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Abstract

Rpl11 haploinsufficient mice develop a macrocytic anemia similar to patients with DBA. Here, we
fully characterize this model from clinical and pathophysiological perspectives. Early erythroid
precursors have increased heme content and high cytoplasmic ROS, impairing erythroid
differentiation at the CFU-E/proerythroblast stage and subsequently. Using single-cell analyses
that link a cell’s surface protein expression to its total transcriptome and unbiased analyses, we
show GATA1L, GATAL target gene and mitotic spindle pathway gene transcription were the
pathways most decreased. Expression of ribosome protein and globin genes were amplified. These
changes, as well as the other transcriptional changes that were identified, closely resemble findings
in mice that lack the heme export protein FLVVCR, and thus suggest that heme excess and toxicity
are the primary drivers of the macrocytic anemia. Consistent with this, treating Rpl11
haploinsufficient mice with corticosteroids increased the numbers of earliest erythroblasts but
failed to overcome heme toxicities and improve the anemia. Rpl11 haploinsufficient mice uniquely
upregulated mitochondrial genes, p53 and CDKN1A pathway genes, and DNA damage checkpoint
genes, which should contribute further to erythroid marrow failure. Together our data establish
Rpl11 haploinsufficient mice as an excellent model of DBA that can be used to study DBA
pathogenesis and test novel therapies.
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Introduction

Diamond-Blackfan anemia (DBA) is a congenital macrocytic anemia. Since mutations
resulting in the haploinsufficiency of one of 19 ribosomal proteins cause the same clinical
phenotype — marrow erythroid hypoplasia, low reticulocyte count, low red cell numbers, low
hemoglobin, low hematocrit, high mean cell volume (MCV), and normal or near normal
white blood cell and platelet counts [1, 2] — shared pathways that are uniquely important for
red cell differentiation must be impacted. As an example, ribosomal protein imbalance can
increase p53 activity, which preferentially impairs red cell differentiation [3-6]. Excess
heme may also enhance p53 induced caspase cleavage of GATA1L by disrupting the GATA1-
HSP70 complex [7, 8], thus magnifying its effect. In addition, ribosomal protein imbalance
leads to poor ribosome assembly and function [3, 9, 10] This can impede protein translation
and slow globin synthesis to result in excess heme, excess ROS, and apoptotic and
ferroptotic erythroid cell death [11]. Therefore, studies of DBA pathogenesis can provide
insights into the physiological regulation of erythropoiesis, as well as suggest new targets
and strategies for therapy.

Erythroid cells require large quantities of both heme and globin and must tightly coordinate
their syntheses. In DBA, this fails. Sufficient synthesis of globin, a protein, requires robust
translation. However, the synthesis of heme (a toxic chelate) originates with glycine (an
amino acid) and succinyl CoA (a TCA cycle intermediate) and proceeds via an enzymatic
process. It requires only small quantities of protein (enzymes) and thus minimal translation.
When translation is impaired, heme production surpasses globin production. Should the
quantity of intracellular heme overwhelm the export capacity of the cytoplasmic heme
exporter FLVCR, toxicity ensues.

Because most murine models of ribosomal protein haploinsufficiency incompletely mirror
DBA, it has been difficult to quantify the relative impact of p53 activation, heme toxicity and
other downstream consequences of imbalanced ribosomal protein production on
erythropoiesis. Either the anemia is very mild, the anemia is transient, or there is severe
pancytopenia [12-14]. Here, we fully characterize the ineffective erythropoiesis of Rpl11
haploinsufficient mice, a model initially described and characterized by Morgado-Palacin
and colleagues [15]. These mice develop a chronic macrocytic anemia, while their other
blood cell lineages differentiate normally. Rpl11 haploinsufficient erythroid cells have
excess heme and excess ROS, similar to, but (as expected) less pronounced than, that
observed in Flveri-deleted mice, since heme export via FLVCR is possible, but inadequate.
Hematopoietic progenitor cells also have increased p53 activity, as seen in some cases of
DBA. Recent studies show that this activates Nemo-like kinase and inhibits erythroid
precursor expansion [16].
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After clinically characterizing these mice, we interrogated their erythropoiesis, using single
cell technologies. We quantified the cell surface protein expression of CD71 (transferrin
receptor, Tfrl) and Ter119 (glycophorin A associated protein) on nucleated marrow cells,
used this information to align erythroid cells through the early stages of differentiation, and
then correlated an individual cell’s surface marker expression with its total transcriptome.

Simultaneously assessing cell surface protein expression and gene expression of single cells
proved a powerful approach since it allowed us to decipher stage-specific events using
traditional stage designations [17, 18]. By analyzing erythroid marrow cells from control and
Flveri-deleted mice with an equivalent experimental design, we could identify heme-
dependent events. Erythropoiesis in F/vcri-deleted mice proceeds normally until the CFU-E/
proerythroblast stage when cells synthesize heme but cannot export it. Since p53 is not
activated [18], their ineffective erythropoiesis exclusively results from heme toxicity. Using
these methods and directed, as well as unbiased, informatics analysis, we confirm that heme
toxicity is a major contributor to erythroid marrow failure in DBA. We also identify and
catalog heme-independent, as well as heme-dependent, transcriptional changes in this
murine model of DBA.

Corticosteroid treatment of Rpl11 haploinsufficient mice increased their erythroid precursor
cell numbers, but the expansion in early erythropoiesis did not correct the heme toxicities
and did not improve the anemia, providing insight into why many DBA patients fail to
respond to steroids. This also suggests that agents that target heme may augment or
synergize with steroid therapy.

Materials and Methods

Mice:

Rpl11 floxed mice (Rpl11*/19X; Tg.hUbC-CreERT?) [15] were provided by M. Serrano
(Spanish National Cancer Research Centre, Madrid, Spain). Male and female adult (6-10
wk) Rpl11*/* and Rpl11*/1°* mice were given 5 daily treatments of tamoxifen (200 mg/kg,
Sigma-Aldrich) via gavage to delete exons 3-4. Complete blood count analysis of peripheral
blood from the retro-orbital sinus was performed on a HemaVet 950FS (Drew Scientific
Inc.). Whole blood was stained with BD Retic-Count (BD Biosciences) and reticulocytes
were enumerated by flow cytometry according to the manufacturer instructions. Mice were
maintained under specific pathogen free conditions with free access to food and water. 25
mg/ml prednisolone (Akorn Pharmaceuticals) was provided ad lib in drinking water
resulting in a dose of ~5 mg/kg/day. All animal studies were approved by the University of
Washington Institutional Animal Care and Use Committee.

Flow cytometry and sorting:

Bone marrow cells from femurs and tibias or total splenocytes were harvested and stained
with antibodies to B220, Grl, CD11 b, Ter119, CD71, and CD44 (BD Biosciences and
eBioscience). Erythroid precursor cell populations | -V (BFU-E through reticulocytes) were
identified and sorted on an Aria Il cell sorter (BD Biosciences) as before [19]. Marrow cells
from 2 mice were combined and populations | & 11 (B220~Gr1"CD11b
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~CD71*CD44NiTer119me9 1o hiy 'which include some BFU-E, CFU-E, proerythroblasts, and
basophilic erythroblasts [19], were isolated for single cell RNAseq analysis as before [18].
Cytoplasmic ROS were detected with CM-H2DCFCA while mitochondrial ROS were
detected with MitoSOX Red (Invitrogen). Flow cytometry data was analyzed with FlowJo
software (BD Biosciences). Total cellular heme levels were detected according to established
methods [19].

Analysis of human marrow cultures:

Cryopreserved marrow from a DBA patient with RPS19 L18P mutation (DBA patient 1 in
[11]) and a healthy normal individual were cultured for 8 days (6 days in phase 1 then 2 days
in phase 2 media) then CD36+GIlyA™ erythroid precursor cells were sorted as before [11] for
gPCR analysis. Quantitative PCR was performed as before using probe sets for GATAI [18]
and COX6B1 (Hs.PT.58.26089750, Integrated DNA Technologies). All marrow samples
were collected after informed consent was given by the subjects.

Single cell preparation and sequencing:

Sorted erythroid precursor cells in populations | & 11 (BFU-E through basophilic
erythroblasts) were isolated, imaged, and prepared for RNA sequencing on the C1 Single-
Cell Auto Prep System (Fluidigm) as before [18]. Briefly, cells were loaded on the C1 small
cell integrated fluidic circuit and fluorescent images of Ter119 were captured prior to lysis
and cDNA production on the C1 system according to the manufacturer’s instructions. Based
on cDNA recovery and imaging, 96 cells from 2 independent experiments were sequenced
using lllumina’s single-ended, 75 nucleotide, high output (400 million read NextSeq SR75
flowcell) protocol on the NextSeq 550 instrument. Raw sequence reads were aligned to the
mouse genome (NCBI build 37.2) and normalized as reads per kilobase per million
transcripts (RPKM) as before [18] with an average of more than 4.5 million reads per cell.
The RNA sequencing (RNAseq) data from Rpl11 haploinsufficient mice is available in the
GEO database under accession number GSE152758 while previously reported RNAseq data
from control and F/vcri-deleted mice is available under accession number GSE94898.

Statistics and bioinformatics:

The principal component analysis (PCA) within R package FactoMineR [20] was used to
subtype and characterize single cells. Gene set enrichment analysis (GSEA) was performed
with over 40,000 pathways and gene sets, including those available in the Bioconductor R
package gene set knowledgebase, and the molecular signatures database (homologous gene
sets in mouse) from the Broad Institute [21-23]. For the GSEA, we required that a putatively
up-regulated gene needs to have a RPKM value larger than both 1.0 and two times of the
third quartile RPKM value across all samples for this gene, and we assumed a
hypergeometric distribution of RPKM values across all genes when we calculated the
enrichment P values and their corresponding FDR (false discovery rates). Transcriptome
data are presented as reads per kilobase per million transcripts (RPKM) mean£SD of
biological (cell) replicates while ex vivo analysis are presented as mean+SD of biological
(mouse) replicates. Significance testing was performed with one-way ANOVA and post hoc
Student’s T test (GraphPad Prism or Microsoft Excel 2010). P values < 0.05 were
considered significant.
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Characterization of ineffective erythropoiesis in Rpl11 haploinsufficient mice.

Previous studies of Rpl11 haploinsufficiency showed these mice developed anemia by 12
weeks after deletion [15]. We have recapitulated these results using a 5-day regimen of oral
tamoxifen. Mice developed a mild but persistent macrocytic anemia by 8 weeks post
deletion (Fig 1 A). Absolute reticulocyte counts were significantly decreased in Rpl11
haploinsufficient mice (3.58+0.34 x 10°/uL vs 4.74%0.14 x 10°/uL, P=0.003, N=4 each).
Backcrossing to C57BL/6J (= 5 generations) did not alter the clinical phenotype.
Transplantation of Rpl11 haploinsufficient marrow into myeloablated recipients also resulted
in macrocytic anemia (Fig S1) as previously shown [15], demonstrating that the macrocytic
anemia was cell autonomous.

We have previously shown that excess erythroblast heme in F/vcri-deleted mice and humans
with DBA result in a CFU-E/proerythroblast injury and a subsequent failure of erythroid
differentiation [11, 19]. To determine if Rpl11 haploinsufficient mice share pathophysiology
with FlverI-deleted mice and human DBA patients, we analyzed their erythroid
differentiation. Erythroid differentiation of marrow cells from Rpl11 haploinsufficient mice
fails at the CFU-E/proerythroblast stage, resulting in reduced frequency and numbers of
basophilic and polychromatic erythroblasts compared to control marrow (Fig 1B-C).
Splenic erythropoiesis significantly expands in the Rpl11 haploinsufficient mice throughout
all stages (Fig S2). Despite an 8-fold expansion in splenic basophilic erythroblasts
(population I1) relative to control mice, there is only a 1.5-fold increase in mature splenic
reticulocytes, demonstrating that splenic stress erythropoiesis is also ineffective. Since
control mice lack splenic stress erythropoiesis and DBA patients lack splenic erythropoiesis,
we focus in depth on marrow erythropoiesis. In marrow there is ineffective erythropoiesis
with increased cell size at the orthochromatic and reticulocyte stage (populations IV & V),
resulting in macrocytic anemia (Fig 1B—C). Additionally, there is increased erythroblast
heme content throughout terminal erythroid differentiation (Fig 1D). The increased heme
content is less than that observed in F/veri-deleted mice [19], as Rpl11 haploinsufficient
mice express normal levels of F/verI (Fig S3). This is consistent with cultures of marrow
from DBA patients that have elevated erythroblast heme content despite increased FLVCR
expression [11]. This indicates that heme export via FLVCR is inadequate when ribosome
function is impaired. It also implies that pathologies directly caused by the extremely high
heme levels in F/veri-deleted mice should occur, but be less severe, in Rpl11
haploinsufficient mice. As expected, Rpl11 haploinsufficient erythroblasts have increased
cytoplasmic ROS but not mitochondrial ROS (Fig 1D), similar to the findings in Flveri-
deleted mice. Thus, despite normal levels of FLVCR, Rpl11 haploinsufficiency leads to
excess erythroblast heme and ROS, CFU-E/proerythroblast damage and demise, failed
erythropoiesis and a macrocytic anemia similar to, but less severe than, that observed in
FlverI-deleted mice [19].

Rpl11 haploinsufficiency leads to upregulation of the p53 response gene Cdknlain Lin
~Scal~ cKit* hematopoietic progenitor cells [15]. Here, we found Rpl11 haploinsufficient
mice had upregulated Cdknlaexpression throughout terminal erythroid differentiation (Fig
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S3). This upregulation is heme-independent as the p53 pathway is not activated in F/veri-
deleted mice [18]. Thus, Rpl11 haploinsufficient mice show both heme-dependent and
heme-independent transcriptional alterations and provide an excellent clinically-relevant
DBA model.

Single cell RNAseq of early erythroid precursors from Rpl11 haploinsufficient mice.

To more completely characterize both heme-dependent and heme-independent
transcriptional alterations of early erythroid differentiation that were induced by Rpl11
haploinsufficiency, we performed single-cell RNAseq on early erythroid precursor
populations | & 1 (see Fig 1B) which we previously showed include BFU-E through
basophilic erythroblasts [19] and compared these data to the findings of comparable studies
in control and F/vcri-deleted mice [18]. Each cell’s transcriptome was linked to its Ter119
expression level and cells were grouped according to Ter119 expression levels into four
distinct transcriptional clusters A-D (Fig S4), as before [18]. This allows us to make
comparisons between equivalently staged cells and eliminate bias inherent in population-
based analysis. More than half of the cells in cluster A (Ter119 negative) had low transcript
content, predictive of cell death and were excluded from subsequent analysis, as before. This
finding, however, suggested that erythroid cells died during the CFU-E/proerythroblast
stage, right after upregulation of the transferrin receptor (CD71) expression, iron import, and
initiation of heme synthesis, as was observed in our studies of F/vcri-deleted mice [18].

Heme-dependent alterations in gene expression.

In FlverI-deleted mice, the excessive heme in early erythroid precursors significantly altered
their transcription program. Specifically, there was increased globin and ribosomal protein
gene transcription, and decreased GATAL, GATAL target gene, and mitotic spindle gene
transcription [18]. We hypothesized that premature decrease in GATAL and defective mitotic
spindle function contributed to ineffective erythropoiesis and macrocytosis, respectively.

Since Rpl11 haploinsufficient erythroid precursors have increased heme (Fig 1D), we
anticipated that many transcriptional alterations would mirror those changes observed in
FlverI-deleted mice. To determine if this were the case, we performed gene set enrichment
analysis (GSEA) and examined the pathways that we previously found were the most
upregulated and most downregulated in F/veri-deleted erythroid precursor cells [18]. The
earliest erythroid precursors in Rpl11 haploinsufficient mice, cluster A cells, showed
significant increases in ribosome pathway gene expression (Fig 2A). As with F/veri-deleted
mice, there was broad upregulation of both ribosomal S and L subunit genes (Fig S5). The
ribosomal protein genes in cells from the Rpl11 haploinsufficient mice are not increased as
much as that observed in cells from F/vcri-deleted mice (Fig 2B). This is consistent with the
lower levels of heme observed in the Rpl11 haploinsufficient cells because of intact FLVCR.
In addition to increased ribosomal protein gene expression, the elevated heme increases
Bachl-inhibited genes in Rpl11 haploinsufficient mice, such as alpha and beta globin,
similar to that observed in F/vcrI-deleted mice (Fig S6).

Also, similar to the findings in F/vcri-deleted mice attributed to excess heme [18], Rpl11
haploinsufficient mice had significant downregulation of genes in the hallmark heme
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metabolism pathway, the Gatal cluster gene set, and the mitotic spindle pathway (Fig 3,
Table 1). While the pathways were similarly downregulated, there were subtle differences in
the level of expression of individual genes in the Gatal cluster and mitotic spindle pathway
(Fig S7). Since FLVCR is present in Rp11 haploinsufficient mice, one would expect that
heme builds up more slowly and reaches toxic levels a bit later during early erythroid
differentiation. Indeed GataZ is downregulated slightly later in Rp11 haploinsufficient
erythroid precursors than in F/verZ-deleted erythroid precursors (in cell cluster C, not cluster
B, Fig S7A). This delay was also reflected in the hallmark heme metabolism and Gatal
GSEA datasets (Fig 3, Table 1).

Heme-independent alterations in gene expression.

KLF1 is a critical erythroid transcription factor [24, 25] and is a member of the hallmark
heme metabolism pathway. While K7f1 was significantly down regulated by heme in F/veri-
deleted mice [18], it is significantly upregulated in the Rpl11 haploinsufficient mice (Fig
S8A). To determine if Rpl11 haploinsufficient mice had increased KLF1 activity, we
evaluated the expression of KLF1 target genes using GSEA (Fig S8B). Despite upregulation
of K/f1 gene expression, GSEA of two KLF1 target gene sets [26, 27] and individual KLF1
target genes failed to show upregulation in Rpl11 haploinsufficient erythroid precursor cells.
In fact, GSEA showed significant downregulation of KLF1 target gene expression in Rpl11
haploinsufficient cells, similar to that in the F/vcri-deleted erythroid precursor cells.
Therefore, the upregulation of K771 transcription in the Rpl11 haploinsufficient mice is most
likely a compensatory transcriptional response to slowed protein translation and does not
result in increased KLF protein production or activity.

Increased p53 activity is a common, but not universal, finding in DBA [3, 4, 6]; and as
shown in Fig S3 and reported by others [15], the expression of the p53 response gene
Cdknlais increased in cells from Rpl11 haploinsufficient mice throughout erythroid
differentiation. To determine if other p53 response genes were also upregulated in erythroid
precursors from Rpl11 haploinsufficient mice, we performed pathway analysis. GSEA
showed significant upregulation of some p53 response pathways in cluster A and B cells
from Rpl11 haploinsufficient mice (Fig 4). The p53 stabilization, Cdknla, and p53-
dependent G1/S DNA damage checkpoint pathways were all upregulated. Interestingly, the
same pattern of upregulation was observed in the p53-independent G1/S DNA damage
checkpoint pathway, indicating the G1 checkpoint was activated both through p53-induced
CK1s and the p53-independent phosphorylation of inhibitory T14Y 15 of CDK2 [28, 29]. As
none of these pathways were upregulated in erythroid cells from F/veri-deleted mice, this
upregulation is heme-independent and thus should synergize with the excess heme in Rpl11
haploinsufficient erythroid precursors and amplify the anemia.

Unbiased analyses of Rpl11 haploinsufficient erythropoiesis.

We used GSEA with over 40,000 pathways and gene sets as an unbiased method to identify
the most differentially regulated pathways in erythroid precursor cells from Rpl11
haploinsufficient vs. control mice (Table 1). Two of the most downregulated pathways in the
Rpl11 haploinsufficient erythroid precursors were the GATAL cluster and the mitotic spindle
pathway (Fig 3); which were also the most downregulated pathways in F/vcri-deleted

Exp Hematol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doty et al.

Page 8

erythroid precursors [18]. Besides mitotic spindle pathway downregulation, additional cell
cycle regulatory pathways, AurkB targets and E2F targets were downregulated in erythroid
precursor cells from both Rpl11 haploinsufficient mice and F/vcri-deleted mice (Fig S9),
suggesting that multiple aspects of cell cycle regulation were impaired by excess heme.

When we assessed the most upregulated pathways in erythroid precursor cells from Rpl11
haploinsufficient vs. control mice, we identified two patterns of upregulation. Some genes
were preferentially upregulated later during erythroid differentiation, in cluster D cells, and
some were upregulated early, in cluster A & B cells. The hemoglobin complex and oxygen
transport pathways were the most upregulated pathways in cluster D cells (Fig S10). Both of
these pathways contain globin genes which are known to be regulated by heme through
Bach1 inhibition and highly upregulated in F/vcri-deleted mice (Fig S6) [18, 30-32].

The pathways most upregulated during early erythropoiesis were the oxidative
phosphorylation, mitochondrial ribosome, electron transport chain, and the proteasome
pathways (Table 1, Fig 5, Fig S11). The upregulation of the proteasome pathway was only
present in the erythroid precursors from Rpl11 haploinsufficient mice. The other pathways
were also upregulated in cells from F/veri-deleted mice, but not as dramatically as in cells
from Rpl11 haploinsufficient mice, implying that excess heme was a contributor, but not the
only contributor, to the increased expression of their component genes. As these pathways
contain the nuclear genes needed for mitochondrial production and function, heme might
physiologically upregulate these pathways to amplify its synthesis and assure continued and
robust heme production.

To verify these changes reflect the pathophysiology occurring in DBA patient erythropoiesis,
we evaluated the expression of COX6B1 and GATAI mRNA levels in erythroid marrow
cultures of a normal individual and a DBA patient with RPS19 L18P mutation [11]. The
expression of COX6B1 was increased 2.7-fold in CD36+GIlyA™ erythroid precursor cells
from the DBA patient compared to that in normal marrow cultures while GATAI expression
was reduce by 97% in these cells from the DBA patient. While the loss of GATAL in DBA is
well established [7, 8, 33], the upregulation of COX6B1 in erythroid precursors from both
DBA patients and Rpl11 haploinsufficient mice suggests changes in oxidative metabolism
may impact DBA pathogenesis and further supports the use of Rpl11 haploinsufficient mice
as a model of DBA.

To determine why these pathways were more increased in Rpl11 haploinsufficient early
erythroid precursors than in F/verZ-deleted early erythroid precursors, we assayed
mitochondrial content and mitochondrial membrane potential [34] and found no alterations
(Fig S12). These studies suggest that Rpl11 haploinsufficient mice coordinately upregulate
the electron transport chain, oxidative phosphorylation, and mitochondrial ribosome
pathways as a way to restore mitochondrial number to baseline, preserve mitochondrial
function, and assure homeostasis after a heme-independent mitochondrial insult. We suspect
that unbalanced ribosomal proteins directly or indirectly induce mitochondrial stress,
activating p53. Additionally, the mitonuclear protein imbalance could induce the
mitochondrial unfolded protein response [35-37], which in turn upregulates the pathways
needed to return mitochondrial number and function to baseline.
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Corticosteroid treatment of Rpl11 haploinsufficient mice.

Lastly, we treated Rpl11 haploinsufficient mice with corticosteroids. The first line of
treatment for DBA patients is corticosteroids; and DBA patients, including those with
RPL11 mutations, sometimes respond and sometimes do not [38-41]. Overall, only 60% of
DBA patients are corticosteroid-responsive [42]. After 4 weeks of prednisolone, the
macrocytic anemia persisted with no improvement (Fig 6A). The significant reduction in
lymphocyte counts in both prednisolone treated control and Rpl11 haploinsufficient mice
confirmed that our steroid dose was appropriate (Fig 6B).

After corticosteroid treatment erythroblasts in Rpl11 haploinsufficient mice were still
decreased in number and contained increased cytoplasmic ROS (Fig 6C-D). However, the
relative increase of the earliest erythroid precursors (population I) was much higher in the
steroid-treated Rpl11 haploinsufficient mice than in the untreated Rpl11 haploinsufficient
mice (for example: population I in the spleen, untreated: 2.1-fold, treated: 9.4-fold, Fig S2,
Fig 6D). This suggests that although steroids amplify the numbers of early erythroid
precursors these cells fail to complete differentiation and correct anemia.

Discussion

Rpl11 haploinsufficient mice develop a macrocytic anemia similar to patients with DBA [15,
16]. In this work, we characterized single erythroid precursors from Rpl11 haploinsufficient
mice and demonstrate that the most prominent findings are remarkably similar to those seen
in single erythroid precursors from F/vcri-deleted mice and attributed to excess heme. Early
erythroid precursors had increased heme content and high cytoplasmic ROS, impairing
erythroid differentiation at the CFU-E/proerythroblast stage and subsequently. GATAL target
genes and mitotic spindle pathway gene transcription were two of the most decreased in an
unbiased analysis of over 40,000 pathways and gene sets, as well as directed, single cell
transcriptome analyses for heme-dependent alterations. These changes likely result in a
premature termination of the erythroid differentiation program and cause a macrocytic
anemia [18]. Thus, our data implicate excess heme as the primary driver of DBA
pathogenesis and this is not altered with corticosteroid treatment.

We furthermore show that Rpl11 haploinsufficient erythroid precursor cells have increased
activity in the p53 stabilization pathway and the p53-dependent CDKN1a pathway,
predominately at the earliest stages of erythroid differentiation (Fig 4), both of which can
exacerbate ineffective erythropoiesis by increasing erythroid cell death beyond that caused
by excess heme. Interestingly, our unbiased analysis also demonstrated that multiple
pathways that regulate cell division and cell cycle progression were altered in the Rpl11
haploinsufficient erythroid precursors. Downregulation of the mitotic spindle, AurkB, and
E2F targets pathways (Table 1, Fig 3, Fig S9) would slow cell division and could contribute
to macrocytosis, while the upregulation of p53-dependent and p53-independent G1/S DNA
damage checkpoint pathways (Fig 4) imply that there is an independent activation of the
G1/S checkpoint through CK1 and CDK2, respectively [28, 29]. Activation of the G1/S
checkpoint in cluster A and B cells could contribute to early erythroid progenitor cell
demise. Our finding that early erythroid progenitors were blocked via a p53-dependent
mechanism is consistent with the findings of Wilkes et al. [16]. These investigators showed
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that inhibition of p53-mediated hyperactivation of Nemo-like kinase could partially restore
erythroid progenitor cell expansion in Rpl11 haploinsufficient mice, Rps19 deficient fetal
erythropoiesis, and human DBA models in culture [16]. That red cell production was only
partially restored underscores our finding that heme toxicity is p53-independent [18]. This
finding, as well as the failure of Rpl11 haploinsufficient mice to respond to prednisolone,
implies that heme is an important and later contributor to the erythroid marrow failure. Our
data also suggest that therapies which reduce heme toxicity could improve anemia in DBA
patients and should augment improvements resulting from corticosteroids (or from inhibitors
of p53-mediated hyperactivation of Nemo-like kinase).

Together our data demonstrate that Rpl11 haploinsufficient mice are an excellent in vivo
model to understand the various contributors to macrocytic anemia in DBA patients. Single
cell surface protein and transcriptomic analyses of erythroid precursors from these mice
show that heme synthesis and globin synthesis must be extraordinarily well coordinated to
guarantee effective red cell production and in addition, identify pathways that are perturbed
in DBA, result in ineffective erythropoiesis, and could be targeted therapeutically.
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Highlights

Rpl11 haploinsufficiency leads to excess heme and ROS in erythroid
precursors

Excess heme in Rpl11 haploinsufficient erythroid cells blocks normal
differentiation

Rpl11 haploinsufficient mice show both heme-dependent and -independent
pathologies

Corticosteroid treatment fails to correct anemia in Rpl11 haploinsufficient
mice

Exp Hematol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Doty et al.

Page 14

-
|
-0 .I.
-0 "z
-
iper
(4 —"—o.lq
i
|
-
o -
-
: . _l
LA
b-.h-.
—_—
BRI N1
'
r?&—q
-
—oe

’ ma ‘ ;
Rpl11” — R 'C-..‘N“m il
¥ & v
. o
" R | -
Rpl11*ox B § . A3 X
T 4 "‘{ v
Gl | & 3 0

O

P vty OF v ol deeds sy, ule of eyt rec

. "y
\
W
! |
b e - w e
»‘ ‘:', ~ ™
l .
- “':
LR
N
. L -

D

»

g ey NOS

. 4

P

i 1P

-
.
.o
p— CE——

C
.
4

g [

(ol et Iha's o '

"
-~
-ﬂl -

N

-

o

-
-

..

.“.

Figure 1. Rpl11 haploinsufficiency results in a CFU-E/proerythroblast block.
A. CBC analysis of control (+/+) and Rpl11 haploinsufficient (+/lox) mice shows macrocytic

anemia develops by 8 weeks after deletion. B. Representative flow cytometry analysis of
control (+/+) or Rpl11 haploinsufficient (+/lox) marrow erythroblasts. Lineage negative
whole marrow was gated and analyzed as before [19] to identify the lineage negative
precursor cells (LNPC) and erythroblast populations 1-V which include (I) BFU-E, CFU-E,
proerythroblasts, (I1) basophilic, (111) polychromatic, (IV) orthochromatic, and (V)
reticulocytes and mature RBC. C. Analysis of erythroid precursor cell frequency and
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numbers from control (+/+) and Rpl11 haploinsufficient (+/lox) mice revealed a CFU-E/
proerythroblast block in differentiation with increased cell size (MCV) of populations 1V-V.
D. Rpl11 haploinsufficient erythroid precursor cells have increased heme content in
populations 11-V, and increased cytoplasmic ROS but not mitochondrial ROS, similar to
results from F/veri-deleted mice [19]. Data from 12 control and 12 RPL11 haploinsufficient
mice except heme content and erythroblast size is from 4 control and 4 RPL11
haploinsufficient mice. Data is presented as mean + SD. *: P < 0.05; **: P < 0.01; ***: P <
0.001.
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Figure 2. Rpl11 haploinsufficient mice upregulate ribosomal protein genes in the earliest
erythroid precursors.

A. GSEA enrichment levels for individual cells (BFU-E through basophilic erythroblasts)
grouped according to clusters A-D from wildtype control mice, F/vcrI-deleted mice, and
Rpl11 haploinsufficient mice shown as a false discover rate (FDR) plot for the KEGG
ribosome pathway. B. Transcript expression levels (RPKM) of ribosomal protein genes in
individual cells isolated from wildtype control and F/vcri-deleted, and Rpl11
haploinsufficient mouse marrow grouped according to clusters A-D. Data is presented as
mean £ SD. *: P <0.05; **: P <0.01; ***: P <0.001.
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controd

Figure 3. Transcriptional pathways downregulated by elevated heme in Rpl11 haploinsufficient
mice.

GSEA enrichment levels for individual cells (BFU-E through basophilic erythroblasts)
grouped according to clusters A-D from wildtype control mice, F/veri-deleted mice, and
Rpl11 haploinsufficient mice shown as FDR plots for the hallmark heme metabolism, Gatal
cluster, and hallmark mitotic spindle pathways.
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Figure 4. P53 stabilization, cell cycle inhibition, and DNA damage checkpoint pathways are
upregulated in Rpl11 haploinsufficient erythroid precursor cells independent of heme content.

GSEA enrichment levels for individual cells (BFU-E through basophilic erythroblasts)
grouped according to clusters A-D from wildtype control mice, F/verI-deleted mice, and
Rpl11 haploinsufficient mice shown as FDR plots for each pathway.
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Figure 5. The most upregulated pathways in erythroid precursor cells of Rpl11 haploinsufficient
mice.
GSEA enrichment levels for individual cells (BFU-E through basophilic erythroblasts)

grouped according to clusters A-D from wildtype control mice, F/veri-deleted mice, and
Rpl11 haploinsufficient mice shown as FDR plots. The most upregulated pathways for
clusters A/B are the electron transport chain, oxidative phosphorylation, mitochondrial
ribosomal proteins and proteasome pathways.

Exp Hematol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Doty et al.

u"

RBC

- . .

i

i ;

..
—_

;

55

o oW n:- e
+ -

MCV

.
4'.—..~-— ~hs

e

HGE

-

AF 2
e
.
&4

.
" _—
] " I
. ¥ f
& .
L3 . e

e

.
-
ST S

<4
HCT

Oy ARl

“‘ff}

-
s ®
" > v v Sy - v v
HE MWK & A o AQ) L
ce - - . . o - - . ‘
B LY
..'v aan
R ORT
- o
e
4
=

e G s A%
- +

8

4 of Wneage negatne O
- ;I
2.9

matve Soedoerce

regaenty of oyt roblass
-

cyicgtasras MDS

Ul

" n Y

fregquoncy of evytva tbn'
- ~—

i 1%

-4
.

Page 20

rumter af erytvotisats

,p;iﬁh

L] m v ¥
mriochoreity ROS

hﬁﬁn,_

. m v v

Figure 6. Corticosteroid treatment fails to correct anemia in Rpl11 haploinsufficient mice.
Peripheral blood CBC analysis of (A) red cell parameters and (B) lymphocyte counts of

5-14 control (+/+) or Rpl11 haploinsufficient (+/lox) mice 8 weeks after deletion that had
been treated without or with the corticosteroid prednisolone (cs) for the final 4 weeks.
Analysis of (C) marrow and (D) spleen erythroid precursor cells of 5 control (+/+) and 5
Rpl11 haploinsufficient (+/1ox) mice after 4 weeks of prednisolone treatment. Data is
presented as mean + SD. *: P < 0.05; **: P < 0.01; ***: P <0.001.

Exp Hematol. Author manuscript; available in PMC 2022 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Doty et al.

The most differentially regulated pathways in Rpl11 haploinsufficient erythroid precursor cells.

Table 1.

Comparison Pathway term FDR P value
Most upregulated in cluster A cells Oxidative phosphorylation 1.68E-07
Mitochondrial morphogenesis 3.98E-05
Mitochondrial ribosome 4.18E-04
Electron transport chain 4.58E-03
Purine biosynthesis 5.00E-05
Proteasome 2.63E-04
Most downregulated in cluster A cells  HMGB2 pathway 9.98E-10
Chromatin binding 2.15E-03
Kinase activity 2.19E-02
Definitive hemopoiesis 4.29E-03
Histone ubiquitination 8.30E-03
Hallmark mitotic spindle 1.61E-02
Most upregulated in cluster D cells Oxygen binding 5.08E-03
Oxygen transport 4.00E-03
Hemoglobin complex 4.15E-03
GTP cyclohydrolase | activity 1.82E-03
Hemoglobin alpha binding 1.00E-04
Glycolysis - gluconeogenesis 3.46E-02
Most downregulated in cluster D cells  Gatal cluster 7.13E-20
Hallmark mitotic spindle 1.23E-10
Aurkb pathway 1.37E-09
E2F targets 4.28E-08
Welch GATAL targets 9.56E-07

Abnormal reticulocyte morphology ~ 4.31E-06
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