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MR-1 blocks the megakaryocytic differentiation and transition
of CML from chronic phase to blast crisis through MEK

dephosphorylation

W Zhao', H He', K Ren’, B Li', H Zhang', Y Lin'? and R-g Shao'

Chronic myelogenous leukemia (CML) evolves from a chronic phase characterized by the Philadelphia chromosome as the sole
genetic abnormality and the accumulation of mature cells in peripheral blood into blast crisis, which is characterized by the rapid
expansion of myeloid- or lymphoid-differentiation-arrested blast cells. Although ample studies have been conducted on the disease
progress mechanisms, the underlying molecular mechanisms of the malignant phenotype transition are still unclear. In this study,
we have shown that myofibrillogenesis regulator-1 (MR-1) was overexpressed in blast crisis patients and leukemic cells, but there
was little trace expressed in healthy individuals and in most patients in CML chronic phase. MR-1 could inhibit the differentiation of
myeloid cells into megakaryocytic lineages and accelerate cell proliferation. The molecular mechanism responsible for these effects
was the interaction of MR-1 with MEK, which blocked the MEK/ERK signaling pathway by dephosphorylating MEK. Our results
provide compelling and important evidence that MR-1 might act as a diagnostic marker and potential target of CML progression

from chronic phase to blast crisis.
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INTRODUCTION

Chronic myelogenous leukemia (CML), a clonal myeloproliferative
disorder of hematopoietic stem cells, is initially typically seen in a
relatively benign chronic state, but finally turns into fatal blast
crisis.' In the chronic stage, the disease is indolent and the
leukemic cells retain an ability to differentiate into mature
granulocytes. After several years’ duration of the chronic phase,
however, the disease inevitably accelerates and ultimately
progresses to the terminal fatal stage, blast crisis, which is
characterized by a large number of aggressive and immature
blast cells.”? The main obvious functional changes that occur
with the progression of CML are the severe block in
differentiation, apoptosis and acceleration in proliferation. These
abnormalities of function and phenotype into blast are often
associated with additional secondary chromosomal and
molecular changes. Thus, the important and essential issues
plaguing CML therapy are determination of the gene changes
that cause disease progression, determination of the normal
pathways that are subverted on the road to blast crisis and
whether we can restore these pathways to put patients back into
chronic phase.

Myofibrillogenesis regulator-1 (MR-1) was identified from a
human skeletal muscle cDNA library (GenBank accession number
AF417001) and is located on human chromosome 2q35 (GenBank
accession number AC021016)> MR-1 was seen to be
overexpressed in human cancer cells* The ability of cell
proliferation was decreased by MR-1 knockdown in human
hepatoma cells and ovarian cancer cells.**> Our previous results

also revealed that MR-1 was almost undetectable in normal
human lung fibroblasts and spleen cells but was overexpressed in
human embryonic lung fibroblast cells and in some acute
leukemic cell lines. It suggests that expression of MR-1 in normal
tissue is low but is higher in its corresponding malignant or
original tissue, hinting that MR-1 may be a proliferation- and
differentiation-related gene and may participate in leukemic
initiation and development.

CML blast crisis cells such as K562, MEG-01 and LAMA-84,
derived from CML blast crisis patients,>® whose differentiation
was severely impaired and biological behavior resembled acute
leukemia, can be induced to differentiate into either lineage by
exposure to various chemical agents.®'° After phorbol-12-
myristate (PMA) treatment, these cell lines were induced to
differentiate forward megakaryocytic (MK) lineage and acquired
the MK cellular and molecular features.'" The observed
phenotypic transitions include cell-size increment, endomitosis,
growth arrest, cell cycle arrest and expression of specific cell-
surface markers such as CD41 and CD61.'>'* PMA-induced
signaling cascade requires the MEK/ERK signaling activation to
arrest the cell cycle and lead to cell-surface marker expression.'?

In the present study, we verified that MR-1 was overexpressed
in blast crisis patients and cell lines of CML but was not expressed
or there was little trace of it in healthy individuals and in most
patients in the chronic phase of CML. The knockdown of MR-1
inhibited proliferation and induced blast cell differentiation
forward MK lineage through activation of the MEK/ERK signaling
pathway induced by the upregulation of MEK phosphorylation.
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MATERIALS AND METHODS
Cell culture and reagents

Blast crisis cell lines K562, MEG-01 and LAMA-84 were grown in RPMI-1640
medium supplemented with 10% fetal calf serum. K562 and LAMA-84 cells
were kept in our laboratory, and MEG-01 was kindly provided by MS DeKui
Mao (Military Medical Science Academy of the PLA). Human leukocytes
were a generous gift from Dr Yajun Lin. MEK1/2 inhibitor U0126 and RIPA
lysis were purchased from Cell Signaling Technology (Danvers, MA, USA).
RAF inhibitor L779450 was purchased from Merck (Frankfurter, Darmstadt,
Germany). Hoechst 33258 and Protein A + G agarose were from Beyotime
Institute of Biotechnology (Haimen, Jiangsu, China).

Patients

All the 13 patients (BCR-ABL positive) were from Beijing Daopei Hospital
(10 patients) and the People’s Hospital of Beijing (three patients). Nine
patients were in chronic phase and four patients were in blast crisis. All
samples were obtained under the auspices of protocols approved by the
Institutional Review Board, and total white cells were separated from the
blood and bone marrow samples for western blot analysis. The definitions
of chronic phase of CML and blast crisis of CML were based on the criteria
of Sokal et al." (low risk: Sokal index < 0.8; high risk: Sokal index > 1.2) and
the International Bone Marrow Transplant Registry. Thus, CP was defined
as <10% blasts and BC as >30% blasts. The characteristics of the patients
mentioned above are shown in Table 1.

siRNA preparation and treatment

21-nucleotide small interfering RNAs (siRNAs) were synthesized by Ribo
Technology Company (Guangzhou, China) using 2'-ACE protection
chemistry. Two siRNA sequences targeting MR-1 were 5-ACCGUGUGAAGC
AGAUGAAdTAT-3' and 5'-CCUAGGCUAUUGACUGUUAdTAT-3'. Cells were
collected and seeded in a six-well plate with 20 x 10* cells, and transfected
with siRNA according to the manufacturer’s instructions.

Western blot

Whole-cell lysates were used for immunoblotting, as described pre-
viously.'® The anti-MR-1 polyclonal antibody was a generous gift from
Professor Yiguang Wang (Institute of Medicinal Biotechnology, Beijing,
China). Anti-phospho-Raf-1 (Ser338), anti-phospho-MEK1/2 (Ser217/221),
anti-phospho-p44/42MAPK (ERK1/2), anti-phospho-p90RSK (Ser380), anti-
phospho-MSK  (mitogen-stress-activated protein kinase) (Thr581), anti-
retinoblastoma protein (pRb), anti-caspase 3 and anti-p21 antibodies were
all from Cell Signaling Technology. The anti-B-actin antibody was from
Santa Cruz Biotechnologies (Santa Cruz, CA, USA), and horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary
antibody was from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA). Electrochemiluminescence was performed according to the
manufacturer’s instructions with a Chemilmager 5500 imaging system
(Alpha Innotech, San Leandro, CA, USA).

Tablel. Clinical data of patients

No  Diagnosis ~ Age  Sex BCR-ABL TKI Blood/

quantification naive BM

1 CP-CML 40 M 60.19% Y BM

2 CP-CML 18 F 69.67% Y BM

3 CP-CML 8 M 72.3% Y Blood
4 CP-CML 58 F 50.3% Y BM
5 CP-CML 11 M 74.45% Y BM
6 CP-CML 55 M 65.65% N Blood
7 CP-CML 59 F 67.45% Y BM
8 BC-CML 63 F 76.32% N BM
9 CP-CML 1 F 49.4% Y BM
10 CP-CML 50 M 62.49% N BM
11 BC-CML 65 M 75.2% N BM
12 BC-CML 17 M 63.2% N BM
13 BC-CML 58 F 51.3% N BM
Abbreviations: BC-CML, blast crisis of CML; BM, bone marrow; CP-CML,
chronic phase of CML; F, female; M, male; N, no; Y, yes.
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Cell proliferation assay

For cell proliferation assay, K562 or other cells were seeded in a 24-well
plate and the cells were counted by trypan blue-staining exclusion test.
The cells were incubated with 0.4% (w/v) trypan blue for 5min and
analyzed by microscopy using a Neubauer hemocytometer. Only the cells
that were not clearly stained blue were considered viable and the growth
curve was depicted.

Construction of siRNA-expression plasmid

The DNA sequence against MR-1 was 5-ACCGTGTGAAGCAGATGAATT
CAAGAGATTCATCTGCTTCACACGGT-3'. pCD-shRNA (short hairpin RNA) was
reconstructed from pcDNA3.0 (Invitrogen, Carlsbad, CA, USA). The
corresponding DNA sequences were ligated into pCD-shRNA to form
plasmids of pCD-shRNA-MR-1 and pCD-shRNA-mock.

Stable silencing of MR-1 in K562 cells

K562 cells at 60-70% confluence were transfected with 1pg of pCD-
shRNA-MR-1 or pCD-shRNA-mock using 1 pl lipofectamine LTX Reagent
(Invitrogen) for 2 days. The transfected cells were exposed to 600 pg/ml
G418 (Invitrogen) for 10 days, and then viable cells against G418 were
collected and seeded at a lower density until a single colony was formed.

Flow cytometry analysis

To determine MK differentiation, 50 x 10* cells were incubated at 4 °C for
30min in phosphate buffered saline (PBS) plus 1% fetal bovine serum
containing anti-CD41-FITC monoclonal antibody (eBioscience, San Diego,
CA, USA). Cells were analyzed by flow cytometry with a FACS Calibur
(Coulter Epics XL-MCL, Becton Dickinson, Fullerton, CA, USA) using
CellQuest software (Expo32 ADC).

For cell cycle and polyploidy analysis, cells were harvested and fixed
overnight at 4°C, as described previously.'® Thereafter, the cells were
washed and resuspended in PBS containing 200 ng/ml RNase A at 37 °C for
30min; this was followed by the addition of 50pug/ml Pl and the
suspension was kept for 30 min in the dark. Cell analysis was performed
using a FACS Calibur System.

Immunoprecipitation and dephosphorylation assay

For immunoprecipitation, cells were lysed with RIPA lysis (CST, Danvers,
MA, USA). Cell lysates (500 ug of total protein for each sample) were
incubated with 3 pg of specific antibodies overnight with constant rotation
at 4°C. Forty microliters of Protein A/G-Agarose were added, and the
mixture was incubated for 3 h at 4 °Cwith gentle rocking; the mixture was
then washed and subjected to SDS-PAGE and immunoblotting. A
dephosphorylation assay was performed as described in (ref. 17). Protein
containing p-MEK from K562/MR ™ cells was lysed and an equal amount of
protein was loaded; western blot was performed using an anti-p-MEK
antibody. Then, the membrane was stripped and each lane containing
p-MEK was cut off and incubated with IP beads from Mock/K562 and K562/
MR-1" cells or with blank lysate with MR-1 antibody in 120 mm Hepes,
12mm DTT, 120 mm pNPP and 120 mm MgCI2 buffer at 30 °C for 30 min.
Membranes were washed five times with TBS and bands were visualized
with the p-MEK antibody, as described above.

Tumorigenicity assay

NOD/SCID mice aged 6-8 weeks from Chinese Academy of Medical
Sciences (Beijing, China) were given commercial food, water ad libitum
and housed at 23+5°C and 55+5% RH throughout the experiment.
1700 x 10° K562/Mock and K562/MR-17(2) cells were injected subcuta-
neously into the dorsal right flanks of recipient mice (n=>5) in 0.2ml PBS.
Bidimensional tumor measurements were recorded every 3 days, and the
average of these measurements was used to calculate the tumor volume.
Mice were killed when tumor volume from the K562/Mock group reached
2000 mm?>; the tumor loads were then dissected and weighed.

Statistical analysis

Data are expressed as arithmetic meants.d. Statistical analysis was
performed using Student's t-test. P<0.05 was considered statistically
significant.
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RESULTS

MR-1 is overexpressed in blast crisis cells and downregulated in
PMA-treated cells
Our results revealed that MR-1 was overexpressed in some Ph+
(K562) and non-Ph + human acute leukemic cell lines (e.g., HL60,
THP-1)'8"? and was especially higher in CML blast crisis cells K562
as compared with the total white cells from healthy individuals,
suggesting that MR-1 might have a more close relationship with
blast crisis. To investigate the association between MR-1
overexpression and blast crisis, we further examined the MR-1
levels in four blast crisis patients, nine chronic-phase patients and
nine healthy individuals and in blast crisis cell lines LAMA-84 and
MEG-01 by western blot. As shown in Figure 1a, MR-1 was almost
undetectable in total white cells from healthy individuals and in
most patients in chronic phase of CML (however, one patient with
low expression was seen). However, MR-1 was overexpressed in
blast crisis patients and in blast crisis cell lines. These data
indicated that MR-1 overexpression might be involved in the blast
crisis transition characterized by differentiation arrest, the most
typical event that occurs during progress.

PMA, an MK differentiation inducer, was introduced into our
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MR-1 levels decreased at 4 h of treatment in K562, LAMA-84 and
MEG-01 cells, gradually declining further with longer treatment
duration. At 48 h only trace MR-1 could be observed (Figure 1b).

MR-1 silencing inhibits cell proliferation and promotes MK
differentiation

To investigate the function of MR-1, two siRNAs against MR-1
(siMR-1) were designed and synthesized to avoid the off-target
effects, including siMR-1(1) and siMR-1(2). Both of these siRNAs
could markedly reduce MR-1 levels and inhibit cell proliferation in
48-h-transfected K562 cells (Figure 2a) and had similar knockdown
effect. However, the efficacy of siMR-1(1) was slightly better than
that of siMR-1(2). Thus, MR-1-siRNA1 sequencing was chosen for
the following assay.

Similarly, MR-1 was markedly knocked down by siMR-1(1) in
blast crisis cells LAMA-84 and MEG-01 (Figure 2a). Growth curve
results showed that the proliferation of blast crisis cells was
inhibited by 50-70% after two transfections at 24-h interval in
K562, LAMA-84 and MEG-01 cells; especially in LAMA-84 and MEG-
01 cells, the growth was almost arrested (Figure 2b). Flow
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differentiation marker CD41 was elevated after MR-1 silencing and
treatment with PMA (Figure 2c).

Long-time MR-1 silencing triggers blast cell differentiation into
cells with MK features

Differentiation is a phenotype-transforming event in which a
number of proteins are synthesized to complete the whole cell,
including cytoplasm, cell membrane and cell nucleus matter and
this protein synthesis needs a stable, long-term internal environ-
ment. Therefore, we established MR-1 stable silencing cells K562/
MR-1" (1) and K562/MR-1 " (2) to observe the effects of long-term-
silencing MR-1 on blast cell differentiation. In K562/MR-1~ cells,
the expression of MR-1 was markedly decreased in the range of
40-70%, compared with K562/Mock cells (Figure 3a). The MR-1
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silencing efficacy of K562/MR-1" (2) cells was more obviously and
mostly used for the following experiments.

The growth curve showed that cell growth in MR-1-silencing
cells was significantly less than that in K562/Mock cells, especially
in K562/MR-1" (2) cells (Figure 3b). Moreover, the FACS analysis
showed that the fluorescence intensity of CD41 was 4.8, 6.7 and
0.3% for K562/MR-1" (1), K562/MR-1 "~ (2) and K562/Mock cells,
respectively (Figure 3c). These data indicated that the expression
of CD41 was higher in MR-1-silencing cells than in K562/Mock
cells.

Cell cycle analysis showed that the GO/G1 accumulation in
K562/MR-1 (1) and K562/MR-1"(2) cells was ~50-60% as
compared with K562/Mock cells (Figure 3d), demonstrating a
GO/GT1 arrest in MR-1-silencing cells. Simultaneously, the expres-
sion of p21 (cyclin-dependent kinase inhibitor) was significantly
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Long-term MR-1 silencing triggers the differentiation of blast cells into cells with MK cellular features. (a) Western blot analysis of

MR-1 protein levels in various MR-1 stable silencing K562/MR-1 "~ cells. (b) Growth curves of K562/MR-1" (1), K562/MR-1~ (2) and K562/Mock
cells. (c) CD41 expression and (d) cell cycle distribution were analyzed by flow cytometry. (e) Western blot analysis of p21, pRb and caspase 3.
(f) Light microscopic analysis and (g) Wright-Giemsa staining analysis of megakaryocytic features. (h) The morphological aspects of the
polyploid nature of K562/MR-1~ cells were measured by Hoechst 33258 staining and light microscopy. (i) The diploid of K562/MR-1 "~ and K562/
Mock cells was detected by flow cytometry. (j) The morphology of apoptosis of K562/MR-1" cells was visualized by Hoechst 33258 staining and
light microscopy. (k) Apoptosis analysis of K562/MR-1" cells by flow cytometry. Data represent mean values of three experiments, *P<0.05.
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increased, and the expression of pRb and caspase 3 was reduced
in MR-1-silencing cells (Figure 3e). Particularly in K562/MR-1" (2)
cells, the degrees of MR-1 knockdown, proliferation inhibition and
differentiation ability were stronger; the degree of GO/G1-phase
arrest was also more obvious as compared with that in K562/MR-
17 (1) cells. Moreover, the degree of cell cycle arrest coincided
with the change in degree of p21 and pRb levels (Figure 3e).
Some MK morphological characters were also observed in MR-1-
silencing cells. A net increase in cell size was visualized in MR-1-
silencing K562/MR-17 (1) and K562/MR-17(2) cells, in which a
fraction of large-sized cells whose diameter was 40-60 pum as well
as some huge vacuoles from the larger sized cells were observed. A
cell bulge that seemed like a cell budding was also visualized in
some large cells. At late stage, the large cells lysed and formed cell
debris (Figure 3f i-v). The other MK features such as the increase in
nuclear size and nuclear—cytoplasmic ratio were also observed in
K562/MR-1" (2) cells by Wright-Giemsa staining (Figure 3g). Poly-
ploidy cells were observed in K562/MR-1" (2) cells, including 8N,
16N and 32N cells by Hochest 33258 stain analysis (Figure 3h). The
corresponding quality analysis showed that the number of
polyploidy cells of MR-1-silencing cells was 2-3-fold of K562/Mock
cells as assessed by FACS, and the ratio of polyploidy cells in K562/
MR-17 (1), K562/MR-1"(2) and K562/Mock cells was 4.1, 5.3 and
1.5%, respectively (Figure 3i). Apoptotic DNA fragments of large-
sized cells were also observed in K562/MR-1"(2) cells (Figure 3g).
The ratio of apoptotic cells in K562/MR-1 (1), K562/MR-1 " (2) and
K562/Mock cells was 4.2, 9.1 and 2.4%, respectively (Figure 3k).

Enhancement of PMA-induced MK differentiation by

MR-1 silencing

To further study the role of MR-1 in MK differentiation, we
investigated whether MR-1 silencing could promote MK differ-
entiation induced by PMA. After 48 h of PMA treatment, clusters of
a large number of cells were increased in MR-1-silencing cells, and
some vacuole cells were observed in K562/MR-1"(2) cells
(Figure 4a). After 96-h treatment, the vacuole cells were increased
in MR-1-silencing cells, and the size of these cells was larger than
that of K562/Mock cells (Figure 4b). Moreover, we found that the
CD41 expression in MR-1-silencing cells was higher than that in
K562/Mock cells after 96-h treatment (Figure 4c), and the
fluorescence intensity of CD41 was 83.9, 729 and 41.5% for
K562/MR-17(2), K562/MR-17 (1) and K562/Mock cells, respec-
tively, consistent with the morphological appearance of MK
differentiation of K562/MR-1 " (2) and K562/MR-1" (1) cells treated
by PMA. Further, the proliferative ability of MR-1-silencing cells
was further decreased as compared with K562/Mock cells
(Figure 4d).

Involvement of MEK/ERK signal in MK differentiation by
MR-1-mediated MEK dephosphorylation
Although p38, JUK and MEK/ERK signaling cascades participated
in the differentiation of CML,% only the MEK/ERK signal pathway
has an essential role in MK differentiation.?’ We further
investigated the relationship between MEK/ERK signaling
cascades and MR-1-silencing-induced MK differentiation. The
results showed that the phosphorylation forms of MEK1/2 and
ERK1/2 were markedly increased in MR-1-silencing K562 cells.
Further, the downstream proteins ribosomal S6 kinase 90 and MSK
also acquired more phosphorylated forms (Figure 5a). The
phosphorylation levels of signal proteins in K562/MR-1" (2) cells
were higher than that in K562/MR-1" (1), in line with the higher
MK differentiation level compared with K562/MR-1 " (1). Moreover,
cyclin D1 expression, which is attributed to polyploidy formation
during MK differentiation, was upregulated in MR-1-silencing cells
(Figure 5a).

To confirm whether MK differentiation was induced through the
MEK/ERK pathway in MR-1-silencing cells, the MEK inhibitor
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U0126%*%3 was used. As shown in Figure 5b, ERK phosphorylation
was reversed by U0126 in K562/MR-17(2) cells. U0126 also
reversed the expression of CD41 and the growth inhibition of
K562/MR-1 " (2) cells.

Our data showed that RAF activation was not observed in MR-1-
silencing cells, hinting that MEK activation was not regulated by
RAF. To further confirm that MEK activation was independent of
RAF, RAF inhibitor L779450°*?> was used. The results showed that
L779450 did not affect the phosphorylation of MEK and ERK in MR-
1-silencing cells, although it inhibited MEK and ERK
phosphorylations in Mock cells (Figure 5b). On account of the
MEK phosphorylation increase being independent of RAF in MR-1-
silencing cells, we assumed that MR-1 might directly interact with
MEK and dephosphorylate MEK to inhibit MEK activation. There-
fore, reciprocal coimmunoprecipitation (IP) was performed and
the results showed that there was an interaction between MR-1
and MEK (Figure 5c¢). In vitro dephosphorylation assay further
showed that p-MEK incubated with IP MR-1 protein from K562/
Mock cells (Figure 5d, lane 3) was significantly lower than that
from MR-1-silencing cells (Figure 5d, lane 2) or blank control
(Figure 5d, lane 1), indicating that MR-1 could significantly
dephosphorylate p-MEK.

In vivo reduction of K562/MR-1 tumorigenicity

To further validate that MR-1 silencing can reduce K562 cell
proliferation, K562/Mock and K562/MR-1~ cells were injected
subcutaneously into the dorsal right flanks of NOD/SCID mice, and
tumor volumes were measured every 3 days (Figure 6a). Seven
days after tumor inoculation, a tiny tumor nodule was seen only in
the K562/Mock group, and the tumor grew quickly. However, the
tumorigenicity of the K562/MR-1~ group was markedly limited
(Figure 6a). After 31 days, the mice were killed, and the tumor
loads were resected and assessed (Figure 6b). The average weight
of K562/Mock and K562/MR-1~ tumors was 2.5 and 0.4g,
respectively (Figure 6b), validating a pivotal role of MR-1 in
tumorigenicity.

DISUSSION

CML treatment depends on the phase of the disease, age of the
patients and their general health. During the chronic phase, the
aim of treatment is to control the blood counts to within a normal
range and perform a bone marrow transplantation.? In the blast
phase, as the number of blast cells markedly increases in the
blood and bone as a result of additional chromosomal and
molecular changes during the disease progress, the aim of the
treatment during the advanced stages is to destroy the leukemic
cells and allow the bone marrow to function normally again, or to
return the patient to the chronic phase of their disease.® Thus, it is
essential to clarify the additional gene changes that promote the
differentiation arrest in the crisis transition to convert the patients
back into chronic phase. The previous data showed that MR-1 was
overexpressed in cancer cells and promoted cell proliferation and
metastasis.* In this study, we found that MR-1 was overexpressed
in Ph+ or non-Ph + leukemic cells and in whole white cells from
blast crisis patients and in weakly differentiated blast crisis cells,
but was not expressed or there was little trace in whole white cells
from healthy individuals and in most patients in blast crisis of CML,
suggesting that MR-1 might be involved in the malignant
phenotype transition. Further, MR-1 was markedly decreased by
the treatment of PMA, an MK differentiation inducer. Notably, the
downregulation of MR-1 was accompanied by the MK
differentiation induced by PMA, indicating that MR-1 might have
an inhibitory role in MK differentiation.

We hypothesized that MR-1 was involved in MK differentiation
as a negative regulator. First, the knockdown of MR-1 decreased
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Figure 4. MR-1 silencing promoted MK differentiation induced by PMA. K562/MR-1 "~ cells were treated with 20 nm PMA for 48 h (a) or for 96 h
(b), and then the megakaryocytic features were analyzed by light microscopy. After 96-h treatment, CD41 expression (c) and cell viability (d)
were measured by FACS and cell count assay, respectively. *P <0.05; **P<0.01.

the proliferation of blast crisis cells and increased CD41 expression
(MK differentiation biomarker). Second, the stable knockdown of
MR-1 showed that whole cells displayed MK differentiation
characters, including cytoplasm enlargement, endomitosis, cell
cycle arrest, CD41 increase and cytoplasmic projection form.'%%’
These changes were the typical cellular features of MK
differentiation.’ Further, these differentiated large-sized cells
were also polyploid in nature and eventually underwent
apoptosis, indicating that MR-1 silencing could promote the
development of some blast cells into mature MK cells.?®
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Next, we explored the molecular signaling pathway that linked
MR-1 with MK differentiation and proliferation. It is well known
that the activation of MEK/ERK is essential for the MK differentia-
tion of K562 cells induced by PMA.'*?° The expression of
constitutively activated MEK or ERK induces the transition to MK
lineage and many MK development hallmarks.'®3°3! In our study,
MR-1 silencing promoted blast cell differentiation into MK lineage
and activated the MEK/ERK pathway strongly. After the MEK
kinase inhibitor U0126 blocked ERK phosphorylation, MK
differentiation was inhibited, and proliferation inhibition was
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significance of Student’s t-test: *P <0.05.

also reversed in MR-1-silencing cells, However, L779540, a RAF
kinase inhibitor, could not markedly downregulate the
phosphorylations of MEK and ERK in MR-1-silencing K562 cells,
indicating that the upregulation of MK differentiation and the
downregulation of cell proliferation induced by MR-1 silencing were
dependent on the activation of MEK and ERK and independent of
RAF. In vitro reciprocal IP and dephosphorylation assays further
demonstrated that MR-1 interacted with MEK to dephosphorylate
MEK. It is worthy to investigate its detailed mechanism in the future.

Sustained ERK activation promotes the upregulation of p21 and
cyclin D13%3% and activates caspase 3, all of which have an
important role in the late steps of physiological MK
differentiation.?® In our study, p21 was upregulated and pRb was
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downregulated in MR-1-silencing cells, and these changes led to
GO/G1 arrest. Usually, the increased GO/G1 phase is necessary for
completing some important events of MK differentiation,
including the development of cytoplasm and the expression of
CD41 and some essential proteins.>® Among hematopoietic cells,
differentiation to megakaryocytes is associated with repeated
rounds of DNA synthesis without the occurrence of cell division, a
process referred to as endomitosis.” The upregulation of cyclin
D1 and p21 contributes to endomitosis formation.*® Our results
showed that the downregulation of MR-1 could induce
upregulation of p21 and cyclin D1, indicating the involvement in
polyploidy formation. Apart from contributing to polyploidy
formation, cyclin D1 was beneficial for the increase in cell size
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Figure 6. Tumorigenicity of K562/MR-1" cells was reduced in NOD-
SCID mice. (a) Tumor volume was measured at the indicated times
after subcutaneous implantation of various cells. Each point
represents the mean of five mice with s.d. (b) On day 31, the mice
were killed and tumors were dissected and weighed.

and DNA content;*® these data accounted for these phenotype
features of MK differentiation occurring in MR-1-silencing
cells. Thus, the downregulation of MR-1 in K562 cells initiated
events of spontaneous MK differentiation, such as expression of
specific cell-surface markers, inhibition of cell proliferation and
polyploidization.

Overall, MR-1 as a new regulator is involved in the formation of
the cellular malignant phenotype of the blast transition and has a
pivotal role in MK differentiation arrest. MR-1 silencing triggers MK
differentiation and inhibits proliferation by sustained activation of
the MEK/ERK pathway, which was a result of the downregulation
of MEK phosphorylation mediated by MR-1. Our findings provide
the compelling and important evidence that MR-1 might act as a
diagnostic marker of CML progression from chronic phase to blast
crisis.
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