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Circulating blood cell counts and indices are important indicators of hematopoietic function and a number of clinical parameters, such

as blood oxygen-carrying capacity, inflammation, and hemostasis. By performing whole-exome sequence association analyses of hema-

tologic quantitative traits in 15,459 community-dwelling individuals, followed by in silico replication in up to 52,024 independent sam-

ples, we identified two previously undescribed coding variants associated with lower platelet count: a commonmissense variant in CPS1

(rs1047891,MAF¼ 0.33, discoveryþ replication p¼ 6.383 10#10) and a rare synonymous variant inGFI1B (rs150813342, MAF¼ 0.009,

discovery þ replication p ¼ 1.79 3 10#27). By performing CRISPR/Cas9 genome editing in hematopoietic cell lines and follow-up tar-

geted knockdown experiments in primary human hematopoietic stem and progenitor cells, we demonstrate an alternative splicing

mechanism by which the GFI1B rs150813342 variant suppresses formation of a GFI1B isoform that preferentially promotes megakaryo-

cyte differentiation and platelet production. These results demonstrate how unbiased studies of natural variation in blood cell traits can

provide insight into the regulation of human hematopoiesis.

Human genetic studies have provided important insights
into hematopoiesis. Genome-wide association studies
(GWASs) performed in large, population-based samples
have identified associations of genomic regions and com-
mon genetic (usually non-coding) variants with inter-indi-
vidual differences in blood cell traits1–5, though the causal
DNA variants and their functional mechanisms often
remain elusive. Whole-exome and targeted sequencing
approaches have been used to identify rare, sometimes pri-
vate, loss (or gain)-of-function coding variants segregating
within families with hematologic traits at the extremes of
the phenotypic distribution6–12. As of yet, whole-exome
sequencing has not been applied to large population-based
cohorts well-phenotyped for hematologic traits to identify
rare, functional variation with moderate-to-large pheno-
typic effects and to provide new biologic insight.
To this end, we performed exome sequencing in 15,459

unrelated European ancestry (EU) and African American
(AA) individuals enrolled in six population-based cohort
studies (see Supplemental Note). Replication of significant

findings was performed in up to 52,024 additional samples
via a combination of whole-exome-based or genome-based
sequencing, genotyping, and imputation (Supplemental
Note). Our a priori hypothesis was that systematic evalua-
tion of coding variation detected by exome sequence
analysis in samples unselected for blood cell traits would
identify low-frequency variants influencing hematologic
traits and could provide functional insights into hemato-
poiesis. We analyzed platelet count and 12 other blood
cell traits (Table S1). The means of the traits were as ex-
pected in a sample of unselected healthy individuals
from the population (Table S1). Association results from
single-variant and from gene-based burden and sequence
kernel association tests (SKATs) meeting our a priori signif-
icance thresholds in either EU, AA, or trans-ethnic discov-
ery meta-analyses are summarized for both previously
known and novel (whichwe define as those not reported in
the available literature) loci in Table 1 and Tables S2–S5 and
described further in the Supplemental Note. Lambda
values showed no significant inflation (Table S6).
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Four gene-based associations were discovered for red
blood cell (RBC) traits (ACTN4, MMACHC, MYOM2, and
MRPL43). Trans-ethnic discovery meta-analyses are sum-
marized for both previously identified loci, whichwe verify
in this study, and previously unreported loci. A summary
of these findings, and driving variants, are provided in
the Supplemental Note and Table S3. None of these gene-
based SKAT or burden findings could be replicated in inde-
pendent samples. Nonetheless, a few of the individual rare
variants driving the gene-based associations in the discov-
ery sample showed suggestive evidence of association in
the replication sample (Supplemental Note and Table S3).
Among the three single-variant associations we identified

(Table 1), two coding variants were associated with lower
platelet count in our discovery sample: CPS1 rs1047891, a
common missense variant encoding p.Thr1412Asn (EU þ
AA minor-allele frequency [MAF] ¼ 0.33, EU þ AA p ¼
5.7 3 10#8) and GFI1B rs150813342, a rare synonymous
variant encoding p.Phe192 and located in alternatively
spliced exon 5 (EU MAF ¼ 0.009, EU p¼ 4.7 3 10#8; EU þ
AA MAF ¼ 0.008, EU þ AA p ¼ 2.64 3 10#8). One single-
nucleotide variant (SNV) result (rs9656446; EU þ AA
MAF¼ 0.03, EUþAAp¼ 1.483 10#7) associatedwith baso-
phils in trans-ethnic analyses was in the ATP/GTP binding
protein-like 3 (AGBL3) gene. However, the allele frequencies
in the discovery sample differed by ethnicity (EU MAF ¼
0.001 and AA MAF ¼ 0.08), and replication in samples of
EU ethnicity from the UK10K project was not significant
(EU p ¼ 0.71). In our combined replication sample, we
replicated the associations of CPS1 rs1047891 (EU þ AA

MAF ¼ 0.328, EU þ AA p ¼ 1.02 3 10#4) and GFI1B
rs150813342 (EUþAAp¼ 5.713 10#21) with lower platelet
counts. In the combined discovery and replication samples,
the p values for CPS1 rs1047891 and GFI1B rs150813342
were 6.38310#10 and1.79310#27, respectively. AManhat-
tan plot for single-variant associations with platelet count
and quantile-quantile (Q-Q) plots are shown in Figures S1–
S3. Forest plots of the discovery cohorts for the two repli-
cated findings (GFI1B rs150813342 and CPS1 rs1047891)
are provided in Figures S4 and S5, as well as regional
plots calculating linkage disequilibrium of SNVs in the
gene with respect to index SNVs (Figures S6 and S7).
AGBL3 is ametallocarboxypeptidase involved in process-

ing tubulins of the blood cell cytoskeleton. CPS1 encodes
carbamoyl-phosphate synthase 1, amitochondrial enzyme
involved in the urea cycle. TheCPS1 variant (or its LD prox-
ies) has been associated with various cardiometabolic
traits, including high-density lipoprotein (HDL) choles-
terol, homocysteine, fibrinogen, serum metabolite levels,
and kidney function.13–17GFI1B is a known transcriptional
repressor and a key regulator of platelet and red blood cell
development. There was no evidence that either CPS1
rs1047891 or GFI1B rs150813342 were significantly associ-
ated with other hematologic traits assessed in the discovery
sample (Tables S7A and S7B). Moreover, neither GFI1B
rs150813342 nor CPS1 rs1047891 was associated with
mean platelet volume, platelet aggregation, or expression
of platelet surface markers, though these analyses were
limited to much smaller numbers of individuals (Supple-
mental Note, Tables S8 and S10). However, a decrease in
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the median fluorescence intensity of large, platelet-marker
positive (CD41þCD61þ) events18 was detected by flow cy-
tometry in GFI1B variant carriers even after adjustment
for circulating platelet count (p < 0.0001), which could
reflect a decrease in circulating platelet aggregates or a skew-
ing of a platelet subpopulation with regards to platelet-sur-
face-marker expression or size (see Supplemental Note).
We conducted bioinformatic and functional analyses to

understand the impact of the GFI1B exon 5 synonymous
variant and the CPS1 rs1047891 variant (p.Thr1412Asn)
on gene and protein function. The CPS1 p.Thr1412Asn
amino acid substitution is predicted to be benign and toler-
ated by SIFT and PolyPhen. Moreover, according to the
GTEx Portal database, there is no evidence of an expression
quantitative trait loci (eQTL) effect for rs1047891. None-
theless, the CPS1 p.Thr1412Asn missense substitution
is located within a region critical for N-acetyl-glutamate
binding andhas been reported to result in 20%–30%higher
enzymatic activity19 and to influence vascular function.15

We initially assessed the association of rs150813342 with
GFI1B expression by using Affymetrix GeneChip Human
Exon 1.0 ST Array data on whole-blood RNA available from
881 Framingham Heart Study participants.20 There was no
evidence for association of the rs150813342 genotype with
expression of any GFI1B exon, though statistical power is
likely limited by the low frequency of the rs150813342
variant allele,whichwaspresent inonly 7of the881 individ-
uals. According to SPANR,21 rs150813342 had a predicted
effect on splicing (difference in the percentage of transcripts
with the exon spliced in [dPSI] score of #4.6). rs150813342
was predicted to disrupt a putative exon splicing enhancer
(ESE) in exon 5 that contains a consensus SRSF1 binding
motif.22 To functionally evaluate the impact of this variant
on GFI1B transcript splicing in a relevant cell type, we used
CRISPR/Cas9 genome editing to create multiple indepen-
dent isogenic K562 hematopoietic cell lines harboring the
GFI1B synonymous single-nucleotide change (Figure 1A).
These cell lines were homozygous for the variant and ex-
hibited inclusion of less than 30%of exon 5 relative to other
surrounding exons in the GFI1B mRNA (Figure 1B). Semi-
quantitative RT-PCR showed that the presence of the
synonymous variant resulted in reduced formation of the
GFI1B isoform containing exon 5 (herein referred to as
the long isoform), aswell as preferential formationof the iso-
form lacking exon 5 (herein referred to as the short isoform)
(Figures 1C and 1D). No other isoforms or intron inclusion
events were detected (Figure 1C, Figure S8).
Although GFI1B has been implicated in both RBC and

platelet production (erythropoiesis and megakaryopoiesis,
respectively),23–25 only a role for the short isoform in
erythroid cells has been suggested previously.26 We next
assessed the effect of the altered splicing of GFI1B on line-
age-specific hematopoietic differentiation. We chemically
induced differentiation of the isogenic K562 cell lines
with either hemin (to promote erythroid differentiation)
or phorbol 12-myristate 13-acetate (PMA, to promotemega-
karyocytic differentiation) (Figure 2A). Although erythroidT
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differentiation appeared to proceed normally, as assessed
morphologically (Figure 2B), and with expression of the
surface marker GYPA (CD235a) (Figure 2C) and ter-
minal erythroid marker genes (Figure 2D), megakaryocyte
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Figure 1. The Variant rs150813342 Re-
sults in Reduced Formation of the Long
GFI1B Isoform and Preferential Formation
of the Short Isoform
(A) Chromatograms of the sequence sur-
rounding the altered nucleotide in GFI1B
exon 5 showing the wild-type (WT) se-
quence and sequences of isogenic hemato-
poietic K562 cell mutant clones (Mut 1,
Mut 2, and Mut 3) harboring the C>T sin-
gle-nucleotide variant (SNV) generated via
CRISPR/Cas9mediated homologous repair.
(B) qRT-PCR of GFI1B exons 4, 5, and 6
measured from isogenic control (Cont)
and mutant K562 cell clones showing
inclusion of less than 30% of GFI1B exon
5 relative to the surrounding exons in
GFI1B mRNA from mutant clones (n ¼ 3
per group). Error bars show SD.
(C) Semi-quantitative RT-PCR with GFI1B
exon 4 forward and exon 6 reverse primers
with progressively increasing cycle numbers
(26,28, and30cycles) demonstrates reduced
formation of the long GFI1B isoform and
preferential formation of the short isoform,
as well as no other intermediate isoforms
in the clones harboring the SNV.
(D) rs150813342 ispredicted todisruptapu-
tative exon splicing enhancer (ESE) in exon
5 that contains a consensus SRSF1 binding
motif. Disruption of this binding motif
results in reduced inclusion of exon 5 and
preferential formation of the short isoform.
The promotion of alternative splicing by
SRSF1 through the spliceosome complex is
indicated by an arrow to a light blue circle.
Forward (F) and reverse (R) PCR primers of
the respective exon are indicated.

differentiation appeared severely
impaired; the cells retained an imma-
ture blast-like morphology and failed
to upregulate the surface marker of
megakaryocyte differentiation, CD41a
(encoded by ITGA2B), and mRNAs
whose expression is characteristic of
terminal megakaryopoiesis (Figures
2B–2D, Figure S9). The megakaryocyte
genes PPBP, SELP, and PF4 were down-
regulated by an average of 8.6-, 6.7-,
and 41.1-fold, respectively, in the
isogenic clones (p ¼ 0.0001, 0.0013,
and 0.0459, respectively) versus in the
controls (Figure 2D). These results sug-
gest that the long isoform of GFI1B is
necessary for normal megakaryocyte
differentiation.

To confirm a preferential role for
this long GFI1B isoform in megakar-

yocyte differentiation, we identified two independent
short hairpin RNAs (shRNAs) that specifically targeted
GFI1B exon 5, which would thereby selectively downregu-
late the long but not the short isoform. We utilized
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lentiviral-mediated shRNA delivery in primary human
adult mobilized peripheral-blood hematopoietic stem
and progenitor cells (HSPCs), which are capable of differ-
entiation toward the erythroid and megakaryocyte line-
ages under appropriate culture conditions.27 We observed
a knockdown efficiency of the GFI1B long isoform by
~50% for both shRNAs, whereas the short isoform levels
increased conversely (Figures 3A and 3B), which resulted
in a 1.5- to 1.8-fold reduction in the formation of
CD41aþ megakaryocytic cells (relative to lineage-marker
negative cells) in HSPCs undergoing differentiation
(Figure 3C). In contrast, CD235aþ erythroid cells appeared
to be present in comparable percentages and numbers
(Figure 3C). Moreover, whereas numerous morphologi-
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Figure 2. Impaired Megakaryopoiesis
and Retained Erythropoiesis in K562 Cells
Harboring the rs150813342 SNV in GFI1B
Exon 5
(A) Scheme of phorbol 12-myristate 13-ac-
etate (PMA)-induced megakaryocytic dif-
ferentiation andhemin-induced erythroid
differentiation of the hematopoietic K562
cell models.
(B) RepresentativeMay-Grünwald-Giemsa-
stained cytospin images of 72 hr PMA-
induced and 96hrhemin-induced isogenic
control and mutant clones showing mega-
karyocytic differentiation that appears
severely impaired, with the cells retaining
an immature blast-like morphology in the
mutant clones, whereas the erythroid dif-
ferentiation appears unaffected.
(C) Representative flow cytometry anal-
ysis of the megakaryocyte marker CD41a
and the erythroid marker CD235a further
confirmed the impairedmegakaryopoiesis
and the retained erythropoiesis as shown
by the histogram plots with the mean
fluorescence intensity (MFI) for each
marker in unstained cells, control, and
mutant clones, respectively.
(D) Gene expression analysis by qRT-PCR
of the megakaryocyte markers PPBP, SELP,
and PF4 after 72 hr of PMA-induced differ-
entiation and of the erythroid markers
ALAS2, RHCE, and KEL after 24 hr of
hemin-induced differentiation (n ¼ 3 per
group). Error bars show SD.

cally mature erythroblasts could be
readily visualized in both groups,
fewer mature megakaryocytic cells
were seen with knockdown of the
long isoform than in the controls
(Figure 3D, Figure S10). Overall cell
growth appeared comparable be-
tween the knockdown and control
cells (Figure S10). These findings are
in line with our exome-sequence
association findings, in which no
significant effect was seen on circu-
lating RBC levels.

GFI1B private, loss-of-function mutations (nonsense,
frameshift) in the DNA-binding fifth and sixth zinc (Zn)-
finger domains have recently been identified in families
with an autosomal-dominant form of Gray Platelet syn-
drome (GPS) or related forms of thrombocytopenia, which
are characterized by dysmegakaryopoiesis, thrombocyto-
penia, large platelets, and platelet a-granule deficiency
(MIM: 187900)28,29. The truncating GFI1B mutations re-
ported in GPS appear to have a dominant-negative effect
and inhibit transcriptional activity of the GFI1B wild-
type form. Our population study extends the allelic spec-
trum of naturally occurring GFI1B coding sequence vari-
ants associated with a lower circulating platelet count to
include a more frequent, synonymous change that alters
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an exonic splicing enhancer, resulting in the skipping of
exon 5, containing the first and second Zn-finger domains.
Heterozygous carriers of the synonymous exon 5 variant in
GFI1B have an average platelet count that is reduced
by 25,000 to 30,000 platelets per microliter, which
would be a clinically detectable effect. We also provide
additional support for distinct roles of GFI1B long- and
short-isoforms, which are differentially expressed at
various stages of differentiation during normal hemato-
poiesis.23,30 The long GFI1B isoform is expressed in
HSPCs and lineage-committed myeloid, erythroid, and
megakaryocytic progenitors. The abnormalities in mega-
karyocyte maturation with reduced formation of the
GFI1B long isoform in the isogenic K562 cell clones con-
taining the rs150813342 variant and in primary HSPCs
with targeted suppression of the long isoform are consis-
tent with an essential role for the GFI1B long isoform
in megakaryopoiesis and platelet production. This
finding is also congruent with prior work showing that
the GFI1B short isoform is required for erythropoiesis26

and provides insight into how these different
splice variants function in distinct aspects of human
hematopoiesis.

In summary, whole-exome sequence association analysis
performed in over 15,000 samples discovered SNVs associ-
atedwith a lower platelet count in community-dwelling in-
dividuals, including a common variant in CPS1 and a rare,
synonymous variant in GFI1B. Follow-up genome editing
and targeted knockdown experiments identified a mecha-
nism by which alternative splicing associated with the
GFI1B rs150813342 variant allele suppresses formation of
a specific GFI1B long isoform that is required for line-
age-specific megakaryocyte differentiation, while being
dispensable for erythropoiesis. Functional studies coupled
with an association finding demonstrated a previously un-
appreciated splicing-based mechanism for lineage-specific
blood cell production, providing important insights into
human hematopoiesis. Genes regulated by the long GFI1B
isoform could provide additional understanding of down-
stream transcriptional events and molecular pathways
required for megakaryocyte specification and platelet pro-
duction. These findings hold promise for the development
of therapeutics for altering platelet count without adverse
effects on other blood lineages. Further characterization of
the role ofGFI1B isoforms couldhave clinical or therapeutic
implications for disorders of platelet and other blood cell

B

A

D

C

Figure 3. The Long GFI1B Isoform is Critical for Megakaryopoiesis in a Human Primary Cell Model
(A) qRT-PCR of GFI1B exons 4, 5, and 6 on day 4 after infection showing the identification of two short hairpin RNAs (shRNAs) that
specifically target GFI1B exon 5 and thereby selectively downregulate the long isoform by ~50%, but not the short isoform (n ¼ 3
per group). Error bars show SD.
(B) Semi-quantitative RT-PCRwithGFI1B exon 4 forward and exon 6 reverse primers with progressively increasing cycle numbers (26, 28,
and 30 cycles) demonstrates reduced formation of the long GFI1B isoform and increased formation of the short isoform, as well as no
other intermediate isoforms in cells with targeted knockdown of GFI1B exon 5.
(C) Representative flow cytometry analysis of thrombopoietin (TPO)- and erythropoietin (EPO)-stimulated primary human hematopoi-
etic stem and progenitor cells on day 11 of differentiation with assessment of CD41aþ megakaryocytic (Meg) cells and CD235aþ

erythroid (Ery) cells.
(D) Representative May-Grünwald-Giemsa-stained cytospin images of megakaryocytic cells (from day 7 of differentiation) and erythroid
cells (from day 13 of differentiation) showing immaturemegakaryocytemorphology in cells with knockdown of the longGFI1B isoform,
in comparison with the control. In contrast, maturation of erythroblasts appears unaffected.
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production or function, as well as for the prospect of
improving the manufacture of ex vivo cell therapies.31–33
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Supplemental Note: Cohort Descriptions 

Discovery Cohort Descriptions 

The discovery sample included whole exome sequence data from 15,459 individuals, including 
11,238 of European ancestry (EU), and 4,221 of African American ancestry (AA), participating 
in 6 population-based cohort studies: Atherosclerosis Risk in Communities (ARIC), Women’s 
Health Initiative (WHI), Cardiovascular Health Study (CHS), Jackson Heart Study (JHS), 
Framingham Heart Study (FHS), and Rotterdam Study (RS). The whole exome sequences were 
generated as part of two separate projects, the CHARGE Consortium and the NHLBI Exome 
Sequencing Project, as described below.  

 
Samples for complete blood count (CBC) analysis were obtained by venipuncture for collection 
into tubes containing ethylenediaminetetraacetic acid (EDTA). Phlebotomy, blood collection 
methods, hematology laboratory protocols, and blood measurement instruments have been 
previously described elsewhere1-3. Unit of measurement in all cohorts were as follows: 
hemoglobin (g/dl),  hematocrit  (%),  mean corpuscular hemoglobin (pictogram), mean 
corpuscular hemoglobin concentration (%),  mean corpuscular volume (femtoliter),  erythrocyte 
count  (1M cells/cmm), red cell distribution of width (femtoliter), white blood cell count (109 

cells/L), neutrophil count (109 cells/L), eosinophil count (109 cells/L), basophil count (109 

cells/L), monocyte count (109 cells/L), lymphocyte count (109 cells/L), platelet count 
(109/L), mean platelet volume (femtoliter), and mean morpuscular memoglobin moncentration = 
hemoglobin * 100 / hematocrit (in %). The cohort sample sizes by trait and ethnicity are shown 
in Table S1 and all traits transformed as described in the Methods Section. 
	
Atherosclerosis Risk in Communities (ARIC) Study 
The ARIC study has been described in detail previously4. Men and women aged 45-64 years at 
baseline were recruited from four communities: Forsyth County, North Carolina; Jackson, 
Mississippi; Minneapolis, Minnesota; and Washington County, Maryland. A total of 15,792 
individuals, predominantly White and African American, participated in the baseline 
examination in 1987-1989, with three additional triennial follow-up examinations and a fifth 
exam in 2011-2013.  
 
Cardiovascular Health Study (CHS) 
The CHS has been described in detail previously5. The CHS is a population-based cohort study 
of risk factors for coronary heart disease and stroke in adults ≥65 years conducted across four 
field centers. The original predominantly Caucasian cohort of 5,201 persons was recruited in 
1989-1990 from random samples of the Medicare eligibility lists, and an additional 687 African-
Americans were enrolled subsequently for a total sample of 5,888.  DNA was extracted from 
blood samples drawn on all participants at their baseline examination in 1989-90.  
 
Framingham Heart Study (FHS) 
The FHS is a three generational prospective cohort that has been described in detail previously6; 

7. Individuals were initially recruited in 1948 in Framingham, USA to evaluate cardiovascular 
disease risk factors. The second generation cohort (5,124 offspring of the original cohort) was 



	
	

recruited between 1971 and 1975. The third generation cohort (4,095 grandchildren of the 
original cohort) was collected between 2002 and 2005. 
 
Jackson Heart Study (JHS) 
The JHS is a large single-site, prospective, epidemiologic investigation of cardiovascular disease 
among African American adults in the three counties (Hinds, Madison, and Rankin) that 
comprise the Jackson, Mississippi metropolitan area.8 The Jackson Heart Study involves a 
collaboration among three institutional partners, the Jackson community, and the National 
Institutes of Health to discover best practices for eliminating health disparities. 
 
Rotterdam Study (RS) 
The Rotterdam Study is an ongoing prospective population-based cohort study, focused on 
chronic disabling conditions of the elderly. The study comprises an outbred ethnically 
homogenous population of Dutch Caucasian origin. The rationale of the study has been described 
in detail elsewhere9-11. In summary, 7,983 men and women aged 55 years or older, living in 
Ommoord, a suburb of Rotterdam, the Netherlands, were included in the baseline exam. 
 
Women’s Health Initiative (WHI) 
WHI is one of the largest (n=161,808) studies of women's health ever undertaken in the United 
States12. There are two major components of WHI: (1) a Clinical Trial (CT) that enrolled and 
randomized 68,132 women ages 50 – 79 into at least one of three placebo-control clinical trials 
(hormone therapy, dietary modification, and calcium/vitamin D); and (2) an Observational Study 
(OS) that enrolled 93,676 women of the same age range into a parallel prospective cohort 
study13-16. A diverse population including 26,045 (17%) women from minority groups were 
recruited from 1993-1998 at 40 clinical centers across the U.S. The design has been published17; 

18. For the CT and OS participants enrolled in WHI and who had consented to genetic research, 
DNA was extracted by the Specimen Processing Laboratory at the Fred Hutchinson Cancer 
Research Center (FHCRC) using specimens that were collected at the time of enrollment in to 
the study.  
 
 
  



	
	

Replication Cohort Descriptions 
 
Replication of single variant and gene-based discovery findings was conducted in three sample 
sets: (1) JHS, ARIC, and CHS participants with whole exome sequencing not included in the 
discovery sample (N=5,536); (2) UK10K subjects with whole genome sequence (WGS) data or 
with WGS imputed data (N=31,551); and (3) exome chip data which was meta-analyzed from 9 
cohorts (N=14,937), including non-overlapping subjects from the five discovery cohorts as well 
as the Cardiovascular Risk in Young Fins Study (YoungFins), Netherlands Epidemiology of 
Obesity (NEO) Study, and the Finnish Cardiovascular Study (FinCAVAS).   

JHS exome sequence samples 
Replication of single variant and gene-based discovery results was conducted using 2,437 
independent African American exome sequence samples from Jackson Heart Study, not analyzed 
in the ESP discovery sample. Exome sequencing was performed in these additional 2,437 JHS 
samples either through the NHLBI Minority Health Genomics and Translational Research Bio-
Repository Database (MH-GRID) (N=311) as described in Fu et al19 or through the National 
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Type 2 Diabetes Genetic 
Exploration by Next-Generation Sequencing in Multi-Ethnic Samples (T2DGENES) (N=571)20. 
Additional exome sequencing for JHS was also provided by an NHLBI funded study to Dr. 
Sekar Kathiresan (N=814). All samples were exome sequenced at either the Broad Institute or 
University of Washington and processed using the Genome Analysis ToolKit. Variant detection 
and genotyping were performed on both exomes and flanking 50bp of intronic sequence using 
the	GATK v3 Haplotype Caller with recommended options. Variant recalibration was run with 
the GATK using the recommended resources and thresholds. Only VQRS PASS sites were used 
for further analysis. Samples were checked on their total number of variants, observed number of 
singletons and doubletons,Ti/Tv ratio, Het/Hom ratio, missingness, contamination statistics, and 
non-reference concordance with available exome chip data. 

Additional ARIC and CHS exome sequence samples for platelet count  
Subjects from ARIC (N=2404) and CHS (N=695) who were not included in the discovery 
sample were used for replication of the GFI1B and CPS1 associations with platelet count. 

UK10K whole genome and imputed samples 
Replication of gene-based discovery results for hemoglobin was performed using whole genome 
sequence (WGS) data from 3,077 European ancestry samples from UK10K, which includes 
TwinsUK and ALSPAC20. Replication of gene-based results for other red blood cell traits 
(MCV, MCH, MCV) was available only in the TwinsUK sample (N=1,549). For replication of 
single variant results, the UK10K WGS and 1000 Genomes reference panels (Build 37) were 
used to impute genotypes into a total of 31,551 GWAS samples.		

Blood cell exome chip consortium samples 
Additional gene-based replication was performed using independent samples (N=14,937) 
genotyped on the exome chip array from ARIC, CHS, JHS, FHS, and Rotterdam studies as well 
as Cardiovascular Risk in Young Fins Study (YoungFins), Netherlands Epidemiology of Obesity 
(NEO), and the Finnish Cardiovascular Study (FinCAVAS) cohorts.    
 



	
	

The Cardiovascular Risk in Young Finns Study (YFS) 
The Young Finns Study is a population-based follow up-study started in 198021. The main aim of 
the YFS is to determine the contribution made by childhood lifestyle, biological and 
psychological measures to the risk of cardiovascular diseases in adulthood. In 1980, over 3,500 
children and adolescents all around Finland participated in the baseline study. The follow-up 
studies have been conducted mainly with 3-year intervals. The latest 30-year follow-up study 
was conducted in 2010-11 (ages 33-49 years) with 2,063 participants. The study was approved 
by the local ethics committees (University Hospitals of Helsinki, Turku, Tampere, Kuopio and 
Oulu) and was conducted following the guidelines of the Declaration of Helsinki. 

The Finnish Cardiovascular Study (FinCAVAS) 
The Finnish Cardiovascular Study consists of patients who undergo exercise stress tests at 
Tampere University Hospital and recruited between October 2001 and December 200722. The 
study protocol was approved by the Ethical Committee of the Hospital District of Pirkanmaa, 
Finland, and all patients have given informed consent prior to the interview and measurements as 
stipulated in the Declaration of Helsinki. Follow-up data consists of information on major 
cardiovascular events (hospitalisation due to angina pectoris, MI or stroke), coronary procedures 
(angioplasties and bypass operations) and causes of deaths. The follow-up data was gathered at 
2, 5 and 10 years. Information on clinical events will be collected from the Finnish National 
Hospital Discharge Register and data on mortality from the Causes of Death Register. 

The Netherlands Epidemiology of Obesity Study (NEO) 
The Netherlands Epidemiology of Obesity study is a population-based, prospective study of 
6,673 individuals aged 45-65 years and oversampled in overweight or obese individuals23. 
Recruitment began in September 2008 and ended in September 2012 in the greater area of 
Leiden, Netherlands. NEO was designed to investigate pathways leading to obesity-related 
diseases and mortality with extensive phenotyping such as anthropometry, electrocardiography, 
spirometry, and ultrasonography to measure carotid artery intima-media thickness. 

Estonian Biobank  
The Estonian Biobank cohort represents approximately 5% of the Estonian adult population 
recruited from general practitioners throughout the country, who also donate blood samples for 
DNA, whole blood and plasma tests24. Through national electronic database and registry 
linkages, medical information is followed up and in some instances participants contacted for 
follow-up of targeted interventions. Given the database linkages and subset follow up, the 
Estonian Biobank is a population-based biobank with a longitudinal and prospective database. 
Genetic and biological samples were sequenced or genotyped at the Estonian Genome Center of 
the University of Tartu (EGCUT).   
 
  



	
	

Description of Gene-based Association Results 
 
A summary of the most significant association results for each trait (P <10-4) are shown in 
Tables S5A for gene-based burden tests and S5B for SKAT.  
 
Previously undescribed genes meeting our discovery significance threshold for either the gene-
based test or a single variant within the gene are shown in Table 1 and Table S3. 
There were four additional gene-based rare variant SKAT (MRPL43, ACTN4) or burden test 
results (MYOM2, MMACHC) that met our pre-defined significance threshold in the discovery 
sample (P<2.63 x 10-6),	using either the broader variant annotation filter or the narrower LOF 
variant filter.  All four of these gene-based associations were with erythrocyte-related traits 
(Table S5A and Table S5B). While no gene burden finding was replicated in our analyses of 
independent samples (Tables S12, S13, and S14), we also attempted to replicate associations for 
several individual variants driving the gene-based findings, as described further below for each 
gene. While no gene burden finding was replicated in our analyses of independent samples, 
suggestive evidence was found for several individual driving variants comprising the gene 
burden findings, as described below for each gene. 
 
MYOM2 
The myomesin 2 (MYOM2) gene on 8p23.3 was significantly associated with MCHC in the race-
combined meta-analysis (P=2.16 x 10-6), and the lowest p-value of the missense SNP within this 
gene (rs150511184) was noted among non-overlapping samples of the exome chip with 
P=0.00895. Additionally, there were three rare missense variants in MYOM2 that were nominally 
associated (P=0.02 to 0.05) with MCH in both the discovery analysis and replication analysis of 
exome chip data. MYOM2 is expressed in the m bands of sarcomeres encoding for the m-protein.  
The relationship between mean corpuscular hemoglobin concentration and MYOM2 is unclear. 
 
MRPL43 
The mitochondrial ribosomal protein L43 gene (MRPL43) was significantly associated with 
hemoglobin levels in EAs (P =1.16x10-6).  No significant replication was available for MRPL43 
(JHS exome sequence in AA’s T5 burden test P=0.91). 
 
ACTN4 
Actinin, alpha 4 (ACTN4), a cytoskeletal protein-encoding gene, was significantly associated 
with MCV in our AA discovery sample (P=1.59x10-6). While we were unable to replicate gene-
based association in our AA replication sample (SKAT P=0.138), the P-value for association of 
the ACTN4 gene burden test in the TwinsUK EU replication cohort was 0.057 (N=1,548). From 
non-overlapping AA exome sequenced JHS participants (N=2,437), there was borderline 
evidence of association for one of the individual ACTN4 missense variants driving the gene-
based association test (rs149027682, P179L; discovery P=3.10x10-6; replication P=0.06) with 
both discovery and replication samples having a negative direction of effect.  

 
Mutations in ACTN4 are found in patients with the rare autosomal dominant disorder, familial 
focal segmental glomerulosclerosis (FSGS)25. Actinins belong to the spectrin gene superfamily. 
ACTN4 is a cytoskeletal protein which promotes cell motility and cancer metastasis and invasion. 
ACTN1 has recently been characterized as a causal gene for familial thrombocytopenia26-28.  It is 



	
	

plausible that the putative association of ACTN4 variants with MCV may be mediated through 
red cell cytoskeletal alterations. Two of the driving variants of the ACTN4 association with MCV 
(rs149027682 (Pro179Leu) and rs113969422 (Asp890Glu)) are located within two distinct 
domains of the ACTN4 gene. The more robust signal (rs149027682, MAF=0.01, P=3.10x10-6) is 
located in the actinin-4 calponin homology domain which has a role in actin crosslinking; this 
variant was associated with lower MCV. The second signal (rs113969422, MAF=0.01, P=0.02) 
is located in the EF hand domain, which is involved in actin cytoskeleton signaling; this variant 
was associated with increased MCV.   
 
MMACHC 
In an analysis restricted to predicted LOF mutations, the methylmalonic aciduria and 
homocystinuria type C protein (MMACHC) gene was associated with Hb levels (P=1.26x10-6) 
and Hct (P=1.63x10-6) in the EU-only discovery meta-analysis. A different missense variant 
(rs192924272) achieved nominal significance in AA JHS exome sequence replication for a rare 
missense variant in the MMACHC (P=0.0018). 
 
Mutations in MMACHC account for inborn errors of vitamin B12 metabolism and result in 
methlmalonic aciduria and homocystinuria, CblC type. In context of our LOF gene-based 
findings with Hb and Hct, vitamin B12 is necessary for the formation and maturation of 
erythrocytes. CblC is an extremely rare recessive Mendelian disorder caused by homozygous or 
compound heterozygous mutations; it has been identified in only ~400 individuals worldwide29. 
Treatment with a daily dose of vitamin B6 (pyridoxine), or eating a low-methionine diet may 
abate development of this multisystem disorder, which can involve connective tissue, mental 
retardation, eye anomalies, megaoblastic anemia, and vascular disease. Typically identified in 
infants and young children, LOF variants, including Arg132X, have been identified in 
individuals with late onset methylmalonic aciduria and homocystinuria, cbIC type disorder 
(OMIM 277400) 29, and appears to be mediated by nonsense-mediated mRNA decay (NMD).  
Notably, the association of MMACHC with lower hemoglobin in our discovery sample was 
identified only by restricting the analysis to predicted LOF variants. As an incidental finding, the 
frameshift mutation (rs398124294, 271dupA) studied in 118 cases of CblC accounted for 43% of 
the pathogenic alleles29; the same frameshift mutation occurred in twelve heterozygotes in our 
discovery sample. A common variant of MMACHC was associated with homocysteine levels 
(rs4660306, MAF=0.33, P=2.33x10-9) 30.  
  



	
	

Associations of GFI1B and CPS1 Variants with Platelet Surface Marker Expression, Mean 
Platelet Volume, and Platelet Aggregation  
 
To further assess the relationship of the two platelet count-associated variants (GFI1B 
rs150813342 and CPS1 rs1047891) to platelet morphologic and functional characteristics, we 
analyzed mean platelet volume, platelet flow cytometric, and agonist-induced aggregation 
measures from several available data sets.  
 
Platelet Flow Cytometry: ARIC Carotid MRI Study  
Recruitment for the ARIC Carotid MRI Study (N= 1,889) was comprised from a subset of the 
original ARIC cohort and described elsewhere using a stratified weighted sampling design31; 32.  
Flow cytometry was used to assess cell surface markers and size in whole blood with analysis 
performed on the EpicsTM XLTM (Beckman Coulter) 31. 
  
In ARIC, flow cytometry of peripheral blood stained with cellular markers measurements were 
analyzed for association with the GFI1B (rs150813342) and CPS1 (rs1047891) variants. Six 
surface markers included CD14, CD41, CD45, CD61, CD62P (P-selectin), and CD154.  Events 
were determined by light scatter characteristics/size and cell surface marker expression and 
designated as (CD41+CD61+) platelet events.  Events positive for (CD61+CD45+ CD14+) were 
designated as platelet-monocyte events, (CD61+ CD45lowCD14-) events were interpreted as 
platelet-granulocyte events, and (CD61+ CD45highCD14-) were interpreted as platelet-
lymphocyte events. To account for complex survey design, the analyses utilized the inverse of 
the sampling fractions as weights to calculate variances and confidence intervals of estimators 
using SAS 9.3. Regression models were adjusted for age, sex, genetic ancestry, and platelet 
count. Individuals taking antiplatelet medication use including Plavix and/or aspirin, were 
excluded from the analysis. The Bonferroni corrected threshold for 9 flow cytometry 
measurements was calculated at P<0.00625. 
 
Flow cytometry available on a subsample of 761 individuals in ARIC showed that expression of 
cell surface markers did not differ significantly according to GFI1B or CPS1 genotypes (Tables 
S8 and S10). The rs150813342 GFI1B variant was associated with lower Median Fluorescence 
Intensity (MFI) of large platelet events, P<0.0001 (Table S8A); the mean difference between 
carriers and non-carriers was -35.6%.  Analysis of MFI forward light scatter (FS) showed that 
the rs150813342 variant was associated with lower MFI of larger platelet events (P=0.003), but 
there was no association with FS at the expected size of single platelets (Table S8B; P=0.26). 
MFI was not significantly associated with the CPS1 variant, rs1047891 (Table S10; P=0.17).  
 
Mean Platelet Volume (MPV) 
We assessed association with MPV using a sample of 570 individuals derived from an Estonian 
biobank24 as described in the Cohort Descriptions above, of whom 10 harbored the GFI1B 
rs150813342 variant. There was no statistically significant association between rs150813342 and 
MPV (P= 0.86).  The 10 individuals heterozygous for rs150813342 had MPVs of 10.7 +/- 0.86 
(9.7-12.0), suggesting that the decreased MFI for platelet-platelet events noted by flow 
cytometry is not an artifact due to altered platelet size in the GFI1B rs150813342 rare allele 
carriers. 



	
	

Platelet Aggregometry  
Framingham Heart Study participants in the Offspring Generation, examination 5 (1991-1995) 
were measured for platelet reactivity to three agonists [adenosine diphosphate (ADP), 
epinephrine and collagen] using a four-channel aggregometer (BioData Corp., Horsham, PA)33.  
Platelet aggregation of GeneSTAR participants was measured at baseline34. Aggregometry 
measures included platelet aggregation to arachidonic acid, ADP, epinephrine, and platelet 
function analyzer closure time. The FHS and GeneSTAR platelet aggregometry studies were 
both adjusted for age, sex, and ancestry, with outcome measurements undergoing Blom 
transformation due to non-Gaussian distributions.  Sample size weighted meta-analysis of FHS 
and GeneSTAR associations with rs150813342 GFI1B variant was performed in the METAL 
software.  

 
There was no detectable association of the GFI1B variant with collagen-, ADP-, or epinephrine-
induced platelet aggregation measures among 1,955 GeneStar+FHS individuals, of whom 20 
were carriers of the rs150813342 variant allele (Table S9). 
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Figure S1. Manhattan Plot of Platelet Count meta-analyzed by both ethnicity and study. The red 

horizontal line denotes the single variant significance threshold. On the x-axis are the autosomes 

and X chromosome. The y-axis is the negative log p value (base 10) of the associations for 

platelet count and SNV. Whole Exome Sequencing and Quality Control:	 In the CHARGE 

Consortium, DNA sequencing was performed at Baylor College of Medicine’s Human Genome 

Sequencing Center on Illumina HiSeqs (San Diego, CA) after exome capture with NimbleGen's 

VCRome2.1. Prior to statistical analysis, data were processed and alleles jointly called using 

Mercury35.  Sequencing yields had an average of 92% of target sites, depth of coverage of 20X 

or greater, and a mean sequencing depth of 92X. Each SNV call was filtered based on the 

following criteria to produce a high-quality variant list: low SNV posterior probability (<0.95), 

low variant read count (<3), variant read ratio <0.25 or >0.75, strand-bias of more than 99% 

variant reads in a single strand direction, or total coverage less than 10-fold. All variant calls 

filtered by these criteria, and reference calls with less than 10-fold coverage, were set to missing. 

The variant call filters were the same for indels except a total coverage less than 30-fold was 

used for variant sites.  As part of quality control procedures, variant sites were removed that had 

greater than 20% missingness, more than two observed alleles, mean depth at the site of greater 

than 500-fold, or were monomorphic. Variants not meeting Hardy-Weinberg equilibrium 

expectations (P<5x10-6) in ancestry-specific groups were also excluded. Within each cohort, 

samples were removed that fell beyond six standard deviations in any of four measures that were 

calculated by cohort and ancestry group: number of singletons, heterozygote to homozygote 

ratio, mean depth, or transition to transversion (Ti/Tv) ratio. In the Exome Sequencing Project, 

the processes of library construction, exome capture, sequencing, and mapping were performed 

as previously described36-38. Sequencing was performed at the University of Washington and the 

Broad Institute of MIT/Harvard. Briefly, exome capture was performed using Roche Nimblegen 

SeqCap EZ or Agilent SureSelect Human All Exon 50 Mb. Paired end sequencing (2 x 76bp) 

was performed on Illumina GAII and HiSeq instruments. Single Nucleotide Variants (SNVs) 

were called using a maximum likelihood approach39 implemented in the UMAKE pipeline at the 

University of Michigan, which allowed multiple samples to be analyzed simultaneously, both for 

variant calling and filtering. Binary Alignment/Map (BAM)40 files summarizing Burrows-

Wheeler Alignment (BWA)39 alignments were mapped to the Genome Reference Consortium 

Human Build 37 (GRCh37), refined by duplicate removal, recalibration, and indel re-alignment 



	
	

using the Genome Analysis ToolKit (GATK)41. We excluded all reads that were not confidently 

mapped (Phred-scaled mapping quality < 20) from further analysis. Mean depth was 127X in 

targeted regions. We then computed genotype likelihoods for exome targeted regions and 50 

flanking bases, accounting for per base alignment quality using SAMtools40. Variable sites and 

their allele frequencies were identified using a maximum-likelihood model, implemented in 

glfMultiples42. The final call-set was performed on 6,823 samples. The Exome Sequencing 

Project used a support vector machine classifier to separate likely true positive and false- positive 

variant sites, applying a series of variant-level filtering metrics, including allelic balance, base 

quality distribution for sites supporting the reference and alternate alleles, and the distribution of 

supporting evidence between strands and sequencing cycle. These steps were followed by quality 

control on individual samples within each study using variants identified by dbSNP43 or 1000 

Genomes44 as the positive training set and variants that failed multiple filters as the negative 

training set. We excluded variants with read depth greater than 500 or missingness rates ≥ 10%. 

Samples with discrepant self-reported race and ancestry derived from principal component 

analysis (PCA) performed on exome sequencing data in PLINK45 as well as well as ancestry 

outliers by PCA were removed. Samples having very low concordance (<90%) with previously-

obtained SNP array data were considered likely sample swaps and were also dropped from 

further analysis.  
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Figure S2. QQ Plot of p values comparing observed (y-axis) and the expected distribution (x-

axis) for all SNVs (blue dots) as well as SNVs found to be associated with blood traits in 

previous GWAS (pink dots). Association Analysis of Single Variants and Gene-based Tests: For 

each phenotype, we calculated the rank-based inverse normal transformation of the trait residuals 

within each cohort, adjusted for age and sex. Principal components were included as covariates 

in each cohort’s analysis. The R seqMeta (v1.5) package was utilized to conduct individual 

cohort analyses, conditional analyses, and meta analyses (https://cran.r-

project.org/web/packages/seqMeta/index.html). Variant functional categories were annotated 

using ANNOVAR46 and included missense, synonymous, frameshift, premature stop codons, 

splice sites, and small indels, and missense variants predicted to disrupt protein function. Small 

indels were included in the gene-based test based on previous validation studies of whole exome 

sequencing data for the ARIC cohort47. Two types of association tests were conducted, using 

either single variants or genes as the unit of analysis. Single variant analysis was conducted for 

variants having a minor allele count of at least ten overall for ethnicity specific or trans-ethnic 

using linear regression.  Gene-based tests consisted of a burden method (T5) and sequence kernel 

association test (SKAT)48.  The burden method calculates an indicator variable by summing the 

contributing variants meeting the inclusion criteria across individuals; the indicator variable is 

used as an independent variable in a linear regression model.  The SKAT method employs a 

kernel density approach to aggregate individual score test statistics of a set of variants, weighted 

by their allele frequencies, and allows different variants within a gene to have different directions 

and different magnitudes of effect.  For each gene-based test, we included only variants with 

minor allele frequency less than 5% pooled across cohorts and ethnicities and applied two 

different variant annotation criteria. The broader set of variants included missense, stop gain, 

stop loss, frameshift, or splice site.  A second annotation filter included only loss-of-function 

(LOF) variants (premature stop codons, splice site, and frameshift). To declare statistical 

significance in any of the single variant analyses (EU, AA, or EU + AA combined), a Bonferroni 

threshold was calculated to account for the total number of single variant tests with a minor allele 

count (MAC) of at least ten (P<1.6x10-7).  For gene-based tests, the Bonferroni threshold 

accounted for the number of genes (N=18,991) analyzed with a MAC of at least five (P<2.63x10-

6). The same gene-based significance threshold was applied whether the meta-analysis was 

conducted within EU, within AA, or EU + AA combined, and whether a broad variant annotation 



	
	

filter or a more stringent LoF filter was applied. Three single variants and four genes meeting the 

discovery significance threshold were taken forward for replication.  The Bonferroni-corrected 

significance threshold for replication analyses was 0.05 divided by seven (the total number of 

discovery findings), or P<0.007. The replication sample included several data sets with either 

whole exome sequencing (N=5,536), whole genome sequencing followed by imputation into a 

larger GWAS data set (N=31,551), or exome array genotyping (N=14,937).  For each analysis 

(single variant and gene-based), cohort-level results were combined by fixed effects meta-

analysis at a central analysis site using the seqMeta package. Fixed effect meta-analyses were 

performed separately within each ethnicity (EU or AA) and also across both ethnicities (EU + 

AA). Conditional analysis of DARC locus and WBC: Several SNV located on chromosome 1, 

including the African ancestral Duffy blood group, atypical chemokine receptor (DARC) 

rs2814778 promoter variant, were associated with WBC and neutrophil count in the AA-specific 

analysis. Conditional regression analysis of total WBC count and neutrophil count was 

performed in a subset of the AA discovery samples (N=4221) for all significant variants 

(MAC>10) in the region spanning 157,485,561 to 159,175,354. In each regression model, the 

functional DARC variant rs2814778 (coded in a dominant manner) was included as an additional 

covariate.  After conditioning on rs2814778, there were no significant, independent association 

signals for WBC or neutrophil count in this region (Table S11). 
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$OOeOe FreTueQF\ EiQV VKRZQ DQG FRORr FRGeG iQ WKe OegeQG DQG FRrreVSRQGiQg ODPEGD gF 

YDOue� 



Study P value MAF N BETA SE 

ARIC 1.52E-05 0.008 5673 -0.45 0.10 

RS 0.026 0.017 1487 -0.31 0.14 

CHS 0.049 0.007 685 -0.63 0.32 

ESP 0.061 0.007 1668 -0.38 0.20 

UK10K 5.07E-18 0.007 31549 -0.45 0.05 

Figure S� 

P value MAF N BETA SE 
META 1.79E-27 0.009 9513 -0.43 0.046 

Test for heterogeneity: χ2(4)=1.36 
P-value: 0.85
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GiVFRYer\ DQG reSOiFDWiRQ VDPSOe VWuG\� 0$F iV PiQRr DOOeOe IreTueQF\� 1 iV VDPSOe 

Vi]e� %eWD iV EeWD FReIIiFieQW� DQG S( �VWDQGDrG errRr�� %eWD &ReIIiFieQWV iV RQ WKe [�D[iV 

ZiWK WKe EODFN ER[ GeQRWiQg eIIeFW Vi]e DQG KRri]RQWDO OiQeV GeQRWiQg VWDQGDrG errRr� 7Ke QRQ�

VigQiIiFDQW  reVuOW IRr D FKi�VTuDre WeVW IRr KeWerRgeQeiW\ iV VKRZQ iQ WKe ORZer OeIW FRrQer� 



Figure S� 

Study P value MAF N BETA SE 
EU ARIC 1.7E-04 0.31 5673 -0.076 0.020
AA ARIC 0.0025 0.37 2683 -0.086 0.028
EA ESP 0.0088 0.32 1668 -0.097 0.037
AA ESP 0.033 0.37 1548 -0.078 0.037
EU RS 0.88 0.30 1487 -0.0064 0.041

EU CHS 0.92 0.31 685 0.0060 0.056 
UK10K 1.02E-04 0.31 31551 -0.031 0.0089

P value MAF N BETA SE 
META 6.38E-10 0.33 45295 -0.04 0.01 

Test for heterogeneity: χ2(6)=11.48 
P-value: 0.075
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GiVFRYer\ DQG reSOiFDWiRQ VDPSOe VWuG\� 0$F iV PiQRr DOOeOe IreTueQF\� 1 iV VDPSOe 

Vi]e� %eWD iV EeWD FReIIiFieQW� DQG S( �VWDQGDrG errRr�� %eWD &ReIIiFieQWV iV RQ WKe [�D[iV 

ZiWK WKe EODFN ER[ GeQRWiQg eIIeFW Vi]e DQG KRri]RQWDO OiQeV GeQRWiQg VWDQGDrG errRr� 7Ke QRQ�

VigQiIiFDQW  reVuOW IRr D FKi�VTuDre WeVW IRr KeWerRgeQeiW\ iV VKRZQ iQ WKe ORZer OeIW FRrQer�  
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Figure S�� 5egiRQDO SORW RI GFI1B ZiWK FKrRPRVRPe SRViWiRQ RQ WKe [�D[iV DV ZeOO DV D 

reSreVeQWDWiRQ RI GFI1B e[RQ ORFDWiRQV� 2Q WKe OeIW \�D[iV iV WKe QegDWiYe ORg S YDOue RI WKe 

DVVRFiDWiRQ RI WKe SODWeOeW FRuQW RI (urRSeDQ eWKQiFiW\� 7Ke rigKW \�D[iV iV WKe 

reFRPEiQDWiRQ rDWe DV iQGiFDWeG E\ WKe EOue OiQe�  7Ke OegeQG r� VKRZV WKe OiQNDge 
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Figure S8. No detection of intermediate isoforms or intron inclusion events in GFI1B mRNA 

from K562 cells. Semi-quantitative RT-PCR showing preferential formation of the short GFI1B 

isoform with no other intermediate isoforms or intron inclusions in the isogenic mutant cell 

clones, while the isogenic control clones preferentially express the long GFI1B isoform. 

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 genome editing 

technology was used to introduce the C > T single nucleotide variant (SNV) into K562 

hematopoietic cells via homology-directed repair (HDR)49. A single-guide RNA (sgRNA) (5’-

CCGCAGATGTCACAGGCGAA-3’) was cloned into the pSg1 vector using the BplI and NheI 

restriction sites. A single-stranded DNA oligonucleotide (ss-oligo) containing the SNV and 

flanking sequences of 90 nucleotides on each side was co-transfected with the sgRNA and 

PxPR001 Cas9 plasmid using the Nucleofector 2b device (Lonza) according to the 

manufacturer’s protocol and as described previously50. Following puromycin selection (24-72 

hours post-transfection), serial dilutions were performed and isogenic clones were screened by 

Sanger sequencing for the SNV 3 weeks later once individual colonies had grown to a sufficient 

size. Quantitative or semi-quantitative reverse-transcriptase PCR (RT-PCR) was performed with 

the following GFI1B primers (Forward = F, Reverse = R): Exon 4 - F: 5’-

CATTGTGCTGTCCCGACC-3’, R: 5’-CATAGGTTGTGGCCAAGGTG-3’; Exon 5 - F: 5’-

ATGTGCGACGCTCCCATAG-3’, R: 5’-CTGGGAGTGGACGTGCGT-3’; Exon 6 - F: 5’-

ACCTGCTCATCCACTCAGAC-3’, R: 5’-GTGTGGATGTAGGTGTGCTTC-3’. Primers F4 

and R6 were used for the semi-q RT-PCR. 
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Figure S9. Mutant K562 clones exhibit morphologically impaired megakaryocytic 

differentiation, while erythroid differentiation is unaffected. (A) Representative May-Grünwald-

Giemsa stained cytospin images of 72 h PMA-induced megakaryocytic differentiated and 96 h 

hemin-induced erythroid differentiated isogenic control and mutant clones showing a retained 

immature blast-like morphology with smaller cell size in megakaryocytic differentiated clones 

harboring the C > T nucleotide change, while erythroid differentiation appears to be not affected 

compared to control clones. (B) Wild-type K562 gene expression analysis by quantitative RT-

PCR of the megakaryocyte markers PPBP, SELP, and PF4 after 72 h of PMA-induced 

differentiation and of the erythroid markers ALAS2, RHCE, and KEL after 24 h of hemin-induced 

differentiation compared to non-induced cells, respectively (n = 3 per group). ****P < 0.0001; 

***P = 0.0005; **P = 0.001 using the unpaired two-tailed t-test. Megakaryocytic and erythroid 

differentiation of K562 cells was performed as described previously51; 52. Megakaryocytic 

differentiation was induced with 5 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) in 

DMSO. Gene expression analysis by quantitative RT-PCR for the megakaryocyte marker genes 

PPBP (forward: 5’-GAACTCCGCTGCATGTGTATAA-3’; reverse: 5’-

GCAATGGGTTCCTTTCCCGAT-3’), SELP (forward: 5’-ATGGGTGGGAACCAAAAAGG-

3’, reverse:  5’-GGCTGACGGACTCTTGATGTAT-3’), and PF4 (forward:  5’-

ACAGCCGGGAATAAAACGTG-3’, reverse:  5’-CTCAGTGCGATGGGAAACTC-3’) was 

performed after 72 hours of differentiation. Flow cytometry for CD41a expression was also 

performed after 72 hours of differentiation. Erythroid differentiation was induced by 50 uM 

hemin (Sigma-Aldrich). Gene expression analysis by RT-qPCR of the erythroid markers ALAS2 

(forward: 5’-ACCTACCGTGTGTTCAAGACT-3’, reverse: 5’-

AGATGCCTCAGAGAAATGTTGG-3’), RHCE (forward: 5’-

CATCTCCGTCATGCACTCCAT-3’, reverse: 5’-TGAGTTCCCCAATGCTGAGGA-3’), and 

KEL (forward: 5’-CGGGTGCTGACAGCTATCC-3’, reverse: 5’-

ACACACAGATGTCTCACAGGG-3’) was performed after 24 hours of differentiation. Flow 

cytometry analysis of CD235a expression was done after 96 hours of differentiation. (C) Gene 

expression analysis by quantitative RT-PCR in non-induced control clones and clones harboring 

the GFI1B SNV showing similar baseline levels for megakaryocytic and erythroid markers. 
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Figure S10. Knockdown of the long GFI1B isoform does not affect cell growth. (A) Cell growth 

appears comparable between human primary cells with knockdown of the long GFI1B isoform 

and control cells monitored for 11 days of differentiation. Absolute cell counts during the 

differentiation process are shown on the y-axis (n = 3 per group). (B) Representative flow 

cytometry forward scatter histogram plots (measuring cell size) of cultured primary CD41a+ 

cells from shLuc control cells and cells with GFI1B knockdown on day 7 of differentiation post 

expansion. The mean forward scatter intensity is shown. The shRNA constructs targeting human 

GFI1B exon 5 were cloned into the pLKO.1 vector using standard cloning procedures. In brief, 

hairpin oligonucleotides (Invitrogen) of sh1 (5’-

CCGGCATGTGCGACGCTCCCATAGTCTCGAGACTATGGGAGCGTCGCACATGTTTTT

G-3’) and sh2 (5’-

CCGGGCCTGTGACATCTGCGGCAAACTCGAGTTTGCCGCAGATGTCACAGGCTTTTT

G-3’) were cloned into the pLKO.1 vector using the AgeI and EcoRI restriction sites. As a 

control, the lentiviral vector pLKO-shLuc (Sigma-Aldrich) was used. Primary human CD34+ 

adult HSPCs (from mobilized peripheral blood derived from G-CSF treated donors) were 

cultured in StemSpan SFEM II medium supplemented by 1X CC100 (containing FLT3 ligand, 

stem cell factor (SCF), IL-3, and IL-6) for 5 days. Lentiviral transduction on day 2 of culture and 

subsequent puromycin selection of infected cells was performed as described previously53. On 

day 5, the culture was changed to differentiation medium containing IMDM with 2% human AB 

plasma, 3% human AB serum, 1% penicillin/streptomycin, 200 ug/mL holo-transferrin, 10 

ng/mL SCF, 1 ng/mL IL-3, 3 U/mL erythropoietin (EPO), and 20 ng/mL thrombopoietin (TPO). 

Flow cytometry analysis for CD41a and 235a was performed on days 7 and 11 of differentiation 

on a BD Bioscience Canto II as described53. (C) Mean fluorescence intensity of CD41a+ in 

primary cells treated with shLuc or GFI1B shRNAs on day 11 of differentiation corresponding to 

Figure 3C. 
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