Breast Cancer Research and Treatment (2019) 178:63-73
https://doi.org/10.1007/510549-019-05375-w

PRECLINICAL STUDY q

Check for
updates

Plasma cell-free DNA chromosomal instability analysis by low-pass
whole-genome sequencing to monitor breast cancer relapse

Huanhuan Zhou' - Xiao-Jia Wang' - Xiyi Jiang? - Ziliang Qian® - Tianhui Chen? - Yue Hu* - Zhan-Hong Chen’ -
Yun Gao' - Rong Wang" - Wei-Wu Ye' - Wen-Ming Cao'

Received: 31 January 2019 / Accepted: 23 July 2019 / Published online: 30 July 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Background Chromosomal instabilities (CIN) of plasma cell-free DNA (cfDNA) are common in breast cancer. We aimed
to investigate the value of cfDNA CIN in monitoring the breast cancer relapse and additionally to compare it with the tradi-
tional biomarkers (CA15-3 and CEA).

Methods Overall 62 recurrent breast cancer patients and 20 healthy controls were recruited. Low-pass whole-genome
sequencing (LPWGS) was performed to detect cfDNA CIN. A CIN score was calculated. The performance of CA15-3, CEA,
and CIN score in monitoring the recurrence was investigated with receiver operating characteristic (ROC) curve and the
area under curve (AUC). Multivariable Cox proportional hazard model was established to analyze the correlations between
copy number gain/loss and disease-free survival (DFS).

Results cfDNA CIN achieved the positive rate of 77.6% [(95% confidence interval (CI) 73.4-95.3%)] among recurrent breast
cancer patients, with an AUC value of 0.933, superior to CA15-3 (positive rate: 38.7%; AUC: 0.864) and CEA (positive
rate: 41.93%; AUC: 0.878) (P <0.01). The combination of cfDNA CIN with two biomarkers further increased the positive
rate to 88.7% (95% confidence interval 77.5-95.0%). cfDNA CIN achieved better performance in patients with shorter DFS
(<41 months), with an AUC value of 0.975.

Conclusions cfDNA CIN yields a higher accuracy in monitoring breast cancer recurrence compared to traditional biomarkers
(CA15-3 and CEA), especially for biomarker-negative patients. The combination of cfDNA CIN to traditional biomarkers
further improved the detection rate of recurrence, which may provide a new method for monitoring the early relapse of breast
cancer, though further investigations are warranted.
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It is commonly used as a blood-based tumor biomarker in
monitoring the recurrences of breast cancer patients, with
the sensitivity ranging from 40 to 60% [4]. Carcinoembry-
onic antigen (CEA) is another tumor biomarker while also
shows unsatisfactory performance, with the sensitivity of
38.0%. Furthermore, the combination of CEA and CA15-3
only leads to a 2-6% improvement in sensitivity [5].

Since overexpressions of CA15-3 and CEA can also be
detected in benign conditions, the false positive results
may confound benign conditions with occult relapses
of breast cancer and thus lead to unnecessary costs for
patients [6]. For instance, a previous study reported that
5.4% (44/813) of the post-surgery patients were identified
with continuous biomarker-positive (detecting CA15-3,
CEA and CA125 every 6 weeks) whereas 20.5% (9/44)
of them were not detected with any symptoms of relapses
during the follow-up care [7].

Tumor cells release the shedding DNA fragments into
bloodstream. Since the tumor DNA is a small proportion
of total cell-free DNA (cfDNA), a panel of genes are cap-
tured and sequenced to extreme high coverage (such as
10000x), to detect the mutated tumor alleles. This technol-
ogy has revealed promising results in the differential diag-
noses of lung and breast cancer [8]. However, panel-based
methods are limited by the sensitivity in cancer detection
and monitoring due to the high tumor heterogeneity among
patients. A panel of genes may thus be missed in some
patients with gene mutations, which has not been covered
by the panel as designed.

Breast cancer is a type of carcinoma with low tumor
mutational burden [9]; however, chromosomal instability
(CIN) is commonly to be found [10, 11]. For instance,
the cancer genome atlas (TCGA) data showed that more
than 93% of the breast cancer patients were detected with
genome region copy gains or losses (over 5%), in which
the most frequent changes were found on chromosome 1,
8, and 17 [10]. It has also been reported that copy gain on
chromosome 1q was identified in about 70% of the recur-
rent breast cancer patients [12]. Moreover, in another
study, significant cfDNA CIN were found in 96.3% of
the relapsed triple-negative breast cancer patients with-
out prior knowledge of tumor mutations [13]. The above
results both indicated that cfDNA CIN might serve as a
potential biomarker for monitoring the breast cancer recur-
rence. Currently, the technique development of low-pass
whole-genome sequencing (LPWGS) makes it possible to
track the chromosomal changes in circulating bloodstream
through a non-invasive way, which has been applied to
detect cfDNA CIN in triple-negative breast cancer [12,
13].

In this study, we aimed to investigate the value of cfDNA
CIN in monitoring the recurrence of breast cancer patients.
Additionally, we compared the performance of cfDNA CIN
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to two traditional blood-based tumor biomarkers (CA15-3
and CEA).

Methods and materials
Study population and samples

Overall 62 recurrent breast cancer patients and 20 healthy
controls were admitted to Zhejiang Cancer Hospital between
May 1, 2017 and May 1, 2019. All of the patients were
diagnosed with stage I to IITA breast cancer and received
modified radical mastectomy or breast conserving surgery at
initial treatment, and enrolled in this study when they were
diagnosed as recurrent breast cancer by both imaging and
pathology. None of the participant was suffered from other
cancers beyond breast cancer. Blood samples were collected
for cfDNA extraction and CA15-3/CEA detection from the
patients when they were diagnosed as recurrent breast cancer
before first-line treatment.

This study was approved by the Clinical Research Ethics
Committee of Zhejiang Cancer Hospital. Written informed
consents were obtained from all recruited subjects.

Data collection

The clinicopathological information of recurrent breast can-
cer patients including age at diagnosis, histologic type, his-
tologic grade, molecular type, and status of estrogen recep-
tor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) were collected. Patients
with ER +/PR + were considered as hormone receptor
positive. CerbB-2 scores of 0/1 +and 3 4+ were defined as
HER2-negative and HER2-positive while score of 2+ cor-
responding to HER?2 status was further confirmed through
Fluorescence in situ hybridization. Most patients were fol-
lowed regularly after surgery at Zhejiang Cancer Hospital
until May 1, 2019. Follow-up via telephone call was also
carried out if clinical records from follow-up examinations
were not available. The follow-up information including the
time of follow-up, post-surgery treatment, time of recurrence
and metastasis, metastatic status, and date and cause of death
was collected. Disease-free survival (DFS) was defined as
the time interval between the diagnosis date and the last date
when vital status of the patients was available. Alive patients
were censored at the date of May 1, 2019.

CA15-3 detection and CEA detection

The serum CEA and CA15-3 of breast cancer patients and
20 healthy controls were measured by CA15-3 Kits and CEA
kits (SIEMENS, Inc., USA), using the cutoff value of 5 ng/
ml and 30KU/L.
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Next generation sequencing

Total genomic DNA and cfDNA of breast cancer patients
and 20 healthy controls were isolated from plasma using
the Amp Genomic DNA Kit (TTANGEN) and QIAseq
cfDNA Extraction kit (Qiagen), respectively. Next genera-
tion sequencing was performed as previously described [14,
15]. DNA was fragmented into an average size of 300 bp
(cfDNA without fragmentation), and then 100 ng of frag-
mented genomic DNA (cfDNA 10 ng) was used for the con-
struction of sequencing library (NEBnext Ultra IT). Then,
8 bp barcoded sequencing adaptors were ligated with DNA
fragments and amplified by PCR. Purified sequencing librar-
ies were massively parallel sequenced by Illumina HiSeq
Xten platform. Ten to twenty million reads obtained for each
sample (mean coverage of 1.5X). Raw sequencing data (4G
per sample) was filtered and mapped to the human refer-
ence genome version hgl19. Non-uniquely mapped reads
were excluded from further analysis. The human genome
was then divided into 200 Kbp bins, of which the sequencing
coverage for each bin was normalized (GC normalization)
by a bioinformatics pipeline ultrasensitive chromosomal
aneuploidy detector (UCAD). Circular binary segmenta-
tion algorithms were used to identify significant genomic
breakpoints. Copy gain region was defined as a segment with
ratio> 0 and size > 10 M while copy loss region was defined
as a segment with ratio < 0 and size > 10 M. Focal amplifica-
tion was defined as a statistically significant segment with
normalized coverage > 1.

Statistical analysis

The positive detection rates of CA15-3, CEA, and cfDNA
CIN were calculated, respectively, and differences in rates
of the aforementioned methods as well as the combinations
were analyzed using Chi-square test or Fisher’s exact test.
The correlations between CA15-3, CEA, and cfDNA CIN
were analyzed using Pearson correlation test, respectively.

A CIN score was further calculated according to the fol-
lowing formula:

CIN,,,,, = ngt abs(1-V;) X L;

where V, is the segment value and L, is the segment length
in unit of 200 Kbp.

CIN scores of > 1200 and < 1200 were defined as high and
low CIN, respectively. The threshold of CIN score ‘>1200’
was determined by using Youden Index (by using R pack-
age, ‘pROC’). We used this cutoff for the best sensitivity/
specificity to predict malignancies from health controls [16].
All of the healthy controls were considered as low CIN cor-
responding to this cutoff value.

The performance of CA15-3, CEA, and CIN score in
monitoring the breast cancer recurrence was investigated
with receiver operating characteristic (ROC) curve and the
area under curve (AUC). DFS were estimated using the
Kaplan—Meier method. Multivariable Cox proportional haz-
ard model was established to estimate the hazard ratio (HR)
analyzing the potential correlations between copy number
gain/copy loss and DFS [17].

All statistical analyses were performed using SPSS ver-
sion 17.0 (IBM, USA) and R version 3.4.4 (R Foundation for
Statistical Computing, Vienna, Austria). A P value of <0.05
was considered statistically significant.

Results

Clinicopathological characteristics of the recurrent
breast cancer patients

The clinicopathological characteristics of recurrent breast
cancer patients are listed in Table 1. Age at the time of
diagnosis for patients detected with breast cancer recur-
rence ranged from 30-86 years. Most of the patients (79.0%)
were diagnosed as invasive ductal carcinoma. Overall 87.1%
(54/62) of the patients were diagnosed with luminal subtype
of breast cancer, and 15 of them received hormone ther-
apy as adjuvant treatment. Patients with viscera metastasis
accounted for 72.5% (45/62), in which the most common
metastasis sites were lung and liver. Moreover, positive
ER, PR, and HER2 were found in 53, 48, and 6 patients,
respectively.

cfDNA CIN in the recurrent breast cancer patients

Overall 16 copy gain and 18 copy loss regions were identi-
fied in the recurrent breast cancer patients (Table 2). The
most frequent copy number variations included the copy
gain on chromosome 1q, 7p, 8q, 12, 17q, 20 and the copy
loss on chromosome 8p and 16q. Aggregated normalized
coverage of each 200 k-bin is shown in Fig. 1a, which dem-
onstrated that most of the chromosomes were detected with
arm-level imbalances. For instance, copy loss and gain were
found on chr8 short and long arm, respectively (Fig. 1b).
Particularly, some of the chromosomes were found with
copy gain or loss in whole regions such as chr20 (Fig. le).
Copy number variations of other chromosomes are shown
in supplementary material.

The most frequent copy gain genomic regions included
1q, 18, 6q12-30, 8q 7p and 20q, where potential onco-
genes, IRAK1 (1q23.1) [18], MYC (8q24.21) [19], EGFR
(7p11.2) [20], and BCAS1 [21] (20q13.2) were located.
Copy number gains of these genomic regions were found in
36(58.1%), 34(54.8%), 34(54.8%), 29(46.8%), 19(30.6%),
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Table 1 Clinicopathological characteristics of the recurrent breast
cancer patients (n=062)

Clinicopathological characteristics Case number (%)

Histologic type
Invasive ductal carcinoma 49 (79.03%)
Invasive lobular carcinoma 1(1.61%)
Other 11 (17.74%)
Unknown 1(1.61%)
Histologic grade
Grade | 1(1.61%)
Grade II 28 (45.16%)
Grade III 11 (17.74%)
Unknown 22 (35.48%)
(Neo) adjuvant treatment
Neoadjuvant and adjuvant treatment 8 (12.90%)
Adjuvant treatment alone 50 (80.65%)
None 2 (3.22%)
Unknown 2 (3.22%)
Adjuvant treatment
Endocrine therapy alone 3 (4.84%)
Chemotherapy alone 10 (16.13%)
Chemotherapy and radiotherapy 1(1.61%)
Endocrine therapy and radiotherapy 1(1.61%)

Chemotherapy, endocrine therapy and radio- 18 (29.03%)

therapy
Chemotherapy and endocrine therapy 17 (27.42%)
Operative type
Modified radical mastectomy 60 (96.77%)
Breast conserving surgery 2 (3.22%)
Metastasis
Viscera 45 (72.58%)

16 (25.81%)

Non-visceral

Unknown 1(1.61%)
CA15-3 (KU/L)

>35 24 (38.7%)

<35 35 (56.45%)

Unknown 3 (4.84%)
CEA (ng/ml)

>5 26 (41.93%)

<5 33 (53.22%)

Unknown 3 (4.84%)
ER

Positive 53 (85.48%)

Negative 7 (11.29%)

Unknown 2 (3.22%)
PR

Positive 48 (77.42%)

Negative 11 (17.74%)

Unknown 3 (4.84%)
HER2

Positive 6 (9.68%)

Negative 48 (77.42%)
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Table 1 (continued)

Clinicopathological characteristics Case number (%)

Unknown 8 (12.90%)
Molecular type

Luminal A 10 (16.13%)

Luminal B 44 (70.97%)

HER?2 overexpression 3 (4.84%)

Triple-negative 3 (4.84%)

Unknown 2 (3.22%)

CEA carcinoembryonic antigen, ER estrogen receptor, PR progester-
one receptor, HER-2 human epidermal growth factor receptor 2

and 19(30.6%) patients, respectively. The most frequent copy
loss genomic regions included 11q13.6-q25, 3p12.2-14.3,
1p, 8p, 10, 4p, 13q21-34, 9p, 4q, 6q21-23, 12p13.33-12.2,
22q11.23-q13.2, 5q31.3-35.2, 12q21.2-24.33, 22q11.23-
ql3.2, 6q25-27, 16q23.1-24.1, 14q24.1-24.3 and 17p13.2-
11.2,where tumor suppressor genes PTEN (10q23.31) [22],
CDKN2A/B (9p21.3) [23], RB1 (13q14.2) [24], and TP53
(17p13.1) [25] were located. Copy number losses of these
regions were found in 52(83.9%), 52(83.9%), 48(77.4%),
48(77.4%), 44(71%), 43(69.4%), 39(62.9%), 35(56.5%),
29(46.8%), 29(46.8%), 14(22.6%), 36(58.1%), 40(64.5%),
31(50.0%), 36(58.1%), 22(35.5%), 31(50%), 38(61.3%), and
35(56.5%) patients, respectively.

Frequent focal amplifications were found on chromo-
some 5q31.2, 12q15, 8p11.21, 8q23.1-24.3, 11q13.3. Onco-
genes including PCDHA(5q31), MDM2(12q15), IKBKB
(8p11.21), OXR1 (8g23.1), and CCND1 (11g33) were found
to be involved in the focal amplifications, with frequencies
of 29%, 25.8%, 25.8%, 24.2% and 24.2%, respectively.

Detection results of CA15-3, CEA, and cfDNA CIN
in monitoring the breast cancer recurrence

Positive CA15-3 and CEA were only found in 38.7% (24/62)
and 41.9% (26/62) of the recurrent breast cancer patients,
respectively; however, the positive detection rate of high
cfDNA CIN (77.4%) was significantly higher than that of
the above biomarkers (P <0.01). Moreover, the combination
of CA15-3 and CEA increased the positive detection rate
to 62.5%. Notably, the further combination of cfDNA CIN
led to an extremely high positive detection rate of 88.7%
(95% CI 77.5-94.9%) though no statistically significance
was observed (Fig. 2a).

Correlations between CA15-3, CEA, and cfDNA CIN
score

The correlations between CA15-3 level, CEA level, and
cfDNA CIN score are shown in Fig. 2b—d. Weak linear
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Table 2 Significant chromosome arm-level changes and focal ampli-
fications identified in the recurrent breast cancer patients

Loci Gain/loss logP  Number (freq Key genes
%)
Arm-level changes
1q Gain 130.42 36 (58.1) IRAKI1
1p Loss 130.88 48 (77.4)
8q Gain 212.57 29 (46.8) MYC
10 Loss 57.63 44 (71) PTEN
18 Gain 61.49 34 (54.8)
Tp Gain 49.02 19 (30.6) EGFR
7q Gain 10.82 8 (12.9)
13q21-34 Loss 51.50 39 (62.9) RBI
9p Loss 36.26 35(56.5) CDKN2A/B
4q Loss 26.38 29 (46.8)
3pl2.2-14.3 Loss 37.57 52(83.9)
8p Loss 39.36 48 (77.4)
4p Loss 27.56 43 (69.4)
6q13-20 Gain 47.58 34 (54.8)
20q Gain 35.74 19 (30.6) BCASI
6q21-23 Loss 8.93 29(46.8)
11q13.6-q25  Loss 45.07 52(83.9)
12p13.33-12.2 Loss 1248 14 (22.6)
22q11.23- Loss 2236 36(58.1)
ql3.2
5g31.3-35.2 Loss 10.94 40 (64.5)
12q21.2-24.33  Loss 14.59 31 (50)
6q25-27 Loss 12.65 22 (35.5) ESR1
17q21.31-25.3  Gain 2991 16 (25.8)
16q23.1-24.1  Loss 12.01 31 (50)
14q24.1-24.3  Loss 12.55 38(61.3)
17p13.2-11.2  Loss 2431 35(56.5) TP53
Focal amplification
8g23.1-24.3 Gain 51.09 15(24.2) OXR1
8pl1.21 Gain 11.09 16 (25.8) IKBKB
8p11.23-11.22 Gain 11.31 14 (22.6) FGFR1
12q15 Gain 18.28 16 (25.8) MDM2
11q13.3 Gain 450 15(24.2) CCND1
11q13.5 Gain 738 11(17.7) EMSY
17q12 Gain 3.01 6(9.7) ERBB2
5q31.2 Gain 238 18(29) PCDHA@

Chrom chromosome, Seg segment, Freq frequency

correlations were found between CA15-3 level and cfDNA
CIN score (r=0.221, P=0.002). Similarly, weak correla-
tion was found between CEA level and ¢cfDNA CIN score
(r=0.198, P=0.057), respectively. However, CA15-3 level
was found to be significantly correlated with CEA level
(r=0.586, P<0.001).

The detection rate of cfDNA CIN (high/low) in patients
with different CA15-3 and CEA levels was further exam-
ined. As shown in Table 3, high cfDNA CIN was found in

12 (80.0%), 7 (87.5%), 6 (54.5%), and 17 (81.0%) patients
with both positive of CA15-3 and CEA, CA15-3-positive
and CEA-negative, CA15-3-negative and CEA-positive, and
both negative CA15-3 and CEA, respectively.

Detection results of CA15-3, CEA, and ¢fDNA CIN
in patients with visceral and non-visceral metastasis

In previous reports [26], elevated CA15-3 was associated
with visceral metastasis. As shown in Table 4, the positive
rate of CA15-3 tended to be higher in patients with visceral
metastasis than those with non-visceral metastasis (44.4%
vs.18.8%, P=0.05). Similarly, no statistical significant dif-
ferences were found in patients with visceral metastasis
compared to those without metastasis (75.6% vs. 81.3%,
P>0.05). However, CEA was detected to be with the oppo-
site results, with the positive rate of 42.2% and 50.0% in
patients with and without visceral metastasis, respectively
(P> 0.05). Notably, high cfDNA CIN showed the highest
positive rate in patients with visceral metastasis compared
to CA15-3 and CEA.

Performance of CA15-3, CEA, and CIN score
to predict breast cancer relapse

The median DFS was 41 months. Patients were divided
into two groups: group 1 (DFS <41 months) and group
2 (DFS > 41 months). As shown in Fig. 3a, cfDNA CIN
achieved the highest AUC value of 0.933 compared to
CA15-3 (0.864, P=0.20) and CEA (0.878, P=0.26) for
all patients. In group 1 for patient experienced disease
relapsed within 41 months, the performance of cfDNA CIN
achieve AUC value of 0.975, which is higher than that of
CEA (AUC=0.866, P=0.042) and CA15-3(AUC=0.895,
P=0.098). In group 2 for patient experienced disease
relapsed after 41 months, the performance of cfDNA CIN
achieve AUC value of 0.897, which is similar to that of
CEA (AUC=0.894, P=0.96) and CA15-3(AUC=0.827,
P =0.365). No statistical differences were found between
patients with non-visceral metastasis compared to those with
metastasis, with AUC values of 0.931 and 0.932 (P=0.91),
respectively (Fig. 3d). The predicting function of cfDNA
CIN was not shown when DFS cutoff was 24, 36, and
60 months (Supplement materials Figure S1, S2, and S3).

<fDNA CIN correlated with prognosis of recurrent
breast cancer patients

Positive CA15-3 at the time of breast cancer recurrence
was significantly associated with shorter DFS (HR =2.51,
P=0.002, Fig. 4a). Similarly, high cfDNA CIN was
also found to be correlated with worse DFS (HR =1.81,
P=0.065, Fig. 4b) though no statistically significance was
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Fig.1 Plasma cfDNA chromosomal instability (CIN) profilings of
the recurrent breast cancer patients. a Overview of cfDNA CIN in the
recurrent breast cancer patients. b—e Chromosomal arm-level imbal-

observed. Furthermore, potential correlations between
the copy number variations as listed in Table 2 and DFS
were also analyzed. The results showed that copy losses on
Chr3p12.2-14.2 (Fig. 4c, HR =2.49, P=0.002) and Chr8p
were significantly associated with poorer DFS (Fig. 4d,
HR =2.06, P=0.014), with which more than half of the
patients were first-time detected with breast cancer recur-
rence by 24-month and 36-month post-surgery, respectively.

Discussions

In this study, LPWGS assay was performed to detect
cfDNA CIN. We found cfDNA CIN achieved the posi-
tive rate of 77.4% among recurrent breast cancer patients,
with an AUC value of 0.933, superior to CA15-3 (positive
rate: 38.7%; AUC: 0.864) and CEA (positive rate: 41.9%;
AUC: 0.878). The combination of cfDNA CIN with two
biomarkers further increased the positive rate to 88.7%.
cfDNA CIN achieved better performance in patients with
DFS <41 months compared to those with DFS >41 months
(AUC: 0.975 vs. 0.897). High cfDNA CIN was associated
with shorter DFS (HR=1.81, P=0.065).
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Ratio vs controls
)

chr20

ances and focal amplifications identified on chromosome 8, 11, 17,
and 20, respectively

To our best knowledge, we reported the first study of
the monitoring function of cfDNA CIN in luminal subtype
breast cancer. Serum CA15-3 and CEA are two important
biomarkers in monitoring the post-operative follow-up and
treatment among breast cancer patients [7, 27] while was
limited due to the relatively low sensitivity and specific-
ity. In this study, only 38.7% and 41.93% of the recurrent
breast cancer patients were detected with CA15-3- and CEA-
positive, respectively, though the combination resulted in
an improved positive rate of 62.5%. Fiorella et al. reported
that CEA was elevated in 38.0% and CA15-3 in 70.2% of
patients with recurrence. The combination of CEA and CA
15-3 could increase the overall sensitivity by only 1.4% [5].

In comparison, high CIN score was found in 77.4% of
the recurrent cases while not detected in healthy controls,
which was significantly higher than that of CA15-3 and
CEA. Notably, the combinations of cfDNA CIN with two
biomarkers further increased the positive detection rate to
88.7%. Furthermore, the correlation analysis demonstrated
that CIN score was not associated with the expression level
of CA15-3/CEA, indicating it to be independent of two bio-
markers. The above results suggested that CIN score might
be used as a non-invasive peripheral biomarker to monitor
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Fig.2 a Detection results of CA15-3, CEA, c¢fDNA chromosomal instability (CIN) and combination to monitor breast cancer recurrence. b—d

Correlations between CA15-3 level and CIN score, CEA level and CIN score, and CA15-3 level and CEA level, respectively

Table 3 Detection rate of cfDNA CIN for recurrent breast cancer patients with different levels of CA15-3 and CEA

CA15-3>35 CA15-3235 CA15-3<35 CA15-3<35 CA15-3,CEA All pts
CEA>5 CEA<S CEA>5 CEA <S5 Unknown
N=15 N=8 N=11 N=21 N=3 N=58
cfDNA CIN positive 12 7 6 17 3 45
cfDNA CIN negative 3 1 5 4 0 13
Rate % 80.0 87.5 54.5% 81.0% 100% 77.6%
(95% CT) (67.6-100%) (51.0-100%) (15.0-85.0%) (57.8-95.7%) (20.8-93.6%) (73.4-95.3%)

¢fDNA cell-free DNA, CIN chromosomal instability, CI confidence interval
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Table 4 Levels of CA15-3, CEA, and cfDNA CIN in the recurrent breast cancer patients with visceral or non-visceral metastasis

Visceral metastasis (n=45) Non-visceral metasta- Unknown Total (n=62) P value
sis (n=16) (n=1)

UCAD cfDNA CIN high 34 13 1 48 Not significant®
UCAD cfDNA CIN low 11 3 0 14
Average CIN score 6836 7522 / 7198
Rate (95% CI) 75.6 (71.1-97.4)% 81.3 (55.2-95.3)% / 77.4 (73.4-95.3)%
CA15-3>35 (KU/L) 20 3 0 12 0.03°
CA15-3<35 (KU/L) 25 13 0 19
Average CA15-3 (KU/L) 245.6 26.0 / 184.7
Rate (95% CI) 44.4 (27.3-68.3)% 18.8 (4.70-44.8)% / 38.7 (23.7-56.2)%
CEA >5 (ng/ml) 19 8 0 13 Not significant®
CEA <5 (ng/ml) 26 8 0 18
Average CEA (ng/ml) 46.3 17.9 / 38.8
Rate (95% CI) 42.2 (30.0-80.7)% 50 (25.4-74.6)% / 41.9 (26.4-59.2)%

UCAD ultrasensitive chromosomal aneuploidy detector, cfDNA cell-free DNA, CIN chromosomal instability, CI confidence interval, NS no sig-

nificance

#Difference in the CIN score between the recurrent breast cancer patients with visceral or non-visceral metastasis

"Difference in the CA15-3 level between the recurrent breast cancer patients with visceral or non-visceral metastasis

Difference in the CEA level between the recurrent breast cancer patients with visceral or non-visceral metastasis

Fig.3 Performance of each bio- a

marker to predict breast cancer
relapses for all patients, patients
with DFS <41 months and
patients with DFS > 41 months,
respectively. a cfDNA chro-
mosomal instability (CIN). b
CA15-3. ¢ CEA. d cfDNA CIN
to predict breast cancer patients
with visceral or non-visceral

metastasis
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Fig.4 Correlations between a DFS versus CA15-3 level b DFS versus cfDNA CIN
DFS and a CA15-3 level (posi-
tive/negative). b Plasma cfDNA e e
chromosomal instability (CIN, ® CA15-3 neg ® CIN+
high/low). ¢ Copy number vari- @ ® CA15-3 pos ® ® CIN-
ation on chromosome 3p (loss/
1dt dc b . ° ° CIN+ vs CIN-
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ation on chromosome 8p (loss/ 5 p =0.002 = p =0.065
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breast cancer recurrence competent to the traditional bio-
markers (CA15-3 and CEA).

Sandri et al. [28] reported that pre-surgical level of
CA15-3 was used as an independent prognostic factor
for metastases and deaths, which was recommend in the
adjuvant therapeutic algorithm. In our study, shorter DFS
was associated with higher CA15-3 level, which revealed
its value in monitoring the relapse of breast cancer. Also,
shorter DFS tended to correlate with higher CIN score
though no statistically significance was observed. Just four
patients were CIN-low in our cohort, and the small num-
ber of patients led to no significance in statistics. Similarly,
Stover et al. [13] found that cfDNA tumor fraction was
related to worse metastatic survival among triple-negative
breast cancer patients. In addition, Marcel et al. discovered
the CIN score was significantly associated with prognosis
in ER-positive, luminal B, and her2/neu subtypes, but not
in ER-negative patients [29]. The majority of molecular
types were luminal A and luminal B in our cohort, which
accounting for 87.1% (54/62) of total patients. The value
of CIN score with cancer related survival in non-triple-
negative breast cancer patient needs to be further validated.

DFS(months)

Furthermore, we found that copy losses on Chr 3p and Chr
8p were significantly associated with DES. In our study, Chr
1q amplification was also frequently found among the recur-
rent breast cancer patients, with the frequency of 58.1%.
Similarly, Goh et al. [12] identified that Chr 1q21.3 ampli-
fication detected from cfDNA was strongly associated with
the early relapse in breast cancer patients, with the mecha-
nism that 1q21.3-directed S100A7/8/9-IRAK1 feedback
loop drives the tumor growth. Further study should be con-
ducted to investigate the potential mechanism of Chr3p loss
and Chr8p loss shortening DFS.

In this study, we also detected several gene amplifications
among the recurrent breast cancer patients, which may be
useful to guide the clinical practices. Recent work impli-
cated ESR1 mutations was detected in 34% patients with
ER + metastatic breast cancer and tumor cells with ESR1
loss may less dependent of estrogen receptor signaling,
which can lead to hormone resistance [30]. For instance,
ESRI1 copy loss was frequently found in patients whose pri-
mary tumor with ER-positive. Another well-studied gene,
FGFR1, was found to be amplified in 17.6% of the patients,
which has been proven to play an important role in breast
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cancer development [31]. Similarly, Turner N found FGFR1
amplification was found in 16% to 27% of luminal B-type
breast cancers [32]. Moreover, other genes such as OXR1,
IKBKB, MDM2, CCND1, PCDHA were found with ampli-
fication in 24.2%, 25.8%, 25.8%, 26.5%, and 29% of the
patients, respectively. Amplification of CCND1 was found
in 21% ER + metastatic breast cancer patients [30]. IKBKE
was identified as a human breast cancer oncogene and
amplified and overexpressed in a considerable proportion of
human breast tumors [33]. However, the roles of these genes
in breast cancer have not been well understood, for which
functional validation remains to be conducted in the future.

In summary, plasma cfDNA CIN detection revealed bet-
ter performance in monitoring the breast cancer relapse,
superior to the traditional biomarkers (CA15-3 and CEA),
especially for biomarker-negative patients. The combination
of cfDNA CIN with traditional biomarkers further improved
the detection rate of recurrent breast cancer patients, which
may provide a new method for monitoring the early relapse.
Moreover, high cfDNA CIN tended to be found in patients
with shorter DFS which may provide potential therapeuti-
cal targets for patients. Yet, further investigations with large
sample size are highly warranted.
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