
© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(8):3518-3534 | http://dx.doi.org/10.21037/qims-20-443

Original Article

Tumor elastography and its association with cell-free tumor DNA 
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Background: Breast tumor stiffness, which can be objectively and noninvasively evaluated by ultrasound 
elastography (UE), has been useful for the differentiation of benign and malignant breast lesions and the 
prediction of clinical outcomes. Liquid biopsy analyses, including cell-free tumor DNA (ctDNA), exhibit 
great potential for personalized treatment. This study aimed to investigate the correlations between the UE 
and ctDNA for early breast cancer diagnosis.
Methods: Breast tumor stiffness in 10 patients were assessed by shear wave elastography (SWE), and 
the ctDNA of eight collected plasma specimens with different tumor stiffness were analyzed by whole-
genome sequencing (WGS). Subsequently, the distribution of carcinoma-associated fibroblasts (CAFs) 
was investigated by detecting the expression levels of alpha-smooth muscle actin (α-SMA) in tissues of 
breast lesions. We validated the function of discoidin domain receptor 2 (DDR2) in breast tumor CAFs by 
knockout of fibroblast activation protein (FAP) with different tumor stiffness during cancer progression  
in vitro and vivo.
Results: The UE estimates of tumor stiffness positively correlated with CAF-rich (α-SMA+) tumors 
(P<0.05). Copy number profiles and percent genome alterations were remarkably different between benign 
and malignant breast lesions. Somatic genomic alterations or structural variants of DDR2, ANTXRL, TPSG1, 
and TPSB2 genes were identified in ctDNA of plasma from breast lesions with high SWE values and an 
increase in the CAF content obtained from clinical samples. Deletion of FAP in breast tumor CAFs by 
CRISPR/Cas9-mediated gene knockout and decreased tumor stiffness resulted in downregulated expression 
of DDR2 (P<0.05), which in turn led to decreasing the tumor stiffness and carcinogenesis process in vitro and 
in vivo.
Conclusions: These results have established proof of principle that WGS analysis of ctDNA could 
complement current UE approaches to assess tumor stiffness changes for the early diagnosis and prognostic 
assessment of breast cancer.
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Introduction

Breast cancer is one of the most common cancers worldwide. 
Despite improvements in survival, breast cancer remains 
one of the leading causes of female cancer mortality. Clinical 
parameters and histopathological features of the tumor, 
including tumor size, tumor grade, metastasis of axillary 
lymph nodes, and specific gene amplification, are used to 
prognosticate clinical outcomes (1,2). Additionally, previous 
studies have revealed that tumor stiffness is associated with 
tumor progression (3); thus, tumor stiffness may help the 
diagnosis of breast lesions as well as the prediction of clinical 
outcome. Ultrasound elastography (UE) is an imaging 
technique that can visualize tissue elasticity (stiffness)  
in vivo (4,5) and provide additional information about breast 
lesions over conventional sonography and mammography 
(6-9). However, breast cancer is a heterogeneous disease in 
which the individual’s genetics, combined with the tumor 
microenvironment, molecular subtype, and histological type, 
contribute to disease development (10). The UE provides a 
means to measure tissue stiffness, which may function as a 
biomarker for the early diagnosis and therapies that target 
the tumor microenvironment.

Whole-genome sequencing (WGS) analysis of cell-
free tumor DNA (ctDNA) provides a minimally invasive 
strategy for genomic profiling of tumor variations without 
needing a tumor biopsy, enabling the improvement of 
various aspects of breast cancer management, including 
early diagnosis and screening, therapy guidance, and 
disease surveillance. Furthermore, unlike traditional tissue 
biopsy, ctDNA provides a comprehensive reflection of 
the tumor heterogeneity, as it is derived from different 
tumor sites. Therefore, analyzing genome-scale variations 
between patients’ ctDNA and normal genomes provides 
opportunities for minimally invasive cancer diagnosis, 
prognosis, and tumor monitoring (11). As assay sensitivity 
improves with broader applications, ctDNA-based 
analyses will soon satisfy the need to make next-generation 
sequencing (NGS) technologies relevant to breast cancer 
treatment. The extensive and coordinated collaboration to 
systematically connect somatic mutations to clinical and 
pharmacologic data will be critical for this progress.

While most initial genetic variation studies have 

concentrated on individual nucleotide sequences, 
investigators have also found that large-scale changes occur 
in many locations throughout the genome (12). Compared 
to common single nucleotide variations or small insertions 
or deletions, copy number variations (CNVs) are relatively 
new in detecting genomic alterations. A CNV is also 
defined as a phenomenon in which sections of the genome 
are repeated, and the number of repeats in the genome 
varies between individuals. More importantly, CNV is a 
kind of variation that occurs at a much larger scale than 
variations in other categories.

Discoidin domain receptor 2 (DDR2) is a receptor 
tyrosine kinase that has been previously reported to 
overexpress on mesenchymal stem cells (MSCs) in many 
malignant tumors. In breast cancer, DDR2 mutation 
was associated with collagen synthesis, modification, and 
signaling, especially in the reorganization of collagen fibers 
at the stromal-tumor boundary, which was involved in 
breast cancer stiffness (13) and fibrotic conditions (14).

In the oncogenesis and development of malignant 
tumors, the stiffness of tumors increases gradually, and 
this is manifested in the increase in UE imaging shear 
wave elastography (SWE) values and the strain rate 
ratio. Whether CNV causes a change in the structural 
variation, such as large fragment insertion/deletion and 
gene rearrangement of tumor lesion tissue genes, remains 
unclear; whether this is reflected in the change in ctDNA 
when released into the blood, also remains unclear. This 
study aimed to investigate the possible correlations between 
the SWE values and copy number uniformities in genomes 
from breast cancer patients with malignant tumors and 
from individuals with benign tumors. A timely and accurate 
comparison of ctDNA CNV detection and UE testing was 
performed to evaluate the clinical significance in the early 
noninvasive diagnosis and personalized treatment of breast 
cancers.

Methods

Patient identification and clinicopathologic data

Study population
The Ethical Committee approved this study of the 
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Affiliated Tumor Hospital of Xinjiang Medical University. 
The research was conducted on breast lesions and imaging 
data obtained from routine ultrasound (US) and UE by 
two expert radiologists before routine surgery. A total 
of 54 female patients who underwent surgery for breast 
masses without subsequent neoadjuvant chemotherapy 
from February 2015 to February 2017 were recruited for 
the study. Patients who were pregnant or lactating had 
any other cancer or refused gene detection or surgery was 
excluded. In total, 10 female patients who underwent WGS 
on ctDNA were enrolled (Figure S1). Patients’ age ranged 
from 40 to 65 years old, with an average age of 52 and a 
median age of 46.

Routine US and SWE
Both routine US and SWE examinations were performed 
using an ultrasound system (Logiq E9, GE Medical 
Systems, Wauwatosa, WI, USA) by two radiologists 
(>12 months of SWE experience). The routine US was 
performed using a linear transducer with a bandwidth of 
9–15 MHz. Information on lesion size, margin, background 
echotexture, aspect ratio, calcification, and color Doppler 
were recorded. The images were evaluated according to 
the breast imaging-reporting and data system (BI-RADS) 
lexicon and assigned a BI-RADS score. Scores of 2 and 
3 were considered benign, while scores of 4 and 5 were 
considered malignant (15).

After US examination, SWE was conducted with a 9-L 
linear transducer equipped with elastography software. 
Compressing the breast with the transducer can cause an 
increase in tissue stiffness and be therefore avoided when 
performing SWE. The tissue stiffness in the SWE image 
was displayed with a range from dark blue (lowest stiffness, 
0 m/s) to red (highest stiffness, 7.1 m/s, in our study). 
A region of interest (ROI) with a diameter of 2 mm was 
utilized to cover the hardest region within or near the mass. 
The mean stiffness (Emean) average of three SWE images 
with the largest lesion diameters taken on two orthogonal 
planes were recorded and used for the analysis. According to 
previous research, an Emean <50 kPa was assigned to benign 
lesions and ≥50 kPa to malignant lesions (16). According to 
the SWE results, we allocated participants to three groups: 
group 1 (Emean <50 kPa), group 2 (50 kPa ≤ Emean <150 kPa), 
and group 3 (Emean ≥150 kPa).

Histopathologic diagnoses
A final diagnosis was determined by histopathology 
after surgical excision or US-guided core needle biopsy 

[BARD MAGNUM Reusable Core Biopsy Instrument 
with MN1620 (16 gauge) biopsy needles (Bard Peripheral 
Vascular, Inc., Tempe, AZ, USA)]. Histopathologic 
diagnoses of the specimens were obtained and used as 
reference standards. A specialized breast pathologist made 
all diagnoses with at least 25 years of experience who was 
blinded to the US results.

CNV detection by WGS for ctDNA

DNA extractions
Approximately 10 mL of whole blood was collected from 
the 10 participants before surgery. Samples were kept 
chilled and processed within 4 hours. The ctDNA was 
extracted from plasma using a QIAamp Circulating Nucleic 
Acid Kit (QIAGEN Hilden, Germany, Cat No. 55114) and 
stored at –70 ℃. The quality of DNA samples was assessed 
using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, 
CA, USA), following the manufacturer’s protocol.

Library preparation
A DNA library was constructed using the DNA Seq Library 
Preparation Kit-Illumina Compatible (Gnomegen, San 
Diego, CA, USA, K02422-L) started with 10 ng ctDNA. 
End repair, dA-tailing, adapter ligation, and polymerase 
chain reaction (PCR) amplification for 12 cycles were 
performed, following the manufacturer’s instructions with 
several purification steps to generate DNA libraries with 
different indexes for samples from each participant. Size 
selection was performed as the last step.

Following size selection, 1 μL of each library product 
was analyzed by capillary electrophoresis on a Bioanalyzer 
2100 (Agilent, Santa Clara, CA, USA) to confirm that the 
expected fragment size had been obtained and to determine 
the concentration. A total of 10 purified and quantified 
libraries were mixed to form one library mixture, which was 
diluted to 26 pM in molecular biology grade water.

The libraries prepared from free-circulating DNA 
samples for WGS were sequenced, which was performed on 
a HiSeq X10 PE150 (Illumina, San Diego, CA, USA) with 
45 M reads (6.8 Gb) for each participant sample.

Low-coverage WGS (LC-WGS) for ctDNA
To evaluate the tumor status by LC-WGS uniformity, we 
extracted DNA from the plasma of these 10 clinical samples 
and sequenced the DNA ~4× using 150 bp paired-end 
reads on a HiSeq X10 PE150 (Illumina), according to the 
standard manufacturing protocol. For the quality control 
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(QC) of WGS data, ~86.24 million sequence reads were 
generated on average for each sample. A total of 76.24% of 
these reads were mapped to the reference genome (GRCh37, 
UCSC release hg19). Percentage of aligning rate were 
all greater than 90% (Table S1). After removing the PCR 
duplications and low-quality reads, ~40.72 M paired reads 
for each sample were obtained, resulting in 48.78% effective 
(unique, non-duplicated) reads for the following analysis.

Data processing and analysis
Raw paired-end reads of all samples were first examined 
with the sequencing QC. Reads that passed QC were 
aligned with the hg19/GRCh37 assembly of the human 
genome reference sequence (http://genome.ucsc.edu) 
with BWA (17) (Burrows-Wheeler aligner, version 
0.7.12). Any PCR duplicate reads were removed using the 
“Mark Duplicates” function in Picard 1.10 (http://picard.
sourceforge.net). Copy number analysis was performed 
using CNVnator. All chromosomes of the whole human 
genome reference were cut into sliding windows for every 
10 thousand nucleotides and read counts (RCs) that were 
mapped onto windows were counted. The coefficient of 
variation (CV) was calculated as:

χ µ

µ

∑N
ii=1

chr

1 ( - )
NCV = chromosome 	 [1]

where µ χ∑N
ii=1

1
=

N
, N is the number of 10 k bins of the 

corresponding chromosome, and xi is the corrected RC of 
the xih bin.

Comparing copy number uniformity between cancer 
patients and normal individuals
All calculated CVs from a chromosome in the normal 
individuals group were compared against those of the breast 
cancer participants for each chromosome. The Wilcoxon 
signed-rank test function embedded in R (version 3.1.3, 
https://cran.r-project.org) was applied when comparing two 
groups of CVs.

Cell line and culture

The mouse breast cancer cell line 4T1 was purchased from 
The Global Bioresource (https://www.atcc.org). Cells were 
cultured in Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich, St Louis, MO, USA). Cells were grown in a 5% 

CO2 incubator at 37 ℃. To isolate primary mouse breast 
tumor cancer-associated fibroblasts (mCAFs), 4T1 xenograft 
breast tumors were dissected and minced. Minced pieces 
were transferred to ~20 mL of digestion media (DMEM, 
1% FBS, 0.2% collagenase A (Roche, Basel, Switzerland), 
0.2% trypsin (Gibco, Gaithersburg, MD, USA, 27250-018), 
50 mg/mL gentamycin, and 5 mg/mL insulin) per tumor 
and rocked at 37 ℃ for 30–45 min. The digested tissue 
was then washed twice with serum-free media and treated 
with DNase for 5 min at room temperature. The tissue 
was resuspended in ice-cold serum-free media and serially 
centrifuged 4 times. Single-cell fractions were collected and 
plated for 25–30 min in DMEM with 10% FBS at 37 ℃, 5% 
CO2, and 20% O2. After this treatment, the CAFs adhered 
to the plate, while other cells would not. The supernatant 
and nonadherent cells were removed, and CAFs were 
maintained in DMEM with 10% FBS at 37 ℃, 5% CO2, 
and 20% O2. All spontaneously immortalized primary CAF 
cell lines were submitted to fluorescence-activated cell 
sorting (FACS) with alpha-smooth muscle actin (α-SMA) 
antibodies. All cell lines utilized were mycoplasma-free, as 
determined by quantitative PCR (qPCR) analyses every 
6 months (18). For the coculture studies, mCAFs were 
maintained in DMEM supplemented with 10% FCS, 2 mM  
glutamine, 100 U penicillin, and 100 mg streptomycin. 
Then, the medium from mCAF subconfluent cultures was 
removed, and 4T1 cells were plated on top. Unattached cells 
were removed, and attached cells were washed with Krebs 
buffer and cultured in DMEM without serum. The medium 
was changed every 48 hours. Cells were passaged and 
liberated from wells with trypsin/ethylenediaminetetraacetic 
acid (EDTA) (0.25% trypsin/0.02% EDTA, Gibco).

FAP and DDR2 gene knock-out by CRISPR/Cas9 gene 
editing

The CRISPR/Cas9 system, based on an RNA-guided 
nuclease, has revolutionized how genome editing is 
performed (19). The CRISPR/Cas9 single guide sequences, 
which specifically target FAP (sgFAP) and DDR2 (sgDDR2), 
were designed from Vector Builder (www.vectorbuilder.com) 
and produced by Cyagen Biosciences (Suzhou, China). The 
guide sequences for FAP gRNA were 5'-GCCAATCTC 
ATTTGACCAAC-3' and 5'-GTGGCTATTTCACT 
GATGGG-3'. The guide sequences for DDR2 gRNA were 
5'-GGATCAGTCTGGATGGCTCC-3' and 5'-TGGAC 
TCGCTGGGCAGGGAA-3'. The mCAF cell lines were 
transduced twice with sgRNA FAP lentiviruses. The 4T1 
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breast cancer cell lines were transduced twice with sgRNA 
DDR2 lentiviruses. The EGFP lentiviruses were used as 
a positive control, and transfection reagent was used as a 
negative control. Puromycin (Merck, Darmstadt, Germany) 
was added on day 4 by using the minimal toxic dose to 
select transduced cells. Then, after 3 days of screening 
and observing the well condition of cells, the second 
transduction was performed with Cas9 lentiviruses. After  
3 days, hygromycin was added at the minimal toxic dose. 
The second screening was finished after all negative control 
cells had died. To minimize off-target situations, monoclonal 
screening was conducted. Single colonies were spread in  
96-well plates and selected by a colony formation assay. The 
effect of FAP and DDR2 gene editing on cell proliferation 
was assessed by the Trypan Blue viable cell counting method 
over a 7-day time course. Lentiviral transduction efficiency 
was proven by reverse transcription-qPCR (RT-qPCR) 
and western blotting. Total protein from mCAFs and 4T1 
were extracted using radioimmunoprecipitation assay 
(RIPA) buffer (Solabio, China), and protein expression were 
determined by western blotting, probing for FAP (Abcam, 
ab53066), DDR2 (Abcam, ab63337), and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH, Yeason, China) 
with sensitive electrochemiluminescence (ECL) detection 
(Yeason, China).

Immunohistochemistry (IHC) analysis

Paraffin-embedded tissues collected from the 10 participants 
were cut into 4 µm sections and baked at 65 ℃ for 30 min. 
After being deparaffinized and rehydrated, the sections were 
submerged in EDTA (pH 8.0) and autoclaved for antigen 
retrieval; the sections were then treated with 3% H2O2, 
followed by incubating with 1% FBS. Mouse anti-human 
anti-α-SMA monoclonal primary antibody (1:50 dilution; 
Santa Cruz, CA, USA) was added, and the sections were 
incubated at 4 ℃ overnight. Horseradish peroxidase (HRP)-
labeled secondary antibody (ZSGB-BIO, Beijing, China) was 
applied, and tissues were incubated at room temperature for 
30 min; the sections were then incubated for 5 min incubation 
with 3,3'-diaminobenzidine (DAB) at room temperature for 
color development. Then, the sections were counterstained 
with hematoxylin and mounted using Permount medium 
(BIOS, Beijing, China). The sections were visualized and 
photographed under a light microscope. The proportion 
of positively stained cells was graded as follows: 0 (≤5% 
positively stained cells), 1 (>5–25% positively stained cells), 
2 (>25–75% positively stained cells), and 3 (>75% positively 

stained cells). The staining intensity was determined on a 
scale of 0 (no staining), 1 (weak staining, light yellow), 2 
(moderate staining, yellowish-brown), and 3 (strong staining, 
brown). The staining index on behalf of the expression of 
α-SMA was calculated according to the following equation: 
staining index = (staining intensity × proportion of positively 
stained cells)/2. The sum of both scores was used to identify 
the expression grades: 0–1 indicated negative expression; 
2–4 indicated weak expression; 5–8 indicated moderate 
expression; ≥9 indicated high expression.

Western blotting

Cultured cells were lysed with lysis buffer [1X RIPA buffer 
supplemented with 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 1 mM sodium vanadate, 1 mM sodium fluoride,  
10 µg/mL aprotinin, and 10 µg/mL leupeptin]. Lysates were 
sonicated twice for 30 s and centrifuged at 14,000 RPM for 
10 min. Equal amounts of protein in lysates were run on 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and electrophoretically transferred to 
polyvinylidene fluoride membranes (Millipore). After 
blocking with 5% milk in tris buffered saline with Tween 20 
(TBST), membranes were incubated with primary antibodies 
overnight with gentle agitation, washed twice with TBS-
0.5% Tween, and incubated with anti-mouse or anti-rabbit 
HRP secondary antibody for 1 hour at room temperature. 
Membranes were then washed 4 times with TBS-0.5% 
Tween and developed with ECL (Yeasen). The following 
specific antibodies were used: anti-FAP (1:1,000, Abcam), 
anti-DDR2 (1:1,000, Abcam), anti-α-SMA (1:1,000, Boster), 
and anti-GAPDH (1:6,000, Yeasen).

Orthotopic transplant model

The animal experiments were based on ethical considerations 
and integrity-based assumptions. Simultaneously, the 
experimental protocol was approved by the institutional 
animal ethics committee of Southern Medical University 
(Approval ID: No. 2019-005), which follows the guidelines 
for the care and use of laboratory animals published by the 
National Institutes of Health (No. 85-23, revised 1996) and 
the Committee for the Purpose of Control and Supervision 
of Experiments on Animals (CPCSEA).

Female BALB/c mice (8-week-old) received breast 
transplants (mammary fat pad) of 106 4T1 breast tumor cells 
and DDR2-knockout 4T1 breast tumor cells. After 2 weeks, 
the primary tumor volume was histologically determined 
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at autopsy. The tissue stiffness of breast transplants was 
measured by UE conducted with a 9-L linear transducer 
equipped with elastography software.

Bioinformatics and statistical analysis

All statistical analyses were performed in R (version 3.1.3). 
For each chromosome, all calculated CVs from that 
chromosome with an Emean <50 kPa (group 1) were compared 
against those with an Emean ≥150 kPa (group 3). The 
Wilcoxon signed-rank test function embedded in R (version 
3.1.3) was applied when comparing two groups of CVs. 
Statistical analyses were performed with SPSS version 17 for 
Windows (SPSS Inc., Chicago, IL, USA). Student’s t-test 
assessed differences among elasticity scores for benign and 
malignant breast lesions. Relationships between the stiffness 
values and the histological features were compared using the 
independent t-test or one-way analysis of variance (ANOVA). 
Clinical and histological variables were compared among the 
tumor subtypes using the χ2 test or Fisher’s exact test. A P 
value <0.05 was considered statistically significant.

Results

Patient characteristics and UE-SWE diagnosis

Participant characteristics, including routine US results, 
SWE values, and pathology results, are detailed in Table 1 
and Table S2.

A total of 10 patients were enrolled in this study, 
including 3 participants with an Emean <50 kPa (group 1), 
3 participants with 50 kPa ≤ Emean <150 kPa (group 2), 
and 4 participants with an Emean ≥150 kPa (group 3) with 
UE-SWE diagnosis. Among them, 7 participants (70%) 
were pathologically diagnosed with breast cancer (Emean 
≥50 kPa). The size range was 15.70 to 30.10 mm, and the 
mean size was 22.10 mm. The other 3 participants (30%) 
with Emean <50 kPa had breast fibroadenoma (FA) (average 
Emean 33.86 kPa, range 30.46 to 38.78 kPa) (Figure 1). 
The sizes were 19.5–25.50 mm, and the mean size was 
21.30 mm. The SWE values (Emean) of malignant lesions 
were significantly higher than that of benign lesions 
(168.49±49.05 vs. 33.86±4.36 kPa) (P<0.01) (Figure 2).

CAFs and α-SMA expression

The expression of α-SMA reflects the number/density of 
CAFs at the tumor center, which underlies tumor stiffness 

and malignant behavior. Given the association between 
α-SMA and stiffness in breast tumors, the expression of 
α-SMA in breast lesions of the 10 participants was examined 
by IHC. The IHC analysis results showed that α-SMA 
was strongly expressed in breast cancer stromal cells in 
groups 2 and 3 (P<0.05) (Figure 3 and Table S2), indicating 
a decrease in the expression of α-SMA for benign tumors 
which possessed lower SWE values.

Changes in CNV levels in chromosomes

DNA was extracted from the plasma of all 10 participants; 
in total, 7 patients had breast cancer, and 3 had benign 
lesions. Sequencing results from the 3 patients with benign 
lesions served as baselines to evaluate the changes in the 
CNV in patients with breast cancer.

As described in the Materials and Methods, we calculated 
the CV of the unique RC for all 10 k bins on each chromosome 
from the LC-WGS dataset (20). These CVs should 
effectively reflect the stability of the genome. The copy 
number uniformity was compared between benign and 
malignant samples. As a result, the participants with 
breast cancer showed significantly higher CVs in most 
chromosomes (chr1, chr6, chr10, and so on) than those in 
the FA individuals (Figure 4).

However, we further analyzed the average CVs for three 
benign lesions and five malignant lesions (except group 
2_bc1 and group 3_bc7 for low sequencing quality). The 
Wilcoxon signed-rank test (P=0.8237) indicated that there 
were no significant differences in the 10 k bin CVs between 
benign and malignant lesions. The CV of reading counts of 
every 10 k bin across samples and autosomes are presented 
in Table S3.

CNV analysis

Using the CNVnator platform, somatic CNVs within the 
genome of every individual were identified in this study 
cohort, comprising five breast cancer patients (groups 2 
and 3) and three breast FA participants (group 1), except 
two samples (group 2_bc1 and group 3_bc7) that had low 
sequencing quality. As presented in Table 2, 395 CNV genes 
were identified within the 8 samples. All participants had 
CNVs in at least 150 genes (mean 200, range 152–279). 
Copy number amplifications were more commonly 
observed than deletions.

Copy number gains were identified in 11 tumor-
related  genes. In general, all of the samples had copy 
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Table 1 Patient characteristics and UE-SWE diagnosis

Clinicopathological parameters
Group 1, Emean <50 kPa 

(n=3)
Group 2, 50 kPa ≤ Emean 

<150 kPa (n=3)
Group 3, Emean ≥150 kPa 

(n=4)
Total (n=10)

Age (years)

Mean 49.00 52.00 50.00 51.70

Median 46.50 44.00 48.40 46.00

Range 40–54 42–65 41–56 40–65

Size (mm)

Mean 21.30 21.20 23.00 22.05

Median 21.20 20.40 23.10 21.45

Range 19.50–23.30 17.60–25.50 15.70–30.10 15.70–30.10

Aspect ratio, n (%)

<1 3 (100.00) 2 (66.67) 2 (50.00) 7 (70.00)

>1 0 (0.00) 1 (33.33) 2 (50.00) 3 (30.00)

Margins, n (%)

Well-defined 3 (100.00) 1 (33.33) 0 (0.00) 4 (40.00)

Ill-defined 0 (0.00) 2 (66.67) 4 (100.00) 6 (60.00)

BI-RADS, n (%)

<4 3 (100.00) 0 (0.00) 0 (0.00) 3 (30.00)

4 0 (0.00) 1 (33.33) 1 (25.00) 2 (20.00)

>4 0 (0.00) 2 (66.67) 3 (75.00) 5 (50.00)

Pathologic results, n (%)

Benign (breast FAs) 3 (100.00) 0 (0.00) 0 (0.00) 3 (30.00)

Malignant (breast invasive carcinoma) 0 (0.00) 3 (100.00) 4 (100.00) 7 (70.00)

Histological grade, n (%)

I 0 (0.00) 1 (25.00)

II 2 (66.67) 1 (25.00)

III 1 (33.33) 2 (50.00)

ER positive, n (%) 3 (100.00) 4 (100.00)

PR positive, n (%) 3 (100.00) 4 (100.00)

HER2 positive, n (%) 1 (33.33) 2 (50.00)

UE-SWE, ultrasound elastography shear wave elastography; BI-RADS, breast imaging-reporting and data system; FA, fibroadenoma; ER, 
estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.

number gains in HYDIN (chr16), PDE4DIP, and Notch2. 
All CNVs in the PDE4DIP and Notch2 genes occurred 
in chromosome 1. The other genes with common copy 
number alterations were TCEB3CL (n=6, 75%), CFC1B 
(n=4, 50%), and NPIPA7 (n=4, 50%) (Figure 5).

To identify genetic alterations in breast tumors contributing 
to different levels of tumor stiffness, we compared the CNVs 
in different stiffness groups. For the PDE4DIP and Notch2 
genes, the comparison of the copy number amplification times 
between the benign (Emean <50 kPa) and malignant groups 
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(Emean ≥50 kPa) were statistically indistinguishable using 
the t-test method (P=0.12 and P=0.94, respectively). In 
contrast, the copy number in the HYDIN gene had a higher 
fold amplification in the groups of breast cancer patients  
(Emean ≥50 kPa) (P=0.02).

In these 11 mutated genes, copy number amplifications 
of 7 tumor-related genes (CFC1B, NPIPA7, OR4F16, 
TPSG1, TPSB2, ANTXRL, and DDR2) were only detected 
in the groups of breast cancer patients. Additionally, in the 
malignant breast cancer group, CNVs of TPSG1, TPSB2, 

ANTXRL, and DDR2 occurred only in the group with a 
higher tumor stiffness (group 3) (Figure 5).

Bioinformatics analysis for DDR2

Using the online bioinformatics tool My Cancer Genome 
(https://www.mycancergenome.org/content/gene/
DDR2/#ref-3), we performed bioinformatics analysis 
for DDR2 and found that similar to integrin receptors, 
DDR2 may play a role in modulating cellular interactions 
with the extracellular matrix (ECM). The DDR2 gene is 
mutated in 5.03% of malignant solid tumor patients. The 
most common alterations in DDR2 are DDR2 mutations 
(1.72%), DDR2 amplifications (0.52%), DDR2 I488M 
(0.02%), DDR2 R668H (0.02%), and DDR2 R105C 
(0.02%). There is an alteration of DDR2 in 2.19% of 
all cancers, with non-small-cell lung carcinoma, breast 
carcinoma, colorectal adenocarcinoma, melanoma, and 
uterine corpus neoplasm having the greatest prevalence 
of alterations (Figure 6A,B). Especially in breast cancer, 
amplification and mutation frequency of DDR2 was a 
common phenomenon in The Cancer Genome Atlas 
(TCGA) database (Figure 6C,D).

Validation of the function of the DDR2 gene in breast 
tumor mCAFs during cancer progression

The UE has been extensively evaluated as a noninvasive 
tool to assess tumor stiffness, and the measurement of 
tumor stiffness has high sensitivity and specificity for 
diagnosing breast tumors. Previous research has identified 
the relationship between UE (tumor stiffness) and CAF 

Figure 1 B-mode (left) and SWE (right) images of breast 
cancer (A,B) and breast FA (C) in split screen mode. (A) Grade 
II infiltrating ductal carcinoma. SWE depicts an almost red-
colored mass, with an Emean of 149 kPa. (B) Grade II infiltrating 
ductal carcinoma. SWE depicts a yellow-to-red-colored mass with 
an Emean of 76 kPa. (C) Breast FA with an Emean of 19 kPa; SWE 
depicts a blue-to-yellow color for the lesion. SWE, shear wave 
elastography; FA, fibroadenoma.

Figure 2 The SWE values (Emean) of malignant lesions was 
significantly higher than that of benign lesions (108.4±35.1 vs. 
18.6±4.2 kPa) (P<0.01). SWE, shear wave elastography.
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Figure 3 α-SMA expression in malignant and benign breast lesions. (A) The expression of α-SMA in breast cancer stromal cells shows a 
strong positive signal. (B) The expression of α-SMA in stromal cells of benign breast lesions shows a negative signal. Magnification: 200×, 
staining method: PV9000. (C) α-SMA was strongly expressed in breast cancer stromal cells in groups 2 and 3 (P<0.05), indicating a decrease 
in the expression of α-SMA for benign tumors. α-SMA, alpha-smooth muscle actin.

distribution with the expression features of α-SMA+ in 
patients with breast masses, whose data were used to 
evaluate its clinical significance in the early diagnosis of 
breast cancer.

To confirm the biofunction of the DDR2 gene in breast 
tumor CAFs and to determine the correlation of DDR2 
with tumor stiffness, we isolated primary mouse CAFs 
(mCAFs) from 4T1-GFP xenograft mice, which was 
verified by expression of α-SMA with immunofluorescence 
(Figure 7A,B). We then compared the expression of DDR2 
in breast tumor CAFs by knocking out FAP via CRISPR/
Cas9 technology. For the coculture studies, we found 
that the DDR2 gene and DDR2 protein expression were 
significantly upregulated in breast tumor CAFs during 
cancer progression; however, DDR2 was significantly 
downregulated in breast tumor CAFs with the FAP 
knockout via CRISPR/Cas9 (Figure 7C), which result in 
inhibition of cell proliferation (Figure 7D). These results 
indicated the action of DDR2 in CAFs and tumor cells 

within primary breast tumors in vivo.

Deletion of DDR2 in breast tumor CAFs resulted in 
decreased tumor stiffness measured by UE (1–5 score scale)

To determine if tumor stiffness regulation by DDR2 
observed in the ex vivo culture of breast tumor CAFs was 
relevant in an in vivo setting, we deleted the DDR2 gene 
in breast tumor CAFs and assessed the stiffness properties 
of transplant tumors. We found that analyses of DDR2-
knocked-out breast tumors, in which the DDR2 gene was 
deleted in the majority of CAFs, revealed that high UE 
scores were associated with hard stiffness (Figure 8A,B), and 
a significant difference was observed (P<0.05) (Figure 8C). 
These findings’ functional consequence was tumors with 
a diminished stiffness, with the most prominent changes 
in the stiffness in the breast tumor CAFs. Also, at the end 
of the experiment, the tumor volume and weight of the 
DDR2-knockout group were smaller than that of the 4T1-
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Figure 4 CV of RCs in 10 k windows distributed across all chromosomes. Dots are CVs of every sample (samples marked as group 1 are 
patients with benign tumors, and other samples are patients with malignant lesions), and lines are upper and lower indicators calculated as 
the mean ± SD of CVs within the benign tumor and cancer groups. CV, coefficient of variation; RC, read counts; SD, standard deviation.

Table 2 CNVs within the genome of every individual

Sample Total gene
Cancer-

associated 
gene (n)

Cancer-associated gene

Coverage 
>2×, house 

keeping  
gene

Coverage 
>4×, house 

keeping  
gene

Coverage 
>8×, house 

keeping  
gene

Coverage 
>8×, house 

keeping gene/
total (%)

Score2_bc10 161 3 HYDIN, PDE4DIP, NOTCH2 86 22 0 0.00

Score2_bc4 163 3 HYDIN, PDE4DIP, NOTCH2 82 13 0 0.00

Score2_bc6 222 4 HYDIN, PDE4DIP, NOTCH2, TCEB3CL 107 29 2 0.90

Score4_bc3 152 6
HYDIN, PDE4DIP, NOTCH2, TCEB3CL, 
CFC1B, OR4F16

88 42 7 4.61

Score4_bc9 192 5
HYDIN, PDE4DIP, NOTCH2, TCEB3CL, 
NPIPA7

84 27 0 0.00

Score5_bc2 183 8
HYDIN, PDE4DIP, NOTCH2, TCEB3CL, 
CFC1B, OR4F16, TPSG1, TPSB2

78 15 3 1.64

Score5_bc5 279 10
HYDIN, PDE4DIP, NOTCH2, TCEB3CL, 
CFC1B, NPIPA7, OR4F16, TPSG1, 
TPSB2, DDR2

109 34 13 4.66

Score5_bc8 191 9
HYDIN, PDE4DIP, NOTCH2, TCEB3CL, 
CFC1B, NPIPA7, TPSG1, TPSB2, 
ANTXRL

97 27 3 1.57

Total 395 11 – – – – –

CNVs, copy number variations.
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Figure 5 CNVs of breast tumors. Top, eight cases of breast lesions were divided into benign and malignant groups by pathology results 
and SWE values (Emean <50 kPa was assigned as benign and ≥50 kPa as malignant). The malignant cases are further labeled as either group 
2 (50 kPa ≤ Emean <150 kPa) or group 3 (Emean ≥150 kPa). Center, 12 genes associated with cancer that we identified in our study. Colored 
rectangles indicate the CNV categories seen in the participants. Frame of black, blue, and red indicate copy number amplifications identified 
in all samples, the malignant group, and just group 3, respectively. Left, the percentage of cases with a CNV in each gene. Right panel, 
frequency of a CNV in each group. CNVs, copy number variations; SWE, shear wave elastography.

CAF group, and the difference was statistically significant 
(P<0.05) (Figure 8D,E).

Discussion

Growing clinical diagnostic methods and biological features 
have been proposed to combine better predictive cancer 
characteristics and behaviors with improving the early 
diagnosis of cancer and determining a more individualized 
treatment strategy. US-based elastography has been 
extensively evaluated as a noninvasive tool to assess tumor 
stiffness, and tumor stiffness measurements have a high 
sensitivity and specificity for diagnosing breast tumors.

The tumor microenvironment, including the ECM 
and various stromal cells, such as CAFs and MSCs, has a 
great influence on tumor progression, metastasis, and drug 
resistance (21-23). Biophysical changes resulting from 
increased ECM remodeling increase tissue stiffness. Our 
previous study found that the expression level of α-SMA 
in breast cancer was positively correlated with the UE 
score (r=0.896, P<0.05) (24). Moreover, other researchers 
have also identified the relationship between UE and 
CAF distribution with the expression features of α-SMA+ 
in patients with breast masses, whose data were used to 

evaluate its clinical significance in the early diagnosis of 
breast cancer (25,26).

The technical means to detect CNVs rely largely on 
capturing coverage information across the genome. The 
coverage unevenness or uniformities of chromosomes could 
be an effective indicator of structural mutational levels 
triggered from ctDNA that originated from highly mutated 
tumors. The CNVs, as useful prognostic factors, were 
associated with subtypes, histological grade, and overall 
survival rate of breast cancer (27-29). In our study, CNVs 
were more common in the higher stiffness group, indicating 
that these patients have more genetic abnormalities. In 
this pilot study, we found that the frequency distribution 
of CNVs of cancer-associated genes TPSG1, TPSB2, 
ANTXRL, and DDR2 was only in group 3, participants 
who had increased tissue stiffness. That helps explain why 
patients with invasive breast cancer with a higher stiffness 
were associated with a higher histological grade and had 
significantly poorer survival compared to those with a lower 
level of stiffness (6,7,30). Tumors with higher stiffness may 
have further acquired other molecular mutations, leading to 
tumor evolution.

The action of DDR2 in CAFs, according to previous 
reports, controls ECM remodeling and thereby facilitates 
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Figure 6 Bioinformatics analysis for DDR2 by online bioinformatics tool My Cancer Genome. The most common alterations of DDR2 in 
pan-cancer (A,B). Bioinformatics analysis for DDR2 by online bioinformatics tool My Cancer Genome. The most common alterations of 
DDR2 in breast cancer (C,D). DDR2, discoidin domain receptor 2.
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Figure 7 Primary mCAFs were isolated from 4T1-GFP xenograft mice and verified by expression of α-SMA with immunofluorescence (A,B) 
(A,B: magnification: 400×). The comparison of protein expression of DDR2 in breast tumor CAFs by knocking out FAP via CRISPR/Cas9 
technology (C). Cell proliferation was inhibited in breast tumor CAFs with FAP knockout via CRISPR/Cas9 (D). **, P<0.05; ***, P<0.01. 
CAFs, carcinoma-associated fibroblasts; mCAF, mouse CAF; α-SMA, alpha-smooth muscle actin; DDR2, discoidin domain receptor 2; FAP, 
fibroblast activation protein.

cell migration and tumor cell invasion in breast cancer (13). 
Binding of collagen to DDR2 results in the activation of 
downstream signaling pathways, perhaps the SRC and STAT 
signaling pathways. Like integrin receptors, DDR2 may play 
a role in modulating cellular interactions with the ECM (31).  
Combination treatment with an immunosuppressant and 
inhibitor of DDR2 may lead to tumor load reduction, 
suggesting DDR2 as a leading target for enhancing the 
response to immunosuppressive therapy (32). Here, we found 
that the DDR2 gene demonstrated a greater frequency of 
copy number gain in the ctDNA of breast cancer participants 
with higher tissue stiffness. Further studies should be directed 
towards investigating whether CNVs of DDR2 may cause 
alterations in the gene expression that contributes to cancer 
development.

During the development and progression of breast 
cancer, endogenous DDR2 expression is upregulated in 
CAFs and appears to be critical for their stiffness properties. 

Herein, we show that DDR2 plays an important role in 
tumor stiffness, both in breast tumor CAFs in culture and in 
tumor progression in vivo.

In our study, all participants in group 1 had FAs, the 
most common benign lesion of the breast. Previous 
studies have shown that there is a relationship between 
FAs and malignant phyllodes tumors, and these patients 
had an approximately two-fold increase in the relative 
risk of their FA developing invasive cancer after nearly 
20 years (33,34). It is generally accepted that UE-SWE 
can distinguish between benign and malignant breast 
lesions. Thus, analyzing the relevance of UE-SWE and 
genetic alterations across FAs may provide insights into the 
molecular pathogenesis of fibroepithelial breast tumors and 
breast cancer. Unfortunately, the key genetic and molecular 
alterations associated with FA tumorigenesis remain unclear 
(35,36). Here, we found that CNVs of HYDIN, PDE4DIP, 
and Notch2 in ctDNA were also identified in all participants 
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Figure 8 Deletion of DDR2 by CRISPR/Cas9 technology in breast tumor CAFs results in decreased tumor stiffness measured by UE (A,B,C) 
and inhibition of tumor growth (D,E). Representative B-mode (left) and UE (right) images in split-screen mode (A,B). ***, P<0.01. DDR2, 
discoidin domain receptor 2; CAFs, carcinoma-associated fibroblasts; UE, ultrasound elastography; US, ultrasound.

with FA, suggesting several similarities between FA and 
breast cancer genomic profiles.

There were some limitations in this study. Firstly, the 
present study’s ultimate small sample size possibly limited 
the power to detect more genomic alterations. However, in 
this research, we observed some recurrent mutations such 
as copy number alterations in the HYDIN and Notch2 genes. 
Another limitation is that we didn’t compare the CNV 
landscapes in ctDNA and matched tumor tissue, affecting 
research credibility. To our knowledge, some previous 
studies have shown the concordance of mutation patterns 

between ctDNA and tumor tissue (37). 

Conclusions

In summary, we monitored the CNV landscape in ctDNA 
of breast tumor patients with different tumor stiffness by 
UE-SWE and identified several CNVs that occurred only 
in breast cancer samples. Furthermore, the DDR2 gene in 
CAFs was initially confirmed to be associated with the UE-
SWE value and tumor stiffness. A combined analysis of UE-
SWE and CNVs in ctDNA may be more beneficial for the 
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early diagnosis and prognostic assessment of breast cancer.
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Figure S1 Flowchart of selecting blood samples. There were 54 patients with complete US imaging data enrolled in this study. Those who 
refused breast surgery, breast biopsy, gene detection, or those who had any other cancers were excluded from our study; the remaining 18 
patients were included. A further eight blood samples were removed due to unqualified quality, resulting in sample disqualification. In total, 
10 blood samples were successfully subjected to WGS for ctDNA. US, ultrasound; WGS, whole-genome sequencing; ctDNA, cell-free 
tumor DNA.
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Table S1 The QC of WGS data

Barcode
Total raw reads 

(M)
Raw reads 
Q20 (%)

Raw reads 
Q30 (%)

Raw data GC 
(%)

Total clean 
reads (M)

Clean reads 
Q20 (%)

Clean reads 
Q30 (%)

Clean data GC 
(%)

Percentage of 
HQ reads (%)

Align rate (%)
Duplication 

(%)
Usable reads 

(M)
Usable reads 

ratio (%)
Usable reads 

GC (%)
SeqCov PhyCov

Coverage uniformity 
(%)

1 96.955 96.12 92.77 49.85 95.196 96.93 93.74 49.60 98.19 98.62 49.43 3.415 3.52 42.36 0.082 0.053 99.67

2 82.099 96.95 93.38 53.68 81.873 97.06 93.54 53.78 99.72 95.46 19.91 32.987 40.18 42.78 0.999 0.614 100

3 83.258 96.72 93.26 43.94 82.788 96.97 93.56 43.65 99.44 94.49 27.42 48.252 57.95 43.34 1.788 1.066 100

4 81.262 96.78 93.34 44.82 80.898 96.97 93.58 44.55 99.55 94.77 24.03 49.413 60.81 44.35 1.787 1.082 100

5 97.281 96.46 93.13 46.07 95.968 97.06 93.85 45.50 98.65 95.84 38.18 32.903 33.82 44.31 0.973 0.58 99.67

6 82.199 96.49 92.87 44.65 81.605 96.81 93.25 44.37 99.28 88.15 27.79 44.023 53.56 43.40 1.732 1.006 100

7 104.009 97.09 93.52 52.92 103.878 97.15 93.63 53.03 99.87 94.74 17.43 6.96 6.69 41.95 0.253 0.16 99.67

8 84.119 96.89 93.42 44.04 83.927 96.99 93.54 43.92 99.77 95.38 20.53 54.139 64.36 43.81 2.297 1.335 100

9 74.311 96.95 93.45 42.90 74.135 97.05 93.58 42.61 99.76 90.50 21.83 24.865 33.46 42.40 1.092 0.653 100

10 82.26 96.86 93.35 44.52 82.105 96.93 93.47 44.19 99.81 97.27 20.85 47.774 58.08 43.68 1.53 1.047 100

QC, quality control; WGS, whole-genome sequencing.

Table S2 SWE values and the expression of α-SMA of 10 patients

Patient Group Pathologic results Emean (kPa) α-SMA expression

1 1 Breast FAs 31.35 15.90

2 1 Breast FAs 30.46 18.87

3 1 Breast FAs 38.78 16.98

4 2 Breast invasive carcinoma 109.41 20.55

5 2 Breast invasive carcinoma 106.84 19.63

6 2 Breast invasive carcinoma 142.31 22.79

7 3 Breast invasive carcinoma 189.74 20.65

8 3 Breast invasive carcinoma 216.15 24.27

9 3 Breast invasive carcinoma 188.84 25.42

10 3 Breast invasive carcinoma 226.17 19.14

FA, fibroadenoma; SWE, shear wave elastography; α-SMA, alpha-smooth muscle actin.

Table S3 CV of RCs of every 10 k bin across samples and autosomes

Chromosome 1 2 3 4 5 6 7 8 9 10

Chr1 1.614 2.857 2.555 2.566 2.888 2.324 6.955 2.186 3.211 3.492

Chr2 2.971 3.244 3.624 3.385 4.011 3.041 8.661 3.142 3.276 3.393

Chr3 1.125 0.317 0.326 0.345 0.392 0.331 0.86 0.31 0.297 0.31

Chr4 1.325 2.826 3.772 3.189 3.236 2.673 4.335 2.902 3.413 2.475

Chr5 0.989 0.597 0.554 0.491 0.547 0.407 1.11 0.417 0.5 0.427

Chr6 1.048 1.733 2.605 1.786 1.934 1.359 2.844 1.138 3.496 2.266

Chr7 1.104 1.565 1.974 2.022 2.06 1.588 2.923 1.624 2.306 3.071

Chr8 1.348 1.189 1.117 1.116 1.071 1.265 5.073 1.078 1.125 1.228

Chr9 1.15 2.169 1.978 1.961 2.021 1.57 3.346 1.723 2.275 2.374

Chr10 1.492 4.274 5.213 3.677 4.79 4.34 7.298 3.962 4.922 3.719

Chr11 1.148 2.022 1.211 2.214 2.457 1.341 3.322 1.57 1.813 1.806

Chr12 1.098 0.361 0.371 0.367 0.41 0.341 3.699 0.358 0.358 0.347

Chr13 1.188 0.231 0.245 0.267 0.315 0.255 1.081 0.259 0.236 0.252

Chr14 1.085 0.364 0.366 0.393 0.396 0.34 1.654 0.351 0.344 0.369

Chr15 1.239 0.226 0.247 0.284 0.465 0.259 0.932 0.3 0.308 0.267

Chr16 2.169 3.502 3.127 4.565 3.898 3.145 6.638 2.592 4.089 3.199

Chr17 0.995 2.63 2.541 2.285 2.293 2.603 4.809 2.454 2.597 2.986

Chr18 1.505 5.444 5.11 5.457 5.281 4.831 6.479 5.176 5.973 5.324

Chr19 1.408 2.231 2.11 2.038 2.162 2.072 4.454 1.529 2.325 2.648

Chr20 0.897 0.832 1.063 0.825 0.841 0.773 1.279 0.837 1.057 0.735

Chr21 4.254 1.538 1.884 1.537 1.662 1.609 11.182 1.55 1.635 1.434

Chr22 1.07 0.27 0.261 0.256 0.314 0.294 0.882 0.269 0.293 0.321

CV, coefficient of variation; RC, read count.
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