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Anemia is a hallmark of a plethora of hematologic disorders 
associated with aging, chronic diseases such as renal failure 
and inflammation, bone marrow failure and myeloid neo-

plasms1–3. Aberrant red blood cell differentiation (erythropoiesis) 
underlies anemias and can be accompanied by myeloid proliferation. 
For example, myelodysplastic syndromes (MDS), a heterogeneous 
group of clonal hematologic disorders, are classically characterized 
by anemia and myeloproliferation4. The average survival time fol-
lowing diagnosis of MDS is 3 years5 owing to few treatment options, 
and roughly 20–30% of patients with MDS progress to acute myeloid 
leukemia (AML)6. Hence, the substantial risks of allogeneic bone 
marrow transplants in elderly patients, together with a dearth of 
effective US Food and Drug Administration (FDA)-approved drugs 
make it imperative to revisit the origins of blood cell differentiation 
(hematopoiesis) defects underlying anemia and myeloproliferation 
to identify new druggable targets7,8.

RIOK2 is an atypical serine threonine kinase that plays impor-
tant roles in the final maturation steps of the pre-40S ribosomal 
complex to facilitate cytoplasmic translation9–11. Our recent study 
revealed that hematopoietic cell-specific heterozygous deletion of 
Riok2 leads to anemia and myeloproliferation in mice12, reminis-
cent of MDS-associated phenotypes in patients6,13. We also noted 
reduced RIOK2 mRNA levels in patients with the del(5q) sub-
type of MDS as compared to healthy individuals12,14. However, the 
mechanisms underlying RIOK2-driven hematopoietic differentia-
tion remain largely unexplored. We noted the presence of a puta-
tive DNA-binding winged helix-turn-helix (wHTH) domain15 next 
to the RIO (kinase) domain in RIOK2 (refs. 9,16). Because wHTH 
domains form key structural motifs in both prokaryotic and eukary-
otic bona fide TFs17, we asked whether this atypical kinase might 

also function as a TF in hematopoietic differentiation to regulate 
lineage fate determination. Remarkably, we discover that RIOK2 is 
a master transcriptional regulator of hematopoietic lineage com-
mitment and that its ablation drives primary human hematopoi-
etic stem and progenitor cells (HSPCs) toward MDS-associated 
hematopoietic differentiation defects. Our transcriptomic profiling, 
structural modeling, chromatin immunoprecipitation assays with 
sequencing (ChIP–seq), assay for transposase-accessible chromatin 
with high-throughput sequencing (ATAC–seq) and structure–func-
tion domain studies using deletion mutants revealed that RIOK2 
regulates specific genetic programs in hematopoiesis via its previ-
ously unappreciated wHTH DNA-binding domain and two transac-
tivation domains (TADs). Mechanistically, RIOK2 transcriptionally 
modifies the expression of key lineage-specific TFs, such as GATA1, 
GATA2, SPI1, RUNX3 and KLF1 to fine-tune lineage fate deter-
mination in primary human hematopoietic stem cells. We further 
demonstrate that GATA1 and RIOK2 function in a positive feed-
back loop to drive erythroid differentiation. These discoveries thus 
present therapeutic opportunities to correct hematopoietic differ-
entiation defects in a range of hematologic disorders. To the best 
of our knowledge, we present the first evidence of a protein that 
not only controls 40S ribosome biogenesis governing translation 
but also functions in the nucleus as a master TF by regulating the 
expression of key TFs that determine hematopoietic stem cell fate.

Results
RIOK2 regulates differentiation of hematopoietic lineages. In 
agreement with our previous preclinical study in mouse models12, 
we observed that short hairpin RNA (shRNA)-mediated knock-
down (KD) of RIOK2 led to a significant decline in erythroid 
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differentiation in two different human erythroleukemia cell lines: 
TF-1 and K562 (Fig. 1a–d). Partial loss of RIOK2 modestly, but 
significantly, inhibited progression from the proerythroblast-like 
stage (CD71+CD235a−) to the more differentiated stage 
(CD71+CD235a+)18 in both cell lines (Extended Data Fig. 1a,b). 
Additionally, we observed a concomitant skewing toward mega-
karyopoiesis in RIOK2-KD cells (Extended Data Fig. 1c,d). To 
validate this observation and its correlation with the emergence 
of hematologic disorders, we used healthy donor-derived primary 
human HSPCs, which are the cells of origin for hematologic neo-
plasms in patients19. Using CRISPR–Cas9 genome editing, we 
knocked down or knocked out (KO) RIOK2 (guide RNAs targeting 
LacZ used as control) in primary human HSPCs (Fig. 1e). Loss of 
RIOK2 in HSPCs not only blocked erythroid lineage commitment; 
it also increased megakaryopoiesis and myelopoiesis (Fig. 1f,g and 
Extended Data Figs. 1e,f and 10). Depletion of RIOK2 led to sub-
stantial retention of HSPCs in the uncommitted stage (Q4) rather 
than passive progression to other lineages (Fig. 1f), suggesting that 
RIOK2 is actively involved in regulating early hematopoietic stem 
cell differentiation. Analysis of cell pellets in RIOK2-proficient ver-
sus RIOK2-deficient HSPCs underscored the significance of RIOK2 
in driving erythroid differentiation (Fig. 1h). To further define the 
direct roles of RIOK2 in myelopoiesis and megakaryopoiesis, we 
cultured HSPCs in differentiation media that selectively promoted 
myeloid or megakaryocytic differentiation. Consistently, loss of 
RIOK2 markedly elevated myelopoiesis and megakaryopoiesis (Fig. 
1i and Extended Data Fig. 2a–d). To investigate if RIOK2 functions 
further upstream in the differentiation pathway, we performed 
colony-forming unit (CFU) assays using primary human HSPCs. 
Loss of RIOK2 substantially impaired burst-forming unit-erythroid 
(BFU-E) and colony-forming unit-erythroid (CFU-E) forma-
tion and concomitantly increased megakaryocytic (CFU-Mk) and 
granulocyte–macrophage (CFU-GM) progenitors (Fig. 1j,k and 
Extended Data Fig. 2e,f). Quantitative mass spectrometry-based 
proteomics further validated that loss of RIOK2 impedes expres-
sion of erythroid lineage proteins (HBB, HBA1, SPTA1, TFRC 
and FECH) while promoting the expression of megakaryocytic 
and myeloid-lineage-specific proteins (ITGA2B, ITGAM, THPO, 
PPBP and FYB1; Fig. 1l and Extended Data Fig. 2g,h). In agreement 
with published studies9–11, gene-set enrichment analysis (GSEA) 
confirmed defects in ribosome biogenesis upon loss of RIOK2 
(Extended Data Fig. 2i). Given that reduced ribosome levels selec-
tively inhibit erythroid differentiation20, we believe that the kinase 
activity of RIOK2 in 40S ribosome biogenesis and translation is also 
required for erythroid differentiation. However, it seemed unlikely 
that the significant reduction of RIOK2 mRNA in del(5q) MDS12,14 
could be explained by defective ribosome biogenesis. One explana-
tion for reduced RIOK2 mRNA levels, however, could be control of 
RIOK2 transcription by other factors.

GATA1 and RIOK2 form a positive feedback loop. GATA1 is 
the most critical known transcriptional regulator of erythropoi-
esis21,22. Given the integral roles of RIOK2 in hematopoietic differ-
entiation, we sought to identify whether RIOK2 itself was regulated 

by GATA1 in hematopoietic stem cells. Analysis of the promoter 
region of RIOK2 indeed revealed a GATA binding motif (Extended 
Data Fig. 3a). Among GATA family members involved in hema-
topoiesis (GATA1, GATA2 and GATA3)23, only GATA1 robustly 
drove RIOK2 expression in luciferase reporter assays (Extended 
Data Fig. 3b). ChIP using two different monoclonal antibod-
ies against GATA1 confirmed its binding to the RIOK2 promoter  
(Fig. 2a,b). Mutation of the GATA binding site in the RIOK2 pro-
moter markedly reduced GATA1-driven expression of RIOK2  
(Fig. 2c,d). Additionally, we observed a positive correlation between 
GATA1 and RIOK2 mRNA levels when GATA1 was either reduced or 
overexpressed (Fig. 2e and Extended Data Fig. 3c). Overexpression 
of GATA1 partially restored RIOK2 mRNA levels and erythroid dif-
ferentiation in RIOK2-KD cells (Fig. 2f–h), indicating that defects 
in erythroid differentiation due to loss of RIOK2 are only partially 
driven by GATA1. To address this, we compared hematopoietic 
differentiation patterns upon loss of GATA1 and RIOK2 in pri-
mary human HSPCs (Extended Data Fig. 3d,e). Although GATA1 
was more potent than RIOK2 in driving erythroid differentiation, 
RIOK2 was much more potent than GATA1 in regulating myelo-
poiesis and megakaryopoiesis (Fig. 2i and Extended Data Fig. 3f). 
Unexpectedly, we also observed decreased GATA1 protein expres-
sion upon gradual loss of RIOK2 (Fig. 2j,k). Our findings indicate 
a positive feedback loop between RIOK2 and GATA1 in driving 
hematopoietic differentiation; however, it remained unclear how 
RIOK2 drove GATA1 expression (Extended Data Fig. 3g). These 
data along with the previously reported dynamic localization of 
RIOK2 in the nucleus10 strongly suggested that RIOK2’s regulation 
of lineage commitment could not be wholly explained by its known 
functions in 40S ribosome biogenesis and cytoplasmic translation.

RIOK2 regulates key hematopoietic lineage-specific transcrip-
tion factors. To gain deeper mechanistic insights into RIOK2’s 
involvement in hematopoietic differentiation, we performed bulk 
RNA-sequencing (RNA-seq) analysis in RIOK2 KD and KO pri-
mary human HSPCs (Fig. 3a,b). Consistent with full versus partial 
RIOK2 depletion, the KO versus control group generated more dif-
ferentially expressed genes than KD versus control group (Extended 
Data Fig. 4a). We further pursued significantly altered genes over-
lapping in both KD and KO cells. Gene expression profiling clearly 
indicated a block in erythroid lineage commitment and a concomi-
tant elevation in myelopoiesis and megakaryopoiesis-associated 
gene signatures with dose-dependent loss of RIOK2 (Fig. 3a,b). 
GSEA confirmed this observation (Fig. 3c,d).

Notably, GATA1 mRNA levels were significantly downregu-
lated upon RIOK2 depletion (Fig. 3a,e), explaining the previously 
observed diminution in GATA1 protein levels in RIOK2-depleted 
HSPCs (Fig. 2j,k). Remarkably, loss of RIOK2 also altered the 
expression profiles of additional key TFs that determine hematopoi-
etic lineage commitment: specifically, GATA1 and KLF1 (refs. 24,25) 
were downregulated, whereas GATA2, SPI1 and RUNX3 (refs. 26–28) 
were upregulated, among others (Fig. 3a,e). We next investigated if 
RIOK2-driven expression of the identified TFs promoted erythroid 
differentiation. Overexpression of RIOK2 partially but significantly 

Fig. 1 | RIOK2 drives erythropoiesis and suppresses megakaryopoiesis and myelopoiesis. a, Representative immunoblot showing RIOK2 KD in TF-1 cells; 
sh_1 and sh_2, shRIOK2_1 and shRIOK2_2. b, Ratio of erythroid (CD235a+) to non-erythroid (CD235a−) TF-1 cells after differentiation; scr, scrambled. 
c, Immunoblot showing shRNA-mediated RIOK2 KD in K562 cells. d, Ratio of erythroid (CD235a+) to non-erythroid (CD235a−) K562 cells after 
differentiation. e, Immunoblot showing RIOK2 expression after KD and KO of RIOK2 in HSPCs; ctrl, control. f, Flow plots depicting erythropoiesis (CD235a), 
megakaryopoiesis (CD41/CD61) and myelopoiesis (CD11b) in differentiating HSPCs after KD and KO of RIOK2. g, Quantification of data presented in f.  
h, Cell pellets of RIOK2-sufficient and RIOK2-deficient HSPCs after 14 d of erythroid differentiation. i, Selective differentiation of control versus RIOK2 
KD and KO HSPCs toward myeloid and megakaryocytic lineages. j,k, BFU-E, CFU-E, CFU-GM and CFU-Mk cells formed in control versus RIOK2 KD and 
KO HSPCs. l, Volcano plot showing differentially expressed proteins in control versus RIOK2-depleted HSPCs. n = 4 independent donors in g and i–k, 
n = 3 technical replicates in b and d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way analysis of variance (ANOVA) with Tukey’s or Dunnett’s 
correction. Data are represented as the mean ± s.e.m. Data in a, c and e are representative of three independent experiments.
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increased GATA1 mRNA levels and erythroid differentiation in 
GATA1 KD cells (Fig. 3f,g). Consistent with the established roles 
of key myeloid-lineage TF PU.1 (encoded by SPI1) in blocking ery-
throid differentiation29,30, we noted that KD of SPI1 partially rescued 
erythroid differentiation in RIOK2-KD cells (Fig. 3h,i). RUNX3 is 
another important hematopoietic TF whose elevated expression 

in patients with MDS negatively correlates with median survival27. 
In line with this, we observed increased expression of RUNX3 
upon RIOK2 deficiency (Fig. 3a,e) and noted as well that KD of 
RUNX3 partly rescued erythroid differentiation in RIOK2-KD cells  
(Fig. 3j,k). However, ablation of GATA2, a key hematopoietic 
TF31, did not rescue erythroid differentiation in RIOK2-KD cells 
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(Extended Data Fig. 4b,c). Consistent with the roles of GATA2 to 
promote megakaryopoiesis in the absence of GATA1 (ref. 32), KD of 
GATA2 more robustly restored megakaryopoiesis to baseline levels 

in RIOK2-KD cells than suppression of SPI1 or RUNX3 (Extended 
Data Fig. 4d). We conclude that RIOK2 regulates the expression of 
multiple TFs critical for hematopoietic lineage commitment.
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RIOK2 binds to transcription start sites of its target genes. Given 
the notable alteration of transcriptomic profiles in RIOK2-depleted 
HSPCs as compared to control HSPCs (Fig. 3a), we wondered 
whether loss of RIOK2 led to global changes in chromatin acces-
sibility. To address this, we performed ATAC–seq in differentiat-
ing RIOK2-proficient and RIOK2-deficient primary human HSPCs 

with comparable mapped reads (Extended Data Fig. 4e). Indeed, 
loss of RIOK2 led to dramatic reduction in chromatin acces-
sibility at the promoter, intronic and intergenic regions (Fig. 4a). 
Transcription start site (TSS) and gene plots further indicated an 
inhibition in chromatin accessibility at the promoter regions of 
genes in the absence of RIOK2 (Fig. 4b,c; note the maximum signal 

d
Early erythroid

genes
Megakaryopoiesis &
myelopoiesis genes

NES = –1.65
FDR q
value = 0.008

NES = 1.7
FDR q
value = 0.009

cb

Ctrl
KD
KO

RIOK2 KO Control RIOK2 KO Control

Genes

a

Expression

HBA2
GYPB
GYPA
HBA1
AHSP
ALAS2
ALAD
EPB42
PPOX
FECH
TFRC
SPTA1
TAL1
HBB
UROD
HMBS
GATA1
KEL
KLF1
EPOR
TFR2
LDB1
TSR2
NFE2L2
LMO2
ASXL1
JAK2
MPL
PRTN3
RUNX3
SPI1
FLI1
ETS1
ITGAM
GATA2
ITGA2B
FYB1
SRC
RUNX1
MYH9
CBFB
MAF
ITGB3
PTPRJ
WAS
CEBPA
MPO
GP1BA
CCND1
DIAPH1
NFE2

M
egakaryopoiesis and m

yelopoiesis-
associated genes

E
rythropoiesis-

associated genes

ID K
O

 3
K

O
 2

K
O

 1
K

D
 3

K
D

 2

C
on

tr
ol

 3
C

on
tr

ol
 2

C
on

tr
ol

 1

K
D

 1

Row min Row max

PCA (67.81%)
PC3 (10.03%)

PC2 (13.67%)

P
C

1 (44.11%
)

0.0
–0.1
–0.2
–0.3
–0.4
–0.5
–0.6
–0.7
–0.8
–0.9

–0.02
–40
–20

20
40

0 1,000 2,000 3,000 4,000
Rank in ordered dataset

Enrichment profile Hits

‘Na_pos’ (positively correlated)

‘Na_neg’ (negatively correlated)

Zero cross at 4,363

Ranking metric scores

5,000 6,000 7,000 8,000 9,000

–0.01

0.00

0.01

0.02

E
nr

ic
hm

en
t s

co
re

E
nr

ic
hm

en
t s

co
re

R
an

ke
d 

lis
t m

et
ric

 (
pr

er
an

ke
d)

R
an

ke
d 

lis
t m

et
ric

 (
pr

er
an

ke
d)

Enrichment profile Hits Ranking metric scores

0

0

1,000 1,500 2,500 3,500500 2,000 3,000 4,000
Rank in ordered dataset

‘Na_pos’ (positively correlated)

‘Na_neg’ (negatively correlated)

Zero cross at 2,072

0.0

0.1

0.2

0.3

0.4

0.5

Scr
 +

 E
V

GATA1K
D +

 E
V

GATA1K
D +

 R
IO

K2

Scr
 +

 E
V

GATA1K
D +

 E
V

GATA1K
D +

 R
IO

K2
Scr

SPI1
 K

D1

SPI1
 K

D2
Scr

SPI1
 K

D1

SPI1
 K

D2

0

0.4

0.8

1.2

R
el

at
iv

e 
G

A
T

A
1

ex
pr

es
si

on

**

****

Ctrl KD KO
Ctrl KD KO

Ctrl KD KO
Ctrl KD KO

Ctrl KD KO
0

0.5

1.0

1.5
G

A
T

A
1 

m
R

N
A

 e
xp

re
ss

io
n

0

1

2

3

G
A

T
A

2 
m

R
N

A
 e

xp
re

ss
io

n

0

0.5

1.0

1.5

S
P

I1
 m

R
N

A
 e

xp
re

ss
io

n

0

0.5

1.0

1.5

2.0

2.5

R
U

N
X

3 
m

R
N

A
 e

xp
re

ss
io

n

0

0.4

0.8

1.2

K
LF

1 
m

R
N

A
 e

xp
re

ss
io

n

*
*** ****

****
**

****
*

****
***

0

1,200

1,400

1,600

3,000
4,000
5,000

M
F

I C
D

23
5a

*

e

g h

0

Ctrl RIOK2 KD

0.5

1.0

1.5

2.0

R
el

at
iv

e 
S

P
I1

ex
pr

es
si

on

**
**

f

****
****

****
****

Scr

SPI1 
KD1

SPI1 
KD2

1,200

1,500

1,800

3,000

4,000

5,000

M
F

I C
D

23
5a

i

Ctrl RIOK2 KD

1,200

1,500

1,800

3,000

4,000

M
F

I C
D

23
5a

**
**

*
***

k

0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
R

U
N

X
3

ex
pr

es
si

on

**
**

j

Scr

SPI K
D1

SPI K
D2 Scr

RUNX3 K
D1

RUNX3 K
D2

Scr

RUNX3 K
D1

RUNX3 K
D2 Scr

RUNX3 K
D1

RUNX3 K
D2

Scr

RUNX3 K
D1

RUNX3 K
D2

Ctrl RIOK2 KD Ctrl RIOK2 KD

Fig. 3 | RIOK2 regulates the expression of key transcription factors in hematopoiesis. a, Heat map of differentially expressed genes (cutoff, adjusted 
P value < 0.05) from bulk RNA-seq of primary human HSPCs with KD and KO of RIOK2; n = 3 donors. b, Principal-component analysis (PCA) of data 
presented in a. Lines joining data points indicate individual donors. c,d, GSEA plots of early erythropoiesis-, megakaryopoiesis- and myelopoiesis-associated 
genes in RIOK2-depleted versus control HSPCs, respectively. e, GATA1, GATA2, SPI1, RUNX3 and KLF1 mRNA expression (normalized to actin) in HSPCs upon 
KD and KO of RIOK2; n = 6 independent donors. f, GATA1 mRNA level (normalized to actin) in GATA1 KD cells ectopically expressing EV or RIOK2; SCR, 
scrambled. g, Erythroid progression in GATA1 KD cells with ectopic expression of EV or RIOK2. h, SPI1 mRNA level (normalized to actin) in control versus 
RIOK2-KD cells after inhibition of SPI1 with two different crRNAs. i, Erythroid progression in scrambled versus RIOK2-KD cells with or without KD of SPI1 
using two different crRNAs. j, RUNX3 mRNA level (normalized to actin) in control versus RIOK2-KD cells after knocking down RUNX3 with two different 
crRNAs. k, Erythroid progression in scrambled versus RIOK2-KD cells with or without KD of RUNX3 using two different crRNAs; n = 4 technical replicates in 
f–k. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; one-way ANOVA with Tukey’s or Dunnett’s correction. Data are represented as the mean ± s.e.m.

Nature Immunology | VOL 23 | JanuarY 2022 | 109–121 | www.nature.com/natureimmunology 113

http://www.nature.com/natureimmunology


Articles NATURE ImmUnOLOGy

intensity of TSS plots in control HSPCs was 175 as opposed to only 
70 in RIOK2-depleted HSPCs). Importantly, loss of RIOK2 led to 
differential chromatin accessibility at the promoter regions of its 
putative target genes, GATA1 and RUNX3 (Fig. 4d). These data 
indicated an integral role of RIOK2 in transcriptional regulation of 
genes. Examination of the amino acid sequence of RIOK2 revealed 
that it harbors a previously unexplored N-terminal wHTH domain9, 
which is generally considered to be a structural motif involved in 

transcription17,33. Hence, we asked whether RIOK2 functions as a 
TF to regulate hematopoietic differentiation. To address this, we 
performed ChIP using monoclonal antibodies against RIOK2 fol-
lowed by high-throughput DNA sequencing. Of note, occupancy of 
RIOK2 was observed at the TSS and 5′ untranslated region (UTR) 
apart from intergenic and intronic regions (Fig. 4e), analogous to 
the genome-wide distribution patterns of bona fide TFs34–36. We 
also observed notable enrichment of RIOK2 around TSSs (Fig. 4f 
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and Extended Data Fig. 5a). Critically, occupancy of RIOK2 was 
observed at the promoter regions of its putative target genes (Fig. 4g 
and Extended Data Fig. 5b).

RIOK2 binds to specific de novo nucleotide motifs. Next, we 
curated de novo nucleotide-binding motifs of RIOK2 across the 
entire human genome (Extended Data Fig. 5c) and identified a cen-
tral cytosine-rich motif in the promoter regions of all TFs that we had 
observed to be differentially regulated by RIOK2, including GATA1, 
GATA2, SPI1, RUNX3 and KLF1 (Fig. 5a and Extended Data  
Fig. 5d). ChIP using both monoclonal and polyclonal antibodies 

against RIOK2 confirmed its binding to the promoter regions of tar-
get genes (Fig. 5b). Next, duplex DNAs were designed to encompass 
RIOK2-binding motifs in the promoter regions of GATA1, GATA2, 
SPI1 and RUNX3 (Supplementary Table 2). Electrophoretic mobil-
ity shift assay confirmed binding of RIOK2 protein to DNA in vitro 
(Fig. 5c). Mutation of three central cytosine nucleotides to thymine 
in the de novo motif was sufficient to partially, but significantly, 
attenuate RIOK2’s DNA-binding affinity (Extended Data Fig. 6a,b). 
We also noted an increase in the DNA-binding affinity of RIOK2 
over a time course (Extended Data Fig. 6c,d). Additionally, increas-
ing protein concentrations of RIOK2 increased its DNA-binding 
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ability in a dose-dependent manner (Extended Data Fig. 6e,f). 
Furthermore, luciferase reporter assays confirmed that RIOK2 
activated GATA1 and KLF1 promoters while downregulating SPI1, 

RUNX3 and GATA2 promoter activities (Fig. 5d–i). Mutation of the 
cytosine-rich motifs in the de novo nucleotide-binding sequence 
markedly impaired the transcriptional activity of RIOK2 (Fig. 5d–i). 
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affinities of EV, WT, DBM and NTE RIOK2 to promoters of GATA1, GATA2, SPI1 and RUNX3, assessed by ChIP. d, GATA1, GATA2, SPI1 and RUNX3 
promoter-driven luciferase reporter activity after expression of EV, WT, DBM or NTE RIOK2. e, Immunoblot showing expression of ectopically expressed 
HA-tagged WT, DBM and NTE RIOK2 in RIOK2-KO HSPCs. f, mRNA levels of GATA1, GATA2, SPI1 and RUNX3 (normalized to actin) in RIOK2-KO HSPCs 
ectopically expressing EV, WT, DBM or NTE RIOK2. g, Erythroid progression in RIOK2-KO HSPCs ectopically expressing EV, WT, DBM or NTE RIOK2. 
h, O-propargyl-puromycin (OPP) incorporation in scrambled versus RIOK2-KO cells after reconstitution of WT RIOK2 or EV. i, OPP incorporation in 
RIOK2-KO cells ectopically expressing EV, WT or DBM RIOK2. j, OPP incorporation in RIOK2-KO cells ectopically expressing EV, WT or NTE RIOK2; n = 3 
independent experiments in c, f and g; n = 4 technical replicates in d; n = 3 technical replicates in h–j. All comparisons done w.r.t. EV control in c and d. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; one-way ANOVA with Tukey’s or Dunnett’s correction. Data are represented as the mean ± s.e.m. Data 
in e are representative of three independent experiments.
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Hence, we conclude that RIOK2 functions as a master TF via its 
ability to bind to a specific DNA motif and regulate the expression 
of several key hematopoietic TFs.

The DNA-binding domain of RIOK2 is critical in hematopoiesis. 
Structural modeling of the N-terminal wHTH domain of RIOK2 
predicted seven evolutionarily conserved residues, Asn50, Lys51, 
Arg54, Glu55, Lys58, His59 and Lys60, that could associate with 
the B-form of double-stranded DNA (Fig. 6a). We generated a 
DNA-binding mutant (DBM) of RIOK2 by mutating all seven resi-
dues to alanine in a lentiviral vector expressing full-length RIOK2 
(1–552 residues) with an N-terminal hemagglutinin (HA)-tag  
(Fig. 6b). We simultaneously generated a vector expressing only the 
N-terminal extension (NTE, 1–92 residues) of RIOK2, which forms 
its wHTH domain (Fig. 6b). ChIP revealed significantly compro-
mised binding affinity of DBM RIOK2 to the target gene promot-
ers (Fig. 6c). In contrast, NTE RIOK2 displayed more robust DNA 
binding as compared to wild-type (WT) RIOK2 (Fig. 6c), likely 
because its simpler conformation facilitated stronger interactions 
with DNA. While NTE RIOK2 could regulate the promoter activity 
of RIOK2’s target genes, DBM RIOK2 displayed reduced transacti-
vation (Fig. 6d). While DBM was unable to rescue altered mRNA 
levels of target genes in the RIOK2-KO setting (such as GATA1), 
NTE RIOK2 largely restored them to levels comparable with WT 
RIOK2 (Fig. 6e,f). Consistently, DBM RIOK2 did not increase ery-
throid differentiation as compared to WT RIOK2, demonstrating 
the relevance of RIOK2’s DNA-binding activity in driving erythro-
poiesis (Fig. 6g and Extended Data Fig. 6g). However, the NTE of 
RIOK2 also failed to restore impaired erythroid differentiation in 
RIOK2-KO cells (Fig. 6g and Extended Data Fig. 6g). We speculated 
that loss of the RIO kinase domain in NTE RIOK2 may have blocked 
cytoplasmic translation, thus compromising erythroid differentia-
tion. While DBM displayed nascent protein synthesis comparable 
to WT RIOK2, expression of NTE RIOK2 failed to rescue protein 
translation in RIOK2-KO cells (Fig. 6h–j). Together, our findings 
demonstrate that aberration in DNA-binding transcriptional func-
tion of RIOK2 is sufficient to impair hematopoiesis even when its 
translational activity is not affected, thus identifying RIOK2 as a 
master transcriptional regulator via the DNA-binding properties of 
its wHTH domain.

RIOK2 encompasses two transactivation domains. Eukaryotic 
transcription requires both DNA-binding domains and TADs, the 
latter of which recruit cofactors to initiate transcription. To iden-
tify the TADs of RIOK2, we reasoned that α-helices are likely to 
facilitate binding with co-activators or co-repressors, in part by 
the flexibility they can confer37. As winged helix domains mostly 
harbor TADs close to their DNA-binding helices17, we generated 
N-terminal HA-tagged mutants with deletions in helices forming 
the wHTH domain of RIOK2 (Fig. 7a,b). Deletion of amino acids 
14–29 (ΔTAD1) and 77–90 (ΔTAD2) did not restore mRNA lev-
els of target genes in the RIOK2-KO cells (Fig. 7c,d). ChIP con-
firmed comparable DNA-binding abilities of ΔTAD1 and ΔTAD2 
mutants to WT RIOK2 (Extended Data Fig. 7a), indicating that the 
loss of transcriptional regulation in ΔTAD1 and ΔTAD2 did not 
stem from compromised DNA binding. Examination of the crystal 
structure of residues 2–301 of RIOK2 further suggests that TAD1 
(yellow) and TAD2 (pale gray) confer accessibility to the wHTH 
domain of RIOK2 to potentially bind co-activators or co-repressors 
(Fig. 7e). Next, we performed co-immunoprecipitation of ectopi-
cally expressed HA-tagged WT versus ΔTAD1 and ΔTAD2 RIOK2 
using monoclonal anti-HA antibodies followed by mass spectrom-
etry to analyze quantitative spectral counts of the immunoprecipi-
tated proteins. Intriguingly, we observed binding of RIOK2 with 
the core transcriptional assembly factors at TSSs, such as POLR2A, 
WDR43 and DDX21 (ref. 38; Fig. 7f). Loss of either TAD1 or TAD2 

compromised these interactions (Fig. 7f), signifying that the TADs 
of RIOK2 facilitate its interaction with the core transcriptional com-
plex at TSSs. Furthermore, expression of ΔTAD1 or ΔTAD2 neither 
rescued erythroid differentiation nor restored megakaryocytic and 
myeloid differentiation to baseline levels in RIOK2-depleted HSPCs 
(Fig. 7g and Extended Data Fig. 7b). In contrast, deletion of residues 
35–43, comprising another helix in the wHTH domain, displayed 
more potent erythroid differentiation than WT RIOK2 in the KO 
setting, indicating that this helix likely functions as a transrepressor 
domain (TRD) of RIOK2 (Extended Data Fig. 7c,d).

Given the integral roles of the DNA-binding domains and TADs 
of RIOK2 in hematopoiesis (Extended Data Fig. 7e,f), we next 
assessed the involvement of its kinase activity in hematopoietic 
lineage commitment. To this end, we generated the kinase-dead 
mutant of RIOK2 p.Lys123Ala (K123A)9 with an N-terminal 
HA-tag. Interestingly, the K123A mutant of RIOK2 did not affect 
transactivation of its targets, as opposed to the DBM and ΔTAD1 
mutants which compromised RIOK2’s transactivation func-
tions (Extended Data Fig. 8a). This suggests that the kinase activ-
ity of RIOK2 does not play a role in transcriptional functions. 
Consistently, K123A RIOK2 displayed comparable DNA-binding 
ability alongside WT, ΔTAD1 RIOK2 and ΔTAD2 RIOK2, whereas 
the DBM failed to bind DNA (Extended Data Fig. 8b). To confirm 
the roles of RIOK2’s kinase activity in cytoplasmic protein trans-
lation, we assessed nascent protein synthesis. The K123A mutant 
RIOK2 markedly compromised the recovery of protein translation 
in KO cells as compared to DBM and WT RIOK2 (Extended Data 
Fig. 8d). Although the kinase-dead K123A mutant impaired ery-
throid differentiation on a comparable level with DBM and ΔTAD1 
RIOK2, it significantly rescued myelopoiesis and megakaryopoiesis 
(Extended Data Fig. 8e–g). This is consistent with existing literature 
that reported selective inhibition of erythroid differentiation with 
blockade of protein translation20.

Correlation of mRNA expression of RIOK2 in myelodysplastic 
syndromes, acute myeloid leukemia and chronic kidney disease. 
Importantly, we studied the expression levels of RIOK2 in individu-
als with hematologic disorders. Corroborating our observation 
that loss of RIOK2 dampens GATA1 and KLF1 mRNA levels while 
elevating GATA2, SPI1 and RUNX3 expression (Fig. 3a,e), we noted 
that mRNA expression of RIOK2 positively correlated with GATA1 
and KLF1, and negatively correlated with GATA2 and RUNX3 in 
individuals with MDS (GSE19429; Fig. 8a). Additionally, expression 
of RIOK2 positively correlated with erythroid gene expression and 
negatively correlated with myeloid and megakaryocytic gene expres-
sion (Fig. 8b). We also obtained similar correlations in individuals 
with AML (GSE131184; Fig. 8c,d). Furthermore, the mRNA expres-
sion of RIOK2 was significantly reduced in individuals with chronic 
kidney disease (CKD) as compared to healthy controls (GSE37171; 
Fig. 8e), which also positively correlated with the expression of 
early erythroid genes (Fig. 8f). These findings strongly suggest that 
RIOK2-mediated effects on hematopoiesis may be physiologically 
relevant in MDS, AML and the anemia of CKD. Collectively, our 
data establish RIOK2 as a master regulator of hematopoietic dif-
ferentiation (Extended Data Fig. 9).

Discussion
Anemia is one of the most frequently occurring blood disorders 
endangering the health of roughly one-third of the world popula-
tion39. It is a hallmark of a plethora of hematologic disorders, such as 
myeloid neoplasms, bone marrow failure syndromes and hemato-
logic malignancies3. The morbidities associated with these hemato-
logic disorders are compounded by anemia, thus often outweighing 
the treatment benefits from allogeneic stem cell transplants leaving 
only a handful of FDA-approved drugs/therapies for treatment of 
these disorders6,40. Anemia is also frequently diagnosed in patients 
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treated with chemotherapy or other cytotoxic agents41. Deregulation 
of transcriptional regulatory networks are key determinants of inef-
fective hematopoiesis underlying erythroid differentiation defects 
conducive to anemia42. There is thus a dire need to revisit the origins 
of hematopoietic differentiation defects to identify additional tar-
gets for novel therapies in treating anemia. Our discovery of RIOK2 
as a key TF in erythroid differentiation opens up many new avenues 
of investigation. In this regard, stabilization of RIOK2’s expression 

or stimulation of its DNA-binding and transactivation functions 
present intriguing approaches to reverse anemia.

RIOK2 is reported to be a critical component of pre-40S ribosome 
biogenesis and cytoplasmic translation9,11. Here, we have uncovered 
an unexpected function of RIOK2 as a master transcriptional regu-
lator driving hematopoietic lineage commitment via its N-terminal 
DNA-binding wHTH domain that also incorporates its two TADs. 
However, whether RIOK2 harbors additional TADs and/or TRDs 
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in its C-terminal half, and whether they functionally integrate with 
the N-terminal wHTH domain to promote RIOK2’s transcriptional 
abilities are still unknown. This study further prompts speculation 
that RIOK2 may use its kinase and/or ATPase functions to modify 
its co-activators/co-repressors to differentially regulate transcrip-
tional outcomes of its targets. Nevertheless, an unprecedented 
involvement in both transcriptional and translational machineries 

makes RIOK2 a rare protein that warrants further investigation into 
its possible involvement in other cellular processes. We are hope-
ful that this study will also lay a foundation to discovering how 
proteins, like RIOK2, may integrate transcriptional processes with 
translational outcomes to drive biological functions.

GATA1 is deemed as the master erythroid TF21. Our observation 
that a positive feedback loop between GATA1 and RIOK2 drives 
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erythroid differentiation presents novel opportunities to target 
dyserythropoiesis. The hematopoietic lineage-specific expression 
levels of GATA1 and GATA2 are dynamically controlled by tran-
scriptional programs. While GATA1 is predominantly expressed in 
erythroid, megakaryocytic and eosinophilic progenitors, GATA2 is 
highly expressed in HSPCs. There is a dynamic shift from GATA2 
to GATA1 expression during erythropoiesis, which is referred to as 
the GATA switch. GATA1 thus replaces GATA2 at several genomic 
loci to drive erythropoiesis43,44. As RIOK2 promotes GATA1 and 
inhibits GATA2 expression in primary human HSPCs, we suggest 
that RIOK2-driven transcriptional networks may play a critical role 
in the GATA switch. Consistent with this notion, our observations 
that loss of RIOK2 not only blocks erythroid differentiation but also 
retains a substantial fraction of HSPCs in their progenitor state, 
further argue that RIOK2 regulates the GATA switch during eryth-
ropoiesis. Additionally, we provide evidence that RIOK2 transcrip-
tionally regulates other key lineage-specific TFs in hematopoiesis, 
such as SPI1, RUNX3 and KLF1. Our discovery thus encourages 
remodeling of the existing map of transcriptional networks govern-
ing hematopoiesis and positions RIOK2 as an integral component 
of these regulatory networks dictating lineage fate determination 
during hematopoietic stem cell differentiation. Further studies will 
examine how RIOK2 upregulates the expression of some TFs while 
downregulating others to fine-tune hematopoietic lineage commit-
ment, a feature characteristic of other master transcriptional regula-
tors of cell fate such as T-bet45.

Identification of RIOK2 as a master transcriptional regulator 
governing several hematopoietic lineages significantly advances 
our current understanding of the transcriptomic landscape under-
lying hematopoietic differentiation and opens up new areas of 
exploration. Comprehensive analysis of de novo motifs bound by 
RIOK2 in the entire genome will expand our insights into RIOK2’s 
transcriptome regulatory network. Our findings may lead to new 
approaches to target these newly identified regulatory networks in 
hematopoiesis that may be relevant for MDS and other hematologic 
disorders such as AML and anemia of CKD. Finally, investigation of 
RIOK2-mediated transcriptional pathways as well as assessment of 
RIOK2’s upstream regulation should provide new targetable options 
to treat the anemia of aging, chronic kidney and inflammatory dis-
eases as well as other hematologic disorders.
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Methods
Ethics. Our research complies with the ethical regulations stipulated by the 
Dana-Farber Cancer Institute. Data collection and analysis were not performed 
blind to the conditions of the experiments. The experimental organization included 
no randomization.

Primary and secondary cell culture. CD34+ primary human HSPCs were obtained 
from Fred-Hutchinson Cancer Research center. The cells were thawed and washed 
with 1× PBS constituting 1% human AB serum, followed by revival in expansion 
medium comprising StemSpan SFEM II medium supplemented with 1× CC100 
(STEMCELL Technologies), 1% penicillin–streptomycin (P/S), 1% glutamine 
and 10 ng ml−1 of the cytokine TPO. The cells were subjected to differentiation 
medium containing IMDM reconstituted with 3% human AB serum, 2% 
human AB plasma, 1% P/S, 0.06% heparin solution (STEMCELL Technologies), 
1 ng ml−1 interleukin-3 (PeproTech), 10 ng ml−1 SCF (PeproTech), 200 µg ml−1 
holo-transferrin (Sigma-Aldrich) and 3 U ml−1 erythropoietin (Dana-Farber 
Cancer Institute pharmacy). For selective differentiation of HSPCs into myeloid or 
megakaryocytic lineages, HSPCs were cultured in SFEM II media supplemented 
with myeloid expansion supplement II 100X (02694) or megakaryocyte expansion 
supplement 100X (02696; both STEMCELL Technologies), respectively. Cells were 
cultured at a density of 0.1–0.01 × 106 cells per ml and incubated at 37 °C with 5% 
CO2. Media were changed every alternate day, as required. These protocols are 
previously described20.

TF-1 human erythroblast cells were purchased from the American Type 
Culture Collection (ATCC; CRL-2003) and maintained in RPMI-1640 medium 
(ATCC 30-2001) containing 10% fetal bovine serum (FBS), 2 ng ml−1 GM-CSF 
and 1% P/S. For differentiation, the cells were cultured in RPMI-1640 medium 
containing 10% FBS, 5 U ml−1 erythropoietin and 1% P/S. K562 human erythroid 
cells were purchased from the ATCC (CCL-243) and maintained in IMDM 
medium (ATCC 30-2005) containing 10% FBS and 1% P/S. For differentiation, the 
cells were cultured in IMDM medium containing 10% FBS, 40 µM hemin and 1% 
P/S. HEK293FT cells were purchased from the ATCC and maintained in DMEM 
medium supplemented with 10% FBS and 1% P/S.

Generation of lentiviral vectors and infection. The shRNA constructs targeting 
human RIOK2 (shRIOK2-1 and shRIOK2-2) and scrambled shRNA were obtained 
from the Mission shRNA collection (SHCLNG-NM_018343, Sigma-Aldrich). 
RIOK2 was cloned in the pHAGE-MCS-IRES-ZsGreen lentiviral vector with an 
N-terminal HA-tag. DBM, transactivation domain deletion 1 and 2 (ΔTAD1 and 
ΔTAD2), TRD deleted (ΔTRD) and kinase-dead (p.Lys123Ala: K123A) mutants 
were generated by site-directed mutagenesis. The NTE construct was generated by 
cloning the first 92 amino acids of RIOK2 with an N-terminal HA-tag.

For lentiviral production, HEK293FT cells were transiently transfected with 
pVSV-G, pDelta8.9 and RIOK2 vectors using X-tremeGENE HP DNA transfection 
reagent according to the manufacturer’s protocol. Viral supernatant was collected 
48 h after transfection. Primary HSPCs or secondary cells were spinfected at a 
density of 0.1–0.2 × 106 cells per well in six-well plates with 8 µg ml−1 polybrene 
(Millipore) at 3,392g for 1.5 h at 32 °C and left overnight. The medium was changed 
the next morning. Lentiviral transduction efficiency reached 60–75% for primary 
human HSPCs and >95% for secondary cells after 48 h of infection. The positively 
transduced cells (ZsGreen+) were FACS sorted for further analysis.

CRISPR–Cas9 gene editing. Primary human HSPCs and human erythroblast cells 
(TF-1) were electroporated using Lonza-Amaxa 4D-nucleofector unit according 
to the manufacturer’s protocols. For ribonucleoprotein formation, tracer RNAs 
and crRNAs (IDT) were incubated at 95 °C for 5 mins at equal molar ratios and 
mixed with equal molar concentration of Cas9 peptide (IDT). This was followed 
by incubation at 37 °C for 15 min and the ribonucleoprotein mix was kept at 4 °C 
until use within the next 2 h. Cells were electroporated at a density of 0.1–0.2 × 106 
cells per well of a 16-well electroporation strip. Immediately after electroporation, 
fresh medium was added to the cells and transferred to 37 °C. Genome editing 
efficiency was analyzed 48–72 h after electroporation by nucleotide sequencing, 
RT–qPCR and immunoblotting. The crRNAs used for KD of RIOK2 were 
GAACGGCGGGTTTCTTACCG and CATTTGTCAACCGATAGCCC, and 
the crRNAs used for KO of RIOK2 were TGACTTCAGGGTCTTGACCG and 
TGATTACAATCGTCATGCAG. The crRNA used against LacZ (control) was 
TTCTCCGCGGGAACAAACGG.

Luciferase reporter assay. For transactivation assays, the promoter regions of 
RIOK2, GATA1, GATA2, SPI1, RUNX3 and KLF1 (500–750 bps upstream of the 
ATG start codon) were cloned in a pGL3.1 basic vector. Luminescence intensities 
were normalized using co-transfection of Renilla expression vector in HEK293 
cells using Lipofectamine 3000 reagent. Dual luciferase assays (Promega) were 
performed per the manufacturer’s instructions. Luminescence intensities were 
captured using an EnVision Multimode plate reader (Perkin Elmer).

Quantitative RT–PCR. RNA was isolated from cells using the RNeasy Plus Micro 
kit (Qiagen) following the manufacturer’s protocols. Genomic DNA was removed 
using genomic DNA eliminator spin columns, followed by isolation of total RNA 

using phenol-free RNeasy MinElute spin columns. Reverse transcription was 
performed using qScript cDNA Synthesis kit (QuantaBio). Real-time RT–qPCR 
was performed using QuantStudio 6 RT–PCR system (Applied Biosciences) and 
PerfeCTa SYBR Green FastMix reaction mixes (QuantaBio). The comparative 
CT method has been used for all quantifications using corresponding β-actin 
mRNA levels for normalization. The primers used for RT–qPCR are listed in 
Supplementary Table 1.

Immunoblotting. Cells were washed with ice-cold 1× PBS, then resuspended in 
RIPA lysis buffer (Life Technologies) supplemented with 1× complete protease 
inhibitor cocktail and 1× phosphatase inhibitor cocktail (Thermo Scientific). 
Lysis was carried out on a rocker at 4 °C for 15–30 min followed by removal of 
cellular debris by centrifugation at 14,000g for 20 min. The supernatant was 
mixed with Laemmli buffer and incubated at 95 °C for 10 min. Equal amounts of 
proteins were resolved by SDS–PAGE. The proteins were then transferred onto 
PVDF membranes (Thermo Fisher Scientific) followed by blocking and probing 
with the primary antibodies diluted in fresh blocking buffer at 4 °C overnight: 
HA rabbit monoclonal antibody at 1:1,000 dilution (C29F4, 3724S, Cell Signaling 
Technology), β-actin rabbit polyclonal antibody at a dilution of 1:1,000 (3967S, 
Cell Signaling Technology) and RIOK2 mouse monoclonal antibody at a 1:1,000 
dilution (OTI3E11, TA505140, Origene). After incubation overnight, membranes 
were washed four times with PBST buffer for 5 min each on a rocker at 25 °C, 
followed by incubation with horseradish peroxidase (HRP)-linked anti-mouse 
IgG (7076S, Cell Signaling Technology) or HRP-linked anti-rabbit IgG (7076S, 
Cell Signaling Technology) at a 1:3,000 dilution in fresh blocking buffer for 1 h at 
25 °C. After incubation with secondary antibodies, membranes were washed four 
times with PBST buffer for 5 min each on a rocker at 25 °C, followed by incubation 
with Pierce Western blotting substrates (Thermo Scientific) mixed at a 1:1 ratio 
for 2–5 mins at 25 °C. The protein bands were then visualized using the ChemiDoc 
Touch Imaging system (Bio-Rad).

Immunoprecipitation and mass spectrometry. For collection of cellular lysates, 
lysis was similarly performed as described above. Around 5% of the supernatant 
was saved as input, and prewashed monoclonal anti-HA-tagged agarose beads 
slurry (A2095, Sigma-Aldrich) was added to the rest of the supernatant and 
incubated at 4 °C on a rocker overnight. The beads were washed with RIPA 
lysis buffer, resuspended in 2× Laemmli buffer, boiled at 95 °C for 10 min and 
immediately loaded for SDS–PAGE separation. Electrophoresis was performed 
until the proteins ran one-sixth of the entire gel size. The gel was stained with 
Coomassie dye for 1 h at 25 °C, de-stained at 4 °C overnight, and were cut with 
sterile blades, washed with mass spectrometry-grade acetonitrile (ACN) solution 
and submitted for mass spectrometry analysis at BIDMC Mass Spectrometry 
Core. For elution of mutant RIOK2 proteins, whole-cell lysate collection and 
washing of beads after immunoprecipitation were done in RIPA lysis buffer 
containing 500 mM NaCl concentration. After washing, the beads were incubated 
in elution buffer (0.1 M glycine solution, pH 2.0) supplemented with HA peptides 
(Millipore Sigma, I2149) at 0.2 µg µl−1 for 30 min with gentle flicking of tubes 
every 10 min. The beads were then centrifuged at 2,500g to collect the eluted 
proteins in the supernatant.

Gel-separated protein samples were reduced with 55 mM dithiothreitol, 
alkylated with 10 mM iodoacetamide (Sigma-Aldrich) and digested overnight 
with TPCK-modified trypsin/LysC (Promega) at a pH of 8.3. Peptides were 
extracted, dried out in a SpeedVac and resuspended in 10 μl of 1% ACN:98.9% 
water and 0.1% formic acid (FA). Next, 3 μl of the digested protein samples were 
analyzed in positive-ion mode via microcapillary liquid chromatography–tandem 
mass spectrometry (LC–MS/MS) using a high-resolution hybrid QExactive 
HF Orbitrap Mass Spectrometer (Thermo Fisher Scientific) via higher-energy 
collisional dissociation with data-dependent analysis with one MS1 scan followed 
by eight MS2 scans per cycle (top 8). Peptides were delivered and separated using 
an EASY-nLCII nanoflow high-performance liquid chromatography (Thermo 
Fisher Scientific) at 300 nl min−1 using self-packed 15 cm length × 75 μm internal 
diameter C18 fritted microcapillary columns. Solvent gradient conditions were 
120 min from 3% B buffer to 38% B (B buffer, 100% ACN; A buffer, 0.9% 
ACN/0.1% FA/99.0% water). MS/MS spectra were analyzed using Mascot 
Version 2.6 (Matrix Science) by searching the reversed and concatenated 
human protein database (http://www.ebi.ac.uk/uniprot/database/download.
html) with a parent ion tolerance of 18 ppm and fragment ion tolerance of 
0.05 Da. Carbamidomethylation of cysteine (+57.0293 Da) was specified as a 
fixed modification and oxidation of methionine (+15.9949 Da) and deamidation 
of asparagine/glutamine (+0.984 Da) as variable modifications. Results were 
imported into Scaffold Q+S 4.11 software (Proteome Software) with a peptide 
threshold of ~75% and protein threshold of 95%, resulting in a peptide false 
discovery rate of ~1%. Known contaminants such as keratins, caseins, trypsin and 
BSA were removed from the analysis.

The immunoprecipitated proteins yielded quantitative spectral counts in 
mass spectrometry which reflect their binding intensities. The spectral counts 
of individual proteins were normalized using spectral counts of respective 
immunoprecipitated HA-tagged versions of RIOK2 and the fold changes with 
respect to WT RIOK2 were calculated.
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Fluorescence-activated cell sorting analysis. For analysis of cellular surface 
marker expressions via flow cytometry, in vitro cultured cells were washed with 
PBS and incubated with fixable viability dyes (Tonbo Biosciences) at a 1:800 
dilution in PBS for 20 mins at 25 °C in dark. The cells were washed with staining 
buffer and labeled with fluorochrome-conjugated antibodies diluted (1:100/200) in 
staining buffer for 30 min at 4 °C: FITC-CD34 (343604, BioLegend), BV421-CD38 
(356617, BioLegend)/PE-Cy7-CD38 (356608, BioLegend), APC-CD71 (OKT9, 
eBioscience), PE-Cy7-CD235 (306620, BioLegend), PE-CD41/CD61 (359806, 
BioLegend), PerCP-Cy5.5-CD11b (301328, 101228, 393106, BioLegend), 
AF700-CD42b (303928, BioLegend), APC-CD135 (313307, BioLegend), 
BV510-Human Lineage (348807, BioLegend), PE-CD68 (333807, BioLegend), 
BV421-CD45RA (304129, BioLegend), BV421-CD45 (304031, 368521, 
BioLegend), BV785-CD45 (368527, BioLegend), PerCP-Cy5.5-CD123 (306015, 
BioLegend), AF700-CD117 (313245, Biolegend), PE-CD36 (336205, BioLegend), 
BV510-CD34 (343527, BioLegend), FITC-CD15 (301904, BioLegend), APC-CD41 
(343709, BioLegend), PE-CD14 (325605, BioLegend) and APC-CD13 (301706, 
BioLegend). For intracellular staining, cells were labeled for surface markers 
as mentioned above, followed by fixation and permeabilization using Foxp3/
transcription factor staining kit (Thermo Fisher Scientific). PE-conjugated GATA1 
rabbit monoclonal antibodies (13353S, Cell Signaling), PE-conjugated HA-tagged 
rabbit monoclonal antibodies or PE-conjugated control rabbit IgG isotype (5742, 
Cell Signaling) were used at a 1:100 dilution. All FACS analyses were performed 
using CytoFLEX Flow Cytometer (Beckman Coulter). Data were analyzed using 
FlowJo 10.0.7 and plotted using GraphPad Prism. The gating strategies are shown 
in Extended Data Fig. 10.

Methylcellulose assay. Primary human HSPCs were washed with 1× PBS 
and mixed with semisolid methylcellulose medium (H4034, STEMCELL 
Technologies) by brief vortexing. Cells were plated at a density of 1,000 cells per 
well in a six-well plate followed by incubation in a humidified chamber at 37 °C 
for 14 d. Imaging of the colonies was performed using EVOS M5000 Imaging 
system (Thermo Fisher Scientific). The colony-forming cells were then collected 
by triturating the wells using staining buffer and multicolor flow cytometry was 
performed as described above and in refs. 46,47. The gating strategies are shown in 
Extended Data Fig. 10. The colonies were scored using a STEMvision automated 
CFU counter. The STEMvision acquisition, analyzer and colony marker software 
programs were used to acquire images, analyze colonies and mark them, 
respectively.

Quantitative proteomic analysis. Quantitative proteomic analysis of primary 
Human HSPCs was performed as described48. Lysis of cells was done by adding 
10 µl of 8 M urea, 10 mM TCEP and 10 mM iodoacetamide in 50 mM ammonium 
bicarbonate solution to 1 × 106 cells followed by incubation at 25 °C for 30 min 
in the dark. Urea was diluted to 1.5 M with ammonium bicarbonate followed by 
trypsin digestion at 37 °C overnight. The lysate digest was spun directly onto a C18 
Stage tip at 3,500g through the glass mesh.

On-column TMT labeling was performed next. For resin conditioning, 50 µl 
methanol was added followed by 50 µl 50% ACN/0.1% FA and equilibration was 
done using 75 µl 0.1% FA twice. After centrifugation of the entire digest at 3,500g 
for loading, 1 µl of TMT reagent in 100% ACN was added to 100 µl freshly made 
HEPES (pH 8) and passed over the C18 resin at 350g. After washing with 75 µl 
0.1% FA twice, peptide elution was performed with 50 µl 50% ACN/0.1% FA 
followed by a second elution with 50% ACN/20 mM ammonium formate at a 
pH of 10. Measurement of absorbance at 280 nm was used for estimating peptide 
concentrations followed by analysis of labeling efficiency of the elution. The 
samples were then mixed before Stage tip-based fractionation and analysis.

For Stage tip bSDB fractionation, ~20 µg total peptides was loaded using 200-µl 
pipette tips packed with two punches of sulfonated divinylbenzene (SDB-RPS, 
Empore) with a 16-gauge needle. Then 25 µl 20 mM NH4HCO2, at a pH of 10, 
was used to perform a pH switch. This was regarded as part of fraction one. This 
was followed by step fractionation using 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, 
25%, 42% and 50% ACN concentrations with each fraction collected in individual 
autosampler vials. They were then dried via vacuum centrifugation and stored at 
−80 °C until further analysis.

Data acquisition. On-line chromatography was performed by an Easy-nLC 1200 
(Thermo Fisher) at a flow rate of 200 nl min−1. Peptide separation was performed 
using PicoFrit (New Objective) columns with an internal diameter of 75 µm packed 
with 1.9 µm AQ-C18 material (Dr. Maisch) up to 20 cm at 50 °C. The LC gradient 
went from 6% B at 1 min to 30% B in 85 mins, then increased to 60% B by minute 
94 and 90% by min 95, and finally to 50% B until the end of the run that lasted 
110 min. Thermo Scientific Lumos Tribrid was used to perform mass spectrometry. 
A precursor scanning was done from 350 to 1,800 m/z at 60,000 resolution. 
Then the topmost intense multiply charged precursors within a 2-s window were 
selected for higher-energy collisional dissociation at 50,000 resolution. Threshold 
for precursor isolation width was set to 0.7 m/z and the maximum MS2 injection 
time was set at 110 ms for an automatic gain control of 6e4. Dynamic exclusion 
was set at 45 s and only charge states of two to six were selected for MS2. For data 
acquisition run, half of each fraction was injected.

Data processing. The Uniprot Human database (12/28/2017) containing 
common laboratory contaminants was used to search all data with Spectrum 
Mill (Agilent). For the search, variable modifications of N-terminal protein 
acetylation, oxidation of methionine, TMT-11plex labels and a fixed modification 
of carbamidomethylation of cysteine were used. The following cutoffs were used 
for the search: enzyme specificity was set to trypsin, a maximum of three missed 
cleavages was used, maximum precursor-ion charge state was six, and the MS1 
and MS2 mass tolerance were set to 20 ppm. Using a reverse, decoy database, 
false discovery rates for peptides and proteins were found to be less than 1%. 
Identification with at least two distinct peptides and a Spectrum Mill score protein 
level score of ~20 were set as cutoffs for reporting of proteins.

The Spectrum Mill protein/peptide summary module was used to correct the 
TMT11 reporter ion intensities in each MS/MS spectrum for isotopic impurities. 
The afRICA correction method was used which implemented determinant 
calculations according to Cramer’s Rule and general correction factors obtained 
from the reagent manufacturer’s certificate of analysis.

Median values were normalized, and the median absolute deviation-scale 
dataset was subjected to a two-sample moderated t-test. Then Benjamini–
Hochberg procedure was implemented to correct for multiple hypothesis testing. 
An arbitrary cutoff at an adjusted P value < 0.05 was drawn for differentially 
abundant proteins.

Bulk RNA sequencing. RNA library preparations, sequencing reactions and initial 
bioinformatic analysis were conducted at GENEWIZ as follows.

For library preparation with polyA selection and HiSeq sequencing, 
RNA samples received were quantified using a Qubit 2.0 Fluorometer (Life 
Technologies) and RNA integrity was checked using an Agilent TapeStation 4200 
(Agilent Technologies). RNA-seq libraries were prepared using the NEBNext Ultra 
RNA Library Prep Kit for Illumina following manufacturer’s instructions (NEB). 
Briefly, mRNAs were first enriched with Oligo(dT) beads. Enriched mRNAs 
were fragmented for 15 min at 94 °C. First-strand and second-strand cDNAs were 
subsequently synthesized. cDNA fragments were end repaired and adenylated 
at 3′ ends, and universal adaptors were ligated to cDNA fragments, followed by 
index addition and library enrichment by limited-cycle PCR. The sequencing 
libraries were validated on the Agilent TapeStation (Agilent Technologies), and 
quantified by using Qubit 2.0 Fluorometer (Invitrogen) as well as by qPCR (KAPA 
Biosystems). The sequencing libraries were clustered on one lane of a flowcell. 
After clustering, the flowcell was loaded on the Illumina HiSeq instrument 
(4000 or equivalent) according to the manufacturer’s instructions. The samples 
were sequenced using a 2× 150-bp paired-end configuration. Image analysis 
and base calling were conducted by the HiSeq Control Software. Raw sequence 
data (.bcl files) generated from Illumina HiSeq was converted into fastq files and 
de-multiplexed using Illumina’s bcl2fastq 2.17 software. One mismatch was allowed 
for index sequence identification.

Data analysis. The sequence reads were trimmed to remove possible adaptor 
sequences and nucleotides with poor quality using Trimmomatic v.0.36. The 
trimmed reads were mapped to the Homo sapiens reference genome available on 
ENSEMBL using the STAR aligner v.2.5.2b to generate BAM files. Unique gene hit 
counts were calculated by using feature Counts from the Subread package v.1.5.2. 
Only unique reads that fell within exon regions were counted.

GSEA was performed using Broad Institute’s GSEA Software. Sets of erythroid-, 
megakaryocytic- and myeloid-lineage genes and genes involved in ribosome 
biogenesis were derived by accounting for the differentially regulated genes that 
passed the cutoff (adjusted P value < 0.05) in control versus RIOK2-depleted 
HSPCs. Additionally, canonical pathways such as KEGG, REACTOME and 
BIOCARTA were consulted.

Assay for transposase-accessible chromatin with high-throughput sequencing. 
ATAC–seq on snap-frozen control and RIOK2-depleted HSPCs was performed 
at the Center for Functional Cancer Epigenetics at Dana-Farber Cancer Institute. 
Briefly, after high-throughput Illumina sequencing of pair-ended reads, the raw 
reads were mapped to the reference genome (hg19) using alignment software 
(configure yaml). After alignment, the mapped reads were then normalized (by 
downsampling) to 4 million reads. The uniquely mapped reads were then piled 
up. Nd is defined as the number of unique region locations. N1 is defined as the 
number of unique region locations with only one read. The PBC (a common 
method to determine sample complexity) is then simply calculated as N1/Nd. 
ATAC–seq samples with a good PBC score (≥0.90) were analyzed. Peaks were 
called using the MACS peak calling software. Chromatin accessibility was analyzed 
using Integrative Genomics Viewer software.

Chromatin immunoprecipitation. ChIP was performed using EZChIP kit 
(Millipore Sigma) according to the manufacturer’s instructions. Around 2–4 µg of 
primary antibodies was used (GATA1 (D24E4) XP rabbit monoclonal antibody 
(4589S, Cell Signaling); GATA1 rat monoclonal antibody (N6; SC-265, Santa Cruz 
Biotechnology); HA rabbit monoclonal antibody (C29F4, 3724S, Cell Signaling 
Technology); RIOK2 mouse monoclonal antibody (OTI3E11, TA505140, Origene); 
RIOK2 rabbit polyclonal antibody (NBP130098, Thermo Fisher Scientific)) or 
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control IgGs. The immunoprecipitated DNA was purified using Spin columns 
(Millipore Sigma/Qiagen) and used for RT–qPCR using QuantStudio 6 (Applied 
Biosciences).

ChIP sequencing. ChIP–seq library preparation, HiSeq sequencing and initial 
bioinformatic analysis were conducted at GENEWIZ as follows. ChIP DNA 
samples were quantified using a Qubit 2.0 fluorometer (Life Technologies) and 
the DNA integrity was checked with a 4200 TapeStation (Agilent Technologies). 
The NEB NextUltra DNA Library Preparation kit was used following the 
manufacturer’s recommendations (Illumina). Briefly, the ChIP DNA was end 
repaired and adaptors were ligated after adenylation of the 3′ ends. Adaptor-ligated 
DNA was size selected, followed by clean up, and limited-cycle PCR enrichment. 
The ChIP library was validated using an Agilent TapeStation and quantified using 
a Qubit 2.0 Fluorometer as well as real-time PCR (Applied Biosystems). The 
sequencing libraries were multiplexed and clustered on one lane of a flowcell. After 
clustering, the flowcell was loaded on the Illumina HiSeq instrument according 
to the manufacturer’s instructions (Illumina). Sequencing was performed using 
a 2 × 150-bp paired-end configuration. Image analysis and base calling were 
conducted by the HiSeq control software. Raw sequence data (.bcl files) generated 
from Illumina HiSeq were converted into fastq files and de-multiplexed using 
Illumina’s bcl2fastq 2.17 software. One mismatch was allowed for index sequence 
identification.

For the bioinformatics analysis workflow, sequence reads were trimmed to 
remove possible adaptor sequences and nucleotides with poor quality at the 3′ 
end (error rate > 0.01) using CLC Genomics Server 9.0. Trimmed data were then 
aligned to the reference genome for human GRCh38. During the mapping, only 
specific alignment was allowed. The TSS plots and chromosome view plots were 
generated using Partek Flow software. The HOMER algorithm was used to curate 
de novo nucleotide-binding motifs of RIOK2 across the entire human genome.

Electrophoretic mobility shift assay. Recombinant human GST-tagged RIOK2 
(rhRIOK2, Abcam) was incubated with duplex DNA (listed in Supplementary 
Table 2) at 5:1 molar ratio in a low-salt buffer for 20–30 min at 4 °C and 2% agarose 
gel was cast and cooled to 4 °C. The DNA–protein mixture was supplemented with 
0.22-µm filtered 50% glycerol solution to facilitate loading. The gel was run for 
1.5 h at 4 °C, followed by incubation in ethidium bromide solution for 30 min and 
visualized using ChemiDoc Touch Imaging system (Bio-Rad). ImageJ was used to 
quantify band shifts.

Nascent protein synthesis in vitro. Measurement of nascent protein synthesis 
in vitro was performed using Click-iT Plus OPP Alexa Fluor 647 Protein Synthesis 
Assay kit (Thermo Fisher Scientific) following the manufacturer’s instructions. 
Briefly, cells in culture were supplemented with Click-iT OPP at a final working 
concentration of 20 µM and incubated for 30 min at 37 °C. The cells were washed 
with PBS, stained with fixable viability dye, fixed and permeabilized followed by 
incubation with Click-iT reaction buffer containing Alexa Fluor 647 picolyl azide and 
incubated at 25 °C for 30 min. The cells were washed and analyzed via flow cytometry.

Structural modeling of RIOK2. The crystal structure of residues 2–301 of human 
RIOK2 (PDB 6HK6)49, comprising the N-terminal wHTH domain (residues 
2–92) and the kinase domain (residues 93–289), was docked onto B-form DNA 
by aligning the wHTH domain with the crystal structure of the DNA-binding 
domain of the diphtheria toxin repressor bound to its DNA operator sequence 
(PDB 1F5T)50. Modeling was done using Modeller software solely to give a crude 
impression of the relative positions of the various subdomains of the N-terminal 
part of the protein when RIOK2 binds to DNA because the structure of most of the 
C-terminal half of the protein is unknown.

Statistical tests. Data are presented as the mean ± s.e.m. Unpaired two-tailed 
Student’s t-test was used for comparing two groups. ANOVA with Tukey’s/
Dunnett’s correction or Kruskal–Wallis test with Dunn’s correction was used for 
comparisons among multiple groups, wherever applicable. No statistical methods 
were used to predetermine sample sizes, but our sample sizes are similar to those 
reported in a previous publication20. Data distribution was assumed to be normal, 
but this was not formally tested. Data points were not excluded from the analysis. 
Microsoft Excel was used to list all numerical values and Prism v8.0/9.0 (GraphPad) 
was used to perform statistical analyses. Sample size was not predetermined.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Raw data generated from proteomic analysis are deposited in MassIVE under 
accession code MSV000088238. Data generated from RNA-seq are deposited in 

the Gene Expression Omnibus (GEO) database under accession code GSE185922. 
ATAC–seq and ChIP–seq datasets are deposited in the GEO database under 
accession numbers GSE174714 and GSE174719, respectively. The mRNA 
correlations in individuals with MDS, AML and CKD have been drawn using 
publicly available GEO datasets under accession codes GSE19429, GSE131184 
and GSE37171. This study did not generate new unique reagents. Requests for 
any materials (plasmids generated in this study, crRNAs) and reagents should 
be directed to and will be fulfilled by L.H.G. with appropriate material transfer 
agreements. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.

Nature Immunology | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


Articles NATURE ImmUnOLOGy

Extended Data Fig. 1 | RIOK2 drives erythropoiesis and concomitantly suppresses megakaryopoiesis and myelopoiesis. (a,b) Frequency of 
CD71 + CD235a- and CD71 + CD235a + population in control vs RIOK2 depleted TF-1 and K562 cells, respectively. (c,d) FACS plots and frequency 
of megakaryocytes (CD41/CD61 + ) after RIOK2 knockdown in TF-1 and K562 cells, respectively; sh#1 and 2: shRIOK2 #1 and #2. (e) Histogram 
plots depicting erythroblasts (CD235a), megakaryocytes (CD41/61) and myeloblasts (CD11b) in differentiating HSPCs after KD and KO of RIOK2. (f) 
Quantification of data presented in e, n = 4 independent donors. n = 3 technical replicates in a-d. ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way 
ANOVA with Tukey’s or Dunnett’s correction in c,d,f; unpaired two-tailed Student’s t-test in a,b. Data represented as mean ± s.e.m.
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Extended Data Fig. 2 | RIOK2 drives erythropoiesis and inhibits megakaryopoiesis and myelopoiesis. (a,b) Total no. of myeloid (CD11b + ) and 
megakaryocytic (CD41/61 + ) cells after selective differentiation of control (Ctrl) vs RIOK2 KD and KO HSPCs to myeloid and megakaryocytic lineages, 
respectively. (c,d) Myeloid (CD13 + CD14 + ) and megakaryocytic (CD41 + CD42b + ) cells after selective differentiation of control (Ctrl) vs RIOK2 KD and 
KO HSPCs to myeloid and megakaryocytic lineages, respectively. (e) Images of blast forming unit-erythroid (BFU-E) and colony forming unit-granulocyte 
macrophage progenitors (CFU-GM) after KD and KO of RIOK2 in HSPCs, scale bar 750 µm. (f) Quantification of BFU-E, CFU-E and CFU-GM colonies in 
control vs RIOK2 KD and KO HSPCs. (g) Principal component analysis (PCA) of quantitative proteomic dataset showing control vs RIOK2 KD and KO 
primary human HSPCs, n = 3 donors. (h) Volcano plot showing differentially expressed proteins in control vs RIOK2 KD HSPCs. (i) Gene set enrichment 
analysis (GSEA) plot showing defective ribosome biogenesis in RIOK2 KO vs control HSPCs. n = 4 independent donors in a-d, f. * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001, one-way ANOVA with Tukey’s or Dunnett’s correction. Data represented as mean ± s.e.m. Fig. e representative of 4 
independent experiments.
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Extended Data Fig. 3 | RIOK2 and GATA1 form a positive feedback loop to regulate hematopoietic differentiation. (a) GATA binding motif (yellow) in the 
promoter region of RIOK2 (black) followed by the first exon (blue) and ATG start codon (red). (b) RIOK2 promoter-driven luciferase activity in response to 
increasing GATA1, GATA2 and GATA3 expression in HEK293 cells. (c) mRNA levels of RIOK2 (normalized to actin) after GATA1 overexpression (OE) and 
adjoining co-relation plot; EV: empty vector; Pearson’s correlation coefficient (r) and P value are shown. (d) RIOK2 mRNA expression (normalized to actin) 
in RIOK2 KD vs control cells. (e) GATA1 mRNA expression (normalized to actin) in GATA1 KD vs control cells. (f) HBB, ITGAM and ITGB3 mRNA expression 
(normalized to actin) in RIOK2 KD vs GATA1 KD HSPCs, compared to control. (g) Schema showing positive feedback loop between GATA1 and RIOK2 
regulating hematopoietic differentiation. n = 3 independent donors in d-f; n = 4 and 6 technical replicates in b and c respectively. * p < 0.05, ** p < 0.01, *** 
p < 0.001, one-way ANOVA with Tukey’s correction in f, Unpaired two-tailed Student’s t-test in fig. c-e. Data represented as mean ± s.e.m.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | RIOK2 regulates expression of transcription factors involved in hematopoietic lineage commitment. (a) Volcano plots showing 
differentially expressed genes (cut off: adjusted P-Value<0.05) in control vs RIOK2 KD and control vs RIOK2 KO HSPCs; red: upregulated genes, blue: 
downregulated genes. (b) GATA2 mRNA level (normalized to actin) in control vs RIOK2 KD cells after suppression of GATA2 with 2 different crRNAs. 
(c) Erythroid progression (CD235a) in scrambled vs RIOK2 KD cells with or without suppression of GATA2 with 2 different crRNAs. (d) Megakaryocytic 
progression (CD41/61+ cells) in scrambled vs RIOK2 KD cells with or without knockdown of SPI1/RUNX3/GATA2 using 2 crRNAs against each. (e) Graph 
showing comparable mapped reads in control and RIOK2 KO HSPCs in ATAC-sequencing. n = 4 technical replicates in b-d. * p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001, one-way ANOVA with Tukey’s or Dunnett’s correction. Data represented as mean ± s.e.m.
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Extended Data Fig. 5 | RIOK2 binds to a specific de novo nucleotide motif in the human genome. (a) Relative binding intensity of RIOK2 at the 
transcription start site (TSS) in RIOK2 immunoprecipitated (RIOK2 IP) vs input sample. (b) Chromosome view plots depicting binding of RIOK2 at the 
promoters of GATA2 and SPI1. (c) De novo DNA binding sequences identified in the entire genome via ChIP sequencing using monoclonal antibodies of 
RIOK2. The sequence highlighted in red was identified in the promoters of RIOK2’s target genes. (d) Presence of de novo nucleotide binding motif specific 
for RIOK2 in the promoter regions of its putative target genes: GATA1, GATA2, RUNX3, SPI1, and KLF1.

Nature Immunology | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


Articles NATURE ImmUnOLOGy

Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | RIOK2 binds DNA in vitro. (a) Electrophoretic mobility shift assay (EMSA) showing WT (central CCC) or mutant (MUT: central 
CCC mutated to TTT) DNA migration in the presence of recombinant human RIOK2. (b) Quantitative band shift represented in a. (c,d) EMSA and 
adjoining quantification showing increasing DNA binding ability of RIOK2 over a time course; mins: minutes. (e,f) EMSA and adjoining quantification 
showing dose-dependent increase in DNA binding ability of RIOK2 with increasing protein concentration. (g) mRNA levels of early erythroid genes (HBB, 
HBA1, FECH, TFRC, KEL: normalized to actin) in RIOK2-KO HSPCs ectopically expressing EV, WT, DBM or NTE RIOK2, SCR: scrambled. n = 3 and 4 per 
group in d and f respectively. n = 3 experimental replicates in b,g. ** p < 0.01, **** p < 0.0001, ns: not significant, Unpaired two-tailed Student’s t-test in 
b, one-way ANOVA with Dunnett’s correction in g. Data represented as mean ± s.e.m. Fig. a,c representative of 3 independent experiments and fig. e 
representative of 4 independent experiments.
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Extended Data Fig. 7 | Characterization of the transactivation (TAD) and transrepressor (TRD) domains of RIOK2. (a) ChIP of the promoter regions 
of GATA1, GATA2, RUNX3 and KLF1 by empty vector (EV) or HA-tagged wild-type (WT), ΔTAD1 (transactivation domain 1 deleted) and ΔTAD2 
(transactivation domain 2 deleted) RIOK2 using anti-HA antibodies. (b) mRNA levels of early erythroid genes (HBB, HBA1, FECH, TFRC, KEL: normalized 
to actin) in RIOK2-KO HSPCs ectopically expressing EV, WT, ΔTAD1 or ΔTAD2 RIOK2, SCR: scrambled. (c) Erythroid progression (CD235a) in RIOK2-KO 
HSPCs ectopically expressing EV, WT or ΔTRD (deletion of transrepressor domain) RIOK2. (d) mRNA levels of early erythroid genes (HBA1, HBA2, SPTA1, 
TFRC: normalized to actin) in RIOK2-KO HSPCs ectopically expressing EV, WT or ΔTRD RIOK2. All comparisons done with respect to KO + EV group in 
fig. b-d. (e) Schema showing the 3 known domains of human RIOK2: N-terminal wHTH domain, central RIO domain and C-terminal domain. Positions 
of the DNA binding domain (DBD) and the transactivation domains (TAD1 and TAD2) of RIOK2 are shown. (f) Diagram illustrating RIOK2 as a master 
transcriptional regulator of key transcription factors (GATA1, KLF1, RUNX3, SPI1 and GATA2) in hematopoiesis. n = 2 per group in a; n = 3 independent 
donors in b-d. Data represented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant, one-way ANOVA with Tukey’s or 
Dunnett’s correction in b-d. Data represented as mean ± s.e.m.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | The kinase domain of RIOK2 is involved in erythropoiesis but does not affect RIOK2’s transcriptional activities. (a) GATA1, SPI1 
and RUNX3 promoter-driven luciferase reporter activity after expression of EV, WT, K123A, DBM or ΔTAD1 RIOK2; all comparisons done with respect 
to EV group (b) EMSA showing DNA-binding affinities of EV, WT, K123A, DBM, ΔTAD1 and ΔTAD2 RIOK2. (c) Western blot showing expression of 
ectopically expressed HA-tagged WT, DBM, K123A, ΔTAD1 RIOK2 or EV in RIOK2 KO HSPCs. (d) O-propargyl-puromycin (OPP) incorporation in control 
(Ctrl) vs RIOK2 KO cells after reconstitution of WT, DBM, K123A RIOK2 or EV. (e-g) Selective progression of erythroid (CD235a), myeloid (CD11b), and 
megakaryocytic (CD41/61) differentiation in HSPCs ectopically expressing EV, WT, DBM, ΔTAD1 or K123A RIOK2 in RIOK2-KO setting, respectively. 
All comparisons done with respect to EV in a, and KO + EV group in d-g. n = 3 technical replicates in a, d-g. * p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001, ns: not significant, one-way ANOVA with Tukey’s or Dunnett’s correction. Data represented as mean ± s.e.m. Fig. b and c representative of 2 
independent experiments.
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Extended Data Fig. 9 | Graphical illustration of RIOK2 functioning as a master transcription factor governing hematopoietic differentiation. RIOK2 
transcriptionally regulates key TFs in hematopoietic differentiation.
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Extended Data Fig. 10 | Flow cytometry plots showing gating strategies. (a) erythroid, myeloid and megakaryocytic lineages (b) BFU-E and CFU-E 
formation (c) CFU-GM and CFU-Mk formation.
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