npj | precision oncology Article

Published in partnership with The Hormel Institute, University of Minnesota

https://doi.org/10.1038/s41698-024-00508-x

Genomic and epigenomic basis of breast
invasive lobular carcinomas lacking CDH1
genetic alterations

M| Check for updates

Higinio Dopeso ® '*, Andrea M. Gazzo'°, Fatemeh Derakhshan ® 25, David N. Brown', Pier Selenica’,
Sahar Jalali', Arnaud Da Cruz Paula®3, Antonio Marra® ', Edaise M. da Silva®, Thais Basili',

Laxmi Gusain', Lorraine Colon-Cartagena', Shirin Issa Bhaloo', Hunter Green®, Chad Vanderbilt',
Steffi Oesterreich®, Anne Grabenstetter', M. Gabriela Kuba', Dara Ross', Dilip Giri', Hannah Y. Wen',
Hong Zhang', Edi Brogi', Britta Weigelt', Fresia Pareja® °{ & Jorge S. Reis-Filho'*®

CDH?1 (E-cadherin) bi-allelic inactivation is the hallmark alteration of breast invasive lobular carcinoma
(ILC), resulting in its discohesive phenotype. A subset of ILCs, however, lack CDH1 genetic/epigenetic
inactivation, and their genetic underpinning is unknown. Through clinical targeted sequencing data
reanalysis of 364 primary ILCs, we identified 25 ILCs lacking CDH1 bi-allelic genetic alterations. CDH1
promoter methylation was frequent (63%) in these cases. Targeted sequencing reanalysis revealed 3
ILCs harboring AXIN2 deleterious fusions (n = 2) or loss-of-function mutation (n = 1). Whole-genome
sequencing of 3 cases lacking bi-allelic CDH1 genetic/epigenetic inactivation confirmed the AXIN2
mutation and no other cell-cell adhesion genetic alterations but revealed a new CTNND1 (p120)
deleterious fusion. AXIN2 knock-out in MCF7 cells resulted in lobular-like features, including
increased cellular migration and resistance to anoikis. Taken together, ILCs lacking CDH1 genetic/
epigenetic alterations are driven by inactivating alterations in other cell adhesion genes (CTNND1 or
AXIN2), endorsing a convergent phenotype in ILC.

Invasive lobular carcinoma (ILC) is the second most prevalent histo- or CDHI gene promoter methylation®™. A subset of ILCs, however,

logic subtype of breast cancer, following invasive ductal carcinoma of
no special type (IDC-NST), and accounts for approximately 15% of all
invasive breast cancers"’. The hallmark histologic feature of ILC is the
discohesiveness of its neoplastic cells and the consequent growth
pattern in the form of single cells and single cell files, which most
commonly stem from CDHI biallelic inactivation®. CDHI1 maps to
16q22.1 and encodes for E-cadherin, a protein that plays pivotal roles
in cell-cell adhesion mediating homophilic and homotypic adhesion in
epithelial cells*. Bi-allelic CDH1 inactivation is found in approximately
80% of ILCs*’, in the form of CDH]1 bi-allelic mutations (i.e. a CDHI
pathogenic mutation coupled with loss of heterozygosity (LOH) of the
wild-type allele or a compound heterozygote), homozygous deletions

lack CDH 1 bi-allelic inactivation, despite displaying the typical lobular
phenotype™. Previous studies have suggested that alterations in genes
encoding for proteins that interact with E-cadherin in the cell adhesion
complex, such as a-catenin (CTNNA 1) might be present in those cases’.
The evidence, however, is scant, and the molecular underpinning of the
lobular phenotype in ILCs lacking CDH]I inactivation has yet to be
determined.

We posited that ILCs lacking genetic or epigenetic CDHI alterations
would be driven by inactivation of other genes playing key roles in cell-cell
adhesion. Here, we sought to identify and functionally characterize the
genetic alterations underpinning ILCs lacking genetic or epigenetic altera-
tions affecting CDH1.
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Results

Clinicopathologic and genomic characteristics of primary ILCs
lacking inactivating CDH1 genetic alterations

We conducted a retrospective query of 364 primary ILCs previously sub-
jected to clinical tumor-normal targeted sequencing" seeking to identify
ILCs lacking CDH1 inactivating genetic alterations. Of 364 ILCs, 314/364
(86.3%) harbored CDH1 biallelic genetic alterations, 25/364 (6.9%) had
monoallelic CDH1 genetic inactivation, and 25/364 (6.9%) lacked CDH1
genetic alterations. E-cadherin expression was assessed by immunohis-
tochemistry (IHC) in 245/364 cases revealing that most ILCs displayed loss
of E-cadherin expression (224/245; 91.4%), but also aberrant (12/245; 4.9%),
decreased (8/245; 3.3%) and retained E-cadherin expression was observed
(1/245; 0.4%; Supplementary Table S1). Notably, aberrant E-cadherin
expression was found at a comparable rate (P =0.52; Fisher’s exact test)
across ILCs according to their CDH1 status (Supplementary Table S1).

The 25 primary ILCs lacking CDHI inactivating genetic alterations
included 14/25 classic ILCs (56%), 10/25 pleomorphic ILCs (40%), and one
(1/25,4%) trabecular ILC (Fig. 1a). Of these, 60% (15/25) and 40% (10/25) of
cases were of histologic grades 2 and 3, respectively (Fig. 1a). Most (21/25;
84%) ILCs lacking CDHI inactivating genetic alterations were estrogen
receptor (ER)-positive/HER2-negative, three cases (3/25; 12%) were ER-
positive/HER2-positive, and one case (1/25; 4%) was ER-negative/HER2-
negative. Lobular carcinoma in situ (LCIS) and ductal carcinoma in situ
(DCIS) were identified in 18/25 (72%) and 4/25 (16%) of cases, respectively.
Notably, in the four cases in which DCIS was present, LCIS was also
identified (Fig. 1a).

The most frequently altered genes in the cohort of ILCs lacking CDH1
inactivating genetic alterations were PIK3CA (10/25; 40%), affected by
hotspot mutations (H1047R, n=4; E542K, n=3; E545K, n=1; G118D,
n=1; M1043L, n = 1;N345K, n = 1;R88Q, n = 1), including two cases with 2
PIK3CA mutations, each, and TP53 (5/25; 20%; Fig. 1a). Other genes found
to be frequently altered in these cases were ERBB2 (4/25; 16%), AXIN2,
CCNDI, PAK1, PTEN, RUNXI and KMT2C (3/25; 12%, each; Fig. la).
Mutational signatures were inferred in those cases (15/25) with > 5 single
base substitutions (SBSs). Akin to previous observations in CDHI-mutant
ILCs®, most cases (7/15; 53%) displayed dominant APOBEC or a clock-like/
aging (4/15; 27%) mutational signatures (Fig. la). Lastly, we sought to
compare the repertoire of somatic oncogenic/likely oncogenic genetic
alterations between ILCs lacking CDHI inactivating genetic inactivation
and ILCs harboring biallelic CDH] inactivating genetic alterations. Besides
CDH1, our analyses revealed no statistically significant differences between
the two groups (Supplementary Fig. 1a). In addition, we found a comparable
tumor mutation burden (TMB; P = 0.07; Mann-Whitney U test) and levels
of chromosomal instability as inferred by the fraction of genome altered
(FGA; P=0.12; Mann-Whitney U test) between the two groups (Supple-
mentary Figs. 1b, c).

CDH1 promoter methylation in ILCs lacking CDH1 inactivating
genetic alterations

To determine whether the lobular phenotype in ILCs lacking CDH1 inac-
tivating genetic alterations would be caused by epigenetic inactivation of this
gene, we conducted the assessment of CDHI promoter methylation status
by methylation-specific PCR (MSP) and/or digital droplet PCR (ddPCR) in
all cases with available formalin-fixed paraffin-embedded (FFPE) material
(n=16; see Methods). These analyses revealed that 10/16 (62.5%) cases
displayed CDH1 promoter methylation, whereas 6/16 (37.5%) did not
(Fig. 1a—c). Notably, all but one (9/10) of the cases showing CDH1 promoter
methylation displayed concomitant 16q loss, along with complete loss of
E-cadherin expression by THC, suggesting that both alleles of CDHI were
inactivated in these cases (Fig. 1a). Of note, one (1/10) case (CDW19)
harbored CDHI gene promoter methylation without associated 16q loss,
and displayed decreased but not completely absent, E-cadherin expression
by IHC (Fig. 1a). Three of 6 cases without CDHI gene promoter methylation
showed complete loss of E-cadherin expression by IHC, while the other 3
cases displayed aberrant (n=1), decreased (n=1) or retained (n=1)

E-cadherin expression (Fig. la). Notably, 6/10 cases displaying CDH1
promoter methylation corresponded to classic ILCs, whereas most (4/6) of
the ILCs lacking CDHI promoter methylation corresponded to ILC var-
iants, including two pleomorphic ILCs, one of which also displayed apocrine
features, a trabecular ILC and a classic/ alveolar ILC (Fig. 1a and Figs. 2-4).

No statistically significant differences in terms of histologic subtype or
frequency of somatic genetic alterations between cases displaying CDH1
gene promoter methylation (n=10) and those with a non-methylated
CDH]1 promoter (n = 6) were observed (Fig. 1a). Notably, no differences in
the mutational frequency in TP53, whose expression has been associated to
CDHI promoter methylation in non-lobular tumors'"", were detected
between the two groups (Fig. 1a). Given the low number of cases in this
comparison, however, these negative results should be interpreted with
caution, as type II or B errors cannot be excluded.

We sought to determine the presence of genetic alterations in genes
playing pivotal roles in cell adhesion in cases lacking CDHI genetic or
epigenetic alterations. The reanalysis of MSK-IMPACT targeted sequencing
data revealed three cases (CDW21, CDW29 and CDW30) with inactivating
genetic alterations affecting AXINZ that encodes for a multifaceted protein
playing key roles in cell adhesion and differentiation". CDW21 was a tra-
becular ILC displaying reduced E-cadherin expression which harbored a
loss-of-function mutation affecting AXIN2 (Fig. 1a). Case CDW29 was a
classic ILC harboring a PLXDCI-AXIN2 fusion gene resulting in the dele-
tion of exons 3-13 of AXIN2 with loss of the DIX domain, and the § catenin-
and GSK3 B- interacting domains, as well as truncation of the regulator of G
protein signaling (RGS) domain (Fig. 1d, e). Case CDW30 was a pleo-
morphic ILC harboring an inversion focal inversion in the long arm of
chromosome 17 with breakpoints in exon 5 of AXIN2 and an intergenic
region in 17, resulting in truncation of AXINZ in exon 5 with ensuing the
loss of the DIX and f catenin binding domains and truncation of the GSK3 {3
interacting domain (Fig. 1f, g). No material was available for cases COW29
and CDW30 and CDHI promoter methylation assessment was not con-
ducted. No LOH of the wild-type allele was observed in any of the three ILCs
with inactivating AXIN2 alterations. Haploinsufficiency of AXINZ2 has been
well documented, however'*™°.

New molecular mechanisms underpinning the lobular phenotype
identified by whole-genome sequencing

We posited that ILCs lacking CDH1 genetic or epigenetic alterations could
be underpinned by the inactivation of genes involved in the cell-cell adhe-
sion and/or by structural rearrangements not captured by targeted
sequencing. To determine the molecular basis of their lobular phenotype, we
subjected three cases to whole-genome sequencing (WGS), including two
ILCs lacking genetic or epigenetic CDH1 alterations (cases CDW20 and
CDW?21) and case CDW 19, which showed CDHI promoter methylation in
the absence of 16q loss (Fig. 1a).

Case CDW20 corresponded to a grade 2 classic ILC with focal alveolar
growth, showing complete loss of E-cadherin expression and displaying
cytoplasmic expression of p120 by IHC (Fig. 2a—c). WGS revealed no
mutations in cell-cell adhesion genes. A clock-like/aging SBS mutational
signature, along with an indel signature ID14, of cryptic origin was identified
(Fig. 2d-g). Structural variant analysis revealed a translocation t(3;11)
predicted to result in a deleterious fusion gene affecting CTNNDI, which
encodes for p120 (Fig. 2h), validated by reverse transcription-polymerase
chain reaction (RT-PCR; see Methods) This translocation was predicted to
result in the fusion of intron 11 of CTNNDI with exon 2 of DENNDGA,
resulting in the loss of exons 12 to 20 of CTNNDI, which encode for key
armadillo repeat domains, essential for the function of p120 and stabiliza-
tion of the CDH1 complex”, which constitutes the likeliest basis for the
lobular phenotype in this case. No LOH of the wild-type allele of CTNNDI
was observed; this gene, however, is known to be happloinsufﬁcient‘s.

Case CDW19 corresponded to grade 3 pleomorphic ILC showing
reduced, although not completely absent, expression of E-Cadherin, as well
as membranous and cytoplasmatic expression of p120 (Fig. 3a—c). These
findings are in line with the observation of CDHI gene promoter
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methylation without concurrent 16q loss (Fig. 1a). WGS analyses did not
reveal mutations in cell adhesion genes in this case and showed aging/clock-
like SBS mutational signature and an ID9 (cryptic origin) indel mutational
signature (Fig. 3f, g). The most parsimonious cause for the lobular pheno-
type in this case is that promoter methylation affected one allele of CDHI,
while the other allele was not affected genetically or epigenetically, resulting
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in partial reduction, but not complete loss, of E-cadherin expression (Fig. 1a;
Fig. 3a—c).

Case CDW?21 corresponded to a trabecular ILC of histologic grade 2
displaying markedly reduced expression of E-Cadherin, along with cyto-
plasmic p120 expression (Fig. 4a—c). WGS analysis validated the presence of
the clonal W78* mutation affecting AXIN2, expected to result in a truncated
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Fig. 1 | Somatic genetic alterations and CDH1 promoter methylation in invasive
lobular carcinomas lacking CDH1 genetic alterations. a Nonsynonymous muta-
tions and copy number alterations in ILCs lacking CDH1 genetic alterations. Cases
are shown in columns and genes in rows. ILC histologic subtype, histologic grade,
estrogen receptor (ER) and HER?2 status, chromosome 16q loss, CDHI promoter
methylation, E-cadherin expression by immunohistochemistry, mutational sig-
nature as per SigMA, and the presence of lobular carcinoma in situ (LCIS) and/or
ductal carcinoma in situ (DCIS) are shown in phenobars (top). b, ¢ Representative
2D-matrix depicting methylated (Met) and unmethylated (Unmet) DNA droplets
following CDHI promoter methylation assessment by digital droplet PCR (ddPCR).
FAM probe intensity (Met) is depicted on the y-axis; HEX probe intensity (Unmet) is
depicted in the x-axis. Blue (Met), orange (Met + Unmet), green (Unmet) and grey

(empty). b Case CDW28 displays CDHI gene promoter methylation, and ¢ case
CDW3 harbors a non-methylated CDHI promoter. d Representative Hematoxylin
and Eosin (H&E) micrograph of case CDW29 e Schematic representation of the
PLXDCI-AXIN?Z fusion gene detected in case CDW29. Promoter, 3’'UTR, 5’UTR,
exons and protein domains are shown. Vertical dashed lines represent the genomic
breakpoints. f Representative H&E micrograph of case CDW30. g Schematic
representation a focal inversion in case CDW30. Promoter, 3’'UTR, 5’UTR, exons
and protein domains are shown. Vertical dashed lines represent the genomic
breakpoints. B cat p catenin-binding motif, DIX DIX domain, GSK3f
GSK3p-binding domain, PSI plexin repeat, RGS regulator of G protein signaling
domain, TNKS tankyrase binding domain.

protein product, identified by targeted sequencing, and showed no genetic
alterations in other cell-cell adhesion genes. No LOH of the wild-type allele
of AXINZ2 was observed; haploinsufficiency, however, is a well-documented
phenomenon for this gene'* . In addition, a BRCA2 Q2506Sfs*21 somatic
mutation associated to LOH (Fig. 4d, e) was detected, and this case displayed
a dominant SBS homologous recombination (HR) DNA repair deficiency
(HRD) mutational signature, a dominant ID6 (HRD) indel mutational
signature, with enrichment in deletions with microhomology (Fig. 4f, g), an
HRDetect score of 0.99, consistent with HRD (Fig. 4h). Taken together, case
CDW?21 corresponds to an HR-deficient ILC, whose lobular phenotype was
likely driven by the loss-of-function of AXINZ.

Loss of AXIN2 results in the acquisition of lobular-like features in
ER-positive breast cancer cell models

Given the identification of a loss-of-function (LOF) mutation and deleter-
ious structural variants affecting AXIN2 in ILCs lacking CDH1 genetic and/
or epigenetic alterations and without evidence of LOF mutations in other
cell adhesion genes, as well as the evidence linking AXINZ inactivation to cell
adhesion, we sought to determine whether functional inactivation of this
gene would result in the acquisition of lobular-like features in biologically
relevant cell models. We employed the luminal A, ER-positive/HER2-
negative breast cancer cell line MCF7, which retains E-cadherin
expression'’, and that expresses higher levels of AXIN2 compared to other
ER-positive/HER2-negative breast cancer cells, such as CAMA1 and T47D
(Supplementary Fig. S2). To determine whether AXIN2 LOF would result in
the acquisition of lobular-like features, we knocked-out (KO) AXIN2 in
MCEF?7 cells using three single guide RNAs (sgRNAs). Out of the 3 sgRNAs
tested, sgRNA2 that targeted exon 2 of this gene, was the most efficient, with
99.5% of the DNA sequenced found to be mutated, and 94.5% of the
mutations being frameshifting, as assessed by CRISPR-sequencing, and
validated by Sanger sequencing (Supplementary Figs. S3a-S3b). Consistent
with these observations, AXIN2 expression was reduced by approximately
70-80% in AXIN2-KO MCEF?7 cells compared to non-target (NT) control
cells, as assessed by RT-PCR (Fig. 5a).

We then sought to determine whether MCF7 cells in which AXIN2 had
been knocked-out would acquire lobular-like features. Whilst no differences
in cell viability were observed in adherent conditions, in low attachment
(suspension) conditions, as compared to NT controls, AXIN2-KO cells
showed increased cell growth and increased viability after being reseeded in
adherent conditions following 72 hours of cell culture in low attachment
conditions (Fig. 5b, c and Supplementary Fig. S4). These findings were akin
to our observations upon transient silencing of CDHI in MCF7 cells, which
resulted in increased cell viability in low attachment conditions, and
increased cell viability following reseeding in adherent conditions after
culture in low attachment conditions for 72 hours (Supplementary Figs.
S5a-S5c¢). These findings are consistent with the notion that AXIN2 LOF
results in resistance to anoikis, a cardinal biologic feature of ILC***.
Moreover, a wound healing assay revealed increased cellular migration in
AXIN2-KO MCEF7 cells compared to NT controls (Fig. 5d), akin to our
observations upon silencing of CDH1 (Supplementary Fig. S5d).

Although we did not observe differences in number, size, or mor-
phology between AXIN2-KO and NT control MCF?7 cells grown in 3D cell

culture, AXIN2-KO MCF?7 3D structures displayed decreased E-cadherin
expression compared to N'T controls (Fig. 5e and Supplementary Fig. $6). In
line with these findings, we observed reduced E-cadherin cell surface
expression in AXIN2-KO cells, compared to NT controls, by flow cytometry
analyses (Fig. 5f), despite the comparable CDHI mRNA expression levels in
AXIN2-KO and NT control cells (Fig. 5a). Notably, CTNNDI (p120)
mRNA expression was found to be comparable between AXIN2-KO and
NT control MCF-7 cells, and between cells in which AXIN2 had been
transiently silenced with siRNAs compared to siRNA control (Supple-
mentary Fig. S7a). Moreover, no differences in p120 protein levels were
detected in AXIN2-KO cells compared to NT control cells (Supplementary
Fig. S7b).

Discussion

CDHI1 LOF and the ILC phenotype represent a strong genotypic-
phenotypic correlation in breast cancer. Approximately 80% of ILCs har-
bor bi-allelic CDHI genetic inactivation; however, bi-allelic alterations of
this gene are detected in <1% of other forms of invasive breast cancer. The
basis for the lobular phenotype in the remaining cases, however, is largely
unknown. In this study, we observed that a significant proportion (63%) of
ILCs lacking CDHI genetic alterations display bi-allelic inactivation of this
gene via CDHI gene promoter methylation associated with 16q loss. It has
been previously reported that CDHI promoter methylation is infrequent in
ILCs™. Here we observe, however, that among CDH1 wild-type ILCs, CDH1
promoter methylation is prevalent. We identified one pleomorphic ILC
displaying CDH1 promoter methylation in the absence of concurrent 16q
loss; this case showed partial reduction of E-cadherin expression, along with
p120 cytoplasmic and membranous expression, in contrast the ILCs dis-
playing CDH1 promoter methylation associated with 16q loss that displayed
a complete loss of E-cadherin expression. It is possible that mono-allelic
inactivation of CDHI, such as observed in this case, occurs in a subset of
ILCs, and results in an incomplete lobular phenotype.

Mutational signatures analysis revealed that in CDHI wild-type ILCs,
akin to CDH1-altered ILCs®, the APOBEC mutagenesis process, as defined
by the APOBEC mutational signature is a common biological phenomenon.
APOBEC mutagenesis has been shown to be associated with activity of the
APOBEC family of cytidine deaminases™”, hypermutation and drug
resistance”. HRD analysis using WGS data and HRDetect and mutational
signature analysis revealed bi-allelic BRCA2 inactivation and HR-deficiency
in an ILC lacking CDHI genetic/epigenetic inactivation. These findings
suggest that HRD might be operative in a subset of ILCs and are in line with
a reported association between BRCA2 germline variants and ILC™.

Reanalysis of MSK-IMPACT data revealed the presence of deleterious
fusion genes and a truncating mutation affecting AXIN2, which plays
essential roles in various intracellular pathways as Wnt, TGFp and Hippo
pathway that regulate different biological processes, including cell adhesion,
survival and differentiation”’. WGS analysis of ILCs lacking CDHI genetic
or epigenetic inactivation not only confirmed the AXIN2 pathogenic
mutation, but also ruled out the presence of germline or somatic
genetic alterations affecting cell adhesion genes in this case. We observed
that AXIN2 depletion in biologically relevant in vitro cell models
resulted in increased cellular migration, as well as increased ability to grow in
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Fig. 2 | Deleterious fusion gene affecting CTNND] in invasive lobular carcinoma
detected by whole-genome sequencing. a-c Representative a hematoxylin-and-
eosin (H&E) micrographs, and micrographs depicting b E-cadherin expression and
(c) p120 expression by immunohistochemistry of case CDW20. Scale bars, 100 pum.
d Circos plot summarizing the whole-genome sequencing (WGS) findings of case
CDW?20 (top); in the circos plots, from outside to inside inter-variant distance and
type of single base substitution (SBS), indels, copy number alterations and structural
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variants. Rearrangements (middle) and deletions and insertions (bottorn) are shown.
e Heatmap showing the non-synonymous somatic mutations and corresponding
cancer cell fraction (CCF) identified in CDW20 by WGS. (f) SBS and (g) indel
mutational signatures detected by Signal. h Schematic representation of the
CTNNDI-DENNDGA fusion gene identified in case CDW20 by WGS. Vertical
dashed lines represent the genomic breakpoints in chromosomes 11 and 3.

non-adherent conditions, hallmark features of ILC, characterized by
anchorage independent growth, anoikis resistance and a discohesive growth
pattern®>***>*!, Although resistance to anoikis is not exclusively linked to a
lobular phenotype, it plays key roles in the induction of anchorage inde-
pendence in ILC, as reported in mouse models in which TP53 and CDH1
inactivation resulted in primary and metastatic ILC**”. These findings
suggest that AXIN2 depletion might underpin the lobular phenotype in a
subset of ILCs. The WGS analysis also led to the identification of another

likely alternative mechanism for the lobular phenotype, including a dele-
terious fusion affecting CTNNDI (p120), a protein that directly interacts
with E-cadherin. These findings support the notion that the molecular
mechanisms underpinning ILC involve the disruption of the cell-cell
adhesion machinery through various converging mechanisms.

Our study has important limitations, such as the limited number of
cases lacking CDH1 genetic or epigenetic alterations subjected to WGS,
and the fact that epigenetic alterations in other cell adhesion genes
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Fig. 3 | Invasive lobular carcinoma lacking CDH1
alterations and showing CDH1 promoter methy-
lation without 16q loss. a Representative
hematoxylin-and-eosin (H&E) micrographs, and
micrographs depicting b E-cadherin expression and
¢ p120 expression of case CDW19 by immunobhis-
tochemistry. Scale bars, 100 um. d Circos plot
summarizing the whole-genome sequencing (WGS)
findings of case CDW20; in the circos plots, from
outside to inside inter-variant distance and type of
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somatic mutations and corresponding cancer cell °T>G
fraction (CCF) identified in case CDW19 by WGS.
f SBS and (g) indel mutational signatures as detected
by Signal. E
=
o)
o
Mutation type Cancer Cell Fraction
M Missense Splice-site W 60% < CCF < 80%
™ Truncating M Stop lost W 80% < CCF < 100%
Gain = Frame-shift indel Clonal
f
) 45emCoA . GG c>T T>A T>C T>G
Complex ins I €40 Dominant SBS sig: Aging
Del other [ 83
Del repeat |l s %g
Del m-hom | 8 51 |||| | |
g -
0 2 4 6 = 8‘.&“ LRI ||
Deletions and insertions (n=17)
Tandem dup | 9 1bpdel  1bpins 1bp delatrep (length) 1 bp ins atrep (length) MH length
. D T e W S — ey S— Y -
Deletions [l S ;? Dominant indel sig: ID9
Inversions [l PN
Translocations | g
c
0 20 40 60 80 100 = ook

Rearrangements (n=136)

besides CDHI were not interrogated. Further studies investigating in a
more comprehensive manner the epigenome of ILCs lacking genomic or
epigenomic CDHI bi-allelic inactivation are warranted. Moreover,
protein expression analysis in cases with AXIN2 alterations could not be
conducted, largely due to the unavailability of material. Evaluation of
AXIN2 expression in cases harboring inactivating AXIN2 genetic
alterations is warranted.

Our study indicates that the lobular phenotype in ILCs lacking
CDHI genetic or epigenetic alterations might be driven by genetic
alterations affecting alternative drivers pertaining to epithelial cell-cell
adhesion. These findings support the notion that ILCs constitute a
convergent phenotype, driven by disruption of the cell-cell adhesion
complex, through different molecular mechanisms. The systematic
analysis of a larger cohort of ILCs lacking genetic and epigenetic CDH1
inactivation is warranted.

Methods

Study cases and histopathologic assessment of cases

This study was approved by the Institutional Review Board (IRB) of
Memorial Sloan Kettering Cancer Center (MSK). This study is in
compliance with the Declaration of Helsinki. Written informed consent
was obtained according to IRB protocols. We investigated the presence
of inactivating CDH1 genetic alterations through the reanalysis of tar-
geted sequencing data corresponding to 364 primary ILCs that had been
previously subjected to clinical paired tumor/normal targeted sequen-
cing using the FDA-authorized MSK-IMPACT assay'’, to identify cases
lacking CDHI1 bi-allelic genetic alterations. Histopathologic review of
ILCs lacking CDH1 bi-allelic genetic inactivation was conducted by six
pathologists with expertise in breast pathology (FD, LCC, DG, HZ, FP

and JSR-F) following the criteria put forward by the World Health
Organization (WHO)”. Cases were graded following the Nottingham
grading system™. Estrogen receptor (ER) and HER2 status were
retrieved from the medical charts.

Immunohistochemical analysis

E-cadherin expression was assessed by IHC in all cases with available
FFPE material and p120 expression was assessed by IHC in a subset of
cases. IHC staining for E-cadherin (clone 36, Ventana, Tucson, AZ) and/
or p120 (clone 98, Ventana) was conducted with appropriate positive
and negative controls included in each slide run, with antibody solutions
ready to use. Expression and localization of E-cadherin and p120 was
reviewed by two pathologists (FD and FP). E-cadherin expression was
categorized as negative, retained, aberrant or reduced, as per Da Silva
et al.” and Choi et al®®. Expression of E-cadherin was considered aber-
rant if reactivity was discontinuous membranous, cytoplasmic and/or
dot/like/granular. E-cadherin expression was considered decreased if
membranous reactivity was reduced, compared to surrounding normal
epithelium.

DNA extraction

Tumor and normal tissue blocks were retrieved from the MSK Pathology
archives. Ten to 15 eight-um-thick representative formalin fixed
paraffin-embedded (FFPE) tumor and matching normal tissue sections
were stained with nuclear fast red and microdissected using a sterile
needle under a stereomicroscope (Olympus SZ61) to ensure a tumor
content >70%, as previously described”’. Genomic DNA was extracted
using the DNeasy Blood and Tissue Kit (Qiagen) according to manu-
facturers’ instructions™.
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Fig. 4 | AXIN2 inactivating mutation in invasive a
lobular carcinoma lacking CDH1 genetic/ epige-

netic alterations. a Representative hematoxylin-
and-eosin (H&E) micrographs, and micrographs
depicting b E-cadherin expression, and ¢ p120
expression by immunohistochemistry of case

CDW.21. Scale bars, 100 pm. d Circos plot sum-
marizing whole-genome sequencing (WGS) find-

ings of case CDW21 (top); in the circos plots, from
outside to inside inter-variant distance and type of d
single base substitution (SBS), indels, copy number
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CDH1 promoter methylation assessment by methylation-
specific PCR

Tumor derived genomic DNA (50-250 ng) of samples with available
FFPE material was subjected to bisulfite conversion using the EZ
DNA Methylation-Lightning Kit (Zymo Research; Irvine, CA), fol-
lowing the manufacturers’ instructions”. Methylation-specific PCR
(MSP) was conducted to assess the promoter methylation status of
CDHI. The following primers were used for amplification of a frag-
ment corresponding to the CDHI methylated sequence: forward, 5’-
TTAGGTTAGAGGGTTATCGCGT-3" and reverse, 5-TAAC-
TAAAAATTCACCTACCGAC-3/; and the forward primer, 5'-
TAATTTTAGGTTAGAGGGTTATTGT-3’ and reverse primer, 5'-
CACAACCAATCAACAACACA-3’ were used for the amplification
of a fragment corresponding to the CDHI unmethylated sequence, as
in Herman et al*’. The PCR reaction was conducted using Platinum
Taq High Fidelity DNA polymerase (ThermoFisher Scientific, Wal-
tham, MA) with 40 cycles of denaturation at 94 °C for 15 seconds,
annealing at 60 °C for 30 seconds and extension at 72 °C for 1 minute,
following the manufacturers’ instructions.

CDH1 promoter methylation assessment by digital droplet PCR
The methylation status of two CpG islands in the CDHI promoter was
assessed by ddPCR. Optimization was done with known positive controls
Universal Unmethylated DNA (Millipore, Burlington, MA) and CpG
Methylated DNA (ThermoFisher, Waltham, MA). Following PicoGreen
quantification, 0.2-9 ng of bisulfite-treated DN A was combined with locus-
specific primers (Supplementary Table S2), FAM- and HEX-labeled probes,
Haelll, and digital PCR Supermix for probes (no dUTP). All reactions were
performed on a QX200 ddPCR system (Bio-Rad catalog # 1864001) and
each sample was evaluated using technical duplicates. Reactions were
divided into an average of ~41 K droplets per well using the QX200 droplet
generator. Emulsified PCRs were run on a 96-well thermal cycler using
cycling conditions defined during the optimization step (95 °C 10’; 50 cycles
0f 94°C 60’ and 54 °C 2’; 98 °C 10’).

Plates were read and analyzed using the QuantaSoft software to assess
the number of droplets positive for CDHI methylated, unmethylated,
both, or neither. Samples with <300 methylated 4+ unmethylated droplets
were considered nonevaluable. Methylation Frequency (MF)=100 *
Methylated /(Methylated 4+ Unmethylated) and those cases with an
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Fig. 5 | AXIN2 loss-of-function results in the acquisition of lobular-like features
in breast cancer cell models. a Quantitative assessment of AXIN2 and CDHI mRNA
expression in AXIN2-knock out (KO) and non-target (NT) control MCF?7 cells by
RT-PCR. Expression levels were normalized to GAPDH expression, and compar-
isons of mRNA expression levels were performed relative to NT control cells.

b Number of AXIN2-KO and NT control MCF?7 cells cultured in adherent and non-
adherent (suspension) conditions for 48 hours. ¢ Cell viability assay of NT control
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healing assay of AXIN2 KO and NT control MCF?7 cells. Wound area was assessed at
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cation (right) are shown. Scale bar, 500 um. e Representative confocal micrographs
of E-cadherin expression by immunofluorescence analysis of AXIN2-KO and NT
control MCF7 3D cell models (left). E-cadherin (green) and 4-6-diamidino-2-
phenylindole (DAPI, blue). Scale bars, 50 pm. Quantification of E-cadherin average
intensity (right). f Representative flow cytometry analysis histograms of cell surface
E-cadherin expression in NT control (left) and AXIN2-KO (right) MCF7 cells. Data
are representative of at least three independent experiments. Student’s t-test; ***,
P <0.001; *, P <0.05; n.s., nonsignificant.

MF >2.25 for probe 1 and/or probe 2 were considered methylated by
ddPCR. Samples were considered methylated if evidence of CDHI gene
promoter methylation was observed by either of the two methods used
(i.e. MSP and/or ddCPR).

CRISPR-Cas9 AXIN2 knockout

Three sgRNAs against AXIN2 were designed using CRISPick (Broad
Institute, Cambridge, MA) shown in Supplementary Table S3. Presence of
mutations introduced by CRISPR gene editing were assessed by Sanger
sequencing with the primers indicated in Supplementary Table S4.

The sgRNAs were cloned in LentiCRISPR-v2 (Addgene #52961) and
MCF?7 cells were transduced with lentiviral particles produced at MSK Gene
Editing & Screening Core Facility and then subjected to selection for 14 days
with puromycin (2 ug/ml; ThermoFisher Scientific; Waltham, MA). NT
sgRNAs were used as controls. The mutations introduced by CRISPR-Cas9

gene editing were confirmed by CRISPR-sequencing and Sanger sequencing
(Supplementary Fig. S3).

qRT-PCR

Total RNA was reverse-transcribed into cDNA using SuperScript VILO
Master Mix (ThermoFisher Scientific), according to the manufacturers’
instructions. Quantitative TagMan RT-PCR for AXIN2 (Hs01063170_m1)
and CDHI (Hs01023895_m1 or Hs01023894_m1) was performed using
QuantStudio3 (Applied Biosystems; ThermoFisher Scientific). Expression
data were normalized to GAPDH (Hs02786624), as previously described*'.

Scratch wound healing assay

Cells were seeded in 24-well plates at ~90% confluence. Twenty-four hours
later a scratch was made across the center of the well with a pipette tip.
Phase-contrast images were obtained immediately (0 h), and 24 h and 48 h
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later using an EVOS XL Core Microscope (ThermoFisher Scientific). The
percentage of wound closure was defined using Image], as previously
described”'. Experiments were performed in triplicates in at least 3 inde-
pendent experiments.

Cell growth in low attachment

To assess cell viability in low attachment conditions, 250,000 MCF-7 cells
were seeded in 6-well low attachment plates (Corning, NY, USA). Forty-
eight hours later, cell viability was assessed using trypan-blue staining. Non-
viable cells were excluded and living cells were quantified using an automatic
counter (Countless II, ThermoFisher, Waltham, MA, USA). Cells were
reseeded in 96 well plates and cell viability was assessed 72 hours later using
the CellTiter-Blue Assay (Promega), as described”. Absorbance was
detected (560 nm excitation and 590 nm emission) using a Victor X4
Multimode Plate Reader (PerkinElmer, Hopkinton, MA, USA). Experi-
ments were performed in triplicates in at least 3 independent experiments.

Three-dimensional cell culture and immunofluorescence
Coverslip chambered slide wells (Ibidi # 80826) were coated with growth
factor reduced (GFR) basement membrane matrigel matrix (100 pL;
Corning # 356231) as previously described*. 3,000-5,000 MCF7 cells were
resuspended in 200 pL of assay media (with 2% Matrigel) and plated on top
of the Matrigel coat. Fresh assay media was replenished every 3 days and
cells were cultured for 21 days. MCF?7 cells grown on 3D Matrigel culture
were fixed with 4% formaldehyde (ThermoFisher Scientific) and incubated
with 10% normal Goat Serum (Vector Laboratories, Burlingame, CA, USA
#5-1000)"".

E-cadherin expression was assessed using an antibody labeled with
Alexa-488 (E-Cadherin (#3199) Cell signaling, MA, USA; dilution 1:200).
DAPI (Abcam # ab228549) was used as nuclear counterstaining. Fluor-
escent images were acquired using a TCS SP5 inverted confocal microscope
(Leica Microsystems, Buffalo Grove, IL, USA), as described previously’”*"**.
No post-acquisition processing was performed, besides minor adjustments
of brightness and contrast, applied equally to all images. Image]J software
was used to assess E-cadherin expression in at least five representative
images per condition.

Whole-genome sequencing

Tumor and normal DNA derived from microdissected FFPE samples
of three ILCs lacking CDH1 bi-allelic genetic or epigenetic inactiva-
tion by targeted sequencing and CDHI gene promoter assessment
were subjected to WGS at the MSK Integrated Genomics Operations
(IGO) using validated protocols, as described***. WGS was con-
ducted with a mean sequencing coverage depth of 63x and 37x from
tumor and normal samples genome-wide, respectively. Sequence
reads were aligned to the reference human genome GRCh37/hg19
using the Burrows-Wheeler Aligner (BWA v0.7.15).” MuTect
(v1.0)* was used for the detection of somatic single nucleotide var-
iants (SN'Vs), whereas insertion and deletions (indels) were detected
using Strelka (v2.0.15)," VarScan2 (v2.3.7),* Platypus (v0.8.1)* and
Scalpel (v0.5.3). FACETS®' was used for the determination of copy
number alterations and loss of heterozygosity of the wild-type allele
(LOH). The cancer cell fraction (CCF) of each mutation was inferred
using ABSOLUTE.”” Mutations were considered clonal when their
probability of being clonal was >50%" or if the 95% confidence
interval lower bound of its CCF was >90%“*". Single base substitution
(SBS) and indel mutational signatures (COSMIC v.3.1) were inferred
using and Signal®® and Sigprofiler’” using the SigProfilerExtractor
Package, respectively. Structural variants (SVs) were determined
using the combination of Manta,” SVABA,” and GRIDSS2%, as
previously described.”’ SVs were combined based on the SV type,
strand and constraining the genomic coordinates of breakpoint to 0.5
kbp. The signature.tools.lib R package™ was used for the generation of
circos plots depicting SV calls, SNVs, indels and copy number

alterations. HRD was assessed using HRDetect®'.

Reverse transcription PCR (RT-PCR) for fusion gene validation
RNA was reverse-transcribed to cDNA using SuperScript VILO Master Mix
(Life Technologies; Thermo Fisher Scientific), following manufacturers’
instructions. PCR amplification of 10 ng of cDNA was conducted using a
primer sets designed based in the predicted fusion gene (forward primer:
ACAATACTGGGCCACATGCT; reverse primer: ccagaggacgatgaagagga)
as previously described”'. PCR fragments were running in agarose electro-
phoresis to confirm amplification.

Comparison of repertoire of genetic alterations in ILC according
to CDH1 status

We compared the TMB, FGA and frequency of oncogenic/likely oncogenic
somatic genetic alterations in ILCs lacking CDHI genetic alterations and
ILCs harboring biallelic genetic inactivation of CDHI as identified by tar-
geted sequencing using MSK-IMPACT. To compare the frequency of
somatic genetic alterations, we used the two-tailed Fisher’s exact test. We
performed multiple testing correction using the Benjamini-Hochberg
procedure to control for false discovery rate. TMB and FGA were compared
using the Mann-Whitney U test.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

Somatic mutations, copy number alterations and structural variants iden-
tified by targeted sequencing are available on cBioPortal (https://www.
cbioportal.org/study/summary?id=ilc_msk_2023).
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