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SUMMARY

Notwithstanding the positive clinical impact of endocrine therapies in estrogen receptor-alpha
(ERa)-positive breast cancer, de novo and acquired resistance limits the therapeutic lifespan of
existing drugs. Taking the position that resistance is nearly inevitable, we undertook a study to
identify and exploit targetable vulnerabilities that were manifest in endocrine therapy-resistant
disease. Using cellular and mouse models of endocrine therapy-sensitive and endocrine therapy-
resistant breast cancer, together with contemporary discovery platforms, we identified a targetable
pathway that is composed of the transcription factors FOXA1 and GRHL2, a coregulated target
gene, the membrane receptor LYPD3, and the LYPD3 ligand, AGR2. Inhibition of the activity of
this pathway using blocking antibodies directed against LYPD3 or AGR2 inhibits the growth of
endocrine therapy-resistant tumors in mice, providing the rationale for near-term clinical
development of humanized antibodies directed against these proteins.
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Cocce et al. show that FOXAL contributes to disease pathogenesis by cooperating with GRHL2 in
endocrine therapy-resistant breast cancer. LYPD3 is identified as an actionable downstream target
of FOXA1/GRHLZ2, and humanized antibodies against LYDP3, or its ligand AGR2, demonstrate
anti-tumor efficacy in animal models of endocrine therapy-resistant breast tumors.

INTRODUCTION

The majority of breast cancers express estrogen receptor-alpha (ERa), and drugs that target
the production of estrogens or which directly interfere with the transcriptional activity of
ERa have become frontline interventions in the treatment and prevention of this disease
(Brodie, 2002; Fisher et al., 1998, 2001; Perou et al., 2000; McDonnell et al., 2015).
Although these treatments have been effective, clinical experience with currently available
ERa modulators and the results of preclinical studies of drugs currently under development
indicate that resistance is a seemingly inevitable adaptive event that will limit the efficacy of
any endocrine therapy in breast cancer (Jeselsohn et al., 2014, 2018; Toy et al., 2013).

Whereas aromatase inhibitors (Als) have largely replaced tamoxifen as first-line endocrine
therapy in post-menopausal women with ER+ breast cancer, it is now apparent that there is
considerable overlap in the mechanisms that underlie resistance to both drugs, a finding that
may explain the high level of cross-resistance between these types of interventions (Brodie,
2002; Dowsett and Howell, 2002; Lanning, 2002; Mokbel, 2002; Palmieri et al., 2014). Of
particular relevance is the observation that long-term estrogen deprivation facilitates
adaptive events that permit ERa and its co-regulators to activate transcription in a ligand-
independent manner (Britton et al., 2006; Knowlden et al., 2005; Lupien et al., 2010;
Massarweh et al., 2008; Santen et al., 2005; Smith et al., 1993). Ligand-independent
activation of ERa can also occur in cells in which the expression and/or activity of receptor-
interacting co-regulators are elevated or in which direct phosphorylation of the receptor
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stabilizes its interaction with co-regulators. In either case, it is assumed that existing ERa
modulators enable the outgrowth of a subpopulation of cells that express the appropriate co-
regulator repertoire and/or signaling kinases needed to support ligand-independent activity
of the receptor (Osbhorne et al., 2003; Smith et al., 1997). Such activities are associated with
resistance to endocrine therapies.

In this study, we used pharmacological and biochemical approaches to identify targets
whose expression and activity accompanies the development of resistance to endocrine
therapies through interaction with FOXA1, a key lineage-selective transcription factor whose
overexpression and/or increased activity has been shown to be associated with the
development of endocrine therapy resistance (Carroll et al., 2005; Fu et al., 2016; Hurtado et
al., 2011; Kong et al., 2011; Ross-Innes et al., 2012; Sérandour et al., 2011; Wright et al.,
2014). Specifically, we determined that FOXAL collaborates with GRHL2 to increase the
expression and activity of LYPD3/AGR2, a receptor ligand complex that regulates processes
of pathological importance in cancer. This work culminated in the validation of inactivating
antibodies directed against LYPD3, and its extracellular protein ligand AGR2, as therapeutic
approaches in advanced endocrine therapy-resistant breast cancer.

Alterations in the FOXAL Cistrome Accompany the Development of Endocrine Therapy
Resistance in Preclinical Models of Luminal Breast Cancer

We developed a model of tamoxifen-resistant breast cancer by serially passaging an
aggressive subline of ERa-positive MCF7 breast cancer cells (MCF7-WS8) as a xenograft
in the presence of tamoxifen (Connor et al., 2001; Gottardis and Jordan, 1988; Pink et al.,
1995). The resulting tumors, whose characteristics reflect that seen in patients with
endocrine therapy-resistant disease, grow in an estrogen-independent manner and recognize
tamoxifen as an agonist (Figure S1A) (Martz et al., 2014; Nelson et al., 2013; Wardell et al.,
2015; Wright et al., 2014). In this study, we used the parental tamoxifen-sensitive (MCF7-
WSS8) cell line and a cell line derived from a tamoxifen-resistant variant of MCF7-WS8-
derived tumors (TAMR) to identify molecular events that are associated with estrogen-
independent growth and tamoxifen resistance. To this end, DNase sequencing (DNase-seq)
analysis was used to perform an unbiased genome-wide survey of changes in chromatin
architecture with the goal of identifying potential cis-acting elements enriched in TAMR
versus MCF7-WS8 cells. In this manner, 205,924 DNase-hypersensitive sites (DHSs) were
identified in the two genomes, the majority of which (192,136) were equally enriched in
MCF7-WS8 and TAMR cells. Notably, 9,232 sites with significantly increased
hypersensitivity and an additional 4,556 sites that show decreased hypersensitivity in TAMR
cells were identified, when compared with the parental MCF7-WS8 line. Our continued
analysis focused on those sites that demonstrated increased hypersensitivity in TAMR, as we
considered that gain-of-function processes that enabled or occurred as a consequence of
these changes were the most likely to be informative with respect to the identification of new
therapeutic targets (Figure 1A).

Motif enrichment analysis of sequences within the “*gained’” DHSs in TAMR indicated that
the transcription factors most likely to be interacting at these genomic loci include those that
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bind bZip motifs, GRHL2, AP2 factors, ER, and FOXA family members (Figure 1B). It has
been observed previously that tamoxifen-resistant cells derived from MCF7 cells acquire
enhanced FOXAL1 activity at functional enhancers, some of which overlap with ER binding
sites (Fu et al., 2016; Hurtado et al., 2011). Thus, to examine the potential role(s) of FOXA1
in our system, we overlaid our DNase hypersensitivity data with previously published
FOXAZ1 and ER chromatin immunoprecipitation sequencing (ChlP-seq) data from MCF7
cells (Hurtado et al., 2011) (Figure S1B). This analysis indicated that the differences
observed in the genome-wide DHSs between MCF7-WS8 and TAMR correspond to those
sites bound by FOXAL (either alone or at sites shared with ER). Surprisingly, no significant
increase in hypersensitivity was noted in TAMR cells at sites previously described as
FOXA1-independent ER binding events. To confirm that the sites identified using DNase
hypersensitivity analysis were indeed bona fide FOXA1 binding events, we performed
FOXAL ChlP-seq in both MCF7-WS8 and TAMR cell lines (Figure 1C, left panel). In this
study, 47,337 high-confidence FOXAL binding sites were identified in the TAMR and
MCF7-WS8 genomes, with 25,093 sites scoring as novel or enhanced in TAMR relative to
MCF7-WS8. A further 10,939 sites were found to be represented equivalently in both cell
lines, and an additional 11,315 sites showed decreased binding in TAMR relative to MCF7-
WSS cells. An overlap analysis of the FOXAL ChIP-seq and DNase-seq data revealed a
strong degree of concordance between FOXAL binding and DNase hypersensitivity (Figure
1C, right panel). Thus, whereas increased FOXA1 binding at ERa containing enhancers has
been observed by others in cellular models of tamoxifen resistance, our analysis highlights
additional roles for FOXAL-dependent/ERa-independent enhancers in the pathobiology of
breast cancer (Fu et al., 2016; Hurtado et al., 2011).

We next performed RNA sequencing (RNA-seq) on MCF7-WS8 and TAMR cells and used
this information to evaluate potential changes in gene transcription that were associated with
the FOXAZ1 binding sites identified (Figure 1D). Genes that were located within 10 kb of the
FOXAU1 sites identified in the TAMR cells were divided into three categories (increased,
equivalent, or decreased binding of FOXAL). It was determined that genes within 10 kb of
FOXAL1 sites that demonstrate increased binding in TAMR are more likely to be increased in
expression in the TAMR cells relative to the MCF7-WS8 cells. Lesser differences in the
expression of genes within 10 kb of FOXAL binding events that were equivalent in the two
cell lines were noted, whereas decreased expression was found for those genes located at the
same distance from FOXAL sites that have decreased binding of TAMR relative to MCF7-
WSS8. Collectively, these data suggest that independent of ERa,, FOXAL is involved in the
regulation of the expression of genes that distinguish tamoxifen-sensitive from tamoxifen-
resistant cells. These findings provided the impetus to identify the factor(s) that cooperate
with FOXA1, with the goal of identifying new exploitable therapeutic targets.

FOXA1l-Dependent cis-Regulatory Elements Demonstrating Enhanced Activation Status in
TAMR Cells Are Co-occupied by GRHL2

The majority of DHSs observed in our cell line models occur within intronic and intergenic
areas of the genome (Figure 2A). We next probed whether the gained FOXAL binding events
in TAMR were associated with increased enhancer function (Lupien et al., 2008; Sérandour
etal., 2011). Thus, we performed H3K4Me2 and H3K27Ac ChIP-seq and compared these
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data with our FOXA1 ChlP-seq data to define those binding events most likely to be
associated with active enhancers. The dynamics of these histone marks were evaluated at
those FOXAL binding sites that were gained in TAMR cells, and this information was used
to subdivide these sites into three major classes (Figure 2B). Cluster 1 contains gained
FOXAZ1 binding sites that were associated with increases in both H3K4Me2 and H3K27Ac
marks (active enhancers). Cluster 2 contains sites that demonstrate an enrichment of
H3K27Ac marks alone (poised enhancers). Cluster 3 is composed of gained FOXAL binding
sites for which no significant changes in either H3K4Me2 or H3K27Ac marks were
apparent.

The expression of transcripts associated with genes in each of the three clusters was next
evaluated. Both the log, fold change distribution and the relative enrichment of genes that
are differentially expressed in TAMR relative to MCF7-WS8 in each cluster were analyzed
(Figure 2C). This analysis indicated that cluster 1 binding sites are most associated with
genes exhibiting increased expression in TAMR relative to MCF7-WS8 cells. Less robust,
though significant, increases in transcription of genes associated with cluster 2 binding sites
were observed. No association with expression changes in either direction were noted in
genes associated with the cluster 3 binding sites. Thus, a significant number of the FOXA1
binding events that are increased in TAMR are located within active enhancers and are
associated with increased gene transcription.

A motif enrichment analysis of the activated, FOXA1-dependent enhancers present in both
clusters 1 and 2 revealed a significant enrichment of binding sites for Fox.Ebox, GRHL2,
AP1/bZIP, and AP2 (Figure 2D). Positional enrichment analysis of the motifs around
FOXAZ1 peaks identified by ChIP-seq was used to assess the relative enrichment of the
binding sites for these transcription factors across clusters 1-3 (Figure 2E). It was
determined that AP2 and AP1/bZIP binding motifs are equally distributed across all three
clusters. FOXA1 and Fox.Ebox binding sites were enriched in cluster 3. Interestingly, the
centrality and enrichment of GRHL2 motifs correlated specifically with H3K27Ac as it
relates to the different clusters (cluster 1 > cluster 2 > cluster 3) (Figure 2F). This
observation, indicating a likely functional association between FOXA1 and GRHL2, is
further supported by the results of a liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis of FOXA1 interaction proteins in TAMR that revealed that GRHL2
interacts with FOXAL1 in the setting of tamoxifen resistance (Table S1). Such interactions
have been reported previously to occur in endocrine therapy-sensitive breast cancer cells
(Jozwik et al., 2016).

A GRHL2 ChIP-seq analysis was performed in MCF7-WS8 and TAMR cells to probe more
directly its potential roles in FOXA1 activity. Using this approach, 20,283 (MCF7-WS8) and
35,406 (TAMR) high-confidence GRHL2 sites were identified. The FOXAL binding events
that were significantly increased in TAMR cells relative to MCF7-WS8 cells were then
evaluated as a function of the degree of GRHL2 binding. This resulted in the identification
of some gained FOXAL binding sites that were associated with increased GRHL2 binding in
TAMR relative to MCF-WS8 (GRHL2 increased). The GRHL2 binding activity associated
with a second group of FOXAL binding sites was unchanged (GRHL2 same). The remainder
of the gained FOXAL binding sites were not associated with GRHL2 binding events in either
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cell (GRHL2 absent) (Figure 3A). It was determined that the expression of genes within 10
kb of a FOXA1 gained site and that exhibited increased binding of GRHL2 in TAMR
(GRHL2 increased) was more likely to be associated with increased gene transcription in
TAMR relative to the MCF7-WS8 (Figure 3B). Together, these data suggest that GRHL?2
may collaborate with FOXAL in establishing new enhancers or lead to enhanced
transcriptional activity at established enhancers in TAMR.

To explore the mechanisms underlying FOXA1/GRHL2 cooperativity, we evaluated the
impact of GRHL2 knockdown on the status of H3K27 acetylation at FOXAL enhancers
within candidate GRHL2 target genes. For some enhancer sites, such as those associated
with AGR2 or LYPD3, the absence of GRHL?2 resulted in a significant decrease in
H3K27Ac (Figure 3C); in contrast, H3K27 acetylation at enhancers associated with genes
such as MAPK4 and MUC20 was unchanged following GRHL2 knockdown (Figure 3D).
These data, while confirming a direct role for GRHL2 in regulating the deposition of
H3K27Ac marks at a subset of candidate genes, indicate that cells may have redundant
mechanisms to maintain acetylation in the absence of GRHL2.

GRHL2 Protein Expression Levels Are Associated with Decreased Responsiveness to

Tamoxifen

Previously, it has been reported that elevated expression of FOXA1 mRNA is associated
with decreased relapse-free survival (RFS) in patients with ERa-positive tumors receiving
tamoxifen, but not in patients who are not on endocrine therapy (Fu et al., 2016). This
association, however, was limited to the highest quartile of FOXA1 mRNA expression
levels. Others have reported a significant association between elevated expression of GRHL2
MRNA and decreased time to recurrence and increased risk for metastasis in breast cancer
patients (Xiang et al., 2012). Looking at gene expression data from 4,885 breast cancers, we
were unable to identify a statistically significant difference in recurrence-free survival
interval or distant metastasis survival interval for all comers or in the luminal breast cancer
subgroups (Figure S2A). GRHL2 protein expression, but not mRNA levels, were increased
in TAMR relative to MCF7-WS8 cells, and this was not influenced by ER modulation
(Figures 4A and 4B). This encouraged us to examine the extent to which GRHL2 protein
expression associates with clinical outcome in human breast cancers (a summary of patient
characteristics appears in Table S2). A board-certified pathologist blinded to sample
identification scored GRHL2 staining intensity on a scale ranging from 0 to 3; this score was
then used to probe associations with T and N stage and time to recurrence (see
representative staining in Figure 4C). GRHL2 protein expression did not significantly
associate with T or N stage in this sample set. However, when assessing all comers
(independent of hormone receptor status), there was a strong trend toward a shorter time to
recurrence observed with increasing expression; however, this trend did not reach
significance (p = 0.08) (Figure S2B). In those patients with ER-positive disease, it was
determined that patients with the highest GRHL2 staining intensity (3) have decreased time
to recurrence relative to those with lower GRHL2 staining intensity (1 or 2) (log rank p =
0.013) (Figure 4D). Together, these data implicate GRHL2 as an important regulator of
tumor progression in ER-positive luminal breast cancers.

Cell Rep. Author manuscript; available in PMC 2019 November 22.



Cocce et al. Page 8

Cells Derived from Tamoxifen-Resistant Tumors Demonstrate Enhanced Activation of
Pathways Associated with Aggressive Cancer Phenotypes

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

The impact of GRHL2 expression on processes of pathological importance in TAMR cells
was next examined. Knockdown of GRHL2 expression using three independent small
interfering RNAs (siRNASs) inhibited cell proliferation and decreased the migratory activity
of the TAMR cells, and these effects correlate with the degree of GRHL2 knockdown
(Figures 5A, 5B, and S3A). Pathway analysis of RNA-seq data generated from TAMR cells
treated with control siRNA or siRNAs directed against GRHL2 was next undertaken. Using
the EnrichR algorithm to mine the ChEA, ENCODE, and ChEA consensus TFs from ChIP
X datasets, several interesting findings emerged (Kuleshov et al., 2016). First, the family of
genes whose expression was attenuated by GRHL2 knockdown in TAMR (sig_genes_dn) is
enriched for genes that are associated with forkhead binding events (Figure 5C). Second,
both sets of genes (those that are increased and those that are decreased following GRHL2
knockdown) are enriched for genes associated with ER binding events, suggesting that
GRHL2 may also play a role in both activating and repressing ER activity. Third, there is
also a striking inverse correlation between genes which decrease following GRHL2
knockdown and genes that are associated with lysine demethylase 2B (KDM2B) binding
events. Finally, analysis of the ChEA dataset reveals that there is an overlap between the
GRHL2 target genes we identified in TAMR cells and genes described previously to be
regulated by TCF3 (E47) and SALLA4, the expression of which are associated with earlystage
breast cancer, SOX2, and NFE2L 2, both of which have been strongly linked to tamoxifen
resistance, and the androgen receptor (AR), the activity of which is closely associated with
FOXAL1 in the setting of prostate cancer (Arif et al., 2015; Jeter et al., 2016; Kim et al.,
2008; Kobayashi et al., 2011; Slyper et al., 2012). Thus, in addition to FOXA1, GRHL2 may
also collaborate with additional factors in TAMR.

In parallel to the /in vitro studies outlined above we assessed the expression of genes that
were differentially regulated in TAMR tumors relative to MCF7-WS8 tumors using the gene
classification schemes established in the DHS and ChlIP-seq studies (FOXAL increased,
FOXA1 same, and FOXAL1 decreased) (Figure 1). When comparing the relative expression
of genes stratified on the basis of FOXAL binding differences alone (as in Figure 1D), we
observe very little enrichment across the three groups (Figure S3B). A clearer picture
emerged by focusing on those genes associated with increased FOXA1 binding and
increased marks of histone activation (see Figures 2B and 2C; Figure S3C), and even more
significant biology was revealed when we examined gene stratification on the basis of the
presence or absence of a GRHL2 binding event in TAMR cells at the FOXA1 gained sites
(Figure 5D). Taken together, the results of these studies indicate that the transcriptional
activity of GRHL2 increases as the cells/tumors develop resistance to tamoxifen and
highlight the potential utility of inhibiting its activity or a downstream target(s) in late-stage
disease.

LYPD3 Is Regulated Downstream of GRHL2

GRHL2 does not exhibit any features that would suggest that it could be easily targeted with
small molecules, and thus we explored the utility of exploiting proteins/processes
downstream of GRHL2 for new drug development. To identify such targets, we mined the
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datasets generated in this study for genes (1) that were associated with a FOXAL binding
event (within 10 kb) that is increased in TAMR relative to MCF7-WS8, exhibits increased
H3K27Ac, and overlaps with a GRHL2 binding event; (2) whose mRNA expression in
TAMR cells was increased relative to MCF7-WS8 cells; and (3) whose expression was
decreased upon siRNA-mediated knockdown of GRHL2 relative to siCtrl in TAMR cells.
The expression of genes which met these criteria were further evaluated for their expression
in MCF7-WS8 and TAMR tumor models (Figure 5E). This informative analysis led to the
identification of several genes, the products of which are likely to be involved in breast
cancer cell biology. Among the potential candidate genes identified, one candidate, LYPD3
(C4.4a), was of particular interest because (1) it was expressed at the cell surface, thus
making it a desirable pharmacological target, and (2) we had previously shown that
expression of its ligand, Anterior Grade 2 (AGR2), was highly induced by both estradiol and
tamoxifen in breast cancer cells and in tumor xenografts (Wright et al., 2014).

LYPD3 is a GPl-anchored membrane protein that belongs to the Ly6 family of receptors and
has been shown to be overexpressed in several human malignancies (Hansen et al., 2007;
Seiter et al., 2001; Smith et al., 2001). Functionally, LYPD3 has been linked to increased
invasion and metastasis, mediated by regulation of the focal adhesion pathway via
interactions with cell surface integrins (Ngora et al., 2012). Little is known about the
signaling events up or downstream of LYPD3 activation, although it has recently been shown
to serve as a functional cell surface receptor for AGR2, a protein whose expression we have
shown to be increased in the setting of tamoxifen resistance (Arumugam et al., 2015; Wright
et al., 2014). Cumulatively these findings suggest that GRHL2-dependent upregulation of
LYPD3 expression, and signaling events downstream of LYDP3/AGR2, may be critical to
maintaining the growth of TAMR cells and tumors. In support of this hypothesis, we
demonstrated that (1) the expression of LYPD3 in TAMR cells absolutely requires GRHL?2
(Figures 6A and 6B). The same dependency was confirmed in additional breast cancer cell
lines (Figure S4); (2) there are several robust GRHL2 chromatin binding sites downstream,
within, and around the LYPD3 promoter in both TAMR and MCF7-WS8 cells (Figure S5A);
and (3) LYPD3 protein and mRNA expression are elevated in TAMR tumors (Figures 6C
and 6D). Of note, although the mRNA and protein levels are robustly increased in TAMR
tumors, cell line data highlight a more profound increase in protein levels, while mMRNA
differences are not as significant (Figures S5B and S5C). We also determined that LYPD3 is
heavily glycosylated in TAMR cells (and tumors) and are exploring the possibility that this
event contributes to its pathobiological actions. Collectively, these results indicate that
LYPD3 is a candidate target protein whose function is defined by a variety of processes
enhanced in TAMR and whose expression is directly regulated by GRHL2.

LYPD3 Is a Functional Component of an ER-Independent, Collateral Pathway, the Targeting
of Which Inhibits the Growth of Endocrine Therapy Resistant Tumors

To investigate the potential clinical relevance of LYPD3, we first explored whether the
expression of LYPD3 mRNA was associated with outcomes in patients with breast tumors.
Using the TCGA database, we found that recurrence-free survival did not differ between
patients with high or low LYPD3 mRNA expression (Figure S5D). This was true for all
breast cancers and for ER+ tumors. LYPD3 protein expression in tumors was more
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informative (Figure 6E) where higher LYPD3 protein levels were found to associate with
decreased time to recurrence in ER+ breast cancers (log rank p = 0.011) (Figure 6F). When
all comers are considered, higher LYPD3 expression also trends toward decreased time to
recurrence (Figure S5E).

Our data suggest GRHL2/LYPD3 and AGR2 are components of a signaling pathway whose
activity increases as tumors develop resistance to endocrine therapy. Furthermore, our
previously published data demonstrated that AGR2 is essential for the viability of TAMR
cells (Wright et al., 2014). Consistent with these results, we observed that SiRNA-mediated
knockdown of LYPD3 compromises the growth of TAMR cells (Figure 7A; Figure S6A).
Similarly, knockdown of LYPD3 also reduced the growth of another model of tamoxifen
resistance, HCC1428-TamR breast cancer cells (Figure S6B) (Guest et al., 2016). Thus, we
evaluated the impact of monoclonal antibodies targeting either AGR2 or LYPD3 on TAMR
xenograft tumor growth. Treatment with either anti-AGR2 or anti-LYPD3 resulted in a
significant decrease in the growth of tamoxifen-resistant tumors (Figure 7B). Of note, the
treatment of tumors with either AGR2 or LYPD3 targeted agents resulted in similar growth
inhibition. Furthermore, treating tumors with anti-AGR2 and anti-LYPD3 antibodies in
combination was equivalent to either alone, a likely reflection of the epistatic nature of the
two targets (Figure S6C). Of clinical relevance is the observation that these antibody
treatments are as effective as the selective estrogen receptor downregulator (SERD)
fulvestrant (ICI) (modeled in mice to human exposure levels) although there was no benefit
in this model to combining any two of the three agents (Figure 7B). Importantly, the
expression of LYPD3 is not influenced by treatment of TAMR tumors with the SERD
fulvestrant (Figure 7C).

We demonstrated that AGR2 and LYPD3 expression were both dramatically upregulated in a
xenograft model of long-term estrogen deprivation (a surrogate for Al activity) (Figures 7D,
7E, and S6D). Treatment of these tumors with anti-LYPD3 antibody led to a significant
reduction in the time to tumor doubling (growth velocity) (Figure S6E).

Finally, to reinforce the potential clinical significance of these tumor data we demonstrated
that GRHL2 and LYPD3 expression was maintained in tumors from patients who had
progressed while on endocrine therapy (Figure S7).

DISCUSSION

Forkhead family members, including FOXA1, have previously been described as critical
regulators of cell fate and identity where they are engaged in determining the transcriptional
landscape in cells. However, dysregulated FOXAL activity also contributes to the
development of tamoxifen resistance in luminal breast cancer (Hurtado et al., 2011; Ross-
Innes et al., 2012; Sérandour et al., 2011). Specifically, it had been shown that FOXA1
binding profiles were altered in cell models of tamoxifen resistance relative to tamoxifen-
sensitive models. What is not apparent from previous work is (1) how FOXAL attains this
altered activity in the setting of resistance and (2) how these findings can be translated into
new treatment or intervention strategies.
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In this study, we focused on those FOXAL binding events that were increased in TAMR
relative to MCF7-WS8 cells and used markers of enhancer activity to assess their likely
functionality. This allowed us to define enhancers that were contained within latent
chromatin in MCF7-WS8 cells but within active chromatin in TAMR. This pattern is
consistent with the classic view of FOXA1 function as a pioneer factor (Sérandour et al.,
2011). However, we also observed that some of the gained FOXA1 enhancers were in a
““poised’” state in MCF7-WS8 cells before adopting the characteristics of an activated state
in TAMR. This transition is more indicative of a “‘signal-dependent’” change, whereby an
extracellular signaling event activates a transcription factor facilitating its recruitment to a
genomic site where a lineage-dependent transcription factor/pioneer transcription factor is
already present (Heinz et al., 2010). We also identified a third set of gained FOXA1 binding
sites, wherein no changes in histone marks were identified. These binding events may be the
result of nonspecific sampling of the genome as proposed previously for other transcription
factors (Coons et al., 2017). Examination of the architecture of sites exhibiting enhanced
FOXAZ1 binding and an “*active histone signature’” in TAMR versus MCF7-WS8 cells led to
the discovery that GRHL2 was a likely collaborator of FOXA1, a result confirmed using
biochemical studies.

Key Determinant of the Functional Cistrome in Luminal Breast Cancer

GRHL2 has been shown to serve as a key determinant of keratinocyte differentiation and
lung epithelial morphogenesis and suggested also to be a lineage-determining factor in
breast epithelial cells (Xiang et al., 2012). A role for GRHL?2 in determining epithelial
identity in the 4T1 mouse model of mammary carcinoma and in human breast cancer cell
line models has also been suggested (Cieply et al., 2012; Lanning, 2002; Werner et al., 2013;
Xiang et al., 2012) and reviewed (Frisch et al., 2017). These published studies indicate that
the expression of GRHL2 suppresses epithelial-to-mesenchymal transition (EMT) in breast
cancer cells and that GRHL2 directly or indirectly regulates a broad range of epithelial
genes. As such, not only does GRHL2 participate with and potentially regulate FOXA1
binding events, but it is also required to maintain luminal breast cell identity.

Given that we have shown that GRHL2 interacts at sites within chromatin adjacent to
FOXAZ1, the question remains as to how GRHL2 binding is regulated. We demonstrated that
GRHL2 levels, although not differing significantly at the transcript level, are increased at the
level of protein expression in the setting of tamoxifen resistance. Several putative post-
translational modifications in GRHL2 have been identified by high-throughput mass
spectroscopy, whether one or more of these modifications contribute to GRHL2 stability
remains to be determined. It was also of significance that we were able to show that elevated
GRHL2 protein expression is strongly associated with a decreased time to recurrence in
patients with ERa-positive breast cancer. Although striking, it is likely that in addition to
increased GRHL2 expression that increased activity of this protein may also contribute to
disease pathobiology.

The FOXAL gained binding events that we observe in TAMR can be subcategorized in three
different ways: those in which FOXA1 and GRHL2 are increased, those in which FOXAL is
increased and GRHL?2 is unchanged, and those in which FOXAL is increased but GRHL2 is
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not present. Examining these subsets separately suggests several different mechanisms
which define GRHL2 activity. At sites where both FOXAL and GRHL2 are low in the
setting of tamoxifen sensitivity but both are increased in the setting of resistance, it is
possible that the two factors (FOXAL and GRHL2) respond to a similar differentiation cue
and result in collaborative binding. At sites where FOXAL increases in TAMR relative to
MCF7-WS8 and GRHL2 is present, but does not increase further in the setting of resistance,
suggests a potential pioneer-like role of GRHL2, whereby GRHL?2 pre-marks a site and
stabilizes nucleosomes, facilitating FOXAL binding in the setting of resistance. Indeed, there
is a subset of DHSs bound by GRHL2 and not by FOXA1. The presence of these types of
sites suggests that GRHL2 could be the initiating transcription factor. Along these lines,
Grh, the Drosophilahomolog of GRHL2, has been suggested to have intrinsic nucleosome
binding and displacement ability (Nevil et al., 2017). As such, GRHL2 may have the same
ability as FOXA1 and other pioneer factors to non-specifically bind nucleosomes and scan
chromatin. Interestingly, our bioinformatic studies suggest that in addition to FOXA1,
GRHL2 may interact functionally with TCF3 (E47), SALL4 SOX2, NFE2L 2, and the
nuclear receptors ER and AR (Arif et al., 2015; Jeter et al., 2016; Kim et al., 2008;
Kobayashi et al., 2011; Slyper et al., 2012).

Analysis of the FOXA1 GRHL2 Cistrome Reveals Targetable Pathways in Breast Cancer

Previously we reported that AGR2 expression is increased by either estradiol or tamoxifen
and tamoxifen-resistant tumors, even in the absence of treatment, are found to express higher
levels of AGR2 than endocrine therapy-sensitive tumors. This was an important finding, as
high AGR2 expression is a predictor of poor prognosis and decreased response to endocrine
therapy in patients with luminal breast cancer (Wright et al., 2014). Until recently, however,
it was unclear as to how AGR2 influences tumor biology. Of relevance to our present work,
however, Arumugam et al. (2015), working in models of pancreatic cancer, determined that
LYPD3 is the putative receptor for AGR2.

Our studies led to the observation that breast tumors that are resistant to tamoxifen (or to
estrogen deprivation) have elevated levels of LYPD3 protein. Expression of this protein was
also predictive of a poor response to endocrine therapy in patients. We determined that
LYPD3 is a direct transcriptional target of GRHL2. LYPD3 has been shown to interact with
extracellular matrix components such as laminins and galectins and play a role in cell-cell
attachment. It has also been shown to be specifically expressed on the leading edge of
invasive tumors and to be present in exosomes released from metastatic cells (Ngora et al.,
2012). As such, it stands to reason that part of the mechanism by which mammary tumor
cells demonstrate decreased migratory ability following GRHL2 knockdown is via
decreased expression of LYPD3, which functionally results in disruption of cell contacts.

Herein we have demonstrated that targeting LYPD3 directly as well as its ligand AGR2 with
specific inactivating antibodies can effectively decrease tumor growth in two different
models of endocrine therapy-resistant breast cancer. Given that LYPD3 expression (1) is
maintained in the presence of anti-estrogen therapy, (2) is increased in models of tamoxifen
and aromatase resistance, and (3) serves as a marker of poor prognosis in breast cancer
patients, we believe that it will be a useful target in advanced disease. Humanized antibodies
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directed against AGR2 and LYPD3 are now in late-stage preclinical development and are
expected to be in clinical trials in the near future. Furthermore, an anti-LYPD3 antibody-
auristatin conjugate is currently in clinical trials for squamous cell carcinoma of the lung,
although considering these data it may be a useful intervention also in breast cancer
(Willuda et al., 2017). Continued exploitation of additional GRHL2 targets is the subject of
ongoing studies in our laboratory.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Donald McDonnell (Donald.mcdonnell@duke.edu).

This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—Female MCF7-WS8 and its derivative, TAMR, cell lines were obtained as
previously described (Gottardis and Jordan 1988; Connor et al., 2001) and validated (Wright
etal., 2014), and maintained in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/ F12). Female MCF7 cells were obtained from American Type Culture Collection
(ATCC) and were used for comparison as in Figure S5, maintained in the same media.
TAMR cells were kept under constant selection with 100nM 4-OHT. All cell lines were
supplemented with 8% fetal bovine serum (FBS) or twice charcoal-stripped FBS (CFS)
(Hyclone Laboratories, Logan, UT), 0.1 mM non-essential amino acids (NEAA) and 1 mM
sodium pyruvate (NaPyr). ER ligands used for cell culture treatment were obtained from
Sigma (St. Louis, MO) include: 17p-Estradiol [50-28-2] (E8875), Fulvestrant (ICI)
[129453-61-8] (14409), and 4-hydroxytamoxifen [68047-06-3] (H7904).

Xenograft Studies—All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed. All procedures performed in studies involving
animals were in accordance with the ethical standards of the Duke University Institutional
Animal Care and Use Committee.

For confirmation of TAMR model using cell lines, 2 days prior to cell injection, female J:nu
mice, JAX stock #007850 (~6 weeks of age) were ovariectomized under isoflurane
anesthesia and tamoxifen pellets (5 mg/60 days from Innovative Research of America) were
implanted. Log phase TAMR cells were injected as a 1:1 mixture of serum-free media and
matrigel (242 and 248: 5 x 10 cells; 699 and 700: 8 x 107 cells, as indicated in Figure S1A)
orthotopically subcutaneously under the second nipple. Tumors were measured 3X weekly
(volume = | x w2 x 0.5) with concurrent weight monitoring. Following the final
measurement, animals were euthanized and tumors were sterilely excised prior to being
subdivided into ~8 mm3 sections. These sections were then serially implanted under
anesthesia into ovariectomized mice (prepared as above) receiving tamoxifen or no
treatment and monitored for growth for the time indicated.
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MCF7-WS8 and TAMR tumor samples used for RNA-seq analysis and immunoblotting
were prepared as follows: female J:nu mice (~6 weeks in age) were ovariectomized under
isoflurane anesthesia; a slow release estradiol pellet (0.72mg/60 days from Innovative
Research of America) or tamoxifen treatment pellet (5mg/60 days from Innovative Research
of America) was implanted in the scapular region during the same procedure. The next day
an approximate 8 mms3 of tumor tissue (derived from sectioning a freshly harvested tumor of
0.8 — 1 cm3 volume) was engrafted orthotopically (right axial mammary fatpad) under
anesthesia using a 10 g trocar. Tumors were measured 3 times weekly, concurrent with
weight and behavior monitoring. For MCF7-WS8 tumors, tumors were grown for 30 days
when they reached a size of ~0.15-0.2 cm3 volume. Animals were then randomized to
treatment with vehicle (0.1cc corn oil sc 3 times weekly) or tamoxifen (40mg/kg 3 times
weekly). Animals were euthanized and tissues preserved following a total of 6 weeks of
tumor growth. For TAMR tumors, tamoxifen treated animals were randomized to vehicle
(0.2cc corn oil sc weekly), or fulvestrant (200mg/kg sc weekly). Animals were euthanized
and tissues preserved following a total of 8 weeks of tumor growth.

For anti-AGR2 and anti-LYPD3 antibody treatment studies, tamoxifen
stimulated TAMR tumors were initiated orthotopically by serial tumor transfer
into female J:nu mice (~6 weeks age), as indicated above—-Briefly,
ovariectomized recipient mice received no treatment or tamoxifen treatment via a timed-
release pellet (5 mg/60 days from Innovative Research of America) implanted
subcutaneously. Two days later, TAMR tumors (~0.8cm3 volume) were sterilely excised
from euthanized tamoxifen treated donor mice, diced to ~2mm3 sections and implanted into
the axial mammary gland of recipient mice under anesthesia using a 10 g trocar. Tumor
growth was measured 3 times weekly by caliper. When tumor volume reached ~0.15cm3
(~20 days), mice were randomized to receive 45 mg/kg 1gG, 15 mg/kg anti-AGR2 or 45
mg/kg anti-LYPD3 antibodies ip twice weekly, with groups further subdivided to receive sc
injection of corn oil or 25 mg/kg fulvestrant.

Long-term estrogen-deprived (LTED) xenograft tumor model was derived by withdrawal of
estradiol treatment of a growing (~0.4 cm3 volume) MCF7-WS8 xenograft tumor engrafted
into the axial mammary fat pad of an ovariectomized J:nu mouse. After tumor regression
and stasis (18 weeks), this initial (parent) tumor re-entered exponential growth. When tumor
volume reached ~2 cm?3 (37 weeks after estradiol withdrawal), the donor mouse was
euthanized, and the tumor was resected, sectioned, and implanted (~8 mms3 initial volume)
into the mammary fat pad of ovariectomized (10 days prior) 6-week old female J:nu mice.
This xenograft model of estrogen withdrawal is continuously maintained via serial passage
of tumor tissue as described above. Tumors were measured 3 times weekly, concurrent with
weight and behavior monitoring. When tumors volume reached ~0.1cm3, animals were
euthanized and tumors were harvested, as described above.

METHOD DETAILS

Antibodies—The following antibodies were purchased from Santa Cruz Biotechnology:
a-Tubulin (E-19, R) (sc-12462-R), Abcam: FOXA1 (ab23738), H3K27Ac (ab4729, for
ChIP-gPCR), LYPD3 (Ab151709, for immunoblot/LiCOR), Sigma: H3K4Me2 (07-030),
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GRHL2 (HPA004820), LYPD3 (HPA041797, for IHC), and B-actin (AC15) (a5441), R&D
Biosystems: Human C4.4a/LYPD3 (AF5428, immuno-blot/ECL), Diagenode: H3K27Ac
(C15410196, for ChlP-seq), Novus: AGR2 (NBP1-40630), Santa Cruz: Lamin A
(sc-20680).

AGR2 and LYPD3 monoclonal antibodies as produced and validated previously (Arumugam
et al., 2015) for treatment of xenograft tumors were provided by Craig Logsdon at MD
Anderson. Mouse 1gG Isotype control (0107-01) was obtained from Southern Biotech.

siRNA transfection—For experiments involving transient transfection of small interfering
RNA (siRNA), validated siRNA or siRNA control were used as indicated and listed below.
Cells were plated in phenol red-free DMEM/12 containing 8% charcoal-stripped serum
(CFS), 0.1 mM NEAA and 1 mM NaPyr in the presence of 60 nM siRNA or associated
SiRNA control for siGRHL2 or 30nM siRNA or associated siRNA control for siLYPD3
using Lipofectamine RNAi MAX as the transfection agent, according to the manufacturer’s
recommendations. For gPCR and immunoblot analysis, cells were harvested following 3
days of transfection. For proliferation assays, cells were allowed to grow for 9 days
following transfection, as detailed in *“proliferation assay’’ below. For migration assay, cells
were allowed to grow for 18 h following transfection, as detailed in ‘“migration assay”’
below.

SiRNA sequences used, include:

siCtrl No. 1 (Ambion/ThermoFisher) (AM4611)
SiIGRHL2 A (Ambion/ThermoFisher) (109594)
SIGRHL2 C (Ambion/ThermoFisher) (109596)
SiIGRHL2 D (Ambion/ThermoFisher) (116387)
siCtrl (QIAGEN, 1027310):

siLYPD3 #1 (QIAGEN, Hs_LYPD3_1, S103082072)
siLYPD3 #2 (QIAGEN, Hs_LYPD3 2, S103084291)

siLYPD3 #3 (QIAGEN, Hs_C4.4A_2, SI00105707)

RNA Isolation and gPCR—For cell line studies, cells were seeded in 12-well plates in
phenol red-free media containing 8% CFS for 2 days and treated with ligands as indicated.
After the indicated time period, cells were harvested and total RNA was isolated using the
Aurum™ Total RNA Mini Kit (Bio-Rad, Hercules, CA). For tumor tissue, tumors were
dissected, and then snap frozen in liquid nitrogen. Tissue was then pulverized using mortar
and pestle and then isolated. 500ng to 1ug of purified RNA was reverse transcribed using the
iScript cDNA synthesis kit (Bio-Rad). Reactions for gPCR were performed with diluted
cDNA, specified primers, and iQ SYBRGreen supermix (Bio-Rad). Data are normalized to
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RPLPO (36B4) housekeeping gene and presented as fold expression relative to controls, as
previously described (Wright et al., 2014).

Primer sequences used for gPCR, include:

LYPD3:

(forward): 5° GTCACCTTGACGGCAGCTAA 3’

(reverse) 5° GTCTTGTTGCGGAGGTCAGA 3’ GRHL2:
(forward): 5° AACAGGAAGAAAGGGAAAGGCCAGG 3’
(reverse): 5° TAGATTTCCATGAGCGTGACCTTG 3" KRT13
(forward) 5° CGAGGGCCAGGACGCCAAGATGAT 3’
(reverse) 5° ACGGACATCAGAAGTGCGGCG 3’

36 B4 (RPLPO):

(forward): 5° GGACATGTTGCTGGCCAATAA 3’

(reverse): 5° GGGCCCGAGACCAGTGTT 3’

Immunoblotting—For cell line studies, cells were seeded in 6-well plates in phenol red-
free DMEM containing 8% CFS, 0.1 mM NEAA and 1 mM NaPyr for 2 days and treated as
indicated. Following treatment for the indicated time periods, cells were harvested in ice-
cold PBS and lysed in RIPA Buffer (50 mM Tris-HCI pH 8.0, 200 mM NaCl, 1.5 mM
MgCl,, 1% Triton X-100, 1 mM EDTA, 10% glycerol, 50 mM NaF, 2 mM Na3VOy, and
protease inhibitors (Sigma #8340-ML) while rotating at 4°C for 30 min. For tumor tissue,
tumors were dissected, and then snap frozen in liquid nitrogen. Tissue was then pulverized
using mortar and pestle and lysed in RIPA lysis buffer as above. 20-25ug of whole-cell
extract was resolved by SDS-PAGE, transferred to a PVDF membrane (Bio-Rad) and probed
with the appropriate antibodies.

Proliferation assays—TAMR cells were reverse transfected in triplicate with sSiRNA as
indicated above at the time of plating into 96-well plate. For siGRHL2 and respective siCtrl,
transfection was repeated on Day 3 by aspirating media suspension and re-transfecting with
respective SiRNA. For siLYPD3 and respective controls, transfection was carried out only on
day 0. On collection day, media was decanted and plates were frozen at —80°C. Plates were
thawed completely at room temperature after which 100ul of H,O was added to each well
and incubated at 37°C for 1 hr. Plates were refrozen at —80°C, thawed at room temperature,
and DNA content was detected using a Fluoreporter assay (Invitrogen) per manufacturer’s
instructions.

Migration assays—Cells were serum starved for 24 h with phenol red-free DMEM/F12,
0.1 mM NEAA and 1 mM NaPyr. Cells were subsequently plated on Falcon cell culture
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inserts (transparent PET membrane, 8.0 micron pore) (Corning) in duplicate and migrated
toward 8% FBS in DMEM/F12, 0.1 mM NEAA and 1 mM NaPyr for 18 h. Migrating cells
were fixed with 10% formalin, stained with 1% crystal violet in PBS, and counted.

Preparation of Nuclear Extracts for LC/MS-MS analysis—FOXAL Antibody (60ug)
was incubated with 90ul Protein A/G beads (Pierce #20421) in PBS overnight. The next
morning beads were washed three times in 0.2M sodium borate, pH 9.0. Complexed beads
were conjugated with dimethylpimelimidate (DMP) with 0.0259 g DMP and 5ml of 0.2 M
sodium borate to make a 20mM solution. Beads were incubated for 40 min with end over
end rocking at room temperature. After, beads were washed in 0.2 M ethanolamine (pH 8.0)
to quench residual DMP and then suspended in 0.2 M ethanolamine for additional 1 h
incubation. Uncoupled antibody was then washed three times using 0.58% acetic acid with
150 mM NaCl. Beads were stored in PBS with sodium azide at 4°C.

Nuclear extracts of TAMR cells were then prepared for Mass-Spec analysis. Briefly, 10 cm
culture plates were washed with PBS and harvested with 0.25% trypsin. Cells were scraped
into a conical tube and spun for 5 min at 1500 g in a pre-cooled centrifuge. Cell pellets were
suspended in 5 times the cell pellet volume in hypotonic buffer for 5 min and thereafter
checked every minute with trypan blue until greater than 90% of cells stained positive. NP40
was added to 0.1% and vortexed on mid setting for 10 s and immediately centrifuged at 3000
g for 1 min. Resulting supernatant, predominately consisting of cytosolic extract was set
aside and nuclear pellet was suspended in a half a cell pellet volume of low salt buffer [20
mM HEPES pH 7.9, 0.02 M KCI, 0.2 mM EDTA, 25% Glycerol 1 mM DTT, beta-
glycerophosphate, protease inhibitors, NaF, Na3V4, and sodium butyrate (NaB)] being
careful not to break nuclei. A half bed volume of high salt buffer [20mM HEPES pH 7.9, 1
M KCI, 0.2 mM EDTA, 25% Glycerol 1 mM DTT, beta-glycerophosphate, protease
inhibitors, NaF, NaV, and NaB] was added gently and tube was rocked for 1 h in cold room.
Nuclear debris was pelleted at 14000 g for 15 min and supernatant was dialyzed against
dialysis buffer [20 mM HEPES pH 7.9, 100 mM KCI, 0.2 mM EDTA, 20% Glycerol] to
normalize salts for two changes at 1 h each.

Nuclear extracts were normalized at 10 mg each and pre-cleared with A/G beads for 1 h and
then incubated overnight with the prepared conjugated beads. The next day beads were
washed 5 times with wash buffer [50 mM HEPES pH 7.9, 0.2% NP40, 150 mM KCI, 1 mM
EGTA, 1 mM DTT, beta-glycerophosphate, protease inhibitors, NaF, NaV, and NaB]. Final
washes were performed using PBS three times and 50 mM Ammonium Bicarbonate twice
before submitting to the Duke Proteomics Core for LC-MS/MS analysis.

DNase-Seq—DNase-Seq was performed as previously described (Song and Crawford,
2010; Song et al., 2011). Briefly, cells were plated in phenol red-free DMEM/12 containing
8% charcoal-stripped serum (CFS), 0.1 mM NEAA and 1 mM NaPyr in 15cm culture plates
and treated 2 days later with either vehicle or 4-OHT for 24 h before harvesting. Two
independent biological replicates of each condition were prepared. Nuclei were extracted
and digested with DNasel enzyme. After confirmation of adequate digestion, DNasel-
digested ends were blunt ended, and a biotinylated linker was ligated to these ends. Linkers
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were generated using the following oligos: Linker 1: annealed oligonucleotides 1a and 1b
(HPLC-purified; Integrated DNA Technologies)

Oligo la: 5 -Bio-ACAGGTTCAGAGTTCTACAGTCCGAC-3 Oligo 1b: 5 -P-
GTCGGACTGTAGAACTCTGAAC-Amm-3; Linker 2: annealed oligonucleotides 2a and
2b (HPLC-purified; Integrated DNA Technologies) Oligo 2a: 5 -P-
TCGTATGCCGTCTTCTGCTTG-3, Oligo 2b: 5 -CAAGCAGAAGACGGCATACGANN-3
(N represents any of A, T, G, or C). Fragments with linker attached were isolated, digested
with Mmel, and captured using streptavidin-conjugated magnetic beads. A second linker
was ligated to the Mmel-digested end, and then the fragments were amplified and
subsequently purified via gel electrophoresis. Primers used for library amplification include
primer 1 -5" -CAAGCAGAAGACGGCATACGA-3” and primer 2 -5" —
AATGATACGGCGACCACCGACAGGTTCAGAGTTC TACAGTCCGA-3’. The libraries
were sequenced using 50bp SR on lllumina HiSeq, using the custom sequencing primer 5 -
CCACC GACAGGTTCAGAGTTCTACAGTCCGAC-3

FASTQ files were aligned to hg19 human genome reference from UCSC using BWA aln (Li
and Durbin, 2009). Reads were filtered from the SAM file that do not align based on the
0X004 flag, align to multiple locations, align to more than two ambiguous locations, align to
the Y chromosome, and fall of chromosome boundaries using the chrom.sizes file from
UCSC. Additional alignments were also filtered to remove problematic repetitive regions
such as alpha satellites and sequence artifacts as defined by the ENCODE blacklist.
Biological replicates were compared for reproducibility and correlation. Final base-pair
resolution signal as a Wig file was generated using F-Seq at 300bp signal bandwidth (Boyle
et al., 2008) and converted to bigwig using the UCSC utility, WigtobigWig. Peaks were
called by F-Seq and significance of the peaks were determined by fitting DNase-Seq signal
data to a gamma distribution and then determining the signal value that corresponded to a p
value < 0.05. Sequencing tags were quantified in each DNase peak for each condition using
multicov from the bedtools suite (Quinlan and Hall, 2010). Reads overlapping within 500bp
each direction from the TSS were also subset to discriminate against sites likely unrelated to
TF binding using the Refseq annotated genes. To identify regions of significant change
across cell lines and treatments in DNase-Seq data, we used the DESeq (Anders and Huber,
2010) package from bioconductor.

RNA-Seqg—RNA was harvested after appropriate treatments as indicated above in ““‘RNA
isolation.”” For MCF7-WS8 and TAMR cell lines, individual biological duplicates were
collected and analyzed. For MCF7-WS8 and TAMR xenograft tumors, biological
quadruplicates were collected and analyzed. For both cell lines and tumors, total RNA was
quantified using the Agilent RNA 6000 Nano kit (#5067-1511) on the Agilent 2100
BioAnalyzer. 1ug of high purity total RNA (defined as greater than 7.0 RNA Integrity
Number (RIN)) was used as input to the Illumina TruSeq RNA Sample Prep Kit — Sets A/B
(48Rxn) (#FC-122-1001 and FC-122-1002). The gel-free protocol was employed for the
TruSeq RNA Sample Prep Kit per manufacturer’s specifications, and performed on the
Biomek Fxp robotics platform. The PCR amplified RNA-seq library products were then
quantified using the Advance Analytical Fragment Analyzer Standard Sensitivity NGS
Fragment Analysis Kit (#DNF-479). The samples were diluted 10 nM in QIAGEN Elution
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Buffer (#1014609), and denatured and loaded at 3 pM on an Illumina cBOT using the
TruSeq PE Cluster Kit v3 — cBot — HS (#PE-401-3001). The resultant flow cells were
loaded on a HiSeq2500 with the TruSeq SBS Kit v3 — HS (200-cycles) reagents (#FC-401-
3001). The RNA-seq libraries were sequenced at 100 bp paired end with 7 bp index using
the standard Illumina primers. The sequence intensity files were generated on instrument
using the Illumina Real Time Analysis software. The intensity files were demultiplexed and
FASTQ files created using the CASAVA 1.8.2 software suite.

For RNA-seq analysis of TAMR cell lines treated with control siRNA or two independent
siRNA sequences to GRHL2, RNA was harvested as above from independent biological
triplicates. Samples were assessed using stranded mRNaseq on Illumina Hi-Seq with 50bp
Paired End Rapid Run Sequencing.

RNA-seq samples (TAMR and MCF7-WS8 cell lines and TAMR cell lines treated with
siCtrl or siGRHL2) were clipped using Skewer (Jiang et al., 2014) and aligned using STAR
(Dobin et al., 2013) to the GRCh37 genome with Gencode v23Lift37 transcripts defined in
the index. Default parameters were used with the exception that only 5 multi-mapping reads
were allowed with outFilterMultimapN-max = 5. Following alignment, transcript
quantification was performed using Salmon (Patro et al., 2017) with the transcriptome BAM
files from STAR and the Gencode transcript reference. Differential expression analysis was
performed using DESeq2 (Love et al., 2014) with tximport.

Xenograft samples were separately processed to account for reads that align to both human
and mouse. FASTQ files were pre-processed to remove adapters and low-quality 3" reads
then aligned independently to the hg19 and mm10 genomes. Resulting BAM files were
subsequently filtered to remove multi-mapping across species and rRNA reads. Reads were
quantified using easyRNASeq (Delhomme et al., 2012) over ensemble transcripts in R and
genes with more than 2 CPM in at least two conditions were brought forward to edgeR
(Robinson et al., 2010) for differential expression. A multi-factorial design was incorporated
to account for resistance and sensitive cells in each treatment state. TMM normalization was
used and genes with p < 0.01 were considered differentially expressed for subsequent
analyses.

ChlP-Seg—Cells were seeded in a 15cm dishes with appropriate media described above.
Cells were grown to 90% confluence in phenol red-free DMEM/F12 media supplemented
with 8% CFS, 0.1 mM NEAA and 1 mM NaPyr for 3 days and subsequently treated for 45
min with ETOH (1:10,000 dilution) to serve as vehicle control. Cells were then subjected to
ChIP analysis. Each plate of cells was cross-linked with 1% formaldehyde PBS solution for
a maximum of 10 min at room temperature and quenched with ice-cold, 125 mM glycine
solution containing 5mg/ml bovine serum albumin (BSA) for 5 min. Cells were then rinsed
once and harvested with ice cold PBS, pelleted at 8000 rpm for 30 s at room temperature
and snap frozen in liquid nitrogen for storage at —80 degrees. All solutions were
supplemented with 10 mM Na(C3H;COO). Cell pellets were thawed on ice, and then
resuspended in Lysis Buffer containing 1% SDS, 1 mM EDTA, 10 mM Tris-HCI, pH 8.0,
protease inhibitor (Roche, Complete protease inhibitor tablets 11697498001). Cell lysates
were sonicated using the Covaris E210 (for FOXA1 H3K4Me2, and H3K27Ac ChlP-seq

Cell Rep. Author manuscript; available in PMC 2019 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cocce et al.

Page 20

samples) or E220 (for GRHL2 ChIP-seq samples) instrument according to the
manufacturers’ instructions. Sheared chromatin was diluted using Dilution Buffer (20 mM
Tris [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1% Triton X-100). Sheared, diluted chromatin
was incubated with respective antibodies overnight in a deep 96-well plate at 4°C and then
captured on protein A magnetic beads (Invitrogen, Dynal). After 45 min of incubation with
the beads the immunoprecipitates were washed on a 96-well microplate in 150 uL volumes
of the following solutions. For FoxAl, H3K4me2, and H3K27Ac ChIP, beads were washed
a total of 6 times: 4 times in RIPA buffer containing 500 mM LiCl (50 mM HEPES, 1 mM
EDTA, 0.7% Na Deoxycholate, 1% NP-40, 500 mM LiCl), and twice with TE buffer (20
mM Tris pH 8.0, 2mM EDTA). For GRHL2 ChlIP, beads were washed twice with Buffer A
(50 mM HEPES, 500 mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X, 0.1% Na
Deoxycholate), twice with Buffer B (20 mM Tris pH 8.0, 1 mM EDTA, 0.5% NP40, 0.5%
Na Deoxycholate, 250 mM LiCl), twice with TE Buffer. Following washes, precipitates
were re-suspended in a Reverse Crosslinking Buffer containing 200 MM NaHCO3 and 1%
(w/v) SDS. Crosslink reversal was done at 65°C for 6 h. ChIP DNA were isolated using
DNA purification beads (MagBio).

ChIP library construction was done by an automated protocol using the Kapa HTP library
preparation kit (KR0426 Kapa Biosystems). All automation was performed using the
Sciclone NGS Workstation (P/N SG3-31020-0300, PerkinElmer, Waltham, MA).
Independent biological triplicate samples were prepared for all ChIP experiments and were
sequenced using Illumina NS500 Single-End 75bp (SE75).

FASTQ files were clipped using Skewer and aligned with BWA mem (Li, 2013) to hg19
human genome reference. Differential peak calling was performed using the peak calling
peak prioritization pipeline (PePr) (Zhang et al., 2014). In short, PePr considers all sample
variance estimates in a sliding window approach to obtain differential binding sites across
contrasts. Each contrast and corresponding set of ChlP replicates were therefore run with
PePr to identify differential peaks. Normalized BigWig files were created using deep-tools
(previously cited).

ChIP-gPCR was performed essentially as described for ChlP-seq with the following
exception: Cells seeded in 15cm dishes were transfected with siCtrl or siGRHL2-C for
72hrs before performing formaldehyde crosslink. Cell lysates were sonicated using Misonix
ultrasonic cell disruptor for 13 s x 13 times, with output power of 10-11 W. Sheared, diluted
chromatin was incubated with respective antibodies overnight in 1.5 mL microcentrifuge
tubes at 4°C and then captured on protein A magnetic beads (Invitrogen, Dynal). After 45
min of incubation with the beads the immunoprecipitates were washed with 1 mL of each
wash buffers as indicated in the ChiP-seq procedure above. ChIP DNA were isolated using
QIAGEN PCR clean up kit. Purified chromatin was diluted 1:5 with H20 and qPCR
performed using the following primers and iQ SYBRGreen supermix (Bio-Rad):

LYPD3-3_F TCTCTCTCTCTCTTGCTGTCTCT

LYPD3-3_R AACGAAGGGCTTGTTTAATTTTAATT
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AGR2-3_F TCTGATGTGGTCCCATGAGG
AGR2-3_R TCTGATGTTTCTTGGTTCTTGCT
MUC20-1_F TGACGCTGCCATCATAAGGG
MUC20-1_R CCCACTTACTGTCCCACGTT
MAPK4-1_F TGTAGGGCTAGCGACTGAGA

MAPK4-1_R TGGGTAAGATCTACATGTAGACAGG

Integrative Analysis—Overlapping sets of ChlP-seq and DNase-seq peaks were
determined using bedtools v2.25 (Quinlan and Hall, 2010). Heatmaps and profile plots of
ChlIP-seq and DNase-Seq data were drawn using deepTools v2.4.2 (Ramirez et al., 2016).
Motif enrichment analysis was performed using HOMER v4.8.2 (Heinz et al., 2010) with
random matched genomic control regions used as background sequence. Integration of
ChiIP-seq and differential expression data was performed by comparing the minimum
distance between each ChIP-seq peak center and any known TSS for each expressed gene.
Distributions of log2 fold-changes for genes associated with each peak were determined by
assigning each gene to the first group of ChlP-seq peaks (starting from left to right in each
figure) within the specified distance cut-off. For each differential expression experiment, a
set of non-differential control genes was determined as those with average fold-change <
1.3x in either direction, and an uncorrected p value > 0.5. The enrichment of up and
downregulated genes around each set of sites of interest was compared to these control gene
sets for each differential expression experiment.

Tissue Microarray—Tissue microarray was obtained from and prepared by the laboratory
of JRM. Samples were acquired in compliance with the informed consent policy approved
by the Duke University Institutional Review Board under the protocol Pro00012025, as
previously published (Lin et al., 2017). A total of 100 patient samples were assessed on the
TMA. All samples were de-identified prior to receipt of materials. Samples were previously
evaluated and classified based on tumor and nodal stage, and estrogen receptor (ER),
progesterone receptor (PR) status. An additional TMA from seventy-seven breast cancer
patients diagnosed between 1981 and 2004 at the Royal Marsden Hospital, who had tissue
available from both primary invasive tumor and subsequent invasive recurrence following
adjuvant tamoxifen treatment were included to assess the expression levels of GHRL2 and
LYPD3 in primary versus recurrent tumors (Drury et al., 2011; Xiao et al., 2018).
Immunohistochemistry (IHC) was performed on the prepared microarray slides using
Biocare Medical Supply IHC staining kit, including Background terminator (BT967L), 4+
Biotinylated Universal Goat Link (GU600H), 4+ Streptavidin HRP Label (HP604H), and Da
Vinci Green Diluent (PD900L). Slides heated to 60°C for 1 h to melt paraffin, and then were
deparaffinized in Clearify (MasterTech) and hydrated in a graded series of ethanol. Heat
retrieval was performed using a sodium citrate buffer at a pH of 6 in a pressure cooker for 25
min and subsequently allowed to cool in sodium citrate to room temperature. Suppression of
endogenous peroxidase was achieved using 3% hydrogen peroxide for 15 min. Background
terminator was applied for 10 min. Slides were then rinsed for 15 min with tap water to
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remove residual hydrogen peroxide. Primary antibody staining was performed using GRHL2
(HPA0004820) at 0.05 mg/ml and LYPD3 (HPA041797) at 0.4 mg/ml, diluted in Da Vinci
Green antibody dilution solution with 1% goat serum, at 4°C overnight. Tissue sections were
washed with 3 times with Tris buffered saline with 0.1% polysorbate 20 (TBS-T), incubated
with 4+ Biotinylated Universal Goat link at room temperature for 10 min, and then washed 3
more times with TBS-T. Immunoreactivity was detected using the Dako liquid DAB+
substrate chromogen system, as follows: incubation with 4+ Streptavidin HRP for 10 min,
rinse 3 times with TBS-T, and incubation with DAB chromogen for 5 min. After washing,
hematoxylin staining and Blue Nuclei staining were performed, followed by further
washing, and stepwise dehydration with ethanol washes. Final steps include mounting and
coverslip application.

The degree of GRHL2 staining was scored by board certified pathologist (AH) in the Duke
Department of Pathology, who was provided only the de-identified patient ID number and
sample grid. Hemotoxylin & Eosin staining was used to confirm presence of carcinoma
within the samples. Samples were then scored on a 0 (absent) to 3 (high) scale to reflect
degree of staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analyses—All statistical analyses for cell proliferation, cell migration, mMRNA
expression and tumor growth were performed using GraphPad Prism 6 (GraphPad Software,
La Jolla, CA, USA). p values are indicated in figure legends. Cell proliferation and
migration and cell line mMRNA expression was compared by one-way ANOVA followed by
Bonferroni’s multiple comparisons test. For data shown of cell line experiments, n = 3
samples (technical replicates) per experiment for gPCR, immunoblotting and proliferations
data; n = 2 samples per experiment (technical replicates) for migration; results are
representative of experiments with coincident results, performed at least in triplicate,
independently. SEM are plotted as error bars. For tumor mRNA experiments, unpaired two
tailed t test was performed to compare expression differences between two groups. Specific
n number of biologic replicates is indicated in the figure legend. Tumor growth was analyzed
by exponential growth curve analysis and by 2-way ANOVA of matched values followed by
Bonferroni’s multiple comparisons test to establish significance between groups at each day
of treatment. SEM are plotted as error bars.

For tissue microarray, statistical analyses were performed using SAS v9.4. Assessment of
GRHL2 protein was merged with de-identified clinical variables, including pathologic T and
N stage, ER, PR, and time to recurrence. Associations of GRHL2 with T stage, N stage, ER
and PR status were completed with chi-square tests. Association of GRHL2 with time to
recurrence was completed with the Kaplan-Meier estimator and the Log-Rank test.

For integrative ChIP-sequencing and RNA-sequencing analysis, all statistical analysis,
differential gene calls and Fisher’s exact test was performed using R.

Cell Rep. Author manuscript; available in PMC 2019 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cocce et al. Page 23

DATA AND CODE AVAILABILITY

Deposited Data—Raw data files for the RNA, DNase and ChlIP-sequencing analysis have
been deposited in the NCBI Gene Expression Omnibus (GEO) under accession number:
GSE106695

Mendeley Dataset including original figures is available at https://data.mendeley.com/
datasets/s6y9mzbhx7/draft?a=b22d3e7e-5cd0-4b5f-834a-59a36523a531

Software—Gene Analytics is publicly available via http://geneanalytics.duhs.duke.edu. In
brief, gene expression omnibus (GEO) was queried for breast cancer datasets that were
performed on HGU133A or HGU133Plus2 Affymetrix platforms. In total, 25 non-redundant
datasets were identified comprising 4885 patients. Datasets used: GSE10780, GSE11121,
GSE12093, GSE12276, GSE1456, GSE16391, GSE16446, GSE17705, GSE17907,
GSE19615, GSE20194, GSE2034, GSE20685, GSE20711, GSE2109, GSE21653,
GSE22093, GSE24185, GSE25066, GSE3494, GSE5460, GSE6532, GSE6532, GSE7390,
and GSE9195. The raw data were downloaded from GEO, and each dataset was normalized
with fRMA to remove platform-specific batch effects. The data were then combined using
the COMBAT algorithm implemented in the sva package within R (Leek et al., 2012) with a
design matrix to account for known co-variates including data source and platform. Each
tumor was then classified into PAM50 molecular subtypes using genefu (Haibe-Kains et al.,
2012). To confirm normalization, a Multi-dimensional Scaling (MDS) plot was used to
visually inspect the data in relation to platform and tumor subtype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

FOXA1 cooperates with GRHL2 to drive resistance to endocrine therapy in
breast cancer

LYPD3 is a targetable node downstream of FOXA1/GRHL2

Targeting LYPD3 and its ligand AGR2 inhibit the growth of therapy-resistant
tumors
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Figure 1. FOXAL as a Key Mediator of Acquired Alterations in the Cistrome in Setting of
Tamoxifen Resistance

(A) Heatmap of DNase signal in a 4 kb window of (left) all DHSs identified in MCF7-WS8
and TAMR, subdivided on the basis of whether they are significantly increased in TAMR
(TAMR-Up), significantly decreased in TAMR (TAMR-Dn), or not significantly different
between cell lines (TAMR-Same) and (right) zoomed in view of only those TAMR-Up
DHSs.

(B) Position weight matrices (PWMs) indicating known motifs enriched in TAMR-Up
DHSs.

(C) Heatmaps showing signal in a 4 kb window of (left) FOXAL binding events as
determined by ChIP-seq in MCF7-WS8 relative to TAMR and (right) DNase-seq, ordered on
the basis of FOXAL binding profiles. Subgroup naming is determined on the basis of
FOXAZ1 binding profile in TAMR relative to MCF7-WS8: sites where FOXA1 binding is
significantly increased (FOXAL increased), where there is no statistically significant
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difference (FOXAL same), and sites where FOXA1 binding is decreased (FOXA1
decreased).

(D) FOXAL1 binding events as defined in (C) were compared with gene expression in TAMR
and MCF7-WS8 cells as determined by RNA-seq. Genes with transcription start sites within
+10 kb of any FOXAL binding event were assigned to at most one set of peaks, with the
leftmost group having highest assignment priority. Analysis is based on (top) log, fold
change in gene expression; *p < 0.01 by Mann-Whitney test comparing the pair of boxplots
marked by the horizontal line, or (bottom) relative enrichment of significantly differentially
expressed genes relative to a control set of genes with similar average expression level but
minimal fold change. Red bars denote genes significantly upregulated in TAMR versus
MCF7-WS8. Blue bars denote genes significantly downregulated in TAMR versus MCF7-
WSS8. Asterisk denotes significant difference from 1, with p value cutoff of 0.01 using
Fisher’s exact test.

See also Figure S1
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Figure 2. Epigenetic Signatures of Histones Flanking FOXA1 Binding Events Increased in
TAMR Define Different Subsets of Enhancers

(A) Pie charts indicating genomic distribution of DHSs across background sites (top) and at
sites determined to be significantly different between TAMR and MCF7-WS8 (bottom).

(B) Heatmaps centered on 4 kb window indicating comparison of ChIP-seq of all FOXA1
binding events that were significantly increased in TAMR relative to MCF7-WS8, across
histone mark signature: H3K27Ac and H3K4Me2. This comparison indicates three patterns,
those sites where FOXAL binding is significantly increased in TAMR and both histone
marks are significantly increased in TAMR relative to MCF7-WS8 (cluster 1, red), those
where only H3K27Ac is significantly increased in TAMR relative to MCF7-WS8 (cluster 2,
blue), and those that do not have statistically significant difference in either mark (cluster 3,
gray). Line graphs above each heatmap indicate average signal intensity for each cluster
within heatmap below.
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(C) FOXAL binding events within these categories as defined in (B) were compared with
gene expression in TAMR and MCF7-WS8 cells as determined by RNA-seq. Genes with
transcription start sites within £10 kb of any FOXA1 binding event were assigned to at most
one set of peaks, with the leftmost group having highest assignment priority. Analysis is
based on (top) log, fold change in gene expression; *p < 0.01 by Mann-Whitney test
comparing the pair of boxplots marked by the horizontal line, or (bottom) relative
enrichment of significantly differentially expressed genes relative to a control set of genes
with similar average expression level but minimal fold change. Red bars denote genes
significantly upregulated in TAMR versus MCF7-WS8. Blue bars denote genes significantly
downregulated in TAMR versus MCF7-WS8. Asterisk denotes significant difference from 1,
with p value cutoff of 0.01 using Fisher’s exact test.

(D) PWM for motifs enriched within cluster 1 and cluster 2. All analysis is done on +500 bp
of sequence around FOXA1 peak call center.

(E) The top five distinct motifs as determined in (D) are presented and scanned against three
different clusters of sites as defined in (B).
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Figure 3. GRHL2 Interacts with FOXA1 at Subset of Active cis-Regulatory Elements
(A) Heatmap of GRHL2 ChlP-seq in a 4 kb window at sites in TAMR and MCF7-WS8 with

increased FOXAL binding intensity in TAMR relative to MCF7-WS8 as determined by
ChlIP-seq.

(B) FOXAL1 binding events were categorized on the basis of whether the peak call
determined by ChIP-seq was associated with a GRHL2 binding event that was significantly
increased (GRHL2 increased), unchanged (GRHL2 same), or not detected (GRHL2 absent)
in TAMR relative to MCF7-WS8. FOXAL binding events within these categories were
compared with gene expression in TAMR and MCF7-WS8 cells as determined by RNA-seq.
Genes with transcription start sites within £10 kb of any FOXA1 binding event were then
assigned to at most one set of peaks, with the leftmost group having highest assignment
priority. Analysis is based on (top) log, fold change in gene expression; *p < 0.01 by Mann-
Whitney test comparing the pair of boxplots marked by the horizontal line, or (bottom)
relative enrichment of significantly differentially expressed genes relative to a control set of
genes with similar average expression level but minimal fold change. Red bars denote genes
significantly upregulated in TAMR versus MCF7-WS8. Blue bars denote genes significantly
downregulated in TAMR versus MCF7-WS8. Asterisk denotes significant difference from 1,
with p value cutoff of 0.01 using Fisher’s exact test.

(C) The impact of GRHL2 knockdown on the status of H3K27 acetylation at FOXA1
enhancers within candidate GRHL2 target genes was assessed using ChIP-gPCR in TAMR
cells. The bars represent the mean percentage input + SD (three technical replicates). The
experiment was repeated four times with similar results, and representative data are shown.
Significance was determined using t test between siCtrl and siGRHL2. **p < 0.05; ns, not
significant.
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Figure 4. Increased GRHL2 Protein Expression Is Associated with Tamoxifen Resistance and
Decreased Time to Recurrence

(A) Assessment of GRHL2 mRNA expression in MCF7-WS8 and TAMR cells using gPCR.
The bars represent the fold change in CT values from three triplicate wells per condition,
with error bars representing SEM. The experiment was repeated at least three times with
similar results, and representative data are shown.

(B) Protein expression was assessed in MCF7-WS8 and TAMR cells treated with 10 nM E2,
100 nM 40HT, or 100 nM fulvestrant as indicated using the indicated antibodies. Relative
GRHL2 protein expression is indicated on top (normalized to B-actin, then to WS8 vehicle
control). The expression of GRHL2 mRNA and protein was assessed at least three times
with similar results, and representative data are shown.

(C) Representative immunohistochemistry examples (with scores 1, 2, and 3; 1 = low, 3 =
high) from breast tumor tissue microarray stained with GRHL2 antibody. Scale bar, 200 um.
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(D) Kaplan-Meier estimator of time to recurrence (RFS, months) of tumors derived from
patients with ER-positive disease, stratified on the basis of GRHL2 protein expression.
Statistical significance was determined using log rank test, with p = 0.013. n = 47. Because
of the small sample size and no events at level 1, hazard ratios are not estimable.

See also Figure S2.
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Figure 5. GRHL2 Regulates Proliferation and Migration, via Interaction with Several Candidate

Transcription Factors

(A and B) TAMR cells were transfected with siCtrl or three unique siRNAs targeting
GRHL2 and monitored for cell proliferation (A) or migration (B). MCF7-WS8 treated with
siCtrl was included for comparison. The bars in (A) represent the mean relative fluorescence
intensity of triplicate wells per condition. The bars in (B) represent the average migrated
cells per field of view counting six fields of view per transwell and two transwells per
condition. Error bars are SEM. The experiments were repeated three times with similar
results, and representative data are shown.
(C) EnrichR analysis of RNA-seq with two different siRNAs to GRHL2 compared to siCtrl

in TAMR cells.

(D) Relative enrichment of genes differentially expressed in TAMR relative to MCF7-WS8
within 10 kb of FOXAL increased binding events subdivided on the basis of histone marks
(as in Figure 2B) and further subdivided on the basis of presence (+GRHLZ2) or absence (-
GRHL?2) of GRHL2 binding event. Asterisk denotes significant difference from 1, with p

value cutoff of 0.01 using Fisher’s exact test.

(E) Heatmap indicating relative mRNA expression of genes in TAMR xenograft tumors
treated with tamoxifen relative to MCF7-WS8 xenograft tumors treated with estradiol,
which meet the following criteria: (1) within a 10 kb window of a FOXAL1 binding event that
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is increased in TAMR cells associated with a significant increase in H3K27Ac relative to
MCF7-WS8 and overlaps with a GRHL2 binding event; (2) the expression of which is
increased in TAMR versus MCF7-WS8; and (3) the expression is decreased with SIGRHL2
relative to control sSiRNA in TAMR cells on the basis of RNA-seq.

See also Figure S3.
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Figure 6. LYPD3 is Regulated by GRHL?2
(A and B) LYPD3 (A) mRNA and (B) protein expression in TAMR cells following GRHL2

knockdown. RNA expression was assessed using gPCR, with the bars representing the fold
change in CT values from three triplicate wells per condition, with error bars representing
SEM. Protein was assessed using western blot using the indicated antibodies. Significance
was determined using one-way ANOVA with Bonferroni’s test. *p < 0.05. This experiment
was repeated three times with similar results, and representative data are shown.

(C and D) LYPD3 mRNA (C) and protein expression (D) was assessed in MCF7-WS8 and
TAMR tumors; n = 3 xenograft tumors per group. Error bars are SEM.

(E) Representative immunohistochemistry examples from breast tumor tissue microarray
stained with LYPD3 antibody. Scale bar, 200 um.

(F) Kaplan Meier-estimator of time to recurrence (RFS, months) of tumors derived from
patients with ER-positive disease, stratified on the basis of LYPD3 protein expression (0 =
no staining, 1 = positive staining). Statistical significance was determined using log rank
test, with p = 0.011, n = 47. Hazard ratio (HR) was determined using univariate Cox
proportional-hazards model (p = 0.016).

See also Figures S4 and S5.
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Figure 7. LYPD3 as a Candidate Drug Target for the Treatment of Aggressive Luminal Cancer
(A) TAMR cells were transfected with siCtrl or three unique siRNA sequences targeting

LYPD3 and monitored for 9 days. Individual points on the curve represent the mean relative
fluorescent intensity of triplicate wells per condition on that day. Error bars calculated as
SEM. The experiment was repeated three times with similar results, and representative data
are shown.

(B) Tamoxifen-treated J:nu mice bearing TamR xenograft tumors were randomized to
treatment with 45 mg/kg IgG, 15 mg/kg anti-AGR2 (top), or 45 mg/kg anti-LYPD3 (bottom)
antibodies intraperitoneally (i.p.) twice weekly, with groups further subdivided to receive
subcutaneous (s.c.) injection of corn oil or 25 mg/kg fulvestrant. To facilitate interpretation,
data for anti-AGR2 and anti-LYPD3 are presented in separate graphs, with controls (IgG and
fulvestrant administered alone) included in both graphs. Data presented indicate the average
tumor volume for each group (mean £ SEM) at each time point of tumor measurement. Two-
way ANOVA analysis followed by Bonferroni multiple-comparison test detected significant
differences between the 1gG control and all treatment groups between days 14 and 28 (*p <
0.05).
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(C) TAMR tumors from mice treated with corn oil (vehicle) or fulvestrant were assessed for
MRNA expression of KRT13 and LYPD3; n = 9 xenograft tumors per group. Data plotted
are mean fold change + SEM.

(D and E) LYPD3 mRNA (D) and protein expression (E) was assessed in LTED tumors and
compared with representative samples of MCF7-WS8 and TAMR tumors. Each bar indicates
an independent biological replicate and plotted as mean fold change + SD (three technical
replicates). Asterisk indicates samples with mRNA expression significantly different (p <
0.05) than a representative MCF7-WS8 control tumor sample.

See also Figures S6 and S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal Anti-FOXA1 Abcam Cat#ab23738; RRID:AB_04842
Rabbit Polyclonal Anti-Alpha-Tubulin (E-19) Santa Cruz Cat#Sc-12462-R; RRID:AB_2241125
Rabbit Polyclonal Anti-H3K4Me2 Sigma Cat#07-030; RRID:AB_310342
Rabbit Polyclonal Anti-H3K27Ac Diagenode Cat#C15410196; RRID:AB_2637079
Rabbit Polyclonal Anti-H3K27Ac Abcam Cat#ab4729; RRID:AB_2118291

Sheep Polyclonal Anti-C4.4a/LYPD3
Rabbit Monoclonal Anti-LYPD3

Rabbit Polyclonal Anti-GRHL2

Mouse monoclonal Anti-Beta actin (AC15)
Mouse monoclonal anti-LYPD3

Rabbit Polyclonal Anti-LYPD3

Rabbit Monoclonal Anti-AGR2

Rabbit Polyclonal Anti-Lamin A

Mouse monoclonal anti-AGR2

R & D Systems
Abcam

Sigma

Sigma

Arumugam et al., 2015
Sigma

Novus Bio

Santa Cruz

Arumugam et al., 2015

Cat#AF5428; RRID:AB_2234844
Cat#ab151709

Cat#HPA004820; RRID: AB_1857928
Cat#A5441; RRID:AB_476744

N/A

Cat#HPA041797; RRID:AB_2677679

Cat#NBP1-40630;
RRID:AB_2305344

Cat#sc-20680; RRID:AB_648148
N/A

Biological Samples

Breast Tumor Tissue Microarray

Breast Tumor Tissue Microarray

Lin et al., 2017; Jeffrey
Marks, PhD; Duke IRB
approved protocol
Pro00012025

Xiao et al., 2018; Drury et
al., 2011; Mitchell
Dowsett, PhD

N/A

N/A

Chemicals, Peptides, and Recombinant Proteins

17-Beta-estradiol time-released sc pellet (0.72mg / 60 days)

Tamoxifen time-released sc pellet (5mg/ 60 days)

Fulvestrant (for animal studies)

Innovative Research of
America

Innovative Research of
America

MedChem express

Cat#SE-121 Cas#50-28-2

Cat#E-361 Cas#10540-29-1

Cat#HY-13636 Cas#129453-61-8

17-Beta-estradiol [50-28-2] Sigma Cat#E8875 Cas#50-28-2
Fulvestrant (ICI) [129453-61-8] Sigma Cat#14409 Cas#129453-61-8
4-hydroxytamoxifen [68047-06-3] Sigma Cat#H7904 Cas# 68047-06-3
Critical Commercial Assays

Aurum Total RNA Mini Kit Bio-Rad Cat#7326820

iScript cDNA synthesis Kit Bio-Rad Cat#1708890

iQ SYBR Green supermix Bio-Rad Cat#1708880

Fluoreporter Assay Invitrogen Cat#F-2962

Agilent RNA 6000 Nano Kit Agilent Cat#5067-1511

llumina TruSeq RNA Sample Prep Kit — Sets A/B Illumina Cat#FC-122-1001 Cat#FC-122-1002
QIAGEN Elution Buffer QIAGEN Cat#1014609

TruSeq PE Cluster Kit v3-cBot — HS Illumina Cat#FC-401-3001
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REAGENT or RESOURCE SOURCE IDENTIFIER
KAPA HTP library preparation kit Kapa Biosystems Cat#KR0426
Background Terminator Biocare Cat#BT967L
4plus Biotinylated Universal Goat Link Biocare Cat#GU600H
4plus Streptavidin HRP Label Biocare Cat#HP604H
Da Vinci Green Diluent Biocare Cat#PD900L
Dako liquid DAB+ substrate chromogen system Abcam Cat#Ab64238
Deposited Data
MCF7, MCF7-WS8, TAMR cell line RNASeq This paper GSE106695
MCF7-WS8, TAMR xenograft tumor RNASeq This paper GSE106695
g/lCF?-WSB, TAMR FOXAL, H3K27Ac, H3K4Me2, GRHL2 ChIP This paper GSE106995

€q
TAMR siCtrl, sSiGRHL2 A, siGRHL2 C RNASeq This paper GSE106995
Mendeley Data This paper https://data.mendeley.com/datasets/
s6y9mzbhx7/draft?a=bh22d3e7e-5cd0-
4b5f-834a-59236523a531
Experimental Models: Cell Lines
MCF7 ATCC N/A
MCF7-WS8 Gottardis and Jordan, N/A
1988; Connor et al., 2001
TAMR Connor et al., 2001; N/A
Wright et al., 2014
CAMA-1 ATCC N/A
MDA-MB-361 ATCC N/A
HCC1428-TamR Guest et al., 2016 N/A
Experimental Models: Organisms/Strains
MCF7-WS8 xenograft Gottardis and Jordan, N/A
1988; Connor et al., 2001
TAMR xenograft Connor et al., 2001; N/A
Wright et al., 2014
J:nu nude mice Duke Breeding Core JAX stock #007850
Oligonucleotides
Primers: LYPD3 Forward 5° GTCACCTTGACGGCAGCTAA 3’ This paper LYPD3
Primers: LYPD3 Reverse 5 GTCTTGTTGCGGAGGTCAGA 3’ This paper LYPD3
grimers: KRT13 Forward 5° CGAGGGCCAGGACGCCAAGATGAT This paper KRT13
Primers: KRT13 Reverse 5° ACGGACATCAGAAGTGCGGCG 3’ This paper KRT13
Primers: RPLPO Forward 5" GGACATGTTGCTGGCCAATAA 3’ This paper 36B4
Primers: RPLPO Reverse 5° GGGCCCGAGACCAGTGTT 3’ This paper 36B4
Primers: GRHL2 Forward 5” , This paper GRHL2
AACAGGAAGAAAGGGAAAGGCCAGG 3
Primers: GRHL2 Reverse 5 TAGATTTCCATGAGCGTGACCTTG 3" This paper GRHL2
Primers: LYPD3-3 (ChIP-gPCR) Forward 5’ This paper LYPD3-3

TCTCTCTCTCTCTTGCTGTCTCT 3’
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primers: LYPD3-3 (ChIP-qPCR) Reverse 5', This paper LYPD3-3
AACGAAGGGCTTGTTTAATTTTAATT 3

Primers: AGR2-3 (ChIP-gPCR) This paper AGR2-3
Forward 5" TCTGATGTGGTCCCATGAGG 3’

Primers: AGR2-3 (ChIP-gPCR) This paper AGR2-3
Reverse 5° TCTGATGTTTCTTGGTTCTTGCT 3’

Primers: MUC20-1 (ChIP-gPCR) This paper MUC20-1
Forward 5 TGACGCTGCCATCATAAGGG 3’

Primers: MUC20-1 (ChIP-gPCR) This paper MUC20-1
Reverse 5° CCCACTTACTGTCCCACGTT 3’

Primers: MAPK4-1 (ChIP-gPCR) This paper MAPK4-1

Forward 5" TGTAGGGCTAGCGACTGAGA 3’
Primers: MAPK4-1 (ChIP-gPCR)
Reverse 5° TGGGTAAGATCTACATGTAGACAGG 3’

This paper MAPK4-1

1duosnuen Joyiny

Silencer Negative Control No. 1
SiRNA to GRHL2 — 109594
siRNA to GRHL2 — 109596
SiRNA to GRHL2 - 116387
Negative Control siRNA

siRNA to LYPD3 — Hs_LYPD3_1

siRNA to LYPD3 - Hs_LYPD3_2

siRNA to LYPD3 — Hs_C4.4A_2

DNASeq Oligos: Linker 1 Oligo 1a: 5-Bio-ACAGGTTCAGAGTTCTA
CAGTCCGAC-3 Oligo 1b: 5 -P-GTCGGA CTGTAGAACTCTGAAC-

Amm-3

Ambion/ Thermo Fisher
Ambion/ Thermo Fisher
Ambion/ Thermo Fisher
Ambion/ Thermo Fisher
QIAGEN
QIAGEN

QIAGEN

QIAGEN

Song and Crawford, 2010

Song and Crawford, 2010

Cat#AM4611 “‘siCtrl *
Cat#AM16708 “‘siGRHL2 A’
Cat#AM16708 ‘‘siGRHL2 C”’
Cat#AM16708 *‘siGRHL2 D*’
Cat#1027310 “*siCtrl”

Hs_LYPD3_1,
Cat#5103082072’’siLYPD3 1"’

Hs_LYPD3 2,
Cat#S103084291’siLYPD3 2

Hs_C4.4A 2,
Cat#S100105707"*siLYPD3 3"

N/A

N/A

DNASeq Oligos Linker 2 Oligo 2a: 5-P-
TCGTATGCCGTCTTCTGCTTG-3, Oligo 2b: 5-
CAAGCAGAAGACGGCATACGANN-3 (N represents any of A, T, G,
orC)

DNaseq Oligs: Library amplification primer 1 - 5" -CAAGCAGAA Song and Crawford, 2010 N/A
GACGGCATACGA-3" primer 25" ~AATGATACGGCGACCACCG
ACAGGTTCAGAGTTCTACAGTCCGA-3’
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Software and Algorithms

CASAVA 1.8.2 software suite

easyRNASeq

edgeR

DESeq2

Skewer v2.2

Samtools v1.3.1

Cell Rep. Author manuscript; available in PMC 2019 November 22.

Illumina

Delhomme et al., 2012

Robinson et al., 2010

Love et al., 2014

Jiang et al., 2014

Li and Durbin, 2009

http://support.illumina.com/
sequencing/sequencing_software/
casava.html http://gensoft.pasteur.fr/
docs/casava/1.8.2/

http://master.bioconductor.org/
packages/release/bioc/

http://master.bioconductor.org/
packages/release/bioc/

http://master.bioconductor.org/
packages/release/bioc/

https://github.com/relipmoc/skewer/
releases

http://samtools.sourceforge.net/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

STARVv2.5.2b

Salmon v0.8.0

Sciclone NGS Workstation
Peak Prioritization Pipeline (Pepr) v.1.1.18

F-Seq v1.8.4

Bedtools v2.25

DeepTools v 2.4.2

HOMER v4.8.2

Geneanalytics v1.0

Dobin et al., 2013

Patro et al., 2017

Sciclone

Zhang et al., 2014

Boyle et al., 2008

Quinlan and Hall, 2010

Ramirez et al., 2016

Heinz et al., 2010
Martz et al., 2014

https://github.com/alexdobin/STAR/
releases

https://github.com/COMBINE-lab/
salmon/releases

P/N SG3-31020-0300

https://github.com/shawnzhangyx/
PePr/releases

http://fureylab.web.unc.edu/software/
fseq/

https://github.com/arg5x/bedtools2/
releases

https://github.com/fidelram/deepTools/
releases

http://homer.ucsd.edu/homer/ngs/
http://geneanalytics.duhs.duke.edu

Other

Mouse 1gG

Lipofectamine RNAi Max

Protein A/G beads

Falcon cell culture inserts, transparent PET membrane 8.0 micron pore
Protein A magnetic beads

DNA Purification Beads

Complete Protease Inhibitor Cocktail

Southern Biotech
Thermo Fisher
Pierce

Corning
Invitrogen
MagBio
Roche/Sigma

Cat#0107-01
Cat#13778150
Cat#20421
Cat#353097
Cat#10001D
Cat#AC-60050
Cat#11697498001
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