
 
Extended Fig 1. scRNA-seq quality metrics and cluster annotation. a, FACS strategy for scRNA-seq experiments. Sorting 
gates enrich for CD34+ HSPCs and KIT+ CD34- precursors. b, RNA and gene counts detected per cell in each sample after quality 
control. c, Transcriptional reference UMAP of disomic cells colored by cluster annotation. d, UMAP feature plots of CD34 and 
KIT expression in disomic cells. Red dotted outline denotes mature cells; cyan outline denotes precursor/progenitor/stem cells. e, 
Heatmap of scaled mean expression of lineage-associated genes for each disomic cluster. f, Heatmap showing positive GSEA 
enrichment scores of hematopoietic lineages signatures1 in disomic cluster to facilitate cluster annotation. White asterisks mark 
Benjamini-Hochberg (BH) adjusted p value (adj. p) < 0.05. g, UMAP feature plots of AUCell scores for cell cycle gene sets 
(G2M, S-phase) or hematopoietic lineage associated signatures1. 
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Extended Fig 2. Transcriptional identification of GATA1s-mutant cells. a, Intracellular flow cytometry (iFC) with antibodies 
against either GATA1 N-terminus or GATA1 C-terminus on live, CD45low KIT+, T21 (blue) or TAM (pink) samples to distinguish 
GATA1 WT from GATA1s-mutant cells. scRNA-seq was performed on these samples. b, Number of ells passing quality control, 
for each sample. c, Integration of disomic (left), T21 (middle) and TAM samples (right). d, iFC as in a in a mixture of GATA1 
WT (K562), GATA1 negative (THP1) or GATA1s-mutant (CMK) cells. e, Left, UMAP of the same cell lines mixed at equal 
ratios. Right, violin plots of GATA1, GATA2 and SPI expression. f, GATA1s-mutants vs GATA1 WT reads counts quantified by 
the IronThrone-GoT pipeline (GoT) 2 in each cell line. g, UMAP of the cell line mixture colored by GATA1 WT or GATA1s-
mutant reads counts. h, Frequency of cells classified as either GATA1s-mutant, GATA1 WT, or ambiguous in each cell line. i, 
Top, number of GATA1s-mutants reads and GATA1 WT reads quantified by the GoT in two TAM samples. Bottom, UMAP of 
TAM cells classified as GATA1s-mutant by GoT (green dots) overlaid on combined disomic and T21 single cells (grey dots). j. 
Frequency of cells classified by GoT as either GATA1s-mutant, GATA1 WT, or ambiguous for each TAM sample. k, (i-ii) UMAP 
of 278 regulons integrating all disomic, trisomy 21 or TAM samples (i); UMAP of 278 regulons depicting only two TAM samples 
colored by GoT calls (ii). l, Left, schematic representation of GATA1s-mutant cell imputation by scPred3. Right, UMAP of 278 
regulons depicting all disomic, T21 or TAM single cells colored by scPred prediction. Bottom, cell count and frequency of scPred 
prediction for each donor in each sample type. m, UMAP of each TAM sample depicting GATA1s-mutant cells defined by GoT 
(top) or by scPred (bottom). n, Scatter plot of percent of transcriptionally defined GATA1s cells vs percent of GATA1s identified 
by iFC for each TAM sample. 
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Extended Fig 3. GSEA and differential gene expression. a, GSEA of 5028 ranked significantly (BH adj. p < 0.01) altered 
signal transduction gene sets in TAM GATA1s-mutant vs to T21 cells. Pink marks leukemic and JAK-STAT related pathways; * 
marks GATA2 target gene sets. b, Intersection of preferentially essential gene scores in CMK cells (DepMap ID: ACH-001036) 

4 and upregulated genes in TAM GATA1s-mutant cells compared to disomic cells. Differential gene expression was performed 
with MAST package5 in the combined EMPP, Ery/Meg P or Ery P cell clusters. c, GATA1, CSF2RB and IL2RG scaled average 
expression in each cell cluster across sample types. d, Flow cytometry analysis of IL2RG expression within the CD34+ 
compartment in umbilical cord blood (ucb) derived disomic (n=3), ucb T21(n=4) and peripheral blood derived TAM samples 
(n=3). e, Percent of cells expressing IL2RG in the same samples as in d; one-way ANOVA with Tukey’s correction. f, Frequency 
of pathogenic variants in ML-DS6. Data represent mean ± SEM unless otherwise stated. 0.1234 (ns), 0.0332(*),0.0021 (**), 
0.0002 (***), < 0.0001(****). 
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Extended Fig 4. GATA2 and GATA1 biding at the CSF2RB locus. a, UCSC genome browser tracks of the CSF2RB locus 
depicting publicly available chromatin accessibility in different hematopoietic stem and progenitor cell compartments7. b, GATA2 
and GATA1 binding measured by Chip-Seq at day 0 (D0), day 3 (D3), and day 5 (D5) in in-vitro erythroid differentiation of 
human CD34+8; GATA2 (n=2) and GATA1s binding (n=2) in CMK cells measured by CUT&Tag; and GATA2/GATA1 binding 
from the ReMap ENCODE data9. The location of highest ReMap read density are marked relative to the CSF2RB promoter. For 
the -12.1 kb and +68.7kb cis elements, the GATA, GATA/E-box and Runx1 motifs and their corresponding JASPAR probability 
scores10 are shown. The sgRNAs sequences targeting the motifs are shown and the arrows depict the cutting site of spCas9. c, 
Left, gene editing efficiency of each sgRNA as measured by sanger sequencing of PCR amplicons 24 hours post electroporation 
of the RNP complex targeting the -12.1kb cis element or the AAVS1control locus in CMK cells. Middle, representative flow 
cytometry histograms of CSF2RB expression 24 hours post electroporation of Cas9 and each sgRNA. Dotted line marks positive 
and negative CSF2RB expression. Right, differential CSF2RB protein expression by flow cytometry (Mean Fluorescence 
Intensity, MFI). d, Like c but for the +68.7kb cis element in CMK cells. One-way ANOVA with Dunnett’s correction (c,d). Data 
represent mean ± SEM unless otherwise stated. 0.1234 (ns), 0.0332(*),0.0021 (**), 0.0002 (***), < 0.0001(****). 
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Extended Fig 5. Generation of GATA2 and GATA1s knockout, lentivirus and antibody validation and H3K27ac profiling. 
a, Schematic representation of GATA2 knockout in CMK cells. Two sgRNAs were design targeting either exon 3 or exon 5 of 
GATA2 with equal efficiencies as measure by TIDE analysis11 48 hours post electroporation. iFC was performed 48 hours after 
simultaneous electroporation of both sgRNAs to measure loss of GATA2 expression. Gates mark GATA2 WT or GATA2 knockout 
cells (GATA2 KO). b, Schematic representation of GATA1s depletion in CMK cells. Like a, iFC was performed 48 hours post 
simultaneous electroporation of both sgRNAs to measure GATA1s depletion. RNP, ribonucleoprotein; ZF, Zinc Finger. c, GATA2 
antibody and lenti vector validation. iFC was performed 48 hours post lenti delivery of the empty vector (EV), or the GATA2 
coding sequence (cds) in CMK cells. Jurkat cells were used as GATA2 negative controls. d, CUT&TAG read density of GATA2 
and GATA1s binding in CMK cells; and H3K27ac in 7 cell lines 48 hours post lenti delivery of the empty vector (EV, dark color), 
or the GATA2 cds (GATA2 OE, light color). e, GATA1 antibody and lenti vector validation. iFC was performed 48 hours post 
lenti delivery of the empty vector (EV), GATA1s, or GATA1full-length (GATA1-FL) cds in CMK cells. THP1 cells were used as 
GATA1 negative control. For e, cells were stained with antibodies against GATA1 C-terminus specific for GATA1s and GATA1-
FL or GATA1 N-terminus specific for GATA1-FL only.  
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Extended Fig 6. Cellular and biochemical profiling of CSF2RB A455D-MPL axis and JAK3 A572V reversion. a, STAT5 
reporter activity of CSF2RB WT or the A455D variant in the presence of canonical α-chains (IL3RA, IL5RA, CSFRA) treated 
with their corresponding cytokine (mean ± SD, n=4). b, Cell proliferation of Ba/F3 cells expressing CSF2RB WT or A455D with 
or without MPL in the absence of cytokines (mean ± SD, n=3). c, Left, schematic of MPL homodimers bound by THPO depicting 
4 extracellular domains (D1-D4). Right, schematic of CSF2RB homodimer. For both, MPL and CSF2RB box1 or box2 bound to 
JAK proteins are shown. d, STAT5 reporter activity of CSF2RB WT and A455D, with or without box1 dead co-expressed with 
empty vector control or MPL with or without THPO. e, STAT5 reporter activity of CSF2RB WT or A455D co-expressed with 
empty vector control or MPL WT or box1 dead with or without THPO. f. Left, CSF2RB and MPL expression in CMK cells. 
Right, gene expression of receptors and tyrosine kinases in CMK cells. g-h, Adenine base editing12 of the JAK3 A572V variant 
(g) or AAVS1 locus (h) in CMK cells; base editing efficiency as quantified by EditR13. i, Sanger sequencing at the JAK3 A572V 
locus in the parental cell line and 5 mutant clones (AAVS1 sgRNA) and 6 WT clones (JAK3 sgRNA). j, Intracellular phospho 
flow cytometry of pSTAT5 in response to THPO (Two-tailed T-test). k, Fold change in confluence over a 6-day period of all 
clones with or without THPO (10ng/ml). l, Cell proliferation curves with or without THPO of JAK3 A572V clones (top) or A572 
WT clones (bottom). Two-way ANOVA with Holm-Sidak’s correction (a,b,d,e) or Tukey’s correction (k). Data represent mean 
± SEM unless otherwise stated. 0.1234 (ns), 0.0332(*),0.0021 (**), 0.0002 (***), < 0.0001(****). 
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Extended Fig 7. Cell proliferation in response to THPO. a, Schematic strategy to engineered and identify GATA1s-mutant 
cells. GATA1 WT cells express two isoforms of GATA1, and they can be identified by intracellular flow cytometry (iFC) using 
two antibodies. One antibody against the C-terminus (pink) marks both isoforms while a second antibody against the N-terminus 
(blue) marks only GATA1-FL14. Upon GATA1-FL isoform depletion with CRISPR Cas9 disruption of GATA1 exon 2 (GATA1 
Ex2 RNP), GATA1s-mutant cells are solely marked by the antibody against the C-terminus (pink). b, Percent of GATA1 WT or 
GATA1s-mitant cells defined iFC 3 days post electroporation. (n=4 T21 donors, 4 replicates each; two-tailed T-test). c, Schematic 
to identify GATA1s cell proliferation in response to THPO (n=3 T21 donors). d, Per day iFC gating to identify GATA1 WT or 
GATA1s cells expressing CSF2RB and CD41. e-f, Absolute counts of CSF2RB+ cells (e) or CD41+ cells (f) as determined by 
CountBright™ Absolute Counting Beads and flow cytometry; two-way ANOVA with Tukey’s correction. g, CRISPR-Cas9 gene 
targeting of MPL exon 4 to generate MPL knockout CMK cells by Sanger sequencing or flow cytometry (n=3, two-tailed T-test). 
h, Protein co-immunoprecipitation of hemagglutinin (HA) tagged MPL with CSF2RB in HEK293T cells. i, Experimental 
schematic to CSF2RB+ cell proliferation in response to increasing concentrations of THPO. j. Proliferation of GATA1 WT or 
GATA1s CD41+ cells in response to increasing concentration of THPO. Data represent mean ± SEM unless otherwise stated. 
0.1234 (ns), 0.0332(*),0.0021 (**), 0.0002 (***), < 0.0001(****). 

 

a b

d

c

10
3

10
4

10
5

0
10

2

10
3

10
4

10
5

10
3

10
4

10
5

0
10

2

10
3

10
4

10
5

GATA1s

GATA1s

GATA1WT

GATA1WT

AAVS1-RNP

GATA1 ex2-RNP

3 days post electroporation

GATA1 ex2 RNP

e

CSF2RB+ cell count
AAVS1 RNP - GATA1WT GATA1 ex2 RNP - GATA1s GATA1 ex2 RNP - GATA1WT 

CD41+ cell count

AAVS1 RNP - GATA1WT GATA1 Ex2 RNP - GATA1s GATA1 Ex2 RNP - GATA1WT

f

0

25

50

75

100
CB1
CB2
CB3
CB4

G
AT

A1
 W

T 
ce

lls
 (%

)

AAVS1 GATA1 ex2 
RNP

****
T21

0

25

50

75

100
CB1
CB2
CB3
CB4

 G
AT

A1
s 

ce
lls

 (%
) 

AAVS1 GATA1 ex2 
RNP

****

T21

Activation

48hr

T21 CD34+

(n=3)

Recovery

FACS sort 
500 T21 CD34+ cells

G
AT

A
1N

-te
rm

in
us

GATA1C-terminus

iFC

RNP 
Electroporation

GATA1 Exon 2

12hr

Proliferation
Differentiation

0d 3d 6d 9d 12d

AAVS1 Intron 
PPP1R12C Exon 1 PPP1R12C Exon 2 

Or

GATA1WT

GATA1s

SCF 20 ng/ml

and 

THPO 0 or 10 ng/ml

AAVS1 - RNP GATA1 ex2 - RNP

10
3

10
4

10
5

0

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

0 10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

10
3

10
4

10
5

0

10
3

10
4

10
5

0 10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

D
ay

 3
D

ay
 6

D
ay

 9
D

ay
 1

2

D
ay

 3
D

ay
 6

D
ay

 9
D

ay
 1

2

GATA1WT

GATA1s

GATA1WT

GATA1WT

GATA1WT

GATA1WT

GATA1WT

GATA1WT

GATA1WT

GATA1s

GATA1s

GATA1s

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CSF2RB+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

CD41+

g

0
2,000
4,000
6,000
8,000

10,000

D
9 

- C
el

l C
ou

nt

0 10 0 10 0 10

***
**

***

***
***

0
2,000
4,000
6,000
8,000

D
12

 - 
C

el
l C

ou
nt

0 10 0 10 0 10

0.0911

0.0910

0.1081

0.1587

0.1447

0
500

1,000
1,500
2,000

D
3 

- C
el

l C
ou

nt

0 10 0 10 0 10

***
****

****
****

****

**

THPO concentration (ng/ml)

0

5,000

10,000

15,000

D
6 

- C
el

l C
ou

nt

0 10 0 10 0 10

****

***
****

****
****

0 10 0 10 0 10
0

100
200
300
400

D
3 

- C
el

l C
ou

nt * **
*

*
*

0 10 0 10 0 10
0

5,000

10,000

15,000

D
6 

- C
el

l C
ou

nt ***
***

****
**
***

0 10 0 10 0 10
0

20,000
40,000
60,000
80,000

D
9 

- C
el

l C
ou

nt

****
****

****

****
****

0 10 0 10 0 10
0

100,000

200,000

300,000

D
12

 - 
C

el
l C

ou
nt

****
****

****
****

GATA1 WT Cell

GATA1s Cell

sgRNA_A0

sgRNA_A1

h i

HA-MPL CSF2RB

HEK293T

NP40 lysis

Co-IP

CSF2RB 

IP : H
A (3

F10
) 

IP : I
so

typ
e c

on
tro

l

CSF2RB
(clone: 1C1)

IP : H
A (3

F10
) 

HA-MPL
(clone: C29F4) 

10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

10
2

10
3

10
4

10
5

0

10
2

10
3

10
4

10
5

M
P

L-
P

E
-V

io
®

 7
70

10
2

10
3

10
4

10
5

Live/Dead (hoechst)

0

10
2

10
3

10
4

10
5

AAVS1 sgRNA MPL ex4 sgRNAs THP1s

0
0.1
0.3
1
3
10

SCF (20ng/ml)
THPO (ng/ml):

CD34+ 

enrichemnt

n=3, T21 CB

FACS
500 CD34+ cells 

-60hr -12hr

RNP
electroporation 

AAVS1 
or GATA1 ex2

D15D0 D6D3 D9 D12

Fresh media 
added

sgRNA_AAVS1

AAVS1
MPL

0

20

40

60

80

100

TP
O

R
+ 

(%
)

AAVS1
MPL

0

20

40

60

80

100

 E
di

tin
g 

Ef
fic

ie
nc

y-
TI

D
E

 (%
)

**** ****

sgRNA sgRNA

3 6 9 12 15
0.0

0.5

1.0

1.5

2.0

2.5

G
AT

A1
s 

C
D

41
+

 C
el

l C
ou

nt
 x

 1
0^

5

AAVS1 RNP GATA1 Ex2 RNP 

3 6 9 12 15
0.0

0.5

1.0

1.5

2.0

2.5

Time (days)

G
AT

A1
 W

T 
C

D
41

+ 
C

el
l C

ou
nt

 x
 1

0^
5

3 6 9 12 15
0.0

0.5

1.0

1.5

2.0

2.5

G
AT

A1
 W

T 
C

D
41

+

 C
el

l C
ou

nt
 x

 1
0^

5

0
0.1
0.3
1
3
10

THPO ng/ml

0
0.1
0.3
1
3
10

THPO ng/ml 

j

G
A

TA
1 

N
-te

rm
in

us
 (A

F6
47

)
GATA1 C-terminus 
(CoraLite® Plus 488) 

3 days post 
electroporation

3 days post 
electroporation

G
A

TA
1 

N
-te

rm
in

us
 (A

F6
47

)

GATA1 C-terminus 
(CoraLite® Plus 488) 

G
A

TA
1 

N
-te

rm
in

us
 (A

F6
47

)

GATA1 C-terminus 
(CoraLite® Plus 488) 

C
S

F2
R

B
 (P

E
)

CD41 (BV510)

C
S

F2
R

B
 (P

E
)

CD41 (BV510)

THPO concentration (ng/ml)

THPO concentration (ng/ml) THPO concentration (ng/ml)

****

THPO concentration (ng/ml) THPO concentration (ng/ml)

THPO concentration (ng/ml) THPO concentration (ng/ml)

EV MPL

Time (days) Time (days)



 

Extended Fig 8. Transcriptional response of THPO in TF-1 cells co-expressing CSF2RB and MPL. a, Cell proliferation 
curves of BaF3 or TF-1 cells co expressing MPL and CSF2RB (green) or MPL and empty vector (EV, cyan) treated with 
increasing concentrations of IL-3 or GM-CSF, respectively. b, Top 50 differentially expressed genes upon THPO treatment in 
TF-1 cells co-expressing CSF2RB and MPL (CSF2RB::MPL, n=3) or empty vector (EV) and MPL (EV::MPL, n=3). Y-axis 
represents the log2 fold change in gene expression as calculated by the DESeq215. The size of the dot represents the -log10 of the 
BH adjusted p-value (adj. p). c, Intersection of gene essentiality scores (y-axis, z-score) in TF-1 cells (DepMap ID: ACH-000387) 

4 and upregulated genes (x-axis) upon THPO (100ng/ml) treatment in TF-1 cells co-expressing MPL and CSF2RB. The size of 
the dot represents the difference in log2 fold change in TF-1 cells co-expressing CSF2RB and MPL vs empty vector and MPL. 
d, Low quadrant, gene expression of RRAD, a Ras-related GTPase, in the TF-1 cell models upon THPO treatment.  
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Extended Fig 9. Phospho-flow cytometry of GATA1s cells and persistence of CSF2RB+ MPL+ blast cells in ML-DS. a, 
Experimental design to assess pSTAT in response to THPO. T21 CD34+ cells were gene-edited and cultured for 3 days in SCF + 
THPO. Cells were rested for 12 hours in SCF alone and stimulated with increasing THPO concentrations for 30 minutes. 
Intracellular phospho-flow cytometry (phospho-iFC) was performed to detect GATA1, CSF2RB, CD41 and pSTAT1(data not 
shown), pSTAT3, and pSTAT5 expression. b, Representative phospho-iFC gating to identify of pSTAT3 (Y705) and pSTAT5 
(Y694) (pSTAT+) in GATA1 negative cells (G1-), GATA1 WT CSF2RB+, or GATA1s-mutant CSF2RB+ cells. c, Representative 
phospho-iFC plots of pSTAT3 (Y705) and pSTAT5 (Y694) (pSTAT+) in GATA1 WT CSF2RB+ cells (blue) or GATA1s-mutant 
CSF2RB+ cells (pink) treated with increasing doses of THPO at Day 3. d, Left, increased efficacy of THPO in GATA1s-mutant 
CSF2RB+ cells (pink curve) compared to GATA1 WT CSF2RB+ cells (blue curve) or GATA1 negative cells (grey curve) at day 
3. Y-axis represents the percent of pSTAT3 and pSTAT5 cells within the CSF2RB+ compartment as gated in c. Right, geometric 
mean fluorescent intensity (gMFI) of pSTAT5 at day 3 in the same samples as in c. Sigmoid curves were fitted using a four-
parameter logistic regression. Error bars represent ± SEM of 3 T21 donors; statistical test was performed with the extra sum of 
squares F-test. e, Flow cytometry gating to assess CSF2RB and MPL expression in CD3+ T cells and CD45low KIT+ blast cells in 
disomic, T21 without TAM, TAM and ML-DS samples. f, flow cytometry plots of CSF2RB and MPL expression in each disomic 
cord blood (n=4), T21 cord blood (n=4), TAM peripheral blood (n=6), ML-DS peripheral blood (PB) or bone marrow (BM) 
(n=5). CD3+ T cells from each sample are mark in gray.  
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