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Tissue and liquid biopsy profiling reveal
convergent tumor evolution and therapy
evasion in breast cancer
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Pathological and genomic profiling have transformed breast cancer care by
matching patients to targeted treatments. However, tumors evolve and evade
therapeutic interventions often through the acquisitionof genomicmutations.
Here we examine patients profiled with tissue (TBx) and liquid biopsy (LBx) as
part of routine clinical care, to characterize the tumor evolutionary landscape
and identify potential vulnerabilities in the relapsed setting. Real-world evi-
dence demonstrates that LBx is utilized later in care and identifies associations
with intervening therapy. While driver events are frequently shared, acquired
LBx alterations are detected in a majority of patients, with the highest fre-
quency in ER+ disease and in patients with longer biopsy intervals. Acquired
mutations are often polyclonal and present at lower allelic fractions, sug-
gesting multi-clonal convergent evolution. In addition to well-characterized
resistance mutations (e.g., ESR1, NF1, RB1, ERBB2), we observe a diversity of
rarer but potentially targetable mutations (e.g., PIK3CA, HRAS/NRAS/KRAS,
FGFR1/2/3, BRAF) and fusions (e.g., FGFR1/2, ERBB2, RET), as well as BRCA1/2
reversions through a variety of mechanisms, including splice alterations and
structural deletions. This study provides insights on treatment and selection-
driven tumor evolution and identifies potential combinatorial treatment
options in advanced breast cancer.

A growing armamentarium of molecular diagnostics are offering an
opportunity to enable precision therapies for patients with advanced
breast cancer. While testing for hormone receptor status and HER2
amplification have long been standard, next-generation sequencing-
based diagnostics are now available to guide the use of precision
therapies, including PI3K inhibition1 and PARP inhibition2.

Furthermore, recent advances for patients with breast cancer, includ-
ing antibody-drug conjugates3,4 as well as immune checkpoint
inhibitors5,6 have required a reconsideration of the optimal diagnostic
approach for advanced breast cancer. While these therapies have
demonstrated promise in terms of breadth and durability of response
with some therapy options moving from metastatic to early disease
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settings3, cancer continues to evolve and evade therapeutic pressure
over time7–14.

on-pathway or bypass mechanisms. For endocrine therapy
resistance, for instance, Razavi and colleagues identified a 18% pre-
valence of on-target resistance via the acquisition of ESR1 point
mutations in addition to recurrent alterations in bypass pathways
such as MAPK and MYC, although the diversity of resistance
mechanisms has yet to be fully described9. Clinically, resistance
alterations have the potential to inform treatment decisions. For
example, the acquisition of ESR1 point mutations may motivate use
of existing or emerging selective estrogen receptor degraders
(SERDs) and acquired PIK3CA alterations are potentially targetable
with PI3K inhibitors.

Multifocal sequencing has revealed significant heterogeneity in
breast cancer during development, evolution, and therapy
resistance15–17. Different clonal populations may respond differently to
therapy and independently acquire cancer-driving and resistance
alterations. Zundelevich and colleagues identified significant varia-
bility in the genomic alterations in primary, multiple relapse, and
metastatic biopsies in patients resistant to endocrine therapy17. Such
heterogeneity poses a challenge clinically for ideal treatment of
patients with multifocal disease and diagnostically to identify the
relevant drivers and resistance mutations.

Liquid biopsies (LBx), which interrogate circulating tumor DNA
(ctDNA) in the blood, have emerged as a diagnostic and monitoring
tool in breast and other cancer types. This platform provides genomic
information ondozens to hundreds of genes implicated in cancer,with
some next-generation sequencing (NGS)-based LBx now having
received regulatory approval both inside (FoundationOne® Liquid
CDx, Guardant360® CDx) and outside the US (FoundationOne® Liquid
CDx). LBx has particular utility in the metastatic setting where high
shed of ctDNA in the plasma may represent an option when tissue
biopsy (TBx) material may not be available or representative of mul-
tifocal disease states in which metastatic subclones may acquire dis-
tinct resistance mutations18,19.

In this study, we examined breast tumors profiled with TBx and
LBx comprehensive genomic profiling (CGP) as part of routine clinical

care to characterize the diversity of acquired mutations and their
associations with therapeutic interventions in a real-world set-
ting (Fig. 1).

Results
Mutational spectrum of breast tumors profiled with tissue and
liquid biopsy
Weexamined the landscape of genomicmutations identified in a large,
real-world database of breast cancers profiled with TBx (n = 29,704)
and LBx (n = 3339) CGP (Fig. 2, Supplementary Data 1, Fig. 3a, b). The
genes commonly targeted in both the assays are presented in Sup-
plementary Data 2. LBx and TBx identified largely similar prevalence
for short variants (point mutations and short indels) in most genes
(p > 0.05; Supplementary Data 3; Fig. 3a, b). Both platforms identified
an appreciable frequency of activating alterations in PIK3CA mapping
to alpelisib companion diagnostic variants1 (27.5% in TBx and LBx;
Fig. 3c). Further, 4.5% of TBx and 7.2% of LBx samples harbored 2 or
more PIK3CA mutations, possibly sensitizing to PI3K inhibitors, as
described previously20. Deleterious BRCA1/2 alterations were also
observed at similar frequencies across the two platforms (7.1% TBx,
7.4% LBx; Fig. 3d). Notably, there was a higher prevalence in LBx for
ESR1 (10.6% TBx, 25.9% LBx), NF1 (4.5%, 8.1%), KRAS (2.0%, 4.1%), RB1
(4.6%, 8.0%), and ERBB2 mutations (3.4%, 4.3%), alterations known to
be associated with therapeutic resistance9–12,14,21 (Supplementary
Data 3; Fig. 3a, b). A comparison of point mutations and indels
detected across different receptor subgroups between the two assay
platforms showed largely similar patterns of gene alterations; statis-
tically significant differences included elevated prevalence of ESR1 and
FGFR1 in ER+ LBx, and PTEN in TNBC LBx (Supplementary Fig. 1, Sup-
plementary Fig. 2, SupplementaryData 4). Overall, LBx showed a lower
sensitivity for copy number alterations, with differences in MYC,
FGFR2, and ERBB2 amplifications (Supplementary Fig. 3; Supplemen-
tary Data 5). Both platforms also identified similar patterns of co-
occurring gene alterations, such as the co-occurrence of TP53 with
BRCA1 and PIK3CA with ESR1 (Supplementary Data 6; Supplementary
Fig. 4). In an analysis of the most recent assay targeting 324 genes
(n = 1430)22, patterns of gene alteration prevalence were similar to

Fig. 1 | Graphical outline of targeted therapies in breast cancer and the clinical
utility of liquid biopsy profiling during the course of care. Liquid biopsies may
be utilized in identifying targetable gene alterations and biomarkers for specific
therapies across different subtypes of breast cancer as well as in monitoring

therapy-associated implications on tumor evolution and treatment evasion. (SERD
Selective Estrogen Receptor Degrader, SERM Selective Estrogen Receptor Mod-
ulator, TMB tumor mutational burden, MSI microsatellite instability, ICPI immune
checkpoint inhibitor, ADC antibody-drug conjugate).
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Fig. 2 | Overview of the study cohort and patient characteristics. This study
cohort comprised patients who received comprehensive genomic profiling (CGP)
as part of routine clinical care (top). A total of 29,704 patients with tissue biopsy
(TBx)-based CGP, 3339 patients with liquid biopsy (LBx)-based CGP and 712
patients with longitudinal TBx and LBxCGPwere examined. Patient and specimen-
level characteristics have been provided for each of these cohorts. Additional
breakdown of histological subtype, site of biopsy and receptor subtype informa-
tion is provided for the 712 patients with longitudinal TBx and LBx CGP. Treatment

information was retrospectively reviewed in an independent de-identified clinico-
genomic database (CGDB), comprising 6,757 patients with TBx CGP and 1150
patients with LBx CGP (bottom). Patient and specimen-level characteristics have
been provided for each of these cohorts. Additional information such as ECOG
status, lines of therapy are available for samples in the CGDB cohort. (ILC invasive
lobular carcinoma, IDC invasive ductal carcinoma, TNBC triple-negative breast
cancer, NOS not otherwise specified, IQR interquartile range).

Article https://doi.org/10.1038/s41467-022-35245-x

Nature Communications |         (2022) 13:7495 3



those observed in the larger LBx cohort (n = 3339), particularly for
samples with tumor fraction of ≥10%. (Supplementary Fig. 5, Supple-
mentary Data 7).

Examination of 6757 patients profiled with TBx and 1150 patients
profiled with LBx in a clinico-genomic database (CGDB) revealed dif-
ferences in the ordering patterns for these CGP tests (Fig. 2). Com-
pared to TBx, patients profiled with LBx were older (63 y vs. 60 y,
p < 10−5), more likely to have metastatic disease (86.7% stage IV vs.
74.3% for TBx, p < 10−5), and were treated with more lines of prior
therapy (median 3+ vs. 2, p < 10−5), suggesting that LBx is frequently
used in more advanced setting. Consistent with these differences, LBx
showed higher similarity with metastatic-biopsied TBx relative to
breast-biopsied TBx in the overall cohort, especially for genes like
ESR1, NF1, and RB1 (Supplementary Fig. 6; Supplementary Data 3). This
suggests that some of these differences in alteration prevalence may
be attributed to disease stage. However, since most resistance-
associated alterations were still observed at a significantly higher
prevalence in LBx compared to metastatic-biopsied TBx, other factors

are likely influencing these findings, including the number of lines of
prior therapy.

712 patients with longitudinal TBx and LBx profiling reveal a
spectrum of acquired tumor resistance mechanisms and
actionable targets
712 patients were profiled with LBx following a TBx, during the course
of care (Fig. 2, Supplementary Data 8). Samples were temporally het-
erogeneous, with a median of 495 days between biopsy collection
(range 0–6455 days), included a mix of local (35%) andmetastatic TBx
(44%), and represented a diversity of subtypes (histological: IDC 84%,
ILC 14%, metaplastic 2%; pathological: ER+/HER2− 64%, HER2+ 15%,
TNBC; 22%) (Fig. 2). For pathogenic mutations detected in TBx, posi-
tive percent agreement (PPA) was 72% for LBx, heavily influenced by
estimated tumor fraction and predicted germline status (Supplemen-
tary Fig. 7, Supplementary Data 9). PPA was highest in samples with a
tumor fraction of >10%, especially for potentially actionable alterations
in PIK3CA (93%) and BRCA1/2 (95%) (Supplementary Fig. 7a–c,

Fig. 3 | Mutation landscape from comprehensive genomic profiling in 29,704
tissue biopsy (TBx) and 3339 liquid biopsy (LBx) samples in breast cancer.
a Prevalence of the 20 most frequently altered genes. Alteration prevalence
between the two assays was compared using a two-sided Fisher’s exact test with
FDR correction (p-value thresholds *: 0.05, **: 0.01, ***: 0.001). b Comparison of
prevalence for all genes assessed in TBx (y-axis) and LBx (x-axis), with a zoomed in

view of alterations seen at frequency <10%. Genes with statistically significant
alteration prevalence between the two assays, based on a two-sided Fisher’s exact
test with FDR correction (p-value ≤0.05) have been shown in orange. Pie chart
showing the breakdown and prevalence of different classes of. c PIK3CA and
d BRCA1/2 alterations across the two biopsy platforms. Only short variants (e.g.,
point mutations and short indels) were analyzed here.
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Supplementary Data 9). PPA was higher for predicted germline
alterations relative to somatic alterations (100% vs 70%; Supplemen-
tary Fig. 7d, Supplementary Data 9), such as in cases with founder
BRCA1/2 alterations (Supplementary Fig. 7e). Of note, germline
alterations were detected, regardless of tumor fraction, as expected
since the former can be detected in non-tumor DNA even when ctDNA
shed is low (Supplementary Fig. 7d, Supplementary Fig. 8). Tissue
biopsies were further examined based on the site of TBx: local (breast
biopsy), metastatic (distant site biopsy) and lymph node. Due to
increased ctDNA shedding, PPA was significantly higher in metastatic
and lymph node biopsies compared to breast-biopsied tumors (80%
vs. 78% vs. 58%, respectively, p < 10−4, Supplementary Fig. 7f). PPA was
not impacted by receptor subtype or time between tests (Supple-
mentary Fig. 7g, Supplementary Fig. 7h, Supplementary Data 9).

We examined the landscape of acquired mutations in follow-up
LBx and identified events most commonly in TP53 (246 alterations;
26.8% of acquired alterations), ESR1 (181; 19.7%), NF1 (69; 7.5%), PIK3CA
(65; 7.1%), BRCA2 (48; 5.2%), PTEN (39; 4.2%), RB1 (32; 3.5%), and ERBB2
(21; 2.3%) (Fig. 4a). However, there was also a long tail of acquired
mutations with acquired short variants seen in 48 genes, including in
KRAS (n = 13), AKT1 (n= 9), EGFR (n = 7), FGFR2 (n = 7), BRAF (n = 5),
MTOR (n= 4), FGFR1 (n= 4), NRAS (n = 3), HRAS (n = 2), FGFR3 (n = 1), and
RET (n= 1) (Supplementary Data 10). Acquired short variants were
more prevalent in patients with a longer time between biopsies, with
LBx collected 3+ years after TBx harboring at least one acquired
alteration in 69.5% of cases (Fig. 4b, Supplementary Data 11). A longer
duration between biopsies likely represents a larger number of inter-
vening therapies, which may result in the development of resistance
mutations and more dynamic tumor evolution.

When stratified based onmolecular subtype, acquired alterations
were most common in ER+/HER2− samples (60%) with lower fre-
quencies in TNBC (51%) andHER2+ subgroups (51% in ER+/HER2+ , 33%
in ER−/HER2+ ) (Fig. 4c, Supplementary Fig. 9, Supplementary Data 8,
Supplementary Data 11). These findings are consistent with previous
reports identifying high frequencies of resistance alterations in
patients with ER+ subtype treated with endocrine therapy8,9,23.

Although less common, liquid biopsies also detected acquired
amplifications and rearrangements (n = 77). These included recurrent
amplifications (Fig. 4d) in FGFR1 (n = 9), CD274 (PD-L1; n = 5),
PDCD1LG2 (PD-L2; n = 4), MYC (n = 3), RET (n = 3), EGFR (n = 2), ERBB2
(n = 2), ESR1 (n = 2), KRAS (n = 2), and PIK3CA (n = 2) and rearrange-
ments (Fig. 4e) involving NF1 (n = 5), BRCA1 (n = 4), BRCA2 (n = 4), TP53
(n = 4), RB1 (n = 3), CDK12 (n = 2), FGFR2 (n = 2), and PTEN (n = 2)
(Supplementary Data 10). Of note, liquid biopsy samples with acquired
amplifications and rearrangements had a significantly higher tumor
fraction compared to samples where these large, acquired events were
not detected (28.6%, 26.5% vs. 2.0% respectively, each p < 10−5; Sup-
plementary Fig. 10), thereby highlighting the potential of high tumor
fraction LBx samples in detecting these complex events. When
including all classes of mutations, acquired alterations were seen in
56% of cases, including 70% of ER+/HER2− cases (Supplemen-
tary Data 8).

Many of the acquired alterations represent potentially targetable
entities. Although acquired PIK3CAmutations were less often found in
canonical codons 542/545/1047 (35/65, 54% acquired vs 134/184, 73%
shared; p =0.008) and included E726K (9/65), E418K (3/65), and E53K
(3/65) mutations, most acquired alterations were observed in contexts
qualified for PI3K inhibitors (54%) (Supplementary Data 12). For the
ER+/HER2− population, acquired PIK3CA alterations were observed in
8% of patients. Previous reports have associated acquired PIK3CA
alterations with APOBEC mutagenic processes18; consistent with this,
77% (48/62) of acquired missense PIK3CA alterations were observed in
canonical APOBEC trinucleotide contexts (T[C > T/G]N) (Supplemen-
tary Data 12). Acquired ERBB2 short variants, which are potentially
targetable with HER2 TKIs or with HER2 antibody-drug conjugates,

were common in the dataset (n = 21 alterations in 15 patients) andwere
observed in both the ER+/HER2− and HER2+ subsets (2% and 4%,
respectively)24–27. ERBB2 mutations have been previously reported as
an endocrine therapy resistance mechanism, but their presence in the
HER2+ population may represent resistance to HER2-targeted
therapies9,28. In addition to short variants, a patient with ER−/HER2+
breast cancer also exhibited an acquired ERBB2-GRB7 fusion in the
follow-up LBx, which retained the extracellular, juxtamembrane, and
kinase domains.

Follow-up LBx also detected rare, potentially targetable acquired
alterations. Alterations in FGFR1-3 family members were observed in
3% (23/712) of cases, predominantly in ER+disease (Supplementary
Fig. 11), and included amplifications of FGFR1 (n = 9 cases) and FGFR1/2
fusions (n = 3 cases). KRAS alterations were acquired in 14 cases,
including nine with an acquired alteration in codon 12. A RET-BAIAP2L1
fusion was identified in LBx of patient 411, 1591 days after TBx (Fig. 4e,
Supplementary Data 8, Supplementary Data 10); previous studies have
demonstrated a role of RET in endocrine resistance with possible
responses to RET inhibitors29–31.

follow-up LBx, collected 132 days after the TBx, with a truncal
BRCA2 A938fs*21 mutation (Fig. 4f). Similarly, most patients had
multiple subclonal BRCA1/2 reversion events, likely representing
convergent evolution in the context of acquired tumor resistance
through multiple subclones. There were similar reversion rates in
BRCA1 and BRCA2 (25% v 19%, p = 0.7). BRCA2 reversions often
comprised a larger number of events (median = 3.5 reversion
events) compared to BRCA1 (median = 1 reversion event). Notably,
five of the 10 cases with a predicted BRCA1/2 reversionmutation also
exhibited a large structural rearrangement event (Fig. 4f), high-
lighting the importance of broad LBx profiling in the resistance
setting. Of note, we also examined patients with ≥2 BRCA1 or BRCA2
mutations in the overall LBx cohort (n = 3339), and identified 8 out
of 10 cases with ≥2 BRCA1, and 16 out of 23 cases with ≥2 BRCA2
showing mechanisms of reversions (Supplementary Data 13).

Consistent with tumor heterogeneity and clonal evolution
dynamics, acquired short variants in LBx revealed a lower clonal frac-
tion relative to shared alterations with TBx (Fig. 4g). These findings
highlight the utility of LBx in identifying the repertoire of subclonal
events, present in only a portion of the tumor or a subset ofmetastatic
lesions. In addition, acquired alterations tend to be polyclonal
(Fig. 4h), across different receptor subtypes (Supplementary Fig. 12a),
with over 50% of PIK3CA and TP53-mutant samples exhibiting 2 or
more alterations. Similarly, polyclonal alterations in BRCA1, ESR1,
ERBB2, and BRCA2 were also commonly identified. In contrast, altera-
tions in KRAS and CDH1 often comprised single events. Presence of
polyclonal mutations was also frequent in the overall LBx cohort,
especially in ESR1, TP53, PIK3CA, and NF1 (~20%+), whereas, other gene
alterations, such as in AKT1, KRAS, and EGFR were commonly mono-
clonal (Supplementary Fig. 12b). These polyclonal alterations allude to
mechanisms of multiclonal convergent evolution in acquiring resis-
tance. To test for sub-threshold evidence in the matched TBx, we
examined 381 variants detected uniquely in the LBx; 363 (>95%) had ≤
five supporting reads, within the margin of sequencing error (Sup-
plementary Data 14). These findings further support that a majority of
these alterations are truly acquired, likely resistance mutations
detected in the follow-up LBx sample.

To confirm the patterns observed in the matched TBx/LBx
setting, we independently assessed 1328 patients with breast
cancer who received longitudinal TBx CGP. A similar landscape of
acquired alterations (TP53, ESR1, NF1, BRCA1/2, ERBB2), associa-
tions with time between biopsies, and elevated prevalence of
acquired alterations in the ER+/HER2− subtype were identified in
the second TBx (Supplementary Fig. 13, Supplementary Data 15,
Supplementary Data 16). Interestingly, a higher rate of acquired
events in multiple genes was observed in follow-up LBx compared
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to TBx (150 follow-up LBx samples, 21% vs. 98 follow-up TBx
samples, 7.3%; p < 10−5, Supplementary Data 11, Supplementary
Data 16). These results suggest that sequential biopsies, whether
from liquid or tissue, can better inform mechanisms of tumor
evolution and potential resistance.

Clonal hematopoiesis (CH), an age-related process of accumu-
lating somatic mutations in hematopoietic stem cells, is a known layer
of complexity in LBx-based profiling. Alterations frequently associated
with CH, such as in JAK2 (specifically, V617F; n = 4 cases), ATM (n = 44
alterations in 34 cases), and CHEK2 (n = 46 alterations in 36 cases;
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Supplementary Data 9), were also observed to be unique to LBx in our
cohort, albeit rare. These alterations were observed at a higher fre-
quency in LBx relative to TBx (1.4% v0.1% JAK2, 9.9% v 2.3%ATM,12.8% v
2.2% CHEK2 each p <0.05; Supplementary Data 2), at lower allelic
fractions (median 0.4% v 1.2% for all mutations, p < 0.05), and trended
older (63 y vs 58 y overall), consistent with CH origin34. Though TP53
could also be associated with CH, small differences were seen with
patient age (median 59 y v 58 y) and allelic fraction (median0.9% v 1.2%
overall; p >0.05). Furthermore, TP53 prevalence was lower in LBx
relative to TBx (43.8% v 52.2%, p < 10−5; Supplementary Data 2).NF1 has
also been reported as a CH-associated gene35. While NF1 alterations
were higher in prevalence in LBx compared to TBx (8.1% v 4.5%),NF1 is
also a known resistance mechanism to endocrine therapy9,10,36. Con-
sistent with this, NF1 was frequently acquired in follow-up tissue
biopsies in the overall cohort (Supplementary Fig. 13), and was
observed frequently in samples taken post-endocrine therapy in our
clinical cohort, as will be described below. Notwithstanding these rare,
potential CH-associated mechanisms, our findings showcase the
diversity of the genomic landscape derived from LBx, thereby pro-
viding insights tobetter understand the tumor evolutiondynamics and
guide therapy selection by offering promising targets for patients with
advanced breast cancers.

Acquired alterations are associated with therapeutic
intervention
We next examined the association of acquired alterations with treat-
ment patterns using a clinico-genomic database (CGDB) comprising
196 patients with longitudinal genomic tests, eligible for analysis
(Fig. 5a). Similar to the CGP cohort, acquired alterations were most
commonly observed in TP53 (30.1%), ESR1 (20.3%), PTEN (15.4%), NF1
(12.6%), PIK3CA (10.5%), ATM (3.5%), BRCA1 (4.2%), RB1 (3.5%), KRAS
(2.8%), ERBB2 (2.1%), and BRCA2 (2.1%) (Fig. 5b, Supplementary
Data 17).

co-treatment with endocrine therapy, also presented with
acquired ESR1, NF1, and PIK3CA alterations. HER2-targeted thera-
pies were associated with acquired alterations in ERBB2, FGFR2,
KRAS, and PIK3CA. These findings further elucidate the treatment-
specific spectrum of acquired alterations and clonal evolution,
inferred through longitudinal profiling. When leveraging the overall
clinical cohort to examine the prevalence of gene alterations
in patient exposed or not exposed to a given therapy class,
similar associations were observed, such as elevated levels of ESR1
and RB1 in patients receiving a combination of endocrine therapy
and CDK4/6 inhibitor therapy, and BRCA1/2 reversions following
PARPi therapy (Supplementary Fig. 14, Supplementary Data 18). A
number of additional, rare gene alterations were elevated in post-
treatment samples of specific therapy classes (Supplementary
Data 18, Supplementary Fig. 14).

We more closely examined the treatment journeys of three
patients with multiple acquired alterations (Fig. 5c).

Case 1
A 67-year-old woman presented with Stage IV ER+/PR+/HER2− IDC.
Tissue CGP from a breast mass identified IGF1R amplification and a
GATA3 frameshift. Following progression on letrozole/palbociclib the

patient was switched to fulvestrant/abemaciclib without progression.
Liquid CGP during fulvestrant/abemaciclib treatment detected CDK4/
6 inhibitor resistancemutation inRB1 (variant allele fraction, VAF 3.8%)
and endocrine therapy resistance alteration ESR1 Y537S (0.4%). Other
variants detected included ATM (VAF 12%), CDK12 (1.4%), TP53 (0.2%),
and EGFRA1118T (0.2%).Mutations inATM are common in solid tumors
but are also in the bone marrow niche, raising the possibility of CH
origin, although it is uncommon todetectCHvariants above 10%of the
cell-free DNA content37.

Case 2
A 41-year-old woman presented with Stage IIB ER+/HER2− ILC and
progressed with skin metastases at age 51 following bilateral mas-
tectomy and adjuvant tamoxifen/letrozole. Tissue CGP revealed a
L1620*fs in exon 10 of BRCA1 (predicted somatic, with loss of hetero-
zygosity of the wild type allele), and amplifications ofMDM2 and FRS2.
The patient progressed on fulvestrant/palbociclib, anastrozole/abe-
maciclib, and talazoparib with metastatic spread to bone and lymph
nodes. Liquid CGP after progression on talazoparib detected the
truncalBRCA1 L1620*fs at a VAF of 20%, aswell asfive additionalBRCA1
mutations: 3 indels, a splice site, and a rearrangement that skips exons
8–9 (VAFs ranged between 0.3 and 2.6%), each predicted to skip the
frameshift and restore at least partial BRCA1 function.

Case 3
A 67-year-old woman presented with Stage IV ER+/HER2 IHC negative
(0–1+) ILC and was treated with letrozole/palbociclib; liquid CGP at
progression identified PIK3CA E542K mutation and ERBB2
A775_G776insYVMA. After progression on lapatinib/capecitabine, a
metastasis tested ER+/HER2 IHC-positive (3+). The patient was swit-
ched to paclitaxel/pertuzumab/trastuzumab, and then gemcitabine/
pertuzumab/trastuzumab. A TBx (liver metastasis) and a LBx were
collected and profiled during this last treatment. TBx identified
mutations in PIK3CA, ERBB2, and TBX3. LBx identified the truncal
PIK3CA and ERBB2mutations as well as potential resistance alterations
FGFR2 K569E (VAF 1.3%), KRAS G12V (0.5%), ERBB2 L755S (0.4%), and
ESR1 D538G (0.1%). The ESR1 and ERBB2 L755S mutations are com-
monly seen after exposure to letrozole and lapatinib, respectively38,39.
It is worth noting the ERBB2 exon 20 YVMA insertion may represent
resistance to lapatinib at baseline40,41. KRAS mutations have also
recently been described as a form of potential resistance to HER2-
targeted therapy42. FGFR2mutations have recently been described as a
mechanism of resistance to hormonal therapy and CDK4/6
inhibitors43.

Collectively, these cases highlight the role of serial biopsy in
identifying tumor evolution, with implications on emerging resistance
and therapy selection.

Discussion
With the rapid development of targeted therapies for breast cancer
treatment, circulating tumor DNA profiling has shown potential in
identifying actionable alterations, monitoring response, predicting
outcome, and assessing treatment evasion44,45. The interplay of clonal
heterogeneity and tumor evolution is critical for early stages of
tumor initiation and progression, as well as late-stage relapse in

Fig. 4 | Liquid biopsies identify acquired alterations associated with ther-
apeutic resistance. aAcquired short variants (e.g., pointmutations, short indels) in
patients with longitudinal tissue biopsy (TBx)/liquid biopsy (LBx), where LBx was
collected at the time of or following TBx (n = 712). The fraction of samples with
acquired short variants based on b collection time difference and c receptor sub-
type. d Acquired copy number amplifications detected in follow-up LBx samples
(number of detected events for each gene is provided within parenthesis).
eAcquired rearrangements detected in follow-upLBx samples (numberofdetected
events for each gene is provided within parenthesis). f Reversion mechanisms

impacting BRCA1 and BRCA2. Each patient is represented by a unique color, with
shared BRCA1/2 alterations shown in red and identified reversions shown in black.
Variant allele frequency for each identified BRCA1/2 short variant is provided.
g Distribution of the estimated clonal fraction for shared and acquired short var-
iants in LBx. Each boxplot displays the interquartile range (IQR), with the lower and
upper boundaries representing the 25th and 75th percentile; the linewithin the box
represents the median and the whiskers extend to ±1.5 × IQR. h Polyclonality of
acquired short variants identified in LBx. The fraction of a single (#1) or multiple
(#2, #3+) detected alterations within each gene is shown.
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advanced tumors46. Liquid biopsy captures both the spatial and
temporal clonal heterogeneity in tumors, and can therefore be
informative in monitoring treatment-associated response, especially
in the metastatic setting. Here, we characterized the baseline and
acquired alterations in a large breast cancer cohort comprising

patients who underwent TBx and LBx CGP as part of routine
clinical care.

Acquired alterations, potentially associated with resistance, were
observed in a majority of patients with matched TBx/LBx, with the
highest rates in ER+ disease and those with longer biopsy intervals.
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Analysis of CGDB revealed that liquid biopsies are used later in the
course of patient care, typically in later stage tumors treatedwithmore
lines of prior therapy. This observation, in part, likely explains the
higher prevalence of acquired alterations and clonal heterogeneity in
the liquid biopsy setting. Consistent with prior studies, stratifying
patients by intervening treatment, identified known therapy-related
associations including acquired RB1 alterations in the CDK4/6i
setting13, and BRCA1/2 reversions with PARPi32,33. Beyond the well-
characterized ESR1 resistance mutations in the ER+ tumors, MAPK
pathway alterations, including NF1 loss of function alterations and
those in RAS pathway receptors (KRAS, BRAF, NRAS, HRAS) were also
commonly identified in our cohort. Some of these alterations,
including KRAS G12C, are currently being investigated in solid-tumor
basket trials47, allowing for emerging options for these patients. BRAF
V600E was recurrently observed as an acquired alteration, notable
since the FDA granted accelerated approval for debrafinib/trametinib
combination therapy48,49. Acquired PIK3CA and ERBB2 mutations,
potentially targetable with small molecule inhibitors1,4 were also
common.

Additional rare but actionable alterations that we observed in
follow-up LBx may have implications on potential treatment options
and combinatorial treatment strategies in these patients. The various
FGFR inhibitors in development, taken together with our findings on
FGFR1/2/3 acquired alterations in LBx, might be suggestive of patients
with relapsed ER+ breast cancer being an appropriate population for
targeted enrollment43. Albeit rare, an ERBB2 fusion identified in a
patientwithHER2+ breast cancer and anacquiredRET fusion identified
in a patient with an acquired ESR1, offer interesting insights into
subtype-specific resistance mechanisms and warrant further investi-
gation. These findings highlight that tumor evolution is more of a rule
rather than an exception during disease progression, consistent with
previous studies showing frequent acquisition of mutations in the
resistance setting9–12,14,21,43.

Tumor heterogeneity, the basis of tumor evolution, has been
associated with worse outcome in several tumors8,50–52. Thus, under-
standing what drives heterogeneous adaptation to intervening thera-
pies is critical in devising better therapeutic approaches. Consistent
with heterogeneous tumor evolution, acquired LBx alterations in our
cohort were frequently subclonal and often exhibited polyclonal pat-
terns. This was particularly true for BRCA1/2 reversions which were
almost universally polyclonal, suggesting convergent evolution of
resistance across multiple independent subclones may promote
resistance to therapy. Similar findings were seen for ESR1, PIK3CA, and
ERBB2, with patients exhibiting multiple resistance-associated altera-
tions in one or more of these genes. While therapies provide one
source of evolutionary pressure, mutations that promote oncogeni-
city, prevent cell death, or provide a clonal advantage may also be
selected for. TP53 mutations were commonly observed across breast
cancer subtypes and may represent a mechanism of selection-driven
clonal evolution. While this finding highlights the clinical challenges of
therapeutic resistance, these characteristics could aid in the discovery
of additional resistance mechanisms, even in the absence of long-
itudinal or paired data. In a sufficiently sized dataset, alterations fre-
quently observed to be subclonal and/or polyclonal could be flagged
as possible resistance alterations and prioritized for additional study
and identification of targets for drug discovery. It is also plausible that

the elevated presence of alterations identified in LBx may result from
an increased evolutionary burden in certain tumors.

TBx and LBx CGP revealed a high prevalence of actionable
alterations, including those in well-characterized drivers such as
BRCA1/2 and PIK3CA. However, the extent to which LBx captured the
mutational landscape derived frommatched TBx profiles was strongly
influenced by the estimated tumor fraction, with higher rates in suffi-
ciently shedding samples. LBx CGP with no identified mutations may
likely represent low ctDNA shedding; in such cases, reflex testing to
TBx, if feasible, may be warranted. This underscores the need for
consideration of LBx tumor fraction in the clinical setting where
reporting of an accurate estimate of tumor fraction, could enable
interpretationof a negative result. Further, the patient-matchedpaired
biopsyanalysis in this studywas limited to samples profiledonanolder
LBx technology comprising 62–70 genes, in comparison to the larger
TBx panel. As a result, the extent of acquired alterations and conse-
quently, the extent of tumor evolution, may be understated in this
cohort. However, the recent approval of larger LBx CGP profiling
panels, may help overcome this limitation by providing a broader
landscape of the tumor genomics, as observed in our preliminary
analysis of 1430 patients who underwent testing on a 324+ gene panel.
These tests have the potential to identify a greater breadth of poten-
tially actionable alterations. Notwithstanding these limitations, our
study showcased the abundance and diversity of tumor evolution and
resistance mechanisms, under selective pressures of routine care and
treatment. With the recent FDA-approval of NGS-based LBx CGP
assays, and the associated uptake in payor reimbursement, our
expectation is that liquid biopsymaygrow tobeused earlier in the care
of breast cancer patients, potentially to enable tumor profiling at initial
recurrence.

A limitation of this study was the lack of matched white blood cell
data.Mutations that are rare in solid tumors such as JAK2 V617F can be
assumed to be non-tumor derived and their presence may even be a
reason for clinical follow-up and monitoring for development of
myelodysplasia. Mutations that aremore common in solid tumors and
considered biomarkers for certain therapies pose more of a problem.
Mutations in ATM, CHEK2 have been observed in white blood cells37.
CH variants have even been observed in BRCA2 and KRAS, albeit rarely
and not in patients with breast cancer53,54. Somatic mutations with low
VAFs thus need to be interpretedwith some level of caution. It is worth
noting that PARPi treatment is not currently recommended by any
regulatory agency guidelines for breast cancer with ATM2 and CHEK2.
Our study is also limited based on the clinical and molecular (e.g., ER
status) available in the CGP cohort. While acquired alterations are
observed in paired-sample biopsies, especially those with longer
biopsy intervals, the tumor features and clinical interventions are
unknown for most of these cases.

Collectively, findings fromour study reveal the dynamic evolution
of breast tumors over time. Since both baseline and acquired altera-
tions are potentially targetable (e.g., activating PIK3CA, ERBB2, KRAS,
BRAF, FGFR1/2/3), longitudinal profiling throughout the course of care
may provide additional treatment options, through combinatorial
therapies or switching therapy regimens based on the evolving tumor
landscape, to improve outcomes for patients with breast cancer. With
poor outcomes in the relapsed andmetastatic setting, clinical trials are
urgently needed to assess whether targeting these alterations can

Fig. 5 | Investigation of patients with longitudinal biopsies in a clinico-genomic database. a A schematic representing the cohort of 196 patients receiving multiple,
longitudinal comprehensive genomicprofiling tests, with real-world clinical andoutcomedatamatched fromFlatironHealth evaluated in this study.bPatterns of acquired
short variants (e.g., point mutations, indels) in the overall cohort (top), and based on specific treatment interventions (bottom), revealed treatment-specific patterns of
acquired alterations. Acquired alterations (y-axis) are colored based on the type of alteration for each gene (x-axis). The therapy groups include the following—endocrine
therapy (ET) and Cyclin-dependent kinase inhibitors (CDK4/6i), endocrine therapy (ET), HER2-targeted therapy (antibody (Ab)-drug conjugates, tyrosine kinase inhibitors
(TKI)), Poly adenosine diphosphate-ribose polymerase inhibitors (PARPi) mono/combo therapy. c Three representative patient journeys, displaying the utility of LBx
during the course of care, are shown (time shown inmonths, mo). Shared alterations across biopsies are shown in red. Alterations unique to a specific biopsy are shown in
blue while alterations not targeted on other platforms are shown in gray.

Article https://doi.org/10.1038/s41467-022-35245-x

Nature Communications |         (2022) 13:7495 9



improve outcomes. This could be achieved through anumbrella trial in
the relapsed setting, matching patients to targeted therapies. Similar
approaches have been taken for the CUPISCO and TAPISTRY trials
whichmatchpatients to targeted therapy armsbasedon their genomic
profiles55,56. Our study highlights the potential for liquid biopsy
approaches to better characterize the evolutionary landscape, guide
clinical decision making, monitor treatment response/resistance and
ultimately aid in personalized care for patients with breast cancer.

Methods
Approval for this study, including a waiver of informed consent and
Health Insurance Portability and Accountability Act waiver of author-
ization, was obtained from the Western Institutional Review Board
(Protocol #20152817). The Institutional Review Board granted a waiver
of informed consent under 45 CFR § 46.116 based on review and
determination that this research meets the following requirements:
(i) the research involves no more than minimal risk to the subjects;
(ii) the research could not practicably be carried out without the
requestedwaiver; (iii) thewaiverwill not adversely affect the rights and
welfare of the subjects. For the clinico-genomic database (CGDB), IRB
approval of the study protocol was obtained prior to study conduct
and included awaiver of informed consent based on the observational,
non-interventional nature of the study (WCG IRB, Protocol No.
420180044). No compensation was provided as samples were
obtained during routine clinical care.

Comprehensive genomic profiling
Comprehensive genomic profiling (CGP) of formalin-fixed, paraffin
embedded tissue biopsy sections (TBx) from 29,704 breast cancer
patients was performed using FoundationOne®/FoundationOne® CDx.
Blood-based CGP (LBx) of 3339 patients was performed using Foun-
dationACT®/FoundationOne® Liquid and 712 patients were profiled on
both platforms (LBx on or after TBx). Hybrid capture was carried out
on at least 324 cancer-related genes and select introns from up to 31
genes frequently rearranged in cancer in our TBx assay, while the LBx
assay coveredup to 70cancer-related genes and select introns fromup
to seven genes to identify short variants (base substitutions and
indels), copy number alterations, and rearrangement events (Supple-
mentary Data 2)57,58. Further, comparisons between TBx and LBx were
limited to the genomic regions covered in the TBx and LBx assays
within these 70 genes. Patient populations represented all-comers
sequenced during routine clinical care. Well-characterized germline
alterations within BRCA1/259, were grouped together as founder
mutations. Receptor subtype was available for a subset of cases. An
independent assessment of 1430 patients profiled using Foundatio-
nOne® Liquid CDx22 was also performed.

Sequence analysis methods and validation of the CGP plat-
form used in this study have been described previously by
Frampton and colleagues (https://www.accessdata.fda.gov/cdrh_
docs/pdf17/P170019S006B.pdf)22,57. For tissue biopsy analy-
sis, base substitution detection was performed using a Bayesian
methodology, which enables the detection of somatic mutations
at low mutant allele frequency (MAF) and increased sensitivity for
mutations at hot‐spot sites through the incorporation of tissue‐
specific prior expectations. Reads with mapping quality <25 were
discarded, as were base calls with quality ≤2. Final calls were
made at MAF of ≥5% (MAF ≥ 1% at hot spots) to avoid false‐posi-
tive calls, after filtering for strand bias (Fisher test, p < .001), read
location bias (Kolmogorov–Smirnov test, p < .001), and presence
in ≥two normal controls. To detect short insertions or clinico-
genomic databaseThis study also utilized a US-based de-identified
Flatiron Health-Foundation Medicine clinico-genomic database
(FH-FMI CGDB), comprising approximately 280 cancer clinics
(~800 sites of care). Retrospective longitudinal clinical data were
derived from electronic health records (EHR), comprising patient-

level structured and unstructured data, curated via technology-
enabled abstraction, and were linked to genomic data derived
from FMI CGP tests in the CGDB by de-identified, deterministic
matching60.The study included 7681 patients satisfying the following
cohort inclusion criteria: (1) Chart-confirmed diagnosis of breast cancer
(data collected through September 30, 2020), (2) Had at least two
documented clinical visits in the FH network on or after January 1, 2011,
(3) Underwent CGP testing on a pathologist-confirmed breast cancer
tumor specimen, at FMI, on or after date of chart-confirmed initial
diagnosis of breast cancer, on a sample collected no earlier than 30 days
before the FH diagnosis date. A total of 6757 patients received at least
one TBx test and a total of 1150 patients received at least one LBx test
(Fig. 2); these include a subset of patients who received both TBx and
LBx testing.Amongst 1852 patients identified to be ER positive or PR
positive and HER2 negative at metastatic diagnosis, 1083 received a
combination ofCDK4/6 inhibitor treatment and endocrine therapy in the
metastatic non-maintenance setting; 713 patients had pre-treatment
biopsies (specimens collected prior to start of treatment) and 414 had
post-treatment biopsies (specimens collected post 90days after the start
of treatment). Amongst 788 patients identified to be HER2 positive at
metastatic diagnosis, 304 received a combination ofHER2 antibody (Ab)-
based targeted therapy and chemotherapy in the metastatic non-
maintenance setting (192 patients had pre-treatment biopsies and 144
had post-treatment biopsies) and 107 received a combination of HER2
TKI and chemotherapy in the metastatic non-maintenance setting (73
patients hadpre-treatment biopsies and 39hadpost-treatment biopsies).
And finally, amongst 179 patients who received PARP inhibitors, as
monotherapy or combination non-maintenance therapy in the meta-
static setting, 162 patients had pre-treatment biopsies and 23 had post-
treatment biopsies.For the above-described analysis, if multiple speci-
mens were extracted from patients for the purpose of CGP testing and
or patients had received multiple lines of therapy-in-question, the
longest specimen collection date-therapy start date combination was
chosen per patient. Prevalence of only genomic short variants (e.g.,
single base substitutions, short insertions/deletions, splice alterations)
were compared between the pre- and post-treatment biopsies and
reported.Paired samples were considered if they were collected at least
30 days apart, the patient was in network during both the CGP tests and
liquid biopsy specimens (where relevant) had an estimated tumor
fraction greater than 0.5%. After applying these filters, a total of 196
patients with longitudinal samples were available.

Estimation of the ctDNA fraction and clonality in liquid biopsy
samples
An estimation of the ctDNA fraction in liquid biopsy samples was
performed using two complementary methods: (i) a tumor fraction
estimator (TFE), based on a measure of tumor aneuploidy, and (ii) the
maximum somatic allele frequency (MSAF) method, using allele frac-
tion from somatic coding alterations to estimate ctDNA fraction61. For
short variants (base substitutions and indels), clonal fraction of a var-
iantwas calculated as the ratio of the variant allele fraction (VAF) to the
sample estimated ctDNA fraction.

Comparison of TBx and LBx profiles
Comparisons of gene alteration prevalence between the platforms
were limited to the 70genes captured in the LBx assay (Supplementary
Data 2). For comparisons based on site of biopsy, the tissue biopsy
cohort was divided into those profiled from breast (local, n = 9860)
and other metastatic sites (n = 13,811), with each being compared
against the full LBx cohort (n = 3339). For comparisons based on
receptor subtype, additional steps were applied in pre-processing the
data. Liquid biopsy samples in our cohort do not have receptor sub-
type information, and therefore, the status from the matched tissue
biopsy sample was utilized, where available. Further, to maximize the
number of samples for this analysis, for patients with both tissue and
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liquid biopsy profiling available, the liquid biopsy sample was prior-
itized to be selected. Each patient is included only in one of the plat-
forms (TBx, LBx) being compared.

For the paired LBx/TBx cohort, percent positive agreement was
determined at the variant level, by matching on coding and protein
effect for all identified short variants, using TBx as the reference. To
validate findings from the paired LBx/TBx cohort, a similar analysis of
short variants identified within these 70 genes in 1328 patients with
longitudinal TBx was performed.

Further, we also inspected the mapped bam files for the matched
tumor tissue to see if there was sub-threshold evidence for the single
base substitutions detected only in the matched liquid biopsy sample
using pysam pileup (n = 381 variants).

Statistical methods
Differences in prevalence of gene alterations between TBx and LBx
assays, as well as patterns of co-occurrence and mutual exclusivity
between gene alterations were tested using a Fisher’s exact test. Two-
sided P-values were calculated for each comparison and then adjusted
for multiple hypothesis testing using the Benjamini–Hochberg FDR
method. For continuous variables (e.g., clonal fraction, LBx tumor
fraction), Wilcoxon rank sum test was used to test for differences
between specific groups; two-sided P-values were calculated for each
comparison. For all analyses, the significance level was set to 0.05.
Statistics, computation, and plotting were carried out using Python 2.7
(Python Software Foundation) and R 3.6.1 (R Foundation for Statistical
Computing).

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

Data availability
The sequencing data generated in this study are derived from clinical
samples. The data supporting the findings of this study are provided
within the paper and its supplementary files. All supplementary
information accompanying the different analyses and figures pre-
sented in this study are provided in the Supplementary Data files. Due
to HIPAA requirements, we are not consented to share individualized
patient genomic data, which contains potentially identifying or sensi-
tive patient information. Foundation Medicine is committed to colla-
borative data analysis, and we have well-established, and widely
utilized mechanisms by which investigators can query our core
genomic database of >600,000 de-identified sequenced cancers to
obtain aggregated datasets. Requests for collaborative datashares can
be made by contacting the corresponding author(s) and filling out a
study review committee form. Once approved, investigators are
required to sign a data transfer agreement. Written proposals are
considered at monthly meetings and data transfer agreements expire
18 months from execution of the agreement.

References
1. André, F. et al. Alpelisib for PIK3CA-mutated, hormone

receptor–positive advanced breast cancer. N. Engl. J. Med. 380,
1929–1940 (2019).

2. Robson, M. E. et al. OlympiAD final overall survival and tolerability
results: olaparib versus chemotherapy treatment of physician’s
choice in patients with a germline BRCA mutation and HER2-
negativemetastatic breast cancer.Ann.Oncol.30, 558–566 (2019).

3. vonMinckwitz,G. et al. Trastuzumabemtansine for residual invasive
HER2-positive breast cancer. N. Engl. J. Med. 380, 617–628 (2019).

4. Modi, S. et al. Trastuzumab deruxtecan in previously treated HER2-
positive breast cancer. N. Engl. J. Med. 382, 610–621 (2020).

5. Marabelle, A. et al. Association of tumour mutational burden with
outcomes in patients with advanced solid tumours treated with

pembrolizumab: prospective biomarker analysis of themulticohort,
open-label, phase 2 KEYNOTE-158 study. Lancet Oncol. 21,
1353–1365 (2020).

6. Schmid, P. et al. Atezolizumab and nab-paclitaxel in advanced triple-
negative breast cancer. N. Engl. J. Med. 379, 2108–2121 (2018).

7. Caswell-Jin, J. L. et al. Clonal replacement and heterogeneity in
breast tumors treated with neoadjuvant HER2-targeted therapy.
Nat. Commun. 10, 657 (2019).

8. Pasha, N. & Turner, N. C. Understanding and overcoming tumor
heterogeneity inmetastatic breast cancer treatment.Nat. Cancer 2,
680–692 (2021).

9. Razavi, P. et al. The genomic landscape of endocrine-resistant
advanced breast cancers. Cancer Cell 34, 427–438 (2018). e6.

10. Sokol, E. S. et al. Loss of function of NF1 is amechanism of acquired
resistance to endocrine therapy in lobular breast cancer. Ann.
Oncol. 30, 115–123 (2019).

11. Condorelli, R. et al. Polyclonal RB1 mutations and acquired resis-
tance to CDK 4/6 inhibitors in patients with metastatic breast can-
cer. Ann. Oncol. 29, 640–645 (2018).

12. Razavi, P. et al. Molecular profiling of ER+metastatic breast cancers
to reveal association of genomic alterations with acquired resis-
tance to CDK4/6 inhibitors. J. Clin. Oncol. 37, 1009–1009 (2019).

13. Wander, S. A. et al. Thegenomic landscapeof intrinsic andacquired
resistance tocyclin-dependent kinase 4/6 inhibitors in patientswith
hormone receptor-positive metastatic breast cancer. Cancer Dis-
cov. 10, 1174–1193 (2020).

14. Nayar, U. et al. Acquired HER2 mutations in ER+ metastatic breast
cancer confer resistance to estrogen receptor-directed therapies.
Nat. Genet. 51, 207–216 (2019).

15. Murtaza, M. et al. Multifocal clonal evolution characterized using
circulating tumour DNA in a case of metastatic breast cancer. Nat.
Commun. 6, 1–6 (2015).

16. Yates, L. R. et al. Genomic evolution of breast cancermetastasis and
relapse. Cancer Cell 32, 169–184 (2017). e7.

17. Zundelevich, A. et al. ESR1 mutations are frequent in newly diag-
nosed metastatic and loco-regional recurrence of endocrine-
treated breast cancer and carry worse prognosis. Breast Cancer
Res. 22, 16 (2020).

18. Kingston, B. et al. Genomic profile of advanced breast cancer in
circulating tumour DNA. Nat. Commun. 12, 2423 (2021).

19. Davis, A. A. et al. Landscapeof circulating tumourDNA inmetastatic
breast cancer. EBioMedicine 58, 102914 (2020).

20. Vasan, N. et al. Double PIK3CA mutations in cis increase onco-
genicity and sensitivity to PI3Kα inhibitors. Science 366,
714–723 (2019).

21. Yamamoto-Ibusuki, M., Arnedos, M. & André, F. Targeted therapies
for ER+/HER2- metastatic breast cancer. BMC Med. 13, 137 (2015).

22. Woodhouse, R. et al. Clinical and analytical validation of Founda-
tionOne Liquid CDx, a novel 324-Gene cfDNA-based comprehen-
sive genomic profiling assay for cancers of solid tumor origin. PLoS
ONE 15, e0237802 (2020).

23. Robinson, D. R. et al. Activating ESR1 mutations in hormone-resistant
metastatic breast cancer. Nat. Genet. 45, 1446–1451 (2013).

24. Turner, N. C. et al. Circulating tumour DNA analysis to direct
therapy in advanced breast cancer (plasmaMATCH): a multicentre,
multicohort, phase 2a, platform trial. Lancet Oncol. 21, 1296–1308
(2020).

25. Ma, C. X. et al. Neratinib efficacy and circulating tumor DNA
detection of HER2 mutations in HER2 nonamplified metastatic
breast cancer. Clin. Cancer Res. 23, 5687–5695 (2017).

26. Li, B. T. et al. Trastuzumab deruxtecan in HER2-mutant non-small-
cell lung cancer. N. Engl. J. Med. 386, 241–251 (2022).

27. Li, B. T. et al. HER2-mediated internalization of cytotoxic agents in
ERBB2 amplified or mutant lung cancers. Cancer Discov. 10,
674–687 (2020).

Article https://doi.org/10.1038/s41467-022-35245-x

Nature Communications |         (2022) 13:7495 11



28. Croessmann, S. et al. Combined blockade of activating ERBB2
mutations and ER results in synthetic lethality of ER+/HER2 mutant
breast cancer. Clin. Cancer Res. 25, 277–289 (2019).

29. Watanabe, S. et al. Complete response to selective RET inhibition
with selpercatinib (LOXO-292) in a patient with RET fusion-positive
breast cancer. JCO Precis. Oncol. 5, 103–106 (2021).

30. Horibata, S. et al. ER-positive breast cancer cells are poised for RET-
mediated endocrine resistance. PLoS ONE 13, e0194023
(2018).

31. Ross, D. S. et al. Enrichment of kinase fusions in ESR1 wild-type,
metastatic breast cancer revealed by a systematic analysis of 4854
patients. Ann. Oncol. 31, 991–1000 (2020).

32. Carneiro, B. A. et al. Acquired resistance to poly (ADP-ribose)
polymerase inhibitor olaparib in BRCA2-associated prostate cancer
resulting from biallelic BRCA2 reversion mutations restores both
germline and somatic loss-of-function mutations. JCO Precis.
Oncol. 2, 1–8 (2018).

33. Weigelt, B. et al. Diverse BRCA1 and BRCA2 reversion mutations in
circulating cell-free DNA of therapy-resistant breast or ovarian
cancer. Clin. Cancer Res. 23, 6708–6720 (2017).

34. Severson, E. A. et al. Detection of clonal hematopoiesis of inde-
terminate potential in clinical sequencing of solid tumor speci-
mens. Blood 131, 2501–2505 (2018).

35. Kleppe, M. et al. Somatic mutations in leukocytes infiltrating pri-
mary breast cancers. npj Breast Cancer 1, 15005 (2015).

36. Pearson, A. et al. Inactivating NF1 mutations are enriched in
advanced breast cancer and contribute to endocrine therapy
resistance. Clin. Cancer Res. 26, 608–622 (2020).

37. Razavi, P. et al. High-intensity sequencing reveals the sources of
plasma circulating cell-free DNA variants. Nat. Med. 25,
1928–1937 (2019).

38. Bose, R. et al. ActivatingHER2mutations inHER2geneamplification
negative breast cancer. Cancer Discov. 3, 224–237 (2013).

39. Xu, X. et al. HER2 reactivation through acquisition of the HER2
L755S mutation as a mechanism of acquired resistance to HER2-
targeted therapy in HER2+ breast cancer. Clin. Cancer Res. 23,
5123–5134 (2017).

40. Zheng, Y.-B. et al. Inhibitor response to HER2 G776(YVMA) in-frame
insertion in HER2-positive breast cancer. Cancer Invest. 34,
123–129 (2016).

41. Smyth, L. M. et al. Efficacy and determinants of response to HER
kinase inhibition in HER2-mutant metastatic breast cancer. Cancer
Discov. 10, 198–213 (2020).

42. Smith, A. E. et al. HER2+breast cancers evade anti-HER2 therapy via
a switch in driver pathway. Nat. Commun. 12, 6667 (2021).

43. Mao, P. et al. Acquired FGFR and FGF alterations confer resistance
to estrogen receptor (ER) targeted therapy in ER+ metastatic breast
cancer. Clin. Cancer Res. 26, 5974–5989 (2020).

44. Jacob, S. et al. The use of serial circulating tumor DNA to detect
resistance alterations in progressive metastatic breast cancer. Clin.
Cancer Res. 27, 1361–1370 (2021).

45. O’Leary, B. et al. The genetic landscape and clonal evolution of
breast cancer resistance to palbociclib plus fulvestrant in the
PALOMA-3 trial. Cancer Discov. 8, 1390–1403 (2018).

46. Amirouchene-Angelozzi, N., Swanton, C. & Bardelli, A. Tumor
evolution as a therapeutic target.Cancer Discov. 7, 805–817 (2017).

47. A phase 1/2, study evaluating the safety, tolerability, PK, and effi-
cacy of AMG 510 in subjects with solid tumors with a specific KRAS
mutation (CodeBreaK 100). https://clinicaltrials.gov/ct2/show/
NCT03600883.

48. Subbiah, V. et al. Dabrafenib plus trametinib in patients with
BRAFV600E-mutated biliary tract cancer (ROAR): a phase 2, open-
label, single-arm, multicentre basket trial. Lancet Oncol. 21,
1234–1243 (2020).

49. Subbiah, V. et al. Dabrafenib plus trametinib in patients with
BRAF V600E-mutant anaplastic thyroid cancer: updated analysis
from the phase II ROAR basket study. Ann. Oncol. 33, 406–415
(2022).

50. Mroz, E. A. & Rocco, J. W. MATH, a novel measure of intratumor
genetic heterogeneity, is high in poor-outcome classes of head
and neck squamous cell carcinoma. Oral. Oncol. 49, 211–215
(2013).

51. Landau, D. A. et al. Evolution and impact of subclonal mutations in
chronic lymphocytic leukemia. Cell 152, 714–726 (2013).

52. Fisher, R., Pusztai, L. & Swanton, C. Cancer heterogeneity: impli-
cations for targeted therapeutics. Br. J. Cancer 108, 479–485
(2013).

53. Jensen, K. et al. Association of clonal hematopoiesis in DNA repair
genes with prostate cancer plasma cell-free DNA testing inter-
ference. JAMA Oncol. 7, 107–110 (2021).

54. Hu, Y. et al. False-positive plasma genotyping due to clonal hema-
topoiesis. Clin. Cancer Res. 24, 4437–4443 (2018).

55. Ross, J. S. et al. Comprehensive genomic profiling of carcinoma of
unknown primary origin: Retrospective molecular classification
considering the CUPISCO study design. Oncologist 26,
e394–e402 (2021).

56. Tumor-agnostic precision immuno-oncology and somatic targeting
rational for you (TAPISTRY) platform study. https://www.
clinicaltrials.gov/ct2/show/NCT04589845.

57. Frampton, G. M. et al. Development and validation of a clinical
cancer genomic profiling test based on massively parallel DNA
sequencing. Nat. Biotechnol. 31, 1023–1031 (2013).

58. Clark, T. A. et al. Analytical validation of a hybrid capture–based
next-generation sequencing clinical assay for genomic profiling
of cell-free circulating tumor DNA. J. Mol. Diagn. 20, 686–702
(2018).

59. Sun, J. X. et al. A computational approach to distinguish somatic vs.
germline origin of genomic alterations from deep sequencing of
cancer specimens without a matched normal. PLoS Comput. Biol.
14, e1005965 (2018).

60. Singal, G. et al. Association of patient characteristics and tumor
genomics with clinical outcomes among patients with non-small
cell lung cancer using a clinicogenomic database. JAMA 321,
1391–1399 (2019).

61. Tukachinsky, H. et al. Genomic analysis of circulating tumor DNA in
3,334 patients with advanced prostate cancer identifies targetable
BRCA alterations and AR resistance mechanisms. Clin. Cancer Res.
27, 3094–3105 (2021).

Author contributions
S.S. and E.S.S. conceptualized the study, interpreted the results, and
wrote the manuscript. S.S., D.X.J., H.T., K.M., D.P., and E.S.S. performed
the data analyses. N.D., R.H., and K.M. assisted with data collection. S.S.
performed data visualization and curation. E.S.S. assisted with project
supervision and administration. All authors, including O.G., J.S.R., J.C.,
B.D., L.D., G.M.F., L.M., S.O., J.M.V., G.R.O. and P.S.H. contributed to
detailed manuscript revision and review.

Competing interests
S.S., D.X.J., H.T., K.M., N.D., D.P., O.G., J.S.R., R.H., B.D., L.D., G.M.F.,
P.S.H., J.M.V., G.R.O., and E.S.S. are employees at Foundation Medicine,
Inc., with an equity interest in Roche. L.M. is an employee at Genentech,
Inc, with an equity interest in Roche. K.M. had employment with Foun-
dationMedicine Inc., andOncocyte, with an equity interest in Roche and
Oncocyte. J.C. had employment with Foundation Medicine Inc., and
GlaxoSmithKline, with an equity interest in Roche and GlaxoSmithKline.
S.O. has no potential conflicts of interest to declare within the scope of
this work.

Article https://doi.org/10.1038/s41467-022-35245-x

Nature Communications |         (2022) 13:7495 12

https://clinicaltrials.gov/ct2/show/NCT03600883
https://clinicaltrials.gov/ct2/show/NCT03600883
https://www.clinicaltrials.gov/ct2/show/NCT04589845
https://www.clinicaltrials.gov/ct2/show/NCT04589845


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35245-x.

Correspondence and requests for materials should be addressed to
58[?show "^fullautaff"1]?>Smruthy Sivakumar or Ethan S. Sokol.

Peer review information Nature Communications thanks the other
anonymous reviewer(s) for their contribution to the peer review of this
work. Peer review reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-35245-x

Nature Communications |         (2022) 13:7495 13

https://doi.org/10.1038/s41467-022-35245-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tissue and liquid biopsy profiling reveal convergent tumor evolution and therapy evasion in breast cancer
	Results
	Mutational spectrum of breast tumors profiled with tissue and liquid biopsy
	712 patients with longitudinal TBx and LBx profiling reveal a spectrum of acquired tumor resistance mechanisms and actionable targets
	Acquired alterations are associated with therapeutic intervention
	Case 1
	Case 2
	Case 3

	Discussion
	Methods
	Comprehensive genomic profiling
	Estimation of the ctDNA fraction and clonality in liquid biopsy samples
	Comparison of TBx and LBx profiles
	Statistical methods
	Reporting summary

	Data availability
	References
	Author contributions
	Competing interests
	Additional information




