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Analysis of tumor heterogeneity at the molecular level: a case
report of efficacy separation in metastatic breast cancer

Xiangyin Li', Li Bian’, Fengrui Xu', Zerui Qu’, Fan Yang’, Zefei Jiang’

'Academy of Military Medical Sciences, Beijing, China; *Breast Cancer Department of the Fifth Medical Center of Chinese PLA General Hospital,
Beijing, China; *Department of Thoracic Surgery, Peking University People’s Hospital, Beijing, China

Contributions: (I) Conception and design: Z Jiang; (II) Administrative support: L Bian; (IIT) Provision of study materials or patients: Z Qu, F Yang;
(IV) Collection and assembly of data: F Xu; (V) Data analysis and interpretation: X Li; (VI) Manuscript writing: All authors; (VII) Final approval of
manuscript: All authors.

Correspondence to: Li Bian. Breast Cancer Department of the Fifth Medical Center of Chinese PLA General Hospital, No.8 Dongdajie, Beijing
100071, China. Email: bianli2013 @aliyun.com.

Abstract: Although breast cancer frequently metastasizes to the lungs, rarely breast cancer patients develop
separation of the efficacy of different lesions in pulmonary metastases. Differentiation at genetic level
between drug-resistant lesion and sensitive lesion may be very challenging but is essential for prognostic
and therapeutic considerations. In the present case study of a 51-year-old patient who had recurrent disease
with pulmonary metastases after a left modified radical mastectomy three years later. Her two lesions of left
pulmonary metastatic disease had a separation of therapeutic effects by treatment with albumin paclitaxel in
imaging. Histological and immunohistochemical finds suggested that these two lesions were not inconsistent.
A total of 230 cancer predisposition genes were analyzed by next generation sequencing and 25 gene
mutations were detected, including MUTYH, ALK, MSH6, PIK3CA, TP53, AR, BRAF, EGFR, EPHXI1,
NRAS, RET, STK11, FBXW7, CD274 and MET were identified. The unique gene mutations of drug-resistant
lesion were: CD274, MET, EPHXI1, FBXW7 and TP53. The mutation genes specific to sensitive lesions were:
KDR, FGFR4, CDH1, FGFR2, PTEN and SLC22A4. Which indicated that there was a difference between
the two lesions at the genetic level. Even if there are efficacy separation in different metastatic lesions of the
same organ in the same patient, the underlying cause may be genetic differences. Moreover, gene sequencing
is also a supplement to traditional pathology. In summary, our results support the usage of next generation
sequencing as a supplementary tool, assisting in revealing genetic heterogeneity. This is the first case report,
to our knowledge, of difference between lesions in lung metastases, suggesting the existence of a patient with

distant metastases who would be different for therapy as a result of carrying heterogeneity.
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Introduction paper we found that there were differences between the two

lesions using next-generation sequencing, which provided

Breast cancer is a major public health concern and
affects tens of thousands of women worldwide each year.
Characterization of the genetic landscape of pulmonary
metastases in breast cancer is of high importance to identify

potential targets for personalized therapy regimens. In this
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ideas and basis for future precise treatment. Such intratumor
heterogeneity poses significant clinical challenges, including
identification of emergence of resistance to therapy (1).
Next-generation sequencing approaches have allowed
higher resolution of intratumor heterogeneity and resulted
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Figure 1 CT scan of the chest showing hyperdense masses (Al and B1) in the left lung (marked by circles) in October 2017, a dramatic

increase in size of one lesion (A2) and a decrease in size of another (B2) after treatment with two cycles of albumin paclitaxel in December

2017.

in a better conceptual understanding of cancer evolution.
Accumulating evidences are suggestive of a branched
evolution model, such that early acquired mutations are
present ubiquitously, whereas subsequent mutational events
are found in confined regions (2-4). This case is written in
accordance with the CARE reporting guideline (available at
http://dx.doi.org/10.21037/tbcr-20-20).

Case presentation
Clinical bistory

The patient, 51-year-old, underwent modified radical
mastectomy for left breast cancer in December 2013.
Postoperative pathology suggested grade III invasive ductal
carcinoma, ER (++, 40%), PR (++, 60%), HER2 (-) and
Ki67 (20%). Every 3 weeks for 3 cycles of AT [pirarubicin
(60 mg 38 mg/m’ d1) combined with docetaxel (120 mg
75 mg/m’ d1)], every 3 weeks for 3 cycles of TX (docetaxel
(120 mg 75 mg/m’ d1) combined with capecitabine
(3,000 mg, 1,887 mg/m’ d1-14) and adjuvant endocrine
therapy [tamoxifen (20 mg qd from August 2014 to
December 2016), letrozole (2.5 mg qd from December
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2016 to February 2017) and anastrozole (1 mg qd from
February 2017 to April 2017), successively) were performed
after surgery. Metastases to the bilateral lung, left chest wall
and sternum were detected in April 2017. Subsequently,
capecitabine (3,500 mg 2,108 mg/m’ d1-14) salvage
therapy every 3 weeks from April 2017 to September
2017, toremifene (60 mg qd from September 2017 to
October 2017) and albumin-bound paclitaxel (200 mg
120 mg/m’ d1, d8 every 3 weeks for 2 cycle from October
2017 to December 2017) salvage therapy was conducted.
After 2 treatment cycles, the patient presented separation
of efficacy in bilateral lung lesions, some lesions increased
and some narrowed. Imaging showed that the largest
metastatic lesion increased and the remaining lesions were
significantly reduced (Figure I). She underwent a left lung
lesion resection and obtained two lung metastases lesions
(one for drug-resistant lesions, one for sensitive lesions).
Peripheral blood was obtained at the time of acquisition for
lung tissue. The next-generation sequencing conducted on
these samples. There was none of adverse and unanticipated
outcomes. Besides, her mother had no breast cancer. To
February 2020, the patient received salvage therapy with
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Figure 2 Timeline of the breast cancer patient’s treatments. A, pirarubicin; T, taxanes; X, capecitabine; TAM, tamoxifen; LTZ, letrozole;

TOR, toremifene; P, cisplatiny MRM, modified radical mastectomy; LLR, left lung lesion resection.

Figure 3 Representative micrographs of the resistant lesion (A) and sensitive lesion (B) of lung metastases in breast cancer (HE, x10).

anastrozole (1 mg qd). The timeline of the patient in past
6 years in Figure 2.

Next-generation sequencing

Sample extraction

We performed whole genome sequencing of DNA from
two pulmonary metastases, and normal tissue (whole blood)
from a patient who had efficacy separation in metastatic
breast cancer. DNA of tumor samples and DNA of blood
sample were extracted using the KAPA HTP Library
Preparation Kit and Life MagMAX Cell-Free DNA
Isolation Kit respectively.

Library preparation and sequencing

Using the library preparation of KAPA Hyper Prep Kit to
purify the DNA library, we need to accomplish the end-
repair, addition of “A”; addition of linker and PCR reaction.
The purified DNA library was enriched in the region of
interest using the Anfutan gene detection. The enriched

© Translational Breast Cancer Research. All rights reserved.

DNA samples were sequenced using the NextSeq500 next-
generation sequencing platform, and the read length was
150 bp for double-end sequencing.

Sequencing data analysis

The BWA (Burrows Wheeler Aliger) software was used
to compare with the human reference genome hgl19. The
repeats were labeled with Picard software. The contents
of the BAM file were rearranged and corrected using the
Genome Analysis Toolkit (GATK; Broad Institute), and the
single nucleotide variation, insertion variation and deletion
variation were identified using the Mutect2 tool under
GATK software.

Traditional pathology

Histopathological analysis of these lesions revealed
poorly differentiated sarcomatoid carcinoma (Figure 3).
Immunohistochemical analysis of the two lesions from
pulmonary metastases demonstrated that these lesions, in
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a way akin to the pulmonary metastases in breast cancer,
were lacked ER, PR and HER? expression. Based on these
results, the histological and immunohistochemical finds
suggested that these two lesions were not inconsistent.

Detection of iimmunohistochemical indicators

Biopsy specimens of primary lesions and recurrent
metastases of breast cancer were fixed with 10%
formaldehyde, embedded in paraffin, and sliced into
3-um sections. The expressions of ER, PR, HER-2 and
Ki-67 were detected by routine immunohistochemical
S-P method. After dewaxing in xylene, the sections were
hydrated by gradient alcohol, followed by antigen retrieval
at high temperature and pressure. Corresponding primary
antibody was then dripped, and the sections were washed
three times using sulfate buffer (0.01 M, pH 7.5+0.1) for
3 min each time. Subsequently, the sections were dripped
with secondary antibody DACO and developed with DAB.
Afterwards, the sections were rinsed with distilled water,
re-stained with alum hematoxylin for 5 min, differentiated
with 0.2% hydrochloric acid, dehydrated with gradient
alcohol, cleared in xylene and sealed with neutral gum. The
observation was performed under an optical microscope.

Result reading

Each section was read by two experienced pathologists
employing a double-blind method to draw conclusions. The
known positive sections were used as positive controls and
sulfate buffer (PBS) was used as negative control instead of
primary antibody. Under a 400-fold microscope, 10 visual
fields were randomly selected and the percentage of positive
cells per 1,000 tumor cells was calculated. The results were
evaluated according to the following criteria.

ER and PR

Both ER and PR were localized in the nucleus, and their
positive expressions were determined by the presence of
brown-yellow granules in the nucleus. According to positive
cell count, the expression rate was divided into four grades:
(), the percentage of positive cells <10%; (+), the percentage
of positive cells =10-25%; (++), the percentage of positive cells
=25-50%; and (+++), the percentage of positive cells >50%.

HER-2

The positive-staining signals of HER-2 protein were
localized in the cell membrane or cytoplasm, presenting

© Translational Breast Cancer Research. All rights reserved.

Translational Breast Cancer Research, 2020

fishnet shape under a high-power microscope. The presence
of brown-yellow granules in the cell membrane or both
cell membrane and cytoplasm was considered as positive
staining, but cytoplasmic staining alone was not considered
as positive staining. The staining intensity was divided into
three grades: grade 1, light brown, grade 3, dark brown,
grade 2, between grade 1 and grade 3. Based on the staining
intensity, the expression rate was divided into four grades:
(-), completely negative; (+), invasive tumor cells at any
proportion showed weak and incomplete membranous
staining or less than 10% tumor cells showed weak and
complete membranous staining with staining intensity of
grade 1; (++), more than 10% tumor cells showed weak
or inconsistently complete membranous staining, or 30%
tumor cells showed strong and complete membranous
staining, with staining intensity of grade 2; (+++), the
ratio of invasive tumor cells showing strong and complete
membranous staining more than 30%, and staining intensity
was grade 3.

Ki67

Ki67 staining was determined based on the percentage of
fine brown-yellow granules in the nucleus. Ki67-positive
granules were distributed in the nucleus. Brown granules in
the nucleus were considered as positive staining.

Molecular pathology

The next-generation sequencing yielded average read
depths ranging from 376x to 6,209x in the drug-resistant
metastatic tumor sample, 572x to 3,937x in the drug-
sensitive sample, and 340x to 2,213x in the circulating
tumor sample. Depths of coverage over all mapped bases
was >99.30% when considering the exome. The original
sequencing depths of these three samples were at least
10,606x.

Gene mutations were detected in all three samples,
involving 25 genes, including MUTYH, ALK, MSHG,
PIK3CA, TP53, AR, BRAF, EGFR, EPHXI1, NRAS, RET,
STKI11, FBXW7, CD274, MET. The genes in resistant
lesion were: MUTYH, ALK, MSH6, PIK3CA, TP53, AR,
BRAF, EGFR, EPHX1, NRAS, RET, STK11, FBXW7,
CD274, MET. The genes in sensitive lesion were: FGFR4,
MUTYH, ALK, MSH6, PIK3CA, TP53, AR, BRAF, EGFR,
NRAS, RET, STK11, CDHI1, FGFR2, SLC22A44, KDR,
PTEN. The genes in blood sample were: FGFR4, MUTYH,
ALK, MSHS6, PIK3CA, TP53, AR, EGFR, EPHX1, NRAS,
RET, STK11, FBXW7, FGFR2, SLC22A4, ABL1, CALR,
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Table 1 Mutant genes detected in drug-resistant lesion and sensitive lesion
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Samples Mutant genes

Specific to resistant lesion
Specific to sensitive lesion

Shared

CD274, MET, EPHX1, TP53, FBXW?7
KDR, FGFR4, CDH1, PTEN, FGFR2, SLC22A4
STK11, PIK3CA, EGFR, ALK, MUTYH, RET, NRAS, MSH6, AR, BRAF
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Figure 4 Frequency of somatic mutations in genes of two lesions. This graph illustrates the frequency (percentage) of all somatic mutations

in drug-resistant lesion and sensitive lesion. Frequencies with <0.5% were counted as absent and were not included in the graph.

DDR2, MYD88. Representation of the mutated genes in
each specimen and their overlap (Tiable 1 and Figure 4).
The tumor mutational burden of drug-resistant, sensitive
and circulating tumor sample was 13.43, 16.84 and 25.99,
respectively (Figure 5).

Discussion and conclusions

Characterization of the genetic landscape of pulmonary
metastases in breast cancer is of high importance to identify
potential targets for personalized therapy regimens. In
the present study, two metastases samples of breast cancer
were investigated with the next-generation sequencing
to examine presence and extent of sub clonality within
these rare metastatic lesions. Thereby, a profound genetic
heterogeneity between two pulmonary metastases was
revealed. This is the first case report, to our knowledge, of
difference between lesions in lung metastases, suggesting
the existence of a patient with distant metastases who would
be different for therapy as a result of carrying heterogeneity.
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There was no significant difference in the pathological
results between the drug-resistant lesion and the sensitive
lesion. Lung lesions were metastases of metaplastic breast
carcinoma, which were diagnosed based on cell morphology
and immunohistochemical results. Both lesions showed CK
(+), suggesting that they originated from epithelial tissue.
In addition, both lesions presented GATA-3 (+), suggesting
their origin from breast tissue. Combined with the above
results and the patient’s medical history, breast cancer
metastases were diagnosed, rather than secondary primary
tumors. Fibrosarcomatous components in metastatic lesions
might be caused by the presence of metaplastic components
in the primary lesions of breast cancer. However, due to
surgical excision and pathological section preparation, these
tissue components were not found. On the other hand, the
cause might be that the primary lesions did not contain
metaplastic components, but during the occurrence and
progression of tumors, epithelial tissue re-differentiated
into mesenchymal tissue, namely metaplastic components,
after dedifferentiation.
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Figure 5 Tumor mutational burden of resistant lesion, sensitive lesion and circulating tumor DNA respectively.

Although both lesions were lung metastatic lesions of
breast cancer, the expression of hormone receptor and
HER?2 receptor in primary and metastatic lesions were
inconsistent. The causes for the inconsistency of hormone
receptors between primary lesions and intrapulmonary
metastases are as follows. Tumor heterogeneity Breast
cancer is a highly heterogeneous malignant tumor (5). Even
if they both are primary lesions, their difference in ER and
PR expression may be caused by different sampling parts.
With disease progression, the recurrent lesions may express
different clinical and biological characteristics from primary
lesions. Effects of systemic chemotherapy and endocrine
therapy on tumor cells During systemic chemotherapy and
endocrine therapy, tumor cells may change their signaling
pathways, resulting in the difference in biological indicators
between recurrent metastases and primary tumors (6).
Changes in biological characteristics during tumor
progression Because of the genetic instability of breast
cancer (7), various biological characteristics may change
during the occurrence and development tumors, which lead
to different biological characteristics in recurrent metastases
from primary lesions.

It was found that the drug-resistant lesions and the
sensitive lesions have shared gene mutations and private
gene mutations using the next-generation sequencing
technology. The unique gene mutations of drug-resistant
lesion were: CD274, MET, EPHX1, FBXW7 and TP53. Two
genes of particular interest are CD274 and TP53, which
were somatically mutated in the COSMIC database (8).
Gene CD274 expresses CD274 protein (also known as PD-
L1), which interacts with the PD-1 receptor on the surface
of T cells, thereby inhibiting T cell activation, proliferation,
and killing of tumor cells (9). Studies had found that the
higher the tumor grade in the tumor tissues of patients with
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triple-negative breast cancer, the more PD-L1 expression,
but no correlation with the prognosis (10). Other reports
had found that high expression of PD-L1 in tumor cells
was associated with poor prognosis of several malignancies
such as non-small cell lung cancer (11), melanoma (12)
and renal cancer (13). Muenst et /. (14) found that PD-L1
was expressed in 152 of 650 breast cancer tumor tissues,
and breast cancer patients with PD-L1 expression had a
worse prognosis, suggesting that the application of targeted
therapy for PD-1/PD-L1 signaling pathway was of great
significance. TP53 is a tumor suppressor which functions
as a transcription factor and also plays a key role in the
cellular response to stress (15). Germline mutations in
TP53 causes Li-Fraumeni syndrome (16) and somatic
mutations (17) are found in many human cancers. In this
patient, the largest lesion increased after treatment with
albumin paclitaxel, suggesting that the lesion was resistant
to albumin paclitaxel. The unique gene mutations detected
in this lesion may be related to the resistance of paclitaxel.
The mutation genes specific to sensitive lesions were:
KDR, FGFR4, CDHI, FGFR2, PTEN and SLC22A4.
Of particular interest is PTEN, which acts as a tumor
suppressor by negatively regulating the AK'T-PKB signaling
pathway, and inhibits tumor development by antagonizing
the activity of tyrosine kinase (18). Some researchers
analyzed the PTEN heterozygosity, mutation profile and
protein expression in 43 breast cancer patients and ten
healthy individuals. The microsatellite markers used were
D10S215, D10S541 and D10S579. As a result, it was found
that there were mutations in each of exons 1, 5, 7 and 9
of the PTEN gene, and most of the mutations caused the
PTEN protein to be truncated instead of lost activity. An
increase in PTEN protein was detected in tissue specimens,
suggesting that breast cancer may be associated with loss of
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PTEN protein activity rather than loss of expression (19).
In addition, Rescigno et al. performed genetic testing on
tumor tissues of 215 patients with prostate cancer who had
failed castration therapy. Patients with PTEN mutations
are more sensitive to docetaxel treatment (20). We found
that the lesion was reduced by treatment with albumin
paclitaxel, suggesting that the gene mutations KDR, FGFR4,
CDHI, FGFR2, PTEN and SLC22A44 may be associated
with paclitaxel.

In addition, Tumor mutational burden (TMB) can be
used to quantitatively estimate the total number of base
mutations in the tumor genome coding region. Tumor cells
with higher levels of TMB are more likely to be recognized
by the immune system, and may have a stronger immune
response to a checkpoint inhibitor. Some tumor patients
have mismatch repair defects, which are more likely to cause
somatic mutations, resulting in increased tumor mutational
load. Le et al. (21) found that patients with higher tumor
mutational burden in colorectal cancer responded better
to PD-1 inhibitor therapy, and then they further expanded
the study to assessing the efficacy of PD-1 inhibitors in
12 different types of cancer patients (22), and found that
most of the cancers with mismatch repair defects were
more sensitive to PD-1 inhibitors. The tumor mutational
burden of resistant lesion and sensitive lesion in this study
were 13.4 and 16.8 respectively. The difference in tumor
mutational load between drug-resistant lesion and sensitive
lesion was not obvious.

Our data demonstrate a highly varying heterogeneity of
pulmonary metastases in breast cancer. Due to the small
number of cases, we can’t find the specific mutation gene
that leads to the difference of treatment in the same patient.
We hope that more cases will be sequenced in the future,
and then find the key mutation gene. Moreover, tumor
drivers of pulmonary metastases in breast cancer difference
might not be detectable only by next-generation sequencing
and further comprehensive studies including microsatellite
instability as well as epigenetic analyses are needed.
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