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Abstract

Background: Inherited platelet disorders (IPDs) are a heterogeneous group of rare
diseases that are caused by the defects in early megakaryopoiesis, proplatelet forma-
tion, and/or mature platelet function. Although genomic sequencing is increasingly used
to identify genetic variants underlying IPD, this technique does not disclose resulting
molecular changes that impact platelet function. Proteins are the functional units that
shape platelet function; however, insights into how variants that cause IPDs impact
platelet proteomes are limited.

Obijectives: The objective of this study was to profile the platelet proteomics signatures
of IPDs.

Methods: We performed unbiased label-free quantitative mass spectrometry (MS)-
based proteome profiling on platelets of 34 patients with IPDs with variants in 13 ISTH
TIER1 genes that affect different stages of platelet development.

Results: In line with the phenotypical heterogeneity between IPDs, proteomes were
diverse between IPDs. We observed extensive proteomic alterations in patients with a
GFI1B variant and for genetic variants in genes encoding proteins that impact cyto-
skeletal processes (MYH9, TUBB1, and WAS). Using the diversity between IPDs, we
clustered protein dynamics, revealing disrupted protein-protein complexes. This anal-
ysis furthermore grouped proteins with similar cellular function and location, classifying
mitochondrial protein constituents and identifying both known and putative novel
alpha granule associated proteins.

Conclusions: With this study, we demonstrate a MS-based proteomics perspective to
IPDs. By integrating the effects of IPDs that impact different aspects of platelet
function, we dissected the biological contexts of protein alterations to gain further
insights into the biology of platelet (dys)function.

Manuscript handled by: Keith Neeves
Final decision: Keith Neeves, 17 November 2022

Iris C. Kreft and Elise J. Huisman are co-first authors to this study.

© 2022 International Society on Thrombosis and Haemostasis. Published by Elsevier Inc. All rights reserved.

J Thromb Haemost. 2023;21:359-372

jth.isth.org 359


https://doi.org/10.1016/j.jtha.2022.11.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtha.2022.11.021&domain=pdf
https://jth.isth.org

KREFT ET AL

360 | jtj“

Correspondence Arie J. Hoogendijk,
Department of Molecular Hematology,
Sanquin Research, Plesmanlaan 125, 1066
CX, Amsterdam, The Netherlands.

Email: a.hoogendijk@sanquin.nl

KEYWORDS

proteomics

1 | INTRODUCTION

Platelets are anucleated cell fragments that are released by mega-
karyocytes into the circulation and play a crucial role in primary he-
mostasis. Activation of platelets induces granule release, shape
change, and aggregation, ultimately resulting in the formation of a
platelet plug that restores vascular integrity and limits blood loss [1].
Inherited platelet disorders (IPDs) are a heterogeneous group of rare
bleeding disorders with varying clinical expression and an increased
bleeding tendency as a common denominator [2]. Gene variants
causing IPDs may disrupt hematopoietic stem cell commitment to
megakaryocyte lineage, megakaryocyte proliferation and terminal
differentiation, proplatelet formation, or platelet shedding. Therefore,
IPDs may exhibit impairments in the production of sufficient platelet
numbers (ie, thrombocytopenia) and in the function of circulating
platelets (ie, thrombocytopathy) [3]. Diagnosis of IPDs is increasingly
performed by using high-throughput DNA sequencing [4-7]. This
development is supported by the establishment of curated disease-
causing (ISTH TIER1) genes and the gold variant resources for
inherited bleeding, platelet, or thrombotic disorders [6]. However, for
variants for which no curated evidence is available, interpretation of
clinical or biological relevance remains challenging.

It is generally recognized that proteins are the functional units that
shape platelet function in both healthy individuals and patients with
IPDs [2,8]. Therefore, quantitative high-resolution mass spectrometry
(MS)-based proteomics holds a great potential to provide a deeper
understanding of the affected molecular mechanisms of both novel and
curated genetic variants associated with platelet disorders [9,10]. The
first step herein is to assess proteomic alteration in platelets of patients
with pathogenic variants in well-curated genes (ie, TIER1 genes).
However, thus far, MS-based studies have been restricted to a limited
variety of IPDs [9,11,12]. Using label-free quantitative MS-based
proteomics, we here investigated the platelet proteomic impact of
IPDs with variants in 13 TIER1 genes [3]. We compared these IPDs of
different etiologies spanning from early megakaryopoiesis, proplatelet
formation, and/or mature platelet function [3].

Overall, we observed a large heterogeneity between IPDs ranging
from 1 to 250 differentially abundant proteins. We found limited
overlap between IPDs affecting transcription factors and a consider-
able overlap in affected proteomes between IPDs with genetic vari-
ants in cytoskeletal proteins. Furthermore, we demonstrate that
protein dynamics clustered across a wide range of IPDs according to
cellular function, location, and protein complex membership. Taken
together, this study demonstrates that a proteomics point of view
provides insight into the molecular backgrounds of platelet (dys)
function.

blood platelets, inherited blood coagulation disorders, mass spectrometry, multiprotein complexes,

Essentials

« Inherited platelet disorders are a heterogeneous group of
rare diseases with various etiologies.

* Mass spectrometry-based proteomic profiling of 13
different IPDs with variants in ISTH TIER1 genes.

« Protein dynamics allow for annotation of platelet alpha
granule proteins.

* Mass spectrometry-based proteomics gives insight into
the molecular backgrounds of IPDs.

2 | METHODS

2.1 | Study population

The study population consisted of children with a DNA-based IPD
diagnosis and affected relatives. The study was approved by the
Medical Ethical Review Board of the Erasmus University Medical
Center (MEC-2016-218). Patients were included when the following
criteria suggested a platelet disorder (1) abnormal bleeding tendency
and abnormal platelet indices, (2) prolonged platelet function analyzer
(PFA) and/or (3) abnormal light transmission aggregometry (LTA) re-
sults, and/or (4) abnormal platelet morphology, combined with a ge-
netic variant in a TIER1 gene as determined by targeted next
generation sequencing (tNGS). Affected relatives were also included
into our analysis [13]. All participants were included after obtaining
written informed consent by legal representatives and patient (if >12
years). Owing to the rarity of IPDs, for proteomic analysis, we selected
all patients and affected relatives with variants in ISTH TIER1 genes.
Additional blood was drawn from healthy, anonymized volunteers in
accordance with Dutch regulations and after approval from the San-
quin Ethical Advisory Board. The study was performed according to

the Declaration of Helsinki.

2.2 | Hematological assays

Blood was obtained by venipuncture and collected in 9 mL ethyl-
enediaminetetraacetic acid (EDTA) Vacutainer tubes (Becton Dick-
inson), except for the LTA analysis in which citrated blood was
collected. Study participants did not fast before blood draw. Per pa-
tient or control, a single tube was used for platelet isolation. In total,
1.8 mg/mL EDTA-blood was used for blood cell indices (Sysmex XN-
9100), thrombopoietin (TPO) analysis (in-house enzyme-linked
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immunosorbent assay), and citrated blood (0.109 mol/L) was taken for
Collagen-ADP (C-ADP) and collagen-epinephrine (C-Epi) cartridges
(PFA-200, Siemens), and the LTA PFA was performed on whole blood
drawn by venipuncture. Collagen-ADP (C-ADP) and collagen-
epinephrine (C-Epi) cartridges were used to measure closure times
(seconds) on the PFA-200 (Siemens). Abnormal closure time is defined
as >155 seconds.

LTA was performed on a Chrono-Log aggregometer 490 (Stago
Benelux) within 20 minutes after venipuncture, following current
guidelines [14,15]. In summary, citrated platelet-rich plasma (PRP) was
used, obtained by centrifugations at 260 g for 7 minutes at room
temperature. A minimal PRP of 150 x 10°/L was considered adequate
for analysis. Platelet aggregation was assessed using the following
agonists and concentrations: adenosine diphosphate (ADP, 5 and if
abnormal: 10 pM), archidonic acid (AA, 0.5 mM), collagen (2 and 5 and
if abnormal: 10 pg/mL), epinephrine (5 uM and if abnormal epineph-
rine/ADP mix 1uM/5uM mix), thrombin 1 U/mL (before 2021) and
TRAP-6 (30 uM from 2021), and U46619 (4 uM) and Ristocetin (0.31
and 1.25 mg/mL). An abnormal LTA was defined as <50% response to
>1 of the abovementioned agonists or a reversible response defined
as a short time >50% response, but no steady state reached >50%.

All PFA and LTA-tests were performed at one central laboratory,
“Diagnostic laboratory of hemostasis” Erasmus MC, Rotterdam, NL,

according the standardized protocol [14,15].

2.3 | DNA analysis

DNA was isolated from EDTA-blood according to manufacturer’s in-
structions by using the Gentra Puregene kit or the QlAamp DNA
Blood Mini Kit (Qiagen, Hilden, Germany). An in-house-developed
Ampliseq custom thrombocyte panel (Thermo Fisher Scientific) was
used to sequence the coding regions of 73 genes (Supplementary
Table S1). Library preparation and sequencing were performed ac-
cording to manufacturer protocols on a S5 system (Thermo Fisher
Scientific). lon Reporter software (Thermo Fisher Scientific) was used
to analyze the genetic sequence data.

2.4 | Sample preparation and mass spectrometry
analysis

For MS analysis, a single 9 mL EDTA BD Vacutainer tube was used for
platelet isolation. EDTA-blood was centrifuged 2 times for 20 minutes
at 120 g to obtain PRP. Next, platelets were isolated by centrifuging
for 10 minutes at 2000 g. Platelets were washed 3 times with platelet
wash buffer (36 mM citric acid, 103 mM NaCl, 5 mM KCI, 5 mM EDTA,
5.6 mM D-glucose, and 10% (v/v) acid-citrate-dextrose-A [Becton
Dickinson, pH 6.5]), and aliquots of 1 x 108 platelets in 25 pL were
stored at -80°C until further processing. One aliquot of platelets was
lysed in 8 M urea in 100 mM Tris-HCI (pH 8). The protein concen-
tration was determined, and 5 pg of protein was used for sample
preparation for MS. Disulphide bonds were reduced with 10 mM
dithiotreitol (DTT, Thermo Fisher) for 60 minutes at 20°C, alkylated
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with 55 mM iodoacetamide (IAM, Thermo Fisher) for 45 minutes at
20°C, and samples were digested overnight at 20°C with MS-grade
trypsin Gold (Promega) (in a protein: trypsin ratio of 20:1). Tryptic
peptides were desalted and concentrated using Empore-C18 Stage-
Tips [16] and eluted with 0.5% (v/v) acetic acid, 80% (v/v) acetonitrile.
Samples were dried by SpeedVac and dissolved in 2% acetonitrile,
0.1% trifluoroacetic acid. Tryptic peptides were separated by nano-
scale C18 reverse phase chromatography coupled online to an Orbi-
trap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) via a
nano electrospray ion source (Nanospray Flex lon Source, Thermo
Fisher Scientific). Peptides were loaded on a 20 cm 75 pm 360 um
innerouter diameter fused silica emitter (New Objective) packed in-
house with ReproSil-Pur C18-AQ, 1.9 um resin (Dr Maisch GmbH).
The column was installed on a Dionex Ultimate 3000 RSLC nano-
System (Thermo Fisher Scientific) using a MicroTee union formatted
for 360 pm outer diameter columns (IDEX) and a liquid junction. The
spray voltage was set to 2.15 kV. Buffer A was composed of 0.5%
acetic acid and buffer B of 0.5% acetic acid, 80% acetonitrile. Peptides
were loaded for 17 minutes at 300 nL/minutes at 5% buffer B,
equilibrated for 5 minutes at 5% buffer B (17-22 minutes) and eluted
by increasing buffer B from 5 to 15% (22-87 minutes) and 15 to 38%
(87-147 minutes), followed by a 10 minutes wash to 90% and a 5
minutes regeneration to 5%. Survey scans of peptide precursors from
400 to 1500 m/z were performed in the orbitrap at 120 K resolution
with a 4 x 10° ion count target. Tandem MS was performed by
isolation with a quadrupole with isolation window 1.6, HCD frag-
mentation with normalized collision energy of 30, and rapid scan mass
spectrometry analysis in the ion trap. The MS2 ion count target was
set to 1.5 x 10* and the max injection time was 35 ms. Precursors
with charge states 2 to 7 were sampled for MS2. The dynamic
exclusion duration was set to 60 seconds with a 10 ppm tolerance
around the selected precursor and its isotopes. Monoisotopic pre-
cursor selection was turned on. The instrument was run in top speed
mode with 3 seconds cycles. The raw MS files and search/identifica-
tion files obtained with MaxQuant have been deposited in the Pro-
teomeXchange [17] consortium via the PRIDE partner repository [18]
with identifier PXD027463. Previously published GFI1B and RUNX1
proteome data were obtained from PXD003912.

2.5 | Data analysis

Raw MS data files were acquired with XCalibur software (Thermo
Fisher Scientific) and processed with MaxQuant 1.6.2.10 software
[19]. Peptides were searched against the homosapiens Uniprot data-
base (downloaded March 2019, 73 932 entries). An additional data-
base sequence was added to allow for detection of a c-terminal
extension event (NP_001447.2.p.Ter26487Serext101) in FLNA [20].
Enzyme specificity was set to trypsin with a maximum of 2 missed
cleavages, and carbamidomethylation on cysteine residues was used
as fixed modification. The false discovery rate was 0.01 for peptide
and protein levels with a minimum length of 7 amino acids. The

peptide precursor MS tolerance was set to 10 ppm and fragment ion



KREFT ET AL

Platelet development -—» Digestion —>
Blood Lysis LC-MS/MS
(A A =
® O g |
IPD suspicion Y
- Y Protei v
\ HSC — MK ——— Platelet ot roteins e
tNGS
34 patients THPO R
13 IPDs GFI1B &,
RUNX1 MYH9 Y
19 HC ETVe | |TuBB \ Pepd D lysi
FLI WAS ANOS Platelets eptides ata analysis
FLNA | [RASGRPZ Nl
- ITGA2B* <
LC-MS/MS Tonze; L
i Huang
This StUdy et al. 2021 93
= R
2463
0 6242 2980
Huang et al. 2021
1017 1 1144 131 77 28 314
oborts ’ 0% o1 o This study 177
orts: # i 2 3 4 5 6 ® Quantified
0 6242  @ldentified
Proteins

FIGURE 1 Proteomics landscapes of inherited platelet disorders with different etiologies. (A) Flow chart of sample inclusion for
spectrometric analysis. (B) Schematic representation of platelet development and categorization of IPDs investigated in this study. *GP1BB and
ITGA2B are categorized as signaling molecules, in addition variants in these genes also affect platelet formation. (C) Overview of experimental
setup and analysis. Platelets were isolated from whole blood and lysed. Proteins were digested into tryptic peptides and analyzed by
quantitative label-free LC-MS/MS. (D) Comparison of the proteins identified in the present study with those identified in the meta-analysis and
proteomic study by Huang et al. [11]. Bar colors/numbers indicate amount of studies describing a set of proteins, # indicates proteins directly
measured by Huang et al. (E) Overlap of proteins identified by Huang et al. [11] and protein identified (blue) and quantified (coral) in the present
study. IPD, inherited platelet disorder; tNGS, targeted next generation sequencing; HC, healthy control.

mass tolerance at 0.6 Dalton. Label-free quantitation (LFQ) was per-
formed with a minimum ratio count of 2 based on unique peptides for
quantification. Absolute protein abundances were estimated using
intensity-based absolute quantification (iBAQ). MaxQuant output files
were loaded in R 4.1.2 for further analysis. Proteins were filtered by
“reverse” and “only identified by side,” and LFQ intensities were log,
transformed and iBAQ values were log4o transformed. Proteins were
considered quantified based on the presence of 100% valid values in
at least one condition. Missing values were imputed by normal dis-
tribution (width = 0.3, shift = 1.8). CVs were calculated per protein
using all sample intensities. Statistical analysis was performed by
comparing each IPD with controls resulting in 13 contrasts using
moderated t-tests by using the limma package [21]. To limit potential
false positives because of the applied imputation strategy, the results
were censored for comparisons in which all conditions contained
imputed values. Gene ontology and pathway overrepresentation an-
alyses were performed by using the clusterProfiler package [22]. All p-
values were corrected for multiple testing using the Benjamini
Hochberg method. An adjusted p value <.05 was considered statisti-
cally significant, for proteomic analyses, an adjusted p value <.05 and
absolute log-fold change of >1 was considered statistically significant
and relevant. To query the data for IPD proxy marker proteins, we
defined theoretical profiles for each IPD in which intensities are high

for a given IPD and low in all other samples. These profiles were

correlated with all quantified proteins, and a selection was made
based on an absolute Pearson correlation coefficient threshold of 0.7.
Protein dynamics were evaluated by means of weighted gene coex-
pression network analysis (WGCNA) by using a soft-power of 7 signed
network, modules were defined by dynamic tree cut [23]. Correlation
between data and disorder specific theoretical protein profiles was
performed using Pearson correlation applying a coefficient threshold
of 0.7.

3 | RESULTS

3.1 | Patient cohort and platelet proteomes

To study platelet proteomes in IPDs, we included 34 patients and rel-
atives with targeted next generation sequencing (tNGS) variants in 13
TIER1 genes and 19 healthy individuals as controls (Figure 1A,
Supplementary Tables S2 and Table). IPDs were categorized into 5
groups according to molecular function: (1) THPO/Mpl signaling: THPO
(N = 2); (2) transcription regulation: ETV6 (N = 2), GFI1B (N = 3), FLI1,
(N = 1), and RUNX1 (N = 1); (3) cytoskeleton regulation: MYH9 (N = 4),
WAS (N = 5), FLNA c-terminal extension (N = 5), and TUBB1 (N = 6); (4)
glycoprotein (GP) signaling: GP1BB (N = 2), ITGA2B (N = 1), RASGRP2



TABLE DNA diagnosis of patients with inherited platelet disorders.

Patient number (DOM)
88

103
104
40
56
57
111
112
113
19
20
94
66
92
73
10
11
12
43
84
86
51
52

47
48
49
64
65

Family

F10
F10

F5.1°
F5.1°
F5.2°
F5.2°
F5.2¢
F3
F3
F3

F2
F2
F2

F4
F4
F1
F1
F1
F1
F6
F6

Gene name
ANO6

ETV6
ETVé
FLI1
FLNA
FLNA
FLNA
FLNA
FLNA
GFI1B
GFI1B
GFI1B
GP1BB
GP1BB
ITGA2B
MYH?9
MYH?9
MYH?9
MYH9
RASGRP2
RUNX1
THPO
THPO
TUBB1
TuBB1
TUBB1
TUBB1
TuBB1
TUBB1

Transcript
NM_001204803.1

NM_001987.4
NM_001987.4
NM_002017.4
NM_001110556.1
NM_001110556.1
NM_001110556.1
NM_001110556.1
NM_001110556.1
NM_004188.4
NM_004188.4
NM_004188.4
NM_000407.4
NM_000407.4
NM_000419.3
NM_002473.4
NM_002473.4
NM_002473.4
NM_002473.4
NM_001098670.1
NM_001754.4
NM_009379
NM_009379
NM_030773.3
NM_030773.3
NM_030773.3
NM_030773.3
NM_030773.3
NM_030773.3

Nucleotide
c.1318C>T

c.1105C>T
c.1105C>T
c.297del
€.7941_7942del
c.7941_7942del
€.7941_7942del
€.7941_7942del
€.7941_7942del
c.814+1G>A
c.814+1G>A
c.814+1G>A
c410T>C
c.281A>G
€.2875G>C
c.5797C>T
c5797C>T
c.5797C>T
c2104C>T
c.706C>T
c.319C>A
¢.13+1G>C
c13+1G>C
c.721C>T
c721C>T
c.721C>T
c721C>T
c.751C>A

c751C>A

Protein
p.(Arg440%)

p.(Arg369Trp)
p.(Arg369Trp)
p.(Met100%)
p.(*2648Serext*100)
p.(*2648Serext*100)
p.(*2648Serext*100)
p.(*2648Serext*100)
p.(*2648Serext*100)
p.?

p.?

p.?

p.(Leu137Pro)
p.(Asp94Gly)
p.(Ala959Pro)
p.(Arg1933*)
p.(Arg1933%)
p.(Arg1933*)
p.(Arg702Cys)
p.(GIn236%)
p.(Arg107Ser)

p.?

p.?

p.(Arg241Trp)
p.(Arg241Trp)
p.(Arg241Trp)
p.(Arg241Trp)
p.(Arg251Ser)
p.(Arg251Ser)

Molecular consequence

Homozygous nonsense
Heterozygous missense
Heterozygous missense
Heterozygous nonsense
Hemizygous extension
Heterozygous extension
Heterozygous extension
Hemizygous extension

Hemizygous extension

Heterozygous splice site variant
Heterozygous splice site variant

Heterozygous splice site variant

Heterozygous missense
Homozygous missense
Homozygous missense
Heterozygous nonsense
Heterozygous nonsense
Heterozygous nonsense
Heterozygous missense
Homozygous nonsense

Heterozygous missense

Heterozygous splice site variant

Heterozygous splice site variant

Heterozygous missense
Heterozygous missense
Heterozygous missense
Heterozygous missense
Heterozygous missense

Heterozygous missense

Inheritance
AR

AD
AD
AD
XLR
XLR
XLR
XLR
XLR
AD
AD
AD
AD
AR
AR
AD
AD
AD
AD
AR
AD
AD
AD
AD
AD
AD
AD
AD
AD

(Continues)
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(Continued)

TABLE

Inheritance

XLR

Molecular consequence

Protein

Nucleotide
¢.399G>C

Transcript

Gene name
WAS

Family

Patient nhumber (DOM)

30

S

Hemizygous missense

p.(Glu133Asp)

NM_000377.2

5

XLR

Hemizygous splice site variant

p.?

c.360+3A>T

WAS NM_000377.2

F8

77

XLR

Hemizygous splice site variant

p.?

¢.360+3A>T

WAS NM_000377.2

F8

78

XLR

Hemizygous missense

c.173C>A p.(Pro58His)

NM_000377.7

NM_000377.7

WAS

F9

79

XLR

c.173C>A p.(Pro58His) Hemizygous missense

WAS

F9

80

AD, autosomal dominant; AR, autosomal recessive; DOM, indicates study patient identifier; F, family member; XLR, X-linked recessive.

25.1 and 5.2 represent 2 family clusters within a larger pedigree.

(N = 1); and (5) procoagulant function: ANO6 (N = 1). Figure 1B shows
these categories in the context of megakaryopoiesis and platelet func-
tion. Note that some variants may affect more than one phenotypic
outcome, ie, GP1BB and ITGA2B “signaling” category members also
have impact on platelet formation. We applied high-resolution quanti-
tative label-free MS-based proteomics on platelets isolated from pe-
ripheral blood (Figure 1C). To assess whether the isolation protocol
restricted inclusion of large (>12 fL) platelets, we compared mean
platelet volumes (MPV) before and after isolation in all patients and
patients with a MPV >12 fL at inclusion (Supplementary Figure S1). This
showed that although large platelets (>12 fL) were included, sample
MPV was reduced by isolation (p < .03). MS analysis resulted in the
identification of >58 000 peptides corresponding to 4049 proteins, of
which 3073 proteins were reliably quantified (Figure 1D, E). Compari-
son with a recently published in depth compilation of 7 platelet prote-
ome studies showed that although our dataset contained less protein
identifications (Figure 1D), there was a large overlap between pro-
teomes (Figure 1E) [11].

3.2 | Platelet proteomic depth and stability

Plotting the median protein iBAQ intensities (a proxy of absolute
guantities) against their ranked abundance showed that these in-
tensities spanned more than 6 orders of magnitude between the most
and least abundant proteins. Proteins with established functions in
platelets, ie, thymosin beta-4 (TMSB4X), Talin-1 (TLN1), platelet factor
4 (PF4), proplatelet basic protein (PPBP), and thrombospondin-1
(THBS1) [24-26] were highly abundant. Proteins involved with
nonsense-mediated mRNA decay (Regulator of nonsense transcripts;
UPF2 and Coiled-coil domain-containing protein 9; CCDC9) were
measured in the mid-to-low range of detection (Figure 2A). Gene
ontology term enrichment on all quantified proteins revealed over-
representation of platelet associated terms (eg, granules and hemo-
stasis, Figure 2B). Next, we determined the variability and
reproducibility of protein quantifications by assessing the coefficient
of variation (CV) vs median label-free relative quantification in-
tensities (LFQ). Although an inverse relation between protein in-
tensities and variability was present (p < 2 x 10, ANOVA;
Figure 2C), the highest observed CV was within 20% and the median
CV was below 4%. Proteins with high CVs included possible exoge-
nous contaminants (ie, keratins, likely due to sample handling), plasma
proteins (immunoglobulins), and cellular contaminations from red and
white blood cells (Lactotransferrin, LTF and cytoskeletal associated
proteins). Apart from its high relative abundance, TLN1 exhibited the
lowest variability [24-26]. Inspection of 6 proteins associated with
platelets and/or signaling transduction demonstrated high reproduc-
ibility across the measurement range quantiles (Figure 2D), ie, TLN1
(Talin 1) and RABGEF1 (RAB Guanine Nucleotide Exchange Factor 1)
which are part of integrin-mediated platelet function and signaling
[26-28]. Pro-Platelet Basic Protein (PPBP), a platelet alpha granule
constituent [29], syntaxin binding protein 2 (STXBP2), which plays a
role in platelet granule secretion [30], and adaptor-related protein
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complex 2 subunit beta 1 (AP2B1), which is involved in the endosomal
vesicle trafficking network [31]. Together, this highlights the overall
stability of platelet proteins across IPDs and controls and shows the
robustness of label-free MS for comparing protein abundances be-

tween platelets of patients with IPDs.

3.3 | Label-free quantitative MS reveals diverging
and overlapping IPD proteomes

Comparing platelet proteomes of patients with IPDs and healthy indi-
vidual resulted in a total of 705 (23% of quantified) significantly
differentially abundant proteins (Benjamini Hochberg adjusted p < .05
and log-fold change >1) across all IPDs. The impact on platelet pro-
teomes varied greatly between different IPDs (Figure 3A). TUBBI,
MYH9, WAS, and GFI1B variants induced major proteomic changes,
resulting in >200 differentially abundant proteins, whereas the
RASGRP2 variant only impacted the RASGRP2 protein itself. Not all
variants translated into measurable differences in corresponding pro-
tein abundances (Figure 3B). For genetic variants in transcription fac-
tors ETVé6, FLI1, GFI1B, RUNX1, and growth factor THPO, no

corresponding proteins could be detected in our data, which was most

likely because of their low abundances in circulating platelets. By
contrast, MYH9 protein could be detected, although no concordance
was observed between the variants in MYH9 and corresponding protein
levels. For TUBB1, a minor reduction (0.42 fold) in protein levels could
be observed. These findings were not unexpected because all in-
dividuals with MYH9 or TUBB1 variants were heterozygous. Notably,
for GP1BB variants, we found that only the homozygous patient
(DOM92, Table) exhibited reduced GP1BB protein levels. For ANOé,
ITGA2B, TUBB1, and WAS variants, we could observe that variants
resulted in altered abundances of corresponding proteins. For FLNA
variant patient platelets, canonical FLNA protein (P21333) abundances
did not differ from healthy controls. Because the FLNA variant in our
study results in a protein with a c-terminal extension, we inspected all
detected FLNA peptides. In addition to peptides mapping to the ca-
nonical sequence, patient peptides also mapped to the p.Ter26487-
Serext101 extension (Figure 3C), thus allowing the identification of this
proteoform that is not present in healthy individuals. For the other
cases, the protein coverages did not allow for analysis of variant pep-
tides. Owing to the low probability for quantifying THPO (which is
produced in the liver) or transcription factor proteins in circulating

platelets, we proceeded to interrogate the dataset for the presence of
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FIGURE 3 Proteomic impact of platelet disorders on platelet proteome. (A) Bar plot of the amount of statistically significant differentially
abundant proteins between platelet of inherited platelet disorders and controls per affected TIER1 gene. (B) Dot plot of proteins in which a
variant was determined by tNGS. ND, not detected. Closed circles: healthy individuals, and open circles: patients. *Benjamini Hochberg
adjusted p < .05 and |logFC|>1. (C) Graphic of protein coverage of FLNA (P21333, gray) and the c-terminal extension (orange) in FLNA
patients. Zoom shows c-terminal region with peptides mapping to p.Ter2648SerextTer101. Blue represents peptides identified by MS/MS and
light blue identified by MaxQuant matching. DOM indicates study patient identifier. (D) Dot plots of putative marker proteins for IPDs for
THPO, GFI1B, RUNX1, ETV6, and MYH9. Selection of proteins that exhibiting absolute correlation coefficients >0.7 with IPD-specific theoretical
profiles are shown (see Figure S2). Shaded rectangles indicate for which IPD a protein was considered specific. Gray dots show individual data
points; black dots represent medians. *Benjamini Hochberg adjusted p < .05 and |logFC|>1.

other IPD-specific proteins that could serve as proxy marker proteins.
Correlating platelet proteome data with theoretical specific profiles for
these IPDs revealed putative marker proteins for THPO, ETV6, GFI1B,
RUNX1, and MYH9 consisting of Prostamide/prostaglandin F synthase
(FAM213B), insulin-like growth factor-binding protein 2 (IGFBP2), he-
matopoietic progenitor cell antigen CD34 (CD34), Ras and Rab inter-
actor 3 (RIN3), and Ras-related protein R-Ras, respectively (Figure 3D
and Supplementary Figure S2).

To assess whether different IPDs share common proteomic sig-
natures, we investigated similarities between patient proteomes.
Although proteomes were diverse, heatmap visualization indicated
overlap between IPDs (Figure 4A). Of the 705 differentially abundant
IPDs
(Supplementary Table S2). Undirected clustering of the differentially
abundant proteins showed that GFI1B, RUNX1, and THPO samples
clustered together, whereas for other affected genes, this clustering

proteins, 301 proteins were shared between multiple

was not as evident (Figure 4B). To further investigate similarities
between biological processes, we performed gene ontology enrich-
ment (Figure 4C and Supplementary Table S3). In this analysis, WAS,
MYH9, and TUBB1 also enriched for similar gene ontology terms.

Terms and pathways most enriched in MYH9 and TUBB1 samples were
mitochondrial associated terms, whereas ITGA2B and GFI1B samples
highly enriched for “alpha granule” associated gene ontology (GO)
terms. The latter is in line with the established impact of GFI1B defi-
ciency on alpha granules [32].

In addition to gene-centric approaches, we compared the impact
of individual within a single gene. Both TUBB1
(c.721C>R;R214W, N = 4 vs c¢.751C>A;R251S, N = 2) and WAS
(€360 + 3A>T; p?2, N = 2 vs ¢.173C>A; P58H, N = 2) variants
correlated well with summarized gene ratios (Figure 4D). We

variants

extended this by comparing our GFI1B and RUNX1 variant proteomes
with independent patient platelet samples from another study
(Figures 4E and Supplementary Figure S4) [33]. Between GFI1B vari-
ants, there was an overlap of 121 proteins (~50%), which included
proteins that were previously shown to be affected in GFI1B patients
(eg, CD34, CXCL5, IQGAP1, and NT5E) [33]. For RUNX1, the overlap
with the data by van Bergen et al. [33] was considerably less. It should
be noted that within the van Bergen study, different RUNX1 variants
also showed limited overlap. This indicates that not every variant has
the same proteomic impact.
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FIGURE 5 Protein dynamics cluster according to IPD and platelet functional aspects. (A) Heatmap of Pearson correlation coefficient of the
pairwise comparison of 3073 quantified proteins in this study. Column and row splits are based on WGCNA defined functional modules,
indicated with numbers. Color gradient indicated Pearson correlation coefficients (Blue: -1, white: 0, Red: 1). (B) Gene ontology (GO) term
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3.4 | Protein dynamics cluster functional aspects
and complex memberships

Based on our previous observation that protein dynamics in con-
trasting conditions can reveal/infer protein function or complex
membership [23], we clustered the dynamics of all 3073 quantified
proteins using coexpression analysis. WGCNA resulted in 18 modules
(MEs) consisting of 23 to 1073 proteins. By combining the WGCNA
module allocations and 9 443 329 pairwise Pearson coefficients, we
constructed a correlation map of the platelets proteomes in this study
(Figure 5A). To determine which biological processes associated with
these 18 modules, we performed GO term enrichment (Figure 5B and
Supplementary Table S4). This showed that the largest module (ME1)
was enriched for mitochondrial and membrane GO terms and that the
second largest module (ME2) enriched for catabolic process terms,
indicating that a large amount of platelet proteins associate with these
functions. Both modules ME8 and ME10 were enriched for the GO
term alpha granule proteins, which was greatest for module MES8 (p <
2.7 x 107 vs p < 1.1 x 10™* for ME8 and ME 10, respectively). Based
on the importance of alpha granules for platelet effector functions, we
further investigated module MES8. Proteins in this module with and
without alpha granule annotations showed a similar range of module
membership scores (Figure 5C), indicating that latter proteins also
include putative alpha granule constituents or associated proteins (eg,
Latent-transforming growth factor beta-binding protein 1 [LTBP1],
angiopoietin-1 [ANGPT1], and C-C motif chemokine 5 [CCL5])[34,35].

By annotating our data using the “Complex Portal” resource [36],
we observed that the Pearson coefficient distribution of proteins of
known complexes was shifted toward higher positive correlation co-
efficients (p < 2 x 107%¢, Supplementary Figure S3). Next, we selected
proteins with correlation coefficients >0.6 and visualized these in a
network (Figure 5D). In line with previous reports [37], we found
reduced levels of fibrinogen complex (FGA, FGB, FGG; CPX-1922) and
integrin alphallb-beta3 complex (ITGA2B and ITGB3; CPX-1799)
members in the ITGA2B variant patient (Figure 5E). We also
observed disruption of GP5 complex (GP1BA, GP1BB, GP5 and GP9;
CPX-114) in GP1BB patients (Figure 5E), which was most pronounced
for the homozygous GP1BB patient (DOM92). Therefore, these ana-
lyses show that harnessing the diversity of IPDs provides a solid basis
for inferring platelet protein function and uncovers the current limi-
tations in GO annotations and protein classification.

4 | DISCUSSION

Here, we applied MS-based label-free proteomics to study the impact

of IPDs on the platelet proteome. In contrast to current literature on

jﬂ1 | 369

IPDs using MS-based proteomics [37-39], our study includes a wide
range of IPDs that enables the concurrent investigation of proteomic
effects of platelet disorders with different etiologies. We found that
the phenotypical heterogeneity between IPDs is also present at the
proteome level. Although ~1/3 of the platelet proteome was altered
across all IPDs in our study, most IPDs exhibited a limited impact on
the platelet proteome.

The largest effects were because of the variants in cytoskeletal
proteins, which altered up to ~8% of quantified proteins. MYH9, WAS,
and TUBB1 are associated with proplatelet formation [40], which may
explain their large impact. By contrast, FLNA resulted in only 17
altered protein abundances. Although FLNA variants may either
impact platelet development or activation [41], the FLNA c-terminal
extension genetic variant in our study was previously associated with
enhanced effector functions rather than disrupted platelet formation
[20]. In a recent study, the proteomic effects of variants in GFI1B,
RUNX1, and GATA2 transcription factors were assessed [33]. In line
with this study, we show that the GFI1B variant had a larger impact
than other transcription factor defects. GFI1B deficiency is well
established regarding its effects on the biosynthesis of protein-rich
platelet alpha granules [42]. By contrast, deficiencies in RUNX1 and
FLI1 were described to impact dense granules [43,44], which are low
in protein content. Furthermore, ETV6 was recently suggested to play
a role in terminal megakaryopoiesis, although no large phenotypic
effects were observed other than thrombocytopenia [45]. This
distinction between monogenetic to mono/oligoproteomic vs poly-
proteomic effects implies that the extent of anomalies in a platelet
proteome is not necessarily indicative of disease severity. lllustrative
of this, in a recent study that included 38 patients from 9 families with
TUBB1 variants (with 230 significant proteins in our study), no severe
bleeding phenotype was observed [46]. By contrast, Glanzmann
thrombasthenia (ITGA2B, 6 significant proteins in our study) is asso-
ciated with a severe bleeding phenotype [47]. In addition, the impact
on the platelet proteome differed between homozygous vs hetero-
zygous variant carriers, illustrated by the GP1BB patients in which GP-
complex proteins were less affected in the heterozygous individual.

The platelet proteomic profiles of the diverse array of IPDs
incorporated in our study provided a fundament to study inter-protein
dynamics that underly platelet functions. This allowed us to identify
disruption of protein complexes. In Glanzmann thrombasthenia
platelets, we observed reduced ITGA2B and ITGB3 abundances.
Consequently, we also found fibrinogen (FGA, FGB, and FGG) in
reduced amounts in line with established findings that this complex is
internalized from the circulation by these integrin receptors [37,48].

Moreover, coexpression clustering combined with GO term
analysis highlighted distinct protein groups and enriched processes.

The largest set of highly correlating proteins described mitochondrial

GO term similarities based on Jaccard’s similarity. Bar plot shows distribution of protein with alpha granule annotation over all modules as gene
ratios. (C) Dot plots showing membership scores of proteins in module ME8. Filled circles indicate annotated alpha granule proteins, and open
circle indicates protein without alpha granule annotation. (D) Network of protein annotated as complex members based on the EBI “Complex
Portal” resource. Edges width reflect Pearson correlation coefficients. (E) Dot plots showing protein intensities of protein in complexes CPX-
114 (GP5 complex), CPX-1799 (Integrin alphallb-beta3 complex), and CPX-1922(fibrinogen complex). Black dots represent median LFQ

intensities, and gray dot represents patient LFQ intensity.
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processes, which emphasizes the integral role mitochondria play in
platelet metabolism and function [49]. The dynamics summarized by
module ME8 highly enriched for alpha granule annotated proteins
(Figure 5). Apart from well-known platelet alpha granule constituents
(eg, Thrombospondin-1, von Willebrand factor, and platelet factor 4),
this module included proteins that despite lack of previous annotation
have been associated with alpha granules. Using MS analysis to
investigate alpha granule enriched subcellular fractions, Maynard
et al. [50] previously identified ANGPT1, CCL5, and CTFG as putative
alpha granule constituents, which in our analysis were all members of
MES8. In another study, these authors convincingly showed that latent-
transforming growth factor beta-binding protein 1 (LTBP1) is present
within platelet alpha granules [51]. Therefore, the dynamics in module
MES8 are indicative of alpha granule-associated proteins.

Our study has limitations. Our centrifugation based isolation
protocol, although not excluding large platelets, exhibited a bias to-
ward platelets with a smaller volume. Although the study population
consisted of children and affected relatives, all control samples were
obtained from adults. Therefore, apart from IPD impact age may have
influenced platelet proteomes. Depending on the IPD, we were able to
include a limited amount of individuals, which impacts the findings we
present. A shortcoming of our approach is the relatively limited re-
covery of low-abundant proteins because of constraints in the dy-
namic range of current untargeted MS methods. In cases of low
abundance, a protein may be below the detection limit (eg, tran-
scription factors). In addition, proteins that have functions during
platelet formation in the bone marrow may also be absent in mature
platelets. Targeted proteomics may partially overcome this and has
proven to be reliable in accuracy and quantification. However, the
amount of simultaneously measured target proteins is substantially
less than in discovery based untargeted MS [38]. Recently, Malchow
et al. [52] applied targeted MS to quantify 99 IPD-related proteins. To
expand on this, the platelet proteomes we present in this study may
be used as a guide for refinement. For instance, for IPDs that lacked a
match between a genetic variation and the corresponding protein,
putative marker proteins could be targeted to identify these disorders
(eg, RIN3 for RUNX1 and CD34 for GFI1B). Although needing further
validation, eg, the observation of enhanced platelet CD34 levels in the
GFI1B variant is in line with multiple other studies in GFI1B patients
[53,54]. Furthermore, it should be noted that applying MS-based
proteomics is more suited to elucidate thrombocytopathy rather
than thrombocytopenia, in which platelet numbers are affected but
not their composition.

In conclusion, in this study, we demonstrated a proteomics
perspective that complements DNA-based IPD diagnosis. Moreover,
by integrating disorders that span the genetic landscape of platelet
development, we dissected biological contexts of protein alterations
that may aid in the development of deeper insights into the molecular

backgrounds of IPDs and platelet biology in general.
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SUPPLEMENTARY FIGURE S2 Scheme showing theoretical specific profile approach. To identify proteins of which the intensity
values associate with a given IPD we defined theoretical profiles in which intensities are high for a given IPD and low in all other samples (eg, a
LFQ value of 30 in GFI1B samples and a LFQ value of 20 in all other samples). (B) Theoretical profiles defined in (A) were correlated with all
quantified proteins. (C) PCA of proteins with absolute Pearson correlation coefficient >0.7 for an IPD-specific profile.
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SUPPLEMENTARY FIGURE S3 Density plot of Pearson
correlation coefficient for protein-protein correlations. White:
distribution of all correlation coefficients. Gray: distribution of

correlation coefficients of proteins that are part of protein
complexes, annotated using the EMBL-EBI Complex Portal

resource.

SUPPLEMENTARY

FIGURE S4 Comparison of impact of
genetic variation in GFI1B and RUNX1 on
platelet proteomes in the present study and
van Bergen et al. [33]. Venn-diagram shows
overlap between differentially abundant
proteins. Scatter plots show the median log-
fold change of patients vs controls of
overlapping proteins.
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