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Abstract 
 
Germline defects affecting the DNA-binding domain of the transcription factor FLI1 are associated with a bleeding disorder 
that is characterized by the presence of large, fused α-granules in platelets. We investigated whether the genes showing 
abnormal expression in FLI1-deficient platelets could be involved in platelet α-granule biogenesis by undertaking tran-
scriptome analysis of control platelets and platelets harboring a DNA-binding variant of FLI1. Our analysis identified 2,276 
transcripts that were differentially expressed in FLI1-deficient platelets. Functional annotation clustering of the coding 
transcripts revealed significant enrichment for gene annotations relating to protein transport, and identified Sorting nexin 
24 (SNX24) as a candidate for further investigation. Using an induced pluripotent stem cell-derived megakaryocyte model, 
SNX24 expression was found to be increased during the early stages of megakaryocyte differentiation and downregulated 
during proplatelet formation, indicating tight regulatory control during megakaryopoiesis. CRISPR-Cas9 mediated knockout 
(KO) of SNX24 led to decreased expression of immature megakaryocyte markers, CD41 and CD61, and increased expression 
of the mature megakaryocyte marker CD42b (P=0.0001), without affecting megakaryocyte polyploidisation, or proplatelet 
formation. Electron microscopic analysis revealed an increase in empty membrane-bound organelles in SNX24 KO mega-
karyocytes, a reduction in α-granules and an absence of immature and mature multivesicular bodies, consistent with a 
defect in the intermediate stage of α-granule maturation. Co-localization studies showed that SNX24 associates with 
each compartment of α-granule maturation. Reduced expression of CD62P and VWF was observed in SNX24 KO mega-
karyocytes. We conclude that SNX24 is required for α-granule biogenesis and intracellular trafficking of α-granule cargo 
within megakaryocytes.  
 

Introduction 
The ETS transcription factor Friend leukemia virus inte-
gration 1, or FLI1, plays a fundamental role in megakaryo-
poiesis by cooperating with the ETS factor GA binding 
protein, alpha subunit (GABPA), to regulate the expression 
of multiple megakaryocyte-specific genes expressed dur-
ing the early and late stages of megakaryopoiesis.1,2 Partial 
deletion of chromosome 11, in a region that includes the 
gene encoding FLI1 (11q23.3-24), is associated with Paris 
Trousseau syndrome, which is characterized by dysmega-
karyopoiesis in the bone marrow.3,4 Affected individuals 
have an increased tendency to bleed, as well as throm-
bocytopenia characterized by the presence of large pla-
telets containing large fused α-granules in the 

circulation.5-7 
Germline defects in FLI1 have also been described.8-10 In-
deed, we previously reported an enrichment of heterozy-
gous FLI1 defects among patients with excessive bleeding 
in association with a significant reduction in δ-granule se-
cretion, and mild thrombocytopenia.8 Further character-
ization of two FLI1 alterations predicting amino acid 
substitutions in the ETS DNA-binding domain of FLI1 
showed that they disrupted transcriptional activity and 
would therefore cause a reduction in the expression of 
megakaryocyte-specific genes, providing an explanation 
for the bleeding tendency observed in the patients.8 The 
identification of a homozygous FLI1 defect, which predicted a 
substitution in the ETS domain and resulted in a defect in 
transcription among members of a family affected by a bleed-
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ing disorder that resembled Paris Trousseau syndrome and 
was characterized by thrombocytopenia and the presence of 
abnormally large α-granules in a subpopulation of platelets, 
suggested that the abnormal platelet granules were due to 
loss of FLI1 activity.9 The identification of two further FLI1 de-
fects affecting residues in the ETS domain of FLI1 which were 
associated with the presence of giant α-granules and de-
pletion of δ-granules supports this hypothesis.10  
While the role of platelet degranulation in maintaining vascu-
lar integrity has long been recogniszd, the pathways leading 
to the assembly and exocytosis of platelet α- and δ-granules, 
and the genes that regulate them, remain to be fully estab-
lished. The biogenesis of α- and δ-granules shares some 
common features, but the pathways involve distinct protein 
trafficking machinery.11,12 Both granules are derived through a 
process of budding from the trans-Golgi network to form ves-
icles that merge with early endosomes and mature into 
multivesicular bodies.13-15 The α-granules can also be derived 
from the platelet membrane through clathrin-coated pit-me-
diated endocytosis to form vesicles that traffic to the early 
endosomes.15,16 Studies in patients with inherited granule stor-
age disorders,17-19 combined with extensive analyses of platelet 
lysates, and studies in mice carrying mutations in different 
secretion genes, have allowed characterization of the cargo 
of platelet storage granules, and provided essential informa-
tion on the secretory machinery of platelets.20-22  
The abnormally large α-granules and reduced number of δ-
granules, and the defect in δ-granule secretion that have been 
described in platelets from patients harboring FLI1 defects 
likely reflect the disruptions in gene expression that occur 
either directly or indirectly as a result of the abnormal tran-
scriptional activity of FLI1.8-10 Furthermore, some of the genes 
showing disrupted expression in FLI1-deficient platelets dis-
playing granule abnormalities could potentially be involved in 
platelet granule biogenesis under physiological conditions. We 
explored this hypothesis by undertaking transcriptome analy-
sis of platelets from subjects harboring a deleterious defect 
in FLI1 (c.1028A>G; p.Tyr343Cys) to identify differentially ex-
pressed genes encoding proteins which may be involved in 
platelet granule biogenesis and secretion, and identified a role 
for Sorting nexin 24 (SNX24) in platelet granule biogenesis 
using wild-type and SNX24 knockout (KO) induced pluripotent 
stem cell (iPSC)-derived megakaryocytes to model matura-
tion and platelet production.   

Methods 
Subjects and platelet transcriptome analysis 
Total platelet RNA was isolated from 50 mL samples of pe-
ripheral blood from two heterozygous carriers of the 
c.1028A>G transition in FLI1 and from three sex-matched 
healthy individuals. All subjects were studied in parallel on 
two separate occasions. The study was approved by the Na-

tional Research Ethics Service Committee (REC reference: 
06/MRE07/36). 
Following differential centrifugation to obtain platelet-rich 
plasma, total platelet RNA was isolated using Trizol (see On-
line Supplementary Methods). Two hundred nanograms of RNA 
(RIN >7 as measured on the Agilent Bioanalyzer) were con-
verted to double-stranded cDNA and transcriptome analysis 
was carried out using human Clariom D Assay chips (Thermo 
Fisher), which were washed and stained according to the 
manufacture’s standard protocols. The arrays were scanned 
using the Affymetrix 3000 7G scanner, and the .CEL files ana-
lyzed using Transcriptome Analysis Console (TAC) 4.0 software 
(Thermo Fisher) to identify genes showing >2 and <-2 fold log 
change and P<0.05.   
Functional annotation clustering was carried out for those 
genes which were differentially expressed using the Database 
for Annotation, Visualization and Integrated Discovery (DAVID; 
http://david.abcc.ncifcrf.gov/) with the default settings and a 
low stringency setting.23,24  

Induced pluripotent stem cell differentiation to 
megakaryocytes 
The Gibco episomal human iPSC line was cultivated feeder-
free on Geltrex-coated flasks and maintained in StemFlex 
medium (Thermo Scientific). iPSCs were differentiated to ma-
ture megakaryocytes and proplatelets as described pre-
viously.25,26 Details of the cell culture conditions and 
differentiation of iPSC are included in the Online Supplemen-
tary Methods. 

Generation of the SNX24 knockout cell line 
The SNX24 KO cell line was generated using the Alt-R RNP 
system (Integrated DNA Technologies; IDT). SNX24 crRNA and 
Atto-555 labeled tracrRNA were annealed and the complex 
incubated with HiFi Cas9 V3 (IDT) to form stable RNP com-
plexes, which were introduced into iPSC using Lipofectamine 
Stem (Life Technologies). For single-cell cloning, StemFlex 
medium was supplemented with CloneR (Stemcell Tech-
nologies) and the manufacturer’s workflow was followed (see 
Online Supplementary Methods for further details). 

Gene expression analysis of SNX24 knockout induced 
pluripotent stem cells  
Gene expression of lineage-specific and cellular markers was 
measured during SNX24 KO iPSC differentiation by quanti-
tative polymerase chain reaction (qPCR) using an ABI 7900 
HT analyzer (Applied Biosystems). Further details are in-
cluded in the Online Supplementary Methods, and all oli-
gonucleotide sequences are listed in Online 
Supplementary Table S1.  

Characterization of megakaryocytes derived from 
SNX24 knockout induced pluripotent stem cells  
Differentiation of SNX24 KO cells to proplatelet-forming 
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megakaryocytes was assessed by immunofluorescent 
staining of cells, and imaging using a Zeiss A1 confocal 
microscope. Further details of the antibodies used, and 
the methodology are provided in the Online Supplemen-
tary Methods. 

Transmission electron microscopy of platelets and 
megakaryocytes 
FLI1-deficient platelets and iPSC-derived megakaryocytes 
were examined by transmission electron microscopy 
(TEM) using a Philips 400 and a FEI Tecnai transmission 
electron microscope, respectively. Further details are pro-
vided in the Online Supplementary Methods.  

Statistical analysis  
Results are expressed as means ± standard deviation. Un-
less otherwise specified, statistical significance was de-
termined using a Student t-test with P<0.05 considered 
to be statistically significant. Analyses were performed 
using GraphPad Prism software. 

Results 
Transcriptome analysis of FLI1-deficient platelets 
Transcriptome analysis was undertaken using Human Cla-
riom D Assay chips for platelets from a father (P1) and son 
(P2), both of whom were heterozygous for the c.1028A>G 
FLI1 variant predicting a p.Tyr343Cys substitution in the 
DNA-binding domain of FLI1. Both subjects were recruited 
to the UK GAPP study with a history of excessive bleeding 
and a suspected inherited platelet disorder, which was 
characterized by mild thrombocytopenia and a profound 
reduction in platelet ATP secretion in response to throm-
bin. The clinical features, and genotypic and phenotypic 
characteristics of both subjects have been reported pre-
viously.8 Electron microscopic examination of platelets 
from both P1 and P2 revealed the presence of giant and 
fused α-granules similar to those previously described in 
platelets from subjects with FLI1 defects (Figure 1A).9,10 
Platelet transcriptomes were also analyzed from three 
healthy male subjects (C1, C2 and C3). Transcripts were 
considered to be significantly differentially expressed if 
they had a >2 or <-2 fold log change, and a P<0.05. Hier-
archical clustering and principal component analysis 
showed clear differences between the FLI1-deficient pla-
telets from P1 and P2 and normal platelets from C1, C2 
and C3 (Figure 1B and Online Supplementary Figure S1A). 
Comparison of gene expression in platelets from the two 
cases with the c.1028A>G FLI1 variant with that in normal 
platelets (C1, C2 and C3) identified 2,276 significantly dif-
ferentially expressed transcripts (926 downregulated and 
1350 upregulated) in the FLI1-deficient platelets (Figure 
1C and Online Supplementary Tables S2 and S3). The 30 

coding transcripts displaying the greatest up- and down-
regulation in expression in FLI1-deficient platelets relative 
to normal platelets are indicated in Figure 1D, while Online 
Supplementary Tables S4 and S5 list all coding transcripts 
showing significant down- and up-regulation in FLI1-defi-
cient platelets. 
To identify genes for further investigation, functional an-
notation clustering of the 1,487 differentially expressed 
coding transcripts was undertaken using the DAVID tool 
(Online Supplementary Table S6). This identified 234 
clusters, which were enriched for multiple classes of an-
notation categories. Given our interest in platelet granule 
biogenesis and secretion, we focused on the gene ontol-
ogy (GO) terms associated within the top four clusters: 
protein transport, cell-cell adhesion, endoplasmic reticu-
lum, and late endosome (Figure 1E and Online Supplemen-
tary Table S7). Together these clusters included three of 
the 30 most differentially expressed genes; SNX24, HBE1 
and TESPA1. Of these, SNX24 was the most downregulated, 
having a 45.91-fold reduction in expression in FLI1-defi-
cient platelets compared with normal platelets (false dis-
covery rate P=0.0034), and was the only one of the nine 
genes represented in a subgroup of 53 genes from the 
cluster that was enriched for the GO term ‘protein trans-
port’ (P=0.024) (Figure 1E, F and Online Supplementary 
Table S8). The 232 genes associated with GO terms in the 
top four annotation clusters are listed by their gene sym-
bols and descriptions, and expression levels in Online 
Supplementary Table S9. Further work focused on SNX24. 
qPCR of SNX24 expression using independent probes con-
firmed its downregulation in platelet RNA isolated from 
both P1 and P2 (Online Supplementary Figure S1B).  

SNX24 is required during early megakaryopoiesis  
SNX24 is a member of the Sorting nexin family of proteins 
which are defined by the presence of a Phox homology 
(PX) phosphoinositide-binding domain and play essential 
roles in regulating protein trafficking, through all stages 
of the endocytic pathway. While a specific role for SNX24 
in platelets has not been demonstrated, variants of SNX24 
have been associated with platelet-crit and mean platelet 
volume,27,28 and more recently, SNX24 was shown to be 
upregulated in megakaryocytes with ploidy.29 These find-
ings, and our observation that SNX24 was downregulated 
in FLI1-deficient platelets displaying abnormal α-granules, 
suggest a role for SNX24 in platelet formation which we 
explored further in iPSC-derived proplatelet-forming 
megakaryocytes.   
We generated an SNX24 KO in iPSC using CRISPR guides 
targeting the first exon of SNX24 and confirmed the ab-
sence of SNX24 expression in two clones by qPCR (Online 
Supplementary Figure S2A). Further analysis confirmed 
that both clones were homozygous KO, and that both the 
wild-type and KO cells retained normal karyotypes (Online 

 Haematologica | 107 August 2022 

1904

ARTICLE - SNX24 and α-granule biogenesis J. Lacey et al.



Figure 1. Transcriptome analysis of FLI1-deficient platelets identified SNX24 for further investigation. ( A) Representative electron 
micrographs of platelets from two subjects, P1 and P2, displaying large and fused �-granules (indicated by yellow arrows). (B) Hi-
erarchical clustering of differentially expressed transcripts in platelets from controls (C1, C2, C3) and FLI1-deficient subjects (P1, 
P2). All samples were analyzed in parallel on two occasions. (C) Volcano plot showing the transcripts that are downregulated 
(green) or upregulated (red) in FLI1-deficient platelets relative to control platelets. (D) Log fold change of the 30 most down-
regulated and upregulated coding transcripts observed in FLI1-deficient platelets relative to control platelets (<2 or ≥2 fold 
change, false discovery rate ≤0.05). (E) Functional annotation clustering of differentially expressed coding transcripts using DAVID 
identified 234 annotation clusters. Gene ontology (GO) terms from the top four annotation clusters which were significantly en-
riched are shown and the log10 P-value for each GO term is displayed on the X-axis. The numbers of upregulated and downregu-
lated genes with each GO term are indicated. (F) Log fold change of the 15 most downregulated (green) and upregulated (red) 
genes showing enrichment for the GO terms protein transport, cell adhesion, endoplasmic reticulum and late endosome (<2 or 
≥2 fold change, false discovery rate ≤0.05).
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Supplementary Figure S2B-E). We used established proce-
dures to differentiate iPSC (OCT4+) to hematopoietic pro-
genitors derived from hemogenic endothelium (CD34+; day 
0-6), then to immature megakaryocytes (CD41+/CD42–; day 
6-12) before terminal differentiation to mature propla-
telet-forming megakaryocytes (CD41+/CD42+; day 12-17) 
(Figure 2A). qPCR to assess expression of specific markers 
of stem cells (OCT4), hematopoietic stem cells (CD34) and 
megakaryocytes (CD61/GpIIIa, CD41/GPIIb and 
CD42b/GPIbα) confirmed the expected expression for the 
different stages of differentiation of the wild-type iPSC 
(Online Supplementary Figure S3A). Similarly, assessment 
of FLI1 expression by qPCR showed the expected increase 
in expression during megakaryocyte maturation as FLI1 
regulates the expression of both early and late mega-
karyocyte-specific genes (Online Supplementary Figure 
S3B).2 Examination of SNX24 expression during differenti-

ation of wild-type iPSC showed that it steadily increased 
during the early stages of megakaryocyte differentiation 
and was subsequently downregulated during proplatelet 
formation (Figure 2B). This suggests that expression of 
SNX24 is tightly controlled during megakaryopoiesis.  
We observed a decrease in expression of the immature 
megakaryocyte markers (CD41 and CD61) and an increase 
in expression of the mature megakaryocyte marker 
(CD42b) at day 12 of differentiation of the SNX24 KO iPSC, 
suggesting the presence of more mature megakaryocyte 
progenitors (Figure 2C, D, and Online Supplementary Fig-
ure S3C). SNX24 KO iPSC generated megakaryocytes with 
similar ploidy numbers to the wild-type iPSC, suggesting 
that depletion of SNX24 does not inhibit polyploidization 
(Figure 2E). SNX24 KO cells also retained the ability to 
generate proplatelet-forming megakaryocytes after ter-
minal differentiation (Figure 2F). These data suggest a po-

Figure 2. Characterization of megakaryo-
cytes derived from SNX24 knockout induced 
pluripotent stem cells (A) Schematic of dif-
ferentiation of induced pluripotent stem 
cells (iPSC) to megakaryocytes. (B) Quanti-
tative polymerase chain reaction (qPCR) 
analysis of SNX24 expression during iPSC dif-
ferentiation to megakaryocytes. n=3 experi-
ments. ****P<0.0001, **P<0.01, Student 
t-test. (C) Immunofluorescence staining for 
CD41 (green) and CD42 (red) in wild-type 
(WT) cells at day 12 of differentiation. Nuclei 
are counterstained with Hoechst 33342. 
Scale bar 50 µm. (D) qPCR analysis of CD41, 
CD61 and CD42 gene expression in day 12 WT 
and SNX24 knockout (KO) megakaryocyte 
progenitors. ****P<0.0001, ***P<0.001. Stu-
dent t-test, n=2. (E) Representative confocal 
microscopy fluorescence images of CD41 
(green) and CD42 (red) in WT and SNX24 KO 
megakaryocytes. Nuclei are counterstained 
with Hoechst 33342. Scale bar 20 µm. (F) 
Brightfield images of proplatelets in WT and 
SNX24 KO cells. Scale bar 20 µm. MK: mega-
karyocytes; PP: proplatelets.
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tential role for SNX24 in the early stages of megakaryo-
poiesis during megakaryocyte progenitor formation. 

SNX24 depletion causes loss of granule content 
To assess whether SNX24 plays a role in granule forma-
tion, we examined the ultrastructure of SNX24 KO mega-
karyocytes by TEM. We observed several organelles in 
wild-type iPSC-derived megakaryocytes including α-gran-
ules, δ-granules, endosomal intermediates (multivesicular 
bodies [MVB] types I and II) and mitochondria. We defined 
an α-granule as a single membrane enclosing a matrix and 
a δ-granule as a round organelle with a high-density core 
surrounded by a white rim. There was a dramatic increase 
in the presence of empty membrane-bound organelles in 
the SNX24 KO cells, although the mitochondria appeared 

unaffected (Figure 3A). The empty spherical organelles, 
multivesicular subclasses and tubular shaped compart-
ments were suggestive of morphologically distinct stages 
of α-granules. δ-granules could not be accurately evalu-
ated in iPSC-derived megakaryocytes, for which unstained 
electron microscopy would be more informative. Wild-
type megakaryocytes contained early endosomal com-
partments packed with vesicles and intraluminal 
contents, multivesicular bodies (MVB) with intraluminal 
vesicles and late endosomes with intraluminal contents. 
Loss of SNX24 resulted in empty intermediate endosomal 
compartments during granule biogenesis (Figure 3B). 
These findings support the participation of SNX24 in the 
biogenesis and maturation of MVB as well as in the de-
velopment of α-granules.  

Figure 3. SNX24 knockout megakaryo-
cytes lack α-granules (A) Representative 
transmission electron micrographs of 
wild-type (WT) and SNX24 knockout (KO) 
megakaryocytes. Spherical and tubular 
α-granules (arrow heads) are observed in 
WT cells and absent in SNX24 KO cells. 
The upper panels are low magnification 
with a scale bar of 2 µm. The lower pa-
nels are high magnification images with 
a scale bar of 0.5 µm. (B) Electron micro-
graphs of WT cells and SNX24 KO cells. 
Multivesicular bodies (arrow heads) con-
taining intraluminal vesicles were ob-
served in WT cells but not in SNX24 KO 
cells. The upper panels are low magnifi-
cation images with a scale bar of 1 µm. 
The lower panels are high magnification 
images with a scale bar of 0.5 µm. Mag.: 
magnification; MK: megakaryocytes.

A
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SNX24 localizes to α-granules and endosomal 
compartments 
We explored whether SNX24 is required for the biogenesis 
of α-granules and endosomal precursors using confocal 
fluorescence microscopy to examine its co-localization 
with markers for α-granules (CD62P), early endosomes 
(EEA1), late endosomes and MVB (Rab7a) in megakaryo-
cytes. We observed SNX24 localization in iPSC-derived 
megakaryocytes, which we identified by multiple nuclei 
(N). In megakaryocytes, SNX24 partially co-localized with 
CD62P in punctate structures in 2N and 6N megakaryo-
cytes (Figure 4A). We observed that SNX24 was localized 
to both larger α-granules and smaller punctate struc-
tures, which we speculate could be transport vesicles. 
SNX24 was also associated with the plasma membrane 
where it was distributed as small puncta and aggregated 
clusters, some of which co-localized with CD62P. SNX24 
expression was low in the proplatelets but still co-local-
ized to CD62P positive punctate structures (Figure 4B).  
SNX24 was partially co-localized with early endosomes in 
megakaryocytes around the plasma membrane, and as-
sociated with EEA1-positive compartments (Figure 4C). 
SNX24 also associated with Rab7a-positive late endo-
somes and MVB (Figure 4D). These observations indicate 
that SNX24 is associated with each stage of α-granule 
maturation, and suggest that it may traffic from early en-
dosomes to mature α-granules.  

We also examined gene expression of markers specific for 
early endosomes (Rab5a) and MVB (Rab7a) in SNX24 KO 
megakaryocytes. Interestingly, Rab5a and Rab7a gene ex-
pression was significantly increased in SNX24 KO mega-
karyocytes compared to the wild-type cells, which was 
consistent with disruption to the endosomal trafficking 
pathway (Online Supplementary Figure S4). In contrast, 
NBEAL2 expression was significantly decreased in the 
SNX24 KO megakaryocytes, supporting the involvement of 
SNX24 at an earlier stage of α-granule development than 
NBEAL2 (Online Supplementary Figure S4).  

SNX24 knockout cells lack α-granule cargo 
The appearance of empty α-granules and intermediate 
endosomal compartments in SNX24 KO cells is suggestive 
of a depletion in α-granule cargo. Furthermore, the dis-
tribution pattern of SNX24 around the cell periphery and 
in α-granule compartments suggests it may be involved 
in the trafficking of α-granule cargo. We therefore exam-
ined the subcellular distribution of α-granule cargo 
(CD62P, von Willebrand factor [VWF]) in SNX24 KO mega-
karyocytes. We observed a reduction in CD62P and VWF 
staining in megakaryocytes, indicating an α-granule traf-
ficking defect (Figure 5A, B). Reverse transcriptase qPCR 
analysis confirmed that CD62P and VWF gene expression 
was significantly reduced in SNX24 KO cells (Figure 5C, D). 
These findings indicate a requirement for SNX24 for traf-

Figure 4. SNX24α localizes to α-granules and endosomal intermedi-
ates. (A) Representative confocal microscopy images of wild-type 
early megakaryocytes (upper panels) and late megakaryocytes 
(lower panels) stained with anti-SNX24 (green) and anti-CD62 (red). 
Nuclei are counterstained with Hoechst 33342. Scale bar 20 µm. (B) 
Representative confocal microscopy images of wild-type propla-
telets stained with anti-SNX24 (green) and anti-CD62 (red). Nuclei 
are stained with Hoechst 33342. Scale bar 20 µm. (C) Representative 
confocal microscopy images of wild-type megakaryocytes stained 
with anti-SNX24 (green) and anti-EEA1 (red). Nuclei are stained with 
Hoechst 33342. Scale bar 10 µm. (D) Representative confocal fluor-
escence microscopy images of wild-type megakaryocytes immu-
nostained with anti-SNX24 (green) and anti-Rab7a (red). Nuclei are 
stained with Hoechst 33342. Scale bar 10 µm. MK: megakaryocytes.
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ficking of both soluble (VWF) and membrane (CD62P) 
cargo.  

Discussion 
The pathways leading to platelet granule biogenesis and 
exocytosis, and the genes that regulate them, remain to 
be fully established. In this study, we sought to identify 
candidate genes that potentially contribute to platelet 
granule biogenesis by taking advantage of the changes in 
gene expression that occur in platelets from individuals 
with germline mutations that affect the transcriptional 
activity of FLI1, which also display abnormal α-granules. 
Thus, transcriptome analysis of platelets harboring a DNA-
binding variant of FLI1 revealed significant differences in 
expression profiles of FLI1-deficient and wild-type pla-
telets with 2,276 transcripts identified as being differen-
tially expressed in the FLI1-deficient platelets. Functional 
annotation clustering of the differentially expressed 
coding transcripts revealed significant enrichment for an-
notations relating to protein transport, and led us to focus 
on SNX24, a protein not previously implicated in platelet 
granule biogenesis. We confirmed that SNX24 expression 
was significantly downregulated in the FLI1-deficient pla-
telets and observed that SNX24 is localized throughout 
the pathway of α-granule biogenesis, associating with 
early endosomes, MVB and α-granules. Furthermore, loss 
of SNX24 disrupts the endosomal trafficking pathway in 
megakaryocytes, resulting in an α-granule defect and de-
creased expression of α-granule proteins. Our findings 
lead us to propose that SNX24 is a novel component of 
the protein sorting machinery during α-granule matura-
tion. 
The Sorting nexins (SNX) are a diverse family of cytoplas-
mic and membrane-associated proteins that are involved 
in endocytosis, endosomal sorting and endosomal signal-
ing. They are characterized by the presence of a conserved 
PX domain which binds specific phosphoinositides, facili-
tating targeting of proteins to distinct endosomal com-
partments.30 Sorting nexins play critical roles in many 
aspects of cellular function, and dysfunction of SNX pro-
teins has been described in association with a variety of 
human disorders including neurodegenerative diseases, 
pathological infection, cancer and cardiovascular dis-
ease.31,32 SNX24 is one of a subgroup of the SNX protein 
family that is relatively poorly characterized, although ge-
nome-wide association studies have associated variants 
of SNX24 with platelet-crit and volume.27,28 An interesting 
correlation between the SNX24 single nucleotide polymor-
phism (rs28891) and complications due to coronary artery 
aneurysm in Kawasaki disease has also been reported, 
and in the same study siRNA knockdown of SNX24 ex-
pression was shown to significantly decrease expression 

of the pro-inflammatory cytokines IL-1b, IL-6, and IL-8 in 
lipopolysaccharide-treated human umbilical vein en-
dothelial cells.33 Interestingly, α-granules contain a wide 
range of chemokines including IL-8.21 Other Sorting nexins 
have been implicated in platelet granule formation. In par-
ticular, SNX17 was identified in a yeast two-hybrid screen 
as an interaction partner of P-selectin34 and it is thought 
that SNX17 may regulate the endocytosis of P-selectin 
from the plasma membrane and inhibit trafficking to ly-
sosomes.35 
The mechanism underlying the significant downregulation 
of SNX24 in FLI1-deficient platelets is unclear. Previous 
work which mapped the genome-wide FLI1-binding sites 
in primary human megakaryocytes indicated that FLI1 
does not bind directly to the SNX24 promoter.36 The re-
duced expression is more likely to be an indirect effect of 
FLI1 loss, potentially through GABPA which acts in concert 
with FLI1 to regulate megakaryocyte gene expression, 
since GABPA gene expression was significantly upregu-
lated in the FLI1-deficient platelets and it is predicted to 
bind to the SNX24 promoter.37  
We used functional annotation clustering as a tool to prio-
ritize candidate genes encoding proteins that may be in-
volved in platelet granule biogenesis, focusing our 
attention on the cluster that was enriched for the GO an-
notation of ‘protein transport’ which included SNX24. In-
terestingly, this subgroup also included SEC22B, Homolog 
B Vesicle Trafficking Protein, a membrane-resident traf-
ficking protein that was recently shown to be required for 
α-granule biogenesis in megakaryocytes and was upregu-
lated in the FLI1-deficient platelets.38  Although further 
work would be required to determine whether any of the 
remaining genes in this subgroup are required for platelet 
granule formation, this observation nonetheless supports 
the use of transcriptome analysis of FLI1-deficient pla-
telets as an approach to identify novel components of the 
granule biogenesis machinery.  
We used iPSC-derived megakaryocytes to study the role 
of SNX24 during megakaryopoiesis, comparing wild-type 
cells and SNX24 KO cells which were generated using 
CRISPR-Cas9 gene editing. SNX24 expression appears to 
be tightly regulated during megakaryopoiesis, being high-
est during early megakaryopoiesis at the megakaryocyte 
progenitor stage, and dropping significantly in mature pro-
platelet-forming megakaryocytes. We observed that 
SNX24 KO cells have a higher proportion of mature CD42b+ 
megakaryocyte progenitors. However, loss of SNX24 did 
not inhibit formation of polyploid megakaryocytes or pro-
platelet-forming megakaryocytes. TEM analysis of SNX24 
KO megakaryocytes showed, in contrast to wild-type 
megakaryocytes, a reduction in α-granules and an in-
crease in the presence of empty vacuoles, resembling the 
phenotype seen in platelets from patients with gray pla-
telet syndrome, which is characterized by the presence 
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of empty α-granules.39 SNX24 KO cells were also devoid 
of immature type I MVB that contain internal vesicles, and 
type II MVB that contain internal vesicles and an electron 
dense core. The ultrastructural abnormalities observed in 
SNX24 KO megakaryocytes are consistent with defects in 
the intermediate stages of α-granule maturation and re-
semble those seen in VPS33B KO cells.40  
Studies in patients with inherited defects that cause defi-
ciencies in α-granule cargo and number have yielded valu-

able insights into the mechanisms underlying platelet 
granule biogenesis. Thus, defects in the genes encoding 
the VPS33B-VPS16B complex, and the BEACH-domain 
containing NBEAL2, have been shown to underlie the ab-
sence of α-granules in arthrogryposis, renal dysfunction 
and cholestasis (ARC) syndrome and in gray platelet syn-
drome, respectively.18,19,41-43 Loss of VPS33B results in the 
absence of α-granules, decreased levels of α-granule 
cargo and a reduction in MVB.40,44 Likewise, loss of VPS16B 

A

B

C

D

Figure 5. Abnormal trafficking of α-granule proteins in SNX24 knockout cells (A) Representative confocal microscopy images of 
wild-type (WT) and SNX24 knockout (KO) megakaryocytes immunostained with anti-VWF (green) and anti-CD42 (red). Nuclei are 
stained with Hoechst 33342. Scale bar 20 µm. (B) Representative confocal microscopy images of WT and SNX24 KO megakaryo-
cytes immunostained with anti-CD62P (green) and anti-CD42 (red). Nuclei are stained with Hoechst 33342. Scale bar 20 µm. (C) 
Quantitative polymerase chain reaction (qPCR) analysis of VWF gene expression in day 12 WT and SNX24 KO megakaryocytes. 
****P<0.0001 Student t-test, n=2. (D) qPCR analysis of CD62P gene expression in day 12 WT and SNX24 KO megakaryocytes. 
**P<0.01, Student t-test, n=2. MK: megakaryocytes; iPSC. Induced pluripotent stem cells.

 Haematologica | 107 August 2022 

1910

ARTICLE - SNX24 and α-granule biogenesis J. Lacey et al.



results in reduced or undetectable α-granule proteins as 
well as a complete absence of α-granules in platelets.41 

The VPS33B/16B complex localizes on endosomes and 
promotes protein trafficking between MVB and α-gran-
ules.45 Megakaryocytes deficient in NBEAL2 show a loss 
of α-granules and a reduction in α-granule cargo proteins 
such as VWF but retain some CD62P46 and Sec22b was 
recently identified as an interaction partner of NBEAL2, 
which facilitates α-granule cargo stability and granule de-
velopment.38 
Our TEM observations indicated an α-granule defect in 
SNX24 KO cells, which led us to assess whether SNX24 
was distributed within α-granules and intermediate com-
partments. We have shown that SNX24 is co-localized 
with CD62P in α-granules during megakaryopoiesis. Ves-
icles carrying α-granule cargo bud off from either the 
trans-Golgi network or plasma membrane and are sub-
sequently directed to MVB via endosomes.13 We show that 
SNX24 is co-localized with the early endosome marker 
EEA1 around the cell periphery, and partially associated 
with Rab7+ MVB. This suggests that SNX24 traffics be-
tween, or binds to α-granule components during their 
maturation. Likewise, known α-granule machinery such 
as VPS16B and VPS33B traffic between late endosomes 
and α-granules.42 We observed that loss of SNX24 leads 
to a reduction in expression of α-granule cargo including 
VWF and CD62P. P-selectin is a membrane protein that 
contains a signal peptide to direct it towards a developing 
granule.47 VWF is a soluble protein that self-assembles 
into large aggregates and eventually forms tubular struc-
tures within α-granules.48 The differences in expression of 
VWF and CD62P seen in SNX24 KO cells could reflect dif-
ferential packaging or vesicle transport to distinct sub-
compartments within α-granules. 
Further studies will be required to define the role of 
SNX24 in intracellular trafficking. In particular, it will be 
important to investigate its expression throughout mega-
karyopoiesis and to determine, more precisely, the point 
at which loss of SNX24 disrupts the trafficking of α-gran-
ule cargo and leads to the appearance of empty vacuoles, 
although our findings suggest that this occurs early during 
maturation as 2N megakaryocytes derived from SNX24 KO 
cells lack α-granule cargo. Given its downregulation in 
mature proplatelet-forming megakaryocytes, and that 
loss of SNX24 did not inhibit formation of polyploid mega-
karyocytes or proplatelet-forming megakaryocytes, it 

would be interesting to determine the role of SNX24, if 
any, in platelets. There are no disorders reported to be as-
sociated with the SNX24 gene, and there are no pheno-
typing or viability data available for the Snx24 knockout 
mouse49, but it would be interesting to assess the appea-
rance and behavior of their platelets, and to compare 
them with platelets derived from SNX24 KO megakaryo-
cytes. 
In conclusion, we have presented data that evidence a 
requirement for SNX24 in α-granule biogenesis and the 
intracellular trafficking of α-granule cargo within mega-
karyocytes. Future studies characterizing the molecular 
interactions of SNX24 will likely reveal further insights into 
the underlying molecular machinery and protein com-
plexes required for α-granule formation in platelets.  
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