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Abstract

Breast cancer (BC) is a serious threat to women’s health worldwide. Non-SMC con-
densin | complex subunit D2 (NCAPD?2) is a regulatory subunit of the coagulin | com-
plex, which is mainly involved in chromosome coagulation and separation. The clinical
significance, biological behavior, and potential molecular mechanism of NCAPD2 in
BC were investigated in this study. We found that NCAPD2 was frequently overex-
pressed in BC, and it had clinical significance in predicting the prognosis of BC pa-
tients. Moreover, loss-of-function assays demonstrated that NCAPD2 knockdown
restrained the progression of BC by inhibiting proliferation and migration and enhanc-
ing apoptosis in vitro. It was further confirmed that the downregulation of NCAPD2
inhibited tumor growth in vivo. NCAPD2 promoted the progression of BC through
the extracellular signal-regulated kinase 5 (ERKS5) signaling pathway. Additionally,
NCAPD2 could transcriptionally activate CDK1 by interacting with E2F transcription
factor 1 (E2F1) in MDA-MB-231 cells. Overexpression of CDK1 alleviated the inhibi-
tory effects of NCAPD2 knockdown in BC cells. In summary, the NCAPD2/E2F1/
CDK1 axis may play a role in promoting the progression of BC, which may provide a

blueprint for molecular therapy.
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1 | INTRODUCTION

Breast cancer (BC) is a serious threat to women'’s health worldwide.
Triple-negative breast cancer (TNBC) is a subtype of BC with deficient
expression of estrogen receptor (ER), progesterone receptor (PR), and
HER2 proteins, which stands out for its high molecular heterogeneity
and metastasis potential.? Breast cancer is usually treated by a com-
bination of lumpectomy surgery, radiotherapy, and chemotherapy.®
Nonetheless, these traditional treatments obviously do not meet the
needs of patients.* In order to improve the prognosis and survival of
patients with BC, some novel therapies, such as molecular targeted
therapy, immunotherapy, nutritional therapy, and ncRNA-based ther-
apy, have been gradually developed and explored.>” In particular, mo-
lecular targeted therapy has become a research hotspot because of its
advantages of no damage to healthy cells.® At present, some targeted
therapies such as tamoxifen, sulphoraphane, and Als are not effective
in the treatment of BC.”*! Therefore, it is of great significance to find
new and effective targeted therapies for BC.

Non-SMC condensin | complex subunit D2 (NCAPD?2), located
on chromosome 12p13.3, is a large protein complex involved in chro-
mosome condensation.? The carboxyl terminal of NCAPD2 contains
a dichotomous localization signal, which is necessary for nuclear and
chromosome localization of condensin 1.} In addition, NCAPD2 is
involved in the assembly and separation of chromosomes during mi-
tosis and meiosis, which is consistent with its location.'* Moreover,
the abnormality of NCAPD2 has been found to be significantly cor-
related with microcephaly, Parkinson's disease, and Alzheimer's dis-
ease.”> " Furthermore, NCAPD2 and NCAPD3 induce inflammation
through the IKK/NF-kB pathway in ulcerative colitis.® Recently,
Zhang, et al. reported that NCAPD?2 is a prognostic factor in BC due
to the ability to promote cell cycle and enhance invasion.!” However,
the potential molecular mechanism of NCAPD2 involvement in the
regulation of BC remains to be elucidated.

The study aimed to explore the molecular mechanism of NAPD2
in BC. First, the expression of NCAPD2 in BC patients was esti-
mated by immunohistochemical (IHC) staining, and its relationship
with clinicopathological features was analyzed using univariate and
multivariate analyses of various potential prognostic factors and
Kaplan-Meier survival analysis. In addition, the proliferation, clon-
ing, apoptosis, cycle, and migration of BC cells were investigated by
shRNA-mediated NCAPD2 knockdown. Subsequently, the molecu-
lar mechanism of NCAPD2 involvement in the regulation of BC was

preliminarily evaluated.

2 | MATERIALS AND METHODS

2.1 | Tissue sample collection and IHC staining

Tumor tissue (n = 153) and para-carcinoma tissue (n = 11) from BC
patients (Shanghai Xinchao Biotechnology) constituted tissue microar-
rays for immunohistochemical staining. In addition, tissue microarrays
included detailed clinicopathological data such as histological classifica-
tion and pathological grade. This study was approved by the Research

Ethics Committee of the Peking University Shenzhen Hospital. The tis-
sue chips were dewaxed, repaired with citric acid antigen, and blocked
by animal serum. Subsequently, they were first incubated with primary
antibodies (Table S1) and then with HRP-conjugated antibody at 37°C
for 2 hours. After that, the tissue chips were stained with DAB and he-
matoxylin (Baso, Cat. No. BA4022) in turn. Additionally, the IHC scores
were determined by three pathologists according to staining percent-
age scores (classified as: 1 [1%-24%], 2 [25%-49%), 3 [50%-74%)], 4
[75%-100%)) and staining intensity scores (scored as O: signal less color,
1: brown, 2: light yellow, 3: dark brown). The median of IHC score de-
termined the high or low expression of NCAPD2 in BC.

2.2 | Cellculture

The cell lines BT549, HS578T, MCF-7, and MDA-MB-231 were ob-
tained from Cell Bank of the Chinese Academy of Sciences, which
were cultivated in a 37°C incubator under the conditions of 5% CO,
and 95% humid air. Breast cancer cell lines BT549 and MDA-MB-231
were cultured in RPMI medium supplemented with 10% FBS and
100 pg/ml penicillin-streptomycin. HS578T and MCF-7 cells were
maintained in MEM containing 10% FBS, 100 pg/ml streptomycin,
and 100 U/ml of penicillin G.

2.3 | RNA interference and overexpression

Three RNA interference (RNAI) sequences shNCAPD2-1, 2, 3 and
shCDK1-1, 2, 3 (Table S2) were designed according to the NCAPD2/
CDK1, respectively. The NCAPD2/CDK1 target sequence with the
highest knockdown efficiency was ligated to the lentivirus vector
BR-V-108 or LV-004 (Shanghai Yiberui Biomedical Technology) with
green fluorescent protein (GFP) tags. Similarly, the amplified se-
quences of NCAPD2 and CDK1 were linked to the lentiviral vector.
The 1 x 108 TU/ml lentiviral vectors were transfected with BT549
or MDA-MB-231 cells (2 x 10° cells/ml) using Lipofectamine 3000
(Invitrogen) in RPMI with 10% FBS at 10 multiplicity of infection
(MOI) for 30 minutes at 37°C. Seventy-two hours after transfection,
the lentiviral vector labeled with GFP and resistance tag (Puromycin,
400 ng/ml) was used to select the cells.

It is worth noting that shCtrl is used as a negative control; shN-
CAPD2 is NCAPD2 knockdown; shCDK1 is CDK1 knockdown;
NC(OE+KD) is an empty vector as a negative control; shCDK1+sh-
NCAPD?2 is the simultaneous knockdown of CDK1 and NCAPD2;
CDK1+NC-KD is CDK1 overexpression; shNCAPD2+NC-OE is
NCAPD2 knockdown; CDK1+shNCAPD2 is NCAPD2 downregu-
lated and CDK1 overexpressed.

24 |
(qPCR)

Quantitative polymerase chain reaction

The cell RNA of BT549 and MDA-MB-231 was extracted with Trizol
reagent (Sigma, Cat. No. T9424-100m) and reverse-transcribed
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to cDNA by Hiscript QRT supermix (Vazyme, Cat. No. R123-01),
respectively. The gqPCR was accomplished using SYBR premix
(Vazyme) and primer (Table S3). Finally, the relative mRNA expres-
sion of NCAPD2/CDK1 was accessed by ANt

2.5 | Western blotting (WB)

After the cells BT549 and MDA-MB-231 had been lysed, the pro-
tein was obtained, and the protein quality was detected using BCA
protein detection kit (HyClone-Pierce). The 10-ug protein was sepa-
rated by SDS-PAGE (Invitrogen), transferred to the PVDF membrane,
and then sealed with TBST solution. Subsequently, the protein was
first incubated with primary antibody at 37°C for 2 hours (Table S1),
and then with secondary antibody at 4°C overnight. Finally, the
Millipore Immobilon Western Chemiluminescent HRP Substrote
kit (Millipore, Cat. No. RPN2232) was used for color rendering and
chemiluminescent imager (GE, Cat. No. Al600) observation.

2.6 | Proliferation assays

BT549 and MDA-MB-231 were continuously cultured to a cell
density of up to 2000 cells per well. Next day, the cells were
counted by Celigo (Nexcelom) at the same time every day for con-
secutive 5 days. In addition, the cell proliferation ability was tested
after the cells were treated with BIX02189. Notably, BIX02189
(ChemeGen, Cat. No. C101208) is a potent and selective extra-
cellular signal-regulated kinase 5 (ERK5) inhibitor with an IC50 of
1.5 nM.?% Subsequently, the number of green fluorescent cells in
each scanning orifice plate was accurately calculated, and the cell
proliferation curve was drawn. After 14 days, the cells were first
fixed with 4% paraformaldehyde for 60 minutes and then stained
with Giemsa solution for 20 minutes; finally, cell clones were
photographed.

2.7 | Flow cytometry

Cell apoptosis and cell cycle of BT549 and MDA-MB-231 were
analyzed by flow cytometry, respectively. The cells were continu-
ously cultured for 7 days in a six-well plate, centrifuged, eluted
with precooled D-Hanks (pH = 7.2~7.4) for precipitation, and re-
suscitated with 1 x binding buffer. After the cells were stained
with Annexin V-APC, the apoptosis rate was analyzed and cal-
culated by flow cytometry. Notably, the values of the upper and
lower quadrants on the right side of the figure were regarded as
the apoptotic rate.

After centrifugation, the cells were washed with precooled PBS
(pH = 7.2~7.4) and fixed with 70% ethanol for 2 hours. Subsequently,
the cells were recentrifuged to remove the fixed solution and
stained with 40 x Pl mother solution. Finally, the cell was filtered in
the tube of the flow machine with a pass rate of 200-350 cell/s, and

the cycle distribution was estimated. The value of the histogram is

the average value in three independent experiments.

2.8 | Migration assays

Cell migration of BT549 and MDA-MB-231 was assessed by wound-
healing assay and Transwell assay, respectively. The cells were cul-
tured in both a 96-well plate and a well-hydrated chamber (3422
corning) with a density of 5 x 10 cells/well, respectively.

After the low concentration of serum medium was replaced
the next day, the scratches were formed by nudging upward at the
center of the lower end of the 96-well plate with a scratch meter.
Cellomics (Thermo) was performed to scan the 96-well plate at 4, 24,
and 48 hours. Finally, the migration area was calculated and analyzed.

The inner chamber contained 100 pl of serum-free medium and
the external chamber contained 600 pl 30% FBS. After the cell sus-
pension had been diluted with serum-free medium, cells were added
to each chamber for 24-hour cultivation. The migrating cells were
fixed with 4% formaldehyde and photographed after Giemsa stain-

ing to analyze the migration fold change.

2.9 | Mouse xenograft model

All procedures involving mice and experimental protocols were ap-
proved by the Institutional Animal Care and Use Committees of Peking
University Shenzhen Hospital. Four-week-old female BALB/ C nude
mice were purchased from Beijing Viton Lihua Laboratory Animal
Technology Co., LTD, which were randomly divided into shCtrl (n = 10)
and shNCAPD2 (n = 10) groups. Data were collected 25 days after
MDA-MB-231 cells (with or without NCAPD2 knockdown) had been
injected subcutaneously into the mice. In vivo imaging was performed
once a week to detect tumor formation and record fluorescence inten-
sity. At the same time, the tumor volume of mice was collected once
or twice every other week, ensuring at least five measurements. After
72 days, the mice were sacrificed, and the tumors were taken and
weighed for preservation. Tumor tissues were extracted from mice
and stained with Ki6é7 (antibody information is shown in Table S1) to
further analyze the effects of NCAPD2 knockdown on BC.

2.10 | Affymetrix human gene chip prime view

In this project, Affymetrix human Gene Chip Prime View combined
with Affymetrix Scanner 3000 was performed to analyze the molec-
ular mechanism, and the outcomes were guided by the manufacturer.
Accordingly, the volcano plot and hierarchical clustering of the shCtrl
and shNCAPD2 in MDA-MB-231 cells were presented by the differ-
entially expressed genes (DEGs) with criterion of |Fold Change| > 1.3
and false discovery rate (FDR) < 0.05. Furthermore, the significant
enrichment of DEGs in classical pathways, disease, and function were
demonstrated based on ingenuity pathway analysis (IPA).
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2.11 | Bioinformatics analysis

To clarify the impact of NCAPD2 knockdown on downstream sign-
aling pathways, the Database for Annotation Visualization and
Integrated Discovery (DAVID, https://david.ncifcrf.gov/) was applied
to analyze the Kyoto Encyclopedia of Genes and Genomes (KEGG).

2.12 | Dual-luciferase assay

Promoter deletion was analyzed using a dual-luciferase reporting
system following the methods provided in the literature.?* The CDK1
promoter region fragment (chr10:60776478-60794852) was ampli-
fied and cloned into the luciferase reporter vector GLOO2 (Promega),
designated as GLO02-CDK1. Mutant construct GLO02-CDK1-MUT
was generated by site-directed mutagenesis and GLO02-CDK1-WT
as negative control. According to the instructions of Promega dual-
luciferase system (Cat. No. E2940), Firefly luciferase value and
Renilla luciferase signals were determined. Each experimental analy-

sis was repeated three times.

2.13 | Chromatin immunoprecipitation (ChIP)-
gPCR assay

ChIP-gPCR assay was performed as described previously.?> MDA-
MB-231 cells with NCAPD2 overexpression were cross-linked with
formaldehyde, lysed in SDS buffer, and sheared mechanically by
sonication to fragment the DNA. Protein-DNA complexes were pre-
cipitated with 2 pg control normal mouse IgG (Sigma, Cat. No. 15381),
2 pg Histone H3 (D2B12) XP® Rabbit mAb (CST, Cat. No.4620), and
4 ug anti-E2F1 (Proteintech, Cat. No. 66515-1-1g) antibody, respec-
tively. After separating the complex from the antibody, the primers
specific for CDK1 promoter and SYBR premix (Vazyme) were used
to detect the eluted DNA fragment. The primer sequence for CDK1
was as follows: 5 “AAGAAGAACGGAGCGAACAGTAG-3' and 5 *-
AGGAAAGGGCGGCTAGAGAAA-3.

2.14 | Statistical analysis

All data were presented as mean + standard deviation and analyzed
using GraphPad Prism Version 8.0. The statistical significance be-
tween different groups was evaluated using the unpaired Student t

test, and p < 0.05 was considered statistically significant.

TABLE 1 Expression patternsin

breast cancer tissues and paracarcinoma
tissues revealed in immunohistochemistry
analysis

NCAPD2 expression
Low

High

Univariate and multivariate analyses of various potential prog-
nostic factors in BC patients were performed using the Cox regres-
sion model. The prognostic value was calculated by Kaplan-Meier
analysis with log-rank test. The relative mRNA expression was ac-
cessed by 27AACt

3 | RESULTS

3.1 | Clinical correlation between NCAPD2 and BC
In this study, the association of NCAPD2 with clinicopathological
features of BC was analyzed. Among the 174 cases examined, high
expression of NCAPD2 was observed in 66 cases (43.1%), but not in
matched normal tissues (Table 1). Moreover, the typical representa-
tive pictures of IHC staining showed that the number of stained pos-
itive cells in tumor tissues was significantly higher than that in paired
normal tissues, indicating that NCAPD2 was abundantly expressed
in BC (Figure 1A).In this study, tumor node metastasis (TNM) classifi-
cation, which is a staging system in oncology (T is primary tumor, N is
lymph node, and M is distant metastasis), was performed according
to the seventh edition of the Union for International Cancer Control
(UICC).22 Mann-Whitney U analysis showed expression of NCAPD2
was associated with lymphatic metastasis (Table 2). Moreover, uni-
variate and multivariate analyses were performed on various poten-
tial prognostic factors of BC patients through the Cox regression
model. There was a significant correlation between the expression
level of NCAPD2 and TNM of BC patients, which indicated that the
patients with higher NCAPD2 expression had a poorer survival prog-
nosis (Table 3). In addition, according to the Kaplan-Meier survival
analysis, there was a significant negative correlation between the
expression of NCAPD2 and the overall survival of BC (Figure 1B).
The increased expression of NCAPD2 indicated the shortening of
the survival time of BC patients. Collectively, NCAPD2 was fre-
quently overexpressed in BC, and it had clinical significance in pre-
dicting the prognosis of BC patients.

3.2 | Knockdown of NCAPD?2 inhibits the
malignant phenotypes of BC in vitro

The expression of NCAPD2 was moderate in BT549 and highly
enriched in MDA-MB-231 cells (Figure S1A). Subsequently, the
targeted sequence shNCAPD2-3 was used to infect BT549 and
MDA-MB-231 to downregulate the expression of NCAPD2

Tumor tissue Paracarcinoma tissue

Cases Percentage Cases Percentage P value
87 56.9% 11 100% <0.001
66 43.1% 0 -%
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(A) Normal tissue Tumor tissue

Tumor tissue

FIGURE 1 The relationship between

the expression of non-SMC condensin
| complex subunit D2 (NCAPD2) and
breast cancer (BC). A, Representative
pictures of the expression levels of
NCAPD2 in normal tissues and tumor
tissues with different grades detected
by immunohistochemistry (IHC) (200x

and 400x magnification). B, Relationship
between the expression of NCAPD2 and
the overall survival of BC patients
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(Figure S1B). The infection efficiency and knockdown efficiency
were measured in turn to determine the successful knockdown of
NCAPD?2 in BT549 and MDA-MB-231 (Figure S1C-E). Next, the dif-
ferences in proliferation, apoptosis, and migration between groups
of shCtrl and shNCAPD2 were estimated by BT549 and MDA-
MB-231 cells. The results of cells counting for 5 days showed that
the cell number in the shNCAPD2 group was remarkably lower than
that in the shCtrl group, reflecting the inhibition of cell proliferation
by NCAPD2 knockdown (Figure 2A). In addition, the downregulation
of NCAPD?2 led to a sharp increase in the apoptosis rate of BT549
and MDA-MB-231 (Figure 2B). As illustrated in Figure 2C, cells in the
shNCAPD2 group were repressed in the G2 phase compared with
the control group, which indirectly indicated the weakening of prolif-
eration ability. As expected, both the migration rate (Figure 2D) and
the migration multiples (Figure 2E) in the shNCAPD2 group were
significantly lower than those in the control group. Comprehensive

analysis demonstrated that NCAPD2 knockdown restrains the

progression of BC by inhibiting proliferation and migration and en-
hancing apoptosis in vitro.

3.3 | Knockdown of NCAPD2 suppresses tumor
growth in vivo

The effects of downregulation of NCAPD2 were further analyzed
by the construction of a mouse xenograft model. The typical images
of mice clearly showed that the fluorescence intensity of the shN-
CAPD2 group was weaker than that of the control group (Figure 3A).
Additionally, observations lasting for 70 days indicated that the vol-
ume of the shNCAPD2 group was always smaller than that of the
shCtrl group (Figure 3B). Moreover, there was a significant differ-
ence in the size (Figure 3C) and weight (Figure 3D) of the removed
tumor between the shNCAPD2 group and the shCtrl group. In ad-

dition, fewer positive cells with Kié7 staining were detected in
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TABLE 2 Relationship between NCAPD2 expression and tumor
characteristics in patients with breast cancer

NCAPD2
expression
Features No. of patients low high  Pvalue
All patients 141 86 55
Age (years) 0.811
<58 70 42 28
258 71 44 27
Grade 0.443
| 1 0 1
Il 69 42 27
1 61 40 21
T cells infiltrate 0.422
T1 36 22 14
T2 86 56 30
T3 13 5 8
T4 2 1 1
Lymphatic metastasis 0.041
(N)
NO 74 50 24
N1 34 23 11
N2 19 8 11
N3 12 5 7
Stage 0.081
1 24 13 11
2 75 56 19
3 37 15 22

shNCAPD2 tumor tissues (Figure 3E,F). Not surprisingly, knockdown
of NCAPD?2 inhibited tumor generation in vivo.

3.4 | NCAPD2 promotes the progression of BC
through the ERKS5 signaling pathway

We performed Affymetrix Human Gene Chip Prime View analysis
on MDA-MB-231 cells to further clarify the mechanism of NCAPD2
regulating BC. The multiples and significance of DEGs between
the shCtrl and shNCAPD2 groups were tested, and significant dif-
ferences were shown by volcano maps (Figure S2A). We found
that these DEGs were significantly enriched in the ERKS5 signaling
pathway through IPA (Figure S2B). In addition, KEGG term pathway
enrichment analysis was conducted between the shCtrl and shN-
CAPD2 groups, revealing the top 10 enrichment-related pathways,
and the ERKS5 signaling pathway was the first-ranked signaling path-
way (Figure 4A). Additionally, BT549 and MDA-MB-231 cells over-
expressing NCAPD2 were treated with ERKS5 inhibitors (BIX02189,
10 pM) to clarify the role of the ERK5 signaling pathway in BC. The
NCAPD2 group contained cells with NCAPD2 overexpression, and

TABLE 3 Relationship between NCAPD2 expression and tumor
characteristics in patients with breast cancer

NCAPD2
Lymphatic metastasis(N) Pearson correlation 0.174
Significance (double-tail) 0.041
N 139

the control group was the negative control. Compared with the
control group, cell proliferation slowed down after treatment with
BIX02189. The addition of BIX02189 alleviated the promotion effect
of NCAPD2 overexpression on BC cell proliferation (Figure 4B). The
apoptosis rate of MDA-MB-231 cells was enhanced by treatment
with ERK5 inhibitor BIX02189. Compared with the control group,
NCAPD2 overexpression attenuated the apoptotic sensitivity of BC
cells. BIX02189 could reverse the sensitivity of NCAPD2 overex-
pression to BC cell apoptosis (Figure 4C). Therefore, NCAPD2 may
play a role in promoting BC progression via the ERK5 signaling
pathway.

3.5 | NCAPD2 regulates the expression of CDK1
through E2F1 transcription

Accordingto theresults of hierarchical clustering, 579 genes were up-
regulated and 885 genes were downregulated after NCAPD2 knock-
down in MDA-MB-231 cells (Figure 5A). In addition, these DEGs
were enriched in diseases and functions such as cancer, cell death
and survival, and cell cycle (Figure S2C). Furthermore, the DEGs with
the most significant differential multiples were further screened by
gPCR (Figure S2D) and WB (Figure S2E). These results indicated that
the expression of CDK1 was decreased at both mRNA and protein
levels. Moreover, we identified that the function of DEG enrichment
was related to cancer and cell cycle. As it is known, CDK1 plays a key
role in cell cycle progression.24 More importantly, CDK1 is a typical
cancer-promoting factor in BC.2% In view of the facts, we preliminar-
ily assumed that CDK1 was the downstream target of NCAPD2.

In order to verify our hypothesis, we carried out the following
experiments. Through the analysis of the database (https://www.
grnpedia.org/trrust/result_tonly.php?gene=CDK1&species=hu-
man&confirm=), we found that E2F1 was one of the transcrip-
tional activators of CDK1.%¢ Subsequently, we scanned the CDK1
promoter region with the canonical binding DNA motifs of E2F1
(5'-GTTGGCGC-3’) and found such a motif between -1825 and
-1832 upstream of the transcription start site, indicating that E2F1
regulated CDK1 promoter activity (Figure 5B). Additionally, the Co-
IP assay showed that there was an interaction between NCAPD2
and E2F1, suggesting that NCAPD2 could directly bind to the E2F1
protein in MDA-MB-231 cells (Figure 5C). Accordingly, we inferred
that NCAPD2 may regulate the expression of CDK1 through E2F1.
Furthermore, dual-luciferase assay was performed to explore
whether NCAPD2 regulated E2F1-mediated change of CDK1 pro-
moter activity. We generated a luciferase reporter construct with
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FIGURE 2 Non-SMC condensin | complex subunit D2 (NCAPD2) knockdown inhibits progression of breast cancer (BC) in vitro. A, The
Celigo assay was employed to show the effects of NCAPD2 on cell proliferation of BT549 and MDA-MB-231 cells. B, C, Flow cytometry was
performed to analyze cell apoptosis (B) and cycle distribution (C) of BT549 and MDA-MB-231 cells with or without NCAPD2 knockdown. D,
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wild-type (WT) and E2F1 binding motif-mutated CDK1 promoter
(MUT). NCAPD2 expression significantly increased CDK1 promoter-
driven luciferase activity in the WT group but not the MUT group.
The results suggested that NCAPD2 overexpression promoted
the binding of E2F1 to the CDK1 promoter in MDA-MB-231 cells
(Figure 5D). In addition, we performed ChIP-qPCR assay and con-
firmed that E2F1 promoted CDK1 transcription, and overexpression
of NCAPD2 accelerated this transcription (Figure 5E). Collectively,
our findings supported the view that NCAPD2 could transcription-
ally activate CDK1 by interacting with E2F1 in MDA-MB-231 cells.

3.6 | Overexpression of CDK1 alleviates the
inhibitory effects of NCAPD2 knockdown in BC cells

Loss/gain function assays were conducted to determine whether
CDK1 was involved in the cellular behaviors. As illustrated in
Figure S3A-F, MDA-MB-231 cells with deletion of CDK1 (shCDK1)
and CDK1 + NCAPD2 (shCDK1+shNCAPD2) were established,
respectively. As expected, CDK1 knockdown indeed inhibited
proliferation and migration and enhanced the susceptibility to ap-
optosis in MDA-MB-231 cells. Simultaneous downregulation of
CDK1 and NCAPD2 could strengthen the inhibitory effects on
malignant behaviors (Fig S4A-E). Moreover, CDK1 overexpression

and NCAPD2 knockdown were established in MDA-MB-231 cell
lines (Figure S5A-B). NC(OE+KD) is an empty vector as a negative
control; CDK1+NC-KD is CDK1 overexpression; shNCAPD2+NC-
OE is NCAPD2 knockdown; CDK1+shNCAPD2 is NCAPD2 down-
regulated and CDK1 overexpressed. Obviously, overexpression of
CDKZ1 promoted malignant progression of MDA-MB-231 cells, such
as increasing proliferation, decreasing apoptosis, and improving
migration. Further analysis showed that NCAPD2 knockdown par-
tially reversed the promotion effect of CDK1 on BC cells (revised
Figure 5F-1). Furthermore, loss/gain function assays demonstrated
that CDK1 knockdown partially attenuated the effect of NCAPD2
overexpression on the growth and migration inhibition of MDA-
MB-231 cells (Figure S6A-B). Collectively, NCAPD2 played a role in
promoting malignant progression of BC through CDK1.

4 | DISCUSSION

On the one hand, BC is not only invasive and highly heterogeneous
but also lacks effective therapy.* On the other hand, NCAPD2 is in-
volved in the assembly and separation of chromosomes during cell
mitosis,'* which may be associated with the biological processes of
cancer cells.}®%’ Recently, NCAPD2 has been reported as a prognos-
tic factor for promoting cell cycle and invasion in BC.Y Nonetheless,



GAO ET AL.

- 903
Cancer Science RyIo S ans

(A) shCtrl shNCAPD2 (C) shCtrl

R
A

[N

"

!

shNCAPD2  (E)

T— ° .
3 - ° < ,
£ _ 10 - -
g * M
25 s 3
=3 :
g3 6 M
L
52 o o
=3 T e
= 2 21 [
g [ \
57 o .
®) shCtrl  shNCAPD2 o)
0.8-
800+
& -e- shCtrl — 0.6
E 6001 o shNCAPD2 =
~— L
o)
g ?
5 a0 2 0.41
o
5 £
E 200+ 0.2
[
0 . 0.0
20 80 shCtrl

Days post-tumor inoculation

el .
0
wl 2
-
ﬁ”_/ o
% S
N
“’/ x
: | W
=
ﬁ,_’/ z
o
*/ < >
. T
A ] P N
(F) 10-
% % % hdad
8-
[ —
S
o
3
s | I
©
X
2_
T o
ShNCAPD2 shCtrl  shNCAPD2

FIGURE 3 Non-SMC condensin | complex subunit D2 (NCAPD2) knockdown inhibits tumor formation of breast cancer (BC) in vivo. A, In
vivo imaging was performed to evaluate the tumor burden in mice of the shANCAPD2 and shCtrl groups post tumor inoculation (fluorescence
intensity was scanned and used as a representation of tumor burden). B, MDA-MB-231 cells with or without NCAPD2 knockdown; the
volume was measured and calculated at indicated time intervals. C, Photos of the removed tumors were taken post tumor inoculation. D,
Average weight of tumors between the shANCAPD2 and shCtrl groups. E, The Kié7 level in tumors removed from mice was detected by
immunohistochemistry (IHC) as a representation of tumor growth. F, Kié7 expression difference between the shNCAPD2 and shCtrl groups.

Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

the underlying molecular mechanism of NCAPD2 involvement in
the regulation of BC remains to be elucidated. In this context, we
found that NCAPD2 was highly expressed in BC. High expression of
NCAPD2 predicted poor clinical prognosis in BC patients. Moreover,
knockdown of NCAPD2 restrained the progression of BC by inhibit-
ing proliferation and migration and enhancing apoptosis in vitro. It
was further confirmed that the downregulation of NCAPD2 inhib-
ited tumor generation in vivo. Collectively, we elucidated the pro-
moting role of NCAPD2 in BC.

Additionally, the regulatory mechanism of NCAPD2 in BC pro-
gression was preliminarily explored. NCAPD2 knockdown resulted

in significant enrichment of the ERK5 signaling pathway. Previous

study reported that the ERKS5 signaling pathway played an important
role in inducing and maintaining migration and invasion of BC cells.?®
Inhibition of the MEK5/ERKS5 signaling pathway could reduce the
proliferation and survival of BC.?? Consistently, the present study
demonstrated that inhibition of the ERKS5 inhibitor could inhibit BC
cell proliferation and enhance apoptosis. Moreover, inhibition of the
ERKS5 signaling pathway alleviated the promotion effect of NCAPD2
overexpression on BC progression. We revealed that NCAPD2 ex-
hibited a role in promoting BC through the ERKS5 signaling pathway.

Furthermore, Affymetrix Human Gene Chip Prime View analy-
sis and IPA identified that CDK1 is a key mediator for NCAPD2 in

promoting tumor growth and migration in BC. Cyclin-dependent

FIGURE 4 Non-SMC condensin | complex subunit D2 (NCAPD2) promotes the progression of breast cancer (BC) through the

ERKS5 signaling pathway. A, The potential mechanism of NCAPD2 in BC cells was analyzed by Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis. The names of the enrichment pathways are shown on the left axis. The abscissa is the enrichment factor.
High enrichment factor indicates that the enrichment of different proteins in this pathway is significant. B, C, The effects of NCAPD2
overexpression and ERKS5 inhibitor treatment on BT549 and MDA-MB-231 cells’ proliferation (B) and apoptosis (C) were detected.
Representative images were selected from at least three independent experiments. Data are shown as mean +SD. *p < 0.05, **p < 0.01,

***p < 0.001
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FIGURE 5 Non-SMC condensin | complex subunit D2 (NCAPD?2) regulates the expression of CDK1 through E2F1 transcription. A, Prime
View Human Gene Expression Array was performed to identify the differentially expressed genes (DEGs) between the shNCAPD2 and
shCtrl groups of MDA-MB-231 cells and shown by hierarchical clustering. B, Schematic of the CDK1 promoter reporter and its putative
E2F1-binding site. C, The interaction between NCAPD2 and E2F1 was confirmed by Co-IP assay. D, Dual-luciferase assay was performed
to explore whether NCAPD2 regulated CDK1 promoter activity. E, ChIP-qgPCR assay was conducted to confirm that E2F1 bound to the
CDK1 promoter. F-1, Cell models were subjected to the detection of cell proliferation (F) and cell apoptosis (G). Cell migration ability was
assessed by wound-healing assay (H) and Transwell assay (l). NC(OE+KD) is an empty vector as a negative control; CDK1+NC-KD is CDK1
overexpression; SANCAPD2+NC-OE is NCAPD2 knockdown; CDK1+shNCAPD2 is NCAPD2 downregulated and CDK1 overexpressed.
Representative images were selected from at least three independent experiments. Data are shown as mean +SD. *p < 0.05, **p < 0.01,

***p < 0.001

kinases (CDKs) are serine/threonine kinases that coregulate the cell
cycle with certain regulatory cyclins.’® CDK1 is the only essential
CDK facilitating the G2/M and G1/S transitions as well as G1 pro-
gression.®® The activity of CDK1 is strictly regulated by cyclins and
checkpoint kinases such as WEE1 and Chk1 to ensure that cells do
not enter mitosis if DNA replication is incomplete or damaged.*! In
addition, CDK1 phosphorylates a large number of proteins, promot-
ing nuclear membrane rupture, chromatin concentration, and spin-
dle assembly.?? Considerable evidence suggested that CDK1 is not
only overexpressed in some tumors (such as BC,% colorectal can-

35 melanoma,36 and hepatocellular carcinoma37)

cer,34 lung cancer,
but is also associated with poor prognosis. Additionally, targeted
CDK1 can specifically enhance the sensitivity of tumor cells to DNA
damage agents without affecting the sensitivity of normal epithe-
lial cells.®®3? Inhibition of CDK1 expression is considered to be an
attractive antitumor strategy.?>*%®*! The present study clarified the
inhibitory effect of CDK1 in BC.

Previous study reported that E2F transcription factor 1 (E2F1)
transcription activated CDK1.1! Consistently, our data demonstrated
that NCAPD2 could transcriptionally activate CDK1 by interacting
with E2F1 in MDA-MB-231 cells. Furthermore, the transactivation
ability of E2F1, a transcription factor involved in cell cycle regula-
tion and apoptosis, is regulated by Rb.*? Therefore, whether there
is a possible interaction between NCAPD2 and Rb is an unclarified
point in this study that requires to be further explored. In addition,
we have identified that a variety of transcription factors may initiate
and regulate the expression of CDK1 through bioinformatics analy-
sis. Nonetheless, our data suggested that E2F1 was involved in tran-
scriptional regulation between NCAPD2 and CDK1 as a link between
NCAPD2 and CDK1. Of course, there must be a variety of other tran-
scription factors in the promoter site of CDK1 to regulate the trans-
duction of other signal pathways, which require in-depth exploration.
Taken together, our findings revealed that NCAPD2-mediated E2F1
transcription activated CDK1 expression to promote BC progression.

NCAPD2 was frequently overexpressed in BC, and it had clini-
cal significance in predicting the prognosis of BC patients. NCAPD2
could transcriptionally activate CDK1 by interacting with E2F1 in
MDA-MB-231 cells. Knockdown of NCAPD2 inhibited the prolifera-
tion and migration of BC, and overexpression of CDK1 could allevi-
ate these inhibitory effects. In summary, the NCAPD2/E2F1/CDK1
axis may play a role in promoting the development and progression

of BC, which may provide a blueprint for molecular therapy.
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