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Abstract

Differentiation therapy has been successfully applied clinically in cases of acute promyelocytic leukemia (APL), but few
differentiation-induction agents other than all-trans retinoic acid (ATRA) have been discovered clinically. Based on our
previously reported neuritogenic differentiation activity of synthetic dimeric derivatives of securinine, we explored the
leukemia differentiation-induction activity of such as compound, SN3-L6. It was found that SN3-L6 induces
transdifferentiation of both acute myeloid leukemia (AML) and chronic myelogenous leukemia (CML) cells but
unexpectedly, a new transdifferentiation pathway from APL cells to morphologically and immunologically normal
megakaryocytes and platelets were discovered. SN3-L6 fails to induce transdifferentiation of ATRA—-produced mature
granulocytes into megakaryocytes, indicating its selectivity between mature and immature cells. SN3-L6 induces CML
K562 cells to transdifferentiate into apoptotic megakaryocytes but without platelet formation, indicating a desirable
selectivity between different leukemia cells. Our data illuminate a differentiation gap between AML cells and platelets,
and promises applications in leukemia differentiation therapy strategy.

Introduction

Leukemia is characterized by a blockage of cell differ-
entiation (Fig. 1). The most common method for treat-
ment of leukemia involves chemotherapeutic agents that
kill cancer cells but have a number of severely toxic side-
effects. An alternative treatment of leukemia, especially
acute promyelocytic leukemia (APL), a type of acute
myeloid leukemia (AML), involves medicines that alter
tumor growth by inducing terminal differentiation.
Agents that act as terminal differentiation inducers
include all-trans retinoic acid (ATRA) and arsenic tri-
oxide (As,O3), that can cure APL'™. With a low (<10%)
5-year survival rate, AML has the second-highest mor-
bidity of all leukemia types®. Since ATRA was successfully
applied clinically’, differentiation therapy became an
effective treatment for APL in 2009, but few
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differentiation-induction agents other than ATRA have
since been discovered clinically. It is well known that
inducing APL cells to differentiate into mature granulo-
cytes is the main pharmacologic action of ATRA. It has
been reported that monocytic differentiation of HL60
cells can be induced by 1,25-dihydroxy vitamin D3*° and
differentiation towards the macrophage lineage can be
assisted by 12-O-tetradecanoylphorbol 13-acetate’® as
indicated in Fig. 1. However, no other novel leukemia
differentiation pathways have been reported to provide
possible differentiation therapies for leukemia patients.
The discovery of new differentiation pathways is therefore
significant for the promotion of the discovery of novel
differentiation inducers which could benefit different
types of leukemia patients.

Securinine is an alkaloid found in the leaves of Secur-
inega, Phyllanthus, and Flueggea genera''. Our previous
research revealed the effective neuritogenic differentiation
activity of some synthetic dimeric securinine deriva-
tives'>3, Accordingly, we have explored the leukemia
differentiation induction activity of synthetic securinine
derivatives and found that a synthetic securinine
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Fig. 1 Normal and new differentiation pathways of hemocytes or induced differentiation pattern of leukemia cells by inductive agents.
SN3-L6 is a synthetic securinine derivative. Pathway indicated by black arrows is occurred in our marrow and reported by others. Pathway indicated
by red arrows in rectangle with red dotted lines is newly discovered in this study, that HL60 cells were found for the first time to be induced by small
molecule to form MK cells, and MK cells were successfully induced by small molecule to differentiate into platelets instead of apoptosis. Pathway
indicated by green arrows in rectangle with green dotted lines is the differentiation pathway observed after SN3-L6 induction that consistent with
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derivative, SN3-L6, unexpectedly exhibited induction of
transdifferentiation of AML cells. It induces HL60 cells to
transdifferentiate into living megakaryocytes and to
release platelets as a rectangle with red dotted lines
indicated in Fig. 1. This is a novel and previously unre-
ported transdifferentiation pathway for HL60 cells.
SN3-L6 can also induce K562 cells present in chronic
myelogenous leukemia (CML), transdifferentiate them
into megakaryocytes without the formation of platelets
and is shown as a rectangle with green dotted lines indi-
cated in Fig. 1. This is a pathway that has been reported
elsewhere'*™'°. This newly discovered transdifferentiation
pathway provides a tool with which to study the linkage of
cells of origin between HL60 cells and megakaryocytes/
platelets. The potential application value merits further
study and it should be possible to develop new strategies
for the treatment of leukemia based on this novel trans-
differentiation pathway.

Results
SN3-L6 induced megakaryocyte formation

An HL60 cell line, derived from an AML patient, in a
suspension culture proliferates mainly (>90%) as pro-
myelocytes. It can be induced to differentiate into func-
tionally and morphologically mature granulocytes by
compounds such as butyrate, dimethyl sulfoxide (DMSO)
or hexamethylene bisacetamide'”'®, HL60 cells were
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selected for our study and an interesting phenomenon
was observed, that cells treated with SN3-L6 grew larger
and brighter 2 d later than did cells treated only with
DMSO. A Wright—Giemsa stain assay confirmed that the
cells treated with SN3-L6 had larger nuclei (Fig. 2A).
These results suggest hypothetically, that megakaryocytes
may have formed after the SN3-L6 co-incubation and
flow cytometry (FCM) and immunostaining were
employed to verify this hypothesis. As displayed in
Fig. 2C, FCM analysis indicated that cells treated with
SN3-L6 were more complex (higher on the Y-axis) and
larger (farther right on the X-axis) than untreated cells.
When FITC-CD41b and PE-CD61 antibodies (the specific
antigen expressed in megakaryocyte cytomembrane) were
co-incubated with cells after treatment with SN3-L6 for
9 day, labeled cells were observed fluorescently, as shown
in Fig. 2B. The results indicated that the large cells pro-
duced were immunologically normal megakaryocytes.
Because this is an unreported differentiation pathway,
systematic studies of the transdifferentiation effect of
SN3-L6 were conducted.

SN3-L6 inhibits proliferation of HL60 cells

Because megakaryocytes are produced upon the pro-
liferation of HL60, we wondered whether SN3-L6 could
inhibit HL60 proliferation. HL60 cells were treated with
SN3-L6 (7.5uM) and DMSO (<0.1%) for 6 d. It was
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Fig. 2 Preliminary transdifferentiation inducing activity of SN3-L6. A Images captured using an inverted microscope following Wright-Giemsa
staining after treatment with SN3-L6 for 3 or 6 days. B Images captured with a confocal microscope. Cells were co-incubated with FITC-CD41b (a)
and PE-CD61 (b) following SN3-L6 pretreatment for 9 days. Magnification x200. C Sample information diagram produced from FCM assays after
HL60 cells were treated with 7.5 uM SN3-L6 or DMSO for 6 days. D Antiproliferation activity of SN3-L6 against an HL60 cell line for 6 days.
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observed that SN3-L6 prohibited the proliferation of
HL60 cells, as indicated in Fig. 2D. Cells in the group
treated with SN3-L6 had essentially ceased proliferation
after 2 d, whereas those in the control group exhibited
vigorous propagation. This result demonstrated that the
malignant proliferation of HL60 cells was blocked by the
intervention of SN3-L6, indicating that the cells were well
controlled by SN3-L6.

SN3-L6 did not result in apoptosis of megakaryocytes and
granules

Annexin V and Propidium iodide (PI) double staining was
applied to detect cell apoptosis. Figure 3A shows that the
cells treated with SN3-L6 remained alive. The absence of
apoptosis indicated that this compound was an inducer
with no cytotoxicity toward HL60 cells. The mitochondrial
membrane potential of these cells was measured and was
found to be comparable to that of the DMSO control group
(Fig. 3B), which confirmed that SN3-L6 failed to induce
apoptosis in HL60 cells. The produced granules also dis-
played no obvious apoptosis, as seen in Fig. 3C. Our results
demonstrated that the cells induced by SN3-L6 were active
and could be successfully induced to transdifferentiate.

Cell morphologic changes after prolonged SN3-L6
treatment

Because cells became larger and brighter after 2 d of
incubation with SN3-L6, we investigated the morphological
changes induced by prolonged exposure to SN3-L6.
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Different concentrations (0.5, 1, 5, 10, and 15 uM) were
added to cell culture flasks with a cell density <5 x 10° and
images were captured periodically with an inverted optical
microscope. As displayed in Fig. 3D, low concentrations (0.5
and 1uM) of SN3-L6 were ineffective even after 12 d,
whereas with higher concentrations (5, 10, and 15 uM) of
SN3-L6, obvious morphological changes could be observed
at day 3. The cells exhibited time- and concentration-
dependent increases in size and brightness. On day 3, cells
in the groups treated with 10 and 15 pM SN3-L6 presented
slight morphological irregularity, with ovalform, butterfly-
form, lageniform shapes, indicated in red dotted circles in
Fig. 3D, and this phenomenon was increased considerably
by day 9-15. Ameboid movement was observed on day 6,
and video footage was recorded that vividly captures this
strange morphologic change on day 7 at a concentration of
15 uM SN3-L6 (Video S1 in Supplementary Information -
SI). As indicated in Video S1 and Fig. 4A, the intracellular
component, consisting of many granules flowed from one
small chamber to another and finally, the granules were
liberated into the culture medium. As shown in Fig. 4A,
nearly all of the large cells had disappeared by day 14 later,
leaving innumerable small cells and bare nuclei (as red
arrows in Fig. 4A) distributed in the medium. This strange
phenomenon is somewhat similar to the formation of pla-
telets from a hematopoietic stem cell. The difference is that
our induced differentiation course started with HL60 cells,
whereas platelet formation in bone marrow starts with
hematopoietic stem cells.
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Fig. 3 Apoptosis-related detection and cell imaging. A Annexin V and Pl double staining assays. Cells treated with SN3-L6 (1.625, 3.25, 7.5, 15, and
30 uM) for 6 days. B Mitochondrial membrane potential of HL60 cells treated with different concentrations of SN3-L6 (1.625, 3.25, 7.5, 15, and 30 uM)
for 3 day. C Annexin V and Pl double staining assays. Granules collected the following 13 days of treatment at different concentrations of SN3-L6 (7.5,
15, and 30 uM). D Images of cells treated with different concentrations of SN3-L6 (0.5, 1, 5 uM, 10, and 15 uM) for different durations (3, 6, 9, and
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SN3-L6 induces polyploidization of HL60 cells with
increasing DNA content

Megakaryocytes undergo endomitotic DNA synthesis, in
which DNA is produced without mitosis or cytokinesis
during megakaryocyte formation'®. Since mega-karyocytes
were observed and captured, we analyzed the DNA content
of cells treated with SN3-L6, using PI staining and FCM. As
expected, increases in DNA content (M4-2 in Fig. 4B) were
observed following treatment with 3.25 uM SN3-L6 at days
2, 4, 6, 8, and 10. Cell cycle analysis revealed that the DNA
content of the treated cells clearly increased and that SN3-
L6 induced HL60 cells to undergo polyploidization and
endomitosis as megakaryocytes in the marrow.

SN3-L6 elevates CD41b and CD61 expression of HL60 cells

We deduced that micromolar levels of SN3-L6 induce
HL60 cells to differentiate into megakaryocyte cells and
finally to produce granules. Because antigens such as
CD41b and CD61 are expressed in megakaryocytes, we
performed a quantitative analysis of CD41b and CD61
expression in cells treated with SN3-L6. As can be
observed in Fig. 5, after co-incubation with SN3-L6, both
CD41b (Fig. 5A) and CD61 (Fig. 5B) expression were
elevated by as much as 90% in the compound-treated
group compared with 3% in the DMSO-treated group.
The groups treated with high concentrations of SN3-L6
displayed significant cluster of differentiation after a short
time, whereas the groups treated with low concentrations
of SN3-L6 treatment required a longer time. In addition,
we collected granules after 5-10 d of treatment and
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measured their CD molecular expression with platelets
from donated blood as a control. We found that the
SN3-L6-induced granules had CD41b and CDe61
expression as high as that of platelets (Fig. 5C). These
results indicated that the megakaryocytes and granules or
named platelets derived from HL60 cells treated with
SN3-L6 had normal immunity. At this point, we were able
to draw the conclusion that HL60 cells were induced to
transdifferentiate into megakaryocytes and platelets by
SN3-L6. To the best of our knowledge, this is a novel
transdifferentiation pathway from HL60 cells and is entirely
different from the reported differentiation pathways of
HL60 cells shown in Fig. 1.

SN3-L6 does not induce the differentiation of mature
granulocytes into megakaryocytes

For an inducing agent, selectivity is crucial. ATRA-
treated HL60 cells were used to investigate if SN3-L6
affects mature granulocytes. As shown in Figs. 6A, 1 uM
of ATRA-treated HL60 cells exhibited reduced cell size
but an enlarged cytoplasm, resulting in a low nucleus/
cytoplasm ratio. The FCM assay also revealed that ATRA-
treated cells displayed high expression of CD11b and
CD14 (Fig. 6B), two specific biomarkers of mature gran-
ulocytes. When SN3-L6 was added to HL60 cells pre-
treated with 1 uM ATRA for 3 d, no obvious CD41b or
CD61 expression was detected (Fig. 6C). This implies that
SN3-L6 does not induce differentiation of mature gran-
ulocytes into megakaryocytes, and therefore SN3-L6
displays selectivity between immature and mature cells.
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Fig. 5 SN3-L6 exhibits transdifferentiation inducing activities with high CD41b and CD61 expression in HL60 cells. Relative CD41b and CD61
expression detection by FCM assays. Cells were collected after SN3-L6 treatment at different concentrations (1.625, 3.25, 7.5, 15, and 30 uM) for
different durations (3, 6, 8, and 10 days) and then coincubated with FITC-CD41b (A) or PE-CD61 (B) for relative fluorescence intensity detection by
FCM. C FITC-CD41b and PE-CD61 were coincubated with granules collected from the SN3-L6-treated HL60 cell samples (***p < 0.001 compared with
the DMSO or control group).
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Fig. 6 Mature granulocyte model construction and CD41b and CD61 detection. A Images from an inverted microscope after DMSO or 1 uM
ATRA treatment (c and d) and Wright-Giemsa staining assay (a and b). B Relative CD11b and CD14 expression after DMSO or 1 uM ATRA treatment.
C Relative CD41b and CD61 expression after DMSO or 1 uM ATRA pretreatment with subsequent SN3-L6 treatment (1.625, 3.25, 7.5, 15, and 30 uM)
for 3 days (**p < 0.01, ***p <0.001 compared with the DMSO group).

SN3-L6 induces K562 cells to differentiate into
megakaryocytes but fails to produce platelets

kinds of leukemia cells to differentiate into platelets.
K562, a typical type of CML*® was selected to investigate

Since we have observed the selectivity of SN3-L6, we
sought to learn whether SN3-L6 can induce different
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this possibility. On day 2, K562 cells treated with SN3-L6
displayed deep morphological changes, growing larger
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and brighter (Fig. 7A). Cell cycle analysis revealed that
high DNA content (M4-2 in Fig. 7B) became obvious after
co-incubation with SN3-L6 and CD41b and CD61 were
also augmented in the K562 cells treated with SN3-L6
(Fig. 7D). The disappearance of megakaryocytes tended to
diminish at day 5 with none of the ameboid movement
and platelet production that had been observed in
SN3-L6 treated HL60 cells (Fig. 7E) was seen. K562 cells
became apoptotic when treated for 6 days with 3.25 uM
and 7.5puM of SN3-L6 (Fig. 7C). We observed that
SN3-L6 could induce K562 to transdifferentiate into
megakaryocytes instead of sequential platelet formation,
with subsequent shrinkage and apoptosis. It has been
reported that K562 cells can be induced to transdiffer-
entiate to megakaryocytes'* ', We found that
SN3-L6 also induces K562 cells to transdifferentiate into
megakaryocytes as indicated in Fig. 1. It is interesting that
different kinds of leukemia cells and mature blood cells
respond so differently to SN3-L6, indicating the precise
targets in HL60 cells of this compound.

Preliminary exploration of the mechanism

Since earlier reports have revealed that inhibition of
aurora kinases results in endomitosis*, we tested the
aurora kinase expression in HL60 cells after exposure to
SN3-L6. The results indicated that SN3-L6 inhibited
phospho-aurora kinase A and B expression in HL60 cells
(Fig. 8A), which suggests that SN3-L6 may induce differ-
entiation through this pathway. The aurora kinase A and B
dual inhibitor AT9283** were selected to determine
whether it exhibited the same effects as SN3-L6. FCM
analysis (Fig. 8F) indicated that AT9283—treated cells are
more complex (higher on the Y-axis) and larger (farther
right on the X-axis). Expression of obvious megakaryocytic
biomarkers CD41b (Fig. 8B), CD61 (Fig. 8C), and DNA
content of AT9283—treated cells (Fig. 8E) were detected.
However, although AT9283 induced HL60 cells to
transdifferentiate into megakaryocytes (Fig. 8G), these
megakaryocytes displayed strong PI staining at day 2
(Fig. 8D), indicating that AT9238 induced HL60 cells were
necrotic or mid and late apoptotic, similar to mega-
karyocytes derived from human erythroleukemia cells®.
These results suggested that the aurora kinase pathway is
likely to be one of many possible targets of SN3-L6.
Multitargeting by SN3-L6 may be a key factor underlying
its special transdifferentiation activity.

Discussion

The current study is the first to demonstrate that AML
HL60 cells can be chemically induced to transdifferentiate
into morphologically and immunologically normal
megakaryocytes and platelets. Specifically, the securinine
derivative SN3-L6 can induce HL60 cells to transdiffer-
entiate into platelets. Our data indicated that after 2 d
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treatment with SN3-L6, cells are well controlled, with a
low proliferation rate in a 7.5 uM SN3-L6 rich medium,
and are gradually induced to transdifferentiate into
megakaryocytes. More importantly, SN3-L6 failed to
cause apoptosis in the megakaryocytes that were differ-
entiated from HL60 cells, and for approximately one
week, it effectively promoted platelet production. Cyto-
plasm, DNA content and morphological maturation fea-
tures were markedly increased in the induced cells.
Moreover, CD41b and CD61, markers of the mega-
karyocyte phenotype, were highly expressed in cells
treated with SN3-L6, indicating that the megakaryocytes
and platelets were immunologically normal. Finally,
SN3-L6 failed to induce mature granulocytes to trans-
differentiate into megakaryocytes, let alone platelets.
SN3-L6 can drive CML K562 cells to transdifferentiate
into megakaryocytes without the formation and release of
platelets.

In summary, the results of this study are significant in
blood cell death and leukemia treatment. These results
constitute the first discovery of megakaryocytic trans-

differentiation of HL60 cells to platelets. Mega-
karyocytes and erythrocytes both stem from
megakaryocyte-erythroid progenitors”**® and K562

cells displaying a differentiation block at the immature
erythrocyte stage are easily induced into mega-
karyocytes biologically. Our newly discovered transdif-
ferentiation pathway implies that HL60 cells and
megakaryocytes or platelets are biologically correlated.
Cells originating between them may be closer than
previously thought, and this should be studied in the
future to reveal the extent of the similarity. Secondly, as
has been reported, the induction of polyploidization and
differentiation of acute myeloid megakaryocyte leuke-
mia may be an effective strategy for the treatment of
acute myeloid megakaryocyte leukemia®®. Our results
imply that the induction of polyploidization may be an
effective anti-leukemia strategy, as platelets and mega-
karyocytes will die ultimately. Our future research will
involve the investigation of the biological function of
platelets and in vivo anti-leukemia activity using
SN3-L6. We also hope in the near future to reveal the
molecular mechanism underlying this discovery.

Materials and methods
Cell culture

HL60 cells and K562 cells were cultured in RPMI 1640
(Gibco) medium containing 10% fetal bovine serum
(Gibco), 100IU/mL penicillin, and 0.1 mg/mL strepto-
mycin (Gibco) in a humidified circumstance with 5% CO,
at 37 °C. When cell density is >5 x 10°, samples should be
diluted to promote a healthy cellular status. Cells in the
exponential growth phase are the best fit for all the
in vitro experiments.
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Fig. 7 SN3-L6 induces K562 cells transdifferentiate into megakaryocyte without platelets production. A Images of K562 cells treated with
different concentrations of SN3-L6 (4 and 8 uM) for 2 days. B DNA content detection for K562 cells treated with different concentrations of SN3-L6
(1,1.625,3.25,7.5,and 15 uM) for 2 days. C Apoptosis analysis for K562 cells treated with DMSO, 3.25 and 7.5 pM of SN3-L6 for 6 days. D CD41b and
CD61 expression detection of K562 cells treated with DMSO, 3.25 and 7.5 uM SN3-L6 for 6 days. E Images of K562 cells treated with different
concentrations of SN3-L6 (5, 10, 15, 20, and 30 uM) at day 2, day 5, day 7, and day 10.
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Fig. 8 Preliminary exploration of the mechanism. A Western blot assay of HL60 cells treated with different concentrations of SN3-L6 (1.625, 3.25,
75,15, and 30 uM) for 2 days. B CD41b detection of HL60 cells after treatment with different concentrations of AT9238 (0.0025, 0.005, 0.01, 0.025,
0.05, and 0.1 uM). C CD61 detection of HL6O cells after treatment with different concentrations of AT9238 (0.0025, 0.005, 0.01, 0.025, 0.05, and 0.1 uM).
D PI staining of HLE0 cells after treatment with different concentrations of AT9238 (0.0025, 0.005, 0.01, 0.025, and 0.1 uM). E Cell cycle analysis of
HL60 cells following with different concentrations of AT9238 (0.0025, 0.005, 0.01, 0.025, 0.05, and 0.1 uM) for 2 days. F Sample information diagram
produced from FCM assays after HL60 cells were treated with different concentrations of AT9238 (0.005, 0.01, 0.025, 0.05, and 0.1 uM) for 2 days.
G Images of HL60 cells treated with different concentrations of AT9238 (0.0025, 0.005, 0.01, 0.025, 0.05, and 0.1 uM) for 6 day. (**p < 0.01, ***p < 0.001,
**¥¥p < 0.0001 compared with the control group).

Wright-Giemsa stain assay
Cells treated with SN3-L6 (10 pM) or DMSO for 3 or
6 days were collected and washed three times with

phosphate buffer saline (PBS). A cell suspension was
coated on a glass slide. Then Wright-Giemsa solution A
(Beso Biotechnology Company, Zhuhai, China) was added
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for 3 min and solution B (Beso Biotechnology Company,
Zhuhai, China) was added for another 2 min ensuring
their blending. Samples were washed gently with water
before being captured on an inverted microscope. This
was repeated three times for each sample.

Anti-proliferation activity of SN3-L6 towards HL60 cells

1.5 x 10° cells were seeded in a cell culture flask and
treated with SN3-L6 (7.5 uM) or DMSO for 6 days. Cell
numbers were counted every second day. When the
density exceeds 5 x 10°, samples should be diluted. Repeat
three times for each sample and subject data to GraphPad
Prism 6 to get the final results.

FCM assays

Cells were collected and washed using PBS three times
after compound or DMSO treatment on different days
according to the requirements. For cell cycle detection,
cells were fixed by 70% EtOH overnight at 4 °C. PI solu-
tion (200 puL) containing RNAase (Thermo) was added,
the mixture was incubated for 15 min, then samples were
filtered (40-50 um nylon net) before detection. FITC
Annexin V-PI Apoptosis Detection Kit I (BD Biosciences,
556547) was used for apoptosis detection. The procedures
were as follows: 50 pL binding buffer, 2.5 uL PI, and 2.5 uL
Annexin V were added to resuspended samples for
15 min. Then 150 pL binding buffer were added before
centrifugation. Finally, the cells were resuspended in
200 pL binding buffer for FCM analysis. For CD11b (BD
Biosciences, 555388), CD14 (BD Biosciences, 555397),
CD41b (BD Biosciences, 555469), and CD61 (BD Bios-
ciences, 555754) detection, antibodies were added to cells
prior to incubation for 30 min, then they were washed by
PBS three times before FCM detection. A mitochondrial
membrane potential detection kit (BD Biosciences, USA)
was selected for mitochondrial membrane potential
detection and used according to the manufacturer’s
instructions. FCM assays were conducted on FCM
(ACEABIO | NovoCyte or BD FACSCanto, USA). Repeat
three times for each sample.

Western blot assay

The western blot experimental procedure is as pre-
viously described'’. The antibodies used in this case are
Phospho-Aurora (Beyotime Biotechnology, AA923-1).
Repeat three times for each sample.

Video and images capturing assay

The video was captured with a live cell workstation
(Leica, Germany). Laser confocal pictures were obtained
by laser scanning confocal microscope (Zeiss, Germany).
Cellular morphology images are taken by ordinary optical
microscope (Leica, Germany). Repeat three times for each
sample.
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Basic information for compounds

SN3-L6 studied in this research was reported pre-
viously'® and AT9238 was purchased from TargetMol
Company (catalog number T3068).
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