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Mutation of a barrier insulator in the
human ankyrin-1 gene is associated
with hereditary spherocytosis
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Defects of the ankyrin-1 gene are the most common cause in humans of hereditary spherocytosis, an inherited
anemia that affects patients of all ethnic groups. In some kindreds, linked -108/-153 nucleotide substitutions
have been found in the upstream region of the ankyrin gene promoter that is active in erythroid cells. In vivo,
the ankyrin erythroid promoter and its upstream region direct position-independent, uniform expression, a
property of barrier insulators. Using human erythroid cell lines and primary cells and transgenic mice, here we
have demonstrated that a region upstream of the erythroid promoter is a barrier insulator in vivo in erythroid
cells. The region exhibited both functional and structural characteristics of a barrier, including prevention
of gene silencing in an in vivo functional assay, appropriate chromatin configuration, and occupancy by bar-
rier-associated proteins. Fragments with the -108/-153 spherocytosis-associated mutations failed to function
as barrier insulators in vivo and demonstrated perturbations in barrier-associated chromatin configuration.
In transgenic mice, flanking a mutant -108/-153 ankyrin gene promoter with the well-characterized chicken
HS4 barrier insulator restored position-independent, uniform expression at levels comparable to wild-type.
These data indicate that an upstream region of the ankyrin-1 erythroid promoter acts as a barrier insulator and

identify disruption of the barrier element as a potential pathogenetic mechanism of human disease.

Introduction

The hereditary spherocytosis syndromes are a heterogeneous
group of disorders characterized by anemia, intermittent jaun-
dice, splenomegaly, and sphere-shaped (spherocytic) erythrocytes
on peripheral blood smear (1). Hereditary spherocytosis affects
patients in all ethnic groups worldwide and is the most common
cause of inherited anemia in people of Northern European ances-
try. The primary biochemical defects in spherocytosis erythro-
cytes are qualitative or quantitative abnormalities of proteins of
the erythrocyte membrane. Mutations in the gene encoding the
membrane protein ankyrin-1 (ANK1; OMIM 182900), primarily
frameshift or nonsense mutations, are the most common cause of
hereditary spherocytosis (2-4).

Sequence variations have been identified in the region upstream
of ankyrin erythroid exon 1 (1E) in the erythroid promoter region
in patients with both dominant and recessively inherited ankyrin-
deficient hereditary spherocytosis (1, 5). Two linked variants,
-108 T—C and -153 G—A, were discovered in several kindreds
with ankyrin-deficient spherocytosis who lacked other causative
mutations (5-7). Neither variant is located in known critical
regions of promoter function, e.g., transcription initiation sites
or transcription factor-binding sites (8). Transgenic mice with a
wild-type ankyrin gene erythroid promoter linked to a 4y-globin
reporter gene exhibit erythroid-specific, position-independent,
uniform expression of the #y-globin reporter gene (9). In contrast,
mice carrying a mutant -108/-153 ankyrin gene promoter exhibit
significantly lower levels of Ay-globin mRNA, loss of position-inde-
pendent expression, and loss of uniform y-globin protein expres-
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sion in erythrocytes (10). These data indicated that the -108/-153
allele is associated with perturbations in ankyrin expression, but
did not reveal the mechanism of these abnormalities.

Insulators are DNA sequences and their associated binding pro-
teins that establish and/or maintain boundaries between regions
of active and silenced chromatin domains (11, 12). They often
flank gene clusters or loci, or are tightly associated with gene pro-
moters (13), but do not themselves cause an increase in the rate of
transcription (11). One type of insulator, known as an enhancer-
blocking insulator, establishes chromatin domains to separate
enhancers and promoters, preventing their interaction (12, 14). A
second type of insulator, known as a barrier insulator, creates a bar-
rier to protect against heterochromatin-mediated gene silencing.
Defined by their functional characteristics, barrier insulators are
thought to function by preventing the spread of heterochromatic
proteins into adjoining euchromatin domains (15-18). Despite
their role as critical regulators of tissue-specific gene expression,
mechanisms controlling barrier insulator structure and function
in mammalian cells are poorly understood (19, 20). Only a few bar-
riers have been described in vertebrates (16, 21-23), with most of
our knowledge coming from detailed studies of the well-character-
ized chicken B-globin 5"HS4 (cHS4) barrier insulator (24-27).

Based on the remarkable position-independent (25 of 25), uni-
form expression conferred by the minimal wild-type ankyrin gene
erythroid promoter in transgenic mouse lines (9, 10), we hypoth-
esized that a region of the ankyrin erythroid promoter functions
as a barrier insulator and that the -108/-153 mutations alter this
barrier activity, leading to a reduction in ankyrin expression. In
this report, we show that the -282 to -101 region upstream of the
ankyrin gene erythroid promoter is a barrier insulator in erythroid
cells, exhibiting both functional and structural characteristics of a
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Figure 1

Mapping DNase | HSs in the erythroid promoter region of the ankyrin-1 locus in erythroid cells. (A) The map indicates the position of ankyrin exon
1E, flanking restriction enzyme sites, and probes used in DNase | mapping. A close-up view of the BamHI fragment with appropriate restriction
enzyme sites, the —108 and —153 mutations, and exon 1E is also shown. Corresponding coordinates are (GRCh37/hg19) BamHI| 41657070;
Stul 41656031; Sacl 41655737; Eagl 41655310; 153 mutation 41655209; —108 mutation 41655164; BmgBl 41655152; ATG. (B) Mapping 5’ of
exon 1E. Nuclei from K562 cells were treated with increasing amounts of DNase |, digested with BamHI, and subjected to Southern blot analysis
using the 5’ probe in A. This yielded the expected 3.5-kb BamHI fragment and a smaller, 2.0-kb fragment corresponding to a DNase | HS. (C)
Fine mapping the 5’ HS. Human genomic DNA digested with BamHI (B) or with BamHI and the indicated second enzyme. DNA from DNase
|-treated K562 nuclei was also digested with BamHI (B+DNase). These digests were subjected to Southern blot analysis using the 5’ probe in
A. Dashed lines indicate the estimated upper and lower limits of 5'HS. The undigested parent band is indicated (PB). (D) Mapping 3’ of exon 1E.
Nuclei from K562 cells were treated with increasing amounts of DNase |, digested with Nsil, and subjected to Southern blot analysis using the 3’

probe in A. This yielded the expected 5.3-kb Nsil fragment and two smaller, 1.8-kb and 1.6-kb fragments, corresponding to DNase | HSs.

barrier, including prevention of gene silencing in an in vivo func-
tional assay, appropriate chromatin configuration, and occupancy
of barrier-associated proteins. Upstream promoter fragments with
the -108/-153 spherocytosis-associated mutations, which are con-
tained in this upstream region, fail to function as a barrier insu-
lator in vivo and demonstrate perturbations in barrier-associated
chromatin configuration and binding of barrier-associated pro-
teins. In transgenic mice, flanking the mutant -108/-153 ankyrin
erythroid promoter transgene with the cHS4 barrier insulator
completely restored position-independent, uniform expression at
levels comparable to wild-type. These studies are the first to our
knowledge to identify disruption of a barrier insulator as a patho-
genetic mechanism of human disease.

Results

Identification of a DNase I hypersensitive site in the region upstream of the
ankyrin erythroid promoter. Insulators with barrier activity frequently
are associated with DNase I hypersensitive sites (HSs) (20). DNase I
HS mapping in the ankyrin erythroid promoter region identified
a DNase I HS immediately 5’ to the promoter in chromatin from
erythroid (K562) cells (Figure 1). Fine HS mapping revealed that
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this HS includes 181 bp 5’ of the promoter region between -282 to
-101 (designated 5'"HS; UCSC hg19 coordinates chr8:41656031 to
41655152; Figure 1), which includes sequences previously shown to
be necessary and sufficient for uniform, copy number-dependent,
position-independent expression of a linked reporter gene in trans-
genic mice (-296 to -15) and contains the spherocytosis-associated
-108 and -153 promoter mutations. We hypothesized the S'HS
region defines the location of a barrier insulator in erythroid cells.

DNase I HSs flanking the ankyrin erythroid promoter region define an
erythroid chromatin domain. Barrier insulators frequently identify
tissue-specific chromatin domains (12, 13), and these domains are
delineated by DNase I HSs flanking nucleosome-free regions (20).
To ascertain whether the 5'HS region containing the -108/-153
mutations identified an erythroid chromatin domain flanked by
DNase I HSs, we performed a series of DNase I-based experiments.
DNase I HS mapping was performed 3’ of the ankyrin erythroid
promoter region. This mapping identified two closely spaced HS
sites approximately 5.0 kb downstream of exon 1E/5'HS in chro-
matin from erythroid (K562) cells (3'HS1 and 3'HS2; Figure 1). In
cHS4 and barriers from model organisms, barrier-associated HSs
are present in all cells regardless of whether the locus is expressed.
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Figure 2
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Consistent with these observations, both 5'HS and 3'HS1/3'HS2
were present in K562 and chromatin from neural (SH SYSY),
embryonic kidney (293T), T cell (Jurkat and primary human CD4*
lymphocytes), and epithelial-like (HeLa) cells (data not shown and
Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JCI42240DS1). Our recent work
demonstrates that K562 cells are a good model for the study of
ankyrin-1 gene regulation in erythroid cells (28). Compared with

primary human erythroid cells, K562 cells express similar levels of
ankyrin mRNA, the chromatin architecture is similar, and binding
of the transcription factors GATA-1 and NF-E2 is identical.
Actively transcribed regions of chromatin are sensitive to DNase
I digestion, while inactive regions of chromatin are DNase I resis-
tant. To determine whether 5'HS and 3'HS1/3"HS2 defined an ery-
throid-specific chromatin domain, nuclei from various cell types
was digested with DNase I and analyzed for DNase I sensitivity
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Figure 4

Quantitative ChIP analyses of chromatin architecture in the ankyrin-1
5'HS region. ChIP studies examining posttranslational histone modifi-
cations around the 5'HS region. (A) Left panel: ChIP with antibodies
against diacetylated histone H3 (DiAcH3) and tetraacetylated histone
H4 (TetraAcH4) and K562 chromatin. Middle panel: ChIP with antibodies
against H3K4me1, H3K4me2, and H3K4me3. HS2 of the B-globin locus
(93) was included as a positive control (+C), and a region of hsSat2 (94)
was included as a negative control (—C). Right panel: The region and
primers utilized in ChIP. (B) ChIP analyses with K562 cells (left) and
primary erythroid cells (right). Top 2 rows: ChIP with antibodies against
DiAcH3 and H3K4me2. Third row and left panel of fourth row: ChIP with
antibodies against H3K27me3 and H3K9me3. For H3K27me3, a region
of the HoxB7 gene was included as a positive control, and a region of
the p-actin promoter was included as negative control. For H3K9me3, a
region of hsSat2, repeat F1-X72636, was included as a positive control,
and a region of the actin promoter was included as negative control. Bot-
tom right panels: The region and primers utilized in ChiP.

in the regions 5’ to 5'HS, between 5'HS and 3'HS1/3'HS2, and
3" to 3'HS2. In chromatin from erythroid K562 cells, the regions
upstream of 5'"HS and downstream of 3’'HS2 contained no DNase
I HS and were resistant to DNase I digestion, similar to the inac-
tive keratin locus (Supplemental Figure 2). In contrast, the region
between 5'HS and 3'HS1 was sensitive to DNase I digestion (Sup-
plemental Figure 2). Similar studies were performed with neural,
T lymphocyte, epithelial, and embryonic kidney cell chromatin. In
all nonerythroid cell nuclei, all 3 regions were resistant to DNase I
digestion (Supplemental Figure 3 and data not shown). These data
indicate that the region between 5'HS and 3'HS1 exhibits gener-
alized DNase I sensitivity in erythroid cells, correlating with the
erythroid-specific expression of ankyrin 1E.

The 5'HS region exhibits functional characteristics of an insulator with bar-
rier activity. Barrier insulators protect against position effect varie-
gation (PEV), the stochastic, stable, heritable silencing of a euchro-
matic gene via spreading of heterochromatin. A gene silencing/PEV
assay was utilized to determine whether the region containing the
ankyrin 5'HS has barrier insulator activity (29, 30). A plasmid con-
taining the HS2 enhancer from the B-globin locus control region,
the human B-globin gene promoter, and an enhanced GFP report-
er gene (HS2-B-globin-GFP; negative control) was cotransfected
with a neomycin resistance gene into K562 cells and cultured
under G418 selection (29, 31). Despite the presence of a strong
enhancer, 0 of 12 clones containing the HS2-B-globin-GFP cas-
sette expressed GFP, as all clones were silenced within 21 days (Fig-
ure 2). As shown previously, when the HS2-B-globin-GFP cassette
was flanked with cHS4 (positive control), 12 of 12 lines expressed
GFP in 100% of cells for more than 16 weeks (refs. 29, 32, and Fig-
ure 2). Flanking the HS2-$-globin-GFP cassette with 1 copy of the
wild-type ankyrin 5'HS region, 2 copies of the wild-type ankyrin
5"HS region, or 4 copies of the wild-type ankyrin 5'HS region led
to GFP expression in 100% of cells in 12 of 12, 12 of 12, and 11
of 12 cell lines, respectively, for more than 16 weeks (Figure 2).
An HS2-B-globin-GFP cassette flanked with 2 copies of ankyrin
5'HS containing a mutation of the GATAL site that completely
abolishes ankyrin promoter activity (8) led to GFP expression in
12 of 12 cell lines, indicating that the GATA1 site mutation had no
influence on barrier element function in this assay.

The effect of the -108/-153 ankyrin mutations on barrier function
was examined in the same gene silencing/PEV assay. When the HS2-
B-globin-GFP cassette was flanked with 2 copies of the ankyrin 5'HS
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region containing the -108/-153 mutations, GFP was expressed in
only 6 of 12 lines after 21 days and only 2 of 12 lines after 16 weeks
(x? = 6.0, P < 0.02 vs. wild-type; Figure 2). We conclude that the
ankyrin 5'"HS region acts as a barrier insulator in erythroid cells and
that the -108/-153 mutations perturb this barrier function.

The ankyrin 5'HS region does not function as an insulator with enhancer-
blocking activity. Some insulators, such as the Drosophila gypsy insu-
lator, the mouse SINE insulator, and the chicken HS4 insulator,
include regions that confer the ability to act as an enhancer block-
er when placed between an enhancer and a promoter, an activity
associated with the binding of the 11-zinc finger protein CTCF
(30, 33, 34). In cHS4, barrier and enhancer blocker activities are
clearly separable (12, 29, 35-43). To determine whether the wild-
type ankyrin 5'HS has enhancer-blocking activity, we used ankyrin
5'HS, or cHS4 (positive control), to separate the mouse -globin
HS2 enhancer (44) or the GATA-1 enhancer (45) from a neomy-
cin resistance gene linked to a y-globin promoter. In the absence
of intervening sequences, both HS2 and GATA-1 enhancers pro-
moted the growth of numerous G418-resistant colonies (Figure 3).
As shown previously, the cHS4 insulator suppressed this activity
(46). The ankyrin -282 to -101 5'HS region could not block the
effects of either the mouse B-globin HS2 or GATA-1 enhancer ele-
ments (Figure 3, A and B). These data indicate that the ankyrin
S'HS region lacks enhancer-blocking activity in erythroid cells.

S'HS does not function as an erythroid promoter in reporter gene assays.
Barrier insulators are frequently tightly associated with gene pro-
moters, as evidenced by studies in model organisms (34, 47-49).
Technical limitations of the ChIP assay preclude precise delineation
of barrier and promoter function. To investigate whether ankyrin
S'HS possesses functional promoter activity as determined by its
ability to direct expression of a linked reporter gene in cultured
mammalian cells, we created a plasmid, p5"HSAnkE, containing a
190-bp ankyrin 5'HS fragment upstream of a luciferase reporter
gene. When p5S’"HSAnKE was transiently transfected into K562 cells,
the relative luciferase activity 48 hours after transfection was equiv-
alent to background (0.98 + 0.88) similar to a promoterless pGL2b
luciferase plasmid (1.0 + 0.78). This is in contrast to luciferase activ-
ity directed by p296,a 271-bp minimal ankyrin erythroid promoter
fragment upstream of a luciferase reporter gene (39.4 + 6.0) (8) and
pGL2P, a positive control plasmid with the SV40 early promoter
directing a luciferase reporter gene (66.3 + 12.4). Thus, the ankyrin
S'HS does not function as a promoter in reporter gene assays.

The ankyrin S'HS region bas the chromatin architecture of a barrier insu-
lator. Insulators conferring barrier function and protection against
PEV in model organisms are typically associated with posttrans-
lational histone modifications associated with active chromatin,
including high levels of histone acetylation and high levels of meth-
ylation of histone H3 lysine 4 (20, 26,27, 29, 50). These histone mod-
ifications were examined in the ankyrin 5"HS region by quantitative
ChIP analyses in K562 cells. Consistent with prior observations, the
chromatin around ankyrin 5'HS had significant levels of histone
H3 and H4 acetylation (Figure 4A, left panel). In addition, there was
significant histone H3 mono-, di-, and trimethylation of the lysine
4 residue (Figure 4A, middle panel) in the S'HS region in erythroid
cells. These data indicate that the ankyrin 5'HS region, like the cHS4
barrier, is a site of active chromatin remodeling in erythroid cells.

To determine the chromatin status of the extended regions flank-
ing 5'HS and 3'HSs, ChIP analyses were performed in K562 cells.
Two histone modifications typically associated with active chro-
matin, diacetylation of histone H3 (DiAcH3) and dimethylation
Volume 120 4457
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Quantitative ChIP analyses of barrier-associated protein occupancy in the ankyrin-1 5’'HS region. Quantitative ChIP studies were performed to examine
barrier-associated protein occupancy in the ankyrin 5'HS region using K562 cell (left) and primary erythroid cell (right) chromatin. (A) ChIP analyses
of the ankyrin 5'HS region using antibodies against USF1 and USF2. HS2 of the locus control region of the human $-globin locus was included as a
positive control (93), and a region of the hsSat2 (94) was included as a negative control. (B) Methyltransferases. ChIP analyses of the ankyrin 5’'HS
region using antibodies against PRMT1 and PRMT4. A region of the CITED2 gene promoter (95) was included as a positive control, and a region of the
hsSat2 was included as a negative control. (C) Histone acetylases and chromatin remodeling proteins. ChIP analyses of the ankyrin 5'HS region using
antibodies against CBP, PCAF, and SMARCA4/BRG1. A region of the /L4 gene promoter was included as a positive control (+C) for CBP, PCAF, and
SMARCA4 (96), and a region of the hsSat2 was included as a negative control (—C) for all 3 antibodies. (D) The region and primers utilized in ChlIP.

of histone H3 lysine 4 (H3K4me2); and two histone modifications
typically associated with inactive chromatin, trimethylation of
histone 3 lysine 27 (H3K27me3) and trimethylation of histone 3
lysine 9 (H3K9me3). The 5'HS region was again shown to be a site
of active chromatin remodeling, with significant levels of histone
H3 acetylation and histone H3 K4 dimethylation (Figure 4B, left
column) without any enrichment of histone H3 K27 trimethylation
or histone H3 K9 trimethylation. The extended regions flanking
5'HS lacked histone H3 acetylation and histone H3 K4 dimeth-
ylation, with enrichment for histone H3 K27 trimethylation and
histone H3 K9 trimethylation (Figure 4B, left column).
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Chromatin architecture of ankyrin 5'HS, 3'HSs, and flanking
regions was also examined in cultured human primary erythroid cells.
The 5'HS region was a site of active chromatin remodeling, with sig-
nificantlevels of histone H3 acetylation and histone H3 K4 dimethyl-
ation (Figure 4B, right column, P < 0.01) without any enrichment of
histone H3 K27 trimethylation. The extended region 5" of 5'HS lacked
histone H3 acetylation and histone H3 K4 dimethylation, with the
region 3’ of 3'HSs demonstrating only slight enrichment for histone
H3 acetylation and histone H3 K4 dimethylation. Similar to K562
cell chromatin, there was significant H3K27me3 enrichment in the
region upstream of 5S'HS (Figure 4B, right column, P < 0.01). Thus,
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the chromatin architecture at 5'HS in both K562 cells and primary
erythroid cells is consistent with that associated with barrier insula-
tors, including high levels of histone acetylation and high levels of
methylation of histone H3 lysine 4 (20, 26, 27, 29, 50).

The ankyrin 5'HS region binds barrier-associated proteins in vivo. One
model of the cHS4 barrier insulator has upstream stimulatory factor
(USF) proteins recruiting histone methyltransferase activity, histone
acetyltransferases, ATP-dependent nucleosome remodeling com-
plexes (36,51, 52), and other proteins to block the mechanism(s) that
allow spreading of gene silencing-associated chromatin alterations
into regions of active chromatin (12, 52). To determine whether the
ankyrin 5'HS region exhibited similar characteristics, ChIP analyses
were performed on K562 chromatin. USF2 (Figure 5A, left panel)

Table 1
Ankyrin promoter/Ay-globin transgene expression
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Figure 6

Chromatin architecture and barrier-associated protein binding are
perturbed in ankyrin-1 5'HS —108/-153 cell lines. ChIP analyses of
the ankyrin 5'HS region. Chromatin was isolated from 5 lines carry-
ing single copies of the wild-type ankyrin 5'HS region flanking the
HS2-B-globin-EGFP reporter gene and 5 cell lines carrying single
copies of the ankyrin 5'HS region with —108/—153 mutations flank-
ing the HS2-B-globin-EGFP reporter gene. —108/-153 lines were
studied 3—-5 weeks after transfection while still expressing GFP.
Top: ChIP analyses of histone H3 and H4 acetylation and histone
H3 K4 dimethylation in wild-type and —108/—153 mutant chroma-
tin. Positive control, HS2 of the p3-globin locus; negative control, a
region from hsSat2. Lines with the mutant transgene showed a sig-
nificant decrease in the level of H3 and H4 acetylation and H3 K4
dimethylation over 5'HS. Bottom: ChIP analyses of USF2, PRMT1,
and BRG1 occupancy in wild-type and —108/—153 mutant chromatin.
Positive control, HS2 of the B-globin locus; negative control, a region
from hsSat2. Mutant lines showed a significant decrease in the level
of USF2 and BRG binding.

occupied the ankyrin 5'HS region. USF proteins directly interact
with the histone H4R3-specific methyltransferase protein arginine
N-methyltransferase-1 (PRMT1) in the cHS4 barrier insulator (52).
ChIP analyses of the ankyrin 5'HS region were performed using anti-
bodies against PRMT1 and PRMT4 (also known as CARM1) and
the histone acetyltransferases CBP and PCAF. Occupancy by BRG1/
SMARCA4 was also analyzed, as ankyrin gene expression has been
shown to be influenced by EKLF (53), which facilitates the formation
of an EKLF-dependent erythroid SWI/SNF-related chromatin remod-
eling complex that contains the ATP-dependent helicase BRG1/
SMARCA4 (54). PRMT1, PRMT4, and BRG1/SMARCA4 all occu-
pied the ankyrin 5'HS region, and there was significant enrichment
of both CBP and PCAF in this region (Figure 5, B and C, left panels).

Transgene Name No. lines with No. lines expressing Mean Ay-globin/ No. lines with uniform No. lines with
copy no. <10 transgene murine x-globin mRNA Y-globin protein expression variegated
per transgene copy number expression
—296 WT/Ay 14 14 0.044 +0.014 8/8 0/8
-650 WT/Ay 6 0.048 + 0.026 6/6 0/6
—2270 WT/Ay 5 5 0.042 +0.008 5/5 0/5
—296 mutant —108/-153/4y 11 6 0.015+0.019 2/6 4/6
cHS4-296 mutant 7 7 0.045+0.013 77 077
-108/-153/Ay-cHS4
The Journal of Clinical Investigation  http://www.jci.org ~ Volume 120  Number 12  December 2010 4459
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Figure 7

The mutant ankyrin-1 —108/—153 phenotype in vivo. Mice with mutant —108/-153 ankyrin
promoter transgenes. (A) Transgene. Transgenic mice were created with a mutant —108/-153
ankyrin erythroid promoter/human y-globin reporter gene cassette (—296 mutant —108/—153/Ay)
and compared with previously described wild-type ankyrin erythroid promoter/human y-globin
reporter transgenic mice (10). (B) Detection of Ay-globin mRNA in reticulocytes of transgenic
mice. RNA from adult reticulocytes was hybridized to 32P-labeled antisense riboprobes for the
human Ay-globin gene (top band) and the mouse a-globin gene (lower band) and digested
with RNase. Protected fragments were separated by PAGE followed by radiography. Trans-
genic lines are indicated by letters above the lanes corresponding to Table 2. (C) Correlation
of transgene copy number with the levels of Ay-globin mRNA. For comparison, as previously
published (10), linear regression analysis of the transgene copy number with the corrected
mRNA expression level was performed with wild-type —296 WT/Ay mice and —296 mutant
—108/-153/Ay mice. There was a linear relationship in —296 WT/ Ay mice, indicating copy
number—dependent expression (10). There was no relationship in —296 mutant —108/-153/Ay
mice, indicating copy nhumber—independent expression.

The binding of barrier-associated proteins to the 5"HS region was
also assessed in cultured human primary erythroid cells. In contrast
to K562 cells, both USF1 and USF2 occupied the 5'HS region in
primary erythroid cells (Figure 5A, right panel). Occupancy by the
protein arginine N-methyltransferase proteins PRMT1 and PRMT4
and the histone acetyltransferases CBP and PCAF was found in the
5"HS region (Figure 5, B and C, right panels). Occupancy by BRG1/
SMARCA4 was also found in the S'HS region in chromatin from
primary erythroid cells. We conclude that the complex found in
the ankyrin 5'HS region has many proteins in common with the
complexes associated with the cHS4 barrier insulator (52).

Chromatin architecture is perturbed in—108/~153 ankyrin 5'HS erythroid
cell lines. West and colleagues have previously demonstrated that lev-
els of histone modifications at transgenic insulators are comparable
to those observed for the endogenous 5’ cHS4 insulator and that arti-
ficial mutations in the cHS4 barrier insulator cause a reduction in
histone acetylation (29, 36). We performed ChIP analysis of histone
H3 acetylation, histone H4 acetylation, and histone H3 K4 dimethyl-
ation in chromatin extracted from wild-type and mutant -108/-153
ankyrin/GFP cell lines from the gene silencing/PEV assay (Figure 2).
In contrast to cell lines with the wild-type ankyrin S’"HS/GFP trans-
gene, cell lines with the mutant -108/-153 ankyrin 5" HS/GFP
transgene showed a significant decrease in the level of H3 acetyla-
tion, H4 acetylation, and H3 K4 dimethylation over the 5"HS region
(DiAcH3: P < 0.007, TetraAcH4: P < 0.008, and H3K4me2: P < 0.006;
Figure 6, top panel). These data indicate the -108/-153 mutations
are associated with altered chromatin configuration.
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Barrier-associated protein binding is perturbed
in —108/-153 ankyrin 5'HS erythroid cell lines.
We took advantage of previous observations
that mutations in transgenic barrier insula-
tors lead to alterations that are comparable
to those observed for the endogenous insu-
lator (29, 36) to study the binding of bar-
rier-associated proteins in stably transfected
wild-type and -108/-153 mutant ankyrin
5'HS/GFP cell lines. There was significantly
decreased binding of the barrier-associated
proteins USF2 and BRG1 in chromatin
extracted from mutant -108/-153 ankyrin/
GFP cell lines compared with wild-type
(USF2: P < 0.002 and BRG1: P < 0.001; Fig-
ure 6, bottom panel). There was no differ-
ence in binding of PRMT1 or PRMT4 (data
not shown) between wild-type and mutant
-108/-153 ankyrin/GFP cell lines.

The wild-type ankyrin erythroid promoter is
sufficient for uniform, copy number—dependent,
position-independent expression in transgenic
mice. We have previously shown that trans-
genic mice with the wild-type minimal
ankyrin erythroid promoter (-296 to -15,
including the 5'HS region [-296 WT/Ay];
Supplemental Figure 4) linked to a y-glo-
bin reporter gene demonstrate uniform,
copy number-dependent, position-inde-
pendent y-globin expression in erythroid
cells, consistent with barrier function. To
determine whether the regions upstream of
5'HS had any influence of the level of trans-

gene expression, we generated additional transgenic mouse lines
(Supplemental Figure 4) containing ankyrin promoter sequences
from -15 to -650 (6 lines, -650 WT/4y) and -15 to -2.7 kb (5 lines,
-2700 WT/4y). All of these transgenic lines demonstrated uni-
form, position-independent expression of y-globin at levels that
were identical to those of mice containing the minimal ankyrin
erythroid promoter (significant correlation between transgene
copy number and the level of y-globin mRNA, 7% = 0.6612-0.9629,
P=0.05-0.0001; Table 1), indicating that no additional regulatory
elements are located upstream of the ankyrin 5'HS.

In contrast, analysis of 11 lines of transgenic mice, 6 from our
previous study (10) and 5 additional lines generated for this
study, with mutant -108/-153 minimal ankyrin erythroid pro-
moters linked to a human y-globin reporter gene (-296 mutant
-108/-153/4y, Figure 7A), exhibited position-dependent (5 of
11 lines are silent), nonuniform or variegated expression (4 of 6
expressing lines, 7 = 0.08, P > 0.8) of y-globin at levels that were
significantly lower than those of wild-type mice (0.015% + 0.019%
vs. 0.44% + 1.4% of a-globin mRNA/transgene copy, P < 0.0019;
Table 2 and Figure 7, B and C). Analysis of the transcriptional
start sites indicated that wild-type and -296 mutant -108/-153 /Ay
transgenic mice used the same 4 identical RNA transcription
start sites, corresponding to sites 1, 2, 3, and 4, previously identi-
fied in erythroid cell RNA (Supplemental Figure 5) in identical
ratios (55). These data confirm that decreased y-globin expression
directed by the -108/-153 erythroid promoter cassette was not
due to alterations in start site utilization.
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Table 2
Expression of Ay-globin in —296 mutant —108/-153/Ay transgenic mice

Transgenic Transgene copy y-Globin mRNA/
line? number murine cx-globin mRNA?
A 1 0.015+0.011
B 3 0.016 + 0.009
C 2 0.011 £ 0.005
D 1 0.005 +0.002
E 3 0.008 + 0.002
F 4 0.007 +0.002
G 4 0.018 £ 0.004
H 10 0.048 + 0.011

| 8 0.004 +0.003
J 6 0.27 +0.084
K 5 0.005 +0.002
Mean

research article

y-Globin mRNA/
murine x-globin mRNA

Uniform or variegated
y-glohin protein expression

per copy in erythrocytes?
0.015 Uniform
0.005 Variegated
0.0055 Variegated
0.005 ND
0.0026 ND
0.0017 ND
0.0036 Uniform
0.005 Variegated
0.0005 ND
0.045 Variegated
0.001 ND
0.015+0.019

Previously reported animals are lines A—G (10). Additional animals generated for this study are lines H-K. 2Relative y-globin mRNA levels of 0.01 and
lower are indistinguishable from background. Thus, y-globin protein was unable to be assessed, indicated by ND (not done).

The chicken HS4 barrier insulator rescues the —108/~153 mutant
phenotype in transgenic mice. Transgenic studies in both Drosophila
and mice have used barrier insulators to flank reporter genes to
prevent gene silencing and reduce PEV in vivo (22, 23, 29, 30,
32,35, 46, 56-61). Based on the data above, we hypothesized
that the -108/-153 spherocytosis-associated mutations disrupt
the barrier activity of 5'HS, leading to perturbations in ankyrin
gene expression in erythroid cells, and this defect would be cor-
rected by flanking the mutant -108/-153 erythroid promoter/
y-globin transgene with the well-defined cHS4 insulator (Figure
8A; cHS4-296 mutant -108/-153 /Ay cHS4). To test this hypoth-
esis, we generated 7 lines of cHS4-296 mutant -108/-153/4y
cHS4 transgenic mice.

RNase protection demonstrated that 7 of 7 cHS4-296 mutant
-108/-153/4y cHS4 transgenic lines expressed mRNA from
Ay-globin gene in adult erythroid cells (reticulocytes) (Figure
8B and Table 3), indicating position-independent expression.
cHS4-296 mutant -108/-153/Ay cHS4 transgenic mice had
mean levels of Ay-globin mRNA of approximately 0.45% per
mouse o-globin mRNA/transgene copy, identical to that of
mice with the wild-type erythroid promoter/y-globin transgene
(P = 0.877; Figure 8B and Table 3). Mice with the cHS4-296
mutant -108/-153/4y cHS4 transgene expressed the #y-globin
transgene in a copy number-dependent fashion (copy number
correlation with y-globin mRNA level, 72 = 0.94, P < 0.001; linear
relationship; Figure 8C). Similar to transgenic mice with the
wild-type promoter, all 7 lines of cHS4-296 mutant-108/-153 /4y
cHS4 transgenic mice expressed human y-globin in a uniform
pattern, i.e., in 100% of erythrocytes (Tables 1 and 3 and Fig-
ure 8D). Flanking the -108/-153 mutant erythroid promoter
with cHS4 completely rescued the defects associated with the
mutant -108/-153 phenotype.

Discussion

The focus of our studies was to determine the mechanism by
which the -108/-153 ankyrin upstream erythroid promoter
region mutations exert their influence on ankyrin gene expres-
sion in erythroid cells. Previous in vitro reporter gene assays
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revealed no differences between wild-type and mutant -108/-153
promoters, while -108/-153 mutant ankyrin promoter/y-globin
reporter transgenic mouse assays revealed perturbed y-globin
expression (10). Together, these data indicated that intact chro-
matin was necessary to manifest the promoter mutations and led
to the hypothesis that this region functions as a barrier insulator.
The data presented here indicate that the ankyrin 5'HS region is
a barrier insulator in erythroid cells. In addition to the erythroid
promoter, there are at least three other ankyrin-1 promoters,
one approximately 40 kb 5’ of the erythroid promoter directing
transcripts in neural and muscle cells, one approximately 16 kb
3’ of the erythroid promoter directing transcripts in cerebellar
cells, and one approximately 200 kb 3’ of the erythroid promoter
directing transcripts in skeletal muscle (62-66). Thus, it is not
surprising that tissue-specific barrier insulators are required in
the ankyrin-1 locus to prevent ectopic expression or silencing
of tissue-specific transcripts. We propose a model of ankyrin-1
gene regulation that includes the S'HS region acting as a bar-
rier insulator, engaging numerous proteins including USFs that
recruit PRMTs, CBP, and P300, SMARCA4, and other uniden-
tified chromatin remodeling-associated proteins to protect the
erythroid promoter region and exon 1E from encroachment of
heterochromatin in erythroid cells.

Identification of a barrier insulator near the ankyrin gene ery-
throid promoter is not surprising. Several recent studies have
revealed numerous similarities between barrier insulators and
promoters, including similar chromatin architecture, subnuclear
localization, and binding of specific transcription factors (67-71).
Based on growing evidence, one emerging hypothesis proposes
that barrier insulators evolved as specialized derivatives of gene
promoters, each with specific, yet discrete function (34, 70, 71).

Identifying the mechanisms of barrier insulator activity in
mammalian cells is fundamental to our understanding of gene
regulation. However, our understanding of the structure and
function of barrier insulators in mammalian cells is limited.
Much of the data available on barrier insulators have come from
model organisms, particularly yeast and Drosophila (20,22,25,71).
Mutagenesis or deletion of various barrier/boundary-associated
Volume 120 4461
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Figure 8

Rescue of the mutant ankyrin-1 —108/—153 phenotype in vivo. The cHS4 barrier insulator rescues the mutant —108/—153 phenotype, restoring
position-independent, copy number—dependent, uniform expression to the mutant —108/—153 ankyrin erythroid promoter transgene. (A) Trans-
genic mice with a mutant —108/—153 ankyrin erythroid promoter/human y-globin reporter gene cassette flanked by the cHS4 insulator (cHS4-296
mutant —108/—153/Ay cHS4). (B) Detection of Ay-globin mRNA in reticulocytes of transgenic mice using 32P-labeled riboprobes for the Ay-globin
gene (top band) and the mouse a-globin gene (lower band). Transgenic lines are indicated with letters above the lanes corresponding to Table 3.
(C) Correlation of transgene copy number with the levels of Ay-globin mRNA. Linear regression analysis of transgene copy number with cor-
rected mRNA expression level was performed with —296 WT/Ay and cHS4-296 —108/—153/Ay cHS4 mice. (D) Expression of y-globin protein in
erythrocytes of cHS4-296 mutant —108/-153/Ay cHS4 transgenic mice using an FITC-conjugated antibody correlated with number of erythro-
cytes counted. Thick lines represent transgenic mice, and thin lines represent nontransgenic littermate controls. Single peaks represent uniform
expression of y-globin. Bimodal peaks represent nonuniform/variegated expression of y-globin. Top panels show results from a control mouse
with uniform (i.e., 100% of erythrocytes) y-globin expression and a control with nonuniform/variegated expression, similar to that seen in —296
mutant —108/—153/Ay transgenic mice (10). The bottom panels represent uniform expression in cHS4-296 mutant —108/—153/Ay cHS4 transgenic
mice. Representative transgenic lines are shown, with the letters corresponding to Table 3.

genes or domains in model organisms allows spreading of het-
erochromatin across a boundary, silencing adjacent loci (20, 36,
72,73), in a manner similar to the -108/-153 mutations. Our
data support the model according to which barrier insulators
recruit enzymes and other proteins associated with activating
histone modifications to block the mechanism(s) that lead to
spreading of gene silencing-associated chromatin alterations
into regions of active chromatin (12, 52). This is the first exam-
ple to our knowledge to identify disruption of a barrier insula-
tor as a pathogenetic mechanism of human disease.

Table 3

Because of their essential roles in maintaining higher-order
chromatin structure and regulating appropriate patterns of gene
expression, mutation of barrier insulators likely plays an impor-
tant role in the pathogenesis of numerous inherited and acquired
diseases. We predict that perturbations in gene expression associ-
ated with acquired karyotypic alterations observed in malignant
cellular transformation are in part due to altered barrier insulator
structure and function (74, 75). These predictions are consistent
with observations of disease phenotype associated with disrup-
tion or deletion of enhancer blocker insulators, such as myotonic

Expression of Ay-globin in cHS4-296 mutant —108/-153/Ay-cHS4 transgenic mice

Transgenic line Transgene copy y-Globin mRNA/

y-Globin mRNA/ Uniform or variegated

number murine x-globin mRNA murine x-globin mRNA y-globin protein expression
per copy in erythrocytes
A 1 0.03 +0.005 0.032 Uniform
B 1 0.073+0.018 0.073 Uniform
C 8 0.36 +0.013 0.045 Uniform
D 10 0.48 = 0.025 0.048 Uniform
E 9 0.32 £0.02 0.035 Uniform
F 6 0.24 +0.017 0.040 Uniform
G 6 0.27 +0.04 0.045 Uniform
Mean 0.045£0.013
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dystrophy associated with loss of function of the DM1 enhancer
blocker insulator (76) and chromosomal deletions, or transloca-
tions of regions containing CTCF-binding sites in Beckwith-Wie-
demann syndrome, Wilms tumor, and various cancers (77). Thus,
disruption of either barrier insulator or enhancer-blocking insula-
tor function is expected to be a general mechanism associated with
inherited and acquired genetic disease.

Advances in genomic technologies, particularly genome-wide
association studies and functional genomics, are advancing our
understanding of gene regulation and human disease (78, 79). Asso-
ciation studies have identified numerous disease-associated single
nucleotide polymorphisms, most residing in noncoding regions of
the genome. In parallel, functional genomics studies, such as ChIP-
based assays, have allowed identification of regions of DNA with
regulatory potential throughout the genome (80-83). Studies such
as this report that localize and define in detail critical gene regula-
tory elements such as insulators are essential for our understanding
of the mechanisms of inherited and acquired disease. Synthesis of
the data obtained from these complementary lines of investigation
is necessary to begin to unravel the complex mechanisms of genetic
variation in disease-susceptibility loci (84).

Methods

Cell culture and selection. K562 cells (chronic myelogenous leukemia in blast
crisis with erythroid characteristics, ATCC catalog CCL-243) were main-
tained in RPMI 1640 medium with 10% fetal calf serum. Human CD34-
selected stem and progenitor cells were obtained from the Yale Center for
Excellence in Molecular Hematology Cell Core and cultured in StemSpan
SF expansion medium (StemSpan, 09650) with estradiol (100 ng/ml), dexa-
methasone (10 ng/ml), human transferrin (200 ng/ml), insulin (10 ng/ml),
Flt3 ligand (100 n/ml), stem cell factor (100 ng/ml), IL-3 (50 ng/ml), IL-6
(20ng/ml), insulinlike growth factor-1 (50 ng/ml),and erythropoietin (3 U/ml)
for 9-14 days (85, 86). FACS analysis was used to analyze cellular expression
of CD71 (transferrin receptor) and CD235a (glycophorin A). Magnetic bead
selection for CD71 (MACS, 130-046-201) and CD235a (MACS, 130-050-501)
was used to purify an R3/R4 population of erythroid cells (87).

Human CD34" hematopoietic stem and progenitor cells were supplied
by the Yale Center for Excellence in Molecular Hematology. The protocol
for collection of these cells was approved by the Yale Human Investigation
Committee, June 22,2010 (HIC# 0309025874).

DNase I HS mapping. DNase I HS mapping was performed as described
previously (88, 89), with minor modifications. DNA was extracted from
nuclei harvested from approximately 1 x 108 logarithmically growing
K562 (erythroid), HeLa (epithelial-like), SH-SYSY (neuroblastoma), Jurkat
(T lymphocyte), or HEK 293 (embryonic kidney) cells and digested for
Southern blot analysis. For fine mapping, the migration of the band gener-
ated by digestion with DNase I and the appropriate restriction enzyme was
compared with the migration of bands generated by the double digestion
of high-molecular-weight DNA with the appropriate restriction enzyme
and other restriction enzymes.

Barrier insulator/PEV assays. Flanking promoter/reporter genes with
insulators conferring barrier activity in vivo prevents gene silencing by
protecting the transgene from PEV in long-term tissue culture assays (30,
33,57,90). In barrier insulator assays (also known as gene silencing/PEV
assays), variability in expression and extinction of reporter gene expres-
sion due to chromosomal position effects arising from the influence of
insulators flanking the sites of transgene integration are assessed over
time. In these assays, the barrier must flank both the 5" and 3’ ends of
the transgene, as randomly integrated constructs may experience hetero-

chromatic-mediated gene silencing from either direction (31, 90). Test
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plasmids containing the enhanced GFP as reporter gene were cotransfect-
ed into K562 cells with a pRSV-neomycin plasmid. After selection, indi-
vidual clones were isolated and expanded in G418-containing medium
and switched to nonselective medium before analysis of GFP expression
via fluorescence-activated cell sorting 21 days and 16 weeks later. South-
ern blot analysis was used to confirm that selected clones had an intact
GFP construct. The negative control plasmid, HS2-B-GFP, consisted of
the human B-globin HS2 enhancer, the human $-globin gene promoter,
and the EGFP reporter gene. The positive control plasmid consisted of’
the HS2-B-GFP cassette flanked with HS4 from the chicken B-globin
cluster locus control region (cHS4) insulator.

Enbancer-blocking assays. Enhancer-blocking activity was analyzed in a
well-defined assay where insulators under study are assessed for their
ability to act as an enhancer blocker when placed between an enhancer
and a promoter (30). Ankyrin 5'"HS sequences were used to separate the
mouse [-globin HS2 locus control region enhancer (44) from a y-globin
promoter linked to a neomycin resistance gene. In the positive control
plasmid, cHS4 sequences separated the HS2 enhancer from the y-globin
promoter-neomycin cassette. Plasmids were cotransfected with a neo-
mycin resistance gene into K562 cells, plated in semisolid medium to
allow growth of individual clones, and cultured under G418 selection
for 2 weeks. Colony number was normalized to the number of colonies
promoted by an HS2 y-globin neomycin plasmid.

Reporter gene assays. Plasmid pS"HSAnKE containing a 190-bp ankyrin 5'HS
fragment upstream of a luciferase reporter gene was created by HindIII/Sma
digestion of p296, a 271-bp minimal ankyrin erythroid promoter fragment
upstream of a luciferase reporter gene (8), followed by a BmgBI/EcoRV
(polylinker) digest and re-ligation to make a luciferase plasmid containing
5'HS. This region includes the 181 bp 5’ of the ankyrin promoter region
between -282 to -101 mapped by DNase I HS mapping. Integrity of the
plasmid was confirmed by sequencing. Test plasmids included p5S’"HSAnKE,
p296, pGL2 basic, a promoterless negative control, and pGL2 promoter, a
positive control plasmid containing an SV40 promoter directing expression
of a firefly luciferase gene. pRLTK, a plasmid containing a herpes simplex
virus thymidine kinase promoter directing a Renilla luciferase reporter gene
(Promega), was used as an internal control reporter. All plasmids tested
were purified using QIAGEN columns, and at least two preparations of
each plasmid were tested in triplicate. 107 K562 cells were transfected by
electroporation with a single pulse of 300 V at 960 microfarad with 20 ug of
test plasmid and 1.0 ug of pRLTK. Forty-eight hours after transfection, cells
were harvested and lysed, the activity of both firefly and Renilla luciferase
was determined in cell extracts, and the results were normalized.

Quantitative ChIP. ChIP analyses were performed as described previously
(21). Antibodies used for immunoprecipitation were diacetylated histone
H3 (Upstate Biotechnology, 06-599), tetraacetylated histone H4 (Upstate
Biotechnology, 06-866), CBP (Santa Cruz Biotechnology Inc., A-22),
histone H3 trimethylated lysine 27 (Abcam, ab6002), histone H3 trimeth-
ylated lysine 9 (Abcam, ab8893), histone H3 dimethylated lysine 4 (Abcam,
ab7766), P300 (Santa Cruz Biotechnology Inc., C-20, SC-585X), USF1
(Santa Cruz Biotechnology Inc., H-86, sc-8983), USF2 (Santa Cruz Biotech-
nology Inc., C-20, sc-862), and Brgl/SMARCA4 (Santa Cruz Biotechnology
Inc., H-88, SC-10768X). After elution and extraction, immunoprecipitated
DNA was analyzed by quantitative real-time PCR (iCycler, Bio-Rad) using
primers shown in Supplemental Table 1. Samples from at least 2 indepen-
dent immunoprecipitations were analyzed each at least in triplicate as
described. Parallel controls for each experiment included samples of no
chromatin and nonimmune rabbit IgG. Positive and negative controls as
described in the text and/or legends were also performed. Data are pre-
sented as mean + SEM of ChIP experiments. Statistical analyses were per-
formed using GraphPad Prism version 2.0 software.
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Generation and analyses of transgenic mice. Construction of transgenes
containing the wild-type -291 to -15 or the mutant -108/-153 ankyrin
erythroid promoters linked to a human y-globin reporter gene has been
described (9, 10). In a similar manner, wild-type -650 to -15 and wild-
type 2700 to -15 ankyrin erythroid promoter/y-globin transgenes were
constructed. The mutant -108/-153 ankyrin erythroid promoter/y-glo-
bin cassette was flanked at the 5’ and 3’ ends by a 1.2-kb Xbal frag-
ment containing the cHS4 insulator (29). All plasmid constructs were
sequenced to confirm that the appropriate ankyrin erythroid promoter
was correctly fused to the Ay-globin gene.

Transgenic mice were generated and characterized as described previ-
ously (9, 91). Founder animals were identified by Southern blot analysis
of DNA extracted from tail biopsies by probing with an ankyrin/Ay-glo-
bin probe. Ankyrin erythroid promoter/Ay-globin transgene expression
in total cellular RNA extracted from adult reticulocytes was analyzed via
RNase protection assay (RPA) using a riboprobe that contains sequences
for both exon 2 of the human #y-globin gene and exon 2 of the murine
a-globin gene, ensuring that the human #y-globin and murine a-globin
sequences are labeled to equal specific activity, allowing direct com-
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