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Abstract: Lymphovascular invasion (LVI) is a key step in breast cancer (BC) metastasis. Targeting the molecular
drivers of LVI can improve BC patients’ management. However, the underlying molecular mechanisms of LVI are
complex and interconnected with various carcinogenesis pathways. This study aimed to identify the key regulatory
gene associated with LVI and to investigate its mechanisms of action and prognostic significance. Artificial neural
network (ANN) was applied to two large transcriptomic datasets of BC with well-characterised LVI status. Cyclin B2
(CCNB2) was identified in the top genes associated with LVI positivity. In vitro functional assays were carried out
to assess the role of CCNB2 in tumour cell behaviour and their interactions with endothelial cells using a panel
of BC cell lines. Large annotated BC cohorts were used to assess the clinical and prognostic role of CCNB2 at the
transcriptomic and protein levels. Knockdown (KD) of CCNB2 mRNA reduced BC cell migration, inhibited prolifera-
tion, blocked the G2/M transition during the cell cycle and increased the number of apoptotic cells. Importantly, KD
of CCNB2 reduced BC cell lines adherence and transmigration across endothelial cell lines. High CCNB2 protein
expression was independently associated with LVI positivity in addition to other features of aggressive behaviour,
including larger tumour size, higher histological grade, hormonal receptor-negativity, and HER2-positivity, and with
shorter survival. We conclude that CCNB2 plays a crucial role in LVI development in BC, implying that CCNB2 could
confer a promising therapeutic target to inhibit LVI and reduce metastatic events.
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Introduction

Breast cancer (BC) is the second most common
cause of cancer-related mortality in women.
Despite the advances in BC treatment, a con-
siderable proportion of patients develop dis-
ease metastasis even within early-stage BC [1].
Lymphovascular invasion (LVI) is a key initial
event of the metastatic cascade and serves as
a prognostic factor in BC [2]. The lack of tar-
geted therapy to inhibit LVI and prevent metas-
tasis typically stems from the complex underly-

ing molecular mechanisms of LVI, which inter-
act with other carcinogenesis pathways and the
subjectivity of assessing LVI in clinical BC
cohorts. Thus, deciphering the underlying
molecular mechanisms of LVI and the identifi-
cation of the key genes controlling LVI in BC are
warranted.

Machine learning (ML) is an innovative tool that
has various applications, including running bio-
informatical analysis of large datasets such as
proteomic and transcriptomic data. ML depends
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on using sets of algorithms to analyse such
data to obtain specific results that solve a given
complex question [3, 4]. Artificial neural net-
works (ANNs) are the framework of various ML
algorithms to process complex datasets [3].
Previous studies have successfully used ML in
discovering novel biomarkers associated with
specific clinical outcomes in various cancers [5,
6], including BC [7].

In this study, we hypothesised that the power of
ANN in large annotated BC cohorts with well-
characterised LVI status can identify genes
strongly associated with LVI in BC. As associa-
tion with LVI can be a secondary event, the
direct role of the selected gene should be con-
firmed both ex vivo and in vitro. Mechanistic
studies were carried out using a panel of cell
lines to decipher its role in the tumour cell car-
cinogenesis processes and the interaction of
BC cells with endothelial cells. Clinical samples
were used to evaluate its association with the
clinicopathological features and outcome.

Materials and methods
ML for the biomarker set enrichment

ANN was used to identify the differentially
expressed gene(s) between LVI positivity and
negativity in two large BC datasets; the
Molecular Taxonomy of Breast Cancer In-
ternational Consortium (METABRIC; n=1,980)
and The Cancer Genome Atlas (TCGA; n=854)
[8, 9]. LVI status was previously assessed for
1565 patients, including the Nottingham
subset (n=285) from the METABRIC cohort,
through histological analysis of H&E-stained
paraffin embedded tissues. The LVI status
was also defined in the Nottingham subset
through the use of immunohistochemistry
(IHC) staining for CD31, CD34, and D2-40 in
addition to the H&E [10]. The LVI was assessed
in the TCGA by the evaluation of histological
slides stained with H&E as no IHC marker sta-
tus was available for these cases. The defini-
tion of LVI positive cases was based on the
presence of LVI in H&E-stained sections in
both cohorts. Positive staining in IHC markers
was also used to identify LVI positive cases in
the Nottingham subgroup of the METABRIC
cohort. The positive LVI in that cohort was
based on both H&E and the stain of IHC mark-
ers. The ANN-based neural data mining was
performed on the genomic expression data
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obtained from both datasets to locate an
enriched set of concordant biomarkers linked
to LVI. In this case, we executed a ML strategy
grounded in an ANN and integrated with con-
cordance analysis performed across the multi-
ple splits of Monte Carlo data based on the
methodology indicated previously [7], which
has initially proven to be efficient in eradicating
over-fitting and false discovery while enhanc-
ing the generalisation of the identified biomark-
ers. The data were classified into five random
groups based on the LVI status, and the ANN
algorithm was run separately for each group,
with each run consisting of 20 loops. The
results were filtered to identify the concordant
transcripts with the lowest test errors that
were present in multiple loops for each group,
and the results for all groups were compared to
identify similar transcripts that were present in
the various groups. Cyclin B2 (CCNB2) was
detected in the top ranked genes associated
with LVI positivity on both METABRIC and TCGA
cohorts, thus we decided to decipher its role in
LVI development and BC outcome in both pre-
clinical and clinical settings.

In vitro assessment of CCNB2

Pre-clinical studies were carried out to investi-
gate the potential role of CCNB2 in LVI and
other biological functions using the following
cells and assays:

BC tumour cells: According to the protein
expression levels, CCNB2 is expressed in the
luminal and HER2 enriched cell lines. MCF-7,
ZR-75-1 and SK-BR-3 BC cell lines were pur-
chased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). MCF-7
and ZR-75-1 were cultured in RPMI 1640
medium with L-glutamine (SH30027.FS; Cytiva,
UK) supplemented with 10% Foetal Bovine
Serum (FBS). McCoy’s 5A medium modified
with L-glutamine and sodium bicarbonate liquid
(M9309; Sigma, UK) supplemented with 10%
FBS was used to culture SK-BR-3.

Endothelial cells: Primary human umbilical vein
endothelial cells (HUVECs) and dermal lymphat-
ic endothelial cells (DLECs) were purchas-
ed from Promocell (Heidelberg, Germany).
HUVECs and DLECs were cultured in endotheli-
al cell growth medium MV2 (C-22022, Promo-
cell, Germany). All cell cultures were performed
under a sterile environment in a class Il cabi-
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net, and cells were incubated with 5% CO, at
37°C.

Transfection of CCNB2 using siRNA: To investi-
gate possible functional consequences of
CCNB2 depletion and study its role in BC pro-
gression, with emphasising its role in LVI, we
used a siRNA-based approach using BC cell
lines. Differential expression of CCNB2 was
carried out using western blotting (WB) and
cells with high expression of CCNB2 were
chosen.

Using pre-validated silencer select siRNA con-
structs mainly for designed CCNB2 or scram-
bled negative control siRNA (Silencer® Select
siRNA, ThermoFisher Scientific), MCF-7, ZR-75-
1 and SK-BR-3 were transfected with a mix-
ture of Opti-MEM medium, 25 pmol siRNA and
Lipofectamine™ RNAIMAX (13778150; Ther-
moFisher Scientific, Loughborough, UK) using
the forward transfection method according to
the manufacturer’s protocol. The sequence of
CCNB2-siRNA is as follows: (5->3’) GGCGAAC-
UGUUUUAGAAGALtt.

Wound healing assay: In the scratching assay
to study the effect of CCNB2 knockdown (KD)
on cell migration, the wound repair rate of
CCNB2 KD and control cells was observed by
measuring the width of the gap left unhealed.
A Culture-Inserts 2 well (Thistle Scientific Ltd,
IB-81176), which has a built-in gap, was used
to assess the migration ability of the cells
according to the manufacture protocol. The
wounds were observed by taking images sev-
eral times via light microscopy (Lecia DMI
3000B, Leica microsystems, Germany) at the
following time points: TO, T24, T48 and T72 h.
Image J software (1.52 version) was used to
measure the wound area and calculate the per-
centage of wound closure.

Proliferation assay: The effect of CCNB2 KD
on the proliferation of tumour cells was
assessed via 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium (MTS) assay (Promega,
(G3580); CellTitre 96 Aqueous One Solution
Cell Proliferation Assay) as described by the
manufacturer.

Clonogenic assays: The cells were seeded in
six-well plates at 800 cells/well for MCF-7,
ZR-75-1 and SK-BR-3. Cells were left in the
incubator in the cultured medium for 14 days,
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following incubation; colonies were washed
with phosphate buffered saline (PBS), fixed for
30 min with methanol and stained with crystal
violet. Finally, the cloned cells were counted by
using a microscope.

Cell cycle and apoptosis assays: The cells were
harvested on the fifth day after transfection to
detect and analyse the cell cycle distribution
via the quantification of DNA content using a
Propidium iodide flow cytometry kit (ab139-
418, Abcam, UK). Moreover, on the same day,
cells were stained for the detection of apopto-
sis using an Annexin V detection kit (ab14082,
Abcam, UK). Samples were analysed using a
MACSQuant® analyzer flow cytometer (Miltenyi
Biotec, Bergisch Gldbach, Germany) and the
data were analysed by FlowJo software (version
14.0.0.0., USA).

Static adhesion assay: Endothelial cells (HU-
VECs and DLECs) were seeded to be confluent
in a 24-well plate. Tumour cell adhesion was
assessed following cell labelling with 1 uM Cell
Tracker Green CMFDA (Invitrogen, C2925) and
incubation at 37°C for 30 min. After labelling,
tumour cell media supplemented with serum
was used to re-suspend the tumour cells and
incubated with endothelial cell monolayers for
35 min at 37°C. Non-adherent cells were
washed with tumour cell media, and the ad-
herent tumour cells were counted using a fluo-
rescence microscope (Lecia DMI 3000B, Leica
microsystems, Germany) at 10x magnification.
In the central area of the well, which was
marked manually with grid lines on the bottom
of the plate, five fields of view were counted.
The results were expressed as the absolute
number of cells adhering to the endothelial
layer and as the percentage of cells adhering
with respect to the control.

Transmigration assay: A confluent endothelial
cell monolayer was grown on hanging trans-
well inserts (Sigma, MCEP24H48). The conflu-
ency and integrity of the endothelial cell barrier
were shown by preventing lucifer yellow leak-
age (Invitrogen, L453). After labelling with 1 uM
of Cell Tracker Green CMFDA (Invitrogen,
C2925), tumour cell transmigration was as-
sessed. After 16 h, transmigration was moni-
tored by counting cells on the bottom of the
chamber using a fluorescence microscope
(Lecia DMI 3000B, Leica microsystems,
Germany).
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For further assessment of CCNB2 in BC out-
come and its association with LVI, we have
used large cohorts obtained from BC patients
to investigate the role of CCNB2 at the tran-
scriptomic and proteomic levels.

CCNB2 mRNA expression

Two datasets, the METABRIC [8] and TCGA
breast carcinoma [9], were used to assess
CCNB2 mRNA expression and its associa-
tion with clinicopathological parameters and
patient outcome. In the METABRIC, to analyse
the extracted mRNA obtained from primary
tumour samples, the lllumina Human HT-12 v3
platforms (lllumina, Inc., San Diego, USA) were
used. In TCGA, cBioPortal website was used
for information about RNASeqV2 data and clini-
copathological parameters [11, 12].

CCNB2 protein expression

Tissue samples were derived from the well-
characterised Nottingham invasive BC cohort
(n=3,173). For each patient, robust clinicopath-
ological profile was readily available, including
age at diagnosis, primary tumour size, tumour
stage, histological grade, Nottingham Progno-
stic Index (NPI), and LVI status (Supplementary
Table 1). Data on breast cancer specific surviv-
al (BCSS) and time to distant metastasis
(TTDM) were also available. The BCSS for each
patient was calculated in months from the date
of the primary surgical treatment to the time
of death from BC, while TTDM for each patient
was calculated in months from surgery to the
occurrence of the first distant metastasis.
None of the patients in this study received neo-
adjuvant therapy as previously described [13].

This cohort had data on oestrogen receptor
(ER), progesterone receptor (PR), human epi-
dermal growth factor 2 (HER2) and Ki67
[14-17]. BC molecular subtypes were defined
using IHC profiles: luminal A (ER*/HERZ2; Ki67
<10%), luminal B: (ER*/HER2; Ki67 =>10%),
HER2-positive class (HER2 positive regard-less
of ER or Ki67 status), and TNBC (ER, PR
and HER2). To further understand the mo-
lecular interactions of CCNB2, the association
with epithelial mesenchymal transition (EMT)
related markers, including E-cadherin, N-
cadherin, P-cadherin, TGFB1, and TWIST2,
which are available in our database [18, 19],
was investigated.
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For IHC staining of the primary rabbit monoclo-
nal anti-CCNB2 antibody (ab185622, Abcam,
UK), tissue microarrays (TMAs) of the study
cohort were prepared using a TMA Grand
Master® (3D HISTECH®, Budapest, Hungary)
[20, 43]. As per the manufacturer's recom-
mendations, antigen retrieval was performed
(citrate buffer pH 6.0 at 1000 W for
20 min using microwave energy). The expres-
sion of CCNB2 protein was evaluated by
Novocastra Novolink Polymer Detection Sy-
stems kit (Code: RE7280-K, Leica, Biosy-
stems, UK), which involved incubating 4 um
sections with CCNB2 antibody (dilution 1:50) in
Leica antibody diluent (RE AR9352, Leica,
Biosystems, UK) for 60 minutes. Normal ki-
dney tissue was used as a negative control,
while normal colon tissue was used as the
positive control (Figure 1A, 1B). High resolution
digital scanned images of the stained TMAs
were obtained by a NanoZoomer scanner
(NanoZoomer; Hamamatsu Photonics, Welwyn
Garden City, UK) at 20x magnification and
viewed using Xplore software (Philips, UK) to
assess CCNB2 expression. Immunoreactivity
staining was evaluated using a modified histo-
chemical score (H-score) based on a semi-
quantitative scoring. The entire field inspec-
tion was scored, and the cytoplasmic staining
intensity was grouped as follows: score 0=
negative, score 1= weak staining, score 2=
moderate staining and score 3= strong stain-
ing. The percentage of each group was es-
timated (0-100%). Multiplying the intensity of
staining and the percentage of staining pro-
vides an H-score, which has a range of 0-300
[13]. The TMAs were scored by two observers,
and the interclass correlation coefficient (ICC)
test was used to evaluate the concordance rate
of the CCNB2.

Statistical analysis

GraphPad Prism software version 3.02 and
SPSS version 24 (Chicago, IL, USA) were used
for statistical analysis. In vitro data were repre-
sented as the mean * standard error of the
mean (SEM) of three independent experiments
conducted in triplicate. A student’s t-test was
performed to determine the significant differ-
ences between the control and KD of CCNB2.

The association with clinicopathological param-
eters was evaluated using continuous data on
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Figure 1. Immunohistochemistry expression of CCNB2 in tissue. A. Negative control of normal kidney tissue; B.
Positive control of normal colon tissue; C. Negative expression in invasive breast carcinoma; D. Low expression
in invasive breast carcinoma; E. Moderate expression in invasive breast carcinoma; F. High expression in invasive

breast carcinoma.

CCNB2 mRNA and protein level. To investigate
the differences between three or more groups,
one-way analysis of variance (ANOVA) with the
post-hoc Tukey multiple comparison test (for
parametric data) or Kruskal-Wallis test (for non-
parametric distribution) was used. Student
t-test (parametric data) or Mann-Whitney test
(non-parametric distribution) was used to anal-
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yse the differences between two groups. The
median was used to categorise the expression
of CCNB2 mRNA and protein, with H-score of
20 was used for protein. The association
between dependent and independent variables
was analysed using logistic regression analy-
sis. Correlation analysis was performed using
the Spearman correlation test. The Log-rank
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Table 1. Top 100 concordant genes by ANN
from the METABRIC and TCGA breast cancer
cohorts

Concordant top 100 genes

DSCC1 AK124197 ATAD2
CCNE2 TCTN3 ATP2A2
YWHAZ GPR34 ATPEV1C1
CCNB2 TNRC6A AURKA
LRCH3 AGAP6 AZIN1
BX116720 AK129555 BBS5
EIF4H LIN52 BDH2
CCNB1 ACIN1 BRI3BP
AK022140 CLASP1 Clorfol
DPRXP4 AL359560 C1RL
AK130741 PHKA2 CASC5
AK130706 ANAPC10 CCDC130
AK025793 BX093900 CDC25A
BX101409 DA572426 CDC6
BX111162 EBLN2 CDCA5
AL133627 PTBP1 CENPI
AX747098 ZNF493 CKAPS
RRM2 TYK2 CLK1
MLL4 BU624523 CLK4
SPTLC1 PUM1 CPNE3
MLL DLC1 CSE1L
ERP29 CXorf56 DCAF13
NKTR DNAH1 DERL1
PML DR979451 DFNB59
RBM33 ARPC3 DTL
ASXL2 TRPV1 ECHDC2
CD237904 EPG5 ESRP1
CRYGS AP1S1 FAM83D
BROX C11orf73 FANK1
SLC25A3 CiR FBXW4
ALDOB SOLH FES
MAT2A Al655567 FLVCR1
AK129699 ADC

SRRT ANKRD10

and Kaplan-Meier curve tests were used for
univariate survival analysis, whilst the Cox
Regression model was used for multivariate
survival analysis. Statistical significance was
defined as P-value <0.05.

This study followed the reporting recommenda-
tions for tumour markers prognostic studies
(REMARK) criteria [21] (Supplementary Table
2).
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Results

ANN analysis of BC cohorts to identify LVI as-
sociated gene

The result of the analysis was ranked in an
order based on the high predictive accuracies
and lowest test errors. This resulted in a final
model containing the top 100 transcripts that
most accurately classified based on LVI status
(Table 1). CCNB2 was chosen in this study as it
was highly ranked with LVI positivity in both the
METABRIC and TCGA cohorts. Other top ranked
genes were either associated with LVI positivity
in one cohort or associated with LVI negativity.
Literature review revealed that CCNB2 is a key
gene controlling cell proliferation and its expres-
sion is altered in many cancers [22-24].

Preclinical studies (in vitro investigation of the
role of CCNB2 in LVI-related biological pro-
cesses)

Repression of CCNB2 expression using siRNA:
Based on the expression level, MCF-7 (ER*/
PR*/HER2), ZR-75-1 (ER*/PR*/HER2) and
SK-BR-3 (HER2*) BC cell lines will be used in
this study (Figure 2A, 2B). MCF-7 and ZR-75-1
represent luminal molecular classes, while
SK-BR-3 represents HER2* tumour, which are
associated with the highest incidence of LVI
[25]. To test the efficacy of CCNB2 KD, two
independent siRNAs targeting CCNB2 (IDs:
s17446 and s17447) were used and compared
to a non-targeting scrambled control siRNA
(s10873). Hence, the negative control repre-
sents the effect of the overexpression of
CCNB2, whereas the CCNB2 siRNA represents
the downregulation effect of CCNB2 on the
selected BC cell lines. Similar KD was observed
with both siRNA targeting (Figure 2C-H), and
siRNA (s17446) was prioritised for the subse-
quent functional assessments. Using WB, com-
plete loss of CCNB2 protein expression in MCF-
7, ZR-75-1 and SK-BR-3 (Figure 2I-K) was
observed when comparing CCNB2 KD expres-
sion relative to GAPDH expression.

Downregulation of CCNB2 suppresses cell
migration, proliferation and cell growth: KD of
CCNB2 showed a larger unhealed wound com-
pared to the negative controls (NC) in MCF-7,
ZR-75-1 and SK-BR-3 (P=0.0377, P=0.0028 &
P=0.0344, respectively, Figure 3A-C). This sup-
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Figure 2. CCNB2 protein expression in breast cancer cell lines (A) Evaluation of differential expression of CCNB2 in
BC cell lines by western blotting (B) quantification of CCNB2 protein level expression in, SKBR-3, MDA-MB-231, MCF-
7, and ZR-75-1. Using two pre-validated silencer select siRNAs constructs mainly for CCNB2 or scrambled negative
control siRNA, silencing CCNB2 using the forward transfection method (IDs: s17447) relative to a non-targeting
scrambled control siRNA (s10873) showed complete knockdown in (C) MCF-7 (D) ZR-75-1 and (E) SK-BR-3. Silenc-
ing CCNB2 using siRNA (IDs: s17446) relative to a non-targeting scramble control siRNA (s10873) showed complete
knockdown in (F) MCF-7, (G) in ZR-75-1 and (H) SK-BR-3. Quantification of CCNB2 protein level expression in the
transfected cell and the negative control by densitometry and normalized to GAPDH levels revealed complete loss
of CCNB2 protein expression in (I) MCF-7, (J) ZR-75-1 and (K) SK-BR-3. The figures are representative of three or

more independent experiments.

ported the role of CCNB2 in promoting cell P=0.0016 (T24), P<0.0001 (T48) & P=0.0015
migration. (T72)) and SK-BR-3 (Figure 4C; P=0.0296

(T24), P<0.0001 (T48) & P=0.0202 (T72)) com-
CCNB2 KD significantly reduced the proli- pared to the control. Additionally, the ability of
feration rate in MCF-7 (Figure 4A; P=0.0003 single cell colony to survive after it was expos-
(T48) & P=0.0343 (T72)), ZR-75-1 (Figure 4B; ed to the transfection agent was significantly
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Figure 3. The effect of knockdown (KD) CCNB2 by siRNA on cell migration in (A) MCF-7, (B) ZR-75-1 and (C) SK-BR-3
cells. The wound repair rate of CCNB2 KD and control cells was observed by measuring the width of the gap left
unhealed at TO, T24, T48 and T72. (A-C) silencing CCNB2 was significantly reduced the migration rate in BC cell
lines as detected by wound healing assay. Results shown are mean + standard error of the mean (SEM) of three
independent experiments. The P-values *<0.05, *"<0.01, *<0.001 and "**<0.0001.

weaker than the control on MCF-7 (Figure 4D;
P=0.0075), ZR-75-1 (Figure 4E; P=0.0034) and
SK-BR-3 (Figure 4F; P=0.0198).

Downregulation of CCNB2 arrests cells in S
phase and enhances cell apoptosis: KD of
CCNB2 caused S phase arrest in MCF-7, ZR-
75-1 and SK-BR-3, inhibiting the transition to
the G2/M phase during cell cycle. The percent-
age of MCF-7 cells in the S phase were signifi-
cantly increased in the CCNB2 KD cells (G1
50.5%, S 22%, and G2/M 25.4%) compared
with the NC (G1 69.2%, S 10.5%, and G2/M
13.4%) (P=0.032). Similar observations were
observed with ZR-75-1 (G1 70.3%, S 15%, and
G2/M 14%) compared with control (G1 68.3%,
S 8.7%, and G2/M 12.3%) (P=0.9916 in G1
phase, P=0.0248 in S phase, P=0.0309 in
G2/M phase). Similarly, the percentage of
SK-BR-3 cells in the S phase were significantly
increased in the CCNB2 KD cells (G1 46%, S
35.2%, and G2/M 18.5%) compared with the
NC (G1 51%, S 26.5%, and G2/M 15.7%)
(P=0.6413 in G1 phase, P=0.0102 in S phase,
P=0.0299 in G2/M phase) (Figure 4G-I). The
number of apoptotic cells in CCNB2 KD cells
increased significantly in comparison with NC
in early and late apoptosis as follows: early
apoptosis (KD 5.23 vs NC 2.80%); (KD 23.2 vs
NC 5%); (KD 4.55 vs NC 0.88%) while in late
apoptosis (KD 2.87 vs NC 0.91%); (KD 12.1 vs
NC 4.93%); (KD 9.77 vs NC 5.86%) in MCF-7
P=0.0307 (early apoptosis); P=0.0241 (late
apoptosis); ZR-75-1 P<0.0001 (early apopto-
sis); P=0.0132 (late apoptosis) and SK-BR-3
P=0.0035 (early apoptosis); P=0.0100 (late
apoptosis) respectively (Figure 4J-L).

CCNB2 enhances BC cell adhesion and trans-
migration to the endothelial cells: All MCF-7,
ZR-75-1 and SK-BR-3 cells lines showed higher
adherence percentage to both HUVECs and
DLECs compared to the CCNB2 transfected
cells (MCF-7 both with HUVEC and DLEC
P=0.0003), (ZR-75-1 with HUVEC P=0.0298;
with DLEC P=0.0026) and (SK-BR-3 with HU-
VEC P=0.0377; with DLEC P=0.0171) (Figure
5A-C). Similar results were observed in the
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transmigration assay. The number of the
tumour cells transmigrated across endothelial
cells in the NC group was higher than the KD
group ((MCF-7 with HUVEC P=0.0240; with
DLEC P=0.0170), (ZR-75-1 with HUVEC P=
0.0471; with DLEC P=0.0002) and (SK-BR-3
with HUVEC P=0.0077; with DLEC P=0.0091))
(Figure 5D, 5E).

The role of CCNB2 in LVI and BC outcome in
the clinical BC cohorts

CCNB2 mRNA and protein expression: Uni-
variate and multivariate analysis in the
METABRIC & TCGA datasets, demonstrated a
significant association between high CCNB2
MRNA expression and LVI-positivity (P<0.0001).
High CCNB2 mRNA expression was also corre-
lated with features of aggressive tumour behav-
iour in both datasets. These included high his-
tological grade, large tumour size, hormone
receptor negativity (all; P<0.0001), and HER2*
(P<0.0001 in METABRIC and P=0.002 in
TCGA). In the METABRIC cohort, high expres-
sion of CCNB2 mRNA was significantly associ-
ated with the luminal type and HER2 enriched
molecular classes (P<0.0001) (Table 2). BCSS
of BC patients with high CCNB2 mRNA ex-
pression was significantly shorter than those
with low expression in the METABRIC cohort,
(P<0.0001) (Figure 6A) and TCGA dataset
(P=0.001) (Figure 6B).

CCNB2 protein expression was observed in
the cytoplasm of BC cells, with expression lev-
els varying from negative to strong (Figure
1C-F). Good concordance was observed bet-
ween the two scorers in CCNB2 immuno-scor-
ing (ICC=0.861, P<0.0001). High CCNB2 pro-
tein expression was observed in 506/1046
(53%) of LVI positive cases.

Similar to the transcriptomic results, high
CCNB2 protein expression was significantly
associated with clinicopathological parameters
characteristic of aggressive behaviour, includ-
ing higher histological grade, poorer NPI (all
P<0.0001), larger tumour size (P=0.032), ER
negativity (P=0.001) PR negativity (P=0.007)
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Figure 4. The effect of knockdown (KD) CCNB2 by siRNA on cell proliferation in (A) MCF-7, (B) ZR-75-1 and (C) SK-BR-3 cells. (A-C) Cell proliferation was significantly
reduced after KD in BC cell lines as detected by MTS assay. CCNB2 siRNA transfection reduced the ability of BC cell lines to colonise in (D) MCF-7, (E) ZR-75-1 and
(F) SK-BR-3 as detected by colony formation assay. The effect of knockdown (KD) CCNB2 by siRNA on cell cycle and apoptosis. Data of BC cells showed arrest in S
phase of the cell cycle of (G) MCF-7, (H) ZR-75-1 cells and (l) SK-BR-3. (G-l) Silencing CCNB2 all BC cell lines increased the S phase as detected by flow cytometry.
Data of BC cells showed KD of CCNB2 enhanced apoptosis in (J) MCF-7, (K) ZR-75-1 cells and (L) SK-BR-3. (J-L) More apoptotic cells in the transfected cells were
observed as detected by flow cytometry. Results shown are mean + standard error of the mean (SEM) of three independent experiments. The P-values "<0.05,
"<0.01, "<0.001 and ""<0.0001.
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Figure 5. Representative photomicrographs of tumour cell adhesion across vascular and lymphatic endothelial cells (HUVECs, DLECs) (A) MCF-7, (B) ZR-75-1 cells
and (C) SK-BR-3. (A-C) Silencing CCNB2 decreased the number of all BC cell lines adhered with HUVECs and DLECs. Representative photomicrographs of tumour
cell (MCF-7, ZR-75-1 and SK-BR-3) transmigration across (D) HUVECs and (E) DLECs. (D, E) The number of tumour cells transmigrated across HUVECs and DLECs
was higher in the control group compared to the KD group. Results shown are mean + standard error of the mean (SEM) of three independent experiments. The
P-values “<0.05, "<0.01, "*<0.001 and ***<0.0001.
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Table 2. Statistical associations between CCNB2 mRNA expression and clinic-pathological param-
eters in the METABRIC (n=1980) and TCGA (n=854) breast carcinoma datasets

CCNB2 mRNA (METABRIC)

CCNB2 mRNA (TCGA)

Parameters

Number (%) Mean Rank  P-value Number (%) Mean Rank P-value
Patient Age (year)
<50 424 (21.4) 8.25 <0.0001 231 (27) 466.3 0.005
>50 1556 (78.6) 7.95 623 (73) 413.1
Tumour Size
<2cm 622 (31.7) 7.58 <0.0001 239 (28) 362.5 <0.0001
>2.cm 1338 (68.3) 8.09 615 (72) 452.8
Tumour Grade
1 170 (9) 7.16 <0.0001 89 (11) 198.5 <0.0001
2 770 (40.6) 7.66 375 (46) 308.3
3 952 (50.4) 8.50 352 (43) 568.4
Nodal Status
Negative 1035 (52.5) 7.90 <0.0001 426 (51) 418.5 0.439
Positive 938 (47.5) 8.14 423 (49) 431.5
Lympho-vascular Invasion
Negative 930 (59.4) 7.93 <0.0001 559 (65) 392.5 <0.0001
Positive 635 (40.6) 8.10 295 (35) 493.8
Oestrogen Receptor
Negative 474 (23.9) 8.77 <0.0001 185 (22) 625.7 <0.0001
Positive 1506 (76.1) 7.78 639 (78) 350.8
Progesterone Receptor
Negative 940 (47.4) 8.53 <0.0001 272 (33) 552.1 <0.0001
Positive 1040 (52.6) 7.71 546 (67) 338.4
HER2 Status
Negative 1733 (87.5) 7.94 <0.0001 567 (81) 339.1 0.002
Positive 247 (12.5) 8.52 133 (19) 399.1
Immunohistochemistry subtypes
ER*/HER2 Low Proliferation 368 (36.9) 8.74 <0.0001 Not available
ER*/HER2 High Proliferation 368 (36.9) 8.37
Triple Negative 151 (15.1) 719
HER2* 110 (11.1) 8.52

Significant P values are in bold.

and HER2 positivity (P<0.0001) (Table 3).
Positive LVI status was associated with high
CCNB2 expression, which was an independent
of other clinical parameters (P=0.038) (Table
4).

Survival analysis revealed that higher CCNB2
protein expression was associated with short-
er BCSS (P=0.042, Figure 6C) and TTDM
(P=0.039, Figure 6D). When we stratified the
cohort into molecular subtypes, high expres-
sion of CCNB2 was significantly associated
with poor outcome in the ER positive (luminal A)
tumours (P=0.007, Figure 6E) and HER2 posi-
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tive tumours (P=0.028, Figure 6H) but not in
the TNBC (P=0.219, Figure 6G). Multivariate
survival analysis revealed that high expression
of CCNB2 is an independent marker of shorter
survival (P=0.045) regardless of the other vari-
ables, including tumour size, histological grade,
lymph nodal stage and LVI (Table 5).

Correlation between CCNB2 expression and
other related biomarkers: To further evaluate
the role of CCNB2 in BC and its interaction with
other genes related to the various LVI related
process, we interrogated the METABRIC and
TCGA datasets for the correlation between
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Figure 6. Kaplan-Meier survival plots showing the association between CCNB2 (A) mRNA expression (METABRIC) (B) mRNA expression (TCGA) (C) protein expression
in the Nottingham cohort and breast cancer specific survival (BCSS) (D) the protein expression and total time distant metastasis (TTDM) (E) protein expression in
luminal A and BCSS (F) protein expression in luminal B and BCSS (G) protein expression in triple negative and BCSS and (H) protein expression in HER2* and BCSS.
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Table 3. Statistical associations between CCNB2 protein CCNB2 mRNA and other genes in-
expression and the clinic-pathological factors in Nottingham volved in invasion, EMT and adhe-
breast cancer cohort (n=3178) sion. This showed a correlation

between CCNB2 and many genes
Parameters CCNB2 prOtein Ignr\;?jl;/flgntshe bI;:(')\/IrT-:a?;eC:’SStr?I’:T;?Jd?:g-
Number% Mean Rank _Pvalue E-cadherin, N-cadherin, P-cadherin,
and GSK3B (all P<0.0001). More-

Nottingham Breast Cancer Cohort

Patient Age (year)

<50 1042(33) 1672.3  <0.0001 over, there was a significant corre-
>50 2131(67) 15453 lation between CCNB2 and matrix
Tumour Size metalloproteinase (MMPs), includ-
<2cm 1768 (56) 1555.6 0.032 ing MMP1, MMP7, MMP9, MMP12
>2 cm 1403 (44) 1624.3 and MMP20 (all P<0.0001) (Table
Tumour Grade 6). At the protein level, there was a
1 543 (17) 1314.0 <0.0001 positive correlation between CCNB2
2 1131 (36) 1503.9 with E-cadherin, (P=0.0001), N-ca-
3 1496 (47) 1745.7 dherin (P=0.048), P-cadherin, (P=
Mitosis 0.030), TGFB1 (P=0.008) and TW-
1 1284(42) 1361.82 <0.0001 IST? (P=Q.OO4), which are already
5 598 (19) 1597.05 available in our cohort (Table 6).
3 _ 121139 171863 Using the GeneMANIA database
Pleomorphism (https://genemania.org/), a network
1 58(1.8)  1213.87 <0.0001 was created to illustrate the mole-
2 1084 (35)  1368.07 cular interactions between CCNB2
3 1949 (36.2) 1654.48 and EMT-related markers. The net-
Tubular Formation work revealed that CCNB2 geneti-
1 205 (6.6) 1282.29 <0.0001 cally interacted with some EMT-
2 984 (31.7) 1510.29 related markers such as CTTNB1
3 1906 (61.7) 1596.05 and was co-expressed with NFKB1,
Lympho-vascular Invasion which has an interaction with other
Negative 2205 (70) 1549.6 0.004 EMT—_reIated mark_ers including E-ca-
Positive 954 (30) 16501 dherin, N-cadherin, P-cadherin, and

Axillary Nodal Stage TWIST1 (Figure 7).

1 1989 (63) 1563.5 0.136

Discussion
2 903 (28) 1607.3

3 277 (9) 1666.6 Metastasis is the main cause of
Nottingham Prognostic Index BC-related mortality [26]. Thus, ear-
Good 1041 (33) 1416.0  <0.0001 ly detection of metastatic potential
Moderate 1632 (51) 1659.3 in BC patients can be critical in
Poor 496 (16) 1695.0 reducing cancer-related mortality.
Oestrogen Receptor LVl is an early event in the develop-
Negative 704 (22) 1677.0 0.001 ment of.metastasis and a potent
Positive 2453 (78) 1550.9 p_ro_gnostlc factor [27]. LVI in BC,
similar to other cancers, has attract-

Progesterone Receptor . .
Negative 1256 (41) 1585.5 0.007 gd attention not only for. its prognos-
. tic role but also for being a poten-
Positive 1813 (59) ~ 1500.0 tial therapeutic target. However, the
HER2 Status complex molecular mechanism of
Negative 2677 (87) 1513.8  <0.0001 LVI and its overlap with other car-
Positive 402 (13) 1714.3 cinogenesis pathways contribute to
Triple Negative the difficulty in identifying the key
Negative 2630 (84) 1538.7 0.007 driver gene of LVI that can be tar-
Positive 483 (16) 1656.5 geted. In our study, we identified a
Significant P values are in bold. strong association between LVI and
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Table 4. Binary regression for predictors of CCNB2 protein expression in Nottingham breast cancer
cohort and other variables

Nottingham Breast Cancer Cohort

Parameters Hazard ratio (HR) 95% confident interval (CI) Significance
Lower Upper P-value
CCNB2 Protein Expression 1.190 1.010 1.402 0.038
Tumour Size 1.889 1.598 2.232 <0.001
Lymph Nodal Stage 2.793 2.465 3.166 <0.001

Significant P values are in bold.

Table 5. Multivariate Cox regression for predictors of breast cancer specific survival (BCSS) and
CCNB2 protein expression in Nottingham breast cancer cohort

Nottingham Breast Cancer Cohort

Parameters Hazard ratio (HR) 95% confident interval (CI) Significance
Lower Upper P-value
CCNB?2 Protein Expression 1.001 1.000 1.002 0.045
Tumour Size 1.511 1.311 1.743 <0.001
Lymph Nodal Stage 1.700 1.540 1.876 <0.001
Tumour Grade 1.533 1.377 1.708 <0.001
Lymphovascular Invasion Status 1.491 1.291 1.721 <0.001

Significant P values are in bold.

Table 6. Correlations of CCNB2 expression with mRNA and protein expression of epithelial mesenchymal transi-
tion (EMT) and matrix metalloproteinases (MMPs) related genes

METABRIC cohort TCGA cohort Nottingham cohort
Correlation value Pvalue  Correlation value Pvalue Correlation value P value

Gene names

EMT related genes

E-cadherin -0.125 <0.0001 -0.140 <0.0001 -0.108 <0.0001
N-cadherin 0.151 <0.0001 0.133 <0.0001 0.095 0.048
P-cadherin 0.322 <0.0001 0.280 <0.0001 0.261 0.030
TGFB1 0.025 0.260 0.252 <0.0001 0.080 0.008
TWIST1 0.045 0.045 0.131 <0.0001 Not available
TWIST2 0.270 <0.0001 0.214 <0.0001 0.087 0.004
ZEB1 0.281 <0.0001 0.420 <0.0001 Not available
ZEB2 0.143 <0.0001 0.214 <0.0001
NFKB1 0.176 <0.0001 0.254 <0.0001
GSK3B 0.330 <0.0001 0.129 <0.0001
CTNNB1 0.073 0.001 0.172 <0.0001

MMPs related genes
MMP1 0.328 <0.0001 0.428 <0.0001 Not available
MMP7 0.134 <0.0001 0.190 <0.0001
MMP9 0.308 <0.0001 0.227 <0.0001
MMP11 0.051 0.022 0.064 0.060
MMP12 0.382 <0.0001 0.350 <0.0001
MMP15 0.199 <0.0001 0.104 0.002
MMP20 0.092 <0.0001 0.134 <0.0001
MMP25 0.165 <0.0001 0.073 0.034

Significant P values are in bold.
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Figure 7. A schematic network illustrating the molecular interactions be-
tween CCNB2 and EMT-related markers generated by GeneMANIA database.

CCNB2 utilising large cohorts of BC and ANN
algorithms, which is a powerful technique with
low-test errors. Likewise, recent studies using
different bioinformatics and co-expression an-
alyses confirmed the association of CCNB2
with human cancer progression [22, 28, 29].

Cyclins are crucial elements of the cell-division
cycle, and various studies, including Stama-
takos et al., [30] have discovered that defects
in their functionality can lead to carcinogene-
sis. Although evidence is still emerging, recent
studies have revealed more information regard-
ing the mechanistic pathways through which
cyclins can influence the oncogenic potential of
cells [22, 23]. Cyclins are indispensable core
cell cycle regulators modulating the activation
of cyclin dependent kinases (CDKs) complexes
that propel cells through the cell cycle. Many of
the cyclins are also identified as established
oncogenes in several human tumours [30].
There are several different cyclins that are
active in different parts of the cell cycle and
that contribute to various other functions. The
CCNB2 gene, which is a member of the cyclin B
family, has a role in the G2/M transition through
cell division control (CDC2) activation, and its
inhibition leads to cell cycle arrest [31, 32].
CCNB?2 is a critical part of cell cycle regulation.
It is one of the central protein kinases, and
when activated, it becomes a master regula-
tor during M-phase transition, phosphorylation,
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and the activation of other
protein kinases [33, 34]. The
expression of CCNB2 is nor-
mally tightly regulated [22].
However, high expression of
CCNB2 has been found in hu-
man tumours, including lung
[24], liver [22], bladder [35]
and BC [23]. CCNB2 may act
as an oncogene and could be
a potential biomarker for un-
favourable outcomes [23, 36].
This suggests that CCNB2
may also be involved in BC
progression. The role of CC-
NB2 in LVI is unclear, and to
our knowledge, this is the first
study to report on the role of

CCNB2 in LVI.

In our preclinical studies, we
have revealed that knocking
down CCNB2 significantly inhibits cell prolife-
ration and reduces cell growth. As expected,
silencing CCNB2 arrested the S phase of the
cell cycle, which inhibited the cells from enter-
ing the G2/M transition phase during the cell
cycle in BC cell lines. Similarly, knocking down
CCNB2 promoted cell apoptosis. The failure to
remove the dead cells via the inhibition of cell
apoptosis causes the malignant proliferation
of cancer cells [37]. A study showed that this
occurs through the interference of proteolysis
and the obstruction of normal intracellular traf-
ficking [35]. In Lei et al.s investigation of its
role in bladder cancer, CCNB2's tumourigenic
function was linked to the dysregulation and
abhorrent expression of cell-cycle associated
proteins [35]. Li et al. investigated the effect of
CCNB2 in liver cancer and arrived at a similar
view, concluding that CCNB2 may promote cell
apoptosis by causing S phase arrest and insti-
gating the functional failure of the G2/M DNA/
genetic damage checkpoint during the cell divi-
sion cycle [22]. Checkpoints are important in
repairing damaged DNA, as well as maintaining
genomic integrity. Defects in this domain can
lead to mutations and oncogenesis [38]. It is
essential for the primary tumour cells to prolif-
erate to invade the surrounding tissue and thus
establish metastasis cascades, which can lead
to the degradation of the basement membrane
and LVI. Proliferation continues until the inva-
sion of vascular or lymphatic channels occur. At
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this stage, tumour cells can evade apoptosis
[39]. Therefore, CCNB2 is one of the essential
regulators in cell proliferation, and a necessary
prerequisite step in the development of LVI
and, eventually, distant metastasis.

Although the role of CCNB2 in the cell cycle and
proliferation is well known, its role in driving LVI
in BC is not characterised. Our results revealed
that the silencing of CCNB2 suppressed the
migration of the cells and reduced the number
of tumour cells adhered and transmigrated
across the vascular and lymphatic endothelial
cell lines. This was supported by the positive
correlation between EMT and MMPs related
markers. N-cadherin is linked to the EMT, which
plays a vital role in the invasion and intravasa-
tion into the bloodstream and in the degrada-
tion of the extracellular matrix (ECM) caused by
the production of proteases. Thus, an invasion
into the stroma is a result of the loss of the link-
age between the epithelial of the BC cell and
other epithelial cells by the up-regulation of
N-cadherin [40]. Moreover, P-cadherin, an im-
portant molecule that can activate integrin mol-
ecules, allows cancer cells to attach to ECM
and activates the invasion of cancer cells [41],
which could explain the role of CCNB2 in LVI as
it has a positive correlation with P-cadherin. To
invade the tissue, tumour cells must penetrate
the tissue boundaries by breaking down the
ECM through MMPs and the urokinase plasmin-
ogen activator (UPA) system. Inhibition of uPA
halts the invasion and expression of MMP9
[42]. The LVI tumour microenvironment is st-
rongly correlated with MMPs, specifically MM-
P9 and MMP1, expression. These expressions
are responsible for cancer cell intravasation
and metastasis in BC [25]. Thus, our in vitro
assessment indicated the contribution of the
upregulation of CCNB2 expression in migration,
adhesion and transmigration through endothe-
lial cell lines, which induced the LVI process.
This is also consistent with a previous study of
bladder cancer that reported that the silencing
of CCNB2 can restrain migration and invasion
leading to inhibition of tumour metastasis and
prolonging survival time [35].

Our study has explored the prognostic signifi-
cance of CCNB2 expression using multiple well-
annotated BC cohorts. Overexpression is asso-
ciated with aggressive clinicopathological BC
features, including LVI positivity, high histologi-
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cal grade, large tumour size, hormonal receptor
negativity and HER2 positivity, and worse clini-
cal outcomes.

Because CCNB2 is a cell cycle regulator, the
cell cycle could be one of the mechanisms con-
tributing to LVI in BC. However, the molecular
mechanisms that cause BC tumour cells to
invade and disseminate in vascular spaces are
still largely unknown and require more resear-
ch. Cancer treatment strategies that induce
cell cycle arrest in cancer cells are effective
[43]. This suggests that CCNB2 is a key gene
in BC, particularly given our findings regarding
lymphatic invasion, which is a prerequisite for
metastasis cascade. Thus, CCNB2 may repre-
sent a potential target for LVI in BC patients.

Our study provides evidence that CCNB2 is a
key modulator of LVI in BC and could confer as
a potential therapeutic target to suppress LVI
and improve patient’'s outcome. However, in
vitro and/or in vivo experiments investigating
the differential gene expression/pathways ob-
served in CCNB2 knockdown cells are nece-
ssary.
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Supplementary Table 1. Clinic-pathological features of Nottingham primary series of invasive breast
cancer (n=3173)

Clinic-pathological features N (%)
Age

<50 years 1042 (32.8)

>50 years 2131 (67.2)
Tumour Size

<2cm 1768 (55.8)

>2cm 1403 (44.2)
Grade

Grade-| 543 (17.1)

Grade-ll 1131 (35.7)

Grade-lll 1496 (47.2)
Nottingham Prognostic Index (NPI)

Good prognostic group (GPG) 1041 (32.8)

Moderate prognostic group (MPG) 1632 (51.5)

Poor prognostic group (PPG) 496 (15.7)
Stage

Stage-| 1989 (62.8)

Stage-ll 903 (28.5)

Stage-lll 277 (8.7)
Lympho-vascular Invasion (LVI)

Negative 2205 (69.8)

Positive 954 (30.2)
Estrogen Receptor Status (IHC)

Negative 704 (22.3)

Positive 2453 (77.7)
Progesterone Receptor Status (IHC)

Negative 1256 (40.9)

Positive 1813 (59.1)
HER2 (IHC)

Negative 2677 (86.9)

Positive 402 (13.1)
Triple-Negative (IHC)

No 2630 (84.5)

Yes 483 (15.5)
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Supplementary Table 2. PREMARK criteria for the study

Item to be reported

Page no.

INTRODUCTION
1  State the marker examined, the study objectives, and any pre-specified hypotheses.
MATERIALS AND METHODS

Patients

2  Describe the characteristics (e.g., disease stage or co-morbidities) of the study patients, including their source
and inclusion and exclusion criteria.

3  Describe treatments received and how chosen (e.g., randomized or rule-based).
Specimen characteristics
4 Describe type of biological material used (including control samples) and methods of preservation and stor-
age.
Assay methods

5  Specify the assay method used and provide (or reference) a detailed protocol, including specific reagents or
kits used, quality control procedures, reproducibility assessments, quantitation methods, and scoring and
reporting protocols. Specify whether and how assays were performed blinded to the study endpoint.

Study design

6  State the method of case selection, including whether prospective or retrospective and whether stratification
or matching (e.g., by stage of disease or age) was used. Specify the time period from which cases were taken,
the end of the follow-up period, and the median follow-up time.

7  Precisely define all clinical endpoints examined.
List all candidate variables initially examined or considered for inclusion in models.

9  Give rationale for sample size; if the study was designed to detect a specified effect size, give the target power
and effect size.

Statistical analysis methods

10 Specify all statistical methods, including details of any variable selection procedures and other model-building
issues, how model assumptions were verified, and how missing data were handled.

11 Clarify how marker values were handled in the analyses; if relevant, describe methods used for cutpoint
determination.

RESULTS
Data

12 Describe the flow of patients through the study, including the number of patients included in each stage of the
analysis (a diagram may be helpful) and reasons for dropout. Specifically, both overall and for each subgroup
extensively examined report the numbers of patients and the number of events.

13 Report distributions of basic demographic characteristics (at least age and sex), standard (disease-specific)
prognostic variables, and tumor marker, including numbers of missing values.

Analysis and presentation
14 Show the relation of the marker to standard prognostic variables.

15 Present univariable analyses showing the relation between the marker and outcome, with the estimated ef-
fect (e.g., hazard ratio and survival probability). Preferably provide similar analyses for all other variables being
analyzed. For the effect of a tumor marker on a time-to-event outcome, a Kaplan-Meier plot is recommended.

16 For key multivariable analyses, report estimated effects (e.g., hazard ratio) with confidence intervals for the
marker and, at least for the final model, all other variables in the model.

17 Among reported results, provide estimated effects with confidence intervals from an analysis in which the
marker and standard prognostic variables are included, regardless of their statistical significance.

18 If done, report results of further investigations, such as checking assumptions, sensitivity analyses, and
internal validation.

DISCUSSION

19 Interpret the results in the context of the pre-specified hypotheses and other relevant studies; include a dis-
cussion of limitations of the study.

20 Discuss implications for future research and clinical value.
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