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ABSTRACT

lucidating the regulation mechanism of integrin allbp3 is key to under-

standing platelet biology and thrombotic diseases. Previous in vitro

studies have implicated a role of migfilin in the support of platelet
olIbp3 activation, however, contribution of migfilin to thrombosis and
hemostasis i1 vivo and a detailed mechanism of migfilin in platelets are not
known. In this study, through migfilin knock-out (migfilin”) mice, we report
that migfilin is a pivotal positive regulator of hemostasis and thrombosis.
Migfilin” mice show a nearly doubled tail-bleeding time and a prolonged
occlusion time in FeCli-induced mesenteric arteriolar thrombosis. Migfilin
deficiency impedes platelet thrombi formation on a collagen surface and
impairs platelet aggregation and dense-granule secretion. Supported by
characteristic functional readings and the phosphorylation status of distinc-
tive signaling molecules in the bidirectional signaling processes of allbf3,
the functional defects of migfilin” platelets appear to be mechanistically asso-
ciated with a compromised outside-in signaling, rather than inside-out
signaling. A synthesized cell-permeable migfilin peptide harboring filamin A
binding sequence rescued the defective function and phosphorylation of sig-
naling molecules of migfilin” platelets. Finally, migfilin does not influence the
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. . Platelets are essential for thrombosis and hemostasis. At the sites of vascular
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important integrin-binding proteins such as kindlins and
filamin A, which can potentially profoundly influence the
function of allbf3.>” Thus, kindlin-3 co-operates with
talin and positively regulates the activation of integrin

ollbp3,? whereas filamin A competitively blocks the
talin-integrin  interaction’ and negatively regulates
olIbp3.*® Intriguingly, the interactions between integrin 3
and integrin-binding proteins are highly dynamic, even
the same pair of interactive partners may serve distinctive
roles in different phases of the platelet activation pathway:.
For example, talin-f3 binding is the essential step for
allbp3 activation for inside-out signaling, whilst the
subsequent G13-regulated dissociation and re-association
between talin and B3 are not only pivotal steps for out-
side-in signaling but are also the crucial events that
differentiate thrombosis from hemostasis.” This example
highlights the importance of clarifying the dynamic inter-
action between integrin and integrin-binding proteins
during olIbp3 activation. However, the spatial temporal
dynamics for most other integrin-binding proteins remain
largely unknown.

Migfilin, also known as FBLIM1/FBLP-1," is a putatively
expressed protein consisting of an N-terminal filamin-
binding domain, a central proline rich domain and three
C-terminal LIM domains. Through participation in
cytoskeleton reorganization, migfilin is involved in cellu-
lar functions such as adhesion, morphological change, and
motility." Migfilin has also been reported to promote car-
diomyocyte differentiation.”” There are multiple binding
partners of migfilin, including mitogen inducible gene-2
(MIG-2), VASP, and transcriptional factor CSX/NKX2-5.
Particularly, migfilin is capable of strong interaction with
filamin A, which raises the possibility that migfilin could
competitively dissociate filamin A from integrin and thus
promote talin-ollbp3 interaction.” Indeed, migfilin pep-
tides are capable of inducing PAC-1 binding in human
platelets.” However, these findings were obtained in in
vitro conditions and neither the contribution of migfilin to
thrombosis and hemostasis in vivo nor to integrin
dynamics during platelet activation are clear.

With migfilin” mice, the current study investigated the
role of migfilin in platelet activation, hemostasis and
thrombosis. The phenotype exhibited by migfilin” mice
indicated that migfilin is an important positive regulator
for hemostasis and thrombosis. Mechanistically, migfilin
promotes early outside-in signaling of platelet allbf3, pos-
sibly through binding to filamin A and sequestering the
allbp3-inhibiting effect of filamin A.

Methods

Generation of migfilin deficient mice

Migfilin" mice were bred as described,” ablation of migfilin
was achieved by the deletion of exon 7. The loss of exon 7 of
migfilin in migfilin” platelets was confirmed by mRNA expression,
using littermate wild-type (WT) mice platelets as a control. All
experimental procedures were reviewed and approved by the
Animal Care and Use Committee of the Zhejiang University
School of Medicine. Total RNA of platelets and heart was extract-
ed using Trizol (Thermo Fisher Scientific, MA, USA) according to
the manufacturer’s instructions. RNA was reversely transcribed to
cDNA using the ReverTraAce qPCR RT kit (Toyobo, Osaka,
Japan). PCR was performed using the primers P1: GCTGTTGAG-
GCCATGAAGAG and P2: TCCTTCCCATGCACTCGATT.

Migfilin gene expression was quantified by real-time quantitative
PCR based on SYBR Green, using -actin RNA as the loading con-
trol."* The sequence of the primers used were as follows: migfilin
forward primer (mFBLIM1-qRCR-F): TAGCCGTGAGTGAG-
GAAGTG, reverse primer (mFBLIM1-qRCR-R): CAGAGAGT-
GAGGCATTGGTCT.

Migfilin peptides

As previously reported,”®  WT migfilin
(‘KPEKRVASSVEITLAP¥C) and mutant (MT) peptides (‘KPEKR-
VADSAFITLAPYC) with an additional C-terminal cysteine
residue were synthesized by ChinaPeptides (Suzhou, China). WT-
migfilin peptide harbors the filamin A binding sequence and the
MT-migfilin peptide contains two point mutations (Ser' was
replaced by Asp, and Val"® was replaced by Ala, bold type in the
sequence) with substantially reduced ability to bind filamin A (at
least 12.5-times weaker than the WT peptide).”® To render them
cell permeable, a CR7 transport peptide was conjugated to the
migfilin peptides through a disulfide bond.”” The conjugated pep-
tides were purified by high pressure liquid chromatography and

conjugation confirmed by electrospray ionization mass spectrom-
etry.

Tail bleeding assay

As previously described,” tails of anesthetized mice were cut
0.5 cm from the tip and immediately immersed in microtubes
filled with 1.7 ml of saline at 37°C. The time for the bleeding to
stop (no blood flow for 1 min) and the weight of blood loss were
recorded. Tail bleeding assays were stopped at 900 seconds if the
bleeding did not stop. The same procedure was used for the eval-
uation of migfilin peptides in hemostatic function after their intra-
venous injection.

Platelet preparation

Whole blood was collected from the inferior vena cava into 0.1
vol of ACD buffer (75 mM sodium citrate, 39 mM citric acid, and
135 mM dextrose, pH 6.5), and was diluted 1:2 with modified
Tyrode’s buffer (in mM: 20 HEPES, 137 NaCl, 13.8 NaHCO;, 2.5
KCl, 0.36 NaH,PO,, 5.5 glucose, pH 7.4). Diluted whole blood was
centrifuged at 180xg for 10 minutes (min) at room temperature,
and platelet-rich-plasma was collected into a fresh tube. The
platelet-rich-plasma was diluted in ACD buffer, and centrifuged at
700xg for 10 min. Platelet pellet was then re-suspended in modi-
fied Tyrode’s buffer.

Detailed information of the reagents, platelet function measure-
ments, Western blotting and statistical analysis is provided in the
Online Supplementary Matetials and Methods.

Results

Migfilin deficiency impairs hemostasis and thrombosis.

The truncation of exon 7 of migfilin in platelets was val-
idated by PCR measurement of migfilin messenger RNA
(Figure 1A). Multiple commercially available antibodies
(Santa Cruz Biosciences sc-162823, sc-162822, sc-134724;
ABclonal A15850; GeneTex GTX116584) were used to
detect migfilin. These antibodies did not clearly reveal the
expression of migfilin protein in murine platelets,
although they did confirm the presence of migfilin in
murine hearts as previously reported (Figure 1B). Real-
time quantitative PCR experiments were performed as a
surrogate method to quantify migfilin expression in murine
platelets. The results not only confirmed the loss of migfilin
mRNA in the platelets from KO mice, but also showed

In vivo role and mechanism of platelet migfilin -
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Figure 1. Migfilin’- mice display impaired hemostatic and thrombotic functions. (A) Migfilin mRNA expression in wild-type (WT) platelets and exon 7 (179 bp) deleted
migfilin” mice platelets. (B) Analysis of migfilin protein expression by Western blotting in heart tissues and platelets from WT and migfilin” mice. (C) Quantitative real-
time PCR results analysing the expression of migfilin in platelets and heart tissues. Data are represented as a ratio relative to an internal control (3-actin) (mean +
standard error of the mean [SEM], n=3), ***P<0.001, Student t test. (D) Bleeding times for WT (e) and migfilin”mice (A). Means are indicated by horizontal lines.
**P<0.01, evaluated with 2-tailed Mann-Whitney U tests. (E) Weight of blood loss from WT (e) and migfilin” mice (A) during bleeding time. Results are expressed
as the mean £ SEM (n = 9). *P<0.05, evaluated with 2-tailed Mann-Whitney U tests. (F) Percentages of WT and migfilin” mouse bleeding times exceeded 15 minutes
(min) (o) or were within 15 min (m). Results were obtained from 21 WT and 22 migfilin” mice. (G) Representative images of thrombi in FeCl.-injured mesenteric arte-
rioles at indicated post-injury time points in WT (upper row) and migfilin”- mice (lower row). a, arteriole; v: venule. Scale bars, 100 um (left panel). Occlusion times of
FeCl.-induced thrombosis in arterioles of WT (n=16) and migfilin” mice (n=16). Means are indicated by horizontal lines. **P<0.01, 2-tailed Mann-Whitney test (right
panel). (H) Adhesion of platelets from WT and migfilin”mice on collagen. Mepacrine-labeled whole blood from WT and migfilin” mice was perfused over collagen-
coated bioflux plates at a shear rate of 40 dynes/cm? for 5 min. Original magnification 10x. Scale bar, 100 um (left panel). Area coverage of platelets from WT and
migfilin” mice (n=10 for both groups) after 5 min perfusion over a collagen surface, **P<0.01, 2-tailed Mann-Whitney test (right panel).
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that expression of migfilin mRNA is about 1,500-fold lower
in platelets than that in heart of WT mice (normalized by
actin mRNA) (Figure 1C). Migfilin” mice were viable and
fertile, and did not exhibit any evident bleeding tendency
or thrombotic events over their lifespan. Migfilin” mice did
not differ significantly from their WT littermates in
platelet counts, white cell counts, hematocrits, and hemo-
globin concentrations (Table 1). Electron microscopy
showed that migfilin” platelets had normal discoid mor-
phology (Online Supplementary Figure S1A). No significant
differences in the surface expression of the platelet glyco-
proteins GPVI, CD41 (allb subunit) and CD42b (GPIb
subunit) were found between WT and migfilin” platelets
(Online Supplementary Figure S1C).

Notably, migfilin” mice exhibited tail-bleeding times
twice as long as their WT littermates (Figure 1D), consis-
tent with the comparison of the weight of blood loss
between migfilin” and WT mice (Figure 1E). Moreover,
63.6% of the migfilin” mice had bleeding times exceeding
15 min, in comparison, only 14.3% of WT littermates had
bleeding times over 15 min (Figure 1F). These data suggest
that migfilin positively regulates hemostasis.

In a model of FeCli-induced mesenteric arteriole throm-
bosis, the time of forming stable occlusive thrombi in
mesenteric arterioles were significantly longer in migfilin”
mice than in WT mice (35.19+3.656 min vs. 20.63+4.422
min, P<0.01; Figure 1G). To confirm that the observed
hemostatic functional defects are due to migfilin deficien-
cy, we synthesized cell-deliverable migfilin peptides as
described in the previous study.” WT-migfilin-CCR7 pep-
tide (range: 0.5-1.5 nM/kg) dose-dependently shortened
the prolonged tail bleeding time in migfilin” mice (Online
Supplementary Figure S2A), whereas MT-migfilin-CCR7
peptide did not show any effect on the bleeding time. WT-
migfilin-CCR7 peptide restored the prolonged bleeding
time of migfilin” mice to a comparable level of WT mice
(Online Supplementary Figure S2B-C). WT-migfilin-CCR7,
but not MT-migfilin-CCR7, also restored the occlusion
time in Fecl;-induced mesenteric arterial injury in migfilin”
mice (Online Supplementary Figure S2D).

Thrombus formation was also assessed using a microflu-
idic whole-blood perfusion assay. After a 5-minute perfu-
sion at a shear rate of 1000 s, thrombi formed on an immo-
bilized collagen surface by migfilin” platelets were signifi-
cantly smaller (average of a 50% reduction) than those by
WT platelets (Figure 1H). In the meanwhile, as shown in
the Omnline Supplementary Video S1, thrombi formed by
migfilin” platelets displayed a severely compromised stabil-
ity compared to WT platelets. In order to assess whether
the observed phenotype of migfilin” platelets is due to a
reduced ability of adhesion during the initiation of throm-
bosis, a recombinant whole-blood system with a reduced
concentration of platelets (10’/mL) was employed in the
perfusion assay. Without the interference from massive
platelet aggregation, migfilin” and WT platelets had similar
coverage area on the collagen surface (Online Supplementary
Figure S3). These findings indicate that migfilin promotes
thrombosis, possibly through influencing the extension and
perpetuation of thrombi.

Migfilin” platelets have a decreased capability of
aggregation due to a hampered dense granule
secretion

To further evaluate the function of migfilin in platelets,
aggregation and dense granule secretion in response to

Table 1. Hematologic analysis.

WI Migfilin” P
RBCx10%/L 10.72+1.01 10.96+1.63 0.6974
WBCx10%/L 14.26+4.51 14.93+8.92 0.8345
Plateletsx10%/L 676+271.26 562+268.03 0.3570
Hematocrit % 4740+4.45 4940+ 7.27 0.4630
Hemoglobin g/dL 15.8+1.62 16.5+2.677 0.4883
MPV fL 5.2+0.33 5.3+0.18 0.4198

Data are + standard error of the mean (SEM). No abnormalities or significant
differences between wild-type (WT) and migfilin” mice were found for hematologic
parameters (n = 3-5; unpaired Student ¢ test). RBC: red blood cells; WBC: white blood
cells; MPV: mean platelet volume.

common platelet stimuli were measured. Compared to
WT platelets, migfilin” platelets displayed a prominently
decreased aggregation rates in response to low dose col-
lagen (0.4 ug/mlL), and a mildly decreased aggregation
rates in response to thrombin (0.018 U/mlL) (Figure 2A).
Platelet aggregation induced by ADP (10 uM; 20 uM),
U46619 (0.3 M; 0.6 M) or higher concentrations of
thrombin (0.025 U/mL) and collagen (0.8 ug/mlL) was not
affected by migfilin deficiency. Notably, migfilin” platelets
exhibited a markedly decreased ATP secretion in
response to all stimuli including U46619, thrombin and
collagen, even when the aggregation difference was no
longer present (Figure 2A). Apyrase (0.25 U/mlL)
hydrolyzed secreted ADP and eliminated the aggregation
difference between WT and migfilin” platelets induced by
low concentrations of thrombin or collagen (Figure 2B).
Supplementation with a low concentration of ADP (1
wM), insufficient to induce aggregation on its own,
reversed the inhibitory effect of migfilin deficiency on
collagen- and thrombin-stimulated platelet aggregation
(Figure 2B). In addition, thrombin- and collagen-induced
secretion of serotonin from migfilin” platelets was largely
reduced compared to that of WT platelets, even though
similar levels of serotonin were harbored inside resting
migfilin” and WT platelets (Online Supplementary Figure
S4). These data suggest that an impaired dense granule
secretion is the central functional defect exhibited by
migfilin” platelets.

WT-migfilin-CCR7 (5 uM), but not MT-migfilin-CCR7
(5 uM), rescued the impaired aggregation and ATP release
of washed migfilin” platelets in response to thrombin or
collagen, and eliminated the difference between WT and
migfilin” platelets (Figure 3A-B). This result supports that
the observed platelet phenotypes in the current study are
bona fide migfilin effects.

Interestingly, an integrin ollbf3 inhibitor tirofiban
(4 g/mL) eliminated the differences of aggregation and
ATP secretion between migfilin” and WT platelets in
response to thrombin and collagen (Online Supplementary
Figure S6A-B), suggesting that migfilin-regulated platelet
function is ollbp3-dependent. However, neither the
secretion of -granules nor the conformational change of
ollbB3 on a single platelet, indicated by P-selectin expres-
sion and JON/A binding, respectively, was affected by
migfilin deficiency or exogenously applying of migfilin
peptide (Online Supplementary Figure S7). These findings
therefore suggest that migfilin may not be involved in
inside-out signaling of allbf3, but rather participate in the
process post ligand-allbp3 engagement.

In vivo role and mechanism of platelet migfilin -
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Figure 2. Migfilin” platelets display impaired aggregation responses due to defective dense granule secretion. (A) Platelets were stimulated with collagen, thrombin,
U46619, and ADP (in the presence of fibrinogen). Aggregation and ATP release was assessed with a Chrono-log lumiaggregometer under stirring at 1,200 rpm. Traces
are representative of at least three independent experiments. Results are expressed as mean + standard error of the mean (SEM) from at least four independent
experiments. Statistical significance was evaluated with paired Student t test. (*P<0.05, **P<0.01). (B) Aggregation of washed WT or migfilin” platelets stimulated
with collagen (0.4 ug/mL) or thrombin (0.018 U/mL) in the presence of vehicle (left panel), or apyrase (0.25 U/mL) (middle panel), or a low concentration of ADP (1
UM) (right panel). Percentage of platelet aggregation from at least four independent experiments is depicted on the right, and the results are shown as mean + SEM
(*P<0.05, **P<0.01, ***P<0.001, ns: no significant difference, paired Student t test).
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Migfilin positively regulates early allbp3 outside-in
signaling in platelets

Since the effects of migfilin in platelets are ollbp3-
dependent, outside-in signaling mediated by allbf3 was
evaluated. First, early outside-in signaling was assessed by
two functional assays, i.e., spreading of platelets on
immobilized fibrinogen and Mn** (0.5mM)-caused platelet
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aggregation. Both spread areas on fibrinogen and the
aggregation rates by manganese were largely reduced in
migfilin” platelets (Figure 4A-B). WT-migfilin-CCR7, but
not MT-migfilin-CCR7 peptide, fully rescued platelet
spreading on fibrinogen and Mn2" induced platelet aggre-
gation (Figure 4A-B). The late outside-in signaling was
assessed by a clot retraction experiment.”* Contrary to
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In vivo role and mechanism of platelet migfilin -

Figure 4 (previous page). Migfilin deficiency reduces outside-in signaling in platelets. (A) Spreading of WT and migfilin” platelets on immobilized fibrinogen in the
presence or absence of migfilin peptides (5 uM). Images are representative of three independent experiments with similar results. Original magnification 100x. Scale
bars, 10 um (left panel). Quantification of the areas of spread (um?) of WT and migfilin” platelets (mean + standard error of the mean [SEM], ***P<0.001, ns: no
significant difference, Student t test) (right panel). (B) Representative curves and quantification of Mn*" (0.5 mM)-induced aggregation of washed WT and
migfilin” platelets in the presence or absence of migfilin peptide. Platelets were stimulated in the cuvettes of a Chrono-log lumiaggregometer in the presence of
fibrinogen (25 ug/mL) and under stirring at 1,200 rpm. Experiments were repeated at least four times and the results are shown as mean + SEM (*P<0.05, ns: no
significant difference, paired Student t test). (C) Platelets from WT or migfilin” mice were re-suspended with human platelet-poor plasma at a concentration of
4x10%/mL, and recombined plasma was stimulated to coagulate with thrombin (0.4 U/mL), then photographed at different time points. Experiments were repeated
at least three times. (D) Measurement of early allbp3 outside-in signaling in WT and migfilin” platelets spread on fibrinogen or stimulated with Mn?* (0.5 mM) in the
presence of fibrinogen (25 ug/mL) in suspension. At indicated time points, platelets were lysed and analyzed by Western blotting with antibodies recognizing phos-
phorylated 3 Tyr747, phosphorylated $3 Tyr’*°, phosphorylated SFK Ty“*¢, phosphorylated Syk Tyr**/*¢, Beta3, Src, and Syk. Experiments were repeated at least three
times. (E) WT and migfilin” platelets were spread on fibrinogen for 60 minutes (min) or stimulated with Mn** (0.5 mM) in the presence of fibrinogen (25 ug/mL) for
10 min, in the presence or absence of migfilin peptides (5 uM). Platelets were lysed and analyzed by Western blotting with antibodies recognizing phosphorylated
phosphorylated $3 Tyr™, phosphorylated 33 Tyr’*°, phosphorylated SFK Ty“*, phosphorylated Syk Tyr*>>*?, Beta3, Src and Syk. Experiments were repeated at least

three times.

the spreading results, neither the rate of clot retraction nor
the final volumes of clots differed between WT and
migfilin” platelets (Figure 4C), indicating an intact late out-
side-in signaling upon migfilin deficiency.

Upon spread on immobilized fibrinogen or provoked by
Mn?2* stimulation, the typical early outside-in signal mol-
ecules, including B3 cytoplasmic sites (Tyr™”, Tyr™), Src-
famliy kinase c-Src (Tyr"®) and Syk kinase (Tyr™*),
exhibited a significantly reduced phosphorylation in
migfilin” platelets, compared to WT platelets (Figure 4D
and Ounline Supplemntary Figure SSA). The phosphorylation
defects of these signal molecules in migfilin” platelets were
restored by exogenous WT-migfilin-CCR7 peptide (5 uM)
(Figure 4E and Online Supplemntary Figure S8B). In contrast,
late outside-in signaling events, such as phosphorylation
of ERK and p38,** were not drastically changed (Online
Supplemntary Figure S9). Together, these data suggest that
migfilin contributes to the early but not late outside-in sig-
naling of platelet allbfB3.

Migfilin promotes outside-in signaling through
inhibiting filamin A-p3 interaction

Previous studies have established that migfilin promotes
the activation of allbp3 via binding to filamin and disso-
ciate the latter from integrin 3 cytoplasmic tail. Limited
by the expression level of migfilin in platelets, filamin
A-B3 binding was used as a surrogate marker for a more
detailed molecular mechanism of migfilin in the context of
allbB3 outside-in signaling. Shown in the Figure 5A, when
platelets spread on immobilized fibrinogen were exam-
ined by confocal microscopy, both WT and migfilin”
platelets exhibit a strong colocalization signal of B3 and
filamin A at resting states. Upon the commencing of
spreading, the co-localization signal of B3 and filamin A
diminishes in WT platelets (nadir appears at 60 min) and
gradually recovers. In contrast, the temporal changes of
the colocalization signal is much less obvious in migfilin”
platelets (Figure 5A-B). In addition, binding of filamin A to
integrin B3 tails is clearly seen in resting WT platelets,
Mn** stimulation induces a rapid and complete dissocia-
tion of filamin A and B3, followed by a later re-associa-
tion of filamin A and 3. In resting migfilin” platelets, the
initial association between filamin A and 3 is unchanged,
however, upon Mn* stimulation, an obviously deterred
dissociation of filamin A and B3 occurs (Figure 5C).
Because filamin A also binds GPIba,” platelet responses to
von Willebrand factor (VWE) in the presence of ristocetin
was measured. Neither spreading on immobilized VWF
nor binding between filamin A and GPIba. upon ristocetin
stimulation revealed difference between WT and migfilin”

platelets (Online Supplemntary Figure 510),”° thus excluding
the possibility that migfilin works through filamin A-
GPIba binding. Therefore, migfilin appears to modulate
the interaction between filamin A and 3 and thus pro-
mote outside-in signaling of allbp3 (Figure 6).

Discussion

The results presented here demonstrate that migfilin is
an important regulator for the in vivo system of hemostasis
and thrombosis. In vitro, migfilin deficiency impedes
thrombus formation on collagen surface and impairs vari-
ous platelet functions, including aggregation,
dense-granule secretion, and spreading on immobilized
fibrinogen. These defective functions of migfilin” platelets
appear to be the results of a compromised outside-in sig-
naling, rather than inside-out signaling. Furthermore,
migfilin promotes the dissociation of filamin A from p3
subunit of allbp3 in the milieu of early outside-in signal-
ing.
Although a contribution to hemostasis by migfilin
expressed on other vasculature components such as
endothelium could not be absolutely excluded, observa-
tions from whole-blood perfusion and behavior of
washed migfilin” platelets in vitro suggest that the hemosta-
tic phenotype of migfilin” mice is most likely attributed to
a compromised platelet function. Interestingly, a
down-regulated dense-granule secretion underpins the
functional phenotype of migfilin deficient platelets. In
agreement with the firmly established role of secreted
ADP from dense granule as the central promoter for the
extension of thrombus, ADP hydrolase apyrase eliminates
the aggregation difference between WT and migfilin”
platelets, whereas exogenously supplemented ADP fully
rescues the aggregation defect of migfilin” platelets.
Moreover, migfilin deficiency largely hampers the
stability of the platelet thrombi formed under high shear
stress, consistent with the critical role of ADP in the
perpetuation of thrombi.”?* Multiple lines of evidences
thus support that migfilin regulates the secretion of
platelet dense granules. It is worth mentioning that this is
the first time such a specific role of migfilin has been
experimentally unveiled in platelets, owing largely to the
availability of the KO model.

Previous studies found that a relatively high concentra-
tion of cell permeable migfilin peptides (50 uM) promotes
PAC-1 binding and induces significant aggregation (10 uM
peptide) in washed human platelets,™'* thus suggesting
that migfilin actively participates in the inside-out signal-
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Figure 5. Migfilin promotes outside-in signaling through regulating filamin A-f3 interaction. (A) Representative confocal microscopic images of colocalization of
Beta 3 ($3) and filamin A in WT and migfilin” platelets spread on fibrinogen at the indicated time points. Experiments were repeated independently at least three
times with similar results. Scale bars, 10 um. (B) Colocalization of filamin A and (33 was quantified by Pearson Correlation Coefficient calculation using NIH Image J
software. Results are expressed as mean + standard error of the mean (SEM) from at least three independent experiments. Statistical significance was evaluated
with the Student t test (*P<0.05, **P<0.01). (C) Washed WT platelets were stimulated with Mn?* (0.5 mM) in the presence of fibrinogen (25 ug/mL) in suspension
and lysed at indicated time points. Platelet lysates were immunoprecipitated with antibody against 3 and then immunoblotted with antibodies against filamin A and
B3, respectively. Representative result from at least three independent experiments.
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Figure 6. A model for the role of the migfilin in regulating filamin A-83 interaction during platelet activation. In resting platelets, filamin A binding to the $3 tail pre-
vents interactions among talin, kindlin, and integrin. When a platelet is activated, inside-out signals, through displacement of filamin A and enabling subsequent talin
and kindlin binding to $3, culminate in the high affinity conformational change of allbf3. Upon binding of activated allbf33 to fibrinogen, migfilin (or WT-migfilin-CCR7
peptide) prevents the reassociation of filamin A to f3 and supports a sustained outside-in signaling. Without migfilin, filamin A binds back to 33 prematurely and

inhibits further transmission of integrin outside-in signals.

ing associated with allbf3. However, supported by the
functional measurements and phosphorylation events rep-
resentative of inside-out and outside-in signaling, our cur-
rent study demonstrates that the involvement of migfilin
is restricted to outside-in signaling of allbp3. In particular,
using migfilin peptide synthesized in the same way as
described in the previous study,”® the current study
demonstrate that platelet aggregation is only induced by
the peptide at a concentration above 10 uM. At a lower
concentration (5 uM), the migfilin peptide does not induce
platelet aggregation (Online Supplementary Figure S5), yet
this concentration of migfilin peptide fully rescues the
impaired function and ollbf3 outside-in signaling in
migfilin” platelets. These results not only support that the
observed platelet phenotypes in the current study are bona
fide migfilin-dependent, but also reveal that platelets are
sensitive to the amount of intracellular migfilin. Hence,
combining the observations obtained in migfilin” platelets
and those using migfilin peptides, it is possible to envisage
that the natural amount of migfilin participates in outside-
in signaling, while excessive migfilin might influence
inside-out signaling. This may also justify the extremely
low expression of migfilin in platelets. Intriguingly, the use
of migfilin peptide could be further translated into a res-
cued hemostatic and thrombotic function i vivo in
migfilin” mice.

Migfilin” platelets exhibit a reduced phosphorylation
level of the molecules corresponding to early outside-in
signaling such as f3, Src, and Syk, as well as a hampered
ability to spread on immobilized fibrinogen. On the con-
trary, the late outside-in signaling events, such as phos-
phorylation of ERK, and p38 were not drastically
changed, nor did migfilin-deficiency critically influence
clot retraction. Corroborating these findings, migfilin pep-
tides harboring the filamin A binding sequence rescue the
phosphorylation events and sequential functions
associated with early but not late outside-in signaling. Our
results may have suggested that filamin A constitute the

major functional partner of migfilin in platelets. Yet the
inability to visualize migfilin protein in platelets has pre-
sented itself as a large hurdle to further dissection of the
mechanism of migfilin. Particularly, one question persists:
how can migfilin have such an important role when the
protein is present in such a low amount¢ Indeed, based on
the published literature,” stoichiometry of migfilin bind-
ing to filamin A (IgFLNa21 domain) is either 1:1 or 1:2.
However, since migfilin-filamin A interaction is much
stronger than filamin A-integrin interaction,”**the amount
of migfilin required to trigger integrin activation is con-
ceivably much lower than the proposed stoichiometry of
migfilin-filamin A binding. Alternatively, migfilin may be
enriched spatially to the integrin adhesion sites during
activation,” which eliminates the needs of high expres-
sion in the cytoplasm. Moreover, migfilin interacts with
multiple important proteins such as kindlin, Src and
VASE** the confluence of synergistic effects executed by
these important platelet regulators may result in an ampli-
fied platelet activation./*** We acknowledge that the
mechanism of migfilin in platelet is only partially unveiled
by the current study. A further elaboration of the migfilin
interaction network in platelets is warranted.

A previous study has elegantly unveiled the important
role of filamin A-allbB3 interaction in pro-platelet
formation and explained the pathogenesis of
macrothrombocytopenia in filaminopathies (conditions
connected to heterozygous filamin A mutations).”
Intriguingly, although the current study has shown that
migfilin regulates filamin A-alIbp3 interaction in platelets,
deletion of migfilin seems to neither influence the platelet
count nor the platelet morphology. It may be explained by
the fact that loss of migfilin essentially enhances the
interaction between filamin A and ollbp3, which con-
trasts the phenotype caused by filamin A mutations,
whose ability to interact with allbp3 is reduced. The het-
erogenous phenotypes of platelets and megakaryocytes
associated with filamin A mutations indicate that com-
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