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ABSTRACT

BACKGROUND

MicroRNA expression profiles can be used to distinguish normal B cells from malig-
nant B cells in patients with chronic lymphocytic leukemia (CLL). We investigated
whether microRNA profiles are associated with known prognostic factors in CLL.

METHODS

We evaluated the microRNA expression profiles of 94 samples of CLL cells for which
the level of expression of 70-kD zeta-associated protein (ZAP-70), the mutational status
of the rearranged immunoglobulin heavy-chain variable-region (IgVy) gene, and the
time from diagnosis to initial treatment were known. We also investigated the genomic
sequence of 42 microRNA genes to identify abnormalities.

RESULTS

A unique microRNA expression signature composed of 13 genes (of 190 analyzed) dif-
ferentiated cases of CLL with low levels of ZAP-70 expression from those with high lev-
els and cases with unmutated IgVy from those with mutated IgVy. The same microRNA
signature was also associated with the presence or absence of disease progression. We
also identified a germ-line mutation in the miR-16-1-miR-15a primary precursor,
which caused low levels of microRNA expression in vitro and in vivo and was associat-
ed with deletion of the normal allele. Germ-line or somatic mutations were found in
5 of 42 sequenced microRNAs in 11 of 75 patients with CLL, but no such mutations
were found in 160 subjects without cancer (P<0.001).

CONCLUSIONS
A unique microRNA signature is associated with prognostic factors and disease pro-
gression in CLL. Mutations in microRNA transcripts are common and may have func-
tional importance.
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HRONIC LYMPHOCYTIC LEUKEMIA (CLL),

the most common leukemia among adults

in the Western world, arises from a malig-
nant clone of B cells, but little is known regarding
its initiation and progression.! Nevertheless, sev-
eral factors that can predict the clinical course
have been identified.2-¢ Cases in which the leuke-
mic cells have few or no mutations in the immu-
noglobulin heavy-chain variable-region (IgVy) gene
or a high level of expression of the 70-kD zeta-asso-
ciated protein (ZAP-70) have an aggressive course,
whereas cases involving mutated CLL clones or few
ZAP-70 cells have an indolent course.” Genomic ab-
errations in CLL are also independent predictors
of disease progression and survival.® However,
the molecular basis of these associations is largely
unknown.

The most frequent deletion of genomic DNA in
CLL occurs in chromosome 13q13.4. This deletion
is evident in about 50 percent of cases and is asso-
ciated with a long interval between diagnosis and
the need for treatment (the treatment-free inter-
val).8 The 13q13.4 deletion is frequently the sole
abnormality in CLL and other types of cancers,?®
suggesting a pathogenic role for the deleted gene
or genes. We used positional cloning to identify two
members of a recently discovered class of small,
noncoding RNAs, or microRNAs, miR-15a and
miR-16-1, which are located in the smallest region
of the deletion at 13q13.4 and are frequently deleted
or down-regulated in CLL cells.1°

MicroRNAs range in size from 19 to 25 nucle-
otides and are typically excised from a hairpin
(fold-back) RNA structure of 60 to 110 nucleotides
(named pre-microRNA) that is transcribed from a
larger primary transcript (named pri-microRNA).11
MicroRNAs can reduce the levels of many of their
target transcripts as well as the amount of protein
encoded by these transcripts.12 The finding that
approximately 50 percent of the known human
microRNAs are located at cancer-associated regions
of the genome?3 suggests that microRNAs play a
role in the pathogenesis of various human can-
cers.10:14-19 Using a microRNA microchip,2° we
found that CLL cells (which are CD5+ B cells) have
a distinct pattern of expression of microRNA that
differs from that of normal CD5+ B cells.2!

We performed genome-wide expression profil-
ing with the microRNA microchip in a large num-
ber of CLL samples from patients with available
clinical data to investigate whether the expression
of noncoding microRNA genes is associated with

factors that predict the clinical course of CLL. We
also screened several microRNAs for mutations in
a panel of CLL cells.

METHODS

PATIENTS AND CLINICAL DATABASE

For the expression study, we investigated 94 sam-
ples of CLL cells after obtaining written informed
consent from patients receiving care at CLL Re-
search Consortium institutions.21° Clinical and bi-
ologic information (sex, age at diagnosis, treatment,
time between diagnosis and therapy, the level of
ZAP-70 expression, and mutational status of IgVy)
was available for all patients (Table 1). A second in-
dependent set of 50 samples of CLL cells for which
the level of ZAP-70 expression was known was used
to validate the predictive power of the microRNA
signature.

RNA EXTRACTION, NORTHERN BLOTTING,

AND MICRORNA-MICROCHIP EXPERIMENTS

RNA extraction, Northern blotting, and microRNA-
microchip procedures were performed as described
in detail elsewhere.20:21 Briefly, labeled targets from
5 pg of total RNA were used for hybridization on
each microRNA microchip, which contained tripli-
cates of 368 probes, corresponding to 245 human
and mouse microRNA genes. We tested 76 micro-
RNAs on the microRNA microchip with two spe-
cific synthetic oligomers; one identified the active
22-nucleotide part of the molecule, and the other
detected the precursor composed of 60 to 110 nu-
cleotides.2°

STATISTICAL ANALYSIS

Raw data were normalized and analyzed with the
use of GeneSpring software (version 7.2, Silicon
Genetics). Expression data were centered around a
median with the use of the GeneSpring normaliza-
tion option alone and with global-median normal-
ization contained in the Bioconductor package
(www.bioconductor.org), with no substantial dif-
ference in results. Statistical comparisons were
made with the use of both the GeneSpring analysis-
of-variance tool and the Significance Analysis of
Microarray (SAM) software (available at www-stat.
stanford.edu/[tibs/SAM/index.html). MicroRNA
predictors were calculated with the use of Predic-
tion Analysis of Microarray (PAM) software (avail-
able at www-stat.stanford.edu/[tibs/PAM/index.
html); the Support Vector Machine tool of Gene-

N ENGL ) MED 353;177 WWW.NEJM.ORG OCTOBER 27, 200§

Downloaded from www.nejm.org on November 9, 2009 . For personal use only. No other uses without permission.

Copyright © 2005 Massachusetts Medical Society. All rights reserved.



EXTENSIVE MICRORNA ALTERATIONS IN CLL

Spring was used for cross-validation and predic-
tion of the test set. The Kaplan—Meier plot (survival-
analysis portion of the PAM software) was used to
identify any association between microRNA expres-
sion and the time from diagnosis to the beginning
of therapy. MicroRNAs that best differentiated
among groups of patients were identified at the
same time. All data were submitted to the Array Ex-
press database with the use of MIAMExpress (ac-
cession numbers E-TABM-41 and E-TABM-42). We
validated the microarray data for four microRNAs
(miR-16-1, miR-26a, miR-206, and miR-223) in 11
CLL samples and normal CD5+ cells by means of
solution hybridization detection as described else-
where.2! Furthermore, the expression of miR-15a
and miR-16-1 in the patients with a germ-line mu-
tation was confirmed by Northern blotting.

ANALYSIS OF ZAP-70 AND SEQUENCE ANALYSIS
OF IgVy

Analysis of ZAP-70 and sequence analysis of IgVy
were performed as described previously.? Briefly,
ZADP-70 expression was assessed by immunoblot-
ting and flow cytometry, whereas the analysis of ex-
pressed IgVy was done by direct sequencing.

DETECTION OF MICRORNA MUTATIONS

The genomic region corresponding to each precur-
sor microRNA from 40 samples of CLL cells and
normal mononuclear cells from three control sub-
jects was amplified, including at least 50 bp at the
5" and 3' ends. For the microRNAs located in clus-
ters less than 1 kb apart, the entire corresponding
genomic region was amplified and sequenced with
the use of the Applied Biosystems DNA sequencing
system (model 377, Applied Biosystems). When a
deviation from the normal sequence was found, a
panel of DNAs from the blood of 160 control sub-
jects was screened to identify polymorphisms, as
was an additional panel from the blood of 35 pa-
tients with CLL (for a total of 75 patients with leu-
kemia). All subjects were white, as indicated by
medical records or information obtained during an
interview with control subjects. The personal and
family history of cancer was known for 46 patients
with CLL.

IN VIVO STUDIES OF THE EFFECTS

OF miR-16-1 MUTANTS

We constructed miR-16-1 and miR-15a expression
vectors containing an 832-bp genomic sequence
including both miR-16-1 and miR-15a, one wild-
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Table 1. Characteristics of the Patients.

Characteristic

Male sex — no. of patients (%)
Age at diagnosis — yr
Median
Range
Therapy begun
No
No. of patients
Mean time since diagnosis — mo
Yes
No. of patients
Mean time from diagnosis to therapy — mo
Level of ZAP-70 expression — no. of patients
<20%
>20%
IgVy status — no. of patients
Unmutated (=98% homology)
Mutated (<98% homology)

Value

58 (62)

57.3

38-78

53

88

41
40

48
46

57
37

type sequence, and one containing the (C-T)+7
substitution, by ligating the relevant open reading
frame in a sense orientation into a mammalian
expression vector pSR-GFP-Neo (OligoEngine). All
sequenced constructs were transfected in 293 cells
with the use of Lipofectamine2000 according to
the manufacturer’s protocol (Invitrogen). The ex-
pression of both constructs was assessed by North-
ern blotting.

RESULTS

MICRORNA SIGNATURE, ZAP-70 EXPRESSION,

AND MUTATIONAL STATUS OF IgVy,

We investigated whether the microRNA-microchip
microarray could reveal a specific molecular signa-
ture that is associated with subgroups of CLL with
different clinical courses. Using 20 percent as the
cutoff for defining ZAP-70 positivity and 98 percent
homology as the cutoff for defining a germ-line
IgVy, we divided the 94 patients with CLL into four
groups: group 1 (expression of ZAP-70 and unmu-
tated IgVy) included 36 patients, group 2 (expres-
sion of ZAP-70 and mutated IgVy) included 10 pa-
tients, group 3 (no expression of ZAP-70 and
unmutated IgVy) included 1 patient, and group 4
(no expression of ZAP-70 and mutated IgVy) in-
cluded 47 patients. We found, using several algo-
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rithms for statistical and prediction analysis (PAM,
SAM, and GeneSpring), that a signature composed
of 13 mature microRNAs could discriminate (P<
0.01) between group 1 and group 4, the two main
groups of patients (Table 2; and Table 1 of the Sup-
plementary Appendix, available with the full text of
this article at www.nejm.org); the prediction made
using Support Vector Machine correctly classified
all patients (Table 2 of the Supplementary Appen-
dix). Of 13 microRNAs, 9 were significantly over-
expressed in group 1, the group with a poor prog-
nosis (Table 2). The 10 patients in group 2 were
equally assigned according to their microRNA sig-
nature to groups 1 and 4, suggesting that there are

no microRNAs on the microRNA chip that can
identify distinctive characteristics in these patients,
that these two groups are not different with respect
to microRNA expression, or that this group is too
small to be correctly classified.

We applied the Support Vector Machine algo-
rithm to an independent set of 50 samples of CLL
cells with known ZAP-70 status (Table 2 of the
Supplementary Appendix). Using the microRNA
signature consisting of 13 microRNAs, we found
that the classification according to ZAP-70 status
was correct in all cases. Confirming the previously
reported microarray specificity,2° we found that
the signature of 13 microRNAs did not include

Table 2. MicroRNA Signature Associated with Prognostic Factors (ZAP-70 Expression and IgVy Mutations) and Disease
Progression in Patients with CLL.*
Level of
Signature  MicroRNA Chromosomal Expression
Component Component  Location PValue inGroup 1y Putative Targets: Comment(
1 miR-15a 13q14.3 0.02 High  BCL2, CNOT6L, USP15, Cluster miR-15a—miR-16-1
PAFAH1B1, ESRRG  Deleted in CLL and prostate
carcinomal®
2 miR-195 17p13 0.02 High  BCL2, CNOTGL, USP15, Deleted in hepatocellular car-
PAFAH1B1, ESRRG cinoma
3 miR-221 Xpll.3 0.01 High HECTD2, CDKN1B,  Cluster miR-221-miR-222
NOVA1, ZFPM2, PHF2
4 miR-23b 9q22.1 0.009 High FNBPIL, WTAP, Cluster miR-24-1-miR-23b
PDE4B, SATBI, FRA 9D; deleted in urothelial
SEMAGD carcinomat3
5 miR-155 21q21 0.009 High ZNF537, PICALM, Amplified in a child with Bur-
RREB1, BDNF, QKI kitt's lymphomaté
6 miR-223 Xql2-13.3 0.007 Low PTBP2, SYNCRIP, Expression normally restrict-
WTAP, FBXW7, QKI ed to myeloid lineage?3
7 miR-29a-2 7q32 0.004 Low NA Cluster miR-29a-2-miR-29b-1
FRA7H; deleted in prostate
carcinomal3
8 miR-24-1 9q22.1 0.003 High TOP1, FLJ45187, Cluster miR-24-1-miR-23b
RSBN1L, RAP2C, FRA 9D; deleted in urothelial
PRPF4B carcinomat3?
9 miR-29b-2  1q32.2-32.3 <0.001 Low NA
10 miR-146 5934 <0.001 High NOVAIL, NFE2L1,
Clorfl6, ABL2, ZFYVE1
11 miR-16-1 13q14.3 <0.001 High  BCL2, CNOTGL, USP15, Cluster miR-15a—-miR-16-1
PAFAH1B1, ESRRG  Deleted in CLL and prostate
carcinomat©
12 miR-16-2 3q26.1 <0.001 High Same as for miR-16-1  Identical to miR-16-1
13 miR-29c 1932.2-32.3 <0.001 Low NA

* All the members of the signature are mature microRNAs. NA denotes not available, and FRA fragile site.

7 Group Lincludes patients with unmutated IgVy and high expression of ZAP-70, both of which are predictors of poor prognosis.
I The top five putative targets identified with use of TargetScan at http://genes.mit.edu/targetscan22 were included.

§ Specific gene names are available at www.ncbi.nlm.nih.gov/entrez.

N ENGL ) MED 353;177 WWW.NEJM.ORG OCTOBER 27, 200§

Downloaded from www.nejm.org on November 9, 2009 . For personal use only. No other uses without permission.

Copyright © 2005 Massachusetts Medical Society. All rights reserved.



EXTENSIVE MICRORNA ALTERATIONS IN CLL

very similar members of the same families, such
as miR-23a (one-base difference from miR-23b)
and miR-15b (four-base difference from miR-15q),
whereas the identical mature microRNAs miR-16-1
and miR-16-2 were both present, indicating that
the chip can discriminate between highly similar
isoforms of microRNA.

ASSOCIATION BETWEEN MICRORNA EXPRESSION
AND THE TIME TO INITIAL THERAPY

The treatment of CLL begins with the development
of symptomatic or progressive disease, as defined
according to the criteria of the National Cancer
Institute Working Group.2+ Of the 94 patients we
studied, 41 had begun therapy (Table 1).

Using PAM survival analysis, we examined the
relationship between the expression of 190 micro-
RNA genes and the time from diagnosis to initial
therapy for all 94 patients. We found 9 microRNAs,
all members of the 13-member prognostic signa-
ture, that best differentiated patients with a short
interval from diagnosis to initial therapy (average
[£SD], 4039 months) from patients with a signif-
icantly longer interval (average, 88+42 months;
P<0.01) (Fig. 1, and Table 1 of the Supplementary
Appendix). The significance of the differences in
the Kaplan—Meier curves increased if we restricted
the analyses to the 83 patients in the two main
groups (groups 1 and 4) (P values decreased from
<0.01to <0.005). All nine microRNAs that were as-
sociated with the time to initial therapy were over-
expressed, except miR-29c, in the group with a short
interval from diagnosis to initial therapy (Fig. 1).

GENOMIC SEQUENCE ABNORMALITIES

OF MICRORNA IN CLL

Abnormally expressed cancer genes are frequently
targets for mutations that can activate or inactivate
their function. Therefore, we screened 42 micro-
RNAs, including 15 genes that are either compo-
nents of the expression signature or members of
the same genomic clusters as the genes in the ex-
pression signature. We identified germ-line or so-
matic mutations in 11 of 75 CLL samples (15 per-
cent) in 5 of 42 microRNAs (12 percent): miR-16-1,

miR-27b, miR-29b-2, miR-187, and miR-206. None of
these mutations were found in 160 persons without
cancer (P<0.001) (Table 3). All the abnormalities
were in regions that are transcribed as shown by the
reverse-transcriptase—polymerase-chain-reaction

assay (RT-PCR) (Fig. 2). Of the 11 patients with an
abnormal microRNA sequence, 8 (73 percent) had

A
100+
80
S
“ Long interval
,§ 60
s
o
3
2 404
§ Short interval
£
=]
20
0 T T T 1
0 50 100 150 200
Months
B
MicroRNA Level of Expression of MicroRNA
Short interval Long interval
miR-181a High Low
miR-155 High Low
miR-146 High Low
miR-24-2 High Low
miR-23b High Low
miR-23a High Low
miR-222 High Low
miR-221 High Low
miR-29¢ Low High
Figure 1. Relationship between the Level of Expression
of MicroRNA and the Time from Diagnosis to Initial
Therapy.
Kaplan—Meier curves in Panel A depict the proportion of
untreated patients with CLL according to whether the in-
terval from diagnosis to therapy was short or long. In
Panel B, the patients are grouped according to the level
of expression of nine microRNA genes (P<0.01); the cor-
responding numerical data are presented in Table 3 of
the Supplementary Appendix. All these genes were in-
cluded in the PAM-predicted signature (available in Ta-
ble 1 of the Supplementary Appendix).

a known personal or family history of CLL or other
hematopoietic or solid tumors (Table 3).

In two patients, we found a C-T homozygous
substitution in the pri-miR-16-1, 7 bp in the 3’ direc-
tion after the precursor. This genomic region is
strongly conserved in all primates analyzed,?5 sug-
gesting an important functional role for pri-miR-
16-1. RT-PCR showed that the pri-microRNA was
atleast 800 bp long and included the 3' region har-
boring the base substitution (Fig. 2). MicroRNA-
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Table 3. Genetic Variations in the Genomic Sequences of MicroRNAs in Patients with CLL.*

Patients
with Control
MicroRNA Locationy CLL  Subjects
no. /total no.

miR-16-1  Germ-line pri-microRNA  2/75 0/160

(C>T)+7-bp in the 3'

direction
miR-27b  Germ-line pri-microRNA  1/75 0/160

(G~A)+50-bp in the

3" direction
miR-29b-2  Pri-microRNA 1/75 0/160

(G>A)+212 in the 3'

direction

miR-29b-2  Pri-microRNAs insertion ~ 3/75 0/160
(+A)+107 in the 3'
direction

miR-187  Pri-microRNA (T-C)+73  1/75 0/160
in the 3' direction

miR-206  Pre-microRNA 49(G-T)  2/75 0/160

miR-206  Somatic pri-microRNA 1/75 0/160
(A>T)-116 in the 5'
direction

miR-29c  Pri-microRNA (GoA)31  2/75  1/160

in the 5' direction
miR-122a  Pre-microRNA 53 (C-T) 1/75 2/160

miR-187  Pre-microRNA 34(G-A) 1/75 1/160

MicroRNA-
Microchip
Expression

15 percent and
40 percent of
normal levels,
respectively

Normal

75 percent
of normal

80 percent
of normal

Not available

25 percent
of normal

25 percent
of normal:

Not available
33 percent

of normal

Not available

Comment

Normal allele deleted in CLL cells in both
patients (by FISH and LOH); history
of breast cancer in 1 patient; mother
died with CLL; sister died with breast
cancer

Throat and lung cancer diagnosed in
mother at 58 yr; lung cancer diag-
nosed in father at 57 yr

Breast cancer diagnosed in sister at 88 yr
(still living); “some type of blood
cancer” diagnosed in brother at 70 yr

Family history of unspecified cancer in
2 patients

Unknown

Prostate cancer diagnosed in 1 patient;
esophageal cancer diagnosed in
mother; prostate cancer diagnosed
in brother; breast cancer diagnosed
in sister

Aunt had some type of leukemia (dead)

Patient’s paternal grandmother had CLL;
sister had breast cancer

Patient’s paternal uncle had colon cancer

Patient’s grandfather had polycythemia
vera; father had a history of cancer
but not lymphoma

For each patient and control more than 12 kb of genomic DNA was sequenced, and in total, we used direct sequencing

to screen approximately 627 kb of tumor DNA and approximately 700 kb of normal DNA. The positions of the mutations
are reported with respect to the precursor microRNA molecule. The list of 42 microRNAs analyzed includes 15 members
of the specific signature or members of the same clusters, miR-15a, miR-16-1, miR-23a, miR-23b, miR-24-1, miR-24-2,
miR-27a, miR-27b, miR-29b-2, miR-29c, miR-146, miR-155, miR-221, miR-222, and miR-223 and 27 other microRNAs
(randomly selected): let-7a2, let-7b, miR-17-3p, miR-17-5p, miR-18, miR-19a, miR-19b-1, miR-20, miR-21, miR-30b,
miR-30c-1, miR-30d, miR-30e, miR-32, miR-100, miR-105-1, miR-108, miR-122, miR-125b-1, miR-142-5p, miR-142-3p,
miR-181a, miR-187, miR-193, miR-206, miR-224, and miR-346. FISH denotes fluorescence in situ hybridization, and LOH

loss of heterozygosity.

T When normal correspondent DNA from buccal mucosa was available, the alteration was identified as germ-line when

present or somatic when absent, respectively.
i Data were only for one patient.

microchip analysis and Northern blotting showed
that CLL cells from both patients had a substantial
reduction in the expression of miR-16-1 as com-
pared with that of normal CD5+ cells (Table 3). In
most CLL cells from these patients, we also detect-
ed amonoallelic deletion at 13q14.3 by fluorescence
in situ hybridization and loss-of-heterozygosity
analysis (data not shown). This substitution was

not found in any cells from 160 control subjects
(P<0.05 by the chi-square test). In both patients,
normal cells from the buccal mucosa were hetero-
zygous for this abnormality. Therefore, the C-T
change is a germ-line mutation or a very rare poly-
morphism; the finding that the mother and sister
of one of the patients have CLL and breast cancer,
respectively, supports the existence of a germ-line
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Figure 2. Mutations in MicroRNA Precursors.
Panel A depicts the locations of mutations in microRNAs (blue) and normal nucleotide bases (red); the figure is not drawn to scale. Panel B
shows the primary transcripts in B-cell CLL cells, as well as the length of the amplified genomic DNA. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used for normalization. RT+ denotes reverse transcription, RT- control without reverse transcription, and G genomic
control. Panel C presents the chromatograms for the normal genome and the mutated miR-15a—-miR-16-1 (C—T)+7 samples. The precise
position of the precursor and the location of mutation are indicated. Panel D shows the ratio of the expression levels on the basis of micro-
RNA-microchip array (MAr) and Northern blotting (NB) for miR-16-1 and miR-15a in two pools of normal CD5+ cells and cells from both
patients with the germ-line (C-T)+7 mutation. The intensities of the Western blotting bands were quantified with the use of ImageQuantTL
(Nonlinear Dynamics). Expression data were normalized as described in the Methods section. Data are presented as arbitrary units. Panel E
shows that the germ-line mutation in pri-miR-16-1 is associated with an abnormal level of expression of the active molecule miR-16-1. Levels
of expression after transfection in 293 cells of wild-type and mutant miR-16-1 and empty vector are indicated. The Northern loading normal-
ization was performed with the use of the U6 probe, whereas the transfection levels were normalized with antibody against green fluorescent
protein (GFP) on cell lysates from the same pellet as that used for Northern blotting.

mutation. This family fulfills the minimal criteria
for familial CLL: two or more cases of CLL in first-
degree relatives.26

To identify a possible molecular effect of the
C-T substitution, we prepared vectors containing
either the wild-type allele of the miR-15a—-miR-16-1
cluster or the mutated allele. The 293 cells, which

have low endogenous expression of this cluster,
were transfected with the vectors. As a control we
used the empty vector. The mutant transfectants
expressed miR-16-1 and miR-15a at levels that were
significantly lower than those of the wild-type
transfectants and similar to that of non-transfected
cells (Fig. 2). These results indicate that the C->T
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substitution affects the level of expression of ma-
ture microRNAs.

DISCUSSION

In this study of CLL, we found a significant associ-
ation between the expression of certain microRNAs
and the expression of ZAP-70, the mutational sta-
tus of IgVy, and the time between diagnosis and ini-
tial treatment. The time from diagnosis to initial
treatment is an important factor associated with dis-
ease activity, since therapy for CLL is usually with-
held until symptoms, advanced disease, or both de-
velop.2? Using a microRNA microarray composed
of 190 human genes, we found a unique 13-gene
molecular signature associated with each prognos-
tic factor. Therefore, we believe that microRNA ex-
pression can be included in the markers with prog-
nostic significance in CLL.

Besides its relevance as a prognostic marker, the
microRNA signature we found may be relevant to
the pathogenesis of CLL. Several facts provide sup-
port for its functional importance. First, all the
microRNAs of this signature represent the active
parts of the transcript that interact with messenger
RNA, even though about 20 percent of the oligo-
mers in the microarray are specific for pre-micro-
RNA, a functionally inactive microRNA. Second, the
signature consists of microRNAs that are abnor-
mally expressed in CLL (miR-15a and miR-16-1) or
other leukemias (miR-155) or are located in regions
involved in cancers (miR-23b, miR-24-1, miR-29b-2,
and miR-195).10-13 Third, 7 of 13 of these micro-
RNAs are members of microRNA clusters, and their
level of expression is similar, suggesting a common
mechanism of gene regulation that marks the dif-
ferences in these two prognostic categories of CLL
samples.

The finding of mutations in two microRNA
genes, miR-16-1 and miR-15a, in CLL is important.
Our previous data indicated that miR-16-1 and
miR-15a behave as tumor suppressors in CLL. The
combination of loss of heterozygosity plus a germ-
line mutation that we found in two patients is char-
acteristic of the Knudson model of inactivation of
a tumor-suppressor gene. The presence of patho-
genic mutations in the miR-15a—miR-16-1 cluster,
as well as the identification of various mutations in
other microRNAs, indicates that this new class of
genes is involved in CLL?! and that at least some
microRNAs can function as tumor-suppressor
genes.10,13,28 Because the 40 bases before and after

the pre-microRNA can influence the transcription
of the microRNA,?7 it is possible that the single-
base mutation C—T may affect the expression of
microRNA.

Most of the sequence abnormalities we identi-
fied in microRNA genes were not found in 160 sub-
jects without cancer, and in several instances, they
were also found in DNA from normal cells in the
same patient. In a recent study of 96 healthy sub-
jects, 10 polymorphisms of microRNA genes were
found, but none were in any of the five mutated
microRNAs we found in CLL.29 Since CLL is a dis-
ease with a frequent association in families (10 to
20 percent of patients have at least one first-degree
relative with CLL) as well as other cancers,3° micro-
RNA mutations may be a predisposing factor for
the cancers associated with CLL. Since we identified
mutations in both signature-specific and signature-
independent microRNAs and we screened less than
one fifth of the known microRNAs,31 the frequency
of the mutations that we reported here (15 percent)
may be an underestimate.

MicroRNAs are a recently identified class of reg-
ulatory RNAs that function primarily by targeting
specific messenger RNAs (mRNAs) for degradation
or inhibition of translation and thus decreasing the
expression of the resulting protein. Our finding that
all but one of the microRNAs that predict the time
to initial therapy are overexpressed suggests that
the down-regulation of target mRNAs plays a role
in disease progression. Several genes are targeted
by two different microRNAs, such as WTAP, the
Wilms’ tumor-1-associated protein isoform 1,
which is targeted by both miR-221 and miR-223
(Table 2). Moreover, the anti-apoptotic BCL2 gene
is reported to be overexpressed in 65 to 70 percent
of B-cell CLLs,32 whereas deletions or down-regu-
lations of miR-16-1 were reported in the same pro-
portion of CLL samples.1® We have shown that
BCL2 is a target of microRNAs miR-15 and miR-16
and that down-regulation of BCL2 protein by these
microRNAs triggers apoptosis.33

In conclusion, our study shows that a unique
microRNA signature is associated with prognostic
factors and disease progression in CLL and that
mutations in microRNA genes are frequent and
may have functional importance.
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CORRECTION

A MicroRNA Signature Associated with Prognosis
and Progression in Chronic Lymphocytic Leukemia

A MicroRNA Signature Associated with Prognosis and Progression
in Chronic Lymphocytic Leukemia . On page 1796, in Table 2, the
column head “Level of Expression in Group 4” and the correspond-
ing footnote should have referred to “Group 1.” The article has been
corrected on the Journal’s Web site at www.nejm.org.
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