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SUMMARY

Long noncoding RNAs (IncRNASs) are involved in diverse cellular processes through multiple
mechanisms. Here, we describe a previously uncharacterized human IncRNA, CONCR (cohesion
regulator noncoding RNA), that is transcriptionally activated by MYC and is upregulated in
multiple cancer types. The expression of CONCR is cell cycle regulated, and it is required for cell-
cycle progression and DNA replication. Moreover, cells depleted of CONCR show severe defects
in sister chromatid cohesion, suggesting an essential role for CONCR in cohesion establishment
during cell division. CONCR interacts with and regulates the activity of DDX11, a DNA-
dependent ATPase and helicase involved in DNA replication and sister chromatid cohesion. These
findings unveil a direct role for an IncRNA in the establishment of sister chromatid cohesion by
modulating DDX11 enzymatic activity.
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Normal Chromosome Cohesion

Replication Fork

INTRODUCTION

The human genome is known to encode thousands of RNA transcripts, the majority of which
do not produce proteins and are referred to as noncoding RNAs (hcRNAs). Among this class
of gene products, the largest group is represented by RNAs longer than 200 nt and with
mRNA-like characteristics (5”-cap and 3”-polyA), known as long noncoding RNAs
(IncRNAs) (Harrow et al., 2012). Long noncoding RNAs represent more than 25% of all
human genes (GENCODE v24), although only a small number of them have been
functionally characterized to date. LncRNAs described until now have been shown to be
involved in the most diverse cellular processes, such as cell growth and apoptosis, cell
pluripotency, and differentiation, through multiple and diverse mechanisms (Bonasio and
Shiekhattar, 2014; Fatica and Bozzoni, 2014; Rinn and Chang, 2012). Moreover, our work
and that of others has shown that IncRNAs are key regulators of cell transformation and, in
some cases, direct transcriptional targets of well-known tumor suppressor and oncogenic
factors, such as p53 (Huarte, 2015; Sanchez et al., 2014) and MYC (Hart et al., 2014; Kim et
al., 2015).

Faithful DNA replication and proper sister chromatid cohesion ensure the correct
propagation of the genetic material to daughter cells during cell division. A large number of
factors involved in these processes have been identified and characterized (Masai et al.,
2010; Peters and Nishiyama, 2012), as well as their alterations associated with genome
instability and eventually tumorigenesis (Gaillard et al., 2015; Losada, 2014; Skibbens et al.,
2013). Among these factors is DEAD/H box protein 11 (DDX11), a DNA-dependent
ATPase and helicase involved in the processing of the lagging strand during DNA replication
and in the maintenance of the fork structure for the establishment of cohesion (Bharti et al.,
2014; Parish et al., 2006). Mutations in DDX11 have been in fact associated with a rare
pathological condition known as Warsaw breakage syndrome, a syndrome characterized at
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the cellular level by sister chromatid cohesion defects (Capo-Chichi et al., 2013; van der
Lelij et al., 2010).

Although we have a large knowledge of the proteins involved in DNA replication and
cohesion, the involvement of IncRNAs in these processes remains undetermined. Here, we
describe a human IncRNA, which regulates DNA replication and sister chromatid cohesion
by modulating the activity of the helicase DDX11. The expression of the INCRNA is directly
linked with the ability of tumor cells to proliferate, conferring them with increased
malignancy.

CONCR Is Negatively Regulated by p53 and Activated by MYC

p53 is a master regulator of cellular homeostasis that inhibits uncontrolled cell proliferation.
Consistently with the known function of p53, p53~/~ cells bypass cell-cycle arrest caused by
DNA damage (Kaeser et al., 2004). In order to identify INcCRNAs involved in this process,
we searched for those with altered expression in cells with impaired p53. To do this, we
performed polyA* RNA sequencing of p53~/~ and p53** HCT116 cells either untreated or
treated with the DNA-damaging drug 5-FU. By comparing the expression values of each
transcript identified in HCT116 p53~/~ and p53*/* cells, we ranked those transcripts in
which expression levels were significantly greater in the absence of p53 both in the presence
and absence of DNA damage. We identified 4,143 mRNAs that showed increased expression
in p53~/~ compared to p53*/* cells, with functions related to cell cycle, mitosis, DNA repair,
and DNA replication (Table S1). Similarly, we identified 81 IncRNAs with induced
expression in p53~/~ cells (Table S1), and we hypothesized their involvement in cell-cycle
progression.

Among the IncRNAs identified by our analysis, we found an IncRNA previously annotated
as DDX11 antisense RNA 1 (DDX11-AS1), which is a divergent non-overlapping transcript
of the protein-coding gene DDX11, that we named “cohesion regulator noncoding RNA,” or
CONCR (Figure 1A). CONCR showed greater levels in HCT116 p53~/~ compared to wild-
type cells (Figure 1B and Table S1). This anti-correlation between p53 and CONCR was
confirmed in A549 cells depleted of p53 by RNAI both in the presence or absence of
treatment with DNA-damaging drugs, 5-FU or doxorubicin (Figures 1C, S1A, and S1B),
suggesting that absence of p53 causes an increase in CONCR expression.

p53 is known to regulate gene expression both by direct transcriptional activation and by
indirect effects on cellular pathways and transcription factors that in turn become active or
inactive (Fischer et al., 2014; Rinn and Huarte, 2011). Analysis of the promoter region of
CONCR failed to identify a p53-binding motif. Consistently, we could not find any evidence
of binding in the promoter region by p53 chromatin immunoprecipitation sequencing (ChlP-
seq) analysis (Sanchez et al., 2014), suggesting that the lower level of expression of CONCR
observed in p53*/* cells may be the result of indirect p53-dependent repression. In contrast,
the analysis of the promoter region of CONCR identified two canonical E-box CACGTG
binding motifs for the transcription factor MYC (Sabo and Amati, 2014) (Figure 1D), which
has been described as transcriptionally repressed in a p53-dependent manner (Ho et al.,
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2005; Sachdeva et al., 2009). Indeed, ChlP-seq data from ENCODE showed that MYC is
bound to CONCR promoter region in multiple cell types (Figure 1D). Furthermore, CONCR
was significantly identified by RNA sequencing (RNA-seq) as upregulated in response to
MY C overexpression in the human B cell line P493-6 (Hart et al., 2014) (Figure 1E), while
inhibition of MYC by RNAI in HCT116 and array analysis (Kim et al., 2015) showed
downregulation of CONCR (Figure 1F). Similarly, when we silenced Mcs in CONCR levels
were indirectly due to cell-cycle deregulation, we silenced E2F1, a transcription factor
involved in the control of cell-cycle progression from G1 to S-phase (Biswas and Johnson,
2012), observing, as expected, that cell cycle was affected, while CONCR levels were not
(Figures S1C and S1D). Although it remains difficult to discriminate between the causes and
consequences of perturbations of the cell cycle, altogether these data suggest that CONCR is
transcriptionally regulated by MYC, and the greater levels of CONCR following p53
depletion may be ascribed to the transcriptional activity of MYC.

CONCR: s ubiquitously expressed in a panel of different human cell lines (Figure S1E). We
confirmed by gRT-PCR the presence of three different transcriptional isoforms of CONCR,
as annotated in GENCODE v23, although the isoform comprising the first two exons
(ENST00000618041.1) is the most abundant in the cell (>10-fold), and its 5" and 3" ends
are confirmed by 5” cap gene expression (CAGE) analysis and the presence of a
polyadenylation signal, respectively (Figures S1F and S1G). The noncoding nature of
CONCR IncRNA was confirmed by the lack of significant open reading frames (Table S1)
and its low coding potential (Figure S1H). CONCR is a predominantly nuclear IncRNA,
shown by sub-cellular fractionation (Figure 1H) and RNA FISH with two independent
oligonucleotide probes (Figures 11 and 1J). To control for the specificity of the RNA FISH
probes, we silenced CONCR by RNAI and quantified the number of fluorescent foci. Results
showed significant reduction in the number of CONCR foci following knockdown of the
IncRNA, confirming specific binding of the probes to CONCR (Figures 11 and S11-S1L).

CONCR Is Upregulated in Multiple Cancer Types

The relationship observed for CONCR with p53 and MY C suggests an implication of the
IncRNA in cancer. We determined the levels of CONCR across hundreds of tumors and
adjacent normal tissues from different cancer types using publicly available data derived
from the computational analysis of RNA sequencing (lyer et al., 2015). CONCR expression
was significantly greater in the majority of cancer types analyzed (9 out of 12) when
comparing tumor specimens with healthy tissue-paired samples (Figure 2A and Table S2).
Moreover, when the mutational status of p53 was taken into account, the expression level of
CONCR appeared significantly greater in tumors with mutations in the 7P53 gene compared
to tumors presenting the wild-type gene (Figure 2B). Therefore, CONCR presents greater
levels of expression in cancer as a result of the mutational status and impaired functionality
of p53. We then investigated the ability of cells to form tumors in a mouse xenograft model
dependent on the presence or absence of CONCR. For this, an equal number of HCT116
cells depleted of CONCR or control cells were injected subcutaneously in
immunocompromised mice and tumor growth was followed for the indicated time (Figure
2C). Results showed that CONCR knockdown affects the ability of cells to form tumors
when comparing tumor sizes of mice injected with cells transfected with a control sSiRNA or
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CONCR-targeting siRNAs (Figures 2C and 2D), suggesting that CONCR contributes to
tumor growth.

Expression of CONCR Is Periodic in the Cell Cycle and Is Required for Efficient Cell
Division and Survival

To investigate the biological function of CONCR, we conducted loss-of-function studies
using RNAi-mediated depletion of the IncRNA. Cells were transfected with two independent
SiRNAs targeting CONCR, alone or in combination, a scrambled oligonucleotide as a
control, or left untransfected (Figure 3A). Cells depleted of CONCR were assayed for their
proliferation ability, apoptosis, and cell-cycle progression. A significant reduction in the
number of proliferating cells was observed following depletion of CONCR (Figure 3B),
concurrent with an increase in the number of apoptotic cells (Figure 3C) and with the
number of cells blocked at the GO/G1 phases of the cell cycle (Figure 3D), suggesting a
potential role for CONCR in cell division and survival.

To gain insight into the function of CONCR, we used microarray technology to analyze gene
expression changes in cells depleted of CONCR compared to cells transfected with a control
siRNA. We identified approximately 500 genes affected by CONCR inhibition (B> 0), both
coding and noncoding (Table S3 and Figure S2A). Moreover, gene ontology analysis
identified a significant enrichment in pathways related to apoptosis and cell cycle
progression, including downregulation of numerous genes involved in the G1 to S-phase
transition of the cell cycle (Figure S2B) consistent with a functional role of CONCR in these
processes and in agreement with the phenotype observed.

The observation that silencing of CONCR affected cell cycle progression (Figure 3D)
prompted us to investigate the expression of the IncRNA across the different phases of the
cell cycle. Cells were therefore synchronized in G1/S by double thymidine block and
synchrony of cells monitored by flow cytometry of propidium iodide-stained cells. Analysis
of the RNA content at the different time points showed that CONCR expression was
periodic, with peaks of expression matching with the mid-late G1 phase of the cell cycle
(Figures 3E and 3F). Expression levels of well-known periodic genes, such as CCNE1
(peaks in G1), CCNAZ (peaks in G2), and CCNBI (peaks in M), were used as controls
(Figures S2C-S2E). Similar results were obtained by RNA FISH (Figure 3G). Moreover,
silencing of CONCR followed by double thymidine block and release as before showed a
clear impairment in the ability of cells to S-phase re-start, with a large proportion of cells
found to be delayed when compared to siRNA-control transfected cells (Figure 3F).

To further investigate the nature of the delay observed for CONCR-depleted cells in cell-
cycle progression, we performed an experiment of bromodeoxyuridine (BrdU) pulse
labeling. CONCR was silenced and replicating DNA labeled with a 20-min pulse of BrdU.
Cells were then collected and analyzed for BrdU incorporation by flow cytometry (Figure
3H). BrdU incorporation into newly synthesized DNA was significantly reduced in CONCR-
depleted cells compared to control cells (Figure 3H), suggesting an involvement of CONCR
in DNA replication.
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Altogether, the results obtained suggest that the expression of CONCR is tightly regulated
across the cell cycle and its presence is required for efficient G1/S transition and DNA
replication.

Cells Depleted of CONCR Show Severe Defects in Sister Chromatid Cohesion

In order to gain more insight into CONCR function, we performed a correlation analysis
using RNA-seq data from 495 samples, including normal and tumor tissues (Cancer Genome
Atlas Research Network, 2014). This analysis indicated that most of the genes co-expressed
with CONCR (correlation value > 0.45) encode for proteins known to be involved in DNA
replication and chromosome maintenance (Figures S2F and S2G and Table S4), including
DDX11 and several of its interacting partners, such as TIMELESS (Cali et al., 2016),
ESPL1, and components of the minichromosome maintenance complex (MCM) (Figure
S2H). This, together with the known function of DDX11 in sister chromatid cohesion,
prompted us to investigate the functional role of CONCR in this process.

Interestingly, CONCR depletion caused a dramatic increase in the percentage of cells with
sister chromatid cohesion loss consistently observed with two independent siRNAs (Figures
4A-4C). Cohesion loss was found to affect entire metaphases rather than sparse sister
chromatids within different meta-phases, while the degree of the cohesion defect varied from
loosely paired to more widely separated chromatids, referred to as “loss of cohesion”
(Figure 4A, ii-v), in contrast with the canonical X-shaped conformation observed in the
control cells (Figure 4A, i). Similarly, loss in sister chromatid cohesion was also observed
when the protein-coding gene DD.X11 was silenced by RNAI as expected and previously
described (Farina et al., 2008; Parish et al., 2006) (Figures 4B and 4D). In both cases, i.e.,
CONCR and DDX11 knockdown (Figures 4C, 4D, and S3A), cell death was observed
following RNAi-mediated silencing, reaching 30% of apoptotic cells for DDX11 silencing
(Figures 3C and S3B), supporting the notion that DaxZ1 knockout in mouse was found to be
lethal (Inoue et al., 2007) and suggesting that a ~50% reduction in the levels of CONCR or
DDX11 (Figures 4C and 4D) were sufficient to cause substantial cohesion defects that
ultimately result in cell death. To better appreciate the extent of the cohesion defects, we
subclassified the “loss of cohesion” phenotype into either “loosely paired” or “completely
separated” chromatids and compared the effect of CONCR and DDX11 knockdowns with
that obtained by silencing the cohesion complex component RAD21 (Figures S3C-S3l). The
same was done in HCT116 (Figures S3F and S3G) and HeLa cells (Figures S3H and S3lI) to
evaluate possible cell-type variability. Results showed that the “loosely paired” phenotype
appeared predominant in respect to “completely separated” and that both the aspect of the
chromatids and the percentages of the phenotype classifications appeared comparable across
cell lines (Figure S3). RAD21 depletion showed a higher number of metaphases with
cohesion defects compared to CONCR or DDX11 knockdowns, although it may reflect the
differences observed in terms of knockdown efficiencies (Figure S3). On the other hand, the
knockdown of WAPL, a regulator of sister chromatid resolution (Gandhi et al., 2006), which
is known to restore the cohesion defect caused by DDX11 depletion (de Lange et al., 2015),
was also able to restore cohesion defects in CONCR-deficient cells (Figures S3J-S3L),
suggesting that DDX11 and CONCR affect chromosomal cohesion at the same level.
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To further confirm these results, we silenced CONCR in A549 cells by inserting a
polyadenylation signal immediately downstream of CONCR promoter using the CRISPR-
Cas9 system. We obtained several clones with CONCR expression reduced to different
levels, probably corresponding to different levels of heterozygosity of A549 polyploid cells
(Figure S4). Notably, the two clones that presented lower expression of CONCR, marked as
clones #3 and #4, did not survive cell culture passaging, allowing us to perform only two
independent chromosomes spread preparations, or none in the case of clone #3 and clone #4.
Nevertheless, the results obtained using the CONCR CRISPR-Cas9-edited cells showed a
consistent increase in the number of metaphases with cohesion defects (Figure 4E),
supporting the results previously obtained by RNAI (Figure 4B). Moreover, both in the case
of RNAI- and CRISPR-Cas9-mediated depletion of CONCR, the percentage of cells with
cohesion loss clearly correlated with the level of knockdown achieved for CONCR (Figures
4B, 4C, 4E, and 4F). Remarkably, changes in the levels of DDX11 did not appear to
contribute to the phenotype observed (Figures 4B, 4D, 4E, and 4G).

Together, these results suggest that CONCR has a biological function in sister chromatid
cohesion.

CONCR Modulates the Activity of the Helicase DDX11

The common sister chromatid cohesion phenotype suggested a functional relationship
between CONCR and DDX11, which are co-regulated divergent genes (Figure S2F and
Figure 1A). To date, several INcRNAs have been shown to modulate the expression levels of
neighboring protein-coding genes in a mechanism known as regulation in ¢is (Guil and
Esteller, 2012; Villegas and Zaphiropoulos, 2015). However, as shown above, CONCR
depletion caused cohesion defects without affecting DDX71 RNA levels (Figure 4). Indeed,
DDX11 RNA levels remained unchanged when silencing the IncRNA and increased when
silencing p53 (Figures S5A-S5C and S2A). In agreement with this observation, histone
H3K9 acetylation at DDX11 promoter region was not affected by knockdown of CONCR
(Figure S5D). Similarly, western blot analysis did not show changes in DDX11 protein
levels upon CONCR knockdown (Figure S5E). We then concluded that CONCR does not
regulate DDX11 RNA or protein levels.

Having excluded a possible regulation in ¢is of DDX11 by the IncRNA, we investigated the
possibility of a physical interaction between them. To that end, we incubated cell extracts
with biotinylated oligonucleotides with sequence complementarity to CONCR, and bound
material was then pulled down using streptavidin beads. Analysis of a fraction of the pull-
down eluates confirmed specific CONCR enrichment using two independent oligos
compared to the lacZ control or other control RNAs (Figure 5A). Interestingly, the protein
DDX11 was found to associate with the pulled down CONCR (Figure 5B). In contrast, a
control nuclear protein, WDRS5 (subunit of the MLL1/MLL complex), was not detected
bound to CONCR (Figure 5B). Moreover, the interaction between CONCR and DDX11 was
confirmed using RNA immunoprecipitation (RIP) from cross-linked nuclear extracts. A
significant enrichment of CONCR, but not several control RNAs in DDX11
immunoprecipitates, was observed, whereas no CONCR was detected when using the 1gG
control (Figures 5C and 5D).
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DDX11 is known to function at the replication fork, coordinating lagging strand synthesis
and sister chromatid cohesion (Bharti et al., 2014). Therefore, we hypothesized that CONCR
association with DDX11 may affect its function in DNA replication. To test this, we
performed chromatin fractionation by CsClI density-gradient centrifugation. This protocol
allows separating the chromatin fractions that are enriched in DNA replication factors
(Dellino et al., 2013), as the gradient can separate the proteins that are bound to the
chromatin from those in the soluble fraction of the nucleus, as well as from the protein-free
DNA (Figures 5E, S5F, and S5G). We observed that in control conditions DDX11 peaks at
the chromatin fraction, co-localizing with CONCR, while knockdown of CONCR induces a
shift in DDX11 from the chromatin-bound to the soluble fractions (Figures 5E and 5F).
Importantly, this shift seems specific, as FEN1, a protein known to function in coordination
with DDX11 (Farina et al., 2008), remains in the same fractions upon CONCR knockdown
(Figure 5E). These data show that CONCR and DDX11 co-localize on the chromatin, and
the association of DDX11 with the chromatin is highly dependent on CONCR. We further
investigated this relationship between DDX11 and CONCR by performing DDX11 ChiP-
seq in cells depleted of CONCR by RNA. or transfected with a siRNA-control and
synchronized in G1/S (Figures S5H and S51). The analysis of the ChiP-seq data revealed
broad binding of DDX11 to the chromatin, covering genomic regions in the order of mega
bases (Figures 5G, 5H, and S6). As expected, DDX11 ChlP-seq signal preferentially
matched to early DNA replicating regions previously identified by Repli-seq analysis of four
different cell types (Hansen et al., 2010) (Supplemental Experimental Procedures, Figure
5H, and Figure S6). Interestingly, silencing of CONCR caused a significant decrease in the
association of DDX11 to 43 of these 867 replicating regions, while no significant differences
were observed in the remaining regions (Figures 5G, 5H, and S6 and Table S5), supporting
the notion that the function of DDX11 is dependent on CONCR.

To further investigate the functional relationship between CONCR and DDX11 protein, we
overexpressed DDX11 in cells depleted or not of CONCR, and chromosome spreads were
prepared and analyzed for cohesion defects. As observed before, the number of metaphases
with sister chromatid cohesion loss significantly increased in cells depleted of CONCR
(Figures 6A, S5J, and S5K). Furthermore, the cohesion defect was rescued by the
overexpression of DDX11, confirming that both factors function in the same pathway
(Figures 6A, S5J, and S5K). On the other hand, when instead of the wild-type form, the
DDX11 ATPase defective mutant K50R (Farina et al., 2008) was overexpressed, no rescue
of the cohesion defect was observed (Figures 6A, S5J, and S5K).

Since we observed a physical and functional interaction between the IncRNA and DDX11,
but not the catalytic mutant, we hypothesized that CONCR could have an effect on the
enzymatic activity of DDX11. To test this hypothesis, we assayed the ATPase activity of
DDX11 either in the presence of CONCR or a control RNA of the same length. Both time
course and RNA titration experiments showed a significant increase in the ability of DDX11
to hydrolyze ATP when incubated in the presence of the INcRNA, significantly higher than
that observed when the enzyme was incubated with the control RNA (Figures 6B—6E). The
result of these in vitro assays suggests a potential function for CONCR as a modulator of
DDX11 enzymatic activity, which is required for the proper function of the protein in DNA
replication and sister chromatid cohesion.
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Collectively, our results show that CONCR is an MY C-regulated IncRNA upregulated in
cancer, which modulates DNA replication and sister chromatid cohesion by enhancing the
catalytic activity of DDX11 and binding to DNA replicating regions.

DISCUSSION

Long noncoding RNAs represent more than half of the total of human transcripts. Although
it still remains to be shown how many of these INCRNAs are functional, it is suspected that
they intervene in most cellular processes. Here we report, for the first time to our knowledge,
an IncRNA involved in sister chromatid cohesion.

The establishment of sister chromatid cohesion is tightly linked to DNA replication. The role
of CONCR at this specific stage of cell division is consistent with its regulated expression by
MYC and also in agreement with its repression by p53 and up-regulation in highly
proliferative cells, such as cancer cells. CONCR, similar to other previously described
IncRNAS, is a transcriptional target of MYC (Hart et al., 2014; Kim et al., 2015). This
highlights how the oncogenic MYC orchestrates a cell-cycle-regulated transcriptional
response that includes IncRNAs to promote cell proliferation by diverse mechanisms (Hart et
al., 2014; Kim et al., 2015), and opens up the possibility to novel cancer treatments that
involve targeting INcRNAs such as CONCR.

CONCRis transcribed divergently from DDX11 promoter region, sharing with the protein-
coding gene a common pattern of expression and regulation. Although CONCR does not
affect the levels of DDX11 mRNA or protein, we show that both genes are coordinately
regulated to participate in the same biological process. This may represent a common feature
shared with other IncRNA-protein-coding gene pairs that are transcribed from bidirectional
promoters in the genome.

DDX11 is a DNA helicase that links the replication of the lagging DNA strand with the
establishment of chromosomal cohesion (Bharti et al., 2014), and it is especially required in
order to solve stalled replication forks (Cali et al., 2016). Although we cannot exclude that
CONCR has additional activities, our results show that CONCR mainly functions at this
level. We show that the interaction between DDX11 and CONCR is required for the proper
function of DDX11 in vivo, reflected by its efficient binding to DNA at replicating regions.
Interestingly, in vitro assays show that CONCR enhances the ATPase activity of DDX11,
acting as an RNA effector for the enzyme. As observed for RNA helicases, RNA seems to
stimulate ATPase activity of DDX11; however, the degree of stimulation varies depending
on the RNA species and is greater in the presence of CONCR. It remains to be elucidated
whether CONCR has a direct effect on DDX11 catalytic activity in vivo, or whether it
regulates its function by other means. Like CONCR, two other INCRNAs have been recently
shown to act by modulating the activity of RNA and DNA helicases (Han et al., 2014;
Huang et al., 2015). We speculate that the mode of action of CONCR may represent a more
widely spread mechanism in which IncRNAs interact with DNA/RNA helicases to modulate
their activity.
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In summary, we have uncovered a so far unknown function for an IncRNA in a critical step
of cell division, which impacts genome instability, a major hallmark of cancer cells.

EXPERIMENTAL PROCEDURES

Cell Culture, RNAI, and Transfection

A549 and HCT116 (gift from Dr. Vogelstein) cells were cultured in RPMI 1640 medium
(GIBCO) supplemented with 10% fetal calf serum (GIBCO). HeL a cells were cultured in
DMEM medium (GIBCO) supplemented with 10% fetal calf serum (GIBCO). Cells were
maintained at 37 C in the presence of 5% CO,. For DNA damage, cells were treated with
350 uM 5-fluorouracil (F6627; Sigma) or 500 nM doxorubicin hydrochloride (Sigma
D1515). For RNAI, cells were transfected twice, 24 hr apart, using 40 nM siRNA (final
concentration) and Lipofectamine 2000 (Invitrogen). All siRNAs used in this study were
obtained from Sigma and are listed in Table S6. pcDNA3-Hisg-DDX11-3xFLAG wild-type
and K50R constructs were previously described (Wu et al., 2012) and transfected using
Lipofectamine 2000.

RNA Extraction and gRT-PCR

Total RNA was isolated using TRIzol (Sigma). cDNA was generated following DNase |
(Invitrogen) treatment using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystem) with random primers. This cDNA was analyzed by gPCR using SYBR Green
reagent (Applied Biosystem). Relative quantitation with standard curves was used for RNA
quantitation using H#PRT as normalizer. All primers used in the study are listed in Table S6.

Nuclear-Cytoplasmic Fractionation

RNA FISH

A total of 107 cells were collected by trypsinization and divided into two tubes. One cell
pellet represented the whole-cell extract, while the other one was processed for the
remaining subcellular fractions. Both pellets were resuspended in 500 pL of buffer A (10
mM Tris-HCI [pH 7.5], 1.5 mM MgCl,, 140 mM NacCl, 0.05% Igepal supplemented with 1x
cOmplete Protease Inhibitor Cocktail [Roche] and SUPERaselN [Ambion] 10 U/mL),
incubated for 10 min on ice and kept for subsequent RNA extraction. A total of 500 uL of
buffer A containing 50% sucrose was settled at the bottom of a clean tube and the whole-cell
extract in buffer A was gently added on top, preventing mixture of the two phases and
centrifuged at 12,000 x g for 10 min at 4 °C to obtain nuclear and cytoplasmic fractions.
RNA was then extracted from fractions using TRIzol.

Cells were washed in 1x PBS and fixed with freshly prepared 3.7% formaldehyde for 15
min. For RNA-FISH, fluorescein-labeled Locked Nucleic Acid (LNA) DNA probes were
synthesized by Exiqon and hybridized according to manufacturer’s protocol with some
modifications. LNA sequences are listed in Table S6. Fixed cells were first incubated with
70% ethanol for 1 hr and then with acetylation buffer (0.1 M triethanol amine, 0.5% [v/
v]acetic anhydrid) for 30 min. To avoid unspecific probe binding, warm hybridization buffer
(10% dextran sulfate, 50% formamide, 2x SSC) was added and cells incubated for 1 hr at
55 °C. Meanwhile, LNA probes were denatured at 92 °C for 4 min and then mixed with
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hybridization buffer to a final concentration of 25 nM. The specific probe-target RNA
hybridization was performed overnight at 55 °C. The following day, the probes’ residues
were eliminated through extensive washes with 2x SSC buffer and fixed cells were
incubated with 3% hydrogen peroxide for 30 min. For fluorescein (FAM) detection, cells
were first incubated with blocking buffer (10% heat-inactivated goat serum, 0.5% Blocking
Reagent [Roche, 11096176001] in PBS-0.5% Tween-20) and then with 1.5 U/ml of specific
anti-FAM-POD antibody (Roche, 11426346910) diluted in blocking buffer. After washing
three times with 2x SSC solution, the signal was developed through incubation with TSA-
Cy3 solution (Perkin Elmer). Antibody residues were eliminated through extensive washing
with 4x SSC solution and the slides were prepared for microscope imaging using mounting
solution with DAPI.

Mouse Xenograft

Ten million HCT116 cells transfected with CONCR-targeting siRNAs or with a control
SiRNA were collected and subcutaneously injected in the flanks of 6- to 7-week-old female
BALB/c-Rag2/-IL2cc/immunodeficient mice (n = 6 per experimental condition). Tumor size
was measured using a precision caliper and tumor volume calculated using the following
equation: V = 1t/6 x width x height x length. Tumor growth was measured every 3 days for
1 month.

Tumor Analysis

Gene expression was determined in colon adenocarcinoma and lung adenocarcinoma RNA-
seq data available through the TCGA database (https://gdc-portal.nci.nih.gov). The aligned
reads were assigned and quantified using Cufflinks v2.2.1 (Trapnell et al., 2012). CONCR
expression was compared in each cancer type between: (1) normal tissue samples and
primary tumor samples, and (2) from those tumor samples, individuals bearing mutations in
7P53and those with the wild-type gene. Statistical significance was determined by unpaired
Student’s t test. See also Table S2 and Table S4.

Cell Proliferation, Apoptosis, and Cell-Cycle Analyses

Cell proliferation was measured using the CellTiter96 Aqueous Non-Radioactive Cell
Proliferation Assay (MTS) kit (Promega) following the manufacturer’s instructions.
Apoptosis was measured by Annexin V and 7-AAD staining using the Apoptosis Detection
Kit | (BD Biosciences) and a fluorescence-activated cell sorting (FACS) flow cytometer
(FACSCalibur, BD Biosciences). For cell-cycle analysis, cells were labeled with propidium
iodide and sorted in the FACS-Calibur flow cytometer (BD Biosciences). Data were
acquired and analyzed by BD CellQuest and Flow Jo software. G1/S synchronized cells
were obtained by double thymidine block procedure; cells were cultured for 16 hr in the
presence of 2 mM thymidine, for 9 hr in normal medium, and then again for 16 hr in the
presence of 2 mM thymidine. Normal medium was then used for the release and cells were
collected at different time points for cell-cycle analysis.
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Chromosome Spreads

Chromosome spreads were performed as follows: cells were grown at 37 °C in the presence
of 30 ug/ml KaryoMax Colcemid Solution (GIBCO) for 12 hr to enrich mitotic cells. Cells
were then harvested by trypsinization and incubated in a hypotonic solution of KCI 0.075M
for 30 min at 37 °C. Cells were subsequently fixed with freshly made Carnoy’s buffer (1:3
acetic acid:methanol) for 10 min at room temperature (RT) and pelleted. This fixation step
was repeated two times. The suspension of cells was dropped onto a clean slide and stained
with Giemsa. Chromosome spreads from individual cells were imaged and scored with
regards to the status of sister chromatid. At least 50 metaphases per slide were scored and
each experiment was blindly scored twice.

CRISPR-Cas9 Editing

The Streptococcus pyogenes Cas9 (SpCas9) target site in CONCR exon 1 to design the
single guide RNA (sgRNA) was found using the CRISPR Design Tool from the Zhang Lab
(http://crispr.mit.edu/). Oligonucleotides to clone the guide RNA (Table S6) were then
annealed and cloned into the CAS9-containing plasmid pX330 (Cong et al., 2013). The
repair template used to insert the Neomycin (Neo)-SV40pA sequence at the site of cleavage
was cloned as follows (see also Figure S4 for a schematic). The Neo-SV40pA sequence was
amplified by PCR from a pcDNA3 backbone using the primers listed in Table S6. Right and
left flanking regions to the cleavage site were amplified by PCR from genomic DNA (A549
cells) using the primers listed in Table S6. The three parts, i.e., right, Neo-SV40pA, and left,
were then joined and cloned into pcDNAS3 in the following order (Kpnl-right-BamHI-Neo-
SV40pA-Notl-left- Xhol). The repair template was therefore obtained by Kpnl-Xho/
digestion of the construct and gel extraction. All constructs were verified by sequencing.
pX330-sgRNA and repair template were then co-transfected into A549 cells using
Lipofectamine 2000. Cells were grown for 48 hr and then G418 (GIBCO) was added to the
culture medium to select for cells with recombined Neomycin sequence. Single cell derived-
clones were isolated and expanded. Genomic DNA and total RNA were therefore extracted
and used for screening analysis by PCR, sequencing, and qRT-PCR (Figure S4).

RNA Pull-down

RNA pull-down was performed as previously described (Marin-Béjar and Huarte, 2015),
except that cell extracts were incubated with biotinylated oligonucleotides with sequence
complementarity to CONCR and then with streptavidin magnetic beads. Oligonucleotide
sequences are listed in Table S6.

Microarray Hybridization and Data Analysis

Total RNA was isolated using TRIzol. As a last step of the extraction procedure, the RNA
was purified with the RNeasy Mini-kit (QIAGEN). Before cDNA synthesis, RNA integrity
from each sample was confirmed on Agilent RNA Nano Lab-Chips (Agilent Technologies).
The sense cDNA was prepared from 300 ng of total RNA using the AmbionWT Expression
Kit. The sense strand cDNA was then fragmented and biotinylated with the Affymetrix
GeneChip WT Terminal Labeling Kit (PN900671). Labeled sense cDNA was hybridized to
the Affymetrix Human Transcriptome Array 2.0 according to the manufacturer protocols and
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using GeneChip Hybridization, Wash, and Stain Kit. GeneChips were scanned with the
Affymetrix GeneChip Scanner 3000. Both background correction and normalization were
done using RMA (Robust Multichip Average) algorithm (Irizarry et al., 2003) using
Affymetrix Power Tools. After quality assessment, a filtering process was performed to
eliminate low expression probe sets. R and Bioconductor were used for preprocessing and
statistical analysis. LIMMA (Smyth, 2004) was used to find the probe sets that showed
significant differential expression between experimental conditions. Functional and pathway
analyses were performed using GREAT (McLean et al., 2010). See also Table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

CONCR is a human IncRNA activated by MYC and upregulated in multiple
cancer types

CONCR expression is periodic and required for cell division and survival
Inactivation of CONCR causes severe defects in sister chromatid cohesion

CONCR modulates the activity of the helicase DDX11
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Figure 1. CONCR Is a Nuclear IncRNA Negatively Regulated by p53 and Activated by MYC
(A) CONCR genomic locus. Ideogram of location on chromosome 12; RNA expression

detected by whole-cell polyA+ RNA-seq of A549 from ENCODE/CSHL; structure and
directionality of CONCR (DDX11-ASI) and its neighbor gene DDX11 as annotated in
GENCODE v23; RNA structures identified by RNA-seq in HCT116; and H3K4me3 mark
on seven cell lines from ENCODE defining active transcription.

(B) CONCR expression level determined by polyA+ RNA-seq of p53~/~ and p53*/*
HCT116 cells either untreated or treated with the DNA-damaging drug 5-FU for 4 and 12 hr.
(C) CONCR and TP53 expression levels determined by qRT-PCR of A549 cells transfected
with a control siRNA (siRNA-Ctrl) or with a siRNA-targeting 7P53 (siRNA-p53), either
untreated or treated with the DNA-damaging drug 5-fluorouracil (5-FU), for 4 and 12 hr.
Graph shows mean + SEM of three independent experiments.

(D) Schematic of the location of the E-box CACGTG motifs in the promoter region of
CONCR-DDX11; MYC binding to the promoter region determined by ChiP-seq in different
cell lines (ENCODE/SYDH and ENCODE/OpenChrom-UTA).

(E) CONCR relative expression level determined by polyA+ RNA-seq in the human B cell
line P493-6 expressing either low or high levels of MYC (Hart et al., 2014). Graph shows
mean + SEM of values and significance as reported in the original study (Hart et al., 2014).
(F) CONCR relative expression level determined by microarray in HCT116 depleted of
MY C by RNAI (Kim et al., 2015). Graph shows mean + SEM of values and significance as
reported in the original study (Kim et al., 2015).
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(G) CONCR and MYCRNA levels determined by gRT-PCR in A549 depleted or not of
MY C by RNAI.

(H) Relative subcellular localization of CONCR and control RNAs, i.e., HPRT and
MALATI, determined by nucleus/cytoplasm fractionation and gRT-PCR of A549 and
HCT116. Graph shows mean + SD of two independent experiments.

(I) RNA FISH of A549 transfected with a control siRNA (siRNA-Ctrl) or with a
combination of two siRNAs targeting CONCR (siRNA-CONCR) using two independent
LNA probes (LNA #1 and #2) or a no probe condition as control.

(J) Percentage of fluorescent foci detected by RNA FISH in the nucleus or in the cytoplasm
of siRNA-Citrl cells as in (I). Fluorescent foci were quantified by imaging and counting
approximately 100 cells per condition. Graph shows mean + SD of two independent
experiments.

See also Figure S1 and Table S1.
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Figure 2. CONCR Is Upregulated in Multiple Cancer Types
(A) CONCR expression level in paired normal-cancer samples of different cancer types.

Data were obtained from http://mitranscriptome.org (lyer et al., 2015). Significance was
determined by Welch’s t test (Table S2).

(B) CONCR expression level determined in lung adenocarcinoma and colon
adenocarcinoma RNA-seq data available through the TCGA database (https://gdc-
portal.nci.nih.gov), i.e., LUAD and COAD datasets (Table S2). Expression was compared in
each cancer type between tumor samples from individuals bearing mutations in 7253 and
those with the wild-type gene. Significance was determined by unpaired Student’s t test.

(C) HCT116 cells transfected with CONCR-targeting siRNAs (#1 and #2) or with a control
siRNA subcutaneously injected in immunodeficient mice (n = 6 per experimental condition).
Tumor volume was measured at the indicated times. Graph shows mean = SEM of n = 6
mice per experimental condition. Significance was determined by one-way ANOVA and
Bonferroni Multiple Comparison Test comparing to siRNA-Ctrl.

(D) CONCR knockdown efficiencies in cells used in (C) were determined by gRT-PCR.

See also Table S2.
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Figure 3. CONCR Expression Is Periodic in the Cell Cycle and Necessary for Cell Division and

Proliferation
(A-D) A549 cells left untransfected (Unt), transfected with a control SiRNA (

Ctrl), or with

two siRNAs targeting CONCR, separately (#1 and #2) or in combination (#1+2). Graphs
show mean + SEM of at least three independent experiments. Significance was determined

comparing to siRNA-Ctrl.
(A) RNA knockdown efficiencies determined by qRT-PCR.
(B) Cell proliferation measured by MTS assay.

(C) Percentage of apoptotic cells determined by flow cytometry of annexin V
stained cells.

(D) Analysis of cell-cycle phase distribution by flow cytometry of propidium
cells.

and 7-AAD

iodide-stained

(E and F) A549 cells either transfected with a control siRNA (Ctrl) or with two siRNAs
targeting CONCR in combination. G1/S synchronized cells obtained by double thymidine

block procedure. Normal medium was then used for the release, and cells coll
different time points indicated for CONCR expression analysis by qRT-PCR (

ected at the
E) and cell-

cycle analysis (F). (E) Graph shows mean + SD of two independent experiments, while in

(F) cell-cycle profiles of one representative experiment are shown.

(G) CONCR RNA-FISH performed on A549 cells G1/S synchronized and released as before
using LNA #2 probe. Fluorescent foci were quantified on 100 cells per condition. Graph

shows mean £ SD of two independent experiments.

(H) Percentage of A549 BrdU-positive cells (20 min BrdU pulse) transfected with the
indicated siRNAs. Graph shows mean + SD of three independent experiments.

See also Figure S2 and Table S3.
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Figure 4. Depletion of CONCR Causes Sister Chromatid Cohesion Defects
(A) Representative images of chromosome spreads showing normal X-shaped conformation

observed in control cells (i) or representative images of cohesion defects observed in cells
depleted of CONCR or DDX11 (ii-V).

(B) Percentage of mitotic cells showing normal sister chromatid cohesion or loss of
cohesion. At least 50 metaphases per condition were scored and each experiment blindly
scored twice. Graph shows mean + SD of three independent experiments.

(C and D) CONCR and DDX11 knockdown effi-ciencies determined by gRT-PCR. Graphs
show mean + SD of three independent experiments.

(E) Percentage of mitotic cells showing normal sister chromatid cohesion or loss of cohesion
measured as in (B) in A549 control cells (Ctrl) and in different clones (CI #1, Cl #2, and ClI
#3) of Ab49 cells showing silencing of CONCR by insertion of a selection marker gene with
a polyadenylation signal. Graph shows mean + SD of three (CI #1 and #2) or two (CI #3)
independent experiments. (F and G) CONCR and DDX11 levels determined by gRT-PCR.
See also Figures S3 and S4.
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bp

Figure 5. CONCR Interacts with DDX11 Protein and Regulates Its Function
(A) Percentage of CONCR and control RNAs (DDX11, HPRT, and GAPDH) pulled down

with two independent biotinylated oligonucleotides (oligo #1 and oligo #2) in A549 cells.
(B) DDX11 and WDRS5 (control) western blots of the CONCR associated proteins pulled
down as in (A).

(C) Western blot of DDX11 immunoprecipitation as in (D).

(D) Percentage of CONCR and control RNAs (DDX11, CDCAS, and PR-IncRNA-1)
immunoprecipitated with an anti-DDX11 antibody or 1gG control. Graph shows mean + SD
of three independent experiments. Significance was determined comparing to 1gG.

(E) DDX11, FENZ1, and histone 3 (H3) distribution in the fractions obtained from CsCl
density-gradient centrifugation of A549 cells transfected with control or CONCR siRNAs as
indicated.

(F) Quantification by qRT-PCR of CONCR in the gradient fractions shown in (E).

(G) Mean DDX11 ChlP-seq signal around the center of all the genomic regions identified as
differentially bound by DDX11 in CONCR-depleted cells compared to siRNA-Ctrl-
transfected cells.

(H) DDX11 ChlP-seq. Top to bottom: chromosome schematic of two representative regions
of chrl6 and chr22; DDX11 ChiIP-seq signal in control (Ctrl) and CONCR-depleted cells
(KD); regions with differential binding of DDX11 (Ctrl versus KD); signals of DNA
replicating regions of BJ cells in G1 to G2 phases of the cell cycle as reported in Hansen et
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al. (2010); G1-replication-enriched regions common to BJ, GM06990, H0287, and BG02
cell types as reported in Hansen et al. (2010).
See also Figures S5 and S6, and Table S5.
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Figure 6. CONCR Enhances the ATPase Activity of DDX11
(A) Percentage of mitotic cells showing normal sister chromatid cohesion or loss of

cohesion transfected with the indicated combination of sSiRNAs and DDX11 expression
plasmids. Graph shows mean + SD of two independent experiments, each blindly scored
twice.

(B-E) Representative images (B and C) and quantification (D and E) of three independent
ATPase assays (mean + SD) using recombinant purified human DDX11 and in vitro
transcribed RNAs, CONCR, or a control RNA (antisense sequence of CONCR). The
standard reaction mixture contained 80 nM (B and

D) or the indicated concentration of RNA (C and E) and was incubated for the indicated
time (B and D) or 45 min (C and E).

See also Figure Sb.
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