins, thereby limiting their ability to repress target MRNAs. Among
PUMILIO targets are a large set of factors that are critical for mitosis, DNA repair, and
DNA replication whose excessive repression in the absence of NORAD perturbs accurate
chromosome segregation and can induce tetraploidization (Figure 7). The elucidation of this
IncRNA:PUMILIO regulatory interaction has expanded our understanding of IncRNA
functions and has uncovered a heretofore-unknown role for PUMILIO proteins in the
regulation of genomic stability in mammals.

Our discovery that NORAD sequesters PUMILIO proteins contributes to an emerging
concept that a major class of IncRNAs function as molecular decoys. For example,
noncoding transcripts that sequester microRNAs (miRNAs), referred to as competing
endogenous RNAs (ceRNAS), have been proposed to act as broad regulators of gene
expression (Salmena et al., 2011). IncRNAs that inhibit proteins through competitive
binding have also been reported, such as GAS5 and the glucocorticoid receptor (Kino et al.,
2010), GADD7 and TDP-43 (Liu et al., 2012), and PANDA and NF-YA (Hung et al., 2011).
Nevertheless, due to the generally low abundance of IncRNAs and the frequent promiscuity
of protein-RNA interactions, the extent to which IncRNAs function through this mechanism
has been heavily debated. Importantly, several features of NORAD distinguish it from the
majority of INcRNAs and strongly support its function as a bona fide molecular decoy. First,
NORAD is unusually abundant with expression in the range of ~500-1000 copies per cell in
human cell lines, comparable to abundant housekeeping transcripts such as ACTB.
Moreover, the presence of at least 15 PUMLIIO response elements (PREs) per NORAD
transcript further amplifies, by more than an order of magnitude, the number of competitive
binding sites provided by this IncRNA. Indeed, careful measurements of the number of
PUM1 and PUM2 protein molecules per cell revealed that NORAD has the potential to
sequester 50—100% of the total PUMILIO protein pool in HCT116 cells. Finally, it is
noteworthy that unlike many RNA binding proteins that interact with loosely defined or very
short consensus sequences, PUMILIO proteins are known for their exquisite specificity
(Wang et al., 2002). Thus, NORAD provides an optimized binding platform that would be
expected to efficiently assemble a multivalent PUMILIO RNP, thereby greatly reducing the
availability of PUMILIO proteins to act upon mRNA targets.

These results also establish a role for PUMILIO proteins as important regulators of genomic
stability. CIN, a phenotype characterized by the frequent gain or loss of chromosomes
during mitosis, is a hallmark of cancer cells (Hanahan and Weinberg, 2011; Kops et al.,
2005) and is a key mechanism that contributes to gain- and loss-of-function of oncogenes
and tumor suppressors. Therefore, the mechanisms that give rise to genomic instability have
been the subject of intensive research. Our finding that PUMILIO proteins repress a
program of genes whose expression is necessary to maintain chromosomal stability reveals a
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previously unrecognized pathway to CIN. Prominent among PUMILIO targets are many
genes that function in DNA replication and repair as well as key mitotic factors
(summarized in Table S4). It is plausible that the coordinated dysregulation of these targets
under conditions of PUMILIO hyper- or hypoactivity would produce a state of severe
genomic instability, as observed upon NORAD loss-of-function, PUM1/2 overexpression, or
PUML1/2 inactivation. Importantly, it is presently unclear whether dysregulated PUMILIO
activity contributes to CIN in human cancer cells since abnormalities in PUMILIO or
NORAD have not been reported in human tumors. Nevertheless, in light of our findings, a
more thorough examination of this pathway in cancer is merited.

These findings contribute to a growing appreciation that the activity of PUMILIO proteins
must be maintained within a narrow range to maintain homeostasis in mammals. For
example, Puml haploinsufficiency results in neurodegeneration in mice due to upregulation
of the PUMILIO target Ataxinl (Gennarino et al., 2015). Our data further document that
either increased or decreased PUM1/2 activity results in deleterious consequences.
Nevertheless, little is known regarding how PUMILIO proteins are regulated. The
emergence of NORAD in mammals provides a robust mechanism to buffer PUMILIO
activity and maintain it within tolerable limits. A major unresolved question, however, is
whether NORAD functions primarily as a static buffer or whether its levels are modulated in
order to further titrate PUMILIO activity under certain conditions. Importantly, since each
NORAD transcript has the capacity to bind a large number of PUMILIO protein molecules,
even small changes in NORAD levels can profoundly influence PUMILIO availability. For
example, NORAD initially came to our attention due to its modest induction after DNA
damage (~2 fold; see Figure 1B, D). Yet this small increase generates ~7,000 additional
PREs, representing sufficient binding sites to sequester nearly half of the total pool of
PUMILIO proteins in HCT116 cells. Interestingly, it was recently reported that NORAD
(LINCO00657) is induced by hypoxia in human endothelial cells (Michalik et al., 2014),
suggesting broader roles for NORAD in cellular stress responses. How NORAD influences
the functional outputs of these and other stress response pathways, and the broader roles of
NORAD in normal physiology and disease, represent important areas for future research.

EXPERIMENTAL PROCEDURES

TALENSs and targeting constructs

3 pairs of TALENS targeting NORAD were designed using ZiFit Targeter v4.1 (Sander et al.,
2010) and constructed using the Restriction Enzyme And Ligation (REAL) assembly
method (Sander et al., 2011) with Addgene Kit #1000000017. Sequences of target genomic
DNA (gDNA) and TALEN RVDs are provided in Table S5. To construct donor templates
for homologous recombination (HR), homology arms were amplified from gDNA (primers
in Table S5) and cloned into Lox-Stop-Lox TOPO (Addgene plasmid #11584) (Jackson et
al., 2001) using the In-Fusion HD cloning Kit (Clontech). A previously described TALEN
pair targeting the AAVSL/PPP1R12C locus (Sanjana et al., 2012) and an AAVSL/PPP1R12C
targeting construct (Hockemeyer et al., 2009) were obtained from Addgene (hHAAVS1 1L
TALEN, Plasmid #35431; hAAVSL1 1R TALEN, Plasmid #35432; AAVS1 hPGK-PuroR-
pA donor, Addgene plasmid #22072).
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Cell culture, transfection, and adenovirus transduction

HCT116 and BJ-5ta cells were obtained from ATCC and cultured in either McCoy’s 5a or a
4:1 mixture of DMEM and Medium199 respectively, supplemented with 10% FBS and 1X
Antibiotic-Antimycotic (Life Technologies). HCT116 cells were transfected with Fugene
HD (Promega). 10 pg DNA and 30 pL of the transfection reagent were used per 10 cm dish.
For BJ-5ta, 4x10° cells were suspended in 100 pL nucleofector solution SE with 3 ug DNA
and transferred to 100 pL cuvettes, followed by nucleofection using a 4D-Nucleofector
System (Lonza) with program EN-150. For genome editing experiments, plasmids were
mixed at molar ratio of Left-TALEN:Right-TALEN:HR-donor = 1:1:8. Transfected cells
were then selected with 1 pg/mL puromycin for at least 7 days and surviving cells were
plated in 96 well plates at single cell density. Genomic DNA was isolated from single-cell
clones with the DNeasy kit (Qiagen) and genotyped by PCR with primers provided in Table
S5. Ad-Cre was obtained from the UT Southwestern Vector Core and cells were transduced
with an MOI of 200 for 2 days. siRNAs (sequences in Table S5) were transfected using
DharmaFECT 2 (GE Healthcare).

RNA isolation, qPCR, and northern blotting

Total RNA was extracted from cultured cells with Trizol (Invitrogen) or the RNeasy kit
(Qiagen) and treated with RNase-free DNase (Qiagen). For qRT-PCR experiments, the
Tagman One-Step RT-PCR Master Mix (Life Technologies) was used with a custom
NORAD Tagman assay or a commercial 18S rRNA Tagman assay (Life Technologies). For
all other gPCR assays, RNA was reverse-transcribed with SuperScript 111 (Invitrogen) and
Power SYBR Green PCR Master Mix (Life Technologies) was used. Primers and probes
used for gPCR are provided in Table S5. To measure NORAD copies per cell, NORAD was
first amplified from HCT116 cDNA and cloned into pcDNA3.1. This plasmid was then used
to generate a standard curve for absolute quantification of NORAD abundance in defined
numbers of cells. For northern blotting, 20 pg total RNA was separated on a 0.7%
denaturing agarose gel containing formaldehyde and transferred to Hybond N+ membranes.
The NORAD probe was PCR amplified with primers provided in Table S5 and radiolabeled
using the Random Primed DNA Labeling Kit (Roche).

DNA FISH and Karyotyping

Chromosome enumeration probes for chromosome 7 (CHR7-10-GR) and chromosome 20
(CHR20-10-RE) were purchased from Empire Genomics. For interphase DNA FISH, cells
were harvested with trypsin, washed with PBS, and incubated in hypotonic solution (0.4%
KCI) for 10 minutes. Cells were then resuspended in fixation buffer (3:1 mix of
methanol:glacial acetic acid) and spread on slides pre-treated with 1M HCI for 24 hours,
then 70% EtOH for 24 hours and stored in distilled water. For analyzing metaphase spreads,
cells were treated with 1 pg/mL colcemid (Roche) for 30 minutes, harvested and fixed as
described above, and spread on slides in a climate-controlled hood, set at 25°C and 40%
humidity. DNA FISH hybridizations and karyotype analyses were performed by the
Veripath Cytogenetics laboratory at UT Southwestern.
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Accession Numbers

The accession number for RNA-seq data reported in this paper is GEO GSE75440. The
accession number for PAR-CLIP data reported in this paper is GEO GSE75439.

Additional materials and methods are provided in Extended Experimental Procedures.
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Highlights

NORAD is a broadly expressed, highly abundant, conserved mammalian
IncRNA.

Inactivation of NORAD in human cells triggers dramatic aneuploidy.

NORAD functions as a potent molecular decoy for PUMILIO proteins (PUM1/
PUM2).

PUM1/PUM2 repress a program of genes necessary to maintain genomic
stability.
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Figure 1. Characterization of NORAD, a highly abundant, conserved mammalian noncoding
RNA induced by DNA damage

(A) Schematic representation of NORAD (annotated in RefSeq as LINC00657) with
associated UCSC Genome Browser tracks depicting mammalian conservation (PhastCons)
as well as ENCODE RNA-seq and H3K4me3 ChiIP-seq coverage in human cell lines
(Rosenbloom et al., 2013).

(B) qQRT-PCR analysis of NORAD expression relative to 18S rRNA in p53*/* and p53~/~
HCT116 cells (Bunz et al., 1998) with or without treatment with 1uM doxorubicin for 24
hours. For this and all subsequent gPCR figures, error bars represent standard deviations
from 3 independent measurements.

(C) Northern blot analysis of NORAD expression in total RNA in HCT116 cells.

(D) Absolute quantification of NORAD transcript copy number per cell, determined by qRT-
PCR, in various human cell lines with or without treatment with 1uM doxorubicin for 24
hours.

(E) Maximum CSF scores of NORAD as well as other known coding and noncoding RNAs
determined by analysis with PhyloCSF (Lin et al., 2011).

See also Figure S1.
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Figure 2. Genetic inactivation of NORAD results in chromosomal instability in human cells
(A) NORAD was inactivated in human cell lines using custom TALEN pairs (represented as

scissors) that cleave within the first 300 nucleotides of the gene, thereby stimulating the
insertion of a puromycin resistance cassette (PuroR) followed by tandem polyadenylation
signals (STOP). Green triangles represent loxP sites.

(B) Northern blot analysis of NORAD in HCT116 clones of the indicated genotypes.

(C) Flow cytometry histograms showing DNA content, as measured by propidium iodide
staining, in representative diploid and tetraploid NORAD ™~ HCT116 clones.

(D) Metaphase spreads of wild-type HCT116 cells and representative tetraploid and diploid
NORAD™~ clones. The number in the lower right corner of each image shows the number of
chromosomes present. Abnormal chromosome numbers indicated in red.

(E) Representative images of chromosome 7 and 20 FISH in NORAD*/* and NORAD~/~
HCT116 cells. White arrowheads highlight cells with chromosome loss or gain.

(F) NORAD ™~ cells exhibit significantly elevated levels of aneuploidy. At least 100
interphase nuclei in each of 3 independent knockout clones were assayed for chromosome 7
and 20 using DNA FISH and the frequency of cells exhibiting a non-modal chromosome
number was scored. **p<0.005, chi-square test.

(G) Representative time-lapse images of mitoses in NORAD*/* and NORAD ™~ HCT116
cells. Time stamp indicates minutes elapsed.
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(H, 1) Quantification of the percentage of mitoses exhibiting the indicated mitotic errors in
time-lapse imaging experiments. Values represent the average of 3 independent experiments
with 39-100 mitoses imaged per genotype per experiment. Error bars represent standard
deviations. *p<0.05; **p<0.01, Student’s t-test.

See also Figures S1, S2, and S3.
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Figure 3. Chromosomal instability is specifically due to NORAD inactivation
(A) Insertion of a puromycin resistance cassette at the AAVSL/PPP1R12C locus was

performed using a published TALEN pair (Hockemeyer et al., 2009; Sanjana et al., 2012)
and the frequency of aneuploidy in homozygous targeted HCT116 clones was assessed
using DNA FISH as in Figure 2E-F. n.s., not significant (chi-square test).

(B) gRT-PCR analysis of NORAD expression, relative to 18S rRNA, in HCT116 cells 48
hours after transfection with control (siNT) or NORAD-targeting siRNAs.

(C) Aneuploidy in siRNA-transfected HCT116 cells 12 days after siRNA transfection,
assayed as in Figure 2E—-F. At least 200 nuclei were scored per condition. P value calculated
by chi-square test.

(D) Flow cytometry histograms showing DNA content, as measured by propidium iodide
staining, in representative HCT116 subclones generated after transfection with the indicated
SIRNAs.

(E) gRT-PCR analysis of NORAD expression in NORAD*/* and NORAD ™/~ HCT116 cells
with or without adenovirus-Cre infection.

(F) Subclones generated from untreated or adenovirus-Cre infected NORAD ™/~ HCT116
cells were scored for aneuploidy as in Figure 2E-F. P value calculated by Student’s t-test.
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Figure 4. NORAD interacts with PUMILIO proteins
(A) Western blot analysis of PUM1 and PUM2 in sense (S) and antisense (AS) NORAD

fragment pull-downs. GAPDH served as a negative control.

(B, C) Histogram of the total number of CLIP reads per PUM2 target transcript in PAR-
CLIP data generated with FLAG-PUM2 (Hafner et al., 2010) (B) or endogenous PUM2
(C). Number of NORAD CLIP reads shown in red text in parentheses.

(D) Location, sequence, and conservation of PREs in NORAD. ND, NORAD domain.

(E) Location and read depth of endogenous PUM2 (upper) or FLAG-PUM?2 (lower) PAR-
CLIP clusters mapped to NORAD. Black bars, clusters overlapping PREs; gray bars, non-
PRE clusters.

See also Figures S4 and S5 and Tables S1 and S2.
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Figure 5. Chromosomal instability in NORAD ™~ cells is mediated through PUMILIO
hyperactivity

(A-C) Cumulative distribution plots depicting behavior of PUM2 CLIP targets, as defined in
Hafner et al. and this study, versus non-PUM2-targets in the indicated RNA-seq
experiments. P value calculated by Kolmogorov—Smirnov test demonstrates significant
repression of PUM2 targets in all tested datasets.

(D) PUM1 and PUMZ2 overexpressing clones were assayed for aneuploidy using
chromosome 7/20 FISH as in Figure 2E-F. At least 200 nuclei were scored per clone. n.s.,
not significant; *p<0.05; **p<0.005; ***p<0.0005, chi-square test.

(E, F) Cells of the indicated genotypes were assayed for aneuploidy as in (D). *p<0.05,
Student’s t-test, comparing NORAD™~; PUM1*/*; PUM2*/* to NORAD™/~; PUM17";
PUM2** or NORAD™/—; PUM1*/*; PUM27/-,

(G, H) Quantification of the percentage of mitoses exhibiting the indicated mitotic errors in
time-lapse imaging experiments after transfection with control sSiRNA (siNT) or two distinct
sets of sSiRNAs targeting PUM1 and PUM2. Values represent the average of 3 independent
experiments with 85-200 mitoses imaged per condition per experiment. Error bars represent
standard deviations. *p<0.05; **p<0.01, Student’s t-test.

See also Figures S6 and S7 and Table S3.
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Figure 6. Genes required for the maintenance of chromosomal stability are repressed in
NORAD ™~ and PUM1/2-overexpressing cells

(A) Venn diagram showing overlap of genes that are significantly downregulated in
NORAD™~ HCT116 cells (adjusted p value < 0.05; see Table S3) and PUM2 PAR-CLIP
targets identified in Hafner et al. and this study.

(B) Gene ontology analysis of the 193 PUM2 PAR-CLIP targets that are downregulated in
NORAD '~ cells, demonstrating enrichment of genes involved in mitosis, the cell cycle,
DNA replication, and DNA repair.

(C) gRT-PCR validation of PUM2 PAR-CLIP targets that have a known role in the
maintenance of genomic stability (see Table S4) and were downregulated in NORAD ™/~
cells according to RNA-seq. Gene expression was normalized to 18S rRNA. All genes
shown were significantly downregulated in NORAD ™~ cells (p<0.05, Student’s t-test).

(D) gRT-PCR demaonstrating expression of genes from panel C that are significantly
downregulated in both PUM1- and PUM2-overexpressing HCT116 cells (p<0.05, Student’s
t-test) (see also Figure S7G).

See also Figure S7 and Table S4.
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Figure 7. A NORAD-PUMILIO axis that regulates genomic stability
Due to its abundance and multitude of PUMILIO binding sites, NORAD acts as a potent

negative regulator of PUMLIO activity. In the absence of this IncRNA, PUMILIO is
released to hyperactively repress a program of genes necessary to maintain chromosomal
stability and a euploid state, including key factors required for mitosis, DNA replication, and
DNA repair.
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