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Regulator of G-Protein Signaling 16 Is a Negative Modulator of

Platelet Function and Thrombosis

Keziah R. Hernandez, MPA;* Zubair A. Karim, PhD;* Hanan Qasim, BS; Kirk M. Druey, MD; Fatima Z. Alshbool, PharmD, PhD;
Fadi T. Khasawneh, PhD

Background—Members of the regulator of G-protein signaling (RGS) family inhibit G-protein coupled receptor signaling by
modulating G-protein activity. In platelets, there are 3 different RGS isoforms that are expressed at the protein level, including
RGS16. Recently, we have shown that CXCL12 regulates platelet function via RGS16. However, the role of RGS16 in platelet
function and thrombus formation is poorly defined.

Methods and Results—We used a genetic knockout mouse model approach to examine the role(s) of RGS16 in platelet activation
by using a host of in vitro and in vivo assays. We observed that agonist-induced platelet aggregation, secretion, and integrin
activation were much more pronounced in platelets from the RGS16 knockout (Rgs76 ") mice relative to their wild type (Rgs716™™)
littermates. Furthermore, the Rgs76 7~ mice had a markedly shortened bleeding time and were more susceptible to vascular
injury—associated thrombus formation than the controls.

Conclusions—These findings support a critical role for RGS16 in regulating hemostatic and thrombotic functions of platelets in
mice. Hence, RGS16 represents a potential therapeutic target for modulating platelet function. (/ Am Heart Assoc. 2019;8:

e011273. DOI: 10.1161/JAHA.118.011273.)
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latelets are nonnucleated blood cells that are activated

at sites of vascular injury ' and are essential for normal
hemostasis. Platelets also have the capacity to contribute to
pathology when activated excessively, including in ischemic
disorders such as stroke and myocardial infarction.’?
Under normal physiological conditions, patrolling platelets
stay in a quiescent, nonadhesive state, which occurs through
balanced inhibitory and stimulatory signaling.® In response to a
vascular insult, platelets rapidly bind to damaged blood vessels
and aggregate to form thrombi in order to prevent excessive
bleeding.® When platelet dysfunction occurs through breakdowns
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in inhibitory signaling, inappropriate activation and excessive
response to injury can occur.>*

Activated platelets secrete a host of diffusible locally
acting mediators or agonists (eg, thrombin,> adenosine
diphosphate,® or thromboxane A,,)* which serve to recruit
and activate additional platelets at the site of injury. For
example, adenosine diphosphate potentiates the aggregatory
effects of other stimuli such as thrombin and thromboxane A,,
thereby contributing to stable thrombus formation. These
mediators/agonists activate platelets by binding to their
respective receptors on the platelet membrane, most of which
belong to the G-protein coupled receptor (GPCR) family.”
GPCR activation engages and initiates the activation of the
coupled G proteins (GPs) through the exchange of GTP for
GDP.? Activation of the GP in turn results in several molecular
changes, including inhibition of adenylyl cyclase and reduction
in intracellular cyclic AMP levels (via the Gai subunit), and
activation of phospholipase C, which increases intracellular
calcium levels (via the Goq subunit), among others.” '® These
molecular changes induce a host of cellular responses
resulting in platelet aggregation, secretion, etc.”

Once the Ga/GP/GPCR signaling pathway has fulfilled its
function, it must undergo a rapid turnoff to restore the “G
protein cycle” by the GP’s own intrinsic capacity to hydrolyze
GTP, thereby returning to its quiescent (GDP-bound) state,’
through re-formation of a trimeric complex and termination of
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Clinical Perspective

What Is New?

 This is the first study to demonstrate that regulator of G-
protein signaling 16 negatively regulates platelet function
and consequently their hemostatic and thrombotic functions
in mice.

What Are the Clinical Implications?

* Regulator of G-protein signaling 16 represents a potential
therapeutic target for modulating platelet function.

the signal. Thus, the duration in which Ga is in its GTP-bound
state serves as a major determining factor of the magnitude
of GPCR signaling. Regulators of G protein signaling (RGS)
proteins are GTPase-accelerating proteins for Ga subunits,
which increase the rate of GPCR signal termination.'’ The
RGS superfamily has an abundance of over 30 members in
mammalian cells, which negatively regulate G protein activ-
ity.'#'3 RGS10, 16, and 18 are known to be expressed in
platelets at the protein level.'* '

We have previously shown that RGS10 and 18 play a direct
and prominent role in regulating platelet activation.'*'®
RGS16, which is the next most abundant RGS protein in
platelets,'”"'® is a negative regulator of chemokine receptor
CXCR4 signaling in megakaryocytes'® and its ligand CXCL12
in platelets.'® In addition, RGS16 was found to determine the
signaling specificity of Gg-coupled GPCRs,'® which is consis-
tent with receptor-specific regulation by other RGS proteins
reported elsewhere. However, whether RGS16 plays a direct
and/or more universal role in regulating platelet function and
thrombogenesis remains to be determined.

The present study investigates the function of RGS16 in
platelets by utilizing Rgs76”~ mice. We found that platelets
isolated from Rgs76 7~ mice exhibited enhanced aggrega-
tion, secretion, integrin activation, and phosphatidylserine
exposure, when compared with Rgs76™* littermates. We also
observed that Rgs76”~ mice exhibited an enhanced
hemostasis response (shortened tail bleeding time) and an
increased risk for thrombosis. Collectively, our findings
indicate that RGS16 plays an essential negative regulatory
role in platelet-dependent hemostasis and thrombogenesis.

Materials and Methods

Reagents and Materials

Thrombin, stir bars, and other disposables were from Chrono-
Log (Havertown, PA). The protease-activated receptor 4
agonist (TRAP4 peptide) was from Peptides International

(Louisville, KY). Apyrase was obtained from Sigma Aldrich (St.
Louis, MO). FITC-conjugated CD62P and Annexin V antibodies
were obtained from BD Biosciences (San Jose, CA). PE-
conjugated rat anti-mouse Integrin allbB3 (active form) JonA
antibody was purchased from Emfret Analytics (Eibelstadt,
Germany). RGS16 antibody was from Santa Cruz Biotechnol-
ogy (sc-166083, Dallas, TX). Other reagents were of analytical
grade.

Animals and Genotyping

Rgs16~/~ mice were generated and genotyped as described
previously.“"’20 Mice were housed in groups of 1to 4 at 24°C,
under 12/12 h light/dark cycles, with access to water and
food ad libitum.

Methods

All experiments involving animals were performed in compli-
ance with the institutional guidelines approved by the
Institutional Animal Care and Use Committee.

Blood withdrawal was conducted as per our approved
studies by the Institutional Review Board, and after the
subjects gave informed consent.

The authors declare that all supporting data are available
within the article data. Requests for detailed analytic methods
will be addressed by the corresponding author. As for
requests for the RGS 16 deletion mice, these will be addressed
on a case-by-case basis, and will be referred by the
corresponding author to Dr. Kirk Druey.

Immunoblotting Studies

Human platelet proteins were separated on SDS-PAGE gels
and electrophoretically transferred to Immobilon-P PVDF
membranes, as previously described.'®?" The blots were
incubated with anti-RGS16. Following washing, the blots were
incubated with HRP-labeled anti-rabbit IgG. Signal was
detected using enhanced chemiluminescence substrate
(Thermo Scientific, Rockford, IL). Images were obtained with
ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA).

Platelets Preparation

Platelets were prepared as previously described.'®'>??

Mouse blood was collected from a ventricle and the citrated
(0.38%) blood was mixed with phosphate-buffered saline, pH
7.4, and before incubation with prostaglandin 12 (10 ng/mL;
5 minutes) and centrifugation at 237g for 10 minutes at room
temperature. Platelet-rich plasma (PRP) was recovered and
platelets were pelleted at 483g for 10 minutes at room
temperature. The pellets were resuspended in HEPES /Tyrode

DOI: 10.1161/JAHA.118.011273

Journal of the American Heart Association 2

HDOYVHASHY TVYNIDIYO



RGS 16 Regulates Platelet Activation Hernandez et al

buffer (20 mmol/L HEPES/KOH, pH 6.5, 128 mmol/L NaCl,
2.8 mmol/L KCI, 1 mmol/L MgCl,, 0.4 mmol/L NaH,PO,,
12 mmol/L NaHCOs, 5 mmol/L D-glucose) supplemented
with 1 mmol/L EGTA, 0.37 U/mL apyrase, and 10 ng/mL
epoprostenol. Platelets were then washed and resuspended in
HEPES /Tyrodes (pH 7.4) without EGTA, apyrase, or epopros-
tenol. Platelets were counted with an automated hematology
analyzer (Drew Scientific, Dallas, TX) and adjusted to the
indicated concentrations.

In Vitro Platelet Aggregation

The platelet-rich plasma from Rgs76™/* and Rgs16™/~ mice
was stimulated with 80 umol/L TRAP4, 0.05 U/mL thrombin,
or 1.25 pg/mL collagen. Note, collagen studies were per-
formed with or without aspirin (1 pmol/L) or apyrase
(0.03 U/mL). Platelet aggregation was measured by the
turbidometric method using models 490 or 700 aggregometry
systems (Chrono-Log Corporation). Each experiment was
repeated at least 3 times and blood was pooled from at least
3 separate groups of 8 mice.

ATP Release

This assay was performed as we described before.
Platelets were prepared as described above (250 pL;
7x107/mL) before being placed into siliconized cuvettes
and stirred for 5 minutes at 37°C. The luciferase substrate/
luciferase mixture (12.5 pL, Chrono-Log) was then added,
followed by the addition of the agonists 80 pumol/L TRAP4,
0.05 U/mL thrombin, or 1.25 pg/mL collagen. Note, collagen
studies were performed with or without aspirin (1 pmol/L) or
apyrase (0.03 U/mL). Each experiment was repeated 3 times,
each time using blood pooled from 8 mice per group.

14,16

Flow Cytometric Analysis

Platelets from Rgs76"/" and Rgs16~/~ mice were stimulated
with the 80 umol/L TRAP4 or 0.05 U/mL thrombin for
3 minutes at room temperature. The reaction was stopped by
fixing cells with 2% paraformaldehyde in PBS. Fixed platelets
were labeled with PE-conjugated rat anti-mouse Integrin
allbB3 (active form) JonA antibody or FITC-conjugated CD62P
and Annexin V antibodies. Samples (10° platelets/100 uL)
were then analyzed using an ACURI C6 flow cytometer as
previously described.'* ¢

Tail Bleeding Time

Hemostasis was examined using the tail transection tech-
nique.'*">%? Briefly, mice were anesthetized with isoflurane
and placed on a 37°C homeothermic blanket and their tails

were transected 5 mm from the tip. The tail was placed in
saline at 37°C and the time to bleeding cessation was
measured. Bleeding stoppage was not considered complete
until bleeding had stopped for 1 minute. When required,
measurements were terminated at 10 minutes to prevent
excessive blood loss.

In Vivo FeCls-Induced Carotid Artery Injury Model

These studies were performed as described previously.'# 122

Briefly, Rgs16"/" and Rgs16~/~ mice (8—10 weeks old) were
anesthetized with 2.5% tribromoethanol (Avertin). The left
carotid artery was exposed and cleaned, and baseline carotid
artery blood flow was measured with a Transonic micro-
flowprobe (0.5 mm; Transonic Systems Inc, Ithaca, NY). After
stabilization of blood flow, 7.5% ferric chloride (FeClz) was
applied to a filter paper disc (1-mm diameter) that was
immediately placed on top of the artery for 3 minutes. Blood
flow was continuously monitored for 45 minutes, or until
blood flow reached stable occlusion (zero blood flow for
2 minutes). Time to vessel occlusion was calculated as the
difference in time between stable occlusion and removal of
the filter paper (with FeCls). An occlusion time of 10 minutes
was considered as the cut-off time for the purpose of
statistical analysis.

Statistical Analysis

All experiments were performed at least 3 times. Analysis of
the data was performed using GraphPad PRISM statistical
software (San Diego, CA) and presented as mean+SEM,
unless otherwise stated. The Mann—Whitney test was used for
the evaluation of differences in mean bleeding and occlusion
times, but similar results were observed using the ¢ test. The
flow cytometry data were analyzed (mean fluorescence
intensity) using the t test. Significance was accepted at
P<0.05, unless stated otherwise.

Results

Rgs16 Gene Deletion Does Not Affect Platelet or
Peripheral Blood Cell Counts

We have previously shown that mouse platelets express several
RGS proteins including RGS16."® In order to extend these
findings to humans, we isolated platelets from blood samples
obtained by venipuncture and assessed RGS16 expression by
immunoblotting. We detected RGS16 expression in lysates of
human platelets (Figure 1; n=3). Given these results, we
investigated the role of RGS16 in platelet development and
function using WT and Rgs76 7~ mice. As we reported
previously,'® the Rgs76 knockout strain showed no gross
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Human Sample 1 Human Sample 2

Figure 1. RGS16 is expressed in human platelets. RGS16
expression was analyzed in lysates of human platelets by
immunoblotting (2x 108/mL sample). RGS16 indicates regulator
of G protein signaling 16.

physical differences from their wild-type counterparts, and both
strains produced viable and healthy offspring. Platelet counts in
Rgs16™" and Rgs16 /"~ mice were comparable (Table). All other
blood parameters analyzed, including red blood cells and total
white blood cells, were also normal in Rgsléf/* mice. These
data suggest that RGS16 deficiency does not affect megakary-
opoiesis or hematopoiesis in general. Of note, the genotype of
our RGS16 mice was verified via PCR analysis of genomic DNA,
as previously reported.'®

Deletion of Rgs16 Alters Agonist-Induced Platelet
Aggregation and Dense Granule Secretion

Platelets are hyperactivated in various pathological condi-
tions, which can ultimately lead to heart attacks or stroke. To
determine whether loss of RGS16 has an impact on platelet
functions, we first examined the platelet aggregation
response in WT or Rgs76~7~ mice. While Rgs16 gene deletion
did not induce spontaneous aggregation, treatment of
platelets from Rgs76~/~ mice with protease-activated recep-
tor 4 (PAR4) peptide (TRAP4) resulted in significantly
increased aggregation compared with the responses of WT
counterparts (Figure 2A; n=3). Similar results were observed
with thrombin stimulation (Figure 2C; n=3). Platelet secretion
of ATP from dense granules is a critical event in platelet
activation, which amplifies its physiological responses. Here
we found that platelets from Rgs76~/~ mice exhibit enhanced
dense granule release, as measured by ATP secretion,
compared with platelets from ,‘?gsiév+ mice in response to
either TRAP4 (Figure 2B; n=3) or thrombin (Figure 2D; n=3).
To determine whether RGS16 regulates GPCR-independent
aggregation and secretion, we stimulated platelets with
collagen, which activates platelets through glycoprotein VI
(GPVI) receptors.?® Surprisingly, collagen-induced aggregation
and secretion were also increased in platelets from RGS16-
deficent mice compared with WT (Figure 2E and 2F; n=3).
Collagen/GPVI-mediated platelet activation is thought to
involve feedback pathways such as thromboxane A, and
adenosine diphosphate, which in turn can act in an autocrine/
paracrine manner on their cognate GPCRs to amplify aggre-
gation and secretion.?* In order to determine whether the

Table. Peripheral Blood Cell Counts in Rgs76"/* and
Rgs16~/~ Mice
Rgs16™/* Rgs16 7~ P Value

Platelets 1212.72+30.5 1296.68+30.0 NS
MPV 5.64+2.64 5.75+3.78 NS
Red blood cells 9.65+1.25 8.95+1.78 NS
Lymphocytes 5.31+1.34 5.95+1.69 NS
Monocytes 0.40+0.012 0.35+0.016 NS
Granulocytes 2.78+0.27 2.54+0.26 NS

Blood was collected from the heart and was counted as mentioned in the Methods
section. All counts are thousands per microliter, except for red blood cells, which are
millions per microliter. Data are represented as mean4SD. MPV indicates mean platelet
volume; NS, not significant.

effects of RGS16 on collagen-induced platelet function
depend on this mechanism, we inhibited these mediators by
pretreating platelets with aspirin or apyrase, respectively.?*
We found that neither of these pretreatments significantly
affected the response of platelets from Rgs76~/~ mice to
collagen (Figure 3A through 3H; n=3). Thus, RGS16 regulates
both GPCR-dependent and -independent pathways in
platelets.

Loss of Rgs716 Causes Enhanced P-Selectin
Expression in Stimulated Platelets

Upon activation, platelets express P-selectin, which is mobi-
lized from a-granules to the platelet surface,?®> which is a
measure of their a-granule response. To examine the role of
RGS16 in o-granule release, we measured the marker P-
selectin using flow cytometry. While resting platelets from
Rgs16"* or Rgs16~/~ mice exhibited comparable surface
expression of P-selectin, stimulation with either TRAP4 or
thrombin increased surface P-selectin expression in platelets
from Rgs76~/~ mice relative to controls, suggesting exag-
gerated o-granule release (Figure 4A and 4B; n=3). Thus,
RGS16 also regulates a-granule release in response to PAR
stimulation.

Deletion of RGS16 Causes Enhanced allbf3
Activation in Stimulated Platelets

Upon stimulation, the platelet surface integrin allbB3
becomes activated and undergoes a conformational change
leading to a cascade of events that is required for platelet
aggregation.?®?° To assess whether RGS 16 regulates integrin
allbB3, we measured cell surface expression of activated
allbB3 by flow cytometry. The surface intensity of the active
form of the integrin was found to be significantly increased in
RGS 16-deficient platelets following stimulation with either
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Figure 2. Deletion of RGS16 alters agonist-induced platelet activation and dense granule secretion. Platelets from Rgs76"" and Rgs16™/~
mice were prepared and aliquots (2.5 x 10®/mL) were stimulated with (A and B) 80 umol/L TRAP4, (C and D) 0.05 U/mL thrombin, or (E and F)
1.25 pg/mL collagen. Platelet aggregation (A, C, and E) and ATP release (B, D, and F) were measured with constant stirring in a
lumiaggregometer. Each experiment was repeated at least 3 times, each with blood pooled from a group of 8 mice++. RGS16 indicates regulator
of G protein signaling 16; TRAP4, protease-activated receptor 4.

TRAP4 or thrombin, when compared with Rgs76*" (Figure 5A
and 5B; n=3), whereas the resting expression of activated
allbB3 in platelets from Rgs76™" and Rgs?6/~ mice was
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indistinguishable from one another. Taken together, these
results indicate that platelets from Rgs76~/~ mice aggregate
excessively in response to PAR stimulation compared with WT

Figure 3. Deletion of RGS16 alters collagen-induced platelet activation and dense granule secretion in aspirin and apyrase-treated platelets.
Platelets from Rgs76™* and Rgs716 /~ mice were prepared and aliquots (2.5x 108/mL) pretreated with or without aspirin or apyrase were
stimulated with 1.25 pug/mL collagen. Platelet aggregation of the Rgs76"™/* (A and E) and Rgs76~/~ (C and G) as well as ATP release of the
Rgs16™" (B and F) and Rgs76 7~ (D and H) were measured with constant stirring in a lumiaggregometer. Each experiment was repeated at
least 3 times, each with blood pooled from a group of 8 mice. RGS16 indicates regulator of G protein signaling 16.
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Figure 4. Deletion of RGS16 protein causes enhanced P-selectin expression in stimulated platelets.
Platelets from Rgs16™" or Rgs16™/~ mice platelets (10° platelets/100 pL) were stimulated with (A)
80 pmol/L TRAP4 (P<0.00001; ANOVA) and (B) 0.05 U/mL thrombin (P<0.00001; ANOVA) for 3 minutes,
fixed, and labeled with CD62P antibody. Samples were analyzed using a flow cytometer. Average mean
fluorescence intensities are shown. Experiment was repeated at least 3 times, with blood pooled from a
group of 8 mice each time. MFI indicates mean fluorescence intensity; RGS16, regulator of G protein
signaling 16; TRAP4, protease-activated receptor 4.

counterparts, which occurs through an upregulation of dense
and o-granule release and through integrin allb3 activation.

Increased Phosphatidylserine Expression in
Stimulated Platelets from Rgs76 7/~ Mice
Negatively charged, procoagulant phospholipid phosphatidylser-
ine shifts from the inner surface of the plasma membrane to the
outer surface upon agonist stimulation, thereby facilitating

platelet aggregation and coagulation.?®3' Maintenance of this
asymmetry requires energy and is of major importance for
platelet function since the appearance of phosphatidylserine at
the cell surface is associated with several physiologic and
pathologic phenomena.’* > Therefore, we examined phos-
phatidylserine expression under resting and activated conditions
by flow cytometry. Whereas phosphatidylserine expression in
platelets from WT and Rgslé_/_ mice was comparable at
baseline, stimulation with either TRAP4 or thrombin increased
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Figure 5. Deletion of RGS16 protein causes enhanced allbB3 activation in stimulated platelets. Platelets
from Rgslé"/+ or Rgsié’/’ mice platelets (10° platelets/ 100 uk) were stimulated with (A) 80 umol/L
TRAP4 (P<0.00001; ANOVA) and (B) 0.05 U/mL thrombin (P<0.00001; ANOVA) for 3 minutes, fixed, and
labeled with JON/A antibody. Samples were analyzed using a flow cytometer. Average mean fluorescence
intensities are shown. Experiment was repeated at least 3 times, with blood pooled from a group of 8 mice
each time. MFI indicates mean fluorescence intensity; RGS16, regulator of G protein signaling 16; TRAP4,
protease-activated receptor 4.
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cell surface phosphatidylserine expression, and the response
was increased in platelets from Rgs76~/~ mice relative to
controls (Figure 6A and 6B; n=3). Thus, RGS16 regulates
phosphatidylserine exposure induced by PAR stimulation.

Deletion of Rgs76 Enhances Hemostasis and
Predisposes to Thrombosis

Previous work by our laboratory and others indicated that
several RGS proteins (RGS10 and RGS18) prevent excessive
responses to vascular injury through negative regulation of
platelet activation.'* "¢ To determine whether the hyperactiv-
ity of platelets from Rgs76 7~ mice also translated to aberrant
hemostasis in vivo, we measured tail bleeding times. We
observed a significantly shortened bleeding time in Rgs76~/~
mice following tail transection (=59 s4-13.7) compared with
WT littermates (=260 s+33.4; Figure 7A; n=8 each;
P=0.0002). This finding indicates that RGS16 negatively
regulates the physiological hemostatic function of platelets
in vivo. Platelet hyperactivity is also known to promote
thrombogenesis, which can lead to a host of deleterious health
problems, such as heart attack and stroke. We hypothesized
that Rgs76~/~ mice would be more prone to thrombotic
disorders. To test this, we applied FeCls to the carotid artery,
which is an established method to induce vascular injury—
mediated thrombus formation and artery occlusion. Rgs 76/~
mice had significantly shortened occlusion times, averaging
~40 s (+10.6) compared with WT littermates of ~420 s
(£54.8) (Figure 7B; n=5 each; P=0.0079). These results
demonstrate that RGS 16 inhibits thrombus formation in vivo.

Discussion

RGS 16 and other closely related RGS proteins in the R4 family
negatively regulate G-protein activity,?® and thus represent a
feedback mechanism to inhibit Gi/Gq signaling a variety of
cell systems.'®*”*® Previous studies have indicated that
RGS 16 has GAP activity toward different Gi and/or Gq class o
subunits but not Goig or Goiy, > ** RGS16 regulates a wide
variety of physiological as well as pathophysiological condi-
tions, in cells and tissues, such as proto-oncogene expression
in neuronal cells, respiratory and cardiovascular functions,
and immune responses.'®2%45749 Although the full spectrum
of RGS expression and function in platelets has not been fully
defined, we and others have recently shown that RGS10 and
18 regulate GPCR-dependent platelet function.'* %505
Moreover, stimulated platelets release various growth factors
and chemokines into their microenvironment including
CXCL12,°% which we recently showed to be sensitive to
regulation by RGS16.'

Here we found that PAR-mediated platelet aggregation and
activation (as measured by dense and o granule secretion,
integrin allbB3 activation, and phosphatidylserine exposure)
of platelets was enhanced by RGS16 deficiency, which
translated to a hypercoagulable state in vivo. These findings
suggest a negative regulatory function for RGS16 in platelets
through GAP activity on Gi and Gq.'” Published work has
indicated that although RGS16 lacks GAP activity for G13, it
also has the capacity to negatively regulate G13-mediated
cancer cell proliferation and morphological changes of
neurons by blocking G protein-effector interactions.”® Aside
from G4, PAR1, PAR4, and thromboxane receptors couple to
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Figure 6. Deletion of RGS16 protein causes enhanced phosphatidylserine expression in stimulated
platelets. Platelets from :‘?gshf/+ or Rgslé’/’ mice platelets (10° platelets/ 100 pL) were stimulated with
(A) 80 pumol/L TRAP4 (P<0.00001; ANOVA) and (B) 0.05 U/mL thrombin (P<0.00001; ANOVA) for
3 minutes, fixed, and labeled with Annexin V antibody. Samples were analyzed using a flow cytometer.
Average MFls are shown. Experiment was repeated at least 3 times, with blood pooled from a group of 8
mice each time. MFI indicates mean fluorescence intensity; PS, phosphatidylserine; RGS 16, regulator of G
protein signaling 16; TRAP4, protease-activated receptor 4.
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Figure 7. Deletion of RGS16 protein alters physiological hemostasis and development of thrombosis. (A)
Bleeding times were measured in Rgs76™" (n=8) or Rgs16~/~ (n=8) mice following venisection. Each point
represents the bleeding time of a single animal (P=0.0002; Mann-Whitney test). (B) Thrombosis was
induced in :‘?gshﬁ)'/+ (n=5) or Rgsié’/’ (n=5) mice using chemical injury (FeCl3). Each point represents an
occlusion time of a single animal (P=0.0079; Mann—Whitney test). ***P<0.0001, whereas **P<0.001.

RGS16 indicates regulator of G protein signaling 16.

Gys/***° raising the possibility that RGS16 might also

regulate G,3-dependent signaling through specific GPCRs in
platelets.

Unexpectedly, we found that RGS16 modifies the platelet
response to collagen, which acts through GPVI, an inhibitory
tyrosine activation motif (ITAM)-containing receptor that acts
through multiple pathways including PI3 kinase and phos-
pholipase Cy, but independently of G proteins.>® Noncanon-
ical roles for RGS proteins in various signaling pathways
have been documented.”’®° For example, several RGS
proteins including RGS16 interact directly with the p85
regulatory subunit of PI3K and modulate PI3K activity.®' In
breast cancer cells, RGS16 inhibited formation of a PI3K-
Gab1-epidermal growth factor receptor complex that pro-
motes cell proliferation.®? RGS16-depleted cell lines prolif-
erated more than controls in response to epidermal growth
factor stimulation, suggesting that RGS16 negatively regu-
lates PI3K-dependent proliferative signaling. In our study,
enhanced platelet responses to collagen in the absence of
RGS16 persisted even when collagen-induced mediators
(GPCR agonists adenosine diphosphate and thromboxane A,)
were inhibited, suggesting that RGS16 regulates GPVI
signaling directly. Since PI3K activation appears to be
critical for GPVI-mediated activation of platelets,5"”63
RGS16 might regulate this pathway through its interaction
with PI3K.

We and others have shown that RGS proteins are rather
promiscuous with respect to their capacity to modulate
various GPCR-G-protein pathways.'3 '¢>"¢476¢ For instance,
RGS4, binds to and serves as a GTPase-activating protein for
Goyq, Golip, Goys, Go,, Goy, Go,, and Gocq,39'4°'°7 Similarly,
RGS16 binds to Gap, Goys, Got, Goct,“’(’8 and Goy. Interest-
ingly, investigations of RGS function in mammalian cells
indicate that individual family members seem to be selective

in the regulation of specific G protein—linked signaling
pathways. RGS1, RGS2, RGS3, and RGS4 were found to
differ in their ability to impair interleukin-8 receptor signaling
(ERK activation), with RGS4 showing the greatest potency
followed by RGS3, RGS1, and RGS2 in overexpression
systems.69 In a separate study, RGS3, but not RGS1, RGS2,
or RGS4, suppressed the IP; responses induced by the
gonadotropin-releasing hormone.”® RGS16 may selectively
regulate platelet GPCRs-G-proteins in a similar manner,
exhibit functional specificity in interacting with GPs, or in its
cross-talk with other signaling pathways. In addition, it is
likely that other factors such as tissue and cell type
distribution, temporal expression, and posttranslational mod-
ification act in concert to dictate the specificity of RGS
function.

One potential challenge to investigating RGS protein
function in living animals is the potential for functional
redundancy and compensatory changes in RGS protein
expression resulting from loss of a single protein. However,
given the phenotypes we observed/reported with 3 RGS
knockout mice, it does not seem that there is functional
redundancy, at least in the platelet functions we analyzed, and
our previous work revealed no changes in the expression
levels of RGS10 and RGS18, as a result of Rgs76 deletion.'®

Unlike in the case of RGS18, which was found to regulate
platelet generation,®® our findings revealed no impairment in
platelet formation in the absence of RGS16 in mice. Thus,
although RGS16 and RGS18 are both expressed in megakary-
ocytes, RGS16 does not appear to regulate megakaryopoiesis
in the bone marrow.'®”"”2 Moreover, because deletion of
RGS16 did not affect other blood cell counts, our results
suggest that RGS16 does not modulate hematopoiesis in
general. In contrast to RGS18, RGS16 was shown to act as a
negative regulator of chemokine (CXCR4) signaling in
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megakaryocytes,'® which was considered to be the result of
its GAP activity.”® These findings suggest that RGS proteins
could play different roles in platelet biology. However, the
present results, coupled with our studies showing that RGS10
and RGS18 also regulate platelet function in vitro and
in vivo," ' indicate that platelet-associated RGS proteins
play distinct and indispensable roles in platelet activation. The
mechanism(s) underlying these distinct roles will be the scope
of future investigations.

In conclusion, RGS16 plays a critical role in fine-tuning
platelet function and may serve as a potential therapeutic
target for managing several thrombotic disorders. Future
studies of the full spectrum of GPCR pathways regulated by
RGS16 in platelets, as well as their signaling mechanisms, are
warranted in order to investigate differential regulation of
RGS16-GPCRs in platelet function.
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