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Abstract

Key

1.

Invasive lobular carcinoma (ILC) is the second most common histological subtype of breast cancer
following invasive ductal carcinoma (IDC). To identify potential genetic drivers of ILC
progression, we used NanoString nCounter technology to investigate the DNA copy number (CN)
in 70 well-curated primary ILC samples. We confirmed prior observations of frequent
amplification of CCND1 (33%), and MYC (17%) in ILC, but additionally identified a substantial
subset of ILCs with £SR1 and ERBBZ2 (19%,) amplifications. Of interest, tumors with £SRZ CN
gains (14%) and amplification (10%) were more likely to recur compared to those with normal
CN. Finally, we observed that MDM4 (MDMX) was amplified in 17% of ILC samples. MDM4
knockdown in TP53 wild-type ILC cell lines caused increased apoptosis, decreased proliferation
associated with cell cycle arrest, and concomitant activation of TP53 target genes. Similar effects
were seen in TP53 mutant cells, indicting a TP53-independent role for MDM4 in ILC. To
conclude, amplification of £5R1 and MDMA4 are potential genetic drivers of ILC. These
amplifications may represent actionable, targetable tumor dependencies, and thus have potential
clinical implications and warrant further study.

words
ILC; ESR1; ERBB2; MDM4; amplification

Introduction

Invasive lobular carcinoma (ILC) represents the second most prevalent histological subtype
of breast cancer after invasive ductal carcinoma (IDC), accounting for 10-15% of all
invasive breast cancer. It is characterized by small, round cells, invading the adjacent stroma
in a single-file patternl. Although ILC differs from IDC in several histological and clinical
features, the same therapies are used to treat patients with ILC and IDC, at least in part due
to insufficient knowledge of druggable pathways unique to ILC. Numerous studies have
reported mutational and copy number (CN) characterization of breast cancer?->; however,
due to low numbers of ILC samples, only limited details are available regarding genomic
alterations that drive this unique subtype of breast cancer. These studies have uncovered a
number of specific differences in the genetic make-up of ILC compared to IDC, including
enrichment of PTEN loss, PIK3CA, FOXA1, ERBB2and ERBB3 mutations, in addition to
the well described ILC genetic hallmark of CDHI loss8-8. CN analysis using chromosomal
comparative genomic hybridization (CGH) revealed gain of chromosomal regions of 1q and
loss of 16p%-11. In another study, two of eleven patients with multifocal ILC showed gain in
CN at the 11g13.3 locus, which encodes genes such as CCNDI, FADD and ORAOV/112,
Frequent CN amplification at 11913.3 was further confirmed in a large targeted sequencing
study, which additionally revealed high levels of amplification at, 8q24.21 (MYC), 15926.3
(/IGF1R), and 8p11.23 (FGFRI) in ILC88. Furthermore, gain of chromosomes 1q and 8q
and loss of chromosome 11q were found to be more frequent in the hormone-related
subtype, which is characterized by active ER/PR signaling and EMT features’3.

A number of studies have recently shown £S5/ CN amplifications, encoding the estrogen
receptor (ER), in ILC814-18; however, the data are sparse and conflicting, and the clinical
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relevance remains unclear. While some studies report £S5/ amplifications at a relatively
high rate of ~20%, associated with either improved!415 or worse outcomes?8, others have
detected a significantly lower £SRI-amplification frequency (<5%)17:18, possibly due to
differences in methodology, sample cohorts, and threshold definitions1%20, Intriguingly,
Desmedt et al recently reported £5R1 amplification in up to 25% of ILC samples8, a finding
that warrants validation in an independent cohort.

To expand upon prior CN analyses in primary ILC, we utilized a highly sensitive
NanoString-based approach recently described by us?l. Herein, we utilized probes covering
67 genes with known roles in breast cancer progression and therapy resistance, including
ESR1, CCND1, MYC, IGFIR, and FGFR1, and comprehensively characterized their CN in
70 primary ILC samples with detailed clinical information. Besides confirming frequent
ESR1 CN gain and amplifications, we also show a significant association with higher risk of
subsequent recurrence. Finally, we show, amplification of MDM4 (MDMJX) in ILC. While
MDM4 has primarily been described as a negative regulator of TP5322, our functional
studies revealed an essential role in cell proliferation in both a TP53-dependent and
independent manner, justifying further studies on the role of MDM4 amplification in ILC.

Materials and Methods

2.1 Retrospective cohort of ILC samples, and DNA and RNA isolation

Following review and approval by the Institutional Review Board at the University of
Pittsburgh, we obtained formalin-fixed paraffin-embedded (FFPE) sections from primary ER
+ ILC cases diagnosed between 1990 and 2011 at UPMC Magee-Women’s Hospital.
Samples were macrodissected when tumor cellularity < 40%, as previously described?! .
DNA and RNA isolations were performed using the QlAamp DNA FFPE kit (cat#56404)
and Qiagen RNeasy FFPE kit (cat#73504) respectively, as per manufacturer’s instructions.
Isolated DNA and RNA were quantified using the ThermoFisher Qubit dsDNA S/BR kit and
Nanodrop Spectrophotometer (ThermoScientific), respectively.

Recurrence free survival (RFS) was measured as the time between date of diagnosis and date
of local, regional, or distant recurrence. The median follow-up of patients in our cohort was
15.9 years. The cohort included 18 cases with recurrences (R; 6 local and 12 distant
recurrences), and 52 cases that did not recur (non-recurrence, NR). Additional
clinicopathological characteristics are shown in Supplementary Table S1 and further cohort
details are described in supplemental text.

2.2 Nanostring copy number (CN) and mRNA expression analysis

A total of 70 samples with sufficient DNA (>150ng) were used for NanoString nCounter-
based CN analysis. The development of the NanoString CN library, the overall
methodological approach, and extensive quality control (QC) have been recently described
by us?L. Briefly, we designed 100bp DNA hybridization probes for a total of 67 genes
known to be frequently altered in breast cancer. Given prior evidence for £SR1
amplifications in ILC we used 10 probes to cover the ESRI gene, and 2-3 probes for the
other 66 genes. £SRI CN increase by 35% (CN =2.7) and decrease by 50% (CN < 1) were
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considered gains/amplifications and deletions, respectively. CN calls above =10 were
considered high amplifications. Given the lower resolution for other genes in the panel, we
used one CN cutoff of =5 as amplification. Detailed CN calls for all genes in tumor samples
and cell lines are provided in Tables S2 and S3, respectively. The Complex Heatmap R
package was used to generate oncoprints for CN alterations (CNA). A tile plot was
generated in R using the ggplot2 package. To correlate CN levels of genes of interest with
expression, several probes covering £ESR1, CCND1, ERBBZ, MDM4 and MY C were used to
determine expression in corresponding RNA samples from the same patients also using the
Nanostring nCounter platform as we previously described?3.

2.3 Quantitative real time polymerase chain reaction (QRT-PCR)

mRNA from triplicate tumor samples was isolated as per manufacturer’s protocols using
Qiagen RNeasy Mini Kit and quantified by NanoDrop. 500 ng of mMRNA per sample was
converted to cDNA, using 1X iScript (BioRad#1708891) or 1X PrimeScript (Takara
#RR036B) as per manufacturer’s protocol. Gene expression was assessed by gRT-PCR using
SsoAdvanced™ Universal SYBR® Green Supermix (BioRad*1725274) and primers listed in
Table S4, assaying RPLPO as a housekeeping gene.

2.4 Cell line culture

MCF-7, MCF-10A, MDA-MB-134-VI (MM134), MDA-MB-330 (MM330), and HEK293T
cells were obtained from ATCC. Sum44PE cells were purchased from Asterand. BCK4 cells
were a generous gift from Britta Jacobsen, PhD (University of Colorado Anschutz Medical
Campus) and recently described?4 25, Media formulations for cell culture are outlined in the
supplemental text. Cells were periodically confirmed to be mycoplasma negative,
authenticated at the University of Arizona Genetics Core by Short Tandem Repeat (STR)
profiling and kept in continuous culture for less than 6 months. To assay TP53 status in cell
lines, PCR was performed on cDNA (primers listed in Table S4) covering the full length
TP53transcript using Gotag DNA Polymerase (Promega# M3001) as per manufacturer’s
protocol. Sequenced PCR products were blasted against the human reference 7P53
sequences (NM_000546).

2.5 Modulation of MDM4 expression

For overexpression studies, cells were reverse transfected with pIRES1neo empty vector or
MDM4 cDNA overexpression plasmid (a gift from Wei Gu, PhD; Columbia University)
using Lipofectamine™ 3000 (Thermo Fisher Scientific*.3000015), according to the
manufacturer’s protocol. Stably transfected cells were selected using 1mg/ml G418. For
transient knockdown studies, cells were reverse transfected with ON-TARGETplus Non-
targeting Pool (Dharmacon*D-001810-10-05) or SMARTpool ON-TARGETplus Human
MDM4 siRNA (Dharmacon#L-006536-02-0005) using Lipofectamine™ RNAIMAX and
Opti-MEM® | (Gibco*31985-070) and following the manufacturer’s protocol (Thermo
Fisher Scientific*13778-150). For stable knockdown studies, MDM4 shRNA (shMDM4#1
targeting exon 6 and sShMDM4#2 targeting the 3° UTR) and control sShRNA (shCTL) in the
doxycycline (Dox) inducible GFP-tagged lentiviral vector FH1t (provided by Ygal Haupt,
PhD; Peter MacCallum Cancer Center, Australia), along with an additional non targeting
Renilla shRNA (shRen; provided by Dr Marco Herold; University of Melbourne, Australia,)
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were used. ShRNA sequences are listed in Table S4. Viruses were generated by transfecting
HEK?293T cells using third generation packaging systems and polyethylenimine (PEI) (1
pg/mL; Polysciences#23966-2) with a 3:1 ratio of PEI to transfected DNA constructs.
shPASHA (targeting human DGCR8) was used to increase titer as previously described?6.
Virus was collected at the 36-and 48-hour time points, filtered through 0.45 um filters
(Fisher#09-754-21), and treated with 1 pg/mL Polybrene (Sigma#107689-10G) to infect
target cells. Cells were infected twice and allowed to recover for three days prior to sorting
for GFP positive cells (~40-50%) by FACS. shRNA expression was induced by treatment
with 200 ng/ml and 160ng/ml DOX in BCK4 and SUMA44PE cells, respectively, with
replenishment every 3-4 days.

2.6 Proliferation and Colony formation assay

Cell proliferation was assessed either by FluoReporter™ Blue Fluorometric dsDNA
Quantitation Kit (Invitrogen#F2962) or IncuCyte® Live-Cell Imaging System (Essen
BioScience) according to manufacturer’s recommendations. Cells were plated in technical
replicates (n=4-6) at 15,000 (ILC) or 5,000 (IDC) cells/well in 96-well plates. Data was
captured on a PerkinElmer plate reader (Victor). Alternatively, cells were monitored on the
IncuCyte Live Cell Analysis Imaging System using integrated confluence as a surrogate for
cell number. Relative fold change in growth/confluence was normalized to day 0 data. For
colony formation assays, 15,000 cells were seeded in 6 well-plates and treated with DOX
next day. After 18 days, cells were fixed with 100% methanol for 10 minutes and stained
with 0.5% crystal violet solution in 25% methanol for 10 minutes, followed by gently
rinsing with distilled water and drying at room temperature. Plates were imaged on an
SZX16 dissecting microscope with a Nikon camera under bright field illumination at 0.8X
magnification. Colony confluency fractions were counted using cellSens Dimension
(Olympus) software.

2.7 Flow cytometry assays

2.8

For cell cycle analysis, cells were collected by trypsinization, diluted to 1 x 108 cells/mL
and stained with 20 ug/mL Hoechst 33342 (Life Technologies*H3570) for 30 minutes at
37°C in the dark.

For the apoptosis assay, cells were collected and washed with PBS, and re-suspended in 1X
Annexin V binding buffer (BD Biosciences#556454) at a dilution of 1 x 106 cells/mL. 100
ul of cell suspension was stained with Propidium lodide (PI; BD biosciences#556463) and
APC Annexin V (BD biosciences#561012) at room temperature for 15 minutes as per the
manufacturer’s protocol. Samples were acquired on a LSR 11 Flow Cytometer using
compensation and analyzed using FACSDiva (BD Biosciences).

Immunoblotting (IB)

Proteins were extracted using RIPA buffer supplemented with 1X Halt Protease Inhibitor
Cocktail. 25-50 g per sample was run on 9% or 15% gradient SDS-PAGE gels and
transferred to PVDF membranes (Millipore#IPFL00010), and blocked using Odyssey PBS
blocking buffer (LiCor#927-40000) and incubated with the following antibodies: TP53
(1:500; sc-6243, Santa Cruz Biotechnology), MDM4 (1:500; A300-287A, Bethyl
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Laboratories), P21 (1:200; sc-397, Santa Cruz Biotechnology), PUMA (1:500; D30C10,
Cell Signaling Technology), BAX (1:500; D2E11, Cell Signaling Technology), Tubulin
gamma (1:10,000; ab11317, Abcam), ER (1:1000; 6F11, Leica Biosystems) and secondary
antibodies anti-mouse 800CW: LiCor#925-32210, anti-rabbit 800CW: LiCor#925-32211.
Blots were imaged using the Odyssey Infrared Imaging system (LiCor).

3. Results

3.1 Frequent ESR1 amplifications in ILC and association with increased risk of

recurrence

To identify potential genetic drivers of ILC progression, we performed CN analysis on 70
ER+ primary ILC tumors (Table 1) and initially focused on £5R1 CN alterations (Figure
1A). Based on average calls from probes covering the promoter region, two non-coding
exons, and seven coding exons, we detected ~24% of samples with £SR1 gains (CN 2.7-10;
10 tumors; 14% of samples) or amplifications (CN =10; 7 tumors; 14% of samples). Tumors
with elevated £SR1 CN levels showed significantly higher mMRNA expression compared to
the group with normal CNs (Figure 1B, p value= 0.001). ER histological scores (H-scores)
were available for a subset of 53 samples, which were slightly higher in the group with
ESR1 gains and amplifications; though did not reach statistical significance (Figure S1A).
An analysis on a case-by-case basis shows that samples #197 and #54 (with consistent
CNAs across the exons; shown on the very left in Figure 1A) display some of the highest
levels of £SR7 mRNA and ER protein expression in our cohort (Supplementary Table S5).

To determine whether £SR1 CN alterations were associated with clinical outcome, we
compared groups with (n=18) or without recurrence (n=52) (Table 1). 39% (n=7) of samples
from patients that recurred (R) showed ESRI gain or amplification while only 19% (n=10)
of the non-recurrent group (NR) presented with gain or amplification (Figure 1C) (p =
0.047). Recurrence-free survival (RFS) data was also available for 67/70 patients. As
expected, CN gains or amplifications showed a trend towards a worse RFS outcome,
although this failed to reach statistical significance (Figure S1B, p value= 0.2), potentially
due to our limited sample size.

Overall, these results demonstrate that primary ILC exhibit frequent £SRZ gains and
amplifications, which are significant enriched in samples with subsequent recurrence,
suggesting a potential role for £SRZ CN gains/amplifications in endocrine resistance.

3.2 Enrichment of CCND1, ERBB2, MDM4 and MYC amplifications in ILC

In addition to £5R7, the NanoString library also contained probes covering 66 genes that
were previously implicated in breast cancer progression (Table S2, and Material and
Methods). The most frequently amplified genes from this CN analysis are shown in Figure
2A. Deletions were rare (Figure S2), with the most frequently deleted gene (VCOR2) being
lost in 5 samples. Genes with the highest frequency of amplification included CCND1(33%),
ERBB?2 (19%), MDM4 (17%,), and MYC (17%,). The amplification events were significantly
correlated with mRNA expression for CCND1, and MDM4, along with a trend for ERBB2
but not MYC (Figure 2B). We observed some associations between amplifications of
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CCND1, FGF19, FADD, AAMDC, PAKZ and CTTN as was expected given these genes
map to the well described 11g13 amplicon?”:28. Due to low numbers, we did not perform a
formal statistical co-occurrence test.

In summary, the NanoString analysis confirmed prior observations of frequent amplification
of 11q13, including CCND1, but also identified a higher than expected rate of ERBB2
amplification as well as novel MDM4 amplifications.

3.3 Association of MDM4 amplification with TP53 status in primary ILC and ILC cell

models

Despite not observing a significant association between MDM4 amplification and recurrence
free survival in our cohort (Figure S3), we decided to explore a potential role for MDM4 as
a driver of ILC progression due to the high frequency of MDM4 amplifications (12/70).
Since MDM4 was initially discovered as a TP53 regulator that possesses significant
homology to MDM222, most studies on MDM4 have focused on its TP53-dependent role. In
line with this, MDM4 amplification and/or overexpression is more frequent in tumors that
retain wild type TP53 (wt TP53)2%. We performed sanger sequencing of TP53 in eight
tumors with MDMA4 amplification, and determined a wt 7P53 status in all sequenced
samples, in line with the low 7P53 mutation frequency seen in primary TCGA ILC tumors
(~7%)%0.

To further elucidate the role of MDM4 in ILC, we selected a set of ILC cell lines and
measured MDM4 CN, RNA expression and protein levels (Figure S4A-C). The IDC cell
line MCF-7 harboring a previously described MDM4 amplification3! was included as a
positive control and data were normalized to normal breast tissue. In ILC cell lines, we
observed MDM4 CN gain in MM134 and BCK4; however, MM134 showed low MDM4
expression compared to the overexpression in BCK4 and the positive control. The TP53
status of ILC cell lines has previously been described32, and also further verified by us using
Sanger sequencing. BCK4 cells express relatively high MDM4 and harbor a single
nucleotide polymorphism (SNP) in codon 72 of 7P53 (RS1042522), a common SNP.
MM134 and MM330 cells harbor 7P53E285K and Y220C mutations, respectively, both of
which were reported as loss-of-function changes in the IARC TP53 database (http://
p53.iarc.fr/). A truncating 7P53 frameshift mutation (82_84delinsCA, pE28fsX16) was
found in Sum44PE cells, which was also reported in the IARC database. Based on this
sequencing information, we selected BCK4 cells as our primary ILC model of functional
TP53 in our subsequent studies, while including MM134 and Sum44PE as TP53 mutant
models.

3.4 Targeting MDM4 in the wt TP53 breast cancer cell line BCK4 suppresses cell growth
by inducing GO/G1 arrest and apoptosis

Based on the observation of MDM4 overexpression in BCK4 cells (Figure S4B, C), we
performed transient siRNA-mediated MDM4 inhibition studies. We confirmed MDM4
knock-down (KD) at the protein level by immunoblot and observed a significant impact on
cell growth/survival over 7 days compared to a control siRNA (Figure 3A). In addition, we
tested the effect of MDM4 KD in the wildtype (wt) TP53 IDC cell line MCF7 and observed
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a similar growth inhibitory effect (Figure S4F). In addition to transient experiments, the
ability of MDM4 KD to decrease cell proliferation in BCK4 cells was also seen by
lentiviral-mediated doxycycline (DOX)-inducible shRNAs (verified by immunoblot in
Figure 3B) in both a growth assay (Figure S5A) and a colony formation assay (Figure 3C).
Furthermore, we performed cell cycle and apoptosis assays in consideration of the well-
known role of MDMJ4 in regulating TP53. Cell cycle analysis revealed a reproducible and
significantly increased GO/G1 arrest after MDM4 KD for 4 days (Figure 3D, E). In addition
to reduced proliferation, we also observed an increase in apoptosis in cells transfected with
siMDM4 relative to siCTL, as determined by FACS analysis (Figure 3F).

To understand the downstream effects of MDM4 silencing in BCK4 cells, we assessed RNA
and protein levels of TP53 and its known targets (Figure 3G, H). MDM4 siRNA KD in
BCKA4 cells did not alter TP53 expression at the protein level but did induce the pro-
apoptotic Bcl-2 family members PUMA and BAX, and cell cycle inhibitor p21 at both the
RNA and protein levels. These results are consistent with previous studies of MDM4 KD in
TP53wt cell lines from breast cancer33 and other cancers34. Combined, this data shows that
MDM4 expression in the wt TP53 ILC cell line BCK4 contributes to cell cycle progression
and that its oncogenic role is predominantly achieved by inhibition of TP53 downstream
transactivation.

3.5 MDM4 promotes cell cycle progression in mutant TP53 ILC cell lines

To further investigate if the proliferative role of MDM4 is dependent on functional TP53, we
employed MDM4 KD studies in MM330, MM134 and Sum44PE ILC cell lines harboring
7P53 mutations. MDM4 depletion suppressed cell growth by more than 50% in the
Sumd44PE cell line (Figure 4A) in a 7-day growth assay. In addition, we also knocked down
MDM4 using dox-inducible shRNAs in Sum44PE cells (Figure 4B) and observed a similar
inhibitory effect in both growth (Figure S5), and colony formation assays (Figure 4C).
Interestingly, this MDM4 KD induced growth inhibition phenotype was cell line-dependent
as we did not observe comparable changes in growth rates of the other two TP53mut ILC
cell lines, MM330 (Figure S4D) and MM134 (Figure 4A), while seeing effects in the
TP53mut IDC cell line T47D (Figure S4H). We next performed FACS-based cell cycle and
apoptosis assays on SUm44PE cells and observed a significant increase in GO/G1 arrest
(Figure 4D) and apoptosis (Figure 4E) following MDM4 downregulation by siRNA. As
expected, g°PCR and immunoblot analyses did not reveal an induction of TP53 downstream
targets (Figure S6A), as was seen in the TP53wt cell line BCK4 (see Figure 3G, H),
consistent with inactive TP53 signaling.

To further confirm the proliferative role of MDM4 in TP53mut ILC cells, we constitutively
overexpressed MDM4 in both MM134 and Sum44PE cells (Figure 4F). We detected a mild
but reproducible and significant increase in proliferation in a 6-day growth assay for MM134
but not in Sum44PE cells (Figure S6B, C), with similar results from long-term colony
formation assays (Figure 4G, H). Consistent with our earlier data (see Figure S6A), we did
not observe downregulation of PUMA, p21 and BAX in MDM4-overexpressing cells,
(Figure S6D).
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Combined, our data suggests that MDM4 KD results in context-dependent suppression of
cell proliferation via delaying cell cycle progression and inducing apoptosis through both
TP53-dependent and independent mechanisms.

4. Discussion

There is increasing realization that development and progression of ILC is associated with
unique pathological, clinical, and molecular features. The goal of further deciphering
molecular underpinnings of ILC is to personalize treatment and improve outcome for
patients. In our CNA study in ILC, we made a humber of novel observations with potential
clinical implications, including (1) frequent £SRI CN gain (14%) or amplification (10%)
associated with disease recurrence, (2) frequent ERBBZ2 amplification (19%), and (3)
frequent MDM4 amplifications (17%) and a functional role for MDM4 in ILC. In addition,
we were able to confirm previously reported amplifications at 1113 (CCND1, 33%) and
8024 (MYC, 17%)78:35,

Our CN characterization of ILC revealed frequent £SRZ amplifications in about one quarter
of cases (24%), associated with significantly higher mRNA expression. Importantly, ESR1
amplifications were significantly enriched in samples from patients with subsequent
recurrences. Our findings are in agreement with the recently reported study detailing £SR2
amplifications in 25% of primary ILC, association with mRNA expression, and enrichment
in aggressive ILC tumors by Desmedt et al®. In that study, the alterations were significantly
enriched in ILC versus IDC, suggesting a unique role for amplified £5/21 in modulating
response to estradiol and endocrine therapy in tumors lacking functional E-cadherin.
Collectively, these findings justify further clinical investigation of ILC in the context of
endocrine therapies, especially with respect to estradiol-containing therapy regimens as
previously described by us and others36-39,

Beyond E£SRI, we also observed ERBBZ2 amplifications in 19% of cases. Given the growing
evidence for increased rates of HER2/HER3 mutations in ILC®8, the finding of higher rates
of ERBBZamplification is of potential interest. Of note, many of these ERBB2amplified
cases were designated as HER2 negative by prior clinical IHC/FISH testing. This
discrepancy could result from tissue heterogeneity, but could also reflect low level
amplifications detected by sensitive Nanostring technologies that do not cause high level
overexpression. Such low-level gene amplifications might reflect genomic instability, and
might not be consequential with regard to the biological consequence of overexpression of
the gene that has undergone CN changes. An example for complex structural genomic
rearrangement in the absence of high level amplification are the recently reported segmental
tandem duplications in breast cancer4041, Additional studies are necessary to further
differentiate between CN changes identified with the sensitive Nanostring approach that are
associated with true oncogenic driver functions, and those more associated with genetic
instability.

In addition to £SR1 and ERBBZ, we also observed MDM4 amplifications in 17% of our
primary ILC cases. Previous studies have identified varying rates of MDM4 amplification in
breast cancer, with studies using fluorescence /n situ hybridization (FISH) suggesting a low
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frequency (<5%)31:33, MDM4 is amplified in about 13% of all TCGA breast cancers and
18% in ILC cases specifically30. MDM4 amplification has previously been implicated in
breast cancer metastasis from genomic evolution analyses among paired primary and
metastatic tumors. Here MDM4 amplification was shown to be associated with endocrine
resistance, while 7P53driver mutations were predominantly early events during metastatic
evolution#243, Subsequent gain of MDAM4 in the absence of wt TP53 suggests that MDM4
may have broader functions beyond TP53 transactivation, which is further supported by our
current data. Previously, downregulation of MDM4 mRNA using RNAI /n vitroand in vivo
was shown to attenuate both we TP53 and mutant TP53 breast cancer cell growth33:44;
however, little is known about the role of MDM4 specifically in ILC. Our data suggests that
in the wt TP53 ILC cell line BCK4, the oncogenic role of MDMA4 is likely achieved by
inhibition of TP53 transactivation. Conversely, in the ILC cell line Sum44PE, with truncated
TP53, MDM4 knockdown led to a reproducible and significant induction of GO/G1 arrest
and an increase in apoptotic cell death, further supporting the growing literature that MDM4
has TP53 independent roles. However, using the TP53mut ILC cell line MM134 we
observed no effect of MDM4 KD, while we did detect a minor growth advantage in MDM4
overexpressing cells in a colony formation assay. The role of MDM4 mediated proliferation
in mutant TP53 cells remains unclear, and our data indicates that this may also be cell line
dependent. While studies focusing on the TP53-independent functions of MDM4 are
limited, data so far indicated that MDM4 interacts with p21, E2F1, p300, ER and p27
independent of TP5345-47_ It will be of interest to understand this mechanism in ILC cells
lacking functional E-cadherin.

Our data suggests that MDM4 overexpression in wt TP53 primary ILC tumors may reduce
apoptosis, enhance progression through the cell cycle and ultimately contribute to tumor
proliferation, implicating it as a novel therapeutic target. The development of small
molecules that can target the interaction of TP53 and MDM4 and induce a TP53-dependent
cell cycle arrest and/or apoptosis have previously been described*8; however, it remains
largely unclear whether blocking the binding of MDM proteins to TP53 compromises their
TP53-independent functions. While no such agents are currently in clinical development,
small molecules specifically targeting the function of MDM4 could potentially hold promise
for a subgroup of ILC patients in the future. Given the high frequency of MDM4 CN
alterations in ILC reported herein, it will be important to determine the value of such
targeted agents and their potential combination with endocrine therapy for ILC patients with
MDM4 CNA.

In conclusion, our CNA study of 70 primary ILC specimens has revealed clinically relevant
gains and amplifications in £ESR1, that are associated with disease recurrence, frequent
ERBBZ2amplifications often in the absence of clinical IHC scores, and frequent MDM4
amplifications. Further, our functional studies suggest that MDM4 may contribute to ILC
progression through both TP53-dependent and independent mechanisms. We believe our
findings provide a molecular foundation to further explore the development and progression
of ILC, ultimately providing vital insights that may lead to personalized treatment for
patients with this understudied subtype of breast cancer.
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Highlights

. Comprehensive high-resolution copy number alteration study in primary

Invasive Lobular Carcinoma (n=70)

. Frequent ESR1 CN gain (14%) or amplification (10%) associated with

disease recurrence

. Frequent ERBBZ amplification (19%) in primary ILC
. Frequent MDM4 amplifications (17%) and a functional role for MDM4 in

ILC.

. These novel findings have potential clinical implications for patients with

ILC, an understudied subtype of breast cancer
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ESR1 copy number alterations in primary ER positive ILC (n=70)
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Figure 1. Frequent ESR1 copy number alterations in 70 primary ER positive ILC specimens.
A. Oncoprint visualization of ESR1 CN alterations in primary ER positive ILC. Levels of

amplification and deletion are color-coded. Each column represents a single sample. Each
row indicates the copy number call of the corresponding single exon probe. Frequencies of
alterations are indicated to the left side of each row. Samples with subsequent recurrences
are annotated with ‘*” symbol. EO1-E10: exons 1-10. Untranslated exons (E1 and E2) are
annotated with “#” symbol. P: Promoter probe. ESR1_ave: average copy number call of all
probes. B. Box plot comparison of ESR1 mRNA expression measured by NanoString
between normal and gain/amplified samples (Wilcoxon rank-sum test). C. Frequency of
ESR1 CN amplifications for the non-recurrence (NR) and recurrence groups (R) (Chi-square
test, one-side, p=0.0468). Numbers show the count of tumors for each group. Amp:

amplification. Del: deletion.
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Figure 2. CCND1, ERBB2, MDM4 and MYC are the most frequently amplified genes in ER
positive primary ILC.

A. Oncoprint visualization of CN amplifications by genes (rows) and samples (columns).
Frequencies of the amplifications are indicated to the left side of each row. Samples with
later recurrence are annotated with “*” symbol. B. Comparison of NanoString mRNA
expression of most frequently amplified genes in the ILC cohort between amplified and non-
amplified samples (Wilcoxon rank-sum test). Amp: amplification.
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Figure 3. Targeting MDM4 in p53-functional breast cancer cell line BCK4 suppresses cell growth

by inducing G0/G1 arrest and apoptosis.

A. Growth curves of BCK4 cells transiently transfected with siMDM4 vs siCTL (two-way
ANOVA, ***p<0.001, n=2). MDM4 transient KD was confirmed by immunoblots shown
top left. B. ShRNA KD in BCK4 cells confirmed by immunoblot. DOX: doxycycline. C.
Representative images from colony formation assays of BCK4 shCTL and shMDM4 cells.
Quantifications of normalized confluency are shown below (data represent the average of
biological triplicates £SD; t-tests, ***p<0.001, n=2). D. Representative FACS figures of cell
cycle analysis of siCTL and siMDM4 after knockdown for 4 days. E. Percentage of cells in
GO/G1 phase in BCK4 siCTL vs siMDM4 after transfection for 4 days (t-tests, data
represent the average of 8 biological replicates from three independent experiments +SD). F.
Apoptosis assay profiles in BCK4 cells transfected with siCTL or siMDM4 after 4 days (p
value by t-test for total apoptotic cells in SiCTL vs sSiMDM4, ***p<0.001, n=3). G. qPCR of
p53 downstream targets in BCK4 cells after MDM4 downregulation (Data represent the
average of biological triplicates £SD; t-tests, **p<0.05, ***p<0.001). H. Immunoblots
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demonstrating induction of p53 target genes in BCK4 cells after MDM4 downregulation by
SiRNA.
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Figure 4. MDM4 promotes cell cycle progression in mutant TP53 breast cancer cell lines.
A. Growth curves of SUm44PE (left) and MM134 (right) cells transiently transfected with

siMDM4 vs siCTL (two-way ANOVA, ***p<0.001, ns: no significance, n=4). MDM4
knockdown was confirmed by immunoblots shown top left. B. sShRNA KD in Sum44PE cells
was confirmed by immunoblot. C. Representative images from colony formation assay in
Sum44PE shCTL and shMDM4 cells. Quantification of normalized confluency are shown
below (data represent the average of biological triplicates +SD; t-tests, ***p<0.001, n=2). D.
Percentage of cells in GO/G1 phase in Sum44PE siCTL vs siMDM4 after transfection for 4
days (t-tests, data represent the average of 6 biological replicates from two independent
experiments £SD). E. Apoptosis assay profiles in Sum44PE cells transfected with siCTL or
siMDM4 after 4 days (p value by t-test for total apoptotic cells in siCTL vs siMDM4,
***n<0.001, n=2). F. Immunoblot validation of constitutive MDM4 overexpression in
MM134 (left) and Sum44PE (right) cells. G. Representative images of MM134 (left) and
Sum44PE (right) cells transfected with EV (empty vector) and OEX (MDM4
overexpresssion plasmid) after 18-days growth in a colony formation assay. H.
Quantifications by area fraction of all the colonies in MM134 (left) and Sum44PE (right) (t-
tests, ***p<0.001, n=2)
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Table 1.

Clinical characterization of ILC primary tumors cohort.

Page 21

Patients without recurrence (N=52)

Patients with recurrence (N=18)

p value

Median age
Pathologic stage
|
1
11
NA
Pathologic grade
Gl
G2
G3
NA
ER (IHC)

Positive

Average ER H-score?

PR (IHC)
positive

negative

Average PR H-score”

HER2 (IHC)
Positive

Negative

60.5

15(28.8%)
27(51.9%)
6(11.5%)
4(7.7%)

11(21.2%)
28(53.8%)
3(5.8%)

10(19.2%)

52(100%)
2376

47(90.4%)
5(9.6)
170.6

2(3.8%)
46(88.5%)

60

1(5.6%)
10(55.5%)
6(33.3%)
1(5.6%)

4(22.2%)
9(50.0%)
2(11.1%)
3(16.7%)

18(100%)
214.1

17(94.4%)
1(5.6%)
112.7

1(5.6%)
16(88.9%)

0.37
0.009

0.77

0.24

>0.99

0.076

>0.99

NA, not available; ER, estrogen receptor; PR, progesterone receptor.

a . . .
41 samples of non-recurrent tumors and 12 samples of later recurrent tumors were available for ER histological scores.

b. . . .
40 samples of non-recurrent tumors and 11 samples of later recurrent tumors were available for PR histological scores.
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