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Abstract

Background Thrombospondin-1 (THBS1) is a secretory adhesive glycoprotein involved in the progression of multiple
malignancies, including breast cancer. However, the clinical significance and prognostic role of plasma THBS1 in breast
cancer have yet to be clarified.

Methods Plasma THBSI levels in 627 breast cancer patients were analyzed by enzyme-linked immunosorbent assay. Bone
marrow blood was drawn from the anterior/posterior superior iliac spine to detect the presence of disseminated tumor cells
(DTCs). The effects of plasma THBS1 on the clinicopathological characteristics and survival prediction of breast cancer
patients were explored.

Results Plasma THBS1 did not correlate with overall survival, breast cancer-specific survival (BCSS), and distant disease-
free survival (DDFS) in the entire breast cancer cohort. Notably, HER2-enriched patients with high-plasma THBSI1 levels
had significantly shorter BCSS (P=0.027) and DDFS (P=0.011) than those with low levels. Multivariate analyses revealed
that plasma THBS1 was an independent prognostic marker of BCSS (P=0.026) and DDFS (P=0.007) in HER2-enriched
patients. THBS1 levels were 24% higher in positive DTC patients than in negative DTC patients (P=0.031), and high levels
were significantly associated with poor BCSS in positive DTC patients (HR 2.08, 95% CI 1.17-3.71; P=0.019). Moreover,
high-plasma THBS1 levels were specifically associated with an increased occurrence of brain metastasis in HER2-enriched
patients (P=0.041).

Conclusion These findings suggest that plasma THBS1 may be serving as an unfavorable prognosis predictor for HER2-
enriched breast cancer and justifies the need for further research.
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Introduction

Progress in early detection, diagnosis, and treatment moni-
toring has improved the efficacy of treatment for invasive
breast cancer. However, recurrence and distant metastasis
are still reported in about 20% of breast cancer patients [1].
Even with advances in multidisciplinary treatment, brain
metastasis is still the leading cause of death in patients
with advanced breast cancer, with a 3-year overall survival
(OS) rate of only 5-8% [2, 3]. Some genomic analyses have
demonstrated that unique chromosomal aberrations, copy
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number changes, and hypomethylation may be related to the
occurrence of breast cancer brain metastasis [4, 5]; nonethe-
less, the mechanism underlying the distant metastasis of the
central nervous system in breast cancer patients has yet to
be determined.

Thrombospondin-1 (THBS1) is a secreted-matrix glyco-
protein encoded by the human THBS! gene. As a protein
released by activated platelets, THBS1 can effectively pro-
mote tissue fibrosis and attenuate angiogenesis [6]. THBS1
is the most abundant protein in the a-granules of platelets;
however, considerably low-THBS1 levels are found in nor-
mal plasma. THBS1 expression in other cell types and tis-
sues is induced by trauma, atherosclerotic lesions, ischemia,
rheumatoid synovium, glomerulonephritis, and malignant
tumor cells. THBS1 expression increases with age and age-
related diseases, such as type 2 diabetes and cardiovascular
diseases. THBSI is positively regulated by TGF-f1, retinoic
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acid, vitamin A, and progesterone and inhibited by Hanta-
virus infection, vascular endothelial growth factor (VEGF),
and Myc [7, 8].

The effect of THBS1 on tumor progression is multi-
faceted and at times the opposite. THBSI1 is reported to
inhibit tumor occurrence and metastasis in several tumor
models [9]. THBS1 deficiency is associated with increased
tumorigenesis, and its overexpression or exogenous admin-
istration inhibits tumor formation and progression [10, 11].
In medulloblastoma, THBS1 regression caused by carci-
nogenic Myc may be a key determinant of the metastatic
phenotype [8]. Notably, THBS1 also promotes metastasis
and diffusion by mediating tumor cell embolization [12]. An
increasing number of studies tend to use THBS1 as a marker
of poor prognosis and recurrence in multiple malignancies,
including glioma [13], melanoma [14], ovarian cancer [15],
and pancreatic cancer [16].

The role of THBS1 in the development and progression
of breast cancer is also complex and inconsistent. THBS1
expression in tumor stroma has been reported to be nega-
tively correlated with axillary lymph node metastasis [17].
THBS1 production can significantly inhibit tumor progres-
sion in the MDA-MB-435 breast cancer cell line, which may
be attributable to a decrease in angiogenesis [18]. Mean-
while, breast cancer patients with high-THBS1 expression
have poor prognoses, and THBS1 mediated by tRF-17
induces the TGF-1/smad3 pathway to promote breast can-
cer distant metastasis [19]. Wang et al. reported that integrin
pf1/mTOR activation mediated by THBS1 upregulation fol-
lowing neoadjuvant chemotherapy was related to chemo-
therapy resistance in breast cancer patients [20]. THBS1
inhibition increases CD8+ tumor-infiltrating lymphocytes
(TILs) and immunotherapy efficacy, as well as represses
TGF-p activation and breast cancer cell metastasis in triple-
negative breast cancer [21].

The circulating THBS1 levels could be used as a bio-
marker for tumor prognosis. THBS1 serum levels reflect
the invasiveness of non-small cell lung carcinoma and serve
as a potential prognostic marker for patients with primary
lung cancer [22]. Zhu et al. found that serum THBS1 was
relatively low in acute myeloid leukemia, and patients with
low serum THBS1 had reduced survival time [23]. Serum
methylated THBS1 DNA has also been recently suggested
to predict peritoneal dissemination, a potential risk factor in
patients with gastric cancer [24]. Suh et al. conducted a com-
parative profiling study of preoperative plasma proteome
from breast cancer patients and age-matched normal healthy
women by mTRAQ-based stable isotope-labeling mass spec-
trometry and confirmed the diagnostic value of THBS1 in
detecting breast cancer [25]. In addition, preoperative high
circulating THBS1 levels may play a pro-angiogenic rather
than anti-angiogenic role in breast cancer and seems to be a
marker of breast cancer aggressiveness [26]. However, the
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aforementioned studies did not consider the influence of
plasma THBS1 on the prognosis of breast cancer patients.
In the current study, we examined the preoperative plasma
THBSI levels in patients with primary nonmetastatic breast
cancer and analyzed the relationship of plasma THBS1 with
clinical characteristics, prognosis, and metastasis.

Materials and methods
Patients and clinicopathological information

This study was reviewed and approved by the Ethics Com-
mittee of Shanghai General Hospital, Shanghai Jiao Tong
University School of Medicine and was conducted in accord-
ance with the Declaration of Helsinki. No animal experiment
was involved in the current study. Informed consent signed
by every subject for voluntary participation was obtained
during the first interview. Two cohorts were analyzed in this
study: (i) a retrospective cohort comprising 627 patients
with primary nonmetastatic breast cancer and (ii) a second
cohort consisting of 74 fresh breast cancer tissues matched
with adjacent normal tissues (ANTs). In addition, the corre-
sponding 74 preoperative breast cancer plasma samples were
collected. The original follow-up information was obtained
from the Registry Center and the outpatient doctor.

The subjects of this study should meet the following cri-
teria: patients with breast cancer confirmed by histopatho-
logical examination; no obvious distant metastasis after
imaging evaluation before operation; bone marrow puncture
at the initial diagnosis of breast cancer; no serious uncon-
trollable cardiovascular and cerebrovascular complications
or other systemic diseases; no previous or current history
of other malignancies; appropriate adjuvant therapy was
completed after operation in accordance with the National
Comprehensive Cancer Network guidelines at the time,
mainly including adjuvant chemotherapy (anthracyclines,
cyclophosphamide, fluorouracil, and taxanes), endocrine
therapy for estrogen receptor (ER)- and progesterone recep-
tor (PR)-positive tumors (tamoxifen and aromatase inhibi-
tor), trastuzumab targeted therapy in patients with immuno-
histochemical overexpression of human epidermal growth
factor receptor 2 (HER2) or positive HER2 determined by
fluorescence in situ hybridization (FISH), and radiotherapy,
if necessary. Patients receiving neoadjuvant chemother-
apy, endocrine therapy, or targeted therapy were excluded.
Pathology reports and medical records were reviewed to
evaluate molecular subtypes, pathologic types, histologic
grades, and tumor—node—metastasis staging.

ER and PR with more than 1% of cells staining positive
were defined as positive. Levels < 20% indicated a low PR
status. Immunohistochemistry was performed to determine
the HER2 expression levels, which were defined as positive
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when the score was 3 + or negative when the score was either
1+ or 0. Tumors with 2+ moderate staining were classified
as HER2-positive only if positive results were obtained in
alternative FISH. Ki-67 levels with a cut-off of >20% posi-
tive staining were considered high.

Intrinsic molecular subtypes

Breast cancer patients were subdivided into four groups
in accordance with the St. Gallen Consensus 2013 [27]:
luminal A: ER- and PR-positive, HER2-negative, and
Ki-67 <20%; luminal B (HER2-negative): ER-positive, PR-
negative or low, HER2-negative, and Ki-67 >20%; luminal
B (HER2-positive): ER-positive, HER2-positive, any Ki-67,
and any PR; HER2-enriched: ER-negative, PR-negative, and
HER2-positive; triple-negative breast cancer: ER-negative,
PR-negative, and HER2-negative.

Collection of plasma

Approximately 10 mL of venous blood was preoperatively
collected from each breast cancer patient in the fasting state
using a VACUETTE butterfly retraction blood sampling
needle (Greiner Bio-One Suns Co., Ltd.). The blood sam-
ples were collected into BD Vacutainer EDTA tubes (Bec-
ton Dickinson Diagnostics), immediately placed on ice,
and fractionated within 30 min via two centrifugation steps
at 2500 x g for 20 min at 4 °C to avoid platelet degranula-
tion [28]. The isolated plasma was stored at — 80 °C and
then analyzed for THBS1 during batch processing.

Preparation of tissue cytosols

A tumor sample of 500 mg was transferred into a mortar,
sliced into thin sections, and crushed with a porcelain pestle
until only a small amount of particles remained. A protease
inhibitor solution was added to the samples, and the blend
was finely mixed. NP40 was then added, and the samples
were placed onto a mechanical wheel for at least 1 h. The
samples were centrifuged at 15,000 g for 10 min at 4 ‘C. The
supernatant was carefully transferred into Eppendorf tubes
and then stored at — 70 °C.

Detection of disseminated tumor cells

Before the operation of the primary breast tumor, 10 mL
of bone marrow blood was extracted from the anterior/
posterior superior iliac spine of each patient under local,
epidural, or general anesthesia. The samples were then pro-
cessed within 24 h. The bone marrow blood was separated
by Ficoll-Hypaque density gradient centrifugation at 400X g
for 30 min. Mononuclear cells were isolated. Red blood
cells were destroyed with a 10 mmol/L cell lysate, washed

repeatedly with a phosphate buffer, and fixed with acetone.
Disseminated tumor cells (DTCs) in slides were detected
by immunocytochemistry with the pan-cytokeratin antibody
(A45-B/B3). The results were evaluated using the ARIOL
system (Applied Imaging) in accordance with the diagnostic
standard set by the International Society for Hematotherapy
and Graft Engineering [29].

Detection of THBS1 by enzyme-linked
immunosorbent assay

Plasma and tissue THBSI1 levels were assessed using an
enzyme-linked immunosorbent assay in accordance with
the manufacturer’s protocol (ThermoFisher, Vienna, Aus-
tria). Plasma or tissue supernatant was diluted, transferred
to appropriate wells, and incubated at room temperature for
2.5 h. HRP-conjugate was added to each well, which was
then incubated at room temperature for 2 h. After washing
Microwell strips five times, we added the 3, 3', 5, 5'-tetra-
methylbenzidine substrate solution into each well. After add-
ing the stop solution, we measured the absorbance of each
microwell on a microplate reader, with 450 nm as the pri-
mary wavelength. A standard curve was generated by plot-
ting the mean absorbance for each standard concentration on
the ordinate against the human THBS1 concentration on the
abscissa. The concentration of THBS1 in plasma or tissue
supernatant was determined based on the standard curve.

Real-time quantitative polymerase chain reaction

Total RNA was extracted from fresh tissues using TRIzol
Reagent (Life Technologies). Reverse transcription was per-
formed to synthesize complementary DNA using the Prime-
Script RT-PCR Kit (TaKaRa). Real-time quantitative poly-
merase chain reaction (RT-qPCR) was accomplished using
the QuantiFast SYBR Green RT-PCR Kit (QIAGEN). The
primer sequences of THBSI were as follows: 5'-AGACTC
CGCATCGCAAAGG-3' (forward); 5'-TCACCACGTTGT
TGTCAAGGG-3' (reverse). GAPDH served as the internal
control, and the primer sequences were 5'-AATGGACAA
CTGGTCGTGGAC-3' (forward) and 5'-CCCTCCAGGGGA
TCTGTTTG-3' (reverse). PCR was conducted on the Quant-
Studio 5 Real-Time PCR System (Applied Biosystems), and
the relative expression of THBS1 was analyzed using the
27AACT method.

Statistical analysis

The experimental results were expressed as mean =+ stand-
ard deviation unless otherwise stated. A comparison
between two independent samples was conducted using
the Mann—Whiney U test, and a comparison of three or
more samples was performed with ANOVA. The patients
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were divided, based on the median plasma THBS1 level
in the whole cohort, into the high-THBS1 and low-THBS|1
groups. OS is used to denote the time from the initial
operation to death regardless of the cause. Breast cancer-
specific survival (BCSS) is defined as the time from breast
cancer surgery to the date of death related directly to the
tumor. Distant disease-free survival (DDFS) refers to the
time from the date of breast cancer surgery to the first
detection of distant metastasis from breast cancer. Survival
curves were plotted using the Kaplan—Meier method and
then compared using the log-rank test. Univariate and mul-
tivariate Cox regression analyses were adopted to assess
the correlation between various parameters and survival
outcomes. Variables with P <0.1 in univariate regression
analysis were screened and included in the subsequent
multivariate analysis. Correlation analysis was performed
using the Spearman correlation test. The invasive breast
cancer dataset in The Cancer Genome Atlas (TCGA)
database was selected and analyzed using the cBioPortal
platform (http://cbioportal.org/). The mRNA expression
profiles associated with 2217 cases of invasive breast car-
cinoma from three cohorts were acquired to analyze the
correlation between THBS1 and potential molecules [30].
The data were statistically analyzed using IBM SPSS Sta-
tistics 25, and survival curves were plotted and analyzed
with GraphPad Prism 8.0.2. P <0.05 was considered sta-
tistically significant.

Results
Patient characteristics

A total of 627 breast cancer patients participated in this
study. The biologic features and clinical data at the base-
line are listed in Table 1. All subjects were female, with a
median age of 58.5 y (range 24-87 y), and 70.2% (440/627)
of the patients were postmenopausal. Eight of these patients
lost contact during follow-up. Therefore, 619 patients had
complete survival data, and the median follow-up time was
8.33 y (range 0.13-11.67 y), and 63.2% (396/627) of the
patients had a T1 tumor. Positive axillary lymph nodes were
detected in 37.2% (233/627) of the patients; 58.9% (369/627)
of the tumors had moderately histologic grading. ER and
PR expression were positive in 61.4% (385/627) and 47.4%
(297/627) of the tumors. Positive HER2 expression was
observed in 42.9% (269/627) of the tumors. For the entire
cohort, 40.2% (252/627) of the cases were ER-positive and/
or PR-positive and HER2-negative; 22.3% (140/627) were
ER-positive and/or PR-positive and HER2-positive; 20.6%
(129/627) were ER-negative, PR-negative, and HER2-posi-
tive, and 16.9% (106/627) were triple-negative breast cancer.
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Plasma THBS1 levels and the correlation of THBS1
with clinicopathological characteristics

The THBS|1 plasma levels in all patients were quantified, and
all plasma THBSI1 levels in 627 patients were measurable
(Table 2). The distribution of plasma THBSI1 levels in breast
cancer patients is shown in Fig. 1. For the entire cohort,
the mean plasma THBS1 level was 774.22 +141.59 ng/mL.
THBSI1 expression in the plasma was then analyzed based
on clinicopathological indexes, molecular typing, and DTC
status. The plasma THBS1 level in patients with axillary
lymph node involvement was significantly higher than that
in patients with negative lymph node patients (987.2 + 186.
3 vs. 554.5+104.6; P<0.001). No correlation was found
between the plasma THBS1 levels and ER, PR, HER2 sta-
tus, and molecular subtype. In addition, the plasma THBS1
levels in the positive DTC group were significantly higher
than those in the negative DTC group (826.3 +218.5 vs.
681.5+144.3; P=0.031). We analyzed the plasma THBS1
level between the distant and non-distant metastasis groups,
and the difference was not statistically significant; however,
the plasma THBS1 level in patients with brain metastasis
was significantly higher than that in patients without brain
metastasis (863.3+193.9 vs. 603.2+114.8; P=0.007).

Relationship between THBS1 level in plasma
and tumor tissue

To validate the expression of THBS in breast cancer tissues,
we conducted RT-qPCR on 74 pairs of breast cancer and
ANTS. The results showed that relative to ANTs, THBSI was
significantly upregulated in breast cancer tissues (P <0.001;
Fig. 2A). We then investigated the expression of THBS1 in
74 tumor tissues by ELISA and compared it with the THBS1
level in plasma. We found that the THBS1 level in the tumor
was significantly higher than that in plasma, and the median
level (3344 ng/mL) was more than four times that of plasma
(P<0.001; Fig. 2B). Moreover, we evaluated the correlation
between THBS1 levels in tumor tissues and corresponding
plasma THBSI1 levels in 74 breast cancer patients. The lev-
els of THBS1 in plasma were positively correlated with the
THBSI level in tumor (r=0.711, P <0.001; Fig. 2C).

Prognostic value of plasma THBS1 in breast cancer
patients

The study population was classified into high- and low-
THBSI1 groups on the basis of the measured median value to
evaluate the prognostic significance of plasma THBS1. The
mean THBSI1 levels of the low- and high-plasma THBS1
groups were 564 ng/mL (range 147-785 ng/mL) and 983 ng/
mL (range 786—1975 ng/mL), respectively. The median
follow-up time was 8.33 y after surgery for primary breast
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Table 1 Clipicop athglogical Variables Total (%) Variables Total (%)
characteristics of patients
Total 627 ER
Age (years) Negative 240 (38.3%)
<60 284 (45.3%) Positive 385 (61.4%)
>60 343 (54.7%) Unknown 2 (0.3%)
Menopausal status PR
Premenopausal 107 (17.0%) Negative 327 (52.1%)
Perimenopausal 80 (12.8) Positive 297 (47.4%)
Postmenopausal 440 (70.2%) Unknown 3(0.5%)
Histologic grading DTCs
| 115 (18.3%) Negative 386 (61.5%)
II 369 (58.9%) Positive 241 (38.5%)
111 141 (22.5%) Distant metastasis
Unknown 2 (0.3%) No 513 (82.9%)
Histologic subtype Yes 106 (17.1%)
Ductal 515 (82.1%) Brain metastasis
Lobular 66 (10.5%) No 561 (90.6%)
Others 46 (7.4%) Yes 58 (9.4%)
Tumor stage Adjuvant chemotherapy
pT1 396 (63.2%) No 140 (22.3%)
pT2 179 (28.5%) Yes 483 (77.1%)
pT3-4 51 (8.1%) Unknown 4 (0.6%)
Unknown 1(0.2%) Adjuvant radiotherapy
Lymph node involvement No 508 (81.0%)
Negative 394 (62.8%) Yes 116 (18.5%)
Positive 233 (37.2%) Unknown 3(0.5%)

Molecular subtype
Luminal A
Luminal B
HER2-enriched
TNBC

HER2
Negative
Positive
Unknown

Adjuvant endocrine therapy

252 (40.2%) No 235 (37.5%)
140 (22.3%) Yes 386 (61.5%)
129 (20.6%) Unknown 6 (1%)
106 (16.9%) Adjuvant targeted therapy

No 354 (56.5%)
356 (56.8%) Yes 269 (42.9%)
269 (42.9%) Unknown 4 (0.6%)
2 (0.3%)

ER estrogen receptor, PR progesterone receptor, DTCs disseminated tumor cells, HER2 human epidermal
growth factor receptor 2, TNBC triple-negative breast cancer

cancer. During the follow-up, 95 (15.3%) patients died, con-
sisting of 44 (14.2%) cases in the low-THBS1 group and 51
(16.5%) cases in the high-THBS1 group. Of the 95 deaths,
89 (93.4%) deaths were caused by breast cancer, including
40 deaths (12.9%) in the low-THBS1 group and 49 deaths
(15.8%) in the high-THBS1 group. Distant metastasis
occurred in 116 (18.7%) breast cancer cases, 56 (18.1%)
of which were in the low-THBS1 group, and 60 (19.4%)
were in the high-THBS1 group. To explore the relationship
between plasma THBS1 levels and clinical outcomes, we
generated survival curves using the Kaplan—Meier estima-
tor. When all cases were included, plasma THBS1 levels had
no statistical effect on OS, BCSS, and DDFS (Fig. 3A-C).

However, in subgroup analyses based on the molecular
subtypes, the high-plasma THBSI1 levels had a significant
effect on BCSS (P=0.027) and DDFS (P=0.011) in HER2-
enriched patients but not in those with other molecular sub-
types (Fig. 4). The aforementioned results demonstrate that
high-THBS1 plasma levels are associated with impaired
BCSS and DDFS in HER2-enriched patients.

Univariate analyses indicated that HER2-enriched
breast cancer patients with high-plasma THBS1 levels
were more likely to have worse BCSS and DDFS than
those with low plasma THBSI1 levels; moreover, multivari-
ate regression analyses revealed that high-plasma THBS1
levels were significantly correlated with poor BCSS (HR
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Table 2 Plasma THBS1

> . Variables THBS1 (ng/mL) P value Variables THBS1 (ng/mL) P value
levels by clinicopathological
characteristics Age (years) NS ER NS
<60 754.5+147.0 Negative 739.6+180.2
>60 781.3+164.4 Positive 792.7+214.9
Menopausal status NS PR NS
Premenopausal 732.7+149.5 Negative 757.5+126.9
Perimenopausal 763.1+164.2 Positive 815.5+169.4
Postmenopausal 802.8+179.1 HER2 NS
Histologic grading NS Negative 736.4+210.5
I 757.6+129.8 Positive 793.2+117.3
I 783.2+156.3 Molecular subtype NS
1 797.0+133.5 Luminal A 870.6+129.2
Histologic subtype NS Luminal B 727.9+197.1
Ductal 803.2+163.4 HER2-enriched 711.3+170.5
Lobular 769.6 +148.1 TNBC 859.1£149.4
Others 783.7+131.4 DTCs 0.031
Tumor stage NS Negative 681.5+144.3
pT1 736.2+157.2 Positive 826.3+£218.5
pT2 707.8+143.3 Distant metastasis NS
pT3 7224+111.9 No 742.4+176.9
pT4 787.7+123.5 Yes 793.2+155.7
Lymph node involvement P<0.001 Brain metastasis 0.007
Negative 554.5+104.6 No 603.2+114.8
Positive 987.2+186.3 Yes 863.3+193.9

THBS1 thrombospondin-1, ER estrogen receptor, PR progesterone receptor, HER2 human epidermal
growth factor receptor 2, DTCs disseminated tumor cells, TNBC triple-negative breast cancer, NS not sig-

nificant

15 Distribution of subjects across plasma levels

-
(o] © N
1 1 1

Relative frequency (%)

w
1

0-
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O O N G S R RS R
THBS1 (ng/mL)

Fig. 1 Distribution of plasma THBSI levels in 627 breast cancer
patients

2.28,95% CI 1.35-3.65; P=0.026) and DDFS (HR 2.46,
95% CI 1.18-4.40; P=0.007) in HER2-enriched patients
(Tables 3 and 4). These results indicate that high-plasma
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THBSI1 levels can be an independent unfavorable prognos-
tic factor for HER2-enriched patients.

Effect of DTCs on the prognostic value of THBS1

The presence of DTCs in the bone marrow blood of
each patient was determined, and 241 (38.5%) patients
were identified as DTC-positive (p-DTC). The plasma
THBSI1 levels were higher in p-DTC cases than in nega-
tive DTC (n-DTC) cases (P=0.031; Fig. SA). The status
of DTCs exerted a significant effect on the prognostic
value of plasma THBSI1 in breast cancer patients. In con-
trast to low plasma THBSI1 levels, high-THBS1 plasma
levels were significantly associated with poor BCSS in
p-DTC patients (P =0.019; Fig. 5B). No difference in
the survival rate of breast cancer patients was observed
regardless of plasma THBSI1 levels in n-DTC patients
(Fig. 5C). Subsequently, we analyzed the effect of DTC
on the prognostic significance of plasma THBS1 levels
in HER2-enriched patients. For HER2-enriched patients
with p-DTC, high-THBSI1 levels predicted poor progno-
sis, which was the same as the prognostic significance
of p-DTC in the overall cohort and had more obvious
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A Real-time PCR results of THBSI mRNA levels in paired breast
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parison of THBS1 levels in plasma and tumor tissues of breast can-
cer patients. Median tumor THBS1 levels are more than four times

higher than those observed in plasma (P<0.001). C Correlation
between THBS1 levels in tumor tissues and corresponding plasma
THBS1 levels in breast cancer patients (n=74). A strong correla-
tion is observed between THBSI levels in plasma and tumor tissues.
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statistical power (P=0.012; Fig. 5D). However, the
plasma THBS1 level exerted no significant effect on the
prognosis for HER2-enriched breast cancer patients with
n-DTC (Fig. SE). Moreover, multivariate analysis con-
firmed the prognostic significance of high-THBS1 plasma
in the p-DTC population (HR 2.51, 95% CI 1.18-5.32;
P=0.016; Fig. 5F).

1 1 1
0 25 50 75 100 125 150
Follow-up time (months)

Plasma THBS1 levels and distant metastasis
in HER2-enriched breast cancer patients

On the basis of the aforementioned results, high-plasma
THBSI levels were associated with increased distant metas-
tasis in HER2-enriched breast cancer patients, contrary to
low plasma THBSI1 levels. We continue to explore the role
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«Fig. 4 Prognostic significance of the plasma THBSI level in breast
cancer patients with different molecular subtypes. A-D Kaplan—
Meier curves for breast cancer-specific survival based on the plasma
THBS1 level in patients with different molecular subtypes of breast
cancer. E-H Kaplan—Meier curves for distant disease-free survival
based on the plasma THBS1 level in patients with different molecular
subtypes of breast cancer

of plasma THBSI1 in lung, brain, and bone metastasis in
HER2-enriched breast cancer patients. According to the
results of imaging examination, a total of 45 HER2-enriched
patients exhibited distant metastasis during the follow-up
period, including 19 cases of lung metastasis, 14 cases of
brain metastasis, 9 cases of bone metastasis, 2 cases of
combined lung and brain metastasis, and 1 case of com-
bined lung and bone metastasis. Plasma THBS1 level has
no effect on lung (P=0.319; Fig. 6A) and bone (P =0.656;
Fig. 6B) metastasis in HER2-enriched breast cancer patients.
Among the HER2-enriched patients with brain metastasis,
12 cases of brain metastasis occurred in the high-plasma
THBS1 group and only 4 cases in the low plasma THBS1
group (HR 3.04, 95% CI 1.14-8.10; P=0.041; Fig. 6C).
These findings indicate that high-plasma THBS1 levels were
associated with increased brain metastasis in HER2-enriched
breast cancer patients.

Discussion

The study including 627 breast cancer patients showed that
high-plasma THBS1 levels predicted poor prognosis and a
higher risk of developing brain metastasis in HER2-enriched
breast cancer. We revealed that high-THBS1 levels in plasma
strongly correlated to lymph node involvement and brain
metastasis, suggesting that breast cancer with high-THBS1
levels is more aggressive. Patients with p-DTC breast cancer
had higher plasma THBS1 levels than patients with n-DTC
breast cancer. The plasma THBS1 level was not related to
age, menstrual status, histologic grade and typing, tumor
size, hormone receptor and HER? status, and molecular sub-
typing. No association was found between plasma THBS1
levels and survival analyses, including OS, BCSS, and
DDEFS. In the subgroup analyses, high-plasma THBS1 lev-
els correlated with poor BCSS and DDFS in HER2-enriched
breast cancer patients but not in patients with other sub-
types of breast cancer. Notably, this study identified plasma
THBSI as a latent indicator of brain metastasis for HER2-
enriched breast cancer patients.

The biologic role of THBSI1 in the progression and metas-
tasis of breast cancer is complicated to a certain extent.
Previous studies have found that THBS1 as a positive or
negative factor determines the survival of patients with
breast cancer. The change in cell adhesion is a major step
in tumor invasion and metastasis [31]. THBS1 can regulate

cell adhesion in different cell types and control the adhesion,
migration, and proliferation of tumor cells [32]. Knockout
of THBS1 expression has been found to inhibit FAK phos-
phorylation, reduce the local adhesion of breast cancer cells,
and weaken the migratory and invasive capability of tumor
cells [33]. By contrast, other studies have described the anti-
adhesive effect of THBS1. THBS1 may block the formation
of focal adhesion or lose preformed focal adhesion [34] via
PI3K-dependent ERK activation to destroy the stability of
cell adhesion [35]. Exosome THBS1 enhances local vascular
permeability, destroys integrity, promotes breast cancer cell
spillage, and helps grow distant organs and form tiny metas-
tases by disrupting normal connections between vascular
endothelial cells [36]. In the TCGA invasive breast cancer
database, the THBS1 level in stage III breast cancer was sig-
nificantly higher than that in normal breast specimens, and
the overall survival of cases with high-THBS1 expression
was significantly poor [19]. However, other studies found
that THBS1 production by tumor cells has been shown to
significantly inhibit tumor progression, which may be partly
attributable to the reduction of tumor angiogenesis [18]. The
low-THBSI1 level in breast carcinoma stroma is associated
with axillary lymph node involvement, indicating the inhibi-
tory effect of THBS1 on tumor progression [17].

The DTC status exerted a significant effect on the prog-
nostic value of plasma THBSI1 in breast cancer patients.
Among the p-DTC patients, those with high-plasma THBS1
had a poorer prognosis than those with low plasma THBSI,
while in n-DTC patients, plasma THBS1 level had no such
influence. After adjustments with other clinicopathological
parameters, the prognostic significance of plasma THBS1
level in the p-DTC population remained unchanged. These
findings suggest that the biologic function of plasma THBS1
may be closely related to DTC activation or malignant trans-
formation. The persistence of DTCs in the bone marrow
before the operation and during follow-up is an important
prognostic index in tumors [37]. Even after the complete
resection of breast tumors, up to 40% of cases still had a high
risk of recurrence, probably owing to the reactivation of dor-
mant DTCs [38]. Evidence suggests the presence of HER2
and PR double-positive breast cancer cells secreting impor-
tant cell migration promoting factor RANKL in pre-invasion
or primary lesions, which subsequently activate the migra-
tion signals and initiate the dissemination of HER2-positive
cancer cells that do not express PR; meanwhile, THBS1
can positively regulate RANKL expression [39, 40]. The
dormancy of DTCs depends on the interrelation between
cancer cells and bone marrow stroma. Stable microvascu-
lar niches constitute the dormant chamber of DTCs. Mature
vascular endothelial cells secrete THBS1, which can induce
sustained dormancy or quiescence in breast cancer cells, ren-
dering them highly resistant to standard treatments, includ-
ing chemotherapy and anti-HER2-targeted therapy [41]. In
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Table 3 Univariable and
multivariable analyses of BCSS
in HER2-enriched breast cancer
patients

Table 4 Univariable and
multivariable survival analyses

Variables Univariate analysis Multivariate analysis
HR 95% CI P HR 95% CI P

Age (years) 1.113 0.542-2.353 0.665

Menopausal status 2.028 0.835-4.716 0.083 1.636 0.571-4.982 0.386
Histologic grading 1.159 0.563-2.254 0.745

Histologic subtype 1.194 0.323-3.015 0.882

Tumor stage 1.961 0.956-4.130 0.074 1.563 0.670-3.882 0.304
Lymph node involvement 5.130 1.783-15.160 0.003 1.667 0.424-6.983 0.442
DTCs 3.613 1.019-13.084 0.029 6.529 1.283-35.245 0.011
THBSI1 1.840 1.221-2.774 0.004 2.276 1.348-3.650 0.026

BCSS breast cancer-specific survival, HR hazard ratio, CI confidence interval, HER2 human epidermal
growth factor receptor 2, DTCs disseminated tumor cells, THBS1 thrombospondin-1

Variables

Univariate analysis

Multivariate analysis

of DDFS in HER2-enriched HR 95% CI P HR 95% CI P
breast cancer patients
Age (years) 1.141 0.443-2.607 0.782
Menopausal status 2.091 0.880-4.748 0.151
Histologic grading 2.734 1.173-6.680 0.027 1.852 0.502-6.181 0.357
Histologic subtype 2.445 0.873-6.746 0.104
Tumor stage 1.238 0.470-3.518 0.680
Lymph node involvement 2.381 1.135-4.732 0.022 2.949 1.808-6.532 0.017
DTCs 1.484 0.592-4.101 0.469
THBS1 2.326 1.481-3.651 <0.001 2.461 1.177-4.404 0.007

DDFS distant disease-free survival, HR hazard ratio, CI confidence interval, HER2 human epidermal
growth factor receptor 2, DTCs disseminated tumor cells, THBSI thrombospondin-1

addition, high-THBS1 levels predicted a poor prognosis for
HER?2-enriched breast cancer patients with p-DTCs. Mean-
while, the plasma THBS1 level had no significant effect on
the prognosis of HER2-enriched breast cancer patients with
n-DTCs. That is, the prognostic significance of the DTC sta-
tus in the plasma THBSI1 level of HER2-enriched patients is
relatively important. Targeted therapy, such as trastuzumab
and/or pertuzumab, increases the THBS1 levels [42], and
THBS1 promotes dormancy and reduces the proliferation
of DTCs to evade chemotherapy or targeted therapy [43]
and becomes a source of tumor recurrence after breast sur-
gery. However, in subgroup analysis, the p-DTC and n-DTC
patients in HER2-enriched breast cancer were relatively few.
A further study needs to be conducted on the relationship
between plasma THBS1 and DTCs in breast cancer patients.

Evidence has been reported on the relationship of ER
and PR expression with plasma THBS1 in breast carcinoma
and the detection of a higher THBS1 level in ER-negative
breast cancer [25]. Our results indicate that no correlation
existed between plasma THBS1 levels and ER, PR, and
HER2 expression in breast cancer patients. However, a
significant effect of plasma THBS1 on the progression of
HER2-enriched patients was observed. The HER2 signaling
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pathway regulates the expression of pro-angiogenic (VEGF
and IL-8) and anti-angiogenic (THBS1) factors in breast
cancer cells [42]. By transfecting retrovirus-mediated small
interfering RNA against HER?2, Yang et al. found that HER2
knockdown could upregulate THBS1 expression in breast
cancer cells [44]. The molecular mechanism by which HER2
regulates THBS1 expression has yet to be fully elucidated.
Activation of the p38 MAP kinase (p38 MAPK) pathway
promotes the metastatic and invasive phenotype of vari-
ous malignant tumors [45] but inhibits the early metasta-
sis of breast cancer in the MMTV-Her2 mouse model [46].
Previous research has elucidated that p38 MAPK signal-
ing induces upregulation of Egr-1, which can potentially
enhance THBS1 promoter activity and produce THBS1
mRNA and protein [47]. HER2 promotes proteasome reduc-
tion of Tpl2 (a p38 MAP3K) via E3 ubiquitin—protein ligase
Skp2, thereby inhibiting p38 activity and reducing THBS1
expression [48]. Notably, trastuzumab significantly increases
THBS1 expression via delayed but sustained activation
of the p38 MAPK pathway [42]. Affymetrix microarray
analyses have shown that trastuzumab treatment of BT474
cells with high HER2 expression can increase THBS1
expression [49]. In animal models of human breast cancer,
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Fig.5 Effect of the status of disseminated tumor cells (DTCs) on
the prognostic value of THBS1. A Plasma THBSI1 levels increase in
the positive DTC (p-DTC) breast cancer patients (P=0.031). Values
shown as mean+ SEM. B In patients with p-DTCs, the high plasma
THBS1 group shows poorer breast cancer-specific survival (BCSS)
than the low plasma THBS1 group (P=0.019). C In negative DTC
(n-DTC) patients, the plasma THBS1 level exerts no effect on BCSS

trastuzumab induces the normalization and degeneration
of the tumor vascular system by increasing the expression
of the anti-angiogenic element THBS1 [50]. However, the
increase in THBS1 caused by trastuzumab treatment is a
double-edged sword. THBSI1 is a major activator of trans-
forming growth factor beta (TGF-p), a potent immunosup-
pressive and pro-metastatic cytokine [21]. THBS1 increases

(P=0.658). D In HER2-enriched breast cancer patients with p-DTCs,
high plasma THBSI1 level predicts poor prognosis (P=0.012). E
In HER2-enriched breast cancer patients with n-DTCs, the plasma
THBS1 level has no significant effect on the prognosis (P=0.291).
F Cox multivariate analysis confirms the independent prognostic
value of plasma THBS1 in BCSS for p-DTC breast cancer patients
(P=0.016)

the formation of plasmin, and as a secreted adhesion protein,
it can create an environment to promote cell invasion [51].
Besides, THBS1 signaling through CD47 is the endog-
enous inhibitor that negatively regulated T cell activation
in the immune response to cancer metastasis [52]. How-
ever, HER2-positive luminal B breast cancer patients also
received HER2-targeted therapy and why does the plasma
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THBSI1 level exerts no effect on the prognosis of patients
with luminal B? The reason could be that oral endocrine
therapy drugs, such as tamoxifen or aromatase inhibitor, can
improve the poor prognosis of breast cancer caused by high-
THBSI1 levels. This argument needs to be verified using a
large-scale study.

It is widely accepted that HER2-enriched and triple-
negative breast cancer is associated with an increased risk
of developing brain metastasis [53]. In the current study,
the plasma THBSI1 level in subjects with brain metastasis
was higher than in those without brain metastasis. More
importantly, patients with high-plasma THBS1 levels had
a significantly increased risk of developing brain metas-
tasis compared with patients having low-THBS1 levels in
HER2-enriched breast cancer patients. The application of
targeted therapy such as trastuzumab and pertuzumab has
substantially improved the survival of HER2-positive breast
cancer patients; however, a number of patients have eventu-
ally developed brain metastasis [54]. Wen et al. found that
retroviral-mediated HER2 RNA (siHER2) increased THBS1
expression in BT474 breast cancer cells with high levels of
HER?2 expression and trastuzumab inhibited the growth of
BT474 xenografts and increased the THBS1 expression [42].
THBS1 could enhance the ability of invasive breast carci-
noma cells to migrate via collagen gel [55]. Longitudinal
analysis revealed that in the plasma of the mouse model of
glioblastoma multiforme (GBM), 25 abnormally expressed
proteins were identified, including Thbs 1, which was closely
related to the brain metastasis of GBM [56]. As an upstream
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molecule, THBS1 induces the transduction of the FAK/
AKT signal pathway, which can promote the brain metas-
tasis of melanoma cells [57]. In the central nervous system,
astrocytes also secrete THBS1 to promote synaptogenesis.
Phosphorylated-STAT3 positive tumor-associated astro-
cytes prevent CD8* cytotoxic T cells from entering cancer
cells by secreting immunosuppressive molecules—THBS 1
and VEGF-A [58]. Chen et al. demonstrated that THBS1
mediated selective tight junction protein autophagy and pro-
moted its degradation, and finally weakened the integrity of
the blood—brain barrier [59]. In addition, THBS1/TNF-R1
signaling induces apoptosis of microvascular endothelial
cells [60], and THBS1/CD47/Nox1 axis promotes endothe-
lial cell senescence [61]. Therefore, THBS1 may activate
various signal pathways, resulting in the destruction of the
blood-brain barrier, which provides necessary conditions
for cancer cell brain metastasis. THBS1 has been shown
to synergize with HER2/HER3 heterodimers to mediate
the marked activation of PI3K-Akt signaling, and the latter
contributes to breast cancer brain metastasis [62, 63]. We
hypothesized that inhibition of plasma THBS1 in HER2-
positive breast cancer cases receiving trastuzumab targeted
therapy might reduce the occurrence of brain metastasis.
Furthermore, the aforementioned correlation between
THBSI and potential molecules was analyzed based on
the mRNA expression using the cBioPortal database. In
the co-expression analysis, the mRNA expression levels
of THBS1 in breast cancer patients were positively corre-
lated with the expression of the aforementioned molecules
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(Fig. S1), including PIK3CA, TGFBI1, MAPK14, STAT3,
TNFRSFIA, and EGRI; however, further work is needed
to confirm this correlation.

Our study has several limitations. First, this study did
not consist of an age-matched control group, which can
further explain THBS1 alterations in normal healthy
aging. Second, sequential measurements of THBS1 and
DTCs in the study cohort, including various periods of
postoperative examination, were desirable because they
could provide information on how changes in THBS1
and DTCs could influence the prognosis. However, these
requirements were difficult to fulfill because some patients
with their respective time frames were mostly monitored
and followed up outside our clinic. Detection of DTCs
in bone marrow is an invasive procedure that needs to
be completed after anesthesia. Performing this operation
for a large number of postoperative breast cancer patients
in the outpatient department also presented a challenge.
Third, brain metastasis likely occurs decades after the
initial diagnosis, although in the current study, the occur-
rence was observed after the median follow-up of 8.33
y. We cannot exclude the possibility that any subsequent
brain metastasis may affect our results. Finally, the plasma
THBSI1 levels vary considerably, which may limit the abil-
ity of plasma THBSI as a laboratory marker. The het-
erogeneity of breast cancer may cause a wide range of
changes in plasma THBS1 levels. Antibody selection and
detection may also be related to considerable changes in
plasma THBS1 levels. A large number of samples need to
be verified to explain the variance in plasma THBS1 levels
seen among breast cancer patients.

In this preliminary study, we provide proof of the concept
that plasma THBS1 quantification opens a window for a
noninvasive biomarker in a liquid biopsy of breast cancer.
It can also be potentially used for early diagnosis, monitor-
ing treatment response, and detecting brain metastasis. We
underscore the importance of sufficiently powered studies to
establish the clinical diagnostic criteria of plasma THBS1
in breast cancer patients and to test the utility of plasma
THBSI1 in identifying breast cancer brain metastasis.

In conclusion, our findings indicate that high-plasma
THBSI1 level is an independent unfavorable prognostic bio-
marker and is significantly associated with brain metastasis
in HER2-enriched breast cancer patients. Plasma THBS1
may have a specific effect on biological characteristics and
brain metastasis in HER2-enriched breast cancer, and fur-
ther studies are warranted to identify specific breast cancer
populations that may benefit from THBS1 inhibition.
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