MINCR is a MYC-induced IncRNA able to modulate
MYC's transcriptional network in Burkitt
lymphoma cells
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Despite the established role of the transcription factor MYC in
cancer, little is known about the impact of a new class of transcrip-
tional regulators, the long noncoding RNAs (IncRNAs), on MYC ability
to influence the cellular transcriptome. Here, we have intersected
RNA-sequencing data from two MYC-inducible cell lines and a cohort
of 91 B-cell lymphomas with or without genetic variants resulting
in MYC overexpression. We identified 13 IncRNAs differentially ex-
pressed in IG-MYC-positive Burkitt lymphoma and regulated in
the same direction by MYC in the model cell lines. Among them,
we focused on a IncRNA that we named MYC-induced long noncod-
ing RNA (MINCR), showing a strong correlation with MYC expression
in MYC-positive lymphomas. To understand its cellular role, we per-
formed RNAi and found that MINCR knockdown is associated with
an impairment in cell cycle progression. Differential gene expression
analysis after RNAi showed a significant enrichment of cell cycle
genes among the genes down-regulated after MINCR knockdown.
Interestingly, these genes are enriched in MYC binding sites in their
promoters, suggesting that MINCR acts as a modulator of the MYC
transcriptional program. Accordingly, MINCR knockdown was asso-
ciated with a reduction in MYC binding to the promoters of selected
cell cycle genes. Finally, we show that down-regulation of Aurora
kinases A and B and chromatin licensing and DNA replication factor 1
may explain the reduction in cellular proliferation observed on
MINCR knockdown. We, therefore, suggest that MINCR is a newly
identified player in the MYC transcriptional network able to control
the expression of cell cycle genes.

YC is a transcription factor belonging to the basic helix—
loop-helix zipper family that was originally identified in

Burkitt lymphoma (BL) because of a chromosomal translocation
that juxtaposes the MYC oncogene with one of three immuno-
globulin (Ig) loci (1-3). In BL, the deregulation of the oncogenic
transcription factor MYC is considered to be the major driving

force in lymphoma development (4, 5). MYC overexpression is
not restricted to BL and has been found to be a common feature

Significance

Gains of the MYC gene are the most common imbalances in
cancer and are associated with poor prognosis, particularly in
B-cell lymphoma. Recent advances in DNA sequencing have
revealed the existence of thousands of long noncoding RNAs
(IncRNAs) with unknown functional relevance. We have here
identified a MYC-regulated IncRNA that we named MYC-induced
long noncoding RNA (MINCR) that has a strong correlation with
MYC expression in cancer. We show that MINCR is functional and
controls cell cycle progression by influencing the expression of
MYC-regulated cell cycle genes. MINCR is, therefore, a novel
player in MYC's transcriptional network, with the potential to
open new therapeutic windows in the fight against malignant
lymphoma and, possibly, all cancers that rely on MYC expression.

Author contributions: G.D., S.H., R.S., and I.I. designed research; C. Lépez, S.D., F.W., L.D.,
K.K., M. Schneider, M. Szczepanowski, M.A.W., and I.I. performed experiments; A.B., B.B.,
AC, S.Haas, MH, DK, WK, RK, D.L, LM-L, P.M, G.O., MR, AR, S.S., LT, and .M.-S.C.
contributed new reagents/analytic tools; G.D., A.H., S.H.B., J.LH., H.K., M.K,, C. Lawerenz,
M.L, P.R., AR, M. Schilhabel, I.S., S. Hoffmann, and IL.I. analyzed data; R.S. and I.I. wrote
the paper; A.H., J.R,, and R.S. coordinated the IGCG MMML-Seq Project; A.K.B. and H.G.S.
provided data in the context of the BLUEPRINT project.

The authors declare no conflict of interest.

Data deposition: The sequence data reported in this paper has been deposited in the European
Genome-Phenome Archive, www.ebi.ac.uk/ega/ (study no. EGAS00001001199).

'A complete list of the ICGC MMML-Seq (International Cancer Genome Consortium
Molecular Mechanisms in Malignant Lymphoma by Sequencing) can be found in the
Supporting Information.

2To whom correspondence should be addressed. Email: iiaccarino@medgen.uni-kiel.de.


http://www.ebi.ac.uk/ega/
https://www.ebi.ac.uk/ega/search/site/EGAS00001001199
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505753112/-/DCSupplemental/pnas.1505753112.sapp.docx
mailto:iiaccarino@medgen.uni-kiel.de

of many tumors of different origins (6). Amplification of the
genomic region containing MYC was actually found to be the
most frequent somatic copy number alteration in a panel of 3,131
cancer specimens belonging to 26 histological types (7).

The correlation between the changes in gene expression and
the phenotypic changes induced by MYC has been the focus of
several reports. Although activation of genes involved in protein
biosynthesis, energy metabolism, and cell cycle regulation by
MYC is consistent with its ability to drive cell growth and pro-
liferation, the search for “the oncogenic” MYC target genes has
been relatively frustrating. This inconsistency is partly due to the
fact that MYC is able to modulate the transcription of up to 15%
of all protein coding genes (8, 9). Another layer of complexity is
added by the finding that MYC can interact with several proteins
able to induce chromatin modifications associated with active
transcription, like TRRAP (10), GCNS5 (11), and TIP60 (12).
MYC was also found bound to components of the P-TEFb
complex and to influence general transcriptional pause release
(13). Recent findings suggest that MYC may behave as an am-
plifier of a cell/tissue-specific transcriptional program (14, 15).
Nevertheless, this effect cannot be observed universally and has
been suggested to be an indirect effect of the regulation by MYC
of specific sets of genes (16, 17).

Next generation sequencing experiments have revealed that up
to 70% of the human genome is actively transcribed from one or
both strands (18), with only 2% of the genome being dedicated to
coding genes (19, 20). The functional relevance of this large amount
of noncoding transcripts remains mostly unknown, but the number
of reports showing effects on cellular physiology and aberrant ex-
pression in several diseases is quickly increasing (21-25).

The largest portion of the mammalian noncoding transcriptome
is made of a class of heterogeneous RNAs: the long noncoding
RNAs (IncRNAs) (26). The GENCODE v7 catalog of human
IncRNAs estimates a total number of 14,880 IncRNAs (27), but
with the rapid increase in RNA sequencing (RNA-seq) data, the
number of IncRNAs may soon overcome that of coding genes.
IncRNAs have been associated with diverse functions, including
X-chromosome inactivation (28, 29), differentiation (30), modu-
lation of p53 activity (21), and formation of subnuclear domains
(31, 32). Several IncRNAs were found to recruit RNA binding
proteins and affect histone modifications, with immediate ramifi-
cations on gene regulation (33, 34). IncRNAs have also been
shown to be differentially expressed in specific cancer types, where
they can have a key role in the control of cellular proliferation (22,
23). Evidence for a strong requirement of IncRNA expression for
normal mammalian development and physiology has also come
from functional studies in knockout mouse models (24).

Much work has been done on the analysis of specific patterns
of transcription associated to different subtypes of B-cell lym-
phomas (35-37). Theses analyses typically addressed the ex-
pression level of annotated coding genes by means of microarray
technology. In this study, we used RNA-seq to focus on gene
expression changes associated to IncRNAs, with the aim of
identifying MYC-regulated IncRNAs potentially involved in
lymphoma development. To do this, we analyzed RNA-seq data
of samples from the major subtypes of mature B-cell lymphomas,
namely BL, diffuse large B-cell lymphoma (DLBCL), and fol-
licular lymphoma (FL), compared with data from normal ger-
minal center (GC) B cells. These data were intersected with data
coming from cell lines expressing MYC in an inducible manner
to identify MYC-regulated IncRNAs. This approach led to the
identification of a group of IncRNAs differentially expressed in
BL relative to normal GC B cells and regulated by MYC in the
same direction in two cell model systems. We focused our
analysis on an up-regulated transcript showing the highest posi-
tive correlation with MYC expression, which we named MYC-
induced long noncoding RNA (MINCR). By using RNAi, we
show that MINCR knockdown is associated with reduced cellu-

lar proliferation in three different cell types. In line with this
finding, RNA-seq of cells knocked down for MINCR expression
showed a significant reduction in the expression of genes func-
tionally important for cell cycle progression.

Results

Identification of BL-Specific MYC-Regulated IncRNAs. With the aim
of identifying MYC-regulated IncRNAs that could play a driving
role in lymphoma development, we set up a bioinformatic
pipeline to screen for IncRNAs differentially regulated in MYC-
inducible model cell lines and a set of BL samples. In particular,
we used RNA-seq data obtained from (i) hT-RPE-MycER cells,
an immortalized retinal pigment epithelial cell line expressing the
MycER fusion protein (a cell line shown to be a relevant tool for
the study of several aspects of MYC activity in oncogenic transfor-
mation) (38, 39); (if) P493-6 cells, an immortalized B-lymphoblastic
cell line carrying a tetracyclin-inducible MYC construct that was
shown to be a good model to study MYC-induced lymphomas (40,
41); and (iii ) 91 GC B cell-derived lymphoma samples subjected to
RNA-seq in the framework of the International Cancer Genome
Consortium project on malignant lymphoma [ICGC MMML-Seq
(International Cancer Genome Consortium Molecular Mecha-
nisms in Malignant Lymphoma by Sequencing)], including 16 BLs,
35 DLBCLs, 40 FLs, and 4 controls (normal GC B-cell samples)
(Table S1).

We identified IncRNAs that are differentially regulated on MYC
activation in either of two model cell systems. This analysis re-
vealed 960 and 143 IncRNAs significantly differentially expressed
by activation of MYC in the P493-6 cells and the hT-RPE-MycER
cells, respectively. Parallel analysis of 16 BL samples of the ICGC
MMML-Seq Cohort compared with the normal GC B-cell samples
revealed 514 and 367 IncRNAs significantly up- and down-regu-
lated in BL, respectively. Finally, to identify IncRNAs that are both
MYC-regulated and -deregulated in BL, we intersected the data
coming from the two model cell lines with those obtained from the
lymphomas. This approach led to the identification of 20 IncRNAs
that were regulated in the same direction by MYC in the cell
model systems and primary BL (Fig. 14). A manual inspection of
the identified IncRNAs revealed that 7 of these 20 could be con-
sidered false positives, corresponding to misannotated 3'UTRs of
coding genes or pseudogenes. A list of the remaining 13 bona fide
BL-specific and MYC-regulated IncRNAs is presented in Fig. 1C,
and their sequence-based expression values in BL and normal GC
B cells are shown in Fig. 1B.

The finding that the identified IncRNAs are regulated by
MYC in two different MYC-inducible model cell systems sug-
gested that MYC could be either directly or indirectly involved in
transcriptional regulation of those RNAs. To address this point,
we analyzed 13 IncRNAs at the genomic and transcriptomic
levels to find out if (i) the promoters of these transcripts are
bound by MYC in ChIP experiments, (ii) the promoters of these
transcripts are characterized by other chromatin marks associ-
ated with active transcription, and (iii) there is a positive cor-
relation between MYC expression and the expression of 13
IncRNAs. To answer the first question, we analyzed available
data from MYC ChIP-sequencing (ChIP-seq) experiments per-
formed with P493-6 cells under MYC low or MYC high ex-
pression (16) as well as MYC ChIP-seq experiments performed
in BL cell lines (42). We found that 7 of 13 IncRNAs were bound
by MYC under MYC high conditions in the region around the
transcriptional start site (TSS) (Fig. 1C). Furthermore, five of
them were also bound by MYC in at least one of the BL cell lines
analyzed in ref. 42. These data suggest that some of the identified
IncRNAs may be direct MYC target transcripts. Next, we asked if
the 13 IncRNAs could be identified as actively transcribed regions
by looking at chromatin marks and the DNA methylation status of
their promoters. We took advantage of data generated by the
BLUEPRINT Project on B-cell malignancies using the cell lines
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Fig. 1. Identification of BL-specific, MYC-regulated IncRNAs. (A) Venn diagram showing the intersection of BL-specific IncRNAs (those differentially expressed
in BL compared with normal GC B cells) and IncRNAs regulated by MYC in the same direction in hT-RPE-MycER cells and P493-6 cells. (B) Heat map showing an
unsupervised hierarchical clustering of the expression intensities in the BL samples of 13 of 20 IncRNAs found at the intersection between three datasets
compared as in A. The heat map clearly separates the control (Ctrl) and BL samples. Yellow indicates high expression, and red indicates low expression. (C) List
of 13 IncRNAs identified as differentially expressed in BL samples relative to controls (normal GC B cells) and regulated by MYC in the same direction in the
two MYC-inducible cell lines P493-6 and hT-RPE-MycER. For each IncRNA, the figure shows the Ensembl gene identification, the chromosomal location, the
Spearman’s rank correlation with MYC expression level (MYC correlation) and the significance of this correlation (P value; n.s., not significant), the mean
expression (defined as reads per kilobase of transcript per million mapped reads, RPKM) in the four Ctrl samples (mean RPKM Ctrl), the mean expression in 16 BL
samples (mean RPKM BL), the presence of MYC binding regions around the IncRNA’s TSS (MYC ChIP) in P493-6 cells expressing low (L) or high (H) MYC according
to ref. 16 and at least one BL cell line according to ref. 42. For the MYC-bound region in P493-6 cells, the peak intensity values are also shown. For each IncRNA
the table also shows information on the chromatin status and the level of promoter accessibility in terms of DNA methylation and presence of DNase | hy-
persensitive sites (DHS) at the TSS according to data from ENCODE (43) and the BLUEPRINT Consortium. Analysis of TSS methylation was performed using whole-
genome bisulfite sequencing data of normal GCB cells (Ctrl), BL samples (BL), and DLBCL and FL samples (non-BL). In the chromatin states analysis, the following
abbreviations were used: GM, B lymphoblastoid cell line GM17828; BL, BL cell lines BL-2 and DG-75; NBL, non-BL cell lines SU-DHL-5 and KARPAS-422.

BL-2, DG-75, SU-DHL-5, and KARPAS-422 as well as data on a
B-lymphoblastoid cell line (GM12878) from the Encyclopedia of
DNA Elements (ENCODE) Project (43) and whole-genome bi-
sulfite sequencing data from the IGCG MMML-Seq Project. The
data presented in Fig. 1C show that at least 10 of 13 IncRNAs
were defined as either transcribed regions or active promoters
based on the analysis of several chromatin marks. Furthermore,
most of them were characterized by hypomethylation of the region
around the TSS and the presence of a DNase I hypersensitive site,
suggesting that they can be considered active transcriptional units,
at least in the B-cell lineage. Finally, as additional evidence of a
direct regulation by MYC, we compared the expression level of
the identified IncRNAs with MYC expression in 16 BL samples
that are part of the ICGC MMML-Seq Cohort. In Fig. 1C, we
ranked these IncRNAs according to their Spearman’s rank cor-

relation with MYC expression level and the significance of this
correlation (P value). The correlation analysis shows that, al-
though 6 of 10 IncRNAs identified had a positive correlation with
MY C expression, only for 1 of them (ENSG00000253716) did the
correlation have a significant P value (Fig. 1C).

Characterization of the IncRNA MINCR. Among 13 IncRNAs shown
in Fig. 1C, ENSG00000253716 seemed to be the best candidate as
the MYC-regulated transcript that could play a role in the devel-
opment of MYC-positive B-cell lymphomas. ENSG00000253716
had the highest and most significant positive correlation with
MYC expression levels and showed the presence of MYC
binding regions around its TSS in BL cells and P493-6 cells, with
increasing peak intensity in MYC high conditions in P493-6 cells.
Finally, ENSG00000253716 had all of the marks associated with



open chromatin and active transcription in normal and malig-
nant B cells, and its MYC inducibility could be validated by
quantitative RT-PCR (qRT-PCR) in both hT-RPE-MycER and
P493-6 cell lines (Fig. 2B). We also found that the expression of
ENSG00000253716 was reduced after MYC knockdown in BL
cell lines (Fig. S14). Based on these observations, we decided to
concentrate additional experiments on this transcript, which we
named MINCR.

The MINCR gene is located on chromosome 8q24.3 and
intergenic to the two coding genes GLI4 and ZNF696, with
distances of 3 and 9.5 kb, respectively. Using BLAST, we found
MINCR to be conserved throughout primates, with the exception
of Galago (bushbaby), but not in other vertebrates (alignment
shown in Fig. S2). MINCR also has a RefSeq entry defined as
uncharacterized LOC100507316. ENCODE annotates at least six
different isoforms transcribed from the MINCR gene locus, with a
long isoform (MINCR_L) composed of three exons and all others
containing two exons. A schematic depiction of MINCR intron—
exon structure is shown in Fig. 24. Analysis of sequence reads
mapping of RNA-seq data from both MYC-inducible cell lines and
lymphoma samples fits well with the junctions of the annotated
transcripts and additionally, suggests a certain degree of intron
retention (Fig. 24). Our analysis also shows that the number of
reads spanning exons 1 and 2 is much higher than those spanning
exons 2 and 3, arguing that the expression of the short isoform
(MINCR _S) may be two times higher than the expression of
MINCR_L. A qRT-PCR analysis performed using isoform-specific
sets of primers confirmed that, indeed, the most abundant isoforms

A

are MINCR_S and MINCR_L, with MINCR_S being more
expressed than MINCR_L (Fig. 2C). Finally, both MINCR_S and
MINCR _L are induced after MYC activation in hT-RPE-MycER
cells (Fig. S1B).

MINCR_L and MINCR_S are 696 and 379 nt long, re-
spectively. To define MINCR coding potential, we analyzed the
coding potential calculator (CPC) score for both isoforms. Fig.
S34 shows that the CPC scores for MINCR_L and MINCR_S
are —1.146 and —1.148, respectively, and they are in a range
similar to that observed for the experimentally validated IncRNA
XIST (-0.95). On the contrary, the CPC scores for the coding
genes MYC and GAPDH are 6.77 and 12.4, respectively. MINCR
can be, therefore, considered a IncRNA. Because IncRNAs were
shown to be preferentially enriched in nuclear fractions (27) and
because their subcellular localization can be indicative of their
mechanism of action, we sought to define the intracellular local-
ization of the MINCR_L and MINCR _S transcripts by using RNA
fractionation followed by quantitative PCR. The analysis was
performed in the BL cell line BL-2. As shown in Fig. S3B, similar
to the nuclear IncRNA MALAT], both MINCR transcripts L and
S were preferentially enriched in the nuclear RNA fraction. We
conclude that transcription of the MINCR gene produces two
main transcripts, MINCR_L and MINCR _S, with very poor cod-
ing potential and preferential nuclear localization.

Although MINCR has been identified based on its differential
expression in BL relative to normal GC B cells and found to
be induced by MYC in an immortalized B cell line, it is clearly ex-
pressed and also, MYC-regulated in the retinal pigment epithelial
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Fig. 2. Characterization of MINCR, a MYC-induced, BL-specific INcRNA. (4) Schematic representation of MINCR genomic locus on chromosome 8 (Chr8) with the
mean expression profiles in BL (gray; n = 16) and the control samples (normal GC B cells; black; n = 4). The predicted isoforms based on the ENCODE annotations
and the mean methylation of BL and control (Ctrl) are also shown as well as the intersection of chromatin states and MYC-bound regions (MYC BS) between the
following cell lines: GM 12878, K562, HeLa-S3, H1-hESC, HepG2, HUVEC and K562, HeLa-S3, HepG2, MCF-7 and NB4. (B) gRT-PCR analysis of MINCR expression in
hT-RPE-MycER and P493-6 cells after MYC activation for 24 and 48 h. The expression of MINCR was calculated using GAPDH and RPL31 to normalize for cDNA
content. T = 0 refers to cells treated with vehicle for hT-RPE-MycER cells and cells grown for 72 h in medium containing tetracyclin for P493-6 cells. (C) gRT-PCR
analysis of MINCR isoforms expression in RNA derived from a BL sample of the ICGC MMML-Seq Cohort and the BL cell line BL-2.
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cell line h'T-RPE-MycER, suggesting that MINCR does not have
a B cell-restricted expression pattern. Accordingly, analysis of
MINCR expression in the Human Body Map lincRNAs Da-
tabase shows that MINCR is ubiquitously expressed, with the
highest expression values in brain, prostate, and testis (Fig. S3C)
(44). A similar conclusion can be drawn by analysis of the genome
segmentations based on the ENCODE data. This analysis is pre-
sented in Fig. 2C and shows that the intersection of the chromatin
states around the TSS region of MINCR is typical of an active
promoter region in the cell lines GM12878, K562, HeLa-S3, H1-
hESC, HepG2, and HUVEC. Interestingly, in most of these
cell lines (K562, HeLa-S3, HepG2, MCF-7, and NB4), MYC
ChIP-seq data showed the presence of a uniform peak in the TSS
region of MINCR, suggesting that MYC may regulate MINCR
expression not only in B cells.

Analysis of MINCR Expression in Cancer. Translocations involving
the MYC oncogene are a typical feature of BL, but they are also
known to occur in subsets of DLBCL and FL (45). A total of seven
DLBCL and three FL samples in the ICGC MMML-Seq Cohort
contained a MYC break as detected by FISH (Table S1). For
subsequent analyses, we, therefore, divided the non-BL lympho-
mas (DLBCL and FL)) in MYCbreak-negative non-BLs (non-BLs)
and MYC break-positive non-BLs (non-BL-MYCs). As shown in
Fig. S3D, the non-BL-MYC lymphomas show a clearly higher
MYC expression level relative to the non-BL samples negative for
the MYCbreak (P value =4.011e-05). We, therefore, analyzed the
expression of MINCR in the entire ICGC MMML-Seq Cohort
divided as described above. As shown in Fig. 34, MINCR
expression was found to be higher in the non-BL-MYC lympho-
mas relative to the non-BL without the MYCbreak. We, therefore,
extended the correlation analysis between MYC and MINCR
expression levels to all of the MYC break-positive lymphomas of
the cohort and found that there is a highly significant correlation
(P value < 107°) in the comparison of the expression values of
MINCR and MYCin all MY C-positive lymphomas (16 BL cases +
10 non-BL-MYC cases) (Fig. 3B). The finding that MINCR
expression correlates with MYC expression in all lymphomas
examined (not only in BL) led us speculate that, because of the
ubiquitous expression of MINCR, this correlation may also exist
in other cancer types. To test this hypothesis, we searched in the
total ICGC data for datasets where MINCR expression was de-
tected. We found 356 datasets representing four groups of
neoplasms (endocrine pancreatic neoplasm, pancreatic ductal
adenocarcinoma, chronic lymphocytic leukemia, and ovarian
cancer) where both MYC and MINCR were expressed. Interest-
ingly, when we compared the MYC and MINCR expression in-
tensities, we found a significant correlation in the pancreatic
ductal adenocarcinomas group (Fig. 3C). These data suggest that
the expression of the IncRNA MINCR strongly correlates with
MY C expression in not only BL but more in general, GC-derived
MY C-positive lymphomas and other cancer types, like pancreatic
ductal adenocarcinomas, that are known to rely on MYC expres-
sion (46, 47).

MINCR Regulates Cell Cycle Progression by Controlling the Expression
of Cell Cycle Genes. Changes in gene expression driven by onco-
genes could be either essential for the development of the cancer
phenotype and/or continuously required for cancer maintenance.
In the second case, cancer cells become addicted to the expres-
sion of the gene of interest, and they will eventually cease
growing or even die after the expression of the gene is reduced to
basal level. We, therefore, decided to use RNAIi to knockdown
the expression of MINCR and measure a possible change in cell
proliferation/viability. MINCR knockdown was performed in the
MYC-inducible cell line hT-RPE-MycER using with two in-
dependent siRNAs (knockdown efficiency of the siRNAs used
is shown in Fig. S44). We also took advantage of the easy in-

ducibility of the MYC protein in this cell line to analyze the effect
of MINCR knockdown in cells with or without MYC activation. As
shown in Fig. 44, transfection of siRNAs directed against MINCR
resulted in a time-dependent decrease in cellular proliferation in-
dependent of the MYC activation status. A more modest but re-
producible effect of MINCR knockdown was also observed in the
P493-6 cell line and the BL cell line BL-2 using a cell viability assay
(Fig. 4 B and C). The weaker effect of the knockdown on cell vi-
ability in BL-2 cells is consistent with the lower MINCR silencing
achieved in these cells relative to hT-RPE-MycER cells (Fig. S4B).
To understand if the reduction in cell proliferation observed was
because of a defect in cell cycle progression caused by MINCR
knockdown, we analyzed the DNA content of hT-RPE-MycER
cells with or without MYC activation 48 h after the transfection of
control or MINCR-targeting siRNAs. As shown in Fig. 4D,
MINCR knockdown resulted in a significant reduction in the
percentage of cells having a DNA content corresponding to cells in
S phase and G2/M phase. Concomitantly, an increase in the
percentage of cells in GO/G1 phase was also observed. Finally, to
investigate if apoptosis could also contribute to the reduction of
cell growth observed in Fig. 44, we measured the intracellular
levels of caspase 3/7 activity after MYC activation in knocked
down cells. Interestingly, although very few dead cells could be
detected by visual inspection, we found that, in cells transfected
with either of the siRNAs directed against MINCR, there was a
significant increase in caspase 3/7 activity after MYC activation
(Fig. S4C), suggesting that, at later time points, apoptosis could
also be affecting cellular viability on MINCR knockdown, spe-
cifically when MYC is switched on.

Given that MINCR knockdown had a reproducible effect on
cellular viability and cell cycle progression, we decided to in-
vestigate gene expression changes induced by MINCR knock-
down in hT-RPE-MycER cells, the cell line where the effect was
most pronounced. We performed RNA-seq of hT-RPE-MycER
cells 48 h after transfection with the two siRNAs directed against
MINCR. The analysis was performed using two biological rep-
licas. Furthermore, to exclude possible off-target effects on gene
expression associated with single siRNAs, we focused only on
genes regulated in the same direction with both siRNAs in the
two replicates. As shown in Fig. 54, MINCR knockdown in hT-
RPE-MycER cells resulted in the up-regulation of 568 genes and
the down-regulation of 784 genes.

IncRNAs have been described to be able to regulate gene ex-
pression of neighboring genes (48, 49). We, therefore, asked if the
expression of the most proximal genes upstream and downstream
from MINCR were changed after MINCR knockdown. Given that
no significant change was observed, we conclude that MINCR is
not a cis-regulator of neighboring genes. Next, we looked at the
groups of genes differentially up-regulated or down-regulated af-
ter MINCR knockdown to see if there was any enrichment in
particular biological processes. Interestingly, we found a strongly
significant enrichment of the biological process category “cell cy-
cle” in the analysis of the genes down-regulated after MINCR
knockdown (Fig. 5B). A heat map with the expression values of
the down-regulated cell cycle genes in all conditions examined is
shown in Fig. 5C, and a list of the same genes is shown in Table S2.
To this list, we also added a few genes belonging to the same
functional category that failed to pass the stringent significance
criteria applied to the analysis but were still clearly down-regu-
lated on MINCR knockdown. A selection of these genes chosen
for their degree of down-regulation in MINCR knockdown cells
and their relevance within lymphoma cell physiology was suc-
cessfully validated by qRT-PCR (Fig. 5D).

We also analyzed the changes in gene expression observed in
hT-RPE-MycER cells on knockdown of MINCR expression and
treatment with 4-hydroxytamoxifen (4-OHT) to activate MYC.
On MYC activation, the number of genes significantly differ-
entially expressed was much lower than in the absence of MYC
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Fig. 3. Correlation between MINCR and MYC expression in cancer.
(A) Boxplot showing the expression of MINCR in all samples of the ICGC MMML-
Seq Cohort divided as control (Ctrl), normal GC B cells (n = 4), BL (n = 16),
non-BL (DLBCLs and FLs negative for a MYC break; n = 66), and non-BL-
MYC (DLBCLs and FLs positive for a MYC break; n = 10). Expression is de-
fined in reads per kilobase of transcript per million mapped reads (RPKM).
The significance of MINCR differential expression is characterized by the

activation. This finding could be due to the fact that many of the
cell cycle genes identified are, indeed, weakly down-regulated on
MYC activation in this cell system, a behavior not shared with all
cell cycle genes (Fig. S5 A4 and B and Table S2). Nevertheless,
our data clearly show that most of the cell cycle genes identified
as down-regulated on MINCR knockdown in cells with MYC off
are still down-regulated when MYC is activated but that they fail
to pass the stringent significance criteria that we used for the
definition of differentially expressed genes.

Overall, the data presented in Figs. 4 and 5 suggest that the
reduction of proliferation observed in hT-RPE-MycER cells
after MINCR knockdown depends on the down-regulation of a
set of genes important for cell cycle progression. Next, we asked
if these findings could be also extended to BL cell line BL-2.
Initially, we found that only a few of the identified genes were
also down-regulated in BL-2 cells (Fig. 64). This observation
might be explained by the lower degree of MINCR knockdown
achieved in BL-2 cells relative to hT-RPE-MycER cells (Fig. S4B).
Nevertheless, we found that the genes coding for Aurora kinase A
(AURKA), AURKB, and chromatin licensing and DNA replica-
tion factor 1 (CDT1) were also reproducibly down-regulated in
BL-2 cells after MINCR knockdown (Fig. 64). Furthermore,
these genes are among the top down-regulated on MINCR
knockdown when MYC is activated (Table S2).

MINCR-Regulated Genes Are also MYC Targets. By closer inspection
of the list of genes down-regulated on MINCR knockdown, we
also noticed the presence of many known MYC target genes. To
establish if there was a significant enrichment in MYC binding
sites in the promoters of 125 cell cycle genes down-regulated on
MINCR knockdown, we identified 242 promoter regions over-
lapping with our set of genes (each gene extended by 1,500 nt
upstream). The promoter regions were defined based on the
chromatin states of the GM12878 cell line (ENCODE 2012).
Using this approach, we found 63 MYC binding sites (defined as
in ref. 42) in these promoter regions. To check for significance, we
analyzed the number of MYC-bound regions in a background set
of cell cycle genes created by randomly selecting 125 of 1,324
genes belonging to the cell cycle functional category (Gene
Ontology ID G0:0007049). Given that we found only 40 MYC
binding sites in 259 promoter regions, we conclude that the 125
genes down-regulated on MINCR knockdown are significantly
more enriched in MYC binding sites (P value = 0.004).

We, therefore, asked if the identified genes could differentiate
between the lymphoma subtypes carrying and not carrying the
MYC translocation. The analysis was done on eight genes found
to be down-regulated on MINCR knockdown in BL-2 cells. In-
terestingly, the expression pattern of all of them clearly mirrored
the MYC status of the lymphomas, with higher expression in BLs
and non-BL-MYC lymphomas relative to the non-BLs without
the break (Fig. 6B).

Given the observed enrichment of MYC binding sites in the
promoters of the identified cell cycle genes, we asked if their

following P values: Ctrl vs. BL, P value = 1.618e-06; Ctrl vs. non-BL, P value =
0.0001043; Ctrl vs. non-BL-MYC, P value = 0.001919. (B) Correlation between
the RPKM expression levels of MYC and MINCR in all lymphomas samples of
the ICGC MMML-Seq Cohort carrying a MYC break; BL samples (n = 16) are
indicated with red circles, and non-BL-MYC samples (n = 10) are indicated
with blue triangles. The statistical dependence between the expressions of
MYC and MINCR is characterized by a Spearman’s correlation coefficient of
0.625 and a P value = 0.00083. (C) Correlation between the RPKM expression
levels of MYC and MINCR in expression data of different cancer types from
the ICGC data repository. CLL, chronic lymphocytic leukemia (correlation =
—0.1247623; P value = 0.3221); OV, ovarian cancer (correlation = —0.0048745;
P value = 0.9595); PACA, pancreatic ductal adenocarcinoma (correlation =
0.52926; P value = 4.88e-11); PAEN, pancreatic cancer endocrine neoplasm
(correlation = —0.25568; P value = 0.1506).
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Fig. 4. MINCR expression is required for normal cellular viability. (A) Re-
duction of MINCR expression in hT-RPE-MycER cells using two independent
siRNAs (siMINCR1 and siMINCR2) results in a significant decrease in cellular
proliferation when MYC is either switched on by the addition of
4-hydroxytamoxifen (P value at 72 h < 0.01) or kept in an off status (P value
at 72 h < 0.02). (B and C) Reduction of MINCR expression using two
independent siRNAs (siMINCR1 and siMINCR2) results in decreased cellular
viability of both (B) P493-6 cells grown without tetracycline (MYC high;
Pvalue < 0.02) and (C) the BL cell line BL-2 (P value < 0.01 with siMINCR2).
Viability was measured using the Cell Titer Blue reagent (Promega).
(D) Reduction of MINCR expression in hT-RPE-MycER cells using two in-
dependent siRNAs (siMINCR1 and siMINCR2) results in an increase of the
percentage of cells in the G1 phase of the cell cycle and a decrease of the
percentage of cells in the S and G2/M phases of the cell cycle (P values <
0.02). siCtrl, control siRNA.

reduced expression could be because of a reduced binding of
MYC to their promoters. To answer this question, we performed
ChIP using MYC and control IgG antibodies on hT-RPE-
MycER cells transfected with two siRNAs directed against
MINCR 24 h after MYC activation. Using quantitative PCR, we
analyzed regions of the promoters of four cell cycle genes
(AURKA, AURKB, CDK2, and NCAPD?2) found to be bound
by MYC in at least one of the ENCODE cell lines. The data
presented in Fig. 6C show that at least three of four genes
(AURKA, AURKB, and NCAPD?2) are also significantly bound
by MYC in hT-RPE-MycER cells. The result also shows that
MYC binding is reduced in all promoter regions after knocking
down of MINCR using siMINCR?2, the siRNA that has the stron-
gest effect on cellular proliferation (Fig. 44), suggesting that
MINCR silencing might reduce the ability of MYC to engage a
transcriptionally active complex, at least for the genes tested.
The data presented suggest that MINCR is able to influence
the transcription of a subset of MYC target genes at least in part
by affecting the ability of MYC to bind their promoters. Given
that not all MYC-regulated genes are affected by MINCR ex-
pression, we speculated that an additional specificity determi-
nant might be required for transcriptional regulation by MINCR.
We, therefore, analyzed the promoter regions of 125 cell cycle
genes to search for motifs discriminating these genes from
background cell cycle genes. This analysis showed a statistically
significant enrichment of the two motifs shown in Fig. S5C. In-
terestingly, one of these motifs (motif 1) is almost identical to the

DNA binding site of the homeobox protein family Sine Oculis
Homeobox Homolog 1-6 (Six1-6).

AURKA, AURKB, and CDT1 Down-Regulation Recapitulates the Effect
of MINCR Knockdown. Finally, we asked if at least some of the cell
cycle genes found down-regulated on MINCR knockdown could
be responsible for the phenotypic changes observed after
MINCR silencing. We selected a set of cell cycle genes based
on their degree of down-regulation in hT-RPE-MycER and BL-
2 cells and their functional relevance. As shown in Fig. 7,
among the chosen genes, knockdown of AURKA, AURKB,
and CDT1 was responsible for a reproducible reduction in
cellular viability in hT-RPE-MycER cells. Furthermore, the
effect was even more pronounced after MYC activation. These
data, therefore, suggest that down-regulation of cell cycle
genes, like AURKA, AURKB, and CDT1, may be, at least in
part, the cause of the reduced basal proliferation observed after
MINCR knockdown.
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dicates low expression. (D) qRT-PCR analysis of the expression of a selection
of 125 identified cell cycle genes in hT-RPE-MycER cells after MINCR RNA.i.
The graph shows the mean of the change in expression relative to a control
siRNA (siCtrl) observed after transfection of the two independent siRNAs
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Fig. 6. Cell cycle genes down-regulated in BL-2 cells after MINCR
knockdown. (A) qRT-PCR analysis of the expression of a selection of 125
identified cell cycle genes in BL-2 cells after MINCR RNAi. The graph
shows the mean of the change in expression relative to a control siRNA
(siCtrl) observed after transfection of two independent siRNAs against
MINCR (P values > 0.05 only for BIRC5 and PLK1). (B) Expression of some
of the identified cell cycle genes in B-cell lymphomas. Boxplots showing
the expressions of eight cell cycle genes in all samples of the ICGC
MMML-Seq Cohort divided as BL (n = 16), non-BL (DLBCLs and FLs MYC
break-negative; n = 65), and non-BL-MYC (DLBCLs and FLs MYC break-
positive; n = 10). Expression is defined in reads per lilobase of transcript
per million mapped reads (RPKM). (C) ChIP-quantitative PCR analysis of

Discussion

Since the discovery that eukaryotic cells express thousands of long
RNAs with no clear coding potential, one of the main challenges is
to understand the biological functions associated to these novel
transcripts. Several IncRNA have already been shown to be im-
portant players in the execution of physiological cellular and or-
ganismal homeostasis (24). Accordingly, altered expression of
IncRNAs has been linked to several disease conditions, particularly
cancer (22, 23). There are now several examples of IncRNAs that
are able to influence the cellular transcriptional program, acting
either at the transcriptional level by influencing the establishment
of chromatin marks (34, 50) or the posttranscriptional level by
controlling mRNA stability (51), compartimentalization (31), or
translation (52). Given that the oncogenic transcription factor
MYC is known to play a crucial role in the development of many
neoplasms by controlling the expression of thousands of genes,
we asked in this study if IncRNAs could also play a role in
MY C-induced oncogenic transformation. We approached this aim
by investigating the extent of changes that MYC is able to induce in
IncRNA expression. We used two different cell line model systems
carrying a MYC-inducible construct and through the analysis of
BL, a cancer in which MYC is known to play a fundamental role.
BL can be considered the best cancer model to study the role of
MYC in oncogenic transformation for at least three reasons: it is
invariably characterized by an IG-MYC translocation (resulting in
the deregulated overexpression of MYC), MYC translocation is
considered to be the primary oncogenic event in BL development,
and it is usually characterized by a relatively simple karyotype, with
secondary aberrations mostly representing singular events (53, 54).
We, therefore, hypothesized that deregulated IncRNAs in BL are
the result of MYC overexpression and could, therefore, play a
major role in the development of the lymphoma. Using this ap-
proach, we identified more than 50 IncRNAs regulated by MYC in
two different cell lines carrying two different MY C-inducible
constructs and almost 1,000 IncRNAs differentially regulated
in BL patient samples relative to normal GC B cells. Although
several reports investigating the effect of MYC activation on
IncRNA transcription were recently published (55-58), our study
is the first, to our knowledge, to report an RNA-seq—based sys-
tematic analysis of MYC-regulated IncRNAs and at the same
time, IncRNAs deregulated in GC-derived B-cell lymphomas.
The intersection of the cell line data and the data obtained from
the sequencing of BL patient samples led us to the identification of
the MINCR IncRNA. MINCR turned out to be the best candidate
as a MYC-regulated BL-specific IncRNA, but it will certainly not
remain the only IncRNA playing a role in BL development. To
increase the chance to identify true MYC target transcripts, we
decided to filter our RNA-seq data using two cell model systems
carrying inducible MYC expression. Although this choice has
probably shifted the focus toward IncRNAs with broader tissue-
specific expression, the findings that MINCR shows a high cor-
relation with MYC expression levels in MYC-positive lymphoma
samples and that it is bound by MYC at the TSS region suggest
that it was a successful strategy to identify MYC-regulated
IncRNAs. Furthermore, the observation that MINCR has broad
tissue specificity (Fig. S3C) suggests that MINCR could play an
important role in not only MYC-positive lymphomas but also,
several other cancers that rely on MYC overexpression. Accord-
ingly, we identified a significant correlation between MINCR and
MYC expression in RNA-seq data from pancreatic ductal ade-
nocarcinomas (Fig. 3C). Given that amplification of the genomic
region containing MYC is a very frequent event in cancer (7), we

hT-RPE-MycER cells after transfection of two independent siRNAs against
MINCR (siMINCR1 and siMINCR2) using either control 1IgG or MYC-specific
antibodies.
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Fig. 7. Knockdown of AURKA, AURKB, and CDT1 recapitulates the effect of
MINCR RNAi on hT-RPE-MycER cellular viability. hT-RPE-MycER cells were
transfected with the indicated siRNAs directed against a set of cell cycle
genes and then grown in the presence of 150 nM 4-hydroxytamoxifen
(MYC on) or vehicle (MYC off). Viability was measured 48 h later using the
Cell Titer Blue reagent (Promega). Cells transfected with siRNAs against
AURKA, AURKB, and CDT1 had a significant reduction in cellular viability
(P values with MYC on < 0.005). siCtrl, control siRNA.

can forecast a general role of MINCR in mediating the effect of
MYC overexpression in cancer development.

Analysis of the transcriptional changes observed after MINCR
knockdown suggested that the IncRNA MINCR is able to control
the expression level of a set of genes involved in cell cycle initia-
tion and progression. In particular, genes playing a role in initia-
tion of genome replication and the assembly of the mitotic spindle
are found strongly reduced after MINCR RNA.. This observation
is in complete agreement with the data that we present in Fig. 4D,
showing a strong perturbation of the cell cycle phases after
MINCR knockdown. The other interesting observation was that
those genes showed a significant enrichment of M'YC-binding sites
in their promoters. MINCR, therefore, seems to be involved in
controlling a subset of MYC target genes. Interestingly, also, the
MY C-regulated IncRNAs identified in colorectal cancer by Kim
et al. (56) seem to share with MINCR the ability to modulate the
expression of MYC target genes involved in cell cycle regulation.
Although more experiments are needed to shed light on MINCR
mechanism of action, we can speculate that at least two possible
mechanisms may take place. One possibility is that MINCR di-
rectly influences MYC transcriptional activity. In this model, we
can imagine MINCR binding either directly to MYC or to a MYC
binding partner and influencing the ability of the MYC trans-
activation complex to bind promoters and affect transcription. The
IncRNA PCGEM], for instance, has recently been shown to bind
MYC directly and enhance its ability to regulate the transcription of
metabolic genes (59). In support of this model, we have observed a
decrease in MYC binding to the promoters of a set of the identi-
fied cell cycle genes on MINCR knockdown (Fig. 6C). Alterna-
tively, MYC has been shown to bind at least two of the core
subunits of KMT?2 methyltransferase complexes that target histone
H3 lysine 4, a mark associated with open chromatin (60). In-
terestingly, one of these subunits, WDRS, has recently been shown
to bind several IncRNAs through an RNA binding pocket essen-
tial for its function as a transcriptional activator (61).

In a similar scenario, MINCR could bind to a transcription
factor that cooccupies the MYC binding regions in the pro-
moters of the target genes, influencing in this way the ability of
MYC to transactivate those genes. We have, indeed, identified
two DNA motifs significantly enriched in the promoters of the
cell cycle genes (Fig. S5C). One of these motifs is almost iden-

tical to the DNA binding site for the family of homeobox pro-
teins Six1-6. Based on this finding, we can speculate that the
transcriptional regulation of the identified cell cycle genes
could depend on the interplay between MYC, MINCR, and
one of the members of the Six family of transcription factors.
Interestingly, the Six1 protein has recently been found to pro-
mote DNA replication and cell proliferation in cervical cancer
by regulating the expression of multiple genes related to the
initiation of DNA replication (62).

It is interesting to speculate that MINCR and IncRNAs in
general, by conferring increased selectivity to a transcriptional
factor like MYC that recognizes an extremely common DNA
binding motif, may, in the end, constitute the missing link that
could explain the choice between MYC as a general transcrip-
tional amplifier and MYC as a selective gene regulator (16).

Whatever the mechanism involved, our data show that
MINCR has a clear effect on the establishment of the expression
level of the genes coding for AURKA and AURKB as well as
CDT1. Additionally, we also show that down-regulation of these
three genes may in the end explain the reduced proliferation
observed after MINCR RNAI, because their knockdown results
in reduced cellular viability (Fig. 7). Interestingly, AURKA and
AURKB have already been shown to play a crucial role in MYC-
induced oncogenic transformation, with AURKB showing a
synthetic lethal interaction with MYC (63). Of note, the syn-
thetic lethal effect of AURKB inhibition was identified in the
same cellular system used in this study, the hT-RPE cells, albeit
comparing vector-transfected cells with cells stably transfected
with MYC. An oncogenic role in lymphoma development was
also previously reported for CDT1 (64).

In conclusion, our findings suggest that the expression level of
a group of genes involved in cell cycle initiation and progression
may be regulated through the interplay between the transcription
factor MYC and a newly identified IncRNA, which we named
MINCR. The identification of the mechanism of MINCR action
could in the future suggest novel therapeutic opportunities for
the fight against not only malignant lymphoma but possibly, all
cancers that rely on MYC expression.

Materials and Methods

Extended materials and methods are provided in S/ Materials and Methods.
The sequences of all primers and siRNAs/shRNAs used in this study are listed
in Tables S3 and S4, respectively. The ICGC Malignant Lymphoma study was
approved by the Institutional Review Board of the Medical Faculty of the
University of Kiel (A150/10).

Experimental procedures for whole-genome, whole-genome bisulfite, and
transcriptome sequencing of the ICGC MMML-Seq have been published
previously (54) and are briefly repeated in S/ Materials and Methods. Sam-
ples were sequenced using HiSeq 2500 (lllumina), and mapping was per-
formed with the segemehl suite, version 0.1.7 (65, 66).

RNAI in BL-2 and P493-6 cells was performed using an Amaxa Nucleofector
using a two-step transfection protocol, and viability was scored after growing
cells for 24 h in 3% (volivol) FBS. hT-RPE-MycER cells were knocked down with
HiPerFect (Qiagen) 5 or 24 h before activation of the MycER protein. Total
RNAs were extracted with the RNeasy Mini Kit (Qiagen) and reverse-tran-
scribed using the QuantiTect RT Kit (Qiagen). gRT-PCR was performed using
the Luminaris Color HiGreen gPCR Master Mix (Thermo Fisher Scientific). Cell
cycle analysis was performed using propidium iodide 48 h after RNAi and 24 h
after MYC activation. ChIP was performed according to protocols published
by Lee et al. (67) 48 h after RNAi and 24 h after MYC activation.
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