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Despite advances that have improved the treatment of chronic
myeloid leukemia (CML) patients in chronic phase, the mechanisms
of the transition from chronic phase CML to blast crisis (BC) are not
fully understood. Considering the key role of miR-15/16 loci in the
pathogenesis of myeloid and lymphocytic leukemia, here we
aimed to correlate the expression of miR-15a/16 and miR-15b/16
to progression of CML from chronic phase to BC. We analyzed the
expression of the two miR-15/16 clusters in 17 CML patients in
chronic phase and 22 patients in BC and in 11 paired chronic phase
and BC CML patients. BC CMLs show a significant reduction of the
expression of miR-15a/-15b/16 compared to CMLs in chronic phase.
Moreover, BC CMLs showed an overexpression of miR-15/16 direct
targets such as Bmi-1, ROR1, and Bd-2 compared to CMLs in
chronic phase. This study highlights the loss of both miR-15/16
clusters as a potential oncogenic driver in the transition from
chronic phase to BC in CML patients.
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hronic myelogenous leukemia (CML) is a malignant disorder

characterized by an increase in myeloid cells that maintains
their ability to differentiate (1). It represents almost 20% of all
leukemias in adults and with appropriate targeted therapy has an
indolent course (2). CML proceeds in three phases: chronic,
accelerated, and blastic (blast crisis, BC) (3).

Untreated CMLs progress to an accelerated phase and then to
a BC, which is essentially incurable (4). At present, mechanisms
responsible for the progression of chronic phase CML to BC are
not fully understood, although several additional cytogenetic
abnormalities, such as trisomy 8, trisomy 19, isochromosome17,
and double Philadelphia chromosomes, have been observed in
BC CML samples (5).

MicroRNAs are negative regulators of gene expression by
binding to the 3’ untranslated region (UTR) of their mRNA
targets (6, 7). We have observed the loss of miR-15/16-1 in the
great majority of chronic lymphocytic leukemia (CLL) (~80%).
Such loss of expression is due, for the most part, to a deletion of
the miR-15/16 locus at chromosome 13ql4 and/or epigenetic
silencing (8, 9). Knockout of the miR-15a/16-1 locus in mice also
results in delayed-onset CLL (10). We have also knocked miR-
15b/16-2, another locus of the miR-15/16 family, and we ob-
served that the knockout (KO) mice developed CLL a little
earlier and with higher penetrance than the miR-15a/16-1 KO
mice (11). We subsequently generated KO mice for both loci:
miR-15a/16-1 and miR-15b/16-2 (12). Interestingly, we identi-
fied that 77% of the double-KO mice developed acute myeloid
leukemia (AML), while the remaining 23% developed a B-cell
lymphoma (13). In addition, ~30%, of myelodysplastic syn-
dromes (MDSs) transform into AML (14). Thus, we investigated
MDS, MDS transforming into AML, AML derived from MDS,
and two large cohorts of patients with AML. We discovered that
loss of expression of both loci of miR-15/16 occurred in the MDS
transforming into AML and in a large fraction of AMLs (13).
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These losses resulted in overexpression of at least two targets of
miR-15/16, BCL2, a driver oncogene, and RORI1, a potential
oncogene encoding an embryonic surface antigen (15, 16). Thus
loss of miR-15/16 plays an important role not only in the path-
ogenesis of CLL, but also in the development and progression of
a fraction of AMLs and the transformation of MDS into AML.

Since more than 30 yrs after the discovery of the breakpoint
cluster region-Abl tyrosine kinase (BCR/ABL) chimeric onco-
gene in CML we still do not know the cause of progression of
CML to BC, here we investigate whether BC progression could
be due to the loss of expression of both loci of miR-15/16.

Results and Discussion

We first examined the expression of miR-15a that maps at 13q14,
miR-15b that maps at 3q25, and miR-16 that maps at 13q14 and
3g25 (miR-16-1 and miR-16-2 are identical) in CML patients in
chronic phase and BC (Table 1). Normal CD34+ bone marrow
cells were used as a control. As shown in Fig. 1 chronic-phase
CMLs expressed less miR-15a (Fig. 14), miR-15b (Fig. 1B), and
miR-16 (Fig. 1C) compared to normal CD34+ control cells. BC
CML cells expressed statistically significantly lower levels of all
three microRNAs compared to normal CD34+ cells and to
chronic-phase CML cells (Fig. 1 A-C). The comparison was also
carried out in cells from paired chronic phase and BC CML
samples (Table 2). Significant decreases of all three microRNAs
expression was observed in cells from BC compared to those
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Table 1. Characteristics of CML patients included in this study
Value
Demographic features
Gender, n (%)
Male 29 (74)
Female 10 (26)
Clinical features
Age at diagnosis, median + SD, y 50 + 13.5
Disease phase, n (%)
cp 17 (44)
BC 22 (56)
Initial white cell count, mean + SD, 10%/L 93 + 118.3
Initial blasts count, mean + SD, 10%/L 5.6 + 25.3

SD, standard deviation.

from chronic phase (Fig. 1 D-F). These decreases were found in
nine out of these 11 pairs for miR-15a (Fig. 1D), miR-15b
(Fig. 1E), and miR-16 (Fig. 1F). Interestingly, among these 11
paired samples, two cases from the same patients exhibited very
low microRNAs levels in chronic phase, but increased in BC.
We next determined protein and transcript expression levels of
Bcl-2, ROR1, and Bmi-1, all known targets of miR-15/16 (17-19)
in five cases of CML in chronic phase and five cases of CML in
BC. The expression of all three proteins was more elevated in the
five cases of BC compared to the CMLs in chronic phase (with
the exception of case 1) as shown by Western blot in Fig. 24 and

Table 2. Characteristics of paired CML patients included in
this study

Value
Demographic features
Gender, n (%)
Male 3 (27)
Female 8 (73)
Clinical features
Age at diagnosis, median + SD, y 45 + 17.3
Initial white cell count, mean + SD, 10%/L 20.5 + 197.7
Initial blasts count, mean + SD, 109/L 2.5+ 26

SD, standard deviation.

by its relative quantification (Fig. 2B). A possible explanation of
the outlier behavior of case 1 probably lies in the associated
clinical information: the cells were collected just 3 mo before
clinical disease transformation in BC; thus, this CML case was
most likely already progressing to BC and protein expression
accordingly modulated. Moreover, we determined BMI1 and
BCL2 mRNA levels in chronic phase (CP), BC CML patients,
and in CD34+ cells from healthy donors. BMI1 and BCL2 ex-
pression levels were significantly higher in BC patients compared
to CP patients (Fig. 2 C and D). No statistically significant dif-
ferences for BMI1 and BCL2 expression levels were observed in
the comparison between CP/BC and C34+ cells from healthy
donors. We then measured the protein levels of Bcl-2, Bmi-1,
and RORI1 in cells from three paired patients in CP and BC and
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Fig. 1.

MIiR-15/16 cluster expression in CML patients. MicroRNAs expression by qRT-PCR in CD34+ healthy controls and CML patients’ cells in CP (n =17) and in

BC (n = 22). Box plots of miR-15a (statistical analysis for all groups Kruskal-Wallis P value = 0.0005431) (A), miR-15b (statistical analysis for all groups
Kruskal-Wallis P value = 8.292 x 107°) (B), miR-16 (statistical analysis for all groups Kruskal-Wallis P value = 0.0003215) (C). (D-F) MicroRNAs expression by
dRT-PCR of paired CML patients’ cells (n = 11) in CP and BC. Bipartite graph of miR-15a (one-way Wilcoxon signed-rank P value = 0.021) (D), miR-15b (one-way
Wilcoxon signed-rank P value = 0.02686) (E), miR-16 (one-way Wilcoxon signed-rank P value = 0.01611) (F). n.s., not significant. *, 0.01< P value < 0.05; **,

0.001 < Pvalue < 0.01; ***, 0.0001 < P value < 0.001; ****P value < 0.0001.
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Fig.2. MiR-15/16 targets expression in CML patients. (A) Immunoblotting of ROR1, Bmi-1, and Bcl-2 performed on five CML patients’ cells in CP and five CMLs
cells in BC. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a normalizer. (B) Densitometry relative quantification of ROR1, Bmi-1, and Bcl-2
expression respect to GAPDH loading control. CML patients’ cells in CP and in BC were grouped. One-way Wilcoxon rank-sum test was applied. (C and D) Gene
expression by qRT-PCR in CML patients’ cells in CP (n = 17), in BC (n = 20) and CD34+ cells from healthy donors (n = 4). Box plots expression of BMI1 (statistical
analysis for all groups Kruskal-Wallis P value = 0.00027) (C) and BCL2 (statistical analysis for all groups Kruskal-Wallis P value = 4.37 x 107°) (D). (E) Western
blot analysis of ROR1, Bmi-1, and Bcl-2 performed on three paired CML patients’ cells in CP, BC, and CD34+ from two healthy donors. p-actin was used as a

normalizer. *, 0.01 < P value < 0.05; **, 0.001 < P value < 0.01; ***, 0.0001 < P value < 0.001; ****P value < 0.0001.

from CD34+ cells from two healthy donors. As shown in Fig. 2E,
the expression of ROR1 (undetectable in patient 3 and in
CD34+ cells), Bmi-1 (undetectable in CD34+ cells), and Bcl-2
markedly increased when the disease progressed, supporting the
finding that progression of CML from chronic to BC is accom-
panied by higher expression of oncogenic targets of miR-15/16.
Moderate to high levels of Bmi-1 were previously detected in
some AML patients, especially in MO subtype of myeloid leu-
kemia (20). Interestingly, it has been reported that accelerated
and BC CML cells express higher levels of Bmi-1 than CP (21).

MiR-15/16 target not only BCL2, but also several other on-
cogenes known to be involved in human and mouse malignancies
including BMI1 and MYB, that have been shown to be elevated
in CML (21-24) and AML (20, 25-28). We have shown that a
presumptive oncogene RORI1, which is expressed in most CLLs
concordantly with BCL2, is also a target of miR-15/16 (19). In-
terestingly the levels of Bmi-1 in BC CMLs appeared to be
higher than in CMLs in CP (22).

From these results we can infer that in most cases of pro-
gression from CP into BC CML miR-15/16 are progressively
down-regulated, resulting in overexpression of Bcl-2, ROR1, and
Bmi-1, three established oncogenes that promote increased
survival and proliferation. Of note, in a minority of two cases, the
mechanism of the progression does not seem to involve the en-
hanced expression of Bcl-2, Bmi-1, and ROR1 since we found
miR-15/16 increased rather than decreased. The mechanism that
describes the loss of miR-15/16 is not fully understood and needs

Lovat et al.
Loss of expression of both miR-15/16 loci in CML transition to blast crisis

future studies. Our hypothesis strongly suggests that the dereg-
ulation of miR-15/16 expression in the progression from CP to
BC is due to deletions and/or methylation of miRNAs promoters
as we previously observed in AML patients samples. Despite this
limitation on a bigger picture our data suggest that treatment of
BC CML should involve the concurrent targeting of these dif-
ferent oncogenes. In fact, it is possible that targeting just one of
these proteins, like in the case of treatment of CLL with ven-
etolax, will not be sufficient to kill most or all the malignant cells
(29-31) leaving an opportunity for the rise of resistance. Thus,
targeting two, three, or more oncogenes activated by the same
genetic/epigenetic alteration has the considerable advantage of
tackling the resistance problem, since unlikely the leukemic cells
will develop resistance to multiple drugs at the same time.

Materials and Methods

Human Tissue Samples. CML unpaired samples were obtained from Princess
Margaret Cancer Centre in Toronto, Canada and from MD Anderson Cancer
Center in Houston, TX. A total of 39 samples was collected from 22 patients in
CP and from 17 patients in BC (Table 1). Paired CML samples were obtained
from MD Anderson Cancer Center and The Ohio State University. A total of
22 samples was collected from 11 patients: first set (blood sample or bone
marrow aspirates) was collected in CP and second set was collected from the
same patient in BC (Table 2). Samples were separated by using Ficoll-
Hypaque and viable cells were frozen and stored in liquid nitrogen. This
study was carried out under the protocols approved by the Institutional
Review Boards of The Ohio State University, the Princess Margaret Cancer
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Center, and MD Anderson Cancer Center. All samples and clinical data were
deidentified. CD34+ from healthy donors were used as the controls.

RNA and Quantitative Real-Time PCR. Total RNA from CML samples was iso-
lated using TRIzol (Invitrogen), following the provided instructions. For
quantitative real-time PCR (qRT-PCR), TagMan miRNA assays from Thermo-
Fisher (miR-15a#000389, miR-15b#000390, miR-16#000391) were used to
detect mature miRNAs. qRT-PCR was performed as described by Lovat et al.
(13). RNU44 (ThermoFisher TagMan Assay 00194) and RNU48 (ThermoFisher
TagMan Assay 001006) were used as normalizers for CML samples.

Western Blot Analysis. Due to the low number of cells available per patient
sample, especially in BC phase, CML patients’ protein were precipitated after
RNA extraction with TRIzol (Invitrogen) following the protocol described in
ref. 32. After the last wash with 100% ethanol alcohol (EtOH), the protein
pellet was resuspended in 500 pl of 1:1 solution of 1% sodium dodecyl sul-
fate (SDS) and 8 M urea in Tris-HCl 1 M pH 8.0 followed by five cycles of 15-s
sonication and 30 s on ice incubation to solubilize the pellet. Then, the
sample was concentrated through Amicon column and protein lysate was
separated on Criterion Tris-HCl 4-20% precast gel (BioRad) and transferred
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onto a nitrocellulose membrane (HybondC, Amersham). Anti-Bcl-2 (Cell
Signaling Technologies), anti-Bmi-1, and anti-ROR1 (Abclonal), anti-GAPDH
(Genetex), and anti-p-actin (Sigma-Aldrich) were used to incubate the
membrane.

Statistical Analysis. One-way Wilcoxon rank-sum test was used for each un-
paired pairwise analysis shown in Figs. 1 A—C and 2 C and D, while one-way
Wilcoxon signed-rank test was applied for each paired analysis shown in
Fig. 1 D-F. For both tests we used the wilcox.test function from the stats R
Package (R version 3.5.1). Kruskal-Wallis rank-sum test was employed for
each multivariate analysis present in Figs. 1 A-C and 2 C and D, particularly
using the kruskal.test function from the stats R package.

Data Availability. All study data are included in the article.
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