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Developmental and homeostatic remodeling of cellular organelles is mediated by a complex process termed autophagy. The co-
hort of proteins that constitute the autophagy machinery functions in a multistep biochemical pathway. Though components of
the autophagy machinery are broadly expressed, autophagy can occur in specialized cellular contexts, and mechanisms underly-
ing cell-type-specific autophagy are poorly understood. We demonstrate that the master regulator of hematopoiesis, GATA-1,
directly activates transcription of genes encoding the essential autophagy component microtubule-associated protein 1 light
chain 3B (LC3B) and its homologs (MAP1LC3A, GABARAP, GABARAPLI, and GATE-16). In addition, GATA-1 directly acti-
vates genes involved in the biogenesis/function of lysosomes, which mediate autophagic protein turnover. We demonstrate that
GATA-1 utilizes the forkhead protein FoxO3 to activate select autophagy genes. GATA-1-dependent LC3B induction is tightly
coupled to accumulation of the active form of LC3B and autophagosomes, which mediate mitochondrial clearance as a critical
step in erythropoiesis. These results illustrate a novel mechanism by which a master regulator of development establishes a ge-

netic network to instigate cell-type-specific autophagy.

ellular differentiation requires massive remodeling of subcel-

lular structures to accommodate specialized functions of cell
progeny. For example, the differentiation of committed hemato-
poietic progenitors into erythrocytes requires disposal of mito-
chondria (mitophagy) and nuclei (enucleation), which are not
required for erythrocyte function. The process whereby cells con-
sume organelles is termed autophagy (29). Autophagy mediates
morphological remodeling in developmental and pathophysio-
logical contexts. A cohort of autophagy proteins functions in a
multistep reaction to generate an autophagosome that engulfs
damaged organelles (53). The subsequent fusion of the loaded
autophagosome with the lysosome results in proteolysis of the
engulfed proteins.

Core components of the autophagy machinery are broadly
expressed, and therefore diverse cell types are competent to
execute autophagy. A recent proteomics analysis expanded the
repertoire of proteins linked to autophagy and illustrated their
complex interaction networks (2). Many questions remain un-
answered regarding how this complex network of apparently
ubiquitous autophagy components is established and what role
cell-type-specific factors have in instigating and regulating au-
tophagy.

Since autophagy is a critical step in erythrocyte development
(19, 39, 41, 57), it is particularly instructive to analyze cell-type-
specific autophagy in this context. Targeted deletion of the BCL-2
family member NIX yields anemia, impaired erythroid matura-
tion, and impaired mitophagy during terminal erythroid differen-
tiation (39, 41). Furthermore, a conditional knockout in hemato-
poietic cells of Atg7, which encodes a protein resembling a
ubiquitin-activating enzyme, yields severe anemia, defective
erythropoiesis, and lethality shortly after birth (31). The defective
mitophagy in Atg7 null mice led to erythroblast and erythro-
cyte cell death, thereby explaining the anemia. In addition, eryth-
rocyte maturation is defective in UNC51-like kinase (Atgl) mu-
tant mice (19). Ribosomes and mitochondria are retained in the
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Atgl mutant reticulocytes. While these studies provide strong ev-
idence that autophagy is crucial for erythropoiesis and implicate
NIX, ATG7, and ATGI as key mediators, it will be crucial to es-
tablish how autophagy is instigated during erythroid maturation
and other cell-type-specific processes and to elucidate the requi-
site regulatory factors/signals.

As nutrient starvation induces autophagy (28), cellular
differentiation-linked autophagy might be a consequence of dra-
matically reduced metabolic activity and/or precursor cell prolif-
erative potential. The primary instigators of differentiation would
not, therefore, directly induce the synthesis, assembly, and func-
tion of autophagy components even though the function of this
machinery is required for the differentiation program. Alterna-
tively, factors/signals instigating differentiation might directly
control the production of autophagy proteins transcriptionally or
posttranscriptionally as an essential step in establishing the requi-
site genetic/protein network for differentiation.

Broadly expressed transcription factors, including ATF4 (37),
E2F1 (35), and p53 (23), are implicated in regulating autophagy gene
transcription. Many questions remain unanswered regarding mech-
anisms underlying autophagy gene expression in cell-type-specific
contexts. In skeletal muscle, the forkhead protein FoxO3 occupies
autophagy gene (Atg12l, LC3b, Bnip3, and Gabarapll) promoters (24,
58). Constitutively active FoxO3 increases their expression 3- to
4-fold, while knocking down FoxO3 or expressing dominant negative
FoxO3 reduces LC3 levels. FoxO3 also functions as a mediator of

Received 24 August 2011 Returned for modification 24 September 2011
Accepted 15 October 2011

Published ahead of print 24 October 2011

Address correspondence to Emery H. Bresnick, ehbresni@wisc.edu.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.06166-11

0270-7306/12/12.00 Molecular and Cellular Biology p. 226-239


http://dx.doi.org/10.1128/MCB.06166-11
http://mcb.asm.org

antioxidant signaling in erythroid cells (25, 55), but potential rela-
tionships between FoxO3 and autophagy in erythroid cells have not
been described. Select autophagy genes are also activated by tran-
scription factor EB (TFEB), a member of the microphthalmia-
transcription factor E (MiT/TFE) family (42). TFEB overexpression
induces UVRAG, WIPI, MAPILC3B, SQSTM1, VPS11, and ATG9B
expression, while small interfering RNA (siRNA)-mediated knock-
down of TFEB downregulates these genes (42). TFEB function in
erythroid cells has not been studied.

Through mining of our GATA factor genomic data sets, we
discovered that the master regulator of hematopoiesis, GATA-1
(4), occupies multiple autophagy genes in erythroid cells. Using a
genetic complementation assay in GATA-1-null erythroid pre-
cursor cells (10, 11), we demonstrate that GATA-1 directly
activates transcription of select autophagy and lysosomal genes
and massively induces autophagosomes. GATA-1, the found-
ing member of the GATA factor family (8, 45), is required for
erythrocyte, platelet, mast cell, and eosinophil development
(12, 27, 34, 43, 48, 50, 54). No prior studies have linked
GATA-1 or any other GATA factor to the induction of au-
tophagy. These results demonstrate how an essential develop-
mental regulator can directly induce autophagy as a key step in
establishing the developmental program.

MATERIALS AND METHODS

Cell culture. G1E-ER-GATA-1 (where ER-GATA-1 represents GATA-1
fused to the estrogen receptor [ER] ligand binding domain) and G1E-ER-
GATA-1(V205G) (harboring a V205G mutation in GATA-1) cells (15)
were derived from murine GATA-1-null GIE proerythroblast-like cells
(51) and were cultured in Iscove’s modified Dulbecco’s medium (IMDM;
Gibco) containing 15% fetal bovine serum (FBS; Gemini), 2% penicillin-
streptomycin (Gibco), 2 U/ml erythropoietin, 120 nM monothioglycerol
(Sigma), 0.6% conditioned medium from a Kit ligand-producing CHO
cellline, and 1 pg/ml puromycin (Gemini). To induce ER-GATA-1 activ-
ity, cells were treated with 1 uM B-estradiol (Steraloids, Inc.). G1E cells
were cultured in the same medium as G1E-ER-GATA-1 without puromy-
cin. Cells were grown in a humidified incubator at 37°C with 5% carbon
dioxide.

To differentiate erythroblasts from human peripheral blood mononu-
clear cells (PBMCs), fresh blood was collected in a heparin-containing
tube, diluted with 2 to 4 volumes of phosphate-buffered saline (PBS), and
overlaid on Ficoll-Paque Plus (GE Healthcare). Samples were centrifuged
at 400 X gfor 30 min at room temperature. The upper layer was removed,
and mononuclear cells were washed twice with PBS. Mononuclear cells
were cultured in StemSpan (Stemcell Technologies) containing stem cell
factor (SCF; 100 ng/ml), Flt3-L (33.3 ng/ml), interleukin-3 (IL-3; 13.3
ng/ml), BMP4 (13.3 ng/ml), erythropoietin (EPO; 2.67 U/ml), and 1 uM
hydrocortisone (Sigma) for 7 days. Cells were then cultured in StemSpan
with SCF (40 ng/ml), IGF-1 (40 ng/ml), IL-3 (13.3 ng/ml), BMP4 (13.3
ng/ml), EPO (3.3 U/ml), and hydrocortisone (1 uM) for another 7 days.
Fresh medium was added every other day, and the cell density was main-
tained at ~3 X 10°/ml. After 14 days, cells were collected by centrifugation
at 2,500 X g for 10 min, washed twice with PBS, and cross-linked with 1%
formaldehyde in PBS for 10 min. The reaction was stopped by the addition
of glycine at a final concentration of 125 mM. After 5 min, cells were
washed twice with ice-cold PBS (Ca?*/Mg?*-free), collected by centrifu-
gation at 2,000 X g at 4°C, and flash frozen in liquid nitrogen. All cyto-
kines were from Peprotech, with the exception of BMP4, which was from
R&D Systems.

Quantitative real-time RT-PCR. Total RNA was purified with TRIzol
(Invitrogen), and 1.5 ug of RNA was used to prepare cDNA by annealing
with 250 ng of a 5:1 mixture of random hexamer and oligo(dT) primers
heated at 68°C for 10 min. This step was followed by incubation with
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murine Moloney leukemia virus reverse transcriptase (Invitrogen) com-
bined with 10 mM dithiothreitol (DTT), RNasin (Promega), and 0.5 mM
deoxynucleoside triphosphates (ANTPs) at 42°C for 1 h. The mixture was
diluted and heat inactivated at 95°C for 5 min. Real-time PCR (RT-PCR)
mixtures (20 ul) contained 2 ul of cDNA, appropriate primers, and 10 ul
of SYBR green master mix (Applied Biosystems). Product accumulation
was monitored by SYBR green fluorescence. Relative expression was de-
termined from a standard curve of serial dilutions of cDNA samples.
mRNA levels were normalized to the 18S rRNA level. The AAC,- (where
Cy is threshold cycle) method was used to quantitatively compare Arg8
homolog gene expression.

Quantitative chromatin immunoprecipitation (ChIP) assay. Immu-
noprecipitation of chromatin complexes from G1E-ER-GATA-1 cells was
conducted as described previously (13). All samples were cross-linked
with 1% formaldehyde for 10 min. ER-GATA-1 was immunoprecipitated
using rabbit polyclonal anti-GATA-1 antibody (14). Rabbit preimmune
(PI) serum (Covance) was used as a control. Samples were analyzed by
quantitative real-time PCR (ABI StepOnePlus). Product was measured by
SYBR green fluorescence, and the amount of product was determined
relative to a standard curve generated from a serial dilution of input chro-
matin. Analysis of dissociation curves showed that primer pairs generated
single products.

ChIP-seq and data processing. ChIP assays were conducted with
cross-linked human peripheral blood mononuclear cell-derived erythro-
blasts as described previously (32). Chromatin from 108 cells was incu-
bated with 60 ul of rabbit polyclonal anti-GATA-1 antibody (14). Follow-
ing overnight incubation at 4°C, protein/DNA complexes were captured
with 100 ul of Staph-Seq (Sigma). After samples were washed, cross-links
were reversed, DNA was purified, and quantitative PCR (qPCR) was used
to confirm enrichment of target sequences in ChIP versus input samples.
Libraries were created as described previously, with minor modifications
(32). Gel size selection of the 150- to 450-bp fraction was conducted after
the adapter ligation step, followed by 18 amplification cycles. ChIP-seq
libraries were analyzed with an Illumina GAIIx. Sequence reads were
aligned to the University of California, Santa Cruz (UCSC), human ge-
nome assembly hgl9 using the Eland pipeline (Illumina). Uniquely
aligned sequences were used to identify GATA-1 occupancy peaks with
Sole-Search, version 2 (http://chipseq.genomecenter.ucdavis.edu/cgi-bin
/chipseq.cgi) (3). Peaks were called with an alpha value 0of 0.001 and a false
discovery rate (FDR) of 0.0001.

RNA interference. Dharmacon siGENOME SmartPools against
mouse Atg4b, Foxo3, and Tcfeb were used with nontargeting siRNA as a
control. siRNA was transfected into 3 X 10¢ of G1E-ER-GATA-1 cells
with an Amaxa Nucleofector (Amaxa, Inc.) as described previously (21).
siRNA was transfected twice, at 0 and 24 h. Cells were treated with
B-estradiol at 6 h and harvested at 48 h.

Protein analysis. Cells were treated with B-estradiol for 0, 24, and 48
h. Equal numbers of cells were lysed with radioimmunoprecipitation as-
say (RIPA) buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, | mM EDTA, and 50 mM Tris-HCI
[pH, 8.0], 10% glycerol) containing 2 mg/ml leupeptin, 5 mM dithiothre-
itol, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF). For whole-cell
protein samples, identical numbers of cells were boiled for 10 min in SDS
sample buffer (25 mM Tris, pH 6.8, 2% B-mercaptoethanol, 3% SDS,
0.005% bromophenol blue, and 5% glycerol). Samples were resolved by
SDS-PAGE, and proteins were measured by semiquantitative Western
blotting with ECL Plus (GE Healthcare). GATA-1 rat monoclonal anti-
body (SC-265) was from Santa Cruz Biotechnology. LC3 mouse mono-
clonal antibody (M115-3), LC3 rabbit polyclonal antibody (PMO036),
GABARAP mouse monoclonal antibody (M135-3), and ATG4B mouse
monoclonal antibody (M134-3) (Medical and Biological Laboratories)
were used.

Immunofluorescence. To detect endogenous LC3B, cells were cyto-
spun and fixed with 3.7% paraformaldehyde in PBS for 10 min at room
temperature. Slides were washed with PBS, and cells were permeabilized
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FIG 1 GATA-1 ChIP-seq with primary human erythroblasts derived from peripheral blood mononuclear cells (PBMC). (A) Representative ChIP-seq profiles
of GATA-1-activated (-like globin genes and PPOX) and -repressed (GATA2 and LYL1I) genes. Chr, chromosome. (B) Comparison of GATA-1 ChIP-seq data
from two independent primary erythroblast cultures differentiated from distinct PBMC samples. Rep, replicate. (C) Location analysis of GATA-1 peaks using the
cis-Regulatory Element Annotation System (http://ceas.cbi.pku.edu.cn/). UTR, untranslated region. (D) Comparison of primary human erythroblast and K562
cell GATA-1 occupancy peaks. (E) Gene ontology analysis of genes occupied by GATA-1 in both primary human erythroblasts and K562 cells (K562-primary
erythroblast-shared genes) versus those occupied by GATA-1 only in K562 cells (K562-unique genes). Unique GO terms, GO terms diagnostic of only one of the
gene categories; common GO terms; GO terms diagnostic of both gene categories.

using 0.2% Triton X-100 in PBS for 15 min at room temperature. After a
washing step, slides were blocked with 5% FBS-2% bovine serum albu-
min (BSA) in PBS for 1 h at 37°C and then incubated with LC3 rabbit
polyclonal antibody (Medical and Biological Laboratories) in 2% BSA
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overnight at 4°C. After being washed, slides were incubated with Alexa
Fluor 488 —goat anti-rabbit IgG antibody (Invitrogen) for 1 h at 37°C.
Slides were washed and mounted using Vectashield mounting medium
with 4’,6'-diamidino-2-phenylindole (DAPI; Vector Laboratories, Inc.).
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FIG 2 Differential expression of autophagy genes during ER-GATA-1-induced G1E-ER-GATA-1 cell maturation. (A) Wright stain analysis of G1E-ER-GATA-1
cell morphology after 0, 24, or 48 h of treatment with B-estradiol. (B) Western blot analysis of ER-GATA-1 in boiled whole-cell samples from untreated and
B-estradiol-treated GIE-ER-GATA-1 cells. (C) Biochemical pathway of ATG8 conjugation system. (D) Real-time RT-PCR analysis of gene expression in
GIE-ER-GATA-1 cells following B-estradiol-induced activation of ER-GATA-1 for various times (mean * standard error; 3 independent experiments). Bmajor
and LylI represent established GATA-1-activated and -repressed genes, respectively.

Cells were photographed using a 100X (numerical aperture, 1.4) oil ob-
jective (Olympus IX2-UCB). Two modes of quantitation were utilized.
Cells containing more than three LC3-positive punctate structures were
scored as autophagosome-positive cells. Second, cells containing one or
more autophagosomes were scored for the number of autophagosomes
per cell.

Primers. The following primers were used for real-time RT-PCR: 18S
rRNA mRNA, CGCCGCTAGAGGTGAAATTCT and CGAACCTCCGA
CTTTCGTTCT; Bmajor mRNA, TTTAACGATGGCCTGAATCACTT
and CAGCACAATCACGATCATATTGC; Lyll mRNA, CCTGACCTGG
ACTGACAAACCT and CACATGGACCCCACGGATA; Atg3 mRNA,
CCATTGAAAACCATCCTCATCTC and GCCTTCTGCAACTGTCTCA
ATAATT; Atgdb mRNA, GGGAACTGGCCCTACTTCAGA and TCCAC
CTCCAATCTCGACCTA; Atg5 mRNA, GGACAGCTGCACACAC
TTGG and TGGCTCTATCCCGTGAATCAT; Atg7 mRNA, GGCCTTTG
AGGAATTTTTTGG and ACGTCTCTAGCTCCCTGCATG; Argl2
mRNA, TGAATCAGTCCTTTGCCCCT and CATGCCTGGGATTTGC
AGT; Atgl6l1 mRNA, GCCCAGTTGAGGATCAAACAC and CTGCTG
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CATTTGGTTGTTCAG; Mapllc3a mRNA, GTTGGTCAAGATCATC
CGGC and CAGCGATGGGTGTGGAGAC; Map1lc3b mRNA, GTGGAA
GATGTCCGGCTCAT and TGGTCAGGCACCAGGAACTT; Gabarap
mRNA, AGGAGCATCCGTTCGAGAAG and CCAGGTCTCCTATCCG
AGCTT; Gabarapll mRNA, GACCTCACTGTTGGCCAGTTC and GTG
GGAGGGATGGTGTTGTT; Gate-16 mRNA, TCAGTTCATGTGGATC
ATCAGGA and TCCCATAGTTAGGCTGGACTGTG; Fogl mRNA, CC
TTGCTACCGCAGTCATCA and ACCAGATCCCGCAGTCTTTG;
Atp6vOe mRNA, TGGTTTATCCCCAAGGGTCC and TTGAGCTGTGC
CAGAATTGG; Clen7 mRNA, ATACAACTCCATGGCCGCAG and GGC
CGAGAGTCATGGGATT; Ctsb mRNA, AGTCAACGTGGAGGTGT
CTGC and CAGAAGCTCCATGCTCCAGAG; Lampl mRNA, ACCTGT
CGAGTGGCAACTTCA and GGGCACAAGTGGTGGTGAG; Neul
mRNA, ACAGAGATGTTTGCCCCTGG and AAGACCCCATCTCGCT
CCA; Tefeb mRNA, CCCTGAGATGCAGATGCCTAA and TGCTGGTG
ACACCCACCAT; Foxo3 mRNA, CAAGGATAAGGGCGACAGCA and
CCCGTGCCTTCATTCTGAA; Bnip3ImRNA, CGTCTTCCATCCACAA
TGGAG and TTGTGGTGAAGGGCTGTCAC. For ChIP analysis the fol-
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FIG 3 GATA-1-mediated control of genes encoding ATG8 homologs. (A) Real-time RT-PCR analysis of mammalian ATG8 homolog transcript levels in
GI1E-ER-GATA-1 cells following activation of ER-GATA-1 for various times (mean * standard error; 3 independent experiments). (B) Real-time RT-PCR
analysis of mammalian ATG8 homolog transcript levels in B-estradiol-treated (24 h) GIE cells lacking ER-GATA-1 (mean =* standard error; 3 independent
experiments). (C) Quantitative analysis of ATG8 homolog transcript levels by the AAC method using primers with indistinguishable efficiencies in G1E-ER-
GATA-1 cells (mean = standard error; 3 independent experiments). (D) Semiquantitative Western blot analysis of LC3B and GABARAP from G1E-ER-GATA-1
cells containing activated ER-GATA-1. Representative images are shown from two to three independent experiments. (E) Expression levels of Atg8 homologs
during primary human erythroid differentiation. Data were mined from the HEM database (https://cellline.molbiol.ox.ac.uk/eryth/index.html). The expression
of the respective genes in erythroid CFU (CFUE) cells was designated 1. Other values represent the expression level relative to that of CFUE cells. ProE,
proerythroblast; IntE, intermediate erythroblast; lateE, late erythroblast.

lowing primers were used: HS2(GATA), AGGGTGTGTGGCCAGA
TGTT and ACCCAGATAGCACTGATCACTCAGC; Necdin promoter, GG
TCCTGCTCTGATCCGAAG and GGGTCGCTCAGGTCCTTACTT;
Map1lc3a promoter, AGTCCCTCTATCCCCTCCACC and GGGAATG
TTACCGAGGGTCAG; Mapllc3a(+11.1 kb), CCCCAGCTCAGGACA
ACAA and TGCTGCCACTACTGCCACC; Map1le3b(—1.5 kb), CTGCA
TCTCCCTTCTGGACACT and CATCCTAGCACACTGGAGACTGAA;
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Map1lc3b promoter, TCTGAGAAGGGACAGCTGAGATAA and GTGA
GCAATCAGACTGTGTCCAG; Mapllc3bintron 1, CCAGTGGGATATT
GGTCTCG and CGAAGGACACAGCCAAGC; Gabarap(—24.5 kb), CG
TGTCCTAGCTTTGGCCC and TCGTTAGACGTGGGACCGTAG;
Gabarap promoter, CTGGATGGAGTCCCTGATGG and CTCCAGCTG
TATGCCCTTCC; Gabarap(+29 kb), AACTTCAGTCGTCGCTGGT
TACT and AACTTCAGTCGTCGCTGGTTACT; Gabarapll promoter,
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CTCTTGGGAAAAGCCACCC and GCCGCACTACGTGGCTAAAG;
Gabarapll intron 1, GGAGGTCCAGCAAGAGAAAGC and GGAATAG
TTAGCTCTCTTCTTCCTCATAG; Gate-16(—10.6 kb), TGAAGGGAG
TGGCTTCTGGT and GCTGCCCTTTTGTCCCTCTT; Gate-16 pro-
moter, AGGGTTAGTGCCGAGCCAC and GGCGAAGTGCCAGTGT
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CAG; Gate-16(+26.5 kb), GACACTAAAGACAATCAAACCAGGC and
CCGTCTTTTCCTACCACACAGAG.

ChIP-seq data accession number. The ChIP-seq data have been de-
posited in the NIH Gene Expression Omnibus (GEO) database under
accession number GSE32491.
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FIG 5 GATA-1 directly activates genes encoding lysosomal proteins. (A) Real-time RT-PCR analysis of lysosomal gene expression in G1E-ER-GATA-1 cells
following ER-GATA-1 activation for various times (mean * standard error; 3 independent experiments; #:, P < 0.01). Values were normalized to 18S rRNA
expression levels. (B) ChIP-seq profiles of GATA-1 occupancy at GATA-1-regulated lysosomal genes in primary human erythroblasts.

RESULTS AND DISCUSSION

Genome-wide analysis of GATA-1 chromatin occupancy in pri-
mary human erythroblasts. Genome-wide studies of GATA-1
chromatin occupancy have analyzed endogenous GATA-1 in
K562 erythroleukemia cells (9) and biotinylated GATA-1 in MEL
cells (5, 56). To develop additional mechanistic insights, we con-
ducted ChIP-seq with endogenous GATA-1 in primary human
erythroblasts differentiated ex vivo from peripheral blood mono-
nuclear cells (PBMCs). Immunoprecipitated DNA from two in-
dependent primary erythroblast cultures, each differentiated from
a unique PBMC sample, was analyzed by massively parallel se-
quencing. Sequences were mapped to the UCSC human genome
assembly hg19. Peak calling analysis of the individual replicates
with the Sole-Search utility with a false discovery rate of 0.001
yielded 5,939 and 8,573 peaks for the two samples. GATA-1 occu-
pied established GATA-1-activated (B-globin and PPOX) and
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-repressed target genes (GATA2 and LYLI) (Fig. 1A) with patterns
similar or identical to those observed in K562 cells (9). To assess
reproducibility of the ChIP-seq data from the two independent
primary erythroblast cultures, we compared the full data sets and
also the top 40% of each to the full additional data set (Fig. 1B).
This analysis revealed 86% identity, consistent with expectations
for replicate analyses with identical samples.

All sequence reads from the two biological replicates were
merged and subjected to peak calling with a false discovery rate of
0.0001, which yielded 13,100 peaks. Location analysis conducted
with these peaks using the cis-Regulatory Element Annotation
System (CEAS [http://ceas.cbi.pku.edu.cn]) revealed GATA-1 oc-
cupancy predominantly at sites >1 kb away from RefSeq genes
(“enhancer”) (44%) and introns (43%) (Fig. 1C). Only 7% of the
GATA-1 occupancy sites mapped to proximal promoters (<1 kb
upstream of the RefSeq 5’ start) (Fig. 1C). The patterns of
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expression levels. (B) ChIP-seq profile of GATA-1 occupancy at BNIP3L in primary human erythroblasts. (C) Expression level of BNIP3L during primary human

erythroblast differentiation from the Human Erythroblast Maturation Database.

GATA-1 occupancy sites with respect to gene features in the pri-
mary cells were indistinguishable from those of the prior K562 cell
GATA-1 data set.

The prior K562 cell ChIP-seq analysis revealed a rich set of
GATA factor targets and important insights for the control of
hematopoiesis. K562 cells resemble primitive erythroid cells and
are transformed, and therefore the GATA-1 genetic network in
K562 cells is likely to differ from that of definitive/primary cells.
We conducted bioinformatic analysis to compare the K562 and
primary cell data sets. GATA-1 peaks in primary erythroblasts
were ranked and truncated to yield an equivalent number of peaks
as for the K562 cells (5,749). Comparison of the 5,749 GATA-1
peaks revealed 35% overlap (Fig. 1D). Based on the ENCODE
overlap rule, the top 40% of the peaks was compared to the entire
peak set for the other cell type, which revealed 50 to 54% overlap.
Gene ontology (GO) analysis was conducted to compare the co-
hort of genes occupied by GATA-1 in both K562 cells and primary
erythroblasts versus genes occupied by GATA-1 solely in K562
cells. This analysis indicated that genes occupied by GATA-1 in
both K562 cells and primary erythroblasts exhibited characteristic
gene ontology functions including hematopoiesis and porphyrin
metabolism. Several unique functional categories were assigned to
genes occupied by GATA-1 only in K562 cells (Fig. 1E). In aggre-
gate, the bioinformatic analysis highlighted major similarities in
the genes occupied in the two systems, as well as certain significant
differences.

GATA-1 directly regulates autophagy gene expression. In-
cluded within the K562 and primary erythroblast ChIP-seq data
sets were genes encoding components of the autophagy machin-
ery. As autophagy is important for erythropoiesis and as the fac-
tors/signals that instigate autophagy during erythropoiesis are un-
known, we further evaluated the GATA-1 link to autophagy gene
expression/function. We used a genetic complementation system
consisting of GATA-1-null erythroid precursor cells that stably ex-
press a conditionally active allele of GATA-1 (G1E-ER-GATA-1 cells)
to analyze mechanisms underlying erythropoiesis-associated au-
tophagy. B-Estradiol treatment of these cells activates ER-GATA-1
and induces erythroid maturation characterized by normal morpho-
logical changes (Fig. 2A) and recapitulation of a normal erythroid
transcriptional profile (15, 52). ER-GATA-1 is expressed in unin-
duced and induced G1E-ER-GATA-1 cells (Fig. 2B) but requires
B-estradiol for its activity to regulate target genes.

We tested whether genes encoding components of the au-
tophagy machinery (autophagy genes) (Fig. 2C) are differentially
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expressed during erythroid maturation of G1E-ER-GATA-1 cells.
Quantitative analysis revealed ER-GATA-1-mediated activation
of Map1lc3b, Atgdb, and Atgl2 and repression of Atg5, while Atg3,
Atg7, and Atgl6l1 expression levels were not significantly affected
(Fig. 2D). The kinetics of ER-GATA-1-mediated activation of
Mapl1lc3b was indistinguishable from that of Bmajor, a direct
GATA-1 target gene (Fig. 2D).

Multiple Arg8 homologs exist, including Map1lc3a, Map1lc3b,
Gabarap, Gabarapll, and Gate-16. These genes and their respec-
tive proteins have not been studied in erythroid cells. We tested
whether ER-GATA-1 uniquely induces Map1Ic3b or if other ho-
mologs are also regulated. ER-GATA-1 activated Mapllc3a,
Map1lc3b, Gabarap, Gabarapll, and Gate-16 expression with sim-
ilar kinetics (Fig. 3A). As a control, we tested whether B-estradiol
alters autophagy gene expression in GIE cells lacking ER-
GATA-1, and the expression of these genes was unaffected (Fig.
3B). Based on the values calculated by the comparative C;- method
from real-time RT-PCR, Gabarap, Gabarapll, and Gate-16 tran-
scripts were most abundant. Maplic3a and Map1lc3b were also
moderately abundant (Fig. 3C).

We tested whether ER-GATA-1-mediated induction of au-
tophagy gene expression increases the steady-state levels of au-
tophagy proteins. As the precise method of generating protein
extracts influences the relative recovery of distinct LC3 species
(30), we conducted semiquantitative Western blotting with boiled
cells and whole-cell lysates. Western blot analysis of boiled cells
revealed considerably more of the lipidated form of LC3 (LC3-1I)
than the nonlipidated form (LC3-I). Phosphatidylethanolamine
(PE) conjugation of LC3 (lipidation) is important for its associa-
tion with the autophagosome membrane (17). ER-GATA-1 in-
duced LC3-I and LC3-II (Fig. 3D). ER-GATA-1-mediated induc-
tion of LC3-I and LC3-II was also apparent with whole-cell lysates
although LC3-I was the more abundant species detected under
these conditions (Fig. 3D). Two distinct anti-LC3 antibodies
yielded indistinguishable results (Fig. 3D). ER-GATA-1 also in-
duced the LC3 homolog GABARAP and its lipidated form
(GABARAP-II) (Fig. 3D).

To determine whether ER-GATA-1-dependent activation of
autophagy genes/proteins is relevant to human erythropoiesis, we
mined an expression database of gene expression during primary
human erythroblast maturation ex vivo (Human Erythroblast
Maturation [HEM] Database [https://cellline.molbiol.ox.ac.uk
/eryth/index.html]) (26). In accordance with our results, expres-
sion of Atg8 homologs was induced upon erythroblast differenti-
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FIG 7 GATA-1 induces autophagosomes. (A) Representative images of LC3 staining in G1E-ER-GATA-1 cells after various times of B-estradiol treatment.
Arrows indicate cells positive for LC3-containing autophagosomes. Scale bar, 5 wm. (B) Quantitation of cells containing LC3-positive autophagosomes (mean *
standard error; 5 independent experiments; *:, P < 0.01). (C) ATG4B knockdown strategy in G1E-ER-GATA-1 cells. (D) Real-time RT-PCR analysis of Atg4b
transcript expression in ATG4B-knockdown G1E-ER-GATA-1 cells (mean * standard error; 3 independent experiments; #:, P < 0.01). Values were normalized
to 18S rRNA expression. (E) Semiquantitative Western blot analysis of ATG4B from G1E-ER-GATA-1 cells transfected with Atg4b or control siRNA. Represen-
tative images are shown from two independent experiments. (F) Representative images of LC3 staining in G1E-ER-GATA-1 cells transfected with Atg4b or
control siRNA. Scale bar, 10 wm. (G) Quantitation of cells containing LC3-positive autophagosomes and the number of autophagosomes per cell (mean *
standard error; 3 independent experiments; *, P < 0.05; **, P < 0.01).

ation (Fig. 3E). Thus, GATA-1 activates select autophagy genesin  vealed GATA-1 occupancy of sites at and near multiple autophagy
murine erythroid cells, and their expression increases during nor-  genes (Fig. 4A). Quantitative ChIP analysis of ER-GATA-1 chro-
mal human erythropoiesis. matin occupancy in G1E-ER-GATA-1 cells at sites corresponding

Mining the primary human erythroblast ChIP-seq data set re-  to the human ChIP-seq peaks confirmed occupancy at these loci
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(Fig. 4B). Combined with the identical kinetics of ER-GATA-1
activation of autophagy genes and Brmajor (Fig. 2D), these results
indicate that GATA-1 directly activates autophagy gene transcrip-
tion.

Since GATA-1 directly activates autophagy genes and since the
lysosome mediates autophagic protein turnover, we asked
whether GATA-1 also regulates lysosomal genes. Quantitation of a
subset of genes involved in lysosome biogenesis/function (38) re-
vealed that ER-GATA-1 induced expression of genes encoding
membrane transporters (Atp6vOe and Clcn7), hydrolases (Ctsb
and Neul), and the prototypical lysosomal component Lamp]l 4-
to 20-fold (Fig. 5A). GATA-1 occupied these loci in primary eryth-
roblasts (Fig. 5B), indicating a direct mechanism of transcrip-
tional control.

The critical mitochondrial protein NIX mediates mitophagy
during erythropoiesis. Given its autophagy function, we tested
whether GATA-1 regulates NIX expression. In a genetic comple-
mentation assay, ER-GATA-1 significantly induced Bnip3I (en-
codes NIX) mRNA 3.3-fold (Fig. 6A). Endogenous GATA-1 oc-
cupied an intronic site at BNIP3L in primary human erythroblasts
(Fig. 6B), indicating a direct activation mechanism. Mining the
Human Erythroblast Maturation Database (26) also revealed that
BNIP3L expression increases during primary human erythroid
cell differentiation (Fig. 6C).

GATA-1-dependent autophagosome assembly. Though mi-
tochondrial clearance during erythropoiesis is critical for reticu-
locyte maturation, it commences at the orthochromatic erythro-
blast stage when enucleation occurs (31). The vast majority of
G1E-ER-GATA-1 cells do not undergo enucleation, and therefore
one would not expect this system to have utility for gauging au-
tophagosome function during late stages of erythropoiesis. How-
ever, since ER-GATA-1 strongly induced components of the au-
tophagy machinery and increased LC3 lipidation, we asked
whether ER-GATA-1-dependent induction of these components
suffices to induce autophagosome assembly. Alternatively, factors
missing from the system, perhaps due to developmental stage,
might be required for autophagosome assembly. We conducted
immunofluorescence analysis of endogenous LC3 in control and
B-estradiol-treated G1E-ER-GATA-1 cells. B-Estradiol treatment
induced a massive accumulation of LC3-positive puncta sur-
rounding the nucleus, with ~30% of the cells exhibiting these
structures 48 h post-B-estradiol treatment; autophagosome-
positive cells were nearly undetectable in untreated cells (Fig. 7A
and B).

As an alternative approach to assessing whether GATA-1 in-
duces autophagosome assembly via a canonical mechanism, we
conducted a loss-of-function analysis with a pivotal component of
the autophagy machinery. ATG4B is a cysteine protease that func-
tions in the LC3 conjugation pathway by cleaving the C terminus
of LC3 (pro-LC3) to yield unconjugated soluble LC3 (LC3-I) (Fig.
2C) (44). This step is followed by conjugation of phosphatidy-
lethanolamine (PE) to form lipidated LC3 (LC3-II), which local-
izes to the autophagosome membrane (16). To test whether
GATA-1-mediated induction of LC3-positive cellular structures
requires ATG4B, we knocked down ATG4B in G1E-ER-GATA-1
cells,activated ER-GATA-1with B-estradiol,and quantitated auto-
phagosome-positive cells (Fig. 7C). Under conditions in which
the siRNA knockdown reduced Atg4b mRNA by 78 to 82% (Fig.
7D) and considerably reduced ATG4B protein levels (Fig. 7E),
autophagosome-positive cells decreased by ~70% (Fig. 7F and G,
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FIG 8 FOG-1 requirement for GATA-1-mediated autophagy gene activation.
(A) FOG-1-dependent and -independent modes of GATA-1 gene regulation.
The V205G mutant exhibits reduced FOG-1 binding and therefore represents
a tool to identify FOG-1-dependent and -independent GATA-1 target genes.
(B) Real-time RT-PCR analysis of gene expression in G1E-ER-GATA-1 or
G1E-ER-GATA-1(V205G) cells (mean = standard error; 2 to 3 independent
experiments). Values were normalized to 18S rRNA expression. Bmajor and
Fogl represent established FOG-1-dependent and -independent GATA-1 tar-
get genes. WT, wild type.

left). The number of autophagosomes per cell also significantly
decreased (Fig. 7G, right). The ATG4B requirement for ER-
GATA-1-induced LC3 assembly into autophagosomes provides
strong evidence that GATA-1 control of autophagy gene tran-
scription has important consequences for stimulating canonical
ATG4B-dependent autophagosome assembly.

Novel modes of autophagy and lysosomal gene control.
GATA-1 regulates a large cohort of target genes through a mech-
anism that requires FOG-1 (Fig. 8A) (6, 46, 47). A much smaller
number of GATA-1 target genes are FOG-1 independent (4, 6, 15,
18, 33). To assess whether GATA-1 requires FOG-1 to regulate
autophagy genes, we compared the capacity of a GATA-1 mutant
compromised for FOG-1 binding [ER-GATA-1(V205G)] to ER-
GATA-1 in a genetic complementation assay in G1E-ER-GATA-1
cells. Previously, we established G1E cell lines stably expressing
equivalent levels of ER-GATA-1 and ER-GATA-1(V205G) (15,
20). Following B-estradiol treatment, autophagy gene expression
was quantitated. The V205G mutant was severely compromised in
its capacity to activate the autophagy genes (Fig. 8B). The mutant
was significantly less effective than ER-GATA-1 in activating the
established FOG-1-dependent GATA-1 target gene Bmajor, and it
resembled ER-GATA-1 in activating the FOG-1-independent
GATA-1 target gene Fogl (Fig. 8B). The crippled activity of the
mutant indicated that GATA-1 partners with FOG-1 to regulate
autophagy genes.

FoxO3 induces autophagy genes during muscle atrophy (24,
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FIG 9 FoxO3-dependent mechanism of GATA-1-mediated autophagy gene regulation. (A) FoxO3 knockdown strategy in G1E-ER-GATA-1 cells. (B and C)
Real-time RT-PCR analysis of gene expression in control and FoxO3-knockdown G1E-ER-GATA-1 cells (mean * standard error; 4 independent experiments;
%, P<0.05; %%, P << 0.01). Values were normalized to 18S rRNA expression levels. (D) Semiquantitative Western blot analysis of LC3-I, LC3-1I, ER-GATA-1, and
tubulin in control and FoxO3-knockdown G1E-ER-GATA-1 cells. (E) Semiquantitative Western blot analysis of GABARAP-I, GABARAP-II, ER-GATA-1, and
tubulin in control and FoxO3-knockdown G1E-ER-GATA-1 cells. A representative image is shown from two independent experiments. (F) Real-time RT-PCR
analysis of FoxO3 transcript levels in GIE-ER-GATA-1 cells following ER-GATA-1 activation for various times (mean = standard error; 3 independent
experiments; ##, P < 0.01). Values were normalized to 18S rRNA expression levels. (G) ChIP-seq profile of GATA-1 occupancy at FOXO3 in primary human
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0.01). Values were normalized to 18S rRNA expression levels.

58) and is essential for the antioxidant response in erythroid cells
(25, 55). However, a potential link between FoxO3 function and
autophagy in erythroid cells has not been described. To test
whether GATA-1-mediated activation of autophagy genes re-
quires FoxO3, we conducted a loss-of-function analysis in which
FoxO3 was knocked down with siRNA in control and -estradiol-
treated G1E-ER-GATA-1 cells (Fig. 9A). The knockdown, which
reduced FoxO3 mRNA levels by 76 and 77% in control and
B-estradiol-treated cells, respectively (Fig. 9B), resulted in a 35 to
50% decrease in ER-GATA-1-mediated induction of Map1lc3b,
Gabarapll, and Gate-16 (Fig. 9C). Map1lc3a and Gabarap expres-
sion increased by 34 and 15%, respectively. Furthermore, the
FoxO3 knockdown strongly reduced LC3 (Fig. 9D), but not
GABARAP (Fig. 9E), protein levels, indicating that FoxO3 is re-
quired for ER-GATA-1-mediated induction of LC3.

To analyze mechanisms underlying the dual GATA-1 and
FoxO3 requirement for autophagy gene expression, we tested
whether GATA-1 regulates FoxO3 mRNA levels in G1E-ER-
GATA-1 cells. ER-GATA-1 significantly induced FoxO3 mRNA
up to 5.5-fold (Fig. 9F). The primary erythroblast ChIP-seq data
set revealed GATA-1 occupancy of the FOXO3 locus (Fig. 9G).
Consistent with the G1E-ER-GATA-1 cell findings, mining the
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Human Erythroblast Maturation Database (26) revealed that
FOXO3 expression increases upon erythroid differentiation (Fig.
9H). These results provide evidence for a bimodal mechanism in
which GATA-1 regulates autophagy genes directly by functioning
at their loci and indirectly by inducing FoxO3, which in turn di-
rectly activates these genes.

Autophagy is commonly studied in the context of nutrient depri-
vation (36). Under these conditions, transcription factor EB (TFEB)
translocates from the cytoplasm to the nucleus, in which it activates
autophagy and lysosomal genes (40, 42). However, this mechanism
has not been reported in hematopoietic cells. To distinguish between
TFEB-dependent and -independent mechanisms of GATA-1-
mediated autophagy and lysosomal gene activation, we knocked
down TFEB, activated ER-GATA-1, and quantitated gene expression
(Fig. 10A). The knockdown efficiency was 80% and 70% in untreated
and treated G1E-ER-GATA-1 cells, respectively (Fig. 10B). Reducing
expression of Tcfeb, which encodes TFEB, did not impair ER-GATA-
1-mediated induction of autophagy (Fig. 10C) or lysosomal genes
(Fig. 10D) and slightly increased Map1lc3a and Gabarap expression
(Fig. 10C). As GATA-1-mediated induction of autophagy and lyso-
somal genes was largely insensitive to downregulating TFEB and as
the magnitude of the downregulation was considerable, these genes
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are subject to a novel TFEB-independent mode of transcriptional
control in erythroid cells.

Transcriptional control of autophagy by a master regulator
of hematopoiesis. Autophagy is essential for cellular remodeling
and homeostatic functions (22, 29). The importance of autophagy
during differentiation and development has emerged from tar-
geted disruption of autophagy genes in mice. Although this work
demonstrates that UlkI and Atg7 are required for erythrocyte de-
velopment (19, 31, 57), mechanisms underlying how the au-
tophagy response is mounted during erythropoiesis are poorly
understood. We demonstrate here that GATA-1 and FOG-1 di-
rectly regulate genes encoding autophagy components. This tran-
scriptional response increases autophagy protein levels, the active
form of LC3 (LC3-II), and autophagosomes. During erythroid
differentiation of primary human erythroblasts, expression of LC3
and LC3 homologs increases, consistent with the GATA-1-
dependent mechanism that we have described. Thus, the tran-
scriptional program to control autophagy described herein has
relevance to normal erythropoiesis.

Evidence has accrued for both transcription-independent and
-dependent mechanisms underlying starvation-induced au-
tophagy. Transcription-dependent mechanisms involve FoxO3
and TFEB, which directly activate autophagy genes in skeletal
muscle and liver cells, respectively (24, 42). Our results indicate
that GATA-1 directly activates autophagy gene transcription (Fig.
11). FoxO3 was required for maximal GATA-1-mediated activa-
tion of select autophagy genes and for GATA-1-mediated induc-
tion of LC3 in erythroid cells. Whereas certain autophagy genes
(Map1ic3b, Gabarapll, and Gate-16) were induced by FoxO3,
Mapllc3a and Gabarap were repressed. Despite these qualitatively
distinct FoxO3 activities, GATA-1 activates expression of all of
these genes and also FoxO3. FoxO3 differentially regulates target
genes in response to erythropoietin by functioning with different
partners (1). By analogy, FoxO3 might also differentially regulate
LC3homolog genes in a context-dependent manner. Though LC3
and GATE-16 subfamilies function differently in autophagosome
formation (49), many questions remain unanswered regarding
the individual functions of LC3 homolog genes in autophagy.

In summary, GATA-1 establishes a transcriptional program
that provides the differentiating erythroblast with the requisite

238 mch.asm.org

autophagy machinery and lysosomal components to ensure high-
fidelity generation of erythrocytes. The concept of a master devel-
opmental regulator instigating cell-type-specific autophagy by di-
rectly controlling levels of the respective protein machinery is
compelling, and it will be important to assess how broadly this
mechanism applies in distinct contexts of cell-type-specific au-
tophagy. Furthermore, given the direct GATA-1 actions at au-
tophagy and lysosomal genes, direct FoxO3 actions at these genes,
coregulation by GATA-1 and FoxO3, and GATA-1 induction of
FoxO3 expression, which indirectly activates autophagy (Fig. 11),
it will be instructive to consider this complex network from a
systems perspective. Accordingly, one can develop computational
strategies to predict how perturbations in the system impact the
quality and quantity of erythrocytes generated from committed
progenitors with the goal of systematically modulating this fun-
damental biological progress.
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