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Abstract

Background Evolutionary models of breast cancer progression differ on the extent to which metastatic potential
is pre-encoded within primary tumors. Although metastatic recurrences often harbor putative driver mutations
that are not detected in their antecedent primary tumor using standard sequencing technologies, whether these
mutations were acquired before or after dissemination remains unclear.

Methods To ascertain whether putative metastatic driver mutations initially deemed specific to the metasta-

sis by whole exome sequencing were, in actuality, present within rare ancestral subclones of the primary tumors

from which they arose, we employed error-controlled ultra-deep sequencing (UDS-UMI) coupled with FFPE artifact
mitigation by uracil-DNA glycosylase (UDG) to assess the presence of 132 "metastasis-specific” mutations within ante-
cedent primary tumors from 21 patients. Maximum mutation detection sensitivity was ~1% of primary tumor cells.

A conceptual framework was developed to estimate relative likelihoods of alternative models of mutation acquisition.

Results The ancestral primary tumor subclone responsible for seeding the metastasis was identified in 29%

of patients, implicating several putative drivers in metastatic seeding including LRP5 A65V and PEAKT K140Q. Despite
this, 93% of metastasis-specific mutations in putative metastatic driver genes remained undetected within primary
tumors, as did 96% of metastasis-specific mutations in known breast cancer drivers, including ERRB2V777L, ESR1
D538G, and AKTT D323H. Strikingly, even in those cases in which the rare ancestral subclone was identified, 87%

of metastasis-specific putative driver mutations remained undetected. Modeling indicated that the sequential acquisi-
tion of multiple metastasis-specific driver or passenger mutations within the same rare subclonal lineage of the pri-
mary tumor was highly improbable.

Conclusions Our results strongly suggest that metastatic driver mutations are sequentially acquired and selected
within the same clonal lineage both before, but more commonly after, dissemination from the primary tumor,

and that these mutations are biologically consequential. Despite inherent limitations in sampling archival primary
tumors, our findings indicate that tumor cells in most patients continue to undergo clinically relevant genomic
evolution after their dissemination from the primary tumor. This provides further evidence that metastatic recurrence
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is @ multi-step, mutation-driven process that extends beyond primary tumor dissemination and underscores
the importance of longitudinal tumor assessment to help guide clinical decisions.

Keywords Breast cancer, Metastasis, Rare subclonal sequencing, Ultra-deep sequencing, Genomics, Metastatic driver

mutation

Background

Metastatic recurrence is the principal cause of death in
breast cancer patients [1]. The classical “one step” Dar-
winian model of cancer evolution posits that metastases
originate from rare primary tumor subclones that pos-
sess all of the properties needed to survive and traverse
the metastatic cascade [2]. However, given the multi-
faceted selective pressures encountered by tumor cells
during each step of the metastatic cascade (i.e., dis-
semination, intravasation, circulation, extravasation,
localization, colonization, outgrowth, and treatment), it
has been argued that rare genomic variation within pri-
mary tumors is unlikely to provide every type of fitness
needed for disseminating tumor cells to give rise to an
overt metastasis [3, 4]. Moreover, the observation that
bulk gene expression patterns in primary tumors are
associated with the probability of metastatic recurrence
is difficult to reconcile with a model in which metastatic
potential is attributable to rare cells within a primary
tumor [3, 4]. These considerations helped spur alternate
evolutionary models positing that metastatic potential is
largely determined by the same pathway mutations that
were responsible for primary tumorigenesis [4] and that
further reinforcement of these pathways confers a meta-
static advantage [3].

More recently, it has been proposed that metastatic
recurrence is driven not by the generation and selec-
tion of new mutations, but rather by increased cellular
plasticity propelled by latent transcriptional and epige-
netic regulatory mechanisms [5]. Such models take flight
from the relatively low frequency of recurrently mutated
genes identified to date [5], with the exception of cer-
tain well-known mechanisms of treatment resistance
such as mutations in ESRI [6], and hypothesize that new
genomic alterations identified within metastatic recur-
rences only modestly affect tumor behavior.

In contrast to the above models, it remains possible that
successful transversal of the metastatic cascade might
instead require new genomic alterations that are acquired
in a stepwise fashion after dissemination from the pri-
mary tumor. Indeed, we previously performed whole
exome sequencing (WES) and shallow whole genome
sequencing (sWGS) on primary tumors and metastatic
tumors from the same patients to identify genomic deter-
minants of breast cancer progression [7]. Compared with
the primary tumors from which they arose, we found

that treatment-refractory metastatic cancers preferen-
tially harbored mutations and copy number alterations
(CNAs) in several discrete genes and pathways [7]. These
included four preferential CNAs (deletion of STK11 and
CDKN2A, amplification of PAQR8 and PTK6), seven
preferentially mutated genes (ESRI, PALB2, MYLK,
PEAK1, XIRP2, EVC2, SLC24ARG), and 30 preferentially
mutated pathways (e.g., mTOR, cell cycle, WNT, cAMP).
While some of these alterations have been implicated in
primary tumorigenesis (e.g., STK11 loss, CDKN2A loss,
PALB2 mutation), others have not (e.g., PAQR8 ampli-
fication and mutations in MYLK, PEAKI, EVC2, and
SLC2A4RG). This pattern is exemplified by the selection
for activating mutations in ESR1, which do not appear to
play a role in the development of primary breast cancer,
but rather in acquired resistance to anti-estrogen thera-
pies [8].

The fact that each of the above genes and pathways
was frequently and preferentially mutated in recurrent
metastatic cancers at a significant level compared to their
antecedent primary tumors implicates them as putative
drivers of metastatic breast cancer progression [7]. Con-
sistent with this, we demonstrated that preferentially
mutated putative metastatic driver pathways, including
mTOR, pRB, WNT, and PKA, exhibited concomitantly
altered biochemical activities in metastases compared to
their paired primary tumors of origin [7]. Furthermore,
we recently demonstrated that PAQRS is spontaneously
upregulated and CN-gained in recurrent mouse mam-
mary tumors that arise following therapy in a manner
analogous to that observed in patients, promotes mam-
mary tumor recurrence in mice, confers resistance to
anti-estrogen therapy, anti-HER2 therapy, and chemo-
therapy, and is associated with poor overall survival as
well as survival following recurrence in breast cancer
patients [9]. These and other findings strongly suggest
that genes and pathways that are frequently and preferen-
tially altered in metastases compared to primary tumors
may represent bona fide drivers of metastatic progression
in breast cancer patients.

In light of evidence supporting their biological sig-
nificance, our study raised the important question
of whether mutations that preferentially occurred in
metastatic recurrences, as determined by WES, truly
arose after dissemination from the primary tumor or
were instead already present within their respective
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primary tumors, but at frequencies too low to have
been detected by WES. The answer to this question
has important clinical implications since the ability to
predict metastatic recurrence fundamentally depends
on whether the accuracy of such predictions is limited
solely by the sensitivity with which genomic heteroge-
neity can be assayed in primary tumors or, alternately,
whether genomic alterations that contribute to meta-
static recurrence may commonly be acquired after dis-
semination from the primary tumor. If true, this latter
proposition would impose intrinsic limits on the ability
to predict patient outcomes based solely on the proper-
ties of primary tumors.

Determining the stage of tumor progression at which
the mutations contributing to metastatic recurrence are
acquired would shed light on the extent to which meta-
static potential is pre-encoded within primary tumors
or is, instead, acquired after dissemination. This, in turn,
would inform the question of whether predicting meta-
static tumor behavior fundamentally requires the longi-
tudinal assessment of tumors as they evolve over time.

Although traditional sequencing technologies have
been used to evaluate whether metastatic driver muta-
tions originate within primary tumors, these technologies
are poorly suited for this task due to their limited sensi-
tivity [10, 11]. For example, WES cannot reliably detect
mutations occurring within subclones that constitute
<50% of tumor cells (cancer cell fraction [CCF] < 0.50)
[12]. Furthermore, while ultra-deep sequencing (UDS)
has higher detection power, UDS alone is unable to
detect tumor subclones that harbor mutations with vari-
ant allele frequencies (VAFs) below the error-floor, since
this is dictated by the induction and propagation of errors
during PCR amplification and corresponds to ~20% of
tumor cells (VAF < 0.10, CCF < 0.20) [12]. Conversely,
while droplet digital PCR (ddPCR) can accurately detect
mutations within rare subclones (1-20% of cells), this
technology cannot comprehensively assess the broad rep-
ertoire of mutations that contribute to metastatic recur-
rence since only a small number of predefined mutations
can be interrogated at a time. Further, all three of these
approaches can be confounded by artifacts resulting from
the formalin-fixed paraffin-embedded (FFPE) preserva-
tion method [13], which can greatly inflate the number of
false-positive mutations detected.

In the present study, we sought to balance both depth
(ability to detect rare subclones) and breadth (ability to
detect many mutations in one assay), while also miti-
gating sequencing and preservation-related artifacts
that determine the error-floor of traditional sequenc-
ing approaches. To do so, we coupled UDS with unique
molecular identifier technology (UMI) to mitigate errors
propagated by PCR, and with uracil-DNA glycosylase
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(UDG) treatment of tumor-derived DNA to mitigate
errors induced by FFPE [14].

Using this combined UDS-UMI/UDG approach in
paired primary and recurrent metastatic human breast
cancers, we evaluated the extent to which putative driver
mutations identified by WES as private to metastatic
recurrences were nonetheless present in primary tumors
within populations of tumor cells too small to be detected
by WES. Our findings in 21 patients revealed that most
mutations in putative metastatic drivers remained unde-
tected within rare primary tumor subclones, even in
cases where the rare ancestral primary tumor subclone
was successfully identified. While sampling limitations
inherent in retrospective analyses of primary tumors in
patients cannot be ruled out as a factor contributing to
the failure to detect some rare subclonal mutations, our
findings—when combined with inferences from a proba-
bilistic modeling framework—are consistent with the
conclusion that most putative metastatic driver muta-
tions were acquired after dissemination from the primary
tumor and were likely to be of biological consequence.

Our results provide further evidence that metastatic
progression is a mutationally driven, multi-step evolu-
tionary process that extends beyond the point of primary
tumor dissemination. Additionally, our study impli-
cates several putative metastatic driver mutations, and
the pathways they dysregulate, as potential therapeutic
targets and emphasizes the importance of longitudinal
genomic analysis during tumor progression to inform
clinical decisions.

Methods

Analysis summary

Primers were designed and generated for two different
panels using Qiagen QIAseq DNA V3 Panel Analysis and
spanned 204 regions of interest (ROIs), each of which
ranged in size from 11 to 22 bps. DNA samples were
treated with UDG prior to library preparation to reduce
the impact of FFPE-related sequencing artifacts. Libraries
were prepared manually per manufacturer instructions
and sequenced on a NextSeq 500 using 150 bp paired-
end reads. Raw reads were aligned to hgl9 and variants
were called using smCounter [15] as implemented in
Qiagen’s GeneGlobe Data Analysis Center.

The maximum amount of primary tumor tissue was
assayed as was possible and feasible for archival samples
obtained in the clinical setting. A total of 27 tumor blocks
were assayed, consisting of three tumor blocks for one
primary tumor, two tumor blocks for each of four pri-
mary tumors, and one block each for 16 primary tumors.
All primary tumor blocks were FFPE-preserved. Tumor
blocks contained approximately 1.5 cm? (IQR = 0.8—2.0,
min = 0.24, max = 4.0) of tumor material on the leading



Lawrence-Paul et al. Genome Medicine (2024) 16:26

cutting side. In most cases, 10 sections at 10-micron
thickness were cut from each tumor block and were used
for DNA extraction (the exceptions being 4 tumor blocks
in which 25, 20, 11, and 5 sections were available). DNA
was treated with UDG prior to library preparation to
reduce the impact of FFPE-related sequencing artifacts
and five primary tumor blocks were re-sequenced in rep-
licate to determine the effectiveness of UDG treatment.

The relative abundances of rare subclonal mutations
across trinucleotide contexts were used to estimate the
effectiveness of UDG treatment in mitigating FFPE-
related artifacts. The detection of potential false positive
mutations resulting from FFPE and/or other sequencing-
related artifacts was assessed based on trinucleotide con-
text, enrichment in the COSMIC database of mutations,
background rare subclonal mutation burden, tumor
block age, sequencing coverage, and number of muta-
tions assayed. Univariate, multivariate, and combined
likelihood models were used to estimate the probability
that detection was inflated by false positives.

Detection power was assessed based on the small-
est mutation cancer cell fraction (CCF) that could be
reliably detected with 95% confidence. CCFs were esti-
mated using locus-specific variant allele frequencies,
allele-specific copy number, tumor ploidy and cellularity.
Clonal composition was estimated using CCFs of muta-
tions detected within rare primary tumor subclones.
Mutations in major and minor subclones were defined as
those with CCFs > 0.50 and < 0.50, respectively. Muta-
tions in rare subclones were defined as those with VAFs
< 0.10, which approximately corresponds to mutations
with CCFs < 0.20 for a tumor with 100% cellularity and <
0.40 for a tumor with 50% cellularity. Mutations detected
in >50% of tumor cells (CCF > 0.50) could be inferred
via the pigeonhole principle to have been sequentially
acquired within the same clonal lineage.

Extended methods and corresponding citations [15—
23] are provided in Additional file 1.

Results

Study design

In a previous study, several genes (e.g., ESRI, PALB2,
PEAK1, XIRP2, MYLK, SLC2A4RG, EVC2) and pathways
(e.g., mTOR, CDK/RB, WNT, cAMP) were identified
that, based on gene set permutation and comparison to
primary tumors, exhibited significantly more mutations
within treatment-refractory metastases than expected
by chance [7]. Considering that many of these mutations
were detected by WES in metastatic recurrences, but not
in their paired primary tumors of origin, these observa-
tions suggested the occurrence of non-random selection
for mutations in these genes and pathways during meta-
static progression, thereby implicating them as putative
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drivers of metastasis and/or treatment resistance. Since
overt metastatic recurrence typically occurs in the con-
text of treatment resistance, we refer to these mutations
as “putative drivers of metastatic recurrence” or “putative
metastatic driver mutations.” Although not all mutations
defined in this manner would be expected to represent
bona fide drivers of metastasis and/or recurrence, as
opposed to passenger mutations, the statistical signifi-
cance and high frequency of these putative metastatic
driver mutations suggest the occurrence of biologically
relevant selection for a substantial proportion of these
mutations following dissemination.

In the present study, we used error-controlled ultra-
deep sequencing coupled with FFPE artifact mitiga-
tion (UDS-UMI/UDG) in 21 patients (27 primary
tumor blocks and 13 metastatic tumor blocks) to evalu-
ate whether putative metastatic driver mutations were
acquired after dissemination, as inferred from WES, or
were instead present within rare subclones of the pri-
mary tumor that were undetectable by WES.

Patients included in this study were diagnosed with
primary breast cancers between 1996 and 2013 (inter-
quartile range [IQR] = 2007-2010). Receptor subtypes
of patients were HR+ (90%, n = 19), HR+/HER2— (81%,
n = 17), HR+/HER2+ (10%, n = 2), HR—/HER2— (10%,
n = 2). All primary tumors were treatment-naive at time
of resection. In the adjuvant setting, 90% of patients had
been treated with chemotherapy, 86% with endocrine
therapy, 71% with radiation therapy, 10% with anti-HER2
therapy, and 5% with anti-CDK4/6 therapy. Patients
developed overt metastasis at a median of 4.8 years after
primary tumor diagnosis (IQR = 3.4—7.2 years, max = 17
years), with one patient having synchronous metastasis
at 15 days. Thus, most putative metastatic driver muta-
tions analyzed in this study occurred in the context of
treatment-refractory, metastatic recurrences from HR+
primary tumors.

Two custom panels (Qiagen QIAseq DNA V3) were
sequenced using UDS-UMI/UDG and covered 204
regions of interest (ROI) ranging in length from 11 to 22
bp (2395 total bases covered) within 145 genes (Addi-
tional file 2: UDS panel design). ROI included sites that
are commonly mutated in both primary and metastatic
tumors (e.g., PIK3CA and TP53) as well as sites of puta-
tive metastatic driver mutations that we previously iden-
tified as specific to the metastatic tumor by WES (e.g.,
ESRI) [7]. Sequencing of these panels enabled the assess-
ment of 132 putative metastatic driver mutations at high
read coverage (100 < MTs < 6K) within rare populations
of cells in 21 antecedent treatment-naive primary tumors.
A median of 3 high-coverage putative metastatic driver
mutations were assayed per primary tumor (IQR = 1-8,
max = 33) (Additional file 2: MetSpec WES mutations),
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which was proportional (R? = 0.76) to the total number of
putative metastatic driver mutations that were detected
in metastases, but not primary tumors, by WES (median
=9, IQR = 5-18, max = 66) (Additional file 1: Fig. S1).

The target amount of DNA (120 ng) assayed per tumor
block per panel was reached for 84% of cases (median
= 120, IQR= 120-181, min = 34, max = 240). Conse-
quently, in most cases the theoretical maximum num-
ber of DNA molecules pre-amplification that could
be assayed using our UDS-UMI/UDG approach was
~35,000. Panels were sequenced to a median depth of
~32,000 reads per site. A median of ~1300 unique molec-
ular tags (MTs), which represent distinct pre-amplifica-
tion DNA molecules, were deconstructed for each site
from sequenced reads (see Additional file 1: Supplemen-
tal Methods). The median MT coverage at sites of puta-
tive metastatic driver mutations relevant to each primary
tumor was 1160x (IQR = 599-2639x).

In parallel, UDS-UMI/UDG sequencing of metastatic
tumors using the same panels enabled the reassessment
of 73 mutations at high coverage within metastases that

A C

Untreated
samples
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were previously called by WES. Thirteen tumor blocks
representing core biopsies from 12 metastases were
sequenced at a median depth of ~1000 reads per site,
which resulted in a median of ~400 MTs per site. Two of
13 metastatic tumor blocks were FFPE-preserved.

Of the 28 patients from whom paired primary and met-
astatic tumors were assayed in our original study, primary
tumors from 4 patients and metastatic tumors from 16
patients could not be reassessed due to depletion of tis-
sue and DNA material. In addition, primary tumors from
three patients assayed by UDS-UMI/UDG were excluded
from analysis and not included in the above study charac-
teristics due to lack of adequate coverage (<100 MTs) at
putative metastatic driver mutation sites.

Variant concordance and FFPE artifact mitigation

Seventy-three mutations previously called in metastases
by WES were adequately covered by UDS-UMI/UDG in
the same assayed metastatic tumor block. 95% (69/73) of
these mutations were also called by UDS-UMI (Fig. 1A).
VAFs of mutations that were called by both WES and
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Fig. 1 UDS-UMI/UMG variant calling is concordant with WES and mitigates FFPE-related sequencing artifacts. A UDS-UMI/UDG detected almost
all mutations that were previously called in primary and metastatic tumors by WES. B Mutation VAFs were highly correlated between UDS-UMI/
UDG and WES. C, D UDG treatment was effective in mitigating the majority of FFPE-related C>T artifacts from mutations called in rare subclones,
as seen by the predominance of C>T rare subclonal mutations in untreated samples (n=5) compared with matched treated samples (n = 5)

and with all treated samples (n = 30). C Considering trinucleotide context, a larger proportion of C>T covered sites exhibited rare subclonal
mutations within untreated samples. D A larger proportion of rare subclonal mutations that were called within untreated samples occurred at C>T
trinucleotide contexts. The 3'(+1 position) nucleotide context of each mutation type is indicated by color
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UDS-UMI/UDG were highly correlated between the two
technologies (R* = 0.78, Fig. 1B), with VAFs determined
from WES being slightly inflated compared to those from
UDS-UML

Strikingly, treatment of tumor DNA with uracil-DNA
glycosylase (UDG), which is used to digest uracil laden
DNA that can result from FFPE-mediated cytosine deam-
ination, was estimated to deplete rare subclonal variants
resulting from FFPE artifacts by at least 88% (Fig. 1C, D)
(Additional file 2: All UDS-UMI/UDG variants). Addi-
tional evidence supporting the bona fide nature of the
rare subclonal mutations detected following UDG treat-
ment is provided below and in the Supplemental Results
(see Additional file 1).

Variant detection power of UDS-UMI/UDG

As applied here, UDS-UMI/UMG had 95% power to
detect mutations occurring in as few as 3.1% (median) of
primary tumor cells (“minCCFgs,” min = 0.0026, IQR =
0.016-0.049). In contrast, WES at 50X coverage was able
to reliably call mutations at these same sites only if they
occurred in greater than 50% of tumor cells (minCCFyg,
median = 0.54, IQR = 0.41-0.72). Thus, UDS-UMI/UDG
resulted in a 17-fold improvement in VAF/CCF sensitiv-
ity compared to WES (Fig. 2A) (Additional file 2: UDS
MetSpec Detection).

Notably, of the 132 mutations identified by WES as pri-
vate to metastases, 12 (9.1%) were detected by UDS-UMI
in their corresponding primary tumor at relatively high
VAF (> 0.10) and CCF (CCF median = 0.96, IQR = 0.77—
1.2) (Fig. 2B, C). While the presence of each of these 12
mutations in primary tumors was suggested by WES,
none met requisite filtering thresholds for variant call-
ing despite their high VAF and CCF (i.e., each mutation
had low coverage, a low number of variant reads, or an
insufficient number of callers in consensus). The failure
of WES to reliably detect these 12 high VAF mutations in
primary tumors underscores its limited power to identify
mutations, even those occurring within major subclones.

Most putative metastatic driver mutations remain
undetected in primary tumors by UDS-UMI
Despite the 17-fold increase in sensitivity afforded by
UDS-UMI/UDG, 111 (93%) of the remaining 120 assayed
putative metastatic driver mutations remained unde-
tected within the primary tumor by UDS-UMI/UDG
(Additional file 2: UDS MetSpec Detection) (Fig. 2B). In
aggregate, 20 of 21 patients had at least one putative met-
astatic driver mutation that remained undetected in their
primary tumor (Fig. 2C).

Importantly, sequencing coverage was not significantly
different between sites of mutations that were detected
versus those that were not (Additional file 1: Fig. S2A),
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suggesting that in most cases sequencing coverage likely
maximized the variant detection sensitivity possible
with UDS-UMI/UDG technology. Consistent with this,
increasing sequencing coverage in order to increase
detection power (Fig. 2D) failed to substantially increase
the proportion of putative metastatic driver mutations
that were detected in primary tumors (Fig. 2E). Indeed,
even when assayed mutation sites were limited to those
with the maximal detection power afforded by this tech-
nology (median minCCFqs of 0.9% cells at sites with
>4000 MTs) (Fig. 2D), 82% of putative metastatic driver
mutations remained undetected (Fig. 2E). Thus, the fail-
ure to identify more than 80% of assayed putative meta-
static driver mutations within rare subclones in their
corresponding primary tumors could not be attributed
to insufficient sequencing coverage or sub-optimal detec-
tion power.

Of the 120 putative metastatic driver mutations evalu-
ated that were not detected in major subclones of the pri-
mary tumor by WES or UDS-UMI, 24 resided within a
group of 117 genes widely implicated as likely drivers of
breast cancer based on their significantly high frequen-
cies of mutations and/or copy-number alterations within
primary and/or metastatic breast cancer [6, 7, 24]. Strik-
ingly, all but one (96%) of these mutations in likely breast
cancer drivers remained undetected in rare subclones
of primary tumors assayed by UDS-UMI. Undetected
metastasis-specific mutations in likely breast cancer
drivers included genes that are frequently mutated in
primary breast cancer (PIK3CA, TP53, KMT2C, AKTI,
CCND1, CDKNIB, RB1, RHOA, RUNXI) [24], as well as
genes that have been reported to be frequently and pref-
erentially mutated in metastases (ESRI, ERRB2, XIRP2,
PEAKI, MYLK, FLT4, RHOA, RICTOR, TP53) [6, 7].
Each of these mutations occurred in genes with demon-
strated pathogenic roles in cancer and included activat-
ing mutations in ESRI (D538G), ERBB2 (V777L), AKTI
(D323H), and PIK3CA (E542K), as well as inactivating
mutations in RBI (N258 frameshift), TP53 (V173L), and
CDKNIB (S2 nonsense) (8, 25-28].

Beyond these 23 mutations in likely cancer drivers,
and reflecting the high degree of mutational heteroge-
neity observed in human breast cancers, 96 putative
metastatic driver mutations that were not detected in
primary tumors by UDS-UMI occurred in genes encod-
ing components of signaling pathways with demon-
strated roles in cancer (e.g., WNTI, FZD3, TSC1, JAK],
JAK2, JAK3, CCNE2, FBNI1, INSR, LAMAI, NOTCHS3,
PIK3R2, PIK3CB, RELN) [7]. In contrast to likely can-
cer drivers, which were previously implicated in breast
cancer via mutation frequencies at the gene level [6, 7,
24], putative drivers of recurrent metastatic breast can-
cer were implicated at the pathway level based on their
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of the same primary tumor, but were not identified, are labeled in colors other than grey. Black arrow heads indicate WES detection power > 60% of cells

frequent, significant, and preferential mutation in recur-
rent metastatic tumors compared to primary tumors [7].
minCCFgg, for a representative set of putative metastatic
driver mutations is visualized in Fig. 2F.

In summary, whether considering likely cancer driv-
ers or putative metastatic drivers, the great majority
of driver mutations identified in metastases remained
undetected within rare subclones of the primary tumor
by UDS-UMI. These findings are consistent with a model
in which tumor cells in nearly all patients continue to
undergo clinically relevant genomic evolution after their

dissemination from the primary tumor via the acquisi-
tion of likely or putative metastatic driver mutations.

Detection of putative metastatic driver mutations

within rare primary tumor subclones

Nine putative metastatic driver mutations that were
originally deemed by WES to be private to metastases
were detected by UDS-UMI/UDG within rare subclones
(i.e., VAF < 0.10) of their antecedent primary tumor
(JAK1 G902V, LRP5 A65V, PEAKI K140Q, CDI14 E209K,
COL4A2 R1410Q, SETDIB E945K, TGFBRAP1 S626F,
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GHSR V2811, and NPRL3 S491L). In three patients (14%),
two putative metastatic driver mutations were detected
in their primary tumor. Thus, in six of 21 (29%) patients,
at least one putative metastatic driver mutation was
detected within a rare subclone of their primary tumor.

The CCF for each of the nine putative metastatic driver
mutations that were identified within rare primary tumor
subclones by UDS-UMI/UDG was estimated as a func-
tion of VAF, allele-specific copy number, tumor ploidy,
and tumor cellularity (see Additional file 1: Supplemen-
tal Methods). Given that the number of alleles that were
mutated (a.k.a. multiplicity factor, s) is unknown, CCFs
were estimated for each possible s (Additional file 2:
CCFs of visualized mutations).

Putative metastatic driver mutations that were detected
within rare subclones of primary tumors by UDS-UMI/
UDG were estimated to have been present in a median of
7%, and as few as 2%, of primary tumor cells (CCF min =
0.019, median = 0.073, IQR = 0.033-0.099, max = 0.276,
using median CCF across s; VAF min = 0.005, median =
0.021, IQR = 0.008-0.036, max = 0.087) (Fig. 3A). Two
of these mutations exhibited modest CCFs despite having
VAF < 0.10: JAKI G902V (UDS-UMI/UDG VAF = 0.087;
CCF = 0.18, when s = 2; CCF = 0.37, when s = 1; median
CCF = 0.28) and PEAKI K140Q (UDS-UMI/UDG VAF
= 0.062; CCF = 0.24, when s = 1). Both JAKI G902V
and PEAK1 K140Q were originally detected within their
respective primary tumors by WES, but at VAFs (0.063
and 0.024, respectively) below the threshold required for
confident variant calling, again illustrating the inability of
WES to reliably detect mutations in minor subclones.

Evidence for the bona fide nature of putative metastatic
driver mutations detected within ancestral rare primary
tumor subclones

Results from multiple analyses indicated that the putative
metastatic driver mutations detected within rare primary
tumor subclones represent bona fide mutations rather
than technical artifacts. In addition to the finding that
sequencing coverage did not significantly differ between
detected and undetected mutations (Additional file 1:
Fig. S2A), multivariate and univariate regression analy-
ses demonstrated that the ability to detect metastatic
driver mutations within rare primary tumor subclones
could not be attributed to background rare subclonal
mutation burden (Kendall tau test P = 0.30, multivari-
ate linear regression P’ = 0.96), nor primary tumor block
age (P = 0.85, P’ = 0.59) (Additional file 1: Fig. S2B and
S2C). These results suggest that mutation detection was
unlikely to have been hampered by insufficient sequenc-
ing coverage or unmitigated FFPE artifacts, of which
tumor block age is a known covariate [29].
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Our analysis did reveal a greater probability of detect-
ing a metastatic driver mutation within a primary tumor
when more metastatic driver mutations were assayed
(P = 0.0082, P’ = 0.0051, Additional file 1: Fig. S2D).
This result is consistent with at least two possibili-
ties: 1) across patients a small percentage of metastatic
driver mutations are present within rare primary tumor
subclones; consequently, the probability of detecting
these mutations would be proportional to the number
of mutations assayed, or 2) metastatic driver mutations
are not, in actuality, present within rare primary tumor
subclones, but instead represent false-positives resulting
from sequencing artifacts; consequently, the number of
false-positive mutations detected would be anticipated to
increase as more mutations are assayed.

To distinguish between these two possibilities, we
employed a probabilistic model parameterized on the
background burden of rare subclonal mutations (both
panel-wide and trinucleotide-specific) and the number
of assayed putative metastatic driver mutations. These
were used to estimate the probability that the number of
putative metastatic driver mutations detected within rare
primary tumor subclones was the result of sampling arti-
factual mutations that randomly arose during sequencing.
This analysis (Additional file 1: Table S1, Supplemental
Methods) revealed that the number of putative metastatic
driver mutations detected in rare subclones within their
corresponding primary tumor of origin was greater than
what would be expected based on either variation in back-
ground mutation burdens (combined likelihood 0.0012
< P <£0.023) or the number of putative metastatic driver
mutations that were detected within unrelated primary
tumors (sample permutation 0.022 < P < 0.029).

Together, these analyses provide evidence that putative
metastatic driver mutations that were detected within
rare primary tumor subclones by UDS-UMI/UDG repre-
sent bona fide mutations rather than randomly occurring
sequencing artifacts. Consequently, these results indi-
cate that UDS-UMI/UDG was able to identify mutations
that arose within rare primary tumor subclones that had
given rise to metastatic recurrences.

Evaluation of ancestral rare primary tumor subclones
identified by UDS-UMI/UDG suggests that putative drivers
of metastatic recurrence are acquired both before and
after dissemination

The identification of ancestral rare primary tumor sub-
clones by UDS-UMI/UDG within roughly a third of
patients permitted inferences to be made regarding the
evolutionary trajectory of metastatic progression, as
illustrated by patient P25 (Fig. 3B, C). For this patient,
two putative metastatic driver mutations were detected
within rare populations of cells within the primary
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Fig. 3 Putative metastatic driver mutations detected within antecedent rare primary tumor subclones inform modes of tumor evolution. A Estimated CCFs

for metastatic driver mutations detected within rare primary tumor subclones using median CCF across possible multiplicity factors. Each color indicates

a different patient. Horizontal dashed line indicates median CCF. B Within primary (‘P") and metastatic (‘M) tumors from patient P25, estimated posterior
distributions of CCF (violin plots) for metastatic driver mutations that were either detected (LRP5, PEAKT) or undetected (ERBB2) by UDS-UMI/UDG within rare
subclones of the primary tumor. Distribution height indicates the range of possible CCF values, with the widest point indicating the most likely estimate. For each
mutation, there was only one allele that could be mutated. No violin plot distribution is shown for the FRBB2 mutation in the primary tumor because the mutation
was not detected in the primary tumor. € Muller plot showing the estimated evolutionary trajectories of metastatic driver mutations in patient P25

tumor: a mutation in PEAKI (K140Q), which is a focal Notably, LRP5 A65V is structurally equivalent to a
adhesion kinase involved in cell migration that is signifi- known activating mutation, LRP5 G171V, that underlies
cantly and preferentially mutated in metastases [7], and a  autosomal dominant high bone density in two patient
mutation in the WNT co-receptor, LRP5 A65V. kindreds [30, 31], with A65V and G171V affecting
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equivalent residues on different blades of the first beta-
propeller domain of LRP5 [32]. Based on this similarity
LRP5 A65V was first predicted, and then demonstrated,
to abrogate the ability of Dkkl to inhibit LRP5, thus
resulting in increased WNT signaling activity [32].

Whereas PEAK1 K140Q was present within a sub-
clone representing 24% of tumor cells (CCF = 0.24, s =
1), LRP5 A65V was estimated to be present in only 2% of
cells in the primary tumor (CCF = 0.02, s = 1). Since the
sum of their respective CCF distributions in the metas-
tasis (CCF = 0.65 and 0.81, respectively) is significantly
greater than 1 (P = 1.7 X 107°), and since there was no
ambiguity in multiplicity factors for either mutation (i.e.,
for each it was estimated that only one allele could pos-
sibly be mutated based on allele-specific copy number
analysis), it can be deduced via the pigeonhole principle
that this patient’s metastasis was seeded by a subclone
bearing both mutations.

PEAKI is preferentially mutated in metastases, as are
components of the focal adhesion pathway within which
PEAK]1 resides [7]. Similarly, the LRP5 A65V mutation
has been demonstrated to activate the WNT signal-
ing pathway [32], which is also preferentially mutated in
metastases [7]. Accordingly, evidence that the metasta-
sis in patient P25 was seeded by a rare ancestral primary
tumor subclone bearing putative metastatic driver muta-
tions in both PEAKI and LRPS suggests that dysregula-
tion of LRP5 and PEAK1 may have provided a metastatic
advantage to mutant cells. This, in turn, further impli-
cates these mutations as putative drivers of metastatic
recurrence, rather than passenger mutations.

Intriguingly, the HR+/HER2— metastasis in this patient
also harbored a known activating mutation in ERBB2,
V777L [25], with concomitant loss-of-heterozygosity
of ERBB2 (Fig. 3B, C). This putative metastatic driver
mutation was estimated to have arisen within this same
PEAK1/LRP5-mutant subclone, yet it was not detected
in the primary tumor by either WES or UDS-UMI/UDG
(minCCFgy5y = 0.013). These observations are consist-
ent with the possibility that the ERRB2 V777L activat-
ing mutation was acquired after dissemination of the
rare LRP5/PEAKI-mutant primary tumor subclone that
seeded the metastasis in this patient. Indeed, considering
that this patient was treated with anti-estrogen therapy in
the adjuvant setting, and that this same ERBB2 activating
mutation has been reported to arise in patients treated
with anti-estrogen therapy [33], our results support a
model in which the ERBB2 V777L mutation was acquired
and selected for after primary tumor dissemination in
response to endocrine therapy administered following
primary tumor resection.

Taken together, this constellation of findings sug-
gests that in this patient 1) selection occurred via
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dissemination of a rare primary tumor subclone (2% of
tumor cells) that had sequentially acquired two putative
metastatic driver mutations (LRP5 A65V and PEAKI),
and 2) cells from this ancestral subclone acquired an
ERBB2 activating mutation after their dissemination
from the primary tumor, ostensibly as a mechanism of
resistance to treatment. Thus, the evolutionary trajec-
tory of the metastasis in patient P25 is consistent with a
multi-step, mutation-driven model of cancer progression
wherein metastasis and treatment resistance result from
iterative rounds of mutation acquisition and selection
both before and after dissemination from the primary
tumor.

Remarkably, in each of the 3 patients for whom two
putative metastatic driver mutations were detected
within a rare population of cells in their primary tumor,
both newly detected putative metastatic driver mutations
were estimated to have arisen within the same ances-
tral rare primary tumor subclone (Figs. 3B and 4). These
included LRP5 (WNT receptor) and PEAKI (focal adhe-
sion kinase) within 2% of primary tumor cells in patient
P25 (described above); GHSR (ghrelin growth hormone
receptor) and NPRL3 (mTORCl-regulating GATORI1
subunit) within 1.5-3% (depending on possible multiplic-
ity factors) of primary tumors cells in patient P39; and
COL4A2 (a collagen involved in focal adhesion, relaxin
signaling, and protein digestion and absorption path-
ways) and SETDIB (histone lysine methyltransferase)
in 4-19% of primary tumor cells in patient P12. Fur-
thermore, in patient P12 both putative metastatic driver
mutations were detected in only one of two primary
tumor blocks assayed. Thus, the implied spatial locali-
zation of detected putative metastatic driver mutations
within a specific region of the primary tumor provides
further evidence that multiple metastatic driver muta-
tions can be acquired in the same rare subclonal lineage
prior to dissemination.

In the three remaining patients, one putative meta-
static driver mutation was detected within an ancestral
subclone in each primary tumor, suggesting that it may
have conferred an advantage for metastasis and/or treat-
ment resistance. These included JAKI (JAK-STAT sign-
aling) in 18-37% of primary tumor cells in patient P65,
TGFBRAPI (TGF-beta receptor signaling) in 15-29% of
primary tumor cells in P11, and CD14 (surface antigen in
the toll-like receptor signaling pathway) in 3% of primary
tumors cells in patient P26.

The detection of nine putative metastatic driver muta-
tions within rare ancestral primary tumor subclones
in six patients implies that at least some mutations that
confer a selective advantage for metastasis and/or treat-
ment resistance do indeed exist within primary tumors
prior to dissemination. Thus, beyond our initial evidence
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Fig. 4 CCF estimates of putative metastatic driver mutations within primary and metastatic tumors. Estimated posterior distributions of CCF
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within primary tumor blocks

identifying putative metastatic driver mutations based
on their frequent and preferential mutation in metasta-
ses compared to primary tumors [7], the apparent selec-
tion via dissemination of rare primary tumor subclones
harboring these putative metastatic driver mutations fur-
ther implicates these genes—and the pathways in which
they reside—as biological contributors to metastatic
recurrence.

Strikingly, for every patient in whom the ancestral rare
primary tumor subclone was identified via UDS-UMI/
UDG, evaluation of the associated metastasis revealed
at least one additional putative metastatic driver muta-
tion that was not detected in the primary tumor by either
WES or UDS-UMI/UDG. To this end, within this same
group of patients, 62 of 71 (87%) (median per patient =
86%, IQR = 84-90%) putative metastatic driver muta-
tions deemed metastasis-specific by WES remained
undetected even when that patient’s ancestral rare

primary tumor subclone was identified by UDS-UMI/
UDG. This observation provides further evidence that
these additional putative metastatic driver mutations
were acquired after dissemination.

Thus, the estimated evolutionary trajectory for tumors
in each of the above six patients suggests that putative
drivers of metastatic recurrence are most often acquired
after dissemination from the primary tumor, which is
consistent with a multi-step, mutation-driven model of
cancer progression.

Considerations on limitations of tumor sampling

Across patients, 93% of putative metastatic driver muta-
tions and 96% of likely cancer driver mutations detected
by WES in metastases, but not primary tumors, remained
undetected by UDS-UMI/UDG within their antecedent
primary tumor. This is consistent with a model in which
tumor cells continue to acquire mutations in likely breast
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cancer drivers and putative drivers of metastatic recur-
rence after their dissemination from the primary tumor.
However, while increasing the number of tissue blocks
assayed per tumor failed to materially increase the num-
ber of putative metastatic driver mutations detected
within rare primary tumor subclones (Additional file 1:
Fig. S2E), it remains possible that putative metastatic
driver mutations that failed to be detected by UDS-UMI/
UDG resided within unassayed regions of the primary
tumor, particularly considering the known topological
heterogeneity of cancers [34, 35], and the relatively small
amount of tumor tissue that is typically sequenced, or
is available for sequencing, in studies of archival clinical
material.

Nevertheless, considering the spatially localized het-
erogeneity known to exist in primary tumors, the find-
ing that 87% of putative metastatic driver mutations
remained undetected even when the ancestral rare pri-
mary tumor subclone that gave rise to the metastasis
was identified provides additional evidence that the fail-
ure to detect these mutations was not wholly attribut-
able to insufficient sampling of tumor material. Rather,
their lack of detection by UDS-UMI/UDG within these
ancestral rare primary tumor subclones is consistent with
at least two additional possibilities: 1) that most if not
all of these undetected putative metastatic driver muta-
tions were acquired after dissemination from the primary
tumor or, 2) that all of these mutations were present in
the primary tumor within still smaller subclones nested
within the identified ancestral rare primary tumor sub-
clone. For the latter possibility to be true, and the former
false, all undetected putative metastatic driver mutations
in a given tumor would have to have been sequentially
acquired (i.e., acquired in series within the same clonal
lineage) within these hypothetical, exceedingly rare pri-
mary tumor subclones.

To evaluate the latter possibility, for each patient we
estimated the upper bound of CCF in which this hypo-
thetical ancestral primary subclone could have existed.
For each patient, the estimated size of the detected
ancestral primary tumor subclone determined the ini-
tial upper bound in the estimated size of a hypotheti-
cal subclone that had sequentially acquired each of the
undetected putative metastatic driver mutations. Since
in this scenario all undetected mutations would be pre-
sent within the same subclonal lineage, upper bounds
can be further decreased to the maximum detection
power (minCCFgys) across undetected putative meta-
static driver mutations.

For example, in patient P12 all 27 undetected putative
metastatic driver mutations—including an inactivat-
ing 5-bp deletion frameshift mutation in RBI at N258—
would have to have been sequentially acquired in, at
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most, 1% of primary tumor cells. Likewise, all 12 unde-
tected putative metastatic driver mutations in patient
P39—including an inactivating stop gain mutation in
CDKNIB at S2—would have to have been sequentially
acquired in, at most, 0.26% of cells. Similarly, patient P26
would have to have sequentially acquired all 11 unde-
tected mutations in, at most, 0.66% of cells—including a
known loss-of-function mutation in TP53, V147. Patient
P65 would have to have sequentially acquired all 6 muta-
tions in, at most, 0.91% of cells—including a known acti-
vating mutation in AKTI D323H. Patient P11 would
have to have sequentially acquired all 5 mutations in, at
most, 0.52% of cells, and patient P25 would have to have
sequentially acquired the ERBB2 activating mutation
V777L in, at most, 1.3% of cells.

These considerations notwithstanding, while the ances-
tral subclone that gave rise to metastasis was identified
in each of these cases, it still cannot be ruled out that all
of the remaining undetected putative metastatic driver
mutations were sequentially acquired within the same
small identified ancestral primary tumor subclone, but
were not contained within the tissue sample assayed.
Nevertheless, the reported spatial localization of sub-
clonal lineages [34, 35], coupled with the observation that
87% of putative metastatic driver mutations remained
undetected in patients in whom the ancestral rare sub-
clone was successfully identified, weigh against this
possibility.

A conceptual framework for the relative likelihoods

of sequential mutation acquisition

The classical model of mutation acquisition and selection
posits that a mutation is first acquired in one cell, which
can then clonally expand due either to a selective advan-
tage conferred by that mutation (i.e., a driver mutation),
or to neutral evolution via random expansion of the clone
independent of its relative fitness [35]. Clonal expansion
to the point where a new mutation becomes represented
in a substantial number of tumor cells thus provides an
enlarged target population within which a subsequent
mutation can occur. In this manner, mutations can be
sequentially acquired and selected over time, resulting in
multiple rounds of significant clonal expansion (i.e., >50%
of tumor cells) and iterative changes to the mutational
landscape shared by most tumor cells.

Based on the high clonal frequencies of putative meta-
static driver mutations that we observed in metastases,
but not their ancestral primary tumors, our findings to
this point were consistent with a “driver model” in which
multiple mutations that confer a metastatic advantage
sequentially occur and are selected for after dissemi-
nation from the primary tumor. Nevertheless, we con-
sidered the null hypothesis that all mutations deemed
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specific to metastases by WES and UDS-UMI/UDG were
passenger mutations (“passenger model”) that had no
impact on tumor behavior, and that these mutations were
already present within rare populations of primary tumor
cells since this latter possibility cannot be ruled out due
to the inability to assay all tumor cells in a clinical setting.
For the passenger model to be true, all mutations deemed
specific to metastases would have to have been sequen-
tially acquired within the same subclonal lineage in the
primary tumor.

To evaluate these alternative models, we developed
a conceptual framework based on a classical model of
mutation acquisition and selection to estimate the prob-
ability that a series of (d) driver mutations in a series of
(k) mutations was sequentially acquired within the same
clonal lineage (Pseguence(k; d)), as a function of mutation
rate (y), tumor size (T), and the extent to which clonal
expansion occurred following each mutation (c). As
derived in Additional File 1: Supplemental Results, this
probability was estimated using the combined likelihood
across k Poisson processes, which can be expressed as:

d
Psequenae(k: d) & (1 - (1 - M)TC) X ﬂkid?l X (1 - (1 - IU')T)

This relationship indicates that the probability of a
tumor subclone acquiring a series of mutations expo-
nentially decreases with greater numbers of mutations,
smaller numbers of driver mutations, lesser extents of
clonal expansion, lower mutation rates, and smaller
tumor sizes. A core inference from this relationship is
that the probability of acquiring a series of mutations
within the same clonal lineage is substantially higher for
driver mutations than for passenger mutations, because
each driver mutation in the series is more likely to result
in clonal expansion, which gives rise to a larger pool of
cells within which a subsequent mutation can potentially
be acquired (via a Poisson process wherein the number of
trials is determined by the number of cells).

Conversely, the probability of acquiring a series of pas-
senger mutations within the same clonal lineage is sub-
stantially lower than for driver mutations because the
random nature of clonal expansion in this context entirely
offsets any increase in the number of cells in a potentially
expanded subclone. Mathematically, this probability
became equivalent to the probability of at least one cell
acquiring an initial mutation multiplied by the prob-
ability of acquiring the remaining k — 1 passenger muta-
tions in that same cell in the absence of clonal expansion
(uk=1) (see Additional file 1: Supplemental Results).
Consequently, the probability that a series of mutations
acquired within the same clonal lineage consisted of pas-
senger mutations, rather than driver mutations, becomes
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exponentially less likely as the number of mutations
increases and the mutation rate decreases.

We next sought to quantify the relative likelihood of
the passenger model versus the driver model based on
observed data—namely, the number of mutations that
were estimated by WES and UDS-UMI/UDG to be
metastasis-specific and sequentially arising (CCF > 0.50),
as well as the extent of clonal expansion anticipated for
each of the models. We found that patients exhibited, on
average, 60 sequentially arising metastasis-specific cod-
ing mutations as identified by WES, of which an average
of 8 were putative metastatic driver mutations. Of these,
an average of 3.4 of were assayed by UDS-UMI/UDG
(i.e., a minority of putative metastatic driver mutations
were assayed by this method) and deemed metastasis-
specific due to their lack of detection within the primary
tumor. These values for the identified number of sequen-
tially arising metastasis-specific mutations (k = 60, 8,
and 3.4) were incorporated into the above probabilistic
framework.

Incorporating these values for k into the above frame-
work indicated that the passenger model was far less
likely to be true than the driver model (relative likeli-
hoods of ~3.2 x 1072%, ~3.2 x 107, and ~1.6 x 107",
respectively). Notably, this was the case even if we
assumed for the driver model that only a third of identi-
fied mutations were actually drivers (relative likelihoods
of 107, 107'% ~7.9 x 107°, respectively) (see Additional
file 1: Supplemental Results). This suggests that the num-
bers of metastasis-specific mutations observed were far
more likely to have arisen via non-random selection and
significant clonal expansion due to at least a subset of
these mutations being driver mutations. Given that these
mutations were not detected within the primary tumor
by UDS-UMI/UDG, these findings strongly imply that
the sequential acquisition and clonal expansion of these
putative driver mutations most likely occurred after their
dissemination from the primary tumor.

We also evaluated an alternative hypothesis that metas-
tasis-specific mutations were indeed driver mutations,
but were sequentially acquired within the primary tumor
in the context of non-random, yet insignificant, clonal
expansion, which would be a required element of this
model given that these mutations were detected neither
by WES (detection power >50% of cells) nor UDS-UMI/
UDG (detection power >3% of cells). For each patient,
we used for k the total number of coding mutations that
were identified by WES as being metastasis-specific and
sequentially arising, and for d the subset of those that
were putative metastatic driver mutations.

Strikingly, our estimates indicated for every patient
that it was highly unlikely (i.e., <107"") that the metas-
tasis-specific mutations identified had, in actuality, been
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sequentially acquired in a subclonal lineage comprising
no more than 50% of cells within the primary tumor, even
when offset by the non-random clonal expansion con-
ferred by driver mutations. Moreover, when considered
across patients, this combined likelihood approached
zero. Additionally, when k and d were specified as the
number of sequentially arising, metastasis-specific
putative metastatic driver mutations that remained
undetected by UDS-UMI (i.e., k = d), we estimated
for patients with 3 or more undetected sequentially
acquired, metastasis-specific mutations that it was highly
unlikely (range 0.29-2.2 x 107°) that these mutations
could have sequentially arisen within the primary tumor
while remaining beneath the detection floor of UDS-
UMI (average of 3% of cells)—even when offset by the
non-random clonal expansion conferred by driver muta-
tions. Moreover, when considered across all patients,
the combined likelihood was 3.1 X 107%, rendering this
alternative hypothesis exceedingly unlikely. Importantly,
the combined likelihood across the six patients for whom
the ancestral rare primary tumor subclone that gave rise
to the metastasis was identified was also exceedingly low
(1.6 x 10~%), thereby providing further evidence that the
low probabilities observed across patients was not simply
the result of sampling limitations.

Lastly, due to the far lower relative likelihood of the
passenger model compared with the driver model based
on the above considerations, when examining primary
tumors we would expect to find far fewer passenger
mutations, compared to driver mutations, that were
sequentially acquired within the same clonal lineage.
Consequently, if the passenger model is correct (i.e., all
metastasis-specific mutations were passenger muta-
tions that were sequentially acquired within the primary
tumor), we would expect to identify far fewer sequen-
tially acquired metastasis-specific mutations compared
to sequentially acquired truncal mutations (i.e., muta-
tions acquired in the primary tumor in the context of sig-
nificant, non-random clonal expansion due to the driver
function of many of these mutations).

Strikingly, and contrary to this passenger model-based
prediction, we found that patients exhibited, on average,
3 times more (mean = 3.1X, median = 1.2X, IQR = 0.4—
4.9%, max = 10X) sequentially arising metastasis-specific
mutations than truncal mutations, which is far greater
than the ratio of metastasis-specific:truncal mutations
predicted by the passenger model (i.e., <<1).

In aggregate, these and other findings (see Supplemen-
tal Results) provide evidence that the probability that all
observed metastasis-specific mutations were, in actuality,
passenger mutations that had been sequentially acquired
in the primary tumor in the absence of non-random and
significant clonal expansion is exceedingly low compared
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to a model in which driver mutations are acquired after
dissemination that result in significant and non-random
clonal expansion. This, in turn, argues against a passen-
ger model in which all putative metastatic driver muta-
tions that were newly detected in metastases either
provided no selection advantage or were sequentially
acquired within rare ancestral primary tumor subclones
in the absence of clonal expansion. Similarly, our find-
ings across patients also argue against the possibility that
metastasis-specific mutations were driver mutations that
were sequentially acquired within the primary tumor
in the absence of significant clonal expansion, such that
they remained beneath the detection floor of UDS-UML

Discussion

According to Laplacian determinism, all future states of a
complex system can theoretically be predicted if the cur-
rent state of that system is measured at a sufficiently high
resolution. While advances in genomic sequencing tech-
nologies have increased the resolution at which the ini-
tial state of breast cancer (i.e., the primary tumor) can be
defined, the extent to which these advances have brought
the prediction of future states, such as metastatic recur-
rence, closer to this Laplacian ideal is unclear.

The ability to predict metastatic recurrence, as it relates
to the question of Laplacian determinism, hinges on
whether predictive power is limited solely by the sensitiv-
ity with which genomic heterogeneity in primary tumors
can be assayed or, instead, whether a significant fraction
of the genomic alterations that drive metastatic recur-
rence are acquired after primary tumor dissemination,
since this would place inherent limitations on the abil-
ity to predict patient outcomes based solely on analysis
of the primary tumor. For these reasons, determining the
stage of tumor progression at which the mutations driv-
ing metastatic recurrence are acquired should inform
whether accurately predicting future tumor behavior in
patients fundamentally requires longitudinal genomic
assessment beyond the primary tumor.

In this study, we used UDS-UMI/UDG technology to
detect the presence of putative metastatic driver muta-
tions in their antecedent primary tumors at an extremely
high level of sensitivity (95% confidence to detect muta-
tions present in a median of ~3% of cells, maximal reli-
able detection at 1% of cells). Our findings suggest that
1) the great majority (93%, lower-bound 82%) of puta-
tive metastatic driver mutations occurred after pri-
mary tumor dissemination; 2) nearly a third of patients
harbored rare primary tumor subclones that appear to
have possessed enhanced metastatic potential (i.e., they
successfully seeded metastatic tumors despite their low
abundance in primary tumors); and 3) even in those
instances in which the rare primary tumor subclone that
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had seeded a metastasis was identified, most putative
metastatic driver mutations still appeared to have been
acquired within the same subclone after dissemination
from the primary tumor, including likely driver muta-
tions in ESR1, ERBB2, AKT1, PIK3CA, RB1, TP53, and
LRP5. Our findings collectively argue that breast cancer
progression resulting in metastatic recurrence is a multi-
step process that is dependent on the sequential acquisi-
tion of additional genomic alterations.

In addition, we present a conceptual framework cou-
pled with individual patient genomic data indicating
that it is highly unlikely that all of the putative metastatic
driver mutations estimated to have been newly acquired
within metastases in a sequential fashion were instead
sequentially acquired within their corresponding pri-
mary tumors in the absence of non-random and signifi-
cant clonal expansion, which would be required given the
failure to detect these mutations in primary tumors using
the highly sensitive UDS-UMI/UDG assay. Consequently,
this framework suggested that it was highly unlikely that
all metastasis-specific putative metastatic driver muta-
tions were either passenger mutations, whether acquired
before or after dissemination, or pre-existing driver or
passenger mutations within primary tumors that became
detectable solely due to the expansion of their subclones.

While insufficient sampling of the primary tumor,
which is an inherent limitation of virtually all retrospec-
tive analyses of archival clinical tissue, cannot be ruled
out as a factor contributing to the failure to detect puta-
tive metastatic driver mutations in primary tumors, the
fact that estimated probabilities remained extremely low
even when restricted to patients for whom the ancestral
rare primary tumor subclone that gave rise to the metas-
tasis was identified weighs against the possibility that the
low probability observed across patients was simply the
result of sampling limitations. Thus, these modeling con-
siderations further support metastatic recurrence as a
mutation-driven multi-step process that extends beyond
the point of primary tumor dissemination.

To the extent that our findings suggest the existence
of rare subclones within primary tumors that possess
enhanced metastatic potential, their presence is remi-
niscent of the classical Darwinian model of cancer evo-
lution in which metastases originate from rare primary
tumor subclones that possess all of the properties needed
to survive each step of the metastatic cascade. However,
even in those patients harboring such rare primary tumor
subclones, our evidence indicates that it was nearly uni-
versally the case that additional putative metastatic driver
mutations were acquired after primary tumor dissemi-
nation. Thus, while it appears that enhanced metastatic
potential is likely to be conferred by mutations present
within the primary tumor, our findings argue against
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both the classical “one-step” Darwinian model of cancer
evolution from a minor subclone, and also against mod-
els in which metastatic potential is predetermined in its
entirety by the same driver mutations that were respon-
sible for primary tumor formation. Instead, our results
support a model in which the ability of tumor cells to
survive and traverse the evolutionary bottlenecks and
repeated rounds of selection encountered during the
metastatic cascade requires the stepwise acquisition of
new genomic alterations, which predominantly occurs
after dissemination from the primary tumor.

It bears noting that the minority of cases in which puta-
tive metastatic driver mutations were detected within
rare subclones in the antecedent primary tumor by UDS-
UMI/UDG provide orthogonal evidence that these muta-
tions were indeed drivers of metastatic recurrence, given
their apparent selection. For example, an LRPS activat-
ing mutation and a PEAKI mutation originally found
solely in a metastasis were subsequently detected within
the primary tumor by UDS-UMI/UDG and estimated to
be present within the same rare subclone comprised of
only 2% of tumor cells. This suggests that the metastatic
potential of this primary tumor may have been deter-
mined by combined dysregulation of the WNT and focal
adhesion pathways within a rare subclone, rather than
being a characteristic possessed by all, or even most, cells
of the primary tumor.

In an analogous manner, mutations in GHSR and
NPRL3—each of which function within the mTOR
signaling pathway—were identified within the same
rare primary tumor subclone (2% of cells) in a second
patient. Consistent with this, we previously determined
that mTOR pathway activity is elevated in metastatic
tumors compared to primary tumors and that signifi-
cant increases in mTOR activity were associated with
two or more mutations in the mTOR signaling pathway,
which was frequently seen in metastases but not primary
tumors [7]. Accordingly, the identification of two mTOR
pathway mutations within the same metastasis-seeding
rare primary tumor subclone provides additional corrob-
orating evidence that multiple mutations in the mTOR
pathway may additively and/or synergistically promote
metastatic recurrence. More generally, this observation
suggests that the increased metastatic potential appar-
ently conferred by these mutations was restricted to a
rare population of cells within the primary tumor, rather
than being a shared characteristic of most, much less all,
primary tumor cells.

A principal conclusion of this study is that UDS alone is
insufficient to accurately quantify the presence of muta-
tions within rare primary tumor subclones. Rather, UMI
technology is required to distinguish sequencing arti-
facts that occur after the PCR amplification of genuine
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DNA variants, and UDG treatment of FFPE-derived
DNA is required prior to sequencing to mitigate arti-
facts that commonly result from this standard preserva-
tion method. Indeed, while deep sequencing performed
following WES in a study of six paired breast cancer
metastases [36] allowed for the more accurate estima-
tion of mutation clonality and provided increased power
to detect mutations within primary tumors compared
to WES alone, this approach was unable to detect rare
subclonal mutations occurring beneath the error-floor
attributed to standard sequencing approaches (5-10%
of reads). Thus, while some prior studies have identified
metastatic tumor mutations within antecedent primary
tumors [6, 36, 37], the technological approach employed
here provides substantially greater sensitivity, thereby
enabling additional biological insights into the role played
by rare genomic heterogeneity within primary tumors in
the course of metastasis and treatment resistance.

Notably, Razavi et al. also sought to determine whether
mutations suggested by WES to be newly acquired in
metastases pre-existed within rare subclones in primary
tumors by using the MSK-IMPACT hybridization panel,
which was capable of identifying mutations in ~350
canonical cancer-related genes in as few as 1.3% of cells
[6]. They, too, found that clinically relevant mutations
that were detected in metastases by targeting sequenc-
ing, such as mutations in ERBB2, EGFR, NF1, KRAS, and
MYC, were often not detected within rare subclones of
the original primary tumor using the MSK-IMPACT
hybridization panel. While the MSK-IMPACT panel is
a powerful tool for the identification of mutations that
may be clinically actionable [38], this panel is focused
on canonical cancer-related genes, rather than the larger
repertoire of genes that are preferentially mutated in
metastatic breast cancers. Since our prior findings indi-
cated that the majority of genomic alterations that pref-
erentially occurred in metastases had not previously
been implicated in primary tumorigenesis [2], a strength
of our study is that it sought to quantify the frequency
with which ostensibly private metastatic driver muta-
tions were, in actuality, present within rare subclones of
their antecedent primary tumor—a question that cannot
be addressed using a panel focused on canonical cancer-
related genes. Furthermore, our study is unique in that
UDG treatment was used prior to sequencing to mitigate
FFPE-related artifacts that could otherwise inflate the
frequency at which mutations are erroneously detected
within rare primary tumor subclones. Notwithstanding
these differences in approach, our findings are consistent
with those reported by Razavi et al.

Despite the relative strengths of our study, there are
limitations. First, while UDG treatment was estimated
to have removed >88% of FFPE sequencing artifacts,
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complete elimination of these artifacts was almost cer-
tainly not achieved. Second, sampling error is an una-
voidable limitation of studies of the genomic evolution of
cancer in that it is rarely, if ever, possible to comprehen-
sively assay all regions within primary tumors in a clinical
setting. Accordingly, a putative metastatic driver muta-
tion that was present in the antecedent primary tumor
may nevertheless go undetected due to spatial heteroge-
neity within the tumor or the small size of the subclone.
In either case, assaying a greater number of regions
within the primary tumor would be anticipated to result
in improved estimates for clonality, along with the mod-
els based upon them.

It must also be noted that the metastatic cohort ana-
lyzed consisted primarily of HR+ patients who had
previously been treated in the adjuvant setting (i.e.,
after primary tumor resection). Accordingly, genomic
analysis of paired primary tumors and metastases with
and without exposure to therapy would be required to
deconvolute the contribution of newly acquired muta-
tions to treatment resistance versus metastasis per se.
Similarly, future studies will be required to determine
whether patterns of mutation acquisition revealed in this
study are recapitulated within patients with the triple-
negative breast cancers, a subtype that is characterized
by increased genomic heterogeneity [39]. Nevertheless,
since the vast majority of tumors analyzed were from
early stage HR+ patients who received systemic treat-
ment prior to metastatic recurrence, the samples ana-
lyzed closely reflect the clinical context for most breast
cancer patients.

Lastly, the conceptual framework used to estimate the
relative likelihood of the passenger versus driver mod-
els is, by design, oversimplified insofar as it omits sev-
eral factors likely to influence the dynamics of mutation
acquisition and clonal expansion, including rates of cell
proliferation and cell death, changes in mutation rate and
tumor size over time, and the sensitivity and specificity
of detecting bona fide mutations by WES and UDS-UML
Nevertheless, we anticipate that the relative probabilities
of mutations being sequentially acquired in the context of
random (i.e., passenger) versus non-random (i.e., driver)
clonal expansion can still be meaningfully compared
without estimating the magnitudes of these additional
parameters, since these would ostensibly be shared by
both models.

For example, while the use of different rates of muta-
tion generation in our conceptual framework does affect
the probability estimate for a given mutation acquisition
model, it does not change the resulting conclusion that
the passenger model is orders of magnitude less likely
than the driver model. Indeed, even if a high exomic
mutation rate is assumed (0.1 mutations per sequenced
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exome per cell division) [40], the probability of acquir-
ing a series of only passenger mutations still quickly
approaches zero with higher numbers of mutations (e.g.,
<0.001 for 4 mutations, <0.0001 for 5 mutations). Simi-
larly, the higher mutation rate expected for passenger
mutations compared with driver mutations is offset by
the lack of non-random and significant clonal expan-
sion associated with passenger mutations, since these
aspects of clonal expansion greatly increase the probabil-
ity of sequential mutation acquisition. Our conclusions
are further supported by independent modeling studies
indicating that the increase in tumor growth attribut-
able to driver mutations renders their sequential acquisi-
tion increasingly more probable compared to passenger
mutations over longer periods of time [41].

An additional limitation of the conceptual framework
employed is that mutation generation events are consid-
ered independent, thereby allowing for a relatively simple
formulation of the logic underlying each of the oppos-
ing models. However, the probability of acquiring a new
mutation within a series of mutations fundamentally
depends on the extents of clonal expansion for each pre-
ceding mutation in the series. For example, while order
is not specified in the formulated model due to the pos-
tulated independence of mutation generation events, it
is nevertheless apparent that an alternating sequence of
passenger and driver mutations is far more likely to occur
(e.g., PDPDPDPD) than a non-alternating sequence (e.g.,
PPPPDDDD) because of the increasingly low likelihood
of acquiring several passenger mutations in sequence,
yet our model treats each scenario the same. Thus, even
if order was specified in the framework, doing so would
only increase the relative likelihood of the driver model
compared with the passenger model.

Finally, we considered a scenario in which more than
one mutation is generated simultaneously such that
mutations do not represent independent events. For
example, mutagenesis via kateagis, wherein multiple
mutations are generated simultaneously within a hyper-
focal region (~100s of bps), could have inflated the num-
ber of independent mutational events assessed in our
model [42]. However, we found that only ~3% of muta-
tions identified by WES were localized, occurring within
1kbp of another mutation. This implies that simultaneous
mutational events are relatively rare and, thus, would not
materially affect estimates derived from this conceptual
framework.

Conclusions

In this study, error-controlled ultra-deep sequenc-
ing coupled with FFPE artifact mitigation with a maxi-
mum mutation detection sensitivity of ~1% of tumor
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cells was used to assess the presence of 132 WES-iden-
tified “metastasis-specific’ mutations within anteced-
ent primary tumors from 21 patients. We found that
93% of metastasis-specific mutations in putative meta-
static driver genes remained undetected within primary
tumors, as did 96% of metastasis-specific mutations in
genes encoding known breast cancer drivers. Strikingly,
even for the 29% of patients in whom the ancestral pri-
mary tumor subclone responsible for seeding the metas-
tasis was identified, 87% of metastasis-specific putative
driver mutations remained undetected.

These findings were supported by a conceptual frame-
work incorporating genomic data for individual patients
indicating that a “driver” model in which mutations that
cause non-random and significant clonal expansion are
acquired after dissemination is exceedingly more likely
than a “passenger” model in which metastasis-specific
putative metastatic driver mutations either provide no
selection advantage or are sequentially acquired within
rare ancestral primary tumor subclones in the absence
of significant clonal expansion, such that they remain
beneath the detection floor of UDS-UMI.

Together, findings from this study strongly suggest that
putative metastatic driver mutations are sequentially
acquired and selected within the same clonal lineage
before, but to a greater extent after, dissemination from
the primary tumor, and that these metastasis-specific
mutations are bona fide drivers of metastatic recurrence.
Thus, despite inherent limitations in sampling archival
primary tumors, our results indicate that tumor cells
in most patients continue to undergo clinically relevant
genomic evolution after their dissemination from the pri-
mary tumor. In doing so, findings from this study argue
against “one step” evolutionary models in which metasta-
ses originate from rare primary tumor subclones possess-
ing all of the properties needed to traverse the metastatic
cascade, and also against models in which metastatic
potential is entirely pre-encoded within primary tumors
by the same pathway mutations that were responsible for
primary tumorigenesis.

Finally, in providing evidence for the common acquisi-
tion and selection of putative metastatic driver mutations
after dissemination, our findings offer further support
that metastatic recurrence in breast cancer is a multi-
step, mutation-driven process. This ongoing genomic
evolution highlights the impossibility of predicting met-
astatic behavior based solely on the analysis of primary
tumors, which in turn emphasizes the importance of
longitudinal tumor assessment to identify newly arising
mutations that may drive metastatic recurrence in order
to help guide clinical decisions.
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