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DIAMOND-BLACKFAN ANEMIA

Single-cell profiling of human bone marrow progenitors
reveals mechanisms of failing erythropoiesis
in Diamond-Blackfan anemia

Deena Iskander’, Guanlin Wangz'3, Elisabeth F. Heuston?, Chrysi Christodoulidou’,

Bethan Psaila3, Kanagaraju Ponnusamy1, Hongwei Ren', Zeinab Mokhtari*, Mark Robinson’,
Aristeidis Chaidos’, Pritesh Trivedi’, Nikolaos Trasanidis', Alexia Katsarou’, Richard Szydlo’,
Carmen G. Palii®, Mehmood H. Zaidi, Qais AI-Oqain1, Valentina S. Caputo1’8,

Anindita Roy3'9, Yvonne Harringtonm, Leena Karnik'®, Kikkeri Naresh’, Adam J. Mead?,

Supat Thongjueaz, Marjorie Brand®>'", Josu de la Fuente'''°, David M. Bodine**,

Irene Roberts®°*, Anastasios Karadimitris'*t

Ribosome dysfunction underlies the pathogenesis of many cancers and heritable ribosomopathies. Here, we in-
vestigate how mutations in either ribosomal protein large (RPL) or ribosomal protein small (RPS) subunit genes
selectively affect erythroid progenitor development and clinical phenotypes in Diamond-Blackfan anemia (DBA),
a rare ribosomopathy with limited therapeutic options. Using single-cell assays of patient-derived bone marrow,
we delineated two distinct cellular trajectories segregating with ribosomal protein genotypes. Almost complete
loss of erythroid specification was observed in RPS-DBA. In contrast, we observed relative preservation of qualita-
tively abnormal erythroid progenitors and precursors in RPL-DBA. Although both DBA genotypes exhibited a
proinflammatory bone marrow milieu, RPS-DBA was characterized by erythroid differentiation arrest, whereas
RPL-DBA was characterized by preserved GATA1 expression and activity. Compensatory stress erythropoiesis in
RPL-DBA exhibited disordered differentiation underpinned by an altered glucocorticoid molecular signature, in-
cluding reduced ZFP36L2 expression, leading to milder anemia and improved corticosteroid response. This inte-
grative analysis approach identified distinct pathways of erythroid failure and defined genotype-phenotype
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correlations in DBA. These findings may help facilitate therapeutic target discovery.

INTRODUCTION

Somatic or germline ribosomal protein (RP) gene mutations under-
pin the pathogenesis of several cancers and inherited bone marrow
failure syndromes (1). Diamond-Blackfan anemia (DBA) is a rare
heritable ribosomopathy (2) characterized by anemia, multisystem
congenital abnormalities, and cancer predisposition (3). Cortico-
steroids are the only widely used class of drugs in DBA (4), but few-
er than half of patients respond (5, 6); the remainder require red cell
transfusions or allogeneic bone marrow transplantation. About 75%
of cases of DBA are caused by heterozygous mutations in individual
genes encoding proteins that comprise the large 60S (RPL) or small
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40S (RPS) ribosomal subunit (6, 7). Selective defects in erythropoi-
esis in DBA are associated with aberrant ribosome biogenesis and
activation of p53-dependent apoptotic pathways (8). We previously
used samples from individuals with DBA to elucidate the immuno-
phenotypes of early and late erythroid progenitors (EPs), which
correspond to functionally defined burst-forming unit (BFU-e) and
colony-forming unit (CFU-e) erythroid (E) colonies, respectively
(9, 10). Thus, hematopoiesis in DBA is a useful, accessible model for
understanding erythropoiesis and the role of the ribosome in cell
fate decisions and differentiation dynamics.

Impaired translation or transcription of the master erythroid-
megakaryocyte (MK) transcription factor GATA1 (11) due to de-
fective ribosome biogenesis (12) and excess heme toxicity (13, 14)
has been suggested as a unifying mechanism of erythroid failure
across DBA genotypes. However, inconsistent findings from hu-
man model cellular systems and cell lines (4, 14-16) are yet to be
reconciled, and it remains unclear whether additional mechanisms
may contribute to erythroid failure in DBA (17). Furthermore, al-
though the diagnostic criteria of DBA include presentation in in-
fancy with virtually no mature bone marrow erythroblasts (EBs)
(3), atypical presentations in later life with milder hematological
manifestations are not uncommon (18-22). The mechanisms un-
derpinning these heterogeneous clinical phenotypes are yet to be
elucidated.

Here, we delineate the cellular and molecular landscape of RPS-
DBA and RPL-DBA using primary bone marrow samples from
patients. To mitigate potential confounding effects of comparing dif-
ferent cellular differentiation stages in healthy and diseased tissue
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and to overcome limited EP numbers in DBA, we used single-cell
transcriptomics [single-cell RNA sequencing (scRNA-seq)] of he-
matopoietic stem and progenitor cells (HSPCs) (23). Using this un-
biased approach, we specifically aimed to elucidate the phenotypic
and functional differences between RPS-DBA and RPL-DBA eryth-
ropoiesis, the mechanisms of erythroid failure, and their relation-
ship with divergent clinical phenotypes.

RESULTS

Severe impairment of erythroid lineage specification is
observed in bone marrow from patients with RPS-DBA but
not RPL-DBA

To define the landscape of DBA hematopoiesis, we performed
scRNA-seq of bone marrow CD34" lineage (Lin)~ HSPCs using the
10x Genomics chromium platform (Fig. 1A). We studied six pa-
tients with red cell transfusion-dependent DBA (aged 2 to 19 years)
with mutations in three of the four most common DBA genes
[RPS19 (n=3),RPL11 (n=1),and RPL5 (n = 2)] and three healthy
donors (aged 3 to 17 years) (data file S1). High-quality sequencing
data were obtained for all donors, and after quality control, 41,415
of 45,888 HSPCs were carried forward for analysis (table S1). All
cells were integrated and subjected to donor correction by Harmo-
ny (24). Unsupervised clustering by the Louvain method identified
19 distinct clusters (Fig. 1B and fig. S1, A and B). We used the most
highly expressed marker genes (data file S2) to assign cell lineage
identity to clusters and confirmed their fidelity by projecting marker
genes onto multiple published scRNA-seq datasets related to hema-
topoiesis (fig. S2) (25-29). Cell type annotation was further veri-
fied by calculating lineage gene scores using six gene sets comprising
highly lineage-specific canonical markers (23, 30): E and EP; MK
and MK progenitors (MKP); myeloid and monocyte/macrophage/
neutrophil progenitors (MyP); lymphoid (Ly) and Ly progenitors
(LyP); eosinophil, mast cell, and basophil progenitors (EoMBP);
and hematopoietic stem cell/multipotent progenitor (HSC/MPP)
(fig. S3A and data file S3). Differentiation trajectories were studied
by ordering cells in gene expression space using force-directed graphs
(FDGs) superimposed with lineage signature gene sets (Fig. 1C).
This confirmed known lineage branching relationships from imma-
ture HSC/MPP to either committed LyP/MyP or EP/MKP/EoMBP
(fig. S3B) (28, 31). Visualization by circos plots colored by donor
type and enumeration of transcriptionally defined progenitor
populations (Fig. 1B) revealed two divergent cellular patterns in
DBA that segregated with genotype (Fig. 1D and fig. S3C): selective
loss of EP and MKP in RPS-DBA but preservation of these pro-
genitors in RPL-DBA, along the same cell state structure as normal
bone marrow.

To independently validate the scRNA-seq findings, we used
multiparameter flow cytometry of the bone marrow CD34"Lin~
compartment of 23 normal controls and 25 patients with DBA with
six of the most common DBA genotypes (table S2 and data file S1)
(6, 32). This confirmed the marked reduction in immunophenotypic
CD38" and CD38™ EP and MKP, defined as Lin"CD34*CD45RA"CD71"
(4, 23, 33), in RPS-DBA, whereas EP and MKP were largely preserved
in RPL-DBA (Fig. 1, E and F). The frequencies of other transcrip-
tionally defined HSPC subsets (Fig. 1D) or immunophenotypically
defined granulocyte-macrophage progenitors, lymphoid-primed
multipotent progenitors, or HSC/MPP (fig. S3D) (34) were not altered,
and the frequency of CD34" cells in bone marrow mononuclear
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cells (BMMNCs) from all DBA genotypes was similar to control
pediatric bone marrow (fig. S3E). Together, these findings suggest
that, in RPS-DBA, there is depletion of EP and MKP downstream of
the EP/MKP versus EOMBP fate decision point, whereas in RPL-
DBA, EP and MKP are relatively preserved.

EP trajectories are distinct in primary human HSPCs isolated

from patients with RPS-DBA and RPL-DBA

To refine lineage relationships within EP and MKP in more detail,
we performed further Louvain subclustering of the 6380 EP and
MKEP cells in aggregate (Fig. 2, A and B). Inspection of the genes
marking four EP and MKP subclusters (Fig. 2B and data file S4)
showed that subcluster 1 was enriched for genes marking early
erythroid development (CSF2RB); subcluster 2 for MKP genes; sub-
cluster 3 for the erythroid differentiation hemoglobin (HB) genes
and their AHSP chaperone (35); and subcluster 4 for erythroid and
cell cycle control genes (AURKB).

Next, we used previously published single-cell transcriptomic
and proteomic data of murine and human HSPCs (31, 36) to better
understand the developmental relationship between the EP and
MKP clusters. We focused on expression of key E and MK tran-
scription factors (Fig. 2C and fig. S4, A and B), specifically, GATA2
as an early EP (EEP or BFU-e) marker down-regulated at the late EP
(LEP or CFU-e) stage (9, 37), GATAI up-regulated from EEP to
LEP and KLFI and FLII, antagonizing one another to determine E
versus MK cell fates (36). This allowed us to predict that, in normal
bone marrow, cluster 1 corresponded to EEP (balanced GATAI and
GATA?2 expression); cluster 2 to MKP; cluster 3 to LEP (higher ex-
pression of GATAI and KLF1 and lower GATA2); and cluster 4 to
the proliferative EP fraction (Ecycling: higher expression of AURKB
and MKI67), previously shown to precede irrevocable erythroid com-
mitment (31, 38). This was supported by the differential expression
patterns of additional genes, such as CD34 in EEP and Ecycling and
TFR2, TFRC (CD71), GYPA, and ENG (CD105) in LEP (Fig. 2C).
Expression of EP or MKP genes superimposed on FDGs (fig. S4A)
further validated our subclustering analysis.

Next, we quantified the number of cells in each transcriptional
subcluster in DBA bone marrow with reference to total CD34" cells.
All EP and MKP subclusters were depleted in RPS-DBA (Fig. 2D).
By contrast, EP and MKP subcluster frequencies in RPL-DBA were
similar to normal bone marrow, suggesting distinct erythroid cellu-
lar trajectories according to DBA genotype (Fig. 2D). To specifically
address the transcriptional basis of these differences, we analyzed E
and MK transcription factor expression. Compared to controls, GATA2
(but not GATAI or KLFI) was increased in all RPS-DBA subclus-
ters and FLII expression was increased in EEP and LEP (Fig. 2C),
consistent with block in erythroid commitment. In contrast, re-
duced expression of FLII was identified in RPL-DBA EEP, Ecycling,
and MKP. Exploring this further by charting FLII and KLFI coex-
pression in single EP or MKP cells (Fig. 2E) revealed prevailing ex-
pression of KLFI over FLII in a higher fraction of EP and MKP in
RPL-DBA, consistent with a predominant, KLFI-driven, erythroid
program.

We corroborated these findings by measuring the frequency of
immunophenotypic EEP, intermediate EP, and LEP (9, 38) in addi-
tional bone marrow samples. Although there was progressive reduc-
tion in all stages of EP development in RPS-DBA, these populations
were preserved in RPL-DBA. This divergence was particularly nota-
ble in LEP, which were virtually absent in RPS-DBA (Fig. 2, Fand G).
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Fig. 1. Erythroid lineage specification is preserved in
bone marrow isolated from patients with RPL-DBA
but not RPS-DBA. (A) Study design for single-cell RNA
sequencing (scRNA-seq) experiments showing source
of DBA and healthy bone marrow from allogeneic bone
marrow transplant (BMT) donors. Erythroid hierarchy
depicted as follows: hematopoietic stem (HSC) and
multipotent (MPP) cells, within the CD347CD38~ bone
marrow subfraction, mature into committed EEP (BFU-e)
and LEP (CFU-e), within the CD34*CD38" bone marrow
subfraction. These then differentiate into CD34~ EB,
which enucleate to form reticulocytes that egress into
the peripheral blood and form red blood cells (RBCs).
(B) Uniform Manifold Approximation and Projection
(UMAP) embedding of 19 cell clusters generated by
Louvain clustering of 41,415 CD34*Lineage (Lin)” HSPCs
from nine donors in aggregate: control (15,434 cells;
three donors) and DBA (25,981 cells; six donors, three
RPS-DBA and three RPL-DBA). Cell type annotation of
each cluster is also shown. (C) Force-directed graph
(FDG) embedding of six major hematopoietic cell types
in control and DBA cells is shown, colored by key marker
gene sets (data file S3 and fig. S3A). Gray cells represent
uncommitted cell types or cells expressing greater than
one lineage gene set. (D) Circos plots (left) and a bar
plot (right) depict proportions of cells in each of six cell
types identified by scRNA-seq among total CD34"Lin~
cells by donor type. (E) The flow cytometry gating strat-
egy used to identify CD71"CD45RA™ EP and MKP cells in
the CD38~ immature and CD38" mature subcompart-
ments of bone marrow CD34" cells is shown. Frequen-
cies are shown as percent of CD34*Lin~ cells. AF700,
Alexa Fluor 700; PE-Cy7, phycoerythrin-cyanine 7; FITC,
fluorescein isothiocyanate; APC-ef780, allophycocyanin
efluor 780. (F) Cumulative data show the frequency
of BFU-e and MKP within CD34*Lin"CD71*CD38™ bone
marrow subfraction and of BFU-e, CFU-e, and MKP within
CD34*Lin"CD71*CD38"* bone marrow subfraction
(n =23 control, 20 RPS-DBA, and 9 RPL-DBA bone
marrow samples). Colored symbols depict two bone
marrow samples from the same patient collected at least
1 year apart. Bars show means + SEM of biological repli-
cates. *P < 0.05; **P <0.01; ****P <0.0001; n.s., not sig-
nificant. Groups were compared by a one-way ANOVA
with Holm-Sidak’s correction (D) or a Kruskal-Wallis with
Dunn'’s multiple comparisons test (F).

To determine the functional erythroid poten-
tial of RPS-DBA versus RPL-DBA EP, we
plated stage-matched single EEP [purified by
fluorescence-activated cell sorting (FACS)]
in erythropoietin (Epo)-supported semisolid
erythroid cultures. Although the clonogenic
efficiency of DBA samples was normal, there
were notable qualitative differences in colo-
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nies. In RPS-DBA, these mainly consisted of small BFU-e-forming
loose clusters (E clusters) rather than the typical large BFU-E with
tight bursts formed by normal control EEP, as previously described
(9). By contrast, RPL-DBA EEP (Fig. 2, H and I) and total CD34"
(fig. S4C) generated highly abnormal, small CFU-e-like colonies of
less than 100 cells. Giemsa staining of single erythroid colonies con-
firmed the presence of more mature EB in abnormal DBA colonies
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CD45RAAPCef780

RPL-DBA

versus normal BFU-e (fig. S4D), suggesting disordered differentia-
tion. Commensurate with this, expression of the differentiation-
associated gene GYPA was higher in RPL-DBA LEP than in their
normal or RPS-DBA counterparts (Fig. 2C). Furthermore, in longi-
tudinal Epo-supported liquid cultures, RPL-DBA bone marrow
HSPCs generated a higher erythroid yield than RPS-DBA (Fig. 2])
with similar rates of apoptosis (fig. S4E) but with a higher fraction
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Fig. 2. Features of the EP trajectory differentiate
RPS-DBA and RPL-DBA primary human HSPCs. (A) A
UMAP aggregate is shown of all control and DBA EP
and MKP cells (n = 6380) depicting four distinct subclus-
ters. (B) A heatmap is shown for the 15 top differentially
expressed genes (row labels, right) for each of the four
EP and MKP subclusters (color-coded columns). Labels
across the top indicate cluster assignment according to
their marker genes: early erythroid progenitors (EEP),
cycling EP (Ecyc), late erythroid progenitors (LEP), and
megakaryocyte progenitors (MKP). (C) A bubble plot
shows the average expression of individual genes (de-
picted by color) and the fraction of cells expressing that
gene (depicted by bubble size) within EP and MKP sub-
clusters from control, RPS-DBA, or RPL-DBA bone mar-
row. Boxes highlight differentially expressed genes with
log,FC > 0.4 and adjusted P value < 0.05. TF, transcrip-
tion factor; UMI, unique molecular identifier. (D) A bar
plot depicting proportion of cells in each of four EP and
MKP clusters among total CD34*Lin~ cells by donor
type is shown. (E) Single-cell coexpression of KLF1 and
FLIT is shown for control, RPS-DBA, and RPL-DBA EP, and
MKP cells. The diagonal marks cells with equal expression
of both genes. The fraction of cells above and below the
diagonal line is shown. (F) Representative flow cytome-
try plots show the gating strategy for CD71*CD41a"
erythroid progenitors (EP): CD717CD36°CD105~ early
(EEP), CD71*CD36 CD105" intermediate (IntEP), and
CD71*CD105"CD36" LEPs. Frequencies are shown as
percent of total CD34" cells. (G) The frequency of EP
subsets is shown as percent of CD34" bone marrow in
control (n=11 for EEP and n =8 for Ecycling and LEP),
RPS-DBA (n=6 for EEP and n=5 for Ecycling and LEP),
and RPL-DBA (n=7 for EEP and n=5 for Ecycling and
LEP) bone marrow. Purple symbols depict two bone
marrow samples from the same patient collected at
least 1 year apart. (H) Morphology of colonies generat-
ed on days 12 to 14in methylcellulose medium from
single-cell EEP FACS-purified ex vivo from control, RPS-
DBA, and RPL-DBA bone marrow is shown. Images are
representative of three independent experiments. Scale
bars, 100 um. (I) The frequency and type of hematopoi-
etic colonies generated in methylcellulose from single-
cell EEP FACS-purified exvivo from control, RPS-DBA,
and RPL-DBA bone marrow (n=3) are shown. Signifi-
cant differences in colony types are indicated. (J) Eryth-
roid yield (total cell number multiplied by percent
CD717CD14/16/61” cells) is shown from a longitudinal
serum-free erythroid liquid culture of FACS-purified
CD34"Lin~ HSPCs from control, RPS-DBA, and RPL-DBA
bone marrow (n=2). (K) Flow cytometry analysis of
erythroid differentiation stage (characterized by Lin,
CD71, and GYPA markers) is shown for EB on day 13 of
culture of control, RPS-DBA, and RPL-DBA bone marrow
HSPCs. (L) Cumulative data from two independent ex-
periments show the fraction of early and late EB gener-
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of more differentiated mature EB (Fig. 2, K and L, and fig. S4F),
expressing higher amounts of Glycophorin A (GYPA) messenger
RNA (mRNA) and protein, compared to control HSPCs (fig. $4, G
and H). Furthermore, quantification of cell surface markers and
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transcription factors using single-cell cytometry by time of flight
(scCyTOF) in an independent RPL5-DBA bone marrow sample re-
vealed lower expression [log; fold change (FC) < —0.4] of CD34 (in
MPP2 to PolyEB) and higher expression (log,FC > 0.4) of CD71 (in
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Fig. 3. Phenotypically normal mature EB are observed in RPL-DBA in vivo. (A) Representative flow
cytometry plots (left) show the frequency of Lin"CD34"CD71* EB within total BMMNCs. Cumulative
data of EB frequencies within total BMMNCs are shown (right) in control (n = 10), RPS-DBA (n=17), and
RPL-DBA (n =8) bone marrow. Purple symbols depict two samples from the same patient collected 2 years
apart. SSC, side scatter. (B) Frequencies of EB subpopulations were measured by flow cytometry in total
MNC derived from control (n = 8) and RPL-DBA (n = 7) bone marrow. (C) Representative morphological
appearances are shown for bone marrow aspirates (stained with hematoxylin and eosin) from controls
and patients with DBA with a RPS79 and a RPL5 mutation. Scale bars, 10 um. (D) EB frequencies in total
nucleated cells and myeloid-to-erythroid lineage cell ratio (M:E ratio) were measured in bone marrow
slide preparations from normal pediatric bone marrow controls (n=15) and patients with RPS-DBA
(n=32; 34 for M:E) and RPL-DBA (n=17; 18 for M:E). Plots show means + SEM of biological replicates.
*P <0.05; ***P < 0.001; ****P < 0.0001. Groups were compared by a Kruskal-Wallis with Dunn’s multiple
comparisons test.
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EP and ProEB), CD36, and GYPA (in EP, ProEB,
and PolyEB), compared with healthy control coun-
terparts (fig. S5). GATA1 and KLF1 expression was
not reduced compared with normal (fig. S5D), sup-
portive of the scRNA-seq data (Fig. 2C). In summary,
three complementary assays support the presence
of distinct, genotype-associated patterns of ery-
throid failure in DBA from markedly reduced early
erythroid specification in RPS-DBA to preserva-
tion of BFU-e that are functionally impaired with a
distinct transition program through the erythroid
differentiation hierarchy in RPL-DBA.

Phenotypically normal EB are observed

in RPL-DBA invivo

Given that absence of bone marrow EB is one of the
required diagnostic criteria of DBA (3), we next in-
vestigated whether erythroid differentiation differed
between RPS-DBA and RPL-DBA in vivo. First, we
assessed the frequency of Lin”CD34 CD71" EB in
fresh DBA bone marrow samples (Fig. 3A). EB fre-
quency in RPS-DBA bone marrow was lower than
both normal controls and RPL-DBA. To define the
in vivo defect more precisely, we used flow cytom-
etry to measure the frequency of the six previously
defined phenotypically distinct stages of EB matu-
ration (39) on the basis of CD105 and GYPA ex-
pression (fig. S6, A and B). Although there were too
few EB for analysis in RPS-DBA, we identified all
the same stages of EB development in RPL-DBA as
in control bone marrow (Fig. 3B), supporting rela-
tive preservation of the EP to EB developmental
trajectory in RPL-DBA. We also compared differ-
ential cell counts from 52 bone marrow aspirates
from patients with transfusion-dependent DBA
(fig. S6C) and found that, although EB were re-
duced in both genotypes compared with controls,
there was an about threefold higher erythroid cell
frequency and lower myeloid:erythroid ratio in
RPL-DBA versus RPS-DBA bone marrow (Fig. 3,
Cand D). These findings were consistent across six
RPS-DBA and four RPL-DBA genotypes (fig. S6, D
and E, table S2, and data file S1), confirming our
finding of preservation of erythroid differentiation
beyond the progenitor stage in RPL-DBA.

DBA is characterized by glucocorticoid
pathway-deficient stress erythropoiesis

and glucocorticoids induce ZFP36L2-
mediated inhibition of erythroid
differentiation

To investigate the molecular basis for these differ-
ences in erythroid differentiation, first, we confirmed
that, in patients with DBA with loss-of-function
mutations (data file S1), mRNA expression of the
affected RP gene was selectively reduced to about
50% of normal (fig. S7A). We also found that ex-
pression of fetal hemoglobin (HbF; HBG2) and the
fraction of cells expressing HBG2 were higher in all
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three EP populations from both DBA subtypes, compared with nor-
mal controls, confirming earlier studies (Fig. 4A) (40). Like HBG2,
additional markers of stress erythropoiesis, such as ERFE and GDF15
(41, 42), were up-regulated in DBA erythropoiesis (fig. S7B). More-
over, using the area under the curve (AUCell) scoring method (43),
we found enrichment in DBA EP of a set of genes (data file S3)
up-regulated in murine fetal liver, the prototype for stress erythro-
poiesis (Fig. 4B) (31). Although stress erythropoiesis often occurs at
the expense of the output of other lineages in murine models (31),
we observed preserved myeloid progenitor frequency and function
in RPL-DBA (fig. S3D and fig. S4C), consistent with our finding
that the stress erythropoiesis signature is present in only a propor-
tion of single cells (Fig. 4A and fig. S7B) and is insufficient to rescue
either EP function or anemia in these patients.

To interrogate this further, we considered that exogenous gluco-
corticoids remain the only medical therapy for DBA. Stress ery-
thropoiesis also requires an endogenous glucocorticoid-dependent
transcriptional program that increases erythroid output by favoring
EP expansion at the expense of differentiation (44, 45). Consistent
with a state of disordered differentiation and as suggested by our
in vitro data (Fig. 2, K and L, and fig. S4F), we found that expression
of erythroid differentiation genes, such as GYPA, AHSP, and HB,
was higher in RPL-DBA than control (Figs. 2C and 4C). Because
transcription of HBB and AHSP is repressed by the glucocorticoid
receptor in the presence of glucocorticoids (45), we hypothesized
that the RPL-DBA differentiation pattern reflects a failure to ap-
propriately up-regulate the endogenous glucocorticoid-dependent
program of stress erythropoiesis in DBA. Consistent with this,
using a set of genes up-regulated by glucocorticoids in murine EP
(data file S3) (45, 46), we found a reduced glucocorticoid response
in all DBA EP subclusters from both RPL-DBA and RPS-DBA, al-
though the reduction was more pronounced in RPL-mutated EP
(Fig. 4D). Expression of ZFP36L2, a glucocorticoid-responsive gene
critical for glucocorticoid-mediated differentiation delay and sub-
sequent enhanced erythroid output in murine fetal liver (46), was
reduced in primary DBA cells (Fig. 4E).

To investigate the role of reduced ZFP36L2 expression in im-
paired erythropoiesis, we partially knocked-out RPLII (residual
RPL11 mRNA, 33 to 48% of unedited controls; fig. S7, C and D) in
erythroid K562 cells using clustered regularly interspaced short pal-
indromic repeats (CRISPR)-Cas9 gene editing. Compared to unedited
wild-type clones, ZFP36L2 expression was reduced in RPL11-edited
K562 cell clones (Fig. 4F) consistent with our data in primary DBA
bone marrow cells. Next, as previously identified in murine erythroid
cells (46), we found that dexamethasone treatment of RPL11-edited
and control K562 clones resulted in a time-dependent loss of the
cells coexpressing the erythroid differentiation markers GYPA and
CD71 (Fig. 4, G to I), commensurate with up-regulation of ZFP36L2
expression (Fig. 4]). In accordance with this, RNA sequencing
(RNA-seq) of ex vivo bone marrow stage-matched EB from a pa-
tient with RPL5-DBA, harvested before and after successful cortico-
steroid therapy, showed increased ZFP36L2 but unchanged RPL5,
ADA, and HBG2 expression (Fig. 4K). Furthermore, lentiviral trans-
duction of ZFP36L2 complementary DNA (cDNA) into RPL11-
edited K562 cells (fig. S7E) was sufficient to recapitulate the
dexamethasone-induced loss of GYPA expression (fig. S7, F and G),
resulting in a higher relative frequency of CD71"GYPA™ versus
CD71"GYPA" cells in both wild-type and RPL11-edited K562 cells
(Fig. 4, Lto N).

Iskander et al., Sci. Transl. Med. 13, eabf0113 (2021) 8 September 2021

P53 activation and bone marrow inflammatory

milieu in DBA

Next, we looked for additional pathways dysregulated in DBA and
found negative enrichment of the heme pathway in RPS-DBA but
not RPL-DBA EP and activation of p53 in both genotypes
(Fig. 5, A and B). We also identified enrichment of inflammatory
pathways, including tumor necrosis factor-o (TNF-a)-mediated sig-
naling, interferon-o (IFN-a)-mediated signaling, and IFN-y-mediated
signaling (Fig. 5A), known instigators of stress erythropoiesis (47, 48).
Inflammatory responses, IFN-o responses, and IFN-y responses,
but not p53 and TNF-a pathways, were particularly enriched in
RPS-DBA compared with RPL-DBA (Fig. 5B). Inflammation
and cytokine-mediated gene networks were enriched through-
out the DBA HSPC compartment (fig. S8, A and B), suggesting a
generalized bone marrow proinflammatory state linked to RP gene
haploinsufficiency. In line with this, we found higher TNF-a and
IFN-y concentrations in DBA than control bone marrow plasma
(Fig. 5C) as well as increased intracellular expression of both cyto-
kines in DBA versus control CD3" T cells and CD3"CD56" natural
killer (NK) cells, but not monocytes, after their in vitro activation
(fig. S8, C and D).

To provide additional validation of the aberrant erythroid devel-
opmental pathways in RPL-DBA, we performed bulk RNA-seq of
FACS-purified late basophilic EB from the bone marrow of three
additional patients with RPL-DBA and three age-matched healthy
donors (EB are virtually absent in RPS-DBA). As expected, expres-
sion of the mutated RP gene was selectively reduced by 50% (fig.
S8E). Principal component analysis (Fig. 5D) showed clear parti-
tioning of control and DBA samples, and differential gene expres-
sion analysis identified 1709 variable genes (Fig. 5E). Asin RPL-DBA
EP, gene set enrichment analysis (GSEA) and ingenuity pathway
analysis revealed activation of p53, TNF-o, IFN-0, and IFN-vy in-
flammatory pathways in DBA EB (Fig. 5, F and G). Immunoprote-
asome and antigen presentation pathways, consistent with an active
IFN-y pathway, were also enriched, whereas ribosome biogenesis
was decreased (Fig. 5F). Expression of the glucocorticoid-responsive
gene ZFP36L2 was decreased in RPL-DBA compared with control
EB (Fig. 5H). Erythroid maturation markers, such as HBA1, HBA2,
and HBB, were similar because of sorting of stage-matched popula-
tions (fig. S8E), and HBG2 was increased (Fig. 5H). Therefore,
although EB can develop in RPL-DBA, they display activation of
the same pathological pathways identified in their upstream pro-
genitors. Last, eADA, a purine metabolism enzyme used as a diag-
nostic biomarker in DBA, was up-regulated and highly expressed in
RPL-DBA EB compared with their normal counterparts, matching
the higher serum erythrocyte adenosine deaminase (eADA) activity
in patients with RPL-DBA versus RPS-DBA (Fig. 5I) (6, 32).

Together, these findings provide ex vivo evidence of a proinflam-
matory bone marrow milieu in primary human DBA HSPC. Further-
more, although RPL-DBA EPs are relatively preserved in numbers,
functionally, they appear to correspond to stress erythropoiesis that
is deficient in its hallmark endogenous glucocorticoid-regulated
program. This aberrant EP function leads to disordered differentia-
tion and, in turn, reduced maintenance of the EP pool.

Preservation of GATA1 and its transcriptional program

in RPL-DBA progenitors and precursors

GATAL1 deficiency, due to reduced transcription (14), translation (4, 12),
or increased caspase 3—-mediated degradation (16), is proposed as a

6 of 15

T20Z ‘60 Jeque1das Lo BI0°30Us 105" MMM//:SONY WOJ | PSPE0 JUMOQ



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

Fig. 4. Glucocorticoid pathway-deficient
stress erythropoiesis and ZFP36L2-mediated
erythroid differentiation inhibition by glu-
cocorticoids are observed in DBA. (A) Violin
plots depicting the mean expression (yellow
dot) and distribution (minimum to maximum)
of HBG2, a stress erythropoiesis gene in con-
trol, RPS-DBA, and RPL-DBA EP subclusters
(EEP, Ecycling, and LEP). The fraction of cells
expressing HBG2 is shown on the x axis.
(B) Mean expression (yellow dot) and distri-
bution of AUCell score of stress erythropoiesis
(SE) gene set is shown for control, RPS-DBA,
and RPL-DBA EP subclusters. (C) A bubble
plot shows the expression of erythroid dif-
ferentiation genes in control, RPS-DBA, and
RPL-DBA EP subclusters. (D) The AUCell score
of glucocorticoid response genes in control,
RPS-DBA, and RPL-DBA EP subclusters is
shown by violin plots. (E) Violin plots depict
the expression of ZFP36L2 in control, RPS-
DBA, and RPL-DBA EP subclusters. The frac-
tion of cells expressing ZFP36L2 is shown on
the x axis. (F) ZFP36L2 was measured by re-
verse transcription polymerase chain reac-
tion (RT-PCR) in wild-type (wt, n=6) and
RPL11knockdown (kd, n=3 or 4) K562 clones,
normalized to wild-type and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Data
points represent RNA extracted at indepen-
dent time points. (G) Erythroid differentia-
tion of K652 cells was assessed by CD71 and
GYPA expression by flow cytometry of un-
treated and dexamethasone (Dex)-treated
wild-type and RPL11 knockdown K562 clones.
A representative of four independent exper-
iments is shown. Numbers in the flow plots
indicate the percent of live single cells. (H) FC
of early (CD71* GYPA™) and late (CD717
GYPA") EB in dexamethasone-treated wild-type
K562 clones, normalized to untreated (n = 4).
For early EB, the FC was calculated as (%
CD71*GYPA™ of dexamethasone-treated —

CD71*GYPA™ of untreated)/% CD71*GYPA™ of
untreated. (I) FC of early (CD717GYPA") and
late (CD71*GYPA*) EB in dexamethasone-
treated RPL11 knockdown K562 clones, nor-
malized to untreated (n=4). (J) ZFP36L2 was
measured by RT-PCR in dexamethasone-
treated and untreated wild-type and RPL11
knockdown K562 clones (n=4), normalized
to untreated and GAPDH. (K) ZFP36L2, RPL5,
ADA, and HBG2 expression was measured by
RNA-seq of EB isolated from bone marrow of
a patient with RPL5-DBA and purified by
FACS 1 month before and 16 months after
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unifying mechanism for selective erythroid arrest in DBA. Howev-
er, such studies were mostly performed in cultured cells, cell lines,
or whole bone marrow containing both erythroid and nonerythroid
cells. We had the opportunity to investigate the role of GATA1
ex vivo at single-cell resolution in RPS-DBA and RPL-DBA, not
confounded by steroid therapy. First, we performed GSEA of our
transcriptome data against three GATAL1 genes sets (12, 49). This
identified a depleted transcription factor database (TRANSFAC) or
early GATAL transcriptional signature in RPS-DBA EP (Fig. 6A
and fig. S9A), consistent with the severe, early erythroid specifica-
tion defect. By contrast, RPL-DBA EP and EB were enriched for the
GATALI transcriptional program throughout their developmental
trajectory (Fig. 6A and fig. SOA). In RPL-DBA LEP and EB, the late
but not early GATA1 signature was enriched in line with their al-
tered differentiation trajectory (fig. SOA). In addition, expression of
GATAIlshort and GATAIfull-length isoforms was unchanged in
RPL-DBA compared with control EB (Fig. 6B). This suggests that
DBA caused by RPL haploinsufficiency is unlikely to be under-
pinned by unbalanced GATA1 isoform abundance, as is the case in
patients with DBA-like disease with germline GATAI mutations
that preserve GATAIshort (50).

To elucidate the effect of RPS or RPL haploinsufficiency on
GATAL1 protein expression in primary DBA bone marrow cells, we
stained bone marrow sections from seven patients with RPL5/11-
DBA, four patients with RPS19/24/26-DBA, and three healthy con-
trols, with an antibody specific for GATA 1full-length (Fig. 6, C to E,
and fig. $9, B to D). In RPS-DBA, most GATA1" cells were negative
for the erythroid marker Glycophorin C (GYPC) and morphologi-
cally corresponded to nonerythroid precursors (Fig. 6C). Overall,
GATALI expression was higher in RPL-DBA versus RPS-DBA EB
and only marginally lower in RPL-DBA compared with control
erythroid cells (Fig. 6E). Combined cell surface and intracellular
staining followed by flow cytometry (Fig. 6F) or CyTOF (fig. SOE)
showed a similar pattern of GATA1 expression in RPL5-DBA and
control primary EP and EB. Together, these findings show that, in
the preserved EP and precursors of RPL-DBA, GATA1 expression
and its transcriptional program are largely intact.

The distinct clinical phenotype of RPL-DBA

Because our data suggested a milder cellular and functional defect
in RPL-DBA than RPS-DBA ex vivo, we next investigated the clini-
cal and hematological correlates of these differences by analyzing
the characteristics of the UK DBA registry (5) with documented
RPL (n =44) and RPS (n = 62) mutations (table S2). In line with our
transcriptomic and functional data, patients with RPL-DBA pre-
sented with anemia at an older age (regardless of sex) and with a
higher hemoglobin concentration, than those with RPS-DBA (Fig. 7,
A and B; fig. S10, A to C; and data file S5). Furthermore, a higher
proportion of patients with RPL-DBA were initially corticosteroid
responsive (Fig. 7C, fig. S10D, and data file S5), although long-term
steroid dependence was not increased (Fig. 7D and fig. S10E) and
rates of spontaneous or steroid-induced remission were not differ-
ent between genotypes (fig. S10F). We also confirmed previous ob-
servations (51) of a higher rate of indel genetic variants (fig. S10G)
and congenital anomalies (fig. S10H) in RPL-DBA compared with
RPS-DBA, as well as associations between RPL5 and cleft palate and
RPL11 and congenital thumb anomalies (Fig. 7D and fig. S10I) (51).
Together, these genotype-phenotype correlations validate the clini-
cal and biological relevance of the distinct erythroid developmental
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pathways identified in our transcriptomic and functional studies
(fig. S11).

DISCUSSION

Here, we applied complementary molecular and functional single-
cell analyses to dissect the cellular and molecular mechanisms
underlying impaired erythropoiesis in DBA, the prototypic ribo-
somopathy. We identify two distinct patterns of erythroid failure
that segregate with underlying genotype: a severe defect in early
erythroid specification in RPS-DBA with a consequent almost com-
plete lack of erythroid precursors, contrasting with relatively pre-
served erythroid cells throughout their developmental trajectory in
RPL-DBA, but with disordered EP differentiation.

Our data point to a previously unrecognized role of stress eryth-
ropoiesis in the pathogenesis of erythroid failure in DBA. DBA EP and
EB exhibit many of the molecular hallmarks of stress erythropoiesis,
including overexpression of GDF15 and HBG2, the orchestrator and
signature gene of stress erythropoiesis, respectively (40, 41). However,
the endogenous glucocorticoid-dependent transcriptional signature
appears to be defective in DBA-associated stress erythropoiesis. These
results derived from primary DBA bone marrow erythroid cells mirror
the anemia associated with accelerated erythroid differentiation under
conditions of stress in mice lacking expression of the glucocorticoid
receptor (NR3C1I) (44). Similarly, our transcriptional and cellular data
indicate that erythroid differentiation is disordered in RPL-DBA,
thereby providing a mechanism by which exogenously administered
glucocorticoids exert their therapeutic effects in patients with DBA,
which is by blocking erythroid differentiation to maintain the EP pool,
a cellular mechanism reported for normal erythropoiesis in response
to glucocorticoids (52, 53).

A role for the RNA binding protein ZFP36L2 in mediating
glucocorticoid-induced delayed erythroid differentiation has been
previously reported (46). In this regard, our finding of reduced
ZFP36L2 expression in DBA erythroid cells and ZFP36L2-mediated
inhibition of erythroid differentiation in RPL11-deficient K562
cells, a surrogate model of human RPL-DBA haploinsufficient
erythropoiesis, supports a pivotal role for ZFP36L2 in the pathogen-
esis of erythroid failure in DBA. We hypothesize that restoration of
the ability to up-regulate critical glucocorticoid-dependent genes,
such as ZFP36L2, underpins the therapeutic effect of glucocorti-
coids in DBA. Thus, glucocorticoids improve the quality of stress
erythropoiesis rather than restore steady state-like erythropoiesis.
In line with this, eADA and HbF markers usually remain elevated in
steroid-treated DBA (Fig. 4K) (3). Conversely, our observation that
reduced ZFP36L2 promotes erythroid differentiation may be exploited
in other pathologic states characterized by excessive stress erythropoiesis
but blocked erythroid differentiation, such as p-thalassemia and poly-
cythemia rubra vera, where accelerated maturation (by macrophage
depletion for example) ameliorates pathological erythropoiesis and
anemia (54).

As well as aberrant stress erythropoiesis, in all DBA geno-
types, we demonstrate activation of P53 (8). Although the only
other published transcriptomic data from DBA bone marrow
did not show P53 pathway enrichment, the three patients studied
were in clinical remission (4, 55). Inhibition of P53 was recently
shown to be beneficial in RPS models of DBA erythropoiesis (8).
Our data further support therapeutic targeting of this pathway
in RPL-DBA.
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Fig. 7. RPL-DBA has a distinct clinical phenotype from RPS-DBA. (A) Age at presentation with anemia is plotted according to RPS-DBA (n=62) or RPL-DBA (n =44)
genotype. Dots depict data points for individual patients. (B) Hemoglobin concentration (g/liter) at presentation is shown, according to RPS-DBA (n=59) or RPL-DBA
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*P<0.05; **P<0.01.

including TNF-o inhibitors that are known to be beneficial in ane-
mia associated with chronic inflammation (60). Reduced expres-
sion of ZFP36L2 might also modulate inflammatory activation of
lymphoid and myeloid cells in DBA bone marrow given its known
anti-inflammatory effects (61, 62), providing another potential
mechanism through which glucocorticoids exert their therapeutic
effects in DBA. These findings may also have wider implications for
other heritable ribosomopathies, such as Shwachman-Diamond
syndrome, and for acute leukemia, juvenile myelomonocytic leuke-
mia, or myelodysplastic syndromes (MDS), such as 5q-MDS associ-
ated with somatic RPS14 haploinsufficiency (63). Like DBA, these
disorders are associated with a proinflammatory bone marrow mi-
lieu (64, 65) and, in turn, an increased risk of preleukemic and leu-
kemic transformation (66, 67).

GATALI insufficiency has been suggested as a mechanism of
erythroid failure in DBA, and the rate of GATA1 translation is dic-
tated by its engagement with the ribosome (4). In B cells derived
from patients with DBA, profiling of polysome-associated mRNA
transcripts showed that translation defects of the BCAT1I transcript,
which has a long 5" untranslated region, were more severe in RPS19
than RPL11 cells (68). Consistent with this, we found reduced GATA1
transcriptional activity in RPS-DBA EP, suggestive of GATA1 pro-
tein reduction. In RPL-DBA, however, we show a GATAI mRNA
and protein expression pattern that is appropriate for the stage of
erythroid development as well as an apparently robust GATA1-
regulated transcriptional program. Thus, our data suggest that strate-
gies to increase GATA1 translation are more likely to be effective in
RPS-DBA, whereas therapies such as glucocorticoids that delay
erythroid differentiation (52, 53) and specifically modulate the
glucocorticoid target ZFP36L2 are likely to be more effective in
RPL-DBA.

Last, data from our large cohort of patients with DBA show that
individuals with RPL genotypes are more likely to exhibit a milder
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hematological phenotype appearing later in life and show improved
initial corticosteroid responses. This is consistent with our findings
of relative preservation in RPL-DBA of the EP populations that are
targeted by glucocorticoids (38, 69), coupled with stress erythropoiesis
deficient in the normal endogenous glucocorticoid response path-
way. Furthermore, these findings complement the diagnostic value
of identified genetic variants and allow more precise prediction of
the disease course in patients. Despite the milder hematological
phenotype in RPL-DBA, some nonhematological manifestations,
such as congenital abnormalities, are more severe in RPL-DBA and,
irrespective of genotype, patients with DBA have a higher risk of
malignancy at a younger age than the normal population (32, 70).
The paradox of attenuated hematological features but more severe
skeletal defects associated with RPL-DBA genotypes highlights the
diverse biological consequences of ribosome dysfunction (32, 71).

Our study has several limitations. This work is limited to the
study of HSPC and erythroid precursors and does not include ma-
ture myeloid compartments or stromal cells, also potential sources
of inflammatory cytokines in DBA bone marrow. Future scRNA-
seq and functional studies could address, for example, the potential
role of erythroblastic island macrophages in erythroid failure in the
two DBA subgroups. Investigation of larger numbers of patients
with distinct genotypes within each of the RPS-DBA and RPL-DBA
subgroups is needed to further refine genotype-phenotype correla-
tions. Last, the precise mechanisms by which glucocorticoid response
pathways are impaired in the face of RP gene haploinsufficiency re-
main to be addressed.

In summary, we present unbiased charting at single-cell resolu-
tion of erythropoiesis in patients with DBA. Our data delineate de-
velopmental trajectories and, in turn, elucidate how these shape
clinical phenotypes and therapeutic responses, according to geno-
types. Furthermore, we provide access to a unique single-cell
transcriptomic dataset from pediatric HSPCs in a ribosomopathy,
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providing cell intrinsic and extrinsic pathogenetic insights, includ-
ing candidate therapeutic targets for failing erythropoiesis, such as
P53 and ZFP36L2. Last, our study is a paradigm of the power of
single-cell analysis in deciphering phenotypes and cellular and mo-
lecular mechanisms, paving the way for precision-based approaches
in rare heritable diseases.

MATERIALS AND METHODS

Study design

The overall objective of this study was to integrate clinical, cellular,
and transcriptomic data from a large cohort of patients with DBA to
elucidate genotype-phenotype correlations. Only patients who met
the diagnostic criteria of DBA (3) with confirmed pathogenic RP
gene mutations were included. The number of biological replicates
was determined by primary sample availability and is specified in
the figure legends. Outliers are included.

Patient details

Human bone marrow samples (data file S1) were collected after
written informed consent, in accordance with the Declaration of
Helsinki under a study approved by the National Research Ethics
Committee (REC reference 12/L0O/0426). Where possible, control
and disease samples were age- and sex-matched. Healthy donor pe-
diatric bone marrow was collected from sibling donors; samples
carrying o- or B-thalassemia or sickle cell trait were used in selected
experiments (excluding RNA-seq) given the limited supply of pedi-
atric bone marrow and the importance of age matching (72). At
least one true hematologically normal individual was included in
the control group in each experiment.

BMMNC isolation and CD34" cell selection

BMMNC:s were isolated by Ficoll-Hypaque (Sigma-Aldrich) densi-
ty centrifugation as per the manufacturer’s instructions and used
for flow cytometric analysis, subjected to CD34" selection or cryo-
preserved, as determined by downstream experiments. CD34" cells
were isolated magnetically from BMMNCs using the MiniMACS
Separator kit (Miltenyi Biotec Ltd.) as per the manufacturer’s in-
structions. The typical purity and yield of the selected population
was >95% after two column passages.

Flow cytometry, FACS, and CyTOF

Cells were suspended in RoboSep, incubated with FcR blocker
(Miltenyi Biotec) for 5 min at room temperature and then stained
with a panel of up to 13 commercial fluorophore-conjugated mono-
clonal antibodies (table S3) for 20 min at 4°C. After washing, cells
were stained with 4’,6-diamidino-2-phenylindole [Sigma-Aldrich;
1 ul/100 pl of stock (5 ng/ml)] or Brilliant Violet (BV) 510 Live/
Dead Fixable Stain (BD Biosciences) for dead cell exclusion, before
data acquisition on a four-laser BD LSRFortessa or BD Fusion flow
cytometer. Data were acquired using FACSDiva software v8.0.1 and
analyzed using Flow]Jo software (v10.5.3, Tree Star). Cell doublets
and nonviable cells were excluded. Gates were set with fluorescence-
minus-one plus immunoglobulin isotype controls or, where cell
numbers were limiting, with unstained controls. For cell sorting,
cells were passed through a 70-um mesh cell strainer before sorting
on a BD FACS Aria III (scRNA-seq), BD Fusion (bulk RNA-seq and
cell culture), or Sony MA900 (K562). The sort purity was assessed
by recovery of sorted cells and was consistently >95%. To measure
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apoptosis, cells were stained with an antibody against annexin V
in Annexin V Binding Buffer (BioLegend), as per the manufacturer’s
instructions. For intracellular flow cytometry and scCyTOF, see
Supplementary Materials and Methods and tables S3 and S4.

scRNA-seq (10x Chromium)

Cells were thawed, stained with flow antibodies (table S3), and sorted
as described in the method above. CD34"Lin™ cells (12 x 10° to 15 x
10%) were sorted into 2 ul of phosphate-buffered saline (PBS) and 0.05%
UltraPure bovine serum albumin followed by adjustment of the cell
number/volume to the target for loading onto the 10x Chromium
Controller. Processing was performed as per the Chromium Single
Cell 3’ library and Gel Bead Kits (10x Genomics) v2 or v3. Pre-
amplified cDNA was subjected to library preparation and multi-
plexing and then sequenced on a HiSeq 2500, NextSeq 550, or
Novaseq 6000 (table S1) by the National Institutes of Health Intra-
mural Sequencing Center Comparative Sequencing Program. All
scRNA-seq analyses were performed using customized pipelines
[SingCellaR, package available from https://github.com/supatt-lab/
SingCellaR, as previously described (23); code is deposited on
Zenodo (10.5281/zenodo.5167626)]. Analyses are detailed in Sup-
plementary Materials and Methods.

In vitro liquid erythroid culture

Total CD34"Lin~ or FACS-isolated EEP subpopulations were cul-
tured in 96-well round- or flat-bottom plates, and concentration
was maintained at less than 2 x 10°/ml by partial medium changes
every 2 to 3 days. Base medium consisted of stemspan (STEMCELL
Technologies), penicillin/streptomycin (100 U/ml; Sigma-Aldrich),
stem cell factor (100 ng/ml; PeproTech), interleukin-3 (IL-3)
(10 ng/ml; PeproTech), lipids (40 pg/ml; Sigma-Aldrich), L-glutamine
(25 ng/ml; Sigma-Aldrich), and IL-6 (10 ng/ml; PeproTech). The
concentration of Epo (Bio-Techne) was increased from 0.5 to 3 to
4 U/ml on day 7. The cultures were incubated at 37°C with 5% CO,
for up to 14 days.

Methocult assay

Single EEP or 500 CD34" cells were FACS-sorted into 100 ul or 1 ml
of H4034 medium (STEMCELL Technologies) in each well of a
flat-bottomed 96-well plate or a 24-well plate, respectively. Cultures
were incubated at 37°C with 5% CO; for 14 days. Colonies were
photographed using an inverted microscope (Evos XL Core) and
scored by morphological assessment according to established crite-
ria (73). Specifically, dense colonies of EB in “bursts” were counted
on days 12 to 14 as BFU-e, whereas small uni- or bicentric clusters
of EB were counted on day 7 as “CFU-e-like.” BFU-e colonies with
abnormal morphology or color were termed “erythroid clusters”
(9). On day 14, selected colonies were plucked and cytospun to al-
low morphological examination of their cellular composition.

Microscopy using cytospins

FACS-sorted or cultured cells were suspended in RoboSep, at a con-
centration of 2 x 10* to 5 x 10* cells per 200 pl. Cells were cyto-
centrifuged at 400 rpm for 5 min onto Superfrost slides, using
a Shandon Cytospin 2 (Thermo Fisher Scientific). Slides were
air-dried, fixed in 100% methanol, and stained with working solu-
tions of May-Griinwald-Giemsa (Sigma-Aldrich). Cytospins were
photographed using a Nikon Eclipse E400 inverted microscope
and camera.
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Bulk RNA-seq

RNA was extracted using the NucleoSpin RNA XS kit (Macherey-
Nagel). Directional mRNA libraries were prepared using the
NEBNext Poly(A) mRNA Magnetic Isolation Module, NEBNext
Directional RNA First and Second Strand Synthesis Modules, and
the NEBNext Ultra II DNA Library Prep Kit for Illumina (New
England Biolabs), as per the manufacturer’s version 1.5 protocol.
For further details, see Supplementary Materials and Methods.

Bone marrow plasma

Bone marrow aspirate (1 to 2 ml) was collected in an EDTA tube
(BD Biosciences) and spun at 1500g at 4°C for 12 min. The upper
plasma layer was aspirated, spun at 4°C, and then stored immedi-
ately at —80°C. Analysis of bone marrow plasma cytokines and
chemokines was performed by Eve Technologies using the Human
Cytokine Array (HD42) Discovery Assay.

Clinical registry data

Clinical and laboratory data were collected prospectively and uni-
formly from 161 patients with presumed DBA notified to St Mary’s
Hospital, Imperial College Healthcare Trust, London, UK over a
7-year period (2013 to 2020). Missing data were collected retrospec-
tively. Fifteen of 161 patients were excluded from the study because
there was insufficient data available to fulfill the diagnostic criteria
for DBA (3). Targeted next-generation sequencing (7) or whole-
exome sequencing was used to screen for RP gene and GATAI
mutations (table S2).

Statistical analyses

Data aggregation and statistical analyses were performed using
GraphPad Prism (v8.1.0) and SPSS (version 26, IBM Corp.) for ex-
perimental and clinical registry data, respectively. Unless otherwise
stated, bar plots show means + SE of the mean and a two-tailed
P value of less than 0.05 was considered significant. Statistical tests used,
numbers and types of replicates, and P value thresholds are described
in the legends. Differences in continuous variables between two groups
were assessed using the Student’s ¢ test (parametric), Mann-Whitney
U test (nonparametric), or Wilcoxon rank test (nonparametric), and
comparisons between more than two groups were assessed using the
Kruskal-Wallis test (nonparametric) or the one-way analysis of vari-
ance (ANOVA) test (parametric), with Dunn or Holm-Sidak multiple
comparisons tests, respectively. Normality of data was assessed by the
Shapiro-Wilk test (data file S6). Fisher’s exact or Pearson chi-square
test was used to compare proportions of categorical variables. For clinical
registry data, all variables found to be significant in univariate analyses
were included in a multivariate stepwise logistic or linear regression
analysis for binary and continuous variables, respectively.

SUPPLEMENTARY MATERIALS
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Redefining ribosomopathies

Diamond-Blackfan anemia (DBA) is a rare ribosomopathy with limited therapeutic options. DBA is characterized

by mutations in either the ribosomal protein large (RPL) or ribosomal protein small (RPS) subunit genes, but it is

not fully understood how these two types of DBA differ. To address this, Iskander et al. used single-cell profiling of
bone marrow progenitors isolated from individuals with RPS-DBA or RPL-DBA. The authors found that RPS-DBA is
characterized by loss of erythroid specification, whereas RPL-DBA was characterized by preservation of erythroid
progenitors, although the cells were qualitatively abnormal. These findings, together with data suggesting differences in
glucocorticoid responsiveness, will help develop targeted treatments for RPL-DBA and RPS-DBA.
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Supplementary Materials

Materials and Methods

Single-cell RNA sequencing (scRNA-seq) analyses

Matrices were obtained of each individual sample by aligning FASTQ files to the human reference
genome (GRCh38 3.0.0) using Cell Ranger software (version 3.0.1) from 10x Genomics. Quality
control (QC) parameters used for filtering cells are outlined in table S1. In total, 41,415
CD34*Lineage(Lin) cells (25,981 from Diamond-Blackfan anemia (DBA) donors and 15,434 cells
from healthy donors) from all 9 donors were included in analyses. 1,239 highly variable genes were
identified in the aggregate of 9 samples, 8 mitochondrial and heat shock protein genes (75) were
removed, leaving 1,231 highly variable genes for subsequent analyses. Donor and batch effects
were regressed out using the Harmony method (24). The first 30 principal components (PCs) were
used (based on elbowplot visualization) to run Uniform Manifold Approximation and Projection
(UMAP) analysis combined with Louvain clustering. Nineteen clusters were identified initially and
superimposed on the two-dimensional UMAP, as shown in Fig. 1B. Differentially expressed genes
of up to 100 genes per cluster are shown in data file S2. Lineage signature gene sets (data file S3)
were designed and used to verify the lineage identity of clusters as previously described (23).
Differentiation trajectories were inferred from Force Directed Graphs (FDG) based on the fa2
package. To examine erythroid progenitor (EP) and megakaryocyte progenitor (MKP)
heterogeneity, cells from the original clusters 6, 10, 15 and 16 (n=6380) were extracted. After
normalization, 20 PCs were used for analysis and 1,496 highly variable genes were identified after
removing 10 mitochondrial and heat shock protein genes. Clustering analysis initially identified
nine sub-clusters of EP/MKP cells. Marker genes were inspected as described above and clusters
with similar transcriptional profiles were merged to give four major EP/MKP subclusters (Fig. 2, A
and B; data file S4). All heatmaps show scaled (z score) expression values.

To assess differences between transcriptomes, differentially expressed genes (DEG) analyses were
performed in the 6 cell lineage types and in EP/MKP subclusters, by pairwise comparisons as
follows: RPS-DBA versus control, RPL-DBA versus control and RPS-DBA versus RPL-DBA.
Genes were ranked according to scores calculated by multiplying the Log2 fold change in
expression by the -logio of the adjusted p-value [false discovery rate (FDR) values]. All genes were
used as background. Gene lists were subjected to Gene Set Enrichment Analysis (GSEA) using
available software (http://software.broadinstitute.org/gsea/index.jsp) with ‘Run GSEAPreranked’
and default parameters, against the Hallmark and Kyoto Encyclopedia of Genes and Genomes
(KEGG) gene sets, that were downloaded from MSigDB



(http://www.broadinstitute.org/gsea/msigdb/collections.jsp). In addition, customized gene sets were
used from the published literature for GATAL upregulated targets (12, 49). GSEA pathways with an
FDR g-value < 0.25 were regarded as significant.

The stress erythropoiesis gene set (data file S3) comprises genes most significantly upregulated in
murine fetal liver P2 EPs compared with bone marrow (31) (fetal liver erythropoiesis is analogous
to stress erythropoiesis), as well as HBG2, ERFE and GDF15 (40-42). The glucocorticoid (GC)
target gene set was compiled by mining the literature for genes upregulated in murine fetal liver in
response to glucocorticoids (45, 46) (as limited human data available) and expressed in the
EP/MKP dataset [LogzNormalized unique molecular identifier (UMI) >0]. The Area Under the
Curve (AUCell) package (43) was used to calculate each individual cell’s AUCell score for specific
gene sets. One-tailed Wilcoxon rank-sum test was used to compare AUCell scores and gene

expression between groups.

Intracellular flow cytometry

For GATA transcription factor analysis, after extracellular staining, mononuclear cells were
washed, fixed, and permeabilized using the Transcription Factor Buffer Set (BD Pharmingen),
following the manufacturer’s protocol, then incubated with GATA1 and GATAZ antibodies [or
Immunoglobulin (lg) isotypes] at 4°C for 50 minutes, washed and run on an LSR Fortessa flow
cytometer.

For intracellular tumor necrosis factor (TNF)-a and interferon (IFN)-y quantification, the CD34 or
mononuclear cell fraction of control and DBA bone marrow were incubated at 37°C for 5 hours
with Cell Stimulation Cocktail (Invitrogen) containing phorbol 12-myristate 13-acetate (PMA),
ionomycin, brefeldin A and monensin (Cell Stimulation Cocktail; Life Technologies) or brefeldin A
(GolgiPlug; BD Biosciences) alone, washed, and stained with extracellular antibodies as described
in the main text materials and methods section. Samples were then fixed and permeabilized using
the eBioscience Intracellular Fixation & Permeabilization Buffer Set per manufacturer’s protocol,
followed by incubating with TNF-a and IFN-y antibodies at room temperature for 20 minutes,
washing and acquisition on an LSR Fortessa flow cytometer. See table S3 for details of antibodies

used.

CyTOF

Thawed bone marrow mononuclear cell (BMMNC) samples were counted, and viability measured
by trypan blue exclusion. Up to 5 million cells per sample were aliquoted for staining. For viability
staining, cells were washed with phosphate buffered saline (PBS) and then incubated in 300 ul of
2.5 uM cisplatin solution for 5 minutes at room temperature. Residual cisplatin was quenched by

washing cells twice in Cell Staining Buffer (Fluidigm). Next, cells were incubated with the surface-



staining cocktail for 30 minutes at 4°C (table S4). Cells were washed with PBS and then fixed
using 2% methanol-free formaldehyde solution (Thermo Fisher Scientific) for 30 minutes at room
temperature. Subsequently, samples were permeabilized using the Nuclear Antigen Staining kit
(Fluidigm), according to the manufacturer’s protocol, followed by incubation with the intracellular-
staining cocktail (table S4) for 30 minutes at 4°C. Finally, samples were washed with PBS and then
resuspended in a 1.6% formaldehyde solution containing 125nM iridium1 191/193 (Fluidigm).
Cells were incubated overnight, washed with Cell Staining Buffer, Cell Acquisition Solution
(Fluidigm) and then resuspended at a concentration of 5x10° cells per ml in Cell Acquisition
Solution containing a 5:1 dilution of EQ Normalization beads (Fluidigm). The samples were
acquired on a Helios Mass Cytometer equipped with a wide-bore sample injector at an event rate of
300-500 events per second. After acquisition, repeat acquisitions of the same sample were
concatenated, then normalized using the Fluidigm software. Normalized fcs files were exported for

high dimensional analysis.

GATAIL immunohistochemistry (IHC) staining and imaging

GATAL IHC was performed on archived bone marrow paraffin Imm sections, as previously
described (74) using an anti-GATALfull length antibody (D52H6, Cell Signaling Technology).
Automated staining was performed in a Leica BOND-II1 Automated IHC Stainer as follows:
deparaffinization and treatment with 3% hydrogen peroxide to quench endogenous peroxidase
activity, antigen retrieval using EDTA (0.001 mol/L), pH 8.0 (Invitrogen) at 96°C for 30 minutes,
washing in Tris buffer (Covance), incubation with GATA1 antibody at a 1:200 dilution for 20
minutes at room temperature, incubation for 30 minutes with a horseradish peroxidase (HRP)-
labelled polymer conjugated to goat anti—rabbit Ig antibody (PowerVision; Leica Microsystems),
staining with diaminobenzidine (DAB; Dako) as a chromogen, enhancement with 1% copper
sulphate solution, washing, counterstaining with Mayer’s hematoxylin (Sigma-Aldrich),
dehydration, and mounting.

Analysis was blinded to minimize observation bias. Image acquisition was automated by using the
Zeiss Axio Observer Inverted Widefield Microscope (63 x objective). Ten to 15 images were
acquired from each stained trephine to ensure sampling of distinct, non-overlapping areas of tissue.
Images were analyzed with Fiji (ImageJ 1.43j, National Institutes of Health). GATAL- positive cells
were identified in each image using a custom-made automated image analysis pipeline in Fiji,
similar to previously published method (4). Specifically, nuclei were segmented by blue intensity to
create a binary mask followed by cell separation using the binary watershed command. The binary
mask was processed to create regions of interest (yellow outlines: Fig. 6C), based on size and
circularity to exclude GATAL" megakaryocyte and GATAL" myeloid cells. Each enumerated cell

was manually verified to ensure designation to the correct hematopoietic lineage. The raw data



images were used for measuring DAB staining using the Fiji plugin “color deconvolution” with the
built-in vector “H DAB”. Diameter (mm) and mean intensity, ranging from 0 (total white) to 255
(deep brown), were measured per cell using the region of interest (ROI) mask superimposed on the
DAB only image.

For selected samples with sufficient stored material, an additional bone marrow section was co-
stained for GATAL and Glycophorin C (GYPC), a cell membrane marker of erythroblasts, using a
monoclonal mouse anti-human GYPC antibody (clone RET40f, Dako) at a 1:150 dilution. A red
stain (Leica bond polymer red detection kit; Leica Biosystems) was used as a chromogen. GYPC

positive erythroid cells were identified visually by their deep red perinuclear staining.

Bulk RNA-sequencing

To prepare double stranded DNA libraries for RNA-sequencing, 1x103-8x10* cells (according to
availability in individual samples) were purified by fluorescence- activated cell sorting (FACS) into
lysis buffer (NucleoSpin RNA XS kit, Macherey-Nagel), vortexed, snap frozen on dry ice and
stored at -80°C. On thawing, RNA was extracted, and quality assessed using the Agilent RNA 6000
Pico Kit (Agilent Bioanalyzer), accepting RNA Integrity numbers (RIN) of >7. First, mRNA was
isolated from total RNA using oligo-dT selection and fragmented (NEBNext Poly(A) mRNA
Magnetic Isolation Module), followed by first and second strand cDNA synthesis (NEBNext
Directional RNA First and Second Strand Synthesis Modules). Directionality was achieved by
addition of Actinomycin D (Sigma-Aldrich). Double-stranded complementary DNA (ds cDNA)
was purified and stored at -20°C until End Prep of the cDNA library, adaptor ligation and
polymerase chain reaction (PCR) enrichment, using a unique Truseq barcode for each sample
[NEBNext Ultra Il DNA Library Prep Kit for Illumina, NEBNext Multiple Oligos for Illumina
Primer (Index Primers Set 1)]. Following optimization, 13-16 PCR cycles were performed for 1-10
ng total input RNA. The PCR reaction was purified, eluted in 15 pl 10 mM TrisHCI, then stored at -
20°C. cDNA library quality was assessed using the Agilent DNA high sensitivity (HS) Kit (Agilent
Bioanalyzer). In cases where an adaptor-dimer peak was visible at 128 base pairs (bp), a repeat
clean-up step was performed using Agencourt AMPure XP Beads (Beckman Coulter). Libraries
were quantified by the Qubit dsSDNA HS Assay Kit (Thermo Fisher Scientific) and equimolar
concentrations pooled for sequencing on the Illumina HiSeq 2500 platform.

After demultiplexing, paired-end 100 bp raw reads obtained from RNA-seq experiments were
subjected to quality control using FAST-QC software then aligned using “STAR 2.5.3a” (76)
against the GRCh38 human reference genome, employing the default settings. Post-alignment QC
was performed using Picard and Sequence Alignment/Map (SAM) tools. Raw counts at the gene
level were obtained using the “Rsubread” Bioconductor package (77). Data normalization and

differential expression analysis across different groups were performed using the “DESeq2”



Bioconductor package (78). A combined fold change of 0.6 (Logz scale) and Pagj 0.05 cutoff was
applied to obtain significantly up- or down-regulated genes. Logz fold change values were Z-score
standardized, clustered and visualized as heatmaps within the R environment. Gene networks and
upstream regulators were identified through the use of Ingenuity Pathways Analysis (Ingenuity

Systems, www.ingenuity.com). GSEA was performed on genes preranked by Logz fold change. To

perform isoform analysis, the BUEPRINT consortium method was employed (http://dcc.blueprint-
epigenome.eu/#/md/rna_seq_grch38). In brief, alignment to the transcriptome was performed using
“STAR 2.5.3a” and transcripts were quantified using the RNA-Seq by Expectation Maximization
(RSEM) package (79).

Cell lines

K562 and 293T cells were obtained from the American Type Culture Collection (ATCC) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM) high glucose medium (Sigma-Aldrich)
and Roswell Park Memorial Institute Medium 1640 (RPMI-1640) respectively, supplemented with
20% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 2 mM L-glutamine, with or without

1 uM Dexamethasone (3.3mg/mL, Panpharma).

CRISPR/Cas9 genome editing and lentiviral transduction

Ribonucleoprotein comprising Cas9 and single guide RNA (Synthego) was used to knockdown
RPL11 in the K562 cell line. ZFP36L2 cDNA open reading frame (Genscript) was introduced by
lentiviral transduction (table S5). A single guide RNA (sgRNA) sequence (5°-
UCCCUGUUGCAGCAGGAUCA-3") with 2'0-methyl-3'phosphorothiate modifications targeting
exon 2 of RPL11 (Synthego) was pre-complexed with Streptococcus pyogenes Cas9 nuclease
(Synthego) at a molar ratio of 3:1 (SgRNA: Cas9) to form a ribonucleoprotein (RNP). Negative
control comprised Cas9 without sgRNA. Transient transfection of K562 with RNP was performed
using the Neon Transfection System (Thermo Fisher Scientific), per the manufacturer’s protocol.
Electroporated cells were cultured for 3 days then sorted as single cells and expanded for 3 weeks.
Clones were harvested for genomic DNA extraction using the Monarch Genomic DNA Purification

Kit (New England Biolabs) per the manufacturer’s protocol.

Sanger sequencing

RPL11 exon 2 was amplified using forward (5’-TCCGAGCTGTCTTCTTCCCT-3’) and reverse
(5’-TGTCTCCACTCTCCCCAACA-3’) primers and the Qiagen Fast Cycling PCR Master Mix 2x,
as per manufacturer’s protocol. PCR products were purified (Monarch PCR & DNA Cleanup Kit;


http://www.ingenuity.com/

New England Biolabs) and subjected to Sanger sequencing (Genewiz), then analyzed using the
Interference of CRISPR Edits (ICE) tool (v2.0, Synthego).

Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RNA was extracted using the Nucleospin RNA isolation kit (Macherey-Nagel) and cDNA
synthesized using the RevertAid RT Reverse Transcription Kit or the Superscript Il First Strand
Kit (Thermo Fisher Scientific), as per manufacturer’s protocol. RT-PCR was performed using
TagMan Fast Advanced Master Mix, probes as listed in table S5, and StepOnePlus Real-Time PCR
system (Applied Biosystems). Each cDNA sample was run in triplicate. Gene expression was
calculated using the AACt method, with normalization of each sample to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) then dexamethasone (Dex)-treated to untreated, ZFP36L2 to

mock or DBA to control.

Lentiviral transduction of K562

ZFP36L2 cDNA open reading frame (clone ID OHu05808) was amplified from the pcDNA3.1+/C-
(K) DYK vector (GenScript) using Phusion Hot Start 11 High-Fidelity PCR Master Mix (Thermo
Fisher Scientific) with forward (5’-TTTAGAATTCATGTCGACCA-3’) and reverse (5’-
TTAAGGCCTTCAGTCGTCGGAG-3’) primers. Restriction enzymes EcoRI and Stul were used
for cloning into the LeGO-iG2-IRES-EGFP vector (gift from Boris Fehse lab, ADDEGne plasmid
#27341). 293T cells were transfected with psPAX2, pMD2.G alongside LeGO-iG2. Viral
supernatant was harvested 48 hours post-transfection, concentrated by ultracentrifugation at
23,000g for 120 minutes at 4°C and stored at -80°C. To calculate viral titer [transducing units (TU)
per ml], green fluorescent protein (GFP) expression was assessed by flow cytometry 5 days post-
transduction of serial dilutions of virus. To transduce K562, non-coated 96-well flat bottom plates
were pre-treated with retronectin 50 pg/ml (Takara) for 12 hours at 4°C followed by blocking with
PBS plus 2% bovine serum albumin for 30 minutes at room temperature and washing with PBS
plus 25 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Sigma-Aldrich]. 8-
12x10° K562 cells were transduced with either mock (empty vector) or ZFP36L2 lentivirus using a

multiplicity of infection of 2 to 5. Analysis was performed on days 2 to 4 post-transduction.

Clinical registry mutation analysis

RP mutations identified in patients included in this study are shown in table S2. Pathogenicity was
assigned to variants as per the Association for Clinical Genomic Science (ACGS) criteria; clearly
pathogenic [CPV], likely pathogenic [LPV], variant of unknown significance [VUS], unlikely
pathogenic variant (UPV) and clearly not pathogenic (80). CPV are previously documented as

pathogenic in the Leiden Open (source) Variant Database (LOVD) (81) or are new null variants



(nonsense, frameshift, canonical 1 or 2 splice sites, initiation codon, frameshift or whole allele
deletions) in known DBA genes (genes known to harbor variants that cause DBA). Some mutations
are missense mutations and non-canonical splice site defects classified as likely deleterious through
multiple in silico platforms, such as the Mutation Taster for functional prediction (82). Mutations in
RP genes not previously implicated in DBA or variants of unclear pathogenicity in known DBA
genes were classified as VUS and not included in the study, pending further validation studies.
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Fig. S1. ScCRNA-seq of CD34*Lin" hematopoietic stem and progenitor cells (HSPCs) and cell
type annotation.
A) Aggregate of 41,415 cells from 9 individual donors, after regression of donor effect. Single
cells are colored by sample ID (left) and donor type (healthy control, RPS-DBA or RPL-
DBA, right).
B) The heatmap shows the top 8 top upregulated genes in 19 clusters generated by Louvain

community-detection clustering method. Legend shows Z-score of expression.
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Fig. S2. Verification of hematopoietic lineage identity of Louvain clusters.

The heatmap shows partitioning of Louvain clusters (columns, ranked 1 to 19) according to
upregulated expression of gene sets marking specific hematopoietic stem and progenitor cell
populations (rows), derived from published sScRNA-seq datasets (25-29). Legend shows Z-score of

expression.
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Fig. S3. Quantification of HSPC subsets.

A) UMAP plots of all CD34"Lin" cells are shown embedded by expression of each gene used
in the respective lineage gene signature set. Color gradients correspond to logarithmic-
transformed expression. Abbreviations: HSC: hematopoietic stem cells; MPP: multipotent
progenitors; EP: erythroid progenitors; LyP; lymphoid progenitors; MKP: megakaryocyte
progenitors; MyP: myeloid progenitors; EOMBP: eosinophil/mast cell/basophil progenitors.
UMAP embedded by Louvain clusters is shown at the bottom left for reference.

B) A schematic of recently revised model of the human hematopoietic hierarchy is shown (28,
83) in which undifferentiated HSPCs, including HSC and MPP split into 2 branches: one
branch encompassing EP, MKP and EoMBP, and the other branch comprising lymphoid-
primed multipotent progenitors (LMPP). The latter specify further into common lymphoid
(CLP) and granulocytic-macrophage (GMP) progenitors (34).

C) Circos plots depict lineages of CD34*Lin" cells according to RPL5 or RPL11 genotype.

D) Frequencies of HSC/MPP, LMPP and GMP are expressed as percent of CD34*Lin" cells, as
measured by flow cytometry in CD34" cells isolated from healthy control (n=11), RPS-
DBA (n=18) and RPL- DBA (n=7) fresh bone marrow. Immunophenotypes were defined as
shown in fig. S3B.

E) Frequencies of CD34" cells are expressed as percent of BMMNCs isolated from healthy
control (n=10), RPS-DBA (n=18) and RPL- DBA (n=11) fresh bone marrow.

Plots show mean = SEM of biological replicates. n.s., not significant. Groups were compared by a

Kruskal-Wallis with Dunn’s multiple comparisons test.
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Fig. S4. Characterization of EP phenotype and function.

A) Expression of individual genes superimposed on FDG of all EP/MKP cells (n=6380) is
shown, depicting a pattern of gene expression in normal mega-erythroid differentiation.
Gray cells do not express the gene of interest. Color correlates with logarithmic-transformed
expression as shown in color key.

B) Violin plots show expression of E/MK-related transcription factors in control EP/MKP
subclusters (n=2870; 1050 EEP, 393 Ecyc, 479 LEP, 948 MKP). Yellow dot indicates mean
expression and the fraction of cells expressing each gene is depicted on the x axis.

C) Number and morphology of erythroid and myeloid colonies, assessed at 14 days of culture
of CD34"Lin" cells. Cells were FACS-sorted from control and RPL-DBA bone marrow
(n=3) in triplicate into methylcellulose permissive of erythroid and myeloid development.
CFU- GEMM, colony-forming unit - granulocyte erythroid macrophage megakaryocyte.
Scale bar, 100 um.

D) Cellular composition of single EEP-derived colonies plucked and cytospun on day 12 of
culture is shown. BFU-e derived from control comprise nucleated, early EB. Erythroid
clusters or CFU-e like colonies, derived from RPS-DBA or RPL-DBA EEP respectively,
comprise fewer cells at a later stage of differentiation, from EB to anuclear reticulocytes.
Lines within images show where empty space between cells has been cropped. Scale bar, 10
um.

E) Relative proportions of live (annexin V [AV] 4',6-diamidino-2-phenylindole [DAPI]), early
apoptotic (AV*DAPI") and late apoptotic/necrotic (AV*DAPIY) cells are shown as
determined on day 12 by flow cytometry, in control, RPS-DBA and RPL-DBA erythroid
culture (n=2).

F) Dynamics of in vitro erythroid differentiation of control and RPL5-DBA bone marrow
(n=1) are shown. EP frequencies are shown as percentage of total CD34" cells on D0 and
early and late EB as percentage of total CD71*CD36" EB on Days 2, 4, 7, 10 and 15.
GYPA, Glycophorin A; SSC, side scatter.

G) GYPA expression, normalized to GAPDH, during in vitro erythroid differentiation of control
and RPL5-DBA bone marrow (n=1) was measured by RT-PCR in FACS-sorted CD71" EB.

H) Mean Fluorescence Intensity (MFI) of GYPA is shown in CD71" EB during in vitro
erythroid differentiation of control and RPL5-DBA bone marrow (n=1).

Charts show mean + SEM of biological replicates. **P<0.01; n.s., not significant. Groups were

compared by a Student’s t test (C).
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Fig. S5. Single-cell proteomics in bone marrow ex vivo reveals disordered differentiation in
RPL-DBA.

A) UMAP embedding of 5 unsupervised Leiden clusters of single cell cytometry by time of
flight (scCyTOF) proteomic data from control (n=4138; 1 donor) and RPL5-DBA
BMMNCs (n=2167; 1 donor).

B) A heatmap shows expression of cell surface and intracellular erythroid proteins measured by
scCyTOF in 5 clusters (labeled on left). The major partition in the dendrogram is between
MPP and EP/EB clusters.

C) The bubble plot shows the frequency of cells (bubble size) and average expression (color
scale) in each of 5 clusters that express cell surface and intracellular erythroid markers.

D) Violin plots show the expression of cell surface and intracellular erythroid proteins in cell
clusters as measured by scCYTOF in control and RPL5-DBA BMMNCs (n=1).
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Fig. S6. Characterization of mature erythropoiesis in DBA.

A) Gating strategy for identification and prospective isolation of mature EB is shown. Shown

B)

are representative flow cytometry plots of normal BMMNCs. Percent is of parent
population, which is indicated above plots. CD71" cells comprise less than 2% of myeloid
(My)/ lymphoid (Ly) lineage-positive compartment. My/Ly Lin antibodies comprise CD3,
CD56, CD10, CD19, CD14, CD15 or CD16. Expression continuum of CD36 in 6
populations is shown. Table shows relative proportions of E1-E6, expressed as a percentage
of total CD34'CD71" EB. CFU-e/ProEB are CD105""GYPA", early BasoEB are
CD105""GYPAY, late BasoEB are CD105""GYPA™", PolyEB are CD105"GYPA™,
OrthoEB are CD105°GYPA™, and reticulocytes are CD105°GYPA™, concordant with
published data (39). APC, allophycocyanin; FSC, forward scatter; PE, phycoerythrin; PE-
Cy7, phycoerythrin-cyanine7; PerCP-Cy5.5, peridinin-chlorophyll-protein complex-
cyanineb.5.

CD34Lin"CD71" Live singlets were FACS-purified according to expression of CD105 and
GYPA. Morphology of FACS-isolated and Hematoxylin & Eosin-stained EB

subpopulations is shown. Scale bar, 5 um.



C) Duration of red blood cell transfusions (years) at time of bone marrow sampling from
individuals with RPS-DBA (n=32) and RPL-DBA (n=19) is shown.
D) EB frequency is expressed as a percent of total nucleated cells in bone marrow aspirates
from patients with DBA, according to genotype (RPS19 n= 14, RPS26 n=13, RPS24 n=3,
RPS17 n=1, RPS29 n=1, RPL11 n=6, RPL5 n=9, RPL35A n=3, RPL15 n=1).
E) The ratio of frequency of myeloid to erythroid lineage cells (M:E ratio) in bone marrow
aspirates from patients with DBA is shown, according to genotype.
Plots show mean + SEM of biological replicates. Variables were compared across genotypes using
a Mann-Whitney U or a Kruskal-Wallis with Dunn’s multiple comparisons test, as appropriate. n.s.,

not significant.
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Fig. S7. DBA stress erythropoiesis and overexpression of ZFP36L2 in wt and RPL11 kd K562.
A) Expression of RPS19, RPL5 and RPL11 is shown in EP/MKP cluster cells from healthy
control (n=3), RPLS5 loss of function (LoF; n=2), RPL11 LoF (n=1), RPS19 LoF (n=2) and
RPS19 missense mutation (n=1). Violin plots depict the mean expression (yellow dot) and
its distribution (minimum to maximum). Fraction of cells expressing three genes is 100% for

all groups.



B) Violin plots depict expression of ERFE and GDF15 (stress erythropoiesis genes) at
indicated stages.

C) Sanger sequencing traces (sense strand) of wild type (wt; representative of 6 clones) and 4
RPL11-knockdown (kd) K562 clones (termed C1-C4) are shown. Guide sequence, cut site
and PAM (protospacer adjacent motif) are shown.

D) RPL11 expression was measured by RT-PCR in wt and RPL11 kd K562 clones (n=4),
normalized to wt and GAPDH. Data points represent technical replicates of RNA harvested
at distinct time points of culture.

E) ZFP36L2 was measured by RT-PCR, in wt and RPL11 kd K562 clones 2 days post lentiviral
transduction with mock (empty vector) or ZFP36L2, normalized to mock and GAPDH
(n=3).

F) GYPA was measured by RT-PCR, in wt and RPL11 kd K562 clones 2 days post lentiviral
transduction with mock or ZFP36L2, normalized to mock and to GAPDH (n=3).

G) MFI of GYPA was measured 2 to 4 days post lentiviral transduction with mock or ZFP36L2
[n=3 (D2) or n=2 (D3 and 4)].

P values are indicated as ****P<0.0001; **P<0.01, *P<0.05, n.s., not significant. Groups were

compared by a Wilcoxon rank-sum test (B) or a paired Student’s t test (E, F, and G).
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Fig. S8. Aberrant molecular signatures in DBA erythropoiesis.

A) Bubble plot showing normalized enrichment score (NES) and false discovery rate (-Logzo

FDR) of significantly enriched (FDR q value of <0.25) pathways of interest (y axis) upon



GSEA of all pre-ranked differentially expressed genes (DEG) between control and DBA
HSPC cell types (x axis).

B) The bubble plot shows enriched pathways on GSEA of all pre-ranked DEG between RPS-
and RPL-DBA HSPC cell types.

C) Intracellular TNF-a and IFN-y, assessed by flow cytometry of bone marrow CD3* T cells,
CD3°CD56" natural killer (NK) cells, CD14" monocytes/macrophages and GYPA' EB in
control and RPL11-DBA BMMNCs ex vivo, following 5 hours incubation with PMA and
ionomycin plus protein transport inhibitor (stimulated) or protein transport inhibitor alone
(unstimulated). AF647, Alexa Fluor 647; BV421, Brilliant Violet 421; BV605, Brilliant
Violet 605; BV711, Brilliant Violet 711; FITC, fluorescein isothiocyanate.

D) Intracellular TNF-a and IFN-y in controls (n=6, including 2 samples from same donor
stained independently) and DBA [n=2 RPS19 (insufficient EB for assessment), n=3 RPL5
and n=1 RPL11], following 5 hours incubation with PMA and ionomycin plus protein
transport inhibitor (stimulated) or protein transport inhibitor alone (unstimulated).

E) Normalized expression of genes of interest, quantified by bulk RNA-seq in FACS-isolated
stage-matched EB from 3 RPL-DBA (RPL11, n=1 and RPL5, n=2) patients, compared with
3 healthy controls. Red dashed line highlights 50% gene expression relative to control.

Plots show mean + SEM of biological replicates. *P<0.05, n.s., not significant. Groups were

compared by a Wilcoxon matched- pairs signed-rank test (D) or a Mann-Whitney U test (E).
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Fig. S9. GATALI transcriptional activity and expression.

A) GSEA against GATAL gene sets of pre-ranked DEG between control and DBA donors at
distinct erythroid stages (ScCRNA-seq for EP and bulk RNA-seq for EB) are shown. NES and
FDR g values are shown. Gene sets were defined as upregulated genes in the Gle cell line at
two differentiation time points, termed early and late, after GATAL activation (12, 49).

B) Representative image of bone marrow trephine biopsy section captured with the 5x objective
of a Zeiss Axio Observer Inverted Widefield Microscope. Ten to 15 sites (marked with
yellow crosses) were imaged in each section to ensure sampling of distinct, non-overlapping
areas of tissue. Scale bar, 2660 pm.

C) Examples of GATAL staining by IHC in bone marrow from RPL11-, RPS26-, and RPS24-
DBA patients are shown. Scale bar, 10 um .

D) Violin plots show the distribution of single cell GATAL expression in EB from control,
RPS-DBA, and RPL-DBA bone marrow. Batches refer to bone marrow sections imaged on
different days. Distribution is from 5" percentile to 95" percentile. Dotted line shows mean
expression of all samples in each batch.

E) Histograms show intracellular GATA1L expression in stage-matched MPP, EP, and EB
clusters as measured by scCyTOF in control (n=4138; 1 donor) and RPL-DBA BMMNCs
(n=2167; 1 donor).
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Fig. S10. Genotype-phenotype correlations in the United Kingdom (UK) DBA cohort.

A) Age at presentation with anemia (years) is shown according to genotype (RPS19 n= 31,
RPS26 n=20, RPS24 n=3, RPS17 n=5, RPS10 n=1, RPS29 n=1, RPS7 n=1, RPL11 n=15,
RPL5 n=23, RPL35A n=>5, RPL15 n=1).

B) Hemoglobin (Hb) concentration at presentation is shown, according to genotype.

C) Hb at presentation, according to RPS-DBA (n=59) or RPL-DBA (n=38), was normalized for
age by dividing by the lower limit of the age-specific normal range for each patient.

D) Corticosteroid-responsive (transfusion-independent) status at 6 months (mo) is shown
according to genotype (RPS19 n= 29, RPS26 n=19, RPS24 n=3, RPS17 n=5, RPS10 n=1,
RPS29 n=1, RPS7 n=1, RPL11 n=10, RPL5 n=22, RPL35A n=4, RPL15 n=1).

E) Long-term corticosteroid responses according to RPS or RPL subgroup or specific genotype
is shown. S, steroids; SR, steroid responsive; SUR, steroid unresponsive; SD, steroid-
dependent.

F) Remission more than 6 months is shown according to RPS or RPL subgroup or specific
genotype.

G) Type of genetic variant is shown according to RPS or RPL subgroup or specific genotype.

H) The number of congenital anomalies is shown according to RPS (n=62) or RPL (n=43)
subgroup or specific genotype.

1) Congenital anomalies of the thumb/radius or cleft lip/palate is shown according to RPS or
RPL subgroup or specific genotype (RPS19 n= 31, RPS26 n=20, RPS17 n=5, RPS24 n=3,
RPS10 n=1, RPS29 n=1, RPS7 n=1, RPL11 n=15, RPL5 n=22, RPL35A n=5, RPL15 n=1).

Samples sizes are n=62 for RPS-DBA and n=44 for RPL-DBA unless otherwise stated. Variables
were compared across genotype using the Mann-Whitney U or Kruskal-Wallis with Dunn’s
multiple comparisons test, as appropriate. Fractions of patients were compared across genotypes
using the Pearson chi-square test. All variables significant on univariate analysis were tested by
multivariate regression and P values refer to the latter. ****P<0.0001; ***P<0.001; **P<0.01;

*P<0.05; n.s., not significant.
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Fig. S11. Graphical summary.

A proposed model of RPS- vs RPL-DBA erythropoiesis summarizing the findings of this work.



Supplementary Tables

Table S1. Quality control (QC) using CellRanger and filtering cut-offs for scRNAseq data.

No.

% Total Cells | Cell highly
10x mitochond | cells filter | no. variab
chemist | Batc | Min_U Max_U Min_detected_ | Max_detected_ | rial genes captur | ed after le

Sample | ry h Ml Ml gene gene cutoff ed out QC genes
Con v3 4 1000 40000 500 7000 15 5538 505 5033 1991
Con V2 4 1000 45000 500 6000 15 5399 784 4615 2236
Con v2 2 1000 30000 500 5000 15 6351 565 5786 2307
RPS19 V2 1 1000 40000 500 6000 15 3558 126 3432 2181
RPS19 V2 2 1000 30000 500 5000 15 6929 448 6481 2790
RPS19 V2 2 1000 30000 500 5000 15 6904 539 6365 3098
RPL5 v2 3 1000 30000 500 4000 15 3033 222 2811 2223
RPL11 v3 4 1000 60000 500 8000 15 3987 539 3448 2698
RPL5 V2 4 1000 40000 500 6000 15 4189 745 3444 2320
Aggreg

ate all

HSPC 45888 41415

EP/MK

P

cluster 6380




Table S2. Pathogenic mutations and deletions in RP genes identified in all patients in the UK
DBA cohort (pathogenic mutation identified in 106 of 161 patients). The Human Genome
Organization Gene Nomenclature Committee nomenclature (7, 80) is used for DNA changes and
proteins. ACGS criteria were used to assess pathogenicity, as described in the methods. There were
62 patients with RPS-genotype, including 2 multiplex families and 44 patients with RPL-genotype,
including 3 multiplex families. Note that GATAL mutations were not identified in any patients in the

UK cohort. Patients with VUS or no detected mutations were not included in genotype-phenotype

analyses.
N N affected
Gene DNA variant Protein affected families,
cases where >1 case
RPS19 ¢.296_297delTG p.? 1
RPS19 c.11delT p.Thr5Leufs*2 1
RPS19 c.280C>T p.Arg94* 1
RPS19 c.49G>C p.Alal7Pro 1
RPS19 ¢.71+1G>T p.? 1
RPS19 ¢.184C>T p.Arge2Trp 1
RPS19 ¢.203_204dupG p.Gly69Trpfs85* 1
RPS19 c.57delA p.? 1
RPS19 c.412-2A>C p.? 1
RPS19 ¢.296dupT p.Alal00Glyfs*54 1
RPS19 c.3G>A p.Metl? 3 3
RPS19 allele deletion 1
RPS19 ¢.172+2T>G p.? 1
RPS19 c.328delC p.Leull110* 1
RPS19 ¢.302G>C p.Argl01Pro 1
RPS19 Int 2; int4 ¢.-152+1G>A; ex5- 02 )
12del
RPS19 ¢.167G>T p.Arg56Leu 1
RPS19 c.151-1G>T p.? 1
RPS19 ¢.361C>G p.Argl21Gly 2 1
RPS19 ¢c.3G>T p.0? 1
RPS19c.(?_1) )(172+155_?) deletion 02 .
exons 1-3




RPS19 ¢.156G>T p.Trp52Cys 1
RPS19 ¢.1-1G>T p.0? 1
RPS19 ¢.302 G>A p.Arg101His 1
RPS19 ¢.251_252delGA p.Arg84Lysfs*69 1
RPS19 ¢.356+1 G>A p.? 1
RPS19?2 2
RPS26 ¢.176_177delTCinsAA p.Phe59* 1
RPS26 ¢.55C>T p.GIn9* 1
RPS26 ¢.259C> T R87* 1
RPS26 c.1A>G p.MetlVal 1
RPS26 ¢.3+1G>A p.? 2
RPS26 c.6_9delAAAG p.Lys4Glufs*40 1
RPS26 ¢c.3+1G>C p.? 1
RPS26 splice donor intron 1

C.3+1G>T b7 )
RPS26 ¢.9_12delGAAA p.Lys4Glufs*40 1
RPS26 allele deletion 2
RPS26 ¢.30+1G>A p.? 1
RPS26 c.6_9delAAAG p.Lys4Glufs*40 1
RPS26 c.312+2T>A p.? 1
RPS26 ¢.3+2T>G p.? 1
RPS26 ¢.344T>C p.Met115Thr 1
RPS24 c.2T>G p.MetlArg 1
RPS24 c.46C>T p.Argl6* 1
RPS24 c.1A>G p.0? 1
RPS17: ¢.3G>C p.? 1
RPS17 ¢.159T>G Y53* 2
RPS17 allele deletion 1
RPS17 c.1A>G p.? 1
RPS7 c.147+1G>T p.? 1
RPS29 c.63-3C>A p.? 1
RPS10 ¢.337C>T p.Argl13* 1
RPL11 allele deletion 3
RPL11 ¢.396+1G>T p.? 2




RPL11 c.60 _61delCT p.Cys21Serfs*33
RPL11c.475_476delAA p.Lys159Argfs*12
RPL11 ¢.136-137insAG p.Thrd7Argfs*42
RPL11 c.204delT p.?

RPL11 deletion intron exon p.0?

RPL11 c.202_203insG p.167*

RPL11 c.44-45delTTinsCCCATC p.Lys15Profs*41
RPL11 ¢.58 59delCT p.Cys21Serfs*33
RPL11 deletion exons 5 and 6

RPL5 ¢.172_173delAG p.Asp59Tyrfs*53
RPL5 ¢.535C>T p.Argl79Ter
RPL5 ¢.367delG p.Vall123

RPL5 c.166-169del p.Asn57Glufs*12
RPL5 ¢.175_176delGA p.Asp59Tyrfs*53
RPL5 ¢.625_626insG p.?

RPL5 c.169_172delAACA

p.Asn57Glufs*12

RPL5 ¢.244C>T E82*

RPL5 c.664C>T Q222*

RPL5 ¢.178 179delAT p.lle60Hisfs*
RPLS5 allele deletion

RPL5 ¢.324+1G>C p.?

RPL5 ¢.190-1G>C p.?

RPL5 ¢.189delG

p.lle64LeufsTer6

RPL5?2

RPL5 c.350delA

p.Lys117Argfs*9

[ I Y e N N N N I N R I e e e R e S

RPL35A allele deletion: boundaries of

deletion not established ?
3g microdeletion syndrome; RPL35A )
allele deletion

17.4Mb gain region 3g26.32 to 29

and loss 2.1Mb 3g29: RPL35A allele 1
deletion

RPL15 c.260G>A pTrpl20* 1

4Pathogenic variant reported but specific DNA change no longer available.




Table S3. Antibodies used for flow cytometry.

Marker Supplier Panel Dilution
Annexin V APC BioLegend EB 5 in 100
Lin APC BiolLegend HSPC/EP 3 in 100
CD71FITC Life Technologies HSPC/EP 5 in 100
CD10 APC BioLegend HSPC/EP 3in 100
CD45RA Life Technologies HSPC/EP P in 100
allophycocyanin efluor
780 (APC-ef780)
CD34 PeCy7 Life Technologies HSPC/EP/EB 1in 100
CD41a efluor 450 (ef450) | Life Technologies EP ? in 100
CD38 AF700 Life Technologies HSPC/EP 1in 100
CD123 BV605 BD Biosciences HSPC/EP 8 in 100
CD90 peridinin- Life Technologies HSPC P in 100
chlorophyll-protein
complex efluor 710
(PerCP-ef710)
CD14 FITC Life Technologies EB 5 in 100
CD15FITC Life Technologies 5 in 100
CD16 FITC Life Technologies 5 in 100
CD10 FITC Life Technologies 5 in 100
CD2 FITC Life Technologies 5 in 100
CD3 FITC Life Technologies 5 in 100
CD19 FITC Life Technologies 5 in 100
CD61 FITC Life Technologies 5 in 100
CD56 FITC Life Technologies EB and IFN-y/TNF- 5 in 100
o
CD14 AF467 BioLegend IFN-y/TNF-a 3in 100
CD3 BV605 BioLegend IFN-y/TNF-a 3in 100




IFN-y BV510 BioLegend IFN-y/TNF-a 5 in 100

TNF-a BV711 BioLegend IFN-y/TNF-a 5 in 100

CD71 APC Life Technologies EB and K562 3in 100

GYPA ef450 Life Technologies EB and K562 1in 100

CD36 PerCPCy5.5 BiolLegend EP/EB ? in 100

CD105 PE BioLegend EP/EB P in 100

Live dead Brilliant Violet | BD Biosciences HSPC/EP 1 in 1000

510 (BV510)

GATA1 PE Cell Signaling GATAL/2 P in 100
Technology

GATAZ2FITC R&D systems GATAL/2 5 in 100

GYPA BV421 BD Biosciences GATAL/2 and IFN- 0.5in 100

v/TNF-a

PE Rabbit 1gG Cell Signaling GATAL/2 P in 100
Technology

FITC normal IgG R&D systems GATAL/2 5 in 100

CD71 AF647 Invitrogen GATAL/2 3 in 100




Table S4. Antibodies used for scCyTOF.

Label Antibody Clone Source
Cat#
89Y CD41 HIP8 Fluidigm
3089004B
141Pr CD235a/GYPA | HIR2 Fluidigm
3141001B
143Nd CD45RA HI1100 Fluidigm
3143006B
149Sm CD34 581 Fluidigm
3149013B
155Gd CD36 5-271 Fluidigm
3155012B
156Gd GATA1l D24E4 NEB/CST
4589BF
161Dy CD90 5E10 Fluidigm
3161009B
165H0 Kruppel Like 1B6A3 LS-Bio
Factor 1 LS-C191841
(KLF1)
166Er CD44 BJ18 Fluidigm
3166001B
168Er CD71 OKT-9 Fluidigm
3168014B
170Er Hemoglobin A | 012 Creative
(HBA) Diagnostics
DCABH-8054
172Yhb CD38 HIT2 Fluidigm

3172007B




Table S5. TagMan assays used for RT-PCR.

Gene ID

GAPDH Hs02786624 g1
ZFP36L2 Hs00272828 m1l

RPL11 Hs00831112_s1 (exon 2)

Hs04183527 g1 (exon 5)

GYPA

Hs00266777_m1l






