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Abstract

Diamond-Blackfan Anemia (DBA) is an inherited bone marrow failure syndrome that is
associated with anemia, congenital anomalies, and cancer predisposition. It is categorized as a
ribosomopathy, because more than 80% or patients have haploinsufficiency of either a small or
large subunit-associated ribosomal protein (RP). The erythroid pathology is due predominantly
to a block and delay in early committed erythropoiesis with reduced megakaryocyte/erythroid
progenitors (MEPSs). To understand the molecular pathways leading to pathogenesis of DBA, we
performed RNA sequencing on mRNA and miRNA from RPS19-deficient human hematopoietic
stem and progenitor cells (HSPCs) and compared existing database documenting transcript
fluctuations across stages of early normal erythropoiesis. We determined the chromatin regulator,
SATB1 was prematurely downregulated through the coordinated action of upregulated miR-34
and miR-30 during differentiation in ribosomal insufficiency. Restoration of SATB1 rescued
MEP expansion, leading to a modest improvement in erythroid and megakaryocyte expansion

in RPS19 insufficiency. However, SATB1 expression did not affect expansion of committed
erythroid progenitors, indicating ribosomal insufficiency affects multiple stages during erythroid
differentiation.
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Diamond-Blackfan Anemia (DBA) is a rare congenital bone marrow failure syndrome
(estimated incidence of seven cases per million live births) with more than 90% of the
reported cases presenting by 1 year of age. It is characterized by a macrocytic, moderate to
severe anemia in association with hypoplastic bone marrow and reticulocy-topenia. Almost
half of DBA patients exhibit physical abnormalities, including short stature, craniofacial
anomalies (50% of patients), upper limb and hand—in particular thumb (38%) abnormalities
and genitourinary (39%) as well as cardiac (30%) abnormalities [1]. DBA patients

have an elevated predisposition for cancer, with the most common malignancies being
myelodysplastic syndromes (MDS), acute myeloid leukemia (AML), colon carcinoma,
osteosarcoma, and genitourinary cancers [2-5].

It remains unclear if DBA is caused by a hematopoietic defect at a single stage of
differentiation, defects in multiple stages, or a general delay in differentiation. Evidence
supports a block between the earliest committed erythroid progenitors and blast-forming
unit—erythroid (BFU-E) stage [6] and the BFU-E and colony-forming unit—erythroid (CFU-
E) stages of erythroid development [7]. However, a decrease in uncommitted hematopoietic
progenitors has also been reported, with long-term bone marrow culture assays indicating
defects in megakaryocytic and granulocytic progenitors [8,9] and, in rare cases of DBA,
progression to complete aplasia [2]. Bone marrow aspirates and biopsies from DBA patients
exhibiting severe erythroblastopenia with less common neutropenia and thrombocytopenia,
and in rare instances thrombocytosis, have been described at diagnosis or during DBA
evolution [1].

Defects in ribosome biogenesis have been reported in the pathogenesis of several inherited
bone marrow failure syndromes, including DBA, Shwachman-Diamond syndrome, and
dyskeratosis congenital [10]. Monogenic mutations in one of 22 genes encoding large

or small subunit ribosomal protein genes clinically manifest as DBA. RPS519 mutations

are most common and account for more than 25% of cases [11]. Transduction of

shRNA targeting RPS19 lentiviral constructs in human CD34* hematopoietic stem and
progenitor cells (HSPCs) recapitulates disease pathogenesis in vitro, causing severe defects
in erythropoiesis and modest reductions in other myeloid lineages [12-14].

The mechanistic link between ribosome insufficiency and erythroid failure is not fully
understood but increased p53 stability contributes to DBA pathology [1,15-19]. p53
stabilization occurs in the erythroid lineage and is not ubiquitous [19]. Deregulation of

the transcription factor, GATAL, is also linked to DBA [20,21] but a relationship between
p53 and GATAL deregulation in DBA has not been identified. Indeed, the mechanisms and
key factors leading to DBA pathogenesis remain incompletely characterized.

SATBL1 binds nucleosome-dense AT-rich regions of DNA [22] to modulate the chromatin
landscape. Large loops in chromatin are induced through dimerization/tetramerization of
chromatin-bound SATBL1 [23], facilitating transcriptional and epigenetic changes that lead
to rapid phenotypic transitions [24]. SATB1 expression is highest in thymic lymphocytes
and pre-B cells [25] but is implicated in diverse cellular processes including embryonic
stem cell differentiation [26], X-Chromosome inactivation [27], cortical development [28],
epidermal differentiation [29], and breast cancer development [30]. It has been previously
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reported that SATB1 expression is critical in early hematopoiesis. In humans, SATB1
controls the expansion of common myeloid progenitors (CMPSs) by regulating expression
of the master myeloid transcription factor Pu.1 [31-34]. In mouse hematopoiesis, Satbl
expression negatively influences differentiation along the myeloid lineage [35,36].

MicroRNAs (miRNAS) consist of 21-24 bases and are involved in regulation of
posttranscriptional gene regulation and RNA silencing. Most miRNAs exert an inhibitory
effect through binding of a short (6-8 nucleotide) sequence in the 3" untranslated region
(3’UTR) of a target mMRNA, and binding is facilitated by a complementary sequence (seed
sequence) in the miRNA [37]. MicroRNA expression is often very tissue specific [38], and
the specific deregulation of miRNAs in the differentiation of erythroid progenitors during
ribosome insufficiency has not been examined.

Here we report, in both preclinical models and DBA patient samples, that SATB1 is
downregulated and the miRNAs miR-30 and miR-34 are upregulated. Furthermore, the
downregulation of SATB1 is dependent on the binding of both miRNAs to the SATB1
3’UTR. Our data indicate erythroid-restricted upregulation of miR-30 accompanies p53
stabilization-induced miR-34 induction, which appears more ubiquitous in ribosomal
insufficiency. We propose the requirement of both miRNAs to downregulate SATB1
contributes to the predominantly erythroid-specific effects of ribosome insufficiency.

EXPERIMENTAL PROCEDURES

Cell culture

Primary human CD34* hematopoietic stem and progenitor cells were purified from cord
or peripheral blood (New York Blood Center, New York, NY) or from human fetal liver
tissue (Advanced Bioscience Resources and University of California, Los Angeles Center
for AIDS Research, Los Angeles, CA) using magnetic-activated cell sorting (Miltenyi
Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany) and were cryopreserved.
On thawing, cells were cultured in the erythropoiesis-promoting medium x-Vivol5 medium
(Lonza, Basel, Switzerland) containing 10% fetal bovine serum, interleukin (IL)-3 (20 ng/
mL), IL-6 (20 ng/mL), stem cell factor (50 ng/mL), and erythropoietin (3 U/mL), or in

the hematopoiesis-promoting medium containing erythropoiesis medium + GM-CSF (20
ng/mL), thrombopoietin (50 ng/mL), and transferrin (1 mg/mL). Lymphoblastoid cell lines
(LCLs) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum. Stable cell lines expressing shRNA against RPS19 were
generated by co-transfecting shRNA-carrying vectors (pLVTH) with neomycin-carrying
vector (pcDNA3.1) using Lipofectamine 2000 (Thermo Fisher). Individual clones were
harvested and expanded in 100 pg/mL neomycin, and RPS19 expression was examined by
Western blot and quantitative reverse transcription polymerase chain reaction (qQRT-PCR).

Lentiviral transduction

Primary CD34* cells were transduced as published [12] with lentivirus expressing short
hairpin RNA (shRNA) against RPS19, p53, SATBL, or luciferase (Luc), sSiRNA against
SATBL1 or a non-targeting (NT) sequence, or complementary DNA (cDNA) expressing
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SATBL1 or luciferase genes fused with wild-type 3"UTR, or a mutated 3"UTR. Virus co-
expressed GFP, RFP, mCherry, or puromycin to enable selection.

Colony assays

Sorted hematopoietic cells were seeded in methylcellulose medium containing IL-3, stem
cell factor, granulocyte—macrophage colony-stimulating factor, and erythropoietin (H4434;
STEMCELL Technologies, Vancouver, BC, Canada) in triplicate, with 1,000 cells per plate.
Erythroid (burst-forming unit erythroid) and myeloid (colony-forming unit, granulocyte—
macrophage) colonies were counted 14-18 days later. In some cases, 3,000 cells per plate
were added to ensure enough colonies for robust statistical analysis.

Flow cytometry

For cell surface flow cytometry, cells were incubated with human Fc receptor binding
inhibitor (No. 14-9161-73, eBioscience, San Diego, CA) followed by primary antibodies
CD235-APC (No. 306607, BioLegend, San Diego, CA), CD41-FITC (RRID: AB_314373,
BioLegend No. 303703), and CD11b-PE/Cy5 (No. 101209, RRID: AB_312995, BiolLegend)
or CD-71-APC (No. BD551374, RRID: AB_398500, BD Biosciences, Franklin Lakes,

NJ), CD34-Fluord50 (No. 48-0341-82, RRID: AB_468936, eBioscience), CD34-PE/Cy7
(No. 343615, RRID: AB_2629725, BioLegend), and GATA1-PE (No. 13353, RRID:
AB_2798187, Cell Signaling Technology, Danvers, MA). Data were collected on a DxP10
flow cytometer (Cytek, Cerritos, CA) and analyzed using FlowJo Software, Version 9.7.2.

Quantitative reverse transcription polymerase chain reaction

RNA was extracted by using total RNA mini kit (Bio-Rad). RNA was transcribed into cDNA
by using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative RT-PCR was run with

iQ SYBR Green MasterMix (Bio-Rad, Hercules, CA) using the CFX384 Touch Real-Time
PCR Detection System (Bio-Rad). 7SL small cytoplasmic RNA [12] was used as an internal
control. Mitochondrial RNA was quantified using TagMan Small RNA Assays (Applied
Biosystems, Waltham, MA) per manufacturer’s directions and normalized to snoRNA. Fold
change of mRNA and miRNA was calculated using the comparative Cmethod.

Luciferase assay

The SATB1 3"UTR (1885 3" nucleotides) were cloned upstream, or downstream
respectively, of firefly luciferase in pLenti-GI1I-CMV-RFP-2A-Puro (abm) and transduced
into CD34" cord blood progenitors that were differentiated in 1 zg/mL puromycin for 6
days. Transduction efficiency was normalized by RFP expression, and firefly luciferase
activity determined by Luciferase Assay Reagent Il (LAR Il) from Dual-Luciferase Reporter
(DLR) Assay System (Promega, Madison, WI). Luminescence was assessed using a Synergy
H1 hybrid multimode microplate reader (BioTek, Winooski, VT).

Western blotting

Antibodies against RPS19 (Abcam No. AB40833, RRID AB_777759, 1:200 dilution,
Abcam, Cambridge, UK), SATB1 (Abcam No. 49061, RRID: AB_882454,1:500 dilution),
GATAL (Cell Signaling No. 3535, RRID: AB_2108288, 1:500 dilution) HSP70 (Cell
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Signaling No. 4873, RRID: AB_2119694, 1:1000 dilution), and GAPDH (Millipore

No. MAB374, RRID: AB_2107445,1:10,000, Millipore, Burlington, MA) were used
according to the manufacturer’s instructions. The target proteins were analyzed by using
SuperSignal West Pico Chemiluminescent Substrate for horseradish peroxidase (Thermo
Fisher Scientific, Waltham, MA). Densitometry was performed using ImageJ software
(http://rsb.info.nih.gov/ij/). When indicated, proteins were co-immunoprecipitated before
immunoblotting. Cell lysates were normalized for protein before preclearing with Upstate
Protein A/G Agarose for 30 min, before incubating with indicated antibody overnight.
Immune complexes were precipitated with Protein A/G Agarose and separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE), before being subjected to
immunoblotting.

Cloning and CRISPR/Cas9

Lentiviral constructs expressing SATB1 cDNA, SATB1 and luciferase cDNA with various
3’UTR mutants were generated with standard molecular biology techniques.

Normalization and statistics

Hematopoietic lineage populations were normalized across replicates and experiments.

Raw data and calculations performed to generate displayed plots are provided in the
Supplementary Data (online only, available at www.exphem.org). The p values for statistical
significance were obtained by using a paired Student t test. Significance was designated at p
< 0.05. The data are representative of at least three independent experiments.

Resource availability

RESULTS

Lead contact.—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Kathleen Sakamoto
(kmsakamo@stanford.edu).

Material availability.—Reagents generated in this study will be made available on request,
but we may require a payment and/or a completed Materials Transfer Agreement if there is
potential for commercial application.

Data and code availability.—This study did not generate/analyze code.

Identification of SATB1 as master regulator of early erythroid genes in RPS19-insufficient

HSPCs

In DBA, ribosomal insufficiency is germline but manifests primarily as a defect in early
erythropoiesis [1]. To understand the molecular pathways contributing to anemia in DBA,
we performed RNA-seq on differentiated human fetal liver CD34* hematopoietic stem and
progenitor cells (HSPCs) in which RPS19 expression had been suppressed by approximately
50% through transduction with shRNA. For comparison, HSPCs were transduced with
SshRNA against luciferase. As many of the differentially expressed genes may be shared

by multiple cell types or play no role in the earliest stages of erythropoiesis where
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ribosome insufficiency acts, we attempted to enrich for early erythropoiesis-specific genes
by comparing our results with a publicly available RNA-seq data set analyzing differentially
transcribed genes between human CD34* HSPCs and early burst-forming unit-erythroid
(BFU-E) colony-forming progenitors [39]. Forty-two genes identified in both data sets were
defined as RPS19 insufficiency-sensitive early erythroid genes (Figure 1A). Our initial
screen was performed in fetal liver cells, but because DBA does not manifest until infancy,
we also compared RPS19 insufficient with control in differentiating HSPCs derived from
cord blood. Transcript copy numbers of the 42 RPS19-sensitive early erythroid genes from
HSPC populations from cord blood and fetal liver at days 0 and 5 were evaluated by gPCR
and defined as upregulated, downregulated or no change. RPS19-Insufficient samples could
also be further categorized as “further” up- or downregulated, relative to controls (Figure
1B).

MicroRNA sequencing data comparing microRNAs from RPS19-insufficient and control
HSPCs identified the most significantly upregulated miRNAs (>1.8-fold) in RPS19-
insufficient HSPCs including miR-34a, -b, and -c, as well as miR-30 (p = 0.004, 0.0082,
0.0232 and 0.0085) (Figure 1C). The 3"UTRs of 6 of the 42 RPS19-sensitive erythroid
genes, including SATB1, contained putative binding sequences for miR-34 and/or miR-30
(Figure 1D). Of these 6, SATB1 has binding sequences for both miR-34 and miR-30 and led
us to focus on the role of SATB1 and miRNA deregulation in the pathogenesis of DBA.

SATB1 mRNA is ordinarily downregulated during normal erythropoiesis [39,40] but our
RNA-seq analysis of RPS19-insufficient HSPCs suggests SATB1 mRNA is significantly
lower than in control HSPCs (2.6 times, p=0.0361; Figure 1B). This was confirmed by
gRT-PCR, with SATB1 mRNA reduced by 22% in control cultures, but 62% lower in RPS19
insufficiency after 5 days (Figure 1E). This indicates a 2.8-fold increased downregulation (p
= 0.0202). Western blot analysis revealed a similar reduction in protein expression (Figure
1F). Downregulation of SATB1 mRNA in MEPs and proerythroblasts has also recently been
reported in a transcriptomic analysis of DBA patients with RPS19 and CECR1 mutations
[41].

To ensure SATB1 and miR-30/34 deregulation was not due to a sequence-specific artifact of
the shRNA, we transduced three separate RPS19 shRNAs into Kp53A1 and CD34* HSPCs.
After 3 days, RPS19 expression was reduced 35.3%, 59.6%, and 77.3% in Kp53A1l cells
and 28.3%, 56%, and 77% after 5 days in differentiating HSPCs (Supplementary Figure
E1A, upper panels, online only, available at www.exphem.org). SATB1 expression was
reduced 29.8%, 35.2%, and 45.7% in Kp53Als and 46.7%, 60.3%, and 75.8% in HSPCs
(Supplementary Figure E1A, lower panels, online only, available at www.exphem.org).
Expression of both miR-30 and miR-34 increased in RPS19 insufficiency, irrespective of
the shRNA sequence, with the increase in expression inversely correlated to both RPS19
and SATB1 expression (Supplementary Figure E1A, middle panels, online only, available at
www.exphem.org).

To examine SATB1 deregulation in hematopoiesis in DBA patients, we derived iPSCs from
a DBA patient with an RPS26 mutation and healthy control, before differentiating them
to CD34* HSCs as previously described [42]. The control clones were transduced with a
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tetracycline-inducible shRNA against RPS19, while the DBA clones were transduced with
a tetracycline-inducible wild-type RPS26 and differentiated for 5 days. Compared with
untreated controls, expression of sShRPS19 and the untreated DBA clones reduced SATB1
expression to 31.4% (p = 0.0013) and 46.9% (p = 0.0014), respectively. Re-expression

of RPS26 in the DBA clones increased expression of SATB1 from 46.9% to 83.4% (o

= 0.0103) of healthy controls (Figure 1G, top). RPS19, RPS26, and GAPDH protein
expression was determined by Western blot analysis (Figure 1G, bottom).

SATB1 re-expression modestly restores erythropoiesis in RPS19 insufficiency

To determine if loss of SATBL1 drives erythropoiesis failure in ribosomal insufficiency,

we transduced cord blood (CB) CD34* HSPCs with lentivirus expressing ShRNA

against RPS19 (resulting in 50% knockdown) in the presence or absence of transduced
SATB1 cDNA. Contrary to our hypothesis, re-expression of SATB1 in RPS19-insufficient
progenitors did not improve erythroid (BFU-E) colony formation (from 19.1% to 20.1% of
controls, p=0.7374) (Figure 2A). However, re-expression of SATBL1 significantly rescued
CFU-GM colony formation (p= 0.0397) from 74.8% to 98% of control (Figure 2B).
Interestingly, while the number of BFU-E colonies was not substantially increased, several
of the colonies were orders of magnitude larger than observed in RPS19 insufficiency or
controls (Figure 2C). Images of representative plates (Figure 2C, left) and BFU-E colonies
(Figure 2C, right) are provided. Analysis of cell composition after dissolution of the
methylcellulose indicated that restoration of SATB1 modestly rescued CD235* expansion
(0 =10.0045) from 16% to 44% of healthy controls (Figure 2D).

In liquid culture of RPS19-insufficient progenitors, SATB1 restoration did not increase
CD235™ expansion to the same extent as observed in methylcellulose (Figure 2E, top),

but remained statistically significant (1.9-fold, p= 0.0202). A mild increase of 10.2% in
CD11b* expansion (p = 0.0445) was also observed (Figure 2E, middle). Most strikingly,
RPS19-insufficient CD41* megakaryocytes expressing recombinant SATB1 expanded more
than twofold above healthy controls (Figure 2E, bottom). Protein expression of SATB1,
RPS19, and GAPDH in differentiating HSPC populations at days 0 and 5 is illustrated in
Supplementary Figure E2 (online only, available at www.exphem.org).

Extensive data suggest erythropoietic defects in DBA manifest primarily in the earliest
committed erythroid progenitors. As SATBL1 re-expression did not dramatically rescue
erythropoiesis, the loss of SATBL1 is not the only mechanism leading to the severe erythroid-
specific defects of DBA, especially as SATB1 re-expression did not exclusively affect

the erythroid lineage. Finally, although SATBL1 is prematurely downregulated in RPS19
insufficiency, SATB1 expression is gradually reduced during normal erythropoiesis and is
largely absent by committed erythropoiesis (Figure 1F) [11]. As SATBL1 re-expression both
increases erythropoiesis and fully rescues RPS19 insufficiency of other myeloid lineages,
our data are consistent with the loss of SATB1 expression affecting the expansion of shared,
non-committed myeloid progenitors. Indeed, a role for SATB1 has been established in
primitive myeloid progenitor expansion [32].
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To understand the role of miRs in SATB1 regulation and erythropoiesis, we examined

the effect of miR-34 and miR30 on SATB1 expression. The 3"UTR of SATB1 contains
consensus sequences for the binding of miR-34 and miR-30 (Supplementary Figure E3A,
online only, available at www.exphem.org). Both of these miRNAs were upregulated

by RPS19 insufficiency (Figure 1C; Supplementary Figure E1, online only, available

at www.exphem.org). Quantitative RT-PCR confirmed that RPS19 insufficiency induced
miR-34 and miR-30 expression by 2.4-fold (p = 0.0242) and 3.2-fold (v = 0.0306),
respectively, after 5 days of differentiation (Figure 3A, top). RPS19 expression was reduced
to 40.3% of controls when transduced with sShRNA against RPS19 (Figure 3A, bottom).
Transfection of miR-30 or miR-34 individually into healthy HSPCs had a minimal effect on
the reduction of endogenous SATBL1 or the luciferase-SATB1 3"UTR construct, but when
miR-30 and miR-34 were co-expressed, endogenous SATB1 expression was reduced to
36.4% (p = 0.0058) and luciferase-SATB1 3"UTR to 47.8 % (p = 0.0174) when compared
with controls in which no miRNAs were expressed (Figure 3B).

Mutation of the two potential miRNA binding sites within the 3"UTR of SATB1 (see
Figure 3C) revealed premature downregulation of SATB1 in RPS19 insufficiency is
dependent on both miR-34 and miR-30 sites. Mutant, or wild-type, SATB1 3"UTRs were
fused to the luciferase gene and transduced into differentiating HSPCs also expressing
nontargeting (NT) or RPS19-targeted ShRNA. Luciferase degradation was not observed
when co-expressed with NT, irrespective of the wild type or mutant 3"UTR (Figure 3D,
left). In RPS19-insufficient HSPCs, luciferase fused to the WT SATB1 3"UTR was rapidly
degraded. In contrast, no degradation of luciferase transcripts was observed when both

the miR-34 and miR-30 binding sites were mutated. Mutation of either predicted miRNA
binding site alone resulted in minimal luciferase degradation (Figure 3D, right). Consensus
sequences and mutations are illustrated in Supplementary Figure E3A (online only,
available at www.exphem.org). This suggests that both miRNA binding sites are required
for RPS19 insufficiency-induced SATB1 downregulation. Expression of luciferase-fused
SATB1 3"UTRs did not affect the degradation of endogenous SATB1 in control or RPS19
insufficiency (Supplementary Figure E3B, online only, available at www.exphem.org).
Endogenous SATBL1 is downregulated gradually whereas expression of luciferase fused to
the SATB1 3’UTR remained stable, indicating downregulation in normal erythropoiesis is
not mediated by the 3"UTR.

Our data support the hypothesis that binding of miR-34 and miR-30 to the predicted
binding sequences initiates SATB1 downregulation and indicate SATBL1 is prematurely
downregulated in RPS19-insufficient HSPCs through coordinated upregulation of miR-30
and -34.

Stabilized p53 induces miR-34, but not miR-30, in erythroblasts

Increased stability and activity of p53 in erythroid progenitors have previously been reported
in DBA [1,12,18]. Although the majority of studies indicate increased p53 activity is
restricted to erythroid progenitors, increased p53 has also been reported in DBA patient-
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derived LCLs [43]. The upregulation of miR-34 in response to p53 upregulation is well
characterized [44]; however, the expression of p53 and miR-30 has been reported to be
either proportional to [45] or inversely proportional to [46,47] p53 expression. We observed
that on transduction of sShRNAs against both RPS19 and p53, miR-34 upregulation is
decreased from 2.3- to 1.2-fold of control (p= 0.0127) (Figure 4A, left) while miR-30
upregulation persists (Figure 4A, middle). The enhanced downregulation of SATB1 also did
not occur when p53 expression was suppressed (Figure 4A, right). Validation of RPS19

and p53 knockdown after lentiviral transduction is illustrated in Supplementary Figure E4
(online only, available at www.exphem.org).

DBA patient-derived LCLs averaged 1.9- and 2.2-fold increases in p53 protein and miR-34
expression, respectively, compared with healthy control, but no significant difference in
miR-30. Expression of ShRNA against RPS19 in the healthy control cells recapitulated the
observations in DBA-derived samples (Figure 4B). This fits a model whereby ribosomal
insufficiency induces p53 and miR-34 in many cell types, but the induction of miR-30 in
RPS19 insufficiency is more restricted (Figure 4C).

SATB1 is a master regulator of RPS19-sensitive early erythroid genes

As SATBL is a broad genome chromatin regulator [41], we hypothesized that SATB1 loss
may contribute to dysregulation of some of the other 41 RPS19-sensitive early erythroid
genes we identified in Figure 1. We transduced a lentiviral vector expressing the SATB1
cDNA in RPS19-insufficient HSPCs leading to a significant correction in the expression of
16 of the 41 genes and partial correction of 10 genes (Figure 5A). This is consistent with a
role for SATBL as a significant regulator of RPS19-sensitive early erythroid genes (Figure
5B).

Examination of the chromosomal localization of each of these genes indicates SATB1-
influenced genes tend to be clustered in groups spanning less than 8 Mb, whereas genes not
influenced by SATB1 are more uniformly distributed across the chromosomes (Figure 5C).
Strikingly, in RPS19-insufficient HSPCs, inhibition of both miR-34 and miR-30 restored
the regulated expression of the same 16 early erythroid genes that were sensitive to RPS19
insufficiency, and were rescued by restoration of SATB1 expression, while inhibition of
either alone did not (Figure E5A, online only, available at www.exphem.org).

Similarly, suppression of miR-30 or miR-34 alone did not significantly rescue erythroid

or myeloid populations, but, in combination, improved CD235* erythroid expansion

by 1.5-fold (p=0.0453) (Supplementary Figure E5B, top, online only, available at
www.exphem.org), CD11b* myeloid expansion by 1.1-fold (p = 0.0237) (Supplementary
Figure E5B, middle, online only, available at www.exphem.org), and CD41* megakaryocyte
expansion by 2.1-fold (o= 0.0141) (Supplementary Figure E5B, bottom, online only,
available at www.exphem.org). For comparison, SATB1 re-expression increased erythroid,
myeloid, and megakaryocyte expansion by 1.9-, 1.1-, and 2.3-fold respectively (Figure 2E).

SATB1 downregulation contributes to DBA pathogenesis by reducing MEP expansion

As expected, SATB1 expression was reduced by 26.4% (p = 0.0052) in
normal Lin"CD34*CD38M4CD45RAFLT3"MPL*CD36-CD41~ MEPs compared with
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Lin"CD34"CD38*CD45RAFLT3"MPL* CD36-CD41~ CMPs (Figure 6A). RPS19
insufficiency further downregulated SATB1 expression in both CMPs and MEPs. RPS19-
Insufficient CMPs expressed 86.1% (p = 0.0332) of control CMPs, whereas RPS19-
insufficient MEPs expressed 49.2% (p = 0.0053) of control MEPs (Figure 6A). A similar
downregulation of SATB1 in MEPs of DBA patients has been reported [42], indicating
the SATB1 downregulation in in vitro RPS19 insufficiency faithfully recapitulates DBA in
patients.

To examine our hypothesis that premature SATB1 downregulation contributes to

the reduction in erythropoiesis by reducing MEP expansion, we isolated enriched
Lin"CD34*CD38*CD45RAFLT3*MPL*CD36"CD41~ CMP population from CB CD34*
HSPCs and transduced with sShRNA against RPS19 or control and tetracycline-

inducible SATB1 cDNA. Cultures were differentiated for 4 days before assessment

of Lin"CD34*CD38™Mid CD45RAFLT3"MPL*CD36-CD41~ MEPs. RPS19-Insufficient
cultures exhibited a reduction in MEPSs by 28.9% (p = 0.0055) compared with controls. This
was rescued by SATBL1 re-expression and was statistically indistinguishable (v = 0.1364)
from controls (Figure 6B).

To determine if SATB1 deregulation contributed to erythroid defects in more differentiated
progenitors, Lin"CD34*CD38MdCD45RA™FLT3"MPL*CD36~CD41~ MEPs were isolated
and transduced with shRNA against RPS19 or control and tetracycline-inducible SATB1
cDNA. After 10 days, CD235* erythrocytes were reduced by 68.4% relative to controls
(p=0.0008), and the re-expression of SATBL1 did not significantly (p=0.3) influence
erythropoiesis. CD41a* megakaryocyte expansion was not significantly influenced by
RPS19 (p=0.3902) or SATB1 (p=0.3478) levels (Figure 6C).

Collectively we report that SATBL1 is downregulated during RPS19 insufficiency, and
this is mediated by the upregulation of miR-30 and miR-34. While miR-34 upregulation
is downstream of p53 stabilization, miR-30 induction is p53 independent. We argue

the consequence of SATB1 downregulation in the disruption of erythropoiesis in

DBA is a modest reduction in the expansion of MEPs, but the biology of more
differentiated progenitors may also be affected through deregulation of SATB1-regulated
early erythropoiesis genes.

DISCUSSION

This study is the first to describe a role for SATB1 in DBA pathogenesis and erythropoiesis.
On the basis of our data, we propose an aberrant multistep pathway that is initiated in early
myeloid progenitors. In early, non-committed myeloid progenitors, RPS19 insufficiency
induces p53 and miR-30 upregulation. Increased p53 upregulates miR-34, which cooperates
with miR-30 to downregulate SATB1. Although many transcriptomic studies compare
mRNA from more mature erythroid progenitors (where SATB1 expression is already low)

a study examining HSCs, MEPs, and proerythroblasts from DBA patients with RPS19 and
CECR1 mutations similarly observed a significant downregulation of SATB1 in DBA MEPs
[42].
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The loss of SATB1 deregulates a number of RPS19-sensitive early erythroid genes and
reduces expansion of MEP (and, to a lesser extent, CMP) progenitors. RPS19 insufficiency
manifests an additional, more robust blockage later in early committed erythroid progenitors
that is largely independent of SATB1. Our study has focused on erythroid expansion as a
readout of erythropoiesis, but it remains possible that erythroid transcripts deregulated by
SATB1 downregulation may contribute to aberrant function, development, or localization of
more mature erythroid cells. A number of the SATB1-regulated proteins identified in Figure
5 can affect cellular activities at later stages of erythropoiesis [43]. Figure 7 is a schematic
of erythroid differentiation under conditions of RPS19 and SATB1 modulation that best
represents the results of our study.

It should be noted that in healthy erythropoiesis, SATB1 expression is highest in HSCs

and is gradually reduced as uncommitted progenitors differentiate, becoming very low once
cells commit to erythropoiesis. In these cells, all myeloid lineages expand normally (Fig 7,
top left). RPS19 insufficiency suppresses SATB1 expression to reduce MEP expansion, but
also induces SATB1-independent events that cause additional severe defects in committed
erythroid progenitors. This yields a severe reduction in CD235" erythrocytes (Figure

7, top right). Re-expression of SATB1 in RPS19 insufficiency corrects the deficiencies

in nonerythroid myeloid lineages, but does not substantially rescue the severe, SATB1-
independent defect in committed erythroid progenitors (Figure 7, bottom).

The failure to fully correct erythropoiesis with SATB1 re-expression in RPS19 insufficiency
is due to SATB1-independent events occurring during committed erythropoiesis. This

likely includes GATAL regulatory defects, such as GATAL transcript-specific translational
sensitivity to reduced ribosome levels [20], and other events including NLK activation and
tumor necrosis factor (TNF)-a induction [12].

Although heterozygous germline RPS19 mutations occur in all cells, it remains unclear
why erythroid cells are most obviously affected. The upregulation and role of p53 in

DBA and RPS19 insufficiency are well characterized [1,12,15,16,18,19] and have been
reported to be restricted to erythroid cells [18]. However, as we and others [48] have
observed p53 upregulation in LCLs generated from DBA patients, the erythroid specificity
remains unclear. Similarly, the induction of miR-34 in response to increased p53 is firmly
established [44]; however, p53 has been reported to induce miR-30 to inhibit colorectal
cancer [47], but can also suppress p53, perhaps serving as a feedback loop [46,47]. Synergy
between miR-30 and other miRNAs has been observed. MiR-30 and miR181 synergize

to suppress p53 in diabetes-induced cardiac hypertrophy [46]. Coincidently, miR181 is
upregulated in nonerythroid hematopoietic lineages [33], while in DBA, p53 upregulation
is most prominent in the erythroid lineage [18]. Perhaps in DBA, in the absence of
miR-181, miR-30 synergizes with miR-34 in erythroid progenitors to downregulate SATBL1,
while synergizing with miR-181 in other cells to counter RPS19-insufficiency-induced p53
stabilization.

An unexpected result was the dramatic increase in megakaryocyte expansion on SATB1 re-
expression in RPS19 insufficiency. As ribosomal protein insufficiency has been determined
to slow the progression of cells through each stage of differentiation [49], it is possible
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that the re-expression of SATB1 maintains MEPs in a more proliferative state longer than
normal. Generation of such MEP-like proliferative cells has been described previously [50].

It is also plausible that this delay in differentiation could be attributed to the unexpectedly
large size and increased expansion of some BFU-E colonies on re-expression of SATBL. In
this model, both early megakaryocytes and erythroid progenitors could have outproliferated
controls, but the SATB1-independent RPS19 insufficiency would prevent further maturation
of erythroblasts. The enlarged colonies may represent committed erythroid progenitors that
“escaped” or are “resistant” to the downstream block and endured a prolonged transition
through more proliferative stages. Indeed, this is one proposed mechanism of the action

of corticosteroids steroids in DBA [51]. Steroids also improve expansion in later stages of
erythropoiesis (BFU-E to CFU-E) where they have been determined to improve anemia until
resistance develops [1].

Another possible explanation for enlarged BFU-E colonies may be a side effect

of constitutive expression of recombinant SATB1 (endogenous SATB1 is gradually
downregulated) that maintains SATB1 and SATB1-regulated erythroid genes later into
erythropoiesis than observed in wild-type erythroblasts. Alternatively, the observed colonies
may be enlarged because SATB1 expression influences RPS19-sensitive erythroid genes
(Figure 5) that can affect later stages of erythropoiesis under stressed conditions that may
not be uniform across agar plates [52]. It should be noted that more than 95% of colonies
when SATBL is re-expressed are of similar size to those without SATB1 re-expression,
indicating heterogeneity in the phenotype.

The molecular mechanisms through which SATBL1 regulates the RPS19-sensitive early
erythroid genes has not been elucidated. As SATB1 can bind chromatin and form loops
[23], one possible mechanism is that the presence of SATB1 may be required to spatially
regulate transcriptional elements during early hematopoiesis. In this way, the loss of SATB1
expression during differentiation could disrupt the transcriptional program requiring the
chromatin loops. Alternatively, SATB1 can bind histone deacetylases [53-55] and may
regulate transcriptional activity through modulation of the chromatin histone signature. As
a number of the identified SATB1-regulated RPS19-sensitive early erythroid genes are
linked to DBA and other anemias, determining the regulatory mechanisms by which SATB1
modulates each of these genes may provide insight into the earliest steps of erythroid
commitment that are disrupted in this disease.

Ribosomal insufficiency affecting erythropoiesis is well characterized in DBA, so on
uncovering a loss of SATB1 in RPS19 insufficiency, it was not unexpected to find a role for
SATBL in erythropoiesis. But the SATB1 effect on nonerythroid expansion was unexpected.
DBA is classically considered a pure red blood cell aplasia [1]; however, bone marrow
aspirates and biopsies from DBA patients demonstrate severe erythroblastopenia with less
common neutropenia and thrombocytopenia and, in rare instances, thrombocytosis [1]. DBA
patients can present with neutropenia and thrombocytopenia intermittently throughout their
lives [11], and we postulate that downregulation of SATB1 not only contributes to the
erythroid defects, but may also be responsible for other hematological manifestations of the
disease.
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HIGHLIGHTS

Chromatin-binding protein, SATBL, is downregulated in differentiating DBA
erythroblasts.

SATBL is required to induce chromatin loops surrounding the HSP70 gene
loci that regulate GATAL.

SATB1-Dependent induction of HSP70 is required for MEP and
megakaryocyte expansion.

This work increases our understanding of SATB1 in normal human
hematopoiesis and DBA pathogenesis.
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Figure 1.
Deregulated SATBL1 identified as master regulator of RPS19-sensitive early erythroid genes.

(A) RNA transcripts differentially regulated by RPS19 insufficiency in differentiating
fetal liver-derived hematopoietic stem and progenitor cells (HSPCs) were cross referenced
with RNA transcripts differentially expressed between cord blood-derived CD34* HSPCs
and early burst-forming unit—erythroid (BFU-E) progenitors. Data sets are represented
diagrammatically, with differentially regulated transcripts from one data set designated

in blue, the other data set in green. Forty-two transcripts are found in both data

sets, represented by the overlapping region, and are designated RPS19-sensitive early
erythroid genes. (B) CD34" HSPC cord blood or fetal liver were transduced with ShRNA
against luciferase and differentiated for 0 or 5 days in erythroid-promoting medium, and
expression of RPS19-sensitive early erythroid genes was determined by quantitative reverse
transcription polymerase chain reaction (QRT-PCR). Upregulation is denoted in green
while downregulation is in red. CD34* HSPCs transduced and comparatively designated
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as upregulated (green), further upregulated (dark green), downregulated (red), or further
downregulated (dark red). No deregulation is depicted in yellow. (C) miRNA-seq was
performed comparing fetal liver HSPCs transduced with control (shLuc) or ShRNA against
RPS19 (shRPS19). Upregulated miRNAs are represented in darker shades of orange/red.
(D) The 3’-untranslated region (3’ UTR) sequences of RPS19-senstive early erythroid
genes were screened for consensus sequences for the two most highly RPS19-deregulated
miRNAs, identifying six transcripts. Expression of (E) SATB1 mRNA and (F) protein was
analyzed at days 0 and 5 in fetal liver-derived differentiating HSPCs by gRT-PCR (n=

5) (E) and Western blot analysis (7= 3, representative image shown) (F), respectively.
Cells were left untransduced or were transduced with ShRNA against luciferase or RPS19.
Data are represented as means = SD. (G) iPSCs clones were generated from mononuclear
cells from bone marrow aspirates from a healthy control and RPS26 mutation-bearing DBA
patient. iPSCs were differentiated to CD34* iHSCs through wnt stimulation. Three iHSC
clones (n = 3) for each group were transduced with tetracycline-inducible shRNA against
RPS19 or cDNA for RPS26. After 5 days of differentiation, cultures were lysed and SATB1
MRNA was assessed by qRT-PCR. Data are displayed as means + SD. *Two-tailed Student
t test significant at p < 0.05. See also Supplementary Figure E1 (online only, available at
www.exphem.org).
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Figure 2.

SATBL re-expression modestly increases erythroid expansion but increases megakaryocyte
and other myeloid lineages. CB CD34" hematopoietic stem and progenitor cells (HSPCs)
were transduced with shRNA against RPS19 in the presence or absence of SATB1

cDNA and plated in methylcellulose containing hematopoiesis-promoting medium (77 =5).
Resulting burst-forming unit—erythroid (BFU-E) (A) and colony-forming unit—granulocyte/
macrophage (CFU-GM) colonies (B) were scored. Representative images of plates are
shown (C, left) along with representative BFU-E colonies (C, right). Bar = 200 ym. (D)
Methylcellulose was dissolved in 4°C water, and cell number assessed by hemacytometer.
The proportion of CD235" cells was assessed, and the number of CD235* cells was
calculated by dividing the number of totals cells by the percentage of CD235*. Values

are expressed as a fold of control to normalize for experimental variability. (E) CB CD34*
HSPCs (n= 3) were transduced with shRNA against RPS19 in the presence or absence

of SATB1 cDNA and grown in liquid culture for 12 days before flow cytometry and
calculation of CD235*, CD11b*, and CD41a* populations. Data are represented as means
+ SD. *Two-tailed Student z-test significant at p < 0.05. See also Supplementary Figure E2
(online only, available at www.exphem.org).
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Figure 3.

Premature downregulation of SATB1 in erythroid progenitors requires miR-30 and miR-34.
(A) CD34* hematopoietic stem and progenitor cells (HSPCs) co-expressing ShRNA

against a nontargeting sequence or RPS19 were differentiated for 5 days in erythropoiesis-
promoting medium, and expression of miR-30 and miR-34 (upper panel) and RPS19 (lower
panel) was determined by quantitative reverse transcription polymerase chain reaction (qQRT-
PCR) (7= 3). (B) FL CD34" cells were transduced with mimetics of miR-30, miR-34, or
both, along with SATB1 3’ untranslated region (UTR)-luciferase. Luciferase activity was
assessed at day 5, before cell lysis and gRT-PCR analysis of endogenous SATB1 protein (n
= 3 in duplicate). In the upper panel, green bars indicate luciferase activity, while the black
bars represent endogenous SATB1 expression. (C) The wild-type 3’UTR of SATB1, along
with 3"UTR containing mutations in miR-30, miR-34, or both consensus binding sequences
were fused to the luciferase gene. (D) SATB1 3"UTR-luciferase constructs were transduced
into fetal liver (FL) CD34* HSPCs co-expressing shRNA against a nontargeting sequence
(left) or RPS19 (right). Luciferase activity was assessed at days 1 and 5 (7= 3 in duplicate).
Data are represented as means. *Two-tailed Student ftest, significant at p < 0.05. See also
Supplementary Figure E3 (online only, available at www.exphem.org).
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Figure 4.
Induction of miR-34 in RPS19 insufficiency is p53 dependent. (A) CB CD34* hematopoietic

stem and progenitor cells (HSPCs) were transduced in erythropoiesis-promoting medium
with shRNA against luciferase or RPS19 and nontargeting or p53 before miR-30, miR-34,
and SATB1 analysis by quantitative reverse transcription polymerase chain reaction (qRT-
PCR) at day 5 (= 3). (B) Lymphoblastic cell lines derived from DBA patients were
assessed for miR-30 and miR-34 by qRT-PCR. These were compared with a lymphoblastic
cell line derived from a healthy control, or the same control transduced with ShRNA against
RPS19. Significance is indicated (*) when expression is greater (p< 0.05) than observed in
the corresponding DRO7 control (n= 7). (C) Diagrammatic representation of the proposed
myeloid lineage-specific premature downregulation of SATB1. In lymphoblastic cells,
RPS19 insufficiency induces miR-34 through p53 but this is insufficient to downregulate
SATBL1. In myeloid lineage cells, RPS19 insufficiency induces both miR-30 and miR-34,
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which synchronize to prematurely downregulate SATB1. Data are represented as means +
SD. *Two-tailed Student ¢test significant at p < 0.05. See also Supplementary Figure E4
(online only, available at www.exphem.org).
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Figure 5.

SATB1 required for appropriate regulation of 16 RPS19-sensitive early erythroid genes. (A)
Cord blood CD34* hematopoietic stem and progenitor cells (HSPCs) were transduced with
ShRNA against RPS19 in erythropoiesis-promoting medium in the presence or absence

of recombinant SATB1 (/7= 3). After 5 days, reverse transcription polymerase chain
reaction (QRT-PCR) was performed on 42 RPS19-sensitive early erythroid genes. Values
were compared with expected values from healthy controls, with 0% representing no rescue,
and 100% correlating to values restored to the healthy state. Data are represented as means
+ SD. *Two-tailed Student ftest, significant at p < 0.05. (B) Diagrammatic representation
of regulation of RPS19-sensitive genes by SATB1. Genes are grouped by chromosome
location regulation. Gene regulation largely restored (>50%) by SATBL1 is represented in
green, somewhat restored (<50%) in feal, and those not influenced in b/ue. (C) Gene loci
on chromosomes of RPS19-sensitive genes are diagrammatically presented with SATB1-
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responsive genes in orange and SATB1-independent genes in yellow. See also Figure E5
(online only, available at www.exphem.org).
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Figure 6.

SATBL re-expression rescues megakaryocyte/erythroid progenitor (MEP) expansion

but does not correct erythropoiesis in RPS19 insufficiency. (A) Cord blood CD34*
hematopoietic stem and progenitor cells (HSPCs) were transduced with sShRNA

against RPS19 or Luc and cultured for 4 days in hematopoiesis-promoting medium.

Cells were sorted for Lin"CD34* CD38™dCD45RA-FLT3"MPL*CD36-CD41~ MEPs
and CD34*CD38*CD45RA"FLT3*MPL*CD36-CD41~ common myeloid progenitors
(CMPs) by fluorescence-activated cell sorting (FACS), and SATB1 expression

was analyzed by reverse transcription polymerase chain reaction (qQRT-PCR). (B)

CB CD34* HSPCs were sorted for CD34*CD38*CD45RAFLT3*MPL*CD36-CD413
CMPs by FACs and transduced with shRNA against RPS19 and tetracycline-

inducible SATB1. After 4 days of differentiation in hematopoiesis-promoting medium,
Lin"CD34*CD38™id CD45RAFLT3"MPL*CD36CD41~ MEPs were assessed by flow
cytometry. Representative gating and validation of CD235™ erythroid and CD41*
megakaryocyte differentiation is presented in Supplementary Figure E6 (online only,
available at www.exphem). (C) Lin"CD34*CD38™id CD45RA"FLT3"MPL*CD36 " CD41~
MEPs were enriched from cord blood CD34* HSPCs and transduced with ShRNA

against RPS19 and tetracycline-inducible SATB1. After 10 days of differentiation,
CD235™ erythroid and CD41* megakaryocyte expansion was determined. Experiments were
performed in triplicate and repeated a minimum of three times. Data are represented as
means + SD, and significance is defined at p < 0.05.
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Figure 7.
In RPS19 insufficiency, re-expression of SATBL1 rescues defects in noncommitted progenitor

populations without affecting committed erythroblast defects. Schematics of hematopoiesis
indicating stages of differentiation (A) and stages affected by RPS19 insufficiency (B).
Re-expression of SATB1 significantly corrects defects in noncommitted erythropoiesis but
the later defect is SATBL1 independent (C).
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