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ABSTRACT

Background: Biomarkers of angiogenesis and lymphangiogenesis have been explored in cancer prognostic models; however,
their potential role in assessing local tumor invasiveness remains poorly understood.

Aims: This study aimed to evaluate the correlations of angiogenic biomarkers, specifically the angiopoietin (ANG)-Tie system
and vascular endothelial growth factor-C (VEGF-C), with lymphangiogenesis and the related histopathological characteristics
in Iranian women with breast cancer.

Methods and Results: In this consecutive case series (n=149) from the Breast Cancer Risk and Lifestyle (BCRL) study, plasma
levels of pro-angiogenic factors, including VEGF-C, ANGs, and Tie-2, were assessed using ELISA. Clinicopathological data were
collected, excluding stage IV cases to focus on patients with localized disease. Axillary lymph node metastasis (ANLM), and vas-
cular invasion (VI) were common in the study population, occurring in 61.5% and 77.6% of cases, respectively (p < 0.01). Estrogen
receptor-positive (ER) tumors were observed in 89.1% of ANLMT™ participants, while human epidermal growth factor receptor-
2-positive (HER-2") tumors were identified in 22.8% of patients with ALNM. Plasma levels of ANG-1 (r=0.19) and VEGF-C
(r=0.29) were positively correlated with the ALNM ratio (p <0.05). Multivariate analysis in patients with grade II tumors re-
vealed significant inverse correlations between VEGF-C and angiogenic biomarkers, including ANG-2 (§=—0.25), the ANG-2/
Tie-2 ratio (8 =—0.28), and the (ANG-1 + ANG-2)/Tie-2 ratio (= —0.29) (p < 0.05). Receiver operating characteristic (ROC) curve
analysis indicated that ANG-2 could effectively assess ALNM status, with an optimal cutoff of 3.39 pg/mL, identifying ALNM
in 66.0% of patients with low VEGF-C levels (95% CI: 0.54-0.78), increasing to 68.0% when combined with ANG-1 as the ANGs/
Tie-2 ratio (95% CI: 0.56-0.80). In ER* tumors, high plasma ANG-2 levels were observed (p <0.05). Significantly higher levels of
the (ANG-1+ ANG-2)/VEGF-C ratio were noted in patients with VI* (p <0.05). Findings descriptively highlighted ER* status
as a common characteristic in VI* and ALNM* tumors. In HER-2* patients, both ANG-1 and the (ANG-1+ ANG-2)/Tie-2 ratio
showed inverse correlations with VEGF-C, while in ER™ breast cancer patients, ANG-2 was inversely correlated with VEGF-C.
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Conclusion: These findings provide new insights into the inverse correlation between plasma levels of ANGs and VEGF-C,

particularly in cases with positive ALNM, underscoring the role of hormone receptor-dependent characteristics. The integration

of the triple angiogenic biomarkers ANG-2/Tie-2/VEGF-C within the tumor microenvironment, combined with the regulatory
influence of hormonal receptors, merits further investigation as a potential biomarker panel for identifying lymphatic anomalies

and VT positivity in breast cancer patients.

1 | Introduction

Lymphangiogenesis, the formation of new lymphatic vessels,
is a crucial step in malignant pathological transformations
and tumor metastasis [1]. This process shares similarities
with angiogenesis and is regulated by a complex balance of
pro- and anti-angiogenic growth factors [2]. These factors
influence tumor cell growth and progression, often acceler-
ating the transition to advanced metastatic stages [3]. Cancer
cells secrete pro-angiogenic growth factors that drive endo-
thelial cell proliferation, vessel sprouting, migration, and en-
largement, ultimately contributing to the development of new
vessels [4]. Among the diverse angiogenic factors, vascular en-
dothelial growth factor (VEGF) and angiopoietins (ANGs) are
central to angiogenesis, though their roles in inducing lymph-
angiogenesis differ significantly [5, 6]. The VEGF-C, in partic-
ular, plays a pivotal role in the formation and remodeling of
lymphovascular structures, with its effects mediated through
specific VEGF receptors [2]. VEGF-C binding to VEGFR-2 is
associated with both tumoral angiogenesis and lymphangio-
genesis, whereas VEGF-C binding to VEGFR-3 specifically
drives lymphangiogenesis [2, 7]. Epidemiological studies
have demonstrated that VEGF-C protein levels correlate with
lymph node invasiveness in cancer [8, 9], highlighting its po-
tential as a diagnostic biomarker for lymphatic progression in
breast tumors.

Angiopoietins, such as ANG-1 and ANG-2, play a crucial role
in regulating angiogenesis by interacting with the Tie-1 (tyro-
sine kinases receptor with immunoglobulin-like and EGF-like
domain 1) and Tie-2 receptors [10]. ANG-1, an agonist ligand for
Tie-2, supports endothelial cell integrity, migration, and blood
vessel maturation [11]. In contrast, ANG-2, which competes
with ANG-1 for Tie-2 binding, triggers Tie-2 autophosphoryla-
tion [12], leading to the destabilization of endothelial cell junc-
tions and promoting vessel sprouting and branching [10, 11].
In addition, the dynamic balance between ANG-1 and ANG-2
(e.g., ANG-1/ANG-2) during carcinogenesis highlights the crit-
ical role of VEGF-C in endothelial cell proliferation [13]. When
VEGF levels are low, ANG-2 can induce the regression of vascu-
lar formation and exhibit antagonistic effects [11]. The intricate
regulation of vessel formation by ANGs dependent on VEGF
levels, with the ANG-1/ANG-2 ratio playing a crucial in deter-
mining whether endothelial cells proliferate to form new blood
vessels or regress existing ones [14].

While various growth factors are known to promote lymphan-
giogenesis [13], the interactions between ANGs and VEGF-C in
relation to clinical factors—such as tumor size [15], grade [16],
and migration-related characteristics like vascular or lymphatic
invasion—have been less extensively studied [17]. Some studies
have linked elevated VEGF levels with advanced breast cancer

features, including larger tumor sizes and axillary lymph node
metastasis (ALNM) [18, 19]. While some studies have indicated
that VEGF-C and ANGs function together in promoting lymph-
angiogenesis [19, 20], a comprehensive understanding of the
ANGs/Tie/VEGF-C interaction system in pathologic lymphan-
giogenesis still requires further investigation [21].

The estrogen receptor (ER) and progesterone receptor (PR) are
well-established tumor markers clinically used to predict the
likelihood of response to endocrine therapy [22-25]. Intracellular
ER-dependent signaling is a potential growth-promoting factor
in ER* tumors [23], contributing to angiogenesis by enhancing
endothelial cell proliferation [24, 25]. Evidence indicates that
ER signaling response elements are located in the promoters
of VEGF and ANG genes [26, 27]. However, no epidemiological
study has yet explored the role of hormonal receptor (HR; i.e.,
ER and PR) expression in the inter-relationship of angiogenic
factors in breast cancer.

The upregulation of the epidermal growth factor receptor
(EGFR-2 or HER-2) is a well-recognized histopathologic marker
of breast cancer, often associated with poor prognosis [8]. In vitro
investigations using breast cancer cell lines have demonstrated
that VEGF-C can induce HER-2-dependent tumor cell migration
[28]. Recent studies also indicate a correlation between elevated
HER-2 expression and increased VEGF-C levels, reinforcing the
hypothesis that HER-2-mediated angiogenic interactions might
be linked to lymphangiogenesis [8, 29].

Investigating angiogenic biomarkers as potential indicators
for identifying patients at risk of metastasis offers a promis-
ing research direction. Additionally, the influence of specific
hormone-receptor profiles on variations in angiogenic biomark-
ers remains largely unexplored. This study therefore aims to in-
vestigate the associations among plasma levels of angiopoietins,
Tie-2, and VEGF-C, and their potential links to lymphangiogen-
esis and key histopathological features in Iranian women with
primary breast cancer.

2 | Materials and Methods
2.1 | Study Population

The present study population is drawn from the Breast Cancer
Risk and Lifestyle (BCRL) study, a prospective, consecutive
case series initiated in 2009 that targets females diagnosed with
primary breast cancer in Northwestern Iran. Participants were
recruited from surgical wards of Nour-Nejat, Shams, and Imam-
Reza referral hospitals, along with the oncology departments of
Shahid-Ghazi Hospital in Tabriz, Iran. This multicenter study
was designed to explore potential lifestyle-related risk factors
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for breast cancer within the population of Northwestern Iran.
The current recruitment comprises 149 newly diagnosed women
with histologically confirmed primary breast cancer admitted
to the surgical ward of the Nour-Nejat Hospital, Tabriz, Iran.
Enrolment and data collection took place pre-surgery (mastec-
tomy or partial mastectomy) between October 2014 and April
2016. The mean age at diagnosis was 46.4+8.6years (range:
30-75years; median age: 46.0years). The inclusion criteria for
this study comprised women diagnosed with non-metastatic
breast cancer (clinical stage I-IIIA), who provided written in-
formed consent and had no history of other cancers or benign
breast diseases. The exclusion criteria included pregnancy,
breastfeeding, and chronic use of medications that could affect
cancer metabolism and proliferation. Other medical conditions
leading to exclusion were previous oncologic surgeries, and prior
adjuvant or neoadjuvant therapies (e.g., chemotherapy, radio-
therapy, and hormonal therapy), which were assessed to ensure
the selection of primary malignancy. Additionally, participants
with chronic inflammatory diseases (e.g., cardiovascular dis-
ease, and type II diabetes), or those using anticonvulsants, con-
traceptives, or hormone replacement therapy within the 2years
prior to the study were also excluded. Further details on the ex-
clusion criteria can be found in previous publications [23, 30-35].

2.2 | Ethics Statement

Prior to enrollment, participants received a verbal description
of the study and its ethical considerations, accompanied by a
written consent form. The study design and procedures were
compiled with the Ethical Guidelines for Observational Studies
[32, 36]. The research protocol which outlined the methodology,
study subjects, sample size, data collection, biochemical tests,
analysis, and ethical considerations, was reviewed and approved
by the Ethical Committee of Tabriz University of Medical
Sciences (ethical code: 5-4-8327). This report adheres to the
STROBE guidelines for observational studies [37].

2.3 | Interview

Data on sociodemographic factors, reproductive history, and
lifestyle characteristics, were collected through face-to-face
interviews in hospital settings. This include age, occupation,
education levels, reproductive factors (e.g., lactation history),
medical history, family history of breast cancer, physical ac-
tivity, and smoking habits. Anthropometric measurements, in-
cluding waist circumference (cm), height (cm), and weight (kg),
were taken, and body mass index (BMI, kg/m?) was calculated
subsequently.

2.4 | Laboratory and Biochemical Analysis

Venous blood samples were collected from enrolled participants
following overnight fasting and prior to surgery, using EDTA
tubes (Becton Dickinson Vacutainer Systems, Plymouth, UK).
The samples were promptly centrifuged at 3000x g for 10min
(Sanyo-Gallenkamp Ltd. Loughborough, UK), and the plasma
supernatant was aliquoted into sterilized tubes, and stored at
—80°C until laboratory analyzes.

Commercial enzyme-linked immunosorbent assay (ELISA) re-
agents (Cusabio, China: Cat. no. CSB-EL001706HU for ANG-1,
Cat. no. CSB.E04500h for ANG-2, and Cat. no. CSB-EL023375HU
for Tie-2; eBioscience, United Kingdom: Cat. no. BMS297/2 for
VEGF-C) were used to measure plasma levels according to the
respective kit instructions. Intraobserver and interobserver co-
efficient variations (CVs) for ANGs (ANG-1, and ANG-2), and
Tie-2 were <8% and <10%, respectively. Serum VEGF-C con-
centration measurement exhibited a CV of 6.7% within observ-
ers and 12% between observers. Each biomarker measurement
for every individual was conducted in triplicate simultaneously
within a single laboratory run.

2.5 | Pathological and Immunohistochemical
(IHC) Data

Specific antibodies were employed for IHC staining of micro-
tome sections from paraffin-embedded tissue specimens, con-
ducted overnight at 8°C in the Azerbaijan Sharghi Pathology
Laboratory, Tabriz, Iran. Cell staining percentages were eval-
uated using a binocular microscope (Zeiss KF2 binocular,
Germany). HER-2 (HER-2/neu) was considered positive if the
membrane or membrane plus cytoplasmic staining by the an-
tibody (A0485, 1/200; Dako Denmark A/S, Glostrup, Denmark)
exhibited weak staining < 10% of tumor cells or higher intensity
in >10% of tumor cells [38]. The IHC analyzes for ER and PR
were conducted using Clone ID5 (Dako Denmark A/S, Glostrup,
Denmark) and Clone PgR636 (Dako Denmark A/S, Glostrup,
Denmark), respectively. A negative status for ER and PR protein
expression (i.e., HR) was defined as staining of less than 5% [36].

Pathologic records were carefully reviewed to collect data on histo-
pathological subtypes, tumor size, tumor grade, vascular and lym-
phatic invasions, ALNM, and THC results for each patient. Breast
tumor with lymphatic invasion (LIT) represents a significant risk
factor for the progression of tumor spread to the lymph nodes [39],
and is thus anticipated to be closely associated with ALNM status.

The ALNM ratio, calculated by dividing the involved ALNMs by
the total number of surgically dissected axillary lymph nodes,
is proposed as a new quantitative index for interpreting tumor
infiltration within lymphatic vessels in breast cancer.

2.6 | Statistical Analysis

All statistical analyzes were conducted using the SPSS software
(version 23.0; SPSS Inc. Chicago, IL, USA). The chi-square test
was employed to evaluate categorical variables, while indepen-
dent sample #-test was used to compare continuous variables. Log
transformations were applied to all continuous variables except
Tie-2. Each plasma biomarker was categorized based on the me-
dian value determined from the study population. To analyze the
association between HR status and biomarker levels, odds ratios
(OR) and 95% confidence intervals (95% CI) were calculated. One-
way analysis of variance (ANOVA) was utilized to compare vari-
ances among multi-stratum variables. Adjusted models included
age at diagnosis (year), BMI (kg/m?), number of live births (n),
and pathological disease grade (I, II, and IIT), as main confound-
ing factors. The standardized correlation coefficient value () was
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TABLE 1 | Histopathologic and general characteristics of TABLE1 | (Continued)
participants with breast cancer (n =149). -
Number Relative
Number Relative of patients  frequency
of patients  frequency Variables n) (%) p*
3 a
Variables (n) (%) P Menopausal status
Age at diagnosis Premenopause 95 65.9
+8S.D. 4£8.
Mean+S.D 147 46.4x8.6 Postmenopause 49 34.1 <0.01
<46 5 o1 Number of live
>46 72 48.9 0.56 birth
Histopathology <2 25 17.5
Ductal 114 95.0 >2 118 82.5 <0.01
Others 6 5.0 <0.01 Number of lactation
Histopathological <2 29 20.7
grade >2 111 79.3 <0.01
I 16 11.5 BMI (kg/m?)
II 112 80.5 <20 4 30
11T 11 8.0 <0.01 20-24.9 18 137
Tumor size >25 110 83.3 <0.01
<2.5 42 323 Note: Some missing data existed in histopathologic variables.
2.5_4 54 41.6 Abbreviations: ALNM, axillary lymph node metastases; BMI, body mass index;
' : ER, estrogen receptor; HER-2, human epidermal growth factor receptor 2; PR,
progesterone receptor.
24 34 26.1 0.09 2The p value was obtained using the chi-square test.
Receptor status
ER calculated separately for the association of the studied biomarkers
with plasma VEGF-C concentrations across HR status, and the cat-
Positive 136 91.3 egories of pathological features, including tumor grade, ALNM, VI,
Negative 13 37 <0.01 and LI. Receiver oper'atlng charact.enstlc (ROC) curves were gener-
ated to assess ALNM involvement in breast cancer patients based on
PR lymphangiogenic biomarkers under study. For predicting the binary
Positive 131 88.5 classification of ALNM status, the ROC curve plotted test sensitivity
on the y-axis against the false-positive error rate (1-specificity) on the x-
Negative 17 11.5 <0.01 axis [34, 40]. The ROC curve accounts for the positive likelihood ratio,
HER-2 calculated as sensitivity divided by the false-positive error rate [40].
. Additionally, Youden's index was used to identify the optimal cutoff
Positive 29 19.5 point for lymphangiogenic biomarkers in detecting ALNM involve-
Negative 120 80.5 <0.01 ment in breast cancer patients. The accuracy of the test biomarker was
. . evaluated using the area under ROC curve (AUC) [34, 35, 40], which
Vascular invasion represents the overall ability of the test biomarker to distinguish true
Positive 920 77.6 positive from true negative regarding ALNM. An AUC value between
Negati 26 - 0.01 0.5 and 1.0 is considered suitable [34, 35, 40]. A p value less than 0.05
cgative ) <0 (two-sided) was regarded as statistically significant.
Lymphatic
invasion
Positive 63 60.6 3 | Results
Negative 41 39.4 0.03 3.1 | General Characteristics
ALMN . . . -
The demographic and histopathologic characteristics of 149
Positive 38 61.5 primary breast cancer patients are summarized in Table 1. The
Negative 55 38.5 <0.01 mea'n 'age at diagnosis was 46.4+8.6years. Among the stu'dy
participants, 66.0% (95 out of 144) were premenopausal, while
(Continues) ~ 34.0% (49 out of 144) were postmenopausal. Pathological grade
IT tumors comprised 80.6% of the cases (112 out of 139; p <0.01),
40f 15 Cancer Reports, 2025



and invasive ductal carcinoma (IDC) was the predominant histo-
pathologic subtype, accounting for 95.0% of cases (114 out of 120,
with 29 records missing data; p <0.01). The proportion of ER*
tumors was 91.3%, and PR* tumors constituted 88.5%. The HER-
2* tumors comprised 19.4% of the study population (p <0.01).

Mean plasma levels of angiogenic factors in breast cancer pa-
tients (n=149) were as follows: ANG-1: 4.9+7.4ng/mL (ref-
erence range: 0.6-6.0ng/mL) [41], ANG-2: 4.0+5.5pg/mL
(reference range: 0.5-3.0 pg/mL) [41], Tie-2: 1.7+ 0.8 ng/mL (ref-
erence range:10.0-92.0ng/mL) [41], and VEGF-C: 0.1+0.2ng/
mL (reference range: 0.04-7.75ng/mL) [41]. Notably, ANG-2
concentrations exceeded the reference range (p <0.01) [41].

3.2 | Lymphovascular Involvement
and Lymphangiogenic Biomarkers

The (ANG-1+ ANG-2)/VEGF-C ratio was elevated in subjects
with vascular invasion (VI) compared to those with non-VI
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(p<0.05). Additionally, an inverse correlation between ANGs/
Tie-2 and VEGF-C was observed in participants without VI
(B=-0.58, p<0.05).

Our findings revealed a significantly higher ALNM ratio in
the LI* group compared to tumors without LI (Figure 1), in-
dicating consistency between these two variables. As illus-
trated in Figure 2, plasma ANG-1 levels were correlated with
tumor size (r=0.24, p<0.05). Figure 2 also illustrates a signif-
icant positive correlation between plasma ANG-1 levels and
tumor size (r=0.19, p < 0.05). In Figure 3, correlations be-
tween pro-angiogenic biomarkers and the ALNM ratio are de-
picted. Notably, plasma levels of ANG-1 (r=0.19) and VEGF-C
(r=0.29) showed significant positive correlations with the
ALNM ratio (p <0.05).

3.4 | Diagnostic Potential of Lymphangiogenic
Biomarkers

Figure 4 presents ROC curves that assess the diagnostic perfor-
mance of angiogenic biomarkers for predicting ALNM status.
The ANG-2 demonstrated notable specificity and differentia-
tion power for detecting ALNM positivity, achieving an AUC of
62% (p <0.05). In comparison, the ANG-1/ANG-2 ratio showed
a slightly lower AUC of 59% (p=0.08). Figure 5 further high-
lighted that ANG-2 performed particularly well in identifying
ALNM involvement among patients with lower VEGF-C levels
(p<0.05). Additionally, the ratios of (ANG-1+ANG-2)/Tie-2
and ANG-1/ANG-2 were found to be strong indicators of ALNM
positivity, with significant AUCs ranging from 64% to 68%, espe-
cially in cases with low plasma VEGF-C levels (p <0.05). Linear
regression analyzes (Table 4) revealed significant negative asso-
ciations between the ANGs/Tie-2 (f=-0.29) and ANG-2/Tie-2
(8 =-0.28) ratios with VEGF-C in Grade II tumors (p <0.05).

3.5 | Receptor Status

Table S1 summarizes the hormonal receptor and HER-2 statuses
in relation to lymphatic and vascular invasions within the study

TABLE 2 | Associations between lymphatic- or vascular-invasion
and the involvement of axillary lymph node metastasis (ALMN-
negative or -positive).

ALNM status
Positive Negative P

Lymphatic invasion

Positive 41 (97.6%) 1(2.4%)

Negative 10 (35.7%) 18 (64.3%) 0.008
Vascular invasion

Positive 49 (75.4%) 16 (24.6%)

Negative 6 (40%) 9 (60%) <0.01

Note: The chi-square test was performed. The data were expressed in the
number of patients (percent).

population. Descriptively, a higher frequency of ER/PR expres-
sion was observed in patients with ALNM+ status, while HER-2
negativity was more common in this group. Similarly, ER/PR
expression was frequently observed in VI* status. These find-
ings were not statistically significant. Figure 1 shows that the
average plasma levels of ANG-2 were significantly higher in ER*
and PR* patients compared to their HR-negative counterparts
(p<0.05). However, no significant differences were observed in
other angiogenic biomarkers based on tumoral HR status.

Table 5 summarizes the OR demonstrating associations be-
tween HR status and angiogenic biomarkers. Tumors exhibiting
active PR signaling had a higher likelihood of elevated ANG-2
levels (OR=3.3, 95% CI: 1.01-10.8).

Table 6 displays correlations between independent biomarkers
(ANG-1, ANG-2, and Tie-2) and plasma VEGF-C levels based on
dichotomous HR status in breast tumors. Plasma ANG-1 levels
exhibited a significant inverse correlation with VEGF-C among
HER-2" patients in both crude (8=—0.46) and adjusted (5=—-0.61)
models (p<0.05). The inverse correlations between ANGs/Tie-2
ratio and VEGF-C in the HER-2* subgroup were observed in both
the crude (8=-0.52, p<0.05) and adjusted models (§=-0.57,
p<0.05). A significant positive correlation was attained between
the ANG-1/ANG-2 ratio and plasma VEGF-C among ER* patients
in the adjusted model (8=0.22, p<0.05). An inverse relationship
between ANG-2/Tie-2 and VEGF-C in the ER™ subgroup of breast
cancer patients was also evident (3=-0.61, p<0.05).

4 | Discussion

Our findings revealed a significant inverse correlation be-
tween the ANGs-Tie-2 ratio and VEGF-C levels in patients
with grade II breast tumors. Based on ROC analysis, this
study is the first to demonstrate that ANG-2 is a remarkable
biomarker for assessing ALNM status, particularly in pa-
tients with low VEGF-C levels. Notably, the accuracy of this
assessment improved further when the ANGs/Tie-2 ratio was
incorporated in patients with low VEGF-C. Elevated plasma
ANG-2 levels were found in ER* tumors, and higher ANGs/
VEGF-C ratios were noted in VI* cases. Additionally, HER-
2% tumors showed an inverse correlation between ANG-1 and
VEGF-C, suggesting receptor-dependent variations in angio-
genic markers.

4.1 | Lymphangiogenic Biomarkers

There was a strong correlation between plasma VEGF-C lev-
els, and the ALNM ratio, aligning with previous research that
could further highlight the critical role of VEGF-C in promoting
lymphangiogenic metastasis in invasive breast cancer [6, 42].
VEGF-C stands out as a key factor in lymphovascular formation
[6, 8]. However, its interaction with ANGs is crucial for influ-
encing lymphovascular sprouting and vessel diameter [13, 43].

In addition to the well-established antagonistic roles of
ANG-1 and ANG-2 in vascular formation, recent studies have
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TABLE 3 | Linear regression analysis to obtain correlation coefficients (8) between plasma levels of studied biomarkers and the corresponding
ratio through stratification analyzes considering ALNM (+: involved and —: negative ALNM), vascular invasion, and lymphatic invasion status in

unadjusted (crude), and adjusted models (n =143.

VEGF-C (ng/mL)

Lymphatic No lymphatic Vascular No vascular
ALNM+ ALNM- invasion invasion invasion invasion
Variables® (n=88) (n=55) (n=63) (n=41) (n=90) (n=26)
ANG-1 (ng/mL)
Crude —0.15(0.26)° —0.02 (0.88)P —0.17 (0.29)° 0.25 (0.20)° —0.11 (0.39)® 0.27 (0.30)®
Adj. model® —-0.17 (0.28) 0.22(0.31) —0.21(0.23)® 0.26 (0.22)¢ —0.09 (0.52) —0.40 (0.11)4
ANG-2 (pg/mL)
Crude —0.29 (0.03)* —0.02 (0.90) —0.24 (0.14) -0.20 (0.31) -0.19 (0.16) -0.30 (0.25)
Adj. model® —0.35 (0.03)* —0.05(0.81) —0.34 (0.04)* —-0.23(0.25) —-0.25(0.09) —-0.48 (0.08)
Tie-2 (ng/mL)
Crude 0.04 (0.74) —0.20(0.23) 0.05 (0.75) —0.12(0.53) 0.01 (0.99) —0.07 (0.79)
Adj. model® 0.10 (0.51) —0.07 (0.75) 0.13 (0.42) —0.03 (0.85) 0.09 (0.51) 0.03 (0.90)
ANG-1/ANG-2
Crude 0.15(0.23) 0.19 (0.25) 0.28 (0.09) 0.13 (0.51) 0.17 (0.19) —0.18 (0.50)
Adj. model® 0.22(0.18) 0.28 (0.22) 0.26 (0.12) 0.18 (0.38) 0.21 (0.16) —-0.24(0.27)
(ANG-1+ANG-2)/
Tie-2
Crude —0.28 (0.03)* 0.01 (0.97) —0.30(0.06) —0.02(0.89) —0.17 (0.20) —0.33(0.20)
Adj. model® —0.34 (0.03)* —0.01 (0.91) —0.38 (0.02)* —0.04 (0.83) —-0.25(0.09) —0.58 (0.02)*
ANG-2/Tie-2
Crude —0.32 (0.01)* 0.06 (0.73) —0.29 (0.07) —0.21(0.28) —0.14 (0.29) —0.29 (0.26)
Adj. model® —0.38 (0.01)* —0.12 (0.60) —0.36 (0.03)* —0.24(0.23) —0.30 (0.04)*  —0.51(0.06)

Abbreviations: ALNM, axillary lymph node metastasis; ANG-1, angiopoietin-1; ANG-2, angiopoietin-2; Tie-2, tyrosine kinase with Ig and EGF homology domains 1;

VEGF-C, vascular endothelial growth factor-C.
2Some missing data exist in pathological variables.
bData were expressed as 8 (p value) in bold.

°The model was adjusted for age at diagnosis (year) and lymphatic invasion (yes/no).

4The model was adjusted for age at diagnosis (year) and body mass index (BMI) at diagnosis (kg/m?).
°The model was adjusted for age at diagnosis (year) and axillary lymph node metastasis (yes/no).

*Statistical level of significance was considered in p <0.05.

highlighted synergistic contribution of other pro-angiogenic
factors, beside ANG function, to lymphangiogenesis [20, 44].
The AUC analysis demonstrated that ANG-2 exhibited a sig-
nificant ability to more accurately assess ALNM status, un-
derscoring its potential as a reliable biomarker for metastatic
progression. The ROC curve identified an optimal cutoff for
ANG-2 at 3.39 pg/mL for detecting ALNM status. This cutoff
is above the reference range reported in a previous study in-
volving non-cancerous conditions, such as hypertension [41].
Furthermore, ANG-2 effectively identified ALNM status in
66% of breast cancer patients with low VEGF-C levels. The in-
teraction of VEGF-Cwith ANG-2 overregulation is essential for
endothelial and pericyte cell growth, which seems crucial for
lymphangiogenesis [45]. The VEGF-C has been shown to acti-
vate lymphatic endothelial cells, leading to increased ANG-2
transcription [46]. Consequently, ANG-2 plays a central role in
both the maturation of new vascular formation and lymphatic

angiogenesis [47]. In vivo mouse studies supported the role
of ANG-2 in lymphangiogenesis in malignancies of the small
intestine and skin [46]. Imanishi et al. showed that ANG-2
activates o501 integrin/integrin-linked kinase-Akt-GSK-3(-
Snail pathway, promoting metastasis to distant organs [48].
The present findings from the AUC analysis demonstrated a
68% improvement in detection rate when incorporating the
ANGs/Tie-2 ratio, particularly in patients stratified based on
low VEGF-C levels. This combination of biomarkers improved
the accuracy of identifying ALNM positivity in these patients
compared to using individual markers alone.

In ANG-2-deficient mice, impaired lymphatic vascular func-
tion and formation were observed, which was restored by
ANG-1, suggesting a coordinating role for ANG-1 and ANG-2
in regulating lymphangiogenesis and maintaining lymphatic
homeostasis [44, 49]. In the present study, the plasma level of

70f 15



r=024,p=00l

=N
1
o
o
o
S
o
o
1

a
|
°
]
S
°
°
°
°

IS
|
9988
°
°
°

o o

r=0.15 p=0.08 r=-0.01,p=093

=N
1
o
8
o
o
o

IS
1
°
°
°

Tumor size (cm)
8
o
°
°
°
3
Tumor size (cm)

&)
|
e
o
S
5
o
o
o
o
5
|

cr
cr

Tumor size (cm)
]
8

&)
|
o

T | T T T
0 3 6 9 12 15 0 5 10

® ANG-1 plasma level (ng/ml) (b)

T T T I T I I

15 20 25 30 0 1 2 3 4 5
ANG-2 plasma level (pg/ml) ©

Tie-2 plasma level (ng/ml)

=N
1
°
o

oo

T
o
S
i
o
.

r=-0.01,p=0.88

Tumor size (cm)
(5

|

°

o

o

o

T I
0.0 0.0 0.1

I T

T T
02 02 02 03

@ VEGF-C plasma level (ng/ml)

FIGURE 2 | Correlations between angiogenic biomarkers and tumor size. Scatter plots illustrate the correlation between angiogenic plasma bio-
markers and tumor size (cm) in primary breast cancer patients (n=130). Pearson's correlation coefficient (r) is provided.

ANG-1 was positively correlated with the ALNM ratio, high-
lighting its significance in lymphatic anomalies and increas-
ing the ALNM ratio. Previous in vitro and in vivo studies have
elucidated the essential contribution of ANG-1 to the prolif-
eration of lymphatic endothelial cells, as observed in mouse
cornea studies [49]. The intricate role of ANG in conjunction
with other angiogenic biomarkers in breast cancer-associated
lymphatic anomalies, along with the involvement of addi-
tional transcriptional factors in regulating lymphangiogene-
sis, underscores the importance of identifying key mediators
in the ANGs-VEGFs signaling pathway.

This study highlighted the importance of angiogenic factors in
invasive subtypes of breast cancer (ALNM, VI*, and LI*), partic-
ularly the interplay between ANGs and VEGF-C. Our findings
demonstrated a higher ANGs/VEGF-C ratio in patients with VI*.
Consistent with this, in vitro and animal studies have shown that
ANG-2 overexpression, dependent on VEGF expression status, is
linked to increased endothelial cell proliferation, vascular infil-
tration, and a greater likelihood of metastasis [48]. Additionally,
our findings of inverse correlations between ANG-2 and VEGF-C
in patients with ALNM and LI* tumors could suggest that a com-
bination of pro-angiogenic factors, rather than VEGF-C alone,
might more effectively differentiate lymphovascular anomalies
[27]. While this study sheds light on the interplay of angiogenic
factors in pathological contexts of lymphatic anomalies, it high-
lights the necessity for biomarker validation through large-scale
prospective epidemiological studies.

4.2 | Pathological and Hormonal Receptor Status

The present findings demonstrated plasma ANG-2 levels were
lower in ER™ and PR~ statuses, suggesting a potential role for

HR-induced regulations of ANG-2 expression. In ER™ patients,
notable inverse correlations were observed between VEGF-C
and both ANG-2 and the ANG-2/Tie-2 ratio, suggesting that
VEGF-C might inversely influence ANG-2 levels. Conversely,
in ER* patients, significant positive relationships were found
between VEGF-C and ANG-1/ANG-2, indicating that VEGF-C
could contribute to ANG-1 transcription, potentially influenced
by the upstream activity of ER across other molecular pathways.
Additionally, Harfouche et al. demonstrated that ER upreg-
ulation led to ANGPT-2 overexpression, which was negatively
associated with ANGPTI mRNA expression in breast cancer
cell lines [24]. Despite HR-dependent changes in ANG levels,
VEGF-C levels did not differ between HR statuses. This suggests
that HR status might act as a key modifier, potentially altering
the relationship between VEGF-C and ANG-2 to an inverse cor-
relation. Although some studies have suggested the presence of a
functional estrogen-sensitive response element in the regulatory
region of the VEGF genes [50], our findings could not support
ER-dependent variations in VEGF-C levels. Our observations
of ER-dependent correlations between VEGF-C and ANG-1/
ANG-2 could highlight the potential for further experimen-
tal research to explore how estrogen and its antagonists might
directly influence the production of key angiogenic factors in
hormone-responsive tumors. Overall, our findings suggest that
VEGF-C-dependent variations in ANG levels are predominantly
associated with tumoral ER status [26]. These findings warrant
future studies with clinical implications, particularly exploring
the administration of ER antagonists to suppress lymphangio-
genesis in breast cancer.

Active and overexpressed HER-2 in tumors is closely associ-
ated with poorer survival outcomes in breast cancer patients
[51]. Our results indicated a potential inverse correlation
between ANGs/Tie-2 ratio and VEGF-C levels, suggesting
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transcriptional upregulation of ANGPT genes, particularly
among HER-2-positive breast cancer patients. In addition,
ANG-1 levels showed a significant inverse correlation with
VEGF-C levels, particularly in patients with HER-2 positive
tumors. Niu and Carter highlighted the HER-2 signaling in
activating AKT and extracellular regulated kinase (ERK)/
mitogen-activated protein kinase (MAPK), leading to ANGPT
upregulation [52]. Additionally, Schoppmann et al. demon-
strated that HER-2 stimulation induces VEGF-C upregulation
in the MCF-7 cell line, thereby increasing the risk of lymphatic
metastasis in tumoral breast cancer cells [9]. While correla-
tions between ANGs and VEGF-C based on HER-2 staus have
been noted, understanding the clinical importance of this

triple-axis pathway is crucial for guiding future research into
lymphatic diagnosis and treatments to prevent lymphoangio-
genesis in breast cancer.

In grade II disease, VEGF-C levels exhibited inverse cor-
relations with plasma levels of ANG-2/Tie-2, ANGs/Tie-2
and suggesting that ANGs, and their specific receptor, Tie-2,
are involved in events closely related to VEGF-C regulation.
Conversely, the correlation was positive for the ANG-1/ANG-2
ratio, indicating a direct relationship with ANG-1, whereas for
ANG-2, VEGF-C can function as an inverse modulator, con-
tributing to the upstream regulatory effects of VEGF-C. Several
epidemiologic studies have reported the overexpression of
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TABLE 4 | Linear regression analysis to obtain correlation coefficients (8) between plasma levels of studied biomarkers and the corresponding
ratios with the plasma level of VEGF-C by considering the pathological grade of breast cancer patients in unadjusted (crude) and adjusted models®

(N=139).

Variables

VEGF-C (ng/ml)

Grade I (n=16)

Grade II (n=112)

Grade III (n=11)

ANG-1 (ng/mL)

Crude 0.67 (0.14)2

Adj. model® 0.73 (0.20)
ANG-2 (pg/mL)

Crude 0.05(0.91)

Adj. model® 0.21 (0.70)
Tie-2 (ng/mL)

Crude —0.41 (0.40)

Adj. model® —0.57(0.32)
ANG-1/ANG-2

Crude —0.50(0.30)

Adj. model® —0.59 (0.31)
ANG-1+ ANG-2/Tie-2

Crude 0.54 (0.26)

Adj. model® 0.71 (0.13)
ANG-2/Tie-2

Crude 0.01 (0.99)

Adj. model 0.15(0.79)

~0.13 (0.24) 0.20 (0.66)*
-0.17 (0.17) —0.37(0.65)
—0.21 (0.06) 0.20 (0.66)
—0.25 (0.04)* 0.25 (0.80)
0.06 (0.59) —0.49 (0.25)
0.13 (0.29) —0.09 (0.88)
0.21 (0.05) ~0.29 (0.51)
0.24 (0.04)* 0.47 (0.51)
—0.20 (0.07) 0.32(0.47)
—0.29 (0.01)* —0.01 (0.51)
—0.15(0.17) 0.11 (0.80)
—0.28 (0.02)* 0.34(0.73)

Note: Some missing data exist in pathological grades. * Statistical level of significance was considered in p <0.05.
Abbreviations: ANG-1, angiopoietin-1; ANG-2, angiopoietin-2; n, number of participants; Tie-2, tyrosine kinase with Ig and EGF homology domains 1; VEGF-C,

vascular endothelial growth factor-C.
2Data were expressed as 8 (p value) in bold.

"The model was adjusted for age at diagnosis (year) and body mass index (BMI) at diagnosis (kg/m?).

ANGPT?2 across various stages of carcinogenesis [53, 54]. In
this context, Caine et al. demonstrated elevated plasma levels
of VEGF and Tie-2 in both breast and prostate cancers com-
pared to controls [53], highlighting a meaningful interrela-
tionship between Tie-2-related angiogenic growth [53]. These
findings collectively suggest that angiogenic factors might
influence cancer progression by affecting the invasive phe-
notype of malignant cells [48]. In addition to the integration
of VEGF-C to contain the dynamic balance between ANG-1
and ANG-2 (ANG-1/ANG-2) [13, 14], the findings suggested
that high VEGF-C levels, correlating with ANG-2 upregula-
tion, may enhance lymphangiogenesis and promote vascular
invasiveness phenotypes [11]. However, the observed positive
correlations between ANG-1/ANG-1 and VEGF-C in vascu-
lar invasive subgroup analyzes require a larger sample size to
achieve statistical significance.

Overall, the ANGs/Tie-2/VEGF-C axis emerged as a promi-
nent biomarker panel across breast cancer molecular subtypes,
including ER/PR or HER-2 statuses. These key pro-angiogenic
biomarkers provide valuable insights for future research fo-
cused on developing diagnostic platforms to assess the effects

of antagonistic components targeting estradiol and EGF. Such
studies could also inform strategies aimed at preventing lymph-
angiogenesis in breast cancer.

The study had some limitations that should be acknowledged.
The sample size was a constraint, particularly for analyzing spe-
cific subgroups. Additionally, most of our study population was
diagnosed with grade II, which may influence the interpretation
of the significant results obtained. Therefore, caution is advised
when interpreting these findings.

5 | Conclusions

Our findings reveal inverse correlations between VEGF-C and
angiopoietins (ANG-2, ANG-2/Tie-2, and ANG-1+ ANG-2/
Tie-2) in breast cancer patients with tumor grade II. Notably,
HER-2*-dependent inverse relationships were observed
between VEGF-C and ANGs, including ANG-1 and the
(ANG-1+4+ANG-2)/Tie-2 ratio. Additionally, the results sug-
gested that ER-PR expression status might influence ANG-2
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TABLE 6 |

Linear regression analysis to obtain correlation coefficient () between the plasma level of studied biomarkers and the plasma level of

VEGF-C by considering hormonal receptor status in non-adjusted (crude) and adjusted® models (N =149).

VEGF-C (ng/ml)

PR— HER2—

Variables ER+ (n=136) ER— (n=13) PR+ (n=131) n=17) HER2+ (n=29) (n=120)
ANG-1 (ng/mL)

Crude -0.02 (0.79)2 —0.34 (0.30) —0.07 (0.47) 0.04 (0.86) —0.46 (0.04)>* 0.04 (0.69)

Adj. model® —0.05 (0.63)* —0.37(0.36) —0.10 (0.33) 0.03 (0.91) —0.61 (0.01)* 0.02 (0.84)
ANG-2 (pg/mL)

Crude —0.12(0.24) —0.79 (0.01)* —0.13 (0.20) —0.39(0.16) —-0.35(0.12) —-0.12 (0.25)

Adj. modelP -0.12(0.28) —0.88 (0.01)* -0.13 (0.23) —0.53(0.11) -0.35(0.19) —0.13 (0.26)
Tie-2 (ng/mL)
Crude 0.05 (0.57) —0.46 (0.15) 0.06 (0.53) —0.28 (0.32) —0.16 (0.50) 0.06 (0.56)
Adj. modelP 0.09 (0.38) —0.48 (0.25) 0.10 (0.36) —-0.27(0.44) —0.23(0.55) 0.10 (0.38)
ANG-1/ANG-2

Crude 0.19 (0.05) 0.06 (0.84) 0.11 (0.28) 0.43 (0.11) 0.35(0.12) 0.16 (0.14)

Adj. model® 0.22 (0.04)* 0.08 (0.87) 0.14 (0.19) 0.43 (0.18) 0.46 (0.08) 0.17 (0.12)
ANG-1+ANG-2/
Tie-2

Crude —0.11 (0.27) —0.52(0.10) -0.13 (0.19) —0.24 (0.40) —0.52 (0.01)* -0.08 (0.42)

Adj. modelP —0.14 (0.18) —0.58 (0.14) -0.17 (0.11) -0.28 (0.39) —0.57 (0.02)* —0.11 (0.30)
ANG-2/Tie-2

Crude —-0.12 (0.25) —0.61 (0.04)* —-0.12 (0.23) —-0.43(0.11) —0.43 (0.05) -0.12(0.27)

Adj. model® —-0.15(0.17) —0.77 (0.05) —-0.16 (0.15) —-0.52(0.11) —0.41(0.12) —0.15(0.17)

Abbreviations: ANG-1, angiopoietin-1; ANG-2, angiopoietin-2; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2;
Tie-2, tyrosine kinase with Ig and EGF homology domains 1; VEGF-C, vascular endothelial growth factor-C.

2Data were expressed as 8 (p value) in bold.

YThe model was adjusted for age at diagnosis (year) and body mass index (BMI) at diagnosis (kg/m?).

*Statistical level of significance was considered in p <0.05.

upregulation. The study highlighted the significant associa-
tions between the ANG/Tie-2 axis, and VEGF-C, contributing
to lymphatic anomalies (i.e., ALNM and lymphatic invasive-
ness). The ROC curve analysis demonstrated the significant
performance of the ANG-1/ANG-2 and (ANG-1+ ANG-2)/
Tie-2 ratios in detecting ALNM involvement, particularly
in patients with low VEGF-C levels. A similar result was ob-
served with ANG-2. Understanding the complex interaction
among pro-angiogenic factors (ANG/Tie-2/VEGF-C) and their
relationship with ER or HER-2 status underscores the clinical
relevance of these biomarkers in detecting ALNM in breast
cancer patients.

Author Contributions

Conceptualization, S.P.; data curation, V.M., A.F., and S.P.; formal anal-
ysis, S.P., PV, and A.F.; funding acquisition, and project administration,
S.P; resources, V.M., A.F., and S.P.; investigation, V.M., PV,, and S.P;
methodology, S.P. and V.M., supervision and validation, S.P. and V.M.;
visualization, writing — original draft, S.P., V.M., and P.V.; writing -
review and editing, S.P. and V.M.

Acknowledgments

We are grateful for all participating patients and valued colleagues of
Nour-Nejat Hospital and Nemoone Laboratory.

Ethics Statement

The procedures and protocols of the study were approved by the Ethical
Committee of Tabriz University of Medical Sciences, Tabriz, Iran
(Ethical code: 5-4-8327).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. H. Bando, H. A. Weich, S. Horiguchi, N. Funata, T. Ogawa, and M.
Toi, “The Association Between Vascular Endothelial Growth Factor-C,

13 0of 15



Its Corresponding Receptor, VEGFR-3, and Prognosis in Primary Breast
Cancer: A Study With 193 Cases,” Oncology Reports 15, no. 3 (2006):
653-659.

2. R. Young, M. Fernando, D. Hughes, N. Brown, and P. Woll, “An-
giogenic Growth Factor Expression in Benign and Malignant Vascu-
lar Tumours,” Experimental and Molecular Pathology 97, no. 1 (2014):
148-153.

3. L. Helfrich, L. Edler, A. Sucker, et al., “Angiopoietin-2 Levels Are As-
sociated With Disease Progression in Metastatic Malignant Melanoma,”
Clinical Cancer Research 15, no. 4 (2009): 1384-1392.

4.D. Nielsen, M. Andersson, J. Andersen, and C. Kamby, “Antiangio-
genic Therapy for Breast Cancer,” Breast Cancer Research 12, no. 5
(2010): 1.

5.L. Zhang, N. Yang, J. Park, et al., “Tumor-Derived Vascular Endothe-
lial Growth Factor Up-Regulates Angiopoietin-2 in Host Endothelium
and Destabilizes Host Vasculature, Supporting Angiogenesis in Ovar-
ian Cancer,” Cancer Research 63, no. 3412 (2003): 3403-3412.

6.Y. Ito, M.-A. Shibata, N. Eid, J. Morimoto, and Y. Otsuki, “Lymph-
angiogenesis and Axillary Lymph Node Metastases Correlated With
VEGF-C Expression in Two Immunocompetent Mouse Mammary Car-
cinoma Models,” International Journal of Breast Cancer 2011 (2011):
1-10.

7. A. Khaja, N. Dizeyi, P. Kopparapu, L. Anagnostaki, P. Harkonen, and
J. Persson, “Cyclin A1 Modulates the Expression of Vascular Endothelial
Growth Factor and Promotes Hormone-Dependent Growth and Angio-
genesis of Breast Cancer,” PLoS One 8, no. 8 (2013): €72210.

8. H. Linardou, K. T. Kalogeras, R. Kronenwett, et al., “Prognostic Sig-
nificance of VEGFC and VEGFR1 mRNA Expression According to
HER?2 Status in Breast Cancer: A Study of Primary Tumors From Pa-
tients With High-Risk Early Breast Cancer Participating in a Random-
ized Hellenic Cooperative Oncology Group Trial,” Anticancer Research
35, no. 7 (2015): 4023-4036.

9.S. Schoppmann, D. Tamandl, L. Roberts, et al.,, “HER2/Neu Ex-
pression Correlates With Vascular Endothelial Growth Factor-C and
Lymphangiogenesis in Lymph Node-Positive Breast Cancer,” Annals of
Oncology 21, no. 5 (2010): 955-960.

10. E. Fagiani and G. Christofori, “Angiopoietins in Angiogenesis,”
Cancer Letters 328, no. 1 (2013): 18-26.

11. C. Staton, L. Hoh, A. Baldwin, et al., “Angiopoietins 1 and 2 and
Tie-2 Receptor Expression in Human Ductal Breast Disease,” Histopa-
thology 59, no. 2 (2011): 256-263.

12. R. Visconti, C. Richardson, and T. Sato, “Orchestration of Angiogen-
esis and Arteriovenous Contribution by Angiopoietins and Vascular En-
dothelial Growth Factor (VEGF),” Proceedings of the National Academy
of Sciences 99, no. 12 (2002): 8219-8224.

13. P. Saharinen, L. Eklund, K. Pulkki, P. Bono, and K. Alitalo, “VEGF
and Angiopoietin Signaling in Tumor Angiogenesis and Metastasis,”
Trends in Molecular Medicine 17, no. 7 (2011): 347-362.

14. T. Szarvas, T. Jdger, F. Droste, et al., “Serum Levels of Angiogenic
Factors and Their Prognostic Relevance in Bladder Cancer,” Pathology
Oncology Research 15, no. 2 (2009): 193-201.

15. K. R. Sahana, P. Akila, V. Prashant, B. S. Chandra, and M. N. Suma,
“Quantitation of Vascular Endothelial Growth Factor and Interleukin-6
in Different Stages of Breast Cancer,” Reports of Biochemistry & Molecu-
lar Biology 6, no. 1 (2017): 33.

16. A. R. Haghi, A. Vahedi, A. A. Shekarchi, and A. Kamran, “Correla-
tion of Serum Intercellular Adhesion Molecule 1 and Vascular Endothe-
lial Growth Factor With Tumor Grading and Staging in Breast Cancer
Patients,” Journal of Cancer Research and Therapeutics 13, no. 2 (2017):
257-261.

17.J. Rykala, K. Przybylowska, I. Majsterek, et al., “Angiogenesis
Markers Quantification in Breast Cancer and Their Correlation With

Clinicopathological Prognostic Variables,” Pathology Oncology Re-
search 17, no. 4 (2011): 809-817.

18. A. Thielemann, A. Baszczuk, Z. Kopczynski, P. Kopczynski, and
S. Grodecka-Gazdecka, “Clinical Usefulness of Assessing VEGF and
Soluble Receptors sVEGFR-1 and sVEGFR-2 in Women With Breast
Cancer,” Annals of Agricultural and Environmental Medicine 20, no. 2
(2013): 293-297.

19. M. J. Jo, J. H. Lee, B.-H. Nam, et al., “Preoperative Serum Angiopoi-
etin-2 Levels Correlate With Lymph Node Status in Patients With Early
Gastric Cancer,” Annals of Surgical Oncology 16, no. 7 (2009): 2052-2057.

20. C. Sfiligoi, A. de Luca, I. Cascone, et al., “Angiopoietin-2 Expression
in Breast Cancer Correlates With Lymph Node Invasion and Short Sur-
vival,” International Journal of Cancer 103, no. 4 (2003): 466—474.

21. H. Hashizume, B. L. Falcén, T. Kuroda, et al., “Complementary Ac-
tions of Inhibitors of Angiopoietin-2 and VEGF on Tumor Angiogenesis
and Growth,” Cancer Research 70, no. 6 (2010): 2213-2223.

22.J. Renoir, “Estradiol Receptors in Breast Cancer Cells: Associated
Co-Factors as Targets for New Therapeutic Approaches,” Steroids 77,
no. 12 (2012): 1249-1261.

23. P. Mehdipour, S. Pirouzpanah, M. Kheirollahi, and M. Atri, “An-
drogen Receptor Gene CAG Repeat Polymorphism and Breast Cancer
Risk in Iranian Women: A Case-Control Study,” Breast Journal 17, no.
1(2011): 39-46.

24. R. Harfouche, R. Echavarria, S. Rabbani, A. Arakelian, M. Hussein,
and S. Hussain, “Estradiol-Dependent Regulation of Angiopoietin Ex-
pression in Breast Cancer Cells,” Journal of Steroid Biochemistry and
Molecular Biology 123, no. 1 (2011): 17-24.

25.X. Fu, E. Russo, S. Zullino, A. Genazzani, and T. Simoncini, “Sex
Steroids and Breast Cancer Metastasis,” Hormone Molecular Biology
and Clinical Investigation 3, no. 2 (2010): 383-389.

26. S. Hyder, “Sex-Steroid Regulation of Vascular Endothelial Growth
Factor in Breast Cancer,” Endocrine-Related Cancer 13, no. 3 (2006):
667-687.

27.G. L. Semenza, “Molecular Mechanisms Mediating Metastasis of
Hypoxic Breast Cancer Cells,” Trends in Molecular Medicine 18, no. 9
(2012): 534-543.

28. A. V. Timoshenko, P. K. Lala, and C. Chakraborty, “PGE2-Mediated
Upregulation of iNOS in Murine Breast Cancer Cells Through the Ac-
tivation of EP4 Receptors,” International Journal of Cancer 108, no. 3
(2004): 384-389.

29.J. Wang, G. Li, Y. Wang, et al., “Suppression of Tumor Angiogene-
sis by Metformin Treatment Via a Mechanism Linked to Targeting of
HER2/HIF-1a/VEGF Secretion Axis,” Oncotarget 6, no. 42 (2015):
44579-44592.

30. F. Macedo, K. Ladeira, A. Longatto-Filho, and S. F. Martins, “Gas-
tric Cancer and Angiogenesis: Is VEGF a Useful Biomarker to Assess
Progression and Remission?,” Journal of Gastric Cancer 17, no. 1 (2017):
1-10.

31. V. Montazeri, F. Jafarpour Sadegh, S. Hosseinpour, et al., “Repro-
ductive Risk Factors of Breast Cancer Among Women in Tehran and
Northwest of Iran: A Case-Control Study,” Iranian Journal of Epidemi-
ology 12, no. 1 (2016): 1-9.

32.S. Pirouzpanah, F. Taleban, M. Atri, A. Abadi, and P. Mehdipour,
“The Effect of Modifiable Potentials on Hypermethylation Status of
Retinoic Acid Receptor-Beta2 and Estrogen Receptor-Alpha Genes in
Primary Breast Cancer,” Cancer Causes & Control 21, no. 12 (2010):
2101-2111.

33. S. Pirouzpanah, F. Taleban, P. Mehdipour, and M. Atri, “Association
of Folate and Other One-Carbon Related Nutrients With Hypermethyl-
ation Status and Expression of RARB, BRCA1, and RASSF1A Genes in
Breast Cancer Patients,” Journal of Molecular Medicine 93, no. 8 (2015):
917-934.

14 of 15

Cancer Reports, 2025



34.S. Pirouzpanah, F. Taleban, P. Mehdipour, M. Atri, A. Hooshyareh-
Rad, and S. Sabour, “The Biomarker-Based Validity of a Food Frequency
Questionnaire to Assess the Intake Status of Folate, Pyridoxine and Co-
balamin Among Iranian Primary Breast Cancer Patients,” European
Journal of Clinical Nutrition 68, no. 3 (2014): 316-323.

35. S. Pirouzpanah, F. Taleban, P. Mehdipour, S. Sabour, and M. Atri,
“Hypermethylation Pattern of ESR and PgR Genes and Lacking Estro-
gen and Progesterone Receptors in Human Breast Cancer Tumors: ER/
PR Subtypes,” Cancer Biomarkers 21 (2017): 1-18.

36. K. R. Bauer, M. Brown, R. D. Cress, C. A. Parise, and V. Caggiano,
“Descriptive Analysis of Estrogen Receptor (ER)-Negative, Progesterone
Receptor (PR)-Negative, and HER2-Negative Invasive Breast Cancer, the
So-Called Triple-Negative Phenotype: A Population-Based Study From
the California Cancer Registry,” Cancer 109, no. 9 (2007): 1721-1728.

37. E. Von Elm, D. G. Altman, M. Egger, S. J. Pocock, P. C. Gotzsche, and
J. P. Vandenbroucke, “The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) Statement: Guidelines for Reporting
Observational Studies,” Annals of Internal Medicine 147, no. 8 (2007):
573-5717.

38. L. A. Williams, K. A. Hoadley, H. B. Nichols, et al., “Differences in
Race, Molecular and Tumor Characteristics Among Women Diagnosed
With Invasive Ductal and Lobular Breast Carcinomas,” Cancer Causes
& Control 30, no. 1 (2019): 31-39.

39. C. Wei, Y. Deng, S. Wei, et al., “Lymphovascular Invasion Is a Sig-
nificant Risk Factor for Non-sentinel Nodal Metastasis in Breast Can-
cer Patients With Sentinel Lymph Node (SLN)-Positive Breast Cancer:
A Cross-Sectional Study,” World Journal of Surgical Oncology 21, no. 1
(2023): 386, https://doi.org/10.1186/s12957-023-03273-6.

40. D. L. Katz, J. G. Elmore, D. M. G. Wild, and S. C. Lucan, Jekel's Epi-
demiology, Biostatistics and Preventive Medicine and Public Health, 4th
ed. (Philadelphia: W.B. Saunders Company, 2014).

41. S.Nadar, A. Blann, D. Beevers, and G. Lip, “Abnormal Angiopoietins
1&2, Angiopoietin Receptor Tie-2 and Vascular Endothelial Growth
Factor Levels in Hypertension: Relationship to Target Organ Dam-
age [a Sub-Study of the Anglo-Scandinavian Cardiac Outcomes Trial
(ASCOT)],” Journal of Internal Medicine 258, no. 4 (2005): 336-343.

42.X. Ni, Y. Zhao, J. Ma, et al., “Hypoxia-Induced Factor-1 Alpha Up-
regulates Vascular Endothelial Growth Factor C to Promote Lymph-
angiogenesis and Angiogenesis in Breast Cancer Patients,” Journal of
Biomedical Research 27, no. 6 (2013): 478-485.

43.7Z.M. Mohammed, D. C. McMillan, J. Edwards, et al., “The Relation-
ship Between Lymphovascular Invasion and Angiogenesis, Hormone
Receptors, Cell Proliferation and Survival in Patients With Primary
Operable Invasive Ductal Breast Cancer,” BMC Clinical Pathology 13,
no. 1(2013): 31.

44. E. Fagiani, P. Lorentz, L. Kopfstein, and G. Christofori, “Angiopoi-
etin-1 and-2 Exert Antagonistic Functions in Tumor Angiogenesis, Yet
Both Induce Lymphangiogenesis,” Cancer Research 71, no. 17 (2011):
5717-5727.

45.]. Wang, Y. Guo, B. Wang, et al., “Lymphatic Microvessel Density
and Vascular Endothelial Growth Factor-C and-D as Prognostic Factors
in Breast Cancer: A Systematic Review and Meta-Analysis of the Litera-
ture,” Molecular Biology Reports 39, no. 12 (2012): 11153-11165.

46. C. Scavelli, A. Vacca, G. Di Pietro, F. Dammacco, and D. Ribatti,
“Crosstalk Between Angiogenesis and Lymphangiogenesis in Tumor
Progression,” Leukemia 18, no. 6 (2004): 1054-1058.

47. A. Baker, H. Kim, J. L. Semple, et al., “Experimental Assessment
of Pro-Lymphangiogenic Growth Factors in the Treatment of Post-
Surgical Lymphedema Following Lymphadenectomy,” Breast Cancer
Research 12, no. 5 (2010): R70.

48.Y. Imanishi, B. Hu, M. Jarzynka, et al., “Angiopoietin-2 Stimulates
Breast Cancer Metastasis Through the a581 Integrin-Mediated Path-
way,” Cancer Research 67, no. 9 (2007): 4254-4263.

49. T. Morisada, Y. Oike, Y. Yamada, et al., “Angiopoietin-1 Promotes
LYVE-1-Positive Lymphatic Vessel Formation,” Blood 105, no. 12
(2005): 4649-4656.

50. A. Saaristo, T. Karpanen, and K. Alitalo, “Mechanisms of Angiogen-
esis and Their Use in the Inhibition of Tumor Growth and Metastasis,”
Oncogene 19, no. 53 (2000): 6122-6129.

51. P. Manders, L. Beex, V. Tjan-Heijnen, P. Span, and C. Sweep, “Vas-
cular Endothelial Growth Factor Is Associated With the Efficacy of En-
docrine Therapy in Patients With Advanced Breast Carcinoma,” Cancer
98, no. 10 (2003): 2125-2132.

52. G. Niu and W. Carter, “Human Epidermal Growth Factor Receptor
2 Regulates Angiopoietin-2 Expression in Breast Cancer via AKT and
Mitogen-Activated Protein Kinase Pathways,” Cancer Research 67, no.
4(2007): 1487-1493.

53. G. Caine, A. Blann, P. Stonelake, P. Ryan, and G. Lip, “Plasma An-
giopoietin-1, Angiopoietin-2 and Tie-2 in Breast and Prostate Cancer: A
Comparison With VEGF and Flt-1,” European Journal of Clinical Inves-
tigation 33, no. 10 (2003): 883-890.

54. B. Hu, P. Guo, Q. Fang, et al., “Angiopoietin-2 Induces Human Gli-
oma Invasion Through the Activation of Matrix Metalloprotease-2,”
Proceedings of the National Academy of Sciences 100, no. 15 (2003):
8904-8909.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

150f 15


https://doi.org/10.1186/s12957-023-03273-6

	Hormone Receptor-Dependent Correlations Between Angiopoietins and VEGF-C in Primary Breast Cancer: Insights Into Lymphangiogenic Biomarkers
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Study Population
	2.2   |   Ethics Statement
	2.3   |   Interview
	2.4   |   Laboratory and Biochemical Analysis
	2.5   |   Pathological and Immunohistochemical (IHC) Data
	2.6   |   Statistical Analysis

	3   |   Results
	3.1   |   General Characteristics
	3.2   |   Lymphovascular Involvement and Lymphangiogenic Biomarkers
	3.3   |   Interactions Between Angiopoietins and VEGF-C: Contributions to Lymphatic Anomalies
	3.4   |   Diagnostic Potential of Lymphangiogenic Biomarkers
	3.5   |   Receptor Status

	4   |   Discussion
	4.1   |   Lymphangiogenic Biomarkers
	4.2   |   Pathological and Hormonal Receptor Status

	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


