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GATA3 Truncating Mutations Promote Cistromic Re-Programming
In Vitro, but Not Mammary Tumor Formation in Mice
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Abstract

Heterozygous mutations in the transcription factor GATA3 are identified in 10-15% of all breast cancer cases. Most of these are
protein-truncating mutations, concentrated within or downstream of the second GATA-type zinc-finger domain. Here, we
investigated the functional consequences of expression of two truncated GATA3 mutants, in vitro in breast cancer cell lines
and in vivo in the mouse mammary gland. We found that the truncated GATA3 mutants display altered DNA binding activity
caused by preferred tethering through FOXA1. In addition, expression of the truncated GATA3 mutants reduces E-cadherin
expression and promotes anchorage-independent growth in vitro. However, we could not identify any effects of truncated
GATA3 expression on mammary gland development or mammary tumor formation in mice. Together, our results demonstrate
that both truncated GATA3 mutants promote cistromic re-programming of GATA3 in vitro, but these mutants are not sufficient to

induce tumor formation in mice.
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Introduction

Breast cancer is the most common female cancer worldwide
and can be categorized into four molecular subtypes: luminal
A and B, HER2+ and triple negative breast cancer (TNBC) [1,
2]. The luminal subtypes, characterized by expression of es-
trogen receptor alpha (ERx), are associated with a more fa-
vorable prognosis compared to the HER2+ and TNBC sub-
types [1, 3]. Expression of the transcription factor GATA3 is
highly correlated with ER« levels in luminal breast cancer [4,
5]. In breast cancer cells, this positive correlation between
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ERo and GATA3 expression is shown to be caused by a pos-
itive cross-regulatory loop between these factors [6]. In addi-
tion, GATA3 is able to adapt enhancer accessibility at ERo
target sites, thereby facilitating ERo-regulated gene expres-
sion [7]. High GATA3 levels are also associated with lower
histologic grade and better survival, while low levels correlate
with higher histologic grade and poor survival [8, 9].
Similarly, high expression of GATA3 in breast cancer cells is
associated with a differentiated and epithelial phenotype,
whereas GATA3 loss is associated with the acquisition of a
less differentiated and more invasive phenotype [10, 11].
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GATA3 is a member of the GATA-like zinc-finger tran-
scription factor family. These GATA factors contain two
zinc-finger DNA-binding domains able to recognize the con-
sensus DNA motif [A/T]GATA[A/G] with high affinity [12,
13]. GATAS3 regulates gene expression in cell fate decisions in
several hematopoietic lineages, but also during the develop-
ment of multiple epithelial tissues such as mammary gland,
kidney, skin and ear [14-19]. Loss of GATA3 in the mouse
mammary gland blocks luminal differentiation, resulting in
impaired outgrowth of the mammary ductal-tree [14, 19].
GATA3 haploinsufficiency in humans results in congenital
hypothyroidism, sensorineural deafness and renal disease
(HDR) syndrome [20-22].

Mutations in GATA3 are identified in about 10-15% of all
breast cancer cases and seem to be enriched in invasive ductal
carcinomas, compared to invasive lobular carcinomas [23-25].
These mutations are heterozygous and concentrated within the
second GATA-type zinc-finger or further downstream [21, 26].
Most mutations are predicted to result in a truncated protein,
whereas a cluster of mutations at the end of the coding region
is predicted to result in a longer GATA3 protein due to additional
missense amino acids [27]. The breast cancer cell line MCF7 is
known to carry a heterozygous D336fs mutation in GATA3 [26].
CRISPR-mediated correction of this mutation resulted in reduced
in vivo growth and smaller tumors in xenografts [28].
Conversely, introducing a mutation in GATA3 wild-type (WT)
luminal breast cancer cell lines T47D or CAMA-1, or over-
expression of truncated GATA3 mutants in ZR-75-1 cells, result-
ed in increased tumor growth in vivo [28-30]. These data indi-
cate that GATA3 truncations are sufficient to drive proliferation
in xenografts.

In this study, we set out to characterize the functional conse-
quences of expression of two truncated GATA3 mutants that either
lack the C-terminus alone, or both the second GATA-type zinc-
finger domain and the C-terminus, associated with truncating
GATA3 mutations. We compared genome-wide genomic interac-
tions between these truncated GATA3 mutants and wild-type
GATAZ3 in vitro. In addition, we investigated whether expression
of the truncated GATA3 mutants affects mammary gland develop-
ment or results in mammary tumor formation in mice.

Materials and Methods
Cell Lines and Culturing Conditions

Cells were cultured at 37 °C in a 5% CO, incubator. T47D
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F12-Glutamax (31331-093, ThermoFisher
Scientific, Bleiswijk, The Netherlands) containing 10% fetal
bovine serum (FBS; F0926, Sigma-Aldrich, Zwijndrecht,
The Netherlands), 50 IU/ml penicillin, 50 pg/ml streptomycin
(15070-063, ThermoFisher Scientific) and 5 pg/ml insulin
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(10516, Sigma-Aldrich). MCF7 and MDA-MB-231 cells were
cultured in DMEM/F12-Glutamax containing 10% FBS,
50 TU/ml penicillin and 50 pg/ml streptomycin. HEK293T
cells for virus production were cultured in Iscove’s modified
Dulbecco’s medium (I3390, Sigma-Aldrich) containing 10%
FBS, 50 IU/ml penicillin and 50 pg/ml streptomycin. Purified
primary mouse mammary epithelial cells (MMECs) were iso-
lated as described previously [31], and cultured in DMEM/
F12-Glutamax containing 10% FBS, 50 IU/ml penicillin,
50 pg/ml streptomycin, 5 pg/ml insulin, 5 ng/ml EGF
(E4127, Sigma-Aldrich) and 5 ng/ml cholera-toxin (Inaba
569B, Gentaur, Kampenhout, Belgium). All cell lines were
routinely tested for mycoplasma contamination using the
MycoAlert Mycoplasma Detection Kit (LT07-318, Lonza,
Breda, The Netherlands).

Generation of Cell Lines Expressing Human GATA3
Mutants

Human GATA3 sequences were isolated from T47D cDNA using
specific PCR primers with Xbal and EcoRI overhangs and a 5’
HA-tag using Pwo DNA polymerase (11644947001, Sigma-
Aldrich) and subsequently cloned into a zero TOPO blunt vector
(450245, ThermoFisher Scientific). Sequence-verified cDNAs
were inserted as Xbal-EcoRI fragments into the lentiviral
pCDH-CMV-MCS-EF1-puro or pPCDH-CMV-MCS-EF1-
copGFP (CD510B-1 or CD511B-1 respectively, System
Biosciences, CA, USA) vector. Used primers are listed in supple-
mentary Table S1. Lentiviral particles were produced by co-
transfection of four plasmids in HEK293T cells as previously de-
scribed [32]. Conditioned media containing the lentiviral particles
were collected 48 h after transfection and used for transduction.
Stable cell lines were obtained after puromycin (1.8 pg/ml; P7255,
Sigma-Aldrich) selection or FACS-sorting for GFP.

siRNA Transfection

Cells were transfected with RNA oligonucleotides using
DharmaFECT 1 (T-2001, GE Dharmacon/Horizon
Discovery, Lafayette, CO, USA), according to manufacturer’s
instructions. ON-TARGETplus human siRNAs for FOXA1
(LQ-010319-00-0002, GE Dharmacon) and a non-targeting
control (D-001810-10-05, GE Dharmacon) were used. A final
concentration of 25 nM RNA oligonucleotides was used.
Cells were harvested 48 h after transfection.

Chromatin Immunoprecipitation (ChIP) Sequencing

ChIP was performed as described previously, with adaptations
[33]. In short, cells were crosslinked in solution A (pH 7.4,
50 mM Hepes, 100 mM NaCl, 1 mM EDTA, 0.5 M EGTA)
containing 2 mM DSG for 35 min, formaldehyde was added
to a final concentration of 1% and incubated for another
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10 min. After addition of glycine (final concentration of
125 mM) to quench the crosslinking reaction and washing
with PBS, cells were collected. The Bioruptor Pico
(Diagenode SA, Seraing, Belgium) was used for sonication.
Antibodies used were anti-HA-tag and anti-GATA3
(supplementary Table S2) with 100 pl Protein A magnetic
beads (ThermoFisher Scientific).

Immunoprecipitated DNA was processed for library prep-
aration using the KAPA library preparation kit (Part#0801—
0303, KAPA Biosystems, Amsterdam, The Netherlands).
Sequences were generated by the Illumina HiSeq2500 (using
65 bp reads) and mapped to GRCh37 reference genome using
Burrows-Wheeler Aligner (BWA, v0.7.5a) with a mapping
quality >20. Peak calling was performed using MACS (v1.4
[34]) and DFilter (v1.5 [35]), where only peaks were consid-
ered that were shared by the two peak callers. Genome brows-
er snapshots were generated using IGV (v2.4.9) and heatmaps
were generated using SeqMiner (v1.3.4 [36]). Peaks identified
in two replicates were used for downstream analysis. Enriched
motifs were obtained using the SeqPos motif tool in Galaxy
Cistrome [37].

Anchorage-Independent Growth

The basal layer consisted of normal growth medium contain-
ing 1.5% low gelling agar (A4018, Sigma-Aldrich). Cells
were mixed with normal growth medium containing 0.3%
low gelling agar and seeded as the upper layer. After 7 and
14 days, plates were imaged using the GelCount (Oxford
optronix, Abingdon, UK) and the number of colonies was
quantified using the GelCount Software (v1.1.2.0).

Cell Migration

When cells were grown to confluency, a scratch was created
across the center of the well using a 10 pl pipette tip. Images
were taken immediately after the scratch (day 0) and at day 2,
6 and 10 after the scratch was made. Using ImageJ Software
(v1.28e), the area of the scratch was determined at each time
point.

Cell Proliferation Assay

Cells were seeded in 384-wells plates and well confluency
was recorded every 4 h for each well using an IncuCyte
Zoom Live-Cell Analysis System (Essen Bioscience). The
images were analyzed using the IncuCyte Zoom Software
(v2015a).

Protein Analysis

Protein lysates were prepared using a RIPA lysis buffer
(10 mM Tris-HCI at pH 7.5, 150 mM NaCl, 5 mM EDTA,

0.1% SDS, 1% Triton X-100, 1% deoxycholate in milli-Q)
supplemented with protease inhibitors (11836145001,
Sigma-Aldrich). Protein lysates were quantified using the
BCA Protein Assay Kit (23,225, ThermoFisher Scientific).
Equal amounts of protein were separated by 4-12%
NuPAGE gradient gel (NP0321, ThermoFisher Scientific)
and transferred onto nitrocellulose membrane (162-0112,
Bio-Rad, Veenendaal, The Netherlands) in transfer buffer
(25 mM Tris, 2 M Glycine, 20% Methanol in demineralized
water). Membranes were blocked in 5% non-fat dry milk in
TBS-T (pH 7.6, 20 mM Tris, 138 mM NacCl, 0.05% Tween-20
in demineralized water) after which they were probed over-
night at 4 °C with primary antibodies as listed in supplemen-
tary Table S2 and 1 h with HRP-conjugated secondary anti-
bodies (1:2000; Dako/Agilent, Amstelveen,
The Netherlands). Protein was visualized using ECL (32209;
ThermoFisher Scientific) on film or using the ChemiDoc MP
(Bio-Rad). Protein quantifications were performed using
Image Lab Software (v6.0 Bio-Rad).

RNA Isolation and Sequencing

Total RNA was extracted from cells using TRIzol reagent
(15596026, ThermoFisher Scientific) according to manufac-
turer’s instructions. Quality and quantity of RNA was assessed
by the 2100 Bioanalyzer using a Nano chip (Agilent) and
samples having RIN > 8 were subjected to library generation.
Library preparation for Illumina sequencing was performed
using the KAPA Stranded RNA-seq Library Preparation Kit
(KR0934, KAPA Biosystems) according to the manufac-
turer’s instruction. The libraries were analyzed on a 2100
Bioanalyzer using a 7500 chip (Agilent), diluted and pooled
equimolar into a 10 nM sequencing stock solution. Libraries
were sequenced with 65 base single reads on a HiSeq2500
using V4 chemistry (Illumina Inc., San Diego, CA, USA).
The reads were mapped to the GRCh38 reference genome
using TopHat (v2.0.12 [38]; Bowtie v1.0.0 [39]; Samtools
0.1.19 [40]) with settings transcriptome-index and prefilter-
multihits after filtering out low complexity and repetitive
reads. Gene expression counts were generated by Icount,
which is based on HTSeq-count [41], using gene definitions
from Ensembl GRCh38. Read counts were corrected for dif-
ferences in sequencing depth by using DESeqs median-of-
ratios [42] and the normalized counts were log2-transformed.
Unsupervised hierarchical clustering was done on Euclidean
distance with complete linkage. DESeq2 was used to perform
differential expression and genes with FDR-adjusted p-values
of <0.05 were considered to be significant [43].

Mouse Models

Mouse Gata3 sequences were isolated from Garta3 cDNA
(mmm1013-202859543, GE Dharmacon) using specific
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PCR primers with Fsel and Pmel overhangs using Pwo DNA
polymerase (11644947001, Sigma-Aldrich) and subsequently
cloned into a zero TOPO blunt vector (450245, ThermoFisher
Scientific). The sequence-verified cDNAs were inserted as
Fsel-Pmel fragments into the Fr#-invCAG-IRES-Luc vector
[44], resulting in invCAG-mGATA3Y “IRES-Luc, invCAG-
mGATA3"*"-IRES-Luc and invCAG-mGATA3"**-IRES-
Luc. Flp-mediated integration of the shuttle vectors in
Colla™" ESC clones (FVB) and subsequent blastocyst in-
jections of the modified ESCs were performed as previously
described [44]. The resulting chimeric animals were crossed
with either MMTV-cre;mT/mG (FVB) animals or Wap-Cre
(FVB) animals to generate the cohorts. The Collal™ ¢
mGA TA3—WT—1RES—Luc’ Colla][nvCAG—mGA TA3—TR1—[RES—Luc’
Colla]™CAGMGATASTR-RES Luc - o114 1WT. MMTV-cre, mT/
mG and Wap-Cre alleles were confirmed by multiplex PCR
using MyTaq HS Red Mix (BIO-25048, Bioline,
Waddinxveen, The Netherlands) with an annealing tempera-
ture of 60 °C, according to manufacturer’s instructions. All
used primers are listed in supplementary Table S1. In vivo
bioluminescence imaging was performed as described previ-
ously [45]. Signal intensity was measured over the region of
interest and quantified as flux (p/s/cm?/sr). All mouse exper-
iments were approved by the Animal Ethics Committee of the
Netherlands Cancer Institute and performed in accordance
with institutional, national and European guidelines for animal
care and use.

Histology, Immunohistochemistry and Carmine
Stainings

Mouse tissues were formalin-fixed in 10% neutral buffered
formalin, embedded in paraffin, sectioned and stained with
hematoxylin and eosin (H&E). Immunohistochemical
stainings for GFP were processed as described previously
[45, 46], using Tris/EDTA buffer-based antigen retrieval,
anti-GFP (supplementary Table S2) and HRP anti-rabbit
Envision (K4011, Dako/Agilent). All slides were digitally
processed using the Aperio ScanScope (Aperio, Vista, CA,
USA) and captured using ImageScope software (v12.0.0,
Aperio). Whole-mount carmine stainings were performed as
described previously [31] on one inguinal mammary gland per
mouse. Glands were imaged using a Stereo microscope
(Olympus SZX12, Zoeterwoude, The Netherlands). Images
were analyzed using ImageJ Software to measure length of
the mammary fat pad and the length of ductal invasion.

Statistics

Statistical analyses were performed with GraphPad Prism
(v7.03). Statistical tests used were T-test, one-way ANOVA,
two-way ANOVA, Log-rank (Mantel-Cox) test and Fisher’s
exact test. P-values of <0.05 were considered to be significant.
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All sequencing data generated in this study are available on
GEO repository: GSE122849.

Results

Two Truncated GATA3 mutants, Lacking either
the C-Terminus or both the GATA-Type Zinc-Finger
and the C-Terminus, Are Stably Expressed in T47D
Cells

Combining all breast cancer-associated GATA3 muta-
tions listed in cBio Cancer genomics Portal reveals clus-
tering of truncating mutations in the C-terminus of
GATA3 (Fig. la) [47, 48]. Even though many distinct
mutations have been identified, the majority of these
mutations can be divided into two clusters. Cluster 1
contains truncating mutations predicted to affect the C-
terminal part of GATA3, to which no functional do-
mains are annotated. Cluster 2 contains protein-
truncating mutations predicted to affect the second
GATA-type zinc-finger domain (Fig. la). To study the
functional consequences of disruption of these domains,
we generated two HA-tagged truncated GATA3 mutants.
One of the GATA3 mutants lacks the C-terminus,
encoded by exon 6, resulting in expression of a truncat-
ed hGATA3!73%° protein, hereafter referred to as HA-
hGATA3™! (Fig. 1b). The second GATA3 mutant lacks
both the second GATA-type zinc-finger and C-terminus,
encoded by exon 5 and 6, resulting in expression of a
truncated hGATA3'>°® protein, hereafter referred to as
HA-hGATA3™? (Fig. 1b). In addition, HA-hGATA3™"
was generated to use as a wild-type control (Fig. 1b).

These GATA3 variants were expressed in T47D lu-
minal breast cancer cells with endogenous wild-type
GATA3 expression (Fig. Ic). Both truncated GATA3
mutants were expressed at similar or higher levels com-
pared to endogenous GATA3, while HA-hGATA3WT ex-
pression was modest. Since GATA3 is shown to be a
tumor suppressor that inhibits growth, increasing
GATA3 levels might be selected against, thereby
explaining the relatively low levels of HA-hGATA3™'
[10, 11]. In addition, the GATA3P3*% mutation in
MCEF7 cells is shown to be associated with increased
stability of the truncated protein, resulting in higher
levels compared to WT [49]. This increased stability
could explain the higher expression levels of both ex-
ogenously introduced truncated GATA3 mutants com-
pared to WT. Together, this shows that both truncated
GATA3 mutants, lacking either the C-terminus or both
the second GATA-type zinc-finger domain and the C-
terminus, can be stably expressed in GATA3 proficient
cells.
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Fig. 1 Stable expression of truncated GATA3 mutants in T47D cells. (a)
Mutations identified in GATA3 listed in the cBio Cancer Genomics Portal,
clustering primarily in the C-terminus. Cluster 1, amino acids 386 to 444;
cluster 2, amino acids 305 to 364. TA1/TA2, transactivating domains 1
and 2; GATA, GATA-type zinc-finger DNA-binding domain. (b)
Overview of the GATA3 variants used for downstream analysis. HA-
hGATA3Y T, WT human GATA3 sequence (amino acids 1-444), HA-

Truncation of GATA3 Induces Genomic
Re-Programming by Tethering through FOXA1 Rather
than Interacting Directly with the DNA

HA-hGATA3™? Jacks the second GATA-type zinc-finger that
is essential in DNA interactions, while this domain is not
affected in HA-hGATA3™! and HA-hGATA3W™T [50].
Therefore, we were interested to determine whether these
truncated mutants are able to interact with the DNA and
whether the genomic distribution of these mutants is compa-
rable to WT GATA3. To analyze DNA-binding activity of the
exogenously introduced GATA3 variants, ChIP-sequencing
analyses were performed using an anti-HA antibody. The
number of detected binding sites was comparable between
HA-hGATA3™" and HA-hGATA3™', while for HA-
hGATA3™ less peaks were observed (Fig. 2a). A total of
566 sites were occupied by HA-hGATA3™!, of which 69

1
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300 400 444aa

GATA GATA
444aa
GATA GATA
350aa
GATA

308aa

a GATA3

a B-actin

hGATA3™! truncated mutant 1 (amino acids 1-350), HA-
hGATA3™?2; truncated mutant 2 (amino acids 1-308). HA, N-terminal
fused HA-tag. (c) Western blot analysis showing T47D cells transduced
with any of the GATA3 constructs with modest expression of HA-
hGATA3™T and high expression of either HA-hGATA3™! or HA-
hGATA3™? compared to endogenous GATA3 levels. B-actin was used
as loading control

were also identified for HA-hGATA3™2. Comparing geno-
mic distribution between HA-hGATA3Y" and HA-
hGATA3™®! (Fig. 2a; dotted lines) revealed that about 25%
of sites identified for HA-hGATA3™ T were also occupied by
HA-hGATA3™" (shared sites, n=170), while at the other
75% of sites HA-hGATA3™! binding was decreased com-
pared to HA-hGATA3™" (WT GATA3-specific sites, n=
531; Fig. 2b-e). Interestingly, HA-hGATA3™' was able to
interact with an additional 396 sites that were only weakly
bound by HA-hGATA3WT (truncated GATA3-specific sites,
n=396; Fig. 2b-¢), suggesting that loss of the C-terminal do-
main results in re-targeting of GATA3 to other genomic sites.
Even though not all these sites were identified by peak-calling
algorithms in HA-hGATA3™? cells, we did observe an in-
creased raw ChIP-seq signal compared to HA-hGATA3™"
(Fig. 2b, c). The difference in DNA-binding intensity between
the two mutants might be explained by differences in
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expression levels, or less stable DNA binding of HA-
hGATA3™2, The total number of binding sites identified for
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the GATA3 variants is relatively low compared to total
GATA3 ChIP-seq in T47D cells [49] due to the lower
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Fig. 2 Cistromic re-programming of truncated GATA3 caused by a shift
from direct interaction with the canonical GATA motif to tethering
through FOXA1. a Venn diagram illustrating the overlap in binding sites
identified for HA-hGATA3WYT (blue), HA-hGATA3™! (red) and HA-
hGATA3™? (green) shared in two independent ChIP-seq experiments.
Dotted lines represent the comparison between HA-hGATA3™ " and HA-
hGATA3™! that was used for further analyses. b Heatmap indicating raw
binding peak intensity of ChIP signal of the cell lines separated in shared,
WT GATA3-specific and truncated GATA3-specific sites. A window of
5 kb around the peak is shown. ¢ Genome browser snapshots with exam-
ples of peaks that are shared, WT GATA3-specific or truncated GATA3-
specific. Genomic locations and read counts are indicated. (d, e) Average
read count profiles of the binding peak signal at (d) shared sites and (e)
truncated GATA3-specific sites normalized to the signal at WT GATA3-
specific sites. Average read counts at the center of the peaks were com-
pared, ANOVA: ** p<0.01; *** p<0.001; ns p>0.05 (f) Differential
enrichment of the fraction of Forkhead and GATA DNA motifs enriched
in shared, WT-specific and truncated-specific binding sites visualized by
a radar plot. (g) Western blot analysis showing an efficient silencing of
FOXA1 upon siRNA-mediated knockdown. (3-actin was used as loading
control. (h) Heatmap indicating raw peak intensity of HA-tag ChIP-seq of
the different cell lines comparing siNT versus siFOXA1 conditions sep-
arated in shared, WT GATA3-specific and truncated GATA3-specific
sites. A window of 5 kb around the peak is shown. (i) Genome browser
snapshots with examples of binding sites that are shared, WT GATA3-
specific or truncated GATA3-specific comparing siNT versus siFOXA1
conditions. Genomic locations and read counts are indicated. (j) Average
read count profiles of the peak signal at truncated GATA3-specific sites.
Average read counts at the center of the peaks were compared, ANOVA:
*##% p<0.001. A.U., arbitrary units

efficiency of the anti-HA antibody. To confirm cistromic re-
programming of truncated GATA3 mutants, we compared to-
tal GATA3 binding between GATA3-wild-type T47D cells
and MCF7 cells carrying a heterozygous D336fs mutation
(Fig. S1A). Quantification of the GATA3 ChIP-seq signal in-
tensity in T47D cells revealed a lower signal at truncated
GATA3-specific sites compared to WT-specific sites, while
these signals were comparable in MCF7 cells (Fig. S1B,C).
Together, these results indicate that absence of the C-terminal
domain results in cistromic re-programming of mutant
GATA3 compared to WT GATA3 and that these truncated
mutants interact with the DNA, independent of the presence
of the second GATA-type zinc-finger.

It has been shown that interaction of WT GATA3 with the
DNA is primarily mediated by the second GATA-type zinc-
finger through the [A/T]GATA[A/G] motif [13, 50]. To deter-
mine how this interaction is affected upon truncation of the
protein, we analyzed the enriched DNA motifs for the three
different groups of binding sites (Fig. 2f). As expected, HA-
hGATA3Y Lspecific binding sites were enriched for the con-
sensus GATA motif and Forkhead motifs, indicating that WT
GATA3 is able to interact directly with the DNA trough
[A/TIGATA[A/G] motifs, but also indirectly via binding to
FOXALI [7, 51]. However, the shared sites between WT and
truncated GATA3 as well as the truncated GATA3-specific
sites showed a clear enrichment for the Forkhead motifs, but
no GATA motifs. Upon siRNA-mediated knockdown of

FOXAI expression, DNA binding at the shared and truncated
GATA3-specific sites was largely decreased (Fig. 2g-j; Fig.
S1D), while binding at WT GATA3-specific sites was only
modestly affected (Fig. 2g-i; Fig. S1E). These results indicate
that WT GATA3 has the capacity to interact with the DNA
directly using GATA motifs and by tethering through FOXA1
using Forkhead motifs, but upon loss of the C-terminus and/or
the second GATA-type zinc-finger the direct interaction using
GATA motifs is lost and binding is re-programmed to sites
with Forkhead motifs.

Truncated GATA3 Expression Does Not Affect Cell
Proliferation, Migration and Anchorage-Independent
Growth in T47D Cells

Since we observed cistromic re-programming of HA-
hGATA3™! and HA—hGATA3TR2, we were interested to eval-
uate the phenotypic consequences of expression of these mu-
tants in T47D cells. Comparing cell proliferation between cells
expressing HA-hGATA3™! or HA-hGATA3™2 to WT or en-
dogenous GATA3 did not reveal any significant differences
(Fig. S2A). Cell migration, as measured by a scratch assay
(Fig. S2B,C), and anchorage-independent growth (Fig.
S2D.E) were also not significantly changed upon expression
of these truncated GATA3 mutants. RNA-sequencing of these
cell lines revealed a separation between cells expressing HA-
hGATA3YT and cells expressing either HA-hGATA3™! or
HA-hGATA3™? in unsupervised hierarchical clustering and
principal component analysis (Fig. S3A,B). However, only a
small number of differentially expressed genes were identified
upon expression of any of the truncated GATA3 mutants
(log2FC >1/<—1; Fig. S3C; WT vs EV, 8 up/3 down; TR1 vs
EV, 82 up/42 down; TR2 vs EV, 15 up/6 down) and we did not
identify enrichment of differentially expressed genes in path-
ways or gene sets from the BioCarta, KEGG and Reactome
pathway databases (data not shown). To evaluate whether dif-
ferential binding of the truncated GATA3 mutants could ex-
plain the alterations in gene expression, each peak was assigned
to a gene when the peak was within 20 kb of the transcription
start site or within the gene body of that specific gene.
Nonetheless, the differential binding events did not induce ob-
vious changes in expression of these genes (Fig. S3D-F).
Together, this indicates that expression of either of the two
truncated GATA3 mutants does not induce any distinct pheno-
typic effects or gene expression changes in T47D cells.

Expression of Truncated GATA3 Mutants Reduces
E-Cadherin Expression and Promotes
Anchorage-Independent Growth in GATA3-Negative
MDA-MB-231 Cells

GATA3 is shown to induce epithelial differentiation, while
GATA3 loss is linked to mesenchymal transformation [10,
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11]. As reported previously, exogenous expression of GATA3
in the GATA3-negative MDA-MB-231 breast cancer cell line
results in induction of E-cadherin expression and thereby a
more epithelial phenotype and less invasive growth [11, 52,
53]. Introduction of HA-hGATA3™" in MDA-MB-231 cells
resulted in increased E-cadherin levels, while no increase was
observed upon introduction of HA-hGATA3™! or HA-
hGATA3™R? (Fig. 3a, b). In contrast, both truncated GATA3
mutants were able to further reduce the low levels of endog-
enous E-cadherin. Both mutants also reduced the up-
regulation of E-cadherin in MDA-MB-231 cells transduced
with HA-hGATA3W™T (Fig. 3a, b). No obvious differences in
cell proliferation were observed between the different cell
lines (Fig. 3c). Expression of HA-hGATA3™" in MDA-MB-
231 cells reduced their capacity to form colonies in soft agar
(Fig. 3d, e). Interestingly, HA-hGATA3™! expression was

associated with an increased potential to form colonies (Fig.
3d, e). Moreover, the decreased potential to form colonies in
soft agar upon HA-hGATA3" T expression could be reversed
significantly by HA-hGATA3™! expression (Fig. 3d, e). A
similar effect was observed upon expression of HA-
hGATA3 ™2, but this did not reach statistical significance.
Collectively, these results indicate that expression of the trun-
cated GATA3 mutants, in contrast to WT GATA3, reduces E-
cadherin expression and promotes anchorage-independent
growth in the GATA3-negative MDA-MB-231 cell line.

Expression of Truncated GATA3 Does Not Influence
Mouse Mammary Gland Development

GATA3 is shown to be important in the development of the
mammary gland [14, 19]. Therefore, we set out to test the effect
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Fig. 3 Truncated GATA3 expression decreases E-cadherin expression
and promotes anchorage-independent growth in MDA-MB-231 cells. a
Western blot analysis of E-cadherin expression in MDA-MB-231 cells
transduced with HA-hGATA3™", HA-hGATA3™' and/or HA-
hGATA3 ™2, Vinculin was used as loading control. b Quantification of
protein expression levels of HA-hGATA3™T and E-cadherin normalized
to Vinculin. Data represent mean + SD, n=2. ANOVA: ** p<(.01; ***
p<0.001; ns p>0.05. ¢ Cell proliferation of MDA-MB-231 cells
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HA-hGATA3WT/TR1 HA-hGATA3WT/TR2

expressing either WT or truncated GATA3 or one of the combinations
remained similar, as quantified using IncuCyte imaging for 208 h. Data
represent mean + SEM. d Representative images of soft agar colony for-
mation at day 14 after plating of MDA-MB-231 cells expressing WT or
truncated GATA3 or one of the combinations. e Quantification of a rep-
resentative experiment at day 7 and 14 after plating, as measured using
the GelCount software. Data represent mean + SD, n=3. ANOVA: *
p<0.05; *** p<0.001; ns p>0.05
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of expression of GATA3 lacking the C-terminus alone or to-
gether with the second GATA-type zinc-finger on mammary
gland development by generating mice with mammary gland-
specific expression of the GATA3 variants. Even though hu-
man and mouse GATA3 show 96% amino-acid sequence iden-
tity, mouse Gata3 cDNA was used to rule out any species
specificity. The truncated GATA3 mutant that lacks the C-
terminus alone, encoded by exon 6, results in mGATA31*349,
hereafter referred to as mGATA3™!. The second GATA3 mu-
tant that lacks both the second GATA-type zinc-finger and the
C-terminus, encoded by exon 5 and 6, results in mGATA3 1307
hereafter referred to as mGATA3™ . We generated transgenic
mice with Cre-inducible expression of one of the mouse
GATA3 variants in combination with firefly luciferase, by
targeting Frt-invCAG-mGATA3V-IRES-Luc, Frt-invCAG-
mGATA3™-IRES-Luc or Frt-invCAG-mGATA3 ™ *-IRES-
Luc alleles to the Collal locus of mouse embryonic stem cells
(mESCs) (Fig. 4a) [44]. Through blastocyst injections of these
genetically modified mESCs, chimeric mice were generated
and crossed with mice carrying the MMTV-cre transgene in
combination with the m7/mG reporter allele [54], to produce
MMTV—CV@,'W[ T/m G,' Colla] Frt-invCAG-mGATA3-WT-IRES-Luc
(MMTV-cre;mT/mG;mGATA3" "), MMTV-cre;mT/
mG;Col]aIFrt—[nvCAG-mGATA3—TR1—IRES—Luc (MMTV—cre;mT/
mG;mGATA3™"y and MMTV-cre;mT/mG;Collal"™" "™
mGAIAS-TREIRES-Luc ANV cre:mT/mG;mGATA3™) mice. In
these mice, mammary gland-specific expression of Cre results
in co-expression of one of the GATA3 variants with luciferase,
in addition to recombination of the m7/mG allele resulting in
loss of tdTomato (mT) and induction of GFP (mG) expression.

To confirm that Cre expression results in expression of the
GATA3 variants, primary mouse mammary epithelial cells
(MMECs) were derived from these models and in vitro trans-
duced with adenovirus encoding Cre (AdCre). While we
could not distinguish between endogenous GATA3 and
mGATA3WT expression, mGATA3™! and mGATA3™? were
expressed at higher levels compared to endogenous GATA3
(Fig. 4b). Analysis of carmine-stained mammary glands from
MMTV-cre;mT/mG:mGATA3YT MMTV-cre;mT/
mG;mGATA3™" and MMTV-cre;mT/mG;mGATA3™ mice
did not reveal any obvious differences in ductal outgrowth.
(Fig. 4c, d; Fig. S4A-F). As demonstrated by the high percent-
age of GFP-positive cells, Cre-driven recombination occurred
in most epithelial cells that form the ductal-tree, indicating that
the specific GATA3 variants were expressed in these cells.
These data illustrate that expression of the truncated GATA3
mutants does not interfere with mammary gland development.

Expression of Truncated GATA3 Does Not Promote
Mammary Tumor Formation in Mice

To determine whether expression of any of the two truncated
GATA3 mutants results in mammary tumor formation, the

mGATA3™" and mGATA3™ alleles were crossed with mam-
mary gland-specific Cre recombinase expressing Wap-Cre
mice, resulting in Wap-Cre;mGATA3™! and Wap-
Cre;mGATA3™? mice. Even though the mammary-specific
bioluminescence signals (indicative of expression of the
GATA3 mutants) remained high in aged mice, we did not
observe any palpable mammary tumors (Fig. Sa, b).
Furthermore, histology did not reveal any early-stage mam-
mary hyperplasias or tumors. We observed dilated mammary
ducts in most glands, as expected in aged mice (Fig. SSA,B)
[55]. The median overall survival of Wap-Cre;mGATA3™?
mice was decreased compared to Wap-Cre;mGATA3™ mice
(Fig. S5C; Mantel-Cox, 427 days versus >565 days, p =
0.0007). However, the distribution between animals that were
sacrificed due to illness and animals that reached the endpoint
was not significantly different between the two models (Fig.
S5D, Fisher’s exact, p = 0.2701). Together, these data indicate
that mammary gland-specific expression of the truncated
GATA3 mutants in mice does not induce mammary tumor
formation.

Discussion

In this study we set out to determine the functional
consequences of expression of two truncated GATA3
mutants that lack the C-terminus by itself or together
with the second GATA-type zinc-finger. We demonstrat-
ed that these truncated GATA3 mutants lose the capacity
to associate with the DNA through canonical GATA
motifs, whilst retaining the capacity to tether through
FOXAI1, resulting in cistromic re-programming.
Furthermore, we showed that the truncated GATA3 mu-
tants, in contrast to WT GATA3, reduce E-cadherin
levels and promote anchorage-independent growth.
However, in spite of their activity in breast cancer cell
lines, the truncated GATA3 mutants did not exert any
effects on mammary gland development or mammary
tumor formation in mice.

Interestingly, both truncated GATA3 mutants were able to
interact with the DNA, even though HA-hGATA3™? lacks
the second GATA-type zinc-finger. The second GATA-type
zinc-finger domain of GATA3 is most important for DNA
recognition using the consensus [A/T|GATA[A/G] motif
[13, 50]. Even though the intact N-terminal zinc-finger is
shown to recognize the AGAT[C/G/T] motif and directs
DNA binding in the presence of the GATA3®% % mutation
[30, 56], we did not observe enrichment for this motif for both
mutants. Herein we have shown that HA-hGATA3™! is not
able to bind the DNA through the consensus [A/T]|GATA[A/G]
motif, even though the annotated second GATA-type zinc-fin-
ger domain remains intact. In addition, GATA3 mutations are
not only identified within the second GATA-type zinc-finger
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domain, but also extend beyond this domain (Fig. 1a; amino
acids 351-364). Together, this suggests that additional amino
acids downstream of the annotated zinc-finger domain are re-
quired for functioning of this domain.

@ Springer

Since truncating GATA3 mutations are often heterozygous,
functional consequences of these mutations might be attribut-
ed to activity gained by the mutant allele and/or dosage reduc-
tion of the wild-type allele [21, 26]. We have shown that
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Fig. 4 Expression of truncated GATA3 does not affect mammary gland
development in mice. a Schematic overview of the Cre-conditional Frt-
invCAG-mGATA3WT-IRES-Luc (mGATA3YT), Frt-invCAG-
mGATA3™ - IRES-Luc (mGATA3™") and Fre-invCAG-mGATA3 ™™
IRES-Luc (mnGATA3T®?) knock-in alleles at the Collal locus.
Expression of Cre recombinase will result in inversion of the CAG pro-
moter, thereby driving expression of the GATA3 variants in combination
with luciferase expression. (b) Primary MMECs derived from the differ-
ent models show truncated GATA3 expression upon recombination using
Cre adenovirus (AdCre). 3-actin was used as loading control. (¢)
Outgrowth of the ductal-tree was determined for MMTV-cre;mT/
mG;mGATA3YT (mGATA3YY), MMTV-cre;mT/mG;mGATA3™®!
(mGATA3 ™) and MMTV-cre;mT/mG;mGATA3™™ (mGATA3™?) mice
at six weeks of age. Representative images of carmine-stained mammary
glands are shown (left; scale bars, 2.5 mm). Representative microscopic
images of H&E staining and for GFP expression by immunohistochem-
istry are shown (right; scale bars, 200 um). (d) Quantification of ductal
invasion in mGATA3YT (n=5), mGATA3™! (n=3) and mGATA3™?
(n=4) mice (one inguinal gland per mouse) at six weeks of age. Ductal
invasion was determined as the length of the mammary fat pad invaded
by the ductal structure as a percentage of the total length of the mammary
fat pad, measured using ImagelJ. Data represent mean + SD, no significant
differences (ANOVA)

exogenous expression of GATA3 that lacks the C-terminus
alone or in combination with the GATA-type zinc-finger is
sufficient to promote anchorage-independent growth of
GATA3-negative MDA-MB-231 cells, indicating that
this is solely induced by gain-of-function activity of
the mutant allele. Even though expression of the
GATA3 mutants in GATA3-positive T47D cells does
not induce distinct phenotypic effects or gene expression
changes, expression of both GATA3 mutants does reduce the
effect of wild-type GATA3 expression on E-cadherin levels
and anchorage-independent growth potential in MDA-MB-
231 cells. Since GATA3 expression is shown to be important
in maintaining an epithelial differentiation state [10, 11], the
level of wild-type GATA3 expression is relevant. While ex-
pression levels of the exogenously introduced truncated
GATA3 mutants in T47D are comparable to endogenous
wild-type GATA3 levels, expression levels of the two
GATA3 mutants in wild-type GATA3-expressing MDA-MB-

Fig. 5 Expression of truncated a
GATA3 does not promote
mammary tumor formation in
mice. a Representative images of
in vivo bioluminescence imaging
of luciferase expression in Wap-
Cre;mGATA3™! and Wap-
Cre;mGATA3™ mice of
approximately one year of age. b
Kaplan-Meier analysis of mam-
mary tumor free survival of Wap-
Cre;mGATA3™ (n=19) and
Wap-Cre;mGATA3™ (n=10)
mice

WapCre;mGATA3TR1
(52 weeks)

(45 weeks)

WapCre;mGATA3TR2

231 cells are much higher compared to wild-type GATA3.
Together, this indicates that expression of either one of the
truncated GATA3 mutants we investigated herein has onco-
genic potential, but the associated dose-reduction of wild-type
protein allows for more pronounced effects.

GATA3 expression is essential in the mouse mammary
gland during the formation of the ductal-tree and for mainte-
nance of the luminal epithelium in the adult mammary gland
[14, 19]. In contrast to the pronounced phenotypes observed
upon loss of GATA3, expression of mGATA3™®! or
mGATA3™? did not affect mammary gland development in
our experiments. Our data are in contrast to a recent study
from Emmanuel et al. [29], who showed that transgenic ex-
pression of truncated human GATA3 in MMTV-GATA3>%
mice induces a precocious lobuloalveolar phenotype in the
developing mammary gland. The differences between this
study and our findings might be due to the use of (i) human
versus mouse GATA3, (ii) the GATA3>*® mutation versus
mGATA3™! (GATA3'>*) and mGATA3™? (GATA3' ")
or (iii) MMTV-driven expression of truncated GATA3 in
MMTV-GATA3?*** mice versus (Cre-conditional) CAG-
driven expression in our mouse models. The oncogenic po-
tential of truncating GATA3 mutations has been implicated by
several in vivo-xenograft studies, reporting a correlation be-
tween expression of mutated GATA3 and increased prolifera-
tion [28-30]. In contrast, aging of MMTV-GATA3>*** mice
(Emmanuel et al., [29]) or Wap-Cre;mGATA3™! and Wap-
Cre;mGATA3™? mice (this study) did not induce a prolifera-
tive phenotype. Together these results indicate that current
approaches to model breast cancer-associated GATA3 muta-
tions in mice do not recapitulate the effects observed in in vitro
cell line or in vivo xenograft studies.

Limitations of current in vivo approaches to study the ef-
fects of GATA3 mutations in genetically engineered mouse
models (GEMMs) might include the introduction of truncated
GATA3 expression without affecting endogenous GATA3
levels, resulting in insufficient levels of the truncated protein
to induce measurable effects. This limitation could be
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addressed by crossing Wap-Cre;mGATA3™ and Wap-

Cre;mGATA3™ mice with heterozygous Gata3™"** mice
[14, 19], resulting in mammary gland-specific expression of
truncated GATA3 in combination with half-dose levels of en-
dogenous GATA3. Another possibility might be that truncated
GATA3 does not contribute to tumor initiation, but may be
beneficial during tumor progression. In support of this, GATA
3 loss is not tolerated during early stages of tumor de-
velopment, whereas it has been linked to tumor progres-
sion [57]. Combining our mouse models with existing
mammary tumor models carrying breast cancer driver
genes that are frequently co-mutated with GATA3 in
human breast cancers might provide insight into wheth-
er truncated GATA3 promotes tumor progression. A fi-
nal limitation might be that GATA3 mutations are iden-
tified primarily in ERa-positive luminal breast cancers,
indicating that ER-signaling is essential for the tumor-
igenic potential of truncated GATA3 [23, 26, 58]. Even
though GEMMs exist that resemble luminal breast can-
cer, the majority of GEMMs develop ERx-negative tu-
mors [59-61]. Reasons for selective outgrowth of ER«x-
negative tumors in mice remain elusive, but indicate
that mice may not be the most suitable organism to
determine the role of GATA3 mutations in ER«x-
positive breast cancer. Therefore, there is a need for
more refined breast cancer models using different organ-
isms to address the functional consequences of GATA3
mutations in vivo in ERa-positive breast cancer.

In conclusion, we have shown that two truncated GATA3
mutants, lacking either the C-terminus alone or in combina-
tion with the GATA-type zinc-finger, show differential DNA
binding compared to WT GATAS3. Even though expression of
these truncated GATA3 mutants decreases E-cadherin levels
and promotes anchorage-independent growth in vitro, expres-
sion of the mutants in the mouse mammary gland does not
influence development of the gland or induces tumor forma-
tion. Reducing endogenous GATA3 expression, introducing
additional cancer drivers or using a more suitable model or-
ganism might give more insight in the functional conse-
quences of truncated GATA3 expression in vivo.
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