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GATA simple sequence repeats function
as enhancer blocker boundaries
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Simple sequence repeats (SSRs) account for ~3% of the human genome, but their functional
significance still remains unclear. One of the prominent SSRs the GATA tetranucleotide repeat
has preferentially accumulated in complex organisms. GATA repeats are particularly enriched
on the human Y chromosome, and their non-random distribution and exclusive association
with genes expressed during early development indicate their role in coordinated gene reg-
ulation. Here we show that GATA repeats have enhancer blocker activity in Drosophila and
human cells. This enhancer blocker activity is seen in transgenic as well as native context of
the enhancers at various developmental stages. These findings ascribe functional significance
to SSRs and offer an explanation as to why SSRs, especially GATA, may have accumulated in
complex organisms.
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enome sequence analysis has revealed the presence of a
large proportion of non-coding DNA in complex
organisms. Much of this non-coding DNA consists of a
variety of repetitive DNA including transposable elements (TEs)
and simple sequence repeats (SSRs). Certain repetitive sequences
have been implicated in chromatin-mediated transcriptional
regulation, chromosome organization, imprinting, chromatin
domain boundary function and complex nuclear features such
as heterochromatin, telomeres and nucleolar organization'~3,
SSRs, on the other hand, have not been directly implicated in
such regulatory roles although this class of DNA has also
accumulated in complex genomes, particularly in vertebrates®!°,
We have reported earlier that only selected SSRs have been
favoured® and one of the most prominent of those SSRs is the
GATA repeat. GATA repeat elements (GEs), which are highly
abundant on the sex chromosomes of several organisms, have
GATA;p_1, as the most abundant size of this repeat and are
present almost exclusively in the intergenic regions'®. GATA
repeats have also been found to be associated with genes that are
expressed early during development while the GE-devoid region
of Y chromosome contains genes that are expressed late during
spermatogenesis. We also noticed a frequent association of matrix
attachment region (MAR) potential sequences with the GATA
repeats'®, MAR DNA, by its association to the nuclear matrix,
creates chromatin domains that are topologically constrained,
which helps in regulating genes and organizing the genome in
eukaryotes'1"1°. These observations suggested a gene regulation
and genome packaging-related function for this SSR element.
Here, we show that GATA repeats function as enhancer
blocker in human cells and Drosophila. These findings bring to
light the regulatory role of SSRs and may explain why complex
genomes have accumulated such repetitive elements.

Results

GATA SSR functions as enhancer blocker in human cells. To
test our hypothesis that GATA has gene regulatory function,
GATA-rich regions from the human Y chromosome
(Supplementary Fig. S1) were taken and tested for enhancer
blocker function using colony formation assay in K562 human
cell line. The test fragments were placed between the mHS2
enhancer and y-globin promoter-driven neomycin resistance gene
(neo®) to test if they block the access of the enhancer to the
promoter (Fig. 1a). If a sequence acts as a boundary or enhancer
blocker, it would prevent mHS2 to talk to neo®, resulting in its
lower expression and thus low numbers of resistant colonies. A
known boundary element, cHS4 enhancer blocker from f-globin
locus'®, was used as a positive control in the assay. To have
comparable results, equal numbers of cells were transfected with
same amounts of the various DNA constructs. We observed that
all the GATA-containing fragments show enhancer blocker
activity with the two GEs from human Y chromosome, GE7
(389bp) and GE10 (930bp), showing boundary activity
comparable to that of cHS4 (Fig. 1a).

The GE sequences used in the boundary assay, along with
20-kb additional flanking region both at 5" and 3’ end, were tested
for MAR potential using MAR-Wiz finder!” (Supplementary
Fig. S1). Although the MAR region coincided with GATA repeat
only in GE10, both GE7 and GE10 showed comparable boundary
activity. Thus, we decided to test whether GATA repeat or MAR
or both contribute to the boundary function assayed here. We
used the GATA-rich region (GE10GATA, 160bp) and the
GATA-devoid or MAR region of GE10 (GE10MAR, 727bp)
separately as test fragments for this purpose. The results show
that the boundary activity of GE10 is confined to the GATA-rich
region and that MAR region has no boundary function (Fig. 1a).
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To further confirm whether the boundary activity is solely due to
the GATA tetranucleotide repeats, a synthetic GATA;, sequence
(40 bp) was also used as a test fragment in this assay (Fig. 1la). We
observed enhancer blocker activity with synthetic GATA repeat
itself. All these results together indicate that GATA SSR can act as
an enhancer blocker boundary in human cell line.

GATA repeats function as enhancer blocker in Drosophila.
Boundary elements are known to function across species'®!31?
and Drosophila melanogaster is used as a model system of choice
to study such elements from different species taking genetic and
cell biology approaches in the transgenic context’=22, Before
going for transgenic experiments, we checked whether GATA
repeats bind to specific proteins in the Drosophila embryo nuclear
extract. Gel-shifts using GATA;, GATAg and GATA,; as probes,
clearly indicated that GATA,; has the ability to bind proteins
more efficiently than GATA; and GATAg (Supplementary
Fig. S2a). We also saw that the DNA-protein complex with
longer repeat GATA;; cannot be competed efficiently by
shorter repeats (Supplementary Fig. S2b), suggesting that
GATA-interacting protein prefers longer GATA repeats. These
results indicate towards the presence of the GATA SSR function
in fly and that fly can be used as a model to study it.

We use a transgene-based enhancer blocker assay where test
fragments are placed between fushi-tarazu (ftz) enhancer and
hsp70 promoter-driven lacZ gene (Fig. 2a)?%. GE5 (394 bp), GE7
(389bp) and GE10 (930bp) from the human Y chromosome
(Supplementary Fig. S1) were tested for boundary activity in this
assay. We compared our results with the ‘vector’ control line
containing no test DNA and blocker control line of ‘Su(Hw)”
(355bp) as test fragment?®. Genetic tools available in Drosophila
enabled us to flip-out the test fragments from the transgenes
using Cre recombinase-expressing fly and compare reporter
activity in presence and absence of the test fragment while
keeping the genomic context unchanged (Fig. 2a)% A significant
increase in the LacZ staining for flipped-out lines as compared
with initial lines is seen, establishing that the decrease in LacZ
staining in the boundary lines is exclusively due to the presence of
GE between the ftz enhancer and the lacZ gene (Fig. 2b). The
quantification of staining by ImageJ—an image analysis
software—shows similar results too (Supplementary Fig. S3a).
We also checked the enhancer blocker activity of only GATA and
only MAR parts of GE10 as done in the human cell line. We
found no significant change in the LacZ staining intensity in the
initial versus the flipped-out MAR line (Supplementary Fig. S3b),
indicating that MAR does not function as boundary. When
synthetic GATA;, (40bp) was used as the test fragment in the
assay, reduction in LacZ staining was clearly seen (Fig. 2b,
Supplementary Fig. S3a), confirming that GATA by itself is
sufficient for the boundary activity. It should also be noted that
the enhancer blocker activity is not a property of any repetitive
element but rather is an attribute of GATA SSR exclusively, as
earlier reports from our lab have shown that GAGAG repeat fails
to act as a boundary despite GAGAG motif having the ability to
recruit GAGA boundary factor®>,

GATA functions as boundary and not as repressive element. In
our assay systems, the reduction in the reporter gene activity in
the enhancer blocker assays can also be explained by alternative
mechanism if the test fragment were to function as repressor. To
rule out the repressor function of GE, we checked the effect of
GATA/GEs when placed upstream of the enhancer in human
cells. Unlike in enhancer blocker constructs where GEs and
GATA,, block enhancer—promoter interaction, when placed
upstream to the mHS2 enhancer, they have no effect on the
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Figure 1 | GATA repeat has enhancer blocker activity in human K562 cells. (a) A cartoon representing the enhancer blocker assay construct that
carries a y-globin/neomycin (neo) gene driven by mHS2 enhancer from LCR of chicken f-globin locus (upper panel). The graph shows relative number
of neomycin-resistant colonies in the presence of the corresponding constructs as compared with that in the case of transfection with vector DNA.
The error bars represent s.d. from mean. Vector alone and mock, that is, without any DNA serve as positive and negative controls for neo sensitivity,
respectively. Construct has chicken S-globin blocker, cHS4, as positive control for enhancer blocker activity, while GE7, GE10, GATAo, GE10-GATA and
GE10-MAR were the test fragments. (b) A bar graph of the relative neomycin-resistant colonies in corresponding constructs with respect to vector
alone when the GE is placed upstream to the enhancer. Similar number of neomycin-resistant colonies in all constructs as compared with vector

shows that GE is not a repressor.

neomycin resistance gene expression. This rules out any repressor
effect associated with GATA (Fig. 1b).

In our experiments in the fly system, the reduction of LacZ
staining, on which the assay is based, could have also been due to
either genomic position of the transgene or a repressive property
of the test element. First, to rule out the possibility of any
genomic position effect, several independent lines of each con-
struct were tested for their boundary activity and their average
boundary strength was quantitated using Image ] software
(Supplementary Table S1). Our results show that irrespective of
the genomic context, every time the GE fragment is flipped out
there is an enhancement in the lacZ expression, indicating that
the initial low lacZ expression is due to the boundary effect of the
GE. Thus, the flip-out experiment separates out the position effect
from boundary effect. Second, to confirm that GATA acts as an
enhancer blocker and not a repressive element, we performed
RNA in situ hybridization against miniwhite, whose access to ftz
is uninterrupted by GATA and found that ftz drove miniwhite to
the same levels before and after flipping-out GE element (Fig. 3b).
These results confirm the enhancer blocker activity associated
with GATA SSR and rule out any repressive function associated
with them.

GE prevents genomic enhancer-promoter communication.
Among the various GE transgenic lines that we generated, one
had the insertion at the optomotor blind (omb) locus (referred to
as GE7.a or omb line) identified by the characteristic bipolar
expression pattern of reporter miniwhite gene in the eyes
(Supplementary Fig. S4a). Specific expression pattern of the omb
gene is already known in the eye, wing and leg imaginal discs and
their corresponding enhancers have also been mapped?®. We
sequenced this line using inverse PCR to map the precise
insertion site of the transgene (Fig. 4a), thus enabling us to study
whether GATA can prevent interaction between native enhancers
and promoters. The optic lobe region (OLR) enhancer of omb
that is downstream to lacZ, and, therefore, its access to hsp70-lacZ
not interrupted by GE, drives the expression of lacZ reporter gene
in, both, initial (Fig. 4a,b) and flipped-out lines (Fig. 4a,d). The
slight reduction in the LacZ staining in the optic lobe of the
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flipped-out omb line can be reasoned as the titration of the OLR
towards the omb and miniwhite genes as compared with the
initial line, where OLR is dedicated only to the lacZ. On the
contrary, the leg, eye and wing imaginal discs that show very little
or no LacZ staining in the initial line (Fig. 4b), showed increased
levels of lacZ expression upon flipping-out the GE (Fig. 4c,d).
This implies that GE prevents these native omb enhancers from
accessing the hsp70 promoter that drives lacZ.

Further, we used the omb line as a tool to test whether GE can
prevent enhancer-promoter interactions in their endogenous
context also. We checked the expression of omb gene in the optic
lobe by RNA in situ hybridization in the initial and flipped-out
omb lines to see that omb gene expression decreases markedly
when the access of OLR is blocked by GE. In the flipped-out line,
OLR gets access to omb gene and thus an increase in the level of
expression is seen (Supplementary Fig. S4b). On comparison of
Fig. 4b and Supplementary Fig. S4b, it also becomes clear that
GATA boundary function is independent of its orientation as in
the former, we see that wing, eye and leg enhancers are unable to
drive the lacZ expression while in the latter we see that the OLR
enhancer, which is on the other side of the GE, is blocked from
driving omb gene in the optic lobe.

GATA does not act as heterochromatin-euchromatin barrier.
Chromatin domain boundaries are of two types—enhancer
blockers and heterochromatin-euchromatin barriers. To test
whether GATA SSR possessed the barrier activity also, we con-
ducted the transgene protection assay in stable cell lines using
NIH3T3 mouse fibroblast cell line and K562 human erytho-
leukaemia cell line with GATA,, and GE7 as test fragments
(Supplementary Figs S5 and S6). The barrier assay we used is
based on the fact that upon drug withdrawal, transgenes in the
genome get silenced over a period of time by the gradual spread
of nearby repressive/heterochromatic activity and that if the
transgene is flanked by barrier elements that can block the sgread
of repressive activity, they can stay active for longer periods®’. We
found that although both GATA;, and GE7 test fragment-
containing transgenes were active to start with, none of them
protected the reporter from getting silenced. GE7, however,

3

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2872

e nc..._'.
*’.
4 %ﬁ_
- e /
miniwhite ftz loxP loxP hsp-lacZ
Enhancer
Cre recombinase
miniwhite ftz loxP hsp-lacZ
Enhancer
b

GE5.lla

i AGES5.lla

i AGE7.la

GE10.llIb

GATA . llb

Figure 2 | Enhancer blocker activity of GATA in Drosophila. (a) The
enhancer blocker assay construct, CfhL vector, that carries miniwhite gene
as transformation marker and hsp70 promoter-driven lacZ with ftz seven-
stripe enhancer as the reporter. loxP sites are shown as triangles. (b) LacZ
staining of embryos. While the initial lines (i) containing the boundary
element (shown as red bar) block the enhancer-promoter communication,
seen as weak lacZ expression, flipped-out lines (ii) lose this ability, seen as
significantly stronger staining in corresponding lines. Su(Hw)> and vector
serve as positive and negative controls, respectively. The scale bar drawn
on bottom right of the panel measures 100 um in length.

showed a varying rate of silencing of the reporter gene in NIH3T3
cell line experiment, seen as high s.d. at early time points, which
may indicate a weak barrier activity (Supplementary Fig. S5b).
Even if it is so, this weak barrier activity is likely to be due to the
non-GATA sequences of GE7, as GATA,, did not show this
activity. GATA failed to function as a barrier in K562 cell line also
(Supplementary Fig. S6a). As these assays were done using a
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Figure 3 | GATA is an enhancer blocker and not a repressive element.
(a) A schematic of the various elements on the transgene with respect
to the reporter lacZ. (b) RNA in situ hybridization for lacZ and white genes
in the initial and flipped-out versions of corresponding lines. Left column
shows that low levels of LacZ in the initial lines (i) are clearly enhanced
when GE region is flipped out (ii). In the right column, however, white levels
do not show enhanced expression in flipped-out lines (iv) when compared
with initial lines (iii). The scale bar drawn on bottom left of the panel
measures 100 um in length.
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Figure 4 | GE prevents multiple enhancer-promoter communications in the native genomic context. Relative locations of the enhancers (wing, eye,
leg and optic lobe regulatory region) of the omb transcription unit with respect to the reporter construct are shown (a). Dotted blue arrows show
enhancer-promoter interactions interrupted by GE boundary while solid arrows show uninterrupted interactions. LacZ staining of wing, eye and leg
imaginal discs showed no or minimal level of lacZ expression, indicating that the corresponding enhancers were blocked by the GE, while the OLR located
at the other end of the insert was unaffected by GE, leading to high expression of lacZ in optic lobes (b). In the flipped-out line, absence of GE
allowed all enhancers to access the hsp70-lacZ gene (c) as seen by the prominent expression of lacZ gene in the corresponding discs (d). The scale

bar drawn on bottom of the individual images measures 50 um in length.

heterogeneous population of cells, we decided to confirm the lack
of barrier activity using single-cell-derived lines of GATA,, in
K562. These clonal cell lines also failed to show any transgene
protection as the reporter activity came down steadily after drug
withdrawal (Supplementary Fig. S6b). From these results, we
conclude that GATA SSR does not function as a barrier and that
it only functions as an enhancer blocker boundary.

Discussion
Accumulation of the large proportion of repeats in complex
eukaryotes, with SSRs reaching up to 3% in human genome?3, but
almost a similar number of genes may suggest that a lot of the
complexity can be attributed to the recruitment of SSRs and other
repeats as a tool in complex re%ulatory mechanisms. Presence of
many SSR-binding proteins?®=3! further strengthens the view that
these repeats may have functional relevance. One of the major
SSRs in vertebrates, the GATA tetranucleotide, has many unique
features such as preferred higher occurrence of (GATA)g 12
greater abundance on the mammalian Y chromosome and close
association with developmentally regulated genes™'?. We here
show that these GATA elements function as enhancer blocker
elements that can demarcate functional domains in the genome.
Our boundary assays show that GE could prevent enhancer—
promoter interactions in human cell line and Drosophila
melanogaster, indicating that the function of GATA is conserved
and that the basic machinery involved in GATA function as a
boundary is maintained in both invertebrates and vertebrates. By

using synthetic GATA as the test element, we show that GATA
repeats alone are sufficient for the boundary activity. Finally,
using the omb line we show that GE can stop the interactions
between enhancers and promoters in their native genomic
context too. This suggests that the boundary activity of GATA
is not a mere transgenic phenomenon but rather it reflects the
functional significance of genomic GATA repeats as boundary
elements. Our results also show that although GATA repeats
block enhancer-promoter interactions, they fail to prevent the
spread of heterochromatin into euchromatin making GATA SSR
an exclusive enhancer blocker boundary element.

A neutral boundary is not expected to affect expression of
nearby genes unless located between the enhancer and the
promoter driving that gene. In our experiments in human cells,
we show that GATA represses reporter expression only when
placed in between enhancer and promoter, and not when it is
present upstream to the enhancer. In the fly system, we looked for
both lacZ and miniwhite expression in the same stage by RNA
in situ hybridization and found that only lacZ expression goes
down as its interaction with the enhancer is interrupted by GE
placed in between them while miniwhite expression remains
unchanged. We conclude, therefore, that GATA is a neutral
boundary and not a repressive element.

We, in this study, show that GATA SSR can act as an enhancer
blocker in multiple cell/tissue types, developmental stages and
across species. Our results for the first time assign a direct role for
SSRs in genome organization and formation of functional
domains in complex organisms, and support the emerging view
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that repeats may not be junk DNA’ and, instead, may constitute
functionally relevant elements of the complex genomes. An
obvious advantage that such repetitive functional elements may
offer is that clustering of boundaries defined by repetitive
elements, like the other known boundaries’3?, creates the
possibility of bringing together large number of loci together in
the nuclear compartment for coordinated expression and also
provides a possible mechanism in which few factors can control
coordinated expression of genes by choosing repeats as their
targets>. As GATA repeats are also transcribed®®, they may
involve proteins that could utilize the transcripts made from
them. Further, as repeats are more vulnerable to mutations and
instability>®37, they can become a handy tool for the cell to bring
about fine tuning of gene regulation and to give evolutionary pace
to repeat-containing organisms. Further studies will be needed to
explore these possibilities which may help us understand the
evolution of complexity in the context of genomic organization
and complex regulation of genes.

Methods

DNA constructs. The standard extraction protocol was followed for isolation of
genomic DNA from human (male) blood sample, which included lysis, RNaseA
and proteinaseK digestions, followed by phenol/chloroform extraction and pre-
cipitation. GEs from human Y chromosome were amplified using different GE
primer pairs (Supplementary Table S2) and cloned in PCR cloning vector InsT/A
(Fermentas). Test fragments were cloned into the LML (loxP-MCS-loxP) vector in
between the loxP sites. For the enhancer blocker assay in human cell line, the Xhol
fragments from LML were cloned into the modified pJC54 vector whereas for the
repressor assay the fragments were amplified and cloned into Ndel site upstream to
the enhancer. For Drosophila transgenic constructs, Xhol fragments from LML
were inserted at Xhol site of the ftzEN:hsp70/lacZ (pCfhL) vector?3 (Fig. 2).

Enhancer blocker and repressor assay in human cell line. Enhancer blocking
was tested using the colony formation assay in K562 cells'®. For this assay, GE7,
GE10, GEIOMAR, GE10GATA and GATA,, fragments were inserted between the
mHS2 enhancer and the y-globin promoter of the mHS2EN:yg/neomycin vector for
enhancer blocker assay and upstream to the mHS2 enhancer for the repressor
assay. Equal amounts of DNA of each construct were electroporated into equal
number of K562 cells, thus ensuring comparable transfection efficiencies. These
transfected cells were then selected on neomycin for 2 weeks and plated to count
the number of neomycin-resistant colonies. The experiment was done thrice to
ensure reproducibility of the results. These results were averaged and ratios of
number of colonies on neo ™ and neo ~ plates were plotted along with errors bars
based on their s.e.m.

Transgene protection assay. Transgene protection or barrier assay construct
consists of reporter green fluorescent protein (GFP) driven by CAGG promoter
flanked by either GE7 or GATA,, on both sides to be used as test fragments while
the construct without any flanks was used as a negative control. The GEs were
excised from Drosophila enhancer blocker vector, that is, pCfhL, and cloned

in LMBP4800 vector modified to contain NotI and Xhol sites. Blasticidin gene
was PCR amplified and cloned into a Sall site downstream to the GFP and

the subsequent GE of this barrier assay vector for selection of transfectants
(Supplementary Table S2 and Supplementary Fig. S2a). NIH 3T3 cells and K562
cells were transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Stable transfectants were selected using 17 pgml !
blasticidin drug for NIH3T3 and 25 pgml ~ ! for K562 for 2 weeks, after which the
drug was withdrawn to follow the time course of disappearance of GFP. Single cell
clones in K562 cell line were also isolated for the same. The cells were monitored
for GFP for 40 days post drug withdrawal and the GFP was measured periodically
by fluorescence-activated cell sorting analysis using MoFlo (Dako Cytomation).
The per cent GFP was normalized to day 0 readings and were plotted as shown in
Supplementary Figs S5b and S6.

Gel shift assay. Radiolabelled DNA (about 1 fmol) was incubated with nuclear
extract for 30 min (15 min on ice and 15min at room temperature) 1 x binding
buffer (25 mM HEPES (pH 7.6), 100 mM NaCl, 1 mM DTT, 0.1 mM PMSF and
10% glycerol), 10 ug yeast tRNA, 0.5 pug polydIdC and 0. 5 ug Escherichia coli
sonicated genomic DNA. Specific cold competitor was added wherever mentioned.
The DNA-protein complexes were resolved using 5% polyacrylamide gel (39:1
acrylamide: bis-acrylamide).

Enhancer blocker assay in Drosophila. Transgenic lines were generated, following
the standard protocol®®3?. All the pCfhL constructs having GE DNA were injected

6

(0.5 mgml ) into embryos of Drosophila carrying transposase (w ~ y ~ A2-3kstb).
The test element was flipped out by crossing the flies bearing the transgene with the
strain expressing Cre recombinase (Bloomington stock no. 766) (ref. 40). Inverse
PCR was performed following the published protocol*! to determine the precise
insertion site for useful lines. Embryos (0-12h) were collected and stained for
B-galactosidase (lacZ) activity according to the protocol*? with minor changes*?
as outlined. Briefly, 0- to 12-h-old embryos were dechorionated in 50% bleach
(sodium hypochlorite), washed and fixed in heptane saturated with 25%
glutaraldehyde for 20 min. The fixed embryos were washed with PBSTx

(PBS + 0.3% Triton X 100) thoroughly followed by a single wash with pre-warmed
X-gal staining buffer (7.2 mM Na,HPO,, 2.8 mM NaH,PO,, 150 mM NaCl, 1 mM
MgCl,, 3 mM K;[Fe(CN)g], 3 mM K4[Fe(CN)¢]). The embryos were then incubated
in staining buffer containing 1% X-gal (Sigma) till good staining pattern develops
(2-10h). Imaginal discs were fixed in 4% paraformaldehyde for 20 min at room
temperature, washed twice in PBSTx and processed for LacZ staining as described
for embryos. All the LacZ activity-stained embryos were imaged with Leica
Stereomicroscope.

RNA in situ hybridization. To see the expression pattern of miniwhite, lacZ and
omb in the embryos and/or discs, in situ hybridization was carried out using
messenger RNA-specific RNA probes. The desired regions were PCR amplified
using the primer pairs (Supplementary Table S2), cloned into pGEMT Eazyvector
(Promega), digUTP-labelled RNA probes were made using Roche in vitro tran-
scription kit and used for in situ hybridization*%. Proteinase K treatment instead of
acetone treatment was adopted for the discs?®. The probes were detected using
alkaline phosphatase-conjugated anti-dig antibody as described in the Roche DIG
application manual for in situ hybridization. All RNA in situ hybridized embryos
were imaged using Zeiss Axioplan microscope.

References

1. Lunyak, V. V. et al. Developmentally regulated activation of a SINE B2 repeat
as a domain boundary in organogenesis. Science 317, 248-251 (2007).

2. Brasset, E. et al. Idefix insulator activity can be modulated by nearby regulatory
elements. Nucleic Acids Res. 35, 2661-2670 (2007).

3. Peng, J. C. & Karpen, G. H. H3K9 methylation and RNA interference regulate
nucleolar organization and repeated DNA stability. Nat. Cell Biol. 9, 25-35
(2007).

4. Morris, C. A. & Moazed, D. Centromere assembly and propagation. Cell 128,
647-650 (2007).

5. Kim, J. H. et al. Human gamma-satellite DNA maintains open chromatin
structure and protects a transgene from epigenetic silencing. Genome Res. 19,
533-544 (2009).

6. Gdula, D. A,, Gerasimova, T. I. & Corces, V. G. Genetic and molecular analysis
of the gypsy chromatin insulator of Drosophila. Proc. Natl Acad. Sci. USA 93,
9378-9383 (1996).

7. Savitskaya, E. et al. Study of long-distance functional interactions between
Su(Hw) insulators that can regulate enhancer-promoter communication in
Drosophila melanogaster. Mol. Cell Biol. 26, 754-761 (2006).

8. Roseman, R. R, Pirrotta, V. & Geyer, P. K. The su(Hw) protein insulates
expression of the Drosophila melanogaster white gene from chromosomal
position-effects. EMBO J. 12, 435-442 (1993).

9. Subramanian, S., Mishra, R. K. & Singh, L. Genome-wide analysis of
microsatellite repeats in humans: their abundance and density in specific
genomic regions. Genome Biol. 4, R13 (2003).

10. Subramanian, S., Mishra, R. K. & Singh, L. Genome-wide analysis of Bkm
sequences (GATA repeats): predominant association with sex chromosomes
and potential role in higher order chromatin organization and function.
Bioinformatics 19, 681-685 (2003).

11. Caj, S., Lee, C. C. & Kohwi-Shigematsu, T. SATB1 packages densely looped,
transcriptionally active chromatin for coordinated expression of cytokine genes.
Nat. Genet. 38, 1278-1288 (2006).

12. Heng, H. H. et al. Chromatin loops are selectively anchored using scaffold/
matrix-attachment regions. J. Cell Sci. 117, 999-1008 (2004).

13. Jenke, A. C. et al. Nuclear scaffold/matrix attached region modules linked to a
transcription unit are sufficient for replication and maintenance of a
mammalian episome. Proc. Natl Acad. Sci. USA 101, 11322-11327 (2004).

14. Ottaviani, D. et al. Reconfiguration of genomic anchors upon transcriptional
activation of the human major histocompatibility complex. Genome Res. 18,
1778-1786 (2008).

15. van Drunen, C. M. et al. A bipartite sequence element associated with matrix/
scaffold attachment regions. Nucleic Acids Res. 27, 2924-2930 (1999).

16. Chung, J. H., Whiteley, M. & Felsenfeld, G. A 5" element of the chicken beta-
globin domain serves as an insulator in human erythroid cells and protects
against position effect in Drosophila. Cell 74, 505-514 (1993).

17. Singh, G. B., Kramer, J. A. & Krawetz, S. A. Mathematical model to predict
regions of chromatin attachment to the nuclear matrix. Nucleic Acids Res. 25,
1419-1425 (1997).

| 4:1844 | DOI: 10.1038/ncomms2872 | www.nature.com/naturecommunications

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

18.

19.

20.

21.

22.

23.

24.

2

u

26.

2

N

28.

29.

30.

3

—

32.

33.

34.

35.

Vasanthi, D. & Mishra, R. K. Epigenetic regulation of genes during
development: a conserved theme from flies to mammals. J. Genet. Genomics 35,
413-429 (2008).

Gerasimova, T. I. & Corces, V. G. Chromatin insulators and boundaries: effects
on transcription and nuclear organization. Annu. Rev. Genet. 35, 193-208
(2001).

Mihaly, J. et al. Chromatin domain boundaries in the Bithorax complex. Cell
Mol. Life Sci. 54, 60-70 (1998).

Kuhn, E. J., Viering, M. M., Rhodes, K. M. & Geyer, P. K. A test of insulator
interactions in Drosophila. EMBO ]. 22, 2463-2471 (2003).

Gerasimova, T. 1. & Corces, V. G. Polycomb and trithorax group proteins
mediate the function of a chromatin insulator. Cell 92, 511-521 (1998).
Hagstrom, K., Muller, M. & Schedl, P. Fab-7 functions as a chromatin domain
boundary to ensure proper segment specification by the Drosophila bithorax
complex. Genes Dev. 10, 3202-3215 (1996).

Siegal, M. L. & Hartl, D. L. Transgene Coplacement and high efficiency site-
specific recombination with the Cre/loxP system in Drosophila. Genetics 144,
715-726 (1996).

. Schweinsberg, S. et al. The enhancer-blocking activity of the Fab-7 boundary

from the Drosophila bithorax complex requires GAGA-factor-binding sites.
Genetics 168, 1371-1384 (2004).

Sivasankaran, R., Vigano, M. A., Muller, B., Affolter, M. & Basler, K. Direct
transcriptional control of the Dpp target omb by the DNA binding protein
Brinker. EMBO J. 19, 6162-6172 (2000).

. Yamagishi, T., Ozawa, M., Ohtsuka, C., Ohyama-Goto, R. & Kondo, T. Evx2-

Hoxd13 intergenic region restricts enhancer association to Hoxd13 promoter.
PLoS One 2, el75 (2007).

Lander, E. S. et al. Initial sequencing and analysis of the human genome. Nature
409, 860-921 (2001).

Timchenko, N. A., Welm, A. L., Lu, X. & Timchenko, L. T. CUG repeat binding
protein (CUGBP1) interacts with the 5 region of C/EBPbeta mRNA

and regulates translation of C/EBPbeta isoforms. Nucleic Acids Res. 27,
4517-4525 (1999).

Law, M. J. et al. ATR-X syndrome protein targets tandem repeats and
influences allele-specific expression in a size-dependent manner. Cell 143,
367-378 (2010).

. Adkins, N. L., Hagerman, T. A. & Georgel, P. GAGA protein: a multi-faceted

transcription factor. Biochem. Cell Biol. 84, 559-567 (2006).

Cleard, F., Moshkin, Y., Karch, F. & Maeda, R. K. Probing long-distance
regulatory interactions in the Drosophila melanogaster bithorax complex using
Dam identification. Nat. Genet. 38, 931-935 (2006).

Gerasimova, T. L, Byrd, K. & Corces, V. G. A chromatin insulator determines
the nuclear localization of DNA. Mol. Cell 6, 1025-1035 (2000).

Kumar, R. P., Senthilkumar, R,, Singh, V. & Mishra, R. K. Repeat performance:
how do genome packaging and regulation depend on simple sequence repeats?
Bioessays 32, 165-174 (2010).

Singh, L., Phillips, C. & Jones, K. W. The conserved nucleotide sequences

of Bkm, which define Sxr in the mouse, are transcribed. Cell 36, 111-120
(1984).

36. Kashi, Y., King, D. & Soller, M. Simple sequence repeats as a source of
quantitative genetic variation. Trends Genet. 13, 74-78 (1997).

37. Tautz, D., Trick, M. & Dover, G. A. Cryptic simplicity in DNA is a major
source of genetic variation. Nature 322, 652-656 (1986).

38. Rubin, G. M. & Spradling, A. C. Genetic transformation of Drosophila with
transposable element vectors. Science 218, 348-353 (1982).

39. Spradling, A. C. & Rubin, G. M. Transposition of cloned P elements into
Drosophila germ line chromosomes. Science 218, 341-347 (1982).

40. Gruzdeva, N., Kyrchanova, O., Parshikov, A., Kullyev, A. & Georgiev, P.

The Mcp element from the bithorax complex contains an insulator that is
capable of pairwise interactions and can facilitate enhancer-promoter
communication. Mol. Cell Biol. 25, 3682-3689 (2005).

41. Bellen, H. J. et al. The BDGP gene disruption project: single transposon
insertions associated with 40% of Drosophila genes. Genetics 167, 761-781
(2004).

42. Bellen, H. J. et al. P-element-mediated enhancer detection: a versatile method to
study development in Drosophila. Genes Dev. 3, 1288-1300 (1989).

43. Sultana, H., Verma, S. & Mishra, R. K. A BEAF dependent chromatin domain
boundary separates myoglianin and eyeless genes of Drosophila melanogaster.
Nucleic Acids Res. 39, 3543-3557 (2011).

44. Kosman, D. et al. Multiplex detection of RNA expression in Drosophila
embryos. Science 305, 846 (2004).

45. Nagaso, H., Murata, T., Day, N. & Yokoyama, K. K. Simultaneous detection
of RNA and protein by in situ hybridization and immunological staining
J. Histochem. Cytochem. 49, 1177-1182 (2001).

Acknowledgements

We thank Paul Schedl, Gary Felsenfeld, Bloomington Drosophila Stock Center, for
constructs and flies; National Centre for Cell Sciences, Pune, for K562 cells; and
A. Nagabhushana for helping in cell culture experiments. We thank HFSP, DBT
(Govt. of India) and CSIR for financial support.

Author contributions

R.P.K. and J.K. contributed equally and carried out all the experiments, N.P.S. helped in
RNA in situ hybridization experiments, L.S. contributed to the idea at early stages and
RK.M. contributed to the planning and analysis.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Kumar, R. P. et al. GATA simple sequence repeats function as
enhancer blocker boundaries. Nat. Commun. 4:1844 doi: 10.1038/ncomms2872 (2013).

| 41844 | DOI: 10.1038/ncomms2872 | www.nature.com/naturecommunications 7

© 2013 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	title_link
	Results
	GATA SSR functions as enhancer blocker in human cells
	GATA repeats function as enhancer blocker in Drosophila
	GATA functions as boundary and not as repressive element
	GE prevents genomic enhancer-promoter communication
	GATA does not act as heterochromatin-euchromatin barrier

	Figure 1GATA repeat has enhancer blocker activity in human K562 cells.(a) A cartoon representing the enhancer blocker assay construct that carries a gamma-globinsolneomycin (neo) gene driven by mHS2 enhancer from LCR of chicken beta-globin locus (upper pa
	Figure 2Enhancer blocker activity of GATA in Drosophila.(a) The enhancer blocker assay construct, CfhL vector, that carries miniwhite gene as transformation marker and hsp70 promoter-driven lacZ with ftz seven-stripe enhancer as the reporter.
	Figure 3GATA is an enhancer blocker and not a repressive element.(a) A schematic of the various elements on the transgene with respect to the reporter lacZ.
	Discussion
	Figure 4GE prevents multiple enhancer-promoter communications in the native genomic context.Relative locations of the enhancers (wing, eye, leg and optic lobe regulatory region) of the omb transcription unit with respect to the reporter construct are show
	Methods
	DNA constructs
	Enhancer blocker and repressor assay in human cell line
	Transgene protection assay
	Gel shift assay
	Enhancer blocker assay in Drosophila
	RNA in™situ hybridization

	LunyakV. V.Developmentally regulated activation of a SINE B2 repeat as a domain boundary in organogenesisScience3172482512007BrassetE.Idefix insulator activity can be modulated by nearby regulatory elementsNucleic Acids Res.35266126702007PengJ. C.KarpenG
	We thank Paul Schedl, Gary Felsenfeld, Bloomington Drosophila Stock Center, for constructs and flies; National Centre for Cell Sciences, Pune, for K562 cells; and A. Nagabhushana for helping in cell culture experiments. We thank HFSP, DBT (Govt. of India)
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




