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Iron modulation of erythropoiesis is associated with
Scribble-mediated control of the erythropoietin receptor
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Iron-restricted human anemias are associated with the acquisition of marrow resistance to the hematopoietic cytokine eryth-
ropoietin (Epo). Regulation of Epo responsiveness by iron availability serves as the basis for intravenous iron therapy in anemias
of chronic disease. Epo engagement of its receptor normally promotes survival, proliferation, and differentiation of erythroid
progenitors. However, Epo resistance caused by iron restriction selectively impairs proliferation and differentiation while pre-
serving viability. Our results reveal that iron restriction limits surface display of Epo receptor in primary progenitors and that
mice with enforced surface retention of the receptor fail to develop anemia with iron deprivation. A mechanistic pathway is
identified in which erythroid iron restriction down-regulates a receptor control element, Scribble, through the mediation of
the iron-sensing transferrin receptor 2. Scribble deficiency reduces surface expression of Epo receptor but selectively retains
survival signaling via Akt. This mechanism integrates nutrient sensing with receptor function to permit modulation of progen-
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itor expansion without compromising survival.

INTRODUCTION

Erythropoiesis, the process of RBC production, claims ~80%
of the iron flux in mammals (Ganz and Nemeth, 2012). When
iron delivery falls below a critical threshold, erythroid pro-
genitors promptly enact a lineage-specific response suppress-
ing proliferation and differentiation while retaining viability
(Kimura et al., 1986; Rozman et al., 1992; Choi, 2007; Bull-
ock et al., 2010; Camaschella, 2015; Nai et al., 2015; Zhao et
al., 2016). This response preserves limited iron stores for vital
functions but also underlies the pathogenesis of iron-restricted
anemias: iron deficiency anemia (IDA) and anemia of chronic
disease and inflammation.

The principal pathogenetic mechanism in iron-restricted
anemias involves development of marrow resistance to the
cytokine erythropoietin (Epo). Epo normally acts on early
hematopoietic progenitors to promote erythroid lineage
commitment and on erythroblasts to mediate survival, pro-
liferation, and differentiation (Lodish et al., 2010; Grover et
al., 2014; Aljitawi et al., 2016). Patients with IDA strongly in-
crease serum Epo levels, with responses actually exceeding
those of iron-replete subjects matched for hypoxia (Frise et
al., 2016). However, their marrows fail to undergo compen-
satory hyperplasia and contain the same number of eryth-
roblasts as marrows from iron-replete subjects (Choi, 2007).
Furthermore, patient responses to exogenous Epo in anemia
of chronic kidney disease critically depend on iron availability
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(Driieke, 2001; Elliott et al., 2009). Thus, intravenous iron is
often administered to abrogate clinical Epo resistance (Sun-
der-Plassmann and Hérl, 1995, 1997; Roosati et al., 2015).
How iron deprivation mechanistically alters the eryth-
roblastic response to Epo remains unresolved but appears to
involve a specialized mechanism. Responsiveness to all cy-
tokines is not impaired, and inflammatory mediators such
as TNF-a and IFN-y actually exert magnified rather than
blunted effects on iron-deprived erythroblasts (Richardson
et al., 2013). In addition, iron deficiency does not uniformly
restrict all features of the Epo response but rather restrains
proliferation and differentiation while preserving prosurvival
signaling (Tanno et al., 2008; Bullock et al., 2010; Nai et al.,
2015; Zhao et al., 2016). Iron-sensing molecules implicated
in erythropoietic regulation include aconitase enzymes and
transferrin receptors. Aconitase conversion of citrate to isoci-
trate uses an active site 4Fe”"-4S cluster, which is highly sen-
sitive to iron restriction in the erythroid lineage (Bullock et
al., 2010). A functional role for aconitase is suggested by the
reversal of the erythroid iron deprivation response with isoc-
itrate treatment and by selective inhibition of erythropoie-
sis with a targeted enzyme inhibitor (Bullock et al., 2010;
Talbot et al., 2011; Richardson et al., 2013; Gunawardena et
al., 2016; Kim et al., 2016). The erythroid- and liver-specific
transferrin receptor 2 (TfR2) also responds to iron depri-
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vation, shifting from recycling to lysosomal catabolism in
response to decreases in its ligand holotransferrin (Johnson
and Enns, 2004; Johnson et al., 2007). Its contribution to the
erythroid iron deprivation response has been demonstrated
by the inappropriate erythroblastic expansion observed in
iron-deficient mice with erythroid TfR2 knockout (Nai et
al., 2015; Rishi et al., 2016).

This study delineates a molecular pathway by which
iron availability dictates the Epo response in erythroid pro-
genitors. Direct involvement of the Epo receptor (EpoR)
is demonstrated by its impaired surface presentation caused
by iron deprivation and by the loss of the iron deprivation
response in mice with a receptor mutation causing sur-
face trapping. Scribble, a master regulator of receptor traf-
ficking and signaling, is identified as a novel iron response
factor that coordinates EpoR surface levels and amplitude
of Akt signaling. Specifically, erythroid iron deprivation
caused Scribble down-regulation through a cathepsin- and
TfR2-dependent mechanism. Scribble deficiency in turn
compromised EpoR surface delivery while enhancing Akt
activation, thus providing a means for integration of iron
sensing with Epo responsiveness.

RESULTS

EpoR surface modulation is a critical component of the
erythroid iron deprivation response

Because Epo resistance is a critical feature of the erythroid
iron deprivation response, we examined whether EpoR is af-
fected by this pathway. To this end, primary human erythroid
progenitors were subjected to overnight iron withdrawal or
enzymatic aconitase inhibition followed by surface biotinyla-
tion, streptavidin pull-down, and immunoblot. We have pre-
viously shown in these progenitors that aconitase inhibition
with 50 uM sodium fluoroacetate (FA) recapitulates the iron
deprivation phenotype and does not impair viability (Talbot
et al., 2011). With these overnight treatments, total mem-
brane-associated EpoR levels remained unaffected (Fig. 1 B).
In contrast, surface EpoR levels underwent major decreases
(approximately threefold) with both treatments, whereas
overall levels of surface-biotinylated proteins remained un-
affected (Fig. 1 A). By the same approach, iron withdrawal
had no significant effect on surface levels of TfR1 (Fig. S1
A).To determine whether this receptor modulation affected
capacity for downstream signaling, iron-replete and -deprived
progenitors underwent cytokine starvation followed by Epo
stimulation for 0, 10, and 30 min. Consistent with their di-
minished surface EpoR  levels, iron-deprived progenitors
showed an approximately threefold decrease in peak phos-
phorylation of STATS5 at 10 min (Fig. 1 C).

To assess whether alterations in EpoR surface expres-
sion contribute to the erythroid iron deprivation response,
we analyzed mice with the EpoR-H knock-in mutation.This
mutant allele causes truncation of the distal cytoplasmic do-
main containing motifs essential for receptor internalization
(Sulahian et al., 2009) but retains the tyrosine 434 residue
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critical for productive JAK2 signaling (Menon et al., 2006).
Thus, EpoR-H signals normally in response to Epo, but fails
to execute the subsequent internalization and degradation
characteristic of WT EpoR (Becker et al., 2010). Under nor-
mal conditions, adult EpoR-H mice displayed no evidence of
splenic stress erythropoiesis (not depicted) and had a subtle
but significant shift toward immaturity in marrow erythroid
progenitors (Fig. S1 B). Their steady-state serum Epo levels
were diminished approximately threefold compared with WT
animals, consistent with enhanced progenitor sensitivity (Fig.
S1 C). For assessment of in vivo iron deprivation responses,
WT and EpoR-H mice were placed on an iron-deficient
diet and monitored weekly for blood cell counts and indi-
ces. At the start of the study, the EpoR-H mice had elevated
RBC numbers but normal size mean corpuscular volume.
After several weeks of iron deprivation, WT animals mani-
fested an RBC decline, which was highly significant at 42
d. In contrast, the iron-deprived EpoR-H animals displayed
no decline in RBC throughout the entire period (Fig. 1 D).
Notably, both strains developed significant microcytosis over
this period, with similar magnitudes and kinetics. Under
conditions of iron deprivation, no discernable differences in
marrow erythroid maturation were seen between strains (not
depicted); however, a trend toward increased splenic erythroid
maturation was observed in EpoR-H mice (Fig. S1 D).

To compare ex vivo iron deprivation responses, we
isolated Lin~ Kit" Ter119™ erythroid stress progenitors from
spleens of hemolytically challenged WT and EpoR-H mice.
These progenitors were then subjected to culture in a defined
system adapted from iron deprivation studies in human pro-
genitors (Bullock et al., 2010). Specifically, this system used
serum-free medium with specified TSATs and included an
isocitrate treatment, which is known to reverse the eryth-
roid iron deprivation response (Bullock et al., 2010). With
mouse progenitors, these culture conditions permitted an as-
sessment of early erythroid differentiation, marked by CD71
up-regulation, and provided an iron deprivation response re-
versible by isocitrate (Fig. 1 E). Notably, progenitors from the
EpoR-H mice showed a complete loss of responsiveness to
iron deprivation and isocitrate (Fig. 1, E and F), consistent
with a cell-intrinsic role for surface EpoR modulation.

Scribble is regulated by the erythroid iron deprivation
response and influences surface EpoR display

The alterations in surface EpoR seen with iron deprivation
suggested the potential involvement of Scribble, a large mul-
tidomain regulator of receptor trafficking and signaling (La-
huna et al., 2005; Michaelis et al., 2013; Piguel et al., 2014).
Notably, several features of the erythroid iron deprivation
response phenocopy changes reported with deficiency of
Scribble: hyperactivation of multiple kinase pathways (Bull-
ock et al., 2010; Nagasaka et al., 2010, 2013; Li et al., 2011;
Elsum et al., 2013), enhanced formation of endocytic ves-
icles (Rozman et al., 1992; Igaki et al., 2009), and sensiti-
zation of cells to TNF-a (Igaki et al., 2009; Richardson et
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Figure 1. EpoR surface modulation is a critical component of the erythroid iron deprivation response. (A) Immunoblots of surface-biotinylated
proteins from erythroid progenitors untreated or subjected to 16 h of iron deprivation or FA treatment and densitometry from multiple experiments for
relative levels of surface EpoR associated with treatments, with normalization to total biotinylated protein levels (n = 4, one-way ANOVA; IB, immunoblot;
PD, pull-down). (B) Immunoblots of total membrane fractions from erythroid progenitors, untreated or subjected to 16 h of iron deprivation or 50 uM
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al., 2013). Furthermore, within the hematopoietic hierarchy
in humans and mice, SCRIB expression demonstrated lin-
eage- and stage-selective modulation in erythroid progenitors
(Bagger et al., 2016). Specifically SCRIB underwent dramatic
up-regulation at the first committed erythroid stage, corre-
sponding to BFU-E, followed by down-regulation in subse-
quent stages (Fig. 2 A and Fig. S2 A).

Immunoblot analysis of human erythroblasts identi-
fied Scribble in cytosolic and membrane fractions as three to
four species ranging from ~180 to 250 kD, with the largest
form predominating in the cytosolic and whole cell lysate
preparations (Fig. 2 B). Assay specificity was confirmed using
multiple independent antibodies and shRNA knockdown
(Fig. S2, B and C).The basis for the multiple species appeared
to arise, at least in part, from differential ubiquitylation, as
treatment of cells with a deubiquitylase inhibitor induced a
pattern shift to predominance of the largest form (Fig. S2
D). Importantly, Scribble levels in both fractions underwent
robust down-regulation with erythroid iron deprivation and
showed restoration with isocitrate treatment (Fig. 2 B). Im-
munofluorescence on iron-replete erythroblasts revealed
Scribble to be concentrated at the periphery of the cell, but
also distributed throughout the cytoplasm in a vesicular pat-
tern (Fig. 2 C). Scribble displayed a pancellular decrease with
iron deprivation, and isocitrate treatment rescued expression
particularly at the cell periphery (Fig. 2 C). In contrast to
the protein changes, SCRIB transcripts did not decline with
iron deprivation and did not respond to isocitrate (Fig. 2 D).
To address the basis for Scribble down-regulation at the pro-
tein level, iron-deprived erythroblasts were screened with a
series of protease inhibitors. As shown in Fig. 2 E, treatment
of cells with a cell-permeable cathepsin inhibitor CAO74me
prevented Scribble down-regulation by iron deprivation (Fig.
S2 E). In iron-replete cells, cathepsin inhibition minimally
affected cytosolic Scribble but did increase membrane levels.

To determine the consequences of Scribble down-
regulation on EpoR trafficking, primary progenitors under-
went lentiviral shRNA-mediated knockdown. As shown in
Fig. 2 E Scribble knockdown in these cells markedly dimin-
ished surface EpoR expression, but concomitant decrease in
total EpoR levels (likely caused by impaired maturation as
shown in Fig. 3 C and Fig. S3 B) complicated the interpreta-
tion of these findings. To circumvent this limitation, we also

knocked down Scribble in HUDEP-2 cells, a nontransformed
human erythroblast cell line (Kurita et al., 2013). In these
cells, Scribble knockdown strongly decreased surface EpoR
while minimally affecting total cellular levels (Fig. 2 G).

Scribble regulates erythropoiesis, and its deficiency
phenocopies characteristics of the erythroid

iron deprivation response

Previous ultrastructural comparisons of erythroblasts from
iron-deficient and -replete human marrow samples revealed
a highly significant (P < 0.001) increase in empty cytoplas-
mic vesicles associated with iron deficiency (Rozman et al.,
1992). This finding correlates with the erythrocyte vesicles
specifically found in peripheral blood smears of iron-deficient
subjects (Harrington et al., 2008). We therefore determined
whether deficiency of Scribble, known to regulate vesicle
formation in Drosophila melanogaster (Igaki et al., 2009),
affected erythroid ultrastructure. In these studies, electron
microscopy (EM) of erythroid progenitors demonstrated an
association of Scribble deficiency with increases in peripheral
empty vesicles, resembling those that Rozman et al. (1992)
identified in patients with IDA (Fig. 3, A and B). Cells defi-
cient in Scribble also displayed increases in larger vesicles with
intraluminal vesicle formation.

Prior studies have determined that iron restriction of
human progenitors cultured in unilineage erythroid medium
for 3-5 d impairs their up-regulation of surface glycophorin
A (GPA) on flow cytometry (Bullock et al., 2010; Richard-
son et al., 2013). Therefore, we used this assay system to assess
the consequences of Scribble deficiency under iron-replete
conditions. Strikingly, knockdown of Scribble blocked GPA
up-regulation in day 4 erythroid cultures while fully main-
taining cell viability (Fig. 3, C and D; and Fig. S3 A). As
previously described for iron restriction (Richardson et al.,
2013), this blockade preferentially affected the later erythroid
marker GPA while permitting up-regulation of the earlier
marker CD36 (Fig. S3 B). To assess the role of Scribble in
mouse erythropoiesis, Scrib floxed (f) animals were mated
with a variety of deleter strains. Poor deletion efficiency was
obtained with the EpoR-Cre and Vav-Cre strains. An addi-
tional problem with EpoR-Cre is that EpoR up-regulation
lags behind that of Scrib during erythroid development. Our
studies therefore focused on animals with germline excision

FA treatment and densitometry from multiple experiments for relative levels of EpoR associated with treatments, with normalization to ATP1A1 (n = 3,
one-way ANOVA). (C) Immunoblot analysis of iron-replete and -deprived erythroid progenitors subjected to cytokine starvation and Epo stimulation for
0, 10, and 30 min and densitometry from multiple experiments for fold change in STAT5a/b phosphorylation at 10 min associated with iron deprivation
(n = 3, two-way ANOVA). Unt, untreated; +FA, FA treated; —Iron, iron deprived; +Iron, iron-replete. (D) Circulating RBC count and RBC mean corpuscular
volume (MCV) values in WT and EpoR-H mutant mice subjected to dietary iron deprivation for the indicated number of days (n = 12 per group, intragroup
comparisons between day 7 and day 42 values, repeated measures two-way ANOVA; CBC, complete blood count). (E) Flow cytometry of splenic Lin~ Kit*
progenitors from WT and EpoR-H mutant mice cultured in erythroid medium with transferrin saturations (TSATs) of 100% or 10% + isocitrate. (F) Summary
of multiple flow cytometry studies as in E, showing fold change in the percentage of CD71* cells normalized to WT progenitors cultured in medium with
1009% TSAT, fold change in the CD71* percentage associated with iron deprivation, and fold increase in the CD71* percentage associated with isocitrate
treatment of iron-deprived cells (right; n = 3; left: two-way ANOVA; middle and right: Student's ¢t test). Graphs depict mean + SEM from the indicated
number of independent experiments. *, P < 0.05; **, P < 0.01; **, P < 0.001. IC, isocitrate; ns, not significant.
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(A). Because of the neonatal (PO) lethality of Scrib A/A mice
(Pearson et al., 2015), we analyzed fetal livers at day 13.5 after
conception. In these specimens, deletion of Scrib was asso-
ciated with significantly reduced liver cellularity (Fig. 3 E).
Colony-forming assays revealed the frequency of noneryth-
roid progenitors to be unaffected by Scrib status (Fig. 3 F). In
contrast, the frequency of Epo-dependent BFU-E colonies
was markedly diminished in Scrib-null samples (Fig. 3 G).
The capacity of iron-deprived erythroid progenitors to
maintain survival (Bullock et al., 2010; Nai et al., 2015; Zhao
et al., 2016) despite EpoR down-regulation suggested en-
hancement in Akt signaling, a pathway previously implicated
in Epo-mediated survival (Ghaffari et al., 2006). To examine
this possibility, primary erythroblasts cultured overnight in
iron-replete or iron-free medium underwent cytokine star-
vation followed by Epo stimulation. As previously observed
(Fig. 1 B), iron deprivation compromised Epo induction of
STATS5 phosphorylation (Fig. 3 H). In contrast, Epo induc-
tion of Akt phosphorylation was unimpaired in iron-deprived
cells (Fig. 3 H). Similar studies in HUDEP-2 erythroblasts
showed that iron deprivation actually enhanced the Epo in-
duction of Akt phosphorylation while blunting the induc-
tion of STAT5 phosphorylation (Fig. 3 I). Prior studies have
shown that Scribble, through recruitment of the phospha-
tases PHLPP1 and PTEN, acts as an inhibitor of Akt signal-
ing (Li et al., 2011; Feigin et al., 2014; Chen et al., 2016).
Consistent with this role, Scribble knockdown in erythroid
progenitors induced Akt hyperphosphorylation, despite the
concurrent down-regulation of EpoR levels (Fig. 3 J). Thus,
for Akt signaling, Scribble down-regulation has both negative
(decreased surface EpoR) and positive (decreased phosphatase
recruitment) consequences that offset one another.

Scribble and TfR2 are regulated by a shared pathway in
erythroid iron deprivation

The cathepsin-dependent down-regulation of Scribble in re-
sponse to iron deprivation (Fig. 2 E and Fig. S2 E) suggested
involvement of lysosomal catabolism. A prior study of TfR2
in hepatoma cells has shown that its destabilization in response

to holotransferrin withdrawal occurs as a result of enhanced
lysosomal trafficking (Johnson and Enns, 2004). Our analysis
of protein decay rates in cycloheximide-treated erythroblasts
confirmed the destabilization of TfR2, but not TfR 1, by iron
deprivation (Fig. 4 A). Notably, isocitrate treatment com-
pletely abrogated the destabilization caused by iron depriva-
tion (Fig. 4, A and B). As expected for a factor regulated by
lysosomal catabolism, treatment of cells with the cathepsin in-
hibitor CAO74me robustly increased TfR2 levels under both
iron-replete and iron-deficient conditions (Fig. 4 C), a find-
ing replicated in three independent experiments (Fig. S4 A).
This treatment also reversed the block in GPA up-regulation
associated with iron deficiency, implicating lysosomal catabo-
lism as an integral component of the erythroid iron depriva-
tion response (Fig. 4 D).

The parallel regulation of TfR2 and Scribble by iron,
isocitrate, and cathepsin (Fig. S2 E and Fig. S4 A) raised the
possibility of their participation in a protein complex. Sup-
porting this notion, immunoprecipitation (IP) of endogenous
TR2 from K562 erythroleukemic cells efficiently coprecip-
itated Scribble, whereas IP of TfR1 did not (Fig. 4 E). This
interaction was retained in the presence of iron chelation or
aconitase inhibition and was also readily detectable in non-
transformed HUDEP-2 erythroblasts (Fig. 4 F lanes 4 and
5). Prior findings of TfR2 interacting with EpoR (Fore-
jtnikova et al., 2010) also raised the possibility of a Scrib-
ble—EpoR interaction. Such an interaction was confirmed
by Scribble coprecipitation with endogenous EpoR in
HUDEP-2 erythroblast cells (Fig. 4 F). This Scribble—EpoR
interaction showed a minor but reproducible decrease associ-
ated with iron deprivation. Immunofluorescence experiments
on primary erythroblasts provided evidence of EpoR colo-
calization with Scribble both at the plasma membrane and
in cytoplasmic clusters that likely represent Golgi (Fig. S4 B).
These studies further showed loss of membrane localization
for both factors occurring with iron deprivation. Because of
a lack of antibodies suitable for endogenous Scribble IP, addi-
tional experiments were conducted with epitope-tagged fac-
tors expressed in HEK293 transfectants. These experiments

Figure 2. Scribble is regulated by the erythroid iron deprivation response and controls surface EpoR display. (A) Heat map of SCRIB expression

levels in hematopoietic hierarchy from BloodSpot server using normal human hematopoietic DMAP dataset. (B) Immunoblot of cytosolic (Cy), membranous
(Me), and residual insoluble (In) fractions from progenitors cultured in erythroid medium at indicated TSATs + isocitrate and densitometry from multiple
experiments for relative, normalized levels of membranous and cytosolic Scribble (n = 3 for each, one-way ANOVA). (C) Immunofluorescence localization of
Scribble in progenitors cultured in erythroid medium with the indicated TSATs + isocitrate (confocal microscopy). Representative results from three indepen-
dent experiments. Bar, 15 um. (D) Quantitative RT-PCR measurements of relative, normalized SCRIB transcripts in human progenitors cultured in erythroid
medium with indicated TSATs + isocitrate (n = 3).IC, isocitrate. (E) Immunoblots of cytosolic and membrane fractions from progenitors cultured in erythroid
medium with the indicated TSATs + cathepsin inhibitor (CAO74me). Representative results from three independent experiments (Fig. S2 E). (F) Immunoblot
of surface-biotinylated proteins (streptavidin pull-down) and of input lysates (Input) from primary progenitors transduced with lentiviral ShRNA control
or Scribble-targeting constructs and densitometry from multiple experiments for relative levels of total EpoR, expressed as fold change associated with
Scribble knockdown, with normalization to tubulin (n = 3, Student's ¢ test). (G) Immunoblot of surface-biotinylated proteins (streptavidin pull-down), input
lysates (Input) from HUDEP-2 erythroblasts transduced with lentiviral sShARNA control and Scribble-targeting constructs, and densitometry from multiple
experiments as in left panel for fold change in surface EpoR associated with Scribble knockdown normalized to total surface-biotinylated proteins (n = 3,
Student's t test). EV, empty vector, lentiviral ShRNA control; PD, pull-down; shScrib, Scribble-targeting lentiviral ShRNA constructs. Graphs depict mean +
SEM from the indicated number of independent experiments. *, P < 0.05; **, P < 0.001.
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Figure 3. Scribble regulates erythropoiesis, and its deficiency phenocopies characteristics of the erythroid iron deprivation response. (A) EM
of progenitors transduced with control or Scribble-targeting lentiviral shRNA constructs. Arrows denote large vesicles containing intraluminal vesicles.
Arrowheads denote small peripheral vesicles. (B) Quantitation of small and large vesicles from electron micrographs of transduced progenitors as in A,
representing number of vesicles per cell section (number of cells counted per group = 11, Student's t test). (C) Flow cytometry of progenitors transduced
as in A and cultured 4 d in erythroid medium and summary of multiple independent flow cytometry studies of transduced progenitors (n = 4, Student's t
test). (D) Summary of flow cytometry studies of transduced progenitors as in C, depicting fold change in viability associated with Scribble knockdown (n =
3, Student's t test). (E) Number of viable cells per liver from E13.5 mouse embryo littermates of indicated genotype (n = 3 f/f and 5 A/A, Student's ¢ test).
(F) Number of CFU-granulocyte/macrophage (GM), CFU-macrophage (M), and CFU-granulocyte/erythrocyte/monocyte/megakaryocyte (GEMM) per 20,000
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used bidirectional IPs to confirm the interaction of Scribble
with TfR2 but not with TfR1 (Fig. S4 C).These studies also
showed that the interaction of TfR2 with Scribble was en-
hanced by coexpression of EpoR and JAK2, raising the pos-
sibility of a multicomponent complex (Fig. S4 D); however,
overexpression of these components in a nonerythroid milieu
may not recapitulate their endogenous configuration.

TfR2 regulates Scribble in the erythroid

iron deprivation pathway

To dissect its role in regulation of the erythroid iron depriva-
tion response, TfR2 underwent lentiviral shR NA—mediated
knockdown in primary human progenitors. In iron-replete
erythroid cultures, its knockdown induced a major (3.4-fold)
increase in total cellular Scribble levels (Fig. 5, A and B). Be-
cause membrane-localized Scribble represents the active form
(Feigin et al., 2014; Chen et al., 2016), we next focused on
the contribution of TfR2 to modulation of membrane Scrib-
ble in the erythroid iron deprivation response. Results shown
in Fig. 2 demonstrate that membrane Scribble undergoes
down-modulation during erythroid iron deprivation but can
be rescued by treatment of cells with isocitrate or cathepsin
inhibitor. We therefore subjected control and TfR2 knock-
down progenitors to iron deprivation alone or with these
rescue treatments. In these experiments, TIR2 deficiency
completely abrogated Scribble modulation by iron restric-
tion and by cathepsin inhibitor or isocitrate (Fig. 5, C=F).To
determine the phenotypic consequences of these alterations,
transduced progenitors were analyzed by flow cytometry, and
TfR2 knockdown was found to eliminate GPA modulation
by iron restriction and isocitrate (Fig. 5, G and H). Therefore,
TfR2 plays an essential role in the modulation of Scribble
and in the phenotypic changes associated with the erythroid
iron deprivation response.

Blockade of isocitrate production

impairs TfR2 surface delivery

To further explore the mechanism by which isocitrate af-
fects TfR2 catabolism (Fig. 4, A and B), erythroid progen-
itors underwent overnight aconitase inhibition followed by
analysis of TfR2 trafficking. Initial experiments examined
surface TfR2 turnover rates using pulse-chase analysis of
surface-biotinylated proteins. This approach revealed, unex-
pectedly, no eftect of aconitase inhibition on degradation of
surface TIR2 (Fig. 6, A and B). An alternative mechanism for

enhanced catabolism could occur through lysosomal shunt-
ing of TfR2 export vesicles. To address this possibility, eryth-
roid progenitors underwent a stripping of surface TfR2 by
transient, light trypsinization followed by incubation under
erythroid culture conditions. At various intervals, recover-
ing surface TR 2 levels were assessed by surface biotinylation
followed by streptavidin pull-down and immunoblot as in
Fig. 1 A.This approach revealed that the restoration of sur-
face TfR2 was significantly impaired by aconitase inhibition,
with inhibitor-treated cells failing to recover normal surface
levels even after long-term cultures (Fig. 6, C—E). These find-
ings, coupled with the results in Fig. 4 (A and B), suggest an
influence of isocitrate on trafficking patterns of TfR2, with
blocked production potentially rerouting export vesicles from
a cell surface destination to lysosomes.

DISCUSSION
A model for erythroid coupling of iron availability with Epo
responsiveness is shown in Fig. 7. The top two panels high-
light an iron/isocitrate-regulated vesicle transport pathway
in which TfR2 trafficking patterns influence Scribble levels
and Scribble levels in turn regulate EpoR surface delivery.
This pathway is supported by several key findings: (a) TfR2
undergoes enhanced lysosomal catabolism with iron depri-
vation, and isocitrate blocks this effect (Fig. 4); (b) TfR2
surface trafficking relies on the activity of iron-dependent
aconitase enzymes (Fig. 6); (c) TfR2 binds Scribble and me-
diates its lysosomal catabolism in the iron deprivation re-
sponse (Fig. 4 and Fig. 5); (d) Scribble interacts with EpoR
and promotes its surface delivery (Fig. 2 and Fig. 4); (e)
Scribble down-regulation decreases surface EpoR  display,
as 1s seen in erythroid iron deprivation (Fig. 1 and Fig. 2).
Therefore, TIR2 is proposed to function in this pathway as
an upstream sensor, whereas Scribble serves as an intermedi-
ary transducing element, and EpoR consists of the effector
target. It 1s possible that Scribble down-regulation may af-
fect delivery of other receptors to the cell surface. However,
the levels of most of the surface-biotinylated proteins did not
decline with erythroid iron deprivation (Fig. 1 and Fig. S1
A). Although these panels depict separate TfR 2—Scribble and
Scribble—EpoR complexes, it is possible that complexes may
contain all three factors.

The bottom two panels in Fig. 7 depict the signaling
consequences of Scribble down-regulation in the context
of iron deprivation. Increased circulating levels of Epo are

fetal liver cells cultured in methylcellulose colony formation medium (n = 3 f/f and 5 A/A, Student's ¢ test). (G) Number of BFU-E per 20,000 fetal liver
cells cultured in methylcellulose colony formation medium with 0.03 or 1.0 U/ml Epo (n = 3 f/f and 5 A[A, two-way ANOVA). (H) Immunoblot analysis of
primary erythroid progenitors subjected to iron deprivation and Epo stimulation and densitometry from multiple experiments for normalized differences
in protein phosphorylation caused by iron deprivation in cells treated with Epo for 10 min (n = 3, two-way ANOVA). (I) Immunoblot analysis of HUDEP-2
erythroblasts subjected to iron deprivation and Epo stimulation and densitometry from multiple experiments for normalized differences in protein phos-
phorylation caused by iron deprivation in cells treated with Epo for 10 min (n = 3, two-way ANOVA). (J) Immunoblot of whole cell lysates from progenitors
transduced with control or Scribble-targeting lentiviral ShRNA constructs and cultured in iron-replete erythroid medium. Graphs depict mean + SEM from
the indicated number of independent experiments. *, P < 0.05; ™, P < 0.01; ***, P < 0.001. n.s,, not significant. EV, lentiviral ShRNA control; shScrib, Scrib-

ble-targeting lentiviral shRNA construct.
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depicted because of its known up-regulation with IDA. The
decrease in erythroid surface EpoR associated with iron de-
ficiency is expected to diminish signaling via downstream
pathways including JAK2-STAT5 and Akt. However, Scribble
also functions as an inhibitor of Akt signaling. Therefore, iron
deprivation—mediated Scribble down-regulation is expected
to have both positive and negative consequences for Akt, but
only negative consequences for JAK2-STATS5. This notion is
supported by our finding that iron deprivation impairs Epo
activation of JAK2-STATS5 but preserves or enhances Epo
activation of Akt (Fig. 3).

The iron-sensing pathway depicted in Fig. 7 is proposed
to act in conjunction with several previously characterized
iron regulatory mechanisms. These mechanisms include
the classical binding of iron response proteins to cis-acting
iron response elements in transcripts relevant to iron me-
tabolism, such as FTH, FPN, TFRC, and EPAS1 (Mucken-
thaler et al., 2017). In addition, erythroid sensing of heme
iron by several factors including the transcriptional repres-
sor BACHI1, the heme-regulated eIF2-a kinase (HRI), and
the erythroid transcription factor GATAT1 insures that heme
and globin production maintain their balance, loss of which
impairs differentiation (Chen, 2014; Tanimura et al., 2016;
Yang et al., 2016). The modulation of Scribble by iron avail-
ability adds a new layer of regulation at the level of cyto-
kine receptor transport.

Morphological studies of human clinical samples have
suggested an association of IDA with abnormal vesicular
trafficking in erythroid cells. Notably, EM on marrow eryth-
roblasts from subjects with or without IDA identified mark-
edly increased void ropheocytotic—like cytoplasmic vesicles
as the principal ultrastructural abnormality associated with
IDA (Rozman et al., 1992). In peripheral blood smears, ab-
normal erythrocytes with submembranous vacuoles, called
prekeratocytes, represented the most reliable light micro-
scopic feature for distinguishing IDA from other microcytic
anemias (Harrington et al., 2008). Interestingly, Scribble
deficiency in Drosophila imaginal disks strongly increased
the numbers of Rab5-positive early endosomes (Igaki et al.,
2009). As the hub in a regulatory network controlling en-
dosomal trafficking and sorting (Sun et al., 2009; Lohia et
al., 2012), Scribble thus offers a plausible molecular target
in the erythroid vesicular pathology of IDA. Importantly,
direct Scribble knockdown in human erythroid progeni-

tors sufficed to recapitulate the ultrastructural abnormalities
of IDA (Fig. 3,A and B).

With regard to EpoR expression on the cell surface,
prior studies have shown that ~95% of the receptor mole-
cules in a given cell reside in intracellular pools that fail to
undergo constitutive export, a property distinct from other
cytokine receptors (Hilton et al., 1995; Becker et al., 2010).
The manner in which EpoR surface density is regulated has
remained obscure, with proposed contributions coming from
ligand-dependent and -independent mechanisms (Becker et
al., 2010; Singh et al., 2012). Our results reveal iron availabil-
ity to be a critical influence on EpoR surface density and
show that Scribble levels function as a molecular determinant
of this parameter. Previous studies have shown TfR2 to bind
EpoR and promote its surface export (Forejtnikova et al.,
2010). Our results suggest that this function could be exerted
through the recruitment of Scribble. However, our knock-
down studies in human progenitors suggest a more stringent
requirement for Scribble than for TfR2 in erythropoiesis.
Furthermore, mouse studies on TfR2 loss of function have
provided conflicting results, one suggesting increased and an-
other supporting decreased erythroid Epo sensitivity (Fore-
jtnikova et al., 2010; Nai et al., 2015). An important feature
distinguishing mouse from human erythropoiesis consists of
a mouse-specific Epo signaling axis that suppresses lysosomal
function through up-regulation of the antiprotease Spi2A
(Dev et al., 2013). Thus, the complex interplay between iron
regulation of TfR2 lysosomal trafficking and Epo regulation
of lysosomal function could contribute to disparate functional
results based on subtle differences in model systems. Our
findings ultimately support the model of Nai et al. (2015)
that TfR 2 in erythroid cells mediates the Epo resistance asso-
ciated with iron deficiency. We further propose that Scribble,
in its regulation of EpoR, represents a key downstream tar-
get in this pathway. However, TfR 2 may also directly regulate
EpoR, promoting surface delivery in the presence of iron and
degradation in its absence.

Epo is the principal cytokine driving erythropoiesis, and
one of its primary actions is to promote effective erythropoi-
esis by preventing apoptosis (Koury and Bondurant, 1990). A
clinical hallmark of iron-restricted anemias (IDA and anemia
of chronic disease and inflammation) consists of resistance to
endogenous and exogenous Epo (Driieke, 2001; Elliott et al.,
2009). However, despite their Epo insensitivity, iron-deprived

Figure 4. TfR2 stability is regulated by iron, isocitrate, and cathepsin activity. (A) Immunoblot of whole cell lysates from human progenitors
cultured in iron-replete (100% TSAT) or -deficient (15% TSAT) erythroid medium + isocitrate and treated with cycloheximide (CHX). (B) Densitometry for
fraction of residual TfR2 at 3 versus 0 h of cycloheximide, with normalization to TfR1 (n = 3, one-way ANOVA). IC, isocitrate. (C) Immunoblot of membrane
fractions from progenitors cultured in erythroid medium with indicated TSATs + the cathepsin inhibitor CAO74me. Representative results from three in-
dependent experiments (Fig. S4 A). (D) Plots from flow cytometry of progenitors cultured in erythroid medium with indicated TSATs + cathepsin inhibitor.
Graph depicts percent decrease in GPA expression associated with iron deprivation + cathepsin inhibition (n = 3, Student's t test). (E) IP of endogenous
TfR1 and TfR2 using extracts from K562 cells untreated (Unt) or cultured with DFO or with FA followed by immunoblot detection. Right, input immunoblot.
Representative results from three independent experiments. (F) IP of endogenous EpoR and TfR2 from extracts of HUDEP-2 cells cultured + overnight
iron withdrawal followed by immunoblot detection. Right, input immunoblot. Representative results from two independent experiments. IB, immunoblot.
Graphs depict mean + SEM from the indicated number of independent experiments. *, P < 0.05; ***, P < 0.001.
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Figure 5. TfR2 regulates Scribble and the iron deprivation response. (A) Immunoblot of whole cell lysates from progenitors transduced with control
or TfR2-targeting lentiviral constructs and cultured in iron-replete erythroid medium. (B) Graph of densitometry from multiple experiments as in A, reflect-
ing 3.4-fold increase in levels of Scribble associated with TfR2 knockdown, with normalization to tubulin (Tub; n = 3, one-way ANOVA). (C) Immunoblot of
membrane fractions from progenitors transduced with control or TfR2-targeting lentiviral ShRNA constructs and cultured in erythroid medium with indi-
cated TSATs + cathepsin inhibitor. (D) Graphs of densitometry from multiple experiments as in C, comparing the impact of cathepsin inhibition on Scribble
levels in progenitors + TfR2 knockdown and iron deprivation as indicated, with normalization to total Ponceau signal (n = 3, Student's t test). CA, cathepsin.
(E) Immunoblot of membrane fractions from progenitors transduced with control or TfR2-targeting lentiviral ShRNA constructs and cultured in erythroid
medium with indicated TSATs + isocitrate. (F) Graph of densitometry from multiple experiments as in E for relative Scribble levels, with normalization to

total Ponceau signal (n = 3, two-way ANOVA). (G) Flow cytometry of progenitors transduced with control or TfR2-targeting lentiviral shRNA constructs and
cultured in erythroid medium with indicated TSATs + isocitrate. (H) Graphic summary of multiple flow cytometry studies as in G, showing fold change in the
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erythroid progenitors do not manifest ineffective erythro-
poiesis and show no increase in apoptosis (Dormer and Lau,
1978; Rozman et al., 1992; Tanno et al., 2008; Bullock et al.,
2010; Nai et al., 2015). Our work reconciles this paradox by
demonstrating a reconfiguration of EpoR signaling associated
with iron deprivation: decreases in surface receptor expression
causing diminished STATS5 phosphorylation but unchanged
or enhanced Akt phosphorylation. This reconfiguration re-
flects Scribble’s opposing roles in positively regulating cell
surface transport of receptors (Lahuna et al., 2005; Michae-
Iis et al., 2013; Piguel et al., 2014) while negatively affecting
downstream survival signaling (Nagasaka et al., 2010,2013; L1
et al.,2011).Thus, the down-regulation of Scribble associated
with iron deprivation represents a novel nutrient/metabolic
response that concurrently desensitizes growth signaling and
sensitizes survival signaling via a common cytokine receptor.
Such a response offers an adaptive advantage by maintaining
a viable pool of erythroid progenitors poised to reconstitute
erythropoiesis upon iron repletion.

MATERIALS AND METHODS

Cell culture

Purified normal human donor CD34" progenitors derived
from G-CSF-mobilized peripheral blood mononuclear cells
were purchased from Fred Hutchinson Cancer Research
Center (FHCRC).These cells were obtained through a Na-
tional Heart, Lung, and Blood Institute—funded core facility
(HL66947) that has received approval from the FHCRC
Institutional Review Board. After thawing, these cells were
cultured for 72 h in prestimulation medium consisting of
IMDM (GIBCO BRL) with BIT 9500 supplement (BITS;
Stem Cell Technologies) and a cytokine mix comprising
100 ng/ml human stem cell factor (SCF; PeproTech), 100
ng/ml human FMS-like tyrosine kinase 3 ligand (Pepro-
Tech), 100 ng/ml human thrombopoietin (PeproTech), and
20 ng/ml human IL-3 (PeproTech). After prestimulation,
the cells were moved to erythroid medium consisting of
IMDM with 2 mM t-glutamine (Thermo Fisher Scien-
tific), Chelex-100-stripped 0.05% BSA (Sigma-Aldrich),
insulin-transferrin-selenium (ITS) supplement (Stem Cell
Technologies), 0.0012% 1-thioglycerol (Sigma-Aldrich) re-
combinant human Epo at 4.5 U/ml (Procrit), and 25 ng/
ml human SCE Where indicated, isocitrate (DL-trisodium
salt isocitric acid; Sigma-Aldrich) was included at a concen-
tration of 20 mM. Modulation of TSAT was performed by
combining holotransferrin ITS-A (Stem Cell Technologies)
and apo-transferrin I'TS-B (Stem Cell Technologies) at the
appropriate ratios. For most experiments, cells underwent
analysis after 3—5 d of erythroid culture.

For analysis of TfR2 turnover rates, primary human
CD34" progenitors previously cultured for 3 d in erythroid
medium were treated with cycloheximide (Cell Signaling
Technology) at 75 pg/ml for the indicated durations followed
by immunoblot analysis. For treatment with cathepsin inhib-
itor, primary human progenitors underwent culture for the
indicated durations in erythroid medium supplemented with
5 uM CAO074me (PI-126; Enzo Life Sciences) or DMSO only
as solvent control. For endogenous IP experiments, K562
cells were treated for 16 h with 50 pM FA (Sigma-Aldrich)
or 50 pM desferrioxamine (DFO; Sigma-Aldrich). For analy-
sis of the effects of iron deprivation on Epo signaling, primary
human progenitors cultured for 3 d in standard erythroid
medium were moved into iron-replete versus iron-deficient
(100% vs. 0% TSAT) erythroid medium for 16 h. HUDEP-2
cells were cultured in HUDEP-2 medium (described below)
with doxycycline withdrawal for the last 24 h of culture, +
iron deprivation for 16 h. For Epo stimulation, both primary
and HUDEP-2 cells underwent 3 h of cytokine deprivation
followed by Epo treatment at 4.5 U/ml for the indicated du-
rations and then immunoblot analysis of whole cell lysates.

K562 cells (ATCC) were grown in RPMI medium
(Thermo Fisher Scientific) with 10% FBS (Thermo Fisher
Scientific), 2 mM 1L-glutamine, and antibiotic supplement
(Anti-Anti; Thermo Fisher Scientific). HEK293T cells
(ATCC) were grown in DMEM with 10% FBS, 2 mM
L-glutamine, and antibiotic supplement. HUDEP-2, a non-
transformed, immortalized human umbilical cord blood
erythroid progenitor cell line, was derived as described previ-
ously (Kurita et al., 2013). HUDEP-2 cells were cultured in
serum-free expansion medium (StemSpan; Stem Cell Tech-
nologies) with 50 ng/ml human SCE 3 U/ml Epo (Procrit),
1 uM dexamethasone (Sigma-Aldrich), and 1 pg/ml doxy-
cycline (Sigma-Aldrich).

Flow cytometry

For flow cytometry, cells were centrifuged, washed, and re-
suspended in PBS with 1% FBS and conjugated antibody
cocktail mix. Antibodies were added at 2 ul per 100 pl of
sample, which also contained a 1:100 dilution of violet dye
(Zombie; BioLegend). After 30 min of staining on ice, the
samples were washed with PBS with 1% FBS and run on an
ADP analyzer (CyAn; Beckman Coulter) or a flow cytometer
(FACSCalibur; BD). Data analysis used the FlowJo 8.8.7 soft-
ware package, which was used for compensation and gating of
live cells (based on FSC/SSC and Zombie exclusion). Fluoro-
chrome-conjugated monoclonal antibodies to human mark-
ers (CD235a, CD36, CD13, and CD34) and mouse markers
(Ter119 and CD71) were purchased from BD PharMingen.

percentage of GPA+ cells normalized to empty vector-transduced cells cultured in medium with 100% TSAT, fold change in the GPA percentage associated
with iron deprivation, and fold increase in the GPA percentage associated with isocitrate treatment of iron-deprived cells (n = 4; left, two-way ANOVA;
right, Student's t test). EV, control; IC, isocitrate; shTfR2, TfR2-targeting lentiviral ShRNA constructs. Graphs depict mean + SEM from the indicated number
of independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s,, not significant.
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Figure 6. Blockade of isocitrate production impairs TfR2 surface delivery. (A) Pulse-chase analysis of surface-biotinylated TfR2 in erythroid pro-
genitors, with assessment of the effects of aconitase inhibition. Cells cultured in erythroid medium + 50 pM FA underwent surface biotinylation and were
returned to culture for the indicated durations. The cells were then harvested for streptavidin pull-down and immunoblot. (B) Graph of densitometry from
multiple experiments as in A for relative TfR2 levels, with normalization to TfR1 (n = 3, no intergroup difference by two-way ANOVA). (C) Analysis of the
surface delivery of TfR2, with assessment of the effects of aconitase inhibition. Cells cultured in erythroid medium + FA underwent trypsin-mediated strip-
ping of surface TfR2 followed by recovery culture for 0-60 min. The cells were then harvested for streptavidin pull-down and immunoblot. Also shown are
control cells not subjected to trypsinization (=Tryp). (D) Graph of densitometry from multiple experiments similar to C for surface TfR2 levels at 0-3 h after
trypsinization normalized to total biotinylated protein (n = 4). (E) Quantitation from multiple experiments as in C of the effect of FA treatment on surface
TfR2 recovery at 10 min after trypsinization, showing TfR2 levels normalized to total biotinylated protein and fold change in normalized TfR2 from 0 to 10

min of recovery (n = 3, Student's t test, *, P < 0.05). Graphs depict mean + SEM from the indicated number of independent experiments.

Microscopy

For immunofluorescence, cells at a density of 10°/ml were cy-
tospun onto glass slides (10> per slide) and fixed with 4% para-
formaldehyde in PBS for 15 min at room temperature. Slides
were washed in PBS and then permeabilized and blocked in
staining buffer (0.06% Triton X-100, 2% BSA, and 2% FBS
in PBS) for 1 h at room temperature. Staining was performed
using rabbit anti-human Scribble (sc-28737; Santa Cruz Bio-
technology) at a dilution of 1:100 in staining buffer overnight
in a hybridization chamber at 4°C. Slides were washed three
times with staining buffer, and Alexa Fluor 488—conjugated
secondary antibody (Thermo Fisher Scientific) was applied
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at a dilution of 1:500 in staining buffer for 1 h at room tem-
perature. Slides were washed three times in staining buffer and
once in PBS, mounted with coverslip and medium (H-1000;
Vectashield), and imaged on a confocal microscope (LSM-
700; Zeiss) with a 40X oil objective. Images were analyzed
by Fiji Image] version 2.0.0 (National Institutes of Health).
For transmission EM on primary erythroid progenitors +
knockdown of Scribble, cells were washed in PBS and fixed
in PBS with 2% paraformaldehyde and 2% glutaraldehyde
for 20 min at room temperature. Samples were postfixed in
1% osmium tetroxide for 1 h at room temperature and then
embedded and polymerized at 65°C for 24 h. 70-nm sections
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Figure 7. A schematic model for erythroid coupling of iron availability and Epo responsiveness. Under conditions of high iron (top left),
TfR2-associated vesicles traffic predominantly to the cell surface and minimally to lysosomes. Lysosomal catabolism of TfR2-Scribble complexes occurs at
a low, basal rate, permitting maintenance of critical Scribble levels. At these levels, Scribble promotes efficient EpoR surface presentation. Under conditions
of low iron (top right) or aconitase inhibition, TfR2-associated vesicles traffic predominantly to lysosomes, accelerating catabolism of TfR2-Scribble com-
plexes. As a result, Scribble levels fall below a critical threshold, impairing surface delivery of EpoR. The bottom two panels depict signaling configurations
in each condition. With high iron (bottom left), high surface EpoR levels enable robust STATS activation, but abundant surface Scribble blunts Akt activation.
With low iron (bottom right), Scribble deficiency decreases surface EpoR levels, leading to diminished STAT5 activation despite rising serum Epo levels. Akt
signaling, in contrast, is preserved or even enhanced because of its liberation from Scribble inhibition. MVB, multivesicular body.
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were placed on 200 mesh grids and stained with uranyl ace-
tate and lead citrate. Grids were carbon coated to minimize
conductance and imaged on an electron microscope (1230;
JEOL) at 80 kV. Images were assessed in a blinded manner to
quantify small circular 50-100-nm vesicles and large intralu-
minal vesicle-containing multivesicular bodies.

Cell extraction, fractionation, immunoblot, and IP

To produce whole cell lysates for SDS-PAGE, cell pellets were
combined with equivalent volumes of 2X Laemmli sample
buffer (60 mM Tris-HCI, pH 6.8, 2% SDS, 100 uM dithio-
threitol, 10% glycerol, and 0.01% bromophenol blue) supple-
mented with protease inhibitors (cOmplete; 11836170001;
Roche Diagnostics) and phosphatase inhibitors (PhosSTOP;
04906845001; Roche Diagnostics) followed by shearing of
DNA and boiling for 5 min. We used a cell fractionation kit
(ab109719; Abcam) for isolation of cytosolic and membrane
fractions. Kit buffers and detergents were stored as frozen al-
iquots and supplemented with cOmplete protease inhibitors
and PhosSTOP phosphatase inhibitors before cellular ex-
traction. After electrophoresis and transfer to nitrocellulose or
polyvinylidene difluoride membranes, the blots were probed
overnight at 4°C or for 1 h at room temperature with pri-
mary antibodies at a 1:1,000 dilution in Tris-buffered saline
with Tween 20 with 1% nonfat dried milk. HR P-conjugated
secondary antibodies (Bethyl Labs) were applied for 1 h at
room temperature at a 1:5,000 dilution. For global detec-
tion of biotinylated proteins, goat polyclonal antibiotin HRP
conjugate (ab19221; Abcam) was used for 1 h at room tem-
perature at a 1:5,000 dilution. HRP detection was performed
using chemiluminescent SuperSignal West Pico substrate
and West Femto Maximum Sensitivity substrate (both from
Thermo Fisher Scientific).

Immunoblot primary antibodies consisted of the fol-
lowing: rabbit polyclonal anti-Scribble (4475; Cell Signal-
ing Technology), mouse monoclonal anti-human T{R2
(sc-32271; Santa Cruz Biotechnology), rabbit polyclonal
anti-EpoR (sc-695; Santa Cruz Biotechnology), rabbit poly-
clonal anti-TfR 1 (sc-9099; Santa Cruz Biotechnology), rabbit
polyclonal anti-ATP1A1 (3010; Cell Signaling Technology),
rabbit polyclonal anti-STATS5 (9363S; Cell Signaling Tech-
nology), rabbit monoclonal antiphospho-STAT5 (pY694;
4322P; Cell Signaling Technology), rabbit monoclonal an-
tiphospho-Akt (pS473; 4060S; Cell Signaling Technology),
rabbit monoclonal anti-Akt (4685S; Cell Signaling Technol-
ogy), mouse monoclonal antitubulin (clone DM1A; T9026;
Sigma-Aldrich), and rabbit polyclonal anti-LDH (sc-33781;
Santa Cruz Biotechnology). The specificity of the sc-695
anti-EpoR antibody preparation was validated by Forejt-
nikova et al. (2010) and by our experiments using HEK293
transfectants (Fig. S4 D).

For IPs on K562 cells £ DFO or FA treatment, cells
were washed in PBS and resuspended in IP lysis buffer
(150 mM NaCl, 2 mM MgCl,, 10 mM Hepes [Thermo
Fisher Scientific], 0.5% NP-40, protease inhibitor, and phos-
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phatase inhibitor) at a density of 2 X 10° cells per 100 pl. The
same extraction protocol was used for IPs on HUDEP-2 cells
subjected to overnight doxycycline withdrawal + iron depri-
vation. For IPs on HEK293T transfectants, cells were washed
and overlaid with 500 pl IP lysis buffer per semiconfluent
10-cm plate. Suspensions were incubated on ice for 15 min
and centrifuged for 10 min at 15,000 rpm at 4°C. Protein
content in the supernatant was quantified by bicinchoninic
acid. For all IPs, 2 pg of antibody was added per milligram
of protein extract in 1 ml lysis buffer followed by overnight
rotation at 4°C. The following antibodies were used for IP
of K562 and HUDEP-2 endogenous proteins: mouse mono-
clonal anti-human TfR1 (sc-32272; Santa Cruz Biotech-
nology), mouse monoclonal anti-human TfR2 (sc-376278;
Santa Cruz Biotechnology), mouse monoclonal anti-human
EpoR (38409; Thermo Fisher Scientific), and mouse IgG
control (sc-2025; Santa Cruz Biotechnology). The following
antibody conjugates were used for IP of epitope-tagged re-
combinant proteins: mouse monoclonal anti-Myc magnetic
beads (5698S; Cell Signaling Technology), mouse monoclo-
nal anti-FLAG magnetic beads (M8823; Sigma-Aldrich), and
control mouse IgG magnetic beads (5873; Cell Signaling
Technology). IPs with unconjugated antibodies were captured
with a 1:1 mixture of magnetic beads conjugated to protein A
(88846; Thermo Fisher Scientific) and to protein G (88847
Thermo Fisher Scientific), prewashed three times in lysis buf-
fer, and added at a volume of 25 pl of packed beads per 1-ml
sample. Bead suspensions were rotated for 2 h at 4°C, quickly
washed twice in lysis buffer, slowly washed twice with 15 min
of rotation in 4°C lysis buffer, again quickly washed twice in
lysis bufter, resuspended in 50 pl Laemmli buffer, boiled, and
analyzed by immunoblot as described above.

Immunoblot signals were quantified using a GS-800
calibrated densitometer (Bio-Rad). Signals were normalized
using loading controls to derive relative band densities. Pon-
ceau S—stained membranes were imaged with a membrane
imager (Fluorchem HD?2; Alpha Innotech), and total lane
density was quantified by Image]. Immunoblots shown are
representative of at least three independent experiments.

Cell surface biotinylation and surface TfR2

recovery after trypsinization

Cells were washed with PBS and resuspended at a density
of 107/ml in surface-impermeable biotinylation reagent: 1
mg/ml EZ-Link Sulfo-NHS-LC-Biotin (21335; Thermo
Fisher Scientific) in PBS, pH 8.0. The cell suspension was
incubated on ice for 30 min and washed twice with PBS,
pH 8.0, supplemented with 100 mM glycine. The cells were
resuspended at a density of 10° cells per 150 pl in biotin lysis
buffer (150 mM NaCl, 5 mM EDTA, and 10 mM Tris-HCI,
pH 7.4, with 1% Triton X-100), incubated for 15 min on ice,
and centrifuged at 17,000 rpm for 10 min at 4°C. A por-
tion of supernatant was directly analyzed by immunoblot as
input, and the remainder was combined with prewashed resin
(NeutrAvidin; Thermo Fisher Scientific) at a ratio of 3:1 ly-
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sate/bead slurry. Slurry/lysate mixtures were rotated for 1 h
at 4°C, washed twice in biotin lysis buffer, and resuspended in
Laemmli buffer for immunoblot analysis of eluates. For analy-
sis of surface TfR2 recovery after trypsinization, 10° cells were
resuspended in 100 pl of ice-cold PBS with 0.05% trypsin
(Sigma-Aldrich). After incubation on ice for 20 min, the cells
were washed with ice-cold IMDM and then resuspended in
erythroid medium.The cells were cultured at 37°C for the in-
dicated durations and then subjected to surface biotinylation,
streptavidin pull-down, and immunoblot as described above.

Transfections and transduction
For cotransfections, HEK293T cells were grown in 10-cm
plates to 60% confluency and transfected in normal culture
medium with 20 pg of plasmid using a CalPhos kit (631312;
Clontech). At 16 h after transfection, the medium was ex-
changed with fresh growth medium for protein extraction
or Opti-MEM 1 (Thermo Fisher Scientific) for lentiviral
packaging. Protein extracts for IP were obtained 40 h after
initiation of transfection. For lentiviral vector packaging, su-
pernatants were collected 40 h after initiation of transfection.

Lentiviral packaging plasmids pCMV-dR8.74 (GAG
POLTAT REV) and pMD2.G (VSV-G) were cotransfected
with pLKO.1 shRINA vectors via calcium phosphate precip-
itation into HEK293T cells as above. A mass ratio of 3:1:4
for pCMV-dR8.74/pMD2.G/pLKO.1 was used for trans-
fection. pLKO.1 vectors expressing shRINAs active against
the following human targets were purchased (GE Dharma-
con): SCRIB (TRCNO0000004457 and TR CN0000004458)
and TFR2 (TRCN0000063628 and TRCN0000063630).
Viral supernatants were filtered with 0.45-pm syringe filters
and stored at —80°C. K562 cells were incubated with viral
supernatants for 24 h, followed by puromycin selection at 2
pg/ml in growth medium for 48 h. HUDEP-2 cells were
incubated for 24 h in viral supernatants supplemented with
50 ng/ml human SCE 3 U/ml Epo, 1 uM dexamethasone,
and 1 pg/ml doxycycline, followed by puromycin selection
at 2 pg/ml in HUDEP-2 media for 72 h. For human pri-
mary progenitors, cells were expanded in prestimulation
medium for 48 h and transferred to retronectin-coated
12-well plates containing viral supernatants supplemented
with prestimulation cytokines. After 2 h at 37°C, the plates
were spun at 500 g for 90 min and then returned to 37°C.
After overnight culture, the cells were transferred to fresh
viral supernatants with prestimulation cytokines and sub-
jected to a second round of spinoculation and overnight
culture followed by selection with 2 pg/ml puromycin in
prestimulation medium. After 48 h of puromycin selection,
live cells were enriched by centrifugation on Ficoll-Paque
PLUS medium (17-1440-02; GE Healthcare) and washed
in IMDM.Viable mononuclear cells were then subjected to
erythroid cultures as described above.

The following expression constructs were used for
cotransfection and co-IP: pcDNA6/myc-his human and
mouse TfR1 and TfR2 from P. Schmidt (Boston Children’s
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Hospital, Boston, MA); pcDNA3-FLAG human Scribble from
I. Macara (Vanderbilt University School of Medicine, Nash-
ville, TN); and pcDNA3-Human-EpoR and human-JAK2
from E Verdier (Institut Cochin, Université Paris Descartes,
Centre National de la Recherche Scientifique, Paris, France)
and O. Bernard (Université René Descartes), respectively.

Mouse models

All animal experiments were approved by the University of
Virginia Institutional Animal Care and Use Committee. The
EpoR-H mouse strain on a BALB/c background was pro-
vided by J. Ihle (St. Jude Children’s Research Hospital, Mem-
phis, TN). This strain was subsequently backcrossed onto a
C57BL/6] background for 10 generations. WT controls
consisted of age-, sex-, and strain-matched mice purchased
from Jackson Labs. Serum EPO levels were determined with
the Quantikine Mouse EPO ELISA kit (R&D Systems). For
dietary induction of IDA, 3-wk-old male weanlings were
placed on iron-deficient chow (TD.80396 custom diet; En-
vigo Teklad Diets) for the duration of the experiment. Weekly
retroorbital bleeds into EDTA-coated collection tubes were
analyzed for complete blood counts on a hematology system
(Hemavet 950; Drew Scientific Group).

For induction of erythroid stress progenitors, mice
received phenylhydrazine hydrochloride (P6926; Sigma-
Aldrich) at 60 mg/kg/d for two sequential days by intraper-
itoneal injection. 3 d after the second injection, spleens were
isolated, passed through a 70-um filter mesh, incubated for 5
min at room temperature in ammonium chloride lysis buffer
(Thermo Fisher Scientific) to remove RBCs, and washed in
PBS.The cells were then incubated with a biotinylated anti-
lineage cocktail (130-090-858; Miltenyi Biotec) and lineage
depleted on a column (AutoMACS Pro; Miltenyi Biotec).
The resulting cells were resuspended in 100 pl of sterile PBS
with 1% FBS plus 2 pul APC-conjugated anti—c-Kit and 2 pl
PE-conjugated anti-Ter119 (341096; 555673; BD PharMin-
gen). After a 30-min incubation on ice, the stained cells
were washed in PBS with 1% FBS, resuspended in IMDM,
and subjected to sorting on a flow cytometer (FACSVan-
tage SE TurboSort DIVA; BD) in the University of Virginia
flow cytometry core facility. The isolated Lin~ Kit" Ter119~
progenitors were directly cultured in erythroid medium as
described above, except that 100 ng/ml mouse SCF (Pe-
proTech) was substituted for human SCE Cells were ana-
lyzed by flow cytometry after 4 d of erythroid culture under
the indicated conditions.

The Scrib-floxed mouse strain ona 129/Sv/CB57BL/6
background was provided by A.E. Griep (University of Wis-
consin-Madison, Madison, WI;Yamben et al., 2013). Germ-
line deletions were generated by crossing with the Ella-Cre
strain (Jackson Labs). E13.5 embryos from A/f intercrosses
underwent sterile dissection of fetal livers, which were con-
verted to single-cell suspensions via 21-gauge syringe trit-
uration in IMDM. Control f/f samples were derived from
littermates of A/A fetuses. Total cells per fetal liver were
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counted and resuspended in medium (MethoCult M3534;
Stem Cell Technologies) at a density of 20,000 cells per
well. Epo (Procrit) was supplemented to generate a final
concentration of 0.03 or 1.0 U/ml. Colonies were counted
on day 7 after seeding.

RNA analysis

RNA was isolated from human erythroid progenitors using
the RNeasy Plus Mini kit (QIAGEN) with DNase treat-
ment of columns before RNA elution. RNA yield and
quality were determined on a spectrophotometer (Thermo
NanoDrop;Thermo Fisher Scientific). Reverse transcription
was performed using the High-Capacity cDNA Reverse
Transcription kit (4368814; Applied Biosystems). Quanti-
tative PCR was performed using the iQ SYBR green assay
on a CFX Connect Real-Time PCR Detection System
(1708880; Bio-Rad). For relative quantitation of transcript
levels, we used the comparative AAC, formula delineated
in the ABI Prism 7700 Sequence Detection System user
bulletin no. 2. All samples underwent triplicate analysis with
normalization performed by subtraction of the C, value for
GAPDH. Primers were as follows: human GAPDH (for-
ward: 5'-AGCCACATCGCTCAGACA-3’; reverse: 5'-
GCCCAATACGACCAAATCC-3’) and human SCRIB
(forward: 5-CTGACCCTCACCATCCTG-3'; reverse:
5'-CAGAGCCACACCATTCAC-3").

Statistics

Individual results shown are representative of at least two
independent experiments. Statistical analysis was performed
with Prism 6 (GraphPad Software). Graphs are displayed as
the mean of independent experiments = SEM. Data were an-
alyzed either by two-tailed Student’s ¢ test, one-way ANOVA,
or two-way ANOVA on a minimum of three independent
experiments. Post-hoc analysis of one-way ANOVA studies
was performed using Dunnett’s multiple comparisons test.
Post-hoc analysis of two-way ANOVA studies was performed
using Sidak’s multiple comparisons test.

Online supplemental material

Fig. S1 shows surface TfR1 levels in erythroid progeni-
tors * iron withdrawal, erythroid maturation and serum
Epo levels in iron-replete EpoR-H versus WT mice, and
erythroid maturation in iron-deprived EpoR-H versus
WT mice. Fig. S2 shows a heat map of Scrib expression in
mouse hematopoiesis, confirmation of three distinct protein
species as Scribble, and densitometry for Scribble modula-
tion by iron deprivation and cathepsin inhibition. Fig. S3
shows phenotypic consequences of Scribble knockdown
on human erythropoiesis, as assessed by flow cytometry.
Fig. S4 shows densitometry for TfR2 modulation by iron
deprivation and cathepsin inhibition, immunofluorescence
for Scribble and EpoR in erythroid progenitors * iron
deprivation, and interactions of epitope-tagged Scribble in
HEK?293 transfectants.
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