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RPS19 and RPLS5 haploinsufficient models
reveal divergent ribosomal subunit controls
of fetal hematopoiesis
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Diamond Blackfan anemia syndrome (DBAS) is a congenital ribosomopathy
caused by haploinsufficiency of ribosomal proteins (RPs), but how RP stoi-
chiometry and activity regulates erythroid development remains enigmatic.
Using in vivo models, we uncover divergent functions for the small and large
ribosomal subunit proteins RPS19 and RPLS5 in fetal hematopoiesis. While RPL5
haploinsufficiency causes hematopoietic stem and progenitor cell (HSPC)
accumulation and prenatal lethality via p53-mediated ferroptosis of mature
erythroid progenitors, RPS19 haploinsufficiency leads to HSPC depletion and
impaired erythroid expansion through p53-dependent apoptosis. The latter is
accompanied by translational and transcriptional dysregulation, including the
upregulation of RUNXI, which is also observed in RPS- haploinsufficient DBAS
patients. Importantly, RunxI deletion in RPS19-haploinsufficient mice partially
rescues HSPC numbers. These findings reveal subunit-specific RP functions in
controlling fetal hematopoiesis and demonstrate how imbalanced RP stoi-
chiometry disrupts developmental programs, providing crucial mechanistic
insights into DBAS pathogenesis and the basis for its clinical heterogeneity.

Dysregulation of translational control occurs in numerous contexts Ribosomopathies are a group of inherited disorders associated with
including cell growth and development, aging, immunity, and ribosomal protein haploinsufficiency or defects in ribosome
responses to environmental changes and may contribute to malig- biogenesis*. While all cells require ribosomes, ribosomopathies often
nancy, inflammation, autoimmune disease, and other disorders'™. demonstrate tissue-specific defects, sometimes with increased cancer
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susceptibility’. Inherited ribosomopathies with hematologic features
include Diamond Blackfan anemia syndrome (DBAS), Schwachman
Diamond syndrome (SDS), and X-linked dyskeratosis congenita,
among others®. DBAS, the archetype of ribosomopathy*, is a con-
genital bone marrow failure syndrome commonly associated with
mutations or deletions of ribosomal genes, leading to ribosomal
haploinsufficiency, resulting in nucleolar stress and p53 activation’.
While p53 inhibition is known to ameliorate anemia in DBAS, the pre-
cise underlying mechanisms remain poorly understood?®.

Ribosomopathies remain challenging to study within the
hematopoietic system, and few animal models have successfully
recapitulated the diverse clinical features of the diseases’. In the
context of DBAS, previous attempts to generate animal models with
germline deletions of ribosomal proteins"* revealed that complete
knockout led to pre-implantation embryonic lethality, whereas het-
erozygous RP deletion resulted in minimal or no noticeable pheno-
type. Conditional knockout mouse models, under constitutive or
inducible promoters, have been generated and display some hema-
topoietic phenotypes upon RP deletion’. However, these models do
not present reduced reticulocyte counts likely due to compensatory
splenic stress erythropoiesis, a process that does not appear to occur
in humans™. Clinically, DBAS usually manifests soon after birth and is
characterized by macrocytosis, reticulocytopenia and a scarcity of
erythroid precursors in the bone marrow”. The presence of other
hematopoietic lineage defects in certain patients suggests a broader
underlying defect in hematopoietic stem and/or progenitor cells
(HSPCs)'*". However, these aspects remain understudied, and it is
unclear whether they are a universal consequence of RP mutations or
whether there are differences specific to mutations in large versus
small subunits. Thus, DBAS presents a unique framework to uncover
novel pathways by which ribosomal subunits regulate
hematopoiesis.

To investigate how specific RP subunits contribute to this process,
we generated in vivo mouse models of RPS19 and RPL5 haploinsuffi-
ciency and performed mechanistic studies during fetal development.
Our findings reveal distinct, subunit-specific roles for RPS19 and RPL5
in fetal hematopoiesis, uncovering specific roles of these RPs in fetal
hematopoiesis. These results demonstrate new physiological and
divergent functions for ribosomal proteins and provide insights into
how disrupted RP stoichiometry alters developmental hematopoiesis
and contributes to disease pathogenesis.

Results

Hematopoietic heterozygous deletion of Rps19 or Rpl5
phenocopies DBAS

To gain insights into the role of RPs during hematopoiesis, we gener-
ated conditional mouse models using CRISPR-Cas9 editing to delete
specific regions of the Rpsi9 and Rpl5 genes—two of the most fre-
quently mutated RP in DBAS (Supplementary Fig. 1a, b). The use of the
Vav-Cre promoter restricts the Cre activity to the hematopoietic sys-
tem beginning at midgestation'®"*, We noticed that, while there was no
in utero loss of Rps19™”* fetuses, pups did not reach weaning age
(Fig. 1a). Survival analyses demonstrated that Vav-Cre'; Rps19°* mice
(hereafter referred to as Rps19°¥*) began dying after birth and were all
dead by postnatal day 10 (P10) (Fig. 1b). These mice were paler and
smaller (Fig. 1c) and complete blood counts revealed pancytopenia
suggestive of bone marrow failure (Fig. 1d). Analysis of red cell indices
revealed a significant increase in their mean cell volume (MCV), which
was not due to reticulocytosis, since the reticulocyte count was dra-
matically reduced, in contrast to previous models (Fig. 1d).

In mice, the spleen assumes a hematopoietic function at birth and
during periods of hematopoietic stress, especially during erythroid
stress'. Notably, the spleens of Rps19”* mice were atrophic (Fig. le,
black arrows). Further, gross and histological analyses of hemato-
poietic tissues® revealed a severely hypocellular bone marrow and an

absence of red cell precursors in both the liver and spleen of Rps19*7*
at P6 (Fig. 1e, f).

In contrast, heterozygous deletion of Rpl5 under the Vav pro-
moter led to perinatal lethality (Fig. 1g). Vav-Cre'; RplS®™"* embryos
(hereafter referred to as Rpl5'*’*) were detected at Mendelian ratios at
E17.5 but none survived to birth, suggesting that Rpl5 heterozygosity
results in late- gestation lethality (Fig. 1g). Together, these models
provide a valuable resource to address critical, mechanistic, questions
related to the role of RP in fetal hematopoiesis.

Fetal erythropoiesis disruption in RPS19/RPL5
haploinsufficiency
To understand the striking phenotypic differences observed in our
RpsI9 and Rpl5 DBAS models, we studied hematopoiesis in wild-type
(WT) and heterozygous mouse embryos. Immunoblot analyses con-
firmed that heterozygous deletion of Rpsi19 and Rpl5 resulted in an
~50% reduction in their respective protein levels in fetal liver cells
(Supplementary Fig. 2a). Rps19°”* embryos at F13.5 and E17.5 were
slightly paler compared to their WT littermates. This was associated
with a ~ 50% decrease in both total and red cell progenitor (Ter119") cell
numbers, underpinning anemia (Fig. 2a, b). Flow cytometry assays—
using CD71 and Terll9 markers to quantify distinct stages of fetal
erythropoiesis (Fig. 2c)”—revealed an accumulation of early erythroid
progenitors (SO) at E13.5 (Fig. 2d, and Supplementary Fig. 2b, c).
Conversely, this same progenitor population was significantly reduced
at E17.5 (Fig. 2e, Supplementary Fig. 2d). Erythropoiesis was not com-
pletely blocked, however, as red cells (S5) were produced, albeit in
reduced numbers (Supplementary Fig. 2b-d). Together, these results
strongly suggest that RPS19 haploinsufficiency causes anemia during
fetal life by impairing erythroid progenitor development.

In contrast, Rpl5™”* embryos revealed a more severe phenotype.
At E13.5 the embryos were noticeably paler than WT littermates and by
E17.5, the embryos were smaller and severely anemic (Fig. 2f). Similar
to Rps19°*, Rpl5™"* embryos displayed a 2-fold reduction in total fetal
liver cellularity, with a similar reduction in Ter119" cells (Fig. 2g). At
E13.5, a decrease in the S3 erythroid progenitor population was also
observed in Rpl5°"* embryos (Fig. 2h, and Supplementary Fig. 2e, f).
Notably though, the impact of RpsI9 and Rpl5 haploinsufficiency on
more primitive Terl19 progenitors (SO) differed markedly by day
E17.5. While this SO population was significantly decreased in Rps19>*
embryos, it was dramatically increased in Rpl5®”* embryos (Fig. 2h, i,
and Supplementary Fig. 2f, g). Indeed, in Rp{5*"* embryos, the effects
were largely restricted to Terl19" S3 erythroid cells. Taken together,
these data demonstrate that while both RPS19 and RPL5 haploinsuffi-
ciency lead to decreased red blood cell production during fetal ery-
thropoiesis, the underlying mechanisms leading to erythroid failure
differ. Specifically, the loss of early erythroid progenitors by E17.5 is
unique to Rps19°”* and not observed in Rpl5°"* embryos.

RPS19/RPL5 haploinsufficiency differentially impact fetal HSPCs
Based on our characterization of these mouse models, and the
observation that RpsI9°’* mice present at birth with pancytopenia
(Fig. 1d), we hypothesized that Rps19 and Rpl5 haploinsufficiency leads
to disparate defects on the fetal HSPC compartment. To test this
hypothesis, we quantified the different HSPC populations at E13.5 and
E17.5 using commonly used cell surface markers*(Fig. 2j, k). Within the
lineage-negative (Lin-) population, the LSK (Lin'Scal’c-Kit") compart-
ment can be divided into three HSPC subpopulations; the most pri-
mitive LT-HSC (CD150"CD487LSK) can produce all hematopoietic cell
types following transplantation for >16 weeks whereas ST-HSC
(CD150°CD487LSK) regenerate hematopoietic cells only transiently
and MPP (CD48'LSK) represent lineage-biased subsets. While at E13.5,
significantly higher levels of LT-HSC and ST-HSC were detected in both
Rps19°"* and Rpl5°* embryos, relative to WT embryos (Fig. 21, m), by
E17.5, there was a dramatic loss of LT-HSC, and ST-HSC in Rps19"**

Nature Communications | (2026)17:4984


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-71727-y

== Vav-iCre’; Rps19/ox/+

Jlox/+
a == Vav-iCre*; Rps19'o/* c Rps19
% % £100 Cre Cre*
®
Q@ VawiCre* O Rps19gexiox % 754
P <0.0001
@
Control ("Wild type" Mutant Total P %5 50
Vav-iCre™ ; Rps19°¥ Vav-iCre* ; Rps19°¥* 2>
E17.5 18 17 35 P=1 3 25
P1 22 21 43 p=1 i
o T T T T 1
P28 48 0 48 P <0.0001 0 2 8 10
d Days f
P=00229 P=00053 < <
109 p<0.0001 P<0.0001 6009 5, Foo Foot R, 19/0X/+
] = ) S
=9 3 =4 - ¢
’:O_ N :|°_40I7< wg 34 o
o 200 o 7 5] g
2 o a D 3 i
0"n=6_n6 n=6_n=6 0- 0 n6 n6 n6 n6
P1 P6
P <0.0001 P <0.0001 50 P<0.0001 P <0.0001 150+ P<O 0001 P<0 0001
ému« % I
> <@
Q [o%
| = 504 »
0 n:ﬁP1n:6 n=6Pen=ﬁ 0= n=6P =6 n:is’ 0= 6 i 6 n= 6 o 6 R 2s79/0>(/+ s ;
P =0.0001 P =0.0034 = = - + F)
50 3 s0q eyt PEeRE 3 5 F<gm, ;.qmm Cﬁ Cre’ g 3 ) ,’ 0
—~40 = 40 < 404 ®© )
> 3 2 e LI
230 S 30-f S 304 !
T o 3 o Py
g 20 5 20 g 20 g _
104 g 10 2 10 m A
A== n=6_n=5 06 "n=6 n=6 =5 & ®"n-6 =6 n=6_n=6
P1 P6 P1 P6
@ Vav-iCre’; Rps19°* © Vav-iCre*; Rps19’°’“*
Q@ Vav—lCre 0" Rp[50x/!ox
Control ("Wild type") Mutant Total P
Vav-iCre ; Rpl5°* Vav-iCre* ; Rpl5°*
E17.5 1 12 23 P=1
P1 36 0 36 P <0.0001

Fig. 1| Deletion of one copy of Rps19 or Rpl5 leads to severe hematopoietic
defects at birth. a Genotype counts from RpsI9°7" intercrossing. Statistical ana-
lysis was performed using unpaired t-test with Bonferroni correction for multiple
comparisons. Created in BioRender. Blanc, L. (https://BioRender.com/ql4svuv).

b Survival curves from Rps19°”* mice. Statistical analysis was performed using
Mantel-Cox log rank test. ¢ Photos of control (Cre) and mutant (Cre") Rps19°"*

6 days after birth (P6). d Complete blood counts at P1 and P6. Upper panel: white
blood cells (WBC), platelets (PLT), red blood cells (RBC). Middle panel: hemoglobin
(HGB), hematocrit (HCT), mean corpuscular volume (MCV). Lower panel: mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), reticulocytes. The number of biological replicates (n) is indicated in italics

under each histogram. Statistical analysis was performed using unpaired t-test with
Holm-Sidak correction. e Images of the liver, spleen and bone marrow at P6 in
control and mutant Rps19°%*. The arrow denotes the mutant spleen. f Light
microscopy images (hematoxylin and eosin) highlighting the architecture and
cellular composition of the same hematopoietic organs in control and mutant
Rps19°7* mice at P6. Images are representative of 3 independent experiments.

g Genotype counts from Rpl5°”* mice. Created in BioRender. Blanc, L. (https://
BioRender.com/ql4svuv). Statistical analysis was performed using unpaired t-test
with Bonferroni correction for multiple comparisons. The number of biological
replicates (n) is indicated in italics under each histogram. All data are presented as
mean * standard deviation. Source data are presented in Source Data file.

embryos to almost undetectable levels (Fig. 2I). In marked contrast, LT-
HSC, and ST-HSC were increased by 4-6-fold in Rp(5®"* embryos by
E17.5, relative to their WT counterparts (Fig. 2m). These data indicate
that Rps19 but not Rpl5 haploinsufficiency is deleterious to HSPCs.
Furthermore, these data suggest that Rpl5®/* HSPCs expand, likely to
try and compensate for the severe erythropoietic defects.

However, despite increased numbers, these progenitors were
markedly defective in their ability to generate colony forming units
(CFU) in vitro; the most severe defect was detected in the potential of
these progenitors to form erythroid (BFU-E) as compared to myeloid
(CFU-GM) colonies (Fig. 2n, 0). Together, these results demonstrate
specific requirements for RPS19 and RPLS in shaping the HSC and
progenitor compartments during fetal development.

Increased translation in fetal HSPCs from Rps19+" and

Rp[5+ mice

The disparate roles of Rps19 and Rpl5 in supporting HSPC maintenance
—with a loss of progenitors in the former and an accumulation of
functionally abnormal progenitors in the latter, raised the question of

whether this might reflect differential effects of small versus large
ribosomal subunit deficiency on RP stoichiometry and protein synth-
esis. As RPs assemble into functional ribosomal subunits to sustain
mRNA translation, we performed polysome profiling experiments to
analyze 40S and 60S abundance (Fig. 3a). Due to the limited numbers
of HSPCs, we performed polysome profiling in the c-Kit" HSPCs.
Rps19°* and Rpl5°"* progenitors revealed a decrease in the 40S and
60S fractions, respectively (Fig. 3a, b). Despite this defect in ribosome
biogenesis, it was surprising to detect an increase in the ratio of
polysome/80S in Rps19”* and Rpl5®"* c-Kit" HSPCs but not in Ter119*
erythroblasts. These data suggest a potential increased mRNA trans-
lation specifically in c-Kit" progenitors (Fig. 3a, b).

We therefore directly measured global protein synthesis in E13.5
HSPCs and Ter119+ cells, as a function of o-propargyl-puromycin (OPP)
incorporation®. Surprisingly, OPP incorporation was significantly
higher in Rps19°"* and Rpl5™"* LSK populations compared to control
littermates. Interestingly, the magnitude of the increase was sig-
nificantly greater in Rps19”* LSK cells, as compared to Rpl5®* LSK
cells, in comparison to their respective littermate controls (Fig. 3c).
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Increased protein synthesis is not well tolerated by adult HSCs and
impairs their function and self-renewal. These data suggest that fetal
HSCs, which have higher protein synthesis, may partially tolerate ele-
vated protein synthesis rates in the context of Rpl5S® haploinsuffi-
cency, but the magnitude of the effect in Rps19°¥* could contribute to
HSC depletion. In contrast to LSK cells, OPP incorporation was sig-
nificantly reduced in Ter119* erythroblasts from both Rps19“** and

RpI5°* mice (Fig. 3¢, and Supplementary Fig. 3a). These data indicate
that HSPCs, but not erythroid cells, can compensate for the loss of
ribosomes by increasing protein synthesis. This suggests that HSPCs
have excess ribosome capacity, but that ribosomes are more limiting
for translational activity in erythroid lineage cells.

To gain additional mechanistic insight into the compensatory
increase in HSPC protein synthesis, we performed western blot
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Fig. 2 | Deletion of one allele of Rps19 or Rpl5 leads to divergent effects on the
hematopoietic stem and progenitor cell (HSPC) compartment during fetal
hematopoiesis. a Images of E13.5 (upper) and E17.5 (lower) control and Rps19°7*
embryos. b Fetal liver (FL) cellularity and Ter119* counts in E13.5 (upper) and E17.5
(lower) control and Rps19”* embryos. Statistical analysis was performed using
two-tailed unpaired t-test. ¢ Gating strategy to assess erythropoiesis in the FL.
Created in BioRender. Blanc, L. (https://BioRender.com/ilf4n4v). d Quantification
of cells in SO and S3 in E13.5 control, and Rps19°"* embryos expressed as a fold
change relative to control. Statistical analysis was performed using welch t-test
with Holm-Sidak correction. e Quantification of cells in SO and S3 in E17.5 control,
and Rps19°7* embryos expressed as a fold change relative to control. Statistical
analysis was performed using welch t-test with Holm-Sidak correction. f Images of
E13.5 (upper) and E17.5 (lower) control and Rpl5®”* embryos. Statistical analysis
was performed using two-tailed unpaired t-test (g) FL cellularity and Ter119+
counts in E13.5 (upper) and E17.5 (lower) control and Rpl5°”* embryos. Statistical
analysis was performed using two-tailed unpaired t-test. h Quantification of cells
in SO and S3 in E13.5 control, and Rpl5®”* embryos expressed as a fold change
relative to control. Statistical analysis was performed using welch t-test with
Holm-Sidak correction. i Quantification of cells in SO and S3 in E17.5 control, and

Rpl5* embryos expressed as a fold change relative to control. Statistical analysis
was performed using welch t-test with Holm-Sidak correction (j) Schematic
representation of the HSPC populations used in the study. Created in BioRender.
Blanc, L. (https://BioRender.com/ilf4n4v). k Gating strategy to assess early
hematopoiesis in the FL. 1 Quantification of the different HSPC populations in
F13.5 and E17.5 control and RpsI19””*embryos expressed as a fold change relative
to control. Statistical analysis was performed using two-tailed unpaired t-test.
m Quantification of the different HSPC populations in E13.5 and E17.5 control and
Rpl5°*embryos expressed as a fold change relative to control. Statistical analysis
was performed using two-tailed unpaired t-test. n Representative images of
colony-forming assays performed in E13.5 control, Rps19°”* and Rpl5*"* embryos.
BFU-E: burst-forming unit-erythroid, CFU-GM: colony-forming unit- granulocyte/
macrophage, CFU-GEMM:colony-forming unit-granulocyte, erythrocyte, mono-
cyte and macrophage. o Quantification of colonies obtained from E13.5 control,
Rps19°Y* and Rpl5"°* embryos. Statistical analysis was performed using two-tailed
unpaired t-test. The number of biological replicates (n) is indicated in italics
under each histogram. All data are presented as mean + standard deviation. All
replicates are biologically independent. Source data are presented in Source
Data file.
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analyses of several key factors involved in translation (Supplementary
Fig. 3b) at E15.5 and E17.5. The expression of initiation factors involved
in CAP-dependent translation® were increased (elF4H) or unaffected
(elF4E, elF4G) in the Rps19°"* c-kit" population at F15.5 and E17.5
(Supplementary Fig. 3c-f) while they were significantly decreased in
Rpl5"* c-kit* HSPC (Supplementary Fig. 3c-f). Interestingly, a transient
increase was observed at F15.5 in the ratio p-elF2a /elF2a in the Rpl5' ™
model compared to their littermate controls, suggesting activation of
the integrated stress response® (Supplementary Fig. 3c-f).

Recently, elF5a and its post-translational hypusination, emerged
as a regulator of human erythropoiesis?. Hypusinated-elF5a (elF5a")
is involved in ribosome functions, preventing ribosome stalling in
translation initiation, elongation and termination®*°. We previously
showed that defects in ribosome biogenesis led to ineffective ery-
thropoiesis in cellular models of ribosomopathies”'. Therefore, we
measured the expression levels of elF5a and elF5a" in our models.
The ratio of elF5a"/elF5a was specifically elevated in c-kit+ HSPC from
Rps19°* mice but not in c-kit+ HSPC from Rpl5°"* mice compared to
littermate controls at E15.5. In addition, the elF5a"/elF5a ratio was
subsequently reduced at E.17.5 in the Rpl5®* mice supporting a
specific role for elF5a depending on the RP mutated (Supplemen-
tary Fig. 3c-f). Together, these data suggest that HSPCs attempt to
compensate for the ribosomal defects by enhancing translation.
However, this compensation may be maladaptive and drive HSPC
depletion.

Transcriptome and translatome differ in Rps19* and

Rpl57 models

These data led us to hypothesize that the translational activity would
be differentially affected depending on which RP subunit was deleted.
To address this, we performed polysome sequencing, which provides
insights into translation efficiency by analyzing the distribution of
mRNAs across actively translating ribosomal fractions (polysomes)*,
on c-kit" and Terl119* populations from RPS19 and RPL5 haploinsuffi-
cient embryos at E15.5. Differential expression (DE) analyses of whole
cytoplasmic lysates (transcription) and polysomal fractions (transla-
tion) revealed that RPL5 and RPS19 haploinsufficiency in the Ter119*
population primarily caused transcriptional changes (Fig. 3d). Speci-
fically, most mRNAs in Ter119* cells exhibited concordant changes in
both transcription and translation (Both up/down category) or the
transcriptional changes in these mRNAs did not affect translation
(Cyto up/down category): 83% and 85% of the up-translated mRNAs
displayed a corresponding increase in transcription in RPL5 and RPS19
haploinsufficient Ter119" cells, respectively (Fig. 3f). Furthermore, the
majority of the transcriptional changes did not appear to impact
translation in these cells as 81% and 83% of the up-transcribed mRNAs
showed no corresponding changes in translation. In striking contrast,
in c-kit" HSPC, there was a higher proportion of mRNAs where trans-
lational changes occurred independently of transcriptional changes
(Poly up/down category) (Fig. 3e, f). Indeed, 50% of the up-translated
mRNAs did not display a similar variation in transcript levels. This
strongly suggests that translation efficiency is more severely affected
in c-kit” HSPC than in more mature Ter119" erythroid cells. We con-
firmed these observations by determining the Log2 of the ratio
between A(translational changes) and A(transcriptional changes)
(Log2 A(translation)/A(transcription)). The Log2 A(translation)/
A(transcription) is increased in Rps19** c-kit* compared to Rps19"**
and Rpl5™"* Terl19" (Supplementary Fig. 4), confirming a higher var-
iation of translation changes in c-kit” compared to Terll9* cells.
Unfortunately, we were unable to isolate enough RNA in the polysome
fractions from c-kit* cells from RPL5 mutants in order to determine the
effect of the haploinsufficiency on translation in these cells. Alto-
gether, these results suggest that RPS19 haploinsufficiency pre-
ferentially causes translational alterations in HSPCs while alterations in
Terl19* are primarily a consequence of transcriptional changes.

Transcription is preferentially disrupted in Rps19* HSPCs

To further explore how the transcriptional landscape is affected during
fetal hematopoiesis in Rps19 and Rpl5 mutant mice, we performed
single-cell RNA-sequencing (scRNAseq) on unfractionated fetal liver
cells isolated at E13.5 from two WT and two mutant embryos for each
deletion (Fig. 4a). The results were analyzed using an unsupervised
clustering approach previously described®**. Cluster identities were
assigned based on the expression of the most highly expressed and
cluster-specific marker genes, enabling us to distinguish 18 different
populations in agreement with published literature*¢ (Fig. 4b, and
Supplementary Fig. 5a). Comparison of the clusters between Rps19*"*
and control littermates based on their gene expression profiles
revealed that most alterations were observed in the HSPC,
megakaryocyte-erythroid progenitor (MEP), megakaryocyte (Mk) and
erythroid progenitor (EP) and proerythroblast (ProE) frequencies
(Supplementary Figs. 5b, d). However, the cluster distribution in Rp[5*
* was more similar to that of their littermate controls compared to
Rps19°*, This suggests that the different populations were less
affected at the transcriptional level by the loss of one Rpl5 allele
(Supplementary Figs. 5c, d). These differences were confirmed using
scCODA® (Supplementary Table 1). Because Rps19°%* and Rpl5** mice
present with distinct defects in HSPCs and erythropoiesis, we per-
formed a comparative analysis of differentially regulated pathways
between the two genotypes in HSPCs, EP and ProE populations. Based
on a false discovery rate (FDR)<0.05, we observed that only one
pathway was statistically different at the HSPC stage, being upregu-
lated in RPL5 and downregulated in RPS19. There were no statistically
different changes at the EP stage; and most of the changes were
observed in the ProE population (Fig. 4c, d). At the individual gene
level, Cdknla, encoding p21, was highly upregulated in HSPCs from
Rps19°”, along with other genes involved in apoptosis such as Bax; in
contrast, Rpl5°* exhibited increased expression in the genes encoding
the - and B-globin chains (Fig. 4e). This is consistent with the obser-
vation that Rps19°”* HSPCs experience deleterious stress and Rpl5*"*
HSPCs exhibit a greater compensatory response to erythropoietic
defects.

Taken together, these data suggest that in addition to defects in
translation, RP haploinsufficiency perturbs the transcriptional land-
scape during fetal hematopoiesis; however, its impact on transcription
is specific and depends on the RP subunit affected, being more global
in Rps19°7* mice than in Rp[5®* mice.

p53-induced cell death diverges in Rps19* and Rpl5+"
fetal HSPCs
Having established translational and transcriptional alterations in the
RPS19 and RPLS5 haploinsufficient mice, we sought to understand the
molecular mechanisms leading to the HSPC defects in these models.
The loss of HSPCs in RPS19 but not in RPL5 haploinsufficient mice led
us to hypothesize that their cell cycle dynamics might be different. To
test this, we analyzed the cell cycle characteristics of HSPCs isolated
from F13.5 fetal liver cells using EdU and DAPI (Fig. 5a). All Rps19*7*
progenitors—including Lin" and LSK cells—exhibited G1 accumulation.
However, consistent with the accumulation of progenitors in RPL5-
haploinsufficient mice, cell cycle entry in Rpl5®”* LSK progenitors was
maintained. Indeed, in Rpl5"®"* fetal liver cells, defective cell cycle entry
was only detected in the Terl19" compartment (Fig. 5b, and Supple-
mentary Fig. 6a). Furthermore, the rate of EdU incorporation during S
phase, indicative of S phase speed, was augmented in all Rps19"*
progenitors but significantly attenuated in Rp[5®”* progenitors (Fig. 5c,
and Supplementary Fig. 6b). These data reveal marked differences in
the cell cycle dynamics of RPS19- and RPL5-haploinsufficient fetal
progenitors, with the former cycling more rapidly and the latter more
slowly.

Current understanding of a principal mechanism by which ribo-
somopathies disrupt the normal behavior of cells is that activation of
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¢ Concordance analysis of GSEA pathways between Rps19°* and RplS®”* models in
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t-test. f Western blot analysis of p53 and B-actin and quantification of p53

normalized to B-actin in FL- derived ckit" cells from E15.5 control versus Rpl5**
embryos. Statistical analysis was performed using two-tailed unpaired t-test.

g Percentage of Annexin V' cells as marker of apoptosis in E15.5 control, Rps19*”* or
Rpl5°* embryos. Statistical analysis was performed using two-tailed paired t-test.
h Quantification of cellular lipid peroxidation level of cKit" and Ter119* populations
measured by the ratio of oxidized and non-oxidized BODIPY dye in E15.5 control,
Rps19°* or RplS®”* embryos. Statistical analysis was performed using two-tailed
unpaired t-test. i Quantification of cellular ROS levels of cKit" and Ter119" popula-
tions as measured by CellROX dye in E15.5 control, Rps19*”* or Rpl5®”* embryos.
Statistical analysis was performed using two-tailed unpaired t-test. j Quantification
of ferrous iron levels of cKit" and Ter119* populations measured as by Fe*" bio-
tracker dye in E15.5 control, Rps19°7* or Rpl5°”* embryos. Statistical analysis was
performed using two-tailed unpaired t-test. The number of biological replicates (n)
is indicated in italics under each histogram. All data are presented as mean +
standard deviation. Source data are presented in Source Data file.

nucleolar stress—mediated by accumulation of 5S-RPL11- RPL5 parti-
cles—leads to cell cycle block in G1 due to p53 activation, and apoptotic
cell death®. The differences observed in G1 accumulation at different
stages between the two models led us to interrogate the levels of p53in
the HSPC and Terl119* populations. There was a 4-fold increase in the

levels of p53 in cKit"” HSPC in RPS19 haploinsufficient cells, while p53 in
RpI5** mice was only slightly increased compared to littermate con-
trols (Fig. 5d, e). In contrast, in both RPS19 and RPL5 haploinsufficient
Ter119* populations exhibited a comparable and significant increase in
p53 expression (Fig. 5d, f).
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Having demonstrated a block in G1 and increased p53 expression
in both models, albeit at different stages of differentiation, we assessed
the level of apoptosis in the different HSPC populations. RpsI19°7* mice
presented with significant increases in apoptosis at E15.5—-measured as
a function of Annexin V staining—in HSPC subsets but not in Ter119*
cells (Fig. 5g, and Supplementary Fig. 6¢) and validating our scRNAseq
data, that demonstrated increased expression in genes related to
apoptosis (Fig. 4e). Surprisingly, and contrary to previously published
studies, all populations of Rpl5®* cells, including Terl19+ erythro-
blasts, exhibited significantly lower levels of apoptosis (Fig. 5g, and
Supplementary Fig. 6c). Collectively, these results strongly suggest
that the depletion of HSPCs in Rps19* mice is primarily due to a p53-
induced cell cycle arrest and cell death. In contrast, RPL5 hap-
loinsufficiency does not alter cell cycle dynamics in HSPCs. Indeed,
these cells exhibit decreased apoptosis relative to their WT
counterparts.

As increased p53 expression has been linked to ferroptosis which
recently emerged as an alternative mechanism of cell death following
ribosomal and oxidative stress®**°, we hypothesized that ferroptosis
was involved in the loss of Rpl5lox/+ Ter119+ cells. Consistent with this,
scRNAseq analyses demonstrated an upregulation of pro-ferroptosis
genes and downregulation of anti- ferroptosis genes as cells pro-
gressed towards erythroid differentiation in RPLS, but not in RPS19
haploinsufficient mice (Supplementary Fig. 7a). Western blots were
performed on cKit+ and Ter119+ cells from both models, confirming
the scRNAseq data (Supplementary Figs. 7b, c). To further assess how
these changes in gene expression affected the cells, we assessed oxi-
dative stress, Fe2+ accumulation and lipid peroxidation (as measured
by the ratio BODIPY C:11/C:1340) in RPS19 and RPL5 haploinsufficient
mice. While neither oxidative stress nor Fe2+ accumulation or lipid
peroxidation was augmented in Rpsl9lox/+ progenitors, they were
significantly augmented in Ter119+ erythroblasts from Rpl5lox/+ ani-
mals (Fig. 5h-j, Supplementary Fig. 6d, e).

Thus, the RPS19 and RPLS5 haploinsufficient models exhibit
divergent and differentiation stage- specific responses downstream of
p53 activation: RPS19-haploinsufficient HSPC undergo apoptosis,
whereas RPL5-haploinsufficient EPs undergo ferroptosis resulting
from oxidative stress.

P53 KO rescues hematopoiesis in both models by distinct
mechanisms

To directly assess the contribution of Trp53 to the hematopoietic
failure observed in RPS19 and RPLS haploinsufficient models, we bred
Vav-Cre; Rps19'”* and Vav-Cre; Rpl5™* mice to TrpS3"" mice. In the
context of RPS19 haploinsufficiency, survival was improved in a dose-
dependence manner (Fig. 6a), with the loss of one allele of Trp53
increasing survival from 10 to 28 days and the loss of both alleles fully
rescuing survival. Surprisingly, histological analyses showed that the
bone marrow remained hypocellular in the double heterozygous mice,
and that the partial rescue could be attributed to splenic stress ery-
thropoiesis (Fig. 6b, c¢). Indeed, terminal erythroid differentiation in
the bone marrow remained significantly impaired (Fig. 6d). In accord
with these data, red cell counts were reduced and both the MCV and
reticulocyte counts were increased (Fig. 6e). While the recovery was
not sustained—mice still died by 4 weeks of age (Fig. 6a), these data
highlight a potential role for p53 in stress erythropoiesis. Remarkably,
the complete loss of Trp53 in the Rps19°/* mice led to the complete
normalization of the numbers of HSPCs (Fig. 6f), and terminal differ-
entiation was improved, ultimately rescuing survival (Fig. 6a, g).

In the context of RPLS5 haploinsufficiency, in marked contrast to
the Rps19 haploinsufficient model, deletion of one allele of Trp53in the
RpI5* mice did not improve their survival (Fig. 6h), suggesting that, in
double heterozygous mice, stress erythropoiesis is not activated or
cannot sufficiently compensate for the anemia observed in utero.
However, deletion of both alleles of Trp53 rescued their survival

(Fig. 6h). Unlike RpsI9 haploinsufficient mice, HSPC numbers
remained unaffected by the deletion of Trp53, except for the LT-HSC,
which were reduced to levels comparable to littermate controls
(Fig. 6i). Nevertheless, the complete deletion of Trp53 in the Rpl5**
model was associated with a complete recovery of the number of
Ter119* cells, and improvement of terminal erythroid differentiation,
suggesting that loss of Trp53 led to the rescue of erythropoiesis
(Fig. 6j). In aggregate, these data demonstrate that Trp53 rescues
survival through distinct mechanisms in RPS19 and RPLS5 hap-
loinsufficient mice.

RUNXT1 is involved in HSPC depletion in RPS19
haploinsufficiency

Since RPS19 and RPLS haploinsufficiencies appear to disrupt different
signaling pathways downstream of 7rp53 and that its deletion rescues
hematopoiesis through different mechanisms, we next sought factors
that might explain the divergent phenotypes RPS19 and RPL5 hap-
loinsufficient models. Previous studies have suggested a role for the
transcription factor RUNX1 in ribosome biogenesis and translation and
have demonstrated reduced p53 activation and apoptosis in RunxI
knockout HSPCs**2, Further, single-sample GSEA (ssGSEA) from our
polysome sequencing experiments showed increased activity in
RUNXI1 targets involved in HSC differentiation (Supplementary
Fig. 8a). Interestingly, we observed increased expression of RunxI in
Rps19°”* in HSPC and downstream erythroblast populations while it
was decreased in Rpl5™”* compared to littermate controls (Supple-
mentary Fig. 8b). Furthermore, western blot analysis of c-kit" cells at
F15.5 confirmed a striking increase in expression of RUNX1 in Rps19°*
compared to littermate controls but not in Rpl5*”* embryos, sug-
gesting that RunxI does not play a significant role in RPLS hap-
loinsufficiency (Fig. 7a). Based on these data, we investigated whether
knocking out RunxI in HSCs would rescue the hematopoietic defects in
Rps19°”* mice. To this end, we bred Runx!™ mice to the Vav-Cre;
Rps19”” and monitored survival. While double heterozygous mice
were born, they did not reach weaning age, and none of the mice in
which two copies of RunxI had been conditionally deleted in the
Rps19°* background were born (Supplementary Fig. 8c). We then
assayed erythropoiesis, and in the E15.5 embryos we observed that the
fetal liver cellularity was unchanged compared to the Rps19*. Simi-
larly, Lin™ cells were unaffected by the removal of one or two copies of
Runxl. Strikingly however, there was a partial rescue of the HSPC
compartment, with significant increased numbers of LT-HSC and MPPs
(Fig. 7b). Of note, terminal erythropoiesis was significantly worsened in
the absence of RunxI (Supplementary Fig. 8d), suggesting that these
mice died of erythropoietic failure.

To understand the relationship between Trp53 and RunxI in the
molecular mechanism leading to hematopoietic failure in the Rps19°**
animals, we performed combined scRNAseq and scATACseq analyses
using the Vav-Cre'; Rps19°*, p53°”* mice versus controls. We reasoned
that since deletion of one allele of Trp53 did not correct the HSPC
defects (Fig. 6), using these animals would limit confounders in a
potential role for Runxi. UMAP representation of the scRNAseq inte-
grated results, density projection of each individual dataset and GSEA
confirmed alterations in the HSPC subsets in the Vav-Cre'; Rps19*"*
compared to the control littermates (Supplementary Figs. 9a, b). The
Rps19°°*, p53° HSPC presented with significant positive enrichments
in GSEA involved in ribosome biogenesis among others (Supplemen-
tary Figs. 9c¢, d).

To identify transcription factors that may have contributed to the
rescue of the HSPC phenotype in Rps19°"*, p53°" we characterized
regions that underwent chromatin accessibility changes using our
scATACseq results from the same three conditions (Fig. 7c, d) using the
Cistrome Gene Analysis Toolkit (http://dbtoolkit.cistrome.org/)*’. We
first identified differential open chromatin region (OCR) modules
(more accessible or less accessible) in each condition. We then
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Fig. 6 | Rescue of the hematopoietic defects in both RP insufficient models
require the complete ablation of p53. a Survival curves from control, Rps19°%,
Rps19°7; p§3°°", Rps19°°"*; p53°/°* and pS3/“* mice. Statistical analysis was per-
formed using Mantel-Cox log rank test. b Light microscopy images highlighting the
architecture and cellular composition of the bone marrow (BM) and spleen in
control and Rps19°**; p53°/*mice at P21. Images are representative of 3 indepen-
dent experiments. ¢ Spleen cellularity and quantification of terminal erythropoiesis
by flow cytometry based on CD44/Ter119/FSC as markers of differentiation in
control and Rps19°"; p53°*mice at P21. Statistical analysis was performed using
two-tailed unpaired t-test. d BM cellularity and quantification of terminal ery-
thropoiesis by flow cytometry based on CD44/Ter119/FSC as markers of differ-
entiation in control and Rps19°"*; p53°“*mice at P21. Statistical analysis was
performed using multiple two-tailed unpaired t-test. e Red cell parameters at P21.
Upper panel: red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT). Lower
panel: mean corpuscular hemoglobin concentration (MCHC), mean corpuscular
volume (MCV), reticulocytes. Statistical analysis was performed using two-tailed
unpaired t-test. f Quantification of the different HSPC populations in E17.5 control,
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histogram. All data are presented as mean + standard deviation. Source data are
presented in Source Data file.

assessed the TF and chromatin regulator enrichment score (Giggle
score) in the OCRs, which identifies enriched motifs for known tran-
scriptional regulators by comparing the input file to thousands of
reference files from databases such as ENCODE*. The Cistrome ana-
lysis (Fig. 7e) suggests that regions of GATA1/LDB1/LMO2/TAL1/P300
complex occupancy lose accessibility in Vav-Cre'; Rps19”* HSPCs,
which is consistent with the subsequent effect on erythropoiesis.
Notably, Trp53 is the most enriched factor in the more accessible
regions as expected. Interestingly, RUNX1 is enriched in the differential
OCRs, highlighting the dysregulation of RUNXI1 regulatory network in
the context of RPS19 haploinsufficiency. Published ChIP-seq data from
mouse bone marrow and HSPCs**¢ confirmed the binding of RUNX1
on the Cdknla gene (Supplementary Fig. 9e). Further analyses of the
SscATACseq results showed that the RUNX1 (MA0002.3) motif exhibits
a slight skewing towards negative in both Rps19°”* HSPCs and Rps19*
" tpS3™”* HSPCs. However, the presence of longer tails suggests an

increase in variability; a small subset showing enhanced accessibility
(Fig. 7f, and Supplementary Fig.9f, g). Taken together, these results
demonstrate that RUNXI could play a role in the mechanism of HSPC
failure in RPS19 haploinsufficiency through direct binding to the
Cdknla promoter. Since we could not perform ChIP-seq analyses due
to the low number of cells in the haploinsufficient conditions, we also
carried out western blot assays on the c-Kit" fraction at E15.5. We
observed that while the p2l expression levels were dramatically
reduced in the absence of Runxi, the levels of p53 remained unchan-
ged (Fig. 7g, h). Conversely, in the Rps19°; Trp53°®/°* c-Kit+ cells, the
levels of RUNX1 were back to baseline levels, suggesting that Trp53 is
upstream of Runxl (Fig. 7i). Together, these results indicate that
RUNX1 acts between p53 and p21 in the mechanism leading to hema-
topoietic failure in Rps19*7*,

Finally, as proof of principle about the direct relevance of these
findings to human DBAS, we investigated the expression of RUNXI1 in
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Fig. 7 | Role of RUNX1 in RPS19 haploinsufficiency. a Western blot analyses of
RUNXI1 expression in ckit* cells from E17.5 control and Rps19°”* and Rpl5*/*
embryos. n =3 mice per group. b FL cellularity and quantification of the different
HSPC populations in E17.5 control, Rps19°", Rps19°"; RunxI”* and Rps19°°"*;
RunxI"** embryos expressed as a fold change relative to control. Statistical ana-
lysis was performed using ordinary one-way ANOVA with Tukey correction.

¢ scATAC-seq UMAP of integrated E13.5 FL from control, Rps19°/* and Rps19°*;
pS3°* cells with clusters identified by marker genes. d Density projection of cells
on scATAC-seq UMAP from control, Rps19°"* and Rps19°"; p53*/* FL cells at E13.5.
e Differential open chromatin regions are separated into more accessible group
(upregulated) and less accessible group (downregulated). The GIGGLE score of 20
predicted transcription factors is displayed in each group. f Genome Browser
snapshot of the ATAC-seq signal at the Cdknla gene locus in HSPCs. RunxI binding
motif (TGTGGT) is highlighted and bottom tracks are analyzed using Signac.

g Western blot analysis of RUNX1, p53, p21 and RPS19 in FL-derived ckit' cells from
E17.5 control, Rps19°7*, Rps19°®""; Runx1* and Rps19 *”*; Runx1"* embryos.

h Quantification of the western blots for p53 and p21 in Rps19°"*, Rps19°”; Runx1'™”

*and Rps19°%*; RunxI™"* ckit* cells, normalized to control. Statistical analysis was
performed using ordinary one-way ANOVA with Tukey correction. i Western blot
analysis of RUNX1, p53, p21 and RPS19 in FL-derived ckit" cells from E17.5 control,
Rps19°7*, and Rps19°7; p53°°* embryos. n =2 mice per group. The number of
biological replicates (n) is indicated in italics under each histogram. all data are
presented as mean + standard deviation. j Violin plots depicting expression of
RUNXI within stem and progenitor cells from control (n=3) and DBAS (n=6)
patients BM, analyzed ex vivo. n refers to total number of cells and data are pre-
sented as mean (red dots) + standard error of the mean with individual data points
overlaid. Box plots indicate median and interquartile range, with whiskers showing
the full data range. Statistical analysis was performed using Wilcoxon rank test (non
parametric). k Capillary western blot analysis of RUNX1 and B-actin in CD34+ cells
from healthy donors and DBAS patients with a mutation in RPS17 or RPS19. Values
on the X-axis represent the fold change of RUNXI1 expression normalized by -actin
level. Each lane represents one patient. Source data are presented in Source

Data file.

primary bone marrow HSPCs from patients with DBAS by reanalyzing a
recently published dataset”’. This showed a selective increase in RUNX1
expression in HSPC and EPs but not myeloid or lymphoid progenitors
or megakaryocytes in patients with DBAS compared to age-matched
controls (Fig. 7j). We further confirmed elevated expression levels of
RUNX1 in undifferentiated CD34" cells directly isolated from patients
compared to CD34" cells from healthy controls (Fig. 7k). Altogether,
these results suggest that RUNXI plays a role in HSPC depletion in
RPS19 haploinsufficiency and that this mechanism may be conserved
in patients with DBAS.

Discussion

Here, we provide a comprehensive evaluation of the role of the
ribosomal proteins RPS19 and RPL5 during fetal hematopoiesis in
mice with a focus on erythropoiesis and offer a mechanistic

explanation at the functional and molecular level for the differences
observed in patients with RPS and RPL ribosomopathies. Using two
clinically relevant models of DBAS, we demonstrate that while they
both have a similar anemic phenotype, the severity and mechanisms
are different and distinct depending on the RP subunit deleted
(Fig. 8). We found that although both RP subunits are critical for fetal
hematopoiesis, RPS19 is essential from the HSPC stage while RPL5
appears to be critical after erythroid commitment has occurred. We
identified different phenotypes in the HSPC compartments, with
progressive depletion in the RpsI19°"* and expansion in the Rpl5*7*
animals. These results uncover fundamental differences in the
activity of RPS19 or RPLS in HSPC compared to the more committed
erythroid progenitors. They further our understanding of the role of
p53 and unravel a potential function for RUNXI in the mechanisms
leading to DBAS.
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Fig. 8 | Proposed model summarizing the defect in RPS19 and RPL5 haploinsufficiency during fetal hematopoiesis. Created in BioRender. Papoin, J. (https://
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Focusing on RPS19 and RPL5, as they are the most commonly
mutated RPs in ribosomopathies*®, we demonstrated that the removal
of one allele during definitive hematopoiesis leads to severe defects
with different consequences based on the lineage affected. The pres-
sure was mostly exerted on the erythroid compartment, eventually
leading to death due to anemia. Since the liver is the major site of
erythropoiesis in fetal life, potential defect in other hematopoietic
lineages may be “masked” by the abundance of erythroid cells. How-
ever, our scRNAseq studies showed that the fetal myeloid output was
not affected in our models, in accordance with recently published
studies demonstrating that fetal HSPCs have diminished steady-state
myeloid cell production compared with adult HSPCs*. Nevertheless,
at birth, we noticed pancytopenia in the RpsI9 model, suggesting that
RPS19 may play different roles in fetal vs adult HSPCs. Whether the
same holds true for Rpl5 remains unknown, since haploinsufficient
RPL5 mice die at birth.

Phenotypically, we observed anemia in both models of hap-
loinsufficiency; however, the mechanisms leading to red cell failure are
distinct depending on the RP affected. One possible explanation for
the phenotypic differences between RPS19 and RPLS5 is the mechanism
of cell death. Indeed, RpsI9 haploinsufficient HSPCs had increased
apoptosis while in Rpl5 haploinsufficient cells, we observed ferropto-
sis, which was exacerbated as cells differentiated towards the red cell
lineage. This model would be consistent with previous studies
demonstrating heme imbalance in patients with DBAS where muta-
tions in genes other than RPS19 were involved*’. This heme imbalance
leads to an excess in free heme, which in turn can activate oxidative
stress and ferroptosis®. Thus, RPL5 haploinsufficiency could result in
accumulation of free heme leading to ferroptosis and progressive cell
death, an accumulation of cells in SO (erythroid progenitors), and a
block in terminal erythroid differentiation. In contrast, Rps19 hap-
loinsufficiency causes HSPC death by apoptosis leading to progressive
depletion of the HSPC compartment. However, cells that are able to
reach the erythroid progenitor stage can differentiate up to the S3

(polychromatophilic) stage where a second defect causes severe ery-
thropoietic failure in both models.

Our findings clarify, and reconcile, the role of different factors
previously implicated in DBAS. Indeed, studies have proposed a
mechanism converging on the defective translation of GATAL in the
erythroid compartment®, while others have suggested a role for pro-
tein chaperones®®, heme imbalanced production®?, or trp53° among
others. Many of these studies were performed in vitro, using shRNA
technologies to knock down RPs or using cells isolated from patients,
with the caveat that very few HSPCs could be recovered. Using our
in vivo models, we demonstrate that indeed, heme synthesis is more
affected in RPL5 than in RPS19 haploinsufficient mice and that GATALl is
essential to the defects observed in the erythropoietic failure, although
it is not centralto the disease, since in the RPS19 haploinsufficient
model, the defect originates at a stage prior to GATAI expression. Our
findings complement and expand recent ex vivo studies showing two
distinct cellular trajectories segregating with the ribosomal subunit
mutated*’.

These RPS19 and RPLS haploinsufficiency models recapitulate
more accurately DBAS in the sense that reticulocytosis does not occur,
due to the absence of stress erythropoiesis in the spleen. Indeed, in
other murine models of bone marrow failure or anemia, extra-
medullary erythropoiesis occurs in the spleen, compensating for the
failure in red cell production in the marrow, and confounding some of
the findings® . To our knowledge, the ISAM mouse, a model of EPO
deficiency, is the only model of impaired erythropoiesis without
splenomegaly*®. The absence of stress erythropoiesis enabled us to
unravel a role for p53 in this process with a specificity for the RP
deleted. Indeed, the ablation of one allele led to an increase in survival
in Rps19™”* mice, but not in the Rpl5™"* model. Our data demonstrate a
rescue of terminal erythroid differentiation in the spleen of Rps19**
pups, partially compensating for the anemia. However, the complete
absence of erythropoiesis in the bone marrow points towards different
p53-dependent mechanisms in blood cell production depending on
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the anatomical site. Further, it suggests that stress erythropoiesis in
the spleen originates from a pool of EPs already present, the so-called
stress BFU-E”, unlike the marrow pool, which originates from HSC.

With regards to the role of p53 in ribosomal stress during fetal
hematopoiesis, both models demonstrate increased p53 expression
and its associated targets; however, our polysome- sequencing data in
the RPL5 model do not show an increase in the translation of p53,
suggesting that the main mechanism at play may reside in its stabili-
zation. We demonstrated that removal of both copies of Trp53 is
necessary for the rescue of the HSPC compartment in the context of RP
haploinsufficiency. This suggests that the ribosomal stress experi-
enced by HSPCs is highly sensitive to p53 stability and that its total
removal is necessary to bypass it.

We demonstrate that both RPS19 and RPLS5 haploinsufficiency
cause a decrease in translation in erythroid committed cells. However,
this defect is preceded by an increase in protein translation in HSPCs
compared to the control littermates, probably contributing to the
exhaustion of the HSPC compartment in Rps19lox/+ mice. Although it
may seem counterintuitive in the context of RP haploinsufficiency, our
data suggest that HSPCs respond to the loss of mature blood cells by
increasing differentiation; as this requires more translation®, the
capacity of the HSPC to maintain protein quality and homeostasis,
ultimately leads to HSPC depletion®. In contrast, in RPL5 hap-
loinsufficiency, depletion of the HSPC compartment may still occur,
but later than in the RPS19 haploinsufficient model. At the molecular
level, we identified an increase in mTOR signaling pathway activity,
which can compensate for defects in ribosome biogenesis, notably
through the phosphorylation of 4E-BP1. Upregulation of 4E-BP1 activity
was previously described in the context of Rps6 haploinsufficiency
during limb development®, but not in the context of hematopoiesis.
Beyond the mTOR signaling pathway, we demonstrate differential
hypusination of elF5A based on the ribosomal subunit deleted. Along
with our previous study highlighting the critical nature of elF5A-
dependent mitochondrial function in regulating the erythroid com-
mitment of HSPCs?” and other studies reporting its role in preventing
ribosome stalling®®, our results suggest specific metabolic regulations
depending on the subunit affected and illustrate the need for further
mechanistic studies for therapeutic applications.

While it expands on findings from other RP deleted in other tis-
sues or during adult hematopoiesis, it will be essential to examine
whether our results can be extrapolated to other RP and if observed
defects segregate according to whether RP in the small versus large
ribosomal subunits are affected. Finally, we unraveled a role for Runxl
in the RPS19 haploinsufficient model. RUNX1 is known to be involved in
defective ribosome biogenesis, and its loss of function was linked to
decreased translation in HSPCs*. We demonstrate using both genetic
and functional approaches that RUNX1 is indeed playing a key role in
the defects we observed during fetal hematopoiesis. While the removal
of RUNXI does not rescue erythropoiesis or survival in the RPS19
haploinsufficient mice, it partially rescues the numbers of HSPCs.
Recent reports have demonstrated that patients with a mutation or a
deletion in a ribosomal protein have a 4- to 5-fold risk of developing
cancer®’. However, the mechanisms leading from a hypoproliferative
to a hyperproliferative condition remain unknown®?., We suggest that
the increased expression of RUNX1 could play a role in the mechanism
leading to tumorigenesis; however, additional studies are required to
explore its role during human hematopoiesis in the context of ribo-
somal protein haploinsufficiency. Nevertheless, along with the role of
p53 in ribosomopathies, this finding could open a new direction
towards our understanding of hematologic malignancies in DBAS.

Methods
Antibodies
The following antibodies were used: CD4-BV605 (Biolegend, #100451,
1:200); CD8a-BV6-5 (Biolegend, #100744, 1:200); Terl19-BV605

(Biolegend, #116239, 1:200); CD45R/B220-BV60S5 (Biolegend, #103224,
1:200); Ly-6G/Ly-6C-BV605 (Biolegend, # 108440, 1:200); c-Kit-APC-
eFluor780 (eBioscience, #47-1171-82, 1:200); Sca-1-BV711 (Thermo Sci-
entific, #11-5981-82, 1:200); CD48-AlexaFluor 700 (Biolegend,
#103426, 1:200); CD150-BV785 Biolegend, # 115937, 1:200); CD34-PE
(BD Biosciences #551387, 1:50); CD34-FITC (BD Biosciences #553733,
1:50); CD16/32-PerCP-Cy5.5 (Thermo Scientific, #45-0161, 1:100); CD71-
PE (eBioscience, #12-0711-83, 1:400); CD44-APC (Biolegend, #100412,
1:200); Ter119-FITC (BD Biosciences, #557915, 1:200); CD45R-APC-Cy7
(BD Biosciences, #552094, 1:200); CD11b-APC-Cy7 (BD Bioscience,
#557657, 1:200); Ly6G/Ly6C-APC-Cy7 (BD Biosciences, #557661,
1:200); Annexin V-FITC (Biolegend, #640945,1:200); GAPDH-HRP (Cell
Signaling Technologies, #8884, 1:2000); p53 (Cell Signaling Technol-
ogies, #2524, 1:1000); Rps19 (Bethyl Labs, #A304-002A, 1:4000); Rpl5
(Abcam, # ab86863, 1:4000); AML1 (Cell Signaling Technologies,
#4334, 1:10); RPS6 (Cell Signaling Technologies, #2217, 1:4,000);
p-RPS6 (Cell Signaling Technologies, #4858, 1:2000); 4EBP1 (Cell Sig-
naling Technologies, # 9644, 1:1000); p-4EBP1 (Cell Signaling Tech-
nologies, #2855, 1:1000); p21 (BD Biosciences, #556431, 1:1000); eEF2
(Cell Signaling Technologies, #2332, 1:1000); p-eEF2 (Cell Signaling
Technologies, #2331, 1:1000); elF2a (Cell Signaling Technologies,
#5324, 1:4000); p-elF2a (Cell Signaling Technologies, #3398, 1:4000);
Actin-B (Cell Signaling Technologies, #4970, 1:4000); elF5a (BD Bios-
ciences, #611976, 1:4000); Hypusine (Creative Biolab, #PABL-202,
1:4000); PABP1 (Cell Signaling Technologies, #4992, 1:1000); elF4E
(Cell Signaling Technologies, #2067, 1:1000); elF4G (Cell Signaling
Technologies, #2469, 1:1000); elF4H (Cell Signaling Technologies, #
3469, 1:1000); AML (Cell Signaling Technologies, #8529, 1:1000).

Chemicals, peptides, and recombinant proteins

Fetal bovine serum (Cytiva, #SH30071.03); IMDM (Fisher Scientific,
#12-440-079); BSA (Fisher Scientific, #BP9703100); PBS (Cytiva,
#SH30256.LS); RIPA buffer (Thermo Fisher Scientific, #89900); Agar-
ose (IBI Scientific, #IB70042); Precision Plus Protein Dual Color Stan-
dards (BioRad, #1610374); 100bp DNA Ladder (NEB, #N3231L);
Proteinase K (Lamda Biotech, #DB0451-10); O-Propargyl-Puromycin
(MedChem Express, #HY-15680); Sucrose (Sigma-Aldrich, #S9378-
1KG); RiboSafe RNase Inhibitor (Bioline, #BI0-65028); Cycloheximide
(Sigma-Aldrich, #C1988-1G); Sodium Chloride (Alfa Aesar, #12314-A3);
Magnesium Chloride (Sigma-Aldrich, #M1028-100ML); DAPI (Sigma-
Aldrich, #D9542-10mg); MethoCult M3334 (Stemcell Tech, #M3334);
Methocult SF M3436 (Stemcell Tech, #M3436); MethoCult GF M3434
(Stemcell Tech, #M3434); CD117 Microbeads (Miltenyi Biotec, #130-
091-224); Anti-Ter-119 MicroBeads (Miltenyi Biotec, #130-049-901);
Phosphatase Inhibitor Cocktail (Bio Basic, #PL017); Protease Inhibitor
Cocktail (Bimake, #B14002).

Critical commercial assays

Click-iT Plus EdU Assay Kit (Thermo Scientific, #C10632); Chromium
Next GEM Single Cell 3’ Kit (10X Genomics, #1000268); Chromium
Next GEM Single Cell Multiome ATAC+Gene Expression Reagent
Bundle (10X Genomics, #1000283); Chromium Next GEM Chip G Sin-
gle Cell Kit (10X Genomics, #1000120); Single Index Kit N, Set A (10X
Genomics, #1000212); Dual Index Kit TT, Set A (10X Genomics,
#1000215).

Deposited data

Mouse single cell RNAseq (This paper); Human single cell RNAseq
(Iskander et al.*’); Mouse single cell ATACseq (This paper); Mouse
polysome sequencing (This paper).

CD34 + HSPCs isolation

Human CD34* HSPCs from normal or DBAS patients were isolated
from de-identified peripheral blood in accordance with Institutional
Review Board approval (#01.10.088G, Northwell Health).
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Mononuclear cells were separated from blood using Lymphoprep
(Stem Cell Technologies) and incubated with anti-CD34 magnetic
microbeads (Miltenyi Biotec). CD34" HSPCs were subsequently col-
umn purified with MACS columns as per manufacturer’s protocol
(Miltenyi Biotec).

Generation of the Rps19™" and Rpl5"" models

RpsI9™" mice were generated at Jackson Laboratory through
CRISPR/cas9 endonuclease mediatedgenomeeditingoftheRps19
locususingsgRNAsequences (GGGTGGACTGGCGACGAGCA,GGAC
TGGCGACGAGCAGGGT, TCTTTTCTGAATTGGGCC TA, AAAGGAA
GCATGGTCACCGT).

RpI5"* mice were generated at Jackson Laboratory through
CRISPR/cas9 endonuclease mediated genome editing of the Rpl5 locus
using sgRNA sequences (CATTGAAGACTAATCTGTAT, TCATTGAA-
GACTAATCTGTA, CACCCTGAGTTCTCTAGTAC, GAACCTGTACTAGA
GAACTC).

All mice were housed under alternate dark/night cycle of 12 h at
20 +2°C and 50 £10% humidity.

All mice were backcrossed at least ten times onto a C57BL/6
background.

Vav-iCre' female mice were used for breeding to avoid leakiness of
the Vav promoter. Embryos were analyzed independently of their sex.
No difference was noted in male or female embryos. Mouse tails were
used genotyping. The following primers were used for genotyping:
Rps19 FORWARD (GAACGTGGGCTTGAGGGAGC); Rps19 REVERSE
(GTTTGGCCAGCTTGACTGTG); Rpl5 WT FORWARD (AACCACCATG-
TAGTTGATGCC); Rpl5 WT REVERSE (GCTGACCGTCAATGCTTTCC);
Rpl5 FLOX FORWARD (CCTAAACCACCATGTAGTTGATGA-
TAACTTCGTATAATGTAT); RplS FLOX REVERSE (CAGTGA-
GAAAAGTCAGGTTATTAACTTGTTGCTATCA). DNA extraction and
isolation from tissues were performed according to manufacturer’s
instructions (Invitrogen).

The study was reviewed and approved by the Feinstein Institutes
IACUC, protocol #2022-019.

Isolation of fetal liver c-kit" and Ter119" cells

Fetal liver-derived cells were incubated anti-c-kit magnetic microbeads
(Miltenyi Biotec) or anti- Ter119 magnetic microbeads (Miltenyi Biotec)
on ice for 15 min, and then c-kit" and Ter119" cells were subsequently
column purified with MACS columns as per manufacturer’s protocol
(Miltenyi Biotec). These isolated cells were quickly frozen and then
keep at =80 °C before used for western blot. Freshly isolated fetal liver-
derived c-kit" cells and Ter119" cells were used in the polysome pro-
filing assays.

Histology

Spleens, livers and hindlimbs were isolated and fixed in 10% (vol/vol)
formalin. After fixation, hindlimbs were further decalcified using 0.5 M
EDTA pH7.2 for one week. Embedding, sectioning and Hematoxylin &
Eosin (HE) staining were performed by the UMass Medical School
Morphology Core. Images were taken on a EVOS microscope.

Flow cytometry analysis of HSPCs and terminal erythroid
differentiation
To assess HSPC populations, 10° cells were stained with the following
antibodies: anti-CD4- BV605, anti-CD8a-BV-605, anti-Ter119-BV60S5,
anti-CD45R-BV605, anti-Ly-6G/Ly-6C-BV60S5,

anti-C-kit-APC-eFluor 780, anti-Sca-1-BV711, anti-CD48-Alexa Fluor
700, anti-CD150-BV785, anti-CD34-PE, anti-CD16/32-Perycp-Cy5.5. BV-
605 cKit'Sca‘cells were defined as LSK. BV-605 cKit'Sca™ cells were
defined as LK. CD150"CD48LSK cells were defined as LT-HSCs. CD150°
CD48'LSK cells were defined as ST-HSCs. CD150'CD48LSK cells were
defined as MPPs. CD34 CD16/32LK cells were defined as MEP.
CD34'CD16/32'LK cells were defined as CMP. CD34°'CD16/32°LK cells

were defined as GMP. DAPI stain was used to exclude non-viable cells
from analysis.

To assess erythropoiesis in the fetal liver, 5x10° cells were stained
with the following antibodies: anti-Ter119-BV605, anti-CD71-PE, anti-
CD45-APC-cy7, anti-CD220-APC-cy7 and anti-Ly6G/C- APC-cy7. APC-
cy7 cells were used to analyze the expression of CD71 and Terll9.
There are 6 stages were defined based on the expression of CD71 and
Terll9 including CD71Terll9 (SO), CD71"8"Terl19”  (SI),
CD71"&"Ter119'" (S2), CD71"€"Ter119"e"(S3), CD71'°"Ter119"e" (S4), and
CD71Ter119"e" (S5). DAPI stain was used to exclude non-viable cells
from analysis.

To assess erythropoiesis in the bone marrow and the spleen,
5x10° cells were stained with the following antibodies: anti-Ter119-
BV605, anti-CD44-APC, anti-CD45-APC-cy7, anti-CD220-APC- cy7 and
anti-Ly6G/C-APC-cy7. APC-cy7 cells were used to analyze proerythro-
blasts (ProEB) based on the expression of CD44" and Terl119". APC-cy7
cells were used to analyze BasoEB, PolyEB and OrthoEB based on the
expression of CD44 and FSC. Flow cytometric analyses were per-
formed on a LSRFortessa cytometer (BD Biosciences).

Colony formation assays

Methylcellulose colony formation assays were performed using
Methocult M3334 (STEMCELL Tech), Methocult SF M3436 (STEMCELL
Tech), Methocult SF M3434 (STEMCELL Tech), respectively. 20,000
cells from each fetal liver were used for colony formation assays. After
2 days, CFU-E colonies were scored blindly.

Western blot analysis

Fetal liver-derived cells were washed with cold PBS and lysed in 1X RIPA
buffer (Thermo Scientific) supplemented with protease inhibitor
cocktail (Sigma-Aldrich), phosphatase inhibitor cocktail 11l (Research
Products International), and then centrifuged at 4 °C at 17,000 g for
15 min after incubating on ice for 15 min. Supernatant was diluted 1:1
with 2X Laemmli sample buffer (BioRad) under reducing conditions
and boiled for 5 min at 100 °C. Samples with the same number of cells
were separated via sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to PVDF membranes. Mem-
branes were blocked with 5% (wt/vol) milk in 1x Tris-Buffered Saline
and 0.1% (vol/vol) Tween20 unless specified otherwise by antibody
manufacturer. Primary antibodies were incubated overnight at 4 °C.
Membranes were washed and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1h at room temperature
(RT). Bands were detected using enhanced chemiluminescence (ECL)
(Thermo Scientific). Quantifications of images were obtained using
ImageJ software (NIH).

Polysome profiling assays

Freshly isolated fetal liver-derived c-Kit" cells and Ter119" cells were
treated with emetine at 25 pg/ml for 15 min in IMDM medium at 37 °C
before harvesting. Cells were washed with ice- cold PBS and then
lysed with 300 pl of cold lysis solution containing 10 mM Tris -HCI
(pH 7.5), 100 mM KClI, 5 mM MgCl2, 1% Triton-100, 2mM DTT, pro-
tease inhibitor (complete, EDTA-free, Roche), and RNase inhibitor
(RNase OUT 1U/ul) and incubated on ice for 10 min, followed by
centrifugation at 1300xg for 10 min at 4 °C. Cell lysates were then
applied to the top of 10-50% sucrose gradients and subjected to
ultracentrifugation in a Beckman SW41Ti rotor at 41,000 rpm for 2 h
at 4 °C. A piston gradient fractionator (BioComp) and a 254 nm UV
monitor with Data Quest Software were used to generate whole cell
lysate polysome profiles.

Protein synthesis measurements

Fetal liver-derived cells were treated with opropargyl puromycin (OPP)
in IMDM medium at 10 uM for 5min before harvesting. Cells were
washed once with cold PBS and then stained with antibodies
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measuring HSCs for 30 min at RT. Cells were washed once (2% FBS in
PBS) and fixed with 1% paraformaldehyde (PFA) in PBS for 15 min at
4 °C. Cells were washed once (2% FBS in PBS) and incubated in per-
meabilization buffer (3% FBS, 0.1% saponin in PBS) for 5min at RT.
Click chemistry mix was prepared following the instruction of Click-
iT™ Edu Flow Cytometry Assay Kit (Invitrogen, C10632). Cells were
incubated in Click chemistry mix at RT for 30 min and then washed
twice with permeabilization buffer and twice with FACS buffer before
flow cytometry analysis. Data were processed in FlowJo (BD) with a
strategy to gate the different HSPC populations as described in the
results. Mean fluorescent intensity (MFI) based on the click reaction
(azide-fluor 488) for the gated populations was calculated for each
sample.

Cell proliferation assay based on Edu incorporation

Fetal liver-derived cells were incubated with EAU at 10 mM for 25 min
in IMDM medium at 37 °C before harvesting. Cells were washed once
with cold PBS and then stained with antibodies measuring HSCs for
30 min at RT. Cells were washed once (2% FBS in PBS) and fixed with
1% paraformaldehyde (PFA) in PBS for 15min at 4°C. Cells were
washed once (2% FBS in PBS) and incubated in permeabilization
buffer (3% FBS, 0.1% saponin in PBS) for 5 min at RT. Click chemistry
mix was prepared following the instruction of Click-iT™ Edu Flow
Cytometry Assay Kit (Invitrogen, C10632). Cells were incubated in
Click chemistry mix at RT for 30 min and then washed twice with
permeabilization buffer and twice with FACS buffer before flow
cytometry analysis. Data were processed in FlowJo (BD) with a
strategy to gate HSC population. Mean fluorescent intensity (MFI)
based on the click reaction (azide-fluor 488) for the gated popula-
tions was calculated for each sample.

Annexin V staining

Fetal liver-derived cells at indicated days were stained with the anti-
body panel of HSC, FITC- Annexin V (BioLegend) and DAPI as per
manufacturers protocol. Cells were washed twice with FACS buffer
before flow cytometry analysis. Data were processed in FlowJo (BD)
with a strategy to gate HSC population. Annexin V* frequency for the
gated populations was calculated for each sample.

Ferrous Iron measurements

Intracellular ferrous iron was measured by labeling cells with 5puM
BioTracker Far-red Labile Fe?* Dye (Millipore Sigma) for 90 mins in PBS
at 37 °C and analyzed by flow cytometry on a LSRFortessa cytometer
(BD Biosciences).

CellROX measurements

Cells were stained in IMDM media at a final concentration of 5 uM for
30 mins at 37 °C. Cells were then spun down and washed with ice cold
PBS three times and resuspended in the FACS buffer (PBS +3% FBS)
before analysis by flow cytometry on a LSRFortessa cytometer (BD
Biosciences).

Lipid peroxidation measurements

Cells were stained with BODIPY Cl11 lipid probe (Invitrogen) according
to the manufacturer’s instructions. Briefly, the cells were stained by
5uM of BODIPY 581/591 Cl1 reagent in PBS at 37°C for 30 mins.
Labeled cells were washed and analyzed on a LSRFortessa cytometer
(BD Biosciences) with FITC and PE channels. Lipid peroxidation was
calculated based on the ratio of MFI of FITC channel to MFI of PE
channel.

RNA-seq pre-processing
Raw sequencing reads were aligned on the murine genome (mm1l0)
using STAR (v2.7.8a), with the annotation of known genes from

gencode vM35. Gene expression levels were then quantified using
Salmon (1.4.0) and the annotation of protein coding genes from
gencode v37.

Differential expression analyses & selection of dysregulated
Candidate genes

Differential expression analyses were conducted on wild type, Rps19'¢
*and Rpl5™* c-kit*, and wt, Rps19'* and Rpl5'°* Terl19+ (referred as
“condition”) using DESeq2 (v1.48.1), with independent processing of
the polysome-associated (POLY, translation) and cytoplasmic (CYTO,
transcription) RNA groups. Genes lacking adjusted p-values due to low
coverage were excluded, and log2 fold changes were corrected using
the APEGLM shrinkage method (apeglm v1.30.0). A significance
threshold (adjusted p < 0.05) and a log2FC cutoff = 1 were applied to
both CYTO and POLY groups. Genes were categorized based on sig-
nificance and direction of expression changes, distinguishing shared
(BOTH_DOWN/UP) or group-specific (CYTO_DOWN/UP or POLY -
DOWN/UP) regulations.

To better identify genes with non-parallel expression changes
between CYTO and POLY, we applied a filtering approach. Genes sig-
nificantly associated with one “condition” in at least one “group” were
retained. Finally, a t-test (p < 0.05) assessed the significance of differ-
ences in expression changes between POLY and CYTO. Genes were
classified as TRANSLA when changes were driven mainly by transla-
tion, BUFFER when transcriptional changes were buffered by transla-
tion, and STAB when variations of transcription and translation were
correlated to a same extent. All these analyses were performed in
R v4.5.0.

Gene Set Enrichement Analysis (GSEA) and single sample Gene
Set Enrichement Analysis (ssGSEA)

GSEA was performed on POLY groups for each “condition” compar-
ison, and significant pathways (among Hallmarks, M2, M5, M8 path-
ways available on MSigDB) were selected with a False Discovery Rate
(FDR) threshold <0.05. ssGSEA was performed on all pathways of
interest defined with GSEA in POLY groups. The score for each pathway
of interest was computed with an adjusted p value < 0.05.

Bioinformatics support

RNA-seq quality controls and pre-processing were handled on the
Gilles Thomas Bioinformatics platform (CRCL-CLB). RNA-seq Analyses
were conducted collaboratively between the Gilles Thomas Bioinfor-
matics Platform and the RibosOMICS Platform (CRCL).

Analysis of single-cell RNA sequence (scRNA)

For scRNA-seq experiments, freshly fetal liver-derived cells at E13.5
were washed with PBS containing 0.04% ultrapure BSA and re-
suspended in 0.04% ultrapure BSA in PBS on ice.lOK feta liver-
derived single cells were used. Library construction was performed
with Chromium Next GEM Single Cell 3’ Library, Gel Bead & Multiplex
Kit, and Chip Kit (10x Genomics) according to the manufacturer’s
instructions. 3’ single-cell RNA-seq libraries generated with the 10x
Genomics platform were processed using 10x Genomics Cell Ranger
Suite (V7.0.0) with --include-introns option, which aligned the data to
mmlO reference genome, de-multiplexing and generate UMI count
matrix files. Downstream analyses were performed in R(V4.0.5) using
Seurat (V.4.3.1). Seurat objects were created using filtered_feature_-
bc_matrix files. The percentage of mitochondrial reads were calcu-
lated for filtering the low-quality cells. High quality cells were
selected for downstream analysis based on the following criteria:
nFeature_RNA between 200 and 6,000, and percent.mt less than 5%.
Each sample was normalized, and variable features were identified
before integration and correcting batch effects. To identify anchor
points for data integration, FindIntegrationAnchors function in
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Seurat were used and finally, IntegrateData function were applied to
obtain integrated Seurat object. Furthermore, Seurat standard
pipeline(https://satijalab.org/seurat/archive/v4.3/integration_
introduction) were used for downstream analysis: such as scale data,
Principal Component Analysis, Uniform Manifold Approximation and
Projection, and find clusters on integrated data. FindMarkers func-
tion was used to find the differential genes analysis with a minimum
percentage of cells expressing the gene 5% and an average log fold-
change threshold of 0.001. Gene set enrichment analysis was per-
formed in python (V3.10.9) using gseapy (V1.1.4) package, a custom
script is available at GitHub (https://github.com/gulkhan007/
GSEA scRNA).

Analysis of single cell multiome ATAC + GENE expression data
For single cell Multiome ATAC+Gene expression experiments, 10 K
nuclei were isolated from fetal liver-derived cells at E13.5. Library
construction was performed with Chromium Next GEM Single Cell
Multiome ATAC+Gene expression reagent bundle, Gel Bead & Multi-
plex Kit, and Chip Kit (10x Genomics) according to the manufacturer’s
instructions. 10x Genomics Cell Ranger ARC pipeline (V2.0.0) was used
to process the Single Cell Mutliome ATAC+Gene Expression libraries.
Key steps involve barcode correction, alignment to mm10 reference
genome, identification of accessible chromatin peaks, and generation
of count matrix for both RNA and ATAC modalities. Furthermore,
Seurat (V4.3.0) in R (V4.3.3) were utilized to create Seurat Objects from
filtered RNA matrix files created by cellranger-arc. Create-
ChromatinAssay function in Seurat was used to add the ATAC data to
the Seurat object. A shared peak file was created by merging peak files
of each sample for integrated downstream analysis of ATAC data.
Signac (V1.13.0) were used to calculate the Nucleosome Signal and
Transcription start site enrichment of ATAC data. Quality of cells were
obtained for further analysis by using the following criteria: nucleo-
some signal score <1.8, ATAC counts between 1800 and 35000, tran-
scription start site enrichment score >1, and total RNA counts between
1000 and 25000. Before integration and removing of batch effects,
RNA data was normalized, 2000 variable features were identified, data
was scaled, and Principal Component Analysis was performed in
Seurat. Harmony (V1.2.0) integration was used to integrate and remove
the batch effects. Standard workflow (https://stuartlab.org/signac/
articles/pbmc_multiomic) were used to process the ATAC data. Find-
MultiModalNeighbors function in Seurat were used to calculate joint
neighbor graph, which represents both RNA expression and ATAC
signal for further joint analysis of UMAP, and clustering. Findmarker
function was used to find the differential genes and differentially
accessible chromatin regions.

Statistical analysis

Unless otherwise indicated in the figure legends, all data are presented
as mean = standard deviation, using GraphPad Prism (v10.4.2). Student
t-test (two-sided) or Wilcoxon rank test were used when two groups
were compared, with Holm-Sidak correction when multiple compar-
isons were performed. When three or more groups were compared, we
used one-way ANOVA, with Tukey’s, Bonferroni’s, or Dunnett’s cor-
rection when multiple comparisons were performed. For survival
comparisons, we used the Mantel-Cox log rank test.

All measurements were taken from distinct samples, with a mini-
mum of 3 biological replicates. No statistical method was used to
predetermine sample size. These were based on our previous experi-
ence and published literature on similar models to ensure the
robustness of the observed phenotypes.

Resource Availability
Materials availability. All unique materials will be available upon
request to the lead contact.

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

Data availability

All sequencing datasets have been deposited to NCBI Gene Expression
Omnibus under accession codes GSE304205 and GSE302344. Source
data for plots can be found in the Source Data file. Any additional
information with regards to the datasets is available from the lead
contact upon request. Source data are provided with this paper.
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