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The GATA-type zinc finger transcription factor TRPS1 has been implicated in breast cancer. However, its precise
role remains unclear, as both amplifications and inactivating mutations in TRPS1 have been reported. Here, we used
in vitro and in vivo loss-of-function approaches to dissect the role of TRPS1 in mammary gland development and
invasive lobular breast carcinoma, which is hallmarked by functional loss of E-cadherin. We show that TRPS1 is
essential in mammary epithelial cells, since TRPS1-mediated suppression of interferon signaling promotes in vitro
proliferation and lactogenic differentiation. Similarly, TRPS1 expression is indispensable for proliferation of mam-
mary organoids and in vivo survival of luminal epithelial cells during mammary gland development. However, the
consequences of TRPS1 loss are dependent on E-cadherin status, as combined inactivation of E-cadherin and TRPS1
causes persistent proliferation of mammary organoids and accelerated mammary tumor formation in mice. To-
gether, our results demonstrate that TRPS1 can function as a context-dependent tumor suppressor in breast cancer,

while being essential for growth and differentiation of normal mammary epithelial cells.
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Breast cancer is a leading cause of cancer death among
women worldwide (Bray et al. 2018). The majority of
breast cancers are histologically classified as invasive duc-
tal carcinoma (IDC; 60%-80%) or invasive lobular carci-
noma (ILC; 10%-15%) (Li et al. 2003; Ciriello et al.
2015). While IDCs are represented among all PAM50 mo-
lecular subtypes, the majority of ILCs are classified as lu-
minal A tumors (Parker et al. 2009; Ciriello et al. 2015). A
hallmark of ILCs is the loss of E-cadherin (CDH1) expres-
sion, which drives the growth of noncohesive tumor cells
invading the stroma in single files without forming dense
masses (Vos et al. 1997; Bharat et al. 2009). Using Sleeping
Beauty (SB) transposon-based in vivo insertional mutagen-
esis screens in mice, we previously identified recurrent SB
insertions in Trps1, a member of the GATA-type zinc fin-
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ger transcription factor family, in a mouse model for E-
cadherin-deficient ILC (Kas et al. 2017). Although these
data identify TRPS1 as a potential breast cancer driver,
its functions in the context of breast cancer remain largely
understudied and the potential role of TRPS1 in ILC for-
mation remains fully elusive.

The transcription factor TRPS1 contains nine putative
zinc finger domains; one GATA-type zinc finger domain
required for DNA-binding, two IKAROS-type zinc finger
domains associated with transcriptional repression, and
six domains with unknown functions (Georgopoulos
et al. 1997; Momeni et al. 2000; Malik et al. 2001). In con-
trast to other GATA-type transcription factors, which
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function as transcriptional activators, TRPS1 acts as a
transcriptional repressor (Malik et al. 2001). Mutations
and deletions identified in the TRPS1 locus are implicated
in the autosomal dominant genetic disorder tricho-rhino-
phalangeal syndrome (TRPS), a developmental disorder
characterized by craniofacial and skeletal malformations
(Momeni et al. 2000; Maas et al. 2015). In addition,
TRPS1 is essential in the regulation of bone, kidney, and
hair development (Malik et al. 2002; Suemoto et al.
2007; Gai et al. 2009; Wuelling et al. 2009; Fantauzzo
et al. 2012). In summary, TRPS1 is crucial in the develop-
ment of multiple tissues, and disrupted TRPS1 expression
is associated with severe developmental malformations.

The relevance of TRPS1 in breast cancer is still rather
unclear. On the one hand, TRPS1 amplifications are fre-
quently observed in breast cancers with poor survival
(Radvanyi et al. 2005; Chen et al. 2010; Serandour et al.
2018), but this observation might in part be confounded
by the fact that TRPS1 is located near MYC, resulting in
frequent coamplification of TRPS1 with MYC, which is
associated with poor survival (Berns et al. 1992, Ciriello
et al. 2015; Pereira et al. 2016). On the other hand, expres-
sion of TRPS1 correlates with a favorable outcome in
breast cancer patients (Lin et al. 2017), but this might in
part be explained by the fact that TRPS1 mRNA expres-
sion correlates with expression of GATA3, which is a
marker of luminal breast cancer with good prognosis
(Mehra et al. 2005; Chen et al. 2011).

By integrating DNA copy number alteration data and
genome-wide pooled RNAi screens, Sanchez-Garcia
et al. (2014) identified TRPS1 as a potential breast cancer
driver gene and showed that overexpression of TRPS1 in
nontumorigenic mammary epithelial MCF10A cells in-
creased in vitro colony formation. However, conflicting
results have been obtained in in vivo mouse models.
Trpsl was identified as a potential tumor suppressor
gene in an insertional mutagenesis screen in a triple-neg-
ative breast cancer (TNBC) mouse model and reduced ex-
pression of TRPS1 was reported to increase in vivo growth
of multiple TNBC cell lines (Rangel et al. 2016). However,
for other breast cancer cell lines in vivo cell growth is re-
ported to decrease upon reduced TRPS1 expression (Elster
et al. 2018; Wang et al. 2018b; Witwicki et al. 2018). In vi-
tro, TRPS1 was reported to be involved in regulation and
restriction of ERa DNA binding and histone acetylation
at enhancers (Serandour et al. 2018) and required for main-
tenance of epithelial differentiation by suppression of
ZEB2 (Stinson et al. 2011; Huang et al. 2016). Further-
more, TRPS1 was found to attenuate YAP activity by reg-
ulating genome-wide YAP-dependent gene transcription
(Elster et al. 2018). Together, these reports indicate that
both (over)expression and loss of TRPS1 are associated
with breast cancer.

Here, we set out to evaluate TRPS1 function both in
mammary gland development and tumor formation.
We identified TRPS1 expression to be essential for the
lactogenic differentiation capacity of nontransformed
mammary cells in vitro by suppression of interferon sig-
naling. Furthermore, by generating a conditional Trps1
mouse model, we found TRPS1 expression to be essential
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for proliferation and survival of luminal epithelial cells in
mammary organoids and the mouse mammary gland. In
contrast, combined loss of TRPS1 and E-cadherin is toler-
ated, resulting in persistent proliferation of mammary
organoids and induction of mammary tumors in mice.

Results

Sleeping Beauty-induced mouse ILCs contain recurrent
insertions in Trps] that result in a functionally impaired
truncated protein

Even though ILCs are characterized by functional loss of
E-cadherin, mammary-specific inactivation of E-cadherin
by itself does not induce ILC formation in female mice, in-
dicating that additional mutations are required (Boussadia
et al. 2002; Derksen et al. 2006, 2011). To identify cancer
genes that collaborate with E-cadherin loss in ILC forma-
tion, we previously performed an in vivo Sleeping Beauty
(SB) insertional mutagenesis screen in mice with mamma-
ry gland-specific loss of E-cadherin, which yielded Trpsi
as one of the top hits (Kas et al. 2017). SB insertions at
the Trps1 locus were present in 51 out of 99 SB-induced
mammary tumors and distributed throughout the intro-
nic regions of the gene (Fig. 1A; Kas et al. 2017). In addi-
tion, about two-thirds of all tumors with SB insertions
in Trps1 contained more than one insertion in this gene
(Fig. 1B; Kas et al. 2017). Together, these results indicate
that SB insertions at the Trps1 locus result in inactivation
of the gene.

Interestingly, ~90% of Trps1 mutated tumors contained
at least one insertion in the intronic region between exons
4 and 5 (Fig. 1A,B). Protein analysis showed expression of a
smaller TRPS1 protein variant in all Trps1 mutated tu-
mors analyzed (Fig. 1C), even though the pattern of inser-
tions differed between tumors (Supplemental Fig. S1A).
This smaller protein appeared to be a truncated form of
TRPS], since an shRNA targeting exon 3 of Trps1 resulted
in reduced expression levels of this smaller protein in
tumor-derived cell lines, whereas an shRNA directed at
the 3'UTR of Trps1 did not (Supplemental Fig. S1B,C). In
tumors with SB insertions, mRNA transcripts of exons
1-4 of Trps1 were much more abundant than transcripts
of exons 5 and 6, indicating that the SB insertions of all an-
alyzed tumors resulted in a truncated form of TRPS]1 that
is encoded by exons 1-4 (Supplemental Fig. S1D,E). In ad-
dition, expression levels of truncated TRPS1 were greatly
increased when more than one insertion was identified in
Trps1 (Fig. 1C; Supplemental Fig. S1A,D,E). Truncation of
Trps1 by SB insertions in intron 4 results in loss of part of
the nuclear localization signal (Fig. 1A). In line with this,
SB-induced mouse ILCs with insertions in TrpsI showed
diffuse expression of truncated TRPS1 throughout the
cells compared with nuclear staining of wild-type (WT)
TRPS1 in tumors without Trps1 insertions (Fig. 1D). Cyto-
plasmic localization of truncated TRPS1 was confirmed
using cell lines derived from SB-induced tumors with
and without Trps1 insertions (Fig. 1E; Supplemental Fig.
S1F). Furthermore, ChIP sequencing experiments revealed
impaired chromatin binding of truncated TRPS1 (Fig. 1F,
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Figure 1. Recurrent Sleeping Beauty (SB) insertions in Trps1 results in a truncated protein that accumulates in the cytoplasm and does
not interact with the DNA. (A) Schematic overview of SB insertions identified in intronic regions of the Trps1 gene in all tumors analyzed
(Kas et al. 2017). Each arrow represents an unique SB insertion. Schematic overviews of the Trps1 locus and TRPS1 protein are indicated
below the SBinsertions. Numbered boxes represent exons of the canonical gene transcript. (B) Distribution of the number of insertions per
tumor in Trps1. Tumors without insertions in the intronic region between exons 4 and 5 are indicated in black, and tumors with insertions
in this intronic region are indicated in gray. (C) Western blot analysis of TRPS1 expression in tumors with the indicated number of SB
insertions in Trpsl. p-Actin was used as a loading control. (Black arrowhead) Full-length TRPS1 (FL); (gray arrowhead) truncated
TRPS1 (TR). (D) Representative microscopic images of TRPS1 expression by immunohistochemistry in a tumor without insertions in
Trps1 (left) and with insertions in Trps1 (right). Scale bars, 100 pm (top), 25 pm (bottom). (E) Representative microscopic images of
TRPS1 expression detected by immunofluorescence in tumor-derived cell lines without (left) and with (right) insertions in Trps1. Scale
bars, 20 um. (F) Heat map illustrating raw peak intensity of TRPS1 ChIP-seq in tumor-derived cell lines without (red) and with (blue) in-
sertions in Trps1. A window of 5 kb around the peak is shown. (G) Average read count profiles of the total TRPS1 peak signal.

G). Together, these results show that insertions in Trps1
in SB-induced mouse ILCs result in expression of a trun-
cated nonfunctional protein.

TRPS1 interacts with NuRD members and mediates
chromatin binding of the NuRD complex

TRPS1 regulates gene expression by acting as a transcrip-
tional repressor (Malik et al. 2001). To analyze the protein

interactome of full-length and truncated TRPS1, we com-
pared mouse mammary epithelial HC11 cells expressing
full-length TRPS1 with CRISPR-mediated TRPS1 knock-
out HCI11 cells with or without expression of truncated
TRPS1 (TRPS1""™¢, comprising AA1-887 encoded by ex-
ons 2-4) (Fig. 2A,B; Supplemental Fig. S2A,B). Using an
antibody that recognizes both WT and mutant TRPS1, we
performed immunoprecipitation followed by liquid chro-
matography-tandem mass spectrometry (LC-MS/MS)
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Figure 2. TRPSI interacts with the NuRD complex and loss of TRPSI expression reduces DNA binding of HDAC1 and HDAC2.
(A) Western blot analysis of TRPS1 expression in CRISPR-mediated TRPS1 knockout (sgTrpsl) HC11 clones compared with scrambled
controls (sgScr). Vinculin was used as a loading control. (B) Western blot analysis of TRPS1 expression in control cells transduced with
empty vector and TRPS1 knockout cells transduced with TRPS1%""°. B-Actin was used as a loading control. (Black arrowhead) Full-length
TRPS1 (FL); (gray arrowhead) truncated TRPS1 (TR). (C,D) Volcano plots showing protein interactors of full-length (C) and truncated
(D) TRPS1 compared with IgG control in HC11 cells in four independent experiments. TRPS1 (orange) and members of the NuRD com-
plex (green) are indicated. LFQ, label-free quantification. (E) Projection of all significant interactors identified in C and D onto the STRING
protein-protein interaction network (version 11). Only proteins that interact with two or more proteins are shown based on known inter-
actions from curated databases and experimentally determined interactions. (F) Coimmunoprecipitation of full-length TRPSI and
TRPS1%"* with members of the NuRD complex in HC11 cells. (Black arrowhead) Full-length TRPS1 (FL); (gray arrowhead) truncated
TRPS1 (TR). (G)HDAC1 and HDAC2 ChIP-qPCR analysis in TRPS1-proficient and -deficient HC11 cells. Five target regions and one neg-
ative control region of a representative experiment are shown. Data represent mean + standard deviation (SD), n=3. Two-way ANOVA:
(***) P<0.001; (**) P<0.01; (ns) P > 0.05.
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analysis (Fig. 2C,D; Supplemental Table S1). Significant
interactors compared with the IgG control were analyzed
for functional protein—protein associations. Both full-
length and truncated TRPS1 showed interactions with
nuclear pore complex proteins (Fig. 2E). However,
TRPS17""¢ did not interact with importin proteins (IPO7
and IPOY) required for nuclear import (Sorokin et al.
2007), in line with the lack of nuclear localization of trun-
cated TRPS1 (Fig. 2E). In addition, full-length TRPS1 in-
teracted with DNA replication and repair proteins that
were not identified as interactors for truncated TRPS1
(Fig. 2E), suggesting that upon truncation of TRPS1 this
interaction is disrupted or that this interaction only takes
place in the nucleus. Consistent with previous reports
(Serandour et al. 2018; Wang et al. 2018a; Witwicki et al.
2018), we observed interactions of full-length TRPS1
with members of the nucleosome remodeling and deace-
tylation (NuRD) corepressor complex (Fig. 2C,EF) that
is involved in transcriptional regulation of basic cellu-
lar processes (Basta and Rauchman 2015). Interestingly,
this interaction was maintained in the cytoplasm upon
truncation of TRPS1, even though NuRD complex mem-
bers were lowly expressed in the cytoplasm and localiza-
tion of these proteins was not affected (Supplemental
Fig. S2C).

To further explore the interaction between TRPS1 and
the NuRD complex, we evaluated the DNA-binding po-
tential of HDAC1 and HDAC2, core components that
drive histone deacetylation activity of the NuRD complex
(Lai and Wade 2011) in TRPSI-proficient and CRISPR-
mediated TRPS1 knockout HCI11 cells (Fig. 2A; Sup-
plemental Fig. S2A). Both HDAC1 and HDAC2 DNA
binding was greatly impaired upon loss of TRPS1 expres-
sion (Fig. 2G), while protein expression of both HDAC1
and HDAC?2 was not affected (Supplemental Fig. S2D), in-
dicating that TRPS1 recruits the NuRD complex to the
DNA. Expression of truncated TRPS1 did not affect
DNA binding of HDAC1 or HDAC2 in both TRPS1-profi-
cient and TRPS1-deficient cells (Supplemental Fig. S2E).
Lactogenic differentiation induced by dexamethasone, in-
sulin, and prolactin (DIP mix) in HC11 cells results in
phosphorylation of STAT5 and production of milk pro-
teins such as p-casein (Ball et al. 1988; Gouilleux et al.
1994). The necessity of the NuRD complex for lactogenic
differentiation potential was tested by treating HC11 cells
with the HDAC inhibitor trichostatin A (TSA) (Yoshida
et al. 1990), resulting in decreased phosphorylation of
STATS5 and diminished B-casein (Csn2) production follow-
ing stimulation with DIP (Supplemental Fig. S2D,E).
Together, these results show that TRPS1 loss in HC11
cells impairs DNA-binding potential of HDAC1 and
HDAC?2, while inhibition of HDAC activity in these cells
interferes with lactogenic differentiation potential.

Suppression of interferon signaling by TRPS1 is essential
for proliferation and lactogenic differentiation capacity of
HC11 cells

Next, we determined the functional consequences of
TRPSI1 loss in E-cadherin-proficient HC11 cells. TRPS1

TRPS1 in mammary gland development and tumorigenesis

knockout HC11 clones showed slower proliferation com-
pared with control cells (Fig. 3A). In addition, the lacto-
genic differentiation potential of the TRPS1 knockout
cells was greatly impaired, as determined by low phos-
pho-STATS5 and B-casein levels upon treatment with DIP
mix (Fig. 3B; Supplemental Fig. S2H). Similar effects
were observed upon shRNA-mediated knockdown of
TRPSI1 in WT HC11 cells (Supplemental Fig. S21-K). Ex-
pression of truncated TRPS1 did not affect proliferation
or lactogenic differentiation potential (Supplemental Fig.
S2L-N). Therefore, truncation of TRPS1 results in a non-
functional protein, whereas loss of TRPS1 has pronounced
effects.

To determine the effect of TRPS1 loss on the transcrip-
tome of HC11 cells, RNA sequencing was performed on
TRPS1 knockout and control cells (log,FC >2/-2; 1477
up/932 down). Pathway enrichment analysis using the
MSigDB hallmark gene set collection (Liberzon et al.
2015) revealed several significantly enriched pathways, in-
cluding epithelial-mesenchymal transition (EMT), in line
with the role of TRPS1 in suppression of EMT (Stinson
et al. 2011) and the interferon a and y response pathways
(Fig. 3C,D; Supplemental Fig. S3A). Key players in the in-
terferon a and y response pathways are STAT signaling
proteins that allow the cell to respond to surrounding
stimuli by induction of transcriptional programs (Hari-
charan and Li 2014). Increased protein expression of
both STAT1 and STAT?2 was observed in TRPS1 knockout
clones compared with controls (Supplemental Fig. S3B).
Stat1 targeting shRNAs resulted in efficient down-regula-
tion of STAT1 expression, and to some extent STAT2
levels, thereby restoring the production of p-casein in
DIP-treated TRPS1 knockout cells and increasing the p-
casein production in DIP-treated control cells, without
affecting phosphorylated STATS5 levels (Fig. 3E,F; Supple-
mental Fig. S3C). In addition, stimulation of HC11 cells
with IFNy increased Stat] mRNA levels and severely im-
paired STAT5 phosphorylation and B-casein production
(Supplemental Fig. S3D-F). However, stimulation with
IFNy increases total and phosphorylated STATI1 levels
to a much higher extent than the induction upon TRPS1
loss (Supplemental Fig. S3G). In addition, interferon signal-
ing is not only stimulated by reduced recruitment of the
NuRD complex to the DNA caused by loss of TRPSI, but
also by treatment with the HDAC inhibitor TSA (Sup-
plemental Fig. S3H,I). Together, these results indicate
that the increased interferon signaling, caused by loss of
TRPS1, hampers lactogenic differentiation in HC11 cells.

TRPS1 is essential for survival of luminal epithelial cells
in the developing and differentiating mammary gland

The transcription factor GATA3 is also a member of
the GATA-type zinc finger transcription factor family,
similar to TRPS1. GATA3 is required for mammary
gland morphogenesis and for maintenance of the lumi-
nal epithelium in the adult mammary gland (Kouros-
Mehr et al. 2006; Asselin-Labat et al. 2007). Since both
TRPS1 and GATAS are highly expressed in luminal epi-
thelial cells in the adult mammary gland (Supplemental
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Fig. S4A,B), we sought to study the role of TRPS1 in mam-
mary gland development and differentiation. To this end,
we generated Trps1 “floxed” (Trps1®) mice carrying two
1oxP sites flanking Trps1 exons 2-6 (Fig. 4A). Cre-mediat-
ed recombination of these LoxP sites will result in loss of
all coding exons of Trps1. We next generated MMTV-cre;
Trps1F;mT/mG mice, in which mammary gland-specific
expression of Cre results in combined loss of TRPS1 and
tdTomato (mT) expression and concomitant induction
GFP (mG) expression (Fig. 4A).
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To determine the effect of TRPS1 loss on development
and differentiation of the gland, we analyzed carmine-
stained mammary glands from MMTV-cre; Trps1*/*;mT/
mG and MMTV-cre;Trps1™F;mT/mG mice at 6.5 and
10wk of age and at day 15 of pregnancy. In contrast to
what has been reported for MMTV-cre;Gata3"F mice
(Kouros-Mehr et al. 2006; Asselin-Labat et al. 2007,
MMTV-cre; Trps1* ’F.mT/mG mice did not show any con-
sistent impairment in outgrowth and differentiation of
the ductal-tree (Supplemental Fig. S4C-F). However, the
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number of GFP-positive cells that mark cells in which
Cre-induced recombination has taken place was signifi-
cantly decreased in MMTV-cre; Trps17/F;mT/mG mamma-
ry glands compared with MMTV-cre;Trps1**:mT/mG
glands (Fig. 4B,C). This indicates that TRPS1-deficient
mammary epithelial cells in MMTV-cre; Trps17/F;mT/
mG mice did not survive, resulting in selective depletion
of these cells and formation of the ductal structure by
TRPS1-proficient epithelial cells. GFP-positive cells in
MMTV-cre; Trps1*F;mT/mG mice showed half-dose ex-
pression levels of TRPS1, while the percentage of GFP-
positive cells was comparable with MMTV-cre; Trps1*/*;
mT/mG mice (Supplemental Fig. S4G-I). Together, this
indicates that complete loss of TRPS1 expression is not
tolerated in luminal epithelial cells.

TRPS1 loss is tolerated in E-cadherin-deficient mammary
epithelial cells

Since the SB insertions in Trpsl were identified in
E-cadherin-deficient mammary tumors, we investigated
whether complete loss of TRPS1 expression is tolerated
in E-cadherin-deficient mammary epithelium. MMTV-
cre;Trple/F;mT/mG mice were crossed with Cdh1™F
mice (Derksen et al. 2006) to generate MMTV-cre;
Cdh1¥F :Trps1t FmT/mG mice, in which Cre-mediated
recombination induced combined loss of E-cadherin
(encoded by the Cdh1 gene), TRPSI1, and tdTomato, and
concomitant expression of GFP (Fig. 4D). Similar to E-cad-
herin WT mice (Fig. 4B,C), the percentage of GFP-positive
cells was high in ducts of MMTV-cre;Cdh1*/"; Trps1*/";
mT/mG glands, but almost absent in MMTV-cre;Cdh1*/F;
Trps1™ . mT/mG glands (Fig. 4E,F). In line with previous
observations (Boelens et al. 2016), complete loss of E-
cadherin expression in MMTV-cre;Cdhi" /FTRPSTHF ;
mT/mG glands resulted in migration of luminal cells
out of the duct into the stroma, resulting in a similar per-
centage of GFP-positive cells, but at a different location
(Fig. 4E,F; Supplemental Fig. S5A). These E-cadherin-defi-
cient, TRPS1-proficient cells remained in the stromal
compartment in organized structures. Also in MMTV-
cre;Cdh1"F, TRPS1"F;mT/mG mice we observed migra-
tion of GFP-positive mammary epithelial cells into the
stroma, resulting in extraductal clusters of GFP-positive
cells that lost both E-cadherin and TRPS1 expression
(Fig. 4E,F; Supplemental Fig. S5A). These clusters were
less common but larger and more disorganized than the
clusters observed in MMTV-cre;Cdh1™F;TRPS1*/F;mT/
mG glands (Supplemental Fig. S5A-C). Hence, while
mammary-specific loss of E-cadherin alone results in or-
ganized but nonproliferating epithelial cell clusters in
the stroma, combined loss of TRPS1 and E-cadherin re-
sults in more disorganized clusters with increased prolif-
eration potential.

Combined loss of TRPS1 and E-cadherin induces
continued proliferation of mammary organoids

To further explore the effect of combined loss of TRPS1
and E-cadherin, primary mammary organoids were isolat-

186 GENES & DEVELOPMENT

ed from th+/F,-Trple/F, thZF/F;Tzrpsl“'/+ and Cdh1"%;
Trps1™/F mice. These organoids were treated with Cre-en-
coding adenovirus (AdCre) to induce recombination of the
floxed alleles and subsequently grown in Matrigel for 28 d
(Fig. 5A; Supplemental Fig. S6A). The organoids contained
both cytokeratin-8-positive luminal cells and cytokeratin-
14-positive basal cells, whereas TRPSI is expressed solely
in the luminal cells (Supplemental Fig. S6B). AdCre-medi-
ated loss of TRPS1 in Cdh1*/F;Trps1™F cells resulted in
organoids that were smaller than untransduced WT orga-
noids, whereas E-cadherin loss in AdCre-infected Cdh1” /E,
Trps1*/* cells resulted in enlarged and noncohesive orga-
noids (Fig. 5B-D; Boelens et al. 2016). Combined loss of
E-cadherin and TRPS1 in AdCre-infected Cdh1®/F;
Trps1™F cells resulted in organoids with a similar nonco-
hesive morphology as AdCre-treated Cdh1™";Trps1*/*
organoids, but these organoids grew larger over time
(Fig. 5B-D). Cell proliferation (as determined by immuno-
fluorescence staining for Ki-67) was strongly decreased in
TRPS1-deficient organoids after 21 d of culture, in line
with the small size of these organoids (Fig. 5E). Even
though E-cadherin-deficient organoids grew initially,
cell proliferation also decreased over time (Fig. 5F). In
line with having the largest size after 28 d of culture, pro-
liferation potential of E-cadherin/TRPSI-deficient orga-
noids persisted over time (Fig. 5G). To identify global
differences in gene expression, RNA sequencing was per-
formed on Cdh1™F; Trps1*/* and Cdh1™F; Trps1"/F organo-
ids isolated after 14 and 28 d of culture (log, FC >2/-2; day
14,101 up/124 down; day 28, 217 up/421 down). Pathway
enrichment analysis using the MSigDB hallmark gene set
collection (Liberzon et al. 2015) revealed several signifi-
cantly enriched pathways, including G2M checkpoint
and mitotic spindle, indicative for differences in prolifera-
tion (Supplemental Fig. S6C). Gene set enrichment analy-
sis confirmed an enrichment of genes related to
proliferation, cell cycle, and cell differentiation among
the genes with a greater than fourfold difference in expres-
sion at day 14 and day 28 (Fig. 5H). Together, these results
show that individual loss of TRPS1 or E-cadherin in mam-
mary organoids results in decreased cell proliferation po-
tential, whereas combined loss of TRPS1 and E-cadherin
results in increased cell proliferation potential and larger
organoids.

TRPS1 loss collaborates with E-cadherin loss in
mammary tumorigenesis

To determine whether complete loss of TRPS1 is suffi-
cient to accelerate mammary tumor formation induced
by E-cadherin loss, Trps1™F mice were crossed with
WAP-cre;Cdh1™F mice (Fig. 6A; Derksen et al. 2011).
Both E-cadherin or TRPS1 status did not affect the num-
ber of pups in the first litter, indicative for normal lacta-
tion (Supplemental Fig. S7A). In line with previous
results (Kas et al. 2017), a subset of WAP-cre;Cdh1'/F;
Trps1*/* mice developed mammary tumors with a long
median latency of >843 d (Fig. 6B). This median latency
was decreased to 610 d in WAP-cre;Cdh1™/F;Trps1¥/F
mice (Fig. 6B; P=0.0127). In addition, we generated
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Figure5. Combined loss of E-cadherin and TRPS1 expression in primary mammary organoids results in prolonged proliferation. (A) Sche-
matic overview of the engineered alleles in Cdh1*/F;Trps1™F, Cdh1"/F; Trps1*/* and Cdh1™/F; Trps1™/F primary organoids, in which recom-
bination is induced in vitro by addition of adenovirus encoding Cre (AdCre). (B) Representative bright field images of primary
untransduced and AdCre-transduced organoids 28 d after seeding. Scale bars, 500 pm. (C) Quantification of surface area of primary organo-
ids as shown in B, at different time points. Data represent mean + SEM of measurements of organoids within five fields of view per con-
dition. Two-way ANOVA: (***] P<0.001; (**) P<0.01; (*) P<0.05; (ns) P>0.05. Dotted line indicates the 40 x 103-ym? size cutoff used to
quantify the number of organoids in D. (D) Quantification of the number of organoids larger than 40 x 10* um? shown in C. Data represent
mean + SD of the number of organoids within five fields of view per condition. Two-way ANOVA: (***) P<0.001; (*) P <0.05; (ns) P>0.05.
(FOV) Field of view. [E-G) Quantification of percentage of Ki-67-expressing cells in Cdh1*/*; Trps1/F (E), Cdh1*/F, Trps1*/* (F), and Cdh1™/F;
Trps1¥/F (G) primary organoids, detected by immunofluorescence. Data represent measurements from three independent organoid isola-
tions. One-way ANOVA: (***] P<0.001; (ns) P>0.05. (H) Differentially expressed genes (logo,FC >2/<-2) between Cdh1?/¥;Trps1*/* and
Cdh1"F. Trps1®/F primary organoids at days 14 and 28, as determined by RNA-seq, are enriched for cell cycle, cell proliferation, and
cell differentiation related gene sets. Fisher exact test: P<0.05 is considered significant.

transgenic mice with Cre-inducible expression of
TRPS1"""¢ in combination with firefly luciferase, by tar-
geting the Frt-invCAG-mTrps1"""°-IRES-Luc allele into
the Collal locus of mouse embryonic stem cells
(mESCs) derived from WAP-cre;Cdh1™F mice (Supple-

mental Fig. S7B; Huijbers et al. 2015). Chimeric mice
were generated through blastocyst injections of correctly
targeted WAP-cre;Cdh1™F mESCs and subsequently
crossed back to the WAP-cre;Cdh1*/F model, resulting
in WAP-cre,- thZF/F, Coll a1Frt—z‘nvCAG—mTrpsltrunc—IRES—Iuc
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(WAP-cre;Cdh1™* ;Trps1"""°) mice, which showed a sim-
ilar tumor latency compared with WAP-cre;Cdh1™F;
Trps1*'* (Supplemental Fig. S7C). However, in full-blown
tumors we did not observe luciferase activity, indicating
no or low expression of the introduced transgene (Sup-
plemental Fig. S7D), while TRPSI"™"° was efficiently
expressed in in vitro AdCre-transduced primary
mouse mammary epithelial cells (MMECs) (Supplemen-
tal Fig. S7E). Together, this indicates that loss of
TRPS1 expression is sufficient to accelerate tumor for-
mation in WAP-cre;Cdh1™F mice, while expression of
TRPS1""¢ is dispensable for tumor formation in WAP-
cre;Cdh1™F mice.

The decreased latency of WAP-cre;Cdhi” /F :Trps1F /F
mice resulted in eight out of 23 mice that were sacrificed
due to the tumor burden, compared with two out of 19
WAP-cre;Cdh1"/F; Trps1*/* mice (Supplemental Fig. S7F).
Similar to WAP-cre;Cdh1™/F;Trps1*/* mice, about two-
thirds of the full-blown mammary tumors that arose in
WAP-cre;Cdh1"/F;Trps1"/F mice were classic or solid
ILCs, while one-third of tumors were sarcomatoid tumors
(Supplemental Fig. S7G). The mammary tumors that
arose in WAP-cre; Cdh1'/F; Trpsit /F animals were negative
for both E-cadherin and TRPS1 (Fig. 6C). In addition, over-
all tumor burden was determined in four glands per
mouse. Interestingly, both the percentage of glands with
a >10% tumor burden, and the percentage of glands with
no lesions at all were higher in WAP-cre;Cdh1"/F; Trps1™/F
mice compared with WAP-cre;Cdhi1” /E ;Trpsl*/ * mice
(Fig. 6D). The proliferative index of small lesions and
full-blown tumors (as determined by immunofluores-
cence staining for Ki-67) was similar between WAP-cre;
Cdh1"F,Trps1*"* and WAP-cre;Cdh1"/F;Trps1™/F mice
(Supplemental Fig. S7TH-J). Also lung metastases were ob-
served to a similar extent in WAP-cre;Cdh1/F;Trps1*/*
and WAP-cre;Cdh1"/F;Trps1™/F mice (Supplemental Fig.
S7K). RNA sequencing was performed on full-blown
mammary tumors derived from WAP-cre;Cdhi” /F,
Trpsl*/* and WAP-cre;thZF/F;Trple/F mice. Two WAP-
cre; Cdh1"/F, Trps1™F tumors showed gene expression pat-
terns comparable with WAP-cre; Cdh1"/F; Trps1*/* tumors,
which showed both ILC and sarcomatoid morphologies
(Supplemental Fig. S8A-C, mixed). WAP-cre;Cdh1™F;
Trps1™F ILCs appeared to be most different from WAP-
cre;Cdh17/F; Trps1*/* tumors (Supplemental Fig. S8A,B,D,
ILC classic/solid). Also two WAP-cre;Cdh1"/F;Trps1™/F
sarcomatoid tumors showed differential gene expression
changes compared with WAP-cre;Cdh1™F;Trps1*/* tu-
mors (Supplemental Fig. S8A,B,E, sarcomatoid). Interest-
ingly, in patients with invasive ductal carcinoma (IDC),
overall survival was not affected by TRPS1 expression sta-
tus (Fig. 6E; Supplemental Table S4). In contrast, we ob-
served a statistically significant association of low
TRPS1 expression with poor overall survival of patients
with ILC (Fig. 6F; Supplemental Table S4). Together, these
results confirm that loss of TRPS1 accelerates tumor for-
mation induced by E-cadherin loss. Hence, the oncogenic
potential of TRPS1 loss depends on the E-cadherin status
and TRPSI represents a novel ILC subtype-specific tumor
Suppressor.
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Discussion

In this study, we set out to identify the role of the tran-
scription factor TRPS1 both in mammary gland develop-
ment and tumor formation. We show that suppression
of interferon signaling by TRPS1, mediated by interac-
tions with the NuRD complex, is essential for lactogenic
differentiation capacity of nontransformed mammary
cells. TRPS1 expression is also indispensable for in vivo
survival of luminal epithelial cells during mammary
gland development, but TRPSI1 loss is tolerated in mam-
mary epithelial cells that have lost E-cadherin. Moreover,
combined loss of TRPS1 and E-cadherin boosts persistent
proliferation in mammary organoids and induces mam-
mary tumors in mice.

In line with previous reports (Serandour et al. 2018;
Wang et al. 2018a; Witwicki et al. 2018), we found
TRPS1 to interact with members of the NuRD transcrip-
tional repressor complex, which regulates gene transcrip-
tion by histone deacetylation and ATP-dependent
chromatin remodeling (Lai and Wade 2011). Activity of
the NuRD complex is involved in gene regulation of nu-
merous processes including pluripotency during embry-
onic development or transcriptional events involved in
cancer formation or progression (Basta and Rauchman
2015). TRPS1 stabilizes HDAC2 expression, and reduced
cell viability caused by low TRPS1 levels can be rescued
by HDAC2 overexpression (Wang et al. 2018b), even
though we did not observe any changes in HDACI1 or
HDAC2 expression upon TRPS1 loss. In addition, we
now show that DNA binding of the core enzymatic com-
ponents of the NuRD complex (HDAC1 and HDAC2) is
reduced upon TRPSI loss. Together, this indicates that
TRPS1 acts as a transcriptional regulator by recruiting
the NuRD complex to the DNA.

It is evident that TRPS1 expression is essential during
embryonic development. Constitutive Trpsl mutant
mice display severe developmental abnormalities mim-
icking the human tricho-rhino-phalangeal syndrome
(TRPS), but die shortly after birth due to respiratory dis-
tress (Malik et al. 2002; Suemoto et al. 2007). The develop-
ment of Cre-conditional Trps1F mice in this study allows
for detailed in vivo analysis of the effects of TRPS1 loss on
mouse mammary gland development and mammary
tumor formation. We identified TRPS1 to be essential
for survival of luminal epithelial cells during mam-
mary gland development. Interestingly, loss of TRPSI in
mammary epithelial cells was associated with increased
expression of STAT1 and STAT?2, proteins that are differ-
entially activated during different stages of mammary
gland differentiation and involution during pregnancy.
STAT1 activity is highest in virgin and late involuting
glands and lower during gestation and lactation, while
STATS5 is activated during gestation and lactation (Philp
et al. 1996; Hughes and Watson 2012; Haricharan and Li
2014). STAT1 and STAT? are also essential components
of interferon signaling. Since this signaling cascade is of
high importance in the tumor microenvironment, future
research is required to determine whether TRPS1 might
have a role in regulating interferon signaling in the tumor
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Figure 6. Combined loss of E-cadherin and TRPSI results in acceleration of tumor formation. (A) Schematic overview of the engineered
alleles in WAP-cre;Cdh1*/F; Trps1*/*(Cdh1*/%, Trps1*/*), WAP-cre;Cdh1*/F; Trps1*/H(Cdh1*/%; Trps1/F), WAP-cre; Cdh1"/F; Trps1*/* (Cdh1¥/%,
Trps1*/*), and WAP-cre;Cdh1"/F; Trps 1" (Cdh1™/F, Trps1¥/F) mice. (B) Kaplan-Meier analysis of mammary tumor free survival of Cdh1*/F;
Trps1*/* (n=6), Cdh1*/%;Trps1™/F (n=22), Cdh1¥¥;Trps1** (n=19), and Cdh1™/F Trps1™/* (1 =23) mice. Mantel-Cox: (***] P<0.001; (*) P<
0.05; (ns) P>0.05. (C) Representative images of H&E staining, and TRPS1 and E-cadherin expression detected by immunohistochemistry
in end-stage tumors derived from Cdh1*/F;,TRPS1*/F and Cdh1¥/F,TRPS1"/F mice, and a healthy duct. Scale bars, 50 ym. (D) Distribution of
tumor burden, determined in four mammary glands per mouse upon sacrifice. x*: (***) P<0.001; (*] P<0.05. (E) Kaplan-Meier analysis of
overall survival of breast cancer patients with high TRPS1 versus low TRPS1 expressing IDCs (left) or ILCs (right) from the METABRIC
breast cancer data set (Curtis et al. 2012; Pereira et al. 2016). TRPS1 high: Z-score > 0; TRPS1 low: Z-score < 0. Mantel-Cox. (F) Kaplan-Meier
analysis of overall survival of breast cancer patients with high TRPS1 versus low TRPS1 expressing ILCs from the METABRIC breast cancer
data set (Curtis et al. 2012; Pereira et al. 2016), the RATHER project (Michaut et al. 2016), and Metzger-Filho et al. (2013) combined.

microenvironment and metastasis formation. Together,
these findings identify TRPS1 as an essential regulator
of STAT-signaling, required for mammary gland differen-

of GATAS3 is required for survival of luminal epithelium
in the adult mammary gland (Kouros-Mehr et al. 2006;
Asselin-Labat et al. 2007). Similar to TRPS1, GATA3 is es-

tiation and involution.

Intriguingly, TRPS1 shares several features with the
transcription factor GATAS3. Both transcription factors
are of the GATA-type and, similar to TRPS1, expression

sential during embryonic development and reduced
GATAS3 expression by germline mutations and deletions
in humans results in the HDR syndrome, characterized
by Hypoparathyroidism, Sensorineural deafness, and
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Renal anomalies (Van Esch et al. 2000; Nesbit et al. 2004).
Interestingly, TRPS1 and GATA3 form a complex with
the IRX5 transcription factor. This tripartite complex reg-
ulates craniofacial development and germline mutations
in either TRPS1, GATAS, or IRX5 cause craniofacial dys-
morphisms (Bonnard et al. 2012). Together, these findings
suggest that TRPS1 and GATAS3 have similar or overlap-
ping biological functions during embryonic development
and postnatal mammary gland development.

Both TRPS1 and GATAS3 have been implicated in breast
cancer. GATAS3 is one of the most frequently mutated
genes in human breast cancer (Usary et al. 2004; The Can-
cer Genome Atlas Network 2012). Most mutations in
GATAS3 are heterozygous and predicted to result in a trun-
cated GATA3 protein. Although the exact function of
these truncating GATA3 mutations remains elusive,
they are enriched in IDCs compared with ILCs (Stephens
et al. 2012; Ciriello et al. 2015). In contrast to GATA3, the
relevance of TRPSI in breast cancer is still unclear. The
most common aberrations reported in TRPS1 are amplifi-
cations that are associated with poor survival (Radvanyi
et al. 2005; Chen et al. 2010; Serandour et al. 2018). It is
however unclear whether TRPS1 is a bona fide driver of
these amplifications, or whether it is simply coamplified
with MYC, which is located close to TRPS1. TRPSI is
highly expressed in healthy mammary epithelial cells
and expression is associated with differentiated tumors
and a favorable clinical outcome in breast cancer patients
(Lin et al. 2017), suggesting that TRPS] is a marker for lu-
minal epithelial cells.

We found TRPS1 expression to be essential for prolifer-
ation and differentiation of nontransformed epithelial
cells in vitro and in mammary gland development in
vivo. TRPS1 is also shown to be essential and required
for growth of (mostly hormone receptor-positive) breast
cancers (Witwicki et al. 2018). Indeed, several breast can-
cer cell lines show reduced growth both in vitro and in
vivo upon loss of TRPS1 expression (Elster et al. 2018;
Wang et al. 2018b; Witwicki et al. 2018). In other settings,
loss of TRPS1 expression appears to be promoting mam-
mary tumor growth. In vivo transposon mutagenesis
screens identified TRPS1 as a candidate tumor suppressor
gene in TNBC (Rangel et al. 2016) and ILC (Kas et al. 2017;
this study). Hence, the effects of TRPSI loss appear to be
context dependent. Why TRPSI loss is beneficial in ILC
remains elusive and warrants further investigation in
future studies. In this study, we provide direct evidence
for the context-dependent tumor suppressor role of
TRPS1 by demonstrating that the effect of TRPS1 loss in
mammary epithelial cells is strongly dependent on their
E-cadherin status. In an E-cadherin-proficient context,
TRPS1 expression is essential for survival, while in an
E-cadherin-deficient context, TRPS1 loss promotes persis-
tent proliferation and mammary tumor formation.

Materials and methods
Plasmids and transfection/transduction methods

The truncated Trpsl sequence was isolated from mouse Trpsl
(GE Dharmacon/Horizon Discovery MMM1013-202741213)
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cDNA using specific PCR primers (Supplemental Table S2A)
with Nhel and BamHI overhangs using Q5 high-fidelity DNA po-
lymerase (New England Biolabs M0492) and subsequently cloned
into a zero TOPO blunt vector (ThermoFisher Scientific 450245).
The sequence-verified cDNA was inserted as a Nhel-BamHI frag-
ment into the lentiviral pPCDH-CMV-MCS-EF1-copGFP (System
Biosciences CD511B-1) vector. Broad Institute’s Mission TRC-1
mouse library lentiviral shRNAs were used targeting Trps1 or
Stat1 (Supplemental Table S2B). Lentiviral particles were pro-
duced by cotransfection of four plasmids in HEK293T cells as de-
scribed previously (Follenzi et al. 2000). Conditioned media
containing the lentiviral particles were collected 48 h after trans-
fection and used for transduction. Stable cell lines were obtained
after FACS sorting for GFP or puromycin (1.8 pg/mL; Sigma-Al-
drich P7255) selection.

Nontargeting and sgRNAs targeting mouse Trpsl (Supple-
mental Table S2C) were cloned into a modified version of the
pX330-U6-Chimeric_BB-CBh-SpCas9 (Addgene plasmid #42230)
backbone, in which a puromycin resistance gene was introduced
under the Pgk1 promoter (Harmsen et al. 2018). DNA oligos were
phosphorylated, annealed, and subsequently ligated into the BbslI-
digested pX330 backbone (Cong et al. 2013). All constructs were
sequence verified by Sanger sequencing. Transfection was per-
formed using Lipofectamine 2000 transfection reagent (Thermo-
Fisher Scientific 11668-019).

Immunoprecipitation

Protein lysates were prepared using 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. The whole-cell lysates were incubated
with 100 pL of Protein A or G magnetic beads (ThermoFisher Sci-
entific 10002D/10004D) prebound with anti-TRPS1 (R&D
Systems), anti-GATA3, normal goat IgG control, or normal
mouse IgG control (Supplemental Table S3). The immunoprecip-
itates were analyzed using Western blot after elution in sample
buffer at 95°C or using LC/MS-MS analysis (Supplemental
Material).

RNA expression analysis

Total RNA was extracted from cells using TRIzol reagent (Ther-
moFisher Scientific 15596026). For qPCR analysis, cDNA was
synthesized from 1 pg of RNA using Tetro cDNA synthesis kit
(Bioline BIO-65043) with random hexamer primers. qPCR was
performed using SensiMix SYBR low-ROX kit (Bioline BIO-
QT625) on a QuantStudio 6 system (Thermo Fisher Scientific).
Primer sequences used are listed in Supplemental Table S2D.
RNA sequencing details are in the Supplemental Material.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described previously (Singh et al. 2019). In
short, cells were cross-linked in 1% formaldehyde for 10 min. Af-
ter addition of glycine (final concentration of 125 mM) to quench
the cross-linking reaction and washing with PBS, cells were col-
lected. The Bioruptor Pico (Diagenode SA) was used for sonica-
tion. The antibodies used are listed in Supplemental Table S3
together with Protein A or G magnetic beads. Isolated DNA
was used for qPCR (primers in Supplemental Table S2E) and/or
sequencing (Supplemental Material).
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Mouse models

LoxP sites were targeted to the TrpsI locus in FVB zygotes using
CRISPR/Cas9, as described previously (Pritchard et al. 2017).
LoxP sites were inserted in intron 1 and downstream from exon
6, thereby flanking the complete coding region of Trps1. Sequenc-
es of the guideRNAs and homology-directed repair oligos are list-
ed in Supplemental Table S2F. Mice with correct integration of
both LoxP sites were intercrossed to produce Trps1™/F mice.
The truncated TrpsI sequence was isolated from mouse Trps1
(GE Dharmacon/Horizon Discovery MMM1013-202741213)
¢DNA using specific PCR primers (Supplemental Table S2G)
with Fsel and Pmel overhangs using Q5 high-fidelity DNA poly-
merase (New England Biolabs M0492) and subsequently cloned
into a zero TOPO blunt vector (Thermo Fisher Scientific
450245). Sequence-verified cDNA was inserted as Fsel-Pmel frag-
ment into the Frt-invCAG-IRES-Luc vector (Huijbers et al. 2015).
Flp-mediated integration of the shuttle vector in WAP-cre;Cdh1™F;
Colla1™"* embryonic stem cell (ESC) clones (FVB) and subse-
quent blastocyst injections of the modified ESCs were performed
as described previously, resulting in chimeric mice carrying
the COJIalinVCAG-mTrpsItrunc-IRES-Luc (TIpSI tn.uw) allele (Huijbers
et al. 2015). Mice carrying the Trps1” or the Trps1t“2° allele
were crossed with mice carrying MMTV-cre, mT/mG reporter,
WAP-cre or Cdh1t/F alleles (FVB) to generate cohorts with the re-
quired genotypes (Derksen et al. 2006, 2011; Muzumdar et al.
2007). The Trpsif, Trps1™™7¢ MMTV-cre, mT/mG, WAP-cre
and Cdhi? alleles were confirmed by multiplex PCR using
MyTaq HS Red Mix (Bioline BIO-25048) with an annealing tem-
perature of 60°C (Supplemental Table S2H). Mice were monitored
twice weekly for the development of palpable tumors. Mice were
sacrificed when (total) mammary tumor burden reached a size of
1500 mm? (0.5 x length x width?) or when the mice showed signs
of pain or distress (e.g., weight loss and behavioral changes). All
mouse experiments were approved by the Animal Ethics Com-
mittee of the Netherlands Cancer Institute and performed in ac-
cordance with institutional, national, and European guidelines
for animal care and use.

Immunofluorescence

Immunofluorescence stainings were performed as described pre-
viously on formalin-fixed tissue sections, cells, or organoids,
with adaptations (Pasic et al. 2011; Boelens et al. 2016). The sam-
ples were permeabilized using 0.8 % Triton X-100 and blocked us-
ing 2.5% BSA. All samples were incubated overnight with
primary antibodies, followed by incubation with Alexa fluor-con-
jugated secondary antibodies and staining with Hoechst (Supple-
mental Table S3). The samples were mounted using Aqua-Poly/
Mount (Polysciences, Inc. 18606-20 ). Images were acquired using
a Leica TCS SP5 confocal and analyzed using LAS AF software
(v2.6.3). Confocal images were analyzed automatically using an
in-house-developed Image] macro that detects nuclei based on
the DAPI signal and measures either the GFP signal in a band
around each nucleus or the percentage of Ki-67-positive nuclei.

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 x> test. P-values of
<0.05 were considered to be significant.

Additional experimental details are described in the Supple-
mental Material. All sequencing data generated in this study
are available on GEO repository (GSE133075).

TRPS1 in mammary gland development and tumorigenesis
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