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The Human GATA1 Gene Retains a 5’ Insulator That Maintains
Chromosomal Architecture and GATA1 Expression Levels in Splenic
Erythroblasts
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GATAL is a key transcription factor for erythropoiesis. GATAI gene expression is strictly regulated at the transcriptional level.
While the regulatory mechanisms governing mouse Gatal (mGatal) gene expression have been studied extensively, how expres-
sion of the human GATA1 (hGATAI) gene is regulated remains to be elucidated. To address this issue, we generated hGATA1
bacterial artificial chromosome (BAC) transgenic mouse lines harboring a 183-kb hGATA1 locus covering the hGATA1 exons
and distal flanking sequences. Transgenic hGATA1 expression coincides with endogenous mGatal expression and fully rescues
hematopoietic deficiency in mGatal knockdown mice. The transgene exhibited copy number-dependent and integration posi-
tion-independent expression of hGATAI, indicating the presence of chromatin insulator activity within the transgene. We found
anovel insulator element at 29 kb 5’ to the hGATA1 gene and refer to this element as the 5' CCCTC-binding factor (CTCF) site.
Substitution mutation of the 5" CTCF site in the hGATA1 BAC disrupted the chromatin architecture and led to a reduction of
hGATAI expression in splenic erythroblasts under conditions of stress erythropoiesis. Our results demonstrate that expression

of the hGATAI gene is regulated through the chromatin architecture organized by 5’ CTCF site-mediated intrachromosomal

interactions in the hGATA1 locus.

he GATAL protein is a founding member of the GATA family

of zinc finger transcription factors. GATALI plays a crucial role
in the differentiation of several hematopoietic lineages, including
the erythroid lineage (reviewed in references 1 to 3). GATAl is a
representative of the transcription factors that act in lineage-spe-
cific gene expression. Regulation of mouse Gatal gene expression
has been extensively studied under the concept of the regulation of
the regulator. Genes encoding GATALI usually consist of five cod-
ing exons and one or two noncoding first exons. For instance,
mGatal contains two noncoding first exons, IT and IE, which are
differentially utilized in distinct cell lineages (4). The IT exon pri-
marily directs mGatal expression in Sertoli cells of the testis (5).
The IT exon also resides in the rat Gatal gene (6) (but not in the
human GATAI (hGATAI) gene (4). In contrast, the proximal IE
exon (and promoter) is utilized in mGatal expression in hemato-
poietic cells (4). It has been shown that mGatal expression from
the IE exon/promoter is strictly regulated in each differentiation
stage, as homeostasis of GATA1 expression levels is essential for
hematopoiesis. Indeed, forced transgenic expression of GATAI in
relatively differentiated erythroid cells leads to maturation arrest
of the cells (7).

Through a series of studies on the structure and regulation of
the mGatal gene, we have found that a 3.9-kb mGatal upstream
region including the IE promoter plus 4.2 kb of the first intron
sequence harbors sufficient regulatory information to recapitulate
mGatal gene expression in yolk sac primitive and fetal liver defin-
itive erythroid cells (6). We now refer to these regions as the
GATA1 hematopoietic regulatory domain (G1HRD) (8-10).

Extensive transgenic LacZ reporter mouse analyses utilizing
the GIHRD-based transgene revealed multiple cis-acting ele-
ments in the 5’ flanking region of the IE exon of the mGatal gene.
Those include a GATA-binding motif in the Gatal hematopoietic
enhancer (G1HE/HS1; 3.9 kb upstream) and a proximal palin-
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dromic double GATA (dbGATA) motif located 680 bp upstream
of the IE exon (11-14). An element in the first intron which con-
tains multiple GATA motifs is also required for Gatal gene ex-
pression in fetal liver definitive erythropoiesis and adult bone
marrow progenitors (15). All these regulatory elements are
evolutionarily conserved between humans and mice and ap-
pear to be essential for erythroid lineage-specific GIHRD re-
porter expression (12, 14, 16, 17).

While the GIHRD-based transgenic reporter mouse system
represents significant progress and provides new insights into
mouse Gatal gene regulation, we have noticed that GIHRD is
susceptible to positional effect variegation (PEV), as often occurs
in short transgenic constructs (17). Therefore, we have exploited
and examined transgenic green fluorescent protein reporter ex-
pression under the regulatory influence of 196-kb mGatal bacte-
rial artificial chromosome (BAC) DNA. The 196-kb mGatal BAC
shows resistance to PEV and displays transgene expression in a
copy number-dependent manner (12). This implies that the distal
flanking sequences beyond the evolutionarily conserved GIHRD
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region in mGatal BAC DNA harbors potential insulator activity
or locus control region (LCR) activity that protects mGatal gene
expression from regulatory influences around the transgenic inte-
gration site.

In contrast to the intensive analyses of the mGatal gene, there
exists only limited information regarding the regulatory mecha-
nism of the hGATAI gene. For instance, it has been suggested that
the expression of murine and human GATA1 genes is regulated in
a species-specific manner, since genomic sequences in the distal
flanking region of these genes are not evolutionarily conserved
(18). Epigenomic analyses of flanking regions in the htGATAI and
mGatal genes by mapping of DNase I-hypersensitive sites and
histone modification patterns suggest that the chromatin struc-
tures of these genes are quite different from each other (18, 19).
Therefore, we decided to elucidate the regulatory mechanisms of
the hGATAI gene, knowledge of which is crucial for our under-
standing of human hematopoiesis and the diseases arising from
perturbation of the process.

To this end, we have generated multiple transgenic mouse lines
by using a 183-kb hGATA1 BAC (hG1B) DNA clone that harbors
the hGATAI genomic locus plus extensive flanking sequences.
The regulatory activity of hG1B was compared with that of the
endogenous mGatal gene. The hG1B-directed hGATAI expres-
sion profile coincides nicely with the endogenous mGatal expres-
sion profile, and hG1B-directed hGATA1 expression fully rescues
the hematopoietic deficiency in Gatal.05 knockdown mouse em-
bryos. Importantly, hG1B shows a copy number-dependent ex-
pression of hGATAI, indicating that hG1B retains an enhancer
activity coupled with an insulator activity that protects the
hGATAI locus from the influences of neighboring regulatory se-
quences. By employing chromosome conformation capture (3C)
analysis in combination with the hG1B transgenic system, we
found a binding site for the CCCTC-binding factor (CTCF; a fac-
tor eliciting insulator activity) 29 kb 5" to the htGATA1 gene which
is essential for maintenance of the higher-order chromatin archi-
tecture in the hGATAI locus and hGATAI expression in splenic
erythroblasts under hemolytic conditions. Our present results re-
veal for the first time that the chromatin insulator sequences con-
tribute to regulation of htGATAI gene expression in hematopoietic
lineages through maintenance of the correct chromatin architec-
ture.

MATERIALS AND METHODS

BAC modification and generation of transgenic mice. HGATAI BAC
transgenic mice were generated utilizing hG1B clone RP11-416B14 (Fig.
1A). For construction of the 5" CTCF site-targeting vector, a 1,910-bp 5’
homologous region was amplified by PCR using sense primer AACTGT
ATGCGGCCGCAAACACCAGAATCTGACCCCAGT and antisense
primer TAAATTCGCGGCCGCAAAATTGAAAGCTTAAAGTGGATG.
A 2,983-bp 3" homologous region was amplified by PCR using sense
primer TAGACCAGAGGCATCACACG and antisense primer GGTAAT
GCCTGTCTCCCTGA. Substitution of the 5" CTCF site was introduced
by overlap extension PCR (see Fig. 7A). These fragments were cloned into
a vector containing a neomycin resistance-conferring gene (neo) cassette
to generate the targeting construct. The copy number and the integrity of
the transgenes were determined by quantitative genomic PCR (qGPCR)
using primer pairs amplifying the hGATAI and mGatal gene loci (Table
1) (20). Induction of hemolytic anemia with phenylhydrazine (PHZ) was
performed as previously described (21). Gatal.05 knockdown mutant
mice were described previously (22). All mice were handled according to
the regulations of the Standards for Human Care and Use of Laboratory
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FIG 1 Generation of hGATAI BAC transgenic mouse. (A) Structure of
hGATAI BAC clone RP11-416B14. Analyses of the copy numbers at the five
different regions of the tGATAI BAC transgene show 5 copies, 3 copies, and 1
copy in hG1B transgenic mouse lines 759, 761, and 762, respectively. Data
represent the average = SD for three mice of each line. (B) Relative expression
of transgenic hGATAI mRNA. Expression of transgenic tGATAI mRNA was
monitored. Note that the hG1B transgenic mouse lines (lines 759, 761, and
762; n = 4 for each line) express graded levels of the tGATAI transcript in the
bone marrow. (C) Relative expression of mouse Gata2 mRNA. Note that the
increase in the level of HtGATA1 mRNA expression correlates with the decrease
in the level of endogenous Gata2 mRNA expression in each line of hG1B
transgenic mice. mRNA levels are normalized to GAPDH levels. Statistically
significant differences between wild-type mice (n = 4) and hG1B mice (n = 4
for each line) are depicted (¥, P < 0.05, Student’s unpaired ¢ test).

Animals of Tohoku University and the guidelines for the proper conduct
of animal experiments of the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan.

Fluorescence-activated cell sorter analysis and cell sorting. For sep-
aration of late erythroid progenitors (LEPs) and erythroblasts, bone mar-
row mononucleated cells were stained with anti-c-Kit, anti-CD71, and
anti-Ter119 antibodies (12, 23). For separation of the common myeloid
progenitor (CMP) and the megakaryoerythroid progenitor (MEP), lin-
eage marker-negative cells were stained with anti-c-Kit, anti-CD34, and
anti-phycoerythrin-FcyRII/IIT antibodies (24). All antibodies were pur-
chased from BD Pharmingen. Sorting and analysis of cells were performed
using FACSAria IT and FACSCalibur flow cytometers (BD Biosciences).

Western blotting. Whole bone marrow cells were lysed with standard
2X SDS buffer. The whole-cell lysates were separated by 10% SDS-PAGE.
Western blot analyses were performed using anti-GATA1 (N6 and C20;
catalog numbers sc-265 and sc-1233, respectively; Santa Cruz) and anti-
GATA2 (catalog number sc-1235; Santa Cruz) antibodies as described
previously (25, 26). The Western blot film was scanned, and the band
intensities were quantified using ImageJ software (NIH).
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TABLE 1 Sequences of primers used in qGPCR, RT-qPCR, and genotyping

Human GATAT BAC Transgenic Mouse

Primer sequence

Primer specificity Forward Reverse Purpose

mGatal TCTGGACAACCCAAGTCTCTG GCTTTGAAGGTTCAAGCC RT-qPCR

hGATAI TCTGGACAACCCAAGTCTCTG GCTTTGAAGGTTCAAGCC RT-qPCR

mGata2 ACCTGTGCAATGCCTGTGGG TTGCACAACAGGTGCCCGCT RT-qPCR

hGLOD5 GGGCAGGACTTTGGAGAAAC CGATGTGGTCAAGTCTACGG RT-qPCR

hHDAC6 TATCTGCCCCAGTACCTTCG GCAGCACCATTCAGAACCTC RT-qPCR

Human CTCF GGCTTGAGAGCTGGGTTCTA CGACTGCATCACCTTCCAT RT-qPCR

Mouse GAPDH GTCGTGGAGTCTACTGGTGTCTT GAGATGATGACCCTTTTGGC RT-qPCR

Human GAPDH CGAGATCCCTCCAAAATCAAGT GGCAGAGATGATGACCCTTTTG RT-qPCR
hGATA15" CTCF AAGGGTGTTGGCACTGAAAC GCCCTCTGCTTGTCTCTGAA qGPCR, ChIP-qPCR
hGATAI kb —29 CCTCCCATTCCTGCCCCTTG CTGGCTCAGCGCCTGGAGAT qGPCR, ChIP-qPCR
hGATAI dbGATA CCCCAAGACAGCCTGTTACT CTGGGGCAGCAGATAAGTCT qGPCR, ChIP-qPCR
hGATAI E4 CGGAGGGACAGGACAGG CTTCTTGGGCCGGATGAG qGPCR, ChIP-qPCR
hGATAI E6 AACCGCAAGGCATCTGG CCACCTCCCCACAATTCC qGPCR, ChIP-qPCR
hGATAI 3' CTCF GGATTTGGTGTGGCTACTGC AACCCCCTGGTCAAATTAGG qGPCR, ChIP-qPCR
hGATAI kb +27 CCCATGGGGGATGAGGGTGCCAG TCAGCATCACCCATGCGGGGCCC qGPCR, ChIP-qPCR
mGata2-2.8 GCCCTGTACAACCCCATTCTC TTGTTCCCGGCGAAGATAAT qGPCR, ChIP-qPCR
Mouse HS5 ATGAGGCGTTTTCACCAC AAGGGGTCTTTTCACCGT qGPCR, ChIP-qPCR
Human HS5 TAGCTGAAGCTGCTGTTATGACCAC CCAGATGTCCTGTCCCTGTAAGGT qGPCR, ChIP-qPCR

Quantitative ChIP analysis. Chromatin immunoprecipitation (ChIP)
analysis for detection of CTCF in the hGATAI locus was performed using
the K562 erythroid cell line and PHZ-treated splenic erythroblasts as pre-
viously described (20). Briefly, cells were fixed with 1.0% formaldehyde
for 5 min at room temperature. After fixation, the formaldehyde was
neutralized with 350 mM glycine. The cells were washed with ice-cold
phosphate-buffered saline and resuspended in SDS lysis buffer (50 mM
Tris-HCI [pH 8.0], 1% SDS, 10 mM EDTA). The fixed cells were sonicated
to fragment chromatin DNA into samples 300 to 1,000 bp in length.
Sonicated chromatin DNA samples were centrifuged at 13,000 X g for 10
min, and the supernatant was diluted 5-fold in ChIP dilution buffer (50
mM Tris-HCI [pH 8.0], 167 mM NaCl, 1% Triton X-100, 0.1% sodium
deoxycholate, protease inhibitors [Complete mini-EDTA-free; Roche]).
Immunoprecipitation was carried out with anti-CTCF (Active Motif) and
control rabbit IgG (catalog number sc-2027; Santa Cruz) antibodies. The
immunoprecipitated materials were eluted in ChIP elution buffer (10 mM
Tris-HCI [pH 8.0], 300 mM NaCl, 5 mM EDTA, 0.5% SDS). The cross-
links were reversed by incubation with 1.5 pg/ml proteinase K at 55°C for
3 h, followed by 65°C for 8 h. Quantitative PCR (qPCR) was carried out
using 2X SYBR green PCR master mix (PE Applied Biosystems). The
primer pairs used for amplification of each point in the tGATAI locus are
listed in Table 1. Relative enrichment compared to the input was calcu-
lated.

Silencing of CTCF expression by siRNA. K562 cells were transfected
with small interfering RNA (siRNA) against CTCF or control siRNA
(Stealth RNAi siRNA negative-control Hi GC; Invitrogen) using a Neon
transfection system (Invitrogen). At 48 h after transfection, the cells were
subjected to analysis. The siRNA sequence for human CTCF was 5'-UCA
CCCUCCUGAGGAAUCACCUUAA-3'".

RT-qPCR. Total RNA was purified from cells using RNeasy (Qiagen)
and reverse transcribed by SuperScript III (Invitrogen) with random hex-
amers. Quantitative real-time reverse transcription (RT-qPCR) was con-
ducted using an ABI Prism 7300 sequence detector system (PE Applied
Biosystems) and 2X SYBR green PCR master mix (Invitrogen). The
mRNA level of each gene was normalized to the GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) mRNA level. The primer sequences are
listed in Table 1.

EMSA. Electrophoretic mobility shift assays (EMSAs) were conducted
as previously described (27). For supershift assays, the reaction mixture
was incubated with anti-CTCF antibody (catalog number 61311; Active
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Motif). The sense-strand sequences of the wild-type and the mutated 5’
CTCEF probes are depicted in Fig. 7A.

Enhancer blocking assay. A 1,259-bp DNA fragment containing the
5" CTCEF site was amplified by PCR using sense primer CACTGCAACCT
CCGCCTCCCGGATTCACGCGATTC and antisense primer AATTAGC
TGGGCATGGTGACGTGCACCTGTAATCC. A nucleotide substitution
was introduced into the 5" CTCF site by overlapping PCR-based mu-
tagenesis. The DNA fragments were inserted between the 6.5-kb human
B-globin short recombined LCR (wLCR) and the simian virus 40 (SV40)
promoter (7). Enhancer blocking assays using a dual-luciferase (Luc) re-
porter system were performed by a standard protocol in K562 cells (28).

3C analysis. The 3C assay was performed as described previously (29).
Briefly, after PHZ-induced hemolytic anemia, formaldehyde cross-linked
chromatin from K562 cells or whole spleen cells (107 cells) was digested
with EcoRI at 37°C overnight. Religation of the restriction fragments was
performed with T4 DNA ligase at 16°C for 4 h. To prepare control tem-
plates for standard curves, a BAC clone (RP11-416B14) harboring the
hGATAI locus was treated by use of the same protocol; restriction diges-
tion with EcoRI was followed by religation with T4 DNA ligase. After
reversing the cross-links, genomic DNA was purified by phenol extrac-
tion and subsequent ethanol precipitation. Assessment of the religated
products was performed by real-time PCR with a TagMan probe using
an ABI Prism 7500 system (PE Applied Biosystems). All PCR products
were cloned and sequenced to confirm the sequences of the ligated
products. 3C-quantitative PCR data were normalized to the data for a
loading control, using internal primers located in the excision repair
cross-complementation group 3 gene (ERCC3). Statistical analysis of
the data from three independent experiments was performed by Stu-
dent’s f test. The sequences of the primers and the TagMan probes are
listed in Table 2.

Public ChIP-seq data. ChIP sequencing (ChIP-seq) data for CTCF,
Rad2l, monomethylated H3K4 (H3K4mel), trimethylated H3K4
(H3K4me3), and acetylated H3K27 (H3K27Ac) in K562 and MEL cells
were obtained from the University of Washington transcription factor
binding site database (accession numbers GSE30263 and GSE29218). The
Pennsylvania State University Bioinformatics Group created the verte-
brate conservation data (http://www.bx.psu.edu/miller_lab/). All the data
are part of the mouse/human ENCODE project (30).
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TABLE 2 3C primers designed for EcoRI restriction sites

Position no.

or gene Primer sequence TaqMan probe (anchor fragment) Purpose

0 CCATGTGGAGAGAGGCTAGG CTCCTAAAGCTCAAGGTCAGCGCTGTGTTT 3C assay

1 CTGAGGAGGGAGGATTGCTT 3C assay

2 GGCCTCCTCTGTGTCTTGTC 3C assay

4 CTGCCTAGGTTCGAATTCCTC 3C assay

5 TCTCACTCTCAGGGTATTTAGCA CTTTGATCTACTAGATCCAAAGGTAGAAA 3C assay

6 CACCAGCAGGAGCTCAATAA 3C assay

7 GCCGACCACTTTCCCTAGTT 3C assay

8 GAGGGGTGGTGTCCTTCTC 3C assay

9 TTGGTGTTGGATGAGCAGTT 3C assay

10 TGCATCTTACAAACAGTGACATCT 3C assay

11 ATCTGCCAAGGGTCTGTCAT 3C assay
ERCC3 GTAGCACGTGTCTAGCCTTGAACATTAGGCCGGAGTAGC Normalization
RESULTS hGATAI and endogenous mGatal mRNA expression. We found

Copy number-dependent mRNA expression of hGATAI in
hGATAI BAC transgenic mouse lines. To investigate the regula-
tory mechanisms and to assess the functional boundaries of the
human GATAI (hGATAI) gene, we examined hGATAI BAC
(hG1B) clone RP11-416B14, which contains a 183-kb genomic
region spanning the sequence flanking from approximately 80 kb
5" to 116 kb 3’ of the hGATAI gene (Fig. 1A). We generated three
lines of hG1B transgenic mice (lines 759, 761, and 762) by using
the BAC clone. After breeding the three established lines of trans-
genic mice to a C57BL/6] mouse background for more than five
generations, we quantified the BAC copy number at five different
regions encompassing the region from kb —29 to kb + 27 in the
transgenic hGATA1 locus by quantitative genomic PCR (QqGPCR)
analysis. The 759, 761, and 762 lines harbor 5 copies, 3 copies, and
1 copy of the hG1B transgene, respectively (Fig. 1A).

To examine whether transgene copy numbers correlate with
the level of AtGATAT mRNA expression, HGATAI transcript levels
in whole bone marrow cells were examined by quantitative real-
time reverse transcription-PCR (RT-qPCR) analysis with a spe-
cific hGATAI primer pair. We found that among the three trans-
genic lines, the 762 line with a single copy of the hG1B transgene
showed the lowest level of the hGATA1 transcript, while the 759
line with 5 copies of the hG1B transgene showed the highest level
of hGATA1 mRNA expression, which was approximately 4.9-fold
higher than that of the 762 line (Fig. 1B). The line 761 mice with 3
copies of the transgene exhibited a medium level of HGATAI ex-
pression that was approximately 2.3-fold higher than that of line
762 mice. All three lines of transgenic mice were free of hemato-
poietic abnormalities and were indistinguishable in appearance
from their wild-type littermates (data not shown). The increase in
the level of ktGATAI mRNA expression correlated nicely with the
decrease in the level of endogenous Gata2 mRNA expression (Fig.
1C), in agreement with the report that GATA1 negatively regu-
lates Gata2 expression during erythroid differentiation (31).
These results thus indicate that hG1B confers a copy number-
dependent expression of hGATAI.

Transgenic hGATA1 expression shows hematopoietic lin-
eage and stage specificity. To verify hematopoietic lineage-spe-
cific hGATAI expression in the hG1B transgenic mice, we sepa-
rated Ter119-positive erythroblasts (BM-EBs), Macl-positive
macrophages, CD41-positive megakaryocytes, and thymocytes
from the transgenic mice and examined transgene-derived
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that hGATAI and mGatal were expressed abundantly in the
Ter119-positive erythroid cells and CD41-positive megakaryo-
cytes, while both mRNAs were expressed at low levels in Macl-
positive macrophages and thymocytes (Fig. 2A), suggesting that,
in this mouse milieu, the hG1B transgene recapitulates the origi-
nal regulatory activity exerted in human erythroid lineage cells,
and the specificity showed a good resemblance to endogenous
mGatal expression.

To address how hGATAI expression changes during the ery-
throid differentiation process, we separated hematopoietic pro-
genitor fractions, including the common myeloid progenitor
(CMP), the megakaryoerythroid progenitor (MEP), and the c-
Kit™ CD71" late erythroid progenitor (LEP) (32), from hG1B
transgenic mice by flow cytometry (Fig. 2B, top and middle). It has
been reported that mGatal expression is detected at a low level in
the CMP stage and reaches a peak in the LEP and proerythroblast
(ProEB) stages; thereafter, the level of expression gradually de-
creases toward terminal erythroblast maturation (32, 33). The lev-
els of expression of endogenous mGatal and transgene-derived
hGATAI mRNAs in these fractions were separately quantified.
Showing very good agreement with the mGatal mRNA expression
profile, hG1B-derived hGATA1 mRNA became detectable in the
CMP stage, and the level of expression increased in the MEP and
LEP stages (Fig. 2C).

Utilizing a protocol with Ter119 and CD71 antibodies (23), we
separated erythroid lineage cells (Fig. 2B, bottom). We examined
hGATALI expression in each stage of erythroblasts and compared
that with endogenous mGatal expression. The hGATAI expres-
sion profile during erythroblast differentiation coincided with
that of endogenous mGatal (Fig. 2C). These results demonstrate
that the 186-kb hG1B harbors a comprehensive set of regulatory
sequences that directs lineage- and stage-specific expression of the
hGATAI gene in a mouse hematopoietic milieu in vivo.

The hG1B transgene rescues Gatal.05 knockdown mice
from embryonic lethality. To address whether the hG1B trans-
gene directs levels of hGATAI expression physiologically suffi-
cient to sustain mouse survival, we tried to rescue Gatal.05 knock-
down mice from lethal hematopoietic deficiency. For this
complementation rescue analysis, we bred Gatal.05/X heterozy-
gous female mice with hG1B transgenic male mice and examined
whether the hG1B transgene could rescue the Gatal.05/Y male
mice from embryonic lethality. We found that Garal.05/Y male
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FIG 2 Hematopoietic lineage and differentiation stage-specific tGATAI ex-
pression from the hGATAI BAC transgene. (A) Relative expression of
hGATAI and mGatal mRNAs in Ter119-positive erythroid cells, CD41-posi-
tive megakaryocytes, Mac1-positive macrophages, and thymocytes. Note that
hGATAI and mGatal mRNAs are expressed at comparable levels and abun-
dantly in both erythroid cells and megakaryocytes, while macrophages and
thymocytes showed comparable levels of expression of both mRNAs, but the
levels were lower than those in erythroid cells and megakaryocytes. The level of
hGATAI and mGatal mRNA expression in Ter119-positive erythroid cells was
set equal to 1. (B) Flow cytometric separation of hematopoietic progenitor
cells (top), late erythroid progenitor cells (middle), and erythroblasts (bot-
tom). Hematopoietic progenitors are separated from the Lin~ c-Kit" fraction
of bone marrow cells, while late erythroid progenitors and erythroblasts are
separated from whole bone marrow cells. (C) Both hGATAI and mGatal
mRNAs showed similar expression profiles during erythroid differentiation
through the CMP, MEP, LEP, fraction I (ProEB), fraction II (basophilic eryth-
roblast), and fraction III (poly- and orthochromatic erythroblast) stages. The
level of hGATAI and mGatal mRNA expression in the CMP stage was set equal
to 1. mRNA levels were normalized to GAPDH levels. Data represent the
average * SD for four hGATAI BAC transgenic mice (line 762). The remain-
ing two lines of hG1B transgenic mice (the 759 and 761 lines) exhibited pat-
terns of lineage- and stage-specific tIGATAI expression similar to those of the
762 line.

mice were successfully rescued from embryonic lethality and sus-
tained their life until adulthood when mated with mice from these
three lines of hG1B transgenic mice (Table 3). The numbers of
hG1B-rescued Gatal.05/Y mice, which we refer to as hG1R mice,
followed a Mendelian transmission rate when the mice were geno-
typed at 2 to 3 months after birth. The appearance of hG1R mice
was normal, and we did not notice any signs of anemia throughout
embryonic development and adult stages (data not shown). The
peripheral blood of hG1R mice indeed exhibited normal hemato-
poietic indices (Table 4). This result was quite reproducible, and
all three rescued mouse lines showed similar results.

We also examined the differentiation of erythroid lineage cells
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Human GATAT BAC Transgenic Mouse

in bone marrow. We found that LEPs reside in hG1R mice at levels
comparable to those in wild-type control mice (Fig. 3A). The lev-
els of three erythroblast fractions separated by CD71 and Ter119
(fractions I, II, and IIT) (23) were also comparable between hGIR
mice and wild-type mice (Fig. 3B). Furthermore, CD41" CD61™"
megakaryocytes were normally developed in hGIR mouse bone
marrow (Fig. 3C). While in Fig. 3 we show the results for line 762
of mice expressing 1 copy of the hG1B transgene, these results
were reproducible in all three lines of rescued mice. We have
therefore demonstrated that the hG1B transgene sustains ade-
quate erythropoiesis and megakaryopoiesis in the mouse in vivo.

hG1B-directed hGATA1 protein expression in transgenic
rescued Gatal.05 mice. We assessed the hG1B transgene-directed
expression of the hGATA1 protein quantitatively in whole bone
marrow cells from the lines of hG1R mice expressing high (line
759) and low (line 762) levels of the hG1B transgene. Western
blotting using a goat antibody raised against the C terminus of the
hGATAI1 protein (C20) detected high (line 759) and low (line 762)
levels of hGATAL protein expression in hGI1R mice (Fig. 4A). The
bands were scanned and the intensities were quantified, and we
found that the expression of hGATAL in line 762 was almost com-
parable to that of mGATALI in wild-type mice and that in line 759
it was approximately 8-fold higher than the level of endogenous
mGATALI expression (Fig. 4B).

Of note, in hG1R mice expressing a high level of the hG1B
transgene (line 759), the GATA2 protein level fell to almost half of
that in wild-type mice, while the level in hGIR mice expressing a
low level of the hG1B transgene (line 762) was only marginally
decreased in comparison with that in wild-type control mice (Fig.
4A). Thus, high-level hGATA1 expression is able to suppress
Gata2 gene expression in hematopoietic progenitor cells in vivo, as
is the case for high-level expression of mGATA1 (31, 33).

We also exploited our homemade rat monoclonal antibody
against the N terminus of the mouse GATA1 protein (N6) (4).
Whereas N6 detected endogenous mGATALI protein in the wild-
type control mice, the antibody did not react with hGATALI in the
759 and 762 lines of hGIR mice (Fig. 4A). Although Gatal.05
knockdown mice retained approximately 5% of the level of
mGATA1 expression as wild-type mice (22), such a level of
mGATALI expression was rarely detected under the experimental
conditions used in the present study. Thus, the hG1B transgene
directs sufficient (or more than sufficient) hGATA1 expression to
reconstitute normal erythroid and megakaryocytic lineages in
Gatal.05 knockdown mutant mice.

The hGATAI locus contains evolutionarily unique CTCF-
binding sites. The copy number-dependent expression of the
hG1B transgene led us to surmise that the 183-kb human GATAI
locus corresponding to the hG1B transgene harbors a locus con-
trol region with activity that is constituted of both insulator and

TABLE 3 Transgenic rescue of Gatal.05/Y knockdown mice from
embryonic lethality by crossing with hG1B transgenic mice”

Total no. of No. of Gatal.05/
Line mice Y::hGATAI BAC transgenic mice
759 104 12 (14)
761 82 7 (10)
762 96 10 (12)

@ Genotyping was conducted 8 to 12 weeks after birth. Numbers in parentheses are the
expected number of transgene-rescued Gatal.05/Y mice.
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TABLE 4 Hematopoietic indices of hG1B transgenic rescued adult mice”

Genotype

(no. of mice) WBC count (10%/pl) RBC count (10*/pl) Hb (g/dl) Ht (%) PLT count (10*/pl)
Wild type (6) 58.3 £ 12.2 932 = 118 143 = 1.1 44.8 = 4.7 95.6 = 32.8

hGIR (7) 55.0 = 23.0 972 = 162 13.9 £ 0.5 46.0 = 3.2 96.5 * 21.9

“ Peripheral blood from 2- to 3-month-old mice of line 762 was examined. WBC, leukocyte; RBC, erythrocyte; Hb, hemoglobin; Ht, hematocrit; PLT, platelet.

enhancer activities. The insulator activity eliminates the positional
effect variegation (PEV) of transgenes by generating gene bound-
aries and by blocking enhancer influences (28). As vertebrate in-
sulators that exhibit enhancer-blocking activity are shown to bind
to the CCCTC-binding factor (CTCF) (34, 35), we searched for
CTCEF-binding sequences in the HtGATAI locus and found several
high CTCF-binding peaks within the HtGATAI locus in the ChIP-
seq database with human erythroid cell line K562 (http://genome
.ucsc.edu/). Particularly of note, high and sharp peaks were lo-
cated 29 kb upstream and 21, 33, and 50 kb downstream of the
hGATAI gene locus (Fig. 5A).

We also searched for binding sites for Rad21, which is a com-
ponent of the CTCF/cohesin complex and is known to colocalize
with the insulator (36). We found that the Rad21 site is localized at
the 29-kb upstream and 21-kb downstream sites, as indicated
by the gray lines in Fig. 5A (http://genome.ucsc.edu). In particu-
lar, the 29-kb upstream region showed the highest peak of Rad21
binding in the hAGATA1 locus (Fig. 5A). We refer to these two sites
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FIG 3 Erythroid lineage cells in the bone marrow of hG1R mice are within the
normal range. (A and B) hG1B-rescued Gatal.05/Y (hG1R) mice show normal
populations of erythroid lineage cells. hG1R mice of the 762 line were used in
this analysis, and LEPs and three different stages of erythroblasts were analyzed
and compared with those from wild-type mice. (C) CD41" CD61" mega-
karyocytes (Meg) are normally developed in the hG1R mice. Quantification
data for each fraction (right column) represent the average + SD derived for
hGIR (black bars; n = 7) and wild-type (white bars; n = 6) male mice. N.S.,
not significant.
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as the 5" CTCF and 3’ CTCEF sites, respectively. Of note, among
vertebrate species the genomic sequences around the CTCF-bind-
ing peaks are less evolutionally conserved than the body of the
GATAI gene locus (Fig. 5A). The distribution patterns of the
CTCF-binding peaks in the mGatal and hGATAI loci are quite
different from each other (http://genome.ucsc.edu/) (Fig. 5B).
We next examined the histone modification pattern in the
hGATAI locus using the ChIP-seq database with K562 cells (http:
/Igenome.ucsc.edu/) and found that active histone modifications,
i.e., H3K4mel and HeK27Ac, both of which mark active enhancer
regions, predominantly accumulated between the 5" and 3" CTCF
sites (Fig. 5A) (37). H3K4me3, which marks transcription start
sites, was also detected mainly between the 5" and 3" CTCF sites
(Fig. 5A). These data further support our contention that the two
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FIG 4 hGATALI protein expression in hG1R mice. (A) Western blotting anal-
yses of the GATA1 and GATA2 proteins in the bone marrow of transgenic
rescued mice. A goat antibody raised against the C terminus of the hGATA1
protein (C20) detects high (line 759) and low (line 762) levels of abundance of
the hGATA1 protein in hGIR mice (top row). The GATA?2 protein level was
decreased significantly in hG1R mice expressing high levels of the hGATAI
transgene (line 759) and only marginally in hG1R mice expressing low levels of
the hGATAI transgene (line 762) compared with the GATA?2 protein level in
wild-type control mice (second row). A rat monoclonal antibody against the N
terminus of the mGATA1 protein (N6) detects only endogenous mGATA1
protein in the wild-type control mice (third row). In hG1R mice, endogenous
mGATAI gene expression is knocked down 5% compared to the normal level
and mGATALI protein expression is usually not detectable. Lamin B served as a
loading control. (B) The levels of mouse or human GATALI protein expression
detected by the C20 antibody were quantified and normalized to the lamin B
level. Data represent the average = SD for three mice of each genotype.
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CTCF/Rad21 sites located at kb —29 (5" CTCEF site) and kb +21
(3" CTCF site) in the flanking regions of the hGATAI locus have
insulator activity and protect the tGATAI gene locus from PEV.

CTCF accumulates in the hGATAI locus and exerts regula-
tory activity. We next examined whether CTCF binds to these
binding sites by means of chromatin immunoprecipitation
(ChIP) analysis using an anti-CTCF antibody. CTCF indeed
bound to the 5" and 3" CTCF sites but not around the IE promoter
region of the hGATAI gene in K562 cells (Fig. 6A). In addition,
CTCF also bound to the 3" end of the hGATA1 gene body (Fig. 6A,
hGATAI E6).

We also examined whether CTCF functionally contributes to
hGATAI gene regulation in erythroid cells. To this end, we em-
ployed an approach that used siRNA knockdown of CTCF and
examined the consequences of reduced CTCF expression in K562
cells. The siRNA for CTCEF (siCTCF) suppressed the CTCF mRNA
expression level to 40% of the normal level (Fig. 6B, left). Consis-
tently, the level of CTCF accumulation at the 5" and 3" CTCEF sites
and at the hGATAI E6 site was decreased to less than approxi-
mately half of the normal level (Fig. 6A). Of note, tGATA] mRNA
expression was decreased to 40% of the normal level in K562
cells after the siRNA-mediated reduction of CTCF expression
(Fig. 6B, center), while the expression level of the human HDAC6
(hHDACS6) genes, which are localized in the 3" flanking region of
hGATA1I, was not changed (Fig. 6B, right). These results indicate
that CTCF plays an important role for maintenance of hGATAI
gene expression in K562 cells, while the tHDACS6 gene is not un-
der the regulatory influence of CTCF.
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FIG 6 CTCF accumulation in the hGATAI locus. (A) CTCF accumulates at
the 5" and 3" CTCF sites in the hGATA1 locus of K562 cells. CTCF also binds to
the 3" end of the hGATAI gene (E6) but not to the IE promoter region. Note
that upon siRNA knockdown of human CTCF, CTCF binding in the hGATA1
locus was diminished. HS5, human (3-globin LCR DNase I hypersensitive site
5, which served as a positive-control locus. (B) siRNA knockdown reduces the
human CTCF mRNA level to 40% of the normal level. The htGATA1 expression
level is decreased 50% upon knockdown of human CTCF. In contrast, the level
of hHDAC6 expression is not changed regardless of the human CTCF expres-
sion level. mRNA levels are normalized to GAPDH levels. Data represent
the mean & SD. Statistically significant differences from three independent
experiments are depicted (¥, P < 0.05, Student’s unpaired ¢ test). siCont,
control siRNA.
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FIG 7 The sequence of the 5" CTCF site retains enhancer-blocking activity.
(A) Wild-type (upper) and mutated (mut; lower) sequences of the probe for
the 5" CTCEF site. The boldface nucleotides represent the predicted CTCF-
binding sequences, and the lowercase and underlined nucleotides represent
the mutated sequences. (B) Electrophoretic gel mobility shift assay of CTCF
binding. The probe for the 5" CTCF site yields a band shift of a specific DNA-
protein complex (arrowhead, lane 1), which is eliminated by adding 100-fold
more wild-type cold probe (lane 2). The 5" mutant probe fails to compete for
the DNA-protein complex (lane 3). The band shift of the specific DNA-protein
complex (arrowhead, lane 5) is supershifted by incubation with incrementally
increased amounts of anti-CTCF antibody (arrowheads, lanes 6 to 8). (C)
Results of an enhancer-blocking assay for the 5’ CTCF-binding site. A
1,259-bp fragment containing the sequence of the 5" CTCF site exerts enhanc-
er-blocking activity when placed between the 6.5-kb B-globin wLCR and the
SV40 promoter-luciferase cassette. Note that the substitution mutation of the
CTCF-binding site diminished the enhancer-blocking activity. Data represent
the mean * SD. Statistically significant differences from three independent
experiments are depicted (¥, P < 0.05, Student’s unpaired  test).

CTCEF directly binds to the 5" CTCF site in the hGATA1 gene.
To further characterize CTCF binding to the 5" and 3" CTCF sites,
we employed an algorithm for prediction of the CTCF-binding
site (http://insulatordb.uthsc.edu/) (38) and found one candidate
CTCEF-binding sequence in the 5" CTCF site (Fig. 7A). We pre-
pared double-strand oligonucleotide probes corresponding to the
5" CTCEF site and performed electrophoretic mobility shift assays
(EMSAs) using K562 nuclear extracts to assess whether the CTCF
protein directly binds to the sequence. The probe for the 5" CTCF
site yielded a specific DNA-protein complex on EMSA, which was
competed out by adding an excess amount of cold probe (Fig. 7B,
lane 2). The specific band was supershifted by incubating with
anti-CTCF antibody. We have tested incremental amounts of the
antibody, and the results were quite reproducible (Fig. 7B, lanes 6
to 8). These data thus demonstrate that, in vitro, CTCF binds to
the 5" CTCF sequences in the hGATAI locus.

In contrast, while there is one consensus CTCF-binding se-
quence in the 3" CTCEF site, we could not detect specific DNA-
protein complex formation with the probe for the 3" CTCF site
using EMSA. We tried the experiments five times; each time, non-
specific bands were visible, but the cold probe did not compete out
these bands (data not shown). While there still remains the possi-
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bility that CTCF binds to the 3’ CTCF site in vivo in the chromatin
context, in the following analyses we focused on the 5" CTCF site.

The 5’ CTCF site exerts enhancer-blocking activity. We next
conducted an enhancer-blocking analysis of the 5" CTCF site es-
sentially by exploiting the method developed by Gaszner and
Felsenfeld (28). For this purpose, we prepared a new enhancer-
blocking assay plasmid by inserting the 1,259-bp-long 5" fragment
of the CTCF-binding site between a 6.5-kb human B-globin
LLCR (7) and an SV40 promoter-directed luciferase (Luc) cas-
sette (Fig. 7C). These plasmids were transfected into K562 cells,
and Luc reporter activity was assessed. wLCR activated SV40 pro-
moter-directed Luc expression 2.3-fold compared to the level of
expression obtained with the enhancer-less Luc reporter (Fig. 7C).
The wLCR activity was abrogated by the insertion of the 5" CTCF
site, but this blocking activity was cancelled by the substitution
mutations within the CTCF site shown in Fig. 7A (Fig. 7C). These
results demonstrate that the 5" CTCEF site of the hGATAI locus
exerts enhancer-blocking activity against the B-globin wLCR in
K562 erythroid cells.

The 5’ CTCF site participates in the organization of the
hGATAI locus chromatin architecture. CTCF-mediated chro-
matin insulator activity is often elicited through formation of a
higher-order chromatin architecture around the gene locus. To
test this possibility, we examined the long-range chromosomal
interaction in the endogenous hGATAI locus by means of chro-
mosome conformation capture (3C) analysis with K562 cells.
When we set an anchor fragment at the 5" CTCEF site, we found
that a chromosomal interaction loop was formed between the 5’
CTCEF site and the 3’ end of the human GLOD5 (hGLODS) gene
(Fig. 8B). The 5" CTCEF site also interacted with the 3’ end of the
hGATAI gene, but the anchor site did not show an interaction
with the 3’ CTCEF site (Fig. 8B). These results were somewhat
surprising for us, as the strongest signals of CTCF (and Rad21)
binding were seen in the 5" and 3’ CTCEF sites of this locus in the
data from the public ChIP sequence database (Fig. 5A).

The interaction of the 5" CTCF site with the 3’ end of the
hGATAI gene is consistent with CTCF accumulation at the 3 end
of the hGATAI gene body (Fig. 5A and 6A, hGATAI E6). How-
ever, we did not find the CTCF and Rad21 peaks at the 3" end of
the hGLOD5 gene in the data from the public ChIP sequence
database (Fig. 5A). Thus, these results suggest that the 5 CTCF
site forms chromatin loops through an interaction with the 3’
boundary region of A\GLODS5 and the 3’ end of the hGATAI gene
in K562 cells by using the CTCF-mediated mechanism and/or
some other mechanisms.

Verification of the chromatin architecture utilizing spleen
cells from hG1B transgenic mice with hemolytic anemia. To ex-
amine whether the higher-order chromatin architecture is repro-
ducible in mouse hematopoietic cells in vivo, we performed a 3C
analysis similar to that described above utilizing spleen cells from
transgenic mice with a single copy of hG1B (line 762). We injected
phenylhydrazine (PHZ) into the mice, and at 5 days after the
injection, whole spleen cells that mainly consisted of Ter119-pos-
itive erythroblasts (here referred to as PHZ-SP cells) were sub-
jected to 3C analysis. When the 5" CTCEF site was used as the
anchor fragment, the site interacted with both the 3" end of the
hGLODS gene and the 3" end of the hGATAI gene (Fig. 8C, top),
showing very good agreement with the results obtained with K562
cells (Fig. 8B).

To further confirm the higher-order chromatin architecture of
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FIG 8 The 5’ CTCF site is important for the chromatin architecture in the
hGATATI locus. (A) Sequences of the 5" CTCF site in the wild-type and mutant
CTCF hGIB transgene. The boldface nucleotides represent the predicted
CTCF-binding sequences, and the lowercase and underlined nucleotides rep-
resent the mutated sequences. (B) 3C analysis of the hGATAI locus in K562
cells. Note that the 5" CTCF site (anchor fragment) interacts with the 3" end of
the hGLOD?5 gene and the 3" end of the hGATA1 gene (arrows). The positions
ofthe hGLODS5, hGATA1, and hHDAC6 genes are indicated by gray boxes. The
positions of EcoRI sites (arrowheads) and 5" and 3" CTCF sites (black bars) are
depicted. (C) (Top) 3C analysis of the htGATAI locus in splenic erythroblasts
from wild-type hG1B (black line) and CTCFmut-hG1B (gray line) transgenic
(Tg) mice. The anchor fragment was changed to the 3" end of the hGLOD5
gene (bottom). Each data point is an average from three independent experi-
ments; error bars depict =SD. (D) CTCF binds to the 5" and 3" CTCF sites and
the 3" end of the hGATA1 gene (E6) in the transgenic hGATATI locus in splenic
erythroblasts from hG1B transgenic mice. Note that CTCF binding is reduced
at the 5" CTCF site in CTCFmut-hG1B transgenic mice. The CTCF ChIP value
is normalized against the values obtained for control IgG. All ChIP results
represent the averages from three independent experiments. Statistically sig-
nificant differences between the wild-type and CTCFmut-hG1B are depicted
(**, P < 0.01; *, P < 0.05; Student’s unpaired t test).

the hGATAI transgene locus in the spleen cells, we changed the
anchor fragment to the 3" end of the AGLOD5 gene. The 3’ end of
the hGLODS locus closely interacted with the 5" CTCEF site as well
as with the 3’ end of the hGATA1 gene (Fig. 8C, bottom). Collec-
tively, these results suggest that the 5" CTCEF site organizes the
3-dimensional structure of the HtGATA1 locus by interacting with
the 3’ end regions of the hGLODS5 and hGATA1 genes.

To verify the contribution of the 5" CTCF site to the formation
of the chromatin architecture, we generated two lines of hG1B
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transgenic mice in which the 5" CTCF site was mutated by nucle-
otide substitution (CTCFmut-hG1B) (Fig. 8A, CTCFmut). We
conducted qGPCR analyses for five different regions encompass-
ing the region from kb —29 to kb +27 in the CTCFmut-hG1B
locus, and the analyses demonstrated that one line harbors 1 copy
of the CTCFmut-hG1B transgene, while the other line carries 3
copies of the CTCFmut-hG1B transgene (data not shown). CTCF
ChIP-qPCR analysis using PHZ-SP cells from the wild-type hG1B
mouse line (line 762 with 1 copy of the CTCFmut-hG1B trans-
gene) indeed demonstrated CTCF binding to the 5" and 3" CTCF
sites in the hGATAI locus of the hG1B transgene, as in K562 cells
(Fig. 8D). Furthermore, we found that CTCF binding to the mu-
tated 5" CTCF site was significantly lower in PHZ-SP cells from
CTCFmut-hG1B transgenic mice (1 copy) than in those from
wild-type hG1B transgenic mice (Fig. 8D). These results thus in-
dicate that the substitution mutation of the 5" CTCF site success-
fully eliminated CTCF binding to this region.

To assess whether the substitution mutation of the 5" CTCF
site alters the higher-order chromatin architecture around the
hGATAI locus in spleen cells, we also conducted the same set of
3C analyses using PHZ-SP cells from mice with 1 copy of the
CTCFmut-hG1B transgene and examined the higher-order chro-
matin architecture around the hGATA1 locus. Of note, mutation
of the 5" CTCEF site significantly reduced the chromatin interac-
tion between the 5" CTCF site and the 3" end of the h\GLOD5 gene
(Fig. 8C, top, gray line), while reduction of the interaction be-
tween the anchor site and the 3" end the hGATAI gene was not
apparent.

In the latter case, we rather observed an artificial rise in the 3’
adjacent primer region. Therefore, we changed the anchor frag-
ment to the 3’ end of the hGLOD5 gene and found that the chro-
matin loops with the 5" CTCF site and with the 3’ end of the
hGATAI gene were both significantly reduced (Fig. 8C, bottom,
gray line). These results thus indicate that mutation of the 5’
CTCEF site disrupts the chromosomal interactions between the 5’
CTCEF site and the 3’ ends of both the hGLODS5 and hGATAI
genes.

The 5’ CTCF site-based chromatin architecture is important
for hGATAI expression in splenic erythroblasts under condi-
tions of hemolytic anemia. To assess whether the change in the
higher-order chromatin architecture affects tGATA 1 gene expres-
sion or not, we next examined the hGATAI expression levels di-
rected by the CTCFmut-hG1B transgene in PHZ-SP cells from
CTCFmut-hG1B transgenic mice. We compared the results with
those for wild-type hG1B transgenic mice harboring the equiva-
lent copy number (line 762 for 1 copy and line 761 for 3 copies)
and found that the PHZ-SP cells from the CTCFmut-hG1B trans-
genic mice with 1 copy of the hG1B transgene showed a reduced
level of hGATAI expression in comparison with that in wild-type
mice with 1 copy of the hG1B transgene (Fig. 9A, left). The result
was reproducible in the analyses of mice harboring 3 copies of the
transgene (Fig. 9B, left).

To assess whether erythroblasts show a similar difference un-
der homeostatic conditions, we also examined the hGATAI ex-
pression levels directed by the CTCFmut-hG1B transgene in bone
marrow Ter119-positive erythroblasts (BM-EBs). Here, we found
that the hGATAI expression levels in BM-EBs from CTCFmut-
hG1B mice were comparable to those in BM-EBs from wild-type
hG1B transgenic mice harboring an equivalent number of copies
of the transgene (Fig. 9A and B, right). Importantly, hHHDAC6
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FIG 9 The 5’ CTCF site is important for tGATAI expression in splenic eryth-
roblasts. (A and B) Relative expression of htGATAI mRNA in splenic erythro-
blasts under conditions of stress erythropoiesis and bone marrow cells under
homeostatic conditions. Note that the level of htGATAI mRNA expression is
decreased in the splenic erythroblasts from CTCFmut-hG1B mice after PHZ
treatment (PHZ-SP), while hGATAI expression in the bone marrow erythro-
blasts (BM-EBs) is maintained in CTCFmut-hG1B mice. The result is repro-
ducible in the analyses of mice harboring 1 copy (A) and 3 copies (B) of the
CTCFmut-hGIB and wild-type transgenes. (C and D) Levels of hHHDAC6
mRNA expression in BM-EBs and PHZ-SP cells. Note that the levels of
hHDAC6 mRNA expression in BM-EBs and PHZ-SP cells are not changed in
wild-type hG1B and CTCFmut-hG1B transgenic mice in the comparison of
mice harboring 1 copy (C) or 3 copies (D) of the transgenes. mRNA levels were
normalized to GAPDH levels. PHZ-SP cells and BM-EBs from 10 mice of each
genotype were subjected to analysis. Statistically significant differences are
depicted (¥, P < 0.05, Student’s unpaired f test).

expression levels were not changed in either BM-EBs or PHZ-SP
cells from CTCFmut-hG1B transgenic mice (the lines with 1 copy
and 3 copies of the hG1B transgene) compared with those in the
same cell types from wild-type hG1B transgenic mice harboring
the equivalent numbers of copies of the hG1B transgene (the 762
and 761 lines; Fig. 9C and D). We also examined hGLOD5 gene
expression, but expression of this gene was very low or undetect-
able in the bone marrow and spleen, and the mutation did not
affect the expression profile (data not shown). Thus, these results
indicate that the mutation in the 5" CTCF site specifically affects
hGATALI expression in splenic erythroblasts under conditions of
anemia.

Based on these results, we propose that the 5 CTCEF site is
required for generation of the correct chromatin architecture
through chromosomal interaction with the 3’ ends of the
hGLODS5 and hGATA1I genes. This 5" CTCEF site-mediated chro-
matin architecture in the hGATAI locus appears to be important
for induction of hGATAI expression in splenic erythroblasts un-
der conditions of stress erythropoiesis. It is not required for the
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expression of adjacent genes, nor does it affect hGATA1 expres-
sion in erythroblasts under homeostatic conditions.

DISCUSSION

In the present study, we found that the profiles of tGATAI mRNA
expression directed by a BAC-based hG1B transgene nicely coin-
cide with those of endogenous mGATAI mRNA expression dur-
ing erythroid differentiation in a series of transgenic mice. The
physiological level of HtGATA1 expression in transgenic mice with
a single copy of hG1B rescues the lethal erythroid deficiency in
Gatal.05 knockdown mutant mice, indicating that the in vivo ac-
tivity of hGATALI is comparable to that of endogenous mGATAL.
While the 8.5-kb orthologous GIHRD region is highly conserved
between the hGATAI and mGatal genes (8-10), flanking regula-
tory sequences beyond the GIHRD region of these two genes show
significant divergence. Therefore, the coincidence in the expres-
sion profiles of the hGATAI transgene and the endogenous
mGatal gene in hG1B transgenic mice seems to be attributable to
the conservation of the core cis-regulatory elements located in
these orthologous GIHRD regions. In this study, we asked what
the more distantly located cis-regulatory regions might contribute
to hGATALI gene expression.

In this regard, we have noticed in our previous studies that
expression of the mGatal BAC transgene tends to show resistance
to influences from the integration site of the transgene or PEV
(12). We surmised that this might be due to the presence of
insulators or related cis-regulatory activity within the locus.
When we examined CTCF-binding sites in both the HGATAI
and mGatal genes, we found that there are multiple CTCF-
binding sites in the mGatal and hGATAI loci. However, the
distribution patterns of the CTCF-binding peaks are quite dif-
ferent from each other; the hGATAI locus harbors high CTCF-
binding peaks at kb —29, +21, +33, and +50 in the distal
flanking region, whereas the mGatal gene carries larger num-
bers of CTCF-binding peaks distributed throughout the gene
body and flanking regions (Fig. 5). This observation led us to
examine whether CTCF-based chromatin architectures are
formed in the hGATAI locus and whether the architectures
contribute to the expression of the hGATAI gene. Our present
results unequivocally demonstrate that the hGATAI BAC
transgene harbors resistance against PEV in the transgenic
mouse experiments. The surrounding genome sequences of the
two obvious CTCF-binding sites (i.e., the 5" and 3" CTCEF sites)
in the hGATAI locus are not evolutionarily conserved between
the mouse and human genomes, suggesting that the chromatin
architectures organized by the CTCEF sites are significantly dif-
ferent between the hGATAI and mGatal loci.

The regulation of the mGatal gene during mouse erythropoi-
esis has been extensively studied. Accumulating lines of evidence
demonstrate that mGatal is under elaborate regulation, organized
by a GATA factor network that employs multiple cis-acting GATA
motifs and epigenetic controls (reviewed in references 1, 9, and
15). The murine Gatal gene also contains two first exons that are
differentially utilized in distinct tissues (4, 6). In contrast, regula-
tion of the hGATAI gene has not been studied intensively. A com-
parative study of the genome sequences and epigenetic marks of
the hGATA1 and mGatal loci has been reported (18), but there
remain a number of questions as to how the hGATAI gene is
regulated and how the regulation of the hGATAI gene is diverged
from or conserved with that of mGatal.
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FIG 10 Contribution of the 5" CTCF site to the higher-order chromatin structure in the HGATAI locus. (Left) CTCF binds to the 5" CTCEF site, localized 5’ to
the hGLODS gene, and forms a chromatin hub through forming a looping structure with the 3" end of the A\GLODS5 gene and the 3’ end of the hGATA1 gene in
the wild-type hGATAI locus. (Right) When the 5" CTCF site is mutated, the 5" end of the htGATAI gene is separated from the chromatin hub, and thereafter,
hGATAI expression is diminished in splenic erythroblasts. The hHHDAC6 gene localized outside the loop is not under the direct regulatory influence of the 5

CTCEF site.

A recent series of integrative studies from the ENCODE
Consortium has revealed that approximately 50% of transcrip-
tion factor binding sites in cis-regulatory elements of the
mouse genome are evolutionally diverged from the ortholo-
gous cis-regulatory elements in the human genome (39, 40). It
has been shown that the patterns of erythroid-affiliated gene
expression in erythroblasts are significantly diverged between
humans and mice during genetic evolution (41). Thus, it seems
reasonable that the regulatory mechanisms governing the
hGATAI gene are largely diverged from those governing the
mGatal gene. We need to place a high priority on investigation
of the regulatory mechanisms governing the hGATAI gene to
better understand the development and differentiation of the
human hematopoietic system and the pathogenesis arising
from perturbation of the system. We believe that this study
represents a first step in such an investigation.

We found that the 5" CTCF site is crucial for the formation of
the correct chromosomal architecture around the hGATATI locus
in splenic erythroblasts under stress erythropoiesis conditions
(summarized in Fig. 10, left). In this regard, it is interesting to note
that the mouse spleen has a distinct hematopoietic microenviron-
ment that plays a crucial role in stress erythropoiesis (42). A recent
report showed that mGatal expression is more severely repressed
in splenic CD71"" erythroblasts than in the corresponding pop-
ulation in the bone marrow of Gatal'™™ mutant mice in which
GIHE/HS]I, a potent cis-acting enhancer element in the Gatal
gene, is deleted from the endogenous locus (43). Showing very
good agreement with these observations, the findings of our pres-
ent study show that hGATAI gene expression is significantly di-
minished in splenic erythroblasts upon the loss of the chromo-
some architecture in CTCFmut-hG1B transgenic mice under
conditions of hemolytic anemia. This observation suggests that
the compromised cis-regulatory network predominantly dimin-
ishes mGatal expression in the spleen of anemic mice rather than
steady-state mGatal expression in the bone marrow. We surmise
that the higher-order chromatin architecture plays a more crucial
role for enhancement of hGATAI expression driven by multiple
enhancers in the spleen of anemic mice than for homeostatic
hGATAI expression in bone marrow at steady state in hG1B trans-
genic mice.
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We suggest that in the hGATAI locus, once the chromatin
interaction between the 5’ CTCF site and the 3’ end of the
hGLODS gene is disrupted by the substitution mutation of the 5’
CTCEF site, the core cis-regulatory elements in the hGATAI locus
become open and can be interfered with by negative cis-regulatory
influences outside the locus (Fig. 10, right). In this model, the
hHDACS6 gene appears to be free from the regulatory influence of
the 5 CTCF site-mediated chromatin environment, as the
hHDACS6 gene is localized beyond the major chromatin loop
formed around the hGLOD5 and hGATAI loci (Fig. 10, left). In-
deed, our results indicate that hHHDAC6 gene expression is not
affected by the activity of the 5" CTCEF site.

A number of studies highlight the tight correlation between the
altered activity or the diminished expression level of hGATA1 and
clinical hematopoietic disorders, including inherited anemia,
thrombocytopenia, and myelofibrosis (reviewed in references 1
and 44). To understand the underlying mechanisms, we have es-
tablished a mouse model in which hematopoietic differentiation is
promoted by the hGATA1 expressed from the transgenic hGATA1
gene. In this study, taking advantage of the hG1B transgenic
mouse system, we demonstrate that the tGATAI expression level
is significantly reduced in the spleen of CTCFmut-hG1B trans-
genic mice under conditions of anemic stress. The result suggests
that mutations in the chromatin insulator sequences may lead to
alterations in hGATAI expression levels in human. Studies on
regulatory single nucleotide polymorphisms (rSNPs) have now
come of age. rSNPs (or other types of polymorphisms) in the
insulator sequences of the HtGATA1 locus may result in variations
in the expression level of hGATA1I, leading to enhanced suscepti-
bility to hematopoietic disorders.

In summary, we propose that studies of htGATAI gene-specific
regulatory mechanisms are important avenues to achieve further
understanding of human hematopoiesis and its disorders. The
hG1B transgenic mouse system will serve as an important model
that enables us to examine lineage- and stage-specific hGATAI
gene expression in hematopoietic tissues. The hG1B-based trans-
genic rescue system of mGatal-deficient mice will provide a reli-
able platform for examining the functional importance of cis-reg-
ulatory sequences of the hGATA1 gene in vivo.
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