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A cluster of six microRNAs (miRNAs), miR-17-92, is
processed from the transcript of C13orf25, a gene
amplified in some lymphomas and solid tumors. We
find that levels of the miRNAs in the cluster do not
vary entirely in parallel with each other or with the
primary RNA in B-cell lines or normal cells, suggest-
ing that processing or stability of the miRNAs is
differentially regulated. Using luciferase reporter
assays, we identified the region required for maxi-
mum promoter activity. Additional deletions and
mutations indicated that the promoter is regulated
by the collaborative activity of several transcription
factors, most of which individually have only a
moderate effect; mutation of a cluster of putative
SP1-binding sites, however, reduces promoter activ-
ity by 70%. MYC is known to regulate C13orf25;
surprisingly, mutation of a putative promoter MYC-
binding site enhanced promoter activity. We found
that the inhibitory MYC family member MXI1
bound to this region. The chromatin structure of a
>22.5-kb region encompassing the gene contains
peaks of activating histone marks, suggesting the
presence of enhancers, and we confirmed that at
least two regions have enhancer activity. Because
the miR-17-92 cluster acts as an important onco-
gene in several cancers and targets genes impor-
tant in regulating cell proliferation and survival,
further studies of its transcriptional control are
warranted. (Am J Pathol 2011, 179:1645–1656; DOI:
10.1016/j.ajpath.2011.06.008)
MicroRNAs (miRNAs) are single-stranded RNAs of
�22 nucleotides that negatively regulate expression of
their target genes posttranscriptionally.1– 4 Various
miRNAs are overexpressed or underexpressed in dif-
ferent types of cancer in humans and may function as
either tumor suppressors or oncogenes.5–13 A cluster
of six miRNAs (miR-17-92, comprising miR-17, miR-
18a, miR-20a, miR-19a, miR-19b-1, and miR-92a-1) is
processed from the transcript of C13orf25 (also known
as MIR17HG or MIRHG1), a gene amplified in some
lymphomas and solid tumors5,14 –17 and overexpressed
in a large fraction of lymphomas.5 Overexpression of
miR-17-92 accelerates lymphomagenesis in mouse
models.5,8 The miRNAs in the cluster can target tran-
scripts of genes, such as E2F1, PTEN, and BIM, which
are important in cell proliferation and apoptosis.18 –22

The transcriptional regulation of the miR-17-92 cluster,
however, is poorly understood.

C13orf25 is activated by MYC and E2F transcription
factors, and MYC was first shown to bind to a region
containing a conserved CATGTG sequence in the first
intron of the gene locus.8 By chromatin immunoprecipi-
tation (ChIP) in HeLa cells, endogenous E2F1, E2F2,
and E2F3 were found to directly bind the promoter of
the gene and regulate its transcription.21 The primary
transcript initiates from a consensus initiator sequence
downstream of a nonconsensus TATA box.23 This
TATA box is flanked by a TP53 binding site that medi-
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ates repression under hypoxic conditions.24 A recent
study showed a direct link between the action of IL-6
and the expression of C13orf25 mediated by STAT3.25

To explore transcriptional regulation of the mir17-92
cluster, we have begun to analyze the C13orf25 promoter
and the first intron of the gene in several cell culture
model systems. Because it is now clear that epigenetic
mechanisms regulate miRNA expression,26–30 we also in-
vestigated histone posttranslational modifications (PTMs)
in C13orf25 in normal B cells and in B-cell lines. Further
studies of the transcriptional control of C13orf25 are war-
ranted because the miR-17-92 cluster targets genes im-
portant in regulating cell proliferation and survival and
acts as an important oncogene in several cancers, in-
cluding lymphoma.

Materials and Methods

Cell Lines and Normal B Cells

Mantle cell lymphoma– derived cell lines (JeKo-1 and
JVM2), Burkitt’s lymphoma cell lines (CL-01, Daudi,
Raji, and P3HR-1), a diffuse large B-cell lymphoma
(DLBCL) cell line of germinal center B-cell type [SU-
DHL16 (hereafter, DHL16)], a mediastinal large B-cell
lymphoma cell line (Karpas 1106), a Hodgkin’s lym-
phoma cell line (L428), and a myeloma cell line (U266)
were maintained in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin (Invitrogen). A
DLBCL line of germinal center B-cell type (DHL6) and
two DLBCL lines of activated B-cell type (OCI-Ly3 and
OCI-Ly10) were maintained in Iscove’s modified Dul-
becco’s medium (Invitrogen) supplemented with 20%
human serum, 50 �mol/L 2-mercaptoethanol, and 1%
penicillin/streptomycin. HEK293T and NIH3T3 cells
were maintained in Dulbecco’s modified Eagle’s me-
dium (Invitrogen) supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. HEK293T,
NIH3T3, JeKo-1, JVM2, and U266 were obtained from
American Type Culture Collection (Manassas, VA) and
Karpas 1106 from Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen (Braunschweig, Germany).
P3HR-1 and CL-01 were gifts from Dr. Luwen Zhang
(University of Nebraska, Lincoln, NE) and Dr. Paolo
Casali (University of California, Irvine, CA), respec-
tively. All the other lines were a gift from Dr. Louis
Staudt (National Cancer Institute, Bethesda, MD).

Primary cells isolated for miRNA studies, including na-
ive B cells (IgD�) and centroblasts (CD77�), were iso-
lated from tonsils using magnetic microbeads (Miltenyi
Biotec Inc., Auburn, CA), as described.31

miRNA Expression Levels

miRNA expression profiling was conducted using the Taq-
Man human miRNA array set v2.0 (Applied Biosystems,
Foster City, CA) with 300 ng of total RNA from cell lines or
normal cells. All the RNA samples were reverse transcribed
using Megaplex RT primers (Invitrogen) for 40 cycles at

16°C for 2 minutes, 42°C for 1 minute, and 50°C for 1
second; were held at 85°C for 5 minutes to inactivate the
reverse transcriptase; and were preamplified for 12 cycles
using Megaplex PreAmp primers (Invitrogen). The diluted
preamplified DNA was loaded onto the 384-well plate per
the manufacturer’s instructions, and real-time PCR was run
using a 7900HT fast real-time PCR system (Applied Biosys-
tems) in 384-well plates at 95°C for 10 minutes, followed by
40 cycles at 95°C for 15 seconds and 60°C for 1 minute.
The CT is defined as the fractional cycle number at which
the fluorescence exceeds the fixed threshold of 0.1 using
RQ Manager 2.1 software (Applied Biosystems). Data from
each 384-well plate were normalized with the average ex-
pression of U6 small nuclear RNA, the least variable control
RNA analyzed on the plate. RNA was isolated using the
RNeasy mini kit (Qiagen Inc., Valencia, CA), and miR-17-92
pri-miRNA and RPL13A mRNA, for normalization, were
quantified by SYBR Green PCR (New England BioLabs,
Inc., Ipswich, MA) using the DNA Engine Opticon 2 real-
time PCR detection system (MJ Research, Waltham, MA)
according to the manufacturer’s instructions; the primers
used are listed in Table 1. To determine the expression
levels of mature miRNAs, TaqMan miRNA assays (Applied
Biosystems) were performed using an Applied Biosystems
7900HT fast real-time PCR system and were normalized to
U6 expression.

Plasmids

The firefly luciferase reporter vectors pGL3 basic, pGL3
promoter, and Renilla luciferase vectors pRL-SV40 are from
Promega (Madison, WI). From BAC RP11-97P7 (BACPAC
Resources Center, Children’s Hospital Oakland Research
Institute, Oakland, CA), a fragment containing the human
C13orf25 promoter (�659 to 323 bp) was PCR amplified
with the addition of an XhoI site at the 3= end and was
cloned into the pBLCAT7 plasmid. Four fragments of the
promoter region were cut out from the human C13orf25-
pBLCAT7 plasmid by digestion with XhoI and either PvuII
(P982; names correspond to the insert size in bp), HpaI
(P606), SmaI (P512), or ScaI (P395) and were ligated into
the Ecl136II and XhoI sites of pGL3 basic vector. Additional
5= deletions (P482 and P435) and 3= deletions (P339, P301,
and P217) of P512 were generated by PCR. Downstream
regions A, B, and AB were PCR amplified from BAC DNA
and then inserted into BamHI-SalI sites located downstream
of the luciferase gene in the pGL3 C13orf25-P301 promoter
or pGL3 promoter reporter vector. All the mutations were
generated by the overlap PCR method from P512. Primers
used in preparing these mutations and other constructs are
listed in Table 1. The sequences of all the constructs pre-
pared using PCR were confirmed by complete sequencing.

Luciferase Reporter Assays

HEK293T or NIH3T3 cells were plated at 5 � 104 cells per
well in a 24-well plate 24 hours before transfection. The
plasmids were cotransfected with pRL-SV40 using Turbo-
Fect transfection reagent (Fermentas, Hanover, MD) ac-
cording to the manufacturer’s instructions. DHL16 cells were
transiently transfected using an Amaxa Nucleofector (Lonza,

Basel, Switzerland) with cell line solution V combined with
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program L-29. Luciferase assays were performed 24 hours
after transfection using the Dual-Luciferase reporter assay sys-
tem (Promega). Firefly luciferase activity was normalized to
Renilla luciferase activity for each reaction. Triplicate trans-

Table 1. Oligonucleotides Used in This Study

Primer name Sequenc

miR-17�92-pri-F 5=-CAGTAAAGGTAAGGAGAGCTC
miR-17�92-pri-R 5=-CATACAACCACTAAGCTAAAG
RPL13A-F 5=-ACCGTCTCAAGGTGTTTGACG
RPL13A-R 5=-GTACTTCCAGCCAACCTCGTG
ODC1-F 5=-TGGGCGCTCTGAGGTGAGGG-
ODC1-R 5=-ATCCAGCCGCGGGAGAACCC-
C13orf25-1-F 5=-AAACGTTCTGAATGTTCTGGA
C13orf25-1-R 5=-CACAGCCTTCTCAAGTCAGCT
C13orf25-2-F 5=-AAGGAAGTATGAGCGAAACCC
C13orf25-2-R 5=-CAGGTTTCTTAGCAGGAGTTA
C13orf25-3-F 5=-GACTTGTACAATCACGAACCA
C13orf25-3-R 5=-TCTGGGTTCTCCAGTAGAAAT
C13orf25-4-F 5=-TTTATGCTAATGAGGGAGTGG
C13orf25-4-R 5=-GCTTTACTACGACCGGAGG-3
C13orf25-5-F 5=-GACGGCGAACACAATGGC-3=
C13orf25-5-R 5=-GCGTACAAAGTTTGGGGAACC
C13orf25-6-F 5=-AAGAATAGTCTGTGGGCTGCT
C13orf25-6-R 5=-GCTATTTTCCAACCTCCTAAC
Cloning and deletions*

LucSeqR2 5=-CCAGGAACCAGGGCGTATC-3

P482-F 5=-atttggtaccGCTCCCGGCTC
P435-F 5=-atttggtacCGGGGCCTGCGG
P512-F 5=-ataggtaccgagGGGGAAGGC
P339-R 5=-gaaactcgagCCCGCGAGGAG
301-R 5=-caaactcgaGCGGCGCTGCGG
217-R 5=-caaactcgagGGCACCTCGAA
IntronA-F 5=-gaaaggatccCGGACGGCGAA
IntronA-R 5=-cattgtcgaCCTCCTTTGTGT
IntronB-F 5=-caaaggatccCTGGGGGACAC
IntronB-R 5=-catagtcgacCTTTTACTCTC

Mutations by overlap
PCR†

P512-F2 5=-gtttttcgtacgaattcCCGG
NFYmut-F 5=-GGCCTGCGGTGGCTAGCGGGC
NFYmut-R 5=-CGCCCGCCCGCTAGCCACCGC
SP1mut1-F 5=-CGAGCCGCCGTTAACCGGGCC
SP1mut1-R 5=-CGAGCCGCCGTTAACCGGGCC
SP1mut2-F 5=-GGTGATTGGCGAGAATTCGGG
SP1mut2-R 5=-CCGACCTCCCCGAATTCTCGC
ETSmut-F 5=-GCGGGGAGGTCCGCGGTACTT
ETSmut-R 5=-CATAAAAAACAAAGTACCGCG
OCTmut-F 5=-CTTTGTTTTTTATCGATTTGA
OCTmut-R 5=-CCCACTCCCTCAAATCGATAA
Ebox1mut-F 5=-CCTTCATTCACCCGATCGGTC
Ebox1mut-R 5=-CTCGAAGGACCGATCGGGTGA
E2Fmut1-F 5=-CTGCGCCTTGGGCCCACTTCG
E2Fmut1-R 5=-CGCCCGAGGGCGCGAAGTGGG
E2Fmut2-F 5=-CGCCACTTCGGTACCTCGGGC
E2Fmut2-R 5=-CTCGCCCGAGGTACCGAAGTG
E2Fmut1,2-F 5=-CCTTGGGCCCACTTCGGTACC

E2Fmut1,2-R 5=-CGCCCGAGGTACCGAAGTGGG

Ebox2mut-F 5=-GCGGCGGCGGCGATCGGGGCA
Ebox2mut-R 5=-CGGCCTGCCCCGATCGCCGCC
Ebox3mut-F 5=-CCTTGTGCGACGATCGCTGCC
Ebox3mut-R 5=-GGGCCGGCAGCGATCGTCGCA
Ebox4mut-F 5=-CCAGTCATACGATCGGACCTA
Ebox4mut-R 5=-GCAGTTAGGTCCGATCGTATG

*In the “Cloning and deletions” section, added nucleotides are in low
†In the “Mutations by overlap PCR” section, altered nucleotides are in
fected wells were analyzed for each group.
ChIP

ChIP assay was performed in P3HR-1 and DHL16 cells
according to the protocol of the ChampionChIP one-day

Purpose

G-3= RT-PCR
TCTGA-3= RT-PCR

RT-PCR (normalization)
RT-PCR (normalization)
ChIP of ODC1 (positive control)
ChIP of ODC1 (positive control)

3= ChIP of site 1
= ChIP of site 1

ChIP of site 2
3= ChIP of site 2
= ChIP of site 3
= ChIP of site 3

ChIP of site 4
ChIP of site 4
ChIP of site 5
ChIP of site 5
ChIP of site 6

= ChIP of site 6

Preparing promoter deletions and
mutations

CTC-3= Preparing P482 deletion
GG-3= Preparing P435 deletion

Preparing 3= promoter deletions
CG-3= Preparing P339 deletion
GTC-3= Preparing P301 deletion
ATG-3= Preparing P217 deletion
TG-3= Cloning “intron A” from BAC
AG-3= Cloning “intron A” from BAC
AG-3= Cloning “intron B” from BAC
AACCAATCC-3= Cloning “intron B” from BAC

GCTGC-3= Preparing promoter mutations
-3= Preparing promoter NFY mutation
-3= Preparing promoter NFY mutation
TG-3= Preparing promoter SP1 mutation 1
TG-3= Preparing promoter SP1 mutation 1
CGG-3= Preparing promoter SP1 mutation 2
ACC-3= Preparing promoter SP1 mutation 2
TTTATG-3= Preparing promoter ETS mutation
CCCCGC-3= Preparing promoter ETS mutation
TGGG p-3= Reparing promoter OCT mutation
AAAG-3= Preparing promoter OCT mutation
AG-3= Preparing promoter E-box mutation
GG-3= Preparing promoter E-box mutation
TCGGGCG-3= Preparing promoter E2F mutation 1
GGCGCAG-3= Preparing promoter E2F mutation 1
= Preparing promoter E2F mutation 2
= Preparing promoter E2F mutation 2
CGAGGCC-3= Preparing combined E2F mutations

1 & 2
GGCGCAG-3= Preparing combined E2F mutations

1 & 2
-3= Preparing intron E-box mutation 2
-3= Preparing intron E-box mutation 2
-3= Preparing intron E-box mutation 3
-3= Preparing intron E-box mutation 3
-3= Preparing intron E-box mutation 4
-3= Preparing intron E-box mutation 4

and restriction sites are underlined.
and new restriction sites are underlined.
e

AATCT
AATAA
-3=
-3=
3=
3=
TTGT-
AAA-3
T-3=
TTCA-
GTG-3
AGC-3
-3=
=

-3=
-3=
AGC-3

=

CCGCT
TGATT
TG-3=
AGCTT
TAGTC
GGACC
CACAA
CCCCC
AAAGG
TAAGA

GGAAG
GGGCG
AGGCC
TGCGG
TGCGG
GAGGT
CAATC
TGTTT
GACCT
GGGAG
AAAAC
CTTCG
ATGAA
CGCCC
CCCAA
GAG-3
GCG-3
TCGGG

CCCAA

GGCCG
GCCGC
GGCCC
CAAGG
ACTGC
ACTGG
kit (SABiosciences Corp., Frederick, MD). The antibodies
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used in this study were purchased from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA): MYC (N-262, sc-764),
MNT (M-132, sc-769), and MXI1 (G-16, sc-1042). Real-
time PCR amplifications were performed using DyNAmo
Capillary SYBR Green PCR master mix (New England
BioLabs, Inc.) and the DNA Engine Opticon 2 real-time
PCR detection system according to the manufacturer’s
instruction. Primer sequences are listed in Table 1.

Labeling and Hybridization of ChIP Samples to a
Custom Oligonucleotide Chip

ChIP of modified histones and RNA polymerase II (polII),
amplification of ChIP DNA, and hybridization to a custom
chip were performed as described previously.31 For analy-
sis of histone modifications, we performed native ChIP on
20 � 106 cells without formaldehyde cross-linking. Nuclei
were digested by micrococcal nuclease enzyme followed
by mild sonication to obtain mononucleosomes. For analy-
sis of polII binding, we performed ChIP after sonication after
formaldehyde cross-linking to obtain DNA fragments rang-
ing from 200 to 400 bp. Chromatin was then dialyzed into
radioimmunoprecipitation assay buffer at 4°C. We conju-
gated 4 �g of H3-K9, K14-diacetyl–specific, and lysine-27
trimethylation–specific antibodies from Upstate Biotechnol-
ogy (Millipore, Billerica, MA) (06–559 and 07–449) and
lysine-4 monomethylation–specific, histone 3 lysine-4 trimethy-
lation (H3K4me3)–specific, and polII-specific antibodies from
Abcam Inc. (Cambridge, MA) (ab8895, ab8580, and ab5408)
to Dynabeads protein A (Dynal Biotech, Oslo, Norway). We
performed ChIP by overnight incubation of dialyzed chromatin
with the antibody-loaded beads. We thoroughly washed the
beads containing antibody and chromatin complexes, and the
DNA was finally eluted from the beads. The eluted DNA was
tested for enrichment by quantitative PCR. Input and enriched
ChIP DNA were amplified by ligation-mediated PCR. Ligation-
mediated PCR–amplified input DNA and ChIP-enriched DNA
were labeled with Cy3 and Cy5, respectively, and were hy-
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Analysis of Publicly Available ChIP-Seq Data

Coordinates for individual reads from genome-wide
ChIP-Seq experiments in K562 and HeLa-S3 cells and
DNase sensitivity analysis in K562 were downloaded
(http://genome.ucsc.edu, last accessed July 27, 2010)
and sorted; for each experimental replicate, the average
fragment size was estimated using an Excel spreadsheet
(Microsoft Corp., Redmond, WA) by determining the co-
ordinate displacement that resulted in maximal overlap of
forward and reverse reads in a continuous block of
�200,000 reads. Coordinates of forward and reverse
reads in the C13orf25 region were adjusted based on
these values, and the numbers of reads over all repli-
cates and both orientations were combined and plotted
in 20-bp increments using a 100-bp window. Evolutionary
conservation in the C13orf25 promoter and close
matches conserved consensus binding sites for tran-
scription factors were determined using the MatInspector
program (Genomatix Software GmbH, Munich, Ger-
many).

Results

Expression of the miR-17-92 Cluster in B Cells

miRNA expression profiling was initially conducted using
the TaqMan human miRNA array. Because the miR-17-92
cluster is expressed in proliferating cells, we normalized
the values to those of normal centroblasts, which prolif-
erate rapidly. We observed decreased miR-17-92 ex-
pression in normal naive B cells compared with that in
centroblasts for each of the six miRNAs in the cluster but
to varying extents, ranging from 1.28-fold in miR-92a to
7.8-fold in miR-18a (Figure 1A). Various tumor cell lines
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normal centroblasts, with a ratio varying from 1.8 to 12.7,
averaging over the six miRNAs (Figure 1A). In general,
there are strong correlations between the levels of the
different miRNAs in the cluster in the 11 cell lines ana-
lyzed, representing different stages of B-cell differentia-
tion. The miRNA whose level correlated least well with the
others was miR-18a (Figure 1A and inset). Processing of
this miRNA is known to be regulated by an RNA-binding
protein32; variation in efficiency of miR-18a processing
among different cell lines is likely to be responsible for the
relatively low correlation between miR-18a levels and
those of the other members of the cluster.

Of the 11 cell lines, the greatest amounts of miR-17-92
expression were seen in JeKo-1 (a mantle cell lymphoma
line) and in DHL16 (a DLBCL line of the germinal center
B-cell subtype). Because JeKo-1 cells are known to have
amplification of the C13orf25 locus, we wished to determine
whether gene amplification was also responsible for the
high-level miR-17-92 expression in DHL16 cells. This was
done using two approaches. First, we performed quantita-
tive PCR of genomic DNA with primers in C13orf25 and the
control locus RPL13 in DHL16 and seven other lines. Four of
the lines (DHL6, OCI-Ly1, OCI-Ly3, and JVM2) had virtually
identical ratios of C13orf25 to RPL13, and it was assumed
that they contain two copies of C13orf25. Relative to the
average normalized quantity of C13orf25 DNA in these four
lines, DHL16 showed a mean � SD ratio of 1.33 � 0.60 and
JeKo-1 a ratio of 5.8 � 1.6 (see Supplemental Figure S1A at
http://ajp.amjpathol.org). These data suggest that DHL16
has either two or three copies of C13orf25, whereas JeKo-1
has approximately 12. As a second approach to test for
possible C13orf25 amplification in DHL16, we used the
ChIP with hybridization to a custom oligonucleotide chip
(ChIP-chip) data (described later herein) to estimate the
relative copy numbers of the locus in DHL16 cells com-
pared with those in normal centroblasts or naive B cells. We
determined the ratio of the hybridization of input nucleo-
somal DNA to probes within C13orf25 to the hybridization to
all the �100 genes on the custom array for the four histone
modifications examined. The mean � SD ratio of DHL16 to
normal centroblasts was 0.883 � 0.218 and of DHL16 to
naive B cells was 0.784 � 0.177 (see Supplemental Figure
S1B at http://ajp.amjpathol.org). Thus, gene amplification
does not seem to be responsible for the increased expres-
sion of the miR-17-92 cluster in DHL16 cells.

Results of miRNA profiling were also confirmed by

real-time RT-PCR amplification in at least triplicate for
each of the miRNAs of the cluster in normal naive B cells,
centroblasts, and three cell lines (Figure 1B). Because
the levels of the miRNAs in the cluster did not vary com-
pletely in parallel, we also analyzed a dilution series to
determine whether differences in PCR efficiency among
the primer sets might be responsible for this variation;
however, all the primer sets showed similar amplification
efficiencies (data not shown).

Elements Required for Full Promoter Activity
Extend Approximately from �159 to 112 bp
Relative to the Transcriptional Start Site

miRNAs are first transcribed as primary miRNAs by
polII.33 As a preliminary indication of sequence elements
that may be important in regulating the C13orf25 gene,
we analyzed the degree of evolutionary conservation in
the promoter region (Figure 2) and identified close
matches to well-defined consensus binding sites for tran-
scription factors. The region of highest conservation ex-
tends from approximately �118 to 70 bp relative to the
transcription start site (TSS). Within this region are
numerous close matches to consensus transcription
factor binding sites, most of which are conserved even
in zebra fish. The promoter lies within a 1.9-kb CpG
island [as defined at the UCSC Genome Bioinformatics
website (http://genome.ucsc.edu, last accessed July
27, 2010)], which, overall, has 63.5% guanine and
cytosine content. As commonly found in promoters as-
sociated with CpG islands, several consensus sites for
binding to the SP1 family are present. In addition to
those noted in Figure 2, several close matches to SP1
consensus are found more proximal to the TSS. De-
spite being embedded in a CpG island, the promoter
contains several AT-rich elements, including an octa-
mer (OCT element), a possible LEF/SOX site, an atyp-
ical TATA box, and an initiator element. Other poten-
tially important sites are described later herein.
Additional highly conserved sequences likely repre-
sent binding sites for unidentified transcription factors.

We used transient transfection of promoter luciferase re-
porter constructs to identify the DNA elements important in
regulating transcription. Although we are especially inter-
ested in transcription of the gene in B cells, miRNAs seem
to be expressed in all proliferating cells; for example, miR-

Figure 2. Promoter conservation. Alignment of
sequences from human, mouse, opossum, frog,
and zebra fish C13orf25 orthologs using Clust-
alW, with further manual modifications to com-
pact nonconserved regions. Strong matches to
consensus transcription factor binding motifs
are shown based on analysis using the Mat
Inspector program.
17-92 miRNAs are expressed in a variety of mouse embry-
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onic tissues,34 and unlike most miRNAs tested, in situ hy-
bridization showed them to be ubiquitously expressed in
zebra fish embryos.35 The promoter contains consensus
binding sites for many widely expressed transcription fac-
tors, suggesting that much of the regulation of the gene may
be cell-type nonspecific. Thus, because B cells are notori-
ously difficult to transfect, detailed promoter analysis was
performed in HEK293T cells.

To determine elements important for promoter activity,
a nested 5= deletion series of six DNA fragments from the
promoter region were cloned into the pGL3 basic lucifer-
ase reporter vector. Of these, initially four were prepared
using convenient restriction enzyme sites (P982, P606,
P512, and P395; names correspond to the length of pro-
moter DNA included in the construct). In initial results (not
shown), we determined that the P512 fragment, from
�189 to 323 bp, had full activity in transient transfection
experiments, whereas P395 had reduced activity. Based
on these results, two additional constructs of size inter-
mediate between P512 and P395 were generated by
PCR cloning, and a small 5= deletion of P512, removing
30 additional 5= bp (to �159 bp, P482) was found to
result in little change in activity (Figure 3). The similarity in
activity of P982, P606, P512, and P482 shows that delet-
ing less conserved regions from �659 to �159 bp does
not reduce promoter activity, whereas a further 47-bp
deletion (to �112 bp, P435) reduced activity �37% com-
pared with P435. Correlating these results with the af-
fected putative transcription factor binding sites, the de-
letion in P435 resulted in loss of the most 5= putative SP1
site, and deletion of the 5= cluster of SP1 sites and the
NFY and ETS sites in P395 reduced activity by �66%
compared with P435.

A series of 3= deletions was also analyzed (Figure 3).
The P339 construct showed almost double the activity of
the P512 construct. The P339 3= deletion removed poorly
conserved regions that contain a potential initiation
codon in a good Kozak context that is out of frame of the
downstream luciferase gene. Thus, although we have not
ruled out the possibility that the deleted region binds
factors with repressor activity, the most likely reason for
increased activity of these 3= deletions is increased pro-
ductive translation of the message. A further deletion (to
28 bp) that removed two consensus E2F sites (compar-
ing P217 with P301) modestly decreased activity. These

results imply that positive regulatory elements in the pro-
moter extend approximately from �159 to 112 bp from
the transcriptional start site, encompassing the region of
highest evolutionary conservation.

The Promoter Is Regulated by the Collaborative
Activity of Several Transcription Factors, Most of
Which Individually Have Only a Moderate Effect

To assess the importance of specific sequence elements
in the region important for promoter activity, we prepared
site-directed mutations. Mutations affecting all the SP1
sites reduced activity to 30%, similar to deletion of the
corresponding region. Mutations of individual SP1 sites
and the NFY and OCT sites reduced activity by �40% to
50% each, whereas mutation of the putative ETS site did
not affect the activity (Figure 4A).

Mutation of the first E2F site or of both E2F sites re-
duced activity by �25%, similar to the effect of deleting
the sites (comparing P217 with P301; Figure 3); mutation
of the second E2F site alone had minimal effects. The
promoter E-box is only one of several in the C13orf25
locus, and we refer to it as E1 in further analysis de-
scribed later herein. Mutation of the E1 E-box increased
activity by up to �40% (Figure 4A). Because C13orf25 is
known to be regulated positively by MYC, this result was
initially surprising. However, a variety of transcriptional
repressors closely related to MYC, such as MNT and
MXI1, are able to compete with it for heterodimerization
with its partner MAX and to compete for binding to DNA.
The effect of mutating the E-box suggests that C13orf25
is not only activated by MYC but also is inhibited by
repressors of the MYC family. This repressive effect of the
site predominates in HEK293T cells. ChIP data described
later herein support this possibility.

These results of mutational analysis indicate that the
promoter is regulated by the collaborative activity of sev-
eral transcription factors, most of which individually have
only a moderate effect. We further investigated the func-
tion of these sites by cotransfection of the P512 reporter
construct with constructs expressing various transcrip-
tion factors, namely, OCT2, SP1, ETS1, MYC, E2F1, and
E2F3, and a dominant negative NFY vector (pNFYA29).36

The data indicated that only MYC and E2F1 expression

Figure 3. Firefly luciferase reporter assays in
HEK293T cells of nested deletions of the C13orf25
promoter region normalized to cotransfected Re-
nilla luciferase. Expression is relative to the pro-
moterless pGL3 basic vector (pGL3 B), which was
set to 1. Results with the SV40 promoter (pGL3 P)
are also shown. Diagrams at the left show the
location of the motifs shown in Figure 2. Note that
the results with P512 are shown twice for ease of
comparison. Data are given as mean � SD.
vectors enhanced the activity (Figure 4B).
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Histone Modifications in the C13orf25 Locus

As part of a larger analysis of �100 genes important in B
cells, we analyzed histone PTMs in a 22.65-kb region using
ChIP-chip.31 We analyzed the three B-cell lines for which
miRNA abundances are shown in Figure 1B and normal
naive B cells and centroblasts. Four PTMs were quantified:
H3K4me3 and lysine-9 and -14 diacetylation (H3K9,14ac),
associated with promoters and CpG islands; lysine-4
monomethylation, associated with enhancers or adjacent to
regions of H3K4me3; and lysine-27 trimethylation, associ-
ated with repression by polycomb complexes. In addition,
for the three cell lines, we also analyzed binding of polII. To
facilitate comparison among samples, data were globally
normalized based on hybridization to the entire chip of
�388,000 oligonucleotides.

The histone PTMs in the locus varied considerably
among the samples (Figure 5). In the proximal portion of the
gene, H3K4me3 varied the least, with peaks immediately 5=
and 3= of the CpG island, a small peak near the TSS, and a
peak �0.7 kb downstream of the TSS. In the three cell lines,
H3K4me3 extends more 3= and is found over the miRNA
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Figure 4. Multiple transcription factors control the C13orf25 promoter. A:
constructs derived from plasmid P512 with mutations in transcription factor
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quantitatively, with very low values in naive B cells and
centroblasts but higher values in the cell lines. This analysis
of the other genes in this array showed that the transcript
level for a given gene correlated with the quantity of
H3K9,14ac surrounding the promoter.31

A strong peak of polII binding was found near the TSS;
polII was also found, to a variable extent, at the other sites
of H3K4me3. Among the three cell line samples for which
polII data were obtained, the most striking difference was
the presence of polII over the miRNA sequences only in
DHL16, which showed, by far, the highest levels of the
mature miRNAs.

Enhancers for the C13orf25 Locus

Recently, specific histone PTMs have been identified as
markers for distal enhancers.38 The presence of activat-
ing histone modifications in the C13orf25 gene body at
considerable distances from the TSS raised the possibil-
ity that these are associated with regulatory regions, in
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particular, enhancers. In an initial step to test this possi-
bility, we analyzed two neighboring regions for enhancer
activity: region A (586 to 1,265 bp) in intron 1, which
encompasses a small peak of active histone modifica-
tions in the ChIP-chip data, and region B (1,248 to 2,183
bp), extending into intron 2, containing the largest peak
of active histone modifications. The luciferase reporter
pGL3 basic containing the C13orf25 promoter and region
A displayed at least 2.3-fold greater luciferase activity
than the control that contained only the promoter (Figure
6A). The plasmid C13orf25 promoter/region B showed
modestly greater activity than the parental C13orf25 pro-
moter construct in HEK293T, NIH3T3, and DHL16 cells
but considerably less activity than the construct contain-
ing region A. There was no evidence of synergy when a
construct containing both regions A and B was analyzed.

To confirm the enhancer activity of the intronic regions,
we cloned them into the pGL3 promoter luciferase vector,
in which luciferase expression is driven by the SV40
promoter. The pGL3 P/A luciferase construct showed

Figure 6. Potential C13orf25 enhancers. Luciferase activity in three cell lines
(HEK293T, NIH3T3, and DHL16) of various constructs, some of which con-
tain two regions, A and B, being analyzed for enhancer activity. Where
indicated, constructs containing point mutations were created in one or more
putative E-boxes. The positions of the C13orf25 promoter region (Pr) being
analyzed, of regions A and B, and of the four putative E-boxes are shown at
the top. A: Results using constructs containing the C13orf25 promoter. B:
Results using constructs containing the SV40 promoter. Data are given as
mean � SD.
more than fivefold luciferase activity compared with con-
trol vector in DHL16 and NIH3T3 cells (Figure 6B). The
pGL3 P/B vector showing 3.5-fold activity compared with
control vector in the same two cell lines. Compared with
pGL3 P/A and pGL3 P/B, pGL3 P/AB possessed the
highest activity in NIH3T3 cells, whereas pGL3 P/A
yielded the strongest luciferase activity in DHL16 and
HEK293T cells.

E-Box Motif Function in the C13orf25 Locus

Because of the reported role of MYC in regulating
C13orf25, we were especially interested in potential MYC
binding sites. MYC and its family members normally bind
DNA as heterodimers with a common partner, MAX. The
highest affinity site for MAX homodimers and its het-
erodimers is CACGTG; only one such conserved site, in
exon 2 (E4, region B), is found in or neighboring the
region of active histone PTMs. Slightly lower affinity sites
have the sequence CATGTG; three such sites are found
in the region of active histone modification, including one
site each in regions A and B (E2 and E3) and a site in the
promoter region (E1), discussed previously herein,
whose mutation led to an increase in promoter activity.

Mutations of E2, E3, and E4 were prepared in the
C13orf25 promoter/A and C13orf25 promoter/B con-
structs and showed little effect (Figure 6A). Some of the
same mutations in the SV40 promoter background (pGL3
P/A and pGL3 P/B) reduced, but did not eliminate, en-
hancer activity (Figure 6B), with the effects varying
among the cell lines tested. For DHL16, no effect was
seen with the E2 mutation in region A, but mutation of E4
reduced enhancer activity in the B region, whereas mu-
tation of E3 strongly reduced enhancer activity.

MXI1 Binds to the Promoter

A previous study showed that the miR-17-92 cluster is
directly transactivated by MYC, which directly binds to
the first intron of C13orf 25.8 To identify the binding sites
for MYC family members to the endogenous C13orf25
locus, we made use of publicly available genome-wide
ChIP sequencing data (http://genome.ucsc.edu).39

Among the many cell lines analyzed, data for MAX and
MYC binding are particularly extensive for HeLa-S3 and
for the erythroleukemia cell line K562. For both lines and
both transcription factors, by far the highest binding was
at E3, followed by the promoter E1 (Figure 7, A and B).
Binding at E2 was low, and at E4, it was almost unde-
tectable. Two additional sites upstream of the promoter
were found in both cell lines, centered approximately 610
and 300 bp from the TSS. Within 50 bp of each peak
maximum was found the sequence CACGCG, with a
single mismatch from the highest affinity site; a detailed
analysis of MAX binding revealed that MAX binds detect-
ably to such sites.40 Both of these sites are present in the
construct P982 (Figure 3) but not in any of the smaller
constructs; thus, these sites do not contribute obviously
to reporter construct expression.

A possible explanation for the minimal MYC and MAX
binding at E2 and E4 in K562 cells is chromatin inacces-

sibility. DNase I sensitivity is frequently used to identify
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accessible DNA, as found at enhancers, promoters, and
other regulatory regions. Publicly available genome-wide
DNase sensitivity for the K562 cell line (http://genome.
ucsc.edu, last accessed July 27, 2010) revealed that the
sequences surrounding E2 and E4 were insensitive to
DNase digestion (Figure 7B), consistent with the hypoth-
esis that a closed chromatin conformation blocks MYC
and MAX binding to these sites.

Although in HeLa the relative binding of MYC and MAX
was similar at E1 and E3, in K562, considerably lower
relative binding of MYC was found at E1 than at E3,
suggesting that at least half of the MAX bound to E1 was
in heterodimers with proteins other than MYC and that
different E-boxes preferentially bind different MYC family
members. If so, this would provide a potential explanation
for the paradoxical increase in luciferase activity on mu-
tating E1 and the different effects of mutating the other
E-boxes (Figures 4 and 6).

The results in K562 suggested that family members in
addition to MYC may bind to E1 at the promoter. To test
this possibility, we performed ChIP with antibodies to
MYC and to two MYC family members, MNT and MXI1,
which bind to E-boxes as heterodimers with MAX to func-
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Figure 7. Binding of MYC family transcription factors. A: Genome-wide
ChIP-Seq data in HeLa-S3 cells using antibodies that recognize MYC and MAX
are shown. The positions of four putative E-boxes and of two E-box variants
are also shown. The relative binding of MYC and MAX at various peaks was
quantified, being normalized by setting the MYC/MAX ratio to 1 for E-box E3.
B: Data for K562, as in A. Also shown are ChIP-Seq with antibodies to
CCCTC-bindng factor (CTCF) and sites of DNase I cleavage (“digital” DNase
hypersensitivity analysis; sequencing reads prepared by the Stamatoyanno-
poulos Laboratory at the University of Washington were downloaded from
http://genome.ucsc.edu). The arrow shows the position of a close match to
the consensus CTCF DNA-binding sequence. The positions of the PCR prod-
ucts analyzed by conventional ChIP in DHL16 (C) and P3HR-1 (D) are shown
at the bottom. C: Results of ChIP and quantitative real-time PCR with probes
across the C13orf25 locus in DHL16 cells using antibodies that recognize
MYC, MXI1, and MNT. D: As in C, analyzing ChIP in P2HR-1 cells. Note that
E1 and E2 lie within the amplicons of primer sets 4 and 5, respectively,
whereas the primer set 6 amplicon lies between E3 and E4.
tion as dedicated transcriptional repressors.41 Isolated
DNA was analyzed by quantitative real-time PCR using
several probes across the C13orf25 locus and in the
promoter of the known MYC target ODC1. Two cell lines
were used for ChIP: DHL16 and, for comparison, another
B-cell line, the Burkitt’s lymphoma cell line P3HR-1, which
expresses high levels of MYC. The immunoprecipitated
DNA was enriched at the promoter and intronic regions
for all three antibodies, with highest enrichment at the
promoter (Figure 7C). The relative enrichment of MYC,
MXI1, and MNT, however, varied at the various sites, with
greater enrichment of MXI1 and, in P3HR-1, of MNT at the
promoter than at intronic sites. This is consistent with the
ChIP-seq data available for K562 and for the increased
activity of the C13orf25 promoter when the E1 E-box is
disrupted (Figure 4A).

Discussion

C13orf25, containing the miR-17-92 cluster, is amplified
in some lymphomas, but the miRNAs themselves are
much more frequently overexpressed in lymphoma.5 In
the cell lines we analyzed, overexpression was particu-
larly striking in the case of DHL16, in which the locus is
not amplified. These data suggest that abundance of the
miRNAs in the miR-17-92 cluster is regulated at several
levels. Although this analysis was centered on transcrip-
tional regulation, the results suggest that differential pro-
cessing or stability of the miRNAs also influences their
abundance. The abundance of the six miRNAs correlate
relatively well except for miR-18a, whose processing has
been shown to be regulated by binding of hnRNPA1 to its
conserved terminal loop.32,42 In particular, the abun-
dance of miR-18a is strikingly low in naive B cells. A study
of miR-17-92 during mouse development also showed
that expression of the individual miRNAs of the cluster did
not vary entirely in parallel,34 with miR-18a showing a
disproportionate decrease in several postnatal tissues
compared with the embryo. In addition to the variation
among the miRNAs in the cluster, the overall degree of
processing is likely to vary because the levels of the
primary RNA do not correlate well with the levels of the
mature miRNAs. This is especially striking in the case of
DHL16, in which the primary RNA levels are 3.3-fold
those of normal centroblasts, whereas the ratios for the
mature miRNAs vary from 4.8 to 12.8.

These results suggest that the primary RNA is pro-
cessed more efficiently in DHL16 than in the other cell
lines and normal samples. Because processing requires
cleavage of the primary RNA, more efficient processing
would be expected to result in lower steady-state levels
of the primary RNA. Thus, the modestly enhanced levels
of primary RNA in DHL16 cells may not fully reflect the
rate of transcription in this cell line. The most striking
difference in ChIP-chip results between DHL16 and the
other two lines that were analyzed is the presence of polII
over the miRNA sequences in DHL16 only. An intriguing
possibility is that the presence of polII over the miRNA-
encoding sequences is due to slowing of transcriptional

elongation through the region by unknown mechanisms,
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allowing for proper folding of the RNA hairpins and sub-
sequent cleavage by the Drosha complex.

The present analysis of vertebrate sequence conser-
vation revealed that the promoter region comprises sev-
eral putative SP1 sites; sites for NFY, ETS, OCT, and
MYC; and two tandem E2F sites. This region is highly
conserved in vertebrates, and most of the putative tran-
scription factor binding sites are conserved even in fish.
Additional highly conserved sequences likely represent
binding sites for unidentified transcription factors.

Several early studies demonstrated that the E2F family
of transcription factors can directly bind C13orf25 and
stimulate its transcription.21,23 The present studies indi-
cated that a 3= deletion, eliminating the second E2F site,
reduced activity by �30%, whereas mutation of both
sites reduced activity to a similar extent. The mutation of
putative SP1 sites reduced activity of promoter-reporter
constructs by 70%, suggesting that the SP/KLF family of
transcription factors may be important in regulating this
gene. To investigate the role of SP1 in the transcription of
this gene, SP1 expression vectors were cotransfected
with the promoter reporter. The failure to affect transcrip-
tion is likely because SP1 is abundantly and ubiquitously
expressed and cotransfection with its expression vector
did not sufficiently perturb the overall level of the protein
to affect transcription.

From ChIP-chip analysis of SP1 binding to chromo-
somes 21 and 22, a minimal estimate of the number of
SP1-binding sites in the human genome was 12,000.43

Initially, SP1 was thought to have no role other than to
constitutively activate housekeeping genes, but evidence
has mounted for important roles in cell proliferation and
tumorigenesis.44 Additional specificity is likely provided
by its direct interaction with numerous other transcription
factors, including several that may affect C13orf25 ex-
pression, including E2F1, OCT1, NFYA, and NFYC. Inter-
actions with E2F2 and E2F3, ETS1, and MYC have also
been identified, but these may be indirect.44 Thus, the
SP1 sites may be important in promoting cooperative
recruitment of SP1 along with other transcription factors
that bind the promoter.

Histone modifications are now known to play a central
role in the regulation of gene transcription.45–47 We per-
formed ChIP-chip to identify the histone modifications
associated with the C13orf25 locus in normal B cells and
in various B-cell lines. The various samples showed con-
siderable variation in the pattern of histone PTMs. One of
the most striking differences was the very low level of
H3K9,14ac in naive B cells and normal centroblasts com-
pared with in the three cell lines. H3K9,14ac has been
shown to be important in recruiting the general transcrip-
tion factor complex TFIID to promoters.48 In addition, the
observation downstream of the promoter of histone PTMs
associated with active transcription suggested the pres-
ence of intronic enhancers, which we confirmed using
reporter assays.

Previous studies in a Burkitt’s cell line with regulated
MYC expression demonstrated that the C13orf 25 locus is
directly transactivated by MYC and that MYC directly
binds to the first intron.8 Resting naive B cells have

among the highest levels of MYC mRNA among undivid-
ing cells (http://biogps.gnf.org, last accessed July 27,
2010). Surprisingly, in contrast to other dividing cells,
normal rapidly dividing centroblasts have less MYC
mRNA than resting B cells, and MYC protein is undetect-
able by immunohistochemical analysis in normal centro-
blasts.49 In contrast, MYC mRNA is up-regulated in di-
viding B-lineage cells at other differentiation stages and
in B cells induced to divide by mitogens in vitro.50 This
unusual regulation of MYC in centroblasts seems to be
abrogated in most DLBCLs.51 In normal centroblasts, the
low level of MYC protein may contribute to the low level of
the activating histone PTM H3K9,14ac found in the
C13orf25 locus (Figure 5) and the minimal up-regulation
of miR-17-92 expression (Figure 1).

After identifying several conserved E-boxes in the
C13orf25 locus that function in transient transfection ex-
periments, we examined which of the putative E-boxes
can bind MYC family members in their normal chromo-
somal context. Publicly available ChIP-seq data allow the
sites of binding to be defined more precisely (Figure 7). It
is likely that the considerable differences in HeLa and
K562 cells in MYC and MAX binding among the four
conserved E-boxes result, in part, from differences in
chromatin accessibility and structure. E2 and E4 are in
regions of low DNase sensitivity in K562, suggesting that
these regions are poorly accessible to transcription factor
binding. In contrast, E1 and E3 lie in regions of DNase
hypersensitivity in K562 (Figure 7B), the first correspond-
ing to the promoter and the second lying only 36 bp from
a binding site for CCCTC-binding factor, which is efficient
in excluding nucleosomes and positioning neighboring
nucleosomes52 and, thus, would be expected to contrib-
ute to binding at the neighboring E3 site. CCCTC-binding
factor has complex effects on transcription but functions
in part by promoting chromatin looping53; thus, it may
contribute to interaction of the neighboring intronic en-
hancers with the promoter. MYC binding is also associ-
ated with areas of H3K4me3 and H3 acetylation.54 The
ChIP-chip experiments (Figure 5) revealed prominent
peaks of H3K4me3 and H3K9,14ac in the three cell lines
analyzed immediately neighboring E1 and E3. Peaks of
these histone PTMs, albeit smaller, were also detected
adjacent to E2. The active histone PTMs are consistent
with the ChIP data with MYC family members (Figure 7C),
which showed relatively high enrichment with primer pair
5, whose amplicon includes E2. Although mutation of E2
did not affect luciferase activity in DHL16 in transient
transfection experiments (Figure 6), these data raise the
possibility that E2 is active in B cells in its normal chro-
mosomal context, in contrast to K562 and HeLa S3.

Analysis of high-quality ChIP-seq data on MYC and
MAX binding in K562 and HeLa S3 cells showed that
binding to the two factors did not occur entirely in parallel
across the C13orf25 locus (Figure 7, A and B); in partic-
ular, compared with binding at E3, proportionally less
MYC binding was found at the promoter (E1) in K562, but
little difference was found in HeLa S3 cells. The differen-
tial binding at E1 and E3 in K562, despite their identical
core sequences, may be due to differences in flanking
sequences, to differences in histone modifications, or to

binding by cooperating transcription factors. We also
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found preferential binding of inhibitory MYC family mem-
bers to the promoter (E1) in B-cell lines (Figure 7C).
Preferential binding of inhibitory MYC family members to
E1 may explain why mutation of E1 increased promoter-
reporter activity (Figure 4A).

Binding to two noncanonical E-boxes (CACGCG) up-
stream of the promoter showed a large relative excess of
MAX binding over MYC binding (Figure 7). MAX has been
shown to bind to this sequence40 with an affinity that is
appreciable although lower than to canonical sites, and
MYC can activate transcription of TAF4B through such a
site.55 MNT, however, has been reported to bind with
higher affinity to this noncanonical sequence than to ca-
nonical E-boxes.56 Thus, it is likely that in some cell types
these upstream noncanonical sites are preferentially
bound by MNT and perhaps other repressive MYC family
members whose sequence specificity has not been an-
alyzed in detail. Although deleting these sequences had
little effect in the promoter-reporter assays (Figure 4A),
we cannot exclude the possibility that they are functional
in their normal chromosomal context.

In summary, we provide evidence that the abundance
of C13orf25 miRNAs is affected not only by transcriptional
mechanisms but likely also by varying processing effi-
ciency. We mapped the promoter and identified intronic
regions with enhancer activity. Finally, these data sug-
gest that C13orf25 is bound not only by MYC but also by
inhibitory members of the MYC family, allowing for a
complex mode of regulation by MYC family proteins.
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