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ABSTRACT

Purpose: Real-time detection and intervention can be used as potential measures to
markedly decrease breast cancer mortality. Assessment of circulating tumor DNA (ctDNA)
may offer great benefits for the management of breast cancer over time. However, the use of
ctDNA to predict the effectiveness of neoadjuvant treatment and recurrence of breast cancer
has rarely been studied.

Methods: We prospectively recruited 31 breast cancer patients with 4 subtypes. Three time
points were set in this study, including before any therapy (C1), during surgery (T), and six
months after surgery (C2). We collected peripheral blood samples from all 31 patients at

C1, tumor tissue from all 31 patients at T, and peripheral blood samples from 25 patients at
C2. Targeted 727-gene panel sequencing was performed on ctDNA from all blood samples
and tissue DNA from all tissue samples. Somatic mutations were detected and analyzed
using a reference standard pipeline. Statistical analysis was performed to identify possible
associations between ctDNA profiles and clinical outcomes.

Results: In total, we detected 159, 271, and 70 somatic mutations in 30 C1 samples, 31 T
samples, and 12 C2 samples, respectively. We identified specific genes, such as PIK3CA, TP53,
and KMT2C, which were highly mutated in the tissue samples. Furthermore, mutated KMT2C
observed in ctDNA of the C2 samples may be an indicator of breast cancer recurrence.
Conclusion: Our study highlights the potential of ctDNA analysis at different timepoints

for assessing tumor progression and treatment effectiveness, as well as prediction of breast
cancer recurrence.

Keywords: Breast neoplasms; Circulating tumor DNA; Neoadjuvant therapy; Recurrence

INTRODUCTION

Breast cancer is the most common cancer in Chinese women, with 304,000 new cases and
70,000 mortalities annually [1]. Breast cancer can be classified into 4 subtypes based on
estrogen receptor (ER+), human epidermal growth factor 2 (HER2+), and Ki-67 expression
[2]. There are obvious differences in the treatment methods and prognosis for different
breast cancer subtypes. For example, ER+ patients have better prognosis when treated with
endocrine therapy or combination treatments. The treatment options for patients with
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HER2+ or triple-negative breast cancer (TNBC) are limited, resulting in poor prognosis

[3]. Since 2015, neoadjuvant chemotherapy (NAC) has become the standard treatment for
locally advanced breast cancer [4]. Previous studies have shown that most patients exhibit
pathological complete response (pCR) after NAC, while few patients display stable disease
(SD) or even progression. In particular, the pCR rates in HER2+ breast cancer and TNBC are
better indicators of prognosis than that in hormone receptor-positive (HR+) patients [5].

As a non-invasive detection method, circulating tumor DNA (ctDNA) sequencing has been
widely used for early screening, diagnosis, treatment, and prognosis of breast cancer [6-8].
A potential advantage of ctDNA detection and analysis is the near-real-time monitoring of a
patient's response to treatment, which facilitates rapid feedback on whether a given therapy
works well, thereby allowing treatment options to be adjusted in a timely manner. However,
to date, the value of ctDNA in the evaluation of breast cancer treatment with neoadjuvant
chemotherapy remains unclear.

To our knowledge, this study is the first to evaluate mutational characteristics in ctDNA from
patients before and after NAC, as well as in tissues during surgery. Based on the mutations
detected, we further evaluated the feasibility of using ctDNA as a new biomarker for NAC
response prediction. At the same time, we explored whether ctDNA analysis six months after
neoadjuvant treatment can predict breast cancer relapse.

METHODS

Sample preparation

In the present study, we prospectively recruited 31 breast cancer patients and collected
peripheral blood samples before neoadjuvant therapy (C1) from 31 patients, tissue samples
(T) during surgery from 31 patients, and peripheral blood samples 6 months after surgery
(C2) from 25 patients. Ten milliliters of peripheral blood was drawn from each patient at

C1 and C2 using a Cell-Free DNA BCT (Streck, Inc., La Vista, USA). Meanwhile, widely used
clinical cancer biomarkers, such as carbohydrate antigen 15-3 (CA15-3), carbohydrate antigen
12-5 (CA12-5), and carcinoembryonic antigen (CEA), were detected at the same 3 time points.
All patients provided informed consent, and the study was approved by the Institutional
Review Board (IRB) of Daping Hospital, Army Medical University (IRB No. 2018(57)). The
study protocol adhered to the principles of the Declaration of Helsinki. Normative follow-up
within 2 years was also performed for all enrolled patients. Regarding the 10 mL of peripheral
blood, plasma was separated from the blood sample within 72 hours. by centrifugation
(1,600 xg at 4°C for 15 minutes). The supernatants were further centrifuged at 16,000 xg at
4°C for 15 minutes. Plasma samples and peripheral blood cells were used to extract cell-free
DNA (cfDNA) and genomic DNA (gDNA) according to the respective operating instructions.
Tumor DNA (tDNA) was also extracted from tissue samples based on the standard protocol.

Library construction, sequencing, and processing

In this study, a 727-gene panel covering a 2.8 megabase (Mb) region was designed to capture
the target DNA fragments. The lower limit of the target panel detection was > 0.50% for
somatic single nucleotide variants (SNVs) and small insertions/deletions (InDels) and > 3
copies for copy number variants (CNVs). The list of genes detected in this study is presented
in Supplementary Table 1. All of the collected ¢fDNA from C1 and C2 and tDNA from tissue
samples were subjected to DNA library preparation using a Kapa DNA library preparation
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kit (Kapa Biosystems, Wilmington, USA) while the gDNA library was prepared using an
Mlumina TruSeq DNA library preparation kit (Illumina, San Diego, USA). The DNA libraries
were hybridized to our custom-designed 727-gene probes (Nanodigmbio, Nanjing, China).
Then, DNA sequencing was conducted using a DNBSEQ-2000 sequencer (BGI, Shenzhen,
China). The raw sequencing data was filtered according to the default parameters to retain
high quality reads for subsequent analysis. The clean reads were aligned to human genome
assembly (hg19) using the Burrows-Wheeler Aligner (BWA-0.7.17-r1188). Removal of duplicate
reads, local realignments, and base-quality recalibrations were performed using the Genome
Analysis Toolkit (GATK 4.0.12.0). The resulting binary alignment map (BAM) files were used
for subsequent variant calling analysis.

Somatic mutation calling

SNVs/small InDels were detected using GATK (4.0.12.0) according to the reference standard
pipeline [9]. Germline variants were detected using the HaplotypeCaller in GATK with the
default parameters [10]. For all mutational analyses, matched gDNA for each sample was
used as the matched control. In short, the peripheral blood sample before neoadjuvant
therapy, tissue sample during surgery, and peripheral blood sample six months after surgery
were compared to the matched normal samples to exclude germline variants. A Panel of
Normal (PoN) was generated from the normal samples to improve the variant calling results.
Unreliable somatic mutations found in the PoN, Single Nucleotide Polymorphism Database,
or 1000 Genomes Project database were filtered out, resulting in high quality among the
remaining detected SNVs and small InDels [11]. In order to verify the detected variants,
manual inspection of the BAM files was conducted using the Integrative Genomics Viewer.
Tumor mutational burden (TMB) was defined as the number of somatic mutations per Mb.

CNV calling

CNVs were estimated by paired samples with Varscan2 according to the default parameters
[12] as follows: first, mpileup was performed on the BAM files of normal and tumor samples
using samtools mpileup, and guanine-cytosine correction was performed on the mpileup
results with CopyCaller software. Second, the regions with different copy numbers were

cut with the circular binary segmentation algorithm. Finally, CNVs were obtained after
combining the segments of candidate CNVs. As in somatic mutation calling, a CNV PoN from
the normal samples was created to improve the results.

Statistical analysis

Univariate and multivariate Cox proportional hazard analyses were conducted to assess
the correlation between clinical features and the treatment outcome (pCR) of neoadjuvant
therapy. A Kaplan-Meier plot was also used to identify the correlation between ctDNA
samples from the C2 time point and tumor recurrence. A y? test was utilized to determine
whether the level of ctDNA in the blood before neoadjuvant treatment was related to its
therapeutic efficacy. Statistical significance was defined as a 2-sided p-value of < 0.05.
Statistical analyses were performed using SAS 9.4 software (SAS Institute, Cary, USA).

RESULTS

Sample cohort description
In total, 31 breast cancer patients (mean age: 48.2 7.0 years) were recruited in this study: 17
cases with the luminal subtype (54.83%), 7 cases with HER2 overexpression (22.58%), and
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7 cases with TNBC (22.58%) (Table 1and Supplementary Table 2). It is worth noting that,
for various reasons, 6 blood samples were not obtained at the 6-month postoperative time
node (P6C2, P7C2, P17C2, P21C2, P24C2, and P30C2). Among all patients, 15 (48.39%) were
diagnosed with left breast cancer while the remaining ones had right breast cancer. The body
mass indexes (BMIs) of 17 patients (54.84%) were within normal range (18.5-24 kg/m?), and
the remaining 14 patients were overweight (BMI > 24 kg/m?). Twenty-three patients (74.19%)
received taxotere, anthracycline, and cyclophosphamide (TAC) while the remaining eight
(25.81%) received taxotere, carboplatin, and herceptin (TCH). Interestingly, the pathological
subtype following needle biopsy in three patients (P2, P17, and P28) changed after breast

Table 1. Summarized table of clinical characteristics

Chracteristics Patients (n=31)
Age (yr) 48.2+7.0
TNM stage

1B 10 (32.2)

1A 18 (58.1)

1B 92 (6.5)

lnc 1(3.2)
Molecular subtype

Luminal A 9 (29.0)

Luminal B 8(25.8)

HER2+++ 7 (22.6)

TNBC 7 (22.6)
Lateral of breast cancer

Left 15 (48.4)

Right 16 (51.6)
NAC

TAC 923 (74.2)

TCH 8 (25.8)
BMI (kg/m?)

<18.5 0 (0.0)

>18.5and < 24 17 (54.8)

>94 14 (45.2)
RECIST

CR 1(3.2)

PR 19 (61.3)

SD 11 (35.5)
LN

0 13 (41.9)

1-3 9 (29.0)

>3 9 (29.0)
MP

1 3(9.7)

2 10 (32.3)

3 13 (41.9)

4 1(3.9)

5 4(12.9)
Surgery

MRM 28 (90.3)

Mastectomy + SLNB 3(9.7)
Cancer embolus

Yes 9 (29.0)

No 22 (71.0)

Values are expressed as mean + standard deviation or number (%o).

TNM = tumor, node, metastasis; HER2 = human epidermal growth factor 2; TNBC = triple-negative breast cancer;
NAC = neoadjuvant chemotherapy; TAC = taxotere, anthracycline, and cyclophosphamide; TCH = taxotere,
carboplatin, and herceptin; BMI = body mass index; RECIST = Response Evaluation Criteria in Solid Tumors; CR

= complete response; PR = partial response; SD = stable disease; MP = Miller-Payner; MRM = modified radical
mastectomy; SLNB = sentinel lymph node biopsy.
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resection. Specifically, patient P2 changed from HER2 overexpression to Luminal A. Patient
P17 changed from Luminal B to Luminal A with a dramatic decrease in Ki-67 expression from
40.00% to 3.00%. Patient P28 changed from TNBC to Luminal B. These results suggest that
the heterogeneity of multiple regions is common in breast cancer. Regarding the widely used
clinical cancer biomarkers, 3 out of 31 patients (P5C1, P16C1, and P17C1) displayed abnormal
results at time point C1, 1 (P5T1) at T, and another 1 (P5C2) at C2. In patient P5, the CA 15-3
level was 37.05 U/mL and the CEA level was 28.41 ng/mL at C1 (the normal ranges for CA15-3
and CEA are 0-28 U/mL and 0-5 ng/mL, respectively). Even after NAC and surgery, these
conditions did not improve, and the patient relapsed 9 months after time point T (CA15-3:
44.27 U/mL and CEA: 15.11 ng/mL).

Target-capture sequencing and genetic profiles

For each patient, we prospectively collected peripheral blood samples before administering
any therapy (C1 as the baseline), tissue samples during breast dissection (T), and blood
samples at six months after breast dissection (C2). A custom panel was applied to achieve
target-capture sequencing for all samples (87 samples from 31 patients). For the raw
sequencing data, the average sequencing capture efficiency for the C1, T, and C2 samples
was 72.89% (64.20-78.72%), 74.98% (59.72%—80.62%), and 72.80% (67.53%—81.05%),
respectively, and the effective target sequencing depth for the C1, T, and C2 samples was
1,010.19X (633.1X-1,650.01X), 1071.61X (474.41X-1,624.33X), and 925.15X (625.15X-1,383.41X),
respectively (Supplementary Table 3). Overall, 159, 271, and 70 somatic mutations were
identified in the C1, T, and C2 samples, respectively. Somatic mutations were detected in 30
out of 31 C1 samples and 12 out of 25 C2 samples (Supplementary Table 4). Compared to the
T samples, for which a mean of 8.7 (2-23) mutations were detected per sample, the number
of mutations per C1 sample was significantly lower (5.1 [1-14]). When comparing somatic
mutations between the C1 and T samples, we found that 46.54% of these mutations at C1
were also identified in T samples. In addition, 10, 26, and 10 somatic hotspot mutations
were identified in the C1, T, and C2 samples, respectively. Among them, somatic hotspot
mutations were detected in 9 out of 31 (29.03%) C1 samples and 8 out of 25 (32.0%) C2
samples. When comparing somatic hotspot mutations between the C1 and T samples, we
found that 80.0% of these mutations at C1 were also identified in T samples. Interestingly,
these somatic hotspot mutations belong to one kind, namely KMT2C ¢.5053G>T. These
results revealed high heterogeneity between blood and tissue samples in the early and middle
stages of our study [13].

Among the tissue samples, the most common somatically mutated genes were PIK3CA
(48.50%), TP53 (41.90%), and KMT2C (9.70%). However, when considering all 87 samples,
the most common mutated genes were KMT2C (20.69%), PIK3CA (18.39%), and TP53
(18.39%) (Figure 1). These discrepancies clearly contributed to the heterogeneity of
samples from different time points. In addition to somatic mutations, we also identified
6 germline mutations (19.35%) in the 31 breast cancer patients involving BRCA2, CHEK2,
and MUTYH. They were BRCA2 ¢.5645C>A (P1), BRCA2 ¢.987_988insA (P7), MUTYH c. 892-
2A>G (P15), BRCA2 c.31del (P17), CHEK2 c.1651dup (P29), and BRCA2 ¢.3940_3941del (P31)
(Supplementary Table 5). Through univariate and multivariate analyses, these mutations
were identified to be statistically unrelated to pCR and recurrence. However, it was very
interesting that five out of the six identified germline mutations occurred in the luminal
subtype of breast cancer. No recurrent BRCAI/2 mutations were found, indicating that no
founder mutations were present in the Chinese population [14].
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Figure 1. Mutation landscape represented by top 20 frequently mutated genes (SNV + InDels) in 87 samplesfrom 31 patients. Annotations include different
timepoints samples, age groups (age < 50 and age > 50), BMI (BMI <18, 18 < BMI < 24, and BMI > 24), TNM overall staging, lateral of breast cancer (left and right),
subtypes (Luminal A, Luminal B, HER2 overexpression, and TNBC), copy number variant (del, amp), and VAF.

SNV = single nucleotide variant; InDel = insertions/deletion; BMI = body mass index; TNM = tumor, node, metastasis; HER2 = human epidermal growth factor 2;
TNBC = triple-negative breast cancer; VAF = variant allele frequency; CNV = copy number variant; AF = allele frequency.

Overall, 23 out of 87 (26.44%) samples were detected to have abnormal gene copy numbers;
among them, 19 out of 23 (82.61%) were from tissue samples while the remaining 4 (17.29%)
were from peripheral blood samples (Supplementary Table 6). A total of 131 CNVs were
found with 107 detected in gene amplification and the remaining 24 in deletion. In the tissue
samples, 35 genes had CNVs, and the most common ones were HRAS amplification (14 out of
119 [11.76%]), CCNDI amplification (13 out 0f 119 [10.92%]), AKT1 amplification (12 out of 119
[10.08%]), NOTCHI amplification (11 out 0f 119 [9.24%]), and TSC2 amplification (9 out of 119
[7.56%]). Among the relapsed patients, no CNVs were found in C2 samples. Based on these
results, CNVs may not be a good biomarker for early breast cancer recurrence monitoring.

ctDNA KMT2C c.5053G>T association with breast cancer relapse

In clinical contexts, cancer embolus and number of lymph nodes serve as high risk indexes
for breast cancer patients with poor prognosis. Univariate analysis found that patients with
high lymph node count (> 4) and SD after NAC relapsed or progressed within a short period
(p=0.012 and p = 0.036, respectively) while cancer embolus did not correlate with the period
of relapse (p > 0.05). We thus concluded that lymph node status and pCR could be used as
predictors of breast cancer recurrence.

To investigate whether postoperative blood ctDNA could also be used as a predictor of recurrence
after neoadjuvant therapy, we compared somatic mutations from the C1, T, and C2 samples.

We detected KMT2C mutations in eight C1 samples, three T samples, and seven C2 samples.
Then, we further analyzed the seven patients with relapsed breast cancer. Two patients failed to
produce C2 samples (P6C2 and P24C2) so KMT2C mutation status was unknown, one patient
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(P10C2) was detected with no mutation, and four patients (P5C2, P16C2, P18C2, and P27C2)
were all detected to have KTM2C c. 5053G>T. Importantly, survival analysis (Kaplan-Meier plot)
showed that ctDNA KTM2C c. 5053G>T was significantly associated with postoperative breast
cancer recurrence (p = 0.0014) (Figure 2). Although the allelic frequency of KMT2C ¢.5053G>T
dropped in P5 and P18, it was still relatively high (Figure 3A-D). These findings imply that ctDNA
mutations could be used as a potential predictor of breast cancer recurrence after neoadjuvant
therapy. As for the CA 15-3, CA 12-5, and CEA results, only one relapsed patient (P5) displayed
abnormal levels while the remaining six were normal, suggesting that traditional tumor

biomarkers could not meet the requirements for early tumor recurrence detection.
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Finally, we analyzed TMB and mutations derived from the C1 blood samples. Of the 8 KMT2C
mutations identified in C1 samples, 4 patients displayed SD after neoadjuvant therapy

while the remaining 4 had a pCR. The association between KMT2C and neoadjuvant therapy
efficiency was insignificant (p > 0.05) based on a y* test. The effectiveness of TMB was also
insignificant. However, we found that some of the SD patients with or without KMT2C

Prognostic Role of Circulating Tumor DNA in Breast Cancer

mutations had relatively high TMB, including patients P6 (7 mutations), P15 (6 mutations),
and P23 (7 mutations), which suggests that the effectiveness of neoadjuvant therapy may be
predictable by KMT2C combined with high TMB in large cohorts.

DISCUSSION

Here, we performed custom-panel high-depth sequencing on baseline blood, tissue, and
postoperative blood samples from 31 newly diagnosed breast cancer patients and detected 159 (30
out of 31 samples), 271 (31 out of 31 samples), and 70 (12 out of 25 samples) somatic mutations,
respectively (Supplementary Table 4). Among them, 46.54% of mutations in the baseline blood
samples were also detected in the tissue samples, suggesting that the heterogeneity of tissue

and blood affects composition. Regarding the 6-month postoperative blood samples, 57.14% of
observed mutations were also present in the baseline blood samples, suggesting that blood can
better overcome the heterogeneity problem. Interestingly, mutations in the blood at 6 month
post-operation were detected in only 31.42% of the tissue samples, meaning that changes in

the postoperative blood ctDNA may be associated with treatment. The three most common
somatically mutated genes were PIK3CA, TP53, and KMT2C (Figure 1). Previous studies have
reported that the mutation rate of PIK3CA in HR+ breast cancer patients ranged from 40% to

70% and is related to tumor growth, resistance to endocrine therapy, and poor overall prognosis
[15,16]. Similarly, in this study, the PIK3CA mutation rate was 48.5%. In 2019, the United States
Food and Drug Administration approved alpelisib in combination with fulvestrant for treatment in
postmenopausal women and men with HR+, HER2-, or PIK3CA- mutated advanced or metastatic
breast cancer[17,18], suggesting that the PIK3CA mutation was of great significance in breast
cancer patients, especially for the treatment of HR+ breast cancer after metastasis or progression.
We also found that TP53 mutations were mainly detected in tissue samples from the seven TNBC
patients. This finding about the high mutation frequency of TP53in basal-like breast cancers

was similar to a reported study for HGS-OvCa with TP53 mutation patterns in almost 100% of
samples [19]. KMT2C, which encodes an H3K4 histone methytransferase, was reported as a driver
gene for metastatic breast cancer that expressed hormone receptors but not HER2 at high levels
[20]. KMT2Chas been previously reported with mutation rates of 6.45%, 8.16%, and 1.96% in
The Cancer Genome Atlas, Molecular Taxonomy of Breast Cancer International Consortium, and
French studies, respectively [21-24]. In this study, the mutation rate of KMT2C was 20.69% in all 87
samples and 9.67% (3 out of 31) in tissue samples. This result was consistent with that of a study
from Singapore and Korea [25]. The 20 top mutated genes also included RECQL4 (11.49%), ERBB2
(10.34%), and RAD51B (9.21%). Interestingly, a recent study showed that the RecQ family is involved
in DNA mismatch repair, indicating its role in cancer pathogenesis and development [26].

In addition to somatic mutations, we also discovered 6 germline mutations involving BRCA2,
CHEK2, and MUTYH in the 31 patients, but these mutations were statistically unrelated to
pCR and recurrence. In reports by previous researchers, CHEK2 was found to be an important
moderate-penetrance breast cancer predisposition gene. This gene functions as a responder
primarily to double-strand break DNA damage repair. In a breast cancer study involving 7,657
BRCA1/2-negative breast cancer patients, the mutation rate of CHEK2 was 0.34% [27]. For the
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MUTYH gene, a large number of studies have reported its association with an increased risk
of colorectal cancer, but its correlation with breast cancer remains unclear [28]. Through
MUTYH ¢.892-2A>G was reported in a Chinese population with a mutation rate of 5.8%, the
rate in East Asian healthy individuals was 2.77%. These discrepancies between our results
and those of previous research may be attributed to small sample sizes.

Our study detected that four out of five relapsed breast cancer patients carried the KMT2C
¢.5053G>T mutation. Kaplan-Meier survival and multivariate analyses found that KMT2C, like
other clinical factors, was significantly associated with postoperative breast cancer recurrence.
It is interesting that previous studies have identified KMT2C as a driving factor of HR+ breast
cancer [20,21]. In this study, three out of the four relapsed patients had TNBC, and one had
HER2+. A study from Thailand showed that KMT2C has a higher mutation rate in TNBC, which
suggests that KMT2C mutations may be related to the occurrence and development of breast
cancer in Asian patients [29]. For relapsed patient P10C2, no KMT2C mutation was detected in
baseline blood, tissue, and 6-month postoperative blood samples. However, the patient carried
the TP53 mutation, and their TMB was high with SD present even after neoadjuvant therapy. We
speculate that these factors may lead to recurrence in TNBC patients.

We also identified that 3 patients (P4, P22, and P31) carried the KMT2C ¢.5053G>T mutation
without relapse at the time of follow-up (Figure 3E and F). Patient P4 was diagnosed with
right HR+ breast cancer at 40 years old and treated with TAC. Following NAC, she displayed
a pCR, which indicated a good prognosis. Patients P22 and P31 were also diagnosed with
the HR+ subtype and were identified as SD and pCR after neoadjuvant therapy, respectively.
Though they each carried the KMT2C mutation, it had a decreased mutated allele frequency.
Furthermore, considering the short follow-up time, their future recurrent statuses remained
undetermined. Thus, constant monitoring and follow-up for these patients are required.

To our knowledge, this study is the first to explore the relationship between prognosis and
ctDNA after neoadjuvant therapy in Chinese breast cancer patients. We found that the incidence
of KMT2C mutations is higher in breast cancer patients, especially among TNBC patients.
Kaplan-Meier survival and multivariate analyses indicated that ctDNA KMT2C ¢.5053G>T
could be a predictor of the relapse of breast cancer, while the association between KMT2C and
efficiency of neoadjuvant therapy was insignificant (p > 0.05). Unfortunately here, neither
CNV nor TMB was a qualified indicator for neoadjuvant therapy and breast cancer recurrence.
However, our study has considerable limitations. First, the follow-up period of 2 years was not
enough to identify a clinically meaningful association between ctDNA mutations and clinical
outcomes. Further studies are certainly necessary. Second, because the tissue samples were
formalin-fixed, paraffin-embedded samples, the extracted gDNA may have been degraded,
resulting in variant call discrepancies despite utilization of filtering and correction methods
during the analysis. Finally, our sample size was limited. There may be biases that do not
represent the true characteristics of breast cancer subtypes due to the small study cohort [30].
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