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Abstract
The cancer epigenome exhibits global loss of DNA methylation, which contributes to genomic instability and aberrant gene
expression by mechanisms that are yet to be fully elucidated. We previously discovered over 3300 long non-coding (lnc)RNAs in
human cells and demonstrated that specific lncRNAs regulate gene expression via interactions with chromatin-modifying
complexes. Here, we tested whether lncRNAs could also associate with DNA methyltransferases to regulate DNA methylation and
gene expression. Using RIP-seq, we identified a subset of lncRNAs that interact with the DNA methyltransferase DNMT1 in a colon
cancer cell line, HCT116. One lncRNA, TCONS_00023265, which we named DACOR1 (DNMT1-associated Colon Cancer Repressed
lncRNA 1), shows high, tissue-specific expression in the normal colon (including colon crypts) but was repressed in a panel of colon
tumors and patient-derived colon cancer cell lines. We identified the genomic occupancy sites of DACOR1, which we found to
significantly overlapwith known differentiallymethylated regions (DMRs) in colon tumors. Induction of DACOR1 in colon cancer cell
lines significantly reduced theirability to formcolonies in vitro, suggestingagrowthsuppressor function.Consistentwith theobserved
phenotype, induction ofDACOR1 led to the activation of tumor-suppressor pathways andattenuation of cancer-associatedmetabolic
pathways. Notably, DACOR1 induction resulted in down-regulation of Cystathionine β-synthase, which is known to lead to increased
levels of S-adenosylmethionine—the keymethyl donor for DNAmethylation. Collectively, our results demonstrate that deregulation
of DNMT1-associated lncRNAs contributes to aberrant DNA methylation and gene expression during colon tumorigenesis.

Introduction
Inhumansandothermammals, epigeneticmodificationsplay crit-
ical roles in orchestrating gene expression patterns in distinct cell
types throughout the life of an organism. These epigeneticmodifi-
cations are regulated by the highly coordinated functions of chro-
matin-remodeling complexes, histone-modifying enzymes, DNA

methyltransferases and chromatin readers (1). However, the
process by which these ubiquitous epigenetic modifiers are
recruited, assembled and stabilized at specific genomic loci in dis-
tinct cell types is yet to be fullyelucidated. Increasing experimental
evidence suggests potential key roles for long non-coding RNAs in
recruiting and scaffolding such complexes to the genome in
mammalian cells (2–12).
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The mammalian genome encodes thousands of long non-
coding RNAs (lncRNAs) (7,13–16), and studies of select lncRNAs
have clearly demonstrated their critical roles in various aspects
of mammalian biology (6,17–23). For example, some lncRNAs
are critical for embryonic development and tissue morphogen-
esis in vivo, as demonstrated by genetic disruptions of several
lncRNAs in mice and zebrafish (3,24,25). The means by which
lncRNAs exert their effects have been demonstrated through sev-
eral mechanisms: (i) transcription co-activators (17), (ii) guidance
of epigenetic complexes to the genome (3,5,6,8,12), (iii) competing
endogenous RNAs or microRNA ‘sponges’ (26–28), (iv) regulation
of mRNA translation and decay (28–30), (v) decoys for transcrip-
tion factors (TFs) (31) and other potential mechanisms (32).

Previous studies have identified extensive genome-wide in-
teractions between lncRNAs and several chromatin-modifying
complexes, including the polycomb repressive complex 2 (PRC2)
(7,33). These interactions are required for proper PRC2-mediated
gene repression (7,8), suggesting that deregulation of such
lncRNAs could impact the ability of epigenetic-modifying com-
plexes to regulate the epigenome and gene expression programs.
Indeed, a number of studies have identified numerous lncRNAs
that become highly deregulated in various human diseases,
including several cancer types (34–38). Thus, deregulation of
specific lncRNAs may result in global changes in the epigenome,
including global changes in DNA methylation patterns, and
deregulation of gene expression (39–42).

DNA methylation is an important epigenetic mark that is typic-
ally associated with repressed genes inmammalian cells (43). Three
distinct DNA methyltransferases (DNMT1, DNMT3a and DNMT3b)
are known to regulate DNAmethylation patterns inmammals. Gen-
ome-wide studies of DNA methylation in various tumors versus
matched normal tissues have demonstrated that although the pro-
moters of some tumor-suppressor genes become hypermethylated,
cancer genomes are largely hypomethylated (43,44). Currently, there
is a great interest in understanding how DNA methylation patterns
become deregulated in human cancers, with the hope that these
studies might lead to novel insights into tumorigenesis as well as
the development of novel therapeutic strategies (45). We hypothe-
sized that a subset of lncRNAsmay interact with DNAmethyltrans-
ferases and, consequently, affect their genomic occupancies and/or
activities. Thus, deregulation of such lncRNAs in human cancers
would result in abnormal DNA methylation patterns without any
detectable mutations or changes in the expression levels of the
genes that encode DNA methyltransferases.

In this article, we identified specific interactions between a
subset of human lncRNAs and the DNA methyltransferase
DNMT1 using RNA co-immunoprecipitation (RIP) followed by
next generation RNA sequencing (RIP-seq) (Fig. 1A). Analysis of
one such lncRNA, TCONS_00023265, which we named DACOR1,
revealed a critical role of this lncRNA in regulating DNAmethyla-
tion and gene expression in colon cells. Furthermore, induction
of DACOR1 is sufficient to suppress the growth of colon cancer
cells by regulating the expression of specific genes and pathways
including cellular metabolism. Our results suggest a potential
new mechanism by which the human methylome is regulated
in human health and disease.

Results
Identification of DNMT1-associated lncRNAs in colon
cancer cells

We optimized our RIP protocol in the colon cancer cell line
HCT116 (see Material and Methods and Supplementary Material,

Appendix S1, Fig. S1A and B) and subsequently utilized it to iden-
tify potential interactions between DNMT1 and RNAs. As there
are no reliableDNMT1 antibodies that are suitable for RIP applica-
tions, we utilized a knock-in DNMT1_3X-flag HCT116 cell line to
overcome this limitation (46). First, we confirmed that DNMT1 is
specifically immunoprecipitated, but not other abundant nuclear
proteins such as U1–70K or histone H3 (Fig. 1B and Supplemen-
tary Material, Appendix S1, Fig. S2A). To identify RNAs that po-
tentially interact with DNMT1, we performed triplicate RIPs of
DNMT1 using an anti-flag antibody and triplicate RIPs using an
anti-IgG antibody as negative controls. We isolated co-immuno-
precipitated RNAs and quantified the small amount of DNMT1-
bound RNAs (Supplementary Material, Appendix S1, Fig. S2B).
We were able to generate RNA-seq libraries from DNMT1 RIPs
but not from IgG RIPs (Supplementary Material, Appendix S1,
Fig. S2C), owing to depletion of non-specific RNAs by several
stringent washes.

Three RNA-seq libraries from three independent biological
replicates of DNMT1 RIPs were sequenced and mapped to the
human genome (hg19). We also sequenced total nuclear RNA
(input) from HCT116 cells as a control for our RIP experiments.
We generated fpkm values for mRNAs and lncRNAs detected in
the input sample and each of the three biological replicates of
DNMT1 RIP-seq (see Material and Methods). The average fpkm
of each transcript in the three biological replicates of DNMT1
RIP-seq was divided by the fpkm in the input sample to generate
fold changes (Supplementary Material, Files S1 and S2). We iden-
tified 148 lncRNAs (14% of lncRNAs detected in the input) and 31
mRNAs (0.009% ofmRNAs detected in the input) as DNMT1-asso-
ciated RNAs based on a 2-fold change or higher above input
(Fig. 1C–F). We found the highest fold change of an lncRNA asso-
ciated with DNMT1 to be ∼41-fold, whereas the highest fold
change for an mRNA was only 7-fold, despite mRNAs being ex-
pressed at much higher levels than lncRNAs across all cell
types (7,13,14,34). To rule out non-specific co-immunoprecipita-
tion of highly abundant RNAs with DNMT1, we compared the ex-
pression of all DNMT1-bound versus DNMT1-unbound lncRNAs
and mRNAs. We found that there was no expression bias of
DNMT1-associated lncRNAs or mRNAs in comparison with un-
bound lncRNAs and mRNAs (Fig. 1G–H). Lastly, a close examin-
ation of DNMT1-associated mRNAs revealed that at least half of
these mRNAs are poorly annotated transcripts with predicted
open reading frames or miRNA precursors, suggesting that very
few mRNAs associate with DNMT1 (Supplementary Material,
File S2). In summary, we have identified many lncRNAs and
very small number of mRNAs that co-immunoprecipitate with
DNMT1 in HCT116 cells by RIP-seq.

The DNMT1-associated lncRNA, DACOR1,
is down-regulated in colon cancer cells

One DNMT1-associated lncRNA, designated TCONS_00023265
(Supplementary Material, Appendix S1, Fig. S3, and File S3), was
of interest to us owing to its notable high, tissue-specific expres-
sion in normal colon tissues (Fig. 2A and B) and repression in
colon tumors and patient-derived colon cancer cell lines
(Fig. 2C and D). We therefore named this lncRNA DNMT1-asso-
ciated Colon Cancer Repressed lncRNA 1 (DACOR1) (see below).
In a panel of 12 human normal tissues, DACOR1 shows the high-
est expression in the colon asmeasured by qRT-PCR (Fig. 2A). We
confirmed the expression of DACOR1 in the normal colon by RNA
in situ hybridization and observed DACOR1 expression in the nu-
clei of colon crypts, the cells from which colon cancer originates
(Fig. 2B, large panel). We also observed that DACOR1 occupies
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Figure 1. Numerous long non-coding RNAs (lncRNAs) associate with DNMT1 in human cells. (A) Outline of the experimental strategy utilized to identify DNMT1-

associated RNAs. (B) Western blot analysis using an anti-flag-DNMT1 antibody confirms the specific immunoprecipitation (IP) of DNMT1, but not other highly

abundant nuclear proteins (histone H3, U1–70K). An IP with anti-IgG antibody demonstrates that there is no detectable background. (C) Heatmap of lncRNAs in input

sample versus each of the three biological replicates of DNMT1 RIPs. We observed some variability between the three biological replicates owing to stringent washes

to eliminate non-specific RNAs. (D) Heatmap of mRNAs in input versus the three biological replicates of DNMT1 RIPs. (E) Pie chart showing the number of DNMT1-

associated lncRNAs versus all lncRNAs expressed in input. Approximately 14% of lncRNAs co-IP with DNMT1. (F) Pie chart showing the number of DNMT1-associated

mRNAs versus mRNAs expressed in input, ∼0.009% of mRNAs co-IP with DNMT1. (G–H) Graphs show the expression levels of DNMT1-bound lncRNAs and mRNAs

versus non-bound lncRNAs and mRNAs in HCT116 cells. We found that DNMT1-bound lncRNAs and mRNAs show no expression bias over non-bound lncRNAs and

mRNAs.
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several discrete foci in the nucleus (Fig. 2B, small panel). Next, we
examined DACOR1 expression in a cohort of 22 colon tumors in
comparison with matched normal tissue based on RNA-seq
data obtained from The Cancer Genome Atlas (TCGA). This ana-
lysis revealed that DACOR1 is down-regulated in colon tumors
(Fig. 2C). We also examined the expression of the protein-coding
gene SMAD3, the nearest coding gene to DACOR1, in the same
TCGA cohort and found that SMAD3 shows variable expression
in tumors versus normal colon (Supplementary Material, Appen-
dix S1, Fig. S4). To further confirm thatDACOR1 is down-regulated

in colon cancer, we examined its expression by qRT-PCR in 8 nor-
mal colon samples and 21 patient-derived colon cancer cell lines
with limited passage in culture (Fig. 2D, and Supplementary Ma-
terial, Appendix S1, Fig. S5). Several of the colon cancer cell lines
displayed very low expression levels of DACOR1 that were barely
detectable by qRT-PCR, further confirming the down-regulation
of DACOR1 during colon tumorigenesis (Fig. 2D). These intriguing
observations prompted us to further investigate the potential
role of DACOR1 in colon cancer biology and its effects on DNA
methylation and gene expression.

Figure 2. The DNMT1-associated lincRNA, DACOR1, is down-regulated in colon cancer. (A) Quantitative real-time PCR (qRT-PCR) of DACOR1 across a panel of human

normal tissues demonstrates the high expression of DACOR1 in the colon and small intestine in comparison with other tissues examined. (B) RNA in situ

hybridization confirms the expression of DACOR1 in human colon tissues and identifies the colon crypts as one of the major cell types that express it. Red arrows

mark DACOR1 signal, which is shown as a chromogenic signal (brown). Close examination of colon cells (small panel) reveals that DACOR1 is retained in the nucleus

and potentially interacts with chromatin. (C) Expression analysis of DACOR1 in a cohort of 22 colon cancer tumors versus 22 matched normal tissues in RNA-seq

datasets obtained from TCGA demonstrates that DACOR1 is down-regulated in colon tumors. (D) Examining the expression of DACOR1 by qRT-PCR in 8 normal colon

samples and 21 patient-derived colon cancer cell lines with limited passage in culture demonstrates that DACOR1 is highly repressed in most colon cancer cells.
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DACOR1 affects DNA methylation levels at multiple sites
in the human genome

To determine the functional significance of DACOR1 association
with DNMT1, we first validated the interaction of DACOR1 with

DNMT1 in independent RIP experiments using RIP-qPCR
(Fig. 3A). As a negative control, we examined the association of
the highly abundant nuclear RNA U1 with DNMT1 and found
no association (Fig. 3B). We then tested the effects of DACOR1 in-
duction on DNA methylation in two distinct patient-derived

Figure 3. DACOR1 induction enhances DNA methylation and suppresses growth of colon cancer cells. (A) Validation of the interaction between DNMT1 and DACOR1 by

RIP-qPCR. DACOR1 shows a 7-fold enrichment in flag-DNMT1RIPover IgG RIP. (B) The highly abundant nuclear RNAU1 showsno enrichment inflag-DNMT1RIP versus IgG

RIP, demonstrating the specificity of ourmethod; (C) Induction of DACOR1 expression in two distinct patient-derived colon cancer cell lines (V481 andV852) enhancesDNA

methylation at multiple genomic loci in trans. Blue color indicates lowmethylation; red color indicates high methylation. All experiments were performed in triplicates.

(D) Induction of DACOR1 expression in patient-derived colon cancer cell lines (V866 and V852) results in up-regulation of tight junction protein 1 (TJP1), suggesting a

potential role for DACOR1 in maintaining an epithelial state of colon cells. (E) The colon cancer cell lines V481, V852 and V866 were transduced with either a control or

DACOR1 lentivirus. Subsequently, CFAs were carried out (see Material and Methods) in each cell line. Cells with restored DACOR1 expression showed reduced colony

formation, suggesting that DACOR1 is potentially a growth suppressor.
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colon cancer cell lines, V481 and V852. We transduced V481 and
V852 cells with either a control or DACOR1 lentivirus, and the ap-
propriate expression and nuclear localization of DACOR1 were
confirmed by qRT-PCR and RNA in situ, respectively (Supplemen-
tary Material, Appendix S1, Fig. S6A and B). We isolated genomic
DNA from these cell lines, and equal amount of DNA (1 µg) from
each sample (n = 12) was used for DNA methylation analysis
using 450K DNA methylation arrays (Illumina). These arrays
cover ∼500 000 CpG sites out of the 28 million CpG sites in the
human genome. We identified 43 and 59 specific CpG sites in
V481 and V852, respectively, which become differentially methy-
lated in response to DACOR1 expression (Fig. 3C, and Supplemen-
tary Material, File S4). Of these sites, 42/43 (in V481) and 58/59
(in V852) displayed a gain of DNA methylation (P < 1 × 10−11 and
2.1 × 10 −16, respectively). Next, we determined whether restor-
ation of DACOR1 expression affected DNMT1 protein levels. We
performed western blot analyses using a DNMT1 antibody in
cells transduced with a control or DACOR1 lentivirus and found
that DNMT1 protein levels were unchanged (Supplementary
Material, Appendix S1, Fig. S7). In summary, DACOR1 induction
appears to enhance DNA methylation at multiple loci without
affecting DNMT1 protein levels.

DACOR1 may play a role in maintaining the epithelial
state of colon crypts

The high expression of DACOR1 in normal colon tissues and the
localization of DACOR1 to colon crypts prompted us to examine
its potential role in regulating the epithelial state of colon cells.
To that end, we examined the effects of DACOR1 induction on
the levels of key epithelial markers including Tight Junction Pro-
tein 1 (TJP1) and E-cadherin in two distinct colon cancer cell lines.
We found that the expression of DACOR1 led to higher levels of
TJP1 protein, but not E-Cadherin (Fig. 3D, and SupplementaryMa-
terial, Appendix S1, Fig. S8). To determine whether the change in
TJP1 is at the transcriptional or post-transcriptional level, we
measured TJP1 mRNA levels by qRT-PCR in three distinct colon
cancer cell lines. We found DACOR1 expression to have no effect
on TJP1 mRNA levels (Supplementary Material, Appendix S1,
Fig. S9A), suggesting that TJP1 protein levels are regulated post-
transcriptionally by DACOR1 in colon cells. We also compared
TJP1 mRNA levels in a cohort of 22 colon tumors versus 22
matched normal tissues from TCGA and found that TJP1 mRNA
levels are not significantly affected inmost patients (Supplemen-
tary Material, Appendix S1, Fig. S9B), suggesting that TJP1 protein
levels are regulated post-transcriptionally in colon tumors.

DACOR1 induction reduces the clonogenic potential
of colon cancer cells

Our studies demonstrated that DACOR1 is down-regulated in
colon tumors and patient-derived colon cancer cell lines, but the
biological significance of this repression is yet to be determined.
Normal colon crypts donot propagate in tissue culture, preventing
us from performing knockdown experiments of DACOR1. We,
therefore, examined the biological effects of DACOR1 by overex-
pressing it in several patient-derived colon cancer cell lines. Ini-
tially, we utilized three distinct patient-derived colon cancer cell
lines (V481, V852 and V866) that we transduced with either a con-
trol or a DACOR1 lentivirus. Induction of DACOR1 in these patient-
derived colon cancer cell lines resulted in reduced growth of these
cells (Supplementary Material, Appendix S1, Fig. S10). To quantify
this effect, we performed colony formation assays (CFAs) using all
three lines (V481, V852 and V866) and found that the induction of

DACOR1 affected colony formation in V481 by ∼25% (P = 0.0002), in
V852 cells by ∼53% (P = 0.003) and in V866 by 81% (P = 0.007)
(Fig. 3E). The effect of DACOR1 induction, although consistent in
reducing colonies, varied among the three lines as each line was
derived from a distinct patient tumor and thus has underlying
genetic differences.

To test whether the effects we observed on colony formation
were due to non-specific effects of overexpressing DACOR1, we
performed several control experiments. First, we selected two pa-
tient-derived colon cancer cell lines, V703 andV425, that although
had reduced levels of DACOR1 relative to normal colon; they still
maintained some level of DACOR1 expression (Fig. 2D). Overex-
pression of DACOR1 in both cell lines hadminor effects on colony
formation of these cells, when compared with a control lentivirus
(Supplementary Material, Appendix S1, Fig. S11A–D). Second, to
rule out that the phenotype is due to high expression levels of
DACOR1 lentivirus (CMV promoter), we cloned the full length of
DACOR1 downstream of a weak Pgk promoter and measured its
expression levels in comparison with normal colon and control
lentivirus. Using this approach, we are able to bring the overex-
pression level of DACOR1 closer to the expression levels observed
innormal colon (SupplementaryMaterial, Appendix S1, Fig. S12A).
We carried out CFAs of control versus DACOR1 lentivirus-trans-
duced cells and also observed significant reduction in colony for-
mation (Supplementary Material, Appendix S1, Fig. S12B). Finally,
we cloned the full length of an oncogenic lncRNA, TCON_
00011938, which is not associated with DNMT1, downstream of a
strong CMV promoter, and found that the overexpression of this
distinct lncRNA led to increased colony formation (Supplementary
Material, Appendix S1, Fig. S13A and B). Collectively, these results
suggest that DACOR1 induction reduces the clonogenic potential
of colon cancer cells.

DACOR1 induction affects global gene expression of colon
cancer cells

To gain insights into DACOR1 function, we performed RNA-seq
usingRNA isolated fromthe colon cancercell lineV852 transduced
with either control or DACOR1 lentivirus and identified differen-
tially expressed genes (see Material and Methods) (47). We found
that induction of DACOR1 affected the expression of 99 genes (P <
0.05, q < 0.05) (SupplementaryMaterial, File S5). Specifically,weob-
served that induction of DACOR1 led to the repression of several
known inhibitors of TGF-β/BMP signaling, including SMAD6,
INHBE (inhibin beta E) and FST (follistatin), which we confirmed
by qRT-PCR in two distinct colon cancer cell lines (Fig. 4A) (48). Pre-
vious studies have demonstrated that TGF-β/BMP signaling exerts
a tumor-suppressor function in the colon, and it becomes inacti-
vated or repressed in a majority of sporadic colorectal cancers
(49). SMAD6, which is up-regulated in colon tumors (Supplemen-
tary Material, Appendix S1, Fig. S14A) and down-regulated by
DACOR1, plays amajor role in repressingTGF-β/BMP signaling (48).

We also found that the induction of DACOR1 led to the down-
regulation of several genes involved in amino acid metabolism
with known roles in tumorigenesis, including PHGDH, PSAT1,
CBS and ASNS (50–52). First, we confirmed that the induction of
DACOR1 leads to the repression of these genes in two distinct
colon cancer cell lines, V852 and V866, by qRT-PCR (Fig. 4B). We
subsequently confirmed the repression of PHGDH at the protein
level by western blot analysis (Fig. 4C). PHGDH plays a key role
in de novo serine biosynthesis (52–55) and is highly up-regulated
in many colon tumors (Supplementary Material, Appendix S1,
Fig. S14B). To determine whether the repression of PHGDH by
DACOR1 induction affects serine levels, we measured pyruvate
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Figure 4. Induction of DACOR1 affects global gene expression in colon cancer cells. (A) qRT-PCR confirmations of RNA-seq data that DACOR1 represses several genes

(SMAD6, FST and INHBE) involved in the repression of the TGF-beta/BMP signaling pathway. These observations suggest that induction of DACOR1 enhances the

signaling of these pathways, which have tumor-suppressor effects. (B) qRT-PCR validations of RNA-seq data that DACOR1 represses the expression of key genes that

are involved in amino acid biosynthesis and metabolism; (C) Western blot analyses demonstrate that DACOR1 induction leads to the repression of PHGDH and CBS

but does not affect PKM2 or Actin protein levels in V852 cells; (D) Induction of DACOR1 reduces the activity of PKM2, which is known to be dependent on serine,

without affecting overall PKM2 protein levels.
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kinase M2 (PKM2) activity, which is dependent on serine (55). In-
deed,we found that DACOR1 induction leads to reduced PKM2 ac-
tivity in two independent experiments (three replicates each)
(Fig. 4D), without affecting overall PKM2 protein levels (Fig. 4C).
Lastly, the repression of Cystathionine β-synthase (CBS) by
DACOR1 is intriguing (Fig. 4C), as reduced CBS levels are known
to lead to increasedmethionine, the substrate needed to generate
S-adenosyl methionine (SAM). SAM is the key methyl donor
utilized by DNA methyltransferases for DNA methylation in
mammalian cells. Thus, DNMT1–DACOR1 interaction appears
to indirectly regulate cellular SAM levels, and, consequently, gen-
ome-wide DNA methylation. Collectively, these findings suggest
that DACOR1 plays key roles in regulating DNA methylation and
specific tumor-suppressor andmetabolic pathways in colon cells
to potentially suppress colon tumorigenesis.

DACOR1 interacts directly with chromatin at specific
genomic sites

To gain insights into the potential mechanism(s) by which
DACOR1 could regulate gene expression and consequently cellular
phenotype, wemapped the genomic occupancy of DACOR1 across
the entire human genomeusing ChIRP-seq (56). First, we designed
several biotin-modified oligonucleotides complementary to
DACOR1 and confirmed that we can specifically isolate DACOR1
from crosslinked cell lysates (Fig. 5A). Subsequent ChIRP-seq and
analysis identified 338 DACOR1 genomic occupancy sites, includ-
ing 161 peaks near 150 annotated genes (multiple peaks per gene
in some cases) and 177 sites in intergenic regions (Supplementary
Material, File S6). As expected, we observed a peak corresponding
to the genomic region of DACOR1 transcription upstream of
SMAD3, as we also captured newly synthesized DACOR1 tran-
scripts. We compared the genomic occupancy sites of DACOR1
near annotated genes with differentially methylated regions
(DMRs) in a cohort of colon tumors versusmatched normal tissues
(41). Of the 150 annotated gene loci occupied by DACOR1, 31 sites
overlap with these DMRs (P < 3.5 × 10−14) (Fig. 5B). These findings
indicate that DACOR1 interacts with both DNMT1 and chromatin
and, potentially, recruits and/or assembles the DNMT1macromol-
ecular protein complex at specific genomic sites to regulate
epigenetic modifications and, consequently, the expression of
specific genes and pathways (Fig. 5C).

Discussion
We previously identified specific interactions between human
long non-coding RNAs (lncRNAs) and several chromatin-modify-
ing complexes and demonstrated that these interactions are re-
quired for regulating gene expression (7). In this manuscript,
we identified specific interactions between the DNA methyl-
transferase DNMT1 and human lncRNAs, suggesting that in add-
ition to histonemodifications, DNAmethylation is also indirectly
regulated by lncRNAs. DNA methylation is an important epigen-
etic mark for the regulation of gene expression in mammalian
cells from early embryonic development to fully differentiated
post-mitotic cells. Our current findings that DNMT1 associates
with lncRNAs suggest that these lncRNAs may influence
DNMT1 genomic occupancy and/or activities, thereby indirectly
regulating the methylome. Thus, deregulation of one or more of
DNMT1-associated lncRNAs in human disease would lead to
changes in DNAmethylation patterns and potentially significant
changes in gene expression without any detectable changes in
DNMT1 expression levels. Indeed, we found in our studies that
the induction of the lncRNA DACOR1 is sufficient to change

DNA methylation patterns without affecting DNMT1 protein
levels in colon cancer cells. However, the mechanisms of
DACOR1-mediated changes in DNA methylation patterns are
not yet known. A number of potentialmechanismsmay be impli-
cated, including DACOR1-mediated recruitment of DNMT1 to
specific sites of the genome, similar to what has been observed
of lncRNA-mediated recruitment of histone-modifying enzymes
(6,8,12). Also, DACOR1 could affect DNMT1 activity at specific CpG
sites, potentially by regulating protein components of the
DNMT1 macromolecular protein complex.

We currently have several technologies to identify lncRNA–
protein interactions; however, it is not currently known how
lncRNAs, such as DACOR1, interact with epigenetic-modifying
complexes such as histone-modifying enzymes and DNA
methyltransferases. It has been proposed that secondary struc-
ture of lncRNAs plays a major role in this lncRNA–protein recog-
nition (32,57); however, the experimental evidence for this still
requires much needed research. Also, it is not yet clear how epi-
genetic complexes bind RNAs, as they do not possess canonical
RNA-binding domains similar to those found in classic RNA-
binding proteins. It is possible that these proteins possess RNA-
binding ‘domains’ that are distinct from those identified in
classic RNA-binding proteins, or the interaction could be indirect
and mediated by RNA-binding proteins. Also, despite the recent
development of technologies tomap the genome-wide occupancy
of nuclear lncRNAs, it is not yet known how lncRNAs can recog-
nize specific genomic loci. Proteins that serve as intermediates be-
tween DNA and lncRNAs could also mediate this interaction.

Many lncRNAs, including DACOR1, are poorly conserved, even
within mammalian species (58). However, several studies have
nowdemonstrated functionalityof lncRNAsdespite this lackof se-
quence conservation (25). The lack of sequence conservation for
many lncRNAsmakes it challenging tousemodel organisms to in-
terrogate the function of lncRNAs identified in human systems
and diseases. Furthermore, studies of conserved lncRNAs in
mousemodels do not always recapitulatewhat has been observed
in human cells (2,59). These observations suggest that researchers
may have to utilize non-human primates or human organoids to
study lncRNAs. As an example, DACOR1 would require a non-
human primate such as rhesus macaque for knock-out experi-
ments to delineate its function in vivo.

Gene expression analyses of DACOR1 demonstrated thatmany
colon tumors and colon cancer cell lines dramatically repress
DACOR1 expression. Restoring DACOR1 expression into patient-
derived colon cancer cells resulted in reduced growth, potentially
via the modulation of several pathways. For example, DACOR1
down-regulates the expression of several genes that inhibit TGF-
β/BMP signaling and thus potentially enhances TGF-β/BMP signal-
ing, which is known to exert a tumor-suppressor activity in the
colon (48,49). DACOR1 also down-regulates several genes involved
inmetabolism including de novo serine biosynthesis (e.g. PHGDH,
PSAT1). Serine is an essential precursor for the synthesis of pro-
teins, nucleic acid and lipids; thus, it is critical for cancer cell
growth (52–54). Furthermore, we found that DACOR1 induction is
sufficient to attenuate pyruvate kinase M2 (PKM2) activity, which
is highly dependent on serine (55). PKM2 has been recently
implicated as a key gene in cancer metabolism (55,60,61); thus,
the identification of a lncRNA that attenuates its activity, although
indirectly, may provide a therapeutic window in cancer biology.
Lastly, DACOR1-mediated down-regulation of CBS, the deficiency
of which is known to lead to increased levels of methionine and,
consequently, SAM, the keymethyl donor utilizedbyDNAmethyl-
transferases to methylate DNA, is also highly significant. These
findings suggest that DNMT1, via its interaction with DACOR1,
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indirectly regulates the cellular levels of SAM and, subsequently,
genome-wide DNA methylation. In future studies, we will exam-
ine the effect of DACOR1 on DNA methylation at repetitive DNA
and transposable elements, which would require whole genome
bisulfite sequencing analysis.

In addition to lncRNAs, we also found a small number of
mRNAs that co-immunoprecipitate with DNMT1. However, the
significance of these interactions is currently unknown. We can-
not rule out that some of these mRNAs have dual functions: pro-
tein-coding capacity and non-coding function. Previous studies

have identifiedmRNAs that, in addition to their coding potential,
function as RNAmolecules to regulate a number of biological pro-
cesses (13,17,26,32). Also, a previous study that utilized a gen-
ome-wide computational approach to identify lncRNAs found
that many ‘hypothetical’ coding genes are indeed non-coding
(62). Thus, future studies may reveal other coding transcripts
that also have a non-coding function.

In summary, our current study uncovered a critical role of
lncRNAs in regulating the human methylome—these findings
could potentially help explain, at least in part, the genome-wide

Figure 5. DACOR1 is associated with chromatin. (A) Confirmation of DACOR1 pull down from crosslinked cell lysates by specific complementary probes, in comparison

with non-specific probes (B). Intersection of DACOR1 genome occupancy sites near annotated protein-coding genes identified in this study by ChIRP-seq and differentially

methylated regions (DMRs) in colon tumors/normal colon identified by Simmer et al. (41) reveals a significant overlap. This further supports the role of DACOR1, via its

interaction with DNMT1, in regulating genome-wide DNA methylation (C). A proposed model of how DNMT1–DACOR1 interactions regulate DNA methylation and gene

expression. DACOR1 interacts with specific genomic loci and potentially recruits DNMT1 to establish DNA methylation patterns and/or regulate gene expression. The

DNMT1–DACOR1 axis results in modulating the expression of many genes, directly and indirectly, including those involved in amino acid metabolism. When DACOR1

becomes repressed during colon tumorigenesis, several metabolic changes occur. For example, up-regulation of PHGDH levels results in increased serine levels and

consequently increased PKM2 activity. Also, up-regulation of CBS levels, which is known to cause a decrease in methionine and SAM levels, could potentially impact

the levels of SAM available for DNA methylation causing a global hypomethylation—a hallmark of cancer epigenomes.
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changes in DNA methylation across numerous cancer types. Fur-
thermore, as many lncRNAs have tissue-specific expression pat-
terns, they could serve as biomarkers of disease prognosis as
well as for therapeutic strategies with potentially less side-effects
than coding genes.

Material and Methods
Sequencing data files

All next-generation RNA- and DNA-sequencing data files are
deposited in GEO under GSE58989

Optimization of RIP in HCT116 cells

We have previously utilized RIP in human fibroblasts and HeLa
cells to identify interactions between human lncRNAs and several
chromatin-modifying complexes (7,63). For this study, we opti-
mized ourRIP protocol inHCT116 cells by initially performing con-
trol experiments on a well-conserved RNA–protein interaction in
the spliceosome: the interaction between U1–70K protein and
the small nuclear RNAU1 (64). First, we tested an antibody against
U1–70K in immunoprecipitation experiments and confirmed that
this antibody specifically immunoprecipitates U1–70K protein
from HCT116 cell lysate (Supplementary Material, Appendix S1,
Fig. S1A). We also used an IgG antibody that should not recognize
any protein as a negative control. Subsequently, we performed
three independent biological replicates of U1–70K RIPs from cross-
linked HCT116 cell lysate. After several stringent washes, we re-
versed the formaldehyde crosslinking by heat and isolated
associated RNA using Trizol. Quantitative Real-time PCR (qRT-
PCR) analysis of U1 RNA using three distinct endogenous controls
(GAPDH, 18S rRNA and CLDN3) revealed a specific interaction be-
tweenU1–70K andU1RNA (SupplementaryMaterial, Appendix S1,
Fig. S1B). These results suggest that our RIP protocol is optimized
in HCT116 to detect specific RNA–protein interactions.

Immunoprecipitation (IP) of U1–70K and flag-DNMT1
and western blot analysis

We utilized an antibody against U1–70K (Synaptic Systems, Cat #
203 001) to immunoprecipitate (IP) the U1–70K protein, and anti-
flag antibody to IP flag-DNMT1 from HCT116 cell lysates as fol-
lows: HCT116 cells were grown in 2 × 15 cm plates before harvest-
ing by trypsin. An equal amount of media was added to quench
the reaction, and the cells were collected by centrifugation in a
15-ml conical tube at 500g for 10 min. The pellets were washed
twice with PBS prior to fixing in a final concentration of 0.3% for-
maldehyde for 15 min at room temperature. The reaction was
quenched by adding glycine to a final concentration of
0.125 m and incubated at room temperature for 5 min. The
cells were pelleted by spinning at 500g for 10 min and then
washed twice with 1× PBS before suspending the pellets in
2.2 ml of RIPA buffer (150 mNaCl, 1% NP-40, 0.5% sodium deox-
ycholate, 0.1% SDS, 50 m Tris–HCl (pH 7.4), 1 m EDTA). The
cells were incubated at 37°C for 30 min and vortexed every
5 min at 30-s intervals for the duration of the incubation. Sam-
ples were homogenized using a dounce homogenizer to disrupt
cellular membranes. The lysate was centrifuged using a micro-
centrifuge at maximum speed (∼13 300 RPM), and the super-
natant was transferred to a new tube. A total of 100 µl of the
supernatant was taken as input, and half of remaining super-
natantwas incubatedwith an antibodyagainst protein of interest
(i.e. U1–70K or flag-DNMT1), and the second half with an IgG anti-
body (negative control) overnight with rotation at 4°C. Next day,

50 µl of protein A/G magnetic beads was added to each tube
and incubated for 30 min at room temperature with rotation.
The beads, which now have the antibody and bound protein,
were collected using a magnet and washed three times with
RIPA buffer and oncewith 1× PBS. For protein analysis bywestern
blot, we added 100 µl of Laemmli buffer to each tube and incu-
bated the samples at 95°C for 5 min before running the samples
on a denaturing SDS–PAGE gel.

RNA co-immunoprecipitation of U1–70K and flag-DNMT1

The same protocol described earlier was utilized for RIP of U1–
70K or flag-DNMT1 from HCT116 cells. However, for the isolation
of co-immunoprecipitated RNAs, we suspended the magnetic
beads + antibody + protein in 100 µl of buffer C (150 m NaCl,
50 m Tris–HCl (pH = 7.4), 5 m EDTA, 10 m DTT, 1% SDS) and
10 µg of proteinase K. The samples were incubated at 42°C for
30 min for protein digestion, and subsequently at 65°C for 4 h to
reverse the formaldehyde crosslinking. RNAwas isolated by add-
ing 800 µl of Trizol and 200 µl of chloroform to each sample,
mixed and centrifuged at full speed for 10 min, and the upper
clear layer (∼600 µl) was transferred to a 1.5-ml tube with 600 µl
of 70% ethanol. The mixture was applied to an RNeasy mini kit
column (Qiagen) according to the manufacturer’s protocol. All
samples were treated with DNase prior to final washes and elu-
tion with 20 µl of RNase-free water.

Analysis of RNA-seq data from RIP-seq samples

RNA-sequencing libraries were made using a stranded ScriptSeq
V2 (Illumina) according to the manufacturer’s protocol. Raw
RNA-seq fastq files were aligned to UCSC human hg19 using To-
pHat v2.0.10. Transcript assembly was performed using Cufflinks
v2.1.1. Relative transcript abundance for both mRNAs and
lncRNAs was reported as fragments per kilobase of exon per mil-
lion fragments mapped (fpkm). If fpkm values reported in the
input sample were less than 1.0 for mRNAs and less than 0.1
for lncRNAs, the transcript was filtered as not expressed in
HCT116 cells. Fold changes were then calculated as the average
fpkm across RIP samples to the fpkm of the input control sample.
Transcripts were identified as binding to DNMT1 if their fold
change was greater than 2-fold. Heatmaps were generated
using the heatmap.2 function in the gplots package (version
2.12.1) in R [R Core Development Team. (2011) R: a language and
environment for statistical computing. R Foundation for Statistic-
al Computing, Vienna, Austria.]

Quantitative real-time-PCR

RNAwas converted to cDNA using RNA to cDNA EcoDry™ Premix
Random Hexamers (Clontech). TaqMan assays for GAPDH, 18s
rRNA, U1, CLDN3 and DACOR1 were purchased from Life Tech-
nologies. Other primer pairs were designed using primer3 soft-
ware, and most primers used were designed to span exon–exon
boundaries. TaqMan Mastermix (Life Technologies) or Maxima
SyBr Green/ROX qPCR Master Mix (Thermo Scientific) was used
for qRT-PCR. A comparative CT quantitation was performed
with a hold stage of 50°C for 2 min and 95°C for 10 min followed
by 40× cycle of 95°C for 15 s and 60°C for 1 min and finally melt
curve at 95°C for 15 s, 60°C for 1 min and a ramp to 95°C at 0.3°C
increments. Analysis was done using the 2�ΔΔCT method with
GAPDH as the reference gene.
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Colony formation assa

The colon cancer cell lines V481, V852, V866, V703 and V425 were
transduced with either a control or DACOR1 lentivirus, and non-
infected cells were eliminated by puromycin. For CFAs, cells were
plated in either 6-well or 10-cm plates in triplicates of each con-
dition (control versus DACOR1 lentivirus). Cells were plated at
1250, 2500, 5000 or 10 000 cells per well/plate and kept under
puromycin selection. Colonies were fixed with methanol/acetic
acid and subsequently stained with 0.1% crystal violet solution.
Plates were scanned, and colonies were counted using the publi-
cally available ImageJ software (65). Average colony counts were
calculated for control and DACOR1 plates for each cell line, and a
paired t-test was used to test for statistical significance.

Illumina 450K DNA methylation arrays

DNA was extracted from V481 and V852 cells using the DNeasy
Blood and Tissue kit (Qiagen). DNA methylation profiling was
performed at the Genomics Core Facility at CaseWestern Reserve
University using the Illumina 450KHumanMethylation BeadChip
(12 samples/chip). Biological triplicates fromboth the control and
DACOR1 lentivirus-transduced cellswere tested in order to detect
accurate methylation status. Beta values, a ratio of the methy-
lated/un-methylated signal, were reported and ranged from 0
(completely un-methylated) to 1 (completely methylated). In fil-
tering probes, each cell line was analyzed separately. Reported
beta values were removed if the P-value for detectable probe sig-
nalwas >0.05. Targetswere then filtered if only a single beta value
remained in either condition. The median beta value was calcu-
lated for control and DACOR1 samples. Targets were further fil-
tered if the difference in the maximum beta and minimum
beta was >0.1 (10% different). Using the median beta, sites were
determined as differentially methylated if the absolute value of
the delta–beta was >0.1 (>10%) (Supplementary Material, File S4).

Next-generation RNA sequencing

Six RNA sampleswere isolated fromV852 cells transducedwith ei-
ther a control lentivirus (n = 3) or DACOR1 lentivirus (n = 3). RNAs
with RNA integrity number of ≥8 (max is 10) were considered
high quality and suitable for RNA-seq. Library preparation was
performed using Scriptseq™ Complete Gold (Human/Mouse/Rat)
(Illumina) and sequenced on an Illumina Hi-Seq2500. All six sam-
ples were run on a single flow cell, and 100-bp paired-end strand-
specific sequencing reads were generated and mapped to human
genome release hg19 using TopHat with twomismatches allowed
for full-length reads. The raw readsweremapped to human genes
annotated in RefSeq database using Cufflinks V2.0.2, and CuffDiff
was used for identifying differentially expressed genes (47). All ex-
pression values were calculated as fragment per kilobase of exon
per million of mapped fragments (fpkm).

ChIRP-seq of DACOR1

The ChIRP-seq protocol was carried out as previously described
by Chu et al. (56). Briefly, 5 × 108 V852 cells with DACOR1 lentivirus
were first crosslinked using 1% formaldehyde for 10 min. The
cells were spun down, suspended in Buffer A (Hepes 20 m, KCl
10 m, MgCl2 1.5 m, DTT 0.5 m, 1% Empigen) and dounced be-
fore collecting the nuclei by centrifugation. The nuclei were soni-
cated in nuclei lysis buffer (Tris–HCl pH 7.5, 20 m, EDTA 10 m,
1% SDS, 1 m DTT, protease inhibitor cocktail, RNaseOut 80 U/
ml) to produce 100- to 500-bp DNA fragments. LiCl2 was added
at 0.5  to nuclear lysates. Equal amounts of nuclear lysates

were incubated with either DACOR1-specific or non-specific
DNA probes modified with a TEG linker and Biotin at their 5′
ends and incubated for 24 h at 37°C with rotation. Next day, Ribo-
Minus™ streptavidin-coated magnetic beads (Life Technologies)
were blocked with 800 µg/ml yeast tRNA and 800 µg/ml BSA for
1 h at 37°C in hybridization buffer (Tris–HCl pH 7.5 5 m, EDTA
10 m, LiCl2 500 m) before washing and adding to nuclear ly-
sates for 30 min. The beads were then washed three times with
nuclear lysis buffer, wash buffer (Tris–HCl pH 7.5 5 m, EDTA
0.5 m, NaCl 1 ) and PBS. The beads were suspended in 200 µl
of PBS and incubated at 75°C for 5 min; the supernatant was col-
lected from the beads and incubated at 65°C overnight to reverse
crosslinking before extracting DNA using DNeasy Blood & Tissue
Kit (Qiagen). Paired-end DNA sequencing was performed on a
HiSeq2000/2500 at Otogenetics Corporation. DNA reads were
mapped against human genome (hg19) using Bowtie 2, and
peak calling was performed by using MACS2. Peak annotation
was completed using ChIPpeakAnno. Complete list of DACOR1
genomic occupancy is presented in Supplementary Material,
File S6.

PKM2 activity assay

Cells were collected by trypsinization, and pellets were washed
twice by cold PBS. The pellets were then resuspended in RIPA buf-
fer (150 mNaCl, 1 m EDTA, 1 mDTT, 1%TritonX-100, 25.5 m

deoxycholic acid and50 mTris–HCl, pH7.5) and sonicated briefly
at 4 C. The total extracts were subjected to PKM activity assay as
follows: reaction mixtures contain 50 m Tris–HCl pH 7.5,
100 m KCl, 5 m MgCl2, 0.5 m ADP, 0.2 m NADH, 8 units
LDH (lactate dehydrogenase from sigma) and 1 m DTT. The ly-
sates (1–10 µg of total protein) were added to the assay mixture
to reach 200 of the final volume in 96-well plates. The enzymatic
reactionwas initiated by the addition of PEP (phosphoenolpyruvic
acid, 0.5 m) as the substrate. The oxidation of NAPH was moni-
tored at 340 nm for 3 min using a Thermo Max microplate reader
(Molecular Devices). The number of units of NADH oxidation was
calculated using the standard extinction coefficient of NADH (ε =
6.22 m−1 cm−1). This valuewas then divided by the total amount
of protein added in the assay giving units per milligram of protein
from the cell extracts. For all analyses, PKM2 activity was calcu-
lated using an amount of cell lysate where the reaction rates fell
within the linear range of dependence on the concentration of
lysate.

Supplementary Material
Supplementary Material is available at HMG online.
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