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ABSTRACT

‘ i ’e have recently demonstrated that the transcription factor
nuclear factor-erythroid 2, which is critical for erythroid mat-
uration and globin gene expression, plays an important role in

the  pathophysiology = of  myeloproliferative  neoplasms.

Myeloproliferative neoplasm patients display elevated levels of nuclear

factor-erythroid 2 and transgenic mice overexpressing the transcription

factor develop myeloproliferative neoplasm, albeit, surprisingly without

erythrocytosis. Nuclear factor-erythroid 2 transgenic mice show both a

reticulocytosis and a concomitant increase in iron deposits in the spleen,

suggesting both enhanced erythrocyte production and increased red
blood cell destruction. We therefore hypothesized that elevated nuclear
factor-erythroid 2 levels may lead to increased erythrocyte destruction
by interfering with organelle clearance during erythroid maturation. We
have previously shown that nuclear factor-erythroid 2 overexpression
delays erythroid maturation of human hematopoietic stem cells. Here
Correspondence: we report that increased nuclear factor-erythroid 2 levels also impede
murine maturation by retarding mitochondrial depolarization and
delaying mitochondrial elimination. In addition, ribosome autophagy is
delayed in transgenics. We demonstrate that the autophagy genes NIX
and ULK1 are direct novel nuclear factor-erythroid 2 target genes, as
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Introduction
Check the online version for the most updated
information on this article, online supplements, The transcription factor nuclear factor-erythroid 2 (NF-E2) plays an essential role
and information on authorship & disclosures: in erythroid maturation, and is a critical regulator of globin gene expression.’

www.haematologica.org/content/101/9/1054 Patients with polycythemia vera (PV), whose lead symptom is erythrocytosis,
show significantly elevated NF-E2 levels both in progenitor cells and in mature
compartments.”® Recently, we have shown that NE-E2 overexpression in a trans-
genic (tg) mouse model leads to a myeloproliferative neoplasm (MPN) phenotype
characterized by thrombocytosis, leukocytosis, the expansion of stem and progen-
itor compartments and erythropoietin-independent colony formation.* In addition,
NF-E2 transgenic mice presented with elevated reticulocyte counts, indicating an
F ; . . . increased erythroid drive. At the same time, however, tg mice show an increase in
errata Storti Foundation. Copies of articles . 7
are allowed for personal or internal use. iron deposats in the spleen as well as elevated Iactate'delgydrogenase levels, strongly
Permission in writing from the publisher is suggesting augmented red blood cell (RBC) destruction.” Taken together, these two
required for any other use. observations could explain the absence of polycythemia in NF-E2 tg mice.
Erythroid maturation is a complex multistep process in which the erythroid pro-
genitor cell becomes highly specialized for the transport of oxygen. This entails a
vast increase in hemoglobin synthesis followed by the elimination of internal

- 1054 haematologica | 2016; 101(9)

©2016 Ferrata Storti Foundation

Material published in Haematologica is cov-
ered by copyright. All rights reserved to the

opsuanccsss




organelles as well as the cell nucleus.* Elimination of
organelles like ribosomes and mitochondria, called
autophagy in general, or more specifically ribophagy and
mitophagy, respectively, is an essential step in the matura-
tion of reticulocytes to erythrocytes.’

Autophagy is an organized process wherein cellular
components and organelles are targeted to lysosomes for
degradation.”” Autophagy occurs either during homeosta-
sis, where the degradation of damaged or dysfunctional
mitochondria is essential to protect cells from reactive
oxygen species-mediated damage.® Alternatively, as men-
tioned above, programmed, maturation-induced
autophagy must occur during terminal erythroid differen-
tiation. Signals triggering the elimination of damaged
mitochondria during homeostasis include the oxidation of
mitochondrial lipids® and the loss of mitochondrial mem-
brane potential."”" In contrast, the signals and molecular
mechanisms mediating mitophagy during the course of
normal erythrocyte development are incompletely under-
stood. However, impaired mitophagy has been shown to
lead to increased red cell destruction.""

Given our observation of increased red cell destruction
in NF-E2 overexpressing mice, we hypothesized that this
transcription factor may play a novel role in mediating
mitochondrial and ribosomal clearance during erythroid
maturation.

Methods

Mice

The establishment of the VAV-HA-hNEF-E2 transgenic animals
has been described elsewhere.” Mice of two independent founder
lines were analyzed as detailed in Kaufmann ez a/? All animal
experiments were performed in compliance with the German ani-
mal protection law. The mice were housed and handled in accor-
dance with good animal practice as defined by FELASA and the
national animal welfare body GV-SOLAS. The animal welfare
committees of the University of Freiburg as well as the local
authorities approved all animal experiments.

Ex vivo maturation of reticulocytes and staining

Cultures were set up according to Zhang et al'® Briefly,
heparinized whole blood was diluted in maturation medium and
cultured at 37°C until staining. The cells were stained with 100nM
MitoTracker green dye (MTG) (M7514, Invitrogen), Ter119-PE
(22155234, ImmunoTools) and CD71-APC (C355, Leinco
Technologies) antibodies. Alternatively, cells were stained with
thiazole orange (TO) (390062, Sigma-Aldrich), in PBS (2 ug/ml)
and Ter119 and CD71 antibodies. JC-1 (65-0851-38, eBioscience)

staining was done according to Cossarizza et al."”

Statistical analysis

Statistical analysis was done using GraphPad Prism software.
P-values were determined by either one-tailed or two-tailed
Student’s r-tests.

Results

NF-E2 overexpression in a tg mouse model led to a sig-
nificant increase in reticulocyte counts and in the red cell
distribution width,” suggesting an enhanced erythroid
drive and increased red cell production. Surprisingly, how-
ever, NF-E2 tg mice have a normal hematocrit and normal
RBC counts in the peripheral blood (PB).> We observed
increased iron deposits in splenic histiocytes in NF-E2 tg
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mice, indicating increased red cell destruction,” which may
counteract the increased RBC production, explaining the
lack of polycythemia. However, although we expected
increased RBC destruction to lead to an increased RBC
turnover and a shorter RBC half-life, in fact, NF-E2 tg mice
displayed a decreased RBC turnover, manifested by a sig-
nificantly increased half-life in the PB (Online
Supplementary Figure S1). We therefore examined the effect
of elevated NF-E2 levels on RBC pathophysiology.

Because of the increase in PB reticulocyte counts® in the
absence of increased RBC turnover, we hypothesized that
elevated NF-E2 levels perturb the kinetics of RBC matura-
tion by impeding mitochondrial autophagy. As reticulo-
cytes eliminate internal organelles and mature, they pro-
gressively lose CD71 expression and gain Ter119 expres-
sion."*We therefore compared the reticulocyte maturation
status of NF-E2 tg mice and wild-type (wt) littermates by
FACS staining for CD71, Ter119 as well as for mitochon-
dria and ribosome content.

Ter119 and CD71 staining distinguishes four stages of
erythroid maturation,’® the least mature cells
(Ter119*+/CD71""), gain Ter119 expression to become
Ter119*CD71"¢. Maturing erythrocytes subsequently lose
CD71 expression to become Ter119/CD71™, and finally
Ter1197/CD71" cells.

Compared to wt littermates, NF-E2 tg mice display a
significant increase in the percentage of immature erythro-
cytes in both PB and bone marrow (BM), as indicated by
the elevated proportion of Terl19°/CD71"¢"
Ter119+/CD71"" and Ter119*/CD71™ populations (Figure
1A-C). Taken together, these data demonstrate a delay in
erythrocyte maturation and an accumulation of immature
cell populations in the presence of elevated NE-E2 levels.

Since the elimination of mitochondria is a crucial
process during erythrocyte maturation, the presence of
mitochondria was analyzed in the CD71 and Ter119 pos-
itive cell populations. CD71 or Ter119 staining was com-
bined with MTG, a permeable dye that accumulates in
active mitochondria.” NF-E2 tg mice display a significantly
increased population of MTG/CD71* double positive
cells compared to wt controls (Figure 1D,E). A similar
trend is seen for the MTG"/Ter119* population (Figure 1F,
G), although the latter did not reach statistical significance.
Comparison of the absolute numbers also shows that
these two erythroid populations are increased in the tg
mice (Online Supplementary Figure S2). Most importantly,
within the immature populations (Ter119/CD71"¢" and
Ter119+/CD71™), NEF-E2 tg mice show a significant
increase in the proportion of MTG" cells (Online
Supplementary Figure S3A and S3B), which represent cells
carrying the largest number of mitochondria.

In order to determine whether cells on average contain
more mitochondria per cell, we determined the mean flu-
orescence intensity (MFI) for MTG in each of the subpop-
ulations (Online Supplementary Figure S3C). Indeed, the
MFI for MTG is significantly increased, demonstrating a
higher number of mitochondria per cell in NF-E2 tg mice.
Increased NF-E2 expression thus impedes mitochondrial
elimination in maturing erythrocytes, leading to the accu-
mulation of larger numbers of mitochondria containing
red cells, with a higher number of mitochondria per cell in
the PB of NE-E2 tg mice.

In a wt adult mouse, the PB contains around 3% reticu-
locytes, a proportion insufficient for ex vivo maturation
analysis. NF-E2 tg and wt mice were therefore treated
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with phenylhydrazine (PHZ), which induces hemolytic
anemia leading to increased reticulocyte production.”® The
experimental strategy is detailed in Figure 2A. PB cells iso-
lated after PHZ treatment were cultured and matured
ex vivo for 3 days and analyzed. Histological analysis veri-
fied that the cells analyzed represent reticulocytes (Online
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Supplementary Figure S4). Mice were additionally followed
up to analyze the recovery of their hematocrit values, as
shown in the Online Supplementary Figure S5.

Similar to the untreated mice described above, the
NF-E2 tg PHZ treated mice displayed a significantly
increased percentage of immature Ter119/CD71"" and
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Figure 1. Increased retention of mitochondria in CD71 and Ter119 positive erythrocytes in NF-E2 tg mice. Whole blood or bone marrow from wt and tg animals, as
indicated, was stained with CD71 and Ter119 antibodies as well as MitoTracker green (MTG) dye. (A, D, F) Representative FACS analysis and gating strategy for one
wt and one tg animal for (A) CD71 and Ter119, (D) MTG and CD71 and (F) MTG and Ter119. (B, C) Percentages of erythroid populations in (B) PB and (C) bone marrow
of NF-E2 tg and wt mice. (E, G) Percentages of (E) MTG'/CD71" and (G) MTG'/Ter119" stained cells in NF-E2 tg and wt mice. n= 12 wt, n= 21 tg (15 strain “9”, 6
strain “39”). Histograms show mean and SEM. *P<0.05. Statistical significance was calculated by Student’s t-tests.
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Ter119+/CD71™ populations compared to controls, and  tion, becoming predominantly Ter119*/CD71"*. However,
thus a lower percentage of Ter119/CD71°" population the NF-E2 tg cultures still retained a significantly higher
(Figure 2B,C). Cells from NF-E2 tg mice thus contained a  proportion of immature cells, both Ter1197/CD71"" and
igher percentage of immature cells at the onset (da o er igure . - overexpressin
high t f t 1ls at th t (day 0) of Ter119*/CD71™¢ (E 2B,C). NEF-E2
ex vivo maturation. After 3 days in culture, reticulocytes mice thus retain their less mature phenotype despite fol-
from both the tg and the wt mice had undergone matura- lowing PHZ treatment and ex vivo maturation. Following
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Figure 2. Delayed clearance of mitochondria from newly formed reticulocytes in NF-E2 tg mice. (A) Experimental procedure: mice were treated with phenylhydrazine
(PHZ) to induce reticulocytosis, PB obtained on day 7 and matured ex vivo for 3 days. (B, D) Representative FACS analysis for one wt and one tg animal for day O and
day 3 staining for (B) CD71 and Ter119, (D) MTG. Gating strategy was as detailed in Figure 1A. (C, E) Percentage of stained cells on day O and day 3 of ex vivo mat-
uration in NF-E2 tg and wt mice: (C) Ter119'/CD71", CD71™ and CD71"", n= 7 wt, n= 8 tg (5 strain “9”, 3 strain “39"); (E) MTG", n= 8 wt, n= 8 tg (5 strain “9”, 3
strain “39”). Histograms show mean and SEM. **P<0.01, ***P<0.001. Statistical significance was calculated by Student’s t-tests.
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PHZ treatment, NF-E2 tg mice again display a higher pro-
portion of mitochondria retaining cells, on both day 0 and
day 3 of culture (Figure 2D,E). In order to distinguish
whether mitochondria are aberrantly retained in more
mature populations or whether the increase in mitochon-
dria simply reflects the excess of immature cells, reticulo-
cytes in culture were stained with CD71, Ter119 and
MTG. On day 0 of ex vivo culture NF-E2 tg mice contain a
significantly increased proportion and absolute number of
immature cells retaining mitochondria (MTG*/CD71"#")
(Figure 3A,B). During culture, these cells mature, giving
rise to a MTG*/CD71** population on day 3 (Figure 3A,B).
Nonetheless, after 3 days in culture, NF-E2 tg mice still
retain a significantly higher percentage of the
MTG/CD71"" population as well as a higher absolute
number of MTG*/CD71"" cells compared to wt controls.
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Similarly, NF-E2 tg mice contain a higher percentage and a
higher absolute number of more mature RBCs with mito-
chondria (MTG"/Ter119%) (Figure 3C,D). Analysis of
defined subpopulations showed that before and after ex
vivo maturation, Ter1197/CD71"" cells overexpressing
NF-E2 contain more mitochondria retaining cells than
their wt littermate controls (Online Supplementary Figure
S3D and S3E). While ex vivo culture decreases the propor-
tion of cells containing mitochondria in both genotypes,
nonetheless, on day 3, NF-E2 overexpressing
Ter119*/CD71°" cells still contain significantly more
MTG"" cells than wt controls (Online Supplementary Figure
S3E, right panel).

In order to determine whether these Ter1197/CD71""
MTG"" cells are only more abundant, or also aberrantly
retain mitochondria, we determined the MFI for MTG,
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Figure 3. Delayed clearance of mitochondria from Ter119 and CD71 positive newl

y formed reticulocytes in NF-E2 tg mice. (A, C) Representative FACS analysis and

gating strategy for one wt and one tg animal for day O and day 3 staining for (A) MTG and CD71, (C) MTG and Ter119. (B, D) Percentage and absolute numbers per
10.000 measured events (per 3 ul whole blood) of stained cells in NF-E2 tg and wt mice on day O and day 3 of ex vivo maturation: (B) MTG*/CD71"#" (day O) and
MTG'/CD71" (day 3), n=8 wt, n=7 tg (4 strain “9”, 3 strain “39"); (D) MTG'/Ter119’, n= 8 wt, n= 7 tg (4 strain “9”, 3 strain “39”"). Histograms show mean and SEM.

*P<0.05, **P<0.01. Statistical significance was calculated by Student’s t-tests.
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which reflects the amount of mitochondria per cell (Online
Supplementary Figure S3F). The MFI for MTG was signifi-
cantly increased on day 0 demonstrating that, on average,
mature Ter119/CD71** cells in NF-E2 tg mice contain a
higher number of mitochondria per cell. Hence, it is not
the presence of increased numbers of immature cells but
rather the aberrant retention of mitochondria within phe-
notypically mature cells that leads to the increased num-
ber of MTG" cells in NF-E2 tg mice.

Interestingly, PHZ altered the characteristics of PB retic-
ulocytes. Under steady state conditions, NF-E2 tg mice
display increased mitochondrial retention in the less
mature populations (Online Supplementary Figure S3A and
S3B). In contrast, under erythropoietic stress, following
PHZ treatment, immature cells of both genotypes show
large proportions of MTG" cells (60-75% MTG"" in
Ter119*/CD71%" and Ter119*CD71™, Online
Supplementary Figure S3D and S3E, compared to 15-30%
MTGM in Ter119*/CD71"" and Ter119*/CD71™ Ounline
Supplementary Figure S3A and S3B). The increased reten-
tion of mitochondria in NF-E2 tg animals following PHZ
treatment is seen in the more mature, Ter119*/CD71"

24 h

% of max

population (Online Supplementary Figure S3D and S3E).

Both analyses (native state and PHZ) thus clearly show
that elevated NF-E2 levels cause a delay in in vivo and
ex vivo maturation of reticulocytes. At the same time, NF-
E2 tg erythrocytes are capable of exuding their mitochon-
dria appropriately, as the proportion of Ter119/CD71**
cells remaining positive for MTG on day 3 is less than 5%
(Online Supplementary Figure S3E, right panel).

Mitochondrial transmembrane potential plays an impor-
tant role in mitochondrial autophagy.””” Reticulocytes
from mice deficient in the mitochondrial outer membrane
protein NIX fail to eliminate mitochondria in culture.
However, they correctly eliminate their organelles when
treated with a depolarizing agent.®” We hypothesized
that the higher percentage of mitochondria retaining RBCs
in NF-E2 tg mice results from a higher mitochondrial
membrane potential in these cells. In order to test this
hypothesis, reticulocytes were stained with JC-1, a cation-
ic dye that accumulates in mitochondria®and emits fluo-
rescence at 540nm. The intensity of emission correlates
with the membrane potential, hence, depolarization
decreases JC-1 fluorescence.”
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I 1 Figure 4. Analysis of mitochondrial membrane potential during maturation of newly formed retic-
ulocytes. PB of PHZ treated mice (as shown in Figure 2A) was stained with JC-1 and analyzed at
the indicated time points. (A) Representative JC-1 staining for one wt and one tg animal. Red line:
staining for O hour control; Blue line: staining after culture for the indicated time points. (B) Mean
fluorescence intensity (MFI) of JC-1 staining during ex vivo maturation of newly formed reticulocytes

*

1209 ———

gg 801 from NF-E2 tg and wt mice. n= 3 wt, n= 3 tg (3 strain “39”"). (C) Percentage of MTG*/Ter119* pop-
§,§ ulation of reticulocytes from wt and tg mice cultured in the presence or absence of the depolarizing
o agents FCCP and ABT-737 for 4 hours. n= 12 wt, n= 12 tg (2 strain “9”, 10 strain “39”"). The per-
= E 404 centages were determined according to the gating strategy shown in Figure 3C. (D) Determination

of mean fluorescence intensity (MFI) for MTG in the MTG*/Ter119* cells of populations shown in
Figure 4C. Histograms show mean and SEM. *P<0.05. Statistical significance was calculated by
Student’s t-tests.
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* Reticulocytes from PHZ treated mice were cultured ex  wt reticulocytes (Figure 4A,B). However, the mean fluo-
vivo and stained with JC-1 at several time points. At cul-  rescence intensity (MFI) of JC-1 staining in NF-E2 tg retic-
ture initiation, no difference in mitochondrial membrane ulocytes remains significantly higher at all measured time
potential between tg and wt mice was observed (Figure points, indicating an aberrant retention of mitochondrial
4A,B), indicating that elevated NE-E2 levels do not alter ~membrane potential during maturation (Figure 4B). This
the mitochondrial membrane potential. At subsequent could prevent mitochondrial elimination early during mat-
time points, JC-1 fluorescence declines in both the tg and  uration, providing a mechanistic explanation for the
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azole orange (TO) to determine ribosomal content in the maturing reticulocytes. (A, C) Representative FACS analysis and illustration of the gating strategy for one wt
and one tg animal for day O and day 3 staining for (A) TO and CD71, (C) TO and Ter119. Insert: path of maturation of reticulocytes in culture is shown. (B, D)
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Student’s t-tests.
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observed ex vivo delay in mitochondrial elimination of cells
with elevated NF-E2 levels.

The mitochondrial membrane undergoes depolarization
in the presence of depolarizing agents like FCCP and ABT-
737, which leads to mitochondrial elimination. We
therefore investigated whether treatment with depolariz-
ing agents would normalize mitochondrial elimination in

NF-E2 regulates mitophagy -

NF-E2 tg reticulocytes. Reticulocytes were cultured to
undergo ex vivo maturation in the presence or absence of
the depolarizing agents FCCP and ABT-737 followed by
MTG/Ter119 staining for the detection of mitochondria.
Again, untreated reticulocytes from NF-E2 tg mice
showed a significantly higher proportion of
MTG/Ter119* cells (Figure 4C). However, the treatment
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of NF-E2 tg cells with either FCCP or ABT-737 for 4 hours
significantly reduced the number of mitochondria retain-
ing cells, eliminating the difference between the two
genotypes and normalizing mitochondrial retention in NE-
E2 tg reticulocytes to wt levels (Figure 4C).

In order to determine whether depolarizing agents also
normalized the number of mitochondria per cell, we
determined the MFI for MTG (Figure 4D). The MFI for
MTG was significantly increased in NF-E2 tg
MTG*/Ter119" cells in the absence of depolarizing agents,
again demonstrating the increased number of mitochon-
dria per cell in NF-E2 tg cells, but this difference disap-
peared in the presence of either FCCP or ABT-737. (Figure
4D). Thus, membrane depolarization overcomes the
abnormal delay in mitochondrial elimination effected by
elevated NF-E2 levels.

Besides mitochondria, the elimination of ribosomes is
also essential during RBC maturation.” In order to assess
whether elevated NF-E2 levels specifically delay mito-
chondrial elimination or also impede the exudation of
ribosomes, reticulocytes undergoing ex vivo maturation
were stained with thiazole orange (TO), a ribonucleic acid
(RNA) binding dye, which, by nature of the vast amount
of ribosomal RNA (tfRNA) in ribosomes, specifically stains
these organelles. In combination with CD71, TO delineat-
ed three populations: immature TO"#/CD71"" maturing
to TOY/CD71°v*  finally becoming  mature
TO/CD71°*= cells (Figure S5A, insert). On day 0, NF-E2
tg mice showed a significantly increased percentage of
both the highly immature TO"#/CD71"" population
(Figure 5A,B) and the more mature TO"/Ter119* cells
(Figure 5C,D), evidence that elevated NF-E2 levels also
lead to an aberrant retention of ribosomes. While the per-
centage of ribosome containing cells decreased during
ex vivo maturation in both the wt and the tg animals, NF-
E2 tg mice nonetheless retained a significantly elevated
proportion of ribosome retaining reticulocytes on day 3
(Figure 5B,D).

Again the question arises as to whether the number of
ribosomes per cell is increased. We therefore determined
the MFI for TO in all subpopulations determined by
CD71/Ter119 staining (Figure 5E). Indeed, the MFI for TO
was significantly increased in the less mature subpopula-
tions in NF-E2 tg cells compared to controls, and in
Ter119*/CD71™ a significant increase remained after 3
days of ex vivo culture (Figure SE). Hence, at the same level
of maturation, NF-E2 tg cells retain significantly more
ribosomes per cell, demonstrating a defect in ribophagy.

We hypothesized that the mechanism by which elevat-
ed levels of NF-E2 delay autophagy is by directly modulat-
ing the expression of autophagy genes. We therefore ini-
tially analyzed NE-E2 binding to autophagy genes by min-
ing in silico ChIP-seq data. In human erythroid K562 cells,
NEF-E2 bound sites in the genes for NIX and ULK1 (Figure
6A). We verified the in silico data by performing ChIP in
human erythroleukemia (HEL) cells. Indeed, NE-E2 binds
both a distal site in the NIX locus as well as a site within
the ULK1 gene. Control regions within both genes as well
as the housekeeping gene myogenin were not bound
(Figure 6B). These data demonstrate that these two
autophagy genes constitute novel NE-E2 target genes. This
observation is corroborated by analysis of gene expression
in two large data sets, one from a collection of 200 AML
patients, the second from purified erythroid precursor cells
(Online Supplementary Figure S6). In both cases, NF-E2

expression correlated highly significantly with the expres-
sion of both NIX and ULK17 (P=0.000002 and P=0.000009
and P=0.001 and P=0.00003, respectively, while NF-E2
and ATG7 expression did not correlate, Ounline
Supplementary Figure S6), again suggesting that NF-E2 lev-
els regulate expression of these two autophagy genes.

An increase in NF-E2 levels alone is sufficient to
increase expression of both Nix and Ulk1, as NE-E2 tg
mice show significant elevation of Nix and Ulk1 expres-
sion in the BM (Figure 6C) as well as in sorted
CD717/Ter119" cells from PB (Figure 6D). Hence, NF-E2
levels directly affect the autophagy process by altering the
expression of critical components.

Because elevated NF-E2 levels in mice are sufficient to
increase Nix and Ulk1 expression and PV patients present
with NF-E2 overexpression, we determined NIX and
ULK1 protein levels in purified primary granulocytes from
PV patients and healthy controls (Figure 6E). Expression of
both autophagy proteins is significantly increased in PV
patients, confirming the fidelity of our mouse model and
suggesting alterations in red cell physiology in PV patients.

We determined whether NF-E2 is required for ULK1 and
NIX expression by silencing the expression of the tran-
scription factor using a short hairpin RNA (shRNA) against
NE-E2% as well as a scrambled control. Three different
myeloid cell lines, UKE-1, SET-2 and HEL, all carrying the
JAK2V617F mutation prevalent in PV patients, were used.
While decreasing NF-E2 expression did not alter ULK1 lev-
els (data not shown), it caused a strong decrease in NIX
expression in all three cell lines, particularly of the 75 kDa
protein overexpressed in PV patients (Figure 6EF arrow-
heads). These data demonstrate that NF-E2 is required for
optimal NIX expression, and show that this autophagy
gene is a novel NF-E2 target gene.

Interestingly, PV patients display reticulocytosis, similar
to NE-E2 tg mice.**In contrast, the RBC life span has not
been reported to be altered in PV patients, but these stud-
ies were conducted in 1951, and very subtle differences,
such as the ones we report (Online Supplementary Figure
S1), may not have been evident.

Elevated NF-E2 levels thus cause a delay in both
autophagy processes, and the exclusion of mitochondria
and ribosomes, an observation that provides a mechanistic
explanation for the two observed RBC abnormalities in
NF-E2 tg mice. Firstly, delayed autophagy can account for
the significant increase in the half-life of NF-E2 tg RBCs
(Online Supplementary Figure S1), secondly, abnormal,
mitochondria-retaining RBCs may be subject to enhanced
elimination in the spleen, explaining the increased splenic
RBC destruction observed in NF-E2 tg mice.

Discussion

Programmed removal of internal organelles from matur-
ing reticulocytes constituted an essential step during ter-
minal erythroid differentiation. Several studies have
focused on the mechanisms of mitophagy (removal of
mitochondria) and ribophagy (removal of ribosomes) in
developing erythrocytes.

The Bcl2 related mitochondrial outer membrane protein
NIX plays an important role in mitochondrial elimination
during reticulocyte maturation.®” In reticulocytes from
Nix” mice, mitochondria fail to enter the autophago-
somes. However, the autophagy process itself remains



functional, as the addition of depolarizing agents can cor-
rect the defect and force mitophagy.*” NIX has been
shown to bind LC3/GABARAP proteins on autophago-
somes, tethering the outer mitochondrial membrane to
the autophagosomes. NIX thus functions as a mitophagy
receptor, targeting superfluous mitochondria to the
autophagosome for degradation.”

Several other proteins have been implicated in
mitophagy during erythroid differentiation, including
ULK1 and ATG7.”*” Mice deficient in the kinase ULK1
display a defect in reticulocyte maturation. Ulk1” mice
show impaired clearance of both mitochondria and ribo-
somes.” Again, the depolarizing agent carbonyl cyanide
m-chlorophenylhydrazone (CCCP) was able to rescue
mitophagy in ULK1 deficient mice. Since ULK1 functions
downstream of mitochondrial depolarization,” these data
suggest the presence of ULK1-independent pathways of
mitochondrial clearance in RBCs.

ATGY7 is an El-activating enzyme essential for the ubig-
uitin-like conjugation of autophagosomal proteins to each
other and to phosphatidylethanolamine and, ultimately,
for autophagosome formation.*® ATG7 deficient reticulo-
cytes show impaired mitochondrial clearance.”
Interestingly, even during ex vivo maturation, ATG7 defi-
cient reticulocytes do not depolarize. Since ATG7 is
required for autophagosome formation, these data suggest
that mitochondrial depolarization is a consequence, rather
than a cause, of autophagosome formation. However, a
transient depolarization, which is undetectable in ex vivo
cultures, may normally precede and cause autophagosome
formation. Alternatively, novel, unidentified signals may
trigger or contribute to autophagy in maturing reticulo-
cytes.

Overexpression of the transcription factor NF-E2 in our
transgenic mouse model led to a significant increase in the
number of erythroid precursor cells in the BM.
Furthermore, NF-E2 tg mice present with both reticulocy-
tosis and a concomitant increase in red cell destruction in
the spleen, manifested by increased iron deposits. As a
result, NE-E2 tg mice do not display polycythemia, since
the increased RBC destruction appears to outweigh the
increased red cell production. Nonetheless, the absence of
polycythemia in our mice appears paradoxical given the
observed NEF-E2 overexpression in more than 90% of
patients with polcythemia vera. We therefore sought to
determine the molecular effect of elevated NF-E2 levels on
red cell physiology.

We hypothesized that elevated NF-E2 levels may per-
turb the kinetics of erythroid differentiation, leading either
to an accelerated or to a delayed maturation. To date, a
possible role for NF-E2 in programmed organelle clearance
during erythroid differentiation has not been investigated.
Therefore, we sought to analyze the role of NF-E2 in ery-
throid maturation, mitophagy and ribophagy using our
NEF-E2 overexpressing transgenic mouse model.

We first assessed whether the NF-E2 tg reticulocytes dis-
played a maturation defect. Indeed, increased NE-E2 levels
led to an excess of immature erythroid cells in the PB and
a delay in their ex vivo maturation. This maturation delay
can explain both the observed reticulocytosis and the
increased RBC half-life, as both observations result from
immature cells remaining in the peripheral circulation for
a longer time. Delayed erythroid maturation has previous-
ly been observed by elevating NF-E2 levels in human
CD34* hematopoietic stem cells.” Our current data thus
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corroborates the importance of correct NE-E2 levels for
physiological erythroid maturation.

Delayed maturation can result from inefficient or absent
elimination of internal organelles from maturing reticulo-
cytes. Our analyses showed a significantly increased pro-
portion of cells retaining mitochondria and ribosomes in
both the CD71 and the Ter119 positive populations in
NF-E2 tg mice, indicating a defect in organelle elimination.
The measurement of mitochondrial membrane potential
revealed significantly increased potential in NF-E2 tg mice
compared to wt controls, even after 48 hours of ex vivo cul-
ture, indicating that membrane depolarization is ineffi-
cient or completely absent (Figure 4B). As in NIX and
ULK1-deficient mice,* the addition of depolarizing
agents rescued the defect (Figure 4C), demonstrating that
in the presence of elevated NF-E2 levels, the autophagy
process itself remains functional.

The mitophagy defect observed in NF-E2 tg mice is less
severe than that of Nix” mice,®” as the organelles are
retained in more than 70% of Ter119* NIX deficient cells
after ex vivo maturation, compared to the 20% retention in
NF-E2 tg mice (Figure 3D). Our observations are more
similar to those in Atg7” mice, which also show a delay in
maturation but undergo organelle clearance if given
enough time during ex vivo maturation.”” The relatively
mild autophagy defect in NF-E2 tg mice is exacerbated
during stress erythropoiesis following PHZ treatment
(compare Figure 1 and Figure 2). Stress erythropoiesis
occurs in the spleen and liver, rather than in the BM,
where steady state erythropoiesis takes place. Moreover,
stress erythropoiesis utilizes a population of stress ery-
throid progenitor cells, which are distinct from the BM,
steady state erythroid progenitors.® The effect of NE-E2
overexpression appears to be more pronounced in these
stress erythroid progenitor cells.

We investigated the mechanism underlying the matura-
tion defect. Two critical autophagy genes, NIX and ULK1
are directly regulated by NE-E2 (Figure 6B). Increased
NF-E2 activity in tg mice led to a significant increase in Nix
and Ulk1 expression in the BM (Figure 6C) as well as in
sorted CD717/Ter119* cells from PB (Figure 6D).
Randhawa and colleagues have recently published in silico
data that likewise suggests an important role for NF-E2 in
ULK1 regulation, albeit this paper does not contain func-
tional data.** Ours is the first report demonstrating a role
for NF-E2 in erythroid maturation by affecting autophagy
genes. Because NIX and ULK1 interact with partner pro-
teins in the autophagy process,” their increased expres-
sion may disrupt complex formation. If the levels of inter-
acting proteins are not raised concomitantly, ineffective
complexes may be formed.

We recently described that, surprisingly for a transcrip-
tion factor, NF-E2 is found predominantly in the cyto-
plasm of maturing, nucleated erythrocytic cells.*® Only
10% of all erythroid cells, mainly the early erythroblasts,
showed nuclear NF-E2 staining. So far, no function has
been attributed to the cytoplasmically located NF-E2 pro-
tein. Our data presented herein support the hypothesis
that cytoplasmically located NE-E2 may have a function in
the elimination of internal organelles. The mild autophagy
defect observed in our mice may be due to the require-
ment for additional proteins in the formation of larger
complexes to exert this function. The elevation of NF-E2
levels in isolation may not completely disrupt the function
of this complex.
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