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Summary. Background: TMEMI6F is an ion channel and
calcium-dependent lipid scramblase that mediates phos-
phatidylserine (PS) exposure on the plasma membrane.
Two disparate disease phenotypes are associated with
TMEMIG6F loss-of-function mutations: a rare bleeding
disorder (Scott syndrome) and skeletal malformations due
to aberrant bone mineralization in a TMEMI6F knock-
out mouse. We therefore undertook comparative studies
of TMEMIG6F expression in canine Scott syndrome
(CSS), an autosomal recessive platelet defect. Objectives:
To define anoctamin proteins and scramblase response of
CSS platelets and to determine whether TMEMIG6F is the
CSS disease gene. Methods: CSS TMEMI6F ¢cDNA and
gene were sequenced and mutation detection was per-
formed in CSS pedigrees. Platelet fractions from CSS
dogs were isolated for proteomic and immunologic char-
acterization of TMEMI6F. Annexin V was used as a flow
cytometric marker of induced platelet PS externalization.
Results: A TMEMIGF splice site mutation segregated
with the CSS trait and TMEMI6F protein was unde-
tectable in CSS platelet membranes; however, a second
anoctamin, TMEMI16K, was found. Proteomic analyses
revealed a network of 32 proteins that differentially
cosegregated with platelet plasma membrane TMEM16F.
CSS platelets had profoundly impaired scramblase
response to pharmacologic and physiologic agents that
increase intraplatelet calcium and conditions that induce
apoptotic and necrotic cell death. Conclusions: CSS plate-
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lets represent a TMEMI6F-null mutant model that
demonstrates a central role for TMEM16F in mediating
platelet PS externalization in response to activating and
death signals. Platelet TMEMI6F may prove a novel
drug target for modulating platelet procoagulant activity
and extending platelet life span.

Keywords: animal models; blood coagulation disorders,
inherited; blood platelet disorders; phospholipid scramblase;
platelet activation.

Introduction

Procoagulant platelets, present at sites of thrombus forma-
tion, are characteristically non-aggregated, rounded cells
that externalize phosphatidylserine (PS) and shed mem-
brane microparticles (PMPs) that express PS [1-4]. Outer
membrane PS supports assembly of highly active tenase
and prothrombinase complexes that drive platelet-medi-
ated thrombin generation [5-7]. In vitro studies of procoag-
ulant platelets reveal that sustained high intraplatelet
calcium, triggered by signaling through the thrombin and
collagen receptors or by ionophore treatment, induces
transbilayer lipid movement and PS-positive microvesicula-
tion within 5 min of stimulation [1,4,8-10]. In addition to
this rapid activation response, platelets also demonstrate a
slow loss of membrane lipid asymmetry, PS exposure, and
membrane blebbing as they undergo cell death from injury
or senescence [11,12]. The differential regulation and mech-
anisms of platelet PS exposure under these varying patho-
physiologic conditions are not yet fully defined. The
circulatory life span of platelets is delimited by the intrinsic
apoptotic pathway. The disinhibition of the BCL2 family
proteins Bax and Bak initiates this pathway, leading to
mitochondrial release of cytochrome C, and subsequent
activation of effector caspases and cleavage of cytoskeletal
proteins [13-15]. Caspase cascade activation in apoptotic
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PS externalization differs from the calcium and agonist-
triggered procoagulant PS exposure that appears caspase
independent and involves downstream response to cyclo-
philin D-mediated collapse of mitochondrial membrane
potential  [4,16,17]. The transmembrane protein,
TMEMIGF, has recently been identified as an important
mediator of rapid, calcium-activated aminophospholipid
transbilayer transport or ‘scrambling’ [18-21]. The partici-
pation of this protein in PS exposure in platelets and other
cell types, and in response to varying stimuli, is the subject
of active investigation [19,22-24].

TMEMIGF is an anoctamin family protein. Anoctamins
were first described as having eight transmembrane
domains; however, crystallography supports a dimeric struc-
ture composed of subunits with 10 transmembrane domains
and a calcium-binding site within a hydrophobic core
[25-28]. Functionally diverse and with wide tissue distribu-
tion, individual family members demonstrate calcium-acti-
vated chloride, cation, and non-selective ion channel
activities and/or lipid scrambling. Distinct loss of function
mutations in TMEM16F have been described in two unre-
lated patients with Scott syndrome (OMIM: 262890), the
rare bleeding disorder defined by a specific lack of platelet
scramblase activity and defective procoagulant platelet for-
mation [21,29]. The phenotype of a TM EM 16F-null mouse,
lacking exon 2, was characterized by prolonged tail bleeding
times and reduced platelet scrambling in response to calcium
ionophore treatment [30]. Surprisingly, a second knockout
mouse, generated by excision/replacement of TMEMI16F
exon 1 and adjacent sequence, had a unique phenotype of
gross skeletal deformities and high neonatal mortality due
to a developmental defect of osteoblast matrix mineraliza-
tion [31]. In addition, this murine model demonstrated an
immunologic defect of macrophage phagocytosis [32].

Canine Scott syndrome (CSS) represents a naturally
occurring, autosomal recessive bleeding disorder discovered
in German shepherd dogs (GSDs) whose trait locus con-
tains the TMEM I6F homolog [33,34]. Platelets from CSS
dogs demonstrate a similar lack of procoagulant activity as
described for the human disease counterpart, with no evi-
dence of skeletal malformation [34-36]. We therefore under-
took molecular analyses and expression studies of platelet
TMEMI6F in the CSS model. In comparative proteomic
analyses and functional studies, we determined the effects
of TMEMI16F’s absence on platelet membrane composition
and the platelets’ ability to externalize PS in response to
varying stimuli that induce platelet activation or death.

Materials and methods

Materials

Reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated. Fresh, ultrapure
water (18-mQ EMD, Millipore, Billerica, MA, USA) was
used. Polyethylene glycol (PEG) 3350 (JT Baker™) and
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dextran (DEX) T500 (Spectrum) were from VWR
(Philadelphia, PA, USA). Precast TBX™ 10% polyacry-
lamide gels, polyvinylidene fluoride membranes, chemilu-
minescent molecular weight markers, buffers, and
reagents for sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting were
from Bio-Rad (Hercules, CA, USA). Halt™ protease and
phosphatase inhibitor cocktail (No. 78442, 100x), BCA™
and 660™ protein assay kits were from Thermo Scientific
(Rockford, IL, USA). Colloidal Coomassie blue stain kit
was from Life Technologies (Grand Island, NY, USA),
and anti-rabbit IgG-—horseradish peroxidase conjugate
and ECL™ select chemiluminescent detection kits were
from GE Healthcare Bio-Sciences (Piscataway, NJ, USA).

Animals, nucleic acid isolation and amplification, and
platelet preparations

The phenotypic characterization of CSS in GSDs, the
genetic trait locus, and description of its clinical expres-
sion have been previously reported [33-37]. Blood sam-
ples from a total of 114 GSDs (36 affected, 78
unaffected) were used for TMEMI6F genotype analyses.
The GSDs were classified as CSS-affected based on high
residual serum prothrombin and flow cytometric detection
of decreased stimulated platelet PS externalization and
microvesiculation. The affected GSDs included 30 related
dogs from the index CSS colony, five GSDs from three
distinct pedigrees with no common ancestors for at least
six generations, and one GSD with no pedigree informa-
tion. For more detailed analyses of platelet function and
TMEMIG6F expression studies, blood samples were col-
lected on-site from four affected GSDs (two male, two
female) and four control dogs (one each GSD, beagle,
Labrador retriever, hound) housed at an American Asso-
ciation for Accreditation of Laboratory Animal Care—ap-
proved facility. All procedures followed protocols
approved by an institutional animal care and use commit-
tee.

Platelet pellets prepared from acid citrate dextrose—A
anticoagulated blood were used for Western blotting,
proteomics, and RNA isolation. Whole blood was
sequentially centrifuged three times at 650 xg for 3
min, and the recovered platelet-rich plasma (PRP) was
pooled. After the addition of 1 pmol L' PGE,, the
PRP was centrifuged at 14 000 xg for 40 s, washed
twice in a HEPES/EDTA buffer (10 mmol L' HEPES,
54 mmol L' EDTA, 150 mmol L' NaCl, pH 7.5),
incubated at 37 °C in a red cell lysis buffer, and
washed in HEPES buffer. Immediately after removal of
the final supernatant, the platelet pellet was combined
with a lysis buffer and processed for subsequent experi-
ments. Platelet preparations contained 0 to 1 leuko-
cytes/10° platelets.

Genomic DNA and leukocyte RNA were isolated from
blood by using Gentra Puregene Blood Kits (Qiagen,
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Valencia, CA, USA) and Tempus Spin RNA Isolation
Kits (Life Technologies), and RNA from platelet pellets
by using RNAqueous-Micro Total RNA Isolation Kits
(Life Technologies). Reverse transcription (RT) and poly-
merase chain reaction (PCR) were performed using One-
Taq RT-PCR and Hot Start Polymerase (New England
Biolabs, Beverly, MA, USA). First-strand cDNA synthe-
sis was primed with random hexamers, and the entire
TMEMI6F cDNA and 3’ UTR were amplified in a series
of overlapping fragments. Preliminary experiments
revealed alternate splicing in controls at the junction of
exons 1 and 2; therefore, the TMEMIGF 5 flanking
region with exon 1 was amplified from genomic DNA. To
characterize the CSS mutation, primers were designed for
genomic amplification of exons 16 and 17 with adjacent
splice junctions and a series of fragments spanning intron
16. Primer sequences with expected product sizes are
listed in Table S1. Amplification products were sequenced
in both directions at a core facility (Biotechnology
Resource Center, Cornell University, Ithaca, NY, USA).

PRP for stimulation experiments was isolated from
citrate anticoagulated blood combined with an equal vol-
ume of buffer (129 mmol L' NaCl, 14 mmol L' Nasci-
trate, 11 mmol L™ glucose, 10 mmol L' NaHPO,, pH
7.3). For ex vivo aging experiments, whole blood samples
were collected in EDTA by referral veterinarians from 20
CSS-affected dogs and paired non-GSD healthy dogs,
and 20 GSDs with normal platelet function. These sam-
ples were shipped to the laboratory and held at room
temperature until cytometric analyses 2 days after collec-
tion.

Plasma membrane enrichment

Frozen, washed canine platelets (150 mg wet weight) were
suspended in 300 mL equilibrated PEG/DEX, then
19.7 mL equilibrated PEG/DEX was added. The suspen-
sion was subjected to repetitive mechanical and ultrasonic
bursts (6 x 15s, 30 s rest between bursts) using a Kine-
matica-Polytron (Kinematica, Inc., Bohemia, NY, USA)
homogenizer at setting 7 with chilling of homogenate in
the ice water bath and processed as detailed for human
platelets [38].

One-dimensional SDS-PAGE and Western blot analyses

SDS-PAGE and Western blot analyses was performed as
previously described [39] with modification. Briefly,
washed platelet pellets or plasma membranes were thawed
and lysed by resuspension in hot (75 °C) 1x Laemelli
sample buffer containing 1x Halt™, 1 mg mL™" pep-
statin A, and 5 mmol L™! EDTA; vortexed for 30 s; and
then heated for 15 min at 75 °C to facilitate solubilization
of transmembrane proteins. Proteins were separated for
30 min at 200 V on precast TBX gels, electroblotted to
polyvinylidene fluoride membranes, blocked with 5% dry

milk in PBS-Tween (0.2%), washed 4x with PBS-Tween,
and probed using antibodies to TMEMI16F. Immune-re-
active bands were visualized by enhanced chemillumines-
cence and then captured and analyzed using a ChemiDoc
XRS system (Bio-Rad) and manufacturer-supplied analy-
sis software.

For proteomic analyses, gels were fixed for 1 h in 40%
methanol:50% water:10% acetic acid then stained using
colloidal Coomassie blue. SDS-PAGE gel lanes were cut
into segments corresponding to molecular weight regions,
80-120, 120-160, 160-250, and > 250 kDa (stacking gel).
In additional experiments, regions between 50 and
80 kDa were excised and analyzed. Gel regions < 50 kDa
were excluded to avoid actin.

Nano-liquid chromatography, tandem mass spectroscopy,
and data analysis

Excised gel segments were subjected to in-gel trypsin
digestion and peptides were separated by nano liquid
chromatography (LC) and detected by tandem mass
spectroscopy (MS) at a core facility (Biotechnology
Resource Center). MS and MS/MS raw spectra were
processed using Proteome Discoverer 1.2-1.3 (Thermo
Scientific), and the spectra from each DDA file were
output as an MGF file for database searches using
Mascot Daemon version 2.3.02 (Matrix Science, Boston,
MA, USA). Raw data were searched against the NCBI
Canis reference sequence database, with allowance for
one missed trypsin cleavage site. Peptide mass tolerance
was set to 20 ppm and MS/MS tolerance was set to
0.8 Da. Carbamidomethylation of cysteine was selected
as a fixed modification, and oxidation of methionine
and deamidation of asparagine and glutamine were set
as variable modifications. The final results were filtered
at the 99% confidence threshold, and an ion score cut-
off of 20 was applied. Peptides with scores greater than
the identity threshold were used for protein
identifications.

Flow cytometric analyses of platelet PS externalization

Treatments to induce ex vivo platelet PS exposure were
performed as previously described [35,40]. In brief,
100 pL (total) reaction mixtures contained 1 uL. PRP and
0.4 mmol L™" gly-pro-arg-pro-NH, in a 2.0 mmol L'
CaCl, buffer (Annexin V Binding Buffer; R & D Systems,
Minneapolis, MN, USA) with vehicle control or one of
the following: ionophore (A23187, 3 pmol L™!), thrombin
(0.5 U mL™"), thrombin (0.5 U mL™") plus convulxin
(500 ng mL~ % Pentapharm, Basel, CH, Switzerland),
ABT-737 (2 pmol L~'; Abbott Laboratories, Abbott
Park, IL, USA), and 0.5% paraformaldehyde (BD Cyto-
fix; BD Biosciences, San Jose, CA, USA). After reaction
for 10 min (ionophore, thrombin, thrombin/convulxin) or
1 h (ABT737, paraformaldehyde), the PRP was dual-la-
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beled by the addition of a platelet marker (CD61-PE
[clone SZ21; Beckman Coulter, CA, USA]) and Annexin
V-FITC (R& D Systems). EDTA blood samples were
combined in equal volume HEPES/EDTA buffer before
dual-labeling. Samples were analyzed with a flow cytome-
ter (BD Facscalibur; BD Biosciences) set with a forward
scatter threshold of 20 to collect 7500 platelet (CD61-pos-
itive) events. CD61-positive events that fell below the first
decade of the log forward scatter scale were considered
small platelets and PMPs.

Results

Identification of a TMEM16F splicing defect in CSS-affected
dogs

Sequence analyses of the control dog amplicons con-
firmed their identity with canine TMEMI6F cDNA
including the entire 3’ UTR, and exon 1 with ~ 500-bp
flanking region. The CSS dogs’ RNA templates gener-
ated the same-sized amplicons and sequence as controls,
with the exception of slightly smaller fragments span-
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ning exons 14-17. Sequencing electropherograms of
these products revealed aberrant and overlapping peaks
at the junction of exons 16 and 17 (Fig. 1). Repeated
RT-PCR of CSS leukocyte and platelet RNA spanning
this junction consistently generated high-quality forward
direction sequence through exon 16 to ~15 nucleotides
from the 3’ splice junction and no defined exon 17,
whereas sequencing the same amplicons in the reverse
direction yielded distinct peaks only to the first nucleo-
tide of exon 17. Due to the erratic splicing and resultant
frame shifts and premature stop codons, the predicted
CSS translation products are variably truncated at exon
16. The corresponding region of TMEMI6F protein
spans amino acids 613-928 at the C-terminus and
includes a conserved calcium-binding region at amino
acids 635-645.

Genomic DNA from CSS dogs was amplified to span
TMEMIG6F from exons 16-17. The CSS template gener-
ated appropriate-sized fragments for all reactions; how-
ever, sequence analyses revealed a unique G — A
transition at the exon 16 splice donor site (G — A
IVS16 + 1) at nucleotide 8912219 of TMEMIGF.
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Fig. 1. Aligned sequence at the TMEM16F exons 16 and 17 splice junction from control and canine Scott syndrome (CSS) dogs. Chro-
matograms depict the forward (F) and reverse (R) sequencing reactions from cDNA amplicons generated from leukocytes (WBC) and platelets
(PLT) with assigned nucleotides (Sequencher, Gene Code). The CSS reactions reveal aberrant sequence and ambiguous nucleotide calls (N) due
to small overlapping peaks and deterioration of sequence from either side of the normal join. In contrast, control dog amplicons match the
dog genome sequence (CanFam3.1, XM_005636953). For reference, the last nucleotide in exon 16, ‘C” is underlined above each chromatogram
and the amino acid sequence of the predicted translation product (XP_005637010.1) is displayed above the corresponding TMEM 16F codons.
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A TMEM16F transition mutation segregates with the CSS
phenotype

A total of 36 CSS-affected GSDs and 13 obligate carrier
parents were screened for the TMEMI6F g. 8912219
G>A mutation by genomic DNA amplification and
sequencing (Fig. 2). All affected GSDs were homozygous
(AA), and all carriers were heterozygous (AG). Pedigree
studies revealed perfect segregation of the mutation with
the CSS phenotype through six generations in the index
colony and in an unrelated pedigree of white GSD
(Fig. 3). A non-random sample of 81 additional GSDs
from the index colony whose normal platelet function
was confirmed by flow cytometry had genotype GG
(n = 35) or AG (n = 47). Genotyping of 30 healthy dogs
representing five different breeds (Beagle, Doberman pin-
scher, Foxhound, German wirehaired pointer, Labrador
retriever, Portuguese water dog, Shetland sheepdog)
revealed only the G allele at the 3’ exon 16 splice junc-
tion.

CSS platelets contain TMEM16K but lack TMEM16F

A shot-gun proteomic approach identified > 400 proteins
> 80 kDa in control and CSS-enriched platelet plasma
membranes (Tables S2 and S3); however, TMEMI6F
protein was uniquely absent from CSS. Table 1 displays
the relative abundance of selected platelet proteins based
on estimated emPAI scores. TMEM 16K, present in CSS

and controls, was the only additional anoctamin in plate-
lets. We found the large multipass transmembrane pro-
teins ATP-binding cassette subfamily D, IP3 receptor
type 1, and sarcoplasmic/endoplasmic reticulum calcium
ATPase 3, in CSS platelets and controls, and glycopro-
teins IIb and Illa were the most abundant transmem-
brane proteins in both. Examination of the data for other
protein mediators of PS transport revealed that control
and CSS platelets contained the P4-ATPase flippase,
ATP8AI. Other P4-ATPases, including ATP11, were not
detected.

TMEMI16 protein expression was independently evalu-
ated by Western blot analyses of whole platelet lysates
and of enriched platelet plasma membrane fractions.
Immunoblots from control dog platelet lysates probed
with an anti-human TMEMI16F antibody generated four
bands (Fig. 4A, lane 1). Broad dominant bands (centered
at 104 kDa) were seen in the expected region for mono-
meric TMEMI16F. Additional bands at 134 kDa were
consistent with dimeric TMEM16K, and at 73 kDa and
53 kDa with isoforms of monomeric TMEMI16K. The
CSS platelet lysates had reactive bands only at 73 and
53 kDa, representing TMEMI16K (Fig. 4A, lane 2).
Enriched platelet plasma membranes from controls
(Fig. 4B, lane 1) had a broad band > 250 kDa in the
region predicted for oligomeric TMEMI6F, a strong
band compatible with monomeric TMEM16F between 92
and 107 kDa, and TMEMI16K at 137, 73, and 53 kDa.
Reactions carried out with a 5-fold excess of a
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Fig. 2. Genomic DNA sequence at the TMEMIG6F intron 16 splice donor site from a control dog (top panel), canine Scott syndrome (CSS)
obligate carrier sire and dam (center panels) and a CSS affected dog (bottom panel). Above the control chromatogram the position of the
canonical splice donor ‘G’ is underlined at the first nucleotide of TMEMI16F intron 16 (g.8912219). The control dog is homozygous for this
wild type sequence, whereas the carrier sire and dam are heterozygous (AG) and the affected dog is homozygous (AA) for a transition muta-

tion.
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Fig. 3. Segregation of the TMEMIG6F splice site mutation in pedigrees of canine Scott syndrome (CSS) dogs. Solid black symbols represent
clinically affected CSS dogs, gray filled symbols represent obligate carrier parents that produced at least one affected offspring. Genotypes for
the TMEMI16F g. 8912219 G>A mutation are indicated for each symbol as follows: heterozygous (AG), homozygous affected (AA), homozy-
gous wild type (GG). The roman numerals at the left of the pedigree indicate six generations in the index colony and the small inset at lower
right displays an unrelated pedigree of white German shepherd dogs. NT, dogs unavailable for molecular analyses.

TMEMIGF blocking peptide (Fig. 4B, lane 3) supported
the specificity of antibody binding to canine TMEMI16
proteins. In contrast, enriched CSS platelet plasma mem-
branes (Fig. 4B, lane 2), showed no reactivity in the
molecular weight region for monomeric TMEMIGF. A
faint band detected at > 250 kDa was considered unlikely
to represent TMEMI6F given its presence in reactions
that contained excess blocking peptide (Fig. 4B, lane 4)
and the absence of TMEMI16F in the CSS platelet pro-
teomic analyses.

Immunoblots of platelet lysates were also probed with a
polyclonal anti-murine TMEMI16F antibody. This anti-
body did not react with canine TMEM16K. The control
dogs’ lysates demonstrated broad bands in the region of
monomeric TMEMI16F between 90 and 109 kDa (Fig. 4C,
lane 1); however, TMEM16F was not detected in platelet
lysates from the four CSS dogs (Fig. 4C, lanes 2-5).

© 2015 International Society on Thrombosis and Haemostasis

TMEM16F cosegregating proteins

A differential proteomics strategy was used to examine
proteins segregating in gel fractions with membrane local-
ized TMEMI16F. The putative interactome included 32 of
490 proteins whose relative concentration (emPAI) was
increased in control vs. CSS-enriched platelet membrane
fractions by > 3-fold (Table 2). The list is restricted to
proteins migrating > 80 kDa. Seventeen proteins are
cytosolic, including Munc 18-1, profillin-1, ADA-1, PKC-
B, PKA-C B, Bif-1, and 14-3-3 proteins mn and e.
Cytoskeletal, actin-interacting, and lipid raft proteins
included o- and B-actins, F-actin capping protein, flotil-
lin-1, coronin-1, cofillin-1, and B-2 integrin, and Rab
GTPases included Rab 13, 14, 29 (7L1), and 32. Addi-
tional proteins enriched in the control membranes
included CLICI, an intracellular chloride ion channel, the
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Table 1 Protein abundance (emPAI) estimates for TMEM16 family
members and selected membrane proteins in enriched platelet plasma
membranes

emPAT*
™ Mass —mM8 ——
Gene Protein name domains kDa  Control CSS
ANO6 Anoctamin-6 8 106 3.01 ND
(TMEMI16F)
ANOI0 Anoctamin-10 8 76 0.09 0.04
(TMEMI6K)
ITGA2B  Platelet 1 114 19.92 24.47
glycoprotein IIb
ITGB3 Platelet 1 89 14.34 16.08

glycoprotein Illa
Integrin o-6
Integrin B-1
Integrin o-V
Integrin o-2
P-selectin
Platelet
endothelial cell
adhesion
molecule
(PECAM-1)
TSPAN29 CD9 antigen 4 23 0.69 0.69
TSPANI14 Tetraspanin-14 31 0.11 0.11
ABCDI1 ATP-binding 5 90 0.04 0.04
cassette sub-
family D
member 1
Inositol 1.4,5- 6 309 0.04 0.16
trisphosphate
receptor type 1
Probable 10 132 0.34 0.64
phospholipid-
transporting
ATPase 1A (P4-
ATPase flippase)
Sarcoplasmic/ 10 115 5.68 8.35
endoplasmic
reticulum
calcium ATPase
3

ITGA6
ITGBI
ITGAS
ITGA2
SELP
PECAMI

123 8.53 9.31
91 6.19 6.19
109 2.64 2.33
136 2.2 2.12
94 3.32 3.95
83 2.7 2.84

EN

ITPR1

ATPSAI

ATP2A3

emPAla = Modified protein abundance index (emPAI) values
obtained by spectral counting for the mixture of carbonate treated
membrane associated proteins extracted from excised gel segments
above 80 kDa, including the stacking gel. All proteins identified by
proteomic analysis in trypsin digests of gel segments above 80 kDa
are listed in Tables S2 and S3, for the control and CSS dog, respec-
tively. TM, transmembrane domains from Uniprot GO annotation;
ND, not detected.

calcium-dependent PS binding protein, copine-1, and sev-
eral proteins implicated in apoptotic signaling.

Defective CSS platelet PS externalization on activation,
apoptosis, chemical injury, and ex vivo aging

Control dog platelets treated with activating stimuli
demonstrated rapid scrambling, with PS exposure and
release of PS-positive PMP after a 10-min reaction time.
In dogs, as in people [3,41], thrombin alone was a weak

stimulus of scrambling that was enhanced by convulxin,
while calcium ionophore induced up to 90% PS-positive
small platelets and PMP (Fig. 5, top row). The CSS pla-
telets, however, had a greatly impaired response to these
activating stimuli (Fig. 5, bottom row). In addition, treat-
ment with a proapoptotic small molecule the BH3
mimetic ABT-737 [42], failed to evoke normal PS exter-
nalization in CSS platelets. While ABT737 treatment for
1 h generated up to 95% PS-positive platelets in controls,
CSS platelets had maximal values of only 10% PS exter-
nalization. Similarly, the CSS platelets had relatively little
scrambling response to paraformaldehyde treatment.
Paraformaldehyde induces ATP depletion and loss of
intracellular calcium regulation in platelets, features that
mimic necrotic cell death [43]. Finally, the exposure of
platelet PS in stored EDTA blood samples collected
remotely from CSS dogs was significantly diminished
compared with paired samples from healthy non-GSD or
GSD controls. The group mean (SD) percentage of PS
positive platelets after 48 h of storage for CSS dogs was
4.9% (2.8) vs. non-GSD control dog mean of 26.7%
(10.5) and GSD control mean of 28.9% (12.8) (aNova,
P <0.001).

Discussion

This study defines the CSS model as an autosomal reces-
sive trait caused by a highly penetrant splice-site mutation
in TMEMI6F. The disease phenotype resulting from
TMEMI6F inactivation in this naturally occurring genetic
disease is limited to signs of platelet dysfunction
[34,37,39]. As null mutants, the CSS platelets demonstrate
that the absence of platelet membrane TMEMI16F results
in markedly impaired PS externalization and microvesicu-
lation in response not only to activating stimuli but also
to agents that trigger cell death through apoptosis or
necrosis and during ex vivo storage. Our data indicate a
common convergence for the signaling pathways of these
diverse processes on TMEM16F’s action as a lipid scram-
blase. We also identified a second platelet anoctamin,
TMEMI16K, that, unlike TMEMI16F, is localized intracel-
lularly rather than within the plasma membrane. The
presence of TMEMI16K within platelets, however, does
not compensate for the lack of TMEMI6F-mediated
scrambling under any of the stimuli or reaction condi-
tions we tested.

TMEMI16F has been previously characterized as the
scramblase required for rapid, calcium-activated PS exter-
nalization in platelets but with a limited role in apoptosis-
induced PS movement [24,28,44]. The CSS platelets’
markedly impaired PS externalization in response to cell
death triggers and delayed ex vivo aging was therefore
unexpected, and contrasts with that of a human Scott
patient (Scottyk) [24]. In that report, similar proportions
of Scottyk and control platelets labeled with annexin V
after treatment with ABT-737 and during storage. Platelet
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Fig. 4. Western blot analyses of TMEM 16F protein expression. Washed canine platelets (panel A; control, lane 1, canine Scott syndrome
[CSS], lane 2) or enriched canine platelet plasma membranes (panel B; control, lanes 1, 3; CSS, lanes 2, 4) were lysed and solubilized using hot
SDS electrophoresis buffer. Equivalent concentrations of cell lysate or membrane proteins were loaded in each lane and separated on 10% gels
by 1-D SDS-PAGE, under non-reducing conditions. Proteins were electrotransferred to polyvinylidene fluoride membranes and detected by
enhanced chemiluminescence using an antibody (Santa Cruz G14) to a peptide that maps to a region within the third extracellular loop between
the fifth and sixth transmembrane domains of human TMEMI16F. This region shares 92% homology with canine TMEM16F and 62% homol-
ogy with canine TMEM 16K (isoforms 1-4), with no homology to other TMEM 16 family members. Symbols + or — refer to the presence or
absence, respectively, of 5-fold excess blocking peptide. Blots of platelet lysates from four CSS dogs (panel C) were probed using a rabbit poly-
clonal antibody to a peptide corresponding to the N terminus of mouse TMEMI6F (generous gift, Dr. Andrew Kim, University of California,
San Francisco); control, lane 1; CSS, lanes 2-5. Platelet actin served as loading control. Dashed boxes are in molecular weight region expected
for monomeric TMEM 16F. In addition to reacting with canine TMEM 16F, the Santa Cruz G14 antibody to human TMEM6F reacted with
protein bands having molecular weights reported for TMEMI16K at approximately 53, 73 and 134 kDa. *Proteomic analysis of excised gel seg-
ments in these regions confirmed the presence of canine TMEM16K; no other TMEM16 family members were detected.

senescence and cell death induced by ABT-737 involve conditions and species differences between dogs and peo-
the intrinsic apoptotic pathway, with activation of cas- ple in platelet physiology.

pase 9 and downstream effectors such as caspase 3, 6, The clinical manifestation of the TMEMI6F splicing
and 7 [14,42,45]. While caspase-mediated proteolysis of  defect in CSS also contrasts with the fetal and neonatal
cytoskeletal proteins is not calcium dependent, the rate deaths and gross skeletal deformities described in a mur-
and extent of platelet PS externalization under apoptotic ine TMEMIG6F knockout generated through excision/re-
conditions are influenced by intracellular calcium and placement of TMEMIG6F exon 1 and adjacent sequence
enhanced by store-operated calcium entry [24,46]. Apop- [31]. Detailed longitudinal health surveillance of the index
totic and necrotic stimuli that readily induced PS exter- GSD colony has revealed no abnormalities in body con-
nalization in our control dog experiments had minimal formation or radiographic signs of aberrant bone mineral-
effect on CSS platelets in the 1-h reaction time in the ization and no reduction in fertility or life span [47—49].
absence of TMEMI6F-mediated lipid scrambling. Similarly, the few human Scott cases have had no appar-
Although TMEMI6F protein expression has not been ent skeletal malformations [50-52], and neonatal mortali-
reported for human Scott platelets, semiquantitative RT- ties were not reported in a second mouse model generated
PCR and Western blot analyses of lymphocytes from the through deletion of TMEM I6F exon 2 [30]. Manipulation
Scottyk patient reveal the presence of TMEMI16F mRNA of the 5 promoter region of TMEMI6F may have
and protein [44]. This patient is compound heterozygous induced tissue-specific and temporal alterations in gene
for two distinct TMEM16F mutations [29]. It is possible expression or dominant negative effects unique to an
that some TMEMIG6F is also present in platelets, albeit at engineered model, rather than features of TMEMIGF
very low levels. In this case, the differential apoptotic mutation per se.

response may reflect the virtual absence of membrane Proteomic analyses of platelet membrane fractions from
TMEMIGF in CSS platelets vs. a quantitative deficiency CSS and control dogs provide additional information on
in Scottyk platelets. Direct comparisons of response are TMEMIG6F function and regulation. The limited disease
complicated, however, by differences in reaction phenotype of platelet dysfunction in CSS dogs implies a
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Table 2 Candidate members of a platelet TMEM16F interactome

emPAI
—— Fold-
Gene Protein name Control CSS  change Location Function
PRKCB Protein kinase Cf 0.4 0 ND Cytosol,  Ca’>" DAG activated in the presence of phosphatidylserine;
PM Ca>" transport; apoptosis; signal transduction; platelet
activation
STXBPI Syntaxin-binding protein 3 0.1 0 ND Cytosol, SNARE and syntaxin binding; Ca®"-dependent platelet
isoform 1 (MUNC 18-1) PM, exocytosis; protein localization to PM
Mito
PKM Pyruvate kinase isozymes 1.68 0.25 6.7  Cytosol ATP binding; carbohydrate metabolism; kinase; transferase;
M1/M2 isoform 1 general role in caspase-independent cell death
PFNI Profilin-1 3.79 0.19 19.9  Cytosol, Binds to actin; affects the structure of CS when bound to
CS, MP PIP2; inhibits the formation of IP3 and DAG
ADA Adenosine deaminase 1.16 0.08 14.5  Cytosol, Key enzyme in purine metabolism; necessary to the
isoform 1 (ADA-1) PM coupling of Al adenosine receptors and heterotrimeric G
proteins
PRKACB PKA CB 0.32 0.07 4.6  Cytosol, Mediates cAMP-dependent signaling via GPCRs; activation
PM regulates diverse cellular processes; microtubule dynamics;
transport mechanisms and ion flux
ACTCI Actin, o cardiac muscle 1 45.4 10.11 4.5  Cytosol,  ATP binding; myosin binding; actin-myosin filament
isoform 3 CS binding; negative regulation of apoptosis
ACO3IM Aconitate hydratase, 0.51 0.12 4.25 Cytosol, TCA cycle; DNA binding; iron-sulfur cluster binding
mitochondrial isoform 3 Mito
HSP90AAI Heat shock protein HSP 0.51 0.13 3.9  Cytosol, Chaperone protein; ATPase; protein homodimerization; NO
90-a isoform 1 CM metabolism; protein refolding; protein import to outer
Mito membrane; signal transduction
LIMS3 LIM and senescent cell 0.28 0.08 3.5  Cytosol Zn and metal ion binding
antigen-like domains
3-like isoform 2
PLEK Pleckstrin 4.17 1.19 3.5 Cytosol, PKC and PtdIns(3,4)P2 binding; CS reorganization; platelet
PM activation and degranulation; PAR and integrin signaling;
actin filament bundle assembly
BIN2 Bridging integrator 2 0.37 0.11 3.3  Cytosol, Membrane tubulation; phospholipid and protein binding
PM
SHLBI Endophilin-B1 (BIF-1), 0.32 0.1 3.2 Cytosol, Apoptosis; binds BAX; protein homodimerization,
BAX-interacting factor-1 PM, G, oligomerization; recruits proteins to membranes with high
Mito curvature; promotes membrane fusion
YWHAE 14-3-3 protein ¢ isoform 2 2.27 0.71 3.19  Cytosol Phosphoserine, ion channel and enzyme binding; intrinsic
apoptotic signaling pathway; membrane repolarization;
intracellular signal transduction
YWHAH 14-3-3 protein n 3.72 1.17 3.18 Cytosol, Enzyme; ion channel and phosphoserine binding; intrinsic
Mito, apoptotic signaling; K* ion transport; intracellular signal
VM transduction
LTA4H Leukotriene A-4 hydrolase 0.15 0.05 3 Cytosol Lipid metabolism; aminopeptidase activity; Zn ion binding
BINI Myc box-dependent 0.15 0.05 3 Cytosol,  Endocytosis; apoptosis; protein heterodimerization activity
interacting protein 1, CS, PM
bridging integrator 1
RABI4 Ras-related protein Rab- 0.3 0 ND VM, G Protein transport; nucleotide binding—GDP, GTP
14 isoform 1
CAPZB F-actin capping protein 0.49 0 ND CS Binds actin filaments (barbed end); regulation of cell
subunit morphology and CS organization
ACTB Actin, cytoplasmic-1, 456.62  73.51 6.2 CS,PM, Protein complexes; structural constituent of cytoskeleton;
B-actin MP ATP binding; membrane organization; platelet
aggregation; protein folding
RABI3 Ras-related protein Rab- 0.22 0 ND PM Transports transmembrane proteins to PM
13
CLICI Chloride intracellular 0.41 0 ND PM, Chloride ion channel; stabilizes cell membrane potential;
channel protein 1 regulation cell volume and pH
FLOTI Flotillin-1 isoform 2 0.31 0 ND PM, Flotillin complex; protein localization to plasma membrane;
caveolae  cell adhesion
RAB29 Ras-related protein Rab- 0.14 0 ND PM Lipid anchor- cytoplasmic side; Rab protein signal

7L1 isoform 1

transduction; protein transport—PM to Golgi
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Table 2 (Continued)

emPAI
Fold-
Gene Protein name Control CSS  change Location Function
COROIC Coronin-1C isoform 2 0.61 0.06 10.1  Cytosol,  Cell projections; lamellipodium; motility and signal
PM, CS transduction
CFLI Cofilin-1 isoform 1 2.75 0.39 7 PM, CS  Cytoskeleton organization; platelet activation and
degranulation; actin filament depolarization; Rho signal
transduction
ITGB2 B-2 integrin 0.29 0.08 3.6 PM ICAM receptor activity; cell adhesion molecule and protein
kinase binding; apoptosis; extracellular matrix
organization; integrin and Toll receptor signaling
CPNEI Copine-1 0.31 0.05 62 PM Transporter activity; Ca>" -dependent phosphatidylserine
binding
RAB32 Ras-related protein Rab- 0.31 0 ND ER, Functions as a PKA-anchoring protein; regulator of
32 Mito mitochondria-associated membrane properties; speed of
apoptosis onset
ACSLI Long-chain fatty acid CoA 0.13 0.04 3.25 ER, ATP binding and long-chain fatty acid CoA ligase activity;
ligase 1 isoform 5 Mito regulation of extrinsic apoptotic signaling
ABAT 4-aminobutyrate 0.48 0.06 8 Mito Aminotransferase and protein homodimerization activity
aminotransferase,
mitochondrial isoform 2
TOMM?70A4 Mitochondrial import 0.15 0.05 3 Mito Protein targeting to mitochondria

receptor subunit TOM70

Location and function assigned using UniProt GO annotation. ND, not detected in membrane fraction; present in whole platelet lysate; PM,
plasma membrane; CS, cytoskeleton; MP, microparticles; Mito, mitochrondria; CM, cell membrane; G, golgi; VM, cytoplasmic vesicle mem-
branes; ER, endoplasmic reticulum. DAG, diacylglycerol; SNARE, soluble NSF (N-ethylmaleimide sensitive fusion proteins) attachment pro-
tein receptor; IP3, inositol trisphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; GPCR, G protein-coupled receptor; TCA,
tricarboxylic acid NO =nitric oxide; HSP, heat shock protein protein; LIM, LIM domain; PKC, protein kinase C; PtdIns(3,4)P2, Phosphati-
dyl- inositol (3,4)-bisphosphate; PAR, protease-activated receptor; BAX, Bcl-2-associated X protein; GDP, guanosine diphosphate; GTP, gua-
nosine triphosphate; ICAM, intracellular adhesion molecule; ER, endodplasmic reticulum; CoA, coenzyme A.
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Fig. 5. Flow cytometric detection of phosphatidylserine externalization in control dog and canine Scott syndrome (CSS) platelets in response
to activating agents, proapoptotic ABT737, paraformaldehyde, and ex vivo aging. Density plots depict fluorescence intensity (y axis) and for-
ward scatter (x axis) for platelet rich plasma from a control dog (top row) and a CSS dog (bottom row). The samples were labeled with
Annexin V-FITC after the following treatments: Incubation in a calcium buffer at 37 °C for 15 min with no agonist (unstimulated), thrombin
(0.5 U mL™"), combined thrombin (0.5 U mL™") with convulxin (CVX, 500 ng mL™"), ionophore (A23187, 3 umol L"), or 1 h with ABT737
(2 pmol L™Y), or 0.5% paraformaldehyde (PFA), or held at room temperature in EDTA whole blood for 48 h (storage). Representative plots
from a single dog are shown. The median (range) of percent annexin V-labeled platelet events for CSS dogs (n = 4) was: unstimulated, 4% (1-
9); thrombin, 10% (3-13); thrombin +CVX, 12% (2-20); ionophore, 12% (1-22); ABT737 8% (2-10); and PFA, 3% (2-18). Mean percent
annexin V labeled for EDTA blood samples (n = 20), 4.9%.

greater reliance for TMEMI16F-mediated scrambling in the index Scott patient, Scottysa, demonstrate normal PS
platelets compared with other cell types. For example, externalization in response to ABT737 [44], a response

immortalized lymphocytes from the Scottyx patient and markedly reduced in CSS platelets lacking TMEMI16F. In
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contrast to platelets, immortalized lymphocytes and leu-
kemia/lymphoma cell lines express a membrane flippase,
ATP11C, and a membrane scramblase, XKR&, that are
activated by caspases resulting in calcium-independent PS
exposure [53,54]. These lipid transporters are not detected
in human platelets [38,55] and were not found in our pro-
teomic analyses of canine platelets.

Differential proteomic analyses revealed a subset of
proteins markedly reduced in the CSS platelet plasma
membranes compared with controls. Considering endoge-
nous TMEMIG6F as ‘bait’ for potential interacting part-
ners, we found that control platelet membranes
contained actin-binding and regulatory proteins, small
GTPases, calcium-binding proteins, kinases, and lipid-re-
active proteins lacking in the CSS membrane fractions.
This putative TMEMI16F interactome overlaps the cate-
gories of binding partners identified for TMEMI16A, a
related anoctamin, overexpressed in HEK cells [56].
Unlike TMEMI16A, however, we did not find an appar-
ent association of TMEMIG6F with the ezrin—radixin—
moesin network of signaling and scaffold proteins. The
calcium transporter, NCXI1, has previously been
described as a binding partner of TMEMI6F in osteo-
blasts [57]. We did not identify NCX1 in the canine pla-
telet proteome, but CLICI, a chloride channel with a
regulatory role in osteoblast differentiation [58], was
detected. Relevant to platelet TMEMI6F’s role as a
phospholipid scramblase mediating procoagulant activity
and apoptosis, cosegregating proteins included the cal-
cium-dependent PS binding protein, copine-1, and pro-
teins such as SHLBI (Bax interacting factor —1), BINI,
and RAB32, known as regulators of the intrinsic apop-
totic pathway [59-61]. The semiquantitative nature of the
CSS differential proteome did not provide any informa-
tion on stoichiometry and temporal or spatial relation-
ships among proteins. The composition of the putative
interactome was also biased by ‘basal’ intraplatelet Ca®™,
size selection, method of platelet disruption, extent of
cytosolic and organelle contamination, and carbonate
extractability of membrane-associated proteins. Studies
using protein crosslinking agents will be required to pro-
vide direct evidence of protein interaction with
TMEMIG6F.

TMEMIGF represents a potential target for pharmaco-
logic modulation of platelet function. The CSS model
demonstrates that a specific lack of TMEM16F-mediated
scramblase activity does not alter platelet aggregation or
degranulation or cause side effects such as thrombocy-
topenia or thrombocytosis. TMEMI6F inhibition may
also enhance viability and prolong storage times of
blood-banked platelets. However, the variable disease
phenotypes  associated  with  naturally  occurring
TMEMI16F mutations and the engineered mouse model
demonstrate gaps in the understanding of TMEMI16F’s
expression and regulation across species and among cell

types.
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the enriched platelet plasma membrane sub proteome of
the control dog. The sub proteome represents proteins
migrating above 80 kDa including those within the stack-
ing gel above 250 kDa. The NCBI canis (8/2013) data-
base was not manually curated to remove duplicate
protein entries. Anoctamin family members are high-
lighted in green (TMEMI16F, Anoctamin 6, rank protein
hit rank 49 and TMEMI16K, Anoctamin 10, protein hit
rank 303). Membrane associated integrins are highlighted
in blue. Platelet membrane glycoproteins IIb and Illa are
highly enriched.

Table S3. A list of all proteins confidently identified in
the enriched platelet plasma membrane sub proteome of
the CSS dog. The sub proteome represents proteins
migrating above 80 kDa including those within the stack-
ing gel above 250 kDa. The NCBI canis (8/2013) data-
base was not manually curated to remove duplicate
protein entries. Anoctamin family members are high-
lighted in green. Membrane associated integrins are high-
lighted in blue. Platelet membrane glycoproteins IIb and
IITa are highly enriched. In contrast to TMEM16F, anoc-
tamin 10 which was readily identified as a low abundance
protein in enriched membranes from the control and CSS
dog, TMEMI6F, Anoctamin 6 was not detected in
enriched platelet plasma membranes from the CSS dog.
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