-

Myosin-1l inhibition and soft 2D matrix maximize
multinucleation and cellular projections typical
of platelet-producing megakaryocytes

Jae-Won Shin®?, Joe Swift®, Kyle R. Spinler®, and Dennis E. Discher

a,b,1

2Pharmacology Graduate Group, School of Medicine, and ®Chemical and Biomolecular Engineering, University of Pennsylvania, Philadelphia, PA 19104

Edited by Thomas P. Stossel, Harvard Medical School, Boston, MA, and approved May 27, 2011 (received for review November 23, 2010)

Cell division, membrane rigidity, and strong adhesion to a rigid
matrix are all promoted by myosin-Il, and so multinucleated cells
with distended membranes—typical of megakaryocytes (MKs)—
seem predictable for low myosin activity in cells on soft matrices.
Paradoxically, myosin mutations lead to defects in MKs and plate-
lets. Here, reversible inhibition of myosin-Il is sustained over several
cell cycles to produce 3- to 10-fold increases in polyploid MK and
a number of other cell types. Even brief inhibition generates highly
distensible, proplatelet-like projections that fragment readily un-
der shear, as seen in platelet generation from MKs in vivo. The
effects are maximized with collagenous matrices that are soft and
2D, like the perivascular niches in marrow rather than 3D or rigid,
like bone. Although multinucleation of other primary hematopoi-
etic lineages helps to generalize a failure-to-fission mechanism,
lineage-specific signaling with increased polyploidy proves possible
and novel with phospho-regulation of myosin-Il heavy chain. Label-
free mass spectrometry quantitation of the MK proteome uses
a unique proportional peak fingerprint (ProPF) analysis to also
show upregulation of the cytoskeletal and adhesion machinery
critical to platelet function. Myosin-inhibited MKs generate more
platelets in vitro and also in vivo from the marrows of xenografted
mice, while agonist stimulation activates platelet spreading and
integrin allbp3. Myosin-Il thus seems a central, matrix-regulated
node for MK-poiesis and platelet generation.
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Actomyosin forces drive a number of general cellular pro-
cesses. Fission at the end of cytokinesis is one such process
promoted by myosin-II with inhibition of nonmuscle myosin-II
(NMM-II) in proliferating cells producing more binucleate and
polyploid cells (1). Second, actomyosin forces help to establish an
active cortical tension, which stiffens and stabilizes the plasma
membrane (2). Inhibition of NMM-II thus tends to cause at least
some adherent cell types to exhibit more filipodia-like membrane
extensions and appear more dendritic (1). Finally, NMM-II con-
tributes to adhesion as cells attach to ligand and then pull and
sense elasticity of their microenvironment, impacting differenti-
ation of both adult (2) and embryonic stem cells (3). These basic
functions of myosin are also partially coupled. Membrane or
cortical rigidity increases with matrix rigidity as cells apply more
tension to adhesion complexes on stiff substrates, promoting focal
adhesion growth (2). Cytokinesis is also modulated by cell adhe-
sion (4) with nonspecific attachment overriding the polyploidi-
zation described originally for suspensions of myosin-II-null
Dictyostelium amoeba (5). However, cells in tissues do not grow in
suspension: contact and adhesion are unavoidable in vivo. In all of
these contexts, megakaryocytes (MKs) are intriguing in that they
are polyploid, they exhibit proplatelet extensions suggestive of
a highly flexible membrane, and they adhere within a complex
bone marrow microenvironment (Fig. 14). MKs also express
abundant NMM IIA (MYH9) as do MK-generated platelets (6).
Differentiation to MKs in vivo starts with multipotent hemato-
poietic stem cells (HSCs) that are located at osteoblastic niches on
rigid, high collagen bone (7). As MKs mature, they replicate their
DNA but do not divide, a process termed endomitosis, and they
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also migrate into the soft marrow space and into perivascular niches
(8). MKs do not transmigrate into blood, perhaps because their
polyploid nuclei are too large and rigid, but they do extend tubular
membrane projections, known as proplatelets, into blood, where
shear flow fragments the extensions to generate circulating plate-
lets (8). In case of injury to a vessel wall or perhaps other activating
signals, platelets adhere to the wall or to a multiplatelet thrombus
and use actomyosin forces to contract the thrombus and form a
tight seal on the wall. We hypothesized that sustained inhibition of
NMM-IIA together with soft matrices would maximize both
MK maturation and proplatelet generation, and we sought insight
into possible pathways of molecular regulation. Quality platelets
for transfusion—as needed for various interventions (radiation,
surgery) and diseases (leukemia)—are also supply-limited (9).

Human mutations in MYH9 cause May-Hegglin anomaly, with
large platelets that are reduced in number as thrombocytopenia
(10, 11). In mouse, deletion of MYH9 in MKs also produces May-
Hegglin-like defects (12, 13). Paradoxically, pharmacological in-
hibition of NMM-II ATPase by blebbistatin in mouse adult (13)
and mouse embryonic (14) systems is reported to produce a two- to
~threefold increase in proplatelet extensions but not affect MK
ploidy or size, at least for the doses or times tested. Whether hu-
man MK-poiesis is regulated by myosin-II has remained unclear,
but possible pathways include direct phosphorylation of NMM-II
(i.e., heavy-chain regulation that decreases myosin activity in other
cells) (15). Rho-associated protein kinase can affect myosin-II and
is known to increase MK ploidy by approximately twofold (14).
Here, NMM-IIA’s role in MK maturation and subsequent platelet
production is examined directly starting with human bone marrow
(BM)-derived CD34" cells cultured with just two cytokines to
differentiate into MK progenitors followed by sustained reversible
inhibition of myosin-II for 3 d (Fig. 1B).

Results and Analysis

Myosin-1l Inhibition Increases MK Polyploidy and Membrane Frag-
mentability. Mature polyploid MKs are increased in number by 3-
to ~10-fold by blebbistatin, without affecting total MKs. Polyploid
MKs are CD41" (CD41: o,Bs-integrin) with a high multiple of
chromatin pairs per cell (=8 N) (Fig. 1C). Sustained application of
drug also depletes the pool of MK progenitors, with responses that
are all highly cooperative in drug concentration (Hill exponents:
n ~ 7) with similar inhibition constants K; (~7.6 pM). K; is ap-
proximately twofold higher than blebbistatin inhibition of purified
NMM-IIA (1), but the relatively small difference in K;s likely
reflects the shift toward higher cooperativity in cell division. Im-
portantly, polyploidization upon sustained inhibition of NMM-II
seems to generalize to both human-derived hematopoietic THP-1
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Fig. 1. Myosin affects MK maturation and cell fragmentation. (A4) In vivo
scheme of MK-poiesis and platelet fragmentation in bone marrow. (B)
Modeling MK maturation and platelet fragmentation in vitro by myosin
inhibition and micropipette aspiration on CD34*-derived cultures. (C) Myosin
inhibition by blebbistatin accelerates CD41* MK polyploidization. Repre-
sentative flow cytometry plots for ploidy analysis (Upper), and dose-de-
pendence (Lower). Absolute values were normalized to 10% initial cell input
(n > 4 donors, + SEM). (D) Myosin inhibition increases membrane extension
and fragmentation in micropipette aspiration. Representative fragmenta-
tion within seconds (Upper) after 30 min of 20 pM blebbistatin treatment
and aspiration AP = 1.4 kPa. Aspiration length vs. effective cortical tension
(Lower) with median results shown (Fig. S2A).

cells and monkey-derived epithelial COS-1 cells (Fig. S1 A and B).
THP-1 cells express NMM-IIA primarily (15), and lentiviral-
knockdown using shRNA also increases polyploidy (Fig. S1C).
COS-1 cells express NMM-IIB almost exclusively, and knockdown
by siRNA transfection likewise increases polyploidy (Fig. S1D).
Polyploidy is therefore not a pharmacological artifact of blebbistatin.

To investigate the additional role of myosin in membrane in-
tegrity under shear, cells were subjected to micropipette aspira-
tion with stepwise decreases in pressure using pipettes similar in
diameter to human capillaries (~3 pum). The cell and its mem-
brane shear and flow into the micropipette, resembling, in shape,
elongated proplatelets. After just 30 min of blebbistatin, cells are
approximately fourfold more compliant (Fig. 1D and Fig. S24),
and 40% of treated cells also rapidly fragment to average sizes
similar to those of large human platelets (3 to ~4 pm). Platelets
are now known to be generated by shearing of proplatelets (16),
and no fragmentation was observed in untreated cells. Projection
lengths up to the point of divergent fragmentation vary from 10
to ~20 pum, which is similar to in vivo fragmented proplatelet
lengths of ~14 pm (8). Fragmentation stresses here correspond to
effective membrane tensions of ~1 mN/m, which is 10-fold lower
than cell membrane lysis tensions (17). Platelets not only maintain
membrane integrity but also exhibit characteristic structures, such
as cortical, coil-like microtubules (MTs), and so we also aspirated
primary MKs and MEGOL1 cells (an MK-like line) after labeling
with a very low and cell-viable dose of fluorescent-Taxol (10 nM)
(18). Even at a 1,000-fold higher dose of Taxol, proplatelets are
known to extend (19). In slow aspirations here, MT-coils could be
visualized extending into the projection tips at ~0.7 pm/min (Fig.
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S2) and bundles of MTs appear more likely than individual MTs,
all consistent previously reported rates and structures (19). Al-
though final structures are rate- and force-dependent as transition
rates ~ exp(force) (17), the basic findings here indicate both
nonlytic fragmentation under shear and MK polyploidization
could be promoted in part by myosin inhibition, even with mi-
crotubule polymerization as reported (19).

Soft Matrix with Low Collagen Maximizes MK Polyploidy. Cell inter-
actions with extracellular matrix (ECM) are unavoidable in vivo,
and such interactions are modulatory, as found originally with
substrate-assisted cytokinesis of myosin-null Dictyostelium (5).
Furthermore, it seems inevitable in BM (Fig. 14) that migrating
MKSs encounter gradients in both tissue elasticity and collagen
density (20). The bone surface is high in collagen-I (collagen™) and
stiff, with an estimated elasticity Egcy for osteoid of ~34 kPa (2),
whereas the marrow space is collagen'® and very soft, approximated
here with Excym = 0.3 kPa (21). MKs express two collagen recep-
tors: GPVI and integrin-a2p1 (22, 23). Previous results indicate
that collagen suppresses maturation of MKs in vitro (24), and so we
hypothesized that a low collagen, compliant ECM favors MK
polyploidization. CD34* cells were cultured on polyacrylamide
gels of controlled stiffness with different collagen concentrations
per previous studies with BM-derived mesenchymal stem cells (2),
which showed matrices as soft as muscle are myogenic, whereas
matrices that are stiff like ostemd induce osteogenesis.

At low collagen (2 ng/cm?) and on soft gels (0.3 kPa), polyploid
MK increase (by 50%) compared with stiff gels (34 kPa), indicating
roles of matrix elasticity in regulating polyploidy (Fig. 24). This
effect is malntalned over a range of collagen concentrations (2—
200 ng/cm?) (Fig. 2B), but is abollshed by blebbistatin except for
the lowest collagen (2 ng/cm ). Above a matrix ligand threshold,
cells can sense elasticity via myosin (plus other mechanisms, per
Fig. 24). These processes are fully decoupled in suspension cul-
tures (Fig. 1C).

Because adhesion opposes polyploidy of myosin-null amoeba
(4), we further tested—by a simple inversion of submerged cul-
tures (1 g for 30 min)—whether increased adhesion could explain
reduction in polyploid MK numbers on stiff gels. Although stan-
dard plastic-dish cultures under serum-free conditions show no
attachment and are thus suspension cultures, 50% more cells
remained anchored to stiff matrices versus soft matrices, with the
greater adhesion depending on active NMM-II (Fig. 2C). None-
theless, adhesion to all collagenous gels with or without myosin
inhibition was at least 20-fold higher than the near-zero attachment
to plastic. Understandably, polyploidy increases (almost twofold)
with increasing collagen concentration on stiff gels as cells anchor
so strongly that they cannot migrate away to complete division (Fig.
2D). Migration is well-known to be biphasic in adhesive ligand, with
low ligand promoting migration but high ligand leading to immo-
bilization. Matrix ligand density and stiffness therefore factor in as
cells complete cytokinesis by crawling apart, even when myosin is
ablated (5).

Soft 2D Collagenous Matrices Are Better than Stiff or 3D. For some
cells but not all, NMM-II inhibition causes a dendritic morphology
on rigid substrates (1), and this is true of the COS-1 cell line too
(Fig. S3 A-D), which also stains positive with a dye for lipid “de-
marcation” membranes within polyploid MKs, even though some
major differences are expected between lineages (Fig. S3E) (25).
The morphology effects are reminiscent of blebbistatin, causing an
increased number of MKs with proplatelet extensions when cells
are grown on plastic (13, 14), and we indeed find an approximately
threefold increase in mean length of proplatelet extensions under
such conditions (Fig. 2F). Live imaging shows the average pro-
platelet extension velocity is ~1 pm/min, consistent with a previous
study (16) (Fig. S3 F and G and Movie S14).

Soft collagenous gels—in both 2D and 3D—facilitate propla-
telet extensions compared with stiff gels (Fig. 2E). Blebbistatin
has a considerable additive effect only with 2D soft matrices, with
the drug having no effect on cells in 3D collagen gels or on stiff,

PNAS | July 12,2011 | vol. 108 | no.28 | 11459

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/sm01.avi
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017474108/-/DCSupplemental/pnas.201017474SI.pdf?targetid=nameddest=SF2

A o Low collagen (2.0ng/cm?) B s « Untreated
& 200 u = + 20uM bleb
o g320 I
» 150 ®w
] — £
.g 3 5 1.5 <
2 100 o=
3 %8 10 No difference 1 :

o >

g % €805 w‘

[=%

>

S 0

e g 0.0
ECM 0.3 34 0.3 34kPa 1.0 100 10,000
bleb 0 0 20 20uM Collagen (ng/cm2)

C ” * D #2507 Stiff gels (34kPa) . Untreated

1 [=] = 20uM bleb
o 34kpaI %200 I K
S 204 g
g I £ 150 .
Pt =]
[} [=4
] 3K =
§ 15 0.3kpa A gwoo
£ 5] | +bleb = !
1 5 2" O o0 en
0'_|_|_ 2 &
0 200 Collagen (ng/cm®) 0 ) 150 15000
(plastic) Collagen (ng/cm2)
0.3kPa[" 0.3kPa 34kPa P<0.00 plastic[~ +bleb
601 K
30
A
+bleb| Untreated +bleb) B P<0.05

Proplatelet Length (um)

Untreated +bleb
3D 3 =
bleb - + - + -+ -+
coll - - + + + + + 4+
Plastic 0.3kPa 34kPa 3D

Fig. 2. Effects of matrix elasticity and ligand density on MK polyploidy. All
MK polyploid cell numbers were scaled to 10% initial cell input (n > 3 donors;
+ SEM). (A) Soft (0.3 kPa) matrices always facilitate MK polyploidization on
2 ng/cm? (low) collagen gels. Tukey’s HSD Test indicates P < 0.05 for all pairs
except 0.3 kpa 0 pM vs. 34 kpa 20 pM. (B) On a range of collagen concen-
trations, ratios of polyploid MK numbers for soft (0.3 kPa) versus stiff (34
kPa) matrices fit to standard dose-response curves: untreated and blebbis-
tatin-treated 1C50 ~20, 1,000 ng/cm?, respectively (Hill coefficients ~ —1.5,
—2.0 respectively). (C) Cell adhesion on soft and stiff matrices after 3 d cell
culture + blebbistatin. *P < 0.05 for 0.3 kPa vs. 34 kPa untreated. (D) Poly-
ploid MK numbers on stiff gels cultured on a range of collagen concen-
trations. Dose-response curves are shown for untreated (ECso ~200 ng/cmz,
Hill coefficient = 1.0) and blebbistatin-treated cells (IC50 ~0.3 ng/cm?, Hill
coefficient = —1.3). Cartoon depicts effects on cell adhesion and division. (E)
Proplatelet formation with different gels. (Left) Representative images with
F-actin (red). (Scale bar, 5 um.) (Right) Quantitation of branch length from
cell body. (>50 measurements for each group, n > 2 donors). 3D matrices are
soft with £ ~1 to 3 kPa. P values are reported from Tukey’s HSD test.

osteoid-like matrices. Perhaps the major difference between 2D
soft and pure 3D matrix is the high density of ligand in 3D, and as
with polyploidy, high collagen tends to anchor and suppress any
effect of blebbistatin (Fig. 2D).

Myosin-Il Heavy Chain Is the Best Target for MK Maturation. For drug
treatment times much shorter than the doubling time (~18 h), cells
continue to divide and a low number of polyploid MKs are gen-
erated. For longer treatment times, however, division is indeed
inhibited and more polyploid MKs are generated (Fig. 34). Poly-
ploid cell numbers grow exponentially with duration of drug ex-
posure, and the doubling time for polyploidization proves
consistent with drug-free cell proliferation. Other contractility
inhibitors are much less effective (Fig. S44). In addition, stem-cell
factor (SCF) and thrombopoietin (Tpo) favor MKs, but addition
of G-CSF plus blebbistatin produces polyploid CD41™ cells (Fig.
S4 B and C), and time-lapse imaging shows most cells reverse cy-
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tokinesis (Fig. 3B and Movie S1B). Restriction of endomitosis to
MKs thus suggests lineage-specific signaling to myosin.

Phospho-Regulation of NMM-IIA and Polyploidy. NMM-II is of
course abundant in platelets as well as MKs (6), but phospho-
regulation of myosin heavy chain remains a topic of active study.
Phosphorylation of S1943 is downstream of EGF receptor, inac-
tivates myosin in epithelial cells, and impacts cell motility (26).
PDGF is one known ligand of EGF receptor (27) and reportedly
increases the number of MK progenitors (28). Mass spectrometry
(MS) analyses of primary cells revealed approximately eightfold
more phospho-S1943 in MKs vs. non-MK (CD417) cells (Fig. 44
and Dataset S14), suggesting myosin inactivation accompanies
MK differentiation. THP-1 cells immunoprecipitated with an
antibody against NMM-IIA (Fig. S5) show blebbistatin increases
phospho-S1943 when NMM-IIA is a detergent-soluble monomer
rather than polymer (Fig. S64 and Dataset S1B). This finding is
consistent with pSer-deactivation of myosin through inhibition of
polymerization (26).

Phosphorylation of Y277 has been implicated in B-cell function
(29), and phosphorylation of both Y277 and Y1805 activates
myosin for phagocytosis by macrophages (15). Because inhibition
or knockdown of NMM-IIA in THP-1 cells caused a major in-
crease in polyploidy (Fig. S1A4), we examined pTyr in THP-1 and
find that blebbistatin decreases pTyr levels under both basal and
phosphatase-inhibited conditions. The difference is apparent in
NMM-IIA’s head plus proximal tail (a 150-kDa fragment) as
characterized by immunoprecipitation (IP) (Fig. 4B) followed by
detailed MS analysis (Fig. S5). Most tryptic peptides from the IP
were from NMM-IIA (Dataset S1C). Myosin inhibition thus feeds
back into signaling pathways.

Given the opposite roles of tyrosine (activating) and serine (de-
activating) phosphorylation in modulating myosin activity, we
studied which phospho-sites in NMM-IIA might regulate ploidy by
taking advantage of the easily transfectable COS cell lines that
were previously used to study roles of NMM-II isoforms in cyto-
kinesis (see SI Materials and Methods). Because inhibition or
knockdown of NMM-IIB in COS-1 cells increases polyploidy (Fig.
S1B), NMM-IIA heavy chain phospho-mutants were expressed in
native COS-1 and in the knockdowns (Fig. 4C). The head mutant
Y277F increases the number of polyploid cells by approximately
twofold (Fig. S6B), but phospho-mimetic mutant Y277D abolishes
this effect. The pTyr mutant Y1805F in the tail also has no effect
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on ploidy, but the double mutant Y277F-Y1805F has the same
effect on polyploidy as the head mutant. Knockdown of NMM-IIB
with siRNA (Fig. S1D) shows the expected trends: polyploidy of
GFP-transfection controls exceeds native levels, whereas wild-type
NMM-IIA rescues partially with suppression of polyploidy. The
Y277F mutant acts as a dominant negative (on residual NMM-
IIB) and produces the highest levels of polyploidy, with 50% of
cells showing >8 N. Overexpression of phospho-mimetic serine
mutants of NMM-IIA, S1943D and -E, also prevents significant
rescue of polyploidy, suggesting pS1943 functionally regulates
myosin activity and ploidy. Visualization of the various GFP-
NMM-IIA constructs shows the wild-type to be structured in cells,
perhaps like stress fibers, but the Y277F mutant is far more diffuse
(Fig. S6C). The results thus identify at least two specific signaling
targets in myosin heavy chain that can regulate polyploidization,
thereby implicating upstream signaling pathways in the marrow’s
perivascular niches for MKs.

Proteomic Profile of Blebbistatin-Treated MKs Is Platelet-Like. Be-
cause blebbistatin promotes maturation of CD417 cells in terms of
ploidy and proplatelets, the proteomic profile of drug-treated cells
might be expected to better approximate that of platelets, which
have been extensively profiled (Dataset S1D). Using a unique
label-free analysis of proteomes based on proportional peak fin-
gerprints (ProPF) (see SI Materials and Methods) and motivated by
the reported up-regulation in MKs of 22 actin cytoskeleton genes,
five a- and B-tubulin isoforms, and just one down-regulated actin
cytoskeletal gene (30), we quantified all cytoskeletal proteins for
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which three or more tryptic peptides were detected in four distinct
cell lysates: CD417, CD417, drug-treated, and not drug-treated
(Fig. S7 A and B). CD41" cells include many hematopoietic cells
that are CD34" a marker of HSCs and progenitors of various
lineages (Fig. S7C and Dataset S1E). Normalization to untreated
CD41™ cells shows blebbistatin has little effect, increasing ex-
pression modestly of only 20% of the indicated proteins (Fig. 5). In
contrast, CD41" cells show considerable up-regulation: 50% of
detected proteins in untreated samples and 75% in treated samples
are up. This finding suggests an increasing level of differentiation
especially in contractility with heavy and light myosin-II chains, and
also adhesion linkers talin and vinculin (detected proteins in
Dataset S1 E and F). Tubulin o- and p-isoforms are also slightly up
and to a similar extent as expected of heterodimers. Validation
of the proteomics with antibodies against key proteins, including
NMM-IIA and vinculin (Fig. S7D), proved consistent with mRNA
up-regulation of NMM-IIA and vinculin in MKs (30).

Reversible Inhibition of NMM-Il Increases Functional Platelet Numbers.
Transplantation of uncultured human cord-blood CD34™ cells in
immuno-deficient nonobese diabetic (NOD)/SCID mice has been
shown previously to yield sustained generation of human platelets
(31), but the intravenous delivery route used to date requires
a large number of cells for homing and engraftment. Intrabone
marrow transplantation was instead used here to more rapidly
expose injected cells to the marrow microenvironment per Fig. 14.
Nucleated cellular fractions of CD34™ cells cultured with SCF and
Tpo with or without blebbistatin were xenografted into NOD/
SCID/IL-2Ry™~ (NSG) mice, and human MK were indeed de-
tectable within the tibia and not lung or spleen at day 3 post-
transplant (Fig. S84). Subsequent quantification of circulating
human-CD41 ™ platelets at day 3 indicates that human cells treated
ex vivo with blebbistatin generate more in vivo human platelets per
transplanted CD41* cell by about fourfold (Fig. 64, Left). These
in vivo-generated platelets derive from CD41% cells because
CD34* cells do not generate platelets until after 2 wk (31). To
determine if the in vivo observations could be recapitulated
in vitro, MKs exposed to blebbistatin for 3 d were washed and the
nucleated cell fraction was isolated by a density gradient to remove
any existing fragments (32), followed by further culture with Tpo

Platelet
Proteomes _Cytoskeletal Protein

# Peptides Blb CD41" CD41* Blb CD41*
<PRF>/Tot. CD41" _CD41" _CDA41"

+ > Myosin regulatory light chain 12A 4.0/6
® §i=  Gelsolin 3.2/5
® 5 G Vinculin 7.2/9
[ ] g & Filamin A 26.8/38
® T g Talin 1 13.3/18
[ J < © Actin, cytoplasmic 2 12.3/18
[ ] Tropomyosin alpha-4 chain 6.8/9
Vimentin variant 15.3/21
(] Non-muscle myosin heavy chain lla 21.3 /35
Myosin light polypeptide 6 35/6
[ ] Tubulin, alpha 1A 6.8/15
o Plastin 2 10.3/17
[ J Tubulin, beta 2C 6.8/12
[ ] Actin-related protein 2/3 complex 4 2714
[ ] Transgelin 2 7.2/10
[ J Moesin 6.7 /11
( J Plectin (isoforms: 1, 2, 3, 6, 7, 8) 4.5/12
[ ] Profilin 1 4.0/7
(@] Stathmin 55/7
[ ] Cofilin 1 3.2/7
Alpha-actinin-4 11.3/24
(X ) |:| Actin |:| Adhesion 500% MK Maturation
'ou__moh [T contractity [ intermed. Fil. |REIER ]
frgq%%:%;/ |:| Microtubule |:| Pan-crosslinker 211578 HSC PolyMK
Fig. 5. Label-free MS quantitation of myosin-inhibited cytoskeletal pro-

teome. CD34" cells were treated with blebbistatin for 3 d. The viable cell
fraction (Annexin-V~ and 7-AAD") of CD41* MKs was isolated by sorting,
followed by MS (see S/ Materials and Methods, Fig. S7B, and Dataset S1D).
The first column summarizes detectability in prior literature on platelets.
<PRF> refers to the number of peptides retained in propotional peak fin-
gerprint for protein quantitation, whereas “Total” refers to all peptides
detected.
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for 3 d. Counting the in vitro-generated, platelet-sized fragments
indicates that blebbistatin-exposed MKs generate 2.5-fold more in
vitro platelets per CD41% cell than untreated MKs (Fig. 64, Right).

Human platelet-like fragments derived from both untreated
and blebbistatin-exposed MKs show cortical, coil-like MT struc-
tures as seen in some human blood-derived platelets (Fig. 6B).
Furthermore, unlike platelets derived from patients with May-
Hegglin anomaly (33), platelets derived from blebbistatin-
exposed MKs as well as MKs themselves do not exhibit reduced

A In vivo, 3d post-transplant In vitro, 3d post-drug
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Fig. 6. Platelets derived from myosin-inhibited MKs. (A) Platelets per CD41*
cell. (Left) NSG mice transplanted intratibially with human-CD34*-derived cells
that were pretreated ex vivo with blebbistatin for 3 d (versus untreated cells)
show enhanced circulating human platelets. (P < 0.0001; n = 9 mice + SEM).
(Right) MKs exposed to blebbistatin (20 uM for 3 d, then 3 d of no drug) show
more in vitro platelets (P < 0.05; n =5 donors, + SEM). (B) Similar immunostaining
of microtubules in the various MK-derived platelets (n = 3 donors). (C) Similar
adhesion and filipodia formation of various MK-derived platelets on collagen-|
upon thrombin (1 U/mL) stimulation. (n = 3 donors). (D) Platelets derived from
blebbistatin-exposed MKs show normal PAC-1 binding with thrombin (1 U/mL).
Tirofiban (10 uM) selectively antagonizes allbp3 and inhibits as expected (35).
Representative flow cytometry plots from three experiments. (Scale bars, 5 pm.)
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CDA42b expression compared with untreated controls and blood
platelets; the CD42b to CD41 mean fluorescent intensity ratio
remains similar (Fig. S8B). In vitro-generated platelets are not
subjected to fluid shear and are expected to be larger, as seen in
imaging (Fig. 6C and Fig. S8C), with higher CD41 and 42b in-
tensities (Fig. S8B) and higher forward scatter compared with
blood platelets. Reversible but sustained NMM-II inhibition thus
does not compromise MK and platelet structure or surface
marker expression (Fig. 5 and Fig. S7D).

Regardless of blebbistatin treatment, MK-derived platelets are
capable of forming filopodia on collagen-I matrix upon thrombin
stimulation (at 1 U/mL) (Fig. 6C). F-actin also reorganizes through
alIbf3 integrin outside-in signaling, as revealed by formation of
filopodia, lamellipodia, and stress fibers on fibrinogen upon throm-
bin stimulation (at 1 U/mL) (Fig. S8C). MKs themselves spread
and form stress fibers on fibrinogen regardless of blebbistatin treat-
ment (Fig. S8D), as reported for murine ESC-derived MKs (34).
Furthermore, the active conformation and clustering of human
alIbp3, which binds fibrinogen, was directly confirmed with PAC-1
antibody binding upon stimulation of platelet-like fragments derived
from both untreated and blebbistatin-treated MKs (Fig. 6D).
Specificity of agonist-induced PAC-1 binding was verified by inhib-
iting alIbB3 activation with tirofiban (10 pM) per Takayama et al.
(35). Blebbistatin-exposed MK-derived in vitro platelets thus pre-
serve major functional responses of blood-derived platelets. Addi-
tionally, human platelets obtained from NSG mouse transplants of
MKs (Fig. 64, Left) show activation by known agonists (ADP, PMA,
and thrombin) of P-selectin expression (Fig. S8E). Levels are similar
to those reported for human platelets §enerated in NOD/SCID mice
2 wk after transplantation of CD34™ cells (31). The results thus
indicate that transient ex vivo inhibition of NMM-II by the protocol
here increases the number of functional human platelets.

Discussion

Deletion of the one myosin-II gene in Dictyosteum causes multi-
nucleation of cells in suspension, but division proceeds with cells
on glass coverslips via traction-mediated motility (4). This finding
is critical to understand more thoroughly because adhesive at-
tachment in tissues, such as BM, is unavoidable (Fig. 14). Here,
inhibition of NMM-IIA over several cell cycles invariably enhances
polyploidization of primary human-MKs (Fig. 1C), as well as
G-CSF-induced CD34* cells (Fig. S4 B and C), COS-1s, and THP-
1s (Fig. S1). The effect on MKs is maximized when grown on
marrow-mimetic soft matrices with low collagen density (Fig. 2).
Stiff or rigid, ligand-coated matrices are well known to strengthen
adhesion by mechanisms that at least involve myosin-II-dependent
growth of focal adhesions (2). Soft matrices here nonetheless
show adherent cell numbers are still ~2,000% above nonspecific
attachment to plastic, but adherent cell numbers on stiff matrices
are only about 50% higher (Fig. 2C), with blebbistatin suppressing
the difference. Anchorage to stiff matrix is thus not only detectably
stronger but stiff, collagen™ matrix even promotes polyploidy
(~twofold) relative to MK on plastic (Fig. 2D), presumably through
anchorage-limited motility. Blebbistatin is nonetheless more potent
to cells on soft collagen'® matrix, which minimizes adhesion-facili-
tated motility, and thereby maximizes polyploidy.

Mouse ESC-derived MKs treated with blebbistatin (14) did not
show higher polyploidy, probably because treatment duration
was too brief relative to cell cycle (Fig. 34). In addition, drug doses
of ~100 uM are 20-fold above the K; (Fig. 1C) and in a range that
we find to be toxic, indicative of off-target effects (see SI Materials
and Methods). Lineage-specific NMM-IIA knockout mouse mod-
els also did not show increased polyploidy in previous studies
(12), probably because the knockout is irreversibly sustained; our
3-d treatment is long relative to cell cycle but not so long that off-
target effects accumulate and undermine cell viability. A physio-
logical pathway of myosin-II deactivation (Fig. 4) conceivably
involves transient signaling from lineage specific upstream factors,
which remain to be identified. Y277 on the myosin-II head involves
SHP-1/2 phosphatase (29), and S1943 in the tail is downstream of
growth factors (perhaps PDGF). The drug approach here mimics
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such niche signaling to maintain cell viability and even enhance
myosin protein levels in MKs (Fig. 5).

The activity of NMM-II typically contributes a cortical tension
that stiffens and stabilizes the plasma membrane (2), and so in-
hibition of NMM-II understandably causes at least some adherent
cell types to generate more filipodia-like extensions (1), as seen
here also with COS-1 cells (Fig. S3.4-D). In addition, with strongly
adherent cells, NMM-II is activated into stress fibers on rigid
matrices (2), and so a soft, collagen'® matrix would seem optimal
to minimize adhesive activation of NMM-II. For these reasons,
blebbistatin-treated MKs on the marrow-mimetic soft, collagen'®
matrix are optimal for proplatelet extensions (Fig. 2E). Micropi-
pette aspiration indeed demonstrates that myosin inhibition allows
fluid forces to extend and fragment cell membranes (Fig. 1D),
while aspiration also bends and distends microtubule loops (Fig.
S2). This finding is fully consistent with the emerging picture (Fig.
14) that proplatelet extensions into blood flow permit shear
fragmentation to generate circulating platelets (8). A similar
magnitude of softening with myosin inhibition was also docu-
mented with mesenchymal stem cells (2) as well as in natural MK
maturation (36).

MK maturation involves changes in the proteome (Fig. 5) that
fit a remodeled, platelet-generating phenotype. Adhesion pro-
teins up-regulated in CD417" cells, with or without blebbistatin,
include talin and vinculin, indicative of an adherent phenotype.
Blebbistatin-treated CD417 cells up-regulate NMM-IIA, myosin
light chains, and also actin and tropomyosin which seems con-
sistent with previous results showing myosin inhibition reduces
actin turnover and leads to F-actin stabilization (37), contributing
to membrane extensions. Microtubules also show a tendency to
polymerize into such extensions, as seen in proplatelets (Fig. S2B
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and Fig. 3D) (16), and CD417 cells are indeed seen here to up-
regulate a- and B-tubulin heterodimers.

MKSs exposed to blebbistatin for several days generate platelets
with a morphology and activatable-functionality similar to those
from untreated MKs and approximating blood platelets. Increased
functional platelet number is therefore a result of NMM-II in-
hibition of MKs. The NMM-II inhibition here is reversible after
drug washout (1) and, given the abundance of NMM-II in platelets
(6), it seems more likely that the irreversible deficiencies or muta-
tions of NMM-II in May-Hegglin anomaly will undermine platelet
function, as observed clinically with macrothrombocytopenia and
reduced surface platelet proteins, such as CD42b (33). Results here
thus implicate regulated NMM-II coupled to a soft marrow-
mimetic matrix in the polyploidization of MKs and in membrane
softening with proplatelet extensions, ultimately amplifying plate-
let numbers in vivo.

Materials and Methods

Details of cell culture, micropipette analysis, construction of collagen-coated
gels, and other techniques are in SI Materials and Methods. Cells from >10
different donors were used. Our unique label-free MS quantitation of protein
(developed by J.S.) uses peptide ion currents from those peptides that maintain
proportionality within and between samples.
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