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Abstract

Lrigl is the founding member of the “Lrig” family and has been implicated in the negative
regulation of several oncogenic receptor tyrosine kinases including ErbB2. Lrigl is expressed at
low levels in several cancer types but is over-expressed in some prostate and colorectal tumors.
Given this heterogeneity, whether Lrigl functions to suppress or promote tumor growth remains a
critical question. Previously, we found that Lrig1 was poorly expressed in ErbB2-positive breast
cancer, suggesting that Lrigl has a growth inhibitory role in this tumor type. However, breast
cancer is a complex disease, with ErbB2-positive tumors accounting for just 25% of all breast
cancers. To gain a better understanding of the role of Lrigl in breast cancer, we examined its
expression in estrogen receptor alpha (ERa)-positive disease which accounts for the majority of
breast cancers. We find that Lrigl is expressed at significantly higher levels in ERa-positive
disease as compared to ERa-negative disease. Our study provides a molecular rationale for Lrigl
enrichment in ERa-positive disease by demonstrating that Lrigl is a target of ERa. Estrogen
stimulates Lrig1l accumulation and disruption of this induction enhances estrogen-dependent
tumor cell growth, suggesting that Lrig1 functions as an estrogen regulated growth suppressor.
Additionally, we find that Lrig1 expression correlates with prolonged relapse-free survival in
ERa-positive breast cancer, identifying Lrigl as a new prognostic marker in this setting. Finally,
we demonstrate that ErbB2 activation antagonizes ERa-driven Lrigl expression, providing a
mechanistic explanation for Lrigl loss in ErbB2-positive breast cancer. This work provides strong
evidence for a growth inhibitory role for Lrigl in breast cancer.
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Introduction

Lrigl is a member of the Lrig family of transmembrane leucine-rich repeat proteins and has
been found to negatively regulate several oncogenic receptor tyrosine kinases (RTKSs),
including all members of the ErbB family (1-3), the Met (4) and Ret receptors (5). Lrigl
functions by promoting receptor degradation (1, 2) although the precise mechanisms by
which Lrigl engages the degradation machinery are not yet understood.

Lrigl has growth suppressive properties (3, 6) and was proposed to be a tumor suppressor
nearly ten years ago (7). Lrigl null mice are known to develop epidermal hyperplasia (8, 9)
but the tumor susceptibility of these mice remains uncharacterized. Lrigl plays a critical role
in maintaining epidermal stem cell quiescence (9, 10) and consequently, is down-regulated
in poorly differentiated squamous cell carcinomas (11). Lrig1l expression is also decreased in
other tumor types, including renal cell carcinoma (12), cervical cancer (13) and breast
cancer (3). However, in colorectal and prostate cancer, Lrigl over-expression has been
reported (14, 15). Interestingly, Lrigl correlated with poor prognosis in a Swedish cohort of
prostate cancer patients who were followed by watchful waiting but with good prognosis in
an American cohort who were treated with radical prostatectomy (15), raising the question
as to whether and under what circumstances Lrigl functions as a growth suppressor.

Lrigl is down-regulated in ErbB2-positive breast cancer, an aggressive subtype of the
disease with poor patient prognosis (16). Lrig1 loss in this setting is functionally significant
since restoration of Lrigl to ErbB2-overexpressing breast cancer cells decreases ErbB2
expression and limits tumor cell proliferation. Conversely, knock-down of residual Lrigl in
these cells enhances ErbB2 expression and augments tumor cell growth (3). Interestingly,
ErbB2 activation was found to reduce Lrigl expression, suggesting that ErbB2 takes an
“active role” in its own overexpression through the marginalization of negative regulators
(3). Currently, the mechanisms which govern Lrigl expression and how ErbB2 activation
intersects with these pathways remains completely unexplored.

Breast cancer is a heterogeneous disease, classified on the basis of clinical marker
expression (ERa, Her2) and more recently, gene expression profiles. Given the variation in
Lrigl expression in human cancer, we sought to expand our analysis of Lrigl beyond
ErbB2-positive breast cancer (which represents just 25% of all breast cancers). In this study,
we find that Lrigl is enriched in ER-o positive breast cancer and mechanistically, we
demonstrate that Lrigl is a direct transcriptional target of ER-a. Lrigl silencing experiments
indicate that Lrig1 acts to restrict estrogen-driven tumor cell growth, strongly suggesting
that Lrigl functions as an estrogen-regulated growth suppressor. In support of this, ERa-
positive breast cancer patients with high Lrigl expression show significantly longer relapse-
free survival, identifying Lrigl as a new prognostic marker. In addition, our study reveals
one mechanism by which ErbB2 suppresses Lrigl. ErbB2 activation antagonizes ER-a
regulation of Lrigl, acting in a dominant manner to limit Lrigl expression. Collectively,
these data indicate that Lrigl is a key growth suppressor in ERa—positive breast cancer and
that Lrigl suppression negatively impacts patient prognosis.

Mol Cancer Res. Author manuscript; available in PMC 2012 October 1.
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Materials and Methods

Reagents and Cell Culture

Cell assays

RNAI

MCF7, ZR75-1 and T47D cells were purchased from the American Type Culture Collection
and used at low passage. Growth rate and cell morphology of all cell lines were monitored
on a continual basis. B-estradiol, Tamoxifen and Fulvestrant was purchased from Sigma-
Aldrich. EGF was purchased from BD Biosciences. Neuregulin-1p (Nrg1p) was produced
and purified as previously described (17).

T47D and ZR75-1 cells were plated into 24-well plates (Nunc, Rochester, NY, USA) at a
density of 4.0 x 10% cells per well and 3.0 x 10* cells per well, respectively. After 72 hours
of hormone starvation, cells were treated with vehicle control (VC) or 10 nM E2 and
allowed to proliferate for another 48 hours at 37°C, changing the media every 24 hours.
During the last 2 hours of growth, 500 ul of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma, St. Louis, MO, USA) was added to the medium
at a concentration of 0.5 mg/ml to measure activity. Crystals formed from the MTT were
dissolved in acidic isopropanol and the absorption was measured at 570nm with a baseline
subtraction at 655 nm. Plates were read within 30 minutes of adding the isopropanol. At
least five points were averaged for each condition, and the experiment was repeated at least
three times with a representative experiment selected.

T47D, ZR75-1 or MCF7 cells were plated at a density of 1 x 10° cells per well in 24-well
culture plates. Cells were transfected 24h after plating with 100nM siRNA targeting Lrigl or
FOXAL (OnTarget plus SMARTpool, Dharmacon, Lafayette, CO, USA) or with non-
targeting pool (OnTarget plus non-targeting pool, Dharmacon) using DharmaFect 1
(Dharmacon). Medium was replaced after 24h, and cells were treated as indicated. ON-
TARGET plus SMARTpool siRNA_human FOXAL (NM_004496) product # L-010319,
ON-TARGET plus SMARTpool siRNA_human LRIG1 product # L-013940-00-0020, ON-
TARGET plus non-targeting pool product # D-001810-10-20.

RNA isolation and Tagman real-time PCR

RNA was purified using a commercial kit (Qiagen; RNAeasy Kit). RNA was converted to
cDNA using the High Capacity cDNA Reverse Transcription Synthesis Kit (Applied
Biosystems). Analyses were carried out using TagMan Gene Expression primers (Applied
Biosystems) and probes that were labeled with FAM and Two Step RT gPCR Master Mix
(EuroGentec, Freemont, CA, USA). Further details are listed in supplementary methods.

Chromatin Immunoprecipitation

ChIP was carried out following the method previously described (18). Please see
supplementary methods for additional information. The four ER-alpha binding sites (Enh-1
to Enh-4) were submitted to the ORegAnno database (www.oreganno.org) and were
assigned accession numbers OREG0052356 to OREG0052359 (19).

Analysis of Breast Cancer Microarray Data Sets for correlation between Lrigl and ER

status

Data was collected from publicly available microarray data sets from Oncomine
(www.oncomine.org). ERa phenotypic data and LRIG1 gene expression profiles from two
independent studies were obtained (20, 21). The log scale expression level of LRIG1 was
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determined and plotted according to the estrogen receptor status for each sample and the
significance was determined using a t-test.

Analysis of Breast Cancer Microarray Data Sets for correlation between Lrigl and relapse-

free survival

Statistics

Results

Nine publicly available microarray studies were chosen and combined for analysis (21-29).
The following criteria were employed to select usable samples: 1) study size greater than
100 samples 2) ER+ (as determined by clinical information or by array if unavailable) 3)
Lymph node negative 4) HER2-negative (determined by array) 5) no systemic therapy or
endocrine-therapy-only (e.g., tamoxifen) 6) outcome available: relapse free survival, distant
metastasis free survival or disease free survival 7) Event time must be greater than 0 years.
Data pre-processing: Duplicates were removed if they had the same GSM number, were
indicated as having the same sample or patient identifier, or displayed a perfect correlation
(>0.99) with another sample in correlation analysis. Cel files were downloaded from GEO
and processed in R/Bioconductor using the ‘affy” and ‘gcrma’ libraries. All samples were
normalized together using GCRMA and mapped to Entrez gene symbols using the standard
affy CDF. ESR1 expression status was determined using probe “ 205225 at” which was
found to be the most useful probe by visual inspection (it also had by far the greatest
variance) (30). Similarly, 4 probes were chosen from the ERBB2 amplicon for the genes
ERBB2, GRB7, STARD3, PGAP3. Other genes in the amplicon (e.g., NEUROD2, TCAP,
PNMT, IKZF3) either did not have probes or had very low variance. Expression values for
the 4 probes in the ERBB2 amplicon were combined using a ranksum approach. ESR1- and
ERBB2+ cutoff values were then chosen by mixed model clustering of their expression
values. A total of 858 samples passed all filtering steps. Of these, 371 had insufficient
follow-up for 10 year analysis but were included in the dataset for use in survival analysis.
All filtered data were re-normalized together as above. Mapping was again performed with
standard CDF files but also with custom CDFs (31). The probeset for Lrigl with highest
coefficient of variation was chosen for analysis (211596 _s_at).

Association between LRIG1 expression and 5Syear/10year relapse status was determined by
Mann-Whitney U-test (MU). Patients were also divided into groups based on Lrigl
expression levels. Two grouping systems were used: (1) tertiles; (2) cutoffs determined by
mixed model (MM) clustering. Kaplan-Meier survival analysis was then performed for
relapse-free-survival (RFS) with these expression groups as a factor. Significant survival
differences between the groups were determined by log rank (Mantel-Cox) test (with linear
trend for factor levels). Events beyond 10 years were censored.

Lriglis enriched in ER-positive breast cancer

Prior work from our lab revealed that Lrigl is down-regulated in ErbB2-positive breast
cancer (3). To explore Lrigl expression in other types of breast cancer, we conducted a
survey of publicly available gene expression studies at the Oncomine database
(www.oncomine.org). This survey revealed that Lrigl transcript is enriched in ERa-positive
breast tumors when compared to ERa-negative breast tumors. This correlation was observed
in multiple independent studies (n > 8) and in Figure 1, two such studies are shown, the Chin
study (20) and the Ivshina study (21) (p < 0.0001 for both). This correlation was also
observed in a panel of 51 human breast cancer cell lines (Supplementary Figure 1, p <
0.001) (32). We next examined whether Lrig1 protein is enriched in ERa-positive human
breast tumor specimens. 41 specimens with known ER status were surveyed by western
blotting and densitometric analysis. A representative Lrigl immunoblot is shown in Figure
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2A with quantification of Lrigl in the 41 specimens shown in Figure 2B. Additional blots
are shown in Supplementary Figures 2 and 3. In agreement with the gene expression studies,
Lrigl protein was more abundant overall in ERa-positive tumors compared to ERa-negative
tumors (p < 0.01).

Lriglis induced in breast cancer cells by E2 stimulation

Given the strong correlation between ERa positivity and Lrigl, we next examined whether
Lrigl expression could be stimulated by E2 (17B-estradiol) treatment of ERa-positive breast
cancer cells. As shown in Figure 2C, Lrigl transcript accumulated following E2 treatment in
ZR75-1 cells and MCF7 cells (data not shown). The antiestrogens Tamoxifen, which
competes with estrogen for ERa binding, and Fulvestrant, which stimulates ERa. proteolytic
degradation, both antagonized the effects of E2 on Lrigl (Figure 2D). We also examined the
effects of E2 on Lrigl protein abundance with a representative immunoblot shown in Figure
3A. In both cell lines, E2 stimulated Lrigl protein accumulation.

Lriglis atranscriptional target of ER-a

Since E2 promotes Lrigl transcript accumulation, we were interested to determine whether
Lrigl is a direct target of ER-a. One essential characteristic of a direct target is ERa binding
to regulatory regions within the target gene. To examine whether ERa is found at the Lrigl
locus, we began by mining data from a published genome-wide chromatin
immunoprecipitation (ChlP)-on-chip analysis in which 8,525 ERa binding sites were
identified in MCF7 cells (33). Probing of this dataset revealed four intronic ER-a binding
sites, located from ~ 23 kb to ~ 80 kb from the putative Lrigl transcription start site
(diagrammed in Figure 3B). Each site (present at ~ 1 kb resolution) had at least one ERE
(estrogen response element) half site and several forkhead binding motifs. ERE half sites
occur frequently in ERa regulated genes. Canonical EREs have been reported in only half of
ERa binding sites identified by chromosome-wide mapping; the majority of the remaining
sites contained ERE half sites (34). Forkhead binding motifs are enriched at ERa binding
sites (34, 35) and the forkhead transcription factor FOXAL is required for nearly all ERa.
binding and transcriptional events (36). FOXAL possesses ATP-independent chromatin
remodeling activity and has been called a “pioneer” factor due to its ability to bind silenced
chromatin and open it for “business”, enabling the recruitment of other transcription factors
such as ERa (37).

The ERa binding sites within the Lrig1l gene are nontraditional in that they are located at
significant distance from the promoter and within introns. However, recent work has
revealed that ERa binding is found throughout the genome. Chromosome-wide mapping of
ERa binding has revealed that many (if not most) binding sites are located at significant
distances (> 100 kb) from transcription start sites in ERa-regulated genes (34). Intronic
binding of ERa in regulated genes has also been described and is thought to be functionally
important for ERa-mediated transcription (38). Interestingly, intronic binding is not unique
to ERa as other transcription factors including BARX2 (39) and CREB (40) have been
observed to bind to introns within genes which they regulate. Given this, we pursued the
four binding sites (designated Enh-1 — Enh-4 in Figure 3B) as potentially functional ERa
binding sites with enhancer properties that contribute to E2-mediated Lrigl expression. We
first verified that ERa was recruited to each of the four reported binding sites. Since these
sites were mined from MCF7 cell data (33), we extended these findings to ZR75-1 cells,
another ERa-positive human breast cancer cell line (Supplementary Figure 4). We then
performed ChIP-gPCR analysis using primers flanking each of the ERa-binding ChlIP-chip
target sites. Xbpl (X-box binding protein-1) is a well characterized ER-a target and served
as a positive control (34, 41). As expected, the first enhancer of Xbp1 (34) demonstrated E2-
dependent recruitment of ERa and the coactivator p300 (Figure 4A) (42). E2 also stimulated
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recruitment of ERa and p300 to each of the four binding sites within Lrigl, with Enh-3
showing the greatest change in occupancy following E2 treatment. The E2-dependent co-
recruitment of ERa and p300 lends strong support to the hypothesis that Enh-1-Enh-4 are
functionally important regulatory sites.

Histone madifications such as methylation and acetylation are dynamic, each functionally
linked to an active or repressed chromatin state (43). Methylation of lysine residue 4 within
Histone 3 (H3K4me) characterizes active genes and is distributed across the length of the
gene body. Mono- and Di-methylation are associated with functional enhancers while tri-
methylation is associated with active promoter regions (44). FOXAL recruitment to
enhancer elements is dependent upon the presence of H3K4mel/me2; reversal of this
modification by overexpression of the lysine demethylase LSD1 prevents FOXAL
recruitment (45). To determine whether Enh-1-Enh-4 were modified as would be expected
for functional enhancers, we performed ChiIP in ZR75-1 cells with an antibody specific for
H3K4me2 (Figure 4B). The Xbpl enhancer showed significant enrichment for H3K4me2, as
expected. Enh-1-Enh-4 were all enriched for H3K4me2, with Enh3 demonstrating the most
enrichment. H3K4me2 was present before E2 stimulation and did not change significantly
following E2 stimulation.

ERa-mediated Lrigl expression depends on FOXA1

Since FOXAL1 is reportedly upstream of nearly all ERa-chromatin interactions (36), we next
examined the occupancy of FOXA1 at Enh-1-Enh-4. Given that FOXAL opens the
chromatin and enables ERa recruitment, FOXAL should be present before E2 stimulation. It
has also been reported that FOXAL dissociates from these regulatory sites following E2
stimulation (36). We observed this pattern for the Xbp1 enhancer and for each of the four
Lrigl elements in ZR75-1 cells (Figure 4C).

We next examined whether ERa recruitment to Lrigl elements is FOXA1-dependent by
knocking down FOXA1 using siRNA. A representative immunoblot of FOXAL knockdown
is shown in Figure 5A. FOXA1 knockdown was confirmed by western blot in all
experiments using FOXA1 siRNA. ERa occupancy following E2 stimulation was evaluated
by ChIP. Xbp1 was used as a positive control since E2-mediated ERa recruitment to its
enhancer is FOXAL-dependent (34). Thx1, a member of the T-box family of transcription
factors (46), is an ERa target that is independent of FOXA1 binding (45) and served as a
negative control. ERa occupancy at the Xbpl1 enhancer was diminished approximately 5-
fold by FOXA1 knockdown, confirming its FOXAL dependency, while ERa occupancy at
the Thx1 enhancer was unaffected by FOXAL knockdown, confirming its independence of
FOXAL. ERa occupancy at each of the four Lrigl elements was reduced by FOXA1
knockdown although Enh-4 did not show a statistically significant decrease. Enh-3 showed
the greatest reduction in ERa occupancy (~ 10-fold) with FOXA1 knockdown (Figure 5B).

To examine the functional impact of FOXAL on Lrigl expression, we examined Lrigl
transcript accumulation following E2 stimulation +/— FOXAL siRNA. As shown in Figure
5C and D, the E2-dependent increase in Lrigl transcript abundance was negated by FOXA1
knockdown in both ZR75-1 and MCF7 cells. Together with the evidence presented thus far,
these data demonstrate that Lrigl is a direct transcriptional target of ERa and its expression
is dependent upon FOXA1-mediated ERa recruitment to one or more enhancer elements.
Primary transcriptional targets of ERa do not require new protein synthesis for regulation by
E2 (since all necessary factors are pre-existing in cells) and the induction of these targets is
maintained in the presence of protein synthesis inhibitors such as cycloheximide. Review of
a recent microarray analysis of E2-regulated genes in MCF7 cells (47) reveals that Lrigl
induction by E2 is unaffected by cycloheximide, defining Lrigl as a primary transcriptional
target.

Mol Cancer Res. Author manuscript; available in PMC 2012 October 1.
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Luciferase reporter assays are useful tools in determining whether a putative DNA
regulatory element has the capacity to drive transcription. This approach was recently used
by Carroll et al (34) to demonstrate that distal ERa binding domains have enhancer
characteristics. Using this approach, we cloned the four Lrigl elements individually into the
pGL3 luciferase vector and transfected these constructs into hormone-starved ZR75-1 cells.
The pCMX vector expressing p-galactosidase was co-transfected as a control. Cells were
treated with vehicle control or E2 and assayed for firefly luciferase activity. Luciferase
activity was normalized to B-galactosidase activity to control for transfection efficiency (48).
The 3x-ERE-luc vector (containing canonical estrogen response elements (49)) served as a
positive control. As shown in Figure 6A, the ERE positive control produced robust E2-
dependent luciferase activity, as expected (note: vehicle control is graphed for the ERE but
is very small). The Enh-2 and Enh-4 elements did not demonstrate activity beyond the
background activity of the pGL3 parental vector. However, both Enh-1 and more notably,
the Enh-3 element, drove E2-dependent luciferase activity that was significantly higher than
the pGL3 parental vector. These results indicate that as individual elements, Enh-1 and
Enh-3 have enhancer activity. Although Enh-2 and Enh-4 do not show activity in this assay,
they may contribute to E2 regulation of Lrigl expression in the endogenous chromatin
context.

ErbB2 suppresses Lrigl by disrupting regulation by ERa

In prior studies from our lab, we found that Lrigl is down-regulated in ErbB2 positive
tumors when compared to ErbB2 negative tumors (3). In ERa-positive MCF7 and T47D
breast cancer cells, we observed that ErbB2 activation suppressed Lrigl transcript and
protein. Conversely, ErbB2 knockdown in MCF7 cells led to Lrigl accumulation (3). Both
experiments were done in hormone replete media, indicating that ErbB2 activation has a
dominant effect on Lrigl expression. Since ERa and ErbB2 have been found to negatively
regulate one another (33, 50), we hypothesized that ErbB2 may suppress Lrigl by
antagonizing ERo-mediated Lrigl induction. To explore this, we examined the impact of
ErbB2 activation on E2-dependent Lrigl transcriptional activity using the luciferase reporter
assay in ZR75-1 cells. ErbB2 signaling was stimulated either by Neuregulin-1 or by
ectopic expression of a constitutively active point mutant of ErbB2, NeuT (51, inset of
Figure 6C). Neuregulin-1p activates ErbB2 by promoting its heterodimerization with other
family members, predominantly ErbB3. In both cases, ErbB2 activation significantly
decreased E2-dependent reporter activity from the Enh-3 element (Figure 6B & C). Since
ErbB2 has been found to decrease ER-a protein expression (50), these results are likely a
consequence of ErbB2-mediated ERa downregulation. Indeed, blotting of lysates confirmed
that ErbB2 activation decreased ERa expression (data not shown). Therefore, one
mechanism by which ErbB2 suppresses Lrigl is by downregulating ERa, antagonizing ERa-
mediated Lrigl transcription. These data are in agreement with our prior findings that a)
ErbB2-positive tumors have lower Lrigl transcript than ErbB2- negative tumors and b)
ErbB2 activation down-regulates Lrigl transcript (Supplementary Figure 5).

Lrigl limits E2-dependent breast cancer cell growth and correlates with longer relapse-
free survival in ER-positive breast cancer

Prior studies have provided evidence that Lrigl functions as a growth suppressor although
Lrigl function may vary depending on tissue context and other variables (14, 15). The role
of Lrigl in ERa-positive breast cancer is currently unknown. We hypothesized that
induction of Lrigl provides an anti-growth signal, limiting the overall proliferative response
to E2. While the ultimate outcome of ERa signaling is cellular proliferation, this outcome is
a balance of growth (feed forward) and anti-growth (negative feedback) signals. To
determine the role of Lrigl induction in E2-driven tumor cell growth, T47D and ZR75-1
breast cancer cells (which both demonstrate E2-dependent Lrigl induction) were treated
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with E2 +/— Lrigl siRNA and subjected to an MTT assay (Figure 7A & B). Western
blotting confirmed the efficient silencing of Lrig1l by siRNA in both cell lines (Figure 7C).
The growth of E2-stimulated cells treated with scramble control (Lrigl induction by E2
intact) was normalized to 1.0. The growth of E2-stimulated cells treated with Lrigl siRNA
(Lrigl induction by E2 disrupted) was then compared to scramble control cells. As shown in
Figure 7A & B, Lrigl silencing augmented the E2-dependent growth of both T47D and
ZR75-1 cells, demonstrating that the induction of Lrigl acts to limit estrogen-dependent
tumor cell growth. These data strongly suggest that in ER-positive breast cancer, Lrigl
functions as an ERa regulated growth suppressor.

Resistance to anti-estrogens such as Tamoxifen arises when cells acquire the ability to grow
in an estrogen-independent manner. To determine whether Lrig1 loss promotes estrogen-
independent growth, Lrigl was knocked down in ZR75-1 cells and cell growth under
hormone starved conditions was evaluated. Interestingly, Lrigl depletion enhanced
estrogen-independent growth, suggesting that Lrigl loss may contribute to anti-estrogen
resistance (Supplementary Figure 6A). However, Lrigl depletion did not increase the
growth of MCF7 cells under identical conditions (data not shown), suggesting that cellular
context may be an important modulator. Loss of ERa is one means by which cells become
less dependent on estrogen for growth. To determine whether Lrigl loss decreased ERa
expression, lysates from control and knock-down cells were blotted for ERa. Lrigl loss had
no effect on ERa expression (Supplementary Figure 6B), strongly suggesting that loss of
Lrigl enhances estrogen-independent growth by other means. Since Lrigl has been found to
limit receptor tyrosine kinase signaling (1-6), Lrigl loss may drive estrogen-independent
growth through increased signaling.

To expand upon and investigate the clinical relevance of our findings, we examined Lrigl
expression in ERa-positive breast tumor specimens from publicly available gene expression
studies (listed in Supplementary Table 1, 21-29). Nine studies were combined and
normalized as described in the methods section. 858 patients (ER-pos/LN-neg/ErbB2-neg)
passed all filtering steps and were included in our analysis. Lrigl expression was
significantly associated with 5Syear (p=1.919E-8) and 10year (p=8.109E-6) relapse status by
MU test. Patients with relapse had lower LRIG1 expression on average. Patients were also
divided into groups based on Lrigl expression levels. Two grouping systems were used: (1)
tertiles or (2) cutoffs as determined by mixed model (MM) clustering. Kaplan-Meier
survival analysis was then performed for relapse-free-survival (RFS) with these expression
groups as a factor. Patients grouped into the low expression group had significantly worse
RFS than intermediate or high expression groups by log rank test for both tertiles grouping
(p=1.782E-7, Figure 7D) and MM grouping (p=0.004, Figure 7E). Since relapse occurs
when tumor growth resumes after a period of apparent dormancy, these data provide strong
support for the role of Lrigl as a growth suppressor.

Our data demonstrate that ERa plays a key role in Lrigl expression in breast cancer cells.
Despite this, there is heterogeneity in Lrigl expression, with a subset of ER-positive patients
displaying low Lrigl expression and earlier relapse. This suggests that there are other factors
which compromise the integrity of the ERa-Lrigl loop, such as ErbB2 activation (Figure 6).
Although the patient cohort examined in this study is ErbB2-negative (ErbB2 locus not
amplified), this does not exclude ErbB2 signaling which may arise for other reasons such as
autocrine growth factor production or ErbB2 cross-talk with other receptors. In agreement
with this, we previously found that activation of modest (non-amplified) levels of ErbB2 in
ER-positive T47D and MCF7 cells suppresses Lrigl (3).

Mol Cancer Res. Author manuscript; available in PMC 2012 October 1.
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Discussion

Since its initial cloning in 1996 (52) and its later discovery as a negative regulator of
receptor tyrosine kinases (1 — 6), Lrigl has emerged as an important player in cellular
signaling and as a putative tumor suppressor (7). Despite this, the mechanisms which govern
Lrigl expression and loss in tumors have remained uncharacterized. Lrigl is structurally
homologous to Kekkon-1, a negative regulator of the Drosophila EGF receptor/DER (53),
and was initially proposed to be a Kekkon-1 ortholog (7). Kekkon-1 is transcriptionally
induced by DER activation, acting in a negative feedback loop to regulate DER-dependent
oogenesis (53). As a putative Kekkon-1 ortholog, it was anticipated that Lrig1l would be
induced by ErbB receptor signaling and one study (2) reported that Lrigl accumulated
following EGF stimulation of Hela cells. Nevertheless, in breast cancer cells, we have found
that ErbB2 activation suppresses rather than induces Lrigl (3, Supplementary Figure 5). Our
findings are supported by data mined from a microarray study in MCF7 cells in which
expression of constitutively active ErbB2 led to decreased Lrigl transcript (54, GSE3542).
Differences between Lrigl and Kekkon-1 may be reconciled in part by the fact that
Drosophila Lambik, rather than Kekkon-1, is the closest Lrigl relative (55). Very little is
known regarding Lambik function although it was recently found capable of substituting for
SMA-10, the putative Lrig ortholog in C-elegans, strongly suggesting that Lambik functions
in a “Lrig-like” manner (56).

Lrigl expression, when considered across all cancer types investigated to date, is
heterogeneous, with over-expression reported in prostate and colorectal cancer (14, 15) and
under-expression reported in renal, cervical and breast cancers (3, 12, 13). Even within a
particular tumor type such as prostate cancer, Lrigl has been correlated with good or bad
prognosis in different patient cohorts (15). This variation in expression has led to the
proposal that Lrigl may function as a “double edged sword”, switching between tumor
suppressor/promoter in a manner dependent upon cellular context (57). Since Lrigl plays an
important role in the regulation of membrane receptor stability, its tumor suppressor or
promoter function may track with the profile of receptors it regulates, which in turn may
vary with cellular/tissue context. In breast cancer, Lrigl function is unclear although
accumulating evidence (3, 4 and this study) supports the concept that it functions as a
growth suppressor. However, copy number of the Lrigl gene was observed to be moderately
increased in one study of ErbB2-positive tumors, which suggests that Lrig1 could have a
growth promoting role (58). On the other hand, in our prior study which also included
ErbB2-positive tumors (3), Lrigl transcript and protein were significantly decreased
suggesting that Lrigl transcript and protein are selected against even if the gene dosage is
increased as Ljuslider and colleagues found (58).

To gain insight into the role of Lrigl in breast cancer, we compared the expression pattern of
Lrigl in various subtypes of breast cancer. Our analysis reveals that ERa-positive breast
cancer is enriched for Lrigl transcript and protein relative to ERa-negative breast cancer. In
this study, we uncover a molecular mechanism which drives elevated Lrigl expression in
ERa-positive breast cancer, demonstrating that Lrigl is a direct transcriptional target of
ERa/FOXAL. Our cell culture experiments suggest that ERa contributes significantly to
Lrigl expression in the ER-positive setting since hormone starved cells express modest
Lrigl levels and E2 stimulation gives a robust increase in Lrig1l expression. Interestingly,
Lrigl protein is dramatically increased following E2 stimulation while changes in mMRNA
are more modest, suggesting that Lrigl may also be post-transcriptionally modulated by E2/
ERa. The induction of Lrigl by ERa has clinical significance since ERa-positive breast
cancer patients with intermediate/high Lrigl (which likely reflects ERa-driven expression)
have significantly longer relapse-free survival. Factors which disrupt this pathway, such as
activation of ErbB2 or other RTKs which repress ERa function (50), would lead to lower
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Lrigl levels, accelerated tumor growth and worsened prognosis. This is reflected in the
increased growth of tumor cell lines when Lrig1 induction by ERa is disrupted with siRNA.
Examination of a recent microarray study indicates that expression of constitutively active
Raf-1 in MCF7 cells dramatically down-regulates both ERe and Lrig1 transcript (54,
GSE3542). Since Raf-1 is a common downstream target of RTKSs, this suggests that RTK
activation will suppress rather than induce Lrig1, as we have found. Furthermore, evaluation
of data from Bhat- Nakshatri et al (59) indicates that expression of constitutively active Akt
in MCF7 cells displaces ERa from the Enh-1 and Enh-3 Lrigl enhancer elements, the two
elements that demonstrated E2-dependent activity in the reporter assay (Figure 6).
Therefore, activation of both the Raf/Mek/MapK and PI3K/Akt pathways contributes to
suppression of Lrigl by RTK signaling, through effects on ERa. Tumor/growth suppressor
proteins are down-regulated in tumors by a variety of mechanisms including epigenetic
silencing (60) and loss of heterozygosity (61). While this study explores the transcriptional
suppression of Lrigl by oncogenic signaling, additional mechanisms may contribute to
Lrigl down-regulation.

Collectively, our data lend support to the hypothesis that in ERa-positive breast cancer,
Lrigl functions as an important growth suppressor and restrains E2-dependent tumor cell
growth, prolonging relapse-free survival. In addition, our data suggest that in some cellular
contexts, Lrigl loss may contribute to estrogen-independent growth and acquisition of
resistance to anti-estrogens. A “threshold” level of Lrigl expression is necessary to realize
the benefits with respect to prolonged relapse free survival as patients with both intermediate
and high levels of expression segregated from those with low expression. Since ErbB2
activation down-regulates Lrigl, our results suggest that ErbB2 inhibitors such as Lapatinib
may be one strategy to restore Lrigl to tumors with low expression. Our data also suggests
that Lrigl may be useful as a prognostic marker in ERa-positive breast cancer although
further studies are necessary to explore this. In summary, Lrigl is expressed at low levels in
ErbB2-positive (3) and ERa-negative breast cancer (this study) but enriched in ERa-positive
cancer due to direct transcriptional regulation by ERa. Induction of Lrigl limits E2-
dependent tumor cell growth and correlates with prolonged relapse-free survival in the ERa-
positive setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Lrigl expression is associated with ERa status in human breast cancer. LRIG1 gene
expression profiles and ERa phenotypic data of 363 breast carcinomas were obtained from
two publicly available breast cancer microarray data sets. Correlation of Lriglexpression
levels with ERa status of breast cancer specimens. Lrigl is significantly overexpressed in
the ER-positive tumors versus the ER-negative tumors using the t-test (p=0.0001). Left
panel, Chin study. Right panel, lvshina study.
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Figure 2.

Lrigl is elevated in ER-positive tumors. (A) Western blot analysis of lysates from ER-
negative and ER-positive tumors. Tissue lysates were blotted for Lrigl and actin (loading
control). Representative samples shown. (B) Densitometric analysis of ER-negative (n = 14)
and ER-positive (n = 27) tumors. (C) gPCR analysis of Lrigl transcript in ZR75-1 breast
cancer cells. Hormone starved cells were treated with either vehicle control (VC) or E2 for 4
or 8 hours. (D) gPCR analysis of Lrigl transcript in ZR75-1 breast cancer cells. Hormone
starved cells were treated for 72 hours with either vehicle control (VC), 10 nM E2, 10 nM
E2 plus 1 uM tamoxifen or 10 nM E2 plus 100 nM Fulvestrant. Columns, representative
experiment performed in triplicate from at least three independent experiments bars,
standard deviation.
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Figure 3.

Lrigl accumulates following E2 stimulation. (A) Hormone starved ZR75-1 (left panel) or
MCF7 (right panel) cells were treated with either vehicle control (VC) or 10 nM E2 for
either 8 or 24 hours as indicated. Cell lysates were blotted for Lrigl and actin (loading
control). A representative blot is shown. (B) Schematic of the 4 Lrigl enhancer elements
(referred to as enh 1-4 in text) with approximate reference to the furthest downstream
transcription start site (TSS) (sequence based on genome version hgl8). Table lists size of
ERo DNA binding region and ERE and Forkhead motif counts.

Mol Cancer Res. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 17

Figure 4.

Chromatin Immunoprecipitation-qPCR analysis of the Lrigl enhancer elements. Hormone
starved ZR75-1 cells were treated with either vehicle control (VC) or 10 nM E2 for 30
minutes prior to cross-linking. Chromatin immunoprecipitation experiments were carried out
using antibodies as indicated and subjected to gPCR with primers against the indicated
regions. Enhancer # 1 of Xbp1l served as a positive control. Shown is the mean of three
independent replicates with standard deviation. (A) Chromatin immunoprecipitation was
performed with antibodies against p300 or ERa. Results are plotted as the fold enrichment
of E2 treated cells over vehicle control treated cells. (B) Chromatin immunoprecipitation
was performed with antibodies against H3K4me2. Results are plotted as fold enrichment
over input DNA for both E2 and control treated cells. (C) Chromatin immunoprecipitation
was performed with antibodies against FOXAL. Results are plotted as fold enrichment over
input DNA for both E2 and control treated cells.
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Figure 5.

E2-mediated regulation of Lrigl is FOXAL-dependent. (A) Representative western blot of
FOXA1 knockdown efficiency. Hormone starved ZR75-1 cells were treated with either
scramble control or FOXA1 siRNA. The following day the medium was changed to include
either vehicle control (VC) or 10 nM E2 for an additional 24 hours. Cell lysates were
collected at 48 hours post-transfection. (B) Hormone starved ZR75-1 cells were treated with
either scramble control or FOXA1 siRNA 48 hours prior to treatment with 10 nM E2 or VC
for 30 minutes followed by cross-linking. Chromatin immunoprecipitation was performed
with antibodies against ERa and subjected to gPCR with primers against the indicated
regions. Xbpl enhancer 1 served as a positive control while the Thx1 enhancer (FOXA1-
independent) served as a negative control. Results are plotted as fold change in ERa
occupancy, comparing scramble control and FOXAL siRNA treatment. Shown is the mean
of three independent replicates with standard deviation. Hormone starved ZR75-1 (C) and
MCF7 (D) cells were treated with either scramble control or SiRNA to FOXA1. Cells were
then treated with either vehicle control (VC) or E2 for 8 hours before harvesting. Lrigl
transcript abundance was measured using Tagman real-time gPCR. Experiments were
performed in triplicate and repeated at least three times with a representative experiment
shown.
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Figure 6.

ErbB2 activation suppresses Lrigl transcriptional output. All panels: ZR75-1 cells were
transiently transfected with the pGL3-SV40 luciferase reporter vector (pGL3) or pGL3-
SV40 containing enhancer elements 1-4. The p-galactosidase encoding pCMX vector was
co-transfected and served as an internal control for transfection efficiency. 3X-ERE-Luc
served as a positive control for E2 responsiveness. (A) Cells were hormone starved and
treated with either vehicle control (VC) or 10 nM E2 for 18 hours. Cells were then assayed
for firefly luciferase and B-galactosidase activity. Results shown are firefly luciferase
activity normalized to B-galactosidase activity. Shown are representative experiments
performed in triplicate with standard deviation. For (B), cells were treated as in (A) and in
addition, cells were treated with \VC or E2 plus 10 nM Nrg1p. For (C), cells were
additionally transfected with either pcDNA3.1 vector control or NeuT expressing vector
before treatment and assay as in (A).
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Figure 7.

Lrigl suppresses growth of ER-positive breast cancer cells and correlates with prolonged
relapse-free survival. Hormone starved T47D (A) and ZR75-1 (B) cells were treated with
either scramble control or Lrigl siRNA and then treated with E2 for 48 hours. Cell viability
was measured using the MTT assay. The growth of E2 treated/scramble control cells was
normalized to 1.0. (C) Representative western blot depicting efficiency of Lrigl knockdown.
(D) and (E) Association between Lrigl expression and relapse-free survival (RFS) was
determined. Patients were divided into groups based on Lrigl expression levels. Two
grouping systems were used: (D) tertiles; (E) cutoffs determined by mixed model (MM)
clustering. Kaplan-Meier survival analysis was then performed for RFS with these
expression groups as a factor. Significant survival differences between the groups were
determined by log rank (Mantel-Cox) test (linear trend for factor levels). Events beyond 10
years were censored.
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