
ORIGINAL ARTICLE

Loss of function of NF1 is a mechanism of acquired
resistance to endocrine therapy in lobular breast
cancer

E. S. Sokol1*, Y. X. Feng2, D. X. Jin1,2, A. Basudan3,4, A. V. Lee3,5, J. M. Atkinson3,5, J. Chen3,5, P. J. Stephens1,
G. M. Frampton1, P. B. Gupta2, J. S. Ross1,6, J. H. Chung1, S. Oesterreich3,5, S. M. Ali1† & R. J. Hartmaier1†

1Foundation Medicine Inc., Cambridge; 2Department of Biology, Massachusetts Institute of Technology, Cambridge; 3University of Pittsburgh, Pittsburgh;
4Womens Cancer Research Center, Department of Genetics, University of Pittsburgh, UPMC Hillman Cancer Center, Pittsburgh; 5Womens Cancer Research Center,
Department of Pharmacology and Chemical Biology, University of Pittsburgh, UPMC Hillman Cancer Center, Pittsburgh; 6Upstate Medical University, Syracuse, USA

*Correspondence to: Dr Ethan S. Sokol, Foundation Medicine Inc., 150 Second Street, Cambridge, MA 02141, USA. Tel: þ1-617-418-2200; Fax: þ1-617-418-2201;
E-mail: esokol@foundationmedicine.com

†Both authors contributed equally to this work.

Note: This study was previously presented in part at SABCS 2017 as Highlighted Presentation # PD8-05.

Background: Invasive lobular carcinoma (ILC) as a disease entity distinct from invasive ductal carcinoma (IDC) has merited
focused studies of the genomic landscape, but those to date are largely limited to the assessment of early-stage cancers. Given
that genomic alterations develop as acquired resistance to endocrine therapy, studies on refractory ILC are needed.

Patients and methods: Tissue from 336 primary-enriched, breast-biopsied ILC and 485 estrogen receptor (ER)-positive IDC
and metastatic biopsy specimens from 180 ILC and 191 ER-positive IDC patients was assayed with hybrid-capture-based
comprehensive genomic profiling for short variant, indel, copy number variants, and rearrangements in up to 395 cancer-
related genes.

Results: Whereas ESR1 alterations are enriched in the metastases of both ILC and IDC compared with breast specimens, NF1
alterations are enriched only in ILC metastases (mILC). NF1 alterations are predominantly under loss of heterozygosity (11/14,
79%), are mutually exclusive with ESR1 mutations [odds ratio¼ 0.24, P< 0.027] and are frequently polyclonal in ctDNA assays.
Assessment of paired specimens shows that NF1 alterations arise in the setting of acquired resistance. An in vitro model of CDH1
mutated ER-positive breast cancer demonstrates that NF1 knockdown confers a growth advantage in the presence of 4-hydroxy
tamoxifen. Our study further identified a significant increase in tumor mutational burden (TMB) in mILCs relative to breast ILCs
or metastatic IDCs (8.9% >20 mutations/mb; P< 0.001). Most TMB-high mILCs harbor an APOBEC trinucleotide signature (14/16;
88%).

Conclusions: This study identifies alteration of NF1 as enriched specifically in mILC. Mutual exclusivity with ESR1 alterations,
polyclonality in relapsed ctDNA, and de novo acquisition suggest a role for NF1 loss in endocrine therapy resistance. Since NF1
loss leads to RAS/RAF kinase activation, patients may benefit from a matched inhibitor. Moreover, for an independent subset of
mILC, TMB was elevated relative to breast ILC, suggesting possible benefit from immune checkpoint inhibitors.
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Introduction

Invasive lobular breast cancer (ILC) is a distinct clinicopathological

entity with relatively unique biologic behavior as compared with in-

vasive ductal carcinoma (IDC). ILC carry a distinct morphologic

phenotype which is linked to the genomic inactivation of e-cadherin

as the sine qua non of this disease. Lobular carcinomas exhibit

unique patterns of tumor growth, preferential sites of metastasis,

differentially respond to endocrine therapy relative to IDC, can
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feature late disease relapses, and despite better prognostic factors

have worse outcomes relative to ER-positive IDC [1–3].

Despite biologic differences, for both ILC and IDC the

first-line treatment of advanced disease is endocrine therapy,

including selective estrogen receptor modulators (SERMs) such

as tamoxifen and steroid or non-steroidal aromatase inhibitors

(AIs). Recent evidence suggests that the management of acquired

resistance to endocrine therapy can be informed by specific gen-

omic changes, as exemplified by the mutations of the ligand bind-

ing domains of ESR1 and mutations of the PI3K/mTOR pathway

leading to bypass resistance [4–6].

Studies to date have largely been limited to primary tumors rather

than a post-treatment recurrence metastasis or liquid biopsy [7, 8].

In this study, we reviewed the genomic profiles of 180 metastatic

ILCs (mILC) and 191 metastatic ER-positive IDC (mIDC) to inves-

tigate the genomic differences in advanced, progressive disease.

Methods

See also supplementary Methods, available at Annals of Oncology online.

Comprehensive genomic profiling

CGP was carried out in a Clinical Laboratory Improvement
Amendments (CLIA)-certified, CAP (College of American Pathologists)-
accredited laboratory (Foundation Medicine Inc., Cambridge, MA, USA)
on breast all-comers during the course of routine clinical care. Approval
was obtained from the Western Institutional Review Board (Protocol No.
20152817). Hybrid capture was carried out for all coding exons from up
to 395 cancer-related genes plus select introns from up to 31 genes fre-
quently rearranged in cancer. We assessed all classes of genomic altera-
tions (GA) including short variant, copy number, and rearrangement
alterations, as described previously [9]. Liquid biopsy samples were proc-
essed as described previously [10]. Tumor mutational burden (TMB)
was determined on 0.9–1.1 Mb as described previously [9, 11, 12].
Tumor loss of heterozygosity was determined as in Sun et al. [13].

Genomic trinucleotide signatures

Mutational signatures were called as described by Zehir et al. [14].

Competitive co-culture

Competitive co-culture of T47D shCntrl and T47D shECad was carried
out as described previously [15].

Statistics and software

Statistics, computation, and plotting were carried out using Python 2.7
(Python Software Foundation) or R 3.4 (R Foundation for Statistical
Computing). Univariate comparisons of proportion were made using a
Fisher’s exact test. Multivariate comparisons of proportion were made
with a Kruskal–Wallis test. Error bars on proportions were generated
using a binomial confidence interval. Continuous distributions were
compared using a non-parametric Mann–Whitney U test.

Results

Genomic profiles of mILC

Comprehensive genomic profiling was carried out on 516 female

ILC and 676 ER-positive IDC patients (2/676 male) in the course

of clinical care (Figure 1A and B). The site of the specimens

assayed was breast for 336 ILC and 485 ER-positive IDC cases,

and assorted metastatic sites for 180 ILC and 191 ER-positive

IDC cases. ER status was not available for the majority of ILC

cases, but previous studies have placed the fraction ER-positive at

93%–99% [7, 16, 17]. Median age was higher in mILC patients

relative to mIDCs (63 versus 54; Figure 1C).

In assessing sites of metastatic specimens in this study, ER-

positive IDC metastases are frequently observed in the liver (53%

of biopsies), in contrast to ILCs (17%, P¼ 7e�10) (Figure 1D).

The latter were more frequently observed in the female repro-

ductive tissues, GI tract, omentum, and bone marrow (12%,

14%, 5%, and 3%; P¼ 1e�07, P¼ 8e�07, P¼ 0.001, P¼ 0.012,

respectively).

The most common GAs in mILC affected CDH1 (77%),

PIK3CA (53%), TP53 (24%), the co-amplified 11q13 locus genes

CCND1 (22%), FGF19 (21%), FGF4 (19%), FGF3 (19%), and

ESR1 (17%) (Figure 2A). Alterations in CDH1 were predomin-

antly frameshift and nonsense point mutations (87%), but also

included point mutations at splice sites (9%), missense muta-

tions (2%), and homozygous deletions (1%).

Comparison of genes differentially altered between mILC and

mIDC identified 18 such genes after multiple hypothesis correc-

tion (supplementary Table S1, available at Annals of Oncology on-

line; Figure 2B; analyses were carried out at a gene level for all

known/likely alterations). Other than CDH1 (76% versus 6.8%,

P< 5e�47), three genes were enriched in mILC versus mIDC:

NF1 (12.2% versus 3.1%, P< 0.0013), TBX3 (12.8% versus 3.7%,

P< 0.0019), and PIK3CA (52.8% versus 39.8%, P< 0.013).

Genes most enriched in IDC were as follows: MYC (23.6% versus

3.9%, P< 2e�8), GATA3 (15.2% versus 2.2%, P< 6e�6),

FGFR1 (18.3% versus 7.8%, P< 0.003), and TP53 (37.2% versus

23.9%, P< 0.007). Additionally, genes in the PI3K/mTOR path-

way (PIK3CA, AKT1, PTEN) are significantly enriched for alter-

ation in mILC (63.3% versus 46.8%; P< 0.001; Figure 2C).

Previous studies have shown an enrichment of ERBB2 short

variants in CDH1-mutant advanced lobular carcinomas [18].

While the overall frequency of ERBB2 alterations was slightly

higher in mIDCs versus mILCs (13.3% versus 8.3%), ERBB2

short variants were more common in mILCs [7.8% versus 2.6%,

odds ratio (OR)¼ 3, P¼ 0.032].

We assessed whether there were differences in GA frequencies

in ILCs found at different metastatic sites (Figure 2D). Most GAs

were present at similar frequencies across all sites examined. Only

CDH1 and ESR1 significantly differed in frequency between

metastatic sites (Figure 2D–F). CDH1 GA frequency was lowest

in bone versus all other sites (54%). ESR1 GA frequency was high-

est in the liver (29%) and never observed in the ovary (0%).

Metastatic ILCs exhibit higher frequency of NF1
genetic alterations

In examining the frequency of GA in breast disease and in distant

metastases in each disease (ER-positive IDC and ILC) (Figure 3A;

supplementary Tables S2 and S3, available at Annals of Oncology

online), alterations of ESR1 were enriched in both mILC and

mIDC, (Figure 3A). These alterations were predominantly within

the ligand binding pocket, with 81% of the alterations (67/83)
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affecting amino acids 536–538. Additional alterations were

amplifications (8.4%) and the E380Q alteration (10.8%).

For ILCs but not IDCs, NF1 GA were enriched in metastatic

specimens (P¼ 0.004; 4.7% in breast ILC versus 12.2% in mILC)

(Figure 3A). These alterations were primarily inactivating, con-

sisting of truncating alterations (8/23; 34.8%), splice site altera-

tions (4/23; 17.4%), copy number losses (2/23; 8.7%), and

nonsense alterations (7/23; 30.4%). For the NF1 mutated mILC

specimens where zygosity was assessable, 11/14 (79%) of NF1

alterations were homozygous [13]. NF1 GAs were mutually ex-

clusive with ESR1 GAs across the breast dataset (P¼ 0.027; OR¼
0.24; Figure 3D).

To confirm the NF1 GA enrichment in an independent dataset,

we re-analyzed the local and recurrent cohorts from Yates et al.

[19]. Using CDH1 alterations as a proxy to identify ILC cases,

alterations of NF1 were specifically enriched in CDH1-mutant,

Figure 1. Invasive lobular carcinoma (ILC) metastases are found at unique tissue sites. (A) Schematic of experimental design. In total, 676 es-
trogen receptor (ER)-positive breast invasive ductal carcinomas (IDCs) and 516 breast ILCs were profiled in the course of routine clinical care.
Patient gender (B) and age (C) were compared in the metastatic ER-positive IDC and metastatic ILC cohorts. (D) Sites of metastatic biopsy
were analyzed in the ER-positive IDC and ILC cohorts. P-values were calculated using the Mann–Whitney U test (C) and the Fisher’s exact test
(D). *P< 0.05; **P< 0.01.
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Figure 2. Metastatic invasive lobular carcinomas (ILCs) exhibit a unique genomic profile. (A) Waterfall plot showing the frequency of known/
likely alterations in metastatic ILCs broken down by variant class and further subdivided by the specific alteration type in the variant class.
The short variant category of alterations included missense mutations, nonframeshifting indels, and truncations (frameshifting indels, spli-
ce-affecting, nonsense, nonstart); the copy number variant category of alterations included amplifications and deletions; the rearrangement
variant category included truncations and fusions; and the multiple variants category included samples with more than one variant in the
sample. (B) Volcano plot comparing the frequency of gene alterations in metastatic ILCs and estrogen receptor (ER)-positive metastatic inva-
sive ductal carcinoma (IDC) cohorts. P-values and odds ratios were calculated using the Fisher’s exact test. P values were capped at 1 � 10-10

and log2 odds ratios were capped at 65. (C) Pie graph showing the frequency of known or likely AKT pathway alterations in the ER-positive
metastatic IDC and metastatic ILC cohorts. Patients with multiple alterations are grouped in ‘multiple’. (D) The frequency of top-altered genes
was compared across ILC metastatic sites with at least 10 samples and plotted as a heatmap. To determine whether alteration frequencies
differed across sites, a Kruskal–Wallis test was applied. Genes that significantly differ across sites (CDH1 and ESR1; P< 0.01) are boxed in red
and plotted in panels (E) and (F), respectively. For panels (E) and (F), error bars represent the 90% binomial confidence interval.
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recurrent disease (Figure 3B; P¼ 0.009 CDH1-mut recurrent ver-

sus CDH1-mut primary).

NF1 alterations are polyclonal in ctDNA assays and
emerge following endocrine therapy

Thirty-three of 569 ILCs and IDCs assayed with a liquid ctDNA

assay (FoundationACT; FACT) harbored NF1 alterations; of these,

5/33 (15%) had strong polyclonality as designated by three or

more NF1 alterations. This polyclonality rate is similar to ESR1 in

ctDNA profiled samples (10/96, 10% with�3 ESR1 alterations). In

contrast, of 34 samples with a CDH1 alteration, all 34 harbored

only one CDH1 variant. Limiting this analysis only to lobular carci-

nomas, 3/4 (75%) of NF1 altered cases exhibited polyclonality.

Clinical histories for four of these NF1-altered FACT cases

(supplementary Table S2, available at Annals of Oncology online)

were obtained, and all cases were treated with endocrine thera-

pies. Two of these patients had multiple genomic profiling assays

carried out demonstrating emergence of NF1 alteration after hor-

monal therapy treatment and resistance (Figure 3C).

Figure 3. NF1 alterations are frequently identified in metastatic invasive lobular carcinomas (ILCs) and may drive endocrine therapy resist-
ance. (A) Gene variant frequencies were compared between local breast ILC and metastatic breast ILC (x-axis) and between local ER-positive
breast invasive ductal carcinoma (IDC) and metastatic ER-positive breast IDC (y-axis). Plotted is the Fisher’s exact P-value (center). Alteration
frequencies were plotted for a subset of significant genes (left and right panels) broken down by group (local versus met and ER-positive IDC
versus ILC). Error bars represent the binomial 90% confidence interval. (B) NF1 alteration frequencies in the primary and recurrent breast
cohorts from Yates et al. were calculated in CDH1-WT and CDH1-Mutant populations. Error bars represent the 90% binomial confidence inter-
val. (C) Treatment and NF1 mutational status for two patients. Endocrine therapies are bolded. (D) Venn diagram examining the mutual exclu-
sivity of ESR1 and NF1 in the entire breast cohort. Odds ratios and P-values were calculated using the Fisher’s exact test. (E) Quantification of
CDH1-WT or CDH1-KD cells following T47D co-mixing experiments. For each background, 2.5 � 104 T47D-shNF1-GFP cells and 4.75 � 105

T47D-mCherry cells were mixed and treated with solvent control or 4-OHT for 10 days or 17 days, and fraction of cells with GFP or mCherry
were measured by flow cytometry analysis. Plotted is the ratio of GFP-positive cells to mCherry-positive cells for each condition. **P< 0.01
from the Fisher’s exact test (B) or Student’s t-test (E). FACT, FoundationACT.
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NF1 alterations co-occur with CDH1 and AKT path-
way alterations and may facilitate endocrine ther-
apy resistance

To understand what pathways might cooperate with NF1, we car-

ried out a co-occurrence analysis. In all ER-positive breast cancer,

NF1 GA’s significantly co-occur with CDH1 inactivation (OR ¼
2.2, P¼ 0.049). In NF1-altered mILCs, we observe a significant

co-occurrence with AKT1 individually (OR¼ 6.3, P¼ 0.008) and

with PI3K/mTOR pathway genes (PTEN, AKT1, PIK3CA; OR ¼
4.2, P¼ 0.018). Of the 23 NF1-altered mILCs, 17 had a co-

occurring CDH1 and AKT pathway alteration. Similarly, 3/3

(100%) of NF1-altered samples profiled with FACT had a co-

occurring CDH1 and AKT pathway alteration.

In the Yates et al. metastatic/recurrent dataset, all (4/4) NF1-

and CDH1- mutated cases harbored a co-occurring AKT pathway

alteration (supplementary Table S5, available at Annals of Oncology

online). The co-occurrence suggests that these pathways may pro-

vide necessary cross talk for the pathogenicity of NF1 GAs.

To assess whether NF1 alterations may potentiate endocrine

therapy resistance when a CDH1 and AKT pathway alteration are

already present, we reviewed six paired samples with a NF1 GA.

Half (3/6, 50%) of cases had an acquired NF1 alteration appear in

the second specimen, with the first older specimen being NF1

wildtype. In each of these latter three cases, the tumor had pre-

existing alterations in CDH1 and an AKT pathway gene.

Moreover, two of the three samples had an ESR1 alteration in the

first sample – one with a subclonal ESR1 missense alteration

(Y537C) and another with an ESR1 amplification. In both cases,

the recurrent sample lost the ESR1 alteration while gaining an

NF1 loss of function alteration (supplementary Table S6, avail-

able at Annals of Oncology online).

We directly tested the hypothesis that NF1 loss of function

reduces sensitivity to endocrine therapy in an AKT-mutant back-

ground using a PIK3CAH1074R mutant breast cancer cell line

(T47D) with or without concurrent knockdown of CDH1. In co-

mixing experiments, NF1 knockdown enhanced the resistance of

cancer cells to 4-hydroxytamoxifen (4-OHT) treatment only

when E-Cadherin was reduced (Figure 3E; P< 0.00001). CDH1/

NF1-knockdown cells increased from 5% of the population to

13% after 10 days of treatment with 4-OHT and 21% after 17 days

of treatment, outcompeting the wildtype population.

Importantly, this competitive advantage was only observed in the

presence of 4-OHT but not in the solvent control condition.

While subtle (fourfold enrichment over 17 days), this demon-

strates that in the appropriate context NF1 loss can potentiate a

competitive growth advantage.

Metastatic ILCs exhibit an elevated TMB

Although breast cancers exhibit an overall low TMB in aggregate

and across subtypes (Figure 4A), we examined TMB in ER-

positive IDC and ILC split by disease site (breast versus metastat-

ic). Few ER-IDC were TMB high (>20 muts/mb; 0.8% in breast,

1.6% in metastases; Figure 4B) and few breast-biopsied ILCs were

TMB high (2.1%). Strikingly, mILC are frequently TMB high

(8.9%, P¼ 0.0016 versus mIDC, P¼ 0.0006 versus primary/local

ILC). In addition, 28.3% of mILC tumors have an intermediate

TMB (6–20 muts/mb). Importantly, this population is

independent of NF1 and ESR1 mutational statuses (P> 0.3). This

finding raises the possibility that a significant subset of mILC

may respond to immunotherapy.

We confirmed these findings in an independent dataset [19]

(Figure 4C). Mutational burden was significantly higher in recur-

rent versus primary tumors (P< 0.0001) and in CDH1-mut ver-

sus CDH1-wt tumors (P¼ 0.0002). For the recurrent CDH1-mut

cohort, 3/14 (21%) were TMB high and 8/14 (57%) were TMB

intermediate.

Examining the genomic context of point mutations in all

mILC cases, we observed a significant enrichment of C>T and

C>G alterations (P¼ 7e�08 and P¼ 5e�14, respectively) par-

ticularly in the canonical APOBEC TCA and TCT contexts

(Figure 4D; P< 1e�100). Consequently, mutational signature

calling in TMB-high samples revealed that 14/16 (88%) of mILC

samples had a dominant APOBEC signature (Figure 4E) [19].

Only two metastatic samples (one IDC and one ILC) harbored an

MMR signature. Consistent with this, microsatellite-based test-

ing of MMR demonstrates that almost all metastatic samples are

microsatellite stable (supplementary Figure S1, available at

Annals of Oncology online).

Discussion

This study identified NF1 alteration as a mechanism of acquired

endocrine therapy resistance that is unique to ILC. NF1 GAs are

common in mILCs, present at 12% frequency in our study and

29% in CDH1-altered recurrent breast carcinomas in Yates et al

[19]. The mutual exclusivity with ESR1 mutation and chrono-

logic emergence concurrent with relapse on endocrine therapy

converge to support the notion of NF1 loss as such a mechanism

of acquired resistance.

The specificity of NF1 alterations in mILC relative to mIDC

may result from cross talk or cooperation with other pathways.

NF1 loss is significantly co-occurrent with CDH1 and AKT path-

way alterations; either or both of these may potentiate endocrine

therapy resistance. An analysis of six paired samples showed that

NF1 alterations appeared in the context of pre-existing CDH1

and AKT pathway alterations. Knockdown of NF1 in a

PIK3CAH1074R line (T47D) enhances cell survival and/or prolifer-

ation more potently in the CDH1-KD background than in the

CDH1-WT background. A previous study examining NF1 in gli-

oma found that PI3K/AKT signaling was essential for NF1-

mediated proliferation [20]. Other studies have shown NF1 cross

talk with mTOR signaling [21]. Since NF1 functions at a key sig-

naling node, more research will be required to understand the po-

tential synergies that result in NF1-mediated therapy resistance.

NF1 loss leads to an activation of RAS by stabilizing the GTP-

bound form, which suggests possible therapeutic strategies for re-

current ILCs. The MEK inhibitor selumetinib showed significant

efficacy in pediatric patients with neurofibroma type 1-related

PNs with response rates of 71% and is currently in phase II trials

for adults with neurofibromatosis type 1 [22, 23].

Preclinical models of ILC have identified FGFR1 amplifications

as regulators of cell growth and mediators of endocrine therapy re-

sistance [24, 25]. While FGFR1 activates a number of pathways,

including PI3K/AKT and Stats, RAS is a major target of FGFR1 sig-

naling [26]. These findings suggest that activation of RAS pathway
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Figure 4. Metastatic invasive lobular carcinomas (ILCs) exhibit a significantly elevated tumor mutational burden. (A) Box and whisker plots
capturing the spread of mutational burden (mutations per megabase) in skin cancers, lung cancers, and breast cancers broken down by
histological or diagnostic subtype. All relevant tumors from the foundation medicine database were included in this analysis. (B) Pie charts
showing the mutational burden for ER-positive IDCs and ILCs, broken down by local/met status. (C) Violin plots capturing the distribution
of mutational burden (mutations per megabase) in primary and recurrent breast cohorts from Yates et al. in CDH1-WT and CDH1-Mutant
populations. (D) The relative frequency of nucleotide substitutions was compared between ER-positive breast IDCs and breast ILCs broken
down by primary met status. The left panel examines the mononucleotide change (e.g. C to G transversion mutations) while the right panel
examines the trinucleotide context of the C>T and C>G alterations. (E) TMB-H samples (mutational load �20 muts/mb) were examined for
trinucleotide mutational signatures, as described by Zehir et al. Identified signatures included MMR (mismatch repair) and AID/APOBEC.
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signaling, be it through FGFR1 amplification or NF1 loss, may

confer endocrine therapy resistance in lobular carcinomas.

A main drawback of this study is our reliance on population-

based alteration frequencies in local and metastatic disease in-

stead of paired samples. Our study presents data from a limited

number of paired samples (six paired solid samples; two paired

FACT samples) which suggest a role of NF1 in endocrine therapy

resistance. However, we cannot exclude other possibilities

for the higher frequency of NF1 alterations in metastases. For

instance, if NF1 alteration increased metastatic dissemination,

a higher frequency of alterations may be observed in the

metastases.

In this study, we identified an enrichment of high TMB in

mILCs (9% versus 1%–2% overall). While a number of factors

play a role in response to cancer immunotherapy, TMB appears

to be an important determinant to response to immune check-

point inhibitors (ICPI) [27]. The higher TMB in metastatic sam-

ples may be a result of longer tumor evolution or from

accumulation of alterations from cytotoxic chemotherapy. It

will be important to understand how this TMB high population

overlaps with the subset of ILCs with high levels of tumor

infiltrating lymphocytes, with tumors harboring an immune

signature, and with the 17% of ILCs that stain positively for PD-

L1 [7, 8, 28, 29].

Finally, there were relatively few genomic differences between

local and recurrent breast cancers, with most differences falling in

a select few resistance pathways. Similarly, despite distinct pat-

terns of metastatic dissemination concordant with a previous

study, only ESR1 and CDH1 exhibited potential site-specific

tropism [30]. This suggests that the unique patterns of metastatic

dissemination for ILCs are only partially explained by GAs.

In summary, this study provides insights into the mechanisms

of resistance to endocrine therapy that are unique to ILC. Loss of

function GA in NF1 is one such mechanism as is the acquisition

of hypermutation that also carries an APOBEC signature. Further

study and new clinical trials targeting NF1 in endocrine therapy

resistant mILC appear warranted.
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