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Essentials

1. RUNX1 is expressed from 2 promoters (P1 and P2) to yield isoforms RUNX1C
and RUNX1B.

2. RUNX1B and RUNX1C regulate RUNX1 and target genes differentially in
megakaryocytes/platelets.

3. In platelets RUNX1B and RUNX1C expression is inversely related and ticagrelor
increases RUNX1C

4. RUNX1 target gene (F13A1, RAB31) expression in blood is associated with

death or MI in cardiac disease.
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Abstract

Background: Hematopoietic transcription factor RUNX1 is expressed from proximal P2
and distal P1 promoter to yield isoforms RUNX1 B and C, respectively. The roles of
these isoforms in RUNX1 autoregulation and downstream-gene regulation in

megakaryocytes and platelets are unknown.

Objectives: To understand the regulation of RUNX1 and its target genes by RUNX1

isoforms.

Methods: We performed studies on RUNX1 isoforms in megakaryocytic HEL cells and
HelLa cells (lack endogenous RUNX1), in platelets from 85 healthy volunteers
administered aspirin or ticagrelor, and on the association of RUNX1 target genes with

acute events in 587 patients with cardiovascular disease (CVD).

Results: In chromatin immunoprecipitation and luciferase promoter assays, RUNX1
isoforms B and C bound and regulated P1 and P2 promoters. In HeLa cells RUNX1B
decreased and RUNX1C increased P1 and P2 activities, respectively. In HEL cells,
RUNX1B overexpression decreased RUNX1C and RUNX1A expression; RUNX1C
increased RUNX1B and RUNX1A. RUNX1B and RUNX1C regulated target genes
(MYL9, F13A1, PCTP, PDES5A and others) differentially in HEL cells. In platelets
RUNX1B transcripts (by RNAseq) correlated negatively with RUNX1C and RUNX1A,;
RUNX1C correlated positively with RUNX1A. RUNX1B correlated positively with F13A1,
PCTP, PDE5A, RAB1B, and others, and negatively with MYL9. In our previous studies,

RUNX1C transcripts in whole blood were protective against acute events in CVD
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patients. We found that higher expression of RUNX1 targets F13A71 and RAB31

associated with acute events.

Conclusions: RUNX1 isoforms B and C autoregulate RUNX1 and regulate downstream

genes in a differential manner and this associates with acute events in CVD.
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INTRODUCTION

Runt-related transcription factor 1 (RUNX1) is a master regulator of
hematopoiesis, megakaryocyte (MK) and platelet biology [1-5]. Germline RUNX1
haplodeficiency is associated with thrombocytopenia, platelet dysfunction and a striking
predisposition to myeloid malignancies, referred to as familial platelet disorder with
predisposition to myeloid malignancy (FPDMM) [6-10]. The RUNX1 gene, located on
chromosome 21, is regulated by two distinct promoters which are ~160k base pairs (bp)
apart: a distal P1 and a proximal P2 promoter [2, 11]. There are multiple RUNX1
isoforms, of which the best recognized are RUNX1B, RUNX1C, and RUNX1A [2, 12].
RUNX1A and RUNX1B are expressed from the P2 promoter while RUNX1C is from the
P1 promoter [7, 13-16]. All three isoforms contain a DNA-binding RUNT domain;
RUNX1A lacks the C-terminal transactivation domain [2, 13]. In Homo sapiens RUNX1B
and RUNX1C differ by 32 N-terminus amino acids (AA), which regulate post-
translational modifications and interaction with target DNAs and transcriptional co-
regulators [17]. RUNX1 expression from 2 distinct promoters results in different 5’ and 3’
untranslated regions, which affects mRNA stability, translation activity and post-
transcriptional modification [13, 17]. RUNX1 can both activate and repress target genes

[17, 18].

RUNX1 is critical for hematopoiesis during embryogenesis and is required for the
endothelial-to-hematopoietic transition [2, 19]. The differential expression patterns and
role of RUNX1 isoforms have been explored. In mouse embryonic stem cell lines,
RUNX1B is predominantly required for the initiation and ongoing hematopoietic

development, while RUNX1C expression occurs later [20, 21]. In human studies, the
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roles of RUNX1 isoforms are unclear. While one study [22] found a similar sequential
expression of RUNX1 isoforms and crucial importance of RUNX1B in hematopoietic
development, another [23] showed that RUNX1C is the only isoform that is upregulated
in hemogenic endothelium. During adult hematopoiesis, RUNX1C is predominantly
expressed, while RUNX1B upregulation determines megakaryocytic and erythroid
lineage differentiation [14]. RUNX1C has been shown to be important in MK progenitor
proliferation and survival [24]. RUNX1A has also been shown to play an important role.
RUNX1A enhances hematopoietic lineage commitment from human stem cells [25]. It is
overexpressed in CD34+ cells in myeloproliferative neoplasms [26] and an altered
RUNX1A/RUNX1C ratio has been linked to increased leukemia risk in trisomy 21 [27].

These studies point to differential functions of RUNX1 isoforms.

RUNX1 is reported to autoregulate its expression by binding to the P1 promoter
in HL-60 cells and Jurkat T-cells [15]. However, the RUNX1 isoform involved in this
autoexpression was not specified and the P2 promoter was not studied. Available
evidence suggests that RUNX1 isoforms regulate the target genes differentially [28, 29].
Our studies using gene arrays showed that transcripts for RUNX1 target gene PCTP
(phosphatidylcholine transfer protein) in whole blood correlate negatively with RUNX1
expression from P1 but not the P2 promoter [28]. Little is known regarding the effects of

RUNX1 isoforms on its autoregulation and on target gene expression in MK/platelets.

Our goals in the present studies were to investigate the differential effects of
RUNX1 isoforms on RUNX1 autoregulation and target gene regulation in MK/platelets.
Expression profiling of platelets of patients with germline RUNX1 haplodeficiency (RHD)

using Affymetrix microarrays have shown that numerous genes were downregulated or
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upregulated [30, 31]. Here, we focus on RUNX1 target genes, including PCTP [28],
MYL9 (myosin light chain 9) [32], F13A1 (coagulation factor XlII A subunit) [33], PDESA
(phosphodiesterase 5A) (Guan and Rao, Unpublished), RAB1B ( [34] and RAB31 [35].
We provide evidence that the isoforms differentially autoregulate RUNX1 expression
and regulate target genes in an isoform-specific manner. We show in human platelets
that there is an inverse relationship between the expression of RUNX1B and RUNX1C,
and that RUNX1B transcripts correlate with target gene expression, providing in vivo
evidence for isoform-specific effects. In healthy volunteers, we show that a four-week
daily exposure to platelet P2Y 12 receptor antagonist ticagrelor modulates platelet
RUNX1 expression, with an increase in RUNX1C transcripts but not RUNX1B, and
expression of target genes. In patients with CVD, we have shown [29] that higher
transcript levels from the RUNX1 P1 promoter had a protective effect with respect to
death and MI. We now show that platelet expression of target genes F13A7 and RAB31
correlates with acute CV events. Overall, RUNX1 isoforms have differential effects and
these studies highlight the importance of assessing isoform-specific effects in clinical
scenarios where RUNX1 is involved and in its pharmacologic modulation for therapeutic

purposes in FPDMM [36-38].

METHODS

Cells

Studies were performed in human erythroleukemia (HEL) cells and human
cervical carcinoma (HeLa) cells, which do not express RUNX1 [15]. Details are provided

in the Supplemental information.
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Chromatin immunoprecipitation and luciferase reporter studies

These were performed in HEL and HelLa cells as described in the Supplemental

methods.
Effect of RUNX1 isoforms on RUNX1 autoregulation and target genes

To study the effect of RUNX1B or RUNX1C overexpression on RUNX1 autoregulation
and downstream gene expression, PMA-treated HEL cells (6x10°) or HeLa cells (6x10°)
cultured in 6-well plate were transfected with different concentrations of RUNX1B or
RUNX1C expression vector. After 48 hours, cell lysates were subjected to
immunoblotting using antibodies against RUNX1, RUNX1C, PCTP, MYL9, F13A1,
PDES5SA and GAPDH. Secondary antibodies were IRDye-labeled antibodies (LI-Cor
Biosciences). Immunoreactive proteins were detected with the Odyssey Infrared
Imaging System (LI-Cor Biosciences). The density of the bands was measured using
Odyssey V3.0 (LI-Cor Biosciences). Protein levels were normalized to GAPDH. RNA
extracted using the RNeasy Mini Kit was used for cDNA synthesis using SuperScript IV
First Strand Synthesis System. The expression of RUNX1 isoforms and downstream
genes was analyzed by qPCR using PowerUp SYBR Green Master Mix (primers listed
in Supplemental Table 1). Reactions were performed using the Mastercycler ep realplex
(Eppendorf) system, and Ct values for each gene expression were generated. Gene

expression was determined using the AACt method with GAPDH as reference gene.

Studies in human subjects on platelet RUNX1 isoforms and target genes,

and on the effects of ticagrelor and aspirin


https://doi.org/10.1101/2024.06.18.599563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.18.599563; this version posted June 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Samples were obtained from a previously reported [39, 40] prospective, open
label, randomized cross-over study to assess the effects of antiplatelet therapy (non-
enteric coated aspirin 81 mg/day, aspirin 325 mg/day, and ticagrelor 90 mg twice daily)
on platelet function and gene expression. Briefly, 85 healthy volunteers were enrolled
for a baseline platelet RNA collection and platelet function assessments (V1) and
randomized to either 4 weeks of 81 mg/day vs. 325 mg/day aspirin after which they had
repeated baseline assessments (V2) and crossed over to the other aspirin dose for an
additional 4 weeks (V3). After a 4-week washout (V4), participants were loaded with
180 mg ticagrelor and prescribed 90 mg twice daily ticagrelor and returned for their final
assessments (V5). Platelets were isolated from whole blood using a leukocyte depletion
procedure [41]. Purified platelet RNA was collected before and after each exposure and
analyzed by RNA sequencing [40]. The Duke Institutional Review Board approved the
study protocol.

Platelet RNA quantification and statistical analyses

Sequence data processing and alignment, and differential expression by aspirin
and ticagrelor treatment are described in detail previously [39, 40] and in the

Supplement.

Association of RUNX1 isoform-specific expression with RUNX1 target

genes

Expression of RUNX1 isoforms and the RUNX1 target genes was quantified as log2
counts per million reads mapped (log2 CPM). Two association models were tested: 1.
Model A (off treatment): Target gene ~ RUNX1 isoform + (1|subject), and 2. Model B

(on and off treatment): Target gene ~ Runx1 isoform + treatment + (1|subject). Both
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models were estimated using linear mixed-effect regression with a random intercept for
subject to account for repeated sampling within a person. The Benjamini-Hochberg
method was used to adjust p-values for multiple testing across the RUNX1 isoforms and
target genes, within each model. Model A was repeated genome-wide (14,333 unique
transcripts) and the resulting association test statistics (absolute value of the t-statistics)
were used to assess for enrichment of RUNX1-gene correlation within gene sets that
are downregulated (228 genes) and upregulated (21 genes) in platelets from our RHD
patient [30] using a two-sample t-test. All platelet RNA analyses were conducted in the

statistical program R using the packages limma and edgeR, or Ime4.

Studies on patients with cardiovascular disease

Methods used for studies in CVD patients referred for cardiac catheterization and
followed for CV events, and their molecular data have been previously described [42]
and provided in the Supplemental Information. Briefly, combined data from two cohorts
of CVD patients (one case-control (n=190) and another observational (n=397)), baseline
clinical, medication, and peripheral blood microarray data, and long-term clinical
outcomes from the Duke Catheterization Genetics (CATHGEN) cohort were used for

these analyses.

Statistical analyses of peripheral blood gene expression data have been previously
described [28]. Briefly, to assess for the association between target gene (F13A1,
RAB31, PDESA, or RAB1B) expression and CV events, we used two independent
longitudinal follow up cohorts from the CATHGEN study (case-control and
observational). In each cohort, each probe set was tested for association with the

combined outcome of death or Ml events using linear regression, controlling for the

10
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effects of age, sex, and race on death or Ml outcomes. All CATHGEN data processing
and statistical analyses were conducted in R version 3.2 (http://www.r-project.org/)
using the packages affy, meta, and limma for normalization, meta-analyses, and
moderated t-tests, respectively. Additional details regarding the R programming
required to process and analyze the RNA-seq data is described in the GEO submission

of these data: GSE158765.

Statistical analysis for other studies

Results were expressed as mean + SEM. Differences were compared using
Student’s t-test or one- and two-way ANOVA, using the GraphPad Prism, version 8

(GraphPad Software) and considered significant at P < 0.05.

RESULTS

RUNX1B and RUNX1C bind to P1 and P2 promoters and regulate activity

RUNX1 is expressed from two promoters [1, 2, 11, 12]; RUNX1C is expressed
from P1 while RUNX1B and RUNX1A are from the P2 promoter (Figure 1A). RUNX1C
has 32 additional AA at the N-terminus compared to RUNX1B (Figure 1B). We
developed a rabbit antibody that binds to the 16 AA N-terminus of RUNX1C, referred to
hereafter as the RUNX1C-specific antibody. Studies were done with the commercially
available antibodies (referred to as RUNX1 antibodies), which bind to all three isoforms
and with the RUNX1C-specific antibody. In HelLa cells, which lack endogenous RUNX1
[15], none of the antibodies detected RUNX1 (Figure 1C), while in HEL cells the RUNX1
antibodies detected bands corresponding to RUNX1 B (48 kDa) and RUNX1C (52 kDa).
Upon expressing RUNX1B or RUNX1C in HeLa cells, the RUNX1 antibodies detected

11
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only the appropriate isoform, and the RUNX1C-specific antibody detected the band
corresponding to RUNX1C but not RUNX1B (Figure 1C). This validated the specificity of

the RUNX1C-specific antibody.

All three RUNX1 isoforms share a homologous Runt Domain (Figure 1A) that
mediates the binding of target DNAs [15]. In silico analysis revealed five RUNX1
consensus binding sites within 600 bp of the P1 5’ upstream region from exon1 and one
RUNX1 site in the UTR of exon3 (Figure 1D). We performed ChIP assay using PMA-
treated HEL cells and antibodies recognizing both RUNX1B and RUNX1C, and
separately with RUNX1C-specific antibodies. Both sets of antibodies but not the control
IgG enriched by PCR amplification the regions encompassing the RUNX1 consensus
sites in the P1 and P2 promoters (Figure 1E). In the P1 promoter, RUNX1 bound to
regions encompassing sites 1 and 2, and the region with sites 3, 4 and 5, which are in
close proximity (Figure 1E1). In the P2 promoter, both the RUNX1 antibodies and the
RUNX1C-specific antibodies bound to the region with the single consensus site (Figure
1E2). Thus, RUNX1 binds to both promoters, particularly RUNX1C. Mutations of sites 1
and 2 in the P1 promoter decreased promoter activity (Figure 1F1); while mutations of
sites 3, 4 increased activity. In the P2 promoter, mutation of the single binding site
increased activity (Figure 1F2). These studies indicate that RUNX1 binds to the P1 and

P2 promoters to regulate transcriptional activities.

Studies in HelLa cells: RUNX1B increases and RUNX1C decreases P1 and

P2 promoter activities

We examined isoform-specific regulation of promoter activities by co-transfecting

each isoform along with the P1 or P2 promoter luciferase vector in HeLa cells, which
12
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lack endogenous RUNX1. We co-transfected the P1-promoter luciferase vector with
increasing amounts of RUNX1B or RUNX1C expression vector (Figure 2A). RUNX1B
induced a dose-dependent decrease in P1 activity; RUNX1C showed a dose-dependent
increase (Figure 2A). In MK, RUNX1B and RUNX1C are co-expressed. To assess the
interaction between RUNX1B and RUNX1C on P1 promoter activity, we expressed a
constant amount of RUNX1C and an increasing amount of RUNX1B expression vector
along with the P1-promoter. RUNX1B decreased P1 promoter activity induced by
RUNX1C in a dose dependent manner (Figure 2A, right panel). Thus, RUNX1B and
RUNX1C compete in regulating P1 promoter activity. The same studies were conducted
with the P2 promoter (Figure 2B). RUNX1B decreased P2 activity in a dose-dependent
manner. With RUNX1C, we did not observe a dose-dependent alteration in P2 activity
(Figure 2B). However, with constant RUNX1B expression, which decreased activity by
itself, added RUNX1C increased P2 activity in a dose-dependent manner (Figure 2B,
right panel). This suggests that even though we were unable to show a direct effect on

the P2 promoter, RUNX1C interacts with this promoter to compete with RUNX1B.

Studies in megakaryocytic HEL cells: RUNX1B increases and RUNX1C

decreases P1 and P2 promoter expression

In addition to RUNX1 isoforms B and C, MK and HEL cells have RUNX1A, which
is expressed from the P2 promoter [12, 21]. We studied the effects of overexpressing
RUNX1B (Figure 2C) and RUNX1C (Figure 2D) in HEL cells by assessing mRNA and
protein levels of the isoforms. Because RUNX1B transcripts share a homologous N-
terminus with RUNX1A and share a homologous C-terminus with RUNX1C (Figure 1A),

we were unable to measure individual RUNX1B transcript levels using traditional gPCR.
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Therefore, we examined combined RUNX1A and RUNX1B (RUNX1AB) mRNA levels.
RUNX1B overexpression decreased RUNX1A, RUNX1AB and RUNX1C mRNA levels
compared to control empty vector (Figure 2C1). RUNX1C protein was decreased ~50%
by immunoblotting using RUNX1 antibodies and the RUNX1C-specific antibodies;
RUNX1A protein was unchanged (Figure 2C2 and 2C3). Because ectopically expressed
RUNX1B overlaps with endogenous RUNX1B on immunoblotting (Figure 2C2), the
endogenous RUNX1B expression was indirectly assessed using transcript levels for
RUNX1AB (P2 promoter expression) and RUNX1A. Both transcripts were decreased,
suggesting inhibition of RUNX1B expression as well, because RUNX1B transcripts
constitute the bulk of RUNX1AB transcripts (data not shown). Thus, RUNX1B

overexpression inhibits expression of all three isoforms.

RUNX1C overexpression increased mRNA for RUNX1A ~1.5-fold; RUNX1AB
~2.5-fold and RUNX1C 3-fold (Figure 2D1). The increase in RUNX1AB suggested that
endogenous RUNX1B mRNA was also increased; on immunoblotting, there was a 2-
fold increase in both RUNX1A and RUNX1B (Figure 2D2 and 2D3). These studies
indicate that the isoforms regulate their own expression differentially in megakaryocytic

cells with RUNX1B inhibiting, and RUNX1C enhancing expression from both promoters.

RUNX1 isoforms differentially regulate target gene expression in HeLa and

HEL cells

RUNX1 regulates numerous genes [3, 43]. In HelLa cells, RUNX1B
overexpression increased MYL9, PCTP and PDE5SA mRNA and protein in a dose-

dependent manner (Figure 3A). RUNX1C overexpression decreased MYL9 and PCTP

14
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mRNA and protein (Figure 3B) but not PDESA. Hel.a cells express negligible F13A1

precluding studies on this gene.

In HEL cells, RUNX1B overexpression increased F13A1, MYL9, PCTP and
PDES5A mRNA and protein levels (Figure 4A). RUNX1C overexpression decreased
MYL9 and PCTP mRNA and protein; F13A1 or PDESA were unchanged (Figure 4B).
Thus, RUNX1B and RUNX1C differentially regulate downstream genes in HelLa cells

and HEL cells.

To obtain further evidence, we examined the effects in HEL cells on eight
additional genes (MRNA levels) whose platelet expression was altered in RHD patients
[30, 31]. Seven were differentially regulated by RUNX1B and RUNX1C (Figure 4C).
RAB1B, RAB31, ALOX12, FLNA, ITGA2B, PRKCQ were upregulated by RUNX1B
(Figure 4C1); RAB1B and ALOX12 were downregulated by RUNX1C, with the others
unaffected (Figure 4C2). IFITM3 was downregulated by RUNX1B and unaffected by
RUNX1C. Neither altered PF4. Overall, 11 of 12 genes studied showed differential

regulation by the isoforms.

Because PMA induces megakaryocytic differentiation of HEL cells [44] we
examined its effects. With PMA treatment, RUNX1B protein levels appeared unchanged
(Figure 4D1); RUNX1C decreased over 48-72 hours by immunoblotting using either the
RUNX1 antibody (Figure 4D2) or the RUNX1C-specific antibody (Figure 4D3). The
RUNX1B/RUNX1C ratio was increased (Figure 4D4) reflecting the relative RUNX1B
increase. F13A1 and MYLO9 proteins (Figure 4D5) increased over time, consistent with

their upregulation by RUNX1B (Figure 4A).
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Studies in platelets: relationships between RUNX1 isoforms and target

genes by RNAseq.

To obtain in vivo evidence to support our findings in HEL cells (Figure 4), we
assessed RUNX1 isoforms and 12 RUNX1 target genes [29] in leukocyte-poor platelets
from 85 volunteers using RNAseq. Total RUNX1 transcripts were lower than those of
target genes (Supplemental Figure 1A); RUNX1B and RUNX1C were similar, with
RUNX1A being lower (Figure 5A). The ratios of RUNX1A/RUNX1C and
RUNX1B/RUNX1C were similar (Supplemental Figure 1B). RUNX1B correlated
negatively with RUNX1C and RUNX1A (Figure 5B). RUNX1C correlated positively with
RUNX1A. These findings are in line with those in HEL and Hela cells (Figure 2) and

with the differential autoregulation by the isoforms.

We examined the relationships of the isoforms to the 12 genes studied in HEL
cells (Figure 4). In platelets, expression of 5 genes (F13A1, PCTP, PDE5A, ALOX12,
PRKCQ) correlated positively with total RUNX1 transcripts (Figure 5C); there was an
inverse correlation with MYL9. Six (F13A1, PCTP, PDE5A, RAB1B, ALOX12, PRKCQ)
correlated positively with RUNX1B (Figure 5D), as noted in HEL cells (Figure 4).
IFITM3 was negatively regulated by RUNX1B in both HEL cells and platelets. Three
(MYL9, ITGAZ2B, PF4) correlated negatively with RUNX1B (Figure 5D); two (MYL9,
ITGAZ2B) were positively regulated in HEL cells (Figure 4). None correlated with
RUNX1C or RUNX1A. We assessed the relationships between the RUNX1B/RUNX1C
ratio and the 12 target genes (Figure 5E). They generally paralleled those between
RUNX1B and the target genes (Figure 5D). The RUNX1A/RUNX1C ratio did not

correlate with any of the genes (Figure 5E). Thus, in platelets RUNX1B expression
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correlates positively with most genes that were positively regulated by RUNX1B in HEL

cells.

We have previously reported genes that are downregulated and upregulated in
platelets from in our patient with RHD in studies using Affymetrix arrays [30]. Using
genome-wide platelet RNAseq data from healthy volunteers, we correlated the
expression of all expressed transcripts and the RUNX1 isoforms, RUNX1B/RUNX1C
ratio and RUNX1A/RUNX1C ratio. Using these linear associations, we performed
enrichment analysis for the downregulated, upregulated and combined gene sets
identified in our RHD patient. There was significant enrichment for total RUNX1,
RUNX1B, RUNX1C, RUNX1B/RUNX1C ratio (Figure 5 F-I) and RUNX1A/RUNX1C ratio
(Supplemental Figure 2B) with the set of genes downregulated in the patient, but not
with upregulated gene set, which has fewer genes (Supplemental Table 2-4). There was
no enrichment for RUNX1A by itself (Supplemental Figure 2A). These enrichment
analyses corroborate findings for RUNX1B using an expanded gene set. By using this
expanded gene set, these data also suggest a role for RUNX1C that was not apparent

with the selected target genes in HEL cell experiments.

Effect of aspirin and ticagrelor on platelet RUNX1 and target gene

expression by RNAseq

Our prior studies in HEL cells and in whole blood showed that RUNX1 is an
aspirin-responsive gene. In HEL cells and in whole blood of healthy individuals
administered aspirin for 4-weeks, it enhanced RUNX1 expressed from the P1 promoter
and inhibited those from the P2 promoter [29]. Moreover, in vitro P2Y12 inhibition in MK

led to changes in gene expression that paralleled those observed in vivo in platelets
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[39]. To assess if antiplatelet agents alter platelet expression of RUNX1 isoforms and
target genes, we studied the effects of a 4-week course of daily aspirin or ticagrelor in
healthy volunteers [40]. There was no effect of aspirin on platelet expression of either
RUNX1 isoforms or the genes studied (Table 1). However, ticagrelor administration
increased RUNX1C (logFC 0.36, p=0.037) but not RUNX1B expression (Figure 6A and
Table 2). RUNX1A expression increased but did not reach statistical significance (logFC
0.38; p=0.09). F13A1 and PDES5A were upregulated (Figure 6B); other genes were
unchanged (Table 2). The change in RUNX1B correlated positively with the change in
F13A1 (linear estimate = 0.05, standard error = 0.02, p=0.01) and PDESA (0.04, 0.03,
p=0.06) (Figure 6C). Overall, these studies indicate that exposure to a P2Y12 inhibitor,
but not a COX1 inhibitor, alters in vivo platelet expression of RUNX1 isoforms and some

target genes, consistent with an effect at the MK level [39].

Relationships to cardiovascular events

In our prior studies using Affymetrix gene arrays in patients evaluated in the
cardiac catheterization laboratory and followed for 3.8 years, higher expression in whole
blood of RUNX1 expressed from the P1 promoter (RUNX1C) but not the P2 promoter,
was associated with protection from Ml and death [29]. Higher expression of MYL9,
PCTP, and PDESA was associated with a higher risk of adverse cardiac events [28, 29].
We now extend these analyses to three genes - F13A1, and two small GTPases,
RAB31 and RAB1B, recently shown by us to be direct RUNX1 targets and
downregulated in RUNX1-deficient platelets/MK [30, 33-35]. Decreased expression of
RAB31 and RAB1B induced defective MK vesicle trafficking (including of VWF) [34, 35].

Decreased F13A1 expression was associated with impaired clot contraction [33]. In the
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present studies, higher expression of F13A1 or RAB31 was associated with higher CV
events (Figures 6D and 6E). The effects were consistent between the two independent
cohorts for both genes, and between the three probe sets available for RAB37 (only one

probe set available for F13A 7). No such association was found for RAB1B (not shown).

Discussion

Current understanding of the roles of the multiple isoforms of RUNX1 in MK and
platelet biology is limited. We provide evidence that the major isoforms RUNX1B and
RUNX1C autoregulate RUNX1 and regulate downstream target genes in an isoform-
specific and differential manner in MK and platelets, and that this has relevance in the
context of CV events, where platelets play a major role. ChIP and luciferase reporter
studies (Figures 1, 2) provided evidence that RUNX1B and RUNX1C modulate P1 and
P2 promoters. In HelLa cells lacking endogenous RUNX1 [15], RUNX1B inhibited and
RUNX1C enhanced P1 and P2 promoter activities (Figure 2). In HEL cells, RUNX1B
overexpression inhibited RUNX1A and RUNX1C expression, while RUNX1C
upregulated them (Figure 2); thus, the isoforms differentially regulate RUNX1A
expression also (Figure 2). Prior studies showed that RUNX1 (isoform not specified)
regulated the P1 promoter [15]. We now show that both P1 and P2 promoters are
regulated by RUNX1 isoforms and, of note, in an opposing manner. These findings on
autoregulation have implications in attempts to therapeutically modulate endogenous
RUNX1 in haplodeficient FPDMM patients [36-38, 45]. It would be important to assess

the effects of therapeutic interventions on specific isoforms, including RUNX1A.

Platelets receive the bulk of transcripts from MK and reflect the MK source [46,

47]. In platelets from healthy volunteers RUNX1B transcripts by RNAseq were inversely
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correlated with those for RUNX1C and RUNX1A (Figure 5B); RUNX1C transcripts
correlated positively with RUNX1A. There was an inverse relationship between
RUNX1A and RUNX1B, both transcribed from the P2 promoter [37]. These corroborate
the findings in HEL cells, providing important in vivo evidence of counter-regulatory

effects of RUNX1 isoforms in MK.

RUNX1 regulates numerous genes in platelets and MK [28, 32-35]. In our prior
studies using Affymetrix arrays, PCTP transcript levels in whole blood from patients
were inversely related to RUNX1 transcripts from the P1 promoter [28]. We now
focused on multiple genes, all direct RUNX1 targets [28-30, 32, 34, 35, 48], and provide
evidence in HEL and Hela cells that their regulation by RUNX1 isoforms is distinct with
RUNX1B generally being a positive regulator (10 of 12 genes studied) and RUNX1C
being a negative regulator in four and without effect on the others (Figures 3 and 4).

These studies attest to the differential regulation of genes by RUNX1 isoforms.

To obtain further evidence, we explored the relationships between RUNX1
isoforms and target genes using platelet transcripts as a surrogate for MK (Figure 5).
Platelet target gene expression was differentially associated with RUNX1 isoforms.
RUNX1B transcripts correlated positively with six genes (F13A1, PDESA, PCTP,
RAB1B, ALOX12, and PRKCQ) and negatively with four (MYL9, IFITM3, ITGA2B and
PF4). None of these genes correlated with RUNX1C or RUNX1A. Moreover, the target
genes correlated with the RUNX1B/RUNX1C ratio (Figure 5E); the direction was same
as for RUNX1B. The enrichment for RUNX1B, RUNX1C, RUNX1B/RUNX1C ratio
(Figure 5 F-1) and RUNX1A/RUNX1C ratio (Supplemental Figure 2B) with the

downregulated genes in the RHD patient provide further corroboration.
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Interestingly, in HEL cells RUNX1B was a positive regulator of MYL9 and
ITGAZ2B (Figure 4), yet in platelets, the transcripts were negatively associated (Figure
5). PF4 may fall into this category; prior studies show that it is positively regulated by
RUNX1B [49]. What may be the mechanisms? All three are robustly expressed in
platelets. Studies in HEL cells reflect largely transcriptional regulation of the gene; while
platelet levels reflect transcripts transferred from MK (the bulk source), and degradation
and loss, including in microparticles. Not all gene transcripts are transferred to platelets
to the same extent [50]. Importantly, activated platelets shed mRNA-containing,
annexin-binding microparticles and constitute the predominant source of circulating
microparticles [51, 52]. Disproportionate loss of MYL9 and ITGAZ2B transcripts in

microparticles relative to RUNX71B may yield the noted negative relationship in platelets.

Overall, the target genes are differentially regulated by RUNX1 isoforms and their
expression is likely an integrated effect of RUNX1 isoforms with countervailing and
competing effects. A question that arises is whether the differential regulation by
RUNX1 isoforms has clinical relevance. In our previous studies [29] in patients
presenting to the cardiac catheterization laboratory, higher levels in blood of transcript
from the P1 promoter were protective against death or MI, and this was not noted for
transcripts from the P2 promoter. These studies were performed using whole blood as
platelet samples were unavailable [42]. Higher PCTP [28], MYL9 [42], and PDESA [42,
53] transcript levels were associated with CV events. In present studies, we examined
this association for F13A1 [33], RAB1B [34] and RAB31 [35], three MK-platelet genes
recently shown by us to be RUNX1 targets, downregulated in FPDMM patients and

associated with abnormal platelets-MK function. F13A71 and RAB31 were associated
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with an increased incidence of death or Ml in CVD patients (Figure 6). Thus, several

RUNX1-target genes are associated with acute events in CVD patients.

Of these F13A1 has important significance because it encodes for the catalytic
subunit FXIII-A of coagulation factor XIll, a transglutaminase whose deficiency is
associated with a bleeding disorder [54-57]. FXIII-A is synthesized by MKs (and
hematopoietic cells), highly expressed in platelets (Supplemental Figure 1A) at a
concentration higher than in plasma [54-56]. F13A1 is a transcriptional target of RUNX1
[33]. Thus, although it was F13A1 expression measured in whole blood that correlated
with CV events (Figure 6D), it likely reflects an MK-platelet source. Platelet F13A1
transcripts correlated with RUNX1B (Figure 5D). Moreover, plasma FXIIl levels have

been previously linked to CV events [55, 58, 59].

Our studies show distinct effects of RUNX1B and RUNX1C, which differ by only
32 AA at the N-terminus (Figure 1B); these likely confer differences in functionality [60],
higher DNA binding affinity of RUNX1C [61], interactions with binding partners, and
phosphorylation [62, 63]. RUNX1-isoform-specific binding co-regulators are described
for RUNX1C and RUNX1A [27]. The mechanistic basis for the differential effects of the
isoforms needs to be pursued. Thus, RUNX1 isoforms may regulate target gene
expression by multiple mechanisms, driven by relative isoform levels, their specific
effects on target genes, interactions with other binding partners, and compounded by

the impact of RUNX1 autoregulation in an isoform-specific manner.

FPDMM results from heterozygous RUNX1 mutations and is associated with an
increased risk of myeloid malignancies [1, 6, 10, 13, 61]; the underlying mechanisms or

roles of RUNX1 isoforms in FPDMM are unclear. Most FPDMM patients have mutations
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in the conserved RUNT domain shared by the major isoforms [1, 64]; their relative
levels are unknown in these patients, but important in understanding the alterations in
platelet-MK biology and malignant transformation. Alterations in the relative expression
of RUNX1 isoforms have been linked to myeloid dysplasia and malignancies. RUNX1A
overexpression and altered RUNX1A/RUNX1C ratio has been linked to increased
leukemia risk in trisomy 21 and Down’s syndrome [27, 65]. RUNX1A but not RUNX1B is
overexpressed in CD34+ cells in myeloproliferative neoplasms [26]. Strategies to
increase RUNX1 expression have been advanced as potential approaches to prevent
progression to myeloid malignancies in FPDMM [36-38]. It would be relevant to assess

their effects on the individual isoforms.

Exposure to ticagrelor altered in vivo platelet expression of RUNX1 isoforms and
some target genes (Table 2), suggesting a drug-driven modulation of RUNX1.
Interestingly, platelet F13A7 and PDESA transcripts increased following ticagrelor
administration (Figure 6C). These likely represent a compensatory effect in response to
platelet inhibition, as previously observed with respect to other genes following aspirin
[40] and ticagrelor [39] administration. Moreover, studies by two of the authors (RM and
DV) [39] have shown that changes in genes in CD34+-derived MK treated in vitro with a
P2Y12 inhibitor correlated with those in platelets of healthy subjects administered

ticagrelor.

Our previous studies in megakaryocytic cells in vitro and in whole blood of
healthy individuals on a 4-week aspirin regimen showed that aspirin enhances P1
promoter-driven RUNX1 transcripts and inhibits those from the P2 promoter [29]. In the

present studies, platelet RUNX1 isoforms were unaltered by aspirin (Table 1). This may
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be due to their low-level expression in platelets (Supplemental Figure 1A) and the

relatively small effect, in general, of aspirin therapy on platelet transcripts [40].

Overall, our studies provide evidence for differential effects of RUNX1 isoforms in
regulating its own expression and that of target genes in MK/platelets, and for
association with acute events in CVD patients. The isoform-specific effects add to the
complexity of RUNX1-driven gene regulation in MK/platelets and may be relevant to the

outcomes of therapeutic approaches to alter RUNX1 expression in FPDMM.
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Legends

Figure 1. RUNX1 P1 and P2 promoter regions and autoregulation by RUNX1

isoforms.

A. Schematic representation of the three major isoforms of the human RUNX1
transcript. The locations of promotor regions P1 and P2 are shown. Functional exons
encoding the DNA-binding domain (Runt Domain) and transactivation domain are

indicated. AA, amino acids; UTR, untranslated region.

B. Amino acid (AA) sequence of Homo sapiens RUNX1C and RUNX1B N-terminus.
RUNX1C and RUNX1B are transcribed from two distinct promoters. RUNX1C has
additional 32 AA at the N-terminus compared to RUNX1B. The N-terminus AA
sequence of RUNX1B and RUNX1C are shown. Those different between RUNX1C and

RUNX1B are shown in bold blue.

C. Validation of the RUNX1C-specific antibody. Shown are immunoblots for
RUNX1B and RUNX1C in lysates of HeLa and HEL cells. HelLa cells have negligible
RUNX1 protein; HEL cells express both RUNX1B and RUNX1C. We transiently
expressed RUNX1B (HeLaB) and RUNX1C (HeLaC) separately in HeLa cells. Shown
are immunoblots using commercial RUNX1 antibodies that bind to both RUNX1
isoforms (left panel, red) and RUNX1C-specific antibodies developed by us (middle
panel, green). The right panel shows the merged image. MW, molecular weight; Ab,

antibodies.

D. The 5’ upstream region of RUNX1 P1 (top) and P2 (bottom) promoter regions
with the RUNX1 consensus binding sites. There are five RUNX1 consensus binding
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sites in the P1 upstream promoter region and one RUNX1 consensus binding site in the

P2 promoter region. UTR, untranslated region.

E. Binding of RUNX1 and RUNX1C to P1 (Panel E1) and P2 (Panel E2) promoter
regions by chromatin immunoprecipitation (ChIP). HEL cells were differentiated with
PMA (30 nM) for 48 hours. ChIP was performed using anti-RUNX1 antibody (RUNX1
Ab), house generated anti-RUNX1C antibody (RUNX1C Ab) or control IgG. PCR was
performed using primers shown in Supplemental Table 1 to amplify RUNX1 promoter
regions encompassing RUNX1 binding sites and GAPDH. Each panel shows PCR
products obtained from amplification of water (H20), total input DNA, anti-RUNX1
antibody- or anti-RUNX1C antibody-immunoprecipitated samples, and I1gG-

immunoprecipitated samples.

F. Luciferase reporter studies on the RUNX1 P1 (Panel F1) and P2 (Panel F2)
promoters in PMA-treated HEL cells. P1 promoter region (1.1 kbp) has five RUNX1
consensus binding sites (F1) and P2 promoter region (1.5kbp) has one RUNX1 binding
site (F2). Mutant promoters of each binding site were generated and indicated with “X”
at the site. HEL cells were transfected with either wild-type or mutated RUNX1 promoter
luciferase reporter vectors. Cells were transfected with promoterless PGL-Basic plasmid
as a baseline control (set as 1 for standardization). Cells were harvested 24 hours later
and cell lysates were evaluated for luciferase activity using the dual luciferase reporter
system. Data were normalized with Renilla luciferase values used as an internal
control. Statistical analysis was performed using one-way ANOVA (n=6, meantSEM). P
values indicate comparisons of the activity of each mutant construct with that of the

wild-type promoter luciferase construct.
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Figure 2. Differential effects of RUNX1 isoforms B and C on RUNX1 expression in

HelLa cells and HEL cells.

A. Effect of RUNX1B and RUNX1C on P1 promoter activity in HeLa Cells. HelLa
cells were transiently co-transfected with 800 ng of RUNX1 P1 promoter luciferase
reporter vector and indicated amounts of RUNX1B (left), RUNX1C (middle) or both
expression vectors (right). Cells were transfected with 800 ng promoterless PGL-Basic
plasmid as a baseline control (set as 1 for standardization). They were harvested 24
hours later for luciferase reporter assay and immunoblotting to confirm RUNX1
transfection levels. Luciferase activity was normalized with Renilla luciferase as an
internal control. Statistical analysis was performed using one-way ANOVA (n=6,
meantSEM, ***p<0.001, ****p<0.0001). RUNX1 protein was detected by probing blots

with anti-RUNX1 antibody. GAPDH is shown as an internal loading control.

B. Effect of RUNX1B and RUNX1C on P2 promoter activity in HeLa Cells. HelLa
cells were transiently co-transfected with 800 ng RUNX1 P2 promoter luciferase
reporter vector and indicated amounts of RUNX1B (left), RUNX1C (middle) or both
expression vectors (right). Cells were transfected with 800 ng promoterless PGL-Basic
plasmid as a baseline control (set as 1 for standardization). Cells were harvested 24
hours later for luciferase reporter assay and immunoblotting to confirm RUNX1
transfection levels. Luciferase activity was normalized with Renilla luciferase as an
internal control. Statistical analysis was performed using one-way ANOVA (n=6,
mean+SEM, ****p<0.0001). RUNX1 protein was detected by probing blots with anti-

RUNX1 antibody. GAPDH is shown as an internal loading control.
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C. Effect of RUNX1B overexpression on RUNX1 isoforms in PMA-treated HEL
cells. HEL cells treated with 30 nM PMA were transfected with 900 ng pCMV6-
RUNX1B expression vector or pPCMV6 empty vector. C1, cells were extracted for total
MRNAs and subjected to RT-gPCR. Shown are relative mRNA expression levels for
endogenous RUNX1 isoforms using the AACt method. Results from cells transfected
with the empty vector are set as 1. GAPDH is used as an internal control. C2, cells were
extracted for immunoblotting to assess RUNX1 isoform protein levels; shown are
immunoblots of cell lysates for RUNX1 (using commercial RUNX1 antibody), RUNX1C
(using RUNX1C-specific antibody), RUNX1A (using commercial RUNX1 antibody) and
GAPDH as a loading control. C3, protein band intensities were measured using
Odyssey V3.0 and normalized to GAPDH. The intensities from samples transfected with
the empty vector were set as 1 for normalization. Statistical analysis was performed

using Student’s t-test (n=6, mean+SEM).

D. Effect of RUNX1C overexpression on RUNX1 isoforms in PMA-treated HEL
cells. HEL cells were transfected with 900 ng M02-RUNX1C expression vector or M02
empty vector. D1, cells were extracted for total mMRNAs and subjected to RT-qPCR.
Shown are relative mRNA expression levels of endogenous RUNX1 isoforms using the
AACt method. Results from cells transfected with the empty vector are set as 1. GAPDH
is used as an internal control. D2, RUNX1 isoform protein levels; shown are
immunoblots of cell lysates for RUNX1 (using commercial RUNX1 antibody), RUNX1C
(using RUNX1C specific antibody), RUNX1A (using commercial RUNX1 antibody) with
GAPDH as a loading control. D3, protein band intensities were measured using

Odyssey V3.0 and normalized to GAPDH; the intensities from samples transfected with
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the empty vector were set as 1 for standardization. Statistical analysis was performed

using Student’s t-test (n=6, mean+SEM).

Figure 3. Effect of overexpression of RUNX1B and RUNX1C on target genes in

Hela cells.

A. Effect of RUNX1B overexpression in HeLa cells. HelLa cells were transfected with
the pCMV6-RUNX1B expression vector or pPCMV6 empty vector. A1, cells were
extracted for total mMRNAs and subjected to RT-gPCR. Shown are relative mRNA levels
of downstream genes MYL9, PCTP and PDESA using the AACt method. Results from
cells transfected with the empty vector are set as 1. GAPDH was used as an internal
control (n=4, meanzSEM). A2, shown are immunoblots of cell lysates for RUNX1,
MYL9, PCTP, and PDE5A with GAPDH as a loading control. A3, protein band
intensities were measured using Odyssey V3.0 and normalized to GAPDH; the
intensities from samples transfected with the empty vector were set as 1 for
standardization. Statistical analysis was performed using one-way ANOVA (n=4,

mean+SEM).

B. Effect of RUNX1C overexpression in HeLa cells. HelLa cells were transfected with
the M02-RUNX1C expression vector or M02 empty vector. B1, cells were extracted for
total mMRNAs and subjected to RT-gPCR; shown are relative mRNA levels of MYL9,
PCTP and PDESA using the AACt method. Results from cells transfected with the
empty vector are set as 1. GAPDH was used as an internal control (n=4, meantSEM).
B2, shown are immunoblots of cell lysates for RUNX1, MYL9, PCTP and PDES5SA with
GAPDH as a loading control. B3, quantification of protein band intensities normalized to

GAPDH; the intensities from samples transfected with the empty vector were set as 1
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for standardization. Statistical analysis was performed using one-way ANOVA (n=4,

mean+SEM).

Figure 4. Effect of overexpression of RUNX1B and RUNX1C on target genes in

HEL celis.

A. Effect of RUNX1B overexpression on target genes. PMA-treated HEL cells were
transfected with the pCMV6-RUNX1B expression vector or pCMV6 empty vector. A1,
cells were extracted for total mMRNA and subjected to RT-gPCR. Shown are relative
MRNA levels of F13A1, MYL9, PCTP and PDES5A using the AACt method. Results from
cells transfected with the empty vector are set as 1. GAPDH was used as an internal
control (n=4, meanzSEM). A2, shown are immunoblots of cell lysates for RUNX1,
F13A1, MYL9, PCTP and PDESA with GAPDH as a loading control; A3, quantification
of protein band intensities normalized to GAPDH; the intensities from samples
transfected with the empty vector were set as 1 for standardization. Statistical analysis

was performed using one-way ANOVA (n=4, meanSEM,).

B. Effect of RUNX1C overexpression on target genes. HEL cells were transfected
with the M02-RUNX1C expression vector or MO2 empty vector. B1, cells were extracted
for total MRNA and subjected to RT-gPCR. Shown are relative mRNA levels of F13A1,
MYL9, PCTP and PDES5A using the AACt method. GAPDH is used as an internal
control (n=4, mean+SEM). B2, shown are immunoblots of cell lysates for RUNX1,
F13A1, MYL9, PCTP, PDE5SA and GAPDH as a loading control. B3, quantification of
protein band intensities normalized to GAPDH; the intensities from samples transfected
with the empty vector were set as 1 for standardization. Statistical analysis was

performed using ANOVA (n=4, meantSEM,).
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C. Effect of RUNX1 isoforms on RUNX1 target gene expression in HEL cells using
qPCR. C1, HEL cells were transfected with the pCMV6-RUNX1B expression vector or
pCMV6 empty vector; C2, HEL cells were transfected with the M02-RUNX1C
expression vector or M02 empty vector. Cells were extracted for total mMRNA and
subjected to RT-gPCR. Shown are relative mRNA levels of RAB1B, RAB31, ALOX12,
FLNA, IFITM3, ITGA2B, PF4 and PRKCQ using the AACt method. Results from cells
transfected with the empty vectors are set as 1. GAPDH was used as an internal
control. Upregulated genes are shown in red, and downregulated genes in blue.

Statistical analysis was performed using one-way ANOVA (n=4, meantSEM).

D. Effect of PMA-treatment of HEL cells on RUNX1 isoforms and target genes
MYL9 and F13A1. HEL cells were treated with 30 nM PMA to induce megakaryocytic
differentiation for up to 72 hours. Lysates were prepared from untreated HEL cells
(UnTX), and at 24, 48 and 72 hours. D1, shown are immunoblots of cell lysates for
RUNX1 (using commercial RUNX1 antibody), RUNX1C (using RUNX1C-specific
antibody), F13A1, MYL9 and GAPDH. D2, protein band intensities were measured
using Odyssey 3.0 and the intensities from untreated HEL cells (UnTX) were set as 1
for standardization. Bar graphs show protein levels of RUNX1B and RUNX1C relative to
GAPDH using commercial RUNX1 antibody. D3, RUNX1C protein levels using
RUNX1C-specific antibody, GAPDH was used as an internal control. Statistical analysis
was performed using one-way ANOVA (n=3, meantSEM). D4, ratio of RUNX1B to
RUNX1C protein levels on PMA treatment. Protein band intensities were quantified.
Shown are ratios of RUNX1B over RUNX1C protein levels using commercial RUNX1

antibody. Statistical analysis was performed using ANOVA (n=3, meantSEM). D5,
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MYL9 and F13A1 protein levels on PMA treatment. Protein band intensities of MYL9
and F13A1 were quantified. Results from UnTX cells were set as 1 for standardization.
Bar graphs show relative MYL9 and F13A1 protein levels using GAPDH as an internal

control, Statistical analysis was performed using ANOVA, (n=3, meantSEM).

Figure 5. RUNX1 isoforms and their relationships to each other and target genes

in platelets from healthy volunteers

A. Relative expression of RUNX1 isoforms in platelets. RNA was isolated from
leukocyte-poor platelets from 85 healthy volunteers and analyzed using RNAseq as
described in Methods. Shown are the Trimmed Mean of M component (TMM)-
normalized expression represented as log2 counts per million (CPM) reads mapped of

the three RUNX1 isoforms expression in baseline samples.

B. Relationships between RUNX1 isoforms in platelets. The relationships between
RUNX1 isoforms A, B and C are displayed. Scatterplots are shown for pairs of isoform
TMM-normalized expression using log2 CPM values below the diagonal. The
distribution of each isoform expression in log2 CPM is shown along the diagonal.
Spearman rank correlation on log2 CPM expression values and p-values are displayed

for each pair of isoforms.

C. Correlation between the expression of total RUNX1 and target genes in human
platelets. The correlation between total RUNX1 expression and its downstream genes
was analyzed using linear mixed effects regression as described in the Methods
section. Displayed are the linear effect estimates from the regression model and the

95% confidence interval, representing the increases in the target gene expression
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(F13A1, MYL9, PCTP, PDESA, RAB1B, RAB31, ALOX12, FLNA, IFITM3, ITGAZ2B,

PF4, and PRKCQ) for each unit increase in log2 normalized expression of total RUNX1.

D. Correlation between the expression of RUNX1 isoforms and target genes in
platelets. The correlation between each RUNX1 isoform and its downstream genes
was estimated using linear mixed effects regression. Displayed are the linear effect
estimates from the regression model and the 95% confidence interval, representing the
increase in the target gene expression for each unit increases in log2 normalized

expression of each RUNX1 isoform.

E. Correlation of ratios of RUNX1A to RUNX1C (left) and RUNX1B to RUNX1C
(right) isoform with expression of downstream genes in platelets. The correlation
between the ratios (RUNX1A/RUNXC; RUNX1B/RUNX1C) and downstream genes was
analyzed using linear mixed effects regression as described in the Methods section.
Displayed are the linear effect estimates from the regression model and the 95%
confidence interval, representing the increases in the target gene expression for each
unit increase in log2 normalized expression of RUNX1A/RUNX1C and

RUNX1B/RUNX1C.

F. Enrichment test results for total RUNX1 correlation within RHD regulated gene
sets. RNA was isolated from leukocyte-poor platelets from 85 healthy volunteers and
analyzed for genome-wide gene expression using RNAseq. The resulting association
test statistics (absolute value of the t-statistics) were used to assess the enrichment of
total RUNX1 correlation within RHD regulated gene sets (228 decreased and 21
increased expression). Shown are the absolute RUNX1 gene test statistic values (y-

axis) using a two-sample t-test across three categories: Any Direction, Decreased
39
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Expression List, and Increased Expression List. “No” indicates non-RHD regulated gene
set. “Yes” indicates RHD regulated gene set. Enrichment p values generated from

Fisher's exact test are presented.

G-l. Enrichment test results for correlation of RUNX1B (G), RUNX1C (H), and

RUNX1B/RUNX1C ratio (I) within RHD regulated gene sets.

Figure 6. Effect of ticagrelor on expression of RUNX1 isoforms and target genes
in platelets of healthy volunteers and the relationship of whole blood F13A7 and

RAB31 levels to death or Ml in patients with cardiovascular disease.

A. Effect of ticagrelor on platelet expression of RUNX1 isoforms in healthy
volunteers. Box-whisker plots of relative RUNX1 isoform gene expression quantified as
TMM-normalized log2 counts per million reads mapped (log2 CPM) (x-axis) at baseline
(red) and after 4 weeks of 90 mg twice daily ticagrelor (blue) exposure in healthy
volunteers. Unadjusted p values generated from general linear mixed-effect modeling

are presented.

B. Effects of ticagrelor exposure on platelet expression of F13A1 and PDE5A.
Box-whisker plots of relative F13A7 and PDESA gene expression were quantified as
TMM-normalized log2 counts per million reads mapped (log2 CPM) (x-axis) at baseline
(red) and after 4 weeks of 90 mg twice daily ticagrelor (blue) exposure in healthy
volunteers. Unadjusted p values generated from general linear mixed-effect modeling

are presented.

C. Correlations between changes in RUNX1B expression (x-axis) and F13A1(left
panel) or PDES5SA (right panel) expression (y-axis) in platelets following treatment
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with ticagrelor in healthy volunteers. The correlation between RUNX1B and
downstream genes F13A1 and PDESA was analyzed using linear mixed effect
regression as described in the Methods section. Changes in expression are normalized
log2 CPM post-treatment expression minus normalized log2 CPM pre-treatment. Points
represent individual volunteers, the straight line represents the best fit linear estimate,
and the shaded region represents the 95% confidence intervals. “Coef.” stands for the
linear estimate; “SE” stands for the standard error. Analysis of the RNA-seq based
platelet gene expression was conducted in R, using edgeR and limma for normalization
and differential expression analysis, and Im or Ime4 for association between gene

transcripts and RUNX1 isoforms.

D. The association of F13A7 probe set in blood with death or Ml in patients with
cardiovascular disease (CATHGEN cohorts). Microarray gene expression data from
two cohorts (case/control and observational cohort) using whole blood RNA collected
from patients at the time of cardiac catheterization was used. Normalized expression for
F13A1 probe set is plotted in patients with death or MI outcomes (Event) vs. event free
controls (No Event) in the case control and observational cohorts. The expression
metrics are RMA-normalized and log transformed fluorescence intensities. Association
between gene expression and the endpoint Death or Ml was conducted using a
moderated t-test estimated using empirical Bayes, as implemented in the R package
limma. Unadjusted p values generated using empirical Bayes linear regression adjusted

for age, sex, and race are presented.

E. The association of RAB31 probe sets in blood with death or Ml in patients with

cardiovascular disease (CATHGEN cohorts). Normalized expression for RAB31 (3

41


https://doi.org/10.1101/2024.06.18.599563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.18.599563; this version posted June 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

probe sets used) is plotted in patients with death or Ml outcomes (Event) vs. event free
controls (No Event) in the case control and observational cohorts. Unadjusted p values
generated using empirical Bayes linear regression adjusted for age, sex, and race are

presented.
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Table 1

Effect of Aspirin on RUNX1 isoform and target gene expression
Gene logFC t P-Value
RUNX1A -0.18 -1.10 0.27
RUNX1B 0.44 1.74 0.08
RUNX1C 0.12 0.95 0.34
F13A1 -0.01 -0.27 0.79
MYL9 -0.07 -1.47 0.14
PCTP -0.03 -0.31 0.76
PDE5A -0.01 -0.08 0.94
RAB1B -0.03 -1.15 0.25
RAB31 -0.04 -0.92 0.36

The statistical methods were described previously [39, 40]. Briefly, a linear model of gene
expression (dependent variable) as a function of exposure adjusted for sex, starting RNA
concentration, sequencing batch, and an adjustment for repeated measures within a given
participant was estimated using the variance stabilizing weights (i.e. “voom” weights) using a
moderated t-test implemented estimated using the empirical Bayes method in the R package
limma. The value “t” corresponds to the moderated t-statistic. Changes in gene expression are
represented as log2 fold changes. The effects are centered around O (i.e. 0 = no change in
expression) with a symmetric interpretation, meaning an effect size of 1 corresponds to a
doubling in gene expression and an effect size of -1 corresponds to a halving in gene
expression. logFC, log fold change; P-Value reflect unadjusted P value.

Table 2

Effect of Ticagrelor on RUNX1 isoform and target gene expression
Gene logFC t P-Value
RUNX1A 0.38 1.70 0.09
RUNX1B -0.13 -0.37 0.71
RUNX1C 0.36 2.09 0.04
F13A1 0.21 3.29 0.001
MYL9 -0.03 -0.46 0.64
PCTP 0.01 0.07 0.94
PDE5A 0.23 3.22 0.001
RAB1B -0.02 -0.49 0.62
RAB31 0.05 0.84 0.40

Please see legend for Table 1 for the Methods used.
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Supplemental Materials

Methods

Reagents

Dual Luciferase Reporter Assay System kit, polymerase chain reaction (PCR)
reagents, Go Taq Green Master Mix, PGL4-basic vector, and the Renilla luciferase
control vector were purchased from Promega Biotech (Madison, WI). RNeasy Plus
Micro kit was from Qiagen (Germantown, MD). Phorbol 12-myristate 13-acetate (PMA),
lipofectamine 2000 Transfection Kit, SuperScript IV First Strand Synthesis System were
from Invitrogen (Waltham, MA). PowerUp SYBR Green Master Mix was from Applied

Biosystems (Waltham, MA). ChlIP-IT assay kit was from Active Motif (Carlsbad, CA)

Antibodies

Sources of antibodies: mouse-anti-RUNX1, mouse-anti-MYL9 and mouse-anti-
GAPDH (Santa Cruz Biotechnology, Dallas, TX), rabbit-anti-PCTP (ThermoFisher
Scientific, Waltham, MA), rabbit-anti-PDESA (Proteintech, Rosemont, IL), sheep-anti-
F13A (Affinity Biologicals, Ontario, Canada). The commercially available anti-RUNX1
antibodies recognize multiple RUNX1 isoforms. We developed a rabbit polyclonal
antibody specifically against RUNX1C by targeting the 16 amino acids
(MASDSIFESFPSYPQC) specific to the N-terminus of RUNX1C protein. The validation

of this antibody is shown in Figure 1.

Cells

Human erythroleukemia (HEL) cells obtained from the American Type Culture

Collection (Rockville, MD) were cultured in RPMI-1640 medium (Mediatech, Manassas,
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VA) supplemented with 10% FBS (GE Healthcare, Mississauga, ON, Canada) and
penicillin (100 U/ml) and streptomycin (100 mg/ml) (Invitrogen, Waltham, MA) at 37°C in
humidified 5% CO. atmosphere. HEL cells were treated with 30 nM PMA to induce
megakaryocytic transformation. Human cervical carcinoma (HelLa) cells obtained from
the American Type Culture Collection (Rockville, MD), which do not express RUNX1,
were grown in DMEM medium (Mediatech, Manassas, VA) supplemented with 10%
FBS, penicillin and streptomycin. Cells were maintained at 37°C in humidified 5% CO2

atmosphere.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed on HEL cells
treated with PMA for 48 hours and then crosslinked by 1% formaldehyde for 10 minutes.
ChIP analysis was performed with the Active Motif ChIP-IT assay kit. Chromatin
samples were immunoprecipitated with anti-RUNX1 antibody and our anti-RUNX1C
antibody and analyzed by polymerase chain reaction (PCR) using primers listed in
Supplemental Table 1. Amplification was performed using GoTaq Green Master Mix

and PCR products analyzed by agarose gel electrophoresis.

Construction of luciferase reporter plasmids

The human RUNX1 promoter regions were amplified using genomic DNA from
HEL cells. The RUNX1 P1 promoter region ~1.1kbp DNA fragment spans 596bp of 5’
upstream of exon1, 445bp of exon 1 untranslated region (UTR) and 42bp of coding
sequence. The RUNX1 P2 promoter region ~1.5kbp DNA fragment spans 1471bp of

exon 3 UTR and 39bp of coding sequence. The DNA fragments were amplified using
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primers listed in Supplemental Table 1. They were subcloned into the PGL4-basic
vector. Mutations were introduced into the five RUNX1 consensus binding sites in P1
promoter and the single site on P2 promoter using Site-Directed Mutagenesis Kit (NEB,

Ipswich, MA, primers listed in Supplemental Table 1).
Luciferase reporter assays

HEL cells (3x10°) treated with 30 nM PMA for 24 hours in 12-well plates were co-
transfected with vector with RUNX1-P1 or RUNX1-P2 |uciferase reporter (1000 ng) and
pRL-TK (20 ng) containing Renilla luciferase gene (50:1 ratio) using Lipofectamine 2000

Reagent. An empty vector, pGL4-Basic, was transfected as a control.

HelLa cells (3x10°) cultured in 12-well plates were co-transfected with 800 ng of
P1 or P2 reporter vector, different concentrations of pCMV6-XL4-RUNX1B or M02-
RUNX1C expression vector and fixed amount of pRL-TK plasmid (16 ng) using
lipofectamine. After 24 hours, luciferase activity was measured in cell lysates with a
Dual Luciferase Assay System. Promoter activity was expressed as firefly luciferase

activity/Renilla luciferase activity relative to that of the PGL4-Basic vector.
Platelet RNA Quantification and Statistical Analyses

Sequence data processing and alignment is described in detail previously [1].
Briefly, Trimmomatic was used to remove adaptor and low-quality bases. Trimmed
sequences were aligned to a custom ribosomal RNA database, any reads mapped to
rRNA transcripts were removed and the remaining, unmapped (i.e. non-rRNA
sequences) were aligned with TopHat2 v2.0.9 to the hg19 transcriptome (Ensemble

v74), using both gene-level and isoform-level versions to quantify gene expression. In
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both cases, expression quantification was done using Cuffquant v2.2.0 and Cuffnorm
v2.2.0. Cuffnorm isoform counts and gene counts were de-normalized by sample-level
internal scale factors to facilitate analysis with RNA-seq count-based methods. Genes
(or isoforms) with count < 10 in 80% or more samples were excluded and samples with
ribosomal content > 35% of total reads or that had mean pairwise rank correlations 3
standard deviations lower than the overall mean sample-sample pairwise correlation

were excluded (N = 12).

Differential expression by aspirin and ticagrelor treatment are described in detail
previously [1, 2]. Briefly, gene counts and isoform counts were normalized using
trimmed mean of M-values method and then variance stabilizing weights were
estimated using voom, implemented in the r package limma. For both gene-level and
isoform-level expression, expression was modeled as a function of treatment drug,
controlling for sex, starting RNA concentration, flow cell, and repeated measures from
individual participants. The linear model was estimated using the empirical Bayes
method and generalized linear hypothesis testing (i.e. contrasts) was used to test

differences between specific treatment drugs or combinations of treatment drugs.

Patient Cohorts with Cardiovascular Disease (CVD)

The patient cohorts with cardiovascular disease have been previously described
[3, 4]. The Catheterization Genetics (CATHGEN) biorepository has banked, whole-blood
RNA in PAXgene tubes from the Duke University Medical Center patients from the time
of cardiac catheterization, baseline medical history, and follow-up for all-cause death
and MI. CATHGEN consists of 2 cohorts of patients with CVD, an observational and a

case/control cohort. In the observational cohort, 224 sequential samples were selected
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for RNA analysis, of which 191 had sufficient RNA for microarray analysis. The
case/control cohort consisted of participants who had experienced death or M|l (n=250)
after their index catheterization and age-matched, sex-matched, and race-matched
controls (n=250) who were free of death or Ml for > 2 years after cardiac catheterization.
447 had sufficient RNA for microarray analysis; 44 overlapped with the observational

cohort and were dropped, leaving 403 subjects for analysis.

Followed-up for death and M| was ascertained in both cohorts in October 2011;
the median follow-up duration was 3.8 year. Patients with incomplete follow-up were
censored at the time of last contact. Patients who had histories of cardiac
transplantation at the time of catheterization (n=5), died within 7 days (n=1), or failed
quality control (n=1) were excluded. The remaining datasets left 190 samples in the
observational cohort (48 death or M| events) and 397 (202 death or Ml events) in the

case/control cohort.

Statistical analysis of data from the CATHGEN study

Statistical analysis was previously described [3]. Microarray gene expression
data were normalized with Robust Multiarray Average separately for the 2 cohorts
making up the CATHGEN study. To assess for the association between F713A7 and
RAB31 with cardiovascular events, death or MI, we used longitudinal follow-up data
from CATHGEN participants. In each cohort, the F13A1 probe set (203305_at) and
RAB31 probe sets (217762_s_at, 217763_s_at and 217764 _s_at) were tested for
effects on MI or death events with logistic regression. Two covariate models were
evaluated: the reduced covariate model controlling for the effects of age, sex, and race

on death or Ml outcomes and the full covariate model controlling for the effects of age,
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sex, race, smoking status, body mass index, hyperlipidemia, hypertension, diabetes
mellitus, platelet count, aspirin treatment, and aspirin-response signature genes [5]
previously shown to correlate with death or Ml outcomes in these cohorts. For each
probe, the log odds ratios (ORs) and their standard errors were pooled as the weighted
average of the log ORs with the use of inverse variance weights, assuming a fixed-
effect model the log-fold change of F13A7 and RAB31 expression associated with death
or Ml was estimated with linear regression, modeling F13A1 and RAB31 expression as

response to death or M|l outcome and adjusting for age, sex, and race.

All CATHGEN data processing and statistical analyses were conducted in R

version 3.2 (http://www.r-projet.org/) with limma packages for normalization, meta-

analyses, and moderated t tests, respectively.
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S Table 1. List of Primers.

Promoter Cloning

P1 Forward 5'-gatcgatGCTAGCCTAAAGTTGTCCATTTAGGGGG-3'
Reverse 5'-gatcatgAAGCTTGGGTACGAAGGAAATGACTCAA-3'

P2 Forward 5'-gacataGCTAGCGGGACGCCAGAAGGAAGT-3'
Reverse 5'-gatcgaAAGCTTGCGGCTCGTGCTGGCATCTA-3'

RUNX1 Promoter Mutagenesis

P1 Site 1 Forward 5'-AATAAAACCAacTAATTTTGGTTTCATTAAAACAGTCCTTTTATTTC-3'
Reverse 5'-CCCCCTAAATGGACAACTTTAG-3'

P1 Site 2 Forward 5'-CCAAAAACCAacAATAACAACAGGAG-3'
Reverse 5'-AACTACTGATTATTTTGATAAAGATTTC-3'

P1 Site 3 Forward 5'-CTCATAAACACtCACAGAACCACAAGTTG-3'
Reverse 5'-GCCCAAAGAAGTTTTCAC-3'

P1 Site 4 Forward 5'-CAACCACAGACICACAAGTTGGGTAG-3'
Reverse 5-TTTATGAGGCCCAAAGAAG-3'

P1 Site 5 Forward 5-CTGAATGCAACtCACAGGGTTTCGCAG-3'
Reverse 5-TGTGATTCGTCCTGCCTG-3'

P2 Site 1 Forward 5-GTGCTCTGTGAGCCGAGGCGAG-3'
Reverse 5-TTTCTCCCCCTGTTGTAAAAGG-3'

Primers for PCR in ChIP assay

P1 Site 1 Forward 5-CTAAAGTTGTCCATTTAGGGGG-3'
Reverse 5'-CAGGATGTGGATCCCATCATTT-3'

P1 Site 2 Forward 5'-CCAAAAACCACAAATAACAACAGG-3'
Reverse 5'-CTTTCCACAGCCCATCTCAA-3'

P1 site 3,4,5 Forward 5-GAAAACTTCTTTGGGCCTCAT-3'
Reverse 5-CTGTGGGTTGGTGATGCTC-3'

P2 Site 1 Forward 5'-GCTCCTAGGGACGCCAGAA-3'
Reverse 5'-CTCGGACCACAGAGCACTTT-3'

Real time reverse transcription — PCR

RUNX1A Forward 5-CAGATGCAGGAGGAAGACAC-3'
Reverse 5-GGAATTACAGACCCACATTCTG-3'

RUNX1AB Forward 5-CTGACAGGCATTAACTACTGG-3'
Reverse 5-GACTATCTTCCACGAATCTTGC-3'

RUNX1C Forward 5-CGCTCCGAAGGTAAAAGAAATC-3'
Reverse 5'-GCACTGTGGGTACGAAGGA-3'

PCTP Forward 5-GAATGCAACGGAGAGACTGTG-3'
Reverse 5'-GCCGAAGGTAGACATAGTCTC-3'

MYL9 Forward 5-GACGAGGAAGCCTCAGGTTT-3'
Reverse 5'-GTCCACTTCCTCATCTGTGAA-3'
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F13A1 Forward 5-GACCTCTCTGGAAGAGGGAA-3'
Reverse 5'-GGCATAGATATTGTCCCAGGAT-3'
PDE5SA Forward 5-GCCTATTCAACAACGGATAGC-3'
Reverse 5-CCTGTTCATTAGATCAGTGGGT-3'
GAPDH Forward 5-GTCTCCTCTGACTTCAACAGCG-3'
Reverse 5'-ACCACCCTGTTGCTGTAGCCAA-3'
PF4 Forward 5-ACTTGTGGTCGCCTTCG-3
Reverse 5-CTTGATCACCTCCAGGCTG-3
FLNA Forward 5-CCAAATGCAGCTTGAGAACG-3’
Reverse 5-AGATGAGGCCCAGGATCAG-3
RAB1B Forward 5-GAACCCCGAATATGACTACCTG-3’
Reverse 5-ATGGTTCGGATCTTGAAGTCC-3’
RAB31 Forward 5-GGGAAATCAAGCATCGTGTG-3’
Reverse 5-TCCCAGATGAGGAACTTGTGAAG-3
ITGA2B Forward 5-GGGAGCGGTGGAAATTTTG-3
Reverse 5-CCACTGAATGCCCAAAATACG-3’
IFITM3 Forward 5-GTCCACCGTGATCCACATC-3
Reverse 5-CAACCATCTTCCTGTCCCTAG-3’
ALOX12 Forward 5-AGAGGCTGGACTTTGAATGG-3’
Reverse 5-GCGAACCTTCTCAGCCAG-3
PRKCQ Forward 5-AGGCTGTTAACCCTTACTGTG-3’
Reverse 5-ATCTGCATGACTCTTCCCTTG-3’
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S Table 2. Correlations between RUNX1B and Genes with Altered Expression in Platelets
from Patient with RUNX1 Haplodeficiency

Negatively correlated with Positively correlated with

RUNX1B RUNX1B
Upregulated RHD genes
(21 genes) 3 0
Downregulated RHD genes
(228 genes) 31 80

S Table 3. Correlations between RUNX1C and Genes with Altered Expression in Platelets
from Patient with RUNX1 Haplodeficiency

Negatively Correlated with Positively Correlated with
RUNX1C RUNX1C

Upregulated RHD genes

(21 genes) 1 1

Downregulated RHD genes

(228 genes) 1 7

S Table 4. Correlation between RUN1B/RUNX1C and Genes with Altered Expression in
Platelets from Patient with RUNX1 Haplodeficiency

Negatively Correlated with  Positively Correlated with

RUNX1B/RUNX1C RUNX1B/RUNX1C
Upregulated RHD genes
(21 genes) 2 8
Downregulated RHD genes
(228 genes) 28 70
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Supplemental Figure 1. Relative expression of RUNX1 isoforms and target genes
in platelets from healthy volunteers

A. Relative expression of RUNX1 and target genes in human platelets. RNA was
isolated from leukocyte-poor platelets from 85 healthy volunteers and analyzed using
RNAseq as described in the Methods. Shown are the TMM-normalized expression
represented as log2 counts per million reads mapped (CPM) in baseline samples of
total RUNX1 expression (i.e. all isoforms) and target genes F13A1, MYL9, PCTP,
PDE5A, RAB1B and RAB31.

B. C. Ratios of RUNX1A to RUNX1C and RUNX1B to RUNX1C expression in
platelets. Ratios of the RUNX1 isoforms are represented as log2 (TMM-normalized
Isoform 1 CPM/TMM-normalized isoform 2 CPM), positive ratio values indicate higher
expression of isoform 1 while negative values indicate higher levels of isoform 2.

10
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Supplemental Figure 2. Results of Enrichment Analysis of RUNX1A and
RUNX1A/RUNX1C ratio. RNA was isolated from leukocyte-poor platelets from 85
healthy volunteers and analyzed for genome wide gene expression using RNAseq. The
resulting association test statistics (absolute value of the t-statistics) were used to
assess the enrichment of RUNX1A (A) and RUNX1A/RUNX1C (B) correlation within
RHD regulated gene sets (21 increased expression and 228 decreased expression).
Shown are the absolute test statistic values (y-axis) using a two-sample t-test across
three categories: Any Direction, Decreased Expression List, and Increased Expression
List. “No” indicates non-RHD regulated gene set. “Yes” indicates RHD regulated gene
set. Enrichment p values generated from Fisher’s exact test are presented.
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