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THROMBOSIS AND HEMOSTASIS

RGS10 and RGS18 differentially limit platelet activation,
promote platelet production, and prolong platelet survival
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G protein-coupled receptors are critical mediators of platelet activation whose signaling can
© RGS10 and RGS18 be modulated by members of the regulator of G protein signaling (RGS) family. The 2 most
cooperate to restrain abundant RGS proteins in human and mouse platelets are RGS10 and RGS18. While each has
unnecessary platelet been studied individually, critical questions remain about the overall impact of this mode of

activation, while regulation in platelets. Here, we report that mice missing both proteins show reduced
RGS18 promotes

platelet production platelet survival and a 40% decrease in platelet count that can be partially reversed with

aspirin and a P2Y, antagonist. Their platelets have increased basal (TREM)-like transcript-1

® Deleting RGS10 and expression, a leftward shift in the dose/response for a thrombin receptor-activating peptide,
RGS18 results " an increased maximum response to adenosine 5'-diphosphate and TxA,, and a greatly ex-
platelet preactivation, NP i R
reduced survival, aggerated response to penetrating injuries in vivo. Neither of the individual knockouts
thrombocytopenia, displays this constellation of findings. RGS10~/~ platelets have an enhanced response to

and occlusive

: agonists in vitro, but platelet count and survival are normal. RGS18~/~ mice have a 15%
hemostatic plugs.

/) reduction in platelet count that is not affected by antiplatelet agents, nearly normal re-

sponses to platelet agonists, and normal platelet survival. Megakaryocyte number and ploidy
are normal in all 3 mouse lines, but platelet recovery from severe acute thrombocytopenia is slower in RGS18~/~ and
RGS10~/-18~/~ mice. Collectively, these results show that RGS10 and RGS18 have complementary roles in platelets.
Removing both at the same time discloses the extent to which this regulatory mechanism normally controls platelet
reactivity in vivo, modulates the hemostatic response to injury, promotes platelet production, and prolongs platelet
survival. (Blood. 2020;136(15):1773-1782)

Introduction We and others have previously shown that deletion of either
RGS10 or RGS18 alone results in a gain of function with respect
to GPCR-mediated platelet activation.’”-?° We have also shown
that a substitution in Gijoa (G184S) that renders G, resistant to
interactions with RGS proteins, also causes a gain of function in
platelets.?’ G;; is the major G; family member expressed in

Rapid and robust platelet activation is a critical step in the
hemostatic response to injury, but can be problematic in the
setting of thrombosis or vessel wall disease. Most platelet
agonists exert their effects via G protein-coupled receptors
(GPCRs). In the presence of a platelet agonist, exchange of . - o i
guanosine diphosphate for guanosine triphosphate (GTP) on platelet.s and a .crltlcal mediator of platelet actlvat!on via P2Y;,
receptor-associated G proteins leads to dissociation of the adenosine 5'-diphosphate (ADP) receptors.?? While these ob-
G protein a subunit from the By heterodimer. The duration of servations are consistent with a role for RGS proteins as regu-
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subsequent signaling is limited in part by the intrinsic GTPase lators of the platelet signaling network, critical questions remain
activity of the a subunit, which can be enhanced by regulators unanswered. These include their contribution, if any, to platelet
of G protein signaling (RGSs), which stabilize the GTP to biology in the absence of injury, the extent to which RGS10 and
guanosine diphosphate transition state.* The predominant RGS18 modify the hemostatic response when injury occurs, and
members of the RGS family expressed in human and mouse whether their roles are complementary or redundant. Here, we

platelets are RGS10 and RGS18, neither of which is platelet | have attempted to address all 3 of these questions, deleting
specific.>” The expression of RGS18 has been shown to be both RGS10 and RGS18 to permit us to compare the double
limited to hematopoietic cell lineages.®'" RGS10 is expressed knockout, the individual knockouts, and matched controls, all in
more widely.'#16 the same background.
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The results show that the full impact of RGS10 and RGS18 can
only be appreciated when both are deleted at the same time.
Mice missing both proteins show reduced platelet lifespan and a
40% decrease in platelet counts that can be partially rescued by
aspirin and a P2Y, antagonist. Their platelets show evidence of
preactivation in the circulation, and, when tested in vitro, show a
leftward shift in the dose/response for a thrombin receptor—
activating peptide, an increased maximum response to ADP and
TxAy, and an exaggerated hemostatic response to injuries in the
cremaster muscle microcirculation. Neither of the individual
knockouts displays this same constellation of findings. Platelets
from RGS10~/~ mice have an enhanced response to agonists
in vitro, but their platelet count is normal, and so is their platelet
lifespan. Platelets from RGS18~/~ mice have a normal lifespan
and a nearly normal response to agonists, but the mice have a
15% reduction in platelet count that appears to reflect a pro-
duction defect and is not rescued with antiplatelet agents.
Collectively, these results show that RGS10 and RGS18 have
complementary rather than identical roles, jointly regulating the
hemostatic response to injury, improving platelet production,
prolonging platelet survival, and preventing unwarranted
platelet activation in the absence of injury.

Methods

Mice

Generation of RGS10/18 double-knockout mice using the
CRISPR-Cas9 genome-editing system was performed essentially
as described.? See supplemental Methods (available on the
Blood Web site) for additional details. All mouse protocols were
approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania.

Platelet flow cytometric analysis

Diluted whole blood was prepared as outlined in supplemental
Methods and incubated with T mM aspirin and 1 U/mL apyrase
for 30 minutes at 37°C to eliminate secondary signaling (except
for ADP measurements, incubated only with 1 mM aspirin).
Following inhibitor treatment, diluted blood was treated with
agonist for 15 minutes at 37°C in the presence of saturating
concentrations of the fluorescently labeled monoclonal antibody
against P-selectin and activated o33 integrin (Jon/A) and F(ab’)
2 fragments against CD41 (o) and analyzed on a FACSCanto Il
cell analyzer (BD Biosciences, San Jose, CA). The platelet
population was gated based on forward scatter/side scatter and
CD41 positivity. For thiazole orange (TO) studies, platelets were
incubated with 1 pg/mL TO for 20 minutes at 37°C prior to
staining with CD41 (o). For (TREM)-like transcript-1 (TLT-1)
studies, platelets were coincubated with Alexa Fluor 488-
labeled anti-TLT-1 in place of anti-P-selectin.

Vascular injury: platelet and fibrin accumulation

Hemostatic thrombus formation was observed in the cremaster
muscle microcirculation of male mice aged 8 to 12 weeks, as
previously described?* and detailed in supplemental Methods.

Platelet clearance

To assess the rate of platelet clearance, mice were injected via the
retro-orbital plexus with nonsaturating concentrations (1 pg/g
body weight) of rat anti-GPlbB-Dylight488 (Emfret Analytics,
Eibelstadt, Germany) to label the existing platelet pool while
avoiding excess free antibody in circulation. Twenty minutes
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after injection, ~90% of CD41" platelets were GPIbB* for each
genotype as assessed by flow cytometry, and the percentage of
GPIbB* CD41* platelets was then tracked every 24 hours for
4 days to assess the rate of platelet clearance.

Antiplatelet agents

Mice were given aspirin (50 mg/kg) and prasugrel (1.875 mg/kg)
in 0.5% methylcellulose via oral gavage daily for 10 days. Prior to
the first dose and every 5 days thereafter, blood was obtained via
the retro-orbital plexus, and platelet counts were determined
with a Procyte Hematological Analyzer (Idexx Laboratories,
Westbrook, ME). Five days after treatment ceased, platelet
counts were determined once more as described.

Statistics

Results are reported as mean * standard error of the mean
(SEM). For group comparisons, 1- or 2-way analysis of variance
was used for global hypothesis testing, followed by Tukey's
honestly significant difference test for pairwise multiple com-
parisons when appropriate. For paired comparisons, Student
t test was used for hypothesis testing. P =< .05 was considered
statistically significant.

Additional methods and materials are described in supple-
mental Methods.

Results

Generation and characterization of transgenic mice
To generate RGS107/~187~ mice via CRISPR-Cas?, 2 single
guide RNAs were designed for each gene, each targeting Exon 4
and Intron 4 (Figure 1A). Exon 4 encodes part of the RGS domain
for both proteins. Complete regional deletion within the Rgs10
gene resulted in loss of RGS10 expression (Figure 1B, left). The
same founder possessed a 5-bp deletion in exon 4 of Rgs18,
producing a premature stop codon and loss of RGS18 expres-
sion (Figure 1B, right).

RGS107/718"/~ mice were viable, grossly normal in appearance,
and gained weight normally (supplemental Figure 1A). Their
blood counts were normal, except for the platelet count, which
was reduced by ~40% (Figure 1C; supplemental Figure 1B). In
agreement with previous reports, RGS10~/~ and RGS18~/~ mice
were also grossly normal in appearance and did not differ in their
initial weight gains (supplemental Figure 1A).7-'? Consistent
with previous work, RGS107/~ mice had normal blood counts,
while RGS187/~ mice had a 15% reduction in platelet count
(Figure 1C)."¥2° Once the lines were established, subsequent
pups were produced by breeding homozygous parents of each
individual genotype.

Agonist-mediated platelet activation in vitro was detected using
2 independent markers: P-selectin, which is exposed on the
platelet surface during o granule exocytosis,?*?¢ and the acti-
vated conformation of B3 integrin, detected using Jon/A
antibody.?’ Platelets were stimulated with either a PAR4 agonist
peptide (PARAP; AYPGKF), ADP, or the TxA; mimetic, U46619.
Resting P-selectin expression was the same as controls for all
3 knockouts, as was the maximal response to PAR4P. However,
there was a pronounced leftward shift in the PAR4P dose/
response curve for RGS107/7187/~ platelets (50% effective
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Figure 1. Generation and characterization of Rgs deletion mice. (A) Graphical depiction of Rgs70and Rgs18 genes. Arrows indicate approximate locations targeted by single
guide RNAs during CRISPR-Cas9. In both cases, regions within the sequence that encode the RGS domain were targeted. (B) Representative RGS10 and RGS18 immunoblots (IB)
(top) of platelet lysates from RGS10*/#18*/+ (denoted “Wild type”) and RGS107/~18~/~ mice with B-actin (bottom) as the loading control. (C) Platelet counts and mean platelet
volume of 8-week-old WT, RGS18~/~, RGS10~/~, and RGS10~/-187/~ mice. At least 9 measurements were collected per genotype. NS indicates P > .05; mean + SEM.

concentration, 74 = 2 uM, mean = SEM)and RGS10~/~ platelets
(79 = 3 pM) relative to the wild-type (WT) control (126 = 7 pM)
and a smaller shift for RGS18~/~ platelets (100 * 4 wM)
(Figure 2A; supplemental Figure 2A). The same pattern was
observed using Jon/A (50% effective concentration, 83 =+ 4,
89 + 7,104 + 4, and 129 = 12 uM for RGS10~/-18~/",
RGS10~/~,RGS18~/~, and WT platelets, respectively) (Figure 2B;
supplemental Figure 2B).

In contrast to these results, RGS10~/-18~/~ and RGS10~/~
platelets stimulated with ADP or U46619 showed an increase
in their maximal P-selectin and Jon/A response over resting
values that was substantially greater than in the WT mice (Figure
2C-F; supplemental Figure 3). RGS18~/~ platelets were in-
distinguishable from the controls. Thus, combined loss of RGS10
and RGS18, and solitary loss of RGS10 enhances platelet re-
sponses to PAR4AP, ADP, and TxA;. Loss of RGS18 has a much
smaller effect.

Hemostatic response to injury in vivo

Platelet function in vivo was assessed with real-time confocal
fluorescence microscopy following a laser-inflicted penetrating
injury in cremaster muscle arterioles.?* Because the vessel wall is
penetrated and blood escapes, we view this as a model of
hemostasis rather than thrombosis. The hemostatic thrombi
formed in this setting have a characteristic architecture in which a

RGS10/RGS18 DIFFERENTIALLY IMPACT PLATELET BIOLOGY

densely packed core of fully activated, P-selectin® platelets is
overlaid by a shell of loosely packed, minimally activated
P-selectin™ platelets.?* We have shown that the core is driven
primarily by thrombin, while the shell is driven mainly by released
ADP and TxA,.2428

Representative end-point images of hemostatic plugs formed in
WT and RGS107/~187/~ mice 3 minutes after injury are shown
in Figure 3A. Mean total platelet accumulation was 77% greater
in RGS107/-18~/~ mice than in controls (Figure 3B,E, left; sup-
plemental Video 1). The P-selectin® core region increased by
111% (Figure 3C,E, middle). By subtracting the core area from the
total platelet area, we estimated the area of the P-selectin™ shell
region. It was on average 69% larger in RGS10~/~18~/~ mice than in
controls. Thus, both the core and the shell are bigger after injury in
RGS1077187~ mice. The net result is a larger hemostatic thrombus
in which the proportion that becomes P-selectin® is essentially
unchanged (18% in WT mice and 22% in RGS107~18~~ mice).
Fibrin accumulation was unaffected (Figure 3D,E, right).

A second striking feature of the RGS10~/~187/~ mice in this
model was in the consequences of the increased platelet ac-
cumulation. In contrast to the controls, many more of the
RGS107/7187/~ hemostatic thrombi grew to the point where
they caused either stable or transient occlusion of the arteriole
(Figure 3F; supplemental Video 2). This was not a phenomenon
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Figure 2. In vitro platelet activation dose/response curves. Flow cytometric analysis of (A,C,E) P-selectin expression and (B,D,F) integrin ay,B3 activation of platelets from
matched WT, RGS18~/~, RGS10~/~, and RGS10~/~18~/~ mice. Platelets were stimulated with increasing doses of PAR4P (AYPGKF) (A-B), ADP (C-D), and TxA; analog (U46619)
(E-F) and gated by forward scatter/side scatter and CD41 positivity. At least 4 measurements were collected per genotype per condition (mean * SEM). See supplemental
Figure 2 for statistical comparisons between genotypes. FITC, fluorescein isothiocyanate; MFI, mean fluorescence intensity; PE, phycoerythrin.

that we have observed with either RGS10~/~ mice or the RGS-
insensitive Gj,a(G184S) mice.202"

Platelet production and platelet survival
Femurs obtained from RGS10~/~, RGS18~/~, RGS10~/-18~"~,
and control mice were stained with anti-CD41 and examined by
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light microscopy. No measurable differences in the number of
megakaryocytes were observed (Figure 4A-B). To assess platelet
production, we used a GPlba antibody to acutely deplete
platelets and then tracked the platelet count as it recovered over
the next 96 hours. During the first 48 hours, there were no
significant differences among genotypes. After 72 hours, differences

DeHELIAN et al
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Figure 3. Hemostatic response to injury. Real-time confocal intravital microscopy following penetrating laser injuries in cremaster muscle arterioles in WT and RGS10~/-187/~
mice. (A) Representative end-point images of hemostatic plugs. Mean area of accumulation over time was measured for CD41 (a, integrin) (B), P-selectin (C), and fibrin (D). (E)

Mean end-point area calculations. (F) The fraction of injuries that produced stable or transient occlusions. n = 52 injuries in 3WT mice; n = 50 injuries in 4 RGS10~/~ 187/~ mice;

mean * SEM.

emerged, with the RGS107/~187/~ and RGS18~/~ mice taking
longer to recover (Figure 4C). An in vitro analysis of bone marrow
cells derived from each mouse line showed no differences in
megakaryocyte progenitors or ploidy (supplemental Figure
4A-C). There was a small decrease in the proportion of RGS10~/~
187/~ and RGS187/~ megakaryocytes with proplatelet exten-
sions when the cells were maintained in culture. It did not,
however, reach statistical significance (supplemental Figure 4D).

To see if there is a platelet survival difference, mice of each
genotype were injected with a nonsaturating concentration of a
GPIbB antibody that has no effect on platelet activation.?” The
percentage of anti-GPIbB* platelets remaining was determined
every 24 hours for up to 96 hours (Figure 5A). The results show
that RGS107/7187/~ platelets have a significantly reduced sur-
vival (t1,2 = 46 hours), clearing faster than either the single RGS
protein knockouts or controls (t;,, = ~62 hours).

Finally, we stained resting platelets from each genotype with TO,
which binds to RNA. Since platelet RNA content declines as the
cells age in the circulation, TO positivity reflects the proportion
of younger platelets.®* The results show that a significantly
higher proportion of RGS107/718"/~ platelets were TO" when
compared with the other genotypes (Figure 5B).

Premature platelet activation

We next asked whether the hyperreactivity we observed in vitro
in the absence of RGS10 and RGS18 leads to spontaneous
platelet activation in the circulation. To do this, flow cytometry

RGS10/RGS18 DIFFERENTIALLY IMPACT PLATELET BIOLOGY

was used to simultaneously detect the binding of Jon/A,
P-selectin, and TLT-1 antibodies to platelets in freshly isolated
blood. As noted earlier, Jon/A detects the activated confor-
mation of ay,B3. P-selectin expression is a marker for a-granule
secretion. TLT-1 is highly expressed in platelets, at least partially
stored in a-granules, and is reported to be an even more sen-
sitive marker of platelet activation than P-selectin.?'*2 As we
observed in Figure 2, Jon/A and anti-P-selectin binding to
resting platelets from all of the knockouts was indistinguishable
from controls (Figure 5C; supplemental Figure 5A). However,
there was an increase in TLT-1 expression on the RGS10~/-18/~
platelets that was not observed on either the RGS10~/~ or the
RGS18~/~ platelets (Figure 5D), suggesting that RGS10~/~ 187/~
platelets are becoming activated as they circulate.

As an additional test for whether the platelets are preactivated,
we stimulated WT and knockout platelets with epinephrine and
measured Jon/A binding and anti-P-selectin expression. Epi-
nephrine activates platelet aza-adrenergic receptors coupled to
the G; family member, G,.3 It has been shown that epinephrine
alone does not normally cause platelet activation, but it can
potentiate platelet activation when added with other agonists,
particularly those whose receptors couple to G.333* The results
in Figure 5E show that epinephrine causes an increase in apB3
activation in RGS10~/~ platelets and an even greater increase on
RGS107/718"/~ platelets, supporting the conclusion that these
platelets are already partially activated. There was also a trend
toward an increase in P-selectin expression, but it did not reach
statistical significance (supplemental Figure 5B).
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Figure 4. Megakaryocytes and platelet production. (A)
Cross-sectioned femurs harvested from WT, RGS187/-,
RGS107/~, and RGS10~/~18/~ mice were stained for CD41
(b integrin) and counterstained with hematoxylin. Large,
multinucleate CD41* cells were counted as megakaryo-
cytes. White arrows point to representative examples. (B)
Megakaryocyte counts from 5 randomly selected fields per
mouse. n = 3; mean * SEM. (C) Platelet depletion with an
anti-GPlba antibody followed by recovery over the course of
96 hours represented as a percentage of the baseline
for each genotype. **P = .05 for WT vs RGS18~/~ and
RGS10~/718~/~. n = 6; mean * SEM.
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We explored several potential mechanisms for increased
clearance of RGS107/~18/~ platelets, the first being premature
desialylation leading to enhanced clearance by Ashwell-Morell
receptors in the liver.3> RCA-| lectin was used as the probe, since
it binds to galactose residues that become exposed by sialic acid
removal.3¢ Control assays showed that RCA-| binding to resting
WT platelets was increased by treating the platelets with a
sialidase and reduced by including galactose in the medium
(supplemental Figure 5C). However, we found no measurable
differences in RCA-I binding to RGS107/7187/~ and WT platelets
(supplemental Figure 5D). We also found no evidence for in-
creased phosphatidylserine exposure; Annexin V binding was
the same for the RGS107/~187/~ platelets and controls (sup-
plemental Figure 5E).37-%

To determine whether the reduction in platelet counts in the
RGS107/718"/~ mice is due solely to changes in hematopoietic
cells, we also prepared chimeras in which lethally irradiated WT
mice were rescued with bone marrow from WT or RGS10~/~
187/~ mice. After recovery, the reduction in platelet count in the
RGS107/7187/~ chimeras was the same as in RGS10~/~187/~
mice that had not been irradiated or reconstituted (supplemental
Figure 5F).

The impact of antiplatelet agents

As a final step toward understanding the basis for thrombocy-
topenia in RGS107/-187/~ mice and RGS18~/~ mice, we gave
aspirin and the P2Y;, antagonist, prasugrel, to all of the trans-
genic mouse lines and controls, using a dosing regimen suffi-
cient to blunt platelet responses to both PAR4P and ADP
(supplemental Figure 6). Platelet counts were measured before,
during, and after treatment. While on treatment, RGS10~/~18/~
mice showed an increase in their platelet count, which fell back
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to pretreatment levels when the drugs were withdrawn
(Figure 6A). Aspirin and prasugrel had no effect on the platelet
counts of RGS10~/~ mice, which were normal throughout, or
RGS18~/~ mice, which remained reduced. The increase in the
platelet count in RGS10~/~ 187/~ mice raised it to approximately
the same level as in RGS18~/~ mice. It also normalized basal
TLT-1 expression and the proportion of platelets that were
TO* (Figure 6B-C).

To see if activation of platelets in RGS10~/~ 187/~ mice reached
the point of producing visible microvascular thrombi, we in-
jected RGS10~/~187/~ mice and WT controls with DyLight488-
labeled anti-GPIbB 24 hours before harvesting their lungs for
sectioning and fluorescence microscopy. As a positive control,
we also injected control mice with collagen and epinephrine, a
combination known to produce disseminated thrombosis. There
were visible microaggregates in the lungs of the mice receiv-
ing collagen and epinephrine, but not in the untreated
RGS107/~187/~ mice (supplemental Figure 7).

Discussion

Platelets possess multiple receptors and signaling pathways
through which they can respond to trauma and control bleeding,
nearly all of which involve members of the GPCR superfamily.
While these activating pathways have been mapped in detail,
less is known about the intrinsic regulatory mechanisms that
modulate the platelet signaling network to prevent unnecessary
or premature platelet activation. Here, we sought to understand
the collective impact of RGS proteins on platelet function, fo-
cusing for the first time on the consequences of deleting RGS10
and RGS18 at the same time.
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Figure 5. Platelet clearance and resting platelet activation markers. Flow cytometry analysis for WT, RGS18~/~, RGS10~/~, and RGS10~/~18~/~ mice to measure clearance of
anti-GPlbB:DyLight488 in vivo-labeled platelets over the course of 96 hours (A). At baseline and every 24 hours thereafter, platelets were identified using anti-CD41 (a, integrin)
and then analyzed for DyLight488* by flow cytometry. *P = .05 for WT vs RGS10~/~187/~. n = 5; mean + SEM. (B) Relative fraction of platelets that were positive for both anti-
CD41 and TO. n = 9; mean = SEM. Binding of Jon/A (C,E) and anti-TLT-1 (D) to resting (C-D) or 10 uM epinephrine-stimulated (E) platelets. n = 6; mean = SEM.

The results show that preventing expression of both proteins
produces a constellation of effects that is not fully recapitulated
by removing either alone. The results also show that platelet RGS
proteins affect signaling by different platelet agonists to dif-
ferent extents and highlight their role in preventing “sponta-
neous” platelet activation as well as sustaining a normal platelet
count. The results also confirm an earlier observation that RGS18
promotes platelet production while RGS10 does not. These
results lead us to conclude that RGS10 and RGS18 have distinct
as well as overlapping roles in platelets such that the conse-
quences of removing both is greater than the sum of removing
either individually. In the remainder of the Discussion, we will
briefly consider each of their contributions to platelet biology.

Modulating the platelet signaling network

Past studies on RGS10 and RGS18 suggest that both proteins
serve as brakes on platelet activation. The direct comparisons
performed here show that removing RGS10 has a greater impact
than removing RGS18. Removing RGS10 increases platelet

RGS10/RGS18 DIFFERENTIALLY IMPACT PLATELET BIOLOGY

sensitivity to PAR4 activation and increases the magnitude of the
response to ADP and TxA;. Removing RGS18 alone causes a
smaller shift in the PAR4 dose/response but does not alter the
response to ADP and TxA;. The molecular basis for the differ-
ences between agonists was not addressed in the present
studies, but plausible explanations include differences between
RGS10 and RGS18 expression levels (mouse platelets express
approximately twice as many copies of RGS10 as RGS18),’
differences in their distribution within each platelet, and dif-
ferences among agonist receptors in terms of their interactions
with the RGS-binding protein spinophilin.®* Notably, when
measured in vitro, removing both RGS10 and RGS18 had no
greater effect than removing RGS10 alone, but this was not the
case in vivo.

Preventing spontaneous activation, prolonging platelet
survival, and maintaining a normal platelet count

We found substantial evidence that platelets lacking both
RGS10 and RGS18 become activated as they circulate; surface
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Figure 6. In vitro and in vivo indicators of premature platelet activation. (A)
Platelet counts in WT, RGS18~/~, RGS10~/~, and RGS107/~18~/~ mice treated daily
for 10 days with 50 mg/kg aspirin (ASA; cyclooxygenase inhibitor) and 1.875 mg/kg
prasugrel (pras; P2Y1, inhibitor) by oral gavage, followed by 5 days without treatment.
n = 4; mean * SEM. *P = 05 for WT and RGS10~/~ vs RGS18~/~ vs RGS10~/~
RGS18~/~. #P = .05 for WT and RGS10~/~ vs RGS18~/~ and RGS10~/~"RGS18~/~. Data
showing the impact of these drugs on platelet activation is included in supplemental
Figure 4. (B-C) Flow cytometric analysis of anti-TLT-1 binding (B) and TO staining (C)
prior to and 5 days after drug treatment.
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expression of TLT-1 was increased, as was the fraction of
platelets that were TO**° and the response of the platelets to
epinephrine in vitro in the absence of a second agonist. Survival
studies showed a shortened platelet lifespan in RGS107/~18~/~
mice. The double knockouts were also thrombocytopenic, with a
40% reduction in their circulating platelet count that improved
but did not fully normalize when the mice were given aspirin and
prasugrel. Although the failure of the antiplatelet agents to fully
restore the platelet count in the RGS107/~187/~ mice could
mean that the dosing was inadequate, we note that the platelet
count in the RGS107/7187/~ mice rose to approximately the
same level asinthe RGS18~/~ mice. As reported by others,® loss
of RGS18 alone causes a 15% reduction in platelet count. We
show here that this reduction is due at least in part to reduced
platelet production (seen during the recovery from acute
thrombocytopenia) and is unaffected by aspirin and prasugrel.
We propose that the thrombocytopenia in the RGS10~/-18~/~
mice is due to (1) the combined effects of increased turnover of
overly reactive platelets (caused by the absence of RGS10 and,
to a lesser, extent, RGS18) and (2) reduced platelet production
capacity (caused by the absence of RGS18). In contrast to a
previous report, we did not observe significant differences
among the knockouts in the number of bone marrow mega-
karyocytes, the ploidy of the megakaryocytes, or the ability of
the megakaryocytes to mature in culture. There was a small
decrease in megakaryocytes with proplatelets in the RGS18~/~
and RGS10~/-187/~ mice, but it did not reach significance.
However, we did see slower recovery of the platelet count from
acute thrombocytopenia in both RGS18/~ mice and RGS10~/~
187/~ mice. Lastly, we note that while circulating platelets in
RGS107/7187/~ mice were TLT-1* ex vivo, they were not
measurably positive for markers of a-granule expression or
integrin activation. Given the degree of thrombocytopenia that
we observed, we propose that platelets that had gone too far
down the path to full activation are removed from the circulation.
If so, their removal may be a widely distributed process. We did
not find evidence of increased desialylation, increased apo-
ptosis, or formation of platelet aggregates in vivo large enough
to cause visible microvascular thrombosis in the pulmonary
circulation. Finally, while not previously recognized for RGS
proteins, we note that the phenomenon of shortened platelet
survival when a signaling regulator is removed is not unique to
RGS10/18 dual deletion. Other examples include deletion of
the catalytic subunit for protein kinase A, ablating its ability to
phosphorylate substrates,*® and, most dramatically, loss of
RASA3 function, which leads to increased integrin activation due
to an increase in the amount of activated RAP1B.#’

Restraining the hemostatic response in vivo

The published evidence that RGS proteins restrain platelet re-
activity can reasonably be viewed at this point as convincing for
both RGS10 and, to a lesser extent, RGS18. One of our goals was
to understand what happens to the hemostatic response to
injury when both proteins are removed. The most striking finding
was the exaggerated growth of hemostatic thrombi produced by
laser injury in the cremaster muscle microcirculation. Although
we did not study the lineage-matched RGS10 and RGS18
knockouts as part of the present study, we have previously
studied the effects of deleting RGS10.2° Comparing those ob-
servations with the present study suggests that the effects of the
double knockout are greater than removing RGS10 alone,
leading not only to greater platelet accumulation but also a
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greater incidence of vascular occlusion caused by unnecessary
growth of the hemostatic thrombus. Put differently, the hemo-
static thrombi in RGS107/~187/~ mice continue to grow well
beyond the mass needed to achieve hemostasis. At first this
might seem a bit puzzling, since the in vitro comparisons per-
formed here indicate no large differences in agonist responses
between RGS107/~18/~ and RGS10~/~ platelets. We propose
that the greater effect of the double knockout in vivo reflects not
only increased responsiveness to thrombin, ADP, and TxAy, all of
which are present at the same time in vivo, but also the presence
in the circulation of platelets that are preactivated, some of
which may be lost during the isolation procedure. RGS10~/~
platelets have the enhanced responsiveness, but not the same
preactivation, and therefore produce hemostatic thrombi that
are bigger than in controls, but not as big as in RGS10~/-18~/~
mice. Notably, we also found that removing both RGS proteins
causes an expansion of both the P-selectin® core of the he-
mostatic mass and the P-selectin™ shell. This contrasts with what
we observed in the Gj,a(G184S) mice.?" That substitution affects
Giz2-dependent signaling that would be expected downstream of
platelet receptors such as P2Y;5. It does not affect Gq, which is
the predominant mediator of events downstream of platelet
thrombin receptors. Hemostatic thrombus expansion in the
Gi»,a(G184S) mice was largely due to an increase in the shell
region, where ADP is one of the major drivers, and provides
evidence that the effects of RGS proteins in platelets are exerted
on Gga as well as Gizq.

In conclusion, the results presented here, along with those
published previously, provide new insights into the regulation of
the platelet signaling network. The data show that RGS10 and
RGS18 have complementary rather than identical roles, jointly
modulating the hemostatic response to injury, improving
platelet production, prolonging platelet survival, and preventing
unwarranted platelet activation in the absence of injury.
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