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Occurrence of the most frequent and recurrent chromosomal
abnormalities in human CLL

18
%
13q14

11q23

Trisomy 12

55
%

12
%

7%
17p13

a

D13S273

D13S1168 D13S1150

D13S319

D13S272

Centromere

Telomere

100

200

300

KPNA6

500

600

700 kb

LEU 5 LEU 2 LEU 1

CLLD6

miR15/16
D13S1150

D13S272

D13S25

GCT16C05

ex3

ex7 ex6

ex5 ex4

ex3

ex2 ex1ex1 ex2

20 kb

Mir16
Mir15

ex1 ex2

LEU2

D13S272

RFP2

ex5

D13S272

ALT1

ALU 18

D13S1150

100 kb

ALU 18

b

400

ex4

ex3

~ 31.4 kb
~ 29 kb

ex2

ex1ex1

miR trascript

miR gene

miR
promoter

Target mRNA
overexpression

Proliferation
Apoptosis

Target mRNA
downregulation

Angiogenesis

Specific effects
miR-142

promoter

c-myc mRNA

Invasion

CLL - Cluster 2

CLL - Cluster 1
Le Ly CD5

Characteristics of patients analyzed with the miRNACHIP.
Characteristic

Value

Male sex – no. of patients (%)

58 (61.7)

Age at diagnosis – yrs.
median

57.3

range

38-78

Therapy begun
No
No. of patients

53

Time since diagnosis – mo.

87

Yes

No. of patients

41

Time between diagnosis and therapy – mo.

40

ZAP-70 level
 20%

48

>20%

46

IgVH
Unmutated (98% homology)

57

Mutated (<98% homology)

37

Genetic variations in the genomic sequences of miRNAs in CLL patients *.
miRNA

Location **

CLL

Normals

miRNACHIP
expression

Observation

miR-16-1

Germline pri-miRNA
(CtoT)+7bp in 3’

2/75

0/160

Reduced to
15% and 40%
of normal,
respectively

Normal allele deleted in CLL cells in both patients (FISH, LOH);
For one patient: Previous breast cancer; Mother died with CLL;
sister died with breast ca;

miR-27b

Germline
pri-miRNA
(GtoA)+50bp in 3’

1/75

0/160

Normal

Mother throat and lung cancer at 58. Father lung cancer at 57.

miR-29b-2

pri-miRNA (GtoT)+212 in
3’

1/75

0/160

Reduced to 75%

Sister breast cancer at 88 (still living). Brother "some type of
blood cancer" at 70.

miR-29b-2

pri-miRNAs ins (+A)+107
in 3’

3/75

0/160

Reduced to 80%

For two patients: Fam history of unspecified cancer

miR-187

pri-miRNA (TtoC)+73 in 3’

1/75

0/160

NA

Unknown

miR-206

pre-miRNA
49(GtoT)

2/75

0/160

Reduced to 25%

Prostate cancer; mother esophogeal cancer. Brother prostate
cancer sister breast cancer

miR-206

Somatic pri-miRNA (AtoT)116 in 5’

1/75

0/160

Reduced to 25%
(data only for one
pt)

Aunt some type of leukemia (dead)

miR-29c

pri-miRNA (GtoA)31 in 5’

2/75

1/160

NA

Paternal grandmother CLL; sister breast ca. (one pt).

miR-122a

pre-miRNA 53(CtoT)

1/75

2/160

Reduced to 33%

Paternal uncle colon cancer.

miR-187

pre-miRNA 34(GtoA)

1/75

1/160

NA

Grandfather polycythemia vera. Father a history of cancer but not
lymphoma.

Note: * - For each patient/normal control more than 12kb of genomic DNAs was sequenced and, in total, we screened by direct sequencing ~627kb of tumor DNA
and about 700kb of normal DNA. The position of the mutations are reported in respect with the precursor miRNA 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, miR27a, miR-27b, miR-29b-2, miR-29c, miR-146, miR-155, miR-221, miR-222, miR-223 and 27 other microRNAs (randomly selected): let-7a2, let-7b, miR-173p, 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-193, miR-181a, miR-187, miR-206, miR-224, miR-346.
** - When normal correspondent DNA from bucal mucosa was available, the alteration was identified as germline when present or somatic when absent, respectively.
FISH = fluorescence in situ hybridization; LOH = loss of heterozygosity; NA = not available

Bcl2 protein expression is inversely correlated with miR-15a and miR-16-1 miRNAs expression in CLL patients. (A) The
unique site of complementarity miR::mRNA is conserved in human and mouse and is the same for all four human m
protein are inversely correlated with miR-15a and miR-16-1 expression. Five different CLL cases are presented, and the
normal cells were pools of CD5+ B lymphocytes. The T cell leukemia Jurkat was used as control for Bcl2 protein
expression. For normalization we used β-actin. The numbers represent normalized expression on miRNACHIP. ND, not
determined. (C) The inverse correlation in the full set of 26 samples of CLL between miR-15a / miR-16-1 and Bcl2 protein
expressions. The normalized Bcl2 expression is on abscissa vs. miR-15a (Left) and miR-16-1 (Right) levels by miRNA
chip on ordinates. ACT, β-actin.
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miR-15b/16-2 deletion promotes B-cell malignancies
Figure 1. Deletion of miR-15b/162 in mice. (A) Schematic
representation of the miR-15b/16-2
targeting strategy. (B) Northern blot
analysis showing robust downregulation of miR-15b but not of
miR-16 in spleens from knock-out
mice compared to spleens from
wild-type mice. Non-coding small
nuclear RNA U6 was used as a
loading control. (C) qRT-PCR
analysis of spleens from knock-out
mice showing miR-15b downregulation but not for miR-16
compared to wild-type mice. (D)
Survival curve of miR-15b/16-2
knock-out cohort. Mice were
followed for 24 months (730 days)
and events corresponded to mice
that died to illness or those
identified as sick (with palpable
tumor mass) and then sacrificed (p
value < 0.001). The number of
mice of each group is indicated.

miR-15b/16-2 deletion promotes B-cell malignancies
Supplementary Figure 1.
Deletion of miR-15b/16-2 in
mice. (A) Southern blot
analysis of wild-type, knockout and heterozygous mice.
The expected fragments after
BamHI digestion are indicated.
(B) PCR analysis of wild-type,
knock-out and heterozygous
mice. The expected bands are
indicated. Southern blot
analysis of colons (C) and of
lungs (E) from knock-out and
wild type mice. Non coding
small nuclear RNA U6 was
used as a loading control.
qRT-PCR analysis of colons
(D) and of lungs (F) from
knock-out and wild type mice.
Small nucleolar RNAs snoR292 and snoR-135 were used
for normalization.

miR-15b/16-2 deletion promotes B-cell malignancies
Figure 2. Histological analysis
of spleen from wild-type and
knock-out mice. (A and B)
Spleen from knock-out mice
were enlarged up to 4-fold in
volume compared to spleens
from wild-type mice. Scale bar: 1
cm. (C) Hematoxylin and eosin
(H&E) (top row) and B220
(middle row) stained spleen
sections from knock-out mice
show B-cell-derived white pulp
enlargement
with
follicular
structure disruption compared
with wild-type mice. WrightGiemsa stained blood smear
(bottom row) shows an increase
of small lymphocytes from a
knock-out mouse compared with
a wild-type mouse. Scale bars:
upper left WT and KO 250  m,
upper right WT and KO 50 m
and middle WT and KO 250  m.

miR-15b/16-2 deletion promotes B-cell malignancies
Figure 3. MiR-15b/16-2 knock-out
mice develop lymphoproliferative
disease. (A) Percentage of B-lymphoid
pathologies from knock-out mice up to
24 month-old. The number of mice
analyzed is indicated. NHL, nonHodgkin B-cell lymphoma; CLL, Chronic
lymphocytic leukemia and SLL, small
lymphocytic
lymphoma,
MBL,
monoclonal B-cell lymphocytosis. (B)
Hematoxylin and eosin sections of bone
marrow and superficial cervical/inguinal
lymph node from knock-out mice show
a nodular infiltration (asterisks) of small
lymphocytes. (C) Gross pathology of
spleen, kidney and liver and (D)
hematoxylin and eosin sections of
salivary gland, kidney and liver from
knock-out mice show an extensive
lymphoma infiltration. Scale bar: 1 cm.
(E) White blood cells from spleens and
bone marrow of knock-out and wildtype mice were analyzed by flow
cytometry. The plot represents the
percentage of CD5+CD19+ cells
among white blood cells still alive. The
number of mice analyzed and the p
value are indicated. (F) Representative
flow cytometry analysis of mice spleens
and bone marrows from knock-out and
wild-type mice

miR-15b/16-2 deletion promotes B-cell malignancies
Supplementary Figure 2. Analysis
of miR-15b/16-2 targets in miR15b/16-2-deleted mouse B cell. (A)
Western blot analysis of IGF1R and
BCL2 expression in B cells from
knock-out and wild-type mice after
LPS stimulation at indicated time
points. Fold change in protein
expression are indicated. b actin was
used as a loading control. (B and C)
Western blot analysis of IGF1R
expression in B cells from knock-out
and wild-type mice. β actin was used
as a loading control. Fold change in
protein expression are shown in
histogram. (D) Positions of miR-15b
putative binding sites on CCND2 and
IGF1R transcript and their mutants.
(E) Psicheck2 vector with IGF1R WT
3’UTR insert and Mut miR-15b 3’UTR
containing a deletion of the miR-15b
target site in the 3’UTR, were
cotransfected with miR-15b or
scrambled miR in 293HEK cells.
Luciferase activity was recorded after
24 h. Data represent the mean ± SD
from at least three independent
experiments.

miR-15b/16-2 deletion promotes B-cell malignancies
Figure 4. Analysis of miR-15b/16-2
targets in miR-15b/16-2-deleted
mouse B cell. (A) Western blot
analysis of Cyclin D2 expression in B
cells from knock-out and wild-type
mice, after LPS stimulation at
indicated time points. b actin was
used as a loading control. Fold
change in protein expression are
indicated. (B and C) (B) Western blot
analysis of Cyclin D2 and Cyclin D1
expression in B cells from knock-out
and wild-type mice. b actin was used
as a loading control. (C) Relative
quantification of Cyclin D1 and Cyclin
D2 expression respect to b actin
loading control in B cells from knockout and wild-type mice (C). (D)
Psicheck2 vector with CCND2 WT
3’UTR insert and Mut miR-15b 3′UTR (mut1, mut2 and mut3)
containing a deletion of the miR-15b
target site in the 3′-UTR, were
cotransfected with miR-15b or
scrambled miR in 293HEK cells.
Luciferase activity was recorded after
24 h. Data represent the mean ± SD
from at least three independent
experiments.

miR-15b/16-2 deletion promotes B-cell malignancies

Figure 5. MiR-15b/16-2 expression in human
CLL sample. qRT-PCR analysis of miR-15b (A)
and pri-miR-15b (B) in CLL samples. The
number of patients analyzed and the p value
are indicated. (C and D) Correlations between
miR-15b and Cyclin D2 (C) or Cyclin D1 (D)
expression were determined using Spearman
coefficient in normal and CLL samples (Cyclin
D2: n=50, P=0.038; Cyclin D1: n=50, P=0.021).
(E and F) ISH for miR-15b in human normal
lymphnode and CLL and DLBCL samples and
quantification. (G and H) ISH for miR-15b (H,
upper lane) and for miR-15b and Cyclin D1 (H,
lower lane) in human CLL, DLBCL and MCL
samples (asterisks= normal lymph node
remnants
showing
moderate
miR-15b
expression). (G) Quantification of miR-15b and
Cyclin D1 expression on CLL, DLBCL and MCL
samples.

miR-15b/16-2 deletion promotes B-cell malignancies
Supplementary Figure 3.
MiR-15b/16-2 expression in
human CLL sample. (A)
Correlations between miR-15b
and Cyclin D2 (left) or Cyclin
D1 (right) expression were
determined using Spearman
coefficient CLL samples from
TCGA database (Cyclin D2:
P=0.004; Cyclin D1: P=0.027).
(B) ISH for miR-15b in human
normal lymphnode and CLL
and
DLBCL
samples
(asterisks= normal lymph node
remnants showing moderate
miR-15b expression).
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Figure 1. Identification of long noncoding RNAs (lncRNAs) differentially expressed in colorectal cancer (CRC). A and B) Heatmaps of protein-coding
transcripts (A) and lncRNAs (B) dysregulated in CRC (HCT116, RKO, SW620, HT29, and CRC tissues), compared with normal colon (CCD-18Co, CCD33Co, CCD112CoN, CCD-841-CoN and colon normal adjacent tissues [NATs]). C) Volcano map indicating up- or downregulation of CRC-associated lncRNAs
(CCAT1, CCAT3~8). D-G) Verification of induced expression of CCAT3 (D), CCAT4 (E), CCAT5 (F), and CCAT6 (G) in CRC cell lines by using quantitative
real-time polymerase chain reaction (qRT-PCR). Data are means ± SD of three independent experiments and each measured in triplicate. H and I) Verification of
repressed expression of CCAT7 (H) and CCAT8 (I) in CRC cell lines by using qRT-PCR. Data are means ± SD of three independent experiments and each measured
in triplicate. J-O) Differential expression of CCAT3 (J), CCAT4 (K), CCAT5 (L), CCAT6 (M), CCAT7 (N), and CCAT8 (O) in 52 matched CRC and NAT tissues.
Shown are box plots with lower and upper bounds of the boxes epresenting the 25th and 75th quartiles, respectively; whiskers demarcate values within the 10th to
90th percentiles, and solid circles indicate values less than the 10th percentile and greater than the 90th percentile.

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

Figure 3. Effect of MYCLos knockdown on cell proliferation and cell cycle progression. A and B) Cell proliferation assays. HCT116 (n = 5, A) or PC3 (n = 4, B) cells were treated with siRNAs (final
concentration: 50 nM), as indicated and subjected to proliferation assay every 24 hours (†P = .013; ‡P = .0048; ¶P = .009; *P < .001). Error bars represent standard deviation. C) Cell proliferation assay.
CCD-18Co cells were transfected with pcDNA3.3 plasmids (EV) expressing MYCLo-1, -2, or -3 and subjected to a cell proliferation assay every 24 hours (n = 3) (*P = .001; †P = .0045; ‡P = .0025). Error
bars represent standard deviation. D) Proportion of cells in each cell cycle phase determined by flow cytometry analysis. HCT116 cells were treated with siRNAs (50 nM) as indicated and analyzed 48 hours
after transfection. Data are mean ± SD of three independent experiments and each measured in triplicate (**P = .047; †P = .0085; ‡P = .00662; *P < .001). E) Heatmap representing cell cycle regulator genes
dysregulated by MYCLo-1. The genes that are commonly regulated by MYC are indicated. Expression values displayed in gradient of red and blue are Log2-transformed fold change. The list of the
dysregulated genes is available in Supplementary Table 4 (available online). F) Heatmap representing cell cycle regulator genes dysregulated by MYCLo-2. The genes that are commonly regulated by MYC
are indicated. Expression values displayed in gradient of red and blue are Log2-transformed fold change. The list of the dysregulated genes is available in Supplementary Table 4 (available online). G)
Quantitative real-time polymerase chain reaction (qRT-PCR) results showing MYC-independent regulation of CDKN1A (left) and CDKN2B (middle) expression by MYCLo-1 knockdown (right). HCT116
cells were treated with 50 nM siRNAs targeting MYC or MYCLo-1 for 72 hours. Data are mean ± SD of three independent experiments, measured in triplicate (††P = .003; §P = .0017; ∥P = .013; †P = .013;
‡P = .001; #P = .002; *P < .001). H) qRT-PCR results showing MYC-independent regulation of CDKN2B (left), CDKN1A, YWHAB, CFL1, and SFN (middle) expression by MYCLo-2 knockdown (right).
HCT116 cells were treated with 50 nM siRNAs targeting MYC or MYCLo-2 for 72 hours. Data are mean ± SD of three independent experiments and each measured in triplicate (**P = .03; ††P = .002;
∥P = .003; §P = .01; †P = .001; ‡P = .005; #P = .016; ¶P = .004; *P < .001). Statistical significance was determined by the unpaired two-sided Student’s t test.

Figure 4. Interactions between MYCLo-1/2 and RNP binding proteins (HuR and hnRNPK) and their involvement in the regulation of 5’ promoter activities of CDKN1A and CDKN2B. A and
B) Schematics (top) of pGL4 luciferase vectors inserted with distal 5’ promoter regions (blue bars) of CDKN1A (A) and CDKN2B (B). Red bars depict proximal promoter regions where MYC binds
(MB). Luciferase reporter assays (bottom) representing transcription activity of the distal 5’ promoter regions of CDKN1A (A) and CDKN2B (B) in HCT116 cells transfected with the pGL4
luciferase vectors and siRNAs as indicated. Data are mean ± SD of three independent experiments and each measured in triplicate (**P = .024; *P < .001). C and D) Luciferase reporter assays to
identify specific 5’ promoter regions of CDKN1A (C) and CDKN2B (D), where MYCLo-1 and -2 regulate their promoter activities, respectively. Data are mean ± SD of three independent experiments
and each measured in triplicate (**P = .027; †P = .014; *P < .001). E and F) RNA pull-down assays showing the interactions between MYCLo-1 and HuR (E), and MYCLo-2 and hnRNPK (F).
Total protein in SDS-PAGE gel was analyzed by liquid chromatography–tandem mass spectrometry. Western blot data are representative of two independent experiments. G and H) RIP assays and
quantitative real-time polymerase chain reaction detection demonstrating the specific interactions between HuR and MYCLo-1 (G), and hnRNPK and MYCLo-2 (H). Data are mean ± SD of three
independent experiments and each measured in triplicate (*P < .001). I and J) Deletion mapping analyses showing the importance of central region of MYCLo-1 (I, 401~690 bp) and of marginal
regions of MYCLo-2 (J, 71~170 bp and 608~658 bp) in the interactions with HuR and hnRNPK, respectively. Data are representative of three independent experiments. K and L) ChIP assays showing
that HuR binds to the specific 5’ promoter region of CDKN1A, where MYCLo-1 regulates its transcription activity (K) and that hnRNPK binds to the specific 5’ promoter region of CDKN2B,
where MYCLo-2 regulates its transcription activity (L). Data are representative of three independent experiments.

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

