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Regular Article

RED CELLS, IRON, AND ERYTHROPOIESIS

TNF-mediated inflammation represses GATA1 and activates p38 MAP
kinase in RPS19-deficient hematopoietic progenitors

Elena Bibikova,! Min-Young Youn," Nadia Danilova,? Yukako Ono-Uruga,’ Yoan Konto-Ghiorghi,' Rachel Ochoa,’
Anupama Narla, Bertil Glader,! Shuo Lin,? and Kathleen M. Sakamoto'

"Department of Pediatrics, Stanford University School of Medicine, Stanford, CA; and 2Department of Molecular, Cell and Developmental Biology, University
of California, Los Angeles, Los Angeles, CA

Key Points

* GATAT1 is downregulated
in RPS19-deficient cells
and zebrafish through
upregulation of p53, TNF-q,
and p38 MAPK.

e Treatment of rps19-deficient
zebrafish with the TNF-«
inhibitor etanercept
rescues their erythroid
and developmental defects.

Diamond-Blackfan anemia (DBA) is an inherited disorder characterized by defects in
erythropoiesis, congenital abnormalities, and predisposition to cancer. Approximately
25% of DBA patients have a mutation in RPS19, which encodes a component of the 40S
ribosomal subunit. Upregulation of p53 contributes to the pathogenesis of DBA, but the
link between ribosomal protein mutations and erythropoietic defects is not well under-
stood. We found that RPS19 deficiency in hematopoietic progenitor cells leads to decreased
GATAT1 expression in the erythroid progenitor population and p53-dependent upregulation
of tumor necrosis factor-a (TNF-o) in nonerythroid cells. The decreasein GATA1 expression
was mediated, at least in part, by activation of p38 MAPK in erythroid cells and rescued
by inhibition of TNF-a or p53. The anemia phenotype in rps19-deficient zebrafish was re-
versed by treatment with the TNF-« inhibitor etanercept. Our data reveal that RPS19 defi-
ciency leads to inflammation, p53-dependent increase in TNF-«, activation of p38 MAPK,
and decreased GATA1 expression, suggesting a novel mechanism for the erythroid defects

Introduction

observed in DBA. (Blood. 2014;124(25):3791-3798)

Diamond-Blackfan anemia (DBA) is characterized by macrocytic
anemia, congenital abnormalities, and predisposition to cancer.'
Approximately 70% of DBA patients have mutations in ribosomal
proteins, most frequently in RPS19.%> Previous studies in human
CD34™ cells, zebrafish, and mice have shown that haploinsufficiency
of RPS19 is associated with upregulation of the tumor suppressor
p53.% However, the link between ribosomal protein insufficiency
and specific defects in erythropoiesis is not well understood.
Several transcription factors play a critical role in erythroid de-
velopment, including GATA1,” an essential erythroid protein compris-
ing two zinc finger domains and a transactivation domain, which can
activate or repress transcription of downstream targets by binding its
consensus motif WGATAR in their promoters.®® Targets of GATALI
include EPOR, which encodes the EPO receptor, adult globin genes,
heme biosynthesis enzymes, and erythroid membrane proteins.'
Recently, GATAI splicing mutations have been found in three
rare X-linked cases of DBA,!! suggesting an association between
this transcription factor and ribosomal protein deficiency.'> We
therefore investigated whether RPS19 deficiency affects GATALI
expression in human hematopoietic progenitor cells and in zebrafish.
Our results demonstrated that GATA1 messenger RNA (mRNA) and
protein levels are downregulated in human hematopoietic progenitor
CD34™" cells transduced with RPS19 short hairpin RNA (shRNA).

Furthermore, we found that downregulation of GATA1 is p53
dependent and mediated, at least in part, through activation of the
inflammatory cytokine tumor necrosis factor o (TNF-a) and its
downstream signaling target p38 MAPK. Treatment of RPS19-
deficient primary hematopoietic cells and zebrafish with the TNF-a
inhibitor etanercept improved erythroid colony formation in vitro
and rescued the anemia phenotype in vivo. Our studies suggest that
inflammatory pathways play an important role in the erythroid defects
and GATALI regulation in DBA.

Methods

Cell culture

Primary human CD34" hematopoietic stem and progenitor cells were purified
from cord blood (New York Blood Center) or from human fetal liver tissue
(Advanced Bioscience Resources and University of California, Los Angeles
Center for AIDS Research) by using magnetic-activated cell sorting (Miltenyi
Biotec) and were cryopreserved. Upon thawing, cells were cultured in X-Vivo15
media (Lonza) containing 10% fetal bovine serum, fms-related tyrosine kinase
3 (50 ng/mL), thyroid peroxidase (50 ng/mL), interleukin-3 (IL-3; 20 ng/mL),
interleukin-6 (IL-6; 20 ng/mL), and stem cell factor (50 ng/mL).
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Figure 1. GATA1 expression and erythroid colony formation is decreased in RPS19-deficient hematopoietic progenitor cells. Human CD34" hematopoietic
progenitor cells were infected with lentivirus carrying shRNA against RPS19 or Luc control, sorted for GFP™* cells after 3 days, and analyzed 3 or 5 days after transduction, as
stated for each panel. (A) shRNA knockdown of RPS19 reduces RPS19 mRNA levels by approximately 60% compared with control 5 days after transduction. (B) p27 mRNA
expression is upregulated in RPS19-deficient cells 5 days after transduction. (C) GATA1 protein levels decreased in RPS19-deficient fetal liver cells [Scr, scrambled control
shRNA; RPS19, RPS19 (sh2)] 3 days after transduction. (D) GATAT and (E) EPOR mRNA levels decrease in RPS19-deficient cells 5 days after transduction. (F) GATA1 and
EPOR expression is decreased in CD71" RPS19-deficient erythroid progenitor cells 5 days after transduction. (G) Erythroid colony formation in methylcellulose is
reduced in cells with RPS19 knockdown. (H) Myeloid colony formation is decreased in RPS19-deficient cells. (I) Exogenous expression of GATA1 in RPS19-deficient
cord blood cells partially rescues their ability to form erythroid colonies in methylcellulose. Data are representative of 2 independent transduction experiments. *P < .05;

**P < .01; ***P < .001.

Lentiviral transduction

Primary CD34™" cells were transduced with lentivirus expressing SIRNA
against RPS19 (RPS19-1, RPS19-2, RPS19-3) or luciferase (Luc) shRNA
at a multiplicities of infection score of 10 after 24 hours in culture. Cells
were sorted for green fluorescent protein (GFP) after 3 to 5 days and harvested
for downstream assays as indicated in Results. For p53 knockdown
experiments, cells initially transduced with RPS19 shRNA were infected
with lentivirus expressing p53' or Luc shRNA with mCherry and sorted for
GFP*mCherry ™ cells 5 days after the initial transduction. For GATA1 rescue
experiments, full-length GATA I complementary DNA (cDNA) was obtained
from K562 cells by reverse transcriptase polymerase chain reaction (RT-PCR)
and cloned into a lentiviral vector containing mCherry. Cells were cotransduced
with lentivirus expressing GATA1 cDNA and RPS19 shRNA and sorted for
GFP"mCherry ™ cells 5 days after transduction. A list of ShRNA target
sequences is provided in supplemental Table 1, available on the Blood Web site.

Compounds

Nutlin-3 (N6287; Sigma-Aldrich) was diluted in dimethylsulfoxide to a 10 mM
stock and added to cells at final concentrations of 10 uM and 25 uM for

24 hours. Etanercept (Amgen) was diluted according to manufacturer’s
instructions, added to cells at a concentration of 10 wg/mL, and injected
into zebrafish embryos at 2 ng per embryo. SB203580 (Selleck Chemicals)
was added to cells at 1 uM, 5 uM, or 10 uM concentrations for 18 to
22 hours. Cycloheximide (Sigma-Aldrich) was used at a concentration of
1 pg/mL for 2 hours. MG132 (Calbiochem) was added to cells ata 10 uM
concentration for 6 hours.

Colony assays

GFP™- or GFP" mCherry *-sorted hematopoietic cells were seeded in methylcellu-
lose medium containing IL-3, stem cell factor, granulocyte macrophage—
colony-stimulating factor, and erythropoietin (H4434; STEMCELL Technologies)
in triplicate, with 1000 cells per plate. Erythroid (burst-forming unit ery-
throid) and myeloid (colony-forming unit, granulocye-macrophage) colonies
were counted 14 days later.

gRT-PCR

RNA was extracted by using TRIzol (Life Technologies). RNA was
transcribed into cDNA by using the iScript cDNA Synthesis Kit (Bio-Rad).
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Data are representative of 2 independent experiments.
*P < .05; **P < .01; ***P < .001.

The quantitative RT-PCR (qQRT-PCR) reaction was run with iQ SYBR Green
MasterMix (Bio-Rad) using the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad). 7SL small cytoplasmic RNA' was used as an internal
control. Fold change of mRNA was calculated by using the comparative C,
method. A list of all primers used is provided in supplemental Table 2.

Western blot

Antibodies against RPS19 (#AB40833; Abcam; 1:200 dilution) and GATAL1
(#sc-266; Santa Cruz Biotechnology; 1:200 dilution and #3535; Cell
Signaling Technology; 1:1000 dilution) were used according to manu-
facturer’s instructions. 3-actin mouse monoclonal immunoglobulin G2a
(A5316; Sigma-Aldrich) was used as a control at a 1:5000 dilution. The
target proteins were analyzed by using WesternBright Sirius Chemilu-
minescent Substrate for horseradish peroxidase (Advansta). Densitom-
etry was performed by using Image J software (http://rsb.info.nih.gov/ij/)
to quantify the data.

Zebrafish

Zebrafish were reared at 28.5°C at a cycle of 14 hours of light/10 hours
of dark. Embryos were obtained by natural spawning. Thirty embryos
were injected with rpsi9-specific morpholino (MO) at the 1-cell stage as
previously described® and with 2 ng of etanercept at 4 to 5 hours post
fertilization (hpf). For phenotypic analysis, embryos were scored blindly,
without knowledge of whether they belonged to the control or the treatment
group, and scoring was repeated 3 times. RNA was prepared from embryos
at 18 and 40 hpf for qRT-PCR. At day 3, embryos were stained with
o-dianizidine to detect hemoglobin. For western blot, embryos were collected
at 18 hpf, dechorionated with pronase, deyolked by pipetting in cold Ca-free
Ringer’s solution, washed 3 times with the same solution, and placed in cold
radioimmunoprecipitation assay buffer with proteinase inhibitors. Protein
content was detected by using bovine serum albumin assay. Ten micrograms of
protein was loaded per lane and stained with antibodies against Gatal (#55507;
AnaSpec) and mouse anti-a-tubulin antibody (Sigma-Aldrich) followed by
horseradish peroxidase anti-mouse antibody (Santa Cruz Biotechnology).

TNF-« detection

Cells were sorted for GFP 72 hours after transduction, and culture media
was harvested 5 days after transduction. TNF-a was detected with a
human TNF-a high sensitivity enzyme-linked immunosorbent assay kit
(BMS223HS; eBioscience) according to the manufacturer’s instructions.

Flow cytometry

For cell surface flow cytometry, cells were incubated with human Fc receptor
binding inhibitor (#14-9161-73; eBioscience, Inc.) followed by primary

antibodies CD71-APC (#551373; BD Biosciences) and biotinylated CD120a
(TNFR1) (#552536; BD Biosciences). After washing, Streptavidin-PE-Cy7
(#557598; BD Biosciences) was added; all incubation times were 20 minutes
on ice. For intracellular phospho-flow cytometry, cells were fixed in 3.2%
paraformaldehyde and permeabilized with 100% methanol. The cells were
then stained for CD71 (#551143 or #551374; BD Biosciences), phosphor-
ylated p38 (p-p38) (#612565; BD Biosciences), phosphorylated nuclear
factor kB (pNF-«kB) (#4887; Cell Signaling Technology), phosphorylated
ERK1/2 (pERK1/2) (#612566; BD Biosciences), phosphorylated STATS
(pSTATS) (#612599; BD Biosciences), and pSTAT1 (#560113; BD Bio-
sciences). Data were collected on a DxP10 flow cytometer (Cytek) and
analyzed by using FlowJo Software, v.9.7.2.

Statistics

P values for statistical significance were obtained by using an unpaired
Student ¢ test. The data are representative of at least 2 independent
experiments.

Results

RPS19-deficient primary hematopoietic cells show reduced
GATA1 expression

To investigate the link between RPS19 deficiency and erythropoietic
defects, we examined whether RPS19 knockdown affects GATA1
expression. Primary human CD34" cord blood and fetal liver
hematopoietic stem and progenitor cells were transduced with
lentivirus expressing RPS19 or Luc control shRNA. On day 5 after
transduction, RPS19 expression decreased by approximately 60%
(Figure 1A), with increased levels of the p53 targets p2/ (Figure 1B),
GADD45A, WIG-1, and BAX (supplemental Figure 1). RPS19-
deficient cells also showed a decrease in the antiapoptotic gene
BCL-2 (supplemental Figure 1), as well as increased apoptosis, seen
through morphology (supplemental Figure 2) and increased
cleaved poly(ADP-ribose) polymerase (supplemental Figure 3).
Expression of GATA1 protein (Figure 1C), mRNA (Figure 1D),
and transcriptional targets EPOR (Figure 1E), ERAF, HBB, and
HBG?2 (supplemental Figure 4) was decreased in RPS19-deficient
cells. A time course of RPSI19, GATAI, and EPOR expression
(supplemental Figure 5) shows this decrease was steady at several
time points and was not a result of delayed differentiation in
RPS19-deficient or control cells. Additionally, the decrease in GATA1
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was EPO independent, because EPO was not added to the liquid
culture until after day 5, and the addition of EPO showed little effect
on erythroid differentiation during the early phase of liquid culture
(supplemental Figure 6). The decrease in GATAI expression was
also observed in cells deficient for other ribosomal proteins, including
RPS14 and RPL11 (supplemental Figure 7).

To confirm that GATA1 downregulation in RPS19-deficient
cells was due to decreased GATA! transcription and not a conse-
quence of fewer erythroid progenitors in the population, we sorted
the RPS19-deficient hematopoietic cells for CD71, a marker of
erythroid progenitors. We observed a decrease in GATAI and EPOR
expression in this population of cells (Figure 1F), consistent with
our hypothesis that GATA1 transcription is decreased in erythroid
progenitors. We further confirmed that the CD71 ™" population gives
rise to primarily erythroid colonies in methylcellulose (supplemental
Figure 8), and we analyzed the maturation stage of the CD71%
population by using late-stage erythroid cell surface markers
ad-integrin and band 3,'> which showed no difference between
control and RPS19-deficient cells that could otherwise affect
GATAT1 expression (supplemental Figure 9).

RPS19 downregulation results in decreased erythroid (Figure 1G)
and myeloid (Figure 1H) colony formation. To examine whether
exogenous expression of GATAI could rescue the erythroid defects
in RPS19-deficient cells, we cotransduced CD34" cord blood cells
with shRNA against RPS19 and a construct carrying full-length
GATA1 cDNA (supplemental Figure 10) and observed a 2.2-fold
increase in erythroid colony formation compared with cells trans-
duced with RPS19 shRNA and empty vector control (Figure 1I).
Our studies demonstrate that GATAL levels are reduced in
RPS19-deficient cells, that this reduction is specific to erythroid
progenitors, and that expression of exogenous GATA1 improves
erythropoiesis in our cell model of DBA.

Inflammatory cytokines TNF-a and IL-6 are upregulated in
RPS19-deficient primary hematopoietic cells

Bone marrow failure has been reported to be associated with an
increased inflammatory response,'® and inflammatory cytokines
such as TNF-a are known to be associated with inhibition of

+Eta

erythropoiesis.!” Therefore, it is possible that GATA1 expression
may be reduced in RPS19-deficient cells through inflamma-
tion and activation of TNF-«, which has been shown to inhibit
GATALI in TF-1 cells.'® In agreement with this hypothesis, we found
that both TNF-oo mRNA and protein are upregulated in RPS19-
deficient cells (Figure 2A-B). We also saw increased levels of
IL-6 in response to RPS19 knockdown but did not observe an
increase in other cytokines, including /L-1 and TRAIL (supple-
mental Figure 11), or any significant changes in the baseline
expression of TNF-a in our culture system (supplemental
Figure 12).

To determine which cells produced TNF-a in our system, we
separated the hematopoietic progenitor cells into erythroid (CD717")
and nonerythroid (CD717) cell fractions 5 days after culture and
analyzed levels of TNF-a and its receptor TNFR1 in the 2 cell
populations. TNF-a was primarily expressed in the CD71™ fraction
(Figure 2C), containing macrophages, monocytes, stem cells, myelo-
monocytic progenitors, and promyelocytes (supplemental Figure 13).
TNFR1 was upregulated on the cell surface of CD71% cells, as
measured by flow cytometry (Figure 2D). Treatment of hemato-
poietic progenitors with TNF-a decreased GATAI levels 2.1-fold
and led to upregulation of p21, which could be attenuated by the
addition of the TNF-a inhibitor etanercept (Figure 2E). Inhibition
of TNF-a in RPS19-deficient cells by shRNA knockdown resulted
in a restoration of GATAI expression and increased formation of
erythroid colonies in methylcellulose (supplemental Figure 14).

Etanercept improves erythropoiesis in RPS19-deficient primary
hematopoietic cells

Because TNF-a is known to inhibit erythropoiesis, we examined
whether suppressing TNF-a with etanercept in RPS19-deficient cells
would improve their erythropoietic defects. We treated RPS19-
deficient cord blood cells (Figure 3A) with etanercept and observed
a strong reduction in TNF-« (Figure 3B) and p21 (Figure 3C) ex-
pression. Additionally, etanercept treatment rescued erythropoie-
sis, and to a lesser extent, myelopoiesis in RPS19-deficient cells,
with a 3.5-fold increase in erythroid colony formation compared
with untreated cells (Figure 3D).
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Figure 4. Inhibition of TNF-« rescues erythroid defects in rps19-deficient zebrafish. (

A) tnfa. mRNA is upregulated in rps19 MO zebrafish compared to wild-type (wt) at

18 hpf. (B) Treatment of rps19 MO zebrafish with the TNF-« inhibitor etanercept rescued the erythropmenc (see arrows) and developmental defects. The average phenotype
of each group is shown. (C) Expression of hbae1 is increased in rps19 MO zebrafish after etanercept treatment. (D) Etanercept treatment restores hemoglobin levels in zebrafish, as
measured by Drabkin’s reagent at 54 hpf. (E) Morphologic defects in rps19-morphant zebrafish are alleviated with etanercept treatment. “Strong defects” are defined as kinks, curved
body, absent/rudimentary eyes, and other severe growth abnormalities. “Mild defects” are defined as smaller or shorter embryos with both eyes present. “No defects” indicates
absence of visible defects in zebrafish morphology. Embryos were scored 3 times, with the average shown in the figure. (F) rps19-morphant zebrafish treated with etanercept showed
reduced expression of p53 targets p21 and il-6. (G) Treatment with etanercept restored Gatal expression in rps19 MO zebrafish. (H) Levels of Gata1 also increased in rp/77-mutant
(L11) zebrafish following etanercept treatment. Data are representative of 2 independent experiments. *P < .05; **P < .01; **P < .001.

Etanercept rescues erythroid defects and restores Gata1
expression in rps19-deficient zebrafish

To investigate whether etanercept would improve the DBA
phenotype in vivo, we used a zebrafish model of DBA, in which
Rps19 knockdown is achieved through injection of MO.> We
first confirmed upregulation of tnfa in rps19 MO zebrafish by qRT-
PCR and found that tnfa mRNA expression was increased 4.2-
fold (Figure 4A), consistent with our primary hematopoietic cell
model. We next treated rps/9 MO zebrafish with etanercept
and observed a rescue of the DBA phenotype (Figure 4B), with
improvements in erythropoiesis, as measured through hbael
expression (Figure 4C) and hemoglobin content (Figure 4D),
as well as a slight improvement in the morphology of the fish
(Figure 4E).

Additionally, the fish showed decreased levels of i/-6 and
p21 expression (Figure 4F) and increased expression of Gatal,
which was observed in both rps/9 morphants (Figure 4G) and
rpll I-mutant fish (Figure 4H). However, because purifying erythroid
cells from zebrafish embryos was not technically feasible, we cannot
conclude that the increase in Gatal is specific to the erythroid
population rather than a consequence of increased erythropoiesis

in the fish. Overall, these data demonstrate that etanercept is effective
in improving erythropoietic defects associated with DBA both in
vitro and in vivo.

GATA1 downregulation and TNF-a upregulation are
p53 dependent

To determine whether GATA1 downregulation and TNF-a up-
regulation were p53 dependent, we treated CD34 ™ cord blood cells
for 24 hours with Nutlin-3, a drug that leads to p53 stabilization
(supplemental Figure 15) by blocking MDM2.'® Nutlin-3 treat-
ment increased expression of the p53 targets p21 (Figure 5SA) and
TNF-« (Figure 5B) and inhibited GATAI expression (Figure 5C).
Next, we cotransduced RPS19-deficient CD34 " cord blood cells
with lentivirus expressing pS3 or Luc control shRNA and an mCherry
selection marker, and analyzed GFP*mCherry ™ cells 5 days after
infection. We observed a decrease in p2/ (Figure 5D) and TNF-«
(Figure SE) mRNA levels in cells transduced with p53 shRNA as
well as an increase in GATAI levels (Figure S5F). Additionally, pS3
knockdown increased erythroid colony formation twofold in RPS19-
deficient cord blood cells (Figure 5G).
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Effect of TNF-« in RPS19-deficient primary hematopoietic cells
is mediated, in part, through p38 MAPK

We next investigated the mechanism by which TNF-« affects
erythropoiesis in RPS19-deficient cells by examining phosphor-
ylation of downstream target pathways using phospho-flow cytometry
before and after stimulation with TNF-a. We found a significant
increase in phosphorylation of p38 MAPK in CD71% RPS19-
deficient cells compared with control cells, both at baseline and
after a 10-minute stimulation with 100 ng/mL TNF-a (Figure 6A).
Levels of p38 were also mildly elevated at baseline in the CD71~
population but did not show greater increase upon TNF-a stimula-
tion in RPS19-deficient cells compared with control (supplemental
Figure 16). Other downstream signaling pathways, including NF-«kB,
ERK1/2, STATS, and STATI1, showed no difference in activation
between control and RPS19-deficient CD71" cells (supplemental
Figure 17), suggesting that the effect of TNF-o in RPS19-deficient
cells is, at least in part, mediated through p38 MAPK.

To test this hypothesis further, we treated CD34™" cord blood cells
with the p38 MAPK inhibitor SB203580 and observed increased
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III
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Figure 5. GATA1 downregulation is mediated
through activation of p53 and TNF-a. (A) Stabili-
zation of p53 by Nutlin-3 in CD34" hematopoietic
progenitor cells leads to dose-dependent upregulation
of p21 and (B) TNF-a, as well as (C) downregulation
of GATAT1. (D) shRNA-mediated knockdown of p53 in
RPS19-deficient cord blood cells reduces p21 and (E)
TNF-a expression while (F) increasing expression of
GATAT1 5 days after transduction. (G) Erythroid colony
formation is increased in RPS19-deficient CD34™" cord
blood cells cotransduced with p53 shRNA compared
with Luc control shRNA. Data are representative of
2 independent experiments. *P < .05; *P < .01;
***p < .001.

GATA1

xx

Nutlin-3

B Erythroid

Myeloid

shP53

GATAL1 protein in cells treated with increasing concentrations of
SB203580 (Figure 6B-C). In line with this hypothesis, treatment
of RPS19-deficient cells with SB203580 partially rescued both
erythroid and myeloid colony formation (Figure 6D).

To test whether p38 pathway inhibition improves the stability of
GATALI protein, we treated CD34" cord blood cells with SB203580
with or without the translation inhibitor cyclohexamide and observed
GATALI stabilization in the presence of SB203580 (Figure 6E).
These data demonstrate that GATA1 has a short half-life by rapid
turnover but can be stabilized through inhibition of p38 MAPK. To
show that GATAL levels are proteasome dependent in the cells, we
treated CD34™" cord blood cells with MG132, a 26S proteasome
inhibitor, in the presence or absence of SB203580 (Figure 6F).
Our data show that MG132 treatment leads to increased stability of
the GATAL protein, suggesting that GATA1 is regulated through a
proteasome-dependent mechanism and that p38 MAPK contributes
to its degradation.

Overall, our data support a model in which deficiency of RPS19
causes p53-dependent inflammation and increased production of
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Figure 6. Effect of TNF-a on GATA1 expression is 2 {pactn &
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*P < .05; **P < .01; ***P < .001.
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Figure 7. Model of GATA1 downregulation through the combined effects of
p53 and TNF-a in RPS19-deficient cells. Deficiency of RPS19 in hematopoi-
etic progenitors leads to ribosomal stress, which increases p53 levels as well
as inflammation, which increases production of TNF-a by nonerythroid cells.
TNF-a represses GATA1 through activation of p38 MAPK and may also contribute
to increased p53 levels, which results in reduced survival and differentiation of
erythroid cells.

TNF-a in the bone marrow, which activates p38 MAPK and
contributes to GATA1 degradation in erythroid cells (Figure 7).

Discussion

On the basis of these data, we concluded that GATA1 expression
is decreased in RPS19-deficient erythroid progenitors, which may
contribute to the erythroid-specific lineage defects characteristic of
DBA, and that restoration of GATA1 expression in RPS19-
deficient cells can improve erythroid colony formation in vitro.
Additionally, we found upregulation of inflammatory cytokines
TNF-a and IL-6 in both primary cell and zebrafish models of DBA,
signifying a novel role for inflammation in DBA pathogenesis.
Finally, we show that downregulation of GATA1 can be alleviated
by the TNF-a inhibitor etanercept as well as through knockdown
of p53 and p38 MAPK, suggesting potential novel therapies for
the treatment of DBA.

A recently published study by Ludwig et al*° supports our
findings that GATA1 is downregulated in hematopoietic cells
with ribosomal protein haploinsufficiency and that expression of
exogenous GATA1 in RPS19-deficient cells can partially rescue
their erythroid defects. However, there are several differences in
our findings, likely arising as a result of the different methods and
model systems used in our studies. First, Ludwig et al did not
observe changes in GATAI mRNA or in expression levels of p53
target genes despite prior data from several groups showing p53
pathway upregulation as a feature of DBA.*® Second, the study
focused on cell-intrinsic factors such as altered translation mech-
anisms rather than extrinsic factors such as cell signaling and
inflammation to explain GATA1 downregulation in RPS19-deficient
cells. The difference in GATAL1 expression is likely due to timing
of cell analysis. Ludwig et al analyzed GATAI mRNA levels in
CD34™" -derived erythroid progenitors at 4 days after infection,
whereas we did not observe significant changes in GATAI ex-
pression until after day 5 (supplemental Figure 5). It is likely that the
decrease in GATA1 protein precedes a decrease in GATAI mRNA,
which occurs as a result of GATAI autoregulation. Differences in
p53 pathway activation may be a result of distinctive model systems
used (patient samples vs transduced hematopoietic progenitors),
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or a result of different methods used for gene expression analysis
(qRT-PCR vs global gene profiling).

Taken together, our data support a model of GATA1 down-
regulation being a consequence of inflammation and activation of
proinflammatory cytokines such as TNF-a, which has been shown
to inhibit erythroid differentiation in multiple cell lines'®" and is
associated with reduced GATA1 expression in TF-1 cells through
p38 MAPK.'® The erythroid niche in vivo consists of erythroid
progenitors surrounding a central macrophage,'” which may secrete
inflammatory cytokines in response to ribosomal stress, inhibiting
erythroid progenitor growth around it. Consistent with this mech-
anism, we observed increased TNF-a production in CD71" cells in
our culture system (which supports both myeloid and erythroid
development), with increased expression of TNFR1 on the surface
of CD71" erythroid cells.

TNF-a signaling has been shown to activate p38 MAPK,*?
which phosphorylates acetylated GATA1 at Ser26 and Serl78,
facilitating its degradation.”® Our data support this mechanism of
GATAL degradation in response to increased TNF-a, because we
saw increased phosphorylation of p38 MAPK in RPS19-deficient
cells by phospho-flow. Treatment of primary hematopoietic cells
with the p38 MAPK inhibitor SB203580 improved GATA1 protein
stability in the cells. This model, in which TNF-a upregulation in
RPS19-deficient cells contributes to GATA1 degradation through
p38 MAPK, may also explain why dexamethasone, which reduces
TNF-a levels, would have a beneficial effect in DBA patients.>*

Increased expression of p53 in RPS19-deficient cells could also
antagonize the transcriptional activity of GATA1. Exogenously
expressed p53 has been shown to bind to GATAL1 directly in K562
cells and inhibit its function.”> Therefore, it is plausible that p53
activated in RPS19-deficient cells binds to GATAI, inhibiting its
ability to transactivate erythroid-specific genes. This would also
reduce GATAL transcription, since GATAT1 has binding sites in its
own promoter,® forming a negative feedback loop between GATA1
and p53 in RPS19-deficient cells. Our studies confirm that GATAL1
downregulation is p53 dependent and can be rescued by shRNA-
mediated knockdown of p53 in RPS19-deficient cells.

Previous work supports the relationship between p53 and TNF-«,
and each may contribute to DBA pathogenesis, because p53 can
activate TNF-a expression by binding to its promoter,”’ and TNF-a
can activate the p53 pathway through p38 MAPK.?® Thus, p53
and TNF-a could form a positive feedback loop, acting together
to repress erythropoiesis in response to ribosomal stress. This
mechanism is consistent with our data showing that repression of
pS3, p38 MAPK, or TNF-a in RPS19-deficient cells can alleviate
their erythroid defects.

In summary, our results demonstrate a novel link between RPS19
deficiency, inflammation, and GATA1 downregulation, which could
explain the erythroid defects observed in DBA patients. We show
that GATA1 downregulation is p53 dependent and is, at least in
part, mediated by increased TNF-a production and p38 MAPK acti-
vation in RPS19-deficient cells. Additionally, our results suggest that
etanercept and other TNF-a antagonists may provide a potential
approach to treating erythroid defects in patients with DBA.
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