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Autophagy facilitates organelle clearance
during differentiation of human erythroblasts

Evidence for a role for ATG4 paralogs
during autophagosome maturation
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receptor-associated protein-like 1/2; Bnip3, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3; TEM, transmission
electron microscopy; HPF, high-pressure freezing/freeze substitution; LAMP, lysosomal associated membrane protein;
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Wholesale depletion of membrane organelles and extrusion of the nucleus are hallmarks of mammalian erythropoiesis.
Using quantitative EM and fluorescence imaging we have investigated how autophagy contributes to organelle removal
in an ex vivo model of human erythroid differentiation. We found that autophagy is induced at the polychromatic
erythroid stage, and that autophagosomes remain abundant until enucleation. This stimulation of autophagy was
concomitant with the transcriptional upregulation of many autophagy genes: of note, expression of all ATG8 mammalian
paralog family members was stimulated, and increased expression of a subset of ATG4 family members (ATG4A and
ATG4D) was also observed. Stable expression of dominant-negative ATG4 cysteine mutants (ATG4B7#A; ATG4D'*4*) did
not markedly delay or accelerate differentiation of human erythroid cells; however, quantitative EM demonstrated that
autophagosomes are assembled less efficiently in ATG4B“7*A-expressing progenitor cells, and that cells expressing either
mutant accumulate enlarged amphisomes that cannot be degraded. The appearance of these hybrid autophagosome/
endosome structures correlated with the contraction of the lysosomal compartment, suggesting that the actions of
ATG4 family members (particularly ATG4B) are required for the control of autophagosome fusion with late, degradative

compartments in differentiating human erythroblasts.

Introduction

Macroautophagy (henceforth simply “autophagy”) is an impor-
tant catabolic process in which cytoplasm is delivered to lysosomes
for degradation and recycling. It contributes to cellular homeo-
stasis, protects cells from a variety of environmental stresses, and
plays roles during development and cellular differentiation."
Autophagy has also been implicated in human diseases including
cancer, neurodegeneration and infection, and is thought to con-
tribute to life-span extension.>* Coordinated by the A7G gene
family, autophagy recycles toxic or redundant components by
sequestering regions of cytoplasm (including whole organelles)
within double-membrane autophagosomes that are trafficked to,
and subsequently fuse with lysosomes. Substrates derived from
hydrolysis of cytoplasmic material are then retro-translocated

into the cytoplasm to meet the cell’s ongoing anabolic needs in
times of nutrient and/or environmental stress.

Autophagy can either be nonselective or highly substrate spe-
cific. For example, pathways exist for the isolation and degrada-
tion of damaged mitochondria (a process known as mitophagy)
(see ref. 5). A vital step during autophagosome biogenesis in both
selective and nonselective autophagy is the covalent linkage of
phosphatidylethanolamine (PE) to the exposed C-terminal gly-
cine of the autophagosome marker Atg8 (the lipidation step).
The Atg4 endopeptidase is a crucial regulatory component of
this pathway: it primes newly synthesized pro-Atg8 by cleaving at
the critical glycine residue; then later deconjugates (delipidates)
lipid-bound Atg8 to recycle Atg8 and possibly also to facilitate
autophagosomal maturation.®® Four paralogs of yeast Atg4
(ATG4A-D°) are expressed in mammals, and these act on sev-
eral mammalian protein paralogs of yeast Atg8 (e.g., LC3A/B/C
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(MAPILC3A/B/C); GABARAP; GABARAPL1/ATGSL;
GABARAPL2/GATE-16). Possible redundancy, and/or special-
ist or tissue-specific roles for ATG4 and ATGS8 paralog partners
makes interpretation of their individual functions difficult in
mammalian systems. Clear examples of redundancy can be seen
in the phenotypes of mice genetically deficient in either atg46 or
atg4c”® Both have mild phenotypes,”® despite quite robust sup-
pression of the autophagic response in cell lysates from the azg4b
knockout model.

Dramatic changes in cellular architecture symbolize the
formation of the functional red cell, and these are coordinated
by altered patterns of gene expression, controlled by erythroid-
specific transcription factors.” During erythropoiesis the entire
organellar content of the nascent erythrocyte is eliminated.
Although there is ample morphological evidence for an upregula-

tion of autophagy during erythropoiesis,'**

mouse genetics has
provided the strongest evidence for a functional role for auto-
phagy during erythropoiesis.'*" This is perhaps best demon-
strated by the persistence of mitochondria in mouse knockouts
of the key autophagy genes, u/kl and atg7'*""" and in knock-
outs of the BH3 (BCL2/Bcl-2 homology domain 3)-only pro-
tein, bnip3//nix.*>* BNIP3L is a mitochondrial resident thought
to trigger mitochondrial depolarization leading to mitophagy.?’
bnip3l"~ mice are anemic and display compensatory expansions
in erythrocyte precursor numbers, allied to elevated levels of
erythropoietin (EPO).?° Surviving erythrocytes in the periph-
eral circulation retain their mitochondria, but these have reduced
life spans due to elevated ROS.?* BNIP3L interacts with ATG8
paralogs including GABARAPLL,* suggesting a direct link with
the autophagosome biogenesis pathway. Importantly, a condi-
tional knockout of ATG7 in the mouse hematopoietic system
phenocopies the bnip3/"- mouse in that erythocytes retain mito-
chondria, show elevated ROS, and are short-lived causing severe

anemia.'®

20 Controversy still remains concerning the relevance of
autophagy for erythroid organelle clearance, because a RAB9A-
dependent organelle clearance pathway has been described in
atg5”" and atg7'~ mice."®

In this study, we have investigated the influence of autoph-
agy during human in vitro erythropoiesis. Our motivation has
been to determine whether autophagy contributes to, and can
therefore be manipulated to improve, human ex vivo erythroid
differentiation. We find that autophagy is indeed functional dur-
ing human erythropoiesis, and that reducing its efficiency using
dominantnegative ATG4 constructs profoundly alters the organ-
ellar clearance pathway in late human erythroid cells. Despite
this, only minor changes in differentiation profiles are observed.
Our approach has also revealed a possible role for ATG4 proteins
in mammalian autophagosome maturation, because erythroid
cells expressing dominant-negative ATG4 accumulate enlarged
autophagosomes and amphisomes that contain undegraded
organelle remnants.

Results

Characterizing the declining endomembrane system in human
erythroid cells. Refinement of in vitro erythroblast culture
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protocols has greatly improved the efficiency and reproducibil-
ity of production of reticulocyte cell populations from circulat-
ing, peripheral adult human CD34* cells.?»** Despite this, there
are still many questions concerning how closely these in vitro
differentiated erythroid cells compare with their in vivo coun-
terparts, particularly in relation to cellular remodeling and the
establishment of correct cytoplasmic macromolecular architec-
ture. One of the defining features of mammalian erythrocytes is
the absence of organelles. These are dismantled and eliminated
progressively during normal differentiation. Autophagy has long
been suspected to contribute to this, although specific aspects of
the regulation and significance of autophagy during erythropoi-
esis remain undetermined, particularly in humans.

To differentiate human erythroid precursors in vitro, we used
a two-stage protocol.?¢
files are shown in Figure S1. We routinely achieved ~30% enucle-

Examples of cellular differentiation pro-

ated reticulocytes after 8 d in culture (post-shift to differentiation
medium). For ultrastructural analysis, we used high-pressure
freezing/freeze substitution (HPF), a method that preserves cel-
lular and organellar shape better than standard aldehyde fixation/
dehydration.?” In particular, autophagic and endocytic organelles
retained their circular profiles unlike the misshapen/collapsed
structures typically encountered in aldehyde-fixed samples (data
not shown). Examples of cells at different differentiation stages
processed by HPF are shown in Figure 1A. Chromatin conden-
sation and progressive organelle depletion is apparent, preceding
the appearance of enucleated reticulocytes that contain one or
few large vacuoles (Fig. 1A).*

In PE/BE cells, organelles of the secretory and endocytic
compartments were observed clustered around the centrosome
(Fig. 1B, i and ii). Here, extensive Golgi ribbons, and multivesic-
ular bodies (MVBs) were often seen, suggesting active membrane
traffic. At the PCE stage, Golgi profiles were still encountered,
but these were smaller, representing individual (fragmented)
stacks of Golgi membranes (Fig. 1B, iii and iv). Nevertheless, the
presence of abundant ER exit sites indicated sustained secretory
transport at this stage (Fig. 1B, iii). In reticulocytes, peripheral
endocytic profiles were recorded (Fig. 1B, v—viii). To examine
the fate of the Golgi and the ER during differentiation, we used
confocal microscopy with anti-GORASP1/GRASP65 and anti-
calnexin antibodies, respectively (Fig. 1C and D). These images
agreed with the ultrastructural observations in that the Golgi
apparatus is fragmented/scattered at the PCE stage (Fig. 1C).
At later differentiation stages, any remaining Golgi signal was
dispersed (Fig. 1C). The ER remained peripheral and reticular
in appearance throughout in vitro erythropoiesis, and while a
gradual reduction in calnexin-positive membrane signal was
recorded, most partitioned away from the nucleus during enucle-
ation (Fig. 1D).

Autophagy is upregulated during early erythroid differen-
tiation. Erythropoiesis is tightly controlled at the transcriptional
level, and a recent study has revealed GATA1/GATA-1 depen-
dent upregulation of the expression of several autophagy genes
during differentiation.” Unpublished microarray data from our
laboratory confirm upregulation of several autophagy genes in
1-stage differentiation protocols using adult human and cord
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Figure 1. Progressive changes in endomembrane compartments in differentiating human erythroid cells. (A) Electron micrographs of staged human
erythroid cells differentiated in vitro and processed by high-pressure freezing. Vacuoles and mitochondria are obvious features in PE/BE and PCE cells.
Clear evidence of chromatin condensation can be seen in orthochromatic erythroblasts, which, by this stage, have a depleted organelle content.
Reticulocytes are characterized by absence of a nucleus, the presence of one or few large vacuolar compartments in an otherwise depleted cyto-
plasm. (B) High magnification images of membrane compartments in early erythroid cells. (i and ii) Centrosomal areas in PE/BE cells showing cen-
trosomes (C), extensive Golgi apparatus (G), mitochondria (M) and multivesicular bodies (MVBs). (iii and iv) Examples of small dispersed Golgi stacks

in PCE cells. The appearance of abundant ER exit sites provides evidence for continued anterograde membrane trafficking. (v-viii) In reticuolocytes,
small membrane compartments probably of endocytic origin are encountered at the cell periphery. (C and D) Confocal maximum projections of Golgi
(GORASP1 labeling) and ER (calnexin labeling) in staged human erythoid cells. Evidence for Golgi fragmentation/dispersal can be seen at the PCE

stage. Scale bars: (Cand D) 5 pm.

CD34+ cells (data not shown; see ref. 28); however, to verify that
transcriptional regulation was also taking place in the two-stage
system, we used Q-RT-PCR (Fig. S2A). Transcripts with previ-
ously demonstrated erythroid expression patterns (e.g., TFRC/
CD71, BNIP3) followed the expected expression profiles. With
respect to autophagy genes, we saw upregulation of ULKT (the
mammalian ortholog of yeast ATGI) and BNIP3L; both are
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important for organelle clearance in mice.”* ATG5, an essen-
tial gene for autophagosome biogenesis, did not show transcrip-
tional upregulation, meanwhile expression of BECN1/Beclin 1, a
component of the autophagic PIK3C3/VPS34 (catalytic subunit
type 3 of PtdIns 3-kinase) complex, was only marginally elevated
at very late stages. Focusing on the ATG4 and ATGS8 classes,
we observed dramatic upregulation of expression of LC3B,

Autophagy 883

Do not distribute.

I0Science.

©2013 Landes B



A Diff. day: 0 2 4 6 8 B 25
e e . g e— -55 20
anti-tubulin =
_ o
Bl g5
2
ANt-ATGS - S s - _ 55 g 16
o
S
-43
anti-ATG4A . -55
-43

0 2 4
Erythropoiesis stage (days)

ANL-ATGAB e e e s s - 55

|
anti-LC3B n—

anti-GP-L1 | ~

35
A
_ 30
@ R AA
3 25 i
©
S 20 N N
a A %
™ 15 AA
S o AA‘:QA faant
g1 u,  TEm Thn
O 5 Ay £ A::‘AA Aaaaatt
T3AAE, aagitaa N
6 8 0 iﬁiﬂ‘fA Ady
v v v
Day 2 Day 4 Day 6

Polychromatic Orthochromatic  Reticulocyte

GFP-LC3

GFP-LC3

Figure 2. Induction of autophagy in differentiating human erythroid cells. (A) Immunoblots of selected autophagy proteins in staged human ery-
throid cultures. LC3B and GABARAPL1 (GP-LI) exist in 2 forms: soluble form | and lipid-bound form Il which migrates slightly faster. TUBA/a-tubulin is
included as a loading control. (B) LC3 puncta in differentiating human erythroid cells labeled with anti-LC3 antibodies. At the top, LC3 puncta counts
in erythroid cells (data shown are means and s.d. of 3 independent cultures for which > 200 cells were scored). At the bottom, example images of fields
of erythroid cells labeled with anti-LC3 antibodies and DAPI. Scale bar: 15 wm. (C) Quantification of LC3B puncta numbers in differentiating eryth-
roblasts transduced with GFP-LC3B lentivirus. Cells were assessed at days 2, 4 and 6 following transfer to differentiation medium. Tukey’s multiple-
comparison test: ***p < 0.001. (D) Erythroid cells transduced with GFP-LC3B lentivirus, imaged by wide-field fluorescence microscopy. GFP-LC3B signal
becomes progressively punctate during differentiation. Scale bar: 7.5 um. (E) Live-cell imaging of autophagosome dynamics in a proerythroblast
expressing GFP-LC3B. Arrows in zoomed images show individual autophagosomes. Scale bars: 5 pum.

GABARAP, GABARAPL?2 and, particularly, GABARAPLI (Fig.
S2A). The products of these genes are degraded in the lysosome
as a consequence of their association with the inner autopha-
gosomal membrane, implying that enhanced expression might
compensate for increased turnover. Interestingly, GABARAPLL1
binds strongly to the mitophagy adaptor, BNIP3L, suggesting
that it might be selectively upregulated to facilitate mitochon-
drial clearance. Of the mammalian A7G4 paralogs, only ATG4C
showed reduced expression, while expression of both A7G4A and
ATG4D increased markedly (Fig. S2A). Expression of A7G4B,
which has the highest apparent activity and widest substrate
specificity, did not change during erythropoiesis. Importantly,
transcriptional upregulation was only seen in differentiating cells
(Fig. S2E).

Immunoblotting indicated that expression patterns of autoph-
agy proteins mirrored the changes in transcript levels [Fig. 2A;
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note: ATG4D antibodies (e.g., see ref. 29) did not give a reliable
signal in erythroid cells]. Immunoblots for LC3B also provided
evidence of increased autophagy, because most of the additional
LC3B protein was in the cleaved and lipidated (LC3B-II) form in
late erythroid stages (Fig. 2A). To test whether the upregulation
of expression of autophagy genes and their products translated
into increased autophagosome numbers, we first used immuno-
fluorescence confocal imaging of erythroid cells fixed and stained
with anti-LC3 antibodies to count puncta numbers in CD34*
cells differentiated using standard protocols (Fig. 2B). We
recorded a gradual increase in steady-state LC3 puncta numbers
using MetaMorph?’ during 8 d of differentiation (Fig. 2B). We
confirmed this pattern using lentivirus to express GFP-LC3B in
differentiating human erythroid cells. These cells were visualized
by wide-field fluorescence microscopy (Fig. 2C and D). In PE/
BE cells, the majority of the GFP signal was cytosolic, indicative
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Figure 3. Quantitative ultrastructural analysis of erythroid organelle content. (A) Example electron micrographs of the various categories of
organelles that have been measured. Scale bars: 200 nm. (B) Maximal cellular cross-sectional area in micrographs of sections of whole erythroid cells.
Erythroid differentiation stage was categorized morphologically. (C) Number of endocytic pits encountered per 100 um of plasma membrane.

(D) Number of mitochondria recorded in 100 wm? cytoplasm. (E-G) Numbers/100 pm? cytoplasm and % cytoplasmic occupancy of autophagosomes
(E), lysosomes (F) and MVBs (G) in staged human erythroid cells. In (B-G), black bars represent the means. Numbers of cells analyzed: 28 for PE/BE;
36 for PCE; 49 for orthochromatics; 28 for reticulocytes. Tukey’s multiple comparison test: *p < 0.05; **p < 0.01; ***p < 0.001.

of low basal levels of autophagy; however, as cells progressed
through subsequent differentiation stages, GFP-LC3B became
progressively punctate (Fig. 2D). The GFP-LC3B puncta were
highly dynamic, and examples of autophagosome movement and
coalescence were documented during live-cell imaging experi-
ments (Fig. 2E).

Ultrastructural characterization of organelles in differen-
tiating human erythroid cells. To characterize the endomem-
brane system during differentiation of human erythroid cells, we
performed quantitative EM. Whole sections of cells were clas-
sified by differentiation stage (see Materials and Methods), and
MetaMorph was used to calculate the abundance of various
classes of organelles as a function of cytoplasmic area or length of
plasma membrane. Figure 3A shows high magnification exam-
ples of the types of organelles that we scored. We considered
autophagic compartments to be those structures having double-
limiting membranes and/or content of obvious cytoplasmic ori-
gin, and these included amphisomes (autophagosome/endosome
hybrid compartments en route to the lysosome for degradation).*
MVBs were electron translucent vacuoles containing 50- to
80-nm vesicles (Fig. 3A).%°

As expected, maximal cell area decreased progressively during
differentiation (Fig. 3B). Endocytic pits were abundant features

www.landesbioscience.com

at early differentiation stages, but were less frequent in ortho-
chromatic and reticulocyte cells (Fig. 3C). Mitochondrial den-
sity was stable until the transition to reticulocyte stage, at which
point there occurred a rapid and significant depletion of the
numbers of mitochondria encountered per unit area of cytoplasm
(Fig. 3D). Consistent with the increase in GFP-LC3B puncta
at early stages of differentiation (Fig. 2C and D), we recorded
a significant increase in autophagic compartments at the PCE
stage by quantitative EM (Fig. 3E); this upregulation occurred
as a function of number and cytoplasmic occupancy, suggest-
ing that there were no marked changes in the sizes of autophagic
compartments during differentiation. Lysosomal number did not
change significantly during differentiation (Fig. 3F). Finally, we
recorded a significant decline in number and cytoplasmic vol-
ume occupancy of MVBs at the transition to PCEs (Fig. 3G).
This general pattern of organelle restructuring was confirmed in
two further ex vivo human erythroid cultures, and these data are
summarized in Figure S3.

Expression of dominant-negative ATG4 mutants does not
hamper human erythroid differentiation. To examine its roles
during human erythroid differentiation, we attempted to block
autophagy at the autophagosome assembly stage by overexpress-
ing dominant-negative cysteine mutants of ATG4B (C74A)% or
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Figure 4. Expression of cysteine mutants of ATG4 in human erythroid precursors. (A) Wide-field fluorescence images of HeLa cells transduced with
lentiviruses expressing GFP, GFP-ATG4B*A or GFP-ATG4D'**A. Scale bars: 10 um. (B) Wide-field fluorescence images of human erythroid precursors
cells transduced with lentiviruses expressing GFP, GFP-ATG4B“7** or GFP-ATG4D'**A. Scale bars: 5 um. (C and D) Confocal single sections of human
pro-erythroblasts stably transduced with GFP-ATG4B* (C) or GFP-ATG4D'*** (D), labeled with anti-LC3 antibodies (red) and DAPI (blue). Scale bar:

3 um. (E) Immunoblot of protein samples from human erythroid cells transduced with lentivirus expressing GFP-ATG4B“7*A. Samples were collected

at day 0 and day 2 of differentiation, and blots were probed with anti-ATG4B and anti-actin (loading control). The 2 bands detected on the anti-ATG4B
blot correspond to endogenous ATG4B and GFP-ATG4B7*A. (F) Immunoblot of human erythroid cells expressing GFP or GFP-ATG4B** incubated in
the absence or presence of BafA1 (6 h) at 2 d post-switch to differentiation medium. Samples were blotted using anti-LC3, anti-SQSTM1 and anti-

actin (loading control) antibodies. LC3 is barely detectable in the GFP-expressing cells; however, in cells expressing GFP-ATG4B prominent LC3-l and
LC3-Il bands are visible, with no apparent change in LC3-Il levels in the BafA1 treated sample. (G) LC3 puncta quantitation in human erythroid cells
lentivirally-transduced with GFP or GFP-ATG4B BafA1 treatment increases LC3 puncta numbers in GFP expressing erythroid cells, but not in GFP-ATG4B
expressing erythroid cells. Bars show means and standard error of > 40 individual cells at day 2 of differentiation. (H) Differentiation profiles of human
erythroid cells expressing GFP, GFP-ATG4B** or GFP-ATG4D ', assessed by light microscopy (10 to 15 random fields, 77 to 301 cells per time point for

each treatment).

ATG4D (C144A)% which sequester ATG8 family members at
the priming step.®’ These ATG4s were selected based on their
recognized regulatory dominance (for ATG4B) and their expres-
sion profiles during human erythopoiesis (ATG4D) (we have
so far been unable to generate mutant ATG4A7* lentivirus).
This approach was used in preference to siRNA/shRNA-medi-
ated silencing, because suppressing gene expression human ex
vivo erythroid cells to the levels needed to block autophagy is

886 Autophagy

highly unlikely using current reagents/protocols. ATG4B7# is
a potent inhibitor of autophagy,®" whereas ATG4D®"%* prevents
the formation of GABARAPLI, but not LC3-positive auto-
phagosomes.?” Lentiviral expression of GFP-tagged mutants was
tested in HelLa cells (Fig. 4A), before human CD34+ erythroid
progenitors were transduced (Fig. 4B). GFP-ATG4B“** was
primarily cytosolic, while GFP-ATG4D®"** showed the charac-
teristic cytosolic and punctate staining that we have previously
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reported (Fig. 4A).” GFP-expressing erythroid precursors were
then selected by FACs (Fig. S4), and allowed to expand in cul-
ture before differentiation. Example confocal optical sections of
erythroid precursors expressing ATG4B<7# or ATG4D®"**4, and
labeled with anti-LC3 antibodies, are shown in Figure 4C and
D. Immunoblotting of lysates from GFP and GFP-ATG4B“7#A-
expressing erythroid cells using anti-ATG4B suggested that we
had achieved an overexpression level greater than 10-fold for
GFP-ATG4B“"** (Fig. 4E).

To begin to determine the impact of overexpression of domi-
nant-negative ATG4 on erythroid autophagy and differentiation,
we first immunoblotted lysates of GFP and GFP-ATG4B“7# cells
cultured in the absence or presence of BafAl for endogenous LC3
(Fig. 4F). In GFP-expressing erythroid cells analyzed at day 2
after a switch to differentiation medium, very little LC3 could be
detected with the material available for analysis; however, there
was a marked increase in the detection of both LC3-I and LC3-11
in the GFP-ATG4B“*4-expressing cells (Fig. 4F). Interestingly,
the ratio of LC3-II to LC3-I did not change during incubation
in BafAl, suggesting that autophagosomal flux through the lyso-
somal system might be suppressed (Fig. 4F). Blotting for the
autophagy cargo adaptor SQSTM1 showed a small increase in
basal levels in ATG4B“"**-expressing cells compared with the
GFP expressing population, but marginal increases in both cell
populations following BafAl treatment (Fig. 4F). Finally, and
despite the clear differences in the relative amounts of lipidated
LC3 in the GFP and GFP-ATG4B““*-expressing erythroid
cells, there were fewer LC3 positive puncta recorded in the latter
(Fig. 4G). Addition of BafAl caused an increase in LC3 puncta
numbers in the GFP expressors, but no change in LC3 puncta in
the GFP-ATG4B“*A-expressing cells (Fig. 4G). Although pos-
sibly pointing to a block in autophagic flux in cells expressing
GFP-ATG4B7, these data should be viewed with some cau-
tion, not least because the apparent amounts of LC3-II as judged
on immunoblots do not appear to correlate with puncta num-
bers assessed by imaging. Also, the number of autophagosomes
recorded in these experiments was substantially lower than in
earlier experiments performed in the same way (see Fig. 2B), and
we believe this inconsistency to be due to the use of different
batches of a commercial antibody. Nevertheless, the differentia-
tion profiles of control (GFP) and mutant ATG4 overexpressors
were then compared by light microscopy (Fig. 4H). This analysis
suggested that overexpression of these ATG4 cysteine mutants
has minimal impact on the kinetics of human erythroid dif-
ferentiation in vitro (Fig. 4H), and cell size was also unaffected
(Fig. S5A).

Organelle clearance in human erythroid cells with com-
promised autophagy. To measure the impact of ATG4 cysteine
mutants on erythroid organelle clearance, we used quantita-
tive EM. Prompted by the possible impact on autophagic flux
in GFP-ATG4B“#A-expressing cells (Fig. 4F and G), we chose
to treat autophagosomes and amphisomes as separate compart-
ments to enable assessment of changes in autophagosome matu-
ration events. In PE/BE cells expressing GFP-ATG4B“7*4, we
recorded a significant reduction in the cytoplasmic occupancy
of autophagosomes, suggesting that this mutant abrogates
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autophagosome assembly at early differentiation stages (Fig. 5A).
At the PCE stage autophagosome numbers increased under all
conditions, suggesting that autophagosome assembly is supported
in differentiating human erythroblasts expressing ATG4B¢#4
or ATG4D®"4* (Fig. 5A), although from these observations it
is not possible to assess the influence of altered autophagosomal
flux upon steady-state autophagosome numbers. Interestingly,
although similar numbers of autophagosomes were observed
in reticulocytes in each condition, the cytoplasmic occupancy
of autophagosomes in ATG4B“#*-expressing reticulocytes was
increased suggesting differences in autophagosome size at this
late differentiation stage (Fig. 5A; see below).

To examine in more detail the membrane compartments in
differentiating human erythroid cells expressing ATG4 cysteine
mutants, we also compared the numbers and cytoplasmic occu-
pancy of endocytic pits, MVBs, amphisomes and lysosomes.
Data for individual cells can be seen in Figure S5B (endocytic
pits), Figure S6 (amphisomes) and Figure S7 (lysosomes), and
mean values for MVBs, amphisomes and lysosomes, combined
with the autophagosome data (depicted as individual data points
in Fig. 5A), are presented as stacked columns in Figure 5B. We
saw no differences in the decline in numbers of endocytic pits
(Fig. S5B), but recorded a significant reduction in lysosomes
in GFP-ATG4B“** expressors at the PE/BE and PCE stages
(Fig. S7). An expanded amphisomal compartment was also
apparent in both GFP-ATG4B“** and GFP-ATG4D¢"4A-
expressing cells (Fig. 5B), although these data were not statis-
tically significant (Fig. S6). Interestingly, when we measured
the cross-sectional surface area of individual autophagosomes in
reticulocytes, we saw a significant increase in autophagosome size
in ATG4B“7*A-expressing cells (Fig. 5C). These data suggest that
human erythroid cells overexpressing GFP-ATG4B“7# (and to a
lesser extent, ATG4DC"44) show altered maturation and clear-
ance of autophagosomes (Fig. 5B), culminating in the retention
of engorged autophagosomes at the reticulocyte stage.

At late erythroid differentiation stages, much of the remain-
ing organellar material was encountered within amphisomes.
On close inspection, we were able to identify two distinct types
of amphisomes in differentiating human erythroid cells: type I
amphisomes (-1 wm diameter) contained internal vesicles inter-
spersed with small structures of cytoplasmic origin (Fig. 6A),
and these were the dominant type in untreated cultures (data
not shown); type II amphisomes were larger (-2 pm diameter),
and were characterized by the presence of large and/or intact,
undegraded organelle (Fig. 6B). In pooled populations of PCE,
orthochromatic and reticulocyte cells, type I amphisomes were
recorded in 32.9% of GFP expressors (n = 79 cells), in 27.9%
of GFP-ATG4B“** expressors (n = 86 cells) and in 37.0% of
GFP-ATG4D®"4* expressors (n = 73 cells). By contrast, type
IT amphisomes were recorded in just 12.7% of GFP expressors,
but were encountered in 25.6% GFP-ATG4B“#* and 26.0%
GFP-ATG4D®"4* expressors. Accordingly, expression of GFP-
ATG4B* caused a significant increase in cytoplasmic occu-
pancy of type II amphisomes compared with the GFP control
(Fig. 6C). Interestingly, some cells containing extremely large
type 2 amphisome compartments were clearly unviable (Fig. 6B,
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Figure 5. Quantitative ultrastructural assessment of organelles in human erythroid cells expressing cysteine mutant ATG4. (A) Abundance of autopha-
gosomes in differentiating human erythroid cells expressing GFP, GFP-ATG4B* or GFP-ATG4D'**A, assessed as a function of number/100 um? (top) or
% cytoplasmic occupancy (bottom). Each data point represents a single cell, and the bar represents the mean. (B) Stacked columns of vacuolar com-
partments in differentiating human erythroblasts expressing GFP, GFP-ATG4B<7** or GFP-ATG4D"*** expressed as % cytoplasmic occupancy. Data for
autophagosome occupancy in individual cells are depicted in (A), while similar data sets for amphisomes and lysosomes are shown in Figures S6 and
S7 respectively. (C) Analysis of the sizes of individual autophagosomes in reticulocytes expressing GFP, GFP-ATG4B“** or GFP-ATG4D'**A. Numbers of
cells analyzed: (A and B) GFP: 22, 36, 31, 12; GFP-ATG4B7#A: 28, 40, 35, 11; GFP-ATG4D¢'##A; 27, 29, 35, 9 for PE/BE, PCE, orthochromatics and reticulocytes
respectively. Tukey’s multiple comparison test: (A and C) *p < 0.05; **p < 0.01; ***p < 0.001.

iii), and erythroid corpses were often encountered having abun-
dant type II amphisomes (data not shown).

Mitochondria are cleared normally in mutant ATG4B and
ATGA4D expressing erythroid cells. Evidence from knockout
mice suggests that clearance of erythroid mitochondria is crucial
for erythrocyte viability. We therefore checked whether mito-
chondria were removed normally in the mutant ATG4-expressing
cells. Analysis of the numbers of mitochondria present in the cyto-
plasm of control, ATG4B“7%* and ATG4D®"** expressing cells
suggested little variability, although we did encounter some retic-
ulocytes retaining mitochondria in the ATG4B¢7#
populations (Fig. 7A). On close inspection, it was apparent that

-expressing

type I amphisomes in mutant ATG4 expressing cells contained
mitochondria in the process of degradation (Fig. 7B). In many
cases, these were swollen and distorted, although membrane cris-
tae were often apparent (Fig. 7B, i). Delayed degradation points
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to a role for ATG4 in autophagosome maturation and/or fusion
with lysosomes. We therefore predicted that we would encounter
similar late autophagic structures accumulating in erythroid cells
treated with BafAl. Indeed control erythroid cultures treated for
6 h with BafAl possessed enlarged autophagic structures con-
taining undegraded organelles and cytoplasmic material, includ-
ing mitochondria (Fig. 7C).

Discussion

We have characterized the progressive clearance of organelles
during differentiation of human erythroid cells in vitro, and have
studied the influence of autophagy on this process. To our knowl-
edge, this is the first comprehensive morphometric analysis of
cytoplasmic remodeling in differentiating human erythroid cells.
In addition, we have established a system for the stable expression
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of dominant-negative trans-genes in primary human erythroid
progenitor stem cells. This system could quite easily be modified
to allow stable integration of shRNA constructs for targeted gene
silencing, and provides an amenable system for manipulation of
gene function in the context of ex vivo red cell production.

We have used quantitative RT-PCR and EM to study the
expression of autophagy genes and the changes in organelle
content respectively during erythropoiesis. Our RT-PCR data
revealed differences in the expression patterns of A7G8 and
ATG4 mammalian paralog family members, with marked
increases in expression of LC3, GABARAP, GABARAPL2 and
particularly GABARAPLI, and selective enhancement of ATG4A
and ATG4D expression (Fig. S2). These data suggest that there
may be erythroid-specific roles for some family members; a topic
that will require further analysis. Changes in gene expression
correlate with a dramatic increase in autophagic activity in dif-
ferentiating human erythroid cells. Our ultrastructural analyses
suggest that the numbers of autophagosomes increase statistically

www.landesbioscience.com

at the transition from PE/BE to PCE stages (Fig. 3E). At the
same point, MVBs decline, and erythroid cells begin to accu-
mulate amphisomes, suggesting convergence of endocytic and
autophagic pathways (Fig. 3G). Mitochondria—which require
autophagy for their systematic depletion'"*?'—remain abundant
and maintain their proportional cytoplasmic volume occupancy
until the transition to reticulocytes (Fig. 3D). The induction of
mitophagy is therefore probably decoupled from the upregulation
of general autophagy, perhaps instead linked with the increased
expression of BNIP3L (Fig. S2).

To determine the impact of autophagy suppression on human
erythroid differentiation, we overexpressed ATG4B<7** and
ATGA4DC"A, ATG4 cysteine mutants impair autophagy by
forming stable complexes with ATG8 mammalian paralog fam-
ily members at the priming step.”’ In GFP-ATG4B“** express-
ing PE/BE cells, autophagosome numbers were significantly
reduced; however, because autophagy was subsequently stimu-
lated to control levels, we concluded that only limited suppression
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of autophagosome biogenesis had been achieved (Fig. 5A). This
could be because: (1) the levels of ATG4B“7#* expression may have
been insufficient to compete with the upregulated A7G8 paralog
expression (Fig. §2); (2) endogenous ATG4 paralogs are present,
allowing priming of sufficient ATGS paralogs in the background
of mutant ATG4; (3) autophagosomes may be assembled through
LC3/ATG8-independent pathways. Despite the absence of a
canonical autophagosome assembly pathway, reticulocytes from
atg7'"~ mice clear most of their organelles and contain identifi-
able autophagosome-like membrane compartments.'®"” In fact,
an ATG5/ATG7-independent, RAB9-dependent autophagosome
assembly pathway has been described in mouse embryonic fibro-
blasts,'® although this pathway has not yet been reported in other
systems. Importantly, the differentiation profiles of control and
mutant ATG4-expressing cells were very similar (Fig. 4H),
suggesting that erythroid cells can compensate for impaired or
absent autophagosome assembly pathways. It should be noted
that in the GFP-ATG4B“#A-expressing populations, there was a
greater number of highly vacuolated, nonviable cells (at the PE/
BE stage, 5.4% GFP expressors were annexin V positive whereas
17.9% GFP-ATG4B“™** expressors were annexin V positive in
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one representative culture), suggesting that at high expression
levels, this construct may not have been so well tolerated.

On careful inspection it was apparent that the organelle con-
tents of erythoid cells expressing mutant ATG4B or ATG4D
differed from GFP-expressing controls (Fig. 5B). In particu-
lar, large autophagosomes were encountered in reticulocytes
in GFP-ATG4B“"** expressors, and a general enlargement of
the amphisome compartments was recorded in cells expressing
either mutant. The appearance of enlarged amphisomes contain-
ing undegraded cytoplasmic material implicates these proteins
in autophagosome maturation and/or lysosomal fusion. ATG4
family members primarily function during autophagosome
assembly, through the priming and regulated deconjugation of
membrane-bound ATGS8 (LC3);*? however, there is evidence that
ATG4 may also act during late stages of autophagosome mat-
uration in yeast.* Many poorly understood fusion steps occur
during autophagosome maturation,*® and degradation of mature
autophagosomes has been shown to rely heavily on the acquisi-
tion of factors from late endosomes/lysosomes (including RAB7,
LAMP1 and LAMP2). Interestingly, in the absence of LAMPs,
or upon overexpression of dominant-negative RAB7T*, cells
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accumulate abnormally large autophagic vacuoles similar to the
type Il amphisomes described in this study.*%* RAB7 is a regula-
tor of late endosomes, which also facilitates the recruitment of
LAMP1 and lysosomal enzymes to maturing autophagosomes.*”%
Interestingly, LAMP1 recruitment and autophagosome acidifi-
cation occur independently of lysosomal enzyme delivery.***>3
This is significant because the enlarged amphisomes that we have
observed in mutant ATG4-expressing cells contained undegraded
material, suggesting that the delivery of lysosomal enzymes and/
or fusion with extant lysosomes may have been perturbed.

Two hypotheses could explain the impairment of auto-
phagosome maturation by the expression of mutant ATG4 in ery-
throid cells. First, the ATG8 substrates of ATG4B and ATG4D
may not be correctly deconjugated from the outer membrane of the
autophagosome. In yeast expressing pre-primed ATGS8, delivery
of ATGS to the vacuole is impaired, supporting a role for ATG4-
mediated delipidation in late maturation.” Second, considering
that ATG4B“7#* sequesters LC3 during priming,” a similar sta-
ble interaction may also occur on the surface of autophagosomes
when ATG4 cysteine mutants attempt to delipidate ATGS8 para-
logs on maturing autophagosomes. ATG4D®"4* colocalizes with
GABARAPLI puncta in HeLa cells,”” and with LAMP1-positive
structures in reticulocytes (data not shown). Binding of ATG4
cysteine mutants to ATG8 mammalian paralogs on the surface of
late autophagosomes could block important ATG8-interactions
or may directly interfere with ATG8-mediated fusion events.
ATGS regulates the elongation of the phagophore,* possibly
through its ability to trigger membrane tethering and fusion. %>
Sequestration by ATG4 cysteine mutants may also interfere with
an indirect role of ATG8 paralogs in fusion with late endosomes
or lysosomes. For instance, LC3B binds to TBC1D25/OATLI, a
RABGAP that regulates fusion events between autophagosomes
and lysosomes.”” Meanwhile, GABARAP family members
bind NSF (AAA ATPase N-ethylmaleimide sensitive factor),
an essential factor in SNARE-mediated membrane fusion.*%
Determining how the ATG4 cysteine mutants perturb auto-
phagosome maturation during human erythropoiesis will require
further investigation.

In conclusion, we have presented a comprehensive ultra-
structural assessment of organelle restructuring during human
erythropoiesis, and have began to assess the impact of autophagy
during this process. We confirmed that autophagy is upregulated
in human erythroid cells differentiating in vitro, culminating
in reticulocytes containing one or few autophagic vacuoles.*
Using dominant-negative mutants we also showed that ATG4
endopeptidase activity is needed for late stages of autophagosome
maturation, illustrated by the retention of expanded amphi-
some compartments in late erythroid cells. Despite this, in vitro
differentiation of human erythroid cells proceeds with normal
kinetics, highlighting how erythroid cells are able to adapt to
diminished autophagic activity during terminal differentiation.

Materials and Methods

Reagents and antibodies. Unless stated, reagents were obtained

Anti-GABARAPLI® and anti-GORASP1/

from Sigma.

www.landesbioscience.com

GRASP65% antibodies were raised in sheep. Monoclonal anti-
TUBA/a-tubulin  (B5-1-2/T5168), polyclonal anti-LC3B,
polyclonal anti-ATG5 (Cell Signaling, 2360), polyclonal anti-
LC3B (L7543), monoclonal anti-LC3B (Enzo Life Sciences,
5F10/ALX-803-080; MBL, PMLO036), polyclonal anti-ATG4A
(from Dr. 1. Tanida), polyclonal anti-ATG4B (from Dr. M.
Koike), anti-SQSTM1 (Abnova, H00008878-M01), anti-cal-
nexin (Enzo, SPA860), anti-actin (Santa Cruz, 1-19/sc1616)
were stored at -20°C. Alexa tagged secondary antibodies for
immunofluorescence were from Molecular Probes. HRP-tagged
secondary antibodies for immunoblotting were from Jackson
Immunochemicals. Bafilomycin A (BafAl; Enzo Lifesciences,
BML-CM110-0100, 200 M stock) was stored at -20°C.

Erythroid cell culture. A > 95% pure population of CD34*,
hemopoietic, progenitor cells (HPCs) was isolated from human
blood donor mononuclear cells by magnetic bead separation
according to the manufacturer’s protocol (Miltenyi Biotech
Ltd.). Blood donor mononuclear cells, a waste fraction from a
donation of platelets by apheresis, were donated with informed
consent (reviewed by the National Health Service National
Research Ethics Service, Review of Ethics Committee reference
number 08/H0102/26).

Samples were diluted 1:1 with Hanks balanced salt solu-
tion (HBSS, HG6648) and layered on Histopaque-1077
(H8889). PBMCs were harvested, washed with HBSS and red
blood cells were lysed (150 mM Ammonium chloride, 1 mM
K,EDTA.2H 0O, 10 mM potassium bicarbonate, pH 7.5). CD34~
cells were isolated using the Direct CD34* progenitor cell isola-
tion kit (Miltenyi Biotech Ltd., 130-046-072) according to the
manufacturer’s instructions. Isolated CD34* cells were cultured
using a two-stage system adapted from refs. 25 and 26. They
were cultured for 5 d in serum-free Stemspan medium (Stem Cell
Technologies, 09650) supplemented with stem cell factor (SCF,
10 ng/ml, R&D Systems, 255-SC), IL3 (1 ng/ml, R&D Systems,
203-IL), EPO (3 Ul/ml, Roche, NeoRecormon), bovine lipopro-
tein (1 ml/ml, L4646) and Prograf (0.1 ng/ml, Fujisawa) or up
to 10 d when supplemented with dexamethasone (Dex, 1 uM,
D4902) in the absence of IL3 from day 4 (expansion media).
Cells were then transferred to a Stemspan-based differentiation
medium supplemented with 1 mg/ml Holotransferrin (T0665),
3% AB human serum (H4522), 10 UI/ml EPO, 10 ng/ml insu-
lin (I9278) and 1 pM 3,5,3-triiodo-L-thyronine sodium salt
(T6397).

Production and use of lentiviruses. Lentiviral vectors con-
taining the sequences for ATG4B“** and ATG4D"** with
N-terminal GFP tags were obtained by cloning mutated cDNAs?
in pxlg3-gfp (a modified pSEW sin vector kindly provided by
Dr. G. Cory). Lentiviruses were produced by cotransfection
with the envelope plasmid pMD.G and the packaging plasmid
pCMVR8.91 in HEK 293T cells. Viruses were harvested and
stored at -80°C. Erythroid progenitors were transduced over-
night, at 3 d post-CD34" isolation, at a concentration of 1 x 10°/
ml in the presence of Polybrene (Hexadimethrine bromide, 8 pg/
ml). Lentiviruses were then washed away with HBSS and cells
were cultured in expansion medium containing dexamethasone
(1 wM) without IL3, as recommended for long-term expansion of
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human erythroblasts.?* GFP-expressing erythroblasts were sorted
by flow cytometry at day 7 of culture and expanded a further 3 d
before being transferred to differentiation medium.” The differ-
entiation stage of each cell was determined using a combination
of cell size and nuclear condensation (the main criteria), negative
stain density (by EM) and DAPI staining by fluorescence wide-
field imaging.

Quantitative RT-PCR (qRT-PCR). Total RNA was extracted
with TRIZOL (Invitrogen, 15596-018) according to manufac-
turer’s instructions from erythroid cells at 2-d intervals from
the start of differentiation (day 0). RNA was quantified using
a NanoDrop 1000 spectrophotometer (Labtech International).
First strand cDNA was synthesized from 300 ng of total RNA
using AffinityScript multiple temperature cDNA synthesis kit
(Stratagene, 200436) at 42°C according to manufacturer’s
instructions.

qPCR gene-specific primers were designed using web-based
Primer 3 software (Table S1). Efficiency of all primer sets
were tested on serial dilutions of cDNA produced from 1 pg
Universal human reference RNA (Stratagene, 750500), using
the Pfaffl method.” As recommended, only primer sets with
95 to 110% efficiency were used. gPCR reactions were set up
with 1x SYBRgreen (Finnzymes, F-400L) and 1 pl of template
(25 ng of cDNA) in 96-well plates (Biorad) and run in a DNA
Engine Opticon 2 thermocycler (M] Research, GRI). Each sam-
ple was tested in triplicate and gene expression was normalized
to a reference gene, PABPCI whose expression remains constant
during erythroid differentiation.”® The normalized results were
expressed as a fold increase compared with the day 0 sample.

Immunoblotting. Cultured erythroblasts were lysed in SDS-
PAGE sample buffer (62.5 mM Tris/HC, pH 6.8, 10% v/v glyc-
erol, 3% w/v SDS, 5% v/v B-mercaptoethanol, 0.0025% w/v
bromophenol blue) and resolved using a Mini-Protean 3 electro-
phoresis system (BioRad). Proteins were transferred to nitrocel-
lulose membrane using a Genie electrophoretic transfer system
(Idea Scientific). Membranes were blocked using 5% milk pow-
der solution in tris-buffered saline solution (20 mM Tris/HCI,
pH 7.7, 150 mM NaCl, 0.1% triton X100) for 30 min before
being incubated overnight at 4°C in blocking solution containing
the appropriate secondary antibody. Following extensive washing
in tris-buffered saline solution, membranes were incubated for
1 h at room temperature in blocking solution containing HRP-
labeled secondary antibodies. Proteins were detected by enhanced
chemiluminescence (GE Healthcare, RPN2209).

Fluorescence microscopy. Cells were fixed in 2% formal-
dehyde (EM grade, TAAB, F003), cytospun for 5 min at 800
rpm and permeabilized with 0.1% Triton X100. Cells were then
immunolabeled, stained with DAPI (0.1 pwg/ml) and mounted
in Mowiol supplemented with DABCO (25 mg/ml, D2522).
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Wide-field fluorescence images were obtained using an Olympus
IX-71 inverted microscope (Olympus UK Ltd.) (60x Uplan
Fluorite objective 0.65 to 1.25 NA, at maximum aperture) fit-
ted with a CoolSNAP HQ CCD camera (Photometrics) driven
by MetaMorph software (Molecular Devices). Confocal images
were obtained using a Leica AOBS SP2 microscope (Leica
Microsystems UK) (63x PLABO objective 1.4 NA) with 0.2 pum
to 0.4 pum z-steps. Automated autophagosome puncta scoring was
performed using the TopHat morphology filter in MetaMorph,
selecting for round objects of diameter 5 pixels (= 1 m) or less.
High-pressure freezing transmission electron microscopy
(TEM). Up to 5x10°, samples were resuspended in a small vol-
ume of medium and fixed in 100 pwm carriers using a Leica EM
PACT2 + RTS high-pressure freezer (Leica Microsystems UK).
Freeze-substitution was performed with 1% osmium-0.1% ura-
nyl acetate in a FSP Leica AFS. Samples were dehydrated with
acetone and infiltrated with increasing amounts of resin (25%,
50%, 75% Epon-acetone for 1 h each followed by 2 h in 100%
Epon). They were finally embedded in fresh Epon and left to
harden for 48 h at 60°C. 70 nm sections were counter stained with
3% aqueous uranyl acetate and 80 mM lead citrate. Cells were
observed using a Tecnai 12-FEI 120kV BioTwin Spirit transmis-
sion electron microscope (FEI Europe, Eindhoven, Netherlands)
and images of randomly selected cells (minimum 22 cells per
sample) were recorded with an FEI Eagle 4 k x 4 k CCD cam-
era. For analysis, cells and organelles were outlined and measured
(surface area and/or perimeter in pixels) using MetaMorph.
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