LETTERS TO THE EDITOR

Suppressive effects of anagrelide on cell cycle
progression and the maturation of megakaryocyte
progenitor cell lines in human induced pluripotent
stem cells

Anagrelide is widely used as a therapeutic agent for
patients with essential thrombocythemia (ET).! It was
initially developed as an antiplatelet aggregation drug by
inhibition of phosphodiesterase lI,” and its primary effect
at therapeutic concentrations is on the post-mitotic phase
of megakaryocyte development, where it reduces platelet
production by reducing the size and ploidy of megakary-
ocytes. This then induces a thrombocytopenic effect™ in
patients with thrombocythemia; however, the platelet-
lowering effect of anagrelide is not well understood. In a
clinical study that used bone marrow samples obtained
from patients with ET, anagrelide therapy reduced the
number of circulating platelets by reducing both the
hyperproliferation and the differentiation of megakary-
ocytes.’

Megakaryocytic cell lines are usually premature cells
that cannot transform into mature megakaryocytes and
generate platelets. Because of this, some conventional
studies of megakaryocytes and platelets using cell lines or
primary cells have proved to be problematic. In the pres-
ent study, we used immortalized megakaryocyte progen-
itor cell lines (imMKCL), which were recently established
from human induced pluripotent stem (iPS) cells, to elu-
cidate the molecular mechanism of anagrelide in inhibit-
ing platelet production.

We prepared the imMKCL as follows. Doxycycline-
inducible lentiviral vectors harboring ¢-MYC, BMI1, and
BCL-XL were introduced into the imMKCL to clinically
produce artificially generated platelets.”® After removing
the doxycycline, three over-expressed transgenes were
turned off; the cells began to differentiate, and the
platelets were generated in approximately 5-7 days
(Figure 1A). To enhance the platelet production, the fol-
lowing compounds were added on day 0: an aryl hydro-
carbon receptor antagonist (SR1; Merck Millipore, MA,
USA), a ROCK inhibitor (Y-27632; Wako, Tokyo, Japan),
and KP-457 (Kaken Pharmaceutical Co. Ltd., Tokyo,
Japan) under a Material Transfer Agreement. KP-457 effi-
ciently enables the retention of glycoprotein Ib (GPIb),
also known as CD42. Without it, the loss of the GPIb
extracellular domain would attenuate the ability of
platelets to adhere to the extracellular matrix and form
thrombi.’

The first experiment was to examine the proliferation
of imMKCL and the inhibition of platelet production by
treatment with anagrelide. Treating imnMKCL with ana-
grelide for two days resulted in no remarkable morpho-
logical changes in cells in the undifferentiated (non-
platelet-producing) state; however, in cells in the differ-
entiated (platelet-producing) state, those treated with
anagrelide appeared to be mononuclear, whereas the
untreated cells did not. This trend became clearer at day
6 (Figure 1B). MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt) assays were performed to test the effects of
anagrelide treatment on the proliferation of imMKCL and
non-megakaryocytic lineage cell lines (HL-60, THP-1,
and K562). With anagrelide treatment, the cell growth
curve for imMKCL in the undifferentiated state showed a
significant decrease in absorbance at 96 hours (anagrelide
0 vs. 1 uM, P<0.001; anagrelide 0 vs. 10 uM, P<0.01)
(Figure 1C). Conversely, anagrelide treatment did not
affect the proliferation of the non-megakaryocytic line-

age cell lines (Online Supplementary Figure S1). In the dif-
ferentiated state, proplatelets generated from imMKCL
affected the absorbance in the MTS assay (data not
shown); therefore, the cell proliferation of imMKCL in the
differentiated state was evaluated using a bromod-
eoxyuridine (BrdU) incorporation assay. This showed a
significant decrease in the incorporation rate with ana-
grelide treatment (anagrelide 0 vs. 1 or 10 uM, both
P<0.001) (Figure 1D), which suggested that anagrelide
suppressed DNA synthesis during differentiation. To con-
firm the suppressive effects of anagrelide treatment on
the maturation and proliferation of imMKCL, we investi-
gated changes in mRNA expression of the megakaryocyt-
ic surface markers ITGA2B (CD41) and ITGB3 (CD61).
This showed significant decreases in their expression in
both the undifferentiated state (P<0.05 and P<0.001,
respectively) and differentiated state (P<0.01 and
P<0.001, respectively) (Figure 1E). The resultant genera-
tion of mature platelets from imMKCL cultured for seven
days in platelet-producing conditions was analyzed using
flow cytometry. Mature platelets were detected as dou-
ble-positive plots for CD41 and CD42b, the representa-
tive markers of mature and functional platelets.” When
1 uM of anagrelide was added to the culture on day 0,
this resulted in a significant decrease in the relative num-
ber of mature platelets (P<0.001) (Figure 1F).

We went on to elucidate the molecular mechanism
underlying anagrelide’s platelet-lowering effect. To do
this, RNA sequencing was conducted for imMKCL in
both undifferentiated and differentiated states, compar-
ing the cells with or without anagrelide treatment. The
genes that were up-regulated by more than 2-fold or
down-regulated to less than half compared to control
were identified and divided into six groups (Figure 2A).
All the annotated terms in a gene ontology analysis that
showed statistical significance (P<0.05) were categorized
as up-regulated and down-regulated genes (Figure 2B and
C, respectively). In both states, the up-regulated genes
showed a response to cyclic 3',5'-adenosine monophos-
phate (cAMP) consistent with the previously described
mechanism of anagrelide action.” Of note, the genes
related to negative apoptotic process regulation were up-
regulated only in the differentiated state, which suggest-
ed that anagrelide affects megakaryocytic cells differently
depending on their differentiation stages. The gene
ontology analysis also demonstrated that gene sets relat-
ed to platelet activation and degranulation were signifi-
cantly down-regulated in both undifferentiated and dif-
ferentiated states. In addition, gene set enrichment analy-
sis showed that anagrelide treatment suppressed gene
sets related to the cell cycle and maturation, such as
mitosis and DNA replication, as well as platelet-related
genes (Figure 3A and B). The expressions of some
megakaryocyte-related genes were evaluated using real-
time quantitative polymerase chain reaction. TRIB3 (trib-
bles homolog 3) expression, which has been reported to
be a negative modulator of megakaryopoiesis and
platelet generation,’ was significantly reduced with dif-
ferentiation of imMKCL (P<0.01); its expression was
increased in the cells receiving anagrelide treatment rela-
tive to the cells that did not (P<0.05). The expression of
PF4 (platelet factor 4), a chemokine found in alpha gran-
ules and released from activated platelets during aggrega-
tion related to wound healing and inflammation," was
markedly increased with differentiation of imMKCL
(P<0.001); its expression was reduced in the cells receiv-
ing anagrelide treatment relative to the cells that did not
in both undifferentiated and differentiated states (P<0.05
and P<0.001, respectively) (Figure 3C).
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Figure 1. Suppressive effects of anagrelide treatment on immortalized megakaryocyte progenitor cell lines (imMKCL). (A) Schema for platelet production by
imMKCL. (B) Morphological change in inMKCL is shown in several conditions. The cells were stained with Wright-Giemsa staining. (C) imMKCL treated with var-
ious concentrations of anagrelide were analyzed using an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt) assay at O, 48, and 96 hours (h) in the undifferentiated state. Data are expressed as the meantstandard deviation (SD) from three independent experi-
ments (**P<0.01; ***P<0.001; one-way ANOVA with post-hoc Bonferroni test). (D) imnMKCL treated with anagrelide were analyzed using a bromodeoxyuridine
(BrdU) incorporation assay at 48 h in the differentiated state. Data are expressed as mean+SD from three independent experiments (***P<0.001; one-way
ANOVA with post-hoc Bonferroni test). (E) mRNA expressions of ITGA2B (CD41) and ITGB3 (CD61) in immMKCL treated with O or 1 uM of anagrelide for two days
were analyzed using quantitative real-time polymerase chain reaction. Data are expressed as mean+SD from three independent experiments (*P<0.05;
**P<0.01; ***P<0.001; one-way ANOVA with post-hoc Bonferroni test). (F) The platelets generated by imMKCL were analyzed by flow cytometry seven days
after removing doxycycline from the culture. The generated platelets are plotted in ellipses in the upper four panels, and expanded in the lower four panels
according to CD41 and CD42b positivity. The four different culture conditions are shown in the small table top right. The bar graph shows the changes in the
relative number of mature platelets of (iii) and (iv). Data are expressed as mean+SD from three independent experiments (***P<0.001; Student t-test). ns: not
significant.
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A cell cycle analysis was performed to confirm the sup-
pressive changes in cell cycle-related genes resulting from
anagrelide treatment. The number of imMKCL in the S
phase decreased in the undifferentiated state (Figure 3D),
whereas fewer cells were found in the differentiated state
with or without anagrelide treatment (Ounline
Supplementary Figure S2). Few cells were detected as
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dead; i.e. even with anagrelide treatment at a relatively
high concentration (10 uM), few cells underwent apopto-
sis in both undifferentiated and differentiated states. This
result was confirmed with an apoptosis assay, which
showed fewer cells in the early or late apoptotic period in
both undifferentiated and differentiated states (Online
Supplementary Figure S3).
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Figure 2. RNA sequencing of immortalized megakaryocyte progenitor cell lines (imMKCL) treated with anagrelide and the subsequent gene ontology analysis.
(A) RNA sequencing was conducted for imMKCL treated for two days with 1 uM anagrelide or without the drug (control). The resulting Venn diagrams show over-
laps of genes up-regulated by more than two-fold and down-regulated to less than one-half compared to control. (B) The result of the gene ontology analysis of
up-regulated genes is shown in the three groups: in the undifferentiated state, in the differentiated state, and in both states. The pink lines show the number
of genes (upper scale) and grayscale bars show -log P values (bottom scale). (C) The results of the gene ontology analysis of down-regulated genes were the
same as for the up-regulated genes.




In a previous study of cell cycle-related genes,
Apostolidis et al.”” showed that the upregulation of TP53
(a well-known cell cycle-regulating gene coding p53) and
downstream genes such as CDKN1/A (coding p21), and
the subsequent suppression of CCND3 coding cyclin D3,
resulted in cell arrest in the G1 phase in megakaryocytic
cells. They also demonstrated that the loss of p53 result-
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ed in increased polyploidization during megakary-
opoiesis.”” During an attempt to accelerate megakary-
ocyte differentiation, Zou et al." found that suppressive
changes in p53, and the subsequent suppression of p21,
induced megakaryocyte proliferation and maturation.
These findings indicate that the upregulation of p53 and
subsequent changes in downstream genes are associated
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Figure 3. Gene set enrichment analysis (GSEA) and cell cycle analysis. (A) GSEA for the down-regulated genes in immortalized megakaryocyte progenitor cell
lines (imMKCL) in the undifferentiated and differentiated states, according to anagrelide treatment. Normalized enrichment scores, nominal (NOM) P-values,
and false discovery rate g-values are indicated for each cell. Deeper blue represents stronger downregulation of the gene sets. (B) GSEA plots of the represen-
tative down-regulated gene sets. (C) The results of quantitative quantitative real-time polymerase chain reaction for the mRNA expression of the megakaryocyte-
related genes TRIB3 and PF4 in imMKCL treated with O or 1 uM anagrelide for two days. Data are expressed as the meanzstandard deviation (SD) from three
independent experiments (*P<0.05; **P<0.01; ***P<0.001, by one-way ANOVA with post-hoc Bonferroni test). (D) Results of cell cycle analysis of imMKCL
treated with O, 1 or 10 uM anagrelide for two days. The analysis was performed by labeling with 7AAD stained for DNA content and bromodeoxyuridine (BrdU)
stained for cells in the S phase. The scatter plot histograms show 7AAD (x-axis) and BrdU (y-axis) in imMKCL in the undifferentiated state. Bottom bar graph

shows the percentage of cells in each phase. ns: not significant.
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with the suppressive effect on megakaryocytes. It has
also been shown using cord blood-derived CD34" cells
that upregulation of the elF2a/ATF pathway is an impor-
tant underlying mechanism of anagrelide’s action, sup-
pressing the growth of megakaryocytic cells.” It has also
been demonstrated that silencing TRIB3 facilitated
megakaryocyte differentiation and, conversely, that
TRIB3 overexpression inhibited the differentiation
process in the primary hematopoietic cell culture."” We
hope that further research using our novel cell lines,
imMKCL, will strengthen these previous findings and
also clarify more specific mechanisms of anagrelide.

In summary, the platelet-lowering effect of anagrelide
was successfully reproduced using imMKCL, established
from human iPS cells, that generated functional platelets.
The findings revealed that anagrelide specifically sup-
pressed genes associated with megakaryopoiesis and
platelet formation. These suppressive effects were caused
by regulation of the cell cycle, not through the apoptotic
process. The results also demonstrated that imMKCL
have the advantage of being able to withstand analyses
performed separately in the undifferentiated and differ-
entiated stages of megakaryocytic cells and to generate
functional platelets, indicating their value as a model for
human megakaryopoiesis and platelet formation.
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