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Abstract Somatic and germline mutations in the dual
zinc-finger transcription factor GATA3 are associated
with breast cancers expressing the estrogen receptor
(ER) and the autosomal dominant hypoparathyroidism—
deafness—renal dysplasia syndrome, respectively. To elu-
cidate the role of GATA3 in breast tumorigenesis, we
investigated 40 breast cancers that expressed ER, for
GATA3 mutations. Six different heterozygous GATA3 so-
matic mutations were identified in eight tumors, and
these consisted of: a frameshifting deletion/insertion
(944 945delGGinsAGC), an in-frame deletion of a key
arginine residue (991 993delAGQG), a seven-nucleotide
frameshifting insertion (991 992insTGGAGGA), a
frameshifting deletion (1196 1197delGA), and two
frameshifting single nucleotide insertions (1224 1225insG
found in three tumors and 1224 1225insA). Five of the
eight mutations occurred in tumors that retained GATA3
immunostaining, indicating that absence of GATA3
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immunostaining is an unreliable predictor of the pres-
ence of GATA3 mutations. Luciferase reporter assays,
electrophoretic mobility shift assays, immunofluores-
cence, invasion and proliferation assays demonstrated
that the GATA3 mutations resulted in loss (or reduction)
of DNA binding, decrease in transactivational activity,
and alterations in invasiveness but not proliferation. The
991 992insTGGAGGA (Arg330 frameshift) mutation
led to a loss of nuclear localization, yet the 991
993delAGG (Arg330deletion) retained nuclear localiza-
tion. Investigation of the putative nuclear localization
signal (NLS) sites showed that the NLS of GATA3 does
not conform to either a classical mono- or bi-partite
signal, but contains multiple cooperative NLS eclements
residing around the N-terminal zinc-finger which com-
prises residues 264-288. Thus, approximately 20 % ER-
positive breast cancers have somatic GATA3 mutations
that lead to a loss of GATA3 transactivation activity and
altered cell invasiveness.

Introduction

GATA3 belongs to a family of six mammalian GATA
dual zinc-finger transcription factors (GATA1-6; Fig. la)
that bind to the consensus 5'-(A/T)GATA(A/G)-3" motif
[1]. The C-terminal finger (ZnF2) is essential for DNA
binding, whereas the N-terminal finger (ZnF1) helps
stabilize this binding and physically interacts with other
proteins such as the multi-type zinc-finger Friends of
GATA (FOGs) [2]. GATA3 germline mutations are asso-
ciated with the congenital hypoparathyroidism—deafness—
renal dysplasia (HDR) syndrome in man [3-6], and
somatic GATA3 mutations have been reported in breast
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cancer [7—13]. Thus, GATA3 has dual roles in development
and oncogenesis. Indeed GATA3, in common with other
GATA family members, plays important roles in vertebrate
embryo organogenesis that includes the sympathetic ner-
vous system, the mammary gland, parathyroid, kidney,
inner ear, skin, and T cell lineages [14—16]. In oncogenesis,
GATA3 overexpression has been reported in esophageal
carcinoma, Hodgkin’s lymphoma, and pancreatic cancer
[17-19], and underexpression is associated with cervical
cancer and renal clear cell carcinoma [20-22]. However, in
breast cancers GATA3 underexpression and overexpression
have both been observed [23], and it has been reported that
GATA3 is highly co-expressed with the estrogen receptor
(ER) [20, 24]. Moreover, 70 GATA3 mutations (Fig. la)
have been reported in breast tumors, and it has been ob-
served that the incidence of GATA3 mutations is ~5-20 %
in breast cancers that immunostain for the ER [7, 9—-13]. To
further determine the role of GATA3 mutations and their
altered function in breast cancers, we pursued combined
mutational analysis and cellular studies of this transcription
factor.

Methods
Patients

Tumor samples were obtained from 40 patients diagnosed
with breast cancer at St. Bartholomew’s and the Royal London
National Health Service (NHS) Trust between 2005 and 2009.
Informed consent was obtained from patients, and the study
was granted NHS Research Ethics Committee approval (Cen-
tral Office for Research Ethics Committee No. 06/Q0403/182).
Blood samples for leukocyte DNA extraction were obtained
from 55 unrelated Northern European individuals, using pro-
tocols approved by a Multicentre Research Ethics Committee
(MREC/00/2/93).

Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissue blocks
were retrieved for each patient and used to construct a tissue
microarray (Beecher MTA1 machine; Alphelys TMA de-
signer). Appropriate areas of invasive carcinomas were
identified and threex I-mm cores taken from each case.
Cores of normal breast tissue were also included in the array
as controls. Immunostaining was performed using the fol-
lowing antibodies and dilutions: ER (NCL-L-ER-6F11;
Novocastra; 1:40), GATA3 (GATA3 HG3-31; Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA; 1:200), and
human epidermal growth factor 2 (Her2; c-erB-2 NCL-
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Fig. 1 GATA3 mutations identified in breast cancer and HDR Syn- p
drome. a Schematic representation of the genomic structure of the
GATA3 gene. The human GATA3 gene consists of six exons that span
20 kb of genomic DNA and encode a 444-amino acid transcription
factor which contains two transactivating domains (TA1 and TA2) and
two zinc-fingers (ZnF1 and ZnF2). The sizes of exons 1, 2, 3, 4, 5, and
6 are 188, 610, 537, 146, 126, and 806 bp, respectively. The ATG
(translation start) site is in exon 2 and the TAG (stop) site is in exon 6.
The locations of 78 mutations (70, which have been identified or
validated by Sanger DNA sequence analysis, from previous studies
[7-13] and 8 in this report (asterisked)) found in breast cancers are
shown above the genomic structure. The locations of 45 reported HDR
mutations, and 6 reported whole deletions, are shown below. The
arrow denotes the mutation confirmed in Fig. 2. b Alignment of amino
acid residues surrounding zinc-finger regions, ZnF1 and ZnF2, be-
tween GATA family members. Basic residues C-terminal to ZnF1 are
highly conserved in the GATA family members, whereas the basic
residues N-terminal to ZnF1 are conserved in GATA 1-3 but not in
GATA 4-6. Classical NLSs are typically small stretches of positively
charged (basic) amino acids (arginine, R, and lysine, K), arranged as
either monopartite (a single cluster) or bipartite (two clusters separated
by a 10—12-amino acid spacer) sequences [58, 59], although there is no
strict consensus sequence. The GATA3 NLS has been reported to
involve ZnF1 residues 249 to 311 [40], whereas the GATA4 NLS has
been more precisely defined and shown to involve the conserved
residues R282, R283, R317, and R319, which are located in ZnF2
and its C-terminal region [39]. Four clusters of positively charged
amino acids (K and R, shown in bold italics), similar to a classical
NLS, are indicated (dashed underline), and four arginines (R) reported
to be critical for nuclear targeting of GATA4 [39] are shown in bold.
Residues 314 and 330 affected by mutations identified in breast tumors
are boxed. The residues that form part of the zinc-fingers are shaded in
gray. ¢ Eighteen mutations, associated with HDR and 27 mutations
[7—-13] associated with breast cancer occurring in the two zinc-fingers
and the adjacent C-terminal region, are detailed with the altered amino
acids highlighted in black, and with every tenth amino acid numbered.
fs frameshift, in inframe. Nonsense mutations E228X, R277X, and a
deletion mutation at codon 201 lead to aberrant nuclear localization

CBE-356; Novocastra, Newcastle-upon-Tyne, UK; 1:50)
using reported methods [25]. Expression was scored, by
two independent researchers (PG and JLJ), using the Allred
Quick Score [26].

GATA3 Mutational Analysis

DNA was extracted from FFPE tumor tissue sections,
matched non-involved lymph nodes, leukocytes and
MCF-7 and T47D cells, as described [4, 27]. DNA
was utilized with 13 GATA3 exon primer pairs for
PCR amplification [4] and the PCR products examined
for variants using high-resolution melt curve analysis
(LightScanner® System, Idaho Technology Inc., Utah,
USA) [28]. GATA3 DNA sequence analysis was under-
taken on those samples that had variant melt curves,
and abnormalities were confirmed by restriction endo-
nuclease digestion or competitive allele-specific PCR
incorporating a FRET quencher cassette (KBiosciences
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Competitive Allele-Specific PCR genotyping system
(KASP), KBioscience, Herts, UK) [29] using independently
obtained PCR products, as described previously [4].

Cell Lines and Tissue Culture

African green monkey kidney COS7 cells, which do not
endogenously express GATA3, were obtained from the Amer-
ican Type Culture Collection (ATCC, Rockville, MD, USA),
immediately expanded and frozen such that they could be
revived for use; human ER-positive breast cancer ductal car-
cinoma (T47D) and adenocarcinoma (MCF-7) cells were
obtained from the ATCC and independently authenticated by
LGC Standards (Tracking No 710081047, May 2011) and
stocks frozen for subsequent use. Cells were routinely
maintained in DMEM or RPMI plus 2 mM L-glutamine and
10 % fetal bovine serum.

Plasmids

Full length (FL) wild-type and ZnF1 GATA3 constructs
were sub-cloned into pcDNA3.1 (GATA3-pcDNA)
(Invitrogen, Carlsbad, CA, USA) and the mammalian
enhanced-green-fluorescent-protein (EGFP) expression
vector (pEGFP-C1, BD Biosciences Clontech, Palo Al-
to, CA) to yield untagged and N-terminus EGFP tagged
wild-type and mutant GATA3 proteins, respectively [4].
All mutations were generated using the QuikChange™
XL Site-Directed Mutagenesis kit (Stratagene, La Jolla,
CA) and the DNA sequences of the constructs verified,
as previously reported [3, 4]. For luciferase assays, the
pGL4 firefly luciferase reporter plasmid containing a
GATA3 binding site in its promoter [15] and pRL-null
Vector (Promega, Madison, WI, USA) were used as
described [6].

Western Blot Analysis

COS7 cells were transiently transfected in six-well plates
with 200 ng plasmid DNA (GATA3-pcDNA wild-type and
mutant constructs) using FUuGENE®6 transfection reagent
(Roche Applied Science, Indianapolis, IN, USA), as previ-
ously described [4]. Forty-eight hours after transfection,
cells were lysed in RIPA buffer (150 mM NaCl, 50 mM
Tris—HCI pH 7.5, 1 % NP-40, 0.1 % SDS, 0.5 %
deoxycholate, 1 mM phenylmethylsulfonyl fluoride) and
supplemented with protease inhibitors (Complete Mini,
Roche). Western blot analysis utilizing the monoclonal an-
tibody, HG3-31 anti-GATA3 (Santa Cruz Biotechnology
Inc.), was used to detect the presence of GATA3 protein in
the cell fractions [4]. An antibody against a-tubulin (Santa
Cruz Biotechnology Inc.) was used to assess the quality of
the subcellular fraction preparations as described [6].
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Luciferase Reporter Assays

COS7, T47D, and MCF-7 cells were transiently transfected
in 24-well plates with a total of 400 ng of plasmid DNA per
well using FuGENE® 6 transfection reagent (Roche Applied
Science, Indianapolis, IN, USA), as previously described
[6]. The 400 ng of plasmid DNA consisted of: 200 ng/well
of pGL4-GATA_CS, 100 ng/well of pRL-null to allow
normalization of the data; and 100 ng of plasmid encoding
wild-type and/or mutant GATA3-pcDNA and, when appro-
priate, empty vector pcDNA3.1 to keep the amount of
transfected plasmid DNA constant [6]. Cells were harvested
48 h after transfection, lysed and luciferase activity was
measured using the Dual Luciferase Reporter Assay
(Promega, Madison, WI, USA) and the Turner Biosystems
Veritas Microplate Luminometer [6]. Three experiments
were carried out in triplicate, and data are presented as mean
fold change compared to GATA3 WT = standard error of the
mean (SEM) of all experiments [6].

Proliferation and Invasion Assays

The T47D and MCF-7 cells were transiently transfected
with 300 ng plasmid DNA (150 ng GATA3 wild-type and
150 ng mutant construct) using Genejuice Transfection Re-
agent (Novagen, Darmstadt, Germany) [30], and cell
proliferation assays (Celltitre 96 Aqueous One Kit
G5421, Promega, Southampton, UK) and cell invasion
assays performed using transwell invasion assays, as
described [25, 31].

Electrophoretic Mobility Shift Assay

COST7 cells were transfected with wild-type GATA3-pcDNA
or a construct harboring one of the mutations. Nuclear
protein extracts were prepared and used in shift assays as
described [4-6].

Nuclear Localization Studies

COS7 cells were transfected with GATA3 wild-type and
mutant constructs and immunocytochemistry performed as
described [4, 6].

Statistical Analysis

Mean values£SEM were calculated and analysis performed
using unpaired Student’s ¢ test for independent samples in
which the Bonferroni correction for multiple testing was ap-
plied [32]. Distributions of GATA3 mutations were analyzed by
the Chi-square test using the GraphPad QuickCalcs website:
http://www.graphpad.com/quickcalcs/chisquared1.cfm
(accessed July 2012).
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Bioinformatics and Three-Dimensional Modeling

DNA sequence changes were compared to data from the
National Heart Lung and Blood Institute Exome Sequencing
Project NHBLI-ESP), which provides the exome sequences
from ~5,400 samples [33]. The evolutionary conservation of
the homology of GATA factors was examined using the
multiple sequence alignment program ClustalW2 [34] with
amino acid sequence data obtained from the NCBI database
[35]. The programs PROSITE [36], PredictProtein (http://
www.predictprotein.org/), and PSORT II (http://
psort.hge.jp) were used to identify putative nuclear locali-
zation signal sites (NLSs). Pymol [37] was used to visualize
the three-dimensional model of human GATA3 ZnF2.

Results
Identification of GATA3 Mutations

Nine GATA3 DNA sequence abnormalities were identified
and confirmed in 40 breast cancers, all of which showed
nuclear staining for ER (Table 1, Fig. 2). These DNA se-
quence abnormalities consisted of eight heterozygous GATA3
mutations (Table 1, Fig. 1a) and one synonymous variant
(Pro191Pro, c. 573 C>T). These DNA sequence abnormalities
likely represent significant mutations as they: alter evolution-
ary conserved residues, e.g., Arg330 (Fig. 1b); were absent in
our analysis of 110 alleles from the leukocyte DNA of 55
unrelated normal individuals; and were not reported in the
NHBLI-ESP exome sequence database [33], thereby indicat-
ing that they were not functionally neutral polymorphisms
which would be expected to occur in >1 % of the population
(Fig. 2). Moreover, GATA3 mutational analysis using
matching normal lymph node DNA which was available
from three patients revealed that the GATA3 mutations
991 993delAGG, 1224 1225insG, and 1224 1225insA were
absent in the normal lymph node DNA (Table 1, Fig. 2),
thereby demonstrating that these GATA3 mutations were
somatic. In addition, the GATA3 mutations identified in
the remaining five tumors are also likely to be somatic
mutations as the patients were not known to have the
HDR syndrome, and these mutations were not found to
be present in the leukocyte DNA of 55 unrelated in-
dividuals or in the NHBLI-ESP exome sequence data-
base [33].

Four of the GATA3 mutations occurred in 5 of the 28
breast cancers that showed positive nuclear immunostaining
for GATA3, whilst the remaining 3 GATA3 mutations were
found in 3 of the 12 tumors that were negative for GATA3
(Table 1). These data suggest that absence of GATA3
immunostaining is not a reliable predictor for the pres-
ence of a GATA3 mutation. No relationship with

standard clinicopathological factors or outcome was
identified in this small cohort, with all eight patients
alive at a median follow-up of 62 months (Table 1).
However, GATA3 mutations were significantly associat-
ed with positive Her2 status, when compared to the
entire series (p<0.05), placing these tumors in the Lu-
minal B category (Table 1).

All of the eight somatic GATA3 mutations associated with
breast cancer are located within exons 5 and 6, consistent
with the locations of the previously reported GATA3 muta-
tions in breast cancer as 61 of the total 70 (i.e., 87 %) were
also located within this region (Fig. 1a) [7—13]. This differ-
ence in the distribution of the somatic GAT43 mutations
associated with breast cancer and the germline GATA3 mu-
tations associated with the HDR syndrome, which was
found to be statistically significant (p<0.0001), may have
functional consequences as the breast cancer GATA3 muta-
tions are clustered around ZnF2 and the C-terminal domain,
whereas the HDR GATA3 mutations are widespread
(Fig. 1a). Furthermore, two of the GATA3 mutations (muta-
tions 2 and 3 in tumors B and C) involve the residue
Arg330, and four of the GATA3 mutations (mutations 5
and 6 in tumors E-H) involve the residue Ser408, which
has also been recently reported in other ER-positive
breast cancers [10—12], thereby suggesting that the
DNA sequence encoding these residues may be more
prone to mutations.

The six different GATA3 somatic mutations, associated
with breast cancer (Fig. 1a), predict structurally significant
changes (Table 1). Thus, the frameshifting insertion
(991 992insTGGAGGA) and deletion—insertion
(944 945delGGinsAGC) are predicted, if translated, to have
truncated GATAS3 proteins that lack part or all of ZnF2, respec-
tively; these mutations are likely to result in a loss of DNA
binding, as has been demonstrated for other such GATA3
mutations associated with the HDR syndrome [4]. However,
the effects of the inframe deletion (991 993delAGG), which
results in the loss of an evolutionary conserved arginine residue
in ZnF2, and the frameshifting deletion (1196 _1197delGA)
and insertions (1224 1225insG and 1224 1225insA), which
likely result in elongated missense proteins, are more difficult
to predict, and these together with the two truncating mutations
of ZnF2 were investigated further.

Transactivation, Cell Proliferation, and Cell Invasion
Studies

The effects of the GATA3 mutations on expression of GATA3
protein, within COS7 cells, were assessed using Western blot
analysis (Fig. 3a). This demonstrated that the GATA3 wild-
type and mutant 330delAGG were both 49 kDa in
size and equally expressed; the 314delGGinsAGC and
330insTGGAGGA GATA3 mutants were smaller than the
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a Codon 328 329 330 331 332
WT Arg Asn
Amino acid Leu Trp Arg
M Asn Ala
BseRI
WT AGG AAT
Nucleotide CTC TGG AGG
M AAT GCC
b TumorB LN N1 N2 N3

M- -165bp

- 99bp
- 69bp

WT

Fig. 2 Identification of 991 993delAGG heterozygous mutation in
breast tumor B (Table 1). a DNA sequence analysis revealed a hetero-
zygous loss of AGG at codon 330, which was not present in normal
(lymph node, LN) wild-type (WT) DNA from the patient. The WT
DNA sequence involving codons 329 to 332 consisted of a short
stretch (nucleotides 986-994) of a repeated sequence (GGA);, which
may explain the occurrence of two different mutations in tumors B and
C (Table 1) at this site. The 991 993delAGG mutation resulted in the
loss of a BseRI restriction endonuclease site. b PCR amplification and
BseRI digestion result in two products of 69 and 99 bp from the wild-
type allele, but only one product of 165 bp from the mutant allele. The
tumor was heterozygous in having wild-type and mutant alleles, while
the lymph node DNA from the patient was homozygous for the wild-
type alleles. The absence of this 991 993delAGG mutation in 110
alleles from 55 unrelated normal European individuals (N1, N2, and
N3 shown) indicated it is not a common DNA polymorphism

wild type (~40 kDa) with either equal or reduced expression,
respectively; and the 399delGA, 408insG, and 408insA
GATA3 mutants, which were all larger (~55 kDa) than the
wild-type protein, had markedly reduced expressions. This
suggests that mutant proteins 399delGA, 408insG, and
4080insA may all be less stable, and thus less abundant than
wild-type proteins in cells. The consequences of the GATA3
mutants were further assessed by their effects on gene
transactivation using luciferase reporter assays in COS7,
T47D, and MCEF-7 cells (Fig. 3b, c).These cells were chosen
as they have differences in GATA3 expression, thereby facil-
itating investigation of the GATA3 mutants in different cellu-
lar environments. Thus, COS7 cells do not endogenously
express GATA3, MCF-7 cells harbor a confirmed heterozy-
gous GATA3 mutation, D336fs [7], and T47D cells do not
harbor GATA3 mutations (data not shown). Furthermore,
MCF-7 and T47D are ER-positive breast cancer cells and
are therefore representative of cells in which the GATA3
mutations were detected. Expression of wild-type GATA3,
in COS7 cells (Fig. 3b), resulted in a significant increase by
14-fold in relative luciferase activity, when compared with
that of the empty pcDNA3.1 expression vector. The relative
activities of the GATA3 mutants were compared to that of the
wild-type GATA3 and found to be significantly reduced

(»<0.05). Indeed, the reduction in transactivation by the
GATA3 mutants 944 945delGGinsAGC, 991 993delAGG,
and 991 992insTGGAGGA was not significantly different
to the empty vector negative control (p>0.05), whereas the
GATA3 mutants 1196 _1197delGA, 1224 1225insG, and
1224 1225insA did have increased transactivation activity
when compared to the empty pcDNA3.1 expression vector
negative control (»p<0.05). These combined results indicate
that the GATA3 mutants could be broadly divided
into three classes: (1) 944 945delGGinsAGC and
991 992insTGGAGGA which resulted in truncated proteins
with a complete loss of transactivation activity; (2)
991 993delAGG which resulted in an in-frame deletion and
a loss of transactivation activity; and (3) 1196 _1197delGA,
1224 1225insG, and 1224 1225insA which resulted in elon-
gated proteins with a partial loss of transactivation activity
(Fig. 3b). One GATA3 mutant, representative of each class,
and comprising mutants 1, 2, and 5, was therefore selected for
further study in the ER-positive breast cancer cell lines
(Fig. 3c). This revealed that expression of wild-type GATA3,
in the presence of endogenous GATA3, in the T47D and
MCEF-7 cells resulted in a significant increase by 7- and 16-
fold, respectively, in relative luciferase activity when com-
pared to the empty pcDNA3.1 expression vector. However,
the relative activity of the GATA3 mutants when transfected
alone was found to be significantly reduced when compared to
that of the wild-type GATA3 in both types of cells (Fig. 3c).
This reduction of transactivation activity by each of the
GATA3 mutants was dose and cell dependent. Thus, co-
transfection of wild-type and mutant GATA3 in T47D cells
resulted in reduction of transactivation activity with low doses
of 944 945delGGinsAGC, whereas 991 993delAGG and
1224 1225insG required higher doses to suppress
transactivation activity (Fig. 3ci). In contrast, in MCF-7 cells
that were co-transfected with wild-type and mutant GATA3,
reduction of transactivation activity was observed with low
doses 0f991 993delAGG and 1224 1225insG, and only with
high doses of 944 945delGGinsAGC (Fig. 3cii). These re-
sults indicated that the GATA3 mutants have different effects,
which also vary in different cell types, and that the mutant
GATA3 exerts a dominant negative action on wild-type
GATA3, consistent with the observed heterozygous mutations
in breast cancers (Fig. 2, Table 1).

The effects of these reductions in transactivation activity
resulting from the GATA3 mutants on cellular proliferation
and invasion were also investigated. Co-transfection of each
of the three GATA3 mutants (944 945delGGinsAGC,
991 993delAGG, and 1224 1225insG) with wild-type
GATA3 into T47D and MCF-7 cells did not reveal significant
effects on cellular proliferation, when compared to transfec-
tion with wild-type GATA3 alone (Table 2). This is consistent
with the study in the ER-negative, GATA3-negative breast
cancer cell line MDA-MB-231 that reports that there is no
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significant difference in cell proliferation between control and
GATA3-expressing cells [38]. However, co-transfection in
T47D cells of wild-type GATA3 and GATA3 mutants
944 945delGGinsAGC and 1224 1225insG, but not
991 993delAGG, resulted in significant increases in invasion
when compared to transfection with control vector only, al-
though co-transfection of all three GATA3 mutants had sig-
nificantly lower invasion when compared to transfection with
wild-type GATA3 alone (Table 2). In contrast, transfection in
MCEF-7 cells revealed that only 991 993delAGG had a
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significantly higher invasion when compared to transfection
with either wild-type GATA3 or control vector only; the
invasion following co-transfection with wild-type and
944 945delGGinsAGC or 1224 1225insG did not differ sig-
nificantly from that of wild-type GATA3 or control vector
only (Table 2). These results of cell invasion are consistent
with those of transactivation activity (Fig. 3c), in showing that
the GATA3 mutants have different effects, which also vary in
different cell types, and that the mutant GATA3 exerts a
dominant negative action on wild-type GATA3.
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<« Fig. 3 Characterization of GATA3 mutants. a Western blot analysis of
cell lysates from COS7 cells transiently transfected with wild-type
(WT) and mutant GATA3 constructs to detect expression of GATA3
proteins using the HG3-31 antibody. Untransfected (UT) cells were
used as controls, and Western blots with anti-x-tubulin were used to
demonstrate equal loading of protein. The number of the GATA3
mutants, in panels a—d, refers to the mutations detailed in Table 1.
GATA3 transactivation of reporter gene analyzed by luciferase reporter
assays in (b) COS7 cells and (c). Breast cancer cells (i) T47D and (ii)
MCEF-7. WT and/or mutant GATA3 constructs and a pGL4-cs reporter
vector containing a known GATA3 binding site were co-transfected
into cells. For ¢, a—e refer to the relative dosage of wild-type (WT) and
mutant (ml, m2, or m5) GATA3 construct, or pcDNA3.1 (C), to make a
total of 100 ng plasmid: @ 100 ng WT+0 ngm (or 0 ng C); b 75 ng
WT+25 ngm (or 25 ng C); ¢ 50 ng WT+50 ngm (or 50 ng C); d 25 ng
WT+75 ngm (or 75 ng C); and e 0 ng WT+100 ngm (or 100 ng C).
Each experiment was carried out three times in triplicate. Data are
shown as fold change relative to GATA3 wild-type+standard error of
the mean (n=9), and p values calculated using the Student’s 7 test are
for the fold change relative to WT GATA3 and pcDNA3.1 negative
control (C). *p<0.05 compared to WT GATA3, **p<0.01 compared to
WT GATA3, #p<0.05 compared to pcDNA3.1, and *p<0.001 com-
pared to pcDNA3.1. d Analysis of DNA-binding properties of GATA3
mutant proteins. (i) DNA binding of wild-type and mutant GATA3
proteins was assessed using EMSAs, where nuclear extracts were
incubated with a radiolabelled (**P) double-stranded oligonucleotide
containing the GATA3 consensus sequence. Equal amounts of nuclear
lysate were loaded. Control binding reaction used untransfected cells.
(ii) Supershift EMSA with wild-type (WT) and mutant GATA3
991 993delAGG (m2), and untransfected (UT) cell lysates where
nuclear extracts were incubated with a radiolabelled (**P) double-
stranded oligonucleotide containing the GATA3 consensus sequence,
and with (+) or without (—) GATA3 antibody to test the specificity of
the binding

DNA Binding and Subcellular Localization Studies

To establish the cause of the loss of transactivational activity
(Fig. 3b, c), the six different GATA3 mutations were initially
assessed for altered DNA binding by electrophoretic mobility
shift assay (EMSAs; Fig. 3d). This revealed that the GATA3
mutants 944 945delGGinsAGC and 991 992insTGGAGGA

Table 2 Proliferation and cell invasion assays in T47D and MCF-7 cells

had a loss of DNA binding, but 991 993delAGG,
1196 1197delGA, 1224 1225insG, and 1224 1225insA had
retained DNA binding (Fig. 3di). However, the DNA binding
by the mutant 991 993delAGG appeared to be reduced, and
the specificity of this was therefore confirmed by a supershift
EMSA (Fig. 3dii) which confirmed the presence of GATA3 in
the protein-DNA complex. The partial or full loss of DNA
binding by the GATA3 mutants 944 945delGGinsAGC,
991 993delAGG, and 991 992insTGGAGGA provides an
explanation for the decrease of transactivational activity.
However, 1196 _1197delGA, 1224 1225insG, and
1224 1225insA had retained DNA binding, so we explored,
by immunofluorescence studies, the possibility that these
mutants may not be fully localized to the nucleus as an
explanation for the observed reduced transactivation.

Immunofluorescence studies demonstrated that the GATA3
wild-type and the mutant 944 945delGGinsAGC and
991 993delAGG proteins localized to the nucleus (Fig. 4a),
whereas the GATA3 mutant proteins 991 992insTGGAGGA,
1196 1197delGA, 1224 1225insG, and 1224 1225insA did
not localize fully to the nucleus but instead located to the
cytoplasm with a punctate expression pattern. These results
indicate that GATA3 mutations involving residues 331408,
which encompass part of ZnF2 and the C-terminal domain
(Fig 1b), disrupt nuclear localization, and this suggests that
these residues may encode for a NLS. We therefore pursued
studies to define the NLS of GATA3.

Defining the GATA3 Nuclear Localization Signal

The NLS of GATA4 has been established, using EGFP-tagged
constructs, to comprise the four arginine residues Arg282,
Arg283, Arg317, and Arg319, which are equivalent to
GATA3 residues Arg330, Arg331, Arg365, and Arg367 in
ZnF2 and its C-terminal region, a region that is conserved in
all GATA family members (Fig. 1b) [39]. Moreover, as the

Invasion®

T47D

MCF-7

Proliferation®

T47D® MCF-7°
Control © 1.00=0.00 (2=15) 1.00+0.00 (1=17)
WT 0.99+0.00 (1=15) 0.98=0.03 (n=17)
WT+ml 1.03£0.01 (n=15) 0.99+0.01 (n=17)
WT+m2 1.02+0.01 (n=15) 1.01+0.02 (n=17)
WT+m5 1.03+0.02 (n=15) 1.03+0.04 (n=17)

1.00+0.00 (n=15)
2.43£0.06** (n=15)
1.60+0.07*, ** (n=15)
0.85+0.04* (n=15)
2.14+0.04%, ** (n=15)

1.000.00 (2=9)
1.05+0.09 (n=9)
0.880.14 (n=9)
2.25+0.10%, ** (n=9)
1.07+0.14 (n=9)

*p<0.01 compared to wild-type GATA3; **p<0.005 compared to control

Proliferation and invasion for WT and mutant GATA3 constructs were expressed as fold change with respect to control transfection with
pcDNA3.1 alone. Mean=standard error of the mean (n=number of experiments) are shown

® The T47D and MCF-7 are ER-positive breast cancer cell lines; the MCF-7 cells have a GATA3 mutation, D336fs, whereas the T47D cells do not
have any GATA3 abnormalities

¢ Control DNA (pcDNA3.1), WT — wild-type GATA3, and mutant GATA3 ( m1, m2, and m5 mutations—Table 1) constructs
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GATA3 991 992insTGGAGGA (Arg330fs) mutation resulted
in a loss of nuclear localization, but the 991 993delAGG
(Arg330del) mutation retained nuclear localization, we decid-
ed to first investigate these ZnF2 residues and the possibility
that GATA3 has a similar NLS to the NLS in GATA4 [39]. For
consistency, we used EGFP-tagged GATA3 protein, so that
our studies were comparable. However, simultaneous muta-
tion of these four equivalent ZnF2 residues, involving
Arg330, Arg331, Arg365, and Arg367 in GATA3
(Arg330Ala+Arg331Ala+Arg365Ala+Arg367Ala), did not

@ Springer

R365A+R367A
o¢

311 249311

disrupt the nuclear localization of EGFP-GATA3 fusion pro-
tein which was similar to that of the wild-type (WT) EGFP-
GATA3 (Fig. 4b). Thus, these results indicate that the GATA3
NLS does not involve the equivalent ZnF?2 residues that form
the GATA4 NLS site. These findings are also in agreement
with the observation that the breast tumor mutation
991 993delAGG (Arg330del) did not disrupt nuclear locali-
zation (Fig. 4a). However, the GATA3 residues 249 to 311,
which form ZnF1 and its N-terminal and C-terminal flanking
sequences (Fig. 1b), were shown to be required for nuclear
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<« Fig. 4 Immunofluorescence studies of GATA3 breast cancer mutants
and engineered mutants of the putative NLSs. a Subcellular localiza-
tion of wild-type (WT) and mutant GATA3 proteins identified in breast
cancer (number refers to mutation detailed in Table 1) transfected in
COS7 cells. The WT and GATA3 mutant 2 localized to the nucleus,
whereas the GATA3 mutants 3, 4, and 5 localized to the nucleus and
cytoplasm. Scale bar is 5 pm. b Subcellular localization of WT and
engineered mutants using GATA3-EGFP constructs transfected into
COS7 cells. Wild-type (WT), EGFP alone, and mutant GATA3 pro-
teins: R330A+R331A, R356A+R367A, and R330A+R331A+
R365A+R367A were investigated. Use of the GATA3-EGFP con-
structs revealed that EGFP was evenly distributed in the nucleus and
cytoplasm (arrows), whereas full-length WT-GATA3 co-localized to
the nucleus. In addition, all mutant GATA3-EGFP proteins co-local-
ized to the nucleus, indicating that the ZnF2 residues R330, R331,
R365, and R367 do not form an NLS. Scale bar is 5 pm. ¢ Schematic
representation of wild-type (WT) full-length GATA3 and partial
GATA3 constructs of residues 249-311 encompassing ZnF1. The
WT GATA3 (FL) and partial constructs were cloned downstream of
the EGFP gene. Basic residues, arginine (R) and lysine (K) which
represent critical residues in potential NLSs, are highlighted in red. d
Subcellular localization of WT GATA3 (FL) and partial constructs in
transfected COS7 cells, visualized by fluorescence microscopy. WT
GATA3 (FL) localized to the nucleus, while EGFP-alone was evenly
distributed in the nucleus and cytoplasm. GATA3 residues 249 to 311
which contained ZnF1 and the flanking basic residues co-localized to
the nucleus. However, GATA3-ZnF1 alone (residues 260-291) and
engineered proteins lacking the ZnF1 flanking N-terminal (residues
260-311) or C-terminal (residues 249-291) resulted in a loss of nuclear
accumulation of EGFP (arrows) thereby confirming that the ZnF1
upstream and downstream sequences contain critical residues for nu-
clear localization. Scale bar is 5 pm

localization (Fig. 4b), thereby confirming findings of a previ-
ous study [40]. In addition, an HDR-associated mutation in
the zinc-chelating cysteine, Cys264Arg, failed to disrupt the
nuclear localization of the mutant EGFP-GATA3 (Fig. 5a, b),
thereby suggesting that that GATA3 NLS is intrinsic to the
amino acid sequence rather than the tertiary structure of ZnF1
or its ability to bind DNA. Analysis of the amino acid se-
quence of the GATA3 region 249 to 311 by protein domain
prediction programs identified putative monopartite NLSs on
either side of ZnF1. Thus, four clusters of positively charged
amino acids (similar to the classical monopartite NLS) were
identified (Fig. 5a), and these comprised: cluster 1 at position
250-256, N-terminal to the ZnF1, consisting of Lys-Ser-Arg-
Pro-Lys-Ala-Arg residues; cluster 2 consisting of two adjacent
residues Arg276 and Arg277 within ZnF1; cluster 3 at posi-
tion 303-307, C-terminal to ZnF 1, consisting of Lys-Pro-Lys-
Arg-Arg residues; and cluster 4 consisting of two adjacent
residues Arg312 and Arg313. The basic residues C-terminal to
ZnF1 showed >95 % alignment between all GATA family
members, while the basic residues N-terminal to ZnF1 are
present in GATA 1-3 but not in GATA 4-6 (Fig. 1b). The
importance of these clusters of basic amino acid sequences for
nuclear import of GATA3 was assessed by introducing differ-
ent combinations of point mutations, whereby each of the 12
positively charged arginine (Arg) and lysine (Lys) residues
were altered to a neutral alanine (Ala) residue. Mutation of

each of these four individual clusters did not disrupt nuclear
targeting of EGFP-GATAS3 (Fig. 5b). Cluster 3 has a Pro304,
and as proline residues may be important for nuclear targeting
[41], we mutated Pro304 together with basic residues within
this cluster; these mutations also did not disrupt the nuclear
localization of EGFP-GATA3 (Fig. 5b). Likewise, simulta-
neous mutations of clusters 1 and 3 (1+3, Fig. 5b); clusters 1,
2, and 3 (1+2+3, Fig. 5b); or clusters 3 and 4 (3+4, Fig. 5b)
did not disrupt EGFP-GATA3 nuclear localization. However,
combined mutations of all four clusters disrupted nuclear
localization of the mutant EGFP-GATA3, whose cytoplasmic
and nuclear distribution was similar to that of EGFP alone (1+
2+3+4, Fig. 5b). These results indicate that the N-terminal
and C-terminal sequences flanking ZnF1 are required for
nuclear localization.

The requirement of an intact GATA3 ZnF1 and its flanking
sequences was further explored by a series of truncation
mutations (Fig. 5b). All truncation GATA3 mutations that
lacked ZnF1 (Cys249Stop, Glu263Stop, and Arg277Stop) or
the C-terminal flanking sequence up to residue Ala311
(Tyr291Stop, Ala310Stop, Ala311Stop) resulted in a loss of
nuclear localization (Fig. 5b), whereas Ala314Stop did not
disrupt nuclear localization (Fig. 5b), consistent with the re-
sults from the mutant 314delGA. Thus, the inclusion of
Arg312 and Arg313 of cluster 4 (Fig. 5a), which conform to
the classical NLS requirement for short stretches of basic
residues, restored nuclear localization. However, missense
mutations of these cluster 4 arginine residues (Arg312Ala+
Arg313Ala) did not disrupt nuclear localization (Fig. 5b),
thereby indicating that the other NLSs (e.g., basic ami-
no acids in clusters 1, 2, and 3) contribute to targeting
GATA3 protein to the nucleus and can compensate for
the loss of Arg312 and Arg313.

Discussion

Our study has identified six different heterozygous GATA3
somatic mutations in 8 of 40 (20 %) of ER-positive breast
cancers (Table 1). These consisted of an in-frame deletion of a
key arginine residue (991 993delAGG) in ZnF2 (Fig. 2); a
deletion/insertion (944 945delGGinsAGC); a seven-
nucleotide insertion (991 992insTGGAGGA), leading to loss
of ZnF2 and the C-terminal domain; a deletion
(1196 _1197delGA); and two single nucleotide insertions
(1224 1225insG in three tumors, and 1224 1225insA) that
have intact ZnF1 and ZnF2 domains, but elongated missense
peptides. It is important to note that the presence (or absence)
of GATA3 mutations in the breast cancer could not be predict-
ed by the results of GATA3 immunostaining (Table 1). Thus,
five of the eight (i.e., >60 %) breast cancers with GATA3
mutations showed immunostaining for GATA3 (Table 1).
GATA3 immunostaining in these tumors may be due to
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Fig. 5 Nuclear localization of A EGFP-GATA3 constructs 3a
wild-type, missense, and 1 2 3 A 4
truncation mutants of GATA3. a Cluster AAAA C264R AR A|AAA AR
Schematic representation of missense tt # tittt 1t
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identified, and the arginine (R) Y291X EGFP o2
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(A). The HDR-associated R312X
missense.mutation C.264R was R313X oo
also studied. Truqcatlon i —
mutants were designed to
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facilitate analysis of ZnF1 and
its N-terminal and C-terminal
flanking sequence. b
Subcellular localization of WT
GATA3, missense and
truncation GATA3 mutants
visualized by fluorescence
microscopy in transfected
COS7 cells. Missense
mutations of the four clusters
either individually or in
combinations (1+3, 1+2+3, or
3+4) and the C264R GATA3
mutation did not disrupt nuclear
localization, whereas combined
mutations of the four clusters
(1+2+3+4), shown by arrow,
disrupted nuclear localization.
The truncation GATA3 mutants
A314X and C318X localized to
the nucleus, whereas all of the
others were found to have
nuclear and cytoplasmic
localizations and similar to that
of the EGFP alone. Scale bar is
S pm

b Cluster mutants

expression of normal GATA3 protein from the wild-type
allele, and/or the detection of mutant GATA3 protein by the
GATA3 antibody. Four of these six different mutations are
novel, with the remaining two mutations (1224 1225insA and
1224 1225insG) having recently been reported by exome
capture sequencing studies [10—12]. In total, 53 novel GATA3
mutations have been previously reported in 70 ER-positive
breast tumors comprising: 2 nonsense, 2 inframe insertion, 11
deletions leading to frameshifts, 27 insertions leading to
frameshifts, 5 acceptor splice site mutations, 1 donor site
mutation, and 5 missense mutations (Fig. la, [7-13]). The
majority (>95 %) of these GATA3 mutations have been
reported in luminal A or B ER+ breast cancers [8, 10, 11,
13] (Fig. 6), and 58 % of these are found in luminal A tumors
and 39 % in luminal B tumors [8, 10, 11, 13], consistent with
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our findings which found 57 % of GATA3 mutations in lumi-
nal A tumors and 43 % in luminal B tumors. Luminal A
tumors are associated with a very favorable and better prog-
nosis than luminal B tumors (Fig. 6), and the contributions
made by the presence or absence of GATA3 mutations to the
prognosis remain to be elucidated.

The functional consequences of these 53 GATA3 muta-
tions have not been investigated, and thus our study repre-
sents the first to investigate the effects of breast cancer
GATA3 mutations on transcriptional activity, proliferation,
and invasion. Of these reported 53 different GATA3 muta-
tions, 48 (>90 %) fall into one of our three functionally
defined classes (Fig. 3b) with 23 mutants (>45 %) belonging
to class 1, 3 mutants (~5 %) belonging to class 2, and 20
mutants (~40 %) belonging to class 3, thereby illustrating
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Breast
Cancers
ERe < > R
60% 40%
Her2 - Her2 + Her2 + Her2 -
Luminal A Luminal B Her2-enriched Basal
40% 20% 10% 30%
GATA3 . .
expression High Medium Low Low
GATA3 4 (14) 3(9) 0 (0) 0(1)
mutations 58% 39% 0% 3%
Prognosis Very favorable Favorable Unfavorable Very unfavorable

Fig. 6 Proportion of breast cancers defined by expression of the
estrogen receptor (ER), human epidermal growth factor 2 (Her2) and
GATA3, together with reported occurrence of GATA3 mutations and
prognosis [8, 10, 11, 13]. Approximately 60 % of breast cancers
express ER (ER+), while the remaining 40 % do not express ER (ER
—), and 30 % express Her2 (Her2+), while the remaining 70 % do not
express Her2 (Her2—) [23]. Breast cancers that are ER+/HER2—, ER+/
Her2+, ER—/Her2+ and ER—/Her2— are referred to as luminal A,
luminal B, Her2-enriched and basal subtypes, respectively [24]; and
these tumor subtypes comprise 40, 20, 10, and 30 % of breast cancers,

the utility and generalizability of this classification. The
functional effects of the remaining five mutations (<10 %),
which consist of 1 in the 5" untranslated region, three mis-
sense mutations in the C-terminal domain, and one in-frame
insertion in the C-terminal domain, are more difficult to
predict and require functional characterization using similar
approaches to ones utilized by our study.

Our investigation of the functional consequences of the
GATA3 mutations demonstrated that the GATA3 mutant pro-
teins may result in deleterious effects by at least three mech-
anisms which include: an absence of nuclear localization, a
lack of DNA binding, and a reduction in transactivation. Thus,
the truncated GATA3 proteins 944 945delGGinsAGC and
991 992insTGGAGGA, which resulted in a loss of ZnF2
(Fig. lc), were associated with an absence of DNA binding
that led to a marked reduction (i.e., >85 %) of GATA3 tran-
scriptional activity (Fig. 3b). The GATA3 mutant
991 993delAGG (Arg330del in ZnF2) did not affect nuclear
localization (Fig. 4a) but instead significantly reduced DNA
binding (Fig. 3d) and transactivational activity by ~75 %
(Fig. 3b, c). These findings are consistent with the results of
three-dimensional modeling (Fig. 7) which revealed that in the
GATA3 protein-bound DNA complex, the 330Arg residue is
directly involved in DNA binding because of its location in
the groove of the DNA. Finally, the GATA3 mutants

respectively [23]. GATA3 expression, as determined by immunostain-
ing, is highest in luminal A tumors and lowest in Her2-enriched and
basal tumors [23], and luminal A tumors have been reported to be
associated with a very favorable prognosis, whereas the Her2-enriched
and basal tumors are associated with increasingly unfavorable progno-
sis [23]. The occurrence of GATA3 mutations from 31 tumors (7 tumors
from this study and 24 (indicated in parenthesis) from other studies [8,
10, 11, 13]) that report the breast cancer subtypes are shown. Thus,
58 % of the GATA3 mutations are found in luminal A tumors, 39 % in
luminal B, 0 % in Her2-enriched tumors, and 3 % in basal tumors

1196 1197delGA, 1224 1225insG, and 1224 1225insA,
which result in mutant GATA3 proteins with intact ZnF2
domains and C-terminal basic domains but with an elongated
missense C-terminal peptide (Fig. 3a), were able to bind to
DNA (Fig. 3d), although this did not restore transactivational
activity, which remained reduced by 55-70 % (Fig. 3b), and is
likely due to decreased protein expression (Fig. 3a) and in-
complete nuclear localization of the mutant GATA3 protein
(Fig. 4a). This suggests that the mutant elongated missense tail
may contain motifs that increase the sensitivity of the trans-
lated protein to endogenous proteases, thereby leading to
retention in the proteasome, or that it may interfere with
nuclear localization by disrupting interactions between
GATA3 and importin, without affecting the residues that form
part of the NLS. This mechanism, which would result in the
observed decrease in transactivation (Fig. 3b), has similarities
to that previously described for the HDR-associated GATA3
mutation, 407insC [5], and the engineered GATA1 mutants
[42]. Finally, our studies reveal that GATA3 mutations may
exert dominant effects on the ability of wild-type
GATA3 to alter transactivation activity (Fig. 3b, c) and
cellular invasiveness (Table 2), consistent with the re-
port that GATA3 forms dimers [43].

The observed differences in cell invasion in the T47D and
MCF-7 cell lines are consistent with those of a previous study
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Fig. 7 Three-dimensional structure of the human GATA3 ZnF2 based
on the crystal structure of murine GATA3. The three-dimensional
structure of murine Gata3 ZnF2 (residues 308-370) has been charac-
terized, and this has 100 % identity to the human GATA3 ZnF2,
thereby enabling its use to construct a three-dimensional model of
human GATA3 ZnF2 (residues 309-371). a Cartoon model of GATA3
ZnF2 in complex with DNA, showing the protein (/ight grey), DNA
double-helix (orange), and the coordinated Zn>" atom (pink sphere).
The residue Arg330 is shown in stick presentation colored by element
(carbon, pale blue; oxygen, red; nitrogen, blue) and polar side-chain
contacts (broken green lines) made by Arg330. b Enlarged view of the
polar side-chain contacts made by Arg330 (R330). Arg330 is predicted
to interact directly with DNA, forming hydrogen bonds with two DNA
bases. In addition, Arg330 is also predicted to form hydrogen bonds to
Val338 (/338) and Asn340 (N340), suggesting an additional role in the
stabilization of the ZnF structure

reporting that GATA3 targets expression of the putative tumor
suppressor caspase-14 in MCF-7 cells, but not T47D cells,
and thereby negatively regulates the tumor-initiating capacity
of mammary luminal progenitor cells [44]. Such differences
between these two breast cancer cell lines may be due to: the
presence of a heterozygous GATA3 mutation (D3361s) in the
MCF-7 cell line [7], and absence of GATA3 mutations in the
T47D cell line; and variations in expression of other proteins
such as E-cadherin, transforming growth factor beta (TGF-[3)
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receptor II, and matrix-metalloproteinases that impact on cell
invasion [45]. Thus, the T47D cells, which express GATA3
and have a reported increased expression of E-cadherin [46],
showed increased invasion when transfected with wild-type
GATA3 (Table 2), whereas the MCF-7 cells, which have
reduced levels of E-cadherin compared to T47D [46], did
not have increased cell invasion when transfected with wild-
type GATA3. In addition, MCF-7 cells, but not T47D cells,
express the TGF-3 receptor II [47], thereby enabling the
MCF-7 cells to respond to TGF-{3, which induces the
epithelial-to-mesenchymal transition of MCF-7 cells. Finally,
the correlation in MCF-7 cells, but not T47D cells, between
GATA3 expression and activated caspase-14 expression,
which is a potent inducer of differentiation in mouse mamma-
ry epithelial cells and keratinocytes [44], further emphasizes
the observed differences between these two breast cancer
cells. Thus, these findings illustrate the complexity of utilizing
these cell lines because of their differing expression of critical
oncogenic proteins, putative tumor suppressors and receptors,
in defining the specific effects of wild-type and mutant pro-
teins in breast cancer.

The four GATA3 mutations 991 992insTGGAGGA,
1196 _1197delGA, 1224 1225insG, and 1224 1225insA
lead to abnormalities of nuclear localization of the mutant
GATA3 proteins, and we therefore sought to define the NLS
of GATA3. Our results show that the NLS of GATA3, which
encompasses the ZnF1 region, differs from that of the NLS
of GATA4 which encompasses ZnF2 [39], as mutations of
the four critical arginine residues in ZnF2 and its C-terminal
region (Fig. 4c, d) and truncating the GATA3 protein at
Ala314, i.e., before ZnF2, did not disrupt nuclear accumu-
lation (Fig. 5b). Such differences between GATA3 and
GATA4 would be consistent with the classification of GATA
family members into two sub-families, in which GATA1-3
form one sub-family, and GATA4-6 form another subfamily
[48, 49]. Furthermore, our results have revealed that the
NLS of GATA3 is spread throughout the amino acids of
ZnF1 and its N-terminal and C-terminal flanking sequence
(Fig. 1b), and is therefore unlike many other nuclear pro-
teins which contain a classical NLS consisting of a short
stretch of positive amino acids (Arg and Lys) [50]. Although
ZnF1 and its flanking regions contain four clusters of pos-
itively charged amino acids (Fig. 1b and Fig. 5a ), which
have features consistent with NLSs, it is important to note
that none of these are able to function as an NLS on its own,
and that it required combined mutations in all four clusters
to prevent nuclear targeting (Fig. 5b). Moreover, while
residues 249-311 may be sufficient for partial nuclear lo-
calization, the presence of Arg312 and Arg313 in the
GATA3 protein is nevertheless required for complete nucle-
ar accumulation to occur (Fig. 5b). Thus, multiple NLSs are
required to direct nuclear accumulation of GATA3, and this
is analogous to the situation for p53, which contains three
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NLSs which act independently and in an additive manner,
such that deletion of all three is required to abolish nuclear
localization, whereas deletion of any one of them results in a
partial loss of nuclear accumulation [51].

Our finding of two GATA3 mutations involving the residue
Arg330 and 4 GATA3 mutations involving the residue Ser408
in breast cancers from unrelated patients (Table 1) suggests
that the DNA sequence encoding these residues may be more
prone to mutations. Furthermore, an analysis of other GATA3
mutations reported in 70 breast cancers [7—13] also reveals
that mutation may frequently involve these residues; for ex-
ample, mutation of Ser408 has been reported in six tumors
[10—12], and mutation of other residues such as Met294 has
been reported in four tumors [10, 12]; Asp336 has been
reported in two tumors [7, 10]; and mutations of the exon 4,
5, and 6 acceptor splice sites have been reported in four, six,
and three tumors, respectively [7, 8, 10, 12]. Some of these
recurrent mutations (Met294, Arg330, and Asp336) involve
repetitive DNA sequences and a likely replication slippage
model. Indeed, the DNA sequence in the vicinity of Arg330
(codons 229-332) contains a repeated sequence (GGA);
(Fig. 2) all of which may lead to mispairing and DNA poly-
merase slippage [52] and thereby explain the occurrence of
multiple independent mutations, as well as a frameshift dele-
tion at Arg331 [12] and two reported synonymous changes at
Arg229 and Arg330 [12, 33]. A similar replication slippage
may account for the Met294 and Asp336 mutations as the 5’
DNA sequence contains repetitive sequences consisting of
(A)4 and (G)y, respectively. Furthermore, examination of the
20 bp in the vicinity of the acceptor splice sites of exons 4, 5,
and 6 reveals that they contain (T)y4, (C)4, and (A);g, respec-
tively, which would be prone to mutations by replication
slippage. The occurrence of the ten GA7A3 mutations [four
from this study (Table 1)], which involve insertions of a
nucleotide around residue Ser408 [10-12], is more difficult
to explain as the DNA sequence does not contain any repeated
sequence, tandem repeats, or CpG islands [5]. However, it has
also been demonstrated that in regions where selection favors
polymorphism, heterozygote instability increases the local
polymorphism rate [53]. This may help to provide an expla-
nation for the occurrence of the four mutations we identified at
this residue, in addition to six previously reported mu-
tations [10—12], as within 20 bp of Ser408 (residues
388-428), there are seven reported single nucleotide
polymorphisms (SNPs): rs150229374, rs138679257,
rs149351039, rs144824106, rs11567941, and two with-
out dbSNP identifiers [33].

Approximately 88 % of the 78 GATA3 mutations identi-
fied in breast cancer (Fig. 1a) clustered in exons 5 and 6
which encode ZnF2 and the C-terminal domain, and this
contrasts to the locations of the 51 germline HDR causing
mutations which are widely distributed throughout the cod-
ing region and also involve ZnF1 [4-6], that binds to the

cofactor Friend of GATA-2 (FOG2) [4] (Fig. 1a). The ab-
sence of GATA3-ZnF1 mutations in breast cancer (Fig. la,
[7-9]) is difficult to explain as the GATA3-ZnF1 interaction
with FOG2 has been shown, by studies of mice deleted for
Fog2 or Gata3, to be of importance in regulating ER ex-
pression in the mouse mammary gland [54, 55]. However,
the phenotypic differences between patients with HDR and
breast cancers may instead be attributable to their respective
germline and somatic origins, and the situation may be
analogous to that reported for the alpha thalassemia/mental
retardation syndrome X-linked (47RX) gene [56]. Thus,
germline ATRX mutations result in the X-linked alpha thal-
assemia mental retardation (ATR-X) syndrome [56], where-
as somatic ATRX mutations have been identified in
pancreatic neuroendocrine tumors (PNETs) [57]. Moreover,
the germline ATRX mutations in ATR-X patients cluster in
the ATRX-DNMT3-DNMT3L and helicase domains which
are involved in protein—protein interactions, and the enzy-
matic function of the protein, respectively, whereas the
somatic ATRX mutations identified in PNETS all occur
within the helicase domain [57]. The basis of these different
phenotypic effects related to the location of the mutation and
its occurrence in germline or somatic cells remains to be
elucidated, as well as the dual roles of GATA3 and ATRX in
development and oncogenesis.

In summary, we have demonstrated the presence of
GATA3 mutations in 20 % of ER-positive breast cancers,
and defined their functional consequences on DNA binding,
nuclear localization and transactivation activity, and cell
invasiveness. In addition, we show that unlike many other
nuclear proteins which contain a classical mono- or bi-
partite signal, the NLS of GATA3 is complex and spread
throughout the amino acids of ZnF1 and its adjacent
flanking regions which contain four clusters of positive
amino acids that all contribute to efficient nuclear targeting.
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