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Abstract

Megakaryocytes (MK) undergo extensive cytoskeletal rearrangements as they give rise to platelets. While cortical microtu-
bule sliding has been implicated in proplatelet formation, the role of the actin cytoskeleton in proplatelet elongation is less
understood. It is assumed that actin filament reorganization is important for platelet generation given that mouse models
with mutations in actin-associated proteins exhibit thrombocytopenia. However, due to the essential role of the actin net-
work during MK development, a differential understanding of the contribution of the actin cytoskeleton on proplatelet
release is lacking. Here, we reveal that inhibition of actin polymerization impairs the formation of elaborate proplatelets by
hampering proplatelet extension and bead formation along the proplatelet shaft, which was mostly independent of chang-
es in cortical microtubule sliding. We identify Cdc42 and its downstream effectors, septins, as critical regulators of intra-
cellular actin dynamics in MK, inhibition of which, similarly to inhibition of actin polymerization, impairs proplatelet move-
ment and beading. Super-resolution microscopy revealed a differential association of distinctive septins with the actin and
microtubule cytoskeleton, respectively, which was disrupted upon septin inhibition and diminished intracellular filamentous
actin dynamics. /n vivo, septins, similarly to F-actin, were subject to changes in expression upon enforcing proplatelet for-
mation through prior platelet depletion. In summary, we demonstrate that a Cdc42/septin axis is not only important for MK

maturation and polarization, but is further required for intracellular actin dynamics during proplatelet formation.

Introduction

Megakaryocytes (MK) are large, polyploid cells that primarily
reside within the bone marrow. MK generate platelets by
remodeling their cytoplasm into long proplatelet extensions,
which extend through endothelial cells into the vascular
lumen and serve as assembly lines for platelet produc-
tion.! MK terminally differentiate from hematopoietic stem
cells (HSC), and then mature in a complex process that
culminates in polyploidization and an increase in cell size,
including the development of a demarcation membrane
system (DMS). Critically, both the significant assembly of
cellular content as well as the ultimate production of plate-
lets require extensive cytoskeletal rearrangements of both
microtubules as well as filamentous (F)-actin structures.
During proplatelet formation, MK penetrate the sinusoidal
endothelium by forming transendothelial actomyosin-rich
protrusions called podosomes that elongate into proplate-

lets within the vasculature.?® Previous studies have iden-
tified that proplatelet formation in vitro is initiated in one
pole, from which tubular structures with a shaft diameter
of 2-4 um emerge, elongate, and branch out.*® Isolated
proplatelets appear as strings with several platelet-sized
beads lining the shaft and a proplatelet tip on each end.®
Upon release, proplatelets can further mature into inter-
mediate structures (termed preplatelets) and platelets
both in vitro as well as in circulation.®® Proplatelet shaft
elongation is driven by microtubule sliding, while the mo-
tor proteins dynein and kinesin enable the simultaneous
transport of granules along the developing proplatelets.”®
Post-translational modifications on both a-tubulins as
well as on the MK-specific tubulin isoform 1 regulate
proplatelet formation and motor protein movement within
proplatelets.® In contrast to microtubules, the role of the
actin cytoskeleton in proplatelet formation is much less
understood. While transgenic mouse models lacking actin
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regulatory proteins have markedly increased our under-
standing of the role of actin dynamics in MK," determining
how they regulate the final stages of proplatelet formation
is hampered in murine models due to their unavoidable
impact on the maturation of the DMS."?®

Treatment of proplatelet-forming MK with the actin-depo-
lymerizing agents cytochalasin D (CytoD) or latrunculin A
(LatA) markedly reduces the number of proplatelet tips,*"
although an initial increase in proplatelet formation has
paradoxically also been described.® These observations
have led researchers to conclude that the F-actin cyto-
skeleton is important for increasing the number of existing
proplatelet tips, but definite proof for this hypothesis is
still lacking. One important pathway orchestrating actin
dynamics during proplatelet formation involves the Rho
GTPase Cdc42, one activator of the actin nucleation protein
complex Arp2/3,® which is able to branch existing actin
filaments through binding of nucleation promoting factors
such as Wiskott-Aldrich protein (N-WASp) or WASp family
verprolin homologous. However, while the percentage of
proplatelet-forming MK derived from Arp2- or N-WASp-de-
ficient mice in vitro is unaltered despite the microthrombo-
cytopenia observed in vivo,®?° Cdc42-deficient MK display
impaired proplatelet formation in vitro®?' Inhibition of
Cdc42 using the small molecule inhibitor CASIN impairs
DMS polarization and proplatelet formation due to defective
signaling of p21-activated kinases (PAK).>22 Of note, both
Cdc42 and PAK are capable of activating another class of
cytoskeletal proteins, namely septins.?*-?® The contribution
of septins to megakaryo- and thrombopoiesis, however,
has not yet been investigated.

Septins are a group of GTP-binding and scaffolding proteins,
described as the fourth cytoskeletal component, that can
assemble into filaments, rings, and gauzes. Thirteen septins
have been described so far,?® which can be divided into 4
different classes according to their sequence similarity:
Sept2 (1, 2, 4 and 5), Sept6 (6, 8,10, 11, 14), Sept7 and Sept9
(3, 9 and 12). While most are ubiquitously expressed, some
exhibit cell type-specific expression, with Sept5 expression
being highest in MK, platelets, and neurons.?”?® Most septins
(2,4,5,6,7,8,9 and 11) are expressed in human platelets;
however, not all have been functionally studied.?®*® Sept5
was the first platelet septin class to be characterized. It can
associate with Sept4, 6, 7 and 9 and participates in granule
secretion from platelets.?*3' Sept2 and 9 co-localize with
the microtubule cytoskeleton in human platelets, which can
be inhibited through treatment with the universal septin
inhibitor forchlorfenuron (FCF),3? causing impaired clot
retraction in vitro.?® Mice lacking Sept8 exhibit unaltered
platelet counts, but displayed impaired platelet activation
and aggregation in vitro.®® Although septins play important
roles in regulating platelet function, their participation in
cytoskeletal rearrangements in MK, including during pro-
platelet formation, has not yet been explored.

Here, we identify an intracellular F-actin network in MK
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that is essential for proplatelet beading and depends on
interactions with septin proteins. These observations are
reminiscent of a non-cortical F-actin network previously
described in neurons,** in which F-actin dynamics are
dependent on the function of formin homology domain
proteins, actin nucleating factors that also play important
roles in MK.*®* Our data provide a novel insight into how
a third cytoskeletal component, the septin cytoskeleton,
regulates actin dynamics, thus contributing to effective
proplatelet formation.

Methods

Mice

CD-1 (#CD1(ICR)) and C57BL/6J mice (#027C57BL/6) were
acquired from Charles River Laboratories (Worcester, MA,
USA). All animal work was approved by the international
animal care and use committee at Boston Children’s Hos-
pital, Boston, MA, USA (00001248).

Statistical analysis

Results are displayed as mean * standard deviation (SD)
from at least three independent biological replicates per
group, or as otherwise indicated. Differences were sta-
tistically analyzed using unpaired, two-tailed Student t
test, one- or two-way ANOVA with Sidak’s correction for
multiple comparisons. P<0.05 was considered statistically
significant: *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
A detailed description of platelet depletion, MK isolation,
proplatelet formation analysis and visualization, fluores-
cence recovery after photobleaching (FRAP), flow cytometry
and three-dimensional stochastic optical reconstruction
microscopy (3D-STORM) can be found in the Online Sup-
plementary Appendix.

Results

Inhibition of actin polymerization decreases proplatelet
beading and impairs movement

Although the role of microtubules during proplatelet elon-
gation has been extensively studied, how the F-actin cyto-
skeleton contributes to this process is not well understood.
To address this, we utilized a custom imaging pipeline to
assess how actin depolymerization affected proplatelet
formation from murine fetal liver-derived MK.*® We con-
firmed that treatment with the actin polymerization inhibi-
tors LatA or CytoD decreased proplatelet formation in vitro
(Figure 1A).® However, proplatelet formation was initiated
earlier upon both LatA and CytoD treatment, consistent
with previous reports suggesting that actin inhibition might
actually shorten the time course until platelet formation.'®
As visualized by confocal microscopy (Figure 1B), both the
number of proplatelet elongations as well as the number
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of beads per proplatelet shaft were significantly lower in
LatA-treated samples (Figure 1C, D) suggesting that inhibi-
tion of actin polymerization hampered proplatelet beading.
To visualize the underlying cytoskeletal defects in already
formed proplatelets, we measured proplatelet movement
in a static assay by quantifying changes in pixel location
using live-cell imaging. While DMSO-treated proplatelets
were highly motile and demonstrated characteristic ex-
tensions, LatA-treated proplatelets moved significantly
less (Figure 1E, Online Supplementary Videos S1, S2). We
verified these findings by assessing fluorescence posi-
tions in GFP-transduced MK over time in kymographs.
DMSO-treated proplatelets showed diagonal lines indicative
of movement, whereas cells treated with actin polymerization
inhibitors exhibited vertical lines (Figure 1F). To investigate
the physiological relevance of these findings, we utilized a
proplatelet bioreactor previously established in our lab that
broadly mimics shear conditions encountered in vivo.*” We
manually tracked the tips of proplatelets and plotted their
position (Figure 1G) and mean velocity (Figure 1H) over time
revealing that proplatelet tips extended at various differ-
ent rates, with most proplatelet tips exhibiting periods of
rapid extension and pausing (Online Supplementary Video
S3).” In contrast, existing proplatelets treated with LatA for
30 minutes (mins) extended at a much slower rate (Online
Supplementary Video S4) suggesting that actin polymeriza-
tion enables proplatelet elongation and release under flow
conditions.

Extensive studies have shown that inhibition of microtubule
sliding prevents proplatelet elongation, suggesting that our
observations upon inhibition of actin polymerization might
solely be caused by defective microtubule sliding due to ac-
tin inhibition. To test this hypothesis, we visualized F-actin
and a-tubulin in proplatelet-forming fetal liver-derived MK
by immunofluorescence (Figure 11). While cortical micro-
tubules were stable upon LatA treatment, the intracellular
microtubule cytoskeleton appeared more dispersed. We
next conducted FRAP imaging on released proplatelets
isolated from MSCV-dendra2-f1-tubulin-transduced MK.
While we observed significant recovery into bleached re-
gions by calculating corrected fluorescence intensity in
DMSO-treated proplatelets, the microtubule stabilizer taxol
that prevents sliding abolished fluorescence recovery into
bleached regions (Figure 1J, Online Supplementary Videos
S5, S6).” In contrast, LatA-treated proplatelets exhibited
a recovery only marginally slower than the control (Online
Supplementary Video S7), thus demonstrating that defective
proplatelet bead formation and motility occurred mostly
independent of the cortical microtubule cytoskeleton. The
existence of different actin networks has previously been
observed in neurons, in which cortical (subplasmalemmal)
F-actin fibers formed rings along axons,*® while actin trails
occurred intracellularly,®* and long F-actin filaments ex-
tended along dendritic shafts. Whether cortical actin fil-
aments exist and are regulated differently to intracellular
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fibers, however, has not been investigated in MK to date.
To examine intracellular changes to the F-actin cytoskel-
eton during proplatelet extension, we transduced MK with
MSCV-LifeAct-mRuby and observed highly dynamic changes
manifesting as F-actin foci that emerged within proplate-
let shafts (Online Supplementary Video S8). In summary,
our data reveal that intracellular F-actin polymerization
contributes to proplatelet bead formation and movement
independent of the cortical microtubule cytoskeleton.

Inhibition of Cdc42/septins impairs megakaryocyte
maturation and polarization

Our data revealed that intracellular F-actin was critical for
efficient proplatelet generation; however, the molecular
players regulating intracellular actin dynamics under steady
state remained elusive. One molecular master-switch or-
chestrating actin dynamics in MK is the Rho GTPase Cdc42.
F-actin-dependent polarization of the DMS is essential for
the initiation of proplatelet formation and was previously
shown to be affected by inhibition of Cdc42.®3° Moreover,
PAK were identified as downstream effectors of Cdc42,
inhibition or lack of which also impaired DMS development
and subsequent proplatelet formation in a mouse model.??
Among other proteins, PAK phosphorylate septins,* which
prompted us to dissect whether septin inhibition during
late MK maturation, similar to inhibition of Cdc42, would
impair DMS polarization. Bone marrow-derived hemato-
poietic stem and progenitor cells (HSPC) were matured
into MK using thrombopoietin (TPO) for 3 days upon which
they were treated with the Cdc42 inhibitor CASIN or the
universal septin inhibitor FCF for 24 hours (hrs). In line
with previous studies,** MK were stained for F-actin and
glycoprotein (GP)IX, which localizes to the DMS, imaged by
confocal microscopy and divided into groups according to
DMS morphology: MK with a single DMS invagination (stage
1), MK with several invaginations and DMS territories (stage
1), and MK with a clearly polarized DMS cap associated
with F-actin fibers (stage Ill) (Figure 2A). Treatment of MK
with both CASIN or FCF resulted in an increased percent-
age of MK in stage I, while stage IlI-MK were less abundant
(Figure 2B, C), suggesting that both Cdc42 and septins are
essential for the polarization of the DMS in vitro.

As mentioned above, Cdc42 was previously shown to be
essential for the development of the DMS during MK matu-
ration,”™*® while the role of septins during this process has
not been assessed before. To investigate this, we treated
bone marrow-derived HSPC with different doses of CASIN
or FCF, matured them into MK and assessed the percentage
of CD41/CD42d-positive cells and the mean fluorescence
intensity (MFI) of CD41 by flow cytometry. As expected, we
found a reduced amount of double-positive mature MK
upon treatment with 10 uM of CASIN (Figure 2A) as well as
a reduced expression of CD41 (Figure 2B). Similarly, treat-
ment of HSPC with the septin inhibitor FCF impaired MK
maturation as assessed by CD41/CD42d-positivity (Figure

Haematologica | 109 Marzo 2024
917



ARTICLE - Novel role of an actin/septin axis in MK |. Becker et al.

A 25 —— DMSO B C 25— sk D &= 15— deokkok
< —— CytoD 10 uM A O X 2
S 404 - Laasum 4 e 2 Z 204 g® = Lt
pre N _ 2 - ) (o]
s : .o E 2 £ 10
£ Pl % ° .
£ & S 104 o g
) 5 © o 57 @
= S g
@ o 54 s
5 < 3 3
E O ilU O_ m 0_
S 2 4 6 8 1012 14 16 18 20 22 24 L ¥ L &
£ 5. Time (hrs) S & N &
N\ N
E F G
=)
< 1200+ how 2507 — Pre-LatA
2 — 200 — LatA
@ 900- 3} g
5 o = 150
< 600+ £ 2 400-
S - 8
£ 300 50
(]
> /
] 0-
= 0 - > O X B O O D P R ) WP
% P Positi . .
0& V osition Time (min)

I
[

6 * o =) = LatA
o I P} < 0.8 s+ Taxol
3 ° = £ |
€ 47 = . 2 06- Al Wiy [JI
s - £ T A
a -|rI . _ B i jE !
g 2- * s 3% »__!_‘",,:;.;':.":.i...:: il
S | ele ‘ R i
> = £ 02 Mo ﬁﬁ&{{ﬁ h
L w3 : s
Vq’,& Vq',\‘? 0.0
@, 0 10 20 30 40 50 60

Time (sec)

Figure 1. Inhibition of actin polymerization impairs proplatelet beading. (A) Fetal liver-derived megakaryocytes (MK) were treat-
ed with the indicated concentration of latrunculin A (LatA) and cytochalasin D (CytoD) or vehicle control (DMSO), and imaged
every hour for 24 hours (hrs) using an Incucyte imaging system. Image analysis was performed using a custom image analysis
pipeline as previously described.*® (B) Immunofluorescence stainings for filamentous (F)-actin and a-tubulin in fetal liver-derived
MK. Scale bars: 50 pm. (C and D) Quantification of proplatelets per MK (C) and beads per proplatelet shaft (D). Data presented
as mean * standard deviation (SD). One dot represents one cell. N=3. Unpaired, two-tailed Student t test. (E) Methylcellulose-em-
bedded proplatelets were imaged using an automated imaging system. Analysis of proplatelet movement was conducted using
Difference Tracker in Imaged Software. N=3. Unpaired, two-tailed Student t test. (F) Isolated proplatelets of MSCV-GFP-trans-
duced MK were imaged and analyzed by monitoring changes in fluorescence localization over a 4-hr time course with kymographs.
(G and H) Analysis of proplatelet tip positions (G) and mean proplatelet tip velocities (H) pre- and post-LatA treatment of fetal
liver-derived MK in a custom microfluidic device was performed using ImageJ (Manual Tracker).®” Data presented as mean + SD.
Unpaired, two-tailed Student t test. (I) F-actin and a-tubulin were visualized using confocal microscopy in proplatelet-forming
MK treated with DMSO or 10 pM LatA. Scale bars: 25 pm; insets: 5 pm. (J) Corrected intensity for each timepoint of fluorescence
recovery after photobleaching (FRAP) on proplatelets derived from MSCV-p1-tubulin-dendra2-transduced fetal liver-derived MK
treated with DMSO, 10 uM taxol, or 10 uM LatA. Data presented as mean = SD of 5 individual cells. *P<0.05; **P<0.01; ***P<0.001;
**%*P<0.0001. Min: minutes; secs: seconds.

2C) and CD41 MFI (Figure 2D), thus revealing a novel and these findings point towards an essential role of Cdc42/
significant role for septins in MK development. In summary, septins in early and late stages of MK maturation in vitro.
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Figure 2. Cdc42 and septins are essential during mega-
karyocyte maturation. (A) Mature megakaryocytes
(MK) were cultured in the presence of 20 uM CASIN
or 100 pM forchlorfenuron (FCF) for 24 hours (hrs) and
stained for filamentous (F)-actin and GPIX in solution.
Stages of demarcation membrane system (DMS) mat-
uration (I, Il and Ill) are labeled. Scale bars: 30 um. (B
and C) Polarization of the DMS upon treatment with
CASIN or FCF was manually quantified using ImageJ.
Data presented as mean * standard deviation (SD).
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Cdc42/septins and formins but not Arp2/3-dependent

actin nucleation regulate proplatelet formation in vitro

The importance of septins during MK maturation made us
question whether septin inhibition would also translate
into altered proplatelet formation. To this end, we treated
mature fetal liver-derived MK with CASIN or FCF and as-
sessed proplatelet formation kinetics over 24 hrs using a
customized image analysis pipeline.®® Inhibition of Cdc42
or septins resulted in a slightly reduced percentage of
proplatelet-forming MK (DMSO: 22.7 + 4.1%; CASIN: 13.4 +

3.6%; FCF: 17.7 £ 7%) (Figure 3A, B) but most importantly,
a markedly decreased proplatelet area (at 12 hrs: DMSO:
156,158 + 50,691; CASIN: 26,117 £ 14,228; FCF: 36,801 £ 24,677)
(Figure 3C). This observation suggested an important role
of Cdc42 and septins in proplatelet elaboration, similar
to what we observed upon inhibition of actin polymeriza-
tion using LatA. Of note, like LatA treatment, inhibition of
septins using FCF markedly impaired proplatelet motility
as assessed by live-cell imaging (Online Supplementary
Videos S9, S10). To support the hypothesis that septins are
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involved in actin-dependent cytoskeletal rearrangements
during proplatelet formation, we performed 3D-STORM on
proplatelet-forming MK. Actin depolymerization by LatA
led to the degradation of intracellular actin foci (Online
Supplementary Figure S1A), while subplasmalemmal actin
structures appeared more preserved. Moreover, condensed
septin spots appeared to localize to specific subregions
close to the concentrated F-actin clusters in DMSO-treated
samples, whereas septins appeared highly dispersed upon
depolymerization of actin foci using LatA (Online Supple-
mentary Figure S1B, C).

Previous studies have suggested that actin branching
might serve the diverging of proplatelets;™ however, de-
finitive proof for this hypothesis has been lacking. Actin
nucleation, the formation of a new actin filament out of
actin monomers, can be executed by several actin-binding
proteins such as the protein complex Arp2/3 or the protein
class of formins, some of which are downstream effectors
of Cdc42.2 However, although Arp2- and WASp-deficient
mice present with microthrombocytopenia,’®*3 proplatelet
formation from Arp2-deficient MK in vitro is unaltered,”
while mice lacking certain formins present with impaired
proplatelet formation in vitro similar to Cdc42-deficient
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mice.** We utilized the Arp2/3 inhibitor CK666 and analyzed
proplatelet formation to assess whether Arp2/3-dependent
actin branching promoted proplatelet elaboration, but did
not observe any difference (Figure 3D). However, consistent
with the previously described role of Arp2/3 in DMS matu-
ration,” late MK maturation was impaired upon treatment
of HSPC with 50 uM CK666, while CD41 MFI was unaltered
(Figure 3E, F). Proplatelet-forming MK on the other hand
appeared as elaborate as control MK (Figure 3G), with a
similar number of proplatelet tips (Figure 3H) suggesting
proplatelet formation was unaffected. Most importantly,
and in line with in vivo findings of reduced platelet size,®
proplatelet tip size was significantly reduced upon CK666
treatment (Figure 3 ), suggesting that Arp2/3-dependent
actin nucleation and branching is dispensable for pro-
platelet elaboration, but important for platelet sizing. This
supports observations from previous studies suggesting
that Arp2/3-mediated actin nucleation and branching are
important for the formation of sheet-like actin protrusions,
i.e., during lamellipodia formation,”® but are dispensable for
linear actin elongation and elaboration such as required for
proplatelet formation. In contrast, formin inhibition using
the small molecule inhibitor of formin homology 2 domains
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Figure 3. Proplatelet elaboration is dependent on Cdc42/septins/formins but not Arp2/3. (A-C) Fetal liver-derived megakaryocytes
(MK) were treated with the indicated concentrations of CASIN, forchlorfenuron (FCF), or vehicle control (DMSO) and imaged ev-
ery hour for 24 hours (hrs) using an Incucyte imaging system. Percentage of (A and B) proplatelet-forming fetal liver-derived MK
and (C) proplatelet area were analyzed using a custom imaging pipeline. N=3 mice. There were 3 technical repeats. Data present-
ed as mean * standard deviation (SD). One-way ANOVA with Sidak correction for multiple comparisons. (D) Fetal liver-derived
MK were treated with the indicated concentrations of the Arp2/3 inhibitor CK666 and imaged for 24 hrs using an Incucyte imag-
ing system. N=3 mice. There were 3 technical repeats. Data presented as mean + SD. Percentage of (E) CD41/CD42d-positive cells
and (F) CD41 mean fluorescence intensity (MFI) in DMSO and CK666-treated bone marrow-derived MK was assessed by flow
cytometry after 4 days of culture. Data presented as mean + SD. Unpaired, two-tailed Student t test. (G) Visualization and (H and
I) quantification of proplatelet tip number and size in DMSO- and CK666-treated bone marrow-derived MK. Data presented as

mean + SD. Unpaired, two-tailed Student t test. *P<0.05; ***P<0.001; ****P<0.0001.

(SMIFH2) dose-dependently reduced the percentage of
proplatelet-forming MK (Online Supplementary Figure S2A,
B). Moreover, proplatelet area was significantly reduced
(Online Supplementary Figure S2C), similar to Cdc42/septin
inhibition. These findings imply that an Arp2/3-independent
actin nucleation pathway involving formins accounts for
proplatelet elaboration and movement.

Defective F-actin dynamics underlie reduced proplatelet
area upon Cdc42/septin/formin inhibition

Our previous data suggest that Cdc42/septin inhibition
interfered with proplatelet elaboration by affecting actin
dynamics (Figure 3C). To verify this, we performed immuno-
fluorescence staining for F-actin and a-tubulin on proplate-
let-forming MK treated with either 20 uM CASIN or 100 uM
FCF (Online Supplementary Figure S2D). Consistent with our
kinetic analysis, we found a reduced number of proplatelet
tips and an increased tip diameter in MK upon inhibition of
Cdc42 or septins (Online Supplementary Figure SE, F). To
investigate how septin inhibition affected actin dynamics
during proplatelet formation, we quantified actin-rich nod-
ules in proplatelet-forming MK upon FCF treatment (100
uM). While actin nodules were visible in DMSO-treated MK,
FCF-treatment attenuated actin rearrangements, resulting
in ‘empty’ proplatelet tips (Online Supplementary Figure
SG, H), while cortical F-actin structures were preserved.
MK stained live with SiR-Actin displayed actin-rich dots
and proplatelet were highly motile (Online Supplementary

Video S77), which was abrogated upon treatment with ei-
ther LatA (Online Supplementary Video S12) or FCF (Online
Supplementary Video S13).

Since FCF is a universal septin inhibitor, we next aimed
to assess how FCF treatment affected the localization of
individual septins (2, 5, 7 and 9) in bone marrow-derived
proplatelet-forming MK. While Sept5 predominantly lo-
calized to the actin cytoskeleton, Sept2 and 7 localized
to both microtubules and F-actin, and Sept9 exclusively
localized to microtubules (Figure 4A-D), which was quan-
tified using Costes Pearson coefficients for either F-actin
or a-tubulin (Figure 4E, F). While colocalization of Sept5
and 7 with cortical actin structures was preserved (or even
enhanced) upon FCF treatment, despite a general decrease
in intracellular actin foci as shown above, septin 2, 7 and
9 colocalization to microtubules was disturbed as shown
in line plots (Figure 5A-D). Similar differences in staining
patterns upon FCF-treatment were observed in murine fetal
liver-derived MK (Online Supplementary Figure S3A-F). As
previously described in platelets,* septins that associated
with microtubules (2 and 9) formed ring-like structures,
which were even more abundant upon treatment of MK
with 100 uM FCF (Figure 5E-G), a phenomenon previous-
ly also described in fibroblasts treated with CytoD.*® To
further investigate the intracellular localization of septins
upon cytoskeletal rearrangements, bone marrow-derived
MK were allowed to spread on a fibrinogen-coated surface
and were imaged by confocal microscopy. Like proplate-
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Figure 4. Distinct localization of different septin classes to F-actin or microtubules. (A-D) Visualization of filamentous (F)-actin,
a-tubulin and (A) Sept2, (B) Sept5, (C) Sept7 and (D) Sept9 in bone marrow-derived proplatelet-forming megakaryocytes (MK)
upon DMSO or forchlorfenuron (FCF) treatment. Scale bars: 15 um; insets: 5 um. Line plots connected to white lines are shown
in Figure 5. Co-localization analysis for (E) F-actin/septins and (F) a-tubulin/septins was performed in proplatelet-forming MK.
Data presented as mean + standard deviation. One dot represents one representative cell imaged with super-resolution micros-
copy at a Zeiss LSM880 (63x; Airyscan module). Costes Pearson: Costes Pearson coefficients.

let-forming MK, Sept2 localized to both microtubules
and actin fibers, while Sept5 almost exclusively concen-
trated to actin structures (Online Supplementary Figure
S4A-D). In contrast, while Sept7 appeared to associate
more closely to microtubules, Sept9 exclusively localized
to microtubules (Online Supplementary Figure S4E-H). In
summary, our data reveal that different septins associate
with microtubule and F-actin structures, suggesting that
they might be capable of bridging forces between the two
cytoskeletal compartments.

F-actin/septin forces enhance proplatelet formation
under stress

While we show that a Cdc42/septin/F-actin axis is import-
ant for proplatelet formation dynamics in vitro, we next
wanted to assess the relevance of this machinery in vivo.
To investigate how enhanced megakaryocyte activity due
to synchronized thrombopoiesis affected the expression of
cytoskeletal proteins, we utilized a model of antibody-in-
duced platelet depletion.*® We visualized the actin and
microtubule cytoskeleton in femoral cryosections days
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(144 hrs) after platelet depletion (Online Supplementary
Figure S5A), when platelet counts began to recover. The
significant rise in platelet counts at that timepoint suggests
that MK are actively generating platelets at a higher rate,
as suggested by other studies.*” Of note, the number of MK
was described to be unaltered in platelet-depleted mice.*®
F-actin appeared to specifically localize to a cortical ring
surrounding the DMS, a phenomenon that was even more
apparent in MK derived from platelet-depleted mice, which
exhibited a highly increased expression of F-actin overall
(Figure 6A, B). In contrast, expression of p1-tubulin was
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comparable to the control (Online Supplementary Figure
S5B, C). To investigate whether the expression of different
septins was also subject to these changes upon enforced
platelet generation we stained cryosections for Sept2, 5,
7 and 9. While Sept2 expression was comparable to the
control (Figure 6C, D), similar to what we observed for
B1-tubulin, we found a marked increase in Sept5 (Figure
6E, F), Sept7 (Figure 6G, H) and Sept9 expression (Figure 6
I, J) upon platelet depletion, suggesting that a palindromic
oligomer consisting of these septins might be subject to
changes upon challenge. To verify our in vitro observa-

B Figure 6. Enhanced thrombopoiesis increases (F)-actin and septin
expression in situ. (A and B) Mean fluorescence intensity (MFI) of fil-
amentous (F)-actin was visualized and quantified in femoral cryosec-
tions derived from control and platelet (Plt)-depleted mice. N=4 mice.
4 At least 50 cells were counted per group. Data presented as mean *
standard deviation (SD). Unpaired, two-tailed Student t test. (C-J)
Mean fluorescence intensity (MFI) of (C and D) Sept2, (E and F) Sept5,
(G and H) Sept7, and (I and J) Sept9 was visualized and quantified in
femoral cryosections derived from control and platelet-depleted mice.
N=3 mice. Three independent experiments. At least 40 cells were
counted per mice. Data presented as mean x SD. Unpaired, two-tailed
Student t test. **P<0.01; ****P<0.0001.
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tions, we performed colocalization analysis for F-actin
and found the lowest association with Sept2 and Sept9
(Online Supplementary Figure S5D), comparable to what
we observed in proplatelet-forming MK. In summary, our
findings identify a novel and key role for septins in bridging
intracellular actin-microtubule crosstalk in MK, inhibition
of which impairs proplatelet formation.

Discussion

How the F-actin cytoskeleton regulates proplatelet for-
mation has been puzzling researchers for decades, since
inhibition of actin polymerization has been proposed to
both inhibit,*"® as well as to induce, proplatelet forma-
tion.® Although a variety of publications have suggested
that F-actin dynamics are important during proplatelet
formation, the underlying mechanisms have never fully been
elucidated. This is partly due to the use of knockout mice,
which, in addition to impaired proplatelet formation, usually
also exhibit defective MK maturation due to the important
role of F-actin in DMS development. By performing live-
cell imaging on proplatelet-forming MK, we observed that
proplatelet formation was initiated earlier upon inhibition
of actin polymerization; however, this early increase later
evolved into highly defective proplatelet bead formation
and elaboration, resulting in the appearance of stringy, un-
beaded proplatelets (Figure 1B-D). We show that a similarly
defective proplatelet elaboration can be observed upon
inhibition of Cdc42 or the cytoskeletal class of septins. The
defects were instigated by impaired intracellular F-actin
dynamics, while the cortical actin cytoskeleton and mi-
crotubule sliding appeared to be unaffected, suggesting

I. Becker et al.

intracellular F-actin to account for proplatelet elaboration
(i.e., the formation of elaborate proplatelet beads).

An early study by Kinoshita et al. elegantly demonstrated
that inhibition of actin polymerization using CytoD pro-
motes septin ring formation, since septin filaments disso-
ciated from actin fibers.*® Inhibition of septins using siRNA
in turn attenuated intracellular actin filament assembly,
while cortical actin and septin structures were mostly un-
affected. Our data support these findings and reveal that
inhibition of septins similarly induced their dissociation
from F-actin or microtubule fibers, thus enhancing septin
ring formation in the MK cell body or association with the
cortical F-actin cytoskeleton (Figure 5E-G), while promoting
aberrant intracellular actin dynamics. This was in line with
our observations upon treatment of MK with LatA (Online
Supplementary Figure S1A), where cortical F-actin struc-
tures were mostly retained. In addition to the preservation
of cortical actin and septin structures, LatA treatment
only marginally affected microtubule sliding (Figure 1J),
which thus appears to be important for the elongation
of proplatelet shafts, while intracellular cytoskeletal dy-
namics are required for the development and movement
of proplatelet beads. The formation of septin rings upon
septin inhibition was restricted to the microtubule-binding
septins 2, 7 and 9. However, previous studies have found
different septin classes to form palindromic oligomers,*:5°
suggesting that inhibition of one class will inadvertent-
ly affect the expression and function of its associated
septins. This connection may thus explain the effects on
intracellular actin dynamics observed upon septin inhibi-
tion. Sept5 was previously shown to associate with Sept7
and 9,°° whose expression was markedly altered upon FCF
treatment. At the same time, our in vivo data revealed that
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Figure 7. A Cdc42/septin axis regulates F-actin dynamics during proplatelet formation. In control megakaryocytes (MK), intra-
cellular filamentous (F)-actin (magenta) integrates with septins (yellow) and microtubules (cyan). F-actin/septin-rich nodules
within proplatelet beads interact with formin proteins and promote proplatelet beading. Arrows point towards proplatelet beads
along the proplatelet shaft. Treatment with actin polymerization inhibitors (LatA) or the septin inhibitor forchlorfenuron (FCF)
increases septin dispersion/ring formation and impairs transduction of F-actin forces to the elongating proplatelet.
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only the expression of these septins is subject to changes
in a model of enhanced thrombopoiesis (Figure 6), which
indicates that septin oligomers in vivo might consist of a
specific array of septins.

In addition to the effects observed on proplatelet formation,
septin inhibition also affected MK maturation (Figure 2F, G),
which might be attributed to an impaired development of
the DMS due to interference with the actin cytoskeleton.
However, it might also be explained by the high concen-
tration of FCF generally used in vitro, which could elicit
off-target effects on a variety of signaling pathways, as
previously suggested.® Moreover, septins play an essential
role in cytokinesis in both yeast as well as mammals,??
which might affect polyploidization. This is in line with
a previous study revealing defective endomitosis in MK
lacking PAK2, another downstream target of Cdc42.22 Ulti-
mately, only genetic strategies using a CRISPR-approach or
Pf4-Cre-mediated gene deletions will answer how septins
regulate MK maturation.

A variety of previous studies have described the importance
of Cdc42 in MK and platelets.®?*® However, while it was
shown that the impaired maturation and proplatelet forma-
tion observed upon Cdc42 inhibition partially resulted from
altered neural WASp (n-WASp) activity,>® we demonstrate
that both are also instigated by inhibitory effects on septin
polymerization. Strikingly, this impairment in proplatelet
formation occurred independent of the Arp2/3 since inhibi-
tion of Arp2/3 did not reduce proplatelet formation in vitro
(Figure 3D). Platelets derived from Arp2/3- and WASp-de-
ficient mice exhibit an enhanced stability of the cortical
microtubule ring,'®5* while microtubule sliding and cortical
microtubule bundles were unaffected by either Cdc42 or
septin inhibition. Our findings are more reminiscent of
an actin network found in neurons, in which intracellular
actin foci occurred independent of the cortical actin cy-
toskeleton,®*® similar to what we observed in MK (Online
Supplementary Video S10), and were formed independent
of Arp2/3.3* This neuronal actin network was subject to
formin proteins, inhibition of which severely compromised
proplatelet formation as well (Online Supplementary Figure
S2A-C). More evidence for this occurring independent of
the Arp2/3/WASp pathways comes from the observation
that treatment of platelets with a formin inhibitor retained
the cortical microtubule ring, while the actin cytoskeleton
was highly disrupted.®® The data thus imply that an intra-
cellular cytoskeletal network consisting of F-actin, formins
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and septins is responsible for the transduction of forces,
which are essential for the formation of beads along the
proplatelet shaft (Figure 7).

In summary, our data reveal that septins in MK distinct-
ly associate with the intracellular actin and microtubule
cytoskeleton. Inhibition of either septins, formins or their
upstream regulator Cdc42 resulted in disrupted F-actin
dynamics leading to impaired proplatelet elaboration, as
observed upon inhibition of actin polymerization. These data
unravel an important role of an intracellular cytoskeletal
network in MK and identify a previously unknown role for
septins in MK biology.
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