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B-cell chronic lymphocytic leukemia (CLL) is the most common
human leukemia and dysregulation of the T-cell leukemia/lym-
phoma 1 (TCL1) oncogene is a contributing event in the pathogen-
esis of the aggressive form of this disease based on transgenic
mouse studies. To determine a role of microRNAs on the patho-
genesis of the aggressive form of CLL we studied regulation of
TCL1 expression in CLL by microRNAs. We identified miR-3676 as
a regulator of TCL1 expression. We demonstrated that miR-3676
targets three consecutive 28-bp repeats within 3′UTR of TCL1 and
showed that miR-3676 is a powerful inhibitor of TCL1. We further
showed that miR-3676 expression is significantly down-regulated
in four groups of CLL carrying the 11q deletions, 13q deletions, 17p
deletions, or a normal karyotype compared with normal CD19+

cord blood and peripheral blood B cells. In addition, the sequenc-
ing of 539 CLL samples revealed five germ-line mutations in six
samples (1%) in miR-3676. Two of these mutations were loss-of-
function mutations. Because miR-3676 is located at 17p13, only
500-kb centromeric of tumor protein p53 (Tp53), and is codeleted
with Tp53, we propose that loss of miR-3676 causes high levels of
TCL1 expression contributing to CLL progression.

miR-3676 | CLL | 17p deletions

Chronic lymphocytic leukemia (CLL) is the most common
adult leukemia (1). Unfavorable prognosis associates with

the expression of unmutated immunoglobulin variable genes
(IGVH) and high levels of 70 kD zeta-associated protein (ZAP-
70). CLLs can be subgrouped into aggressive and indolent cases
and chromosomal aberrations are present in more than 80% of
patients (1–3). Cytogenetic abnormalities are also a prognostic
parameter (3). The most common chromosomal abnormalities
detectable by cytogenetics include deletion at 13q (50%), 11q
(18%), trisomy 12 (15–18%), and 17p (8%) (2, 3). Prognostic
categories have shown poor survival in patients harboring 17p
deletion, 11q deletion, or trisomy 12, and better survival for
patients with normal karyotype and 13q deletion as the sole
abnormality (3).
We have shown that loss of miR-15a/16-1 is the most common

genetic alteration in CLL (70–80%) (4). This alteration is very
common in indolent CLLs and in indolent CLLs that progress to
the aggressive form (4, 5). Previously, we have observed loss of
miR-181 and miR-29, which negatively regulate T-cell leukemia/
lymphoma 1 (TCL1), during the progression of CLL (6, 7).
Activation of the TCL1 gene is arguably one of most studied

events in the pathogenesis of aggressive CLL (8). We and others
have found that TCL1 overexpression occurs in a number of B-cell
malignancies, including CLL (8–10). To validate that over-
expression of TCL1 is oncogenic in B-cells, we have created a Eμ-
TCL1 transgenic mouse model overexpressing TCL1 (11, 12). All
of these transgenic mice developed the aggressive form of CLL at
the average age of 12 mo with 100% penetrance (11, 12), indicating
that deregulation of TCL1 is critically important in the pathogen-
esis of the aggressive form of CLL. Numerous publications of this

CLL model have confirmed our findings (13–17). Previously we
reported that Tcl1 overexpression contributes to CLL pathogenesis
by coactivating Akt, and inhibiting AP-1 and de novo DNA
methylation by inhibiting of the de novo DNA methyltransferases
(18–21). The mechanisms responsible for overexpression of Tcl1 in
CLL are not entirely clear. For this reason, we studied the regula-
tion of TCL1 expression by microRNAs.

Results
The goal of this study was to identify microRNAs targeting TCL1
that could play a role in the development and progression of CLL
by modulating TCL1 expression. Because the 3′UTR of TCL1
contains three consecutive 28-bp repeats (NM_021966.2, nucleo-
tides 935–962, 964–991, and 993–1020) (Fig. 1A), we investigated
whether each of these repeats could be targeted by microRNAs.
Using TargetScan (www.targetscan.org) software we identified
four microRNAs—miR-885,miR-1282,miR-3676, andmiR-4514—
predicted to target each of the three consecutive 28-bp repeats.
Previously, we reported that Tcl1 is expressed at low levels in in-
dolent CLLs, whereas aggressive CLLs generally overexpress Tcl1
(6). To investigate whether these four microRNAs play a role in
the pathogenesis of CLL, we chose four samples from indolent
CLL patients with the 13q deletion, and four samples from ag-
gressive CLL patients with the 11q deletion. Our goal was to find
microRNAs showing higher expression in the indolent samples
compared with the aggressive samples (Fig. 1B and Table S1).
This approach was based on our previous observation that the most
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aggressive 11q deleted CLLs show highest Tcl1 expression
levels (6). Fig. 1B shows expression of miR-885 (average CT was
∼36), miR-1282 (average CT was ∼36), miR-3676 (average CT
was ∼30), and miR-4514 (average CT was ∼31.5) in these eight
CLL samples measured by real-time RT-PCR. Thus, of the four
microRNAs tested, miR-885 and miR-1282 were practically not
expressed, and only expression ofmiR-3676 was down-regulated in
the 11q-deleted aggressive samples compared with the 13q-deleted
indolent samples (Fig. 1B). Thus, we decided to further investigate
the miR-3676 (we also considered miR-4514, see below).
We first identified the chromosomal location of miR-3676

using University of California, Santa Cruz Genome Browser
(www.genome.ucsc.edu). MiR-3676 was first identified from
deep-sequencing data as 1 of the 30 most abundant microRNAs
in breast cancer cells (it was referred as hsa-miR-B13f) (22). Very
interestingly, miR-3676 is located at 17p13, only 500-kb centro-
meric of TP53, within the 17p-deleted region in CLL (2), and
partially overlaps with tRNA-Thr (Fig. 2A). Thus, miR-3676
is codeleted with TP53 in CLLs with 17p deletions. We then
studied the expression levels of miR-3676 in CLL compared with
CD19+ B-cells isolated from peripheral blood mononuclear cells
and cord blood using a larger set of samples subgrouped by their
karyotype. The set included 28 samples with 11q deletions, 9
samples with 17p deletions, 11 samples with 13q deletions, and

15 samples with a normal karyotype for a total of 63 CLLs (Table
S1). The real-time RT-PCR data are shown in Fig. 2 B–D. In-
terestingly, miR-3676 expression was statistically significantly
down-regulated in CLLs of all karyotypes (2- to 5-fold compared
with CD19+ B-cells from peripheral blood mononuclear cells,
and 9- to 20-fold compared with CD19+ B-cells from cord blood)
(Fig. 2D). As we expected, the lowest expression levels of miR-
3676 were observed in the 17p-deleted CLLs (these samples
contain only one allele of miR-3676) (Fig. 2D). miR-3676 ex-
pression in 17p-deleted samples was 1.7-fold lower vs. 11q-deleted
samples (P = 0.15), 2.2-fold lower vs. 13q-deleted samples
(P = 0.059), and 2.6-fold lower versus normal karyotype samples
(P = 0.01) (Fig. 2D). On the other hand, miR-3676 expression
in 13q-deleted samples was only 1.3-fold lower vs. 11q-deleted
samples (Fig. 2D). This difference was smaller than the one in
Fig. 1B, likely because the most aggressive 11q samples were
chosen for the initial experiments (average ZAP-70 = 57.4% and
VH = 100% in Fig. 1B compared with ZAP-70 = 24.0% and VH =
99.4% in the bigger set of samples in Fig. 2D) (Table S1).
Similarly, for four 13q-deleted samples in Fig. 1B, the average
ZAP-70 was 1.1% and in the larger cohort average Zap-70 was
3.9% (Table S1). In contrast, no down-regulation of miR-4514
expression was observed in CLL samples vs. CD19+ cord blood B
cells (Fig. S1). Differential down-regulation of miR-3676 in CLL

Fig. 1. MicroRNAs targeting three consecutive repeats within TCL1 3′UTR. (A) Three repeats within TCL1 3′UTR. (B) Expression of miR-885, miR-1282, miR-
3676, and miR-4514 in 11q− and 13q− CLL. For the y axes, relative expression of microRNAs normalized versus U6 control.
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was also confirmed by Northern blot analysis (Fig. 2E); of the
eight CLL samples that were loaded on this gel, only sample #6
had a band comparable with the band observed for CD19+

B-cells (Fig. 2E). Because miR-3676 partially overlaps with tRNA-
Thr (Fig. 2A), we verified that this genomic fragment actually
expresses a microRNA. We cloned a fragment containing miR-

4521,miR-3676, and two corresponding tRNAs, (pCDH-3676/4521)
and a fragment containing only miR-3676 and tRNA-Thr
(pCDH-3676) (Fig. 2A) into a pCDH expression vector. Fig. 2F
shows a Northern blot of HEK-293 cells transfected with empty
vector, pCDH-3676/4521, or pCDH-3676 (lanes 2–4, respectively).
As shown in Fig. 2F, HEK-293 cells express both, endogenous

Fig. 2. miR-3676 expression is down-regulated in CLL. (A) Genomic location ofmiR-3676. (B)miR-3676 expression is down-regulated in 11q− and 17p− CLL. (C)
miR-3676 expression is down-regulated in 13q− and normal karyotype CLL. (D) Summary ofmiR-3676 expression in CLL and normal controls. (E) Northern blot
analysis of miR-3676 expression in CLL samples and CD19+ cord blood cells. (F) Northern blot of nontransfected HEK-293 cells (lane 1) and HEK-293 cells
transfected with empty vector, pCDH-3676/4521 or pCDH-3676 (lanes 2–4, respectively).

Fig. 3. Association between miR-3676 expression IGVH status and ZAP-70 methylation.
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(lanes 1 and 2) and exogenous (lanes 3 and 4) miR-3676. The full
Northern blot (two different exposures) of Fig. 2F is shown in Fig.
S2, demonstrating that miR-3676 is ∼20 nucleotides in size and its
size is identical to commercially bought miR-3676.
We have recently identified ZAP-70 promoter methylation as

a strong predictor of patient outcome (21, 23), 117 additional
previously untreated CLL patients for whom ZAP-70 methylation,
ZAP-70 protein expression, IGVH mutational analysis, and CD38
expression had been assessed were examined for expression of
miR-3676. Whereas significant associations with ZAP-70 or
CD38 protein levels by flow cytometry were not attained, expression
of miR-3676 was 2.15-fold higher, on average, in the high ZAP-70
methylated patients versus those who had lower levels of methyla-
tion [95% confidence interval (CI): 1.29–3.60; P = 0.004] and 1.72-
fold higher, on average, in the mutated IGVH patients versus those
with unmutated disease (95% CI: 1.01–2.94; P = 0.047) (Fig. 3).
Because TCL1 is a predicted target of miR-3676, we pro-

ceeded to determine whether this microRNA indeed targets Tcl1
expression. We cloned full-length human TCL1 cDNA including
5′ and 3′UTRs into CMV mammalian expression vector and
investigated whether miR-3676 affects Tcl1 protein expression
levels. We cotransfected this construct with miR-3676 and
scrambled control into HEK-293 cells in two different concen-
trations (Fig. 4A). These experiments revealed that coexpression
of TCL1 with miR-3676 completely abolished Tcl1 expression,
even when a lower concentration of miR-3676 was used (Fig.
4A). These results are quite striking because similar experiments
with other microRNAs usually result just in a decrease of the
expression of target proteins (6, 24). To confirm our findings we
inserted a fragment of the TCL1 3′UTR containing all three
28-bp repeats downstream of the luciferase ORF in the pGL3
vector, as previously described (25). We then mutated two of
three or all three miR-3676 target sequences in this construct.
HEK-293 cells were cotransfected with miR-3676 or scrambled
negative control, as indicated, and a pGL3 construct containing
three, one, or zero sites homologous to miR-3676 (Fig. 4B).
Although the presence of three or one miR-3676 target se-
quences in these experiments significantly inhibited luciferase
expression, there was no difference in luciferase expression when
all three sites were mutated (Fig. 4B). Thus, we concluded that
miR-3676 drastically inhibits TCL1 expression at the mRNA and
protein levels. These data are quite interesting because they
indicate that multiple target sites of microRNAs at the 3′UTR
of the target gene can dramatically suppress its expression. To
confirm thatmiR-3676 targets TCL1 in CLL, we chose a set of 49
17p-deleted samples and determined miR-3676 expression in this
set. These results are shown in Fig. S3 and Tables S2 and S3. To
prove that Tcl1 expression is decreased in samples with higher
miR-3676 expression, we carried out Western blot analysis using
six samples with the highest miR-3676 expression and six patients
with the lowest miR-3676 expression. Fig. 4C shows that Tcl1
expression levels were significantly lower in samples with high
miR-3676 expression (∼2.5-fold, P = 0.03).
To determine if miR-3676 is mutated in CLL, we sequenced

545 samples from CLL and 146 DNA sampled from healthy
individuals. We found five different mutations in six CLL sam-
ples (∼1%) within the miR-3676, including two mutations within
the mature microRNA (Fig. 5A and Table S4). In addition, we
found a mutation in one CLL sample 41 bp downstream of miR-
3676 (Fig. 5A and Table S4), and one mutation in one normal
sample 3 bp downstream of miR-3676 (Chr. 17, 8090580, C to T).
All mutations found were heterozygous, and all mutations found
in CLL were germ-line mutations because they were also present
in T cells sorted from the same samples. Because two of these
mutations were in the mature miR-3676 [C to T (M9) and ins
C (M4)] (Fig. 5A), we investigated whether these mutations are
loss-of-function mutations. We cotransfected HEK-293 cells with
TCL1 construct used in Fig. 4A and pCDH-3676/4521 pCDH-

4521 (C), pCDH-3676/4521 WT (WT), pCDH-3676/4521 M4
(M4), or pCDH-3676/4521 (M9) (Fig. 5B; experiments were
carried out in duplicates). Although expression of WT miR-3676
significantly inhibited Tcl1 expression, both M4 and M9 mutants
did not show any inhibition of Tcl1 (Fig. 5B). We thus concluded
that these two mutants are loss-of-function mutants.

Fig. 4. Tcl1 expression is targeted by miR-3676. (A) Western blot analysis of
TCL1 cotransfected with miR-3676 or scrambled control. Transfections were
carried out with indicated constructs and oligos. (B) miR-3676 targets Tcl1
expression in luciferase assays. HEK-293 cells were cotransfected with miR-
3676 or scrambled negative control, as indicated, and pGL3 construct con-
taining three (TCL1 3′UTR WT, three sites), one (TCL1 3′-UTR WT, one site), or
zero sites (TCL1 3′UTR mut, one site) homologous to miR-3676. For the y
axes, relative luciferase expression normalized versus Renilla expression.
Firefly and Renilla luciferase activities were assayed with the dual luciferase
assay system (Promega) and firefly luciferase activity was normalized to
Renilla luciferase activity, as suggested by the manufacturer. (C) Tcl1 ex-
pression in 17p deleted CLL samples with high and and low miR-3676 ex-
pression. (Upper and Middle) Western blot using anti-Tcl1 and anti-actin
antibodies. (Lower) Normalized expression of Tcl1 versus actin.
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Most microRNAs are transcribed by RNA polymerase II, but
recent studies showed increasing number of cases in which RNA
polymerase III is involved (26, 27). Because miR-3676 partially
overlaps with tRNA and tRNAs are normally transcribed by
RNA polymerase III (28), it is possible that RNA polymerase
III is involved in miR-3676 transcription. The stretch of four or
more T residues is a transcription termination stop for RNA
polymerase III (29). We noticed that the M9 mutation creates
the stretch of four T residues (it creates TTTT sequence from
TTTC) (Fig. 5A). If this termination signal is used, that would
eliminate expression of miR-3676 (Fig. 5A). To check this pos-
sibility, we carried out Northern blot of the exogenous miR-3676
and the M9 mutant (Fig. 5C). HEK-293 cells were transfected
with pCDH-3676/4521 WT or pCDH-3676/4521 M9. The probe
used in this experiment contained 50% of labeled oligonucleo-
tide complementary to WT miR-3676 and 50% of that compli-
mentary to mutant M9. Indeed, the M9 mutation significantly
inhibited expression of miR-3676 (Fig. 5C), confirming that this
mutation is a loss-of-function mutation.

Discussion
Deletions of the short arm of chromosome 17 are common in the
treatment of refractory CLLs and observed in ∼8% of all CLL
patients (2, 30). The prominent tumor-suppressor gene TP53 is
located within this deleted region and is considered the main
target of these deletions (30, 31). TP53 is also mutated in ∼10%
of CLL patients at diagnosis or before first therapy and these
mutations are associated with poor prognosis (30–32). No other
candidate gene target at 17p is currently under investigation. On
the other hand, these deletions are several megabases long and
contain a number of genes (33). miR-3676 is located ∼500-kb
centromeric of Tp53 and is deleted in all cases where TP53 is also
deleted. Notably, miR-3676 was recently removed from miR-
base database (www.mirbase.org) because of its overlapping with
tRNA-Thr (Fig. 5A). However, data presented here (specifically
in Figs. 2F and 5C and Fig. S2), and the fact that miR-3676 was
previously identified by sequencing data as one of the 30 most
abundant microRNAs in breast cancer cells (22), provide un-
questionable support for this microRNA. Because mature miR-
3676 starts exactly at the end tRNA-Thr (Fig. 5A) and ends at

a transcription termination stop for RNA polymerase III, we
cannot exclude the possibility that miR-3676 represents a mem-
ber or a new class of small RNAs, tRNA-derived small RNAs
(tsRNAs) generated during tRNA processing (34, 35). Such
tsRNA would be a single stranded RNA molecule identical to
the mature miR-3676.
In this report we demonstrate that miR-3676 is down-regu-

lated in the different cytogenetic groups of CLL, mutated in
∼1% of CLL, and deleted with the loss of 17p. A recent report
assessed effects of TP53 inactivation in TCL1 mouse model of
CLL (36). This paper demonstrates that TP53 deletion strongly
cooperates with Tcl1 overexpression in CLL pathogenesis in
every characteristic measured (survival, spleen size, white blood
count, and so forth). This finding fits well with codeletion of
Tp53 and miR-3676 in 17p-deleted CLLs: TP53 deletion leads to
the loss of p53 function (as other allele is often mutated), miR-
3676 deletion leads to Tcl1 overexpression, creating cooperation
of both events. B-cell receptor signaling is one of critical path-
ways in CLL pathogenesis (37). A recent study showed that
ibrutinib, an inhibitor of this pathway, slowed CLL development
in TCL1 CLL mouse model (38). It is of interest to investigate if
this drug could work in TP53 deleted TCL1 transgenics because
these mice recapitulate 17p-deleted CLLs. This drug was already
approved to treat 17p-deleted human CLLs and it could also be
an attractive agent to use in patients with monoclonal B-cell
lymphocytosis, a known precursor of clinical CLL to determine if
it can prevent the development of CLL.
The fact that miR-3676 is down-regulated not only in 17p-

deleted CLLs but in all CLL groups, suggests that mechanisms
other than deletions and mutations inhibiting miR-3676 expres-
sion exist. It is of importance to investigate and determine what
these mechanisms are. In this respect, miR-3676 is similar to the
tumor-suppressor cluster miR-15/16 located at 13q. Like miR-
3676, miR-15/16 is inactivated in CLL by several mechanisms:
deletions (4), mutations (39), and processing defects (40). We
demonstrate the loss of miR-3676 is also associated with low
ZAP-70 promoter methylation and IGVH unmutated disease.
This finding seems logical because Tcl1 overexpression (and loss
of miR-3676 is a contributing factor to that) is a hallmark of the

Fig. 5. (A) miR-3676 mutations in CLL. (B) M4 and M9 mutations are loss of function mutations. (C) M9 mutation inhibits transcription of miR-3676. NT,
untransfected control.
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aggressive form of CLL characterized by unmutated IGVH and
higher ZAP-70 expression.
We propose that the loss of microRNAs targeting the 3′UTR

of TCL1, particularly of miR-3676, results in the dysregulation of
TCL1 to levels comparable to those observed in Eμ-TCL1 trans-
genic mice that develop the aggressive form of CLL (11). Further
exploration of miR-3676’s role predicting CLL predisposition,
progression, and influence on treatment outcome is warranted and
ongoing at this time.

Methods
CLL Samples. The study was carried out in accordance with the institutional
review board protocol approved by the Ohio State University (OSU). The
initial set of CLL samples used in sequencing and real-time RT-PCR were
obtained from 63 CLL patients enrolled in the CLL Research Consortium (CRC)
upon written informed consent. Samples were subgrouped accordingly to
their karyotype as follows: 28 samples 11q deleted, 9 samples 17p deleted, 11
samples 13q deleted, and 15 samples with a normal karyotype CLL patients.
An additional 117 previously untreated CLL patients with ZAP-70 protein
and methylation expression as previously described (21) were assessed for
expression using similar real-time RT-PCR (these 117 samples were not
sequenced but used for assessment of association between miR-3676 ex-
pression IGVH status and ZAP-70 methylation). In total, 539 CLL samples
from the CRC and OSU CLL were used for sequencing, compared with 146

normal DNAs that were extracted from leukocytes released from Red Cross
leukocyte reduction filters. These 539 samples include 63 samples described
above, 49 additional 17p-deleted samples, 102 CLL patient samples with
familial history of cancer, and 325 additional CRC and OSU CLL samples. CLL
samples were >95% composed of CD5+/CD19+ B cells. DNA was extracted
with the DNeasy Blood & Tissue Kit (Qiagen). RNA was extracted using
standard TRIZOL (Invitrogen) methods.

Statistical Analysis. Associations between molecular features with miR-3676
expression were tested using two-tailed t tests (except one-tailed t test was
used to assess a decrease of Tcl1 expression in samples with high miR-3676
expression). Statistical significance was declared for tests with P < 0.05.
Additional methods, including sequencing, cell sorting, real-time RT-PCR,
DNA constructs, luciferase assays, and Western and Northern blotting, are
described in SI Methods.
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