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Key Points

•GTPase RAB1B is a
direct transcriptional
target of RUNX1 in MK/
platelets and is down-
regulated in RUNX1
haplodeficiency.

• RUNX1 down-
regulation is associated
with defective RAB1B-
related ER-to-Golgi
transport and alter-
ations in a-granule
vWF.

Patients with RUNX1 haplodeficiency have thrombocytopenia, platelet dysfunction, and

deficiencies of a-granules and dense granules. Platelet expression profiling of a patient with

a heterozygous RUNX1mutation (c.969-323G.T) revealed decreased RAB1B, which encodes

a small G protein. RAB GTPases regulate vesicle trafficking, and RAB1B is implicated in

endoplasmic reticulum (ER)-to-Golgi transport in nonhematopoietic cells, but its role in

megakaryocytes (MK) is unknown. We addressed the hypothesis that RAB1B is a

transcriptional target of RUNX1 and that RAB1B regulates ER-to-Golgi transport in MK cells.

Chromatin immunoprecipitation studies and electrophoretic mobility shift assay using

phorbol 12-myristate 13-acetate (PMA)–treated human erythroleukemia cells revealed

RUNX1 binding to RAB1B promoter region RUNX1 consensus sites, and their mutation

reduced the promoter activity. RAB1B promoter activity and protein expression were

inhibited by RUNX1 siRNA and enhanced by RUNX1 overexpression. These indicate that

RAB1B is a direct RUNX1 target, providing a mechanism for decreased RAB1B in patient

platelets. Vesicle trafficking from ER to Golgi in PMA-treated human erythroleukemia cells

was impaired along with Golgi disruption on siRNA downregulation of RUNX1 or RAB1B.

The effects of RUNX1 knockdownwere reversed by RAB1B reconstitution. Trafficking of von

Willebrand factor (vWF), an a-granule MK synthesized protein, was impaired with RUNX1

or RAB1B downregulation and reconstituted by ectopic RAB1B expression. Platelet vWFwas

decreased in patients with RUNX1 mutations. Thus, ER-to-Golgi transport, an early critical

step in protein trafficking to granules, is impaired in megakaryocytic cells on RUNX1

downregulation, secondary to decreased RAB1B expression. Impaired RAB1B mediated

ER-to-Golgi transport contributes to platelet a-granule defects in RUNX1 haplodeficiency.

Introduction

RUNX1 (also called AML1 or CBFA2) is a hematopoietic transcription factor that plays a major role in
definitive hematopoiesis, megakaryopoiesis, and platelet production.1,2 RUNX1 haplodeficiency is
associated with familial thrombocytopenia, platelet dysfunction, a-granule and dense granule deficien-
cies, impaired secretion of granule contents, and predisposition to acute leukemia.1,3-5 Little is known
regarding the mechanisms leading to deficiencies in the granules and their cargoes in patients with
RUNX1 haplodeficiency. It is likely that multiple mechanisms contribute to the platelet functional
defects.4 In previous studies in a patient with RUNX1 haplodeficiency, we reported the presence of
thrombocytopenia, abnormalities in a and dense granules, and impaired aggregation, secretion,
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phosphorylation of pleckstrin and myosin light chain, and activation
of GPIIb-IIIa on platelet receptor activation.6-9 Platelet expression
profiling of this patient using Affymetrix microarrays showed that
several genes were downregulated,7 and we have shown that some
of the genes are direct transcriptional targets of RUNX1.8,10-13

Profiling studies further showed downregulation of RAB1B,7 which
encodes the Ras-related small GTPase RAB1B, which is intimately
involved in vesicle transport of proteins from endoplasmic reticulum
(ER) to the Golgi compartment, a central organelle in the secretory
pathways.14-17 This is a critical step in the trafficking of proteins
synthesized in the ER to their final location in specific platelet granules.
In eukaryotic cells, the major players in the secretory and endocytic
pathways leading to formation of distinct vesicles/granules bearing
different cargoes include the ER, the ER-Golgi intermediate compart-
ment, the Golgi and its subcompartments, and the different classes of
endosomes, lysosomes, and regulated secretory granules.18 Rab
proteins regulate specific steps in membrane trafficking, including in
vesicle formation and movement, and in membrane fusion.18 These
GTPases shuttle between GTP-bound (active) and GDP-bound
(inactive) forms to regulate their binding to downstream effectors and
execute cellular functions.

Little is currently known regarding the role of RAB1B in platelets or
megakaryocytes (MK). Previous studies implicating RAB1B in
ER-to-Golgi trafficking have been performed in HeLa cells14,15,17 or
CHO cells.16 Neither of these is of hematopoietic origin, and HeLa
cells do not express RUNX1.19 On the basis of the findings in our
patient with RUNX1 haplodeficiency, we pursued the hypothesis that
RAB1B is a transcriptional target of RUNX1 and that downregulation
of RAB1B or RUNX1 is associated with defective ER-to-Golgi
transport in megakaryocytic cells. These studies provide evidence that
RUNX1 regulates via RAB1B, which is essential for ER-to-Golgi
transport, an early event in protein trafficking that governs a-granule
formation and contents. Our studies show that RUNX1 haplodefi-
ciency alters trafficking of vWF and platelet vWF levels.

Patients and methods

Patient information

The initial patient (P1) studied has thrombocytopenia and abnormal
platelet function associated with a single point mutation (c.969-
323G.T) in intron 3 at the splice acceptor site for exon 4, leading
to a frame shift with premature termination in the conserved RUNT
homology domain of RUNX1.9 Details of the platelet function
abnormalities6,7,9 and expression profiling studies in this patient7

have been previously described.

Studies were performed in 2 patients from a second family (8-year-
old male, P2, and his 3-year-old sister, P3) with thrombocytopenia
and a RUNX1mutation (c.50811G.A). The maternal grandmother
and great uncle had history of acute myeloid leukemia. This patient
had abnormal agonist-induced aggregation and secretion on laboratory
testing. The studies on the patients and control subjects were approved
by institutional review boards of the Lewis Katz School of Medicine at
Temple University and the Children’s Hospital of Philadelphia, and were
performed after obtaining the informed consent. The studies were
conducted following the guidelines of the Helsinki Declaration.

Immunofluorescence studies

Platelets from the patients and healthy controls or human
erythroleukemia (HEL) cells were treated as described for each

study and then seeded on coverslips precoated with human plasma
fibronectin and fixed and imaged by epifluorescence and confocal
microscopy as described.8 Images were acquired on a Nikon
E1000 microscope or Leica TCS SP5 confocal microscope, using
a 633/1.40 n.a. oil immersion objective at room temperature and Q
Capture or Leica imaging software, respectively. Postacquisition
processing and analysis was performed with Adobe Photoshop and
ImageJ, and was limited to image cropping and brightness/contrast
adjustments applied to all pixels per image simultaneously.
Fluorophores used were fluorescein isothiocyanate or Cy3.

Cell culture

HEL cells from American Type Cell Culture (Rockville, MD) were
grown and induced in RPMI-1640 medium as described.20

Real-time PCR

Total RNAs from platelets isolated from whole blood of healthy
donors and the patient8 were subjected to first-strand cDNA
synthesis using Superscript III (Applied Biosystems) and amplified
by real-time polymerase chain reaction (PCR) by SYBR Green PCR
mix, using primers (supplemental Table 1) for RAB1B, RAB1A, and
GAPDH (0.1mMeach). The parameters used for real-time PCRwere
as follows: 95°C for 10 minutes followed by 40 cycles of 95°C for
15 seconds, 55°C for 20 seconds, and 72°C for 20 seconds, using a
Master Cycler Real-Time PCR system (Eppendorf, Hauppauge, NY),
and relative abundances were calculated by theDDCT method, using
GAPDH as the reference gene.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed on HEL
cells (13 108) treated with phorbol 12-myristate 13-acetate (PMA;
10 nM) for 24 hours, using the ChIP-It kit (Active Motif, Carlsbad,
CA) and antibodies as described.10 Chromatin samples were immuno-
precipitated with anti-RUNX1 antibody (sc-8563x) or with normal
immunoglobulin G (IgG; sc-2028; Santa Cruz, Dallas, TX). Immunopre-
cipitated samples were analyzed by PCR, using the primers shown in
supplemental Table 2. Amplificationwas performed usingGoTaqGreen
Master Mix with 1 cycle at 95°C for 2 minutes, followed by 32 cycles of
95°C for 30 seconds, 62°C for 45 seconds, and 72°C for 60 seconds.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays (EMSA) were performed using
HEL cell nuclear extracts as described.20 RAB1B promoter region2
785/21 (from ATG) has 4 RUNX1 consensus sites. Oligonucleo-
tides encompassing these sites (RAB1B site 1 probe 2445/2426,
site 2 probe 2630/2611, site 3 probe 2659/2640, and site 4
probe 2778/2759) were labeled with infrared dye 700 (LI-COR
Biosciences, Lincoln, NE; supplemental Table 3). Supershift assays
were performed with anti-RUNX1 antibody (sc-8563x) or normal IgG
(sc-2028; Santa Cruz). Gels were visualized on Odyssey Infrared
Imaging System (LI-COR Biosciences).

Promoter-reporter assays

The RAB1B wild-type (WT) promoter (2785/115) and constructs
with specific mutations in RUNX1 consensus sites were generated
by directional PCR method, using gene-specific primers incorpo-
rated with restriction sites (Xho I at 59 side and Hind III at 39 side).
The PCR products were cloned into the TOPO TA cloning vector.
The recombinant TOPO TA plasmid was digested with appropriate
restriction enzymes, and the promoter region was subcloned
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between the same restriction sites of the pGL3-Basic promoter.
The sequences were confirmed by DNA sequencing on the ABI
Prism 377 (Applied Biosystems).

Promoter-reporter constructs were transfected individually along with a
standard Renilla luciferase (in 50:1 ratio) into HEL cells (23 106), using
Lipofectamine 2000 (Thermo Fisher Scientific, Philadelphia, PA). The
primer sequences of WT construct and its mutants are shown in
supplemental Table 4. Dual-luciferase assays were performed as
described.20 Promoter activity was expressed as the ratio of firefly
luciferase activity to Renilla luciferase activity, relative to that of the
promoter-less vector. All experiments were performed 3 times in triplicate.

RUNX1 downregulation and overexpression

HEL cells (23 106) were cotransfected with WT RAB1B luciferase
construct, along with control siRNA or RUNX1 siRNA (100 nM
each; Santa Cruz) to study the effect of downregulation of these
genes. To study the effect of RUNX1 overexpression, cells
(2 3 106) were cotransfected with RAB1B WT luciferase construct
or its mutants, along with RUNX1 expression vector, RUNX1-
pCMV6-XL4, or its empty expression vector, pCMV6-XL4 (1 mg
each; Origene Technologies, Rockville, MD). pRL-TK (Renilla
luciferase) plasmid was also used in each transfection as an internal
standard, and dual-luciferase assays were performed as described
here. HEL cell lysates were prepared and immunoblotted using
antibodies against RUNX1, RAB1B, and actin or GAPDH.10

Immunoblotting

Human platelets and HEL were lysed in a M-Per protein extraction
reagent (Pierce Biotechnology) supplemented with a protease
inhibitor cocktail (Active Motif, Carlsbad, CA). Cell lysates (20 mg)
were subjected to 4% to 20% Mini-PROTEAN TGX gels (Bio-Rad,
Hercules, CA), and the protein was transferred to PVDF membrane
(Millipore, Billerica, MA) and was probed with antibodies against
RAB1B (sc-599), RUNX1 (sc-8563 or sc- 365644), actin (sc-1616R;
Santa Cruz, CA), or von Willebrand Factor (vWF; ab6994; Abcam,
Cambridge, MA). The blots were probed with IR Dye-labeled
secondary antibodies (LI-COR Biosciences), using the Odyssey
Infrared Imaging System (LI-COR Biosciences).

ER-to-Golgi transport studies

ER-to-Golgi transport was studied using vesicular stomatitis virus
G (VSVG) envelope glycoprotein tagged with enhanced GFP, as
described by Presley et al21 with modifications. PMA-treated (10 nM,
24 hours) HEL cells (13106) were nucleofectedwith VSVG-GFP and
E2-Crimson-GALT-CFP plasmids (1 mg each), along with control
siRNA or RAB1B siRNA or RUNX1 siRNA (100 nM each), or RUNX1
siRNA 1 2 mg of RAB1B expression plasmid (Origene Technologies,
Rockville, MD), using Amaxa cell line Nucleofector kit V in a
nucleofector 2b device (Lonza Company). These cells were resus-
pended in the medium supplemented with 10 nM PMA and incubated
at 37°C with 5% CO2. After 24 hours, cells were resuspended by
centrifugation in fresh medium with 10 nM PMA, transferred onto
fibronectin-coated plates, and incubated at 40°C for 12 to 15 hours,
followed by incubation at 32°C for 30 minutes. The cells were then
fixed and imaged by confocal microscopy, followed by calculation of
the Pearson’s correlation coefficient from at least 100 cells per
condition, as described.8,22 VSVG cDNA sequence was isolated by
restriction digestion from pEGFP-VSVG vector (Addgene 11912,
deposited by Jennifer Lippincott-Schwartz) purchased fromAddgene

(a plasmid repository; Cambridge, MA) and cloned into pEGFP-C3
vector (Takara Bio, Mountain View, CA). GALT-CFP plasmid was
prepared as follows: E2-Crimson-tagged b1, 4 galactosyltransferase
1 (GalT) with KDEL ER targeting sequence deleted was created in
the pECFP vector by subcloning the E2-Crimson cassette in place of
enhanced cyan fluorescent protein cassette in the GALT-CFP
plasmid (Addgene 11937, a gift from Jennifer Lippincott-Schwartz)

Bioinformatics

RAB1B sequence (accession no. NM_030981.2) was obtained from
the National Center for Biotechnology Information gene database.
Potential binding sites for transcription factors were analyzed using
the computer program TFBIND (http://tfbind.hgc.jp).

Statistical analysis for in vitro studies

Results of the in vitro studies are expressed as mean 6 standard
error of the mean (SEM). Differences were compared using the
Student t test.

Results

Decreased platelet RAB1B expression

in RUNX1-haplodeficiency

Platelet expression profiling revealed that RAB1B is decreased
in the patient with RUNX1 haplodeficiency (fold change, 0.318;
P 5 .025) compared with platelets from 6 healthy control partic-
ipants, using Affymetrix U133 Gene Chips.7 This was validated by
quantitative PCR (Figure 1A). Immunofluorescence studies using
anti-RAB1B antibodies showed that RAB1B protein expression was
decreased in platelets from our first patient, P1, compared with
healthy participants (Figure 1B). Studies in 2 siblings, patients
P2 and P3, from an unrelated family with a RUNX1 mutation also
showed platelet RAB1B mRNA was decreased (Figure 1C), with
decreased platelet RAB1B protein on immunofluorescence studies
(Figure 1D). On immunoblotting, platelet RAB1B was lower in the
patients compared with control subjects (Figure 1E).

RUNX1 regulates RAB1B

RAB1B promoter sequence revealed 4 RUNX1 consensus binding
sites within 800 bp from the ATG codon: at 2440/2435 (site 1),
2622/2617 (site 2), 2660/2655 (site 3), and2770/2765 (site 4;
Figure 2A). The ChIP assays were performed on HEL cell chromatin,
using an anti-RUNX1 antibody. PCR amplification of the immunopre-
cipitated chromatin showed enrichment of promoter regions with site 1
and site 4 by anti-RUNX1 antibody, and no enrichment was noted with
normal IgG. The promoter fragments containing site 2 and site 3 were
not enriched (Figure 2A). These results indicate that RUNX1 binds in
vivo to RAB1B promoter.

EMSA were performed using HEL nuclear extracts and labeled
RAB1B oligos containing each of the RUNX1 consensus sites
(supplemental Table 2). Because of the proximity of sites 2 and 3
(Figure 2A), a single probe encompassing both sites was used in these
studies. These studies revealed that RUNX1 was present in complex
with consensus sites 1 and 4 (Figure 2B), but not with sites 2 and 3
(data not shown), a result similar to that with ChIP analysis. In studies
with the oligo containing site 1 (Figure 2B), there was protein binding
(Figure 2B, lane 2), which was competed with excess unlabeled oligo
(lane 3). There was no alteration in binding by normal IgG (lane 4), but it
was inhibited by RUNX1 antibodies (lane 5). Similar results were
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observed in studies of oligo with site 4. Together, the ChIP and EMSA
studies revealed RUNX1 binding to sites 1 and 4. In promoter-reporter
studies using constructs with RAB1B promoter region (Figure 2C),
mutations in site 1 or site 4 resulted in marked reduction in promoter
activity, but no change was noted in reporter activities with
specific mutations in sites 2 or 3. Together, these findings indicate
that RUNX1 binds to sites 1 and 4 in the RAB1B promoter region,
and that these sites are functional.

RUNX1 overexpression in HEL cells increased RAB1B protein
expression (Figure 3A) and RAB1B promoter activity of the WT
construct (Figure 3B). The increase in promoter activity was
abolished when RUNX1 binding sites 1 and 4 (but not sites 2 and 3)
were mutated individually (Figure 3B). No increase in promoter

activity was noted on RUNX1 overexpression when sites 1 and 4
were mutated. These findings are consistent with the conclusion
that sites 1 and 4, but not sites 2 and 3, are functional. RUNX1
siRNA inhibited RAB1B protein expression (Figure 3C) and
promoter activity (Figure 3D). Overall, these findings indicate that
RAB1B is regulated by RUNX1.

RUNX1 downregulation impairs RAB1B-related

ER-to-Golgi trafficking

We investigated effects of RUNX1 downregulation on ER-to-Golgi
transport in megakaryocytic HEL cells. RUNX1 downregulation
revealed impaired ER-to-Golgi trafficking and dissolution of Golgi
(Figure 4). HEL cells were cotransfected with vesicle protein
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Figure 1. RAB1B expression in platelets from the patients with RUNX1 haplodeficiency and healthy control subjects. (A) Platelets RAB1B mRNA levels in the

index (P1) patient and 5 normal subjects (N1-N5) by quantitative PCR. Shown are mRNA levels normalized to GAPDH. (B) Immunofluorescence studies of platelet RAB1B

expression in the index patient P1 and a normal subject. Platelets were labeled with RAB1B polyclonal antibody, detected with fluorescein isothiocyanate (pseudocolored red)–

conjugated secondary antibody, and imaged on a Nikon E1000 microscope. Corrected total cell immunofluorescence is shown 6 SEM. (C) Platelet RAB1B mRNA in 2

siblings (P2 and P3) from a second family with RUNX1 mutation and 5 normal subjects (N1-N5). (D) Platelet RAB1B immunofluorescence in patient P2 and 2 normal subjects.
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VSVG-GFP and Golgi marker E2-Crimson GalT, along with
scrambled control or RUNX1 siRNA, followed by temperature
shift assay to drive synchronous ER-to-Golgi transport of
VSVG-GFP.21 In control siRNA-transfected cells, most of the
VSVG-GFP colocalized with GalT (Pearson’s correlation co-
efficient [r] 5 0.609 6 0.035), indicating accumulation of VSVG
in Golgi structures. On RUNX1 knockdown, VSVG colocalization
with GalT was lost (r 5 0.378 6 0.033; P , .05), and Golgi
structures were disrupted (Figure 4A-B). Identical results were

obtained on downregulation of RAB1B (Figure 4A-B), with loss of
colocalization with GalT (r5 0.3746 0.026; P, .05). Reconstitution
of RAB1B in RUNX1-depleted cells restored the Golgi apparatus and
the colocalization of VSVG (r 5 0.711 6 0.046; no significant
difference compared with control; Figure 4B). In Figure 4C, the
immunoblots show the corresponding protein levels of the
RUNX1, RAB1B, and actin in control cells, with siRNA
knockdown of RUNX1 or RAB1B, and after ectopic expression
of RAB1B in RUNX1-depleted cells. In control experiments,

A
RUNX1 sites

-800 bp
4

TGGGGT
-770/-765 -660/-655

RAB1B Fragment
-480/-400

1 2 3 4

Site 1

Ig
G

R
U

N
X

1 
A

b
In

pu
t

gD
N

A

Site 4

GAPDH

Sites 2 and 3RAB1B Fragment
-660/-576

RAB1B Fragment
-785/-686

-622/-617 -440/-435
CCCACA TGGGGT CCCACA ATG

3 2 1

B

RUNX1 Ab
Site-I

- - -
-
- -

-
1 2 3 4 5

- -
- -

-
-
+

+
+

+ + + + +
++++

Normal IgG
Unlabeled Probe

Labeled Probe
Nuclear Extract

Site I Probe:

-445 TACTAGAACCCACATTCTCA-426

(a)

-778 CTCACTTGTGGGGTTCTGGA-759

Site IV Probe:(b)

RUNX1 Ab
Site-IV

- - -
-
- -

-
1 2 3 4 5

- -
- -

-
-
+

+
+

+ + + + +
++++

Normal IgG
Unlabeled Probe

Labeled Probe
Nuclear Extract

RUNX1 sites
4 3 2

0 2 4 6 8 10 12

Luc

1 +15

* p<0.05

* p<0.05

NS

NS

Wt -800

Site-1 mut -800

Site-2 mut -800

Site-3 mut -800

Site-4 mut -800

PGL-3 Basic

Relative activity

C

Luc

Luc

Luc

Luc

Luc

Figure 2. Characterization of RUNX1 sites in the RAB1B

upstream region. (A) RAB1B upstream region showing 4

consensus sites for RUNX1. Shown below is PCR amplification

of the immunoprecipitates of HEL cells with control IgG (lane 1)

and RUNX1 antibodies (lane 2). Amplification of the input or total

DNA (lane 3) and genomic DNA (gDNA, lane 4) served as

positive controls. Samples were analyzed by PCR using primers

for the RAB1B region and GAPDH. Shown are representative of

3 experiments. (B) EMSA using WT nucleotide probes encom-

passing RUNX1 consensus site 1 (2426/2445; left) and site

4 (2759/2778; right) in RAB1B promoter and nuclear extracts

from PMA-treated HEL cells. (a, left) EMSA using site 1 probe

(lanes 1-5): lane 1, no extract; lane 2, protein binding to the

probe; lane 3, loss of binding by competition with unlabeled

probe; lane 4, no loss of binding by competition with normal IgG;

and lane 5 competition with RUNX1 antibody and inhibition of

binding. (b, right) EMSA using probe with site 4 (lanes 1-5);

similar results were obtained as with the probe with site 1. Shown

are representative of 3 experiments. (C) Luciferase reporter

studies on RAB1B promoter in PMA-treated HEL cells. Luciferase

activity with WT construct with RUNX1 sites 1-4 (solid triangles)

and constructs with RUNX1 binding sites mutated (open trian-

gles). Mutations in the sites 1 and 4 decreased promoter activity,

but not the mutations in the sites 3 and 4, suggesting sites 1 and

4 are functional. The mean 6 SEM is shown for 3 independent

experiments in triplicates. P values are for comparisons against

WT promoter.

10 APRIL 2018 x VOLUME 2, NUMBER 7 RAB1B, RUNX1, AND ER-TO-GOLGI TRANSPORT DEFECT 801

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/2/7/797/880535/advances014274.pdf by guest on 03 M

ay 2024



RAB1B knockdown decreased transcript levels of RAB1B, but
not RAB1A (supplemental Figure 1). Together, these studies
indicate that in megakaryocytic cells, loss of RAB1B impairs ER-
to-Golgi vesicular transport and Golgi stability, which was also
noted with RUNX1 downregulation (Figure 4). The similarity in

the effects with RAB1B and RUNX1 knockdown on vesicle
transport and Golgi stability, and their reversal with RAB1B
reconstitution, suggests that RAB1B downregulation is the
cause of the impaired ER-to-Golgi transport noted on RUNX1
downregulation.
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Figure 3. Effect of RUNX1 overexpression and RUNX1 siRNA downregulation on RAB1B protein expression and promoter activity. (A) Immunoblot analysis of

RUNX1, RAB1B, and actin on overexpression of RUNX1 in HEL cells. Bars shown are an average of 3 independent experiments. P values shown are for comparison with control

(pCMV6 vector alone). (B) Effect of RUNX1 overexpression on RAB1B promoter activity. WT construct and mutant constructs with sites 1-4 individually mutated were cotransfected with

RUNX1-pCMV6 expression vector (green bars), empty vector pCMV6 (blue bars), or neither (red bars) in HEL cells. Reporter activity was measured at 48 hours. Bar graphs show activity

as mean 6 SE of 3 independent experiments in triplicate. (C) Immunoblot analysis of lysates from HEL cells transfected with RUNX1 siRNA showing inhibition of RAB1B protein. Bars

shown are average of 3 independent experiments. P values are for comparison with control vector. (D) Effect of RUNX1 siRNA on RAB1B promoter activity. RAB1B WT promoter

construct was cotransfected with control siRNA or RUNX1 siRNA in HEL cells. Reporter activity was measured at 48 hours. Bar graphs show activity as mean 6 SEM of 3

independent experiments in triplicate. RUNX1 siRNA reduced RAB1B protein and RAB1B promoter activity.
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RUNX1 downregulation impairs RAB1B-related

VWF trafficking

MK synthesize vWF, a protein present in platelet a-granules, and
several a-granule proteins are decreased in patients with RUNX1
haplodeficiency.4 vWF is synthesized and dimerized in the ER
with multimer formation occurring in the trans- and post-Golgi
compartments23,24 before being localized to the a-granules. We
postulated that vWF trafficking would be impaired because of Golgi
disruption by RUNX1 or RAB1B depletion, leading to defective
vWF protein maturation and decreased vWF in granules. In studies
performed with temperature shift as described in “Patients and
methods.” vWF localized to compact Golgi structures, as indicated by
colocalization with GalT in control siRNA-transfected cells (Pearson
correlation coefficient r 5 0.793 6 0.018; Figure 5A). On RUNX1
knockdown, the vWF concentration in the Golgi was lost (r5 0.4786
0.072; P , .05), associated with disrupted Golgi structures
(Figure 5A). Identical results were obtained on downregulation of

RAB1B (r 5 0.429 6 0.082; P , .05). With ectopic RAB1B
expression in RUNX1-depleted cells, Golgi structures were
restored associated with enrichment of vWF in the Golgi
(r 5 0.665 6 0.048; no significant difference compared with
control). On immunoblot analysis, bands were strikingly decreased
on downregulation of RAB1B (lane 2) or RUNX1 (lane 3). Ectopic
RAB1B expression in RUNX1-depleted cells partially reconstituted
the vWF bands (lane 4). These findings suggest that vWF trafficking
in HEL cells is regulated by RAB1B, and that it is impaired with
RUNX1 downregulation. In line with these findings, immunoblotting
of platelet lysates from patients with RUNX1 haplodeficiency
showed that VWF was decreased relative to platelets from normal
donors (Figure 5C).

Discussion

These studies provide the first evidence that platelet RAB1B
expression is downregulated in patients with RUNX1 mutation
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Figure 4. Regulation of ER-to-Golgi transport by RUNX1 and RAB1B in HEL cells. (A) PMA-treated HEL cells cotransfected with VSVG-GFP and E2 Crimson-GalT,

along with siRNAs and plasmid constructs as indicated, were seeded on coverslips, kept at 40°C for 16 hours, and then transferred to 32°C for 30 minutes and fixed. VSVG,

green; GalT, red; DAPI, blue. Yellow arrowheads indicate areas of VSVG in Golgi structures, indicated by colocalization with GalT, which appears as yellow. Bar, 10 mm.

VSVG and GalT were colocalized intact in the cells transfected with control siRNA (Pearson’s correlation coefficient r 5 0.609 6 0.035; mean 6 SEM). In cells transfected

with RUNX1 siRNA (r 5 0.378 6 0.033; P , .05) or RAB1B siRNA (r 5 0.374 6 0.026; P , .05), Golgi was disrupted and there was no accumulation of VSVG-GFP, as

RAB1B facilitates VSVG transport. (B) Resumption of VSVG transport by reconstituted RAB1B in HEL cells after RUNX1 siRNA downregulation (r 5 0.711 6 0.046; P 5 NS

compared with control). Bar, 10 mm. (C) Immunoblot analysis showing reconstitution of RAB1B protein by ectopic RAB1B expression in RUNX1-depleted HEL cells.
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(Figure 1), and that RAB1B is regulated in megakaryocytic HEL
cells by RUNX1 (Figures 2 and 3). The latter provides a mechanism
for the decreased platelet RAB1B in patients with RUNX1
haplodeficiency. Rab proteins regulate specific steps in vesicle
transport in the secretory and endocytic pathways, and this is driven by
their cellular locations.18 RAB1B has been shown in HeLa cells14,15,17

and CHO cells16 to regulate ER-to-Golgi vesicle transport,17,21,25 and
loss of RAB1B expression resulted in decreased ER-to-Golgi vesicle
trafficking with disruption of Golgi. However, cell biological roles of
RAB1B in MK cells have not been explored. Moreover, HeLa cells do
not express RUNX1.19 Our studies provide the first evidence that
RAB1B regulates ER-to-Golgi vesicle transport in megakaryocytic cells.
RAB1B downregulation impaired ER-to-Golgi vesicle trafficking and
induced Golgi dissolution (Figure 4). Identical findings were
observed on RUNX1 downregulation with reversal of the findings
on ectopic expression of RAB1B in RUNX1-depleted cells (Figures
4B and 5), indicating that the defective ER-to-Golgi transport with
RUNX1 downregulation was secondary to decreased RAB1B
expression. This does not exclude a contributory effect of other
genes also downregulated in RUNX1 haplodeficiency.7

ER-to-Golgi trafficking is a critical and early step in the transport of
proteins synthesized in the ER to the specific granules.26-28 Defect in
granule number or content (of both a and dense granules) is a hallmark
of RUNX1 haplodeficiency.4 Platelet a-granules are endowed with
numerous proteins, many, but not all, of which are synthesized in the
MK. Deficiencies of a-granule proteins such as platelet factor-4 and
b-thromboglobulin have been documented in patients with RUNX1
mutations.4,11 We show that vWF is also decreased. In MK, small
vesicles budding from the trans-Golgi network are transported from
MK to pro-platelets via multivesicular bodies.26-28 Multiple mechanisms
contribute to the handling and trafficking of various proteins to specific
platelet granules. We postulate that impaired ER-to-Golgi transport
resulting from decreased RAB1B expression (arising from RUNX1
mutations) is an important mechanism causing defective protein cargo
trafficking early in the process that leads to granule biogenesis in
RUNX1 haplodeficiency, particularly for a-granule proteins that are
synthesized in the MK.

Our studies show that RUNX1 or RAB1B downregulation impairs
handling of vWF (Figure 5), a protein synthesized by MK and present in
a-granules. Several RAB proteins, but not RAB1B, to our knowledge,
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Figure 5. Effect of siRNA depletion of RAB1B and RUNX1 on vWF trafficking in HEL cells. (A) PMA-treated HEL cells were transfected with siRNAs and expression

plasmid, as indicated and as described in the legend for Figure 4. In control siRNA-transfected cells, vWF (green) colocalized with the Golgi (E2-Crimson-GalT, red; Pearson

correlation coefficient r 5 0.793 6 0.018). On treatment with RUNX1 siRNA (r 5 0.478 6 0.072; P , .05; compared with control) or RAB1B siRNA (r 5 0.429 6 0.082;

P , .05), Golgi structures were disrupted and the colocalization with vWF was lost. RAB1B expression in RUNX1 siRNA-depleted cells reconstituted the Golgi structures

along with colocalization of vWF (r 5 0.665 6 0.082; P 5 NS), similar to that seen in control cells. Bar, 10 mm. (B) Immunoblot analysis of vWF, RUNX1, RAB1B, and actin in

HEL cells treated as described earlier. Downregulation of RAB1B or RUNX1 decreased vWF; reconstitution of RAB1B in RUNX1-depleted cells restored the vWF. (C) Platelet

vWF by immunoblotting in 3 patients with RUNX1 mutations and 5 normal subjects. Also shown is the ratio of vWF to GAPDH as loading control.
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have been implicated in the handling of vWF in endothelial cells.29 Our
studies implicate RAB1B in vWF trafficking in megakaryocytic HEL
cells (Figure 5A). The lack of full reconstitution of vWF on RAB1B re-
expression in RUNX1-depleted cells is consistent with the conclusion
that RAB1B is necessary, but not sufficient, to normalize vWF
trafficking. This may be related to other genes also being down-
regulated with RUNX1 downregulation.7 In line with these findings,
platelet VWF was decreased in patients with RUNX1 mutations
(Figure 5C). Of note, in our patient, the platelet vWF transcript level
was not decreased on expression profiling,7 the latter being the reason
for selecting vWF for the studies on. RAB1B-regulated protein
trafficking. In addition, plasma vWF was normal, suggesting a
differential regulation of vWF between MK and endothelial cells. These
findings are in line with the conclusion that the abnormal platelet/MKa-
granule vWF in RUNX1 haplodeficiency results from downregulation
of genes involved in protein trafficking in MK, rather than RUNX1
regulation of the vWF gene.

Impaired roles of RAB proteins, specifically RAB1B, have been
recognized in some human neurodegenerative diseases: Alzheimer’s
disease30,31 and Parkinson’s disease.32,33 RAB1B regulates
transport of b-amyloid precursor protein from ER-to-Golgi.30,31

In Parkinson’s disease models, a-synuclein blocks ER-to-Golgi
trafficking, and RAB1 rescues the neuron loss.32,33 Interestingly,
Golgi fragmentation, noted in our studies (Figure 4), is also reported
in neurodegenerative diseases.33

In summary, our studies show thatRAB1B is regulated by transcription
factor RUNX1 in megakaryocytic cells/platelets and is downregulated
in platelets from RUNX1 haplodeficiency patients. RUNX1 down-
regulation is associated with defective ER-to-Golgi transport that is
reversed, at least in part, by re-expression of RAB1B. ER-to-Golgi

transport is an important step in the trafficking of proteins synthesized
in the MK to specific granules, and a defect in this process likely
contributes to the defects in protein-bearing platelet a-granules. These
findings provide new insights into the mechanisms leading to granule
deficiencies in RUNX1 haplodeficiency.
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