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Abstract

Studies of the estrogen receptor (ER) coactivator protein MED1 have revealed its specific roles in
pubertal mammary gland development and potential contributions to breast tumorigenesis, based
on co-amplification of MED1 and HER?2 in certain breast cancers. In this study, we generated a
mouse model of mammary tumorigenesis harboring the MMTV-HER?2 oncogene and mutation of
MED1 to evaluate its role in HER2-driven tumorigenesis. MED1 mutation in its ER-interacting
LxxLL motifs was sufficient to delay tumor onset and impair tumor growth, metastasis and cancer
stem-like cell formation in this model. Mechanistic investigations revealed that MED1 acted
directly to regulate ER signaling through the downstream IGF-1 pathway but not the AREG
pathway. Our findings show that MED1 is critical for HER2-driven breast tumorigenesis,
suggesting its candidacy as a disease-selective therapeutic target.

INTRODUCTION

Estrogen receptor (ER) a is the key functional mediator of estrogen signaling and plays
prominent roles in both normal mammary gland development and breast cancer (1, 2).
Clinically, over 70% of breast cancers are ER a positive and estrogen signaling is a primary
driver in promoting breast cancer initiation, progression and metastasis (2, 3). As a nuclear
receptor superfamily member, ER has characteristic domains that include a N-terminal AF-1
activation domain, a highly conserved central DNA binding domain (DBD) and a conserved
C-terminal ligand binding domain (LBD) that contains activation domain AF-2 (4, 5).
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Ligand-bound ER acts through its AF-2 domain to recruit diverse transcriptional cofactors
that facilitate RNA polymerase Il general transcription machinery assembly and
transcription of target genes (1, 4). Among these cofactors, Mediator complex has been
recognized as the main hub for the direct interaction between ER and RNA polymerase 11 (6,
7).

Estrogen receptor interacts with the Mediator complex through directly binding to two
classical LxxLL maotifs of the Mediator subunit 1 (MEDZ1) (8, 9). Thus, knockdown of
MED1 expression abolishes the expression of ERa-dependent genes, but does not affect the
target gene expression of other transcription factors such as p53 that interact with another
Mediator subunit (4). We have recently generated a MED1 mutant knockin (MED1K#KHA
mouse model with mutations in both of the ER-interacting LxxLL motifs of MED1 (10). It
was found that mutation of MED1 /n vivo did not affect the overall fertility and survival of
the mice. Instead, it played a tissue-, cell-, and gene-specific role in mediating ER functions
in pubertal mammary gland development, but not the development of other estrogen-
responsive tissues such as uterus and bone (10). Furthermore, we found that MED1 is
selectively expressed in luminal but not basal mammary epithelial cells and that MED1
LxxLL motifs play a key role in the mammary luminal progenitor cell formation and
differentiation (10).

MED1 is over-expressed in a high proportion (~40%-50%) of primary breast cancers and
breast cancer cell lines (11, 12). Importantly, the MED1 gene is located in the chromosome
17q12region, also known as the HER2 amplicon, and co-amplifies with HER2 in almost all
instances in breast cancer (11, 12). The HER2/neu receptor is an EGF family transmembrane
tyrosine kinase that is amplified and overexpressed in 20%—-30% of breast cancer (13). We
have recently further confirmed that a high level of MED1 protein expression strongly
correlated with HER2+ status using a human breast cancer tissue microarray (14).
Importantly, our research further established MED1 as a key crosstalk point for the HER2
and ER pathways in mediating anti-estrogen resistance of HER2+/ER+ human breast cancer
cells (14). Consistent with the above mentioned role for MED1 in luminal progenitor cell
formation, MMTV-HER2 mammary tumors are also thought to originate from luminal
progenitor cells (15, 16). However, despite these evidences, whether MED1 and its LxxLL
motifs play a role in HER2-driven breast tumorigenesis still remains unknown.

To test this, we have crossed the MED1X”K! mice with a MMTV-HER2 transgenic mouse
model to generate MMTV-HER2/MED1X”K/ mice. We found that MED1 LxxLL motif
mutations led to a significantly delayed onset and impaired growth and lung metastasis of
MMTV-HER?2 tumors. Consistent with these, we found significantly decreased cell
proliferation, angiogenesis and cancer stem cell (CSC) formation by the MED1 mutations.
Further mechanistic studies were carried out to determine the molecular pathways
underlying MED1 functions in these processes and these findings were confirmed using both
human breast cancer cell line and patient samples. Overall, our data support a key role for
MED1 LxxLL motifs in HER2-driven mammary tumorigenesis and its potential use as a
tissue-specific target for the treatment of HER2+/ER+ breast cancer.
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MATERIALS AND METHODS

Transgenic mice

MED1 LxxLL motif mutant knockin (MED1X”K") mice have been previously described (10)
and were crossed to FVB background through F10 before crossing to MMTV-HER2 mice.
MMTV-HER?2 (17) and NOD-SCID mice were purchased from The Jackson Laboratory. To
monitor primary mammary tumor formation, manual palpation was performed weekly and
the tumor volume was calculated by the formula: volume = length x width? /2. Tumor-free
survival was analyzed using the Kaplan-Meier method. All animals were housed in
AAALAC-approved facilities at the University of Cincinnati. All procedures were approved
by IACUC and in accordance with the NIH guidelines as in the Guide for Care and Use of
Laboratory Animals.

Mammosphere formation, Transwell and 3D culture assays

For the mammosphere formation assay, 3 x 10* cells were seeded into each well of ultra-low
adhesion 24-well plates (Coring) in DMEM/F-12 (1:1) medium (Corning) containing 0.4%
BSA (Fisher BioReagents), Insulin (5 ng/ml, Sigma), B-27 (50x, Invitrogen), EGF (20
ng/ml, R&D) and bFGF (10 ng/ml, R&D) and 1% Penicillin/Streptomycin (Fisher
BioReagents). Mammaospheres were imaged 7-10 days after initiation of culture and
analyzed using Zeiss Axiovision software (Carl Zeiss, Jena, Germany). For invasion and
migration assays, 5 x 10* serum-starved tumor cells were suspended with 100 pl serum-free
medium and plated in 8 um pore Transwell inserts (Corning, NY) in a 24-well plate format
with or without 100 pl Matrigel (Corning, 1:10 diluted in DMEM), respectively. The lower
compartment was filled with 700 ul medium containing 10% FBS and cultured for 18 hrs.
Cells were then fixed and stained in 20% methanol containing 1% crystal violet for 10 min.
Tumor cell 3D culture was conducted essentially as described in (18). Briefly, 100 pl of
Matrigel was spread evenly with a pipette tip on the surface of pre-chilled 24-well plate and
incubated at 37°C for 30 min to allow the Matrigel to gel. 5x 103 cells were suspended in
600 pl mammosphere culture medium with 5% Matrigel, added onto the pre-coated surface
and cultured for 14 days with the medium changed every 4 days.

Orthotopic tumor xenograft and OSI-906 treatment

For orthotopic tumor xenograft experiments, flow cytometry sorted CSC-enriched cells were
suspended with PBS and mixed with Matrigel (1:1) to a final volume of 100 pl. The mixture
was injected into the fourth mammary fat pads of NOD-SCID as described (19). Tumor sizes
were measured with calipers weekly as above and the frequencies of TICs in limiting
dilution assays were calculated through the following website: http://bioinf.wehi.edu.au/
software/elda/. IGF-1 receptor inhibitor OSI-906 (LC Laboratories) was dissolved in
dimethyl sulfoxide (DMSO) at 10mM and stored at —20°C. For OIS-906 treatment, when the
tumor volume reached 600 mms3, mice were randomly assigned to vehicle (25mM tartaric
acid (Sigma) in water) or OSI-906 (50 mg/kg) treatments by oral gavage once a day for 14
days. At the end of treatment, tumors were collected for flow cytometry analysis,
mammosphere culture assays as well as paraffin/frozen sections for immunostaining
analysis.
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Conditioned medium, HUVECs tube formation and Matrigel plug assays

1x107 cells from MMTV-HER2/MED1** or MMTV-HER2/MEDX¥K primary tumors were
plated onto a 10cm cultured dish and cultured in DMEM medium containing 10% serum for
24 hours. Culture medium was then changed to DMEM medium (high glucose) containing
1% FBS and cultured for another 24 hours. The medium was collected and centrifuged at
1000 x g for 5 min to remove the debris. For tube formation assay /7 vitro, human umbilical
vein endothelial cells (HUVECSs) were cultured in M199 medium containing 1% FBS for 5
hours and then digested with trypsin and re-suspended with conditioned or control medium.
The cells were seeded onto Matrigel coated 96-well plate at 6 x 104 cells per well in 100 pl
volume and cultured for 6-18 hours before imaging. For blood vessel formation in Matrigel
plug /n vivo, 200 pl of the above described conditioned or control medium was mixed with
300 ul Matrigel (total 500 ul) and injected subcutaneously into the flank of nude mice. The
mice were maintained for 10 days before the Matrigel plugs were recovered for analyses.

Human Breast Cancer Tissue Samples

The human breast cancer specimens were collected with written informed consent from the
patients at the University of Cincinnati Cancer Institute (UCCI) Breast Cancer Center of
Excellence. The studies were conducted in accordance with the ethical guidelines stated in
the Declaration of Helsinki under the protocol #09-04-14-02 approved by the Institutional
Review Board (IRB) of the University of Cincinnati.

Statistical Analysis

RESULTS

All experiments were repeated at least 3-5 times and data was expressed as average = SD.
Statistical analyses of the data were performed by pairwise Student’s ftest. It is considered
statistically significant (*) if < 0.05 and very significant (**) if P < 0.01. Kaplan-Meier
tumor free survival data were compared using the log-rank test. Tumor number and
metastatic lesions were statistically analyzed using GraphPad software with two-tailed
Student t tests.

MED1 LxxLL motifs play critical roles in HER2+ mammary tumor onset, growth and

metastasis

To examine the role of MED1 LxxLL motifs in HER2-mediated mammary tumorigenesis,
we crossed MED1X”K! mice with MMTV-HER2 mice to generate control MMTV-HER2/
MED1*"* and MMTV-HER2/MED1X”K/ mice (Fig 1A). Interestingly, we observed a
significantly delayed tumor onset in MMTV-HER2/MED1X”K/ mice (~16 weeks later on
average) when compared to that of MMTV-HER2/MED1*/* control mice (Fig 1B-C). While
all MMTV-HER2/MED1** mice form tumors within 65 weeks, roughly10-15% of the
MMTV-HER2/MED1X”KI mice did not produce any palpable tumors even during the whole
2-year observation period. Furthermore, tumors in MMTV-HER2/MED1X¥K! mice grow
much slower and had lower tumor weight at the time of collection (~2 months after
palpation of primary tumor) when compared to those of controls (Fig 1D—-F). Moreover,
H&E staining of the serial lung sections from tumor bearing mice demonstrated a reduced
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number of tumor metastatic lesions in MMTV-HER2/MED1X”K/ mice when compared with
that of controls (Fig 1G-H). Taken together, these data support a critical role for MED1
LxxLL motifs in mediating HER2+ mammary tumor onset, growth and metastasis.

MMTV-HER2/MED1K"KI mammary tumors exhibited decreased cell proliferation, increased
necrosis and impaired ER target gene expression

To examine whether the decreased tumor growth observed in MMTV-HER2/MED1X7K!
mice is due to reduced tumor cell proliferation or enhanced cell death/apoptosis, we carried
out the IHC staining using antibodies against Ki67 and cleaved caspase-3, respectively. We
found that the number of proliferating cells in MMTV-HER2/MED1X¥K! tumors were
dramatically decreased (Fig 2A, left panel and Figure 2B, upper panel), but the cleaved
caspase-3 protein positive apoptotic cells were not increased in MMTV-HER2/MED1X/K!
tumors (Fig 2A, right panel and Figure 2B, lower panel). Histological analysis by H&E
staining further revealed that there are widely distributed necrotic lesions in MMTV-HER2/
MED1X”K! tymors but not in MMTV-HER2/MED1*/* controls (Fig S1A). Mechanistically,
as a control we found that the expression of ERa, PR, MED1 and HER2 proteins is not
changed by western blots analyses (Fig 2C). However, the expression of both well-known
traditional ER target genes (e.g. IGF-1 (20, 21) and Cyclin D1 (22)) and the newly identified
EGF/HER2 pathway-activated ER target genes (e.g. LIF and ACP6) (14, 23) were all
dramatically reduced in MMTV-HER2/MED1X%K! tumors (Fig 2D). To further determine
whether the mutation of MED1 LxxLL motifs directly impairs the expression of these ERa
target genes through affecting the recruitment of RNA polymerase 1, we then examined the
chromatin occupancy of MED1 and RNA polymerase Il on their promoters. Indeed,
chromatin immunoprecipitation (ChlP) analysis indicated that the presence of both MED1
and RNA polymerase |1 on the promoter of 7FF1, /IGF-1and AREG genes was significantly
reduced in MMTV-HER2/MED1X”K! tumor cells (Fig 2E-F). These findings support that
the MED1 LxxLL motifs play a critical role in MMTV-HER2 tumor cell proliferation
through direct regulation of both traditional and EGF/HER2-activated ERa target gene
expression.

MED1 LxxLL motif mutations impair migration, invasion and EMT of MMTV-HER2 tumors

Since reduced tumor lung metastasis was observed in MMTV-HER2/MED1X%”K! mice (Fig
1G-H), we decided to analyze the migration and invasion capabilities of these tumor cells
through transwell assays /n vitro (Fig 3A, left two panels). Statistic results clearly showed
that the number of migrated and invaded cells in the MMTV-HER2/MED1X”K/ group were
significantly lower than that in MMTV-HER2/MED1*/* controls (Fig 3B). Moreover, when
cultured in 3D Matrigel, we observed MMTV-HER2/MED1** tumor cells but not MMTV-
HER2/MED1X¥KI cells had migrated out from the original colonies and invaded into the
surrounding matrix (Fig 3A, right panel). Because epithelial-mesenchymal transition (EMT)
has been shown to play a key role in promoting tumor cell metastasis (24), we then analyzed
the expression of EMT-related genes in MMTV-HER2/MED1X%K! and MMTV-HER2/
MED1** tumor cells using realtime RT-PCR (Fig 3C). Notably, we found the expression of
a number of these genes, including twist, snail and s/ug, were significantly downregulated in
the MMTV-HER2/MED1X”K! tymors. Further immunofluorescence staining (Fig 3D) and
immunoblot (Fig 3E) results confirmed the increased E-cadherin and decreased Vimentin
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and N-cadherin expression in these tumors. In addition, we found that the expression of
matrix metalloproteinases 9 (MMP9) (25, 26) but not MMP2or MMP7 was significantly
inhibited in MMTV-HER2/MED1X”K! tumors (Fig 3E-F). Taken together, these data
support the conclusion that the MED1 LxxLL motif mutations affect MMTV-HER2 tumor
cell migration and invasion capabilities through controlling the expression of genes involved
in EMT and ECM degradation.

MED1 LxxLL motif mutations reduced MMTV-HER2 tumor angiogenesis

Since angiogenesis plays a critical role in both cancer cell proliferation and metastatic
spread and loss of angiogenesis is linked to tumor necrosis (27), we next decided to evaluate
the angiogenesis in these tumors by immunostaining using an antibody against blood vessel
endothelial marker CD31 (Fig 4A). Our results clearly demonstrated that the CD31-positive
cells in MMTV-HER2/MED1X”K! tumors were greatly reduced when compared with that of
MMTV-HER2/MED1** control tumors (Fig 4B). Furthermore, we carried out /7 vitro blood
vessel formation assays by using conditioned medium from cultured MMTV-HER2/
MED1** and MMTV-HER2/MED1X¥K! tumor cells (Fig 4C). Consistent with above
results, the conditioned medium from MMTV-HER2/MED1X”K! tumor cells induced tube
formation of HUVECS to a significantly reduced extent (Fig 4D). Moreover, we tested the
ability of the conditioned media to induce microvessel formation /n vivo by a Matrigel plug
angiogenesis assay (Fig 4E). 10 days after embedding, we could clearly see the formed
vessels filled with red blood cells in the Matrigel plugs with conditioned medium from
MMTV-HER2/MED1*/* tumor cells, while there were very little or no blood vessels in the
Matrigel plug containing conditioned medium from MMTV-HER2/MED1X”K tymor cells
or PBS control (Fig 4E). Vascularization in the Matrigel plugs was further confirmed by
CD31 staining of frozen sections of the plugs (Fig 4F). The results confirmed that the
percentage of CD31-positive area in the Matrigel plug containing MMTV-HER2/MED1K"K!
conditioned medium is significantly lower than that in MMTV-HER2/MED1*/* controls
(Fig 4G). To analyze whether the reduced blood formation is due to decreased VEGF (28)
expression in MMTV-HER2/MED1X”K! tymors, we carried out western blot analysis (Fig
4H) and found a dramatically decreased VEGFA protein expression in the MMTV-HER2/
MED1X”K! tymors when compared with that from MMTV-HER2/MED1** controls (Fig
4H-1). Taken together, these results indicated that MED1 LxxLL motif mutations reduced
tumor blood vessel formation most likely through downregulation of VEGFA expression.

MMTV-HER2/MED1KK!I tumors have impaired CSC functions both in vitro and in vivo

Since MED1 LxxLL motifs play a role in luminal progenitor cell formation during
development, we next examined whether CSCs (29, 30) are affected in the MMTV-HER2/
MED1X”K! tymors. Our flow cytometry analyses indicated that the Lin"CD24*CD29"
CSCs-enriched population was significantly reduced in MMTV-HER2/MED1X%”K! tumors
when compared with that in MMTV-HER2/MED1*/* controls (p < 0.05) (Fig 5A-B) (15,
31). The sorted cells from each group were further cultured for mammosphere formation
assays (Fig 5C). Again, our results clearly showed that both the size and number of the
mammospheres formed by MMTV-HER2/MED1X%KI cells were significantly reduced (Fig
5D-E). We next carried out limited dilution assays by orthotopically xenografting Lin
~CD24*CD29" cells from MMTV-HER2/MED1*/* and MMTV-HER2/MED14%K tumors
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into NOD-SCID recipient mice (Fig 5F). We found that MED1 LxxLL motif mutations in
CSCs significantly compromised their tumorigenicity in an autonomous manner. While 1 in
88.2 Lin"CD24*CD29* MMTV-HER2/MED1*"* tumor cells forms a tumor, only about 1
out of 525.6 Lin"CD24*CD29* MMTV-HER2/MED1X”K/ tymor cells was able to do so
(Fig 5G). FACS analysis further showed the CSC populations in MMTV-HER2/MED1X¥/K!
grafted tumors were significantly lower than that in MMTV-HER2/MED1*/* grafted tumors
(Fig 5H-1). IHC staining confirmed that the percentage of Ki67-positive proliferating cells
was also significantly lower in grafted MMTV-HER2/MED1X”K! tumors (Fig S1B-C).
Consistent with Fig 2C-D, western blot and realtime RT-PCR analyses confirmed decreased
ERa target gene expression in the MMTV-HER2/MED1X%K! graft tumors when compared
with that of controls (Fig S1ID-E). Collectively, these results support that MED1 LxxLL
motif-mediated signaling plays a critical intrinsic role in regulating MMTV-HER2 CSC
formation and functions.

IGF-1 pathways play a key role in mediating MED1 functions during both normal
development and tumorigenesis

We have found the expression of a number of ER target genes in both normal mammary
gland and tumor are affected by MED1 LxxLL motif mutations (Fig 2D and S2A) (10).
Among them, knockout of Amphiregulin (AREG) and IGF-1 exhibited a very similar
mammary gland development phenotype as MED1X”K/ mice (32, 33). To examine whether
one or both pathways are important in mediating the above MED1 functions, we carried out
rescue experiments by implanting slow releasing pellets containing AREG (5 pg/pellet) or
IGF-1(5 ug/pellet) in the 41 mammary glands of 4week old MED1X”A! mice (Fig S2B). We
found the development of MED1X*AX” mammary glands was fully recovered by IGF-1-
containing but not AREG-containing pellets in terms of the number of terminal end buds
(TEB), percentage of ductal occupancy and the number of tertiary branches (Fig S2C-E).
Flow cytometry analyses further showed that the percentage of Lin"CD24*CD29", Lin
~CD24*CD29Med and Lin"CD29*Scal* cell populations were all restored to the wild type
levels by the IGF-1-containing pellet (Fig S2F-G).

Based on these findings, we further examined the IGF-1 and its downstream signaling
pathways in the MMTV-HER2/MED1X”K/ tumors. The results clearly showed that IGF-1
protein level was significantly reduced in MMTV-HER2/MED1X”K! tumors when compared
with that of MMTV-HER2/MED1*/* controls (Fig 6A). Although the total IGF-1R protein
level was not changed, its phosphorylation and the phosphorylation of AKT and mTOR
were significantly downregulated in MMTV-HER2/MED1X”K! tumors. To further test the
function of IGF-1 in MMTV-HER2/MED1X”K! tumor cells in vitro, we supplemented
recombinant IGF-1 in the culture medium and performed mammosphere assays (Fig 6B).
The results showed that addition of IGF-1 could fully restore the number and size of
mammospheres formed and the CD24*CD29" CSC-enriched population to wild type levels
(Fig 6C-E). In addition, IGF-1 is able to restore the migration and invasion capabilities of
MMTV-HER2/MED1X”K! tumor cells in transwell and 3D culture assays (Fig 6F—I). These
data support a key role for IGF-1 pathways in mediating MED1 LxxLL motif functions
during both normal mammary gland development and tumorigenesis.
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Inhibition of IGF-1R phenocopies MED1 LxxLL motif mutations in both mouse and human
HER2+ cancer cells

To further test the role of the IGF-1 signaling pathway in MMTV-HER2 tumorigenesis /1
vivo, MMTV-HER2/MED1** and MMTV-HER2/MED1X”K tymor cells were transplanted
into nude mice and treated with vehicle control or IGF-1 receptor inhibitor OSI1-906. We
found that OSI-906 treatment could significantly slow the growth of grafted MMTV-HER2/
MED1*"* tumors just like MED1 LxxLL motif mutations (Fig 7A and S3A). Flow
cytometry analyses further demonstrated similar levels of Lin"CD24*CD29" CSCs
populations in both OSI-906 treated MMTV-HER2/MED1*/* and vehicle treated MMTV-
HER2/MED1KX¥K! grafted tumors (Fig 7B). In addition, similarly to what we observed in the
MMTV-HER2/MED1X”K tymors, we found a reduced number of Ki67- and CD31-positive
cells, as well as increased tumor necrosis in OSI-906 treated MMTV-HER2/MED1** tumor
groups (Fig 7C—F and Fig S3B), but the caspase 3-positive cells were still not affected (Fig
S3C). Immunoblotting results confirmed that although the protein level of IGF-1 remains to
be high, the activation of the IGF-1 signaling downstream components of pIGF-1R, pAKT
and pmTOR was significantly reduced in OSI-906 treated MMTV-HER2/MED1*/* tumors
to a level comparable to that of the vehicle treated MMTV-HER2/MED1X”K! tymors (Fig
S3D). In addition, there was a significant decrease in the expression of VEGFA in MMTV-
HER2/MED1** by OSI-906 treatments. We next further examined the importance of IGF-1
signaling in HER2+/ER+ human breast cancer cells and found that inhibition of IGF-1R
with OSI-906 could significantly reduce the migration and invasion, mammosphere
formation as well as CSCs population of BT474 in vitro (Fig SAA-H). We have also
performed IHC staining of the expression of MED1 and IGF-1 proteins using human breast
cancer clinical samples (see Table S1 for patient demographic information). As shown in Fig
7G, the results clearly indicate that there is a very significant (p < 0.001) positive correlation
between MED1 and IGF-1 protein levels (Fig 7H). Collectively, these data support a key
role for MEDL1 regulation of the IGF-1 pathway in HER2+ tumor formation.

DISCUSSION

Our previous generation of MED1 LxxLL motif mutant knockin mice revealed its tissue-
specific role during pubertal mammary gland development by affecting luminal progenitor
cell formation and differentiation (10). In this study, we further determined its role and
underlying molecular mechanism in breast tumorigenesis and found that: (i) MED1 LxxLL
motif mutations cause a significantly delayed MMTV-HER2 mammary tumor onset with
decreased tumor growth and lung metastasis; (ii) MED1 LxxLL motif mutations
significantly inhibit MMTV-HER?2 tumor cell proliferation and ER target gene expression;
(iif) CSC formation, tumor cell EMT and metastatic capabilities of MMTV-HER2 tumors
are impaired by MED1 mutations; (iv) MED1 regulation of IGF-1 plays a key role in the
above observed phenotypes during both mammary gland development and tumorigenesis;
(v) inhibition of the IGF-1 pathway significantly reduces the metastatic capability and CSC
formation of human breast cancer cells; and (vi) MED1 and IGF-1 co-express in a large
cohort of human breast cancer patient samples.
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Taken together, these data revealed a key role of MED1 and its LxxLL motifs in breast
tumorigenesis /n vivo through affecting a plethora of processes such as cell proliferation,
metastasis, cancer stem cell formation and angiogenesis. This is significant because MED1
is known to be overexpressed in a high percentage (40-50%) of human breast cancer and co-
amplify with HER2 in almost all instances (11, 12). Although the HER2 amplicon has been
well studied, there is currently no information about whether any of the genes that co-
amplify with HER2 play a role in HER2-driven tumorigenesis. We have previously shown a
direct crosstalk between HER2 and MED1 in mediating anti-estrogen resistance (14), and a
recent study has identified an increased MED1 mutation in circulating tumor cells of human
patients after anti-estrogen and anti-HER2 therapies (34). Analyses of provisional TCGA
and METABRIC datasets further indicate that high MED1 expression correlates with HER2-
amplification, larger tumor size, lymph node positive status, higher tumor grades and poor
patient survival (Fig S5A-I). Although whether MED1 overexpression playing a driving or
synergistic role with HER2 in these processes still needs to be investigated in the future, here
we have provided further evidence indicating a critical role for MED1 in HER2-mediated
breast tumorigenesis /n vivo. Importantly, we have further confirmed the key findings of this
study using both human breast cancer cell lines and patient samples.

CSCs are considered to be the driving force for both tumor initiation and metastasis to other
organs (35). We have already found mammary stem/progenitor cell populations were
significantly decreased in the MED1X”X/ mammary glands. Interestingly, MED1 is
specifically expressed in luminal mammary epithelial cells and MED1 LxxLL motif
mutations led to a decreased Lin"CD24*CD29" mammary stem cell-enriched population
and Lin"CD29*Scal* luminal progenitor cells. Current studies support that MMTV-HER2
tumors are originated from luminal progenitor cells (15, 16). Initially, these tumors are
largely ER+ (albeit heterogeneous), with gradual loss of ERa expression later, while the
tumors maintain growth dependence on and respond to estrogen stimulation (16). Here, we
have provided further evidences supporting a role for MED1 LxxLL matifs in cancer stem
cell formation of MMTV-HER2 tumors. First, we observed a decreased Lin"CD24*CD29M
CSCs population in MMTV-HER2/MED1X”K! tuymors when compared with that from
MMTV-HER2/MED1*"* controls. Second, our 7 vitro analyses demonstrated that MMTV-
HER2/MED1X”K! tymors have reduced stem cell content and mammosphere formation
capabilities. Third, our /n vivo limiting dilution assays showed that the number of tumor
initiating cells (TIC) was significantly decreased from 1 in 88.2 in MMTV-HER2/MED1*/*
tumors to 1 in 526.5 in MMTV-HER2/MED1X”K! tumors. Together, these data indicated a
critical role for MED1 LxxLL motifs in both mammary stem/progenitor cell and cancer stem
cell formation not only /n vitro but also in vive.

It is recognized that estrogen and progesterone are the key hormones regulating mammary
stem/progenitor cell formation during both normal development and tumor formation (36—
38). Although recent studies have identified the role of progesterone in the regulation of
mammary stem/progenitor cells through the RANKL pathway, the downstream signaling
pathway through which estrogen exerts its function remains to be elucidated (37, 39, 40).
Recent studies have established insulin growth factor 1 (IGF-1) and amphiregulin (AREG)
as major ERa. downstream target genes mediating its function during pubertal mammary
gland development (41, 42). Knockout of these genes in mice resulted in pubertal mammary
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duct growth and mammary epithelial cell proliferation defects similar to that of MED1X”K7
mice (33, 43). Interestingly, we found that supplementation of exogenous IGF-1 but not
AREG can fully rescue the pubertal mammary gland developmental defects of MED1X/K/
mice. Addition of IGF-1 was able to restore the affected Lin"CD24*CD29M Lin
~CD24*CD29Med and Lin~CD29*Scal* cell populations in MED1X”K" mammary gland
back to the wild type levels. Further, we found that IGF-1 can rescue the mammosphere
formation capabilities of MMTV-HER2/MED1X”K! tumor cells while inhibition of the
IGF-1 pathway impairs cancer stem cell formation in both human and mouse tumor cells.
We also observed a significant correlation of the expression of MED1 and IGF-1 proteins in
human breast cancer patient samples. Although we cannot exclude that MED1 may still
function through additional pathways to regulate mammary gland development and
tumorigenesis, our study does support a critical role for the MED1/IGF-1 axis in these
processes.

Clinically, IGF-1/IGF-1R correlates with HER2+/ER+ luminal human breast cancer and
dysregulated IGF-1 signaling has also been implicated in breast cancer tumorigenesis and
treatment resistance (44, 45). However, despite efforts to develop IGF-1 inhibitors for cancer
therapies in the past decades and early success, there are significant setbacks due to limited
effectiveness in late-stage clinical trials. Besides high toxicity and side effects (46), the
reasons behind this could also include lack of predictive biomarkers for patient selection,
IGF-1 activation through alternative downstream pathways such as insulin receptor (InsR),
polymorphism of IGF-1 signaling components (47), the inclusion of high proportion of
patients with stage IV disease in the trials (48), etc. Our finding of IGF-1 as a major MED1
downstream target in affecting mammary tumorigenesis /n vivo provided a potentially new
avenue to target this pathway for breast cancer treatment. In addition, targeting MED1 and
its LxxLL motifs could also affect additional pathways that might be important for breast
tumorigenesis. Indeed, we have shown that those EGF/HER2-regulated ER target genes such
as ACP6 and LIF that are known to promote cell proliferation and are overexpressed in
HER2+ human breast cancer were also down regulated by MED1 LxxLL motif mutations
(23). We have also shown that MED1 LxxLL motifs play a rather tissue-, cell- and gene-
specific role in pubertal mammary gland development but not the development of other
tissues. Thus, future development of new innovative strategies to specifically target MED1
and its LxxLL motifs could be advantageous in both maximizing therapeutic efficacy and
minimizing unwanted side effects. Given the fact that MED1 is overexpressed not only in
HER2+ tumors (11, 12), such treatment strategies may also have a more broad application
for other subtypes of breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. MED1XI/KI mutation impairs MM TV-HER2 mammary tumorigenesis
(A) Schematic representation of generation of MMTV-HER2/MED1X¥K! mice by crossing

MMTV-HER2 and MED1X”K! mice. (B) Kaplan-Meier analysis of tumor onsets with the
median tumor free value Tsg in MMTV-HER2/MED1** and MMTV-HER2/MED1X/K!
groups. (C) Representative image of MMTV-HER2/MED1** and MMTV-HER2/
MED1X¥KI mice at the age of 40 weeks old. (D) Growth curves of MMTV-HER2/MED1*/*
and MMTV-HER2/MED1X¥K! tumors. (E) Representative tumor pictures from MMTV-
HER2/MED1** and MMTV-HER2/MED1X¥K! mice at the time of collection (2 months
post palpation of primary tumors). (F) Quantification of tumor weight in MMTV-HER2/
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MED1*"* and MMTV-HER2/MED1X”K! groups. (G-H) H&E staining analyses of tumor
lung metastasis in MMTV-HER2/MED1*/* (n=14) and MMTV-HER2/MED1X"K/ (n=14)
mice (G) and the quantification (H). Bar = 1 mm.
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Fig 2. MMTV-HER2/M ED1KI/KI mammary tumors exhibited decreased cell proliferation,
increased necrosis and impaired ER target gene expression

(A-B) IHC staining of Ki67 and cleaved caspase-3 expression in MMTV-HER2/MED1*/*
and MMTV-HER2/MED1X”K! tymor sections (A) and quantifications of Ki67 and
caspase-3 positive cells (B). Bar = 50 um. (C) Immunoblotting analyses of the expression of
ERa, PR, MED1, HER?2 and Actin proteins in MMTV-HER2/MED1*"* and MMTV-HER2/
MED1X%K! tumors. (D) Relative mRNA level of indicated ER-target genes in MMTV-
HER2/MED1** and MMTV-HER2/MED1X¥K! tymors by realtime RT-PCR analyses. (E-F)
ChlIP analyses of the occupancy of MEDL1 (E) and RNA polymerase Il subunit | (RPB 1) (F)
on the promoter region of 7FF1, /GF-1and AREG genes in MMTV-HER2/MED1** and
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MMTV-HER2/MED1X”K! tymor cells. The values are obtained in three independent
experiments and shown as mean = SD. *P< 0.05 or**P< 0.01.
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Fig 3. MED1 LxxLL motif mutationsimpaired migration, invasion and EMT of MM TV-HER2
tumors

(A) Tanswell assays (left two panels) and 3D culture (right panel) analyses of MMTV-
HER2/MED1** and MMTV-HER2/MED1X”K! tumor cells. (B) Quantification of relative
migrated and invaded cells in (A). (C) Realtime RT-PCR analyses of the expression of
indicated EMT-related genes in MMTV-HER2/MED1** and MMTV-HER2/MED1K/K!
tumors. (D) Immunofluorescence analyses of E-cadherin (left two panels) and Vimentin
(right two panels) in the MMTV-HER2/MED1** and MMTV-HER2/MED1X”K! tumors
sections. (E-F) Immunoblotting analyses of N-cadherin and MMP9 proteins in MMTV-
HER2/MED1** and MMTV-HER2/MED1X"K! tymors (E) and quantification (F). The
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values are obtained in three independent experiments and shown as mean + SD. Bar =
100um.*P< 0.05 or**P< 0.01.
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Fig4. MED1 LxxLL motif mutationsinhibited MM TV-HER2 tumor angiogenesis
(A-B) Immunofluorescence staining analyses of blood vessel marker CD31 protein

expression in the MMTV-HER2/MED1** and MMTV-HER2/MED1X%”K/ tumor sections

(A) and statistical analyses of microvessel density (B). Bar = 100 um. (C) /n vitro

microvessel formation assays using HUVECs treated with PBS control or conditioned
medium from cultured MMTV-HER2/MED1** and MMTV-HER2/MED1X"X" tumor cells.

(D) Statistical analyses of the average tube length in each field. Bar = 100 um. (E)

Representative images of Matrigel plugs treated with control or conditioned medium from
MMTV-HER2/MED1** and MMTV-HER2/MED1X”K tumor cells. Arrow pointed to the
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formed blood vessels in the Matrigel plug /n vivo. (F) Immunofluorescence analyses of
CD31-positive blood vessel endothelial cells in the frozen sections of Matrigel plugs in (E).
(G) Qualification of CD31-positive area in (F). (H-1) Western blots analyses of VEGF
protein in MMTV-HER2/MED1*/* and MMTV-HER2/MED1X”K/ tymor cells (H) and
qualification (). The values are obtained in three independent experiments and shown as
mean £ SD. *P< 0.05 or**P< 0.01.
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Fig5. MED1 LxxLL motif mutationsimpaired MM TV-HER2 cancer stem cell formation and
function both in vitro and in vivo

(A-B) Flow cytometry analyses of Lin"CD24*CD29" CSCs enriched population in MMTV-
HER2/MED1** and MMTV-HER2/MED1X¥K! primary tumors (A) and quantification (B).
(C) Mammosphere formation assays using the same number of above FACS sorted cells (D-
E) Quantification of the size (D) and member (E) of mammospheres formed in (C). (F)
Representative tumor bearing NOD-SCID mice at 3month post orthotopic transplantation of
indicated number (labeled above) of MMTV-HER2/MED1X¥K! (blue circle) and MMTV-
HER2/MED1*/* (red circle) tumor cells. (G) Statistical analyses of tumor formation in each

group of (F). (H-1)

Flow cytometry analysis of Lin"CD24*CD29" CSCs enriched
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population in orthotopically xenografted tumors (H) and quantification (I). Bar = 100 pm.
The values are obtained from three independent experiments and shown as mean + SD. *P<
0.050r**P< 0.01.
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Fig 6. Exo qunous | GF-1 rescues metastatic and mammosphere formation of MM TV-HER2/
MED1KI/K tumor cellsin vitro

(A) Immunoblotting analyses of the expression and status of IGF-1 and its downstream
signaling pathway components in MMTV-HER2/MED1** and MMTV-HER2/MED1K¥K!
tumors. (B) Mammosphere formation assays using FACS sorted MMTV-HER2/MED1*/*
and MMTV-HER2/MED1X¥K! tumor cells in the presence of BSA or IGF-1. Bar = 100 um.
(C-D) Average diameters (C) and numbers (D) of mammospheres formed in (B). (E) Flow
cytometry analyses of CD24*CD29" CSCs in the mammospheres of (B). (F) Transwell
assays using MMTV-HER2/MED1** and MMTV-HER2/MED1X”K! tumor cells in the
presence of BSA or IGF-1. (G-H) Quantification of relative number of migrated (G) and
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invaded (H) cells in (F). (1) 3D culture of MMTV-HER2/MED1*/* and MMTV-HER2/
MED1X”K! tumor cells in the presence of IGF-1 or BSA. Bar = 20 pm. The values are
obtained in three independent experiments and shown as mean + SD. *P< 0.05 or**P<
0.01.
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Fig 7. Inhibition of | GF-1 signaling phenocopies M ED1KIKI mutation in MM TV-HER2 tumors

in vivo

(A) Growth curves of MMTV-HER2/MED1** and MMTV-HER2/MED1X"K! grafted
tumors treated with IGF-1R inhibitor OSI-906 or \ehicle control. (B) Flow cytometry
analyses of Lin"CD24*CD29" CSCs enriched populations of the above tumors. (C-D)
Immunostaining analyses of Ki67+ cells of the tumors sections (C) and quantifications (D).
(E-F) Immunostaining analyses of CD31+ area in the sections of indicated tumors (E) and
quantifications (F). (G) Representative immunocytochemical analyses of the expression of
MED1 and IGF-1 in the sections of clinical breast cancer samples. (H) Correlation of MED1
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with IGF-1 proteins level in clinical samples (n=76). Bar = 50 um. The values are obtained
in three independent experiments and shown as mean = SD. *P< 0.05 or**P< 0.01.
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