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Abstract

Erythroid cell formation critically depends upon signals transduced via EPO/EPOR/JAK2
complexes. This includes not only core response modules (e.g., JAK2/STAT5, RAS/MEK/ERK),
but also specialized effectors (e.g., Erythroferrone, ASCT2 glutamine transport, Spi2A). By
employing phospho-proteomics and a human erythroblastic cell model, we presently identify 121
new EPO target proteins, together with their EPO- modulated domains and phosphosites. Gene
Ontology enrichment for ‘Molecular Function’ identified adaptor proteins as one top EPO target
category. This includes a novel EPOR/JAK2-coupled network of actin assemblage modifiers, with
adaptors DLG-1, DLG-3, WAS, WASL and CD2AP as prime components. ‘Cellular Component’
GO analysis further identified 19 new EPO- modulated cytoskeletal targets including the erythroid
cytoskeletal targets SPECTRIN-A, SPECTRIN-B, ADDUCIN-2 and GLYCOPHORIN-C. In
each, EPO-induced phosphorylation occurred at p-Y sites and subdomains that suggest
coordinated regulation by EPO of the erythroid cytoskeleton. GO analysis of ‘Biological
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Processes’ further revealed metabolic regulators as a likewise unexpected EPO target set. Targets
included ALDOLASE-A, PYRUVATE DEHYDROGENASE-A1 and THIOREDOXIN-
INTERACTING PROTEIN (TXNIP), with EPO-modulated pY-sites in each occurring within
functional subdomains. In TXNIP, EPO- induced phosphorylation occurred at novel p-T349 and p-
S358 sites, and was paralleled by rapid increases in TXNIP levels. In UT7epo-E and primary
human HSC-derived erythroid progenitor cells, lentivirus-mediated sShRNA knockdown studies
revealed novel pro-erythropoietic roles for TXNIP. Specifically, TXNIP’s knockdown sharply
inhibited c-K/T expression; compromised EPO dose-dependent erythroblast proliferation and
survival; and delayed late-stage erythroblast formation. Overall, new insight is provided into
EPO’s diverse action mechanisms, and TXNIP’s contributions to EPO-dependent human
erythropoiesis.
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INTRODUCTION

The production of erythroid progenitors requires signals provided by EPO and its JAK2-
coupled receptor, EPOR3. rh-EPO and related EPOR agonists are also important
therapeutics for the anemia of chronic kidney disease?, myelodysplastic syndrome® and
chemotherapy®. While EPO’s actions have accordingly been intensely studied:8, an
advanced understanding of EPO/EPOR/JAK?2 effects is important for several reasons.
Clinically, and via poorly understood mechanisms, EPO also elicits hypertensive and
thrombolytic side effects®. Additionally, strategies to counter JAK2 mutation effects on
myeloproliferative neoplasms!?.11 and myelofibrosis!? can be aided by a detailed
understanding of JAK2 effectors. The EPO/EPOR/JAK2 system therefore continues to serve
as an insightful paradigm for determining how hematopoietic growth factors (HGFs) trigger
diverse responses within developing blood cell populations’:8:13,
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Within erythroid progenitor cells (EPCs), EPO action studies have typically focused on anti-
apoptotic responses, with early investigations describing Bcl-x mediated cytoprotection as
perhaps a singular prime EPO effect!415, The field further concluded that EPO (and HGFs)
might essentially fail to provide instructive signals!®. Recent investigations, however, have
revealed several unexpected EPO actions. Lineage commitment studies describe EPO’s
recruitment of pluripotent progenitors to an erythroid fatel’. In proerythroblasts, a non-
canonical EPOR/JAK2/STAT5 cytoprotective response involving serpin Spi2A inhibition of
leached lysosomal executioner cathepsins has been defined!8. In maturing erythroblasts, the
EPO- induced expression and release of Erythroferrone!® can inhibit Hepcidin, derepress
Ferroportin, and heighten systemic iron. These examples underscore unanticipated
versatility in EPO’s signaling mechanisms, and functional effects.

For the above unexpected EPO signal transduction factors, each was discovered via gene
profiling?317-19_ At the genomic level, 25,000 genes can generate up to 100,000 transcripts.
Ten-fold greater diversity, however, can exist at the protein level due to dynamic post-
translational modifications (PTMs). During HGF signaling, PTMs can play major regulatory
roles’:8. We therefore presently have applied phospho-PTM proteomics?%:21 together with an
EPO-dependent human erythroid progenitor UT7epo-E cell model to interrogate EPO’s
actions. Overall, we identify 121 novel EPO/EPOR target proteins, together with their
specific EPO-regulated p-Y and/or p-TPP sites. Gene Ontology (GO)22 enrichment analysis
of ‘Molecular Function’ terms first identified major cytokine signaling associated categories
including receptor binding factors, kinases and phosphatases, Ras guanyl exchange proteins,
and signal adaptors. Each EPO target set was substantial, including 18 newly discovered
EPO-regulated adaptor proteins. Among enriched “Biological Processes”, novel EPO-
modulated targets unexpectedly included the core metabolic regulators ALDOLASE-A and
PYRUVATE DEHYDROGENASE-a1, and the redox and glycemic regulator
THIOREDOXIN INTERACTING PROTEIN (TXNIP)23:24,

For the following reasons, TXNIP was selected as a new EPO target to investigate via
shRNA knockdown experiments in primary (pro-erythroblasts). In at least certain cell types,
TXNIP is known to modulate cellular oxidants by inhibiting Thioredoxin2®. In transplanted
hematopoietic stem cells, however, TXNIP unexpectedly has been demonstrated to exert
important anti-oxidant effects24. Additionally, in a context of EPO- signaling, EPO has been
shown to modulate ROS in (pro)erythroblasts, and in a global knockout mouse model, 7xnijp
KO skews splenic basophilic erythroid cell formation and transferrin receptor levels?6. Our
present studies reveal that in human erythroblastic cells, EPO rapidly induces the
phosphorylation of TXNIP at novel p-T349 and p-S358 sites, and heightens TXNIP levels.
Knockdown studies further reveal novel roles for TXNIP in supporting ¢-Kit expression,
EPO dose-dependent primary human erythroblast growth and survival, and the development
of maturing erythroblasts.

Finally, among “Cellular Components”, EPO regulated the p-Y phosphorylation of 19 novel
cytoskeletal targets, four of which are erythroid- specific, and required for late erythroblast
differentiation. In silico analyses of their p-Y regulated functional subdomains suggest
attenuating effects of EPO on erythroid cytoskeletal assembly. These overall findings are
discussed in the context of unexpectedly expanded phospho-PTM EPO signaling networks,
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together with new experimentally defined pro-erythropoietic roles for TXNIP during human
erythropoiesis.

A detailed description of Methods is provided as a Supplemental to this report.

M proteomic discovery of 121 novel EPO- modulated targets

PTM-directed proteomics can provide detailed insight into protein signaling networks20:21,
but to date has not been stringently applied to analyze hematopoietic growth factor action.
Presently, we have employed phospho-PTM profiling to explore EPO/EPOR transduced
signals (Figure 1A). To generate sufficient material for effective PTM-based LC-MS, EPO-
dependent human UT7epo-E cells were employed as a parental UT7epo cell subline?’
generated via 50+ passages in EPO. To aid interpretations of phospho-PTM studies (and
EPO target knockdown experiments), we first assessed UT7epo-E cells for possible
complicating mutations among 18 myeloproliferative driver genes (including JAK2, MPL,
and CALRETICULIN)28. No such mutations were detected (Figure 1B). Gene profiling
further demonstrated an erythroid gene expression profile for UT7epo-E cells (Figure 1C),
and globin chain HBA analysis showed levels in UT7epo-E cells to approximate those in
basophilic erythroblasts (Figure 1D). Overall globin chain levels were also elevated
compared to parental UT7epo, and K562 cells (LC-MS analyses, Supplemental Figure S-1).
UT7epo-E cells also were shown to exhibit sharp EPO dose-dependent proliferation,
survival and cell surface EPOR expression (Figures 1E, 1F).

Discovery proteomic studies were designed to capture early EPOR/JAK2 induced phospho-
PTM events. Specifically, UT7epo-E cells were challenged with EPO (+/-) for 15 minutes.
Total extracted proteins and derived tryptic or GluC peptides were then prepared, and
peptides modified at p-Y or p-TPP motifs were retrieved using optimized immunoadsorption
protocols. For eluted peptides, LC-MS and spectral analysis defined sequences, EPO-
mediated phosphorylation levels, sites of regulated phosphorylation, and parent proteins. As
validating phospho-PTM data, findings for ten known EPO targets previously associated
with EPQ’s actions are first summarized (Figure 1G). As illustrated for JAK?2, validating
EPO-regulated p-Y 1007, p-Y1008, p-Y570 and p-Y813 sites occurred within unique, as
well as confirming overlapping phospho-peptides.

Within known EPO targets, novel phospho-PTM sites additionally were discovered. As one
example, PIK3’s p85 subunit is a known target for EPO induced p-Y607 phosphorylation??:
Our analyses additionally revealed the 40.4-fold EPO-induced phosphorylation of PIK3’s
p110 catalytic subunit at a novel Y508 site (Figure 1G). For select known EPO targets and p-
Y motifs with available antibodies, western blot analyses are also shown for comparison
(Figure 1H).
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Novel EPO-modulated phospho-PTM targets, and ‘Molecular Function’ GO annotation
enrichment of pY-modified signal adaptor networks

Bioinformatic approaches next were employed to identify novel EPO-regulated target
phosphoproteins, and their networked associations. With the EPOR centrally positioned,
connections among EPO-modulated targets were determined via STRINGdb analysis
(Figure 2A), for three sets of phospho-PTM experiments (“pY-trypsin”, “pY-GIuC”, “pTPP-
GluC” - see Supplemental Methods and Supplemental Table S-1). Among 138 proteins
revealed to be regulated by EPO >2-fold in defined phospho-PTMs, 121 were novel targets
(orange chords, no mapped STRINGdb interactions, and not previously linked to EPO/
EPOR signaling). Target protein identities, phospho-peptide sequences, and their fold-
modulation due to EPO are also defined. In Supplemental Tables S-2,3,4, annotated
phospho-PTM LC-MS/MS datasets are also provided via a dedicated ErythronDB platform
(see Supplemental Methods, and https://www.cbil.upenn.edu/ErythronDB_alpha/app). For
novel EPO- modulated phosphoproteins, annotation terms enriched (via GO analysis) for
‘Molecular Function’ strongly reflected cytokine receptor transduction events. These include
‘signaling adaptor activity’, ‘receptor binding’, “non-receptor binding’, and ‘RAS guanyl-
nucleotide exchange factor activity’ (Figure 2B, and Supplemental Table 5). Based on their
high GO representation (confirmed via UniProt and NCBI resource mining), adaptor
proteins are a highlighted EPO target set with 24 such EPO- modulated adaptor protein
targets identified, 18 as novel. When candidate associations were analyzed (using the full set
of presently identified targets and STRINGdb) several specific new associations among
novel EPO-regulated adaptor proteins were revealed within an EPOR/JAK2 signal
transduction factor network (Figure 3A). The scaffold proteins (and tumor suppressors)
DISCS LARGE-1 and -3 (ref.30) provide one example. Within each, EPO induced the
phosphorylation of a novel p-Y site within their guanylate kinase domains (DLG1, p-Y760;
DLG3, p-Y673) (Figure 3B). DLG-1 and -3 each also connected to EPOR/JAK?2 signaling
via EZRIN, CALM1 and FYN circuits (Figure 3A).

As a related second example, EPO stimulated the dephosphorylation of the Wiskott-Aldrich
syndrome adaptor proteins WAS/WASP3! and WASL/N-WASP32, each at a conserved P21-
Rho-binding domain (PBD) p-Y site (WAS, p-Y290; WASL, p-Y256) (Figure 3B, lower
panel). For WASL, phosphorylation at Y290 is known to promote actin restructuring33,
further implicating EPO effects on cytoskeletal assemblages. This focus on signaling
adaptors also revealed species- restricted EPO-regulated PTMs. CD2AP (a cytoskeleton
modulator34) was a top EPO-regulated target, with >250-fold induced phosphorylation at a
novel p-Y361 site (Figure 3C). p-Y361 is conserved in humans and primates, but is not
represented in mouse, rat, or lower vertebrate CD2APs. CD2AP likewise couples to a
DLG1, DLG3, WAS, WASL signaling network (Figure 3C, lower panel). Finally, for
C1ORF150 / GCSAML (Figure 3D), EPO induced its phosphorylation at four p-Y sites
within a C-terminal region shared with HGAL, an important B-cell receptor adaptor
protein3®. Unlike HGAL, CIORF150is not represented in mouse, rat, or lower vertebrate
genomes. During erythroid development, CIORF150% expression peaks at a BFUe stage,
while CD2AP s elevated in maturing erythroblasts (Figure 3E).
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Enriched ‘Biological Processes’ of EPO-modulated targets, including metabolic regulators

and TXNIP

In GO analyses, enriched annotations for ‘Biological Process’ included major categories of
EPO modulated phospho-targets as ‘signal transduction’, “‘phosphorylation’, “cell
differentiation’, ‘cell migration” and ‘response to stimulus’ (Figure 4A, and Supplemental
Table S-6). For focus, and to further illustrate opportunities to frame data driven hypotheses,
new EPO-modulated targets in the categories of ‘intrinsic apoptotic signaling pathway’
(under “signal transduction’), and ‘metabolic process’ are highlighted. In apoptotic
pathways, two novel EPO targets, MSH6 and ERCC6 were discovered (Figure 4B) that play
important (anti)apoptotic roles during DNA mismatch repair36. MSH6 heterodimerizes with
MSH2 to form MutSa, a complex that binds mismatched base pairs, and recruits key repair
enzymes38. EPO induced MSH6’s de-phosphorylation at novel p-Y977 and p-Y994 sites,
each within a DNA interacting subdomain36. During mismatch repair, ERCC6 functions
subsequently as a DNA helicase3”:38, EPO stimulated ERCC6’s 52.7-fold phosphorylation
at novel p-Y882 and p-Y901 sites, each within ERCC6’s helicase domain. As effectors of
DNA repair and apoptotic signaling, MSH6 and ERCC6 (and their defined phospho-PTMs),
may relate to anemia triggered by chemotherapeutic DNA alkylating agents3°.

For EPQ’s actions, ‘metabolic process’ was an unanticipated category, with several new
EPO targets specifically identified within a sub-category of ‘generation of precursor
metabolites and energy’. Two are central glycolytic enzymes (Figure 4C). In ALDOA
(mutated in hemolytic anemia)*?, EPO stimulated p-Y364 phosphorylation within a C-
terminal domain involved in ALDOA tetramerization and substrate binding*!. In PDH-A1,
EPO triggered its dephosphorylation at p-Y301, a site that when phosphorylated can inhibit
PDH’s catalytic activity*2. These EPO-induced p-Y events therefore implicate EPO’s
heightening of triose and pyruvate- derived acetyl-CoA formation. EPO additionally induced
the novel phosphorylation of SURF1, a cytochrome oxidase complex associated factor*3 at
three clustered pY sites within a C-terminal hydrophobic subdomain of this inner
mitochondrial membrane protein (Figure 4D, upper panel). Finally, the redox and glycemic
regulator THIOREDOXIN INTERACTING PROTEIN (TXNIP)23.24 was identified as a
new EPO-modulated metabolic target (Figure 4D, lower panel), with EPO stimulating
TXNIP’s phosphorylation at novel p-T349 and p-S358 sites (proximal to a p-S308 site that
triggers TXNIP turnover)23,

TXNIP promotes EPO-dependent human erythroblast proliferation, survival and
development

As a novel EPO- modulated phospho-PTM target, TXNIP was selected for direct functional
investigations for three prime reasons: (1) TXNIP negatively regulates insulin expression in
beta cells** and glucose transport in HepG2 cells23, but in hematopoietic cells can support
hematopoietic stem cell repopulation?4. (2) TXNIP is an emerging drug target for diabetes?®,
but its inhibition might compromise hematopoiesis?4. (3) In a global KO mouse model,
TXNIP LOF has been observed to perturb splenic erythroblast formation25, raising
important new questions concerning TXNIP’s potential erythroid cell intrinsic roles in
human medullary progenitors, and candidate functional ties to EPO’s actions.
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Using UT7epo-E cells as an initial model, several novel connections between TXNIP and
EPO signaling were defined. EPO regulation of TXNIP phosphorylation at p-T349 and p-
S358 first was validated in phospho-PTM studies using an EPOR agonist, Hematide (Figure
5A). Western blotting using an antibody prepared against a p-T349 peptide additionally
specifically detected EPO- induced p-T349-TXNIP (Figure 5A, lower panel). TXNIP and
EPO-induced phospho-T349 TXNIP were also shown to reside in cytoplasmic and
membrane cell fractions, with apparent heightening effects of EPO on TXNIP levels.
Repeated experiments (Figures 5B, and Supplemental Figure S-3) confirmed this effect.
Using a shRNA lentivirus approach (Figure 5C), TXNIP knock-down (“KD”) was observed
to attenuate EPO-dependent UT7epo-E cell proliferation (Figure 5D). Experiments
employing a CDK4,6 inhibitor mediated G1 phase block- and-release design further
implicated G1 to S phase effects of TXNIP KD (Figure 5E). Finally, in studies analyzing
possible effects of TXNIP knockdown on K/7and GLYCOPHORIN A (GFA) marker
transcripts, K/7T expression proved to be substantially repressed, while GPA levels were
modestly increased (Figure 5F).

The above findings in UT7epo-E cells prompted TXNIP KD studies in primary human
progenitors. Two erythroid culture systems initially were employed. One included SCF, EPO
and dexamethasone. A second included SCF, IL3, EPO, human serum, and A/B plasma. In
each, analyses of transcriptome profiling revealed late-stage specific spikes in 7XN/P levels
in developing human (but not mouse) medullary erythroblasts (Figure 6A — see next page).
In each system, TXNIP KD repressed c-KIT expression multi-fold, while modestly
increasing GPA levels (Figure 6B). Studies of KD effects on erythroid progenitor cell (EPC)
growth next were performed, and revealed role roles for TXNIP in supporting EPO-
dependent erythroid progenitor cell (EPC) proliferation, and survival (Figure 6C and
Supplemental Figure S-4). When EPO was limited, TXNIP KD compromise of EPC growth
and survival was further amplified (Figures 6C and Supplemental Figure S-5). Possible
effects of TXNIP KD on EPC development also were assessed. As analyzed in phase-I
cultures, late stage erythroblasts (d7) were under-represented several fold (Figures 6D).
Ultimately, and at d10 of culture, TXNIP KD polychromatic erythroblasts did form at
heightened frequencies of ~200% over shNT control levels (Figure 6D). TXNIP KD also
visually attenuated the hemoglobinization of maturing erythroblasts (Figure 6E). This effect,
however, did not include apparent effects on HBA or HBB globin levels (Figure 6E, lower
panel). Mechanistically, possible effects of TXNIP knockdown on peroxide sensitivity, and
ROS levels, were studied. This was prompted by reported TXNIP’s heightening of oxidants
in beta cells#?, and limiting of ROS in transplanted murine hematopoietic stem cells?4. In
EPCs, TXNIP KD sensitized erythroblasts to peroxide cytotoxicity (Figure 6F). Endogenous
ROS levels, however, were not significantly affected. As summarized in Figure 6G, these
overall studies define novel positive roles for TXNIP during EPO-dependent human
(pro)erythroblast formation, including possible effects on late stage erythroid development.

‘Cellular Component’ annotation enrichment, with cytoskeletal proteins as a major new
EPO- modulated target set

In assessing the subcellular localizations of EPO target phosphoproteins, GO enrichment
analysis of ‘Cellular Component’ annotations identified nine significantly enriched
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categories, (Figure 7A, and Supplemental Table S-7), each consistent with cytokine receptor
signaling. Within plasma membrane components (including ‘membrane raft’, ‘basolateral
plasma membrane’, ‘cytoplasmic side of membrane’), 31 novel EPO targets were
represented. Additional targets were associated with related annotation terms including “cell
leading edge’, ‘axon’, and ‘synapse’, and more broadly cellular ‘midbody’, ‘nuclear part’,
‘vesicle’. Related to the above actin-modulating molecular adaptors, cytoskeletal proteins
proved to be a major EPO- modulated cellular component EPO target set. Unexpectedly, this
included the erythroid- specific cytoskeletal proteins alpha (SPTA) and beta (SPTB)
spectrins, ADDUCIN-2 (ADD2) and GLYCOPHORIN-C (GYPC), together with the
associated factors EZRIN (EZR) and CALMODULIN-1 (CALM1).

For these novel erythroid cytoskeletal EPO targets, EPO-induced phosphorylation occurred
at novel p-Y sites (Figures 7B—7E). Each target and regulated p-Y site therefore were further
characterized using Prosite, Phosphosite-Plus®, GeneCards, STRINGdb and NCBI mining
resources. For erythroid spectrins, EPO induced the pY-2332 phosphorylation of SPTA
within a distal C-terminal EF-hand domain, and of SPTB at p-Y16 within a proximal N-
terminal region (Figure 7B) as domains that affect SPTA and SPTB heterodimerization“®.
For the SPTA/SPTB/actin complex partner, ADD247, EPO induced its phosphorylation at a
p-Y440 site within a CALMODULIN interacting domain“8 (Figure 7C), while also inducing
the phosphorylation of GLYCOPHORIN-C at a distal cytoplasmic C-terminal p-Y126 site.
For EZRIN and CALMODULIN, EPO induced EZRIN’s phosphorylation at Y499 within an
ERM actin binding domain, and CALMODULIN’s phosphorylation at a Y100 residue
essential for calcium binding, and CALM1’s activity*® (Figure 7D,E). EPO is therefore
implicated in modulating the assembly of a late erythroid cytoskeleton through the
coordinated p-Y phosphorylation of these new EPO targets at novel sites within interacting
functional subdomains (Figure 7F).

DISCUSSION

Studies of hematopoietic growth factor signal transduction are often restricted in scope by
limited collections of specific probes such as activation-state antibodies. PTM proteomic
profiling via LC-MS/MS, however, can overcome this limitation, and uncover extended sets
of signal transducers and modified phospho- residues and sequence motifs within target
protein subdomains while also unambiguously identifying protein isoforms2%:21, The present
study sought to discover new mediators of EPO’s actions by analyzing target proteins
modified in their phospho-PTMs following the ligation of EPOR. Our investigation further
expanded target coverage by including three sets of phospho-PTM interrogations (p-Y
trypsin, p-Y GIuC, pTPP GIuC), and by the use of EPO- dependent human proerythroblast
UT7epo-E cells to provide sufficient cells (108 per sample) for effective phosphopeptide IPs,
quantitative LC-MS/MS, and target validation. Overall, 121 novel EPO-modulated,
phospho-modified target proteins are identified, with data attributes provided via a dedicated
and upgraded Erythron-DB database [https://www.cbil.upenn.edu/ErythronDB_alpha/app].

Within a GO enrichment annotation category of ‘Molecular Function’, adaptor proteins were
a major EPO signaling target set (24 targets, 18 novel) among which new connections to
EPOR signaling were defined for the actin assemblage modifiers DLG1, DLG3, WAS,
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WASL and CD2AP. Scaffold proteins provide an example of how functional inferences can
be generated via considerations of individual EPO target proteins and their PTM-maodified
subdomains. In both DLG-1 and -3, EPO induced the phosphorylation of a novel consensus
pY motif with the C-terminal guanylate (pseudo) kinase domain (GKD). This includes p-
Y760 in DLG1 and p-Y673 in DLG3, each of which map to a crystallographically defined
subdomain that mediates the binding of DLG to interacting phosphoproteins (e.g., LGN,
LGL, CASK)®0. EPO regulation of these novel phosphosites therefore is implicated in
modulating these functional interactions. In parallel, EPO regulated the phosphorylation of
the actin nucleators WAS and WASL, each at a conserved motif within their PROFILIN
binding domains®l. PROFILIN directly binds G- and F- actin®2, and WAS and WASL
furthermore interact with DLGs®3. Dynamic restructuring of actin networks therefore is
implicated as a novel EPO effect that also may be exerted in non-hematopoietic EPO target
cells potentially including EPORPOS metastatic melanoma and breast carcinoma cells®45,

Within a ‘Biological Process’ GO enrichment category for novel EPO- modulated target
sets, attention focused primarily on metabolic regulators (see Figures 4-6). In erythroid
progenitor cells (EPCs), EPO can stimulate glutamine transport®®, ROS®’, and iron
transport®8, The present studies are the first to reveal EPO modification of central metabolic
regulators, including PDHA1 and ALDOA. PDHA1 (PDH Ela subunit)®® functions as a rate
limiting decarboxylase to metabolize pyruvate to acetyl co-A for TCA utilization (and
phosphorylation of PDHA1 at p-Y301 is known to inhibit pyruvate binding#2). For ALDOA
(mutated in hemolytic anemia)*?, EPO induced its phosphorylation at p-Y364 within a C-
terminal domain required for ALDOA tetramerization, and catalytic activity in converting
fructose 1,6 bisphosphate to trioses*1. EPO’s phospho-PTM modifications of PDHA1 and
ALDOA therefore are predicted to enhance glycolysis and oxidative phosphorylation.

For TXNIP, the present focus on this redox and glycemic regulator in the context of EPO
action were prompted by recent reports on EPO modulation of ROS in pro-erythroblasts®?;
unexpected actions of TXNIP in decreasing ROS damage in transplanted HSCs24; and
effects of global Txnip KO on basophilic erythroblast formation in spleen?®. In UT7epo-E
cells, EPOR- mediated TXNIP phosphorylation was confirmed using Hematide, and a p-
T349 site-specific antibody. EPO additionally rapidly heightened TXNIP levels (without
affecting 7.XNV/Ptranscript levels, data not shown). In HepG2 cells, 2-deoxyglucose induces
AMPK- mediated TXNIP p-S308 phosphorylation and associated turnover, thereby
suppressing glucose dependent TXNIP inhibition of GLUT-1 and —4(ref.23). Possible effects
of novel EPO-induced p-T349 and p-S358 phosphorylation sites on TXNIP turnover
therefore merit future investigation. Database analyses (e.g. PhosphoNET) point to JNK
kinases as possible p-T349 and p-S358 phosphorylating kinases. EPO is known to activate
JNK kinases, that can modulate EPC proliferation®2.

In both UT7epo-E cells and primary EPC’s, TXNIP KD proved to markedly decrease c-KIT
levels. c-KIT levels decrease during erythroid differentiation®?, and attenuated SCF/KIT
signaling can accelerate differentiation®3, TXNIP KD, however, increased immature EPC
representation. Mechanisms via which c-KIT expression levels depend upon TXNIP are
presently undefined, but may contribute to reported effects of TXNIP KO on HSC
transplantation?4, which c-KIT is known to sharply affect®. TXNIP KD also compromised
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the EPO- dependent proliferation and survival of (pro)erythroblasts. The observed EPO
dose- dependency of this effect additionally is consistent with a role for TXNIP as an EPO
response mediator. Direct evidence, however, awaits studies of mutated EPO- regulated
TXNIP p-T349 and p-S358 sites in @ TXNIP-null background. In part, the limited formation
of late stage erythroblasts due to TXNIP KD may reflect compromised survival, but this
developmental effect was also observed at high EPO dosing. In addition, late stage
erythroblasts did ultimately form at delayed time-points, consistent with delaying effects of
TXNIP KD on their development. Despite this observed attenuated EPC development,
globin levels were unaffected by TXNIP KD. TXNIP can also modulate ROS24, and in
primary human EPCs, TXNIP KD was observed to significantly heighten damage due to
ROS. A working model for TXNIP during EPO- dependent human erythropoiesis (see
Figure 6G) therefore includes novel enforcement of c-KIT levels; supporting effects of EPO
dose-dependent EPC proliferation and survival; and indicated roles in supporting late-stage
medullary EPC development. In pancreatic beta cells, TXNIP hinders insulin expression via
miRNA%* and ROS mechanisms®®, and is an emerging therapeutic target for diabetics56. For
TXNIP inhibitors, our findings therefore also serve to raise caution for possible anemia
inducing effects.

Within a “Cellular Component’ GO enrichment category, cytoskeletal proteins were
identified as a related major EPO- modulated phospho-PTM modified target set that
unexpectedly includes the erythroid specific factors SPT-A, SPT-B, ADD2 and GYP-C. To
our knowledge, this represents the first report of EPO targets directly involved in late
erythroid differentiation. Based on emerging connections to Plasmodium invasion®7-69,
GYP-C and EZRIN are considered further. In particular, Plasmodium erythroid binding
antigen EBA175 induces GYP-C phosphorylation’%; EBA-140 directly binds to GYP-C"%;
and EZRIN is also a target of Plasmodium vivax induced phosphorylation®®. Functionally,
such phosphorylation events deform the erythroid cytoskeleton, and facilitate merozoite
invasion®9.70, For six related new EPO- modulated pY-modified cytoskeletal targets,
including GYP-C and EZRIN, sites of EPO- induced phosphorylation occur within sub-
domains involved in their co-assembly (see Figure 7). Their EPO induced site-specific p-Y
phosphorylation therefore may similarly limit these interactions, and increase erythroblast
deformability. During stress erythropoiesis, this may facilitate rapid erythroblast division®®,
and/or red cell egress from long bones’2.

A final aspect of the present work that merits brief discussion is the insight into
hematopoietin signaling and blood cell formation that PTM profiling can provide. This
approach is being aggressively used in oncology’3 and epigenetics’# and recently has been
employed in certain hematological signal transduction systems’®. In one example, reverse
phase protein arrays were employed to monitor signatures for select phospho-STFs in
polycythemia vera (PV) versus normal erythroblasts’®. In PV cells, one interesting finding
was a notable relative increase in activated p-STAT3 over p-STATS. Presently, we similarly
observed heightened activation of p-STAT3 over p-STAT5 in EPO-stimulated UT7epo-E
cells, as originally derived from UT-7 megakaryoblastic leukemia cells?’. As a second
example, LC-MS/MS phospho-proteomics has been applied to gain new insight into
thrombin effects on PAR1 signaling”®. While LC-MS/MS is highly specific and informative,
LC is a limiting bottleneck. Here, we update that we (and colleagues) are advancing a novel
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PTM affinity bead array which, as coupled to a scanning MALDI MS platform, promises to
enable rapid multiplex profiling of customizable panels of PTM-target proteins (manuscript
submitted).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Phospho-PTM proteomics reveals diverse new EPO- modulated signaling
targets

Novel EPO-modulated adaptor proteins DLG-1,-3 & WAS-L,-P network as
actin regulators

EPO modulates SPTA, SPTB, ADD2, GYPC at key cytoskeleton assembly
domains

EPO modulates the metabolic factors ALDOA, PDH1, TXNIP at functional
domains

TXNIP knockdown reveals proerythropoietic roles during erythroblast
formation
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Figure 1. Proteomic profiling of EPO/EPOR/JAK?2 regulated phospho-PTM targets.
(A-F) Phospho-PTM workflow, and characterization of EPO-dependent human erythroid

progenitor UT7epo-E cells. A: In the outlined phospho-PTM proteomic workflow, steps
employed to profile EPO-regulated p-Y or p-TPP motif modified target proteins in UT7epo-
E cells are defined. B: Analyses of mutations in 18 myeloproliferative driver genes were
assessed, with no such mutations detected. C: Profiling of erythroid vs. megakaryocytic
marker transcripts in UT7epo-E cells indicated a predominant erythroid phenotype. D: HBA
globin levels in UT7epo-E cells (via western blotting) approximate levels in primary
basophilic erythroblasts (western blot, right panel). E.F: UT7epo-E cells retain sharp EPO
dose- dependency for growth and survival (E), and dynamic cell surface EPOR expression
(F) (flow cytometry assays). (G,H) Validation data for known EPO- modulated phospho-
PTM targets — G: To illustrate insight generated via this affinity LC-MS/MS approach,
PTM-modulated signal transduction factors known to associate with EPO/EPOR/JAK?2
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complexes are first considered. Data illustrated for ten validation targets include: The fold-
modulation of specific phospho-PTMs (“EPO, fold-modulation” column); parent target
protein identities (“protein target” column); the use of trypsin (t) or Glu-C (g) to generate
peptides (“study” column); EPO-regulated phospho-residues within the parent protein
sequence (“site(s)” column); LC-MS/MS defined sequences of the EPO-regulated phospho-
peptide (“peptide” column); and identifiers for parent proteins (“protein description”
column). H: For comparison, western blot signals for select known EPO- regulated phospho-
PTM targets are also shown including p-Y1007/p-Y1008-JAK2, p-Y570-JAK2, p-Y132/p-
Y141-RHEX, and p-Y986/p-Y987 INPPL1.
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Figure 2. Discovery phospho-PTM proteomics identifies 121 novel EPO-regulated targets with
diverse molecular functions.

(A) Overall EPO-regulated phospho-PTM targets discovered in UT7epo-£ cells via p-Y
trypsin, p-Y GluC, and p-TPP GluC proteomic studies. Among 138 unique proteins
identified, 121 proved to be novel EPO/EPOR regulated proteins (filled circles) that contain
one or more p-Y and/or p-TPP site with =2-fold regulation due to EPO. For novel EPO
targets, orange lines illustrate their new connections to the EPOR. As defined via
STRINGdb, gray lines indicate existing associations among overall targets. Fold-change
effects of EPO on phospho-PTM targets are coded by green intensities (induced by EPO),
and red intensities (decreased due to EPO). (For p-TPP studies, fold changes are median-
adjusted; see Methods). (B) GO enrichment analysis of ‘Molecular Function’ identifies eight
principle sets of EPO-regulated phospho-PTM targets. EPO targets analyzed for ‘Molecular
Function’ include those discovered in p-TPP(i), p-Y Glu-C (ii), and p-Y trypsin phospho-
PTM studies (iii) (see insert key “i, ii, iii”). Target proteins are identified on the left border,
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and are connected via chords to associated ‘molecular function’ categories (as semantically
similar sets of enriched GO terms). Enriched annotations include ‘receptor binding’ (n=15
proteins), ‘kinase activity’ (n=16), non-receptor binding terms (n=30), ‘actin binding’
(n=14), “cell adhesion molecule binding’ (n=23), ‘signaling adaptor activity’ (n=10),
‘structural constituent of cytoskeleton’ (n=4) and ‘Ras guanyl-nucleotide exchange factor
activity’ (n=11) (also, see Supplemental Table S-5).
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Figure 3. Analysis of 18 novel EPO- regulated phospho-PTM modified molecular adaptors
defines an extended signaling network.

(A) EPO/EPOR/IAKZ molecular adaptor networks: As identified via gene ontology

“signaling adaptor activity” assignments (together with NCBI UniProt, Gene Cards, and
Phosphosite-Plus® database mining), eighteen novel EPO- and phospho- PTM regulated
adaptor proteins were defined (closed circles). For twelve, STRINGdb analysis further

established EPOR interactions among DLG1, DLG3, WAS, WASL, CD2AP, SPRY4, HGS,

EPS15, FRS2, CTNND1, ERBIN, and EPS15. For CLORF150/GCSAML, SDCBP,
NDFIP1, RAI14, AMOTL1 and WBP2, associations (as presently established) were
restricted to the EPOR. (B) Coordinated EPO- and phospho-PTM modulation of actin

regulating scaffold proteins DLG1, DLG3, WAS and WASL — Upper panels: For the related

scaffold proteins DLG-1 and -3, EPO-induced their phosphorylation at aligned novel p-

Y760 (DLG-1) and p-Y673 (DLG-3) sites within guanylate kinase domains. Lower panels:

WAS and WASL (co-regulators of actin, and DLG interacting proteins) likewise were

Exp Hematol. Author manuscript; available in PMC 2021 April 04.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Held et al.

Page 22

coordinately regulated by EPO in their aligned p-Y290 (WAS) and p-Y256 (WASL)
phosphorylations within central PBD domains. (C) CDZAP as a novel H sapiens EPO- and
phospho-PTM regulated signal adaptor. For CD2AP (a direct actin binding scaffold protein),
EPO induced its phosphorylation 253.2-fold at a novel p-Y361 site which is conserved in
human and primate CD2AP (not shown), but not mouse, rat or lower vertebrates. CD2AP
further exhibited connectivity (via PSTPIP1) to WAS, WASL, DLG1, DLG3 within a
defined EPOR/JAK2 signaling network (lower subpanel, biochemical evidence; blue
connectors). (D) CIORF150/GSCAML as a novel EPO- regulated signal adaptor (and
HGAL orthologue). In CLORF150, EPO induced the phosphorylation of four C- terminal p-
Y sites with singular homology to the B-cell receptor adaptor protein HGAL. (E) During
human erythropoiesis, CLORF150 and CD2AP exhibit stage-selective expression (lower
panel) with maximal CIORF150expression in BFUe, and maximal CDZAP expression in
polychromatic erythroblasts (abbreviations: proerythroblasts, ProE; early erythroblasts, EB;
late erythroblasts, LB; polychromatic, poly; orthochromatic, ortho).
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Figure 4. GO Biological processes implicated for novel EPO-and phospho-PTM modulated
target proteins, including DNA repair and energy metabolism factors.

(A) Enrichment analysis for ‘biological process’ terms defines sixteen diverse EPO target
sets.: Anticipated validating enriched annotations included ‘phosphorylation’, ‘regulation of
MAP kinase activity’, ‘response to stimulus’, and ‘signal transduction’. Under ‘signal
transduction’, “intrinsic apoptotic signaling pathway’ included the anti-apoptotic DNA repair
factors ERCC6 and MSH6. Within ‘metabolic process’ category, eight novel EPO- and
phospho-PTM regulated targets were ‘generation of precursor metabolites and energy’
annotated proteins, including ALDOA,PDHAL; and SURFL1. (B) £PO moaulation of MSHS,
and ERCCS6:. For these DNA mismatch repair factors, novel dual sites of EPO regulated p-Y
(de)-phosphorylation were within MSH6’s DNA binding region (p-Y977 and p-Y994), and
ERCC6’s helicase domain (p-Y882 and p-Y901). (C,D) EPO modulation of core metabolic
regulators — C: EPO-modulated metabolic targets included ALDOLASE A (ALDOA,; 4.4-
fold EPO-induced p-Y364 phosphorylation, tetramerization domain) and PYRUVATE
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DEHYDROGENASE Al (PDHAL,; 3.1-fold decreased phosphorylation at Y301, catalytic
domain). D: For the cytochrome oxidase C component, SURF1 (upper sub-panel) EPO
induced the phosphorylation of clustered sites (p-Y274, p-Y279, and p-Y287) within a
hydrophobic C-terminal domain. For THIOREDOXIN INTERACTING PROTEIN
(TXNIP), EPO induced phosphorylation was at novel p-T349 and p-S358 sites (lower sub-
panel).

Exp Hematol. Author manuscript; available in PMC 2021 April 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Held et al.

Page 25

A
D
EPOR +EPO, EPO-modulated TXNIP ShNT
ligand fold change phospho-peptide & shTxnip
s
rhEPO 104 341-DHRLESPTT*PLLDDMDGS QDSPIFMYAPE-369 5 o sh-NT T 2 10
Hematide 4.9 341-DHRLESPTT*PLLDDMDGS*QDSPIFMYAPE-369 10 ® sh-TXNIP **/% E
£ { E
= P
2 i 2
p-T348 12 24 36 48 60 72 o

Length of Culture, hours

50K TXNIP
CIAP = =+ +
EPO: — + - 4 E
L. SWNTAN  ShTXNIP 4h ~ shnT2an Sh-TXNIP, 24h
B 2N,83% = " {
2 200, & s 2 st
3 x ;
8 150 g, a™
50K TXNIP < § N,61% §qu_
2. 100 @ o 2%
° y oid 4
7K1 WP | GAPDH 3 G :4 68 02468 Ti 4 66 0 > 46 b
: 50 FX Cycle Violet Signal, x 10? FX Cycle Violet Signal, x 10°
EPO: 0 20  80min >
X
= EPO: [] [+]
4 hours 24 hours
CJshNT ke [ shNT

cytoplasm | membrane
80-
TXNIP 2 o
0K p-T349 y
40
0 0

| Sy
1 R

EPO: 0 30 0 30min

,% 9 ShTXNIP

60

h
8 [ shTXNIP
*

a
=3

% Distribution
% Distribution

~
S

F 4- 3 shNT
Cc 2 Bl shTXNIP
£
g
[}
LR [gag rre [ewv  EFta[CopGFP  Puo WPRE HI TR o
{1 ﬂm H HHA 3z ax
cPPT T2A ! L 2
shRNA 53
&2 1
- - 3
50K TXNIP 2
o
[}

0

Figure 5. EPO effects on TXNIP levels, and TXNIP effects on EPOR mediated UT7epo-E
erythroid progenitor cell growth and c-KIT expression.

(A) Valigation of TXNIP phosphorylation using an EPOR agonist (Hematide), and a
TXNIP- p-T349 specific antibody —Upper panel: In phospho-PTM profiling of UT7epo-E
cells, Hematide also induced TXNIP’s p-Y phosphorylation at p-T349 and S-358 sites.
Lower panel: In EPO challenge experiments in UT7epo-E cells, EPO (+/- EPO, 10 min)
induced TXNIP’s phosphorylation at p-T349 as assayed via western blotting. Upon blot pre-
treatment with CIAP, this signal was abolished. (B) EPO rapidly increases TXNIP levels—
Upper panels: In EPO challenge experiments, exposure of UT7epo-E cells (post EPO
withdrawal) for 20 or 60 min rapidly increased TXNIP levels (western blot, total cell
lysates). Bar graph data are normalized mean values +/- SE (n=3). Lower panel: Cell
fractionation experiments demonstrated cytoplasmic and membrane localization of total and
p-T349 TXNIP, with EPO-dependent increases in TXNIP again observed (also see
Supplemental Figure S2). (C) Lentivirus mediated sShRNA knockdown of TXNIP in
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UT7epo-E cells. Lentivirus pEFlaGreenPuro template pDNAs (upper panel) were used to
generate lentiviruses expressing non-target (NT) or 7.XA/Ptranscript targeting ShRNAs. In
UT7epo-E cells transduced with these lentiviruses at low MOIs (and selected in puromycin),
efficient knockdown (“KD”) of TXNIP was confirmed by western blotting. (D) Knockdown
of TXNIP inhibits EPO-dependent growth of UT7epo-E cells: UTT7epo-E cells stably
expressing NT or 15041 shRNAs were plated at 2x10° cells in 10% FBS, IMDM, P-S and
EPO (2U/mL). At the indicated time points, viable cell numbers were determined (mean +/-
SE, n=3). Under these assay conditions, no significant effects of TXNIP KD on cell viability
were observed (data not shown). (E) G1 fo G2 phase progression s attenuated due to TXNIP
knockdown. UT7epo-E sh-NT and sh-TXNIP cells were cultured for 20h in the presence of
PD-0332991 (0.2 pg/mL), with EPO at 0.5 U/mL to establish G1 phase block. Cells were
then washed free of inhibitor, plated in EPO at 2 U/mL and assayed for 2N to 4N
advancement (FX Cycle Violet, flow cytometry). Delays in progression to G2 were observed
at 4h and 24h (means +/- SE). (F) TXNIP knockdown decreases c-KIT, and increases GFA
levels: In UT7epo-E cells, shTXNIP compared to control UT7epo-E sh-NT cells, TXNIP
KD effects on K/Tand GPA transcripts were assessed by quantitative RT-PCR. Values are
means +/- SE (n=3).
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Figure 6. TXNIP knockdown studies in primary human erythroid progenitor cells define positive
roles for TXNIP in EPC growth, survival and development.

(A) TXNIP expression heightens during late stage erythroblast development: Analysis of

transcriptome profiles for staged human EPCs from serum-free dexamethasone, and serum/
plasma/IMDM cultures! define 3- to 10~ fold increases in 7.XN/P levels in late-stage poly-
and ortho- chromatic erythroblasts (left and center panels). In developing murine EPCs, this

late stage increase in 7xnip is not observed (right panel). (B) /n primary human EPCs,

TXNIP KD sharply decreases c-KIT levels: CD34P% HSCs were pre-expanded (3.5 days;
StemSpan, FLT3-L, TPO, IL3, SCF) and transduced with lentiviruses expressing shTXNIP
or sShNT (non-target ShRNA). Lentiviruses were pre-calibrated for matched, ~50%
transduction efficiencies (and single integrations). By d4 of erythroid culture in puromycin,
>95% of cells were GFP positive (see Methods, and Supplemental Figure S-3). Transduced
HSCs were cultured in dexamethasone serum-free medium (SFM, SCF/EPO/DEX; upper
panels), or in IMDM medium with human serum and plasma (S/P, IL3/SCF/EPO; lower
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panels). By d7, and in each system, TXNIP KD led to marked decreases in cell surface KIT
levels (flow cytometry), with modest increases in GPA also observed. Graphed data are
median fluorescence intensities (MFIs) (mean values +/- SE, n=3). Results are
representative of two independent experiments (for each culture system). (C) 7TXNIP
supports EPO- dose dependent (pro)erythroblast growth, and survival shTXNIP and shNT
transduced and selected EPCs (S/P, IL3/SCF/EPO medium) were washed and replated at
1.5x10° cells/mL, with EPO at 1.5 U/mL or 0.5 U/mL, and SCF at 15 ng/mL. At the
indicated time points, numbers of viable, and non-viable cells were determined (means +/-
SE, n=3). shTXNIP KD significantly limited EPC growth, and survival (also, see
Supplemental Figure S-4). (D) TXNIP knockdown limits the formation of late stage
erythroblasts: EPCs transduced with shTXNIP or shNT lentiviruses were cultured in S/P,
IL3/SCF/EPO medium (3 U/mL EPO). At d7 of culture (upper panels), late-stage sh-TXNIP
erythroblasts (basophilic, polychromatic, orthochromatic) were observed in replicate
cytospin preparations to be 3.3-fold under-represented vs sh-NT EPC controls (mean values
+/- SD, n=3). At d10 of culture (lower panels), sh-TXNIP KD decreased numbers of
orthochromatic erythroblasts, reticulocytes and terminal erythrocytes while increasing
polychromatic erythroblast relative frequencies. (E) TXNIP KD delays erythroblast
hemoglobinization: At d7 of culture, visual inspection of cells indicated decreased
hemoglobinization of erythroblasts due to TXNIP KD (equal cell numbers collected). Levels
of HBB and HBA globin chains, however, were closely matched in d7 shTXNIP and shNT
erythroblasts (western blotting, lower panel). (F) TXNIP knockdown sensitizes erythroblasts
to peroxide induced cell death: In shTXNIP erythroblasts at d7 of culture (vs control ShNT
cells), exposure to hydrogen peroxide (800 uM, 4h) resulted in a 4.6-fold increased cell
death among TXNIP KD cells (EthD-1 assays). Graphed values are means +/- SD (n=3). As
shown in the lower sub-panel, this was not associated with differences in endogenous ROS
levels between shTXNIP vs shNT EPCs. (G) Summary model of the observed course of
human primary erythroblast development in normal versus TXNIP knockdown conditions.
Altered erythroblast formation due to TXNIP knockdown included decreased KIT levels,
compromised survival and proliferation, delayed formation of late-stage erythroblasts, and
increased ROS sensitivity.
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Figure 7. Coordinated EPO induced p-Y phosphorylation of networked erythroid cytoskeletal
proteins.

(A) Enrichment analysis of GO ‘cellular component’ terms highlights plasma membrane and
cytoskeletal-associated EPO-regulated phospho-PTM targets.: Chord plots illustrate high
representation among enriched Cellular Component’ terms for EPO phospho-PTM targets
including ‘plasma membrane’ and ,,membrane raft’ term targets (n=13), ‘basolateral plasma
membrane’ term targets (n=9), ‘cytoplasmic side of membrane’ term targets (n=11) and
‘cytoskeleton’ term targets (n=19). (For overall “cellular component’ listings, see
Supplemental Table S-6). (B-F) EPO induced phosphorylation of the inter-connected
cytoskeletal proteins ALPHA and BETA ERYTHROCYTIC SPECTRIN (SPTA, SPTB),
BETA-ADDUCIN (ADD2), and GLYCOPHORIN-C (GYPC) at novel phospho-sites within
functional subdomains. B: In erythrocytic SPTA, EPO induced p-Y2332 phosphorylation
within a C-terminal calcium binding and EF hand domain, and at SPTB p-Y16 in an N-
terminal actin-binding and CH1,2 sub-domain. C: Within ADD2, EPO induced the
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phosphorylation of p-Y440 within a CALM interacting domain. In GYPC, EPO induced the
phosphorylation of p-Y126 (C-terminal cytoplasmic domain). D,E: Within EZRIN (EZR),
EPO regulated the phosphorylation of p-Y499 phosphorylation within an actin-interacting
ERMAD subdomain. In CALM-1, EPO regulated the phosphorylation of p-Y100 within
calcium binding domain I11. E: Findings define a network of interacting cytoskeletal factors
that are rapidly and coordinately regulated by EPO at unique novel p-Y sites within
functionally important subdomains.
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