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Objective: The prognosis of breast cancer liver metastasis (BCLM) is poor, and its
molecular mechanism is unclear. We aimed to determine the factors that affect the
prognosis of patients with BCLM and investigate the genomic landscape of liver
metastasis (LM).

Methods:We described the prognosis of patients with BCLM and focused on prognosis
prediction for these patients based on clinicopathological factors. Nomogram models
were constructed for progression-free survival (PFS) and overall survival (OS) by using a
cohort of 231 patients with BCLM who underwent treatment at Shandong Cancer
Hospital and Institute (SCHI). We explored the molecular mechanism of LM and
constructed driver genes, mutation signatures by using a targeted sequencing dataset
of 217 samples of LM and 479 unpaired samples of primary breast cancer (pBC) from
Memorial Sloan Kettering Cancer Center (MSKCC).

Results: The median follow-up time for 231 patients with BCLM in the SCHI cohort was
46 months. The cumulative incidence of LM at 1, 2, and 5 years was 17.5%, 45.0%, and
86.8%, respectively. The median PFS and OS were 7 months (95% CI, 6–8) and 22
months (95% CI, 19–25), respectively. The independent factors that increased the
progression risk of patients with LM were Karnofsky performance status (KPS) ≤ 80,
TNBC subtype, grade III, increasing trend of CA153, and disease-free interval (DFS) ≤ 1
year. Simultaneously, the independent factors that increased the mortality risk of patients
with LM were Ki-67 ≥ 30%, grade III, increasing trend of CA153, pain with initial LM,
diabetes, and DFI ≤ 1 year. In the MSKCC dataset, the LM driver genes were ESR1, AKT1,
ERBB2, and FGFR4, and LM matched three prominent mutation signatures: APOBEC
cytidine deaminase, ultraviolet exposure, and defective DNA mismatch repair.

Conclusion: This study systematically describes the survival prognosis and
characteristics of LM from the clinicopathological factors to the genetic level. These
results not only enable clinicians to assess the risk of disease progression in patients with
BCLM to optimize treatment options, but also help us better understand the underlying
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mechanisms of tumor metastasis and evolution and provide new therapeutic targets with
potential benefits for drug-resistant patients.
Keywords: breast cancer, liver metastasis, prognosis, nomogram model, genomic landscape
INTRODUCTION

Breast cancer (BC) is a malignant tumor with the highest
incidence in women, and the trend of rejuvenation is significant
(1). Metastatic breast cancer (mBC) is constantly diagnosed, and
the position of metastatic organs strongly correlates with survival
time, despite progress has been made in the treatment and
prognosis of early BC (2–4). The prognosis of liver recurrence is
the second-worst outcome after brain metastasis (2, 4). About half
of the patients with mBC eventually develop liver metastasis (LM)
(5), and this probability is increasing every year (6).

The American Joint Committee on Cancer Staging is most
commonly used to predict the prognosis of cancer patients. It
includes TNM staging, pathological grade, and tumor expression
status of biological indicators such as estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER-2). Additionally, some investigations have
pointed out that biological and pathological parameters could
be used for predicting the recurrence or prognosis of patients
with BC (7, 8). However, an authoritative prediction model for
the prognosis of patients with breast cancer liver metastasis
(BCLM) has not yet been developed.

In the early years, the mechanisms of BCLM were not
explored extensively, and mainly the inherent structure and
microenvironment of the liver were focused on. For example,
the high expression of Claudin-2 can enhance the adhesion to
extracellular matrix proteins, thereby increasing the potential
of BC cells to transfer to the liver (9). Another example is that
the interaction between chemokine receptors on tumor cell
2

membranes and chemokines in the microenvironment, such as
CCL2 (10, 11) and CXCR4-CXCL12/SDF-1 (12–14), plays
important roles in LM. Moreover, with the rapid development
of sequencing technology in the recent years, a large number of
early BC gene maps have been reported, along with several
reports on the overall mutation characteristics of mBC (15–
18). However, the genetic landscape related to LM alone has not
yet been characterized.

In this study, we aimed to focus on prognosis prediction and
construct nomogram models for progression-free survival (PFS)
and overall survival (OS) by using clinicopathological
characteristics, especially the innovative application of the
dynamic changes of hematological indicators, in a cohort of
patients with BCLM who underwent treatment at Shandong
Cancer Hospital and Institute (SCHI). We investigated the
molecular mechanism of LM and constructed driver genes,
mutation signatures (MSs) by using a targeted sequencing dataset
from the Memorial Sloan Kettering Cancer Center (MSKCC),
which was verified with the dataset of the Predictive Oncology
team of the University of Aix-Marseille (POTUAM) (Figure 1).
MATERIALS AND METHODS

SCHI Cohort
Patients who met the following criteria were eligible for this study:
(1) diagnosed with BCLM and treated continuously with SCHI
(Figure 1) from December 2008 to December 2018, (2) complete
FIGURE 1 | Article structure frame diagram. SCHI, Shandong Cancer Hospital and Institute; MSKCC, Memorial Sloan Kettering Cancer Center; POTUAM, Predictive
Oncology team of the University of Aix-Marseille; NGS, next-generation sequencing; WES, whole-exome sequencing.
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clinical pathology records, (3) age ≥ 18 and ≤ 75, and (4)
Karnofsky performance status (KPS) ≥ 60. Patients who met any
of the following criteria were excluded from the study: (1) bilateral
BC, (2) primary and/or metastatic liver cancer, (3) other invasive
malignant diseases within five years, and (4) medical records
deemed unqualified according to the investigator’s opinion. All
the medical records of patients with BCLM diagnosed by
pathology or imaging were collected retrospectively. This study
was approved by the Institutional Review Board, and the personal
information of all patients and attending doctors was also deleted
from the data set. Clinical features, pathological features, imaging
examinations, treatment methods, and survival information were
collected by two independent researchers according to a
standardized process, and disagreements were resolved through
discussions with a third expert.

The date of LM diagnosis was based on the date of the
imaging examination or the date of biopsy pathology report.
Disease-free interval (DFI) refers to the length of time from BC
diagnosis to relapse or metastasis. PFS refers to the length of time
from the diagnosis of BCLM to disease progression. OS refers to
the length of time from BCLM diagnosis to death from any cause
or the last follow-up. All surviving patients at the time of analysis
were censored at the date of their last follow-up.

MSKCC Dataset and POTUAM Dataset
The targeted sequencing dataset of 217 samples of LM and 479
unpaired samples of primary breast cancer (pBC) via MSK-
IMPACT, a hybridization capture which has the ability to detect
all protein-coding mutations, structural rearrangements, selected
promoter mutations and copy number alterations in 410 cancer-
associated genes on Illumina HiSeq sequencers, was extracted
from the MSK-IMPACT Clinical Sequencing Cohort (19)
(Figure 1) (https://www.cbioportal.org/study/summary?id=
msk_impact_2017). MSK-IMPACT gene panels can be found
here: https://github.com/cBioPortal/datahub/tree/master/
reference_data/gene_panels. The POTUAM dataset contains
the whole-exome sequencing results of 268 LM samples and
349 other metastasis samples (15) (Figure 1) (https://github.
com/gustaveroussy/mBC_WES_Fabrice_Andre_2019).

Significant Mutant Genes and Mutational
Signatures
Significantly mutant genes were identified with Maftools (20)
across the entire cohort of pBCs and LMs. Oncodrive based on
the algorithm oncodriveCLUST (21) was used to identify cancer
genes (driver) from a given mutant allele fractions. We then used
the NMF (22) algorithm to decompose MSs based on the set of
known signatures from the COSMIC database (23), and
calculated the cosine similarity to identify the best match.

Statistical Analysis
Chi-square test or Fisher’s exact test was used to evaluate
differences in count data. Comparisons of tumor mutational
burden were performed using Mann–Whitney U test. We used
the Kaplan–Meier method for survival analysis and evaluated the
difference between the Kaplan–Meier curves by applying the log-
rank test. p < 0.05 was considered statistically significant.
Frontiers in Oncology | www.frontiersin.org 3
The Cox proportional hazards model was used to analyze the
univariate and multivariate factors associated with survival.
Finally, we used the RMS r package to draw the nomograms.
All statistical analyses were performed using SPSS software for
mac v26 and R v4.0.0.
RESULTS

Clinicopathological Characteristics of the
SCHI Cohort
Between December 2008 and December 2018, 410 patients with
BCLMwere admitted to our hospital. A total of 231 patients were
eligible. Of the 231 patients, 213 had first recurrent LM and 18
had subsequent recurrent LM. Among the patients with first
recurrent LM, 69 had only LM, and 144 had metastasis to other
organs. (Figure 1). The median follow-up time in this study was
46 months (range, 12–118 months). The clinicopathological
characteristics of the patients at baseline are shown in Table 1.
The median age at diagnosis of mBC was 45 years (range: 26–72
years), of which 76 (32.9%) patients were ≤ 40 years old and 155
(67.1%) were menopausal. The most common anatomical
location of the breast lump was the outer upper quadrant
(39.4%), and the most common molecular subtype was HER-2
(33.8%). The number of patients in grades I-II and grade III was
approximately equal (51.9% vs. 48.1%). A total of 183 patients
(79.2%) with non-metastatic pBC eventually developed
metastatic disease, while 48 (20.8%) presented with stage IV
mBC at initial diagnosis. When diagnosed with mBC, 86 (37.2%)
patients had 1 metastatic lesion, 82 (35.5%) had 2 metastatic
lesions, and 63 (27.3%) had 3 or more metastatic lesions. The
most commonly involved sites, apart from the liver, were the
bone (n = 108), lung (n = 51), and brain (n = 9). During
the course of the disease, 78 patients (33.8%) experienced
clinical symptoms caused by LM. The most common
symptoms of LM were abdominal pain (33.8%), vomiting
(5.2%), and jaundice (2.6%). The median time from the
diagnosis of BC to LM was 23 months [95% confidence
interval (CI), 20–25]. The cumulative incidence of LM at 1, 2,
and 5 years was 17.5%, 45.0%, and 86.8%, respectively.

Survival Following LM and Prognostic
Factors
One hundred and eighty-nine (81.8%) patients died by the end of
the follow-up. For the 231 patients with BCLM in the SCHI
cohort, the median PFS and OS were 7 months (95% CI, 6–8)
and 22 months (95% CI, 19–25), respectively (Figures 2A, B).
PFS at 1 year was 25.1%, and the OS at 1 and 2 years was 77.1%
and 45.8%, respectively. Median PFS for patients with “first
recurrent only LM” was longer than that for patients with
“first recurrent LM with other organs” and “subsequent
recurrent LM,” even no statistical difference was found (8 m
95% CI, 6–10 vs. 7 m 95% CI, 6–8 vs. 7 m 95% CI, 3.5–10, p =
0.0813). Meanwhile, the median OS for patients with “first
recurrent only LM” was longer than that for patients with
“subsequent recurrent LM with other organs” and “subsequent
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recurrent LM” (26 m 95% CI 19–33 vs. 22 m 95% CI 19–25 vs.
18 m 95% CI 11.5–28, p = 0.0036) (Figures 2C, D). Compared
with other molecular subtypes, patients with TNBC were
associated with shorter PFS (14 vs. 8 vs. 10 vs. 6 months, p =
0.000179) and shorter OS (34 vs. 23 vs. 21 vs. 15 months, p =
0.00053), and were more prone to LM at an early stage (43 vs. 24
vs. 31 vs. 15 months, p = 0.000046) (Figures 2E–G).

Univariate and multivariate factors associated with survival
were identified using the Cox proportional hazards model.
Prognostic monogram models were established (Figure 3). The
independent factors that increased progression risk of patients
Frontiers in Oncology | www.frontiersin.org 4
with LM were KPS ≤ 80 [hazard ratio (HR): 1.68, 95% CI: 1. 15–
2.45; p = 0.007], TNBC subtype (HR: 2.61, 95% CI: 1.35–5.04; p =
0.038), grade III (HR: 2.09, 95% CI: 1. 48–2.96; p < 0.001),
increasing trend of CA153 (HR: 2.79, 95% CI: 1. 86–4.16; p <
0.001), and DFI ≤ 1 year (HR: 4.09, 95% CI: 2.37–7.07; p < 0.001)
(Table 2, Figure 3A). Simultaneously, the independent factors
that increased death risk of patients with LM were Ki-67 ≥ 30%
(HR: 2.74, 95% CI: 1.45–5.02; p = 0.001), grade III (HR: 2.19,
95% CI: 1. 53–3.14; p < 0.001), increasing trend of CA153 (HR:
2.32, 95% CI: 1. 60–3.37; p < 0.001), pain with initial LM (HR:
2.02, 95% CI: 1.18–3.44; p = 0.010), diabetes (HR: 4.47, 95% CI:
2.48–8.08; p < 0.001), and DFI ≤ 1 year (HR: 2.42, 95% CI: 1.32–
4.43; p = 0.011) (Table 3, Figure 3B).

Genetic Changes During BCLM
Analysis of the immunohistochemical status of 64 patients
with LM and paired pBC in the SCHI cohort showed that the
molecular subtype mutation rate of LM was 32.8% (21/64)
compared with paired pBC. (Fisher’s exact test, p = 1.92 ×
10−11) (Figure 4). This indicates that breast cancer cells have
mutated during metastasis to the liver. To verify the heterogeneity
between LM and pBC, and to further explore the somatic changes
in patients with BCLM, we re-analyzed the targeted sequencing
results of theMSKCC dataset, which contains the sequencing data
of 217 samples of LM and 479 samples of pBC extracted from the
MSK-IMPACT Clinical Sequencing Cohort (19). Overall, we used
the maftools R package to identify the top 10 significantly
mutanted genes (SMGs) in LM: TP53 (43%), PIK3CA (33%),
ESR1 (20%), GATA3 (16%), MLL3 (11%), CDH1 (9%), NF1
(9%), AKT1 (8%), ERBB2 (7%), and MAP3K1 (7%) (Figure 5B).
Compared with the mutated genes identified in the pBC (Figure
5A), ESR1, ARID2, BLM, FGFR4, APC, ERBB2, ROS1, ATR,
IGF1R, NF1, JAK1, FAT1, NOTCH2, and AKT1 mutation
frequencies were significantly different in LM. Among them, the
driver genes were ESR1 (20%), AKT1 (8%), ERBB2 (7%), and
FGFR4 (4%) (Figures 5C, D). Additionally, their mutation
frequencies among the LM samples in the POTUAM dataset
were 24% (ESR1), 7% (AKT1), 6% (ERBB2), and 1% (FGFR4)
(Supplementary Figure 1).

Notably, we observed highly accumulated ESR1 mutations in
LM, and the ESR1 mutation rate of LM (20%) was significantly
higher than that of pBC (3%) (Fisher’s exact test, p = 6.20 ×
10−12) (Figure 5D). TP53, as the gene with the highest mutation
rate, mutated exclusively with ESR1 in LM (pair-wise Fisher’s
exact test, p = 6.11 × 10−5) (Figures 5B, 6A). ERBB2, which also
had a high mutation frequency in LM, was another gene that was
mutually exclusive with the ESR1 mutation (Figures 5B, 4A).
Moreover, we found that almost all GATA3 mutations were
accompanied by ESR1 mutations (Figure 6A), and the incidence
of GATA3 mutations in LM was slightly higher than that in pBC.
ESR1 mutations in LM patients were not only more frequent but
also more concentrated in mutation sites, in contrast to the low
frequency and scattered mutation patterns in patients with pBC.
Thirty-five LM samples in total carried mutations were resistant
to ESR1 aromatase inhibitor (AI) (D538G:19, Y537S/N:16),
compared with only three pBC samples (D538G:1, Y537S/N:2)
(Fisher’s exact test, p = 8.37 × 10−16) (Figure 6B).
TABLE 1 | Clinicopathological characteristics of patients (N = 231).

Characteristics No. Percentage (%)

Age, years
Median (Range) 45 (26–72)
≤40 76 32.9
>40 155 67.1

Menopausal status
Pre- or perimenopause 155 67.1
Post menopause 76 32.9

Location of breast lump
Outside up 91 39.4
Outside down 36 15.6
Inside down 45 19.5
Inside up 54 23.4
Unknown 5 2.2

Subtypes
Luminal A 56 24.2
Luminal B 63 27.3
Her-2 78 33.8
TNBC 34 14.7

Grade
I-II 120 51.9
III 111 48.1

Neo/adjuvant therapy
Anthracycline combined with paclitaxel 144 62.2
Others 87 37.7

Number of initial metastatic organs
≤2 168 72.7
>2 63 27.3

Liver biopsy
Yes 64 27.7
No 167 72.3

Initial site of mBC
Liver 213 92.2
Bone 108 46.8
Lung 51 22.1
Brain 9 3.9
Local recurrence 36 15.6

With hepatitis
Yes 9 3.9
No 222 96.1

DFI
≤12m 36 15.6
>12m 153 66.2
IV 42 18.2

Liver metastasis within 1 year
Yes 33 17.5
No 156 82.5

Liver metastasis within 2 year
Yes 85 45.0
No 104 55.0
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To discover the biological pathways that play a key role in
LM, we enriched the mutation matrix with known oncogenic
signaling pathways in TCGA cohorts (24). Four oncogenes
Frontiers in Oncology | www.frontiersin.org 5
(FGFR4, ERBB2, ROS1, and IGF1R) and one suppressor gene
(NF1) in the RTK-RAS pathway, which ranked first, were
mutated more frequently in LM (Figures 6C, D).
A B

C D

E

G

F

FIGURE 2 | Survival of patients with LM. (A) Kaplan–Meier PFS curve of 231 patients with LM. (B) Kaplan–Meier OS curve of 231 patients with LM. (C) Kaplan-
Meier plots illustrating PFS of patients with “only LM initially”, “LM with other organs initially”, and “subsequently recurrent LM”, respectively. No significant difference
in PFS among groups (8 vs. 7 vs. 7 months, p = 0.0813). (D) Kaplan-Meier plots illustrating OS of patients with “only LM initially”, “LM with other organs initially”, and
“subsequently recurrent LM”, respectively. Patients with only LM initial presence were associated with longer OS (26 vs. 22 vs. 18 months, p = 0.0036). (E) Kaplan-
Meier plots illustrating PFS of patients with different molecular subtypes. Patients with TNBC were associated with shorter PFS (14 vs. 8 vs. 10 vs. 6 months,
p = 0.000179). (F) Kaplan-Meier plots illustrating OS of patients with different molecular subtypes. Patients with TNBC were associated with shorter OS (34 vs. 23
vs. 21 vs. 15 months, p = 0.00053). (G) Kaplan-Meier plots illustrating time from pBC to LM (TTLM) of patients with different molecular subtypes. Patients with TNBC
were associated with shorter TTLM (43 vs. 24 vs. 31 vs. 15 months, p = 0.00005).
March 2021 | Volume 11 | Article 588136

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Tian et al. Prognosis of Patients With BCLM
Three MSs in Patients With BCLM
For the purpose of clarifying the etiological mechanism of the
different mutation rates between LM and pBC in the MSKCC
dataset, and explaining the potential mechanism of BC
metastasis to the liver, non-negative matrix factorization
(NMF) created by Nik-Zainal S et al. (22) was used to extract
MSs from 96 subtypes of three-base context of mutations. A total
of three prominent signatures were matched (Figure 7A): MS1,
best matched to COSMIC signature 13 (cosine-similarity: 0.822),
is characterized by C > T mutations at the TpC dinucleotide and
an APOBEC Cytidine Deaminase (C > G) phenotype; MS2, best
matched to COSMIC signature 7 (cosine-similarity: 0.605), is
characterized mainly by C > T and T > C mutations with other
types of base substitutions contributing less and intricate
patterns formed due to exposure to ultraviolet; and MS3, best
matched to COSMIC signature 6 (cosine-similarity: 0.724), is
mainly characterized by C > T mutations and a map caused by
defective DNA mismatch repair (Figure 7B).
DISCUSSION

We described the prognosis of patients with BCLM, established a
prognostic prediction model based on clinical pathological
factors, and characterized the genomic landscape of patients
with LM with external dataset in this study. We innovatively
Frontiers in Oncology | www.frontiersin.org 6
incorporated the dynamic changes of traditional tumor markers,
such as CEA, CA153, and blood indicators, such as granulocyte-
lymphocyte ratio, in the early stage of treatment into the
prognostic analysis of LM. It is encouraging to note that the
dynamic changes of CA153 greatly improved the prediction
performance of the model.

The median follow-up time for the 231 patients with BCLM
in the SCHI cohort was 46 months. In this cohort, the cumulative
incidence of LM within 5 years was as high as 86.8%. The median
PFS and OS were 7 months (95% CI, 6–8) and 22 months (95%
CI, 19–25), respectively (Figures 2A, B). PFS at 1 year was
25.1%, and the OS at 1 and 2 years was 77.1% and 45.8%,
respectively. We found that the OS of patients with first recurrent
only LM (n = 69) was significantly longer than that of patients
with first recurrent LM with other organs (n = 144) and
subsequent recurrent LM (n = 18) (p = 0.0036). This may be
because patients with LM as the only first site of metastasis had
better KPS (chi-square test, p = 0.005). Conversely, patients who
are accompanied by metastasis to other organs tend to have
heavier tumor burden and higher tumor heterogeneity, and are
more susceptible to drug resistance. In addition, our results
support the view that the natural process of LM is also
strongly influenced by the biology of BC subtypes, which is
consistent with previous studies (6, 25, 26). Patients with TNBC
subtype were more prone to LM in the early postoperative period
(Figure 2G) and had shorter PFS (Figure 2E) and OS (Figure
2F). Considering that the molecular subtypes of 64 LMs obtained
a 32.8% (21/64) mutation rate compared with the paired pBCs
(Figure 4), biopsies of metastasis are useful for the reassessment
of the metastatic sites to define a more effective treatment
strategy for patients with BCLM (27). Thus, the ER, PR, and
HER-2 statuses need to be reassessed by biopsy when LM occurs.
The indicators of KPS, Ki-67, and grade were recorded in
previous reports of mBC. KPS ≤ 70 (28), Ki-67 ≥ 20% (29, 30),
and grade III (31) were independent risk factors for the prognosis
of mBC. These results are generally consistent with those of our
study. Moreover, in a study by Nishimura et al. (29), DFI is
inversely correlated with the Ki-67 values. We also observed that
the shorter the DFI, the worse the prognosis of patients with LM.
Finally, our data showed, for the first time, that patients with
diabetes and initial pain in the liver have a shorter OS.

In addition to the above factors that have an impact on the
prognosis of LM, we have included the dynamic changes of
CA153, CEA, and granulocyte-lymphocyte ratio after two cycles
of LM treatment as prognostic factors into consideration for the
first time. The increasing trend of CA153 showed a strong
correlation with shorter PFS (HR: 2.79, 95% CI: 1. 86–4.16; p <
0.001) and OS (HR: 2.32, 95% CI: 1. 60–3.37; p < 0.001). More
importantly, the dynamic changes of CA153 could reflect the
curative effect in a timelier and more accurate manner, and help
decision makers adjust the treatment plan according to the
curative effect. To summarize, we established a prognostic
model for BCLM based on these clinical and pathological
factors (Figure 3). Compared with the prognostic nomogram
model without CA153_trend (Supplementary Figure 2), the
prognostic nomogram model including the dynamic changes of
CA153 had greatly improved predictive ability (C-index: 0.743
A

B

FIGURE 3 | Nomograms of prognosis for patients with LM. (A) The
nomogram of prognosis for patients with PFS (C-index = 0.743). (B) The
nomogram of prognosis for patients with OS (C-index = 0.718).
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vs. 0.693 for PFS, 0.718 vs. 0.673 for OS). Aiding with this
nomogram, clinicians might be able to assess the risk of disease
progression in patients with BCLM to optimize treatment
options and speculate the patient’s risk of death to avoid
meaningless treatment.
Frontiers in Oncology | www.frontiersin.org 7
In the SCHI cohort, the critical cause of the 32.8% molecular
subtype mutation rate of LMs relative to pBCs is changes at the
genome level. The genomic landscape of early BC has been
reported many times. In addition, there is evidence that
genomic changes are obtained in the process of cancer
TABLE 2 | Univariate and multivariate models for PFS with BCLM patients (n = 231).

Factor No. Univariate p Multivariate p

Median 95% CI HR 95% CI

Age 0.060
≤40 76 10 8.8–11.1
>40 155 9 6.7–11.2

Menopausal status 0.535
Pre- or perimenopause 155 10 8.9–11.0
Post menopause 76 8 5.9–10.0

Neo/adjuvant therapy 0.271
Anthracycline combined with paclitaxel 144 10 7.4–12.5
Others 87 9 7.0–8.9

Number of initial metastatic organs 0.140
≤2 168 10 8.6–11.3
>2 63 7 5.3–8.6

Bilirubin 0.129
Normal 189 9 8.0–9.9
Above limit 42 11 1.0–20.9

G/L trend∗ 0.051
Decrease 101 10 8.5–11.4
Increase 106 8 6.6–9.3

With hepatitis 0.329
Yes 9 8 5.6–10.4
No 222 10 8.7–11.2

Pain with initial LM 0.115
Yes 31 8 0.0–16.3
No 200 10 9.0–10.9

Diabetes 0.973
Yes 19 13 7.2–18.7
No 212 9 7.9–10.0

KPS 0.001 0.007
≥90 180 10 9.0–10.9
≤80 51 6 3.5–8.4 1.68 1.15–2.45

Ki-67 0.000 0.221
<30% 108 13 10.3–15.6
≥30% 123 8 6.7–9.2 1.36 0.83–2.22

Subtypes 0.000 0.038
Luminal a 56 14 9.9–18.0
Luminal b 63 8 4.4–11.5 1.73 0.89–3.36 0.106
Her-2 78 10 9.0–10.9 1.50 0.90–2.48 0.113
TNBC 34 6 3.7–8.2 2.61 1.35–5.04 0.004

Grade 0.000 0.000
I-II 120 12 9.4–14.5
III 111 9 7.4–10.5 2.09 1.48–2.96

Number Of LM 0.007 0.331
Single 51 14 9.7–18.2
Multiple 180 8 6.7–9.2 1.23 0.80–1.90

CA153 trend* 0.000 0.000
Decrease 141 11 9.1–12.8
Increase 90 6 4.8–7.1 2.79 1.86–4.16

CEA trend# 0.001 0.614
Decrease 144 10 8.8–11.1
Increase 87 6 3.9–8.0 1.09 0.76–1.56

DFI 0.000 0.000
≤1 year 36 5 3.4–6.5 4.09 2.37–7.07 0.000
>1 year 153 10 6.7–13.2 1.52 0.97–2.37 0.064
IV 42 11 9.4–12.5
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metastasis and progression and the genomic pattern of early
cancers cannot represent lethal cancers (32–36). Recently, there
have been subsequent reports on the genomic landscape of mBC
(16–18). However, the molecular mechanism for LM remains an
area that has not yet been fully developed (37). In view of the
Frontiers in Oncology | www.frontiersin.org 8
above, we decoded the genomic landscape of LM by using the
MSKCC dataset (19). Among the 14 SMGs in the LM samples, we
identified four driver genes: ESR1 (20%), AKT1 (8%), ERBB2
(7%), and FGFR4 (4%). Compared with the 21 potential driver
genes (TP53, ESR1, CDH1, MAP3K1, GATA3, CBFB, ARID1A,
TABLE 3 | Univariate and multivariate models for OS with BCLM patients (n = 231).

Factor No. Univariate p Multivariate p

Median 95%CI HR 95%CI

Age 0.619
≤40 76 20 14.6–25.3
>40 155 24 19.0–26.9

Menopausal status 0.994
Pre- or perimenopause 155 24 20.2–27.7
Post menopause 76 20 16.7–23.2

Neo/adjuvant therapy 0.676
Anthracycline combined with paclitaxel 144 24 20.2–27.7
Others 87 21 14.9–27.0

Number of LM 0.071
Single 51 31 23.1–38.8
Multiple 180 22 19.7–24.2

Bilirubin 0.057
Normal 189 23 20.4–25.5
Above limit 42 21 10.4–31.5

CEA trend# 0.084
Decrease 144 24 20.7–27.2
Increase 87 20 15.2–24.7

With hepatitis 0.121
Yes 9 24 22.6–25.3
No 222 23 18.8–27.1

KPS 0.001 0.081
≥90 180 24 20.1–27.8
≤80 51 19 14.3–23.6 1.43 0.95–2.13

Ki-67 0.000 0.001
<30% 108 33 28.8–37.1
≥30% 123 19 16.9–21.0 2.74 1.49–5.02

Subtypes 0.001 0.496
Luminal a 56 34 39.0–38.9
Luminal b 63 23 15.7–20.2 1.06 0.50–2.26 0.868
Her-2 78 21 17.6–24.3 1.23 0.70–2.14 0.460
TNBC 34 15 7.8–22.1 1.61 0.76–3.40 0.212

Grade 0.000 0.000
I-II 120 28 23.4–32.5
III 111 20 17.3–22.6 2.19 1.53–3.14

Number of initial metastatic organs 0.000 0.964
≤2 168 28 24.4–31.5
>2 63 11 8.4–13.5 1.01 0.63-1.60

CA153 trend∗ 0.000 0.000
Decrease 141 29 25.7–32.2
Increase 90 16 13.2–18.7 2.32 1.60–3.37

G/L trend* 0.048 0.149
Decrease 101 28 23.2–32.7
Increase 106 23 20.9–25.1 1.29 0.91–1.83

Pain with initial LM 0.029 0.010
Yes 31 19 17.1–20.8 2.02 1.18–3.44
No 200 24 21.0–26.9

Diabetes 0.001 0.000
Yes 19 15 12.8–17.1 4.47 2.48–8.08
No 212 24 20.9–27.0

DFI 0.000 0.011
≤1 year 36 15 7.6–22.3 2.42 1.32–4.43 0.004
>1 year 153 24 18.0–29.9 1.18 0.75–1.85 0.469
IV 42 25 21.4–28.5
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ERBB2, RUNX1, MAP2K4, GPS2, FOXA1, TBX3, NCOR1,
PTEN, PIK3CA, KMT2C, RB1, AKT1, CDKN1B, and NF1) of
mBC in the study by Angus et al. (16), most of the four driver
genes (3/4, ESR1, AKT1, and ERBB2) of LMwere more consistent,
verifying that ESR1, ERBB2, and AKT1 can drive LM. The other
18 inconsistent driver genes of mBC also indicate that the driver
genes of LM are not exactly the same as those of other metastases,
that is to say these inconsistent driver genes of mBC may play a
role in metastasis in other organs, but not in liver. To further verify
our results, we quoted the POTUAM dataset. The mutation
Frontiers in Oncology | www.frontiersin.org 9
frequencies of the four driver genes in the MSKCC dataset were
highly consistent with those in the POTUAM dataset
(Supplementary Figure 1). Furthermore, in the POTUAM
dataset, except for FGFR4, which had a low mutation rate, the
mutation frequencies of ESR1, AKT1, and ERBB2 in the LM were
higher than those in other metastases. Moreover, LM had a
significantly different mutation spectrum from other metastases
(Supplementary Figure 3). Our study characterized the driver
genes of LM isolated from other metastases, making the molecular
targets of LM clearer and more focused.
A B

FIGURE 4 | Comparison of molecular subtypes between LMs and paired pBCs (p = 1.92 × 10−11). (A) Components of molecular subtypes of pBC. (B) Components of
molecular subtypes of LM.
A B

C D E

FIGURE 5 | Somatic mutations in pBCs and LMs. (A, B) Top 20 SMGs in pBCs and LMs, respectively. (C) Comparison of SMGs between pBCs and LMs.
(D) Comparison of the top 10 SMGs between pBCs and LMs. (The genes in the red box represent the driver genes, *p < 0.05, **p < 0.01, ***p < 0.001)
(E) Comparison of TMB between pBCs and LMs (p < 0.001). SMG, significantly mutanted gene; TMB, Tumor Mutation Burden.
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Interestingly, ESR1 and TP53 were the most mutually
exclusive mutant gene pair in LMs (pairwise Fisher’s exact test,
p = 6.11 × 10−5). As previously reported (15, 38), ESR1 mutations
were enriched in patients with LMs (Fisher’s exact test, P <
0.001). In contrast to the low frequency and scattered mutation
patterns in the pBC cohort, the ESR1 mutations were mainly
concentrated in D538G and Y537S/N. This is consistent with a
previous study published in the journal JAMA Oncology (39).
Another notable gene is NF1. In a recent study, Bertucci et al.
(15) performed whole-exome sequencing of 617 tumor samples
from patients with metastatic BC and revealed that the mutation
frequency of NF1 is negatively correlated with the prognosis of
patients with HR +/HER-2- mBC. In the current study, we found
that as a tumor suppressor gene, NF1 had the most frequent
mutation in the RTK-RAS pathway in patients with LM. To
better understand which mutation processes facilitated the
progression of LM, we further evaluated the distribution of
MSs. LMs matched three prominent signatures: S13 (APOBEC
cytidine deaminase), S7 (ultraviolet exposure), and S6 (defective
DNAmismatch repair). According to previous reports, APOBEC
activation can mediate secondary resistance to endocrine therapy
(40). Evaluating BCLM using a next-generation sequencing
Frontiers in Oncology | www.frontiersin.org 10
approach helps us better understand the underlying
mechanisms of tumor metastasis and evolution and provide
new therapeutic targets with potential benefits for drug-
resistant patients. Moreover, owing to the improvement of the
current circulating tumor DNA detection technology, if the
mutant LM driver genes can be detected in the circulating
blood, it may be a powerful tool for early warning of LM.
Finally, by comparing the TMB between LMs and pBCs (2.77
vs. 1.98, U test, p < 0.001), we also confirmed that metastatic foci
are more genetically complex than primary foci, as in previous
studies (32, 33, 35).

Our study has several limitations. First, this research was
retrospective, so there may be some unavoidable biases. Second,
the construction of the prognosis prediction model was based on
a SCHI single-center cohort; thus a prospective multi-center
verification is required before subsequent promotion. Third, we
used an external sequencing dataset to characterize the genomic
landscape of BCLM, and further exploration requires the support
of more cell and animal experiments.

In summary, BCLM is a complex process that involves many
factors. This study systematically describes the survival prognosis
and the characteristics of LM from clinicopathological factors to
A

C D

B

FIGURE 6 | Mutation patterns in patients with LM. (A) Mutually exclusive or co-occurring set of genes. (B) Lolliplot of ESR1 mutation rate in the patients with pBC
and LM. (C, D) Enrichment of known Oncogenic Signaling Pathways (Tumor suppressor genes are in red, and oncogenes are in blue font).
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the genetic level. The independent factors that increased the
progression risk of patients with LM were KPS ≤ 80, TNBC
subtype, grade III, increasing trend of CA153, and DFI ≤ 1 year.
Simultaneously, the independent factors that increased the
mortality risk of patients with LM were Ki-67 ≥ 30%, grade III,
increasing trend of CA153, pain with initial LM, diabetes, and
DFI ≤ 1 year. Mutations in the driver genes ESR1, AKT1, ERBB2,
and FGFR4, and the MS APOBEC cytidine deaminase,
ultraviolet exposure, and defective DNA mismatch repair may
provide convenience for LM. We believe that our study makes a
significant contribution to the literature because it can help
clinicians evaluate the risk of disease progression in patients
with BCLM to determine the optimal treatment strategy. Our
results also provide a better understanding of the mechanisms
underlying BCLM progression and evolution and provide new
therapeutic targets that can potentially benefit drug-resistant
patients or be eligible for clinical trials.
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Supplementary Figure 1 | Comparison of the mutation frequency of the four
driver genes (A. ESR1 B. FGFR4 C. ERBB2D. AKT1) between the MSKCC dataset
and the POTUAM dataset. (chi-square test).

Supplementary Figure 2 | Nomograms of prognosis for patients with LM (excluding
CA153_trend). (A) The nomogram of prognosis for patients with PFS (C-index = 0.693).
(B) The nomogram of prognosis for patients with OS (C-index = 0.673).

Supplementary Figure 3 | Comparison of SMGs between liver metastases and
other metastases in the POTUAM dataset. (SMG, significantly mutanted gene.
*p < 0.05, **p < 0.01, ***p < 0.001).
REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA: A Cancer J Clin
(2017) 67(1):7–30. doi: 10.3322/caac.21387

2. Imkampe A, Bendall S, Bates T. The significance of the site of recurrence to
subsequent breast cancer survival. Eur J Surg Oncol (EJSO) (2007) 33(4):420–3.
doi: 10.1016/j.ejso.2006.09.005

3. Largillier R, Ferrero JM, Doyen J, Barriere J, Namer M, Mari V, et al.
Prognostic factors in 1038 women with metastatic breast cancer. Ann Oncol
(2008) 19(12):2012–9. doi: 10.1093/annonc/mdn424

4. Yardley DA. Visceral Disease in Patients With Metastatic Breast Cancer:
Efficacy and Safety of Treatment With Ixabepilone and Other
Chemotherapeutic Agents. Clin Breast Cancer (2010) 10(1):64–73.
doi: 10.3816/CBC.2010.n.009

5. Mano MS, Cassidy J, Canney P. Liver metastases from breast cancer:
management of patients with significant liver dysfunction. Cancer Treat
Rev (2005) 31(1):35–48. doi: 10.1016/j.ctrv.2004.09.007

6. Kennecke H, Yerushalmi R, Woods R, Cheang MCU, Voduc D, Speers CH,
et al. Metastatic Behavior of Breast Cancer Subtypes. J Clin Oncol (2010) 28
(20):3271–7. doi: 10.1200/jco.2009.25.9820

7. Matsuda N, Hayashi N, Ohde S, Yagata H, Kajiura Y, Yoshida A, et al. A
nomogram for predicting locoregional recurrence in primary breast cancer
patients who received breast-conserving surgery after neoadjuvant
chemotherapy. J Surg Oncol (2014) 109(8):764–9. doi: 10.1002/jso.23586

8. Mazouni C, Bonnier P, Romain S, Martin P-M. A nomogram predicting the
probability of primary breast cancer survival at 2- and 5-years using
pathological and biological tumor parameters. J Surg Oncol (2011) 103
(8):746–50. doi: 10.1002/jso.21712

9. Tabarie` S, Dong Z, Annis M, Omeroglu A, Pepin F, Ouellet V, et al. Claudin-
2 is selectively enriched in and promotes the formation of breast cancer liver
metastases through engagement of integrin complexes. Oncogene (2011)
30:1318–28. doi: 10.1038/onc.2010.518

10. Hembruff SL, Jokar I, Yang L, Cheng N. Loss of transforming growth factor-
beta signaling in mammary fibroblasts enhances CCL2 secretion to promote
mammary tumor progression through macrophage-dependent and
-independent mechanisms. Neoplasia (2010) 12(5):425–33. doi: 10.1593/
neo.10200

11. Soria G, Ben-Baruch A. The inflammatory chemokines CCL2 and CCL5 in
breast cancer. Cancer Lett (2008) 267(2):271–85. doi: 10.1016/j.canlet.2008.
03.018

12. Andre F, Cabioglu N, Assi H, Sabourin JC, Delaloge S, Sahin A, et al.
Expression of chemokine receptors predicts the site of metastatic relapse in
patients with axillary node positive primary breast cancer. Ann Oncol (2006)
17(6):945–51. doi: 10.1093/annonc/mdl053

13. Furusato B, Mohamed A, Uhlén M, Rhim JS. CXCR4 and cancer. CXCR4
Cancer (2010) 60(7):497–505. doi: 10.1111/j.1440-1827.2010.02548.x

14. Wendel C, Hemping-Bovenkerk A, Krasnyanska J, Mees ST, Kochetkova M,
Stoeppeler S, et al. CXCR4/CXCL12 participate in extravasation of
metastasizing breast cancer cells within the liver in a rat model. PloS One
(2012) 7(1):e30046. doi: 10.1371/journal.pone.0030046

15. Bertucci F, Ng CKY, Patsouris A, Droin N, Piscuoglio S, Carbuccia N, et al.
Genomic characterization of metastatic breast cancers. Nature (2019) 569
(7757):560–4. doi: 10.1038/s41586-019-1056-z

16. Angus L, Smid M, Wilting SM, Riet JV, Hoeck AV, Nguyen L, et al. The
genomic landscape of metastatic breast cancer highlights changes in mutation
and signature frequencies. Nat Genet (2019) 51(10):1450–8. doi: 10.1038/
s41588-019-0507-7

17. Paul MR, Pan T-C, Pant DK, Shih NN, Chen Y, Harvey KL, et al. Genomic
landscape of metastatic breast cancer identifies preferentially dysregulated
pathways and targets. J Clin Invest (2020) 130(8):4252–65. doi: 10.1172/
JCI129941

18. Tao Z, Li T, Feng Z, Liu C, Shao Y, Zhu M, et al. Characterizations of Cancer
Gene Mutations in Chinese Metastatic Breast Cancer Patients. Front Oncol
(2020) 10:1023. doi: 10.3389/fonc.2020.01023

19. Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR, et al. Mutational
landscape of metastatic cancer revealed from prospective clinical sequencing
of 10,000 patients. Nat Med (2017) 23(6):703–13. doi: 10.1038/nm.4333

20. Mayakonda A, Lin D-C, Assenov Y, Plass C, Koeffler HP. Maftools: efficient
and comprehensive analysis of somatic variants in cancer. Genome Res (2018)
28(11):1747–56. doi: 10.1101/gr.239244.118

21. Tamborero D, Gonzalez-Perez A, Lopez-Bigas N. OncodriveCLUST: exploiting
the positional clustering of somatic mutations to identify cancer genes.
Bioinformatics (2013) 29(18):2238–44. doi: 10.1093/bioinformatics/btt395

22. Nik-Zainal S, Alexandrov Ludmil B, Wedge David C, Van Loo P, Greenman
Christopher D, Raine K, et al. Mutational Processes Molding the Genomes of
21 Breast Cancers. Cell (2012) 149(5):979–93. doi: 10.1016/j.cell.2012.04.024

23. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin
AV, et al. Signatures of mutational processes in human cancer. Nature (2013)
500(7463):415–21. doi: 10.1038/nature12477

24. Mroz EA, Rocco JW.MATH, a novelmeasure of intratumor genetic heterogeneity,
is high in poor-outcome classes of head and neck squamous cell carcinoma.
Oral Oncol (2013) 49(3):211–5. doi: 10.1016/j.oraloncology.2012.09.007

25. Duan XF, Dong NN, Zhang T, Li Q. The prognostic analysis of clinical breast
cancer subtypes among patients with liver metastases from breast cancer. Int J
Clin Oncol (2013) 18(1):26–32. doi: 10.1007/s10147-011-0336-x

26. Wu SY, Tan Y, Guan YS. Clinical features and prognosis of patients with first-
episode liver metastasis of different molecular subtypes of breast cancer. Chin J
Hepatol (2016) 24(6):422–8. doi: 10.3760/cma.j.issn.1007-3418.2016.06.006

27. Curigliano G, Bagnardi V, Viale G, Fumagalli L, Rotmensz N, Aurilio G, et al.
Should liver metastases of breast cancer be biopsied to improve treatment
choice? Ann Oncol (2011) 22(10):2227–33. doi: 10.1093/annonc/mdq751

28. Liu MT, Huang WT, Wang AY, Huang CC, Huang CY, Chang TH, et al.
Prediction of outcome of patients with metastatic breast cancer: evaluation
with prognostic factors and Nottingham prognostic index. Support Care
Cancer (2010) 18(12):1553–64. doi: 10.1007/s00520-009-0778-0

29. Nishimura R, Osako T, Nishiyama Y, Tashima R, Nakano M, Fujisue M, et al.
Prognostic significance of Ki-67 index value at the primary breast tumor in
recurrent breast cancer. Mol Clin Oncol (2014) 2(6):1062–8. doi: 10.3892/
mco.2014.400

30. Loehberg CR, Almstedt K, Jud SM, Haeberle L, Fasching PA, Hack CC, et al.
Prognostic relevance of Ki-67 in the primary tumor for survival after a
diagnosis of distant metastasis. Breast Cancer Res Treat (2013) 138(3):899–
908. doi: 10.1007/s10549-013-2460-y

31. Lin Z, Yan S, Zhang J, Pan Q. A Nomogram for Distinction and Potential
Prediction of Liver Metastasis in Breast Cancer Patients. J Cancer (2018) 9
(12):2098–106. doi: 10.7150/jca.24445

32. Ng CKY, Bidard FC, Piscuoglio S, Geyer FC, Lim RS, de Bruijn I, et al. Genetic
Heterogeneity in Therapy-Naive Synchronous Primary Breast Cancers and
Their Metastases. Clin Cancer Res (2017) 23(15):4402–15. doi: 10.1158/1078-
0432.CCR-16-3115
March 2021 | Volume 11 | Article 588136

https://www.frontiersin.org/articles/10.3389/fonc.2021.588136/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.588136/full#supplementary-material
https://doi.org/10.3322/caac.21387
https://doi.org/10.1016/j.ejso.2006.09.005
https://doi.org/10.1093/annonc/mdn424
https://doi.org/10.3816/CBC.2010.n.009
https://doi.org/10.1016/j.ctrv.2004.09.007
https://doi.org/10.1200/jco.2009.25.9820
https://doi.org/10.1002/jso.23586
https://doi.org/10.1002/jso.21712
https://doi.org/10.1038/onc.2010.518
https://doi.org/10.1593/neo.10200
https://doi.org/10.1593/neo.10200
https://doi.org/10.1016/j.canlet.2008.03.018
https://doi.org/10.1016/j.canlet.2008.03.018
https://doi.org/10.1093/annonc/mdl053
https://doi.org/10.1111/j.1440-1827.2010.02548.x
https://doi.org/10.1371/journal.pone.0030046
https://doi.org/10.1038/s41586-019-1056-z
https://doi.org/10.1038/s41588-019-0507-7
https://doi.org/10.1038/s41588-019-0507-7
https://doi.org/10.1172/JCI129941
https://doi.org/10.1172/JCI129941
https://doi.org/10.3389/fonc.2020.01023
https://doi.org/10.1038/nm.4333
https://doi.org/10.1101/gr.239244.118
https://doi.org/10.1093/bioinformatics/btt395
https://doi.org/10.1016/j.cell.2012.04.024
https://doi.org/10.1038/nature12477
https://doi.org/10.1016/j.oraloncology.2012.09.007
https://doi.org/10.1007/s10147-011-0336-x
https://doi.org/10.3760/cma.j.issn.1007-3418.2016.06.006
https://doi.org/10.1093/annonc/mdq751
https://doi.org/10.1007/s00520-009-0778-0
https://doi.org/10.3892/mco.2014.400
https://doi.org/10.3892/mco.2014.400
https://doi.org/10.1007/s10549-013-2460-y
https://doi.org/10.7150/jca.24445
https://doi.org/10.1158/1078-0432.CCR-16-3115
https://doi.org/10.1158/1078-0432.CCR-16-3115
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Tian et al. Prognosis of Patients With BCLM
33. Yates LR, Knappskog S, Wedge D, Farmery JHR, Gonzalez S, Martincorena I,
et al. Genomic Evolution of Breast Cancer Metastasis and Relapse. Cancer Cell
(2017) 32(2):169–84.e7. doi: 10.1016/j.ccell.2017.07.005

34. Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al.
Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion
Sequencing. N Engl J Med (2012) 366(10):883–92. doi: 10.1056/
NEJMoa1113205

35. Wang Y, Waters J, Leung ML, Unruh A, Roh W, Shi X, et al. Clonal evolution
in breast cancer revealed by single nucleus genome sequencing. Nature (2014)
512(7513):155–60. doi: 10.1038/nature13600

36. Navin N, Kendall J, Troge J, Andrews P, Rodgers L, McIndoo J, et al. Tumour
evolution inferred by single-cell sequencing. Nature (2011) 472(7341):90–4.
doi: 10.1038/nature09807

37. Liang Y, Zhang H, Song X, Yang Q. Metastatic heterogeneity of breast cancer:
Molecular mechanism and potential therapeutic targets. Semin Cancer Biol
(2020) 60:14–27. doi: 10.1016/j.semcancer.2019.08.012

38. Pedram Razavi MTC, Guotai XU, Chaitanya B, Dara SR, Vasan N, Yanyan C,
et al. The Genomic Landscape of Endocrine-Resistant Advanced Breast
Cancers. Cancer Cell (2018) 34(3):427–38.e6. doi: 10.1016/j.ccell.2018.08.008
Frontiers in Oncology | www.frontiersin.org 13
39. Chandarlapaty S, Chen D, He W, Sung P, Samoila A, You D, et al. Prevalence
of ESR1 Mutations in Cell-Free DNA and Outcomes in Metastatic Breast
Cancer: A Secondary Analysis of the BOLERO-2 Clinical Trial. JAMA Oncol
(2016) 2(10):1310–5. doi: 10.1001/jamaoncol.2016.1279

40. Law EK, Sieuwerts AM, LaPara K, Leonard B, Starrett GJ, Molan AM, et al.
The DNA cytosine deaminase APOBEC3B promotes tamoxifen resistance in
ER-positive breast cancer. Sci Adv (2016) 2(10):e1601737. doi: 10.1126/
sciadv.1601737

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tian, Liu,Wang and Song. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
March 2021 | Volume 11 | Article 588136

https://doi.org/10.1016/j.ccell.2017.07.005
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1038/nature13600
https://doi.org/10.1038/nature09807
https://doi.org/10.1016/j.semcancer.2019.08.012
https://doi.org/10.1016/j.ccell.2018.08.008
https://doi.org/10.1001/jamaoncol.2016.1279
https://doi.org/10.1126/sciadv.1601737
https://doi.org/10.1126/sciadv.1601737
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Prognosis and Genomic Landscape of Liver Metastasis in Patients With Breast Cancer
	Introduction
	Materials and Methods
	SCHI Cohort
	MSKCC Dataset and POTUAM Dataset
	Significant Mutant Genes and Mutational Signatures
	Statistical Analysis

	Results
	Clinicopathological Characteristics of the SCHI Cohort
	Survival Following LM and Prognostic Factors
	Genetic Changes During BCLM
	Three MSs in Patients With BCLM

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


