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Abstract

Background: The functions of long noncoding RNAs (IncRNAs) have been identified in several cancers, but the roles of
IncRNAs in colorectal cancer (CRC) are less well understood. The transcription factor MYC is known to regulate IncRNAs and
has been implicated in cancer cell proliferation and tumorigenesis.

Methods: CRC cells and tissues were profiled to identify IncRNAs differentially expressed in CRC, from which we further
selected MYC-regulated IncRNAs. We used luciferase promoter assay, ChIP, RNA pull-down assay, deletion mapping assay,
LC-MS/MS and RNA immunoprecipitation to determine the mechanisms of MYC regulation of IncRNAs. Moreover, soft agar
assay and in vivo xenograft experiments (four athymic nude mice per group) provided evidence of MYC-regulated IncRNAs
in cancer cell transformation and tumorigenesis. The Kaplan-Meier method was used for survival analyses. All statistical
tests were two-sided.

Results: We identified IncRNAs differentially expressed in CRC (P < .05, greater than two-fold) and verified four
IncRNAs upregulated and two downregulated in CRC cells and tissues. We further identified MYC-regulated IncRNAs,
named MYCLos. The MYC-regulated MYCLos may function in cell proliferation and cell cycle by regulating MYC
target genes such as CDKN1A (p21) and CDKN2B (p15), suggesting new regulatory mechanisms of MYC-repressed
target genes through IncRNAs. RNA binding proteins including HuR and hnRNPK are involved in the function of
MYCLos by interacting with MYCLo-1 and MYCLo-2, respectively. Knockdown experiments also showed that MYCLo-2,
differentially expressed not only in CRC but also in prostate cancer, has a role in cancer transformation and
tumorigenesis.

Conclusions: Our results provide novel regulatory mechanisms in MYC function through IncRNAs and new potential
IncRNA targets of CRC.

Mammalian genomes encode a large number of noncoding longer than 200bp) (1,2). To date, more than 30 000 long non-
RNAs from small regulatory RNAs such as microRNAs and Piwi- coding RNAs (IncRNAs) have been annotated or identified (3-6).
associated RNAs (piRNAs) to long noncoding RNAs (IncRNAs; A few IncRNAs such as CCAT1 (CARLo-5) and CCAT2 have been
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also reported in colorectal cancer (CRC) (7-9). However, an enor-
mous number of IncRNAs still remain to be elucidated and
characterized.

The proto-oncogene MYC is frequently amplified in many
types of cancer, including CRC (10,11). The gene product of MYC
is a transcription factor that regulates transcription of many
protein-coding genes and noncoding RNAs such as microRNAs,
and the downstream genes are involved in various cellular pro-
cesses including cell cycle, differentiation, cell growth, metab-
olism, cell adhesion, angiogenesis, chromosome instability,
and cell transformation (10). To date, a large number of MYC-
regulated genes including CDKN2B (p15) and CDKN1A (p21) have
been identified (10,12-14). Those target genes such as CDKN1A
and CDKN2B are critical intermediators of MYC-mediated tum-
origenesis (13,15).

Methods

LncRNA Microarray

Total RNA extracted from four normal colon-derived fibroblast
cell lines (CCD-18Co, CCD-33Co, CCD-112CoN, CCD-841CoN),
four colorectal cancer cell lines (HT29, SW620, HCT116, RKO),
three primary CRC tissue samples and their matched normal
adjacent tissues (NATSs) (Origene), HCT116 cells treated with siC-
TRL or siMYC and RKO cells treated with siCTRL or siMYC that
was subjected to IncRNA microarray. Further details are avail-
able in Supplementary Methods (available online).

Patients and Primary Colorectal and Prostate Tissue
Samples

Primary colorectal and prostate tissue samples were provided
by the Department of Pathology at The Ohio State University
(OSU). All human tissues were obtained according to a protocol
approved by the Ohio State Institutional Review Board. Tissue
samples were fresh-frozen in liquid nitrogen after surgery and
kept at -80°C. Frozen tissue samples were homogenized using
the Tissue Ruptor (QIAGEN) before RNA extraction. Total RNA
was extracted using Trizol (Invitrogen) in accordance with man-
ufacturer’s instructions.

Xenograft and Tumor-Free Survival Analysis

Animal experiments were approved by The Ohio State University
animal care and use committee and conducted following The
Ohio State University animal policy in accordance with National
Institutes of Health guidelines. 0.5 million cells transfected
with indicated siRNAs 24 hours before injection were subcuta-
neously injected into the right flanks of five-week-old female
athymic nude mice (Jackson laboratory, four mice per group).
Further details are available in Supplementary Methods (avail-
able online).

NanoString Gene Expression Assay and Data
Analysis

For NanoString Gene expression assay analyses, the nCounter
Virtual Cell Cycle Gene Set was used, following manufacturer’s
instructions (NanoString Technologies). Briefly, total RNA (100ng)
was used as input for nCounter mRNA sample preparation
reactions. All sample preparation was performed according to
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manufacturer’s instructions (NanoString Technologies). Further
details are available in Supplementary Methods (available
online).

Rapid Amplification of cDNA Ends (RACE)

5" and 3’ RACE were performed using the SMARTer RACE cDNA
Amplification Kit (Clontech). All procedures were done in
accordance with manufacturer’s instruction. Total RNA from
HT29 or SW620 was used. Polymerase chain reaction (PCR) of
the internal region was performed when starting points of 5’
and 3’ RACE had an unamplified gap. All primers used for RACE
are presented in Supplementary Table 5 (available online).

Cells, Oligonucleotides, and Transfection

All cell lines were purchased from American Type Culture
Collection (ATCC) and cultured as recommended by the ATCC.
All experiments with cells were done between passage 4-9. All
custom siRNAs were designed by the Dharmacon custom siRNA
design tool based on sequence information identified by RACE.
For each MYCLo, two kinds of custom siRNAs were designed
and used. Further details are available in the Supplementary
Methods (available online).

Quantitative Real-Time PCR

Total RNA was prepared from cells using TRIZOL (Invitrogen)
in accordance with manufacturer’s instructions. Total RNA was
subjected to quantitative real-time PCR (qQRT-PCR). RNA levels
were analyzed using TagMan Gene Expression Assays, in accord-
ance with manufacturer’s instructions (Applied Biosystems). All
RT reactions, including no-template controls and RT minus con-
trols, were run in a GeneAmp PCR 9700 Thermocycler (Applied
Biosystems). Further details are available in the Supplementary
Methods (available online).

Cell Proliferation Assay

For cell proliferation assay, the MTS assay from Promega
(CellTiter 96 AQueous One Solution Cell Proliferation Assay)
was used following manufacturer’s instruction. Briefly, cells in
a 96-wells plate were incubated for 72 hours or 96 hours in a
humidified 5% CO, atmosphere after transfection with indicated
siRNAs, followed by addition of 20 pL CellTiter 96 AQueous One
Solution and one- to four-hour incubation in humidified 5% CO,
atmosphere. The absorbance at 490nm was recorded.

Flow Cytometry Analysis

For DNA content analysis, cells were fixed in methanol at -20° C,
washed again, rehydrated, resuspended in phosphate-buffered
saline containing 2 pg/mL propidium iodide (PI), and 5 pg/mL
RNase A and analyzed by BD FACS Calibur Flow Cytometer.

Luciferase Reporter Assay

Cells were plated in 24-well plates 24 hours before transfec-
tion. All plasmids constructed with pGL4-luc2P vectors were
cotransfected with control Renilla luciferase plasmid (pGL4-
hRluc/TK) and siRNAs, as indicated by using Lipofectamine 2000
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(Invitrogen). Further details are available in the Supplementary
Methods (available online).

Soft Agar Colony Formation Assay

Soft agar colony formation assay was performed with the
CytoSelect cell transformation assay (Cell Biolab, Inc.) in accord-
ance with the manufacturer’s instructions. The cells transfected
with indicated siRNA were incubated for 24 hours, followed by a
soft agar colony formation assay.

RNA Pull-Down Assay, Deletion Mapping, RIP, ChIP,
and Antibodies

RNA pull-down and deletion mapping were performed using
a Magnetic RNA-Protein Pull-Down kit (Pierce) in accordance
with the manufacturer’s instructions. The full-length or deleted
RNA samples were prepared using the LITMUS28i system and
T7 in vitro transcription kit (NEB) followed by biotin-labeling
at the 3’ end of in vitro transcribed RNA using the RNA 3’ End
Desthiobiotinylation kit (Pierce). Further details are available in
the Supplementary Methods (available online).

Data Access

The raw data of microarray analysis are deposited in the Gene
Expression Omnibus (GEO) under accession number GSE39846.
Primary data of Nanostring gene expression analysis are depos-
ited in the GEO under accession number GSE39077. Sequence
information of MYCLos is available in GenBank (Accession
number: MYCLo-1, JX046909; MYCLo-2, JX046910; MYCLo-3 v1,
JX046911; MYCLo-3 v2, JX628584).

Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS)

LC-MS/MS was performed by the Campus Chemical Instrument
Center (CCIC) Mass Spectrometry and Proteomics Facility at
The Ohio State University (OSU). Sample preparation and mass
spectrometry are fully described in the Supplementary Methods
(available online). Briefly, capillary-liquid chromatography tan-
dem mass spectrometry (Cap-LC/MS/MS) was performed on
a Thermo Finnigan LTQ mass spectrometer equipped with a
CaptiveSpray source (Bruker Michrom Billerica, MA) operated
in positive ion mode. The LC system was an UltiMate 3000 sys-
tem from Dionex (Sunnyvale, CA). Capillary-liquid chromatog-
raphy-nanospray tandem mass spectrometry (Capillary-LC/
MS/MS) of global protein identification was performed on a
Thermo Finnigan LTQ orbitrap mass spectrometer equipped
with a microspray source (Michrom Bioresources Inc., Auburn,
CA) operated in positive ion mode. Samples were separated on
a capillary column (0.2X150mm Magic C18AQ 3p 200A, Michrom
Bioresources Inc, Auburn, CA) using an UltiMate 3000 HPLC sys-
tem from LC-Packings A Dionex Co (Sunnyvale, CA).

Statistical Analysis

All graph values represent means + SD from three independent
experiments with each measured in triplicate. The differences
between two groups were analyzed with the unpaired two-sided
Student’s t test. A P value of less than .05 was considered statis-
tically significant and indicated with asterisks, as described in

figure legends. The Kaplan-Meier method was used to estimate
survival curves, and the log-rank test was used to test for differ-
ences between curves using SPSS Statistical Software (SPSS Inc.,
Chicago, IL). All statistical tests were two-sided.

Results

Identification of IncRNAs Dysregulated in CRC

To identify IncRNAs that are dysregulated in colorectal cancer,
we employed a IncRNA microarray to profile IncRNAs in nor-
mal colon-derived and CRC-derived cells and tissues. From the
microarray analysis covering 30 215 protein-coding transcripts
and 33 045 annotated and/or known IncRNAs, we observed
that a similar percentage (7%) of protein-coding transcripts
(2212 of 30215) and IncRNAs (2325 of 33045) are differentially
expressed (P < .05, greater than two-fold) in CRC (Figure 1, A
and B; Supplementary Table 1, available online). Of the identi-
fied 2325 IncRNAs (1265 upregulated and 1060 downregulated
IncRNAs in CRC) (Figure 1C), we selected top candidates with
our criteria (greater than 15-fold change and P < .01) and then
performed 5’ and 3’ rapid amplification of cDNA ends (RACE)
(Supplementary Figure 1, A and B, available online). Based on the
sequence information from RACE, we tested the expression lev-
els of the IncRNAs by using quantitative real-time PCR analysis
in CRC cells and tissues. Of the selected IncRNAs, four IncRNAs
named CCAT3, CCAT4, CCATS5, and CCAT6 (also named MYCLo-2)
are upregulated in CRC cell lines (Figure 1, D-G; Supplementary
Figure 1C, available online), and two IncRNAs named CCAT7 and
CCAT8 are downregulated in CRC cell lines (Figure 1, H and I;
Supplementary Figure 1C, available online). The results were
also confirmed by using 52 CRC tissues and their matched NATs
(Figure 1, J-0).

Further Identification and Characterization of
a Subset of CRC-Associated IncRNAs That Are
Regulated by Proto-Oncogene MYC

We tested MYC mRNA levels in multiple normal colorectal cell
lines (CCD-18Co, CCD-33Co, CCD-112CoN, CCD-841CoN), CRC-
derived cell lines (HT29, SW620, HCT116, RKO), CRC tissues,
and their matched NATSs that were used in IncRNA microarray
(Figure 1, A and B). As previously reported (16), MYC mRNA levels
were statistically significantly higher in the CRC samples than
in the normal colon samples (CCD18-Co, mean = 1, SD = .00925;
HCT116, mean = 17.21, SD = .40947; P = .0025) (Figure 2A). This
result suggests that MYC could be involved in the regulation of a
cohort of IncRNAs that are dysregulated in CRC (Figure 1B).

To further identify MYC-regulated IncRNAs among the IncR-
NAs dysregulated in CRC, we screened IncRNAs in CRC-derived
cells treated with MYC-targeting siRNAs (siMYC) by using
the IncRNA microarray (Supplementary Figure 2A, available
online). As a result (P < .05, greater than two-fold), we identi-
fied 324 MYC-regulated IncRNAs in HCT116 cells (Figure 2B;
Supplementary Table 2, available online) and 863 MYC-regulated
IncRNAs in RKO cells (Figure 2C; Supplementary Table 3, avail-
able online). To find out the most interesting candidates that are
regulated by MYC and dysregulated in CRC, we compared the
lists of IncRNAs differentially expressed in CRC-derived cells
(Figure 1B), siMYC-treated HCT116 cells (Figure 2B), and siMYC-
treated RKO cells (Figure 2C). By selecting IncRNAs commonly
found in the three groups, we finally isolated three IncRNAs
(AK021907, AC074389.9, and KTN1-AS1) upregulated by MYC
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Figure 1. Identification of long noncoding RNAs (IncRNAs) differentially expressed in colorectal cancer (CRC). A and B) Heatmaps of protein-coding transcripts (A) and
IncRNAs (B) dysregulated in CRC (HCT116, RKO, SW620, HT29, and CRC tissues), compared with normal colon (CCD-18Co, CCD-33Co, CCD112CoN, CCD-841-CoN and
colon normal adjacent tissues [NATs]). C) Volcano map indicating up- or downregulation of CRC-associated IncRNAs (CCAT1, CCAT3~8). D-G) Verification of induced
expression of CCAT3 (D), CCAT4 (E), CCATS (F), and CCAT6 (G) in CRC cell lines by using quantitative real-time polymerase chain reaction (qQRT-PCR). Data are means
+ SD of three independent experiments and each measured in triplicate. H and I) Verification of repressed expression of CCAT7 (H) and CCATS (1) in CRC cell lines by
using qRT-PCR. Data are means + SD of three independent experiments and each measured in triplicate. J-O) Differential expression of CCAT3 (J), CCAT4 (K), CCATS (L),
CCAT6 (M), CCAT7 (N), and CCATS8 (0) in 52 matched CRC and NAT tissues. Shown are box plots with lower and upper bounds of the boxes representing the 25th and
75th quartiles, respectively; whiskers demarcate values within the 10* to 90th percentiles, and solid circles indicate values less than the 10th percentile and greater

than the 90th percentile.

(Figure 2D). These MYC-regulated IncRNAs are named MYCLos
(AK021907, MYCLo-1; AC074389.9 [CCAT6], MYCLo-2; KTN1-AS1,
MYCLo-3). Of the three IncRNAs, MYCLo-2 is identical with CCAT6
that we identified and verified as the IncRNA upregulated in CRC
(Figure 1, G and M; Supplementary Figure 1B, available online).

By using 5’ and 3’ rapid amplification of cDNA ends (RACE),
we determined the presence and full length of the MYC-
regulated IncRNAs (Supplementary Figure 2B, available online;
MYCLo-2 is shown in Supplementary Figure 1B, available online).
The expression of the IncRNAs was also confirmed by Northern
blot (Supplementary Figure 2C, available online). The results
show that actual sequences of the IncRNAs are a little different
from the predicted sequences (Supplementary Figure 2D, avail-
able online) and MYCLos are localized in various genomic loci
such as chromosome 20, 7 and 14 (Supplementary Figure 2, E-G,
available online).

We next determined if MYC-mediated regulation of the
MYCLos is common in various types of cancer cells. MYC-
mediated regulation of MYCLos was observed in the cells from
various cancer types, indicating that MYC-mediated regulation
of MYCLos is conserved in many types of cancer and suggesting

a universal role of these IncRNAs in various MYC-driven can-
cer cells (Figure 2, E-G). By using an additional siRNA-targeting
MYC, we confirmed the MYC-mediated regulation of the MYCLos
(Supplementary Figure 2, H and I, available online).

To further verify the relationships between MYC and
MYCLos, we also examined their expression levels in 50 human
primary colorectal tissue samples (25 normal colon and 25 CRC
tissue samples) classified into four groups by MYC expression
level (Figure 2H). By comparing the expression levels of MYCLo-
1, -2, and -3 in the four groups, we found that expression levels
of MYCLo-1, -2, and -3 are statistically significantly associated
with MYC expression level (Figure 2, I-K). In addition, MYCLos
are highly expressed in CRC cell lines (Figure 1G; Supplementary
Figure 2, J and K, available online) that harbor MYC overexpres-
sion (Figure 2A).

To test whether MYC regulates MYCLo-1, -2, and -3 at the
transcription level, we exploited a luciferase reporter assay. The
promoter activities of the MYCLos were reduced by MYC knock-
down, indicating that MYC induces the MYCLos expression at
the transcription level (Figure 2, L-N). Using the database of
open chromatin TFBS by ChIP-seq from ENCODE/Open Chrom
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Figure 2. Identification of colorectal cancer [CRC]-associated IncRNAs directly regulated by MYC. A) Comparison of mRNA levels of MYC in normal colon-derived
(CCD-18Co, CCD-33Co, CCD112CoN, CCD-841-CoN, and colon normal adjacent tissue [NAT] samples) and CRC cells/tissues (HCT116, RKO, SW620, HT29, and CRC tissue
samples). Data are means = SD of three independent experiments and each measured in triplicate. B and C) Heatmaps of IncRNAs dysregulated by MYC knockdown in
HCT116 (B) and RKO (C). D) Venn diagrams showing the number of upregulated long noncoding RNAs (IncRNAs) in a MYC-dependent manner. Hypergeometric prob-
ability of three IncRNAs commonly found in all criteria is P(X=3) = 0.01. E-G) Quantitative real-time polymerase chain reaction (qQRT-PCR) results showing MYC-mediated
positive regulation of MYCLo-1 (E), -2 (F), and -3 (G) in various types of cancer cells. Data are means + SD of three independent experiments and each measured in
triplicate (**P = .0062; 1P = .001; 1P = .0079; P = .004; *P < .001). Statistical significance determined by unpaired two-sided Student’s t test. H-K) Expressional associations
between MYC (H) and MYCLos (MYCLo-1 [I], -2 [J], and -3 [K]) in 50 colorectal tissue samples. The number of samples in each group is eight (Group A), 17 (Group B), 15
(Group C), and 10 (Group D). The P values between Group A and Group D are indicated. Shown are box plots with lower and upper bounds of the boxes represent the
25th and 75th quartiles, respectively; whiskers demarcate values within the 10th to 90th percentiles, and solid circles indicate values less than the 10th percentile and
greater than the 90th percentile. Statistical significance was determined by the unpaired two-sided Student’s t test. L-N) Luciferase assays showing MYC-dependent
regulation of 5’ promoter activities of MYCLo-1 (L), -2 (M), and -3 (N). The promoter region of each MYCLo for luciferase assay is indicated with a red box in (0-Q), respec-
tively. Data are means + SD of three independent experiments and each measured in triplicate (*P = .01; 1P = .03; *P = .004). Statistical significance was determined by
the unpaired two-sided Student’s t test. 0-Q) The database of open chromatin TFBS by ChIP-seq from ENCODE/Open Chrom (UT Austin) shows that MYC binds to 5’
promoter regions of MYCLo-1 (O), -2 (P), and -3 (Q) in various types of cells such as GM12878, K562, HeLa, HepG2, and HUVEC. MYC-binding regions are indicated with
red boxes.



(UT Austin) (17), we also observed strong and common binding
of MYC to the promoters of the MYCLos in various cells (Figure 2,
0-Q). These results suggest that the MYC-induced MYCLos are
directly regulated by the transcription enhancer MYC at the
transcription level.

Effect of MYC-Induced MYCLos on Cell Proliferation
and Expression of MYC Target Genes Such as
CDKN1A and CDKN2B

The proto-oncogene MYC accelerates cell proliferation by regu-
lating many cell cycle regulator genes (10). To determine whether
MYC-induced MYCLos are involved in the MYC function, the
effect of MYCLos in cell proliferation was examined using siR-
NAs targeting MYCLos (siMYCLos). In HCT116 (colorectal cancer)
and PC3 (prostate cancer) cells, knockdown of MYCLo-1, -2, or -3
as well as MYC resulted in decreased cell proliferation (siCTRL,
3.63056+0.20821,siMYCLo-2,2.61959+0.0482, P < .001) (Figure 3A)
(siCTRL, 3.94523+0.2959, siMYCLo-2, 3.07757 £0.26933, P = .0048)
(Figure 3B). In addition, we exogenously introduced the MYC-
induced MYCLos to confirm their function in cell proliferation
(Supplementary Figure 3A, available online). Consistent with the
knockdown experiments, overexpression of the MYCLos in nor-
mal colon-derived fibroblasts resulted in enhanced cell prolifer-
ation (siCTRL, 2.77902+0.13299, siMYCLo-2, 3.56119+0.18969, P
< .001) (Figure 3C). These results indicate that the MYC-induced
MYCLos such as MYCLo-1, -2, and -3 are supportive to MYC func-
tion by enhancing cell proliferation.

MYC enhances cell cycle progression by regulating cell cycle
arrests, leading to an increase of cell proliferation rate (10). To
investigate if MYCLos also have a function in cell cycle regulation,
we analyzed the proportion of cell populations in each cell cycle
phase (G1, S, and G2). Knockdown of MYCLo-1 or -2 resulted in
accumulation of cells in the G1 phase, suggesting that MYCLo-1
and -2 are involved in the G1/S transition (Figure 3D). Knockdown
of MYCLo-3 led to accumulation of cells in the S and G2 phases,
suggesting the function of MYCLo-3 in G2 phase regulation (G1
phase, siCTRL, 64.58+0.34771, siMYCLo-1, 77.97333+0.70501,
P < .001, siMYCLo-2, 73.00667+0.4517, P < .001, siMYCLo-3,
59.25+0.42884,P<.001,siMYC,74.32333+0.97552,P<.001; Sphase,
siCTRL, 18.82+0.4613, siMYCLo-1, 12.11333+0.50501, P < .001,
siMYCLo-2, 13.95+0.5656, P <.001, siMYCLo-3, 20.55333+0.82779,
P =.047, siMYC, 12.93667 +1.26508, P < .0085; G2 phase, siCTRL,
15.85667 +0.35233, siMYCLo-1, 8.59333+0.02887, P < .001, siMY-
CLo-2, 11.82+0.31512, P < .001, siMYCLo-3, 10.35667 +0.37634,
P =.00662, siMYC, 18.80667 +0.67419, P < .001) (Figure 3D).

To identify cell cycle regulator genes modulated by the
MYC-induced MYCLos (MYCLo-1, -2, and -3), we used nCounter
Virtual Cell Cycle Gene Sets of the NanoString Gene Expression
Assay. Of 183 cell cycle regulator genes, a cohort of genes were
detected as downstream genes of MYCLos (P < .05, greater than
1.5-fold change): 19 genes regulated by MYCLo-1 (Figure 3E;
Supplementary Table 4-2, available online), 49 genes regulated by
MYCLo-2 (Figure 3F; Supplementary Table 4-3, available online),
and 13 genes regulated by MYCLo-3 (Supplementary Figure 3B
and Supplementary Table 4-4, available online). We also found
a subset of genes that are commonly regulated by MYC and the
MYCLos, by profiling cell cycle regulator genes dysregulated by
MYC knockdown (Supplementary Figure 3C and Supplementary
Table 4-1, available online).

Using qRT-PCR, we confirmed that elevated expression levels
of CDKN1A and CDKN2B by knockdown of MYCLo-1 or -2 as well
as MYC knockdown (Figure 3, G and H, left and middle panels;
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Supplementary Figure 3D, available online). We further verified
a few more cell cycle regulator genes such as YWHAB (14-3-3
alpha), SFN (14-3-3 sigma), and CFN (cofilin) that are also regu-
lated by MYC and MYCLo-2 (Figure 3H, middle panel). These ele-
vations are consistent with the effect of MYC knockdown, albeit
independent of MYC, Miz-1, and p53 expression levels (Figure 3, G
and H, right panels; Supplementary Figure 3D, available online).

MYCLos-Mediated Transcriptional Regulation
of CDKN1A and CDKN2B in the Distal Promoter
Regions

To demonstrate the mechanism by which the MYC-regulated
IncRNAs repress CDKN1A and CDKN2B expression, we amplified
two different regions in the promoters of CDKN1A and CDKN2B
genes, respectively, one including the proximal MYC-binding
(MB) region and the other including the upstream region with-
out the MB region (Supplementary Figure 4, A and B, available
online), and exploited the amplified regions for testing pro-
moter activity using a luciferase reporter assay (Figure 4, A and
B; Supplementary Figure 4, C and D, available online).

We first sought to test if MYCLo-1 and -2 are involved in
the transcriptional regulation of CDKN1A and CDKN2B in the
proximal MB regions on which MYC binds with the other MYC-
associated factors. Knockdown of MYC induced promoter activi-
ties of CDKN1IA and CDKN2B genes; however, their promoter
activities were not statistically significantly affected by knock-
down of MYCLo-1 or -2 (Supplementary Figure 4, C and D, avail-
able online). Interestingly, the knockdown of MYC also induced
their promoter activities in the distal promoter regions without
the MB region, and knockdown of MYCLo-1 or -2 also induced the
promoter activities of CDKN1A and/or CDKN2B (Figure 4, A and
B, available online). These results indicate that MYC can control
transcription activity of CDKN1A and CDKN2B not only in the
proximal region but also in the distal regions of their promot-
ers. In addition, the results also demonstrate that MYCLo-1 and
-2 are implicated in the MYC-regulated transcription activity of
CDKN1A and CDKN2B genes in their distal promoter regions.

To further identify the specific promoter regions of CDKN1A
and CDKN2B regulated by MYCLo-1 and -2, we serially deleted
the promoter region from the distal side and tested their pro-
moter activities (Figure 4, C and D, left panels). The luciferase
reporter assay using the deleted genomic regions of CDKN1A
promoter indicated that the CDKN1A promoter region approxi-
mately between -2768bp and -2480bp is critical for CDKN1A reg-
ulation by MYCLo-1 (Figure 4 C). The luciferase reporter assay
using the deleted genomic regions of CDKN2B promoter also
demonstrated that the CDKN2B promoter region approximately
between -840bp and -570bp is critical for CDKN2B regulation by
MYCLo-2 (Figure 4 D). These results reveal the specific promoter
regions that involve MYCLos in the MYC-mediated transcrip-
tional regulation of CDKN1A and CDKN2B.

Role of Physical Interactions Between MYCLos and
RNA Binding Proteins Such as HuR and hnRNPK

To investigate the mechanism by which MYCLos function, we
sought to identify the RNA-binding proteins for MYCLo-1 and
-2 using RNA pull-down assays. By incubating biotinylated RNA
or antisense RNA of the MYCLos with streptavidin beads and
nuclear cell extracts, we isolated proteins specifically associ-
ated with MYCLo-1 or -2 and resolved them on an SDS-PAGE
gel followed by mass spectrometry of the RNA-associated

ARTICLE



http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/dju505/-/DC1

dIOILYV

7 of 11 | JNCIJ Natl Cancer Inst, 2015, Vol. 107, No. 4

A B
5 1.5
o} 5] —e—siCTRL
€47 £ SIMYC
3 5 4| ——siMYClLo-1 Tq
=3 £ —e—siMYClo-2 "
Q 8 —s=— siMYCLo-3 Xy
E 205
51| 3
4 14
0 0
Ohr 24hr 48hr 72hr Ohr 24hr 48hr 72hr
C 5 9100 -1.5m m.+1.5
g —e—FEV X " msCTRL | Log, Fold Change
4 —a&— MY Clo-1 T » 80 ; .
€ =2 : m siMY CLo-1
2 , | A= wWEe? 18 &  siMYCLo-2
o] | kS u siMY ClLo-3
: 2 5 40 nsiMyC
£ <
§ 1 8 20
0 & o0

Ohr  24hr 48hr 72hr  96hr

()

oY CDKN1A CDKN2B
F 0\« @y 3 10 1.5
S 25 I t - ¥ MYCLo-1 mMYC
T~ S g T g e
\ 5, 1+ 8 8
B 6 1] 2
zZ p4 p4
¢ 15 4 x
g 24 2
E 1 ® * g
& 05 ¢ 2 I 4
0 0 -
v O N v O N
S & INHIROU N S
Al It
N N
5 o o o O
2N & O o~ O
2 N &
H CDKN2B
7 4 14
6 Tt *% m CDKN1A 12 | ¥ MYCLo-2 mMYC
o 5 B YWHAB s b
35 23| %CFL1 3 1
<4 k* < © SFN <
z zZ Z 0.8
o 3 o 2 ['4
2 Q © 06
) 52 kS B 04 TTTT
-1.5 mm+1.5 2 o 1 ° >
Log, Fold Change 1 j o 0.2
0 4 0
> O N9 N (] N 2 N
NI S & o ?. S & 2©
© e\qﬁ\i, ;§§ £ E\ q/é\é qﬁ\é Fe N eg_é e\qﬁ
o O o o I
o & ($ (©4 o O\’
L7«
AN &8 &

Figure 3. Effect of MYCLos knockdown on cell proliferation and cell cycle progression. A and B) Cell proliferation assays. HCT116 (n = 5, A) or PC3 (n = 4, B) cells were
treated with siRNAs (final concentration: 50nM), as indicated and subjected to proliferation assay every 24 hours (1P = .013; $P = .0048; P = .009; *P < .001). Error bars
represent standard deviation. C) Cell proliferation assay. CCD-18Co cells were transfected with pcDNA3.3 plasmids (EV) expressing MYCLo-1, -2, or -3 and subjected to
a cell proliferation assay every 24 hours (n = 3) (*P = .001; 1P = .0045; $P = .0025). Error bars represent standard deviation. D) Proportion of cells in each cell cycle phase
determined by flow cytometry analysis. HCT116 cells were treated with siRNAs (50nM) as indicated and analyzed 48 hours after transfection. Data are mean + SD of
three independent experiments and each measured in triplicate (P = .047; 1P = .0085; P = .00662; *P < .001). E) Heatmap representing cell cycle regulator genes dys-
regulated by MYCLo-1. The genes that are commonly regulated by MYC are indicated. Expression values displayed in gradient of red and blue are Log2-transformed fold
change. The list of the dysregulated genes is available in Supplementary Table 4 (available online). F) Heatmap representing cell cycle regulator genes dysregulated by
MYCLo-2.The genes that are commonly regulated by MYC are indicated. Expression values displayed in gradient of red and blue are Log2-transformed fold change. The
list of the dysregulated genes is available in Supplementary Table 4 (available online). G) Quantitative real-time polymerase chain reaction (QRT-PCR) results showing
MYC-independent regulation of CDKN1A (left) and CDKN2B (middle) expression by MYCLo-1 knockdown (right). HCT116 cells were treated with 50nM siRNAs target-
ing MYC or MYCLo-1 for 72 hours. Data are mean + SD of three independent experiments, measured in triplicate (+1P = .003; §P = .0017; ||P = .013; 1P = .013; P = .001;
#P =.002; "P < .001). H) gRT-PCR results showing MYC-independent regulation of CDKN2B (left), CDKN1A, YWHAB, CFL1, and SFN (middle) expression by MYCLo-2 knock-
down (right). HCT116 cells were treated with 50nM siRNAs targeting MYC or MYCLo-2 for 72 hours. Data are mean + SD of three independent experiments and each
measured in triplicate (**P = .03; +1P = .002; ||[P = .003; §P = .01; tP = .001; P = .005; #P = .016; P = .004; *P < .001). Statistical significance was determined by the unpaired
two-sided Student’s t test.
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Figure 4. Interactions between MYCLo-1/2 and RNP binding proteins (HuR and hnRNPK) and their involvement in the regulation of 5’ promoter activities of CDKN1A
and CDKN2B. A and B) Schematics (top) of pGL4 luciferase vectors inserted with distal 5’ promoter regions (blue bars) of CDKN1A (A) and CDKN2B (B). Red bars depict
proximal promoter regions where MYC binds (MB). Luciferase reporter assays (bottom) representing transcription activity of the distal 5’ promoter regions of COKN1A
(A) and CDKN2B (B) in HCT116 cells transfected with the pGL4 luciferase vectors and siRNAs as indicated. Data are mean =+ SD of three independent experiments and
each measured in triplicate (P = .024; *P < .001). C and D) Luciferase reporter assays to identify specific 5’ promoter regions of CDKN1A (C) and CDKN2B (D), where
MYCLo-1 and -2 regulate their promoter activities, respectively. Data are mean + SD of three independent experiments and each measured in triplicate (*P = .027;
1P =.014; *P < .001). E and F) RNA pull-down assays showing the interactions between MYCLo-1 and HuR (E), and MYCLo-2 and hnRNPK (F). Total protein in SDS-PAGE
gel was analyzed by liquid chromatography-tandem mass spectrometry. Western blot data are representative of two independent experiments. G and H) RIP assays
and quantitative real-time polymerase chain reaction detection demonstrating the specific interactions between HuR and MYCLo-1 (G), and hnRNPK and MYCLo-2
(H). Data are mean + SD of three independent experiments and each measured in triplicate (*P < .001). I and J) Deletion mapping analyses showing the importance
of central region of MYCLo-1 (I, 401~690bp) and of marginal regions of MYCLo-2 (J, 71~170bp and 608~658bp) in the interactions with HuR and hnRNPK, respectively.
Data are representative of three independent experiments. K and L) ChIP assays showing that HuR binds to the specific 5’ promoter region of CDKN1A, where MYCLo-1
regulates its transcription activity (K) and that hnRNPK binds to the specific 5’ promoter region of CDKN2B, where MYCLo-2 regulates its transcription activity (L). Data
are representative of three independent experiments.
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total proteins (Figure 4, E and F, upper panels). As a result, we
identified 10 proteins associated with MYCLo-1 and 8 proteins
associated with MYCLo-2 (Supplementary Figure 4, E and F,
available online). Of the identified proteins, we found RNA-
binding protein ELAVL1 (HuR) in the MYCLo-1 pull-down assay
(Supplementary Figure 4E, available online). In addition, we
found hnRNPK and hnRNPR as RNA-binding proteins interact-
ing with MYCLo-2 (Supplementary Figure 4F, available online).
The counted number of peptides indicates that MYCLo-2 more
preferentially interacts with hnRNPK (46 peptides) than hnRNPR
(6 peptides) (Supplementary Figure 4F, available online). By
using an RNA-Protein Interaction Prediction program (RPISeq)
(18), we also observed the high probability of HuR-MYCLo-1 and
hnRNPK-MYCLo-2 interactions (Figure 4, G and H). The interac-
tions were also verified by using Western blot analysis (Figure 4,
E and F, lower).

To further confirm the interactions (HuR-MYCLo-1 and
hnRNPK-MYCLo-2), we conducted RNA immunoprecipitation
(RIP) using antibodies against HuR or hnRNPK. Consistent with
the results of RNA pull-down assay, MYCLo-1 is abundant in RIP
samples using HuR antibodies as compared with the samples
using nonspecific (negative control using IgG antibody) antibod-
ies (Figure 4G), and MYCLo-2 is enriched by RIP using hnRNPK
antibodies (Figure 4H). To determine which specific regions of
MYCLo-1 and -2 interact with HuR or hnRNPK, we performed
deletion-mapping experiments using truncated MYCLo-1 or
MYCLo-2 (Figure 4, I and ], upper panels). The analyses sug-
gest that HuR interacts with the central region (401~690bp) of
MYCLo-1 (Figure 4I, lower panel). On the other hand, the vari-
ous 5’ or 3’ deletions of MYCLo-2 do not affect the interaction
between MYCLo-2 and hnRNPK (Figure 4J, lower panel). However,
the enrichment of hnRNPK in full-length (#4) and partially
deleted (#5, deleted in 1-70nt) RNAs of MYCLo-2 suggests that
hnRNPK might interact with at least two regions of MYCLo-2 (71-
170nt and 608-658nt). The prediction analysis (RPISeq) using the
sequence of the central regions of MYCLo-1 and -2 also shows
that the regions are strongly predicted to interact with the RNA-
binding proteins, supporting the conclusion (Supplementary
Figure 4, G and H, available online).

We identified the specific regions in the promoters of
CDKN1A (-2768bp~-2480bp) and CDKN2B (-840bp~-570bp) genes
that implicate MYCLo-1 and -2 in transcriptional regulation of
the genes (Figure 4, C and D). To determine whether MYCLo-1/
HuR and MYCLo-2/hnRNPK complexes are involved in the regu-
lation at the specific promoter regions by direct interaction, we
performed a chromosome immunoprecipitation (ChIP) assay. By
using antibodies against HuR, we observed that HuR interacts
with the specific region (-2736bp~-2487bp) in the promoter of
CDKN1A (Figure 4K). The result of the ChIP assay using anti-
bodies against hnRNPK also shows that hnRNPK interacts with
the specific region (-629bp~-461bp) of the CDKN2B promoter
(Figure 4L). The coincidence of MYCLos function and HuR/
hnRNPK binding strongly suggests that HuR is implicated in the
transcriptional repression of CDKNIA through interaction with
MYCLo-1 and that MYCLo-2 represses CDKN2B transcription by
interacting with hnRNPK.

Oncogenic Function of MYCLo-2

By using northern blot, we confirmed the overexpression of
MYCLo-2 (CCATS6) in CRC cell lines (Supplementary Figure 5A,
available online). In addition, the comparison of individual pairs
of the tissue samples clearly shows that most CRC tissues har-
bor very high expression levels of MYCLo-2 and that MYCLo-2 is

more highly expressed in 46 CRC tissues of the 52 pairs of the
matched tissue samples (Figure 5A). In addition, MYCLo-2 is also
overexpressed in PC cells and tissues, compared with normal
prostate-derived cells (Figure 5, B and C).

The knockdown of MYCLo-2 statistically significantly reduced
the number of cells and colonies in colony formation assays in
vitro, indicating that MYCLo-2 has a role in tumor cell transfor-
mation (HCT116 cell number, siCTRL, 1+0.06391, siMYCLo-2-1,
0.66259+0.08495, P = .0066, siMYCLo-2-2, 0.66259+0.08495,
P = .00315; PC3 cell number, siCTRL, 1+0.02433, siMYCLo-2-1,
0.62727+0.08494, P = .01185, siMYCLo-2-2, 0.6278+0.04929,
P =.00151; HCT116 colony number, siCTRL, 100+ 23.52415, siMY-
CLo-2-1, 53.90625+23.85053, siMYCLo-2-2, 48.4375+6.50521;
PC3 colony number, siCTRL, 100+28.11947, siMYCLo-2-1,
34.04255+15.53823, siMYCL0-2-2, 44.68085 +8.14832) (Figure 5D;
Supplementary Figure 5B, available online). We also examined
the knockdown effect of MYCLo-2 in tumorigenesis by using in
vivo xenografts of tumor cells transfected with MYCLo-2 siRNAs.
Consistent with our data supporting the oncogenic function
of MYCLo-2, tumor development was statistically significantly
inhibited by MYCLo-2 depletion in both CRC-derived (HCT116)
and PC-derived (PC3) cells (Figure 5E; Supplementary Figure 5C,
available online). These results demonstrate that MYCLo-2 is not
only overexpressed in tumors but also involved in tumorigen-
esis and tumor growth.

Discussion

In this work, we identified novel IncRNAs differentially regu-
lated in CRC by profiling CRC cells and tissues. In addition,
MYC-regulated IncRNAs named MYCLos were further identified.
MYCLos participate in cell proliferation and cell cycle regulation
by modulation of expression of known MYC target genes such
as CDKN1A and CDKN2B. We further found that MYCLo-1 physi-
cally interacts with HuR and MYCLo-2 with hnRNPK. Further
data support that these interactions might be involved in the
regulation of MYC targets such as CDKN1A and CDKN2B. Lastly,
we show that knockdown of MYCLo-2 inhibits cancer cell trans-
formation and tumorigenesis.

In addition to the recent studies that identified a couple of
CRC-associated IncRNAs such as CCAT1 and CCAT2, we discov-
ered and verified more novel CRC-associated IncRNAs (7-9). In
addition, we identified the IncRNAs that are downregulated in
CRC, suggesting their putative tumor suppressor function. The
up- or downregulation of a newly identified IncRNA named
CCAT3-8 suggests the function of IncRNAs in CRC. Furthermore,
the dysregulation of CCAT3-8 in CRC tissue samples supports
our suggestion for putative function of CCAT3-8 in cancer patho-
genesis. Indeed, our results show that CCAT6 (MYCLo-2) have a
role in oncogenesis. To elucidate the oncogenic or tumor-sup-
pressive function of other IncRNAs, further studies are required.

By further identification of MYC-regulated IncRNAs in CRC-
associated IncRNAs, we also revealed an unknown mechanism
of MYC function through IncRNAs. MYC-regulated IncRNAs,
such as MYCLo-1 and MYCLo-2, regulate known MYC target
genes, such as CDKN1A and CDKN2B, through the interactions
with HuR and hnRNPK. To date, many studies have reported a
potential role of the RNA-binding proteins such as hnRNPK and
HuR in cancer (19-21). However, no notable mechanism of their
function in cancer has been reported yet. Here, our results raise
the possibility that IncRNAs associated with hnRNPK or HuR
might be related to their function in cancer.

Recent reports show that CDKN1A (p21) is a critical target
gene of MYC. MYC-repressed CDKN1A expression is involved
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Figure 5. Function of MYCLo-2 in cancer cell transformation and tumorigenesis. A) Comparison of expression level of MYCLo-2 in each pair of CRC tissues (red) and
their matched normal adjacent tissues (NATs) (black). B) Quantitative real-time polymerase chain reaction (QRT-PCR) results showing significant overexpression of
MYCLo-2 in PC-derived cell lines, compared with normal prostate-derived cell lines. Data are mean + SD of three independent experiments and each measured in
triplicate. C) Box and whisker plot (left) showing the significant overexpression of MYCLo-2 in PC, compared with their matched NAT (25 pairs of primary tissues).
Comparison of expression level (right) of MYCLo-2 in each pair of PC tissues (red) and their matched NATs (black). D) Soft agar colony formation assays indicating that
knockdown of MYCLo-2 causes a decreased number of cells (left) and colonies (right) in CRC-derived (HCT116) and PC-derived (PC3) cells. Data are mean + SD of three
independent experiments, each measured in triplicate (#P =.0066; §P = .00315; *P =.01185; ||P = .00151; **P = .003322; 1P = .001821; q|P = .0107; P = .02474). E) Kaplan-Meier
plot of tumor-free survival analysis in athymic nude mice xenografted with siRNA-treated HCT116 (left) or PC3 (right) cells as indicated. The Kaplan-Meier method was
used to estimate survival curves, and the log-rank test was used to test for differences between curves using SPSS Statistical Software (SPSS Inc., Chicago, IL).

in various MYC functions such as cell cycle, cell death, cellular suggesting IncRNA involvement in the versatile functions of
senescence, tumorigenesis, epithelial-mesenchymal transition, MYC. Although we tried to establish stable knockdown cells of
and stemness (15,22-25). Our data show that MYC-regulated MYCLo-2, the cells harboring MYCLo-2 knockdown disappeared
IncRNAs are involved in transcriptional repression of CDKN1A, from the mixed cell population in a couple of weeks and single
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clonal cells with MYCLo-2 knockdown were extinct, suggesting
that knockdown of MYCLo-2 inhibits cell cycle progression at the
early stage; however, it may have a role in other processes such
as cellular senescence and cell death.

Although we show that IncRNAs such as MYCLo-2 are regu-
lated by MYC in a wide range of cancer types, we verified their
overexpression and oncogenic function in colorectal and pros-
tate cancer. To expand the knowledge of MYCLo-2 in other types
of cancer, further investigation is required. We identified the
IncRNAs in human cancers. Therefore, their homologous IncR-
NAs such as Myclos in rodents are not yet known. For better
understanding of the IncRNAs in vivo, the identification of their
counterparts in rodents is highly needed. Finally, other IncRNAs
identified in this study also remain to be characterized in future
studies.

The transcription factor MYC is a well-known regula-
tor of cell stemness (26). It was recently reported that dicer
deficiency may cause deregulation of IncRNA through MYC
dysregulation in embryonic stem cells (27). The results also
support that MYC-regulated IncRNAs have a critical role not
only in oncogenesis but also in other MYC functions. Although
we identified and characterized several IncRNAs associated
with CRC and MYC, more IncRNAs remain to be explored. Our
findings suggest new targets of cancer and MYC-associated
pathogenesis.
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