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Background: Breast cancer is a highly heterogeneous disease. Early-stage, non-metastatic breast cancer
is considered curable after definitive treatment. Early detection of tumor recurrence and metastasis through
sensitive biomarkers is helpful for guiding clinical decision-making and early intervention in second-line
treatment, which could improve patient prognosis and survival.

Methods: In this real-world study, we retrospectively analyzed 82 patients with stages I to III breast cancer
who had been analyzed by molecular residual disease (MRD) assay. A total of 82 tumor tissues and 224
peripheral blood samples were collected and detected by next-generation sequencing (NGS) based on a
1,021-gene panel in this study.

Results: MRD positivity was detected in 18 of 82 patients (22.0%). The hormone receptor-/human
epidermal growth factor receptor 2+ (HR-/HER2+) subgroup had the highest postoperative MRD detection
rate at 30.8% (4/13). The BRCA2 and SLX4 genes were significantly enriched in all patients in the MRD
positive group and FGFRI amplification was significantly enriched in the MRD negative group with HR+/
HER2-. The number of single nucleotide variants (SNVs) in tissue samples of MRD-positive patients was
higher than that of MRD-negative patients (11.94 vs. 8.50 SNVs/sample). Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis showed that there was a similar biological function of the tumor-
mutated genes in the 2 MRD status groups.

Conclusions: This real-world study confirmed that patient samples of primary tumor tissue with different
MRD status and molecular subtypes had differential genetic features, which may be used to predict patients
at high risk for recurrence.
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Introduction

Breast cancer is one of the leading causes of cancer-
related deaths in women worldwide with an estimated 0.68
million deaths in 2020 (1). Previous study has confirmed
that breast cancer is a highly heterogeneous disease (2).
Different molecular subtypes of breast cancer have different
biological behaviors, which directly affect the clinical
treatment decision-making and prognosis evaluation (3).
Currently, the most commonly used molecular subtype
is defined by the absence or over expression of estrogen
receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) according
to immunohistochemistry (IHC) or fluorescence in situ
hybridization (FISH). Reports have shown that 70-80% of
early-stage, non-metastatic breast cancers are considered
curable (3). Therefore, the early diagnosis of breast cancer
and the early detection of tumor recurrence and metastasis
are of great significance. More adequate biomarkers to
identify individuals at high risk of recurrence are needed.
Circulating tumor DNA (ctDNA) isolated from plasma
contains genetic mutations that can be representative of
the whole picture of tumor-derived alterations (4). The
National Comprehensive Cancer Network (NCCN)
guidelines have introduced ctDNA as new marker for risk
of recurrence in early-stage colon cancer. The detection of
ctDNA in postoperative patients is considered molecular
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residual disease (MRD), which reflects the presence of
residual tumor cells or micro-metastases in patients who
lack radiological signs after radical dissection (5). Several
approaches have been reported for detection of MRD in
solid tumors, 2 of which are commonly used: one is based
on polymerase chain reaction (PCR), and the other is next-
generation sequencing (NGS). From another perspective,
based on whether the primary tumor-derived alterations
need to be tested, MRD has two major technical routes,
namely, tumor-informed assays and tumor-agnostic assays.
Regardless of the technology used for the analysis of MRD,
a detection of ctDNA in peripheral blood obtained after
surgery or adjuvant therapy, or during follow-up represents
high risk of recurrence (6).

In 2016, a study showed that among 55 early breast
cancer patients, the disease-free survival (DFS) of MRD-
positive (ctDNA detected) patients was shorter than that of
MRD-negative (ctDNA not detected) patients (6.5 months
vs. median not reached) (7). Multiple studies have shown
that using ctDNA to identify MRD can predict patients’
recurrence risk with high sensitivity in diverse cancers such
as breast cancer, pancreatic cancer and colorectal cancer
(7-9). The lead time from ctDNA-based detection of MRD
to clinical relapse will enable individual follow-up and
intervention therapy for curative treatment (9). However,
there are few studies on postoperative MRD as a prognostic
and predictive biomarker in breast cancer, especially in
the Chinese breast cancer population. In this study, we
retrospectively analyzed the mutations of primary tumor
tissues and peripheral blood in 82 cases of breast cancer. We
report the findings of a real-world study to reveal the MRD
of breast cancer patients with different molecular types
in China. We present the following article in accordance
with the MDAR reporting checklist (available at https://
gs.amegroups.com/article/view/10.21037/gs-22-634/rc).

Methods
Patients and samples

In this retrospective cohort study, a cohort of 82 patients
with stage I-III breast cancer was enrolled at The First
Affiliated Hospital of Soochow University from December
2018 to July 2022. All patients received standard care
and management, including surgery, adjuvant therapy,
and follow up. The study was approved by the Ethics
Committee of The First Affiliated Hospital of Soochow
University (No. 2022013), and all cases provided written
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informed consent before undergoing any study-related
procedures. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). Surgically
resected tissues were the main source of tumor tissue
sampling for the DNA sequencing, and tissue obtained
by puncture were also accessible for a portion of patients.
Peripheral blood samples (20 mL) within 1 month after
surgery and before initiation of adjuvant treatment were
collected from the majority of cases; 2 patients had blood
collected after adjuvant therapy. All peripheral blood
samples were collected in Streck tubes (Streck, Omaha,

NE, USA).

Sample processing and DNA extraction

Peripheral blood was processed within 3 days to separate
plasma and white blood cells (WBCs). Pathological
assessment was performed on all tissue specimens to
evaluate sample quality, which required at least 20%
tumor cell content. Circulating cell-free DNA (cfDNA)
was isolated from the plasma using a QIAamp Circulating
Nucleic Acid Kit (Qiagen, Hilden, Germany). Genomic
DNA (gDNA) from WBCs and tumor tissues were
extracted using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). All procedures for sample extraction
were performed according to previous studies (10,11).

DNA sequencing and data analysis

The Qubit fluorometer (Invitrogen, Carlsbad, CA, USA)
and the Qubit dsDNA HS (High Sensitivity) Assay Kit
(Invitrogen) were used to quantify concentration of gDNA
and cfDNA. The genome DNA was cut into 200-250 bp
fragments by Covaris S2 instrument (Woburn, MA, USA).
Subsequently, both genome DNA and ¢fDNA were assessed
and constructed sequencing libraries. As reported in our
previous study (12), sequencing libraries were constructed
using the TruSeq DNA kits according to the manufacturer’s
instruction. All DNA libraries from cases were detected by
NGS based on a pan-cancer 1,021-gene panel, which were
performed on the Illumina Nextseq CN 500 (Illumina,
San Diego, CA, USA) or the Gene + Seq-2000 Sequencing
System (GenePlus-Suzhou, Suzhou, China), according to
the manufacturer instructions (11).

Sequencing data analysis

The clean data reads were mapped to the reference
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human genome (GRCh37) using the default parameters in
Burrows-Wheeler aligner after removing terminal adaptor
and low-quality reads as described in previous study (13).
MuTect2 and Genome Analysis Toolkit (GATK) were
employed to identify single nucleotide variants (SNVs) and
small insertions and deletions (Indels), separately (12). Copy
number alterations were identified with Contra algorithm
(Version 2.0.8). ExAc and 1000 Genomes Project and
Cosmic were used in mutation identification and filtering.
The default parameters were used for all software or tools
for sequencing data analysis. The ctDNA positivity was
defined when at least one mutation had been detected in the
plasma sample.

Statistical analyses

Fisher’s exact tests were used to analyze postoperative
ctDNA positivity and molecular subtype. Most of the
statistical analyses were performed using GraphPad Prism
8.0.2 (GraphPad Software, Inc., San Diego, CA, USA)
in the study. The SNV count was defined as the total
number of SNV events per sample. The Fisher’s #-test
was performed to compare differences between various
groups (14).

Results
Patient demographics

In total, 82 breast cancer cases, comprising 19 stage I, 44
stage 11, and 19 stage III, were enrolled in this study. Some
13 patients received neoadjuvant therapy, and the remaining
69 patients were resectable. All patients were pathologically
diagnosed with primary breast cancer, predominantly
T2 (approximately 63%), with a median tumor size of
2.5 c¢m (range, 0.7-7 cm). In the study group, all patients
were female, with a median age of 45 years (range,
29-79 years). A total of 82 tumor tissues and 224 plasma
samples were collected in this real-world study. All patients
had undergone surgical treatment. The clinicopathological
characteristics are summarized in Table 1.

The detection of MRD at different subtypes

The 82 participants were classified into 4 subgroups
according to the expression of ER, PR, or HER2. The
expressions included HR+/HER2-, HR+/HER2+, HR-/
HER2+, and HR-/HER2-, respectively. Postoperative
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Table 1 Patient characteristics

Characteristic Patients (n=82)

Age, median [range] years 45 [29-79]
Subtype

HR+/HER2- 37 (45%)

HR+/HER2+ 16 (20%)

HR-/HER2- 16 (20%)

HR-/HER2+ 13 (15%)
Tumor size, median [range] cm 2.5[0.7-7]
Stage

| 19 (23%)

Il 44 (54%)

11l 19 (23%)
N stage

NO 45 (55%)

N1-N3 37 (45%)
Family history 21 (26%)

HR, hormone receptor; HER2, human epidermal growth factor
receptor 2.

1.0 =MRD negative
u MRD positive
: P=0.8082
0.0 -

HR+/HER2- HR+/HER2+ HR-/HER2- HR-/HER2+

Proportion
o o
o
1 1

o
~
1

o
N
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Figure 1 The detectable rate of MRD in different molecular
subtypes. HR, hormone receptor; HER2, human epidermal growth

factor receptor 2; MRD, molecular residual disease.

blood samples were collected after surgery, and most of
the patients preserved blood samples before adjuvant
therapy. MRD positivity was defined as the detection of
ctDNA at any time point after surgery. Among all cases,
MRD positivity was detected in 18 of 82 patients (22.0%),
and among the 4 subgroups, 18.9% were HR+/HER2-,
18.8% were HR+/HER2+, 25.0% were HR-/HER2-,
and 30.8% were HR-/HER2+, respectively. The positive
detection of MRD was more likely to be presented in the
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HR-/HER2+ subgroup (P=0.8082; as shown in Figure I).
Subsequent analyses were based on the MRD status after

surgery.

Mutational profiling of tumor tissue specimens

All samples including tumor, plasma, and matched blood
cells were detected by a target 1,021-gene panel sequencing.
A total of 849 somatic alterations were identified in 82 tissue
samples, with a median of 10 mutations per patient (range,
1-41 mutations). The 849 somatic mutations consisted of
535 SNVs or indels, 302 copy number variants (CNV5s),
and 12 structural variations (SVs). Cases were divided in
two groups according to these MRD statuses. The detected
mutations in tumor tissue of the two groups are shown in
Figure 2. In both the MRD negative and MRD positive
subgroup, TP53 was the most frequently mutated gene,
with a mutation frequency of 61% and 83%, respectively.
Besides, we found that MYC amplification (44%), ERBB2
amplification (44%), and PIK3CA (39%) were the most
frequently mutated genes (Figure 2A4) in the MRD positive
subgroup. Meanwhile, variations in PIK3CA (48%) and
ERBB2 (36%) were common high-frequency mutated genes
in the MRD-negative group (Figure 2B).

We attempted to analyze whether there were genes
in tumor tissue that associated with the positive status
of MRD. As shown in Figure 3, BRCA2 and SLX4 were
significantly mutated in MRD-positive compared to MRD-
negative groups. Patients with BRCA2 or SLX4 gene
mutations in tissue samples were more likely to present
an MRD positive status after surgery. Subsequently, the
same comparison was performed in 4 different molecular
subgroups. A total of 141, 170, 105, and 73 genes in the
HR+/HER2-, HR+/HER2-, HR-/HER2+, and HR-/
HER2- groups were included in this analysis, respectively.
The FGFRI gene differed significantly between the MRD
positive and negative groups in the HR+HER2- group
(Figure 3C). No significant difference was obtained in the
other 3 subgroups, including HR+/HER2+, HR-/HER2+,
and HR-/HER2-.

We further explored whether there were differences
in the mutation load and max allele frequency (MAF) of
mutations in the 2 MRD status groups. The SNV number
count in the tissue sample of MRD-positive patients was
higher than that of MRD-negative patients (mean 11.94 vs.
9.91 SNVs/sample, P=0.3293). The mean MAF in MRD-
positive cases was lower than that of the MRD-negative
group (20.90% vs. 24.54%, P=0.3809) (Figure 4).
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Figure 3 Significantly enriched mutant genes of tumor tissue in all patients (A) and HR+/HER2+ (B), HR+/HER2- (C), HR-/HER2+ (D),
HR-/HER2- (E) subgroup. Differentially mutant genes were determined by Fisher’s exact test. The top 10 genes obtained from mutation

frequency spectrum were marked in red. MRD, molecular residual disease; HR, hormone receptor; OR, odds ratio; HER2, hormone

epidermal receptor 2.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
patbway enrichment analysis

In order to understand the functional mechanism of the
detected gene mutations in breast cancer with MRD-
positive or MRD-negative, KEGG pathway enrichment
analysis was performed based on the Metascape database as
described previously (15). All somatic mutations involved
in the 125 and 259 gene from 18 MRD-positive patients or

© Gland Surgery. All rights reserved.

64-negative patients were included in KEGG enrichment
analysis, respectively (Figure 5). Gene enrichment analysis
showed that showed that the MRD-positive subgroup was
mainly enriched in the “PI3K-Akt signaling pathway”,
“Breast cancer”, “MicroRNAs in cancer”, “Human T-cell
leukemia virus 1 infection”, “Endocrine resistance”, and
“Cellular senescence”, yet the MRD-positive subgroup
was mainly enriched in the “PI3K-Akt signaling pathway”,

Gland Surg 2022;11(12):1924-1935 | https://dx.doi.org/10.21037/gs-22-634



1930
A
P=0.32
MRD+ k * 1
MRD- k - J
T T T T 1
0 5 10 15 20 25

Number of SNVs

Yang et al. Molecular residual disease in early stage breast cancer

B

P=0.38

MRD+| = {

MRD- } * J

T T T T 1
0 10 20 30 40 50
MAF

Figure 4 The correlation between the MRD status and genetic alterations. (A) The relationship between the MRD status and the number
of SNVs in tissues. (B) The correlation between the MRD status and the MAF in tissues. MRD, molecular residual disease; SNV, single

nucleotide variant; MAF, max allele frequency.
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Figure 5 KEGG enrichment analysis of mutant genes in tumor tissue with MRD positive (A) and MRD negative (B). KEGG, Kyoto

Encyclopedia of Genes and Genomes; MRD, molecular residual disease.

“MicroRNAs in cancer”, “Human papillomavirus infection”,
“Breast cancer”, “Hepatocellular carcinoma”, and “Gastric
cancer”. The above results highlight that the pathways for
KEGG enrichment in MRD positive group are similar
to those in the MRD-negative group, which indicate that
there is no strong correlation between MRD status and the

biological function of the mutated gene in the tissue.
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Discussion

It is now well known that ctDNA is a component of cell-
free DNA that is shed by tumors into the peripheral blood
and the detectable MRD based on ctDNA after radical
treatment is indicative of the presence of tumor in the body.
Nevertheless, the previous data had demonstrated that
the MAF in early stage was lower than that in advanced
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tumors (16). In the context of MRD, detection of ctDNA
in the peripheral blood or other bodily fluids from tumor
patients is more challenging. But it is technically feasible
by technical methods such as NGS or digital droplet PCR
(ddPCR) assays. Among the MRD detection assays, NGS is
widely used on clinical practice because it can detect more
mutations once. Meanwhile, there are several methods
to increase sensitivity of mutation detection by NGS. As
reported, tracking more mutations (17), higher DNA input
(more peripheral blood volume) and increased number of
MRD tests, increase sequencing depth (18,19) might be
helpful for detection of low-frequency variants of ctDNA
which means that the sensitivity of the ctDNA detection by
NGS assay is increased. In this study, paired tissue samples
and plasma samples were detected by the NGS panel
containing 1,021 cancer-associated genes with a sequencing
depth over 500x and 10,000x, respectively. We balanced
various factors such as sequencing depth and mutation
coverage to identify low-frequency variants to detect the
presence MRD.

Breast cancer have caused the majority of cancer-related
death worldwide (20,21). Adjuvant therapy for early breast
cancer is mainly based on radical surgery combined with
systemic therapy. Previously, decision-making of adjuvant
therapy mostly relied on tumor stage, risk of recurrence and
metastasis, and molecular type of the tumor (22). Multigene
profiling assays on tissue and postoperative blood during
follow-up play an important role in assisting clinical
decision-making, which can help to balance the efficacy and
disadvantages of adjuvant therapy, avoid over- or inadequate
treatment, and thus benefit patients’ survival and quality of
life. Several high-quality studies have revealed that MRD
status based on ctDNA analysis is associated with patients’
prognostic outcomes for both relapse-free survival and
overall survival in pan-cancers (e.g., lung cancer, colon
cancer, breast cancer) in recent years (11,23,24). On the one
hand, ctDNA is highly tumor specific and can accurately
detect the presence of molecular residual disease almost in
any solid tumors. What’s more, there is a lead time from
ctDNA-positive detection to radiological recurrence.
A study declared the median lead time between ctDNA
detection and relapse was 10.7 months in 101 breast
cancer (9), which suggesting that ctDNA could be a great
adjunct to CT imaging for disease monitor. On the other
hand, MRD has excellent prognostic value in breast
cancer. Of the 101 female breast cancer, median relapse
free survival (RFS) in patients with MRD detectable was
shorter than that with MRD undetectable (median not
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reached) [hazard ratio (HR) =16.7; P<0.001] (9,25). CtDNA
detection in 142 patients who had been diagnosed as stage
0-IIT breast cancer at the post-operative (HR =5.1) had
inferior RFS (HR =5.1; P=0.00048) (18). As a result, the
previous studies have focused on the association between
MRD status and prognosis, and most of these studies and
patient enrollment have been prospectively designed (26,27).
However, few studies have combined MRD with HR/HER2
status to define different subtypes of breast cancer, and
explored the genetic characteristics among the subgroups
in tumor tissue. In the present study, we conducted a real-
world retrospective study; all patients and samples were
reexamined and collected according to both clinical follow-
up and patients’ own wishes, which might better reflect the
real situation of breast cancer in China.

Currently, breast cancer is classified into different
molecular subtypes, which have great significance for
individualized intervention and prognostic prediction
(2,28,29). Different molecular subtypes were also associated
with anti-tumor treatment resistance in advanced cancers
(30-32). In our study, we divided patients into 4 molecular
subtypes based on the expression of HR and HER?2 status
as described above. The four different subtypes of breast
cancer had inequable clinicopathological characteristics
and prognosis. As reported, patients with HR+ tend to have
longer survival than that with HR- disease. HR-/Her2- is
associated with worse survival. Compared to patients with
HR+/HER2- disease, patients with ER+/HER2+ disease
had a lower odds to develop radiographic ascites (33,34). The
sensitivity to endocrine therapy was higher in HR+ patients
than in HR- patients, especially in the HR+/HER2-
group (35). Meanwhile, we classified all of the patients
as either MRD-negative or MRD-positive based on the
presence of ctDNA at postoperative surveillance. Analysis
of tumor-derived mutations had enormous potential
applications in cancer management, including earlier
diagnosis of cancer, identification of driver alterations,
monitoring of treatment response and detection of
resistance mechanisms (36-38). TP53 mutations are
common in breast cancer. As reported, 7P53 mutations are
detected in approximately 53.6% of breast cancer cases,
and patients with 7P53 mutations have a shorter DFS
than those without 7P53 mutations (28.5 vs. 40.6 months,
P=0.005) (39). In this study, 65% of cases harbored TP53
gene alteration and the MRD-positive group had higher
TP53 mutations than the MRD-negative group (83%
vs. 61%, P=0.087), which is consistent with the worse
prognosis among MRD-positive patients in the previous
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study. In addition, the MRD-positive group had a higher
frequency of MYC amplification than the MRD-negative
group (44% vs. 25%, P=0.109), which is also associated with
high recurrence risk or metastasis in breast cancer (40).

Significant difference analysis in somatic mutations was
performed on all patients and on the 4 HR/HER?2 defined
molecular subtypes, respectively. BRCA2 and SLX4 were
found to be significantly associated with MRD-positive
status among all the patients, with the detection rates
of 44% and 17%, respectively. Interestingly, among the
tissue samples of the 64 MRD-negative patients, only one
patient harbored BRCA2 or SLX4 mutations. It is well
known that BRCA?2 is an important tumor suppressor gene
that inhibits the proliferation, migration, and invasion of
breast tumor cells. Zhong et 4/. summarized the association
between BRCA mutations and survival in breast cancer and
revealed that BRCA2 was not associated with breast cancer
prognosis (41). Nevertheless, another study reported that
the DFS of the BRCA1/2 mutant group was significantly better
than that of the BRCA1/2 wild group in triple-negative breast
cancer (42). The 5-year risk for contralateral breast cancer is
higher in patients with BRCA2 mutations than that in non-
BRCA carriers (9% uvs. 3%, P<0.001) (43). Meanwhile, SL.X4,
a protein involved in DNA damage repair, is well studied
in the FANCP subtype of Fanconi anemia patients with
germline mutation. It has been reported that mutations
on DNA damage response (DDR) genes are significantly
associated with higher tumor mutation burden and worse
prognosis in metastatic breast cancer (44). Numerous
mutations in the SLX4 gene have been reported to be
likely oncogenic, such as SLX4 p.P28Lfs*16 and breast
invasive ductal carcinoma (cBioPortal database). In our
group of MRD-positive patients, SLX4 mutations were
detected in 4 of 18 patients. These mutations have not been
clearly reported, and more studies may need to confirm
the association between the SLX4 gene alternation and
the pathogenic mechanism of breast cancer. In brief, both
BRCA2 and SLX#4 are involved in DNA damage repair,
which may result in poor prognosis in MRD-positive
patients harboring BRCA or SLX4 mutations. These
inferences should be further explored and validated in
larger-scale studies.

Among the other 4 molecular subgroups, significantly
different genes were found only in the HR+/HER2-
group. FGFRI amplification was significantly enriched in
the MRD-negative group in HR+/HER2-. FGFR genetic
aberration was associated with poor prognosis and could
increase the risk of brain metastases in breast cancer (45,46).

© Gland Surgery. All rights reserved.

Yang et al. Molecular residual disease in early stage breast cancer

Another report also mentioned that the overamplification/
activation of FGFR1-4 could drive oncogenesis in
cancers (47). Amina et al. proposed that FGFRI expression
was associated with distant metastasis in luminal B tumors
but not with luminal A (HR+/HER2-) tumors (P=0.035).
Our results also infer that patients with tissues with FGFR1
rearrangement-positive are more likely to present with
a negative postoperative MRD and thus have a low risk
of recurrence (48). Unfortunately, we did not obtain the
survival of the patients at this stage and could not conduct
more association analysis between gene mutations and
survival. We will perform survival analysis in future studies.

There are some limitations to this study. Firstly, the
size of the study population was too small to perform
several analyses of the four subgroups. The statistical
non-significance in our results of the analysis were also
attributed to the small study population (49). Secondly,
survival data are absent in the study, so we could not explore
the relationship between MRD status or molecular subtype
or certain gene and prognosis.

Conclusions

In this real-world study, we analyzed the MRD status
in early-stage breast cancer. The proportion of MRD
detected by different molecular subtypes of breast cancer
is inequable. BRCA2 and SLX4 gene alteration may be
associated with MRD positivity. Large-scale studies with
survival analysis are needed to further explore our findings.
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