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HIGHLIGHTS

Lamin-A was critical for cells passing
through pores and survival.

Lamin-A knockdown could enhance mi-
gration ability, while overexpression
could weaken the capacity to migrate.
Lamin-A knockdown increased nuclear
plasticity, and the morphology was eas-
ier to recover after migration.

When lamin-A was further knockdown,
cells migrated through restricted pores
decreased unexpectedly, with severe
DNA damage.

BRCA1, Ku80 and Rad50 were down-
regulated after lamin-A further knock-
down, suggesting DNA repair pathways
were impaired.
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GRAPHICAL ABSTRACT

Lamin-A could influence the migration capacity of cells through constricted pores
and the morphology after migration, as well as DNA damage and genomic instability.
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ABSTRACT

Objective. Nuclear lamina plays important roles in nuclear shape and mechanical stability. Many studies dem-
onstrated that defects of lamin-A were associated with several diseases, but little research was found on its po-
tential roles in ovarian cancer.

Methods. GEPIA and GEO database were used to analyze lamin-A in ovarian tissues, followed by assessing
lamin-A and prognosis of ovarian cancer patients with Kaplan-Meier plotter. Then, transient transfected HO-
8910 cells with shRNA to knockdown lamin-A. Knockdown efficiency was determined by western blot, qRT-
PCR and immunofluorescence. Meanwhile, lamin-A was overexpressed in HO-8910 PM cells. Then, 2D migration,
3D migration through 3 um and 8 pm pores were carried out, followed by immunofluorescence and TEM obser-
vation.

Results. Lamin-A tended to be lower in ovarian cancer, and higher expression of lamin-A was associated with
better survival. After lamin-A knockdown, 2D and 3D migration (3 um, 8 um) abilities of HO-8910 cells were sig-
nificantly increased (p <0.001), while overexpression of lamin-A in HO-8910PM impeded migration. Meanwhile,
when HO-8910 cells migrated through 3 pm pores, nuclei became strikingly elongated, and down-regulation of
lamin-A promoted nuclear plasticity, making the circularity of nucleus increased. Besides, further knockdown
group had the highest proportion of y-H2AX, with micronuclei forming. Furthermore, western blot showed
that the expression of BRCA1, Ku80 and Rad50 decreased significantly after further knockdown, suggesting im-
pairment of DNA damage repair.

Conclusions. Lamin-A was down-regulated in ovarian cancer, and higher lamin-A was associated with better
prognosis. Nuclei with high lamin-A were severely deformed through constricted pores. Moderate lamin-A
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enhanced nuclear plasticity, so as to strengthen migration ability. When lamin-A was further knockdown, ovar-
ian cancer cells that migrated through restricted pores decreased, with DNA damage, genomic instability and im-
pairment of DNA damage repair.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Nuclear lamins are the main components of the nuclear lamina,
which generally exist in eukaryotic cells. Lamins interact with
membrane-associated proteins to form the nuclear lamina, and are
closely related to nuclear membrane, chromatin and nuclear pore com-
plex. The nuclear lamina is found between the inner nuclear membrane
and the peripheral chromatin. It plays an important role in the break-
down and reformation of the nuclear envelope during cell division.
Lamins can be divided into A and B type, encoded by three distinct
genes, LMNA, LMNB1 and LMNB2 [1]. Normally, LMNA gene can encode
four A type lamins (A + AAIO + C+ C2), they are all derived from LMNA
through alternative splicing. Among them, A and C are the major parts.
As central components of nuclei, they can influence nuclear shape and
stability, and are required for mechanical stability, chromatin organiza-
tion, gene regulation, nuclear positioning and cell division [2].

The LMNA gene locates at chromosome 1q21.1-21.3, and encodes
for lamin-A and lamin-C protein, which are major components of the
nuclear lamina [1]. The mutation of LMNA gene could increase the con-
tent of the nuclear lamina binding to the telomere, changing the loca-
tion of telomere. Telomere is closely related to cell life, so the
mutation of LMMA often affects the lifetime of cells. Many studies
have demonstrated that mutations in the LMNA gene or defects of
lamin-A were associated with several diseases including E familial par-
tial lipodystrophy, mery-Dreifuss muscular dystrophy, dilated cardio-
myopathy and Hutchinson-Gilford progeria syndrome [3,4].

Ovarian cancer is the most malignant gynecologic malignancy, and is
prone to invasion, metastasis and recurrence. The majority of patients
have no obvious symptoms and are diagnosed late-stage ovarian cancer,
with distant metastasis occurred. But the molecular mechanisms under-
lying metastasis is poorly understood. Previous studies have demon-
strated that lamin-A levels could change in many diseases, and could
vary greatly depending on the subtypes and characteristics of tumor
cells. Down-regulation of lamin-A has been shown in several tumor
types such as gastric carcinoma [5], and was also correlated with the
poor prognosis of primary gastric carcinoma and colon cancer [5,6]. Be-
sides, lamin-A was also related to the recurrence and aberrant nuclear
morphology of ovarian cancer and breast cancer [7,8]. On the contrary,
researchers also discovered that lamin-A was a potential colorectal can-
cer biomarker [9], indicating a more aggressive phenotype and a worse
prognosis with high levels. However, little research was found on the
potential roles of lamin-A in ovarian cancer. Our previous studies have
demonstrated that VEGF could promote the invasion of ovarian cancer
partially via down-regulation of Ezrin and Lamin-A/C, caused by the in-
crease of miR-205 [10]. Further studies confirmed that it was lamin-A
that decreased, lamin-C did not change significantly [11]. Therefore,
the aim of our study is to investigate the effects of lamin-A on the migra-
tion of ovarian cancer, and its potential role in the nuclear stability of
ovarian cancer cells.

2. Methods
2.1. Cell lines and cell culture

HO0-8910 and HO-8910PM are two kinds of human ovarian cancer
cell lines. HO-8910PM is a highly metastatic cell line derived from HO-
8910. HO-8910 cells were purchased from CCTCC (China Center for
Type Culture Collection, Wuhan, China). HO-8910PM cells were kindly

donated by Professor Xin Lu (Obstetrics and Gynecology Hospital,
Fudan University, Shanghai, China). All cells were cultured using stan-
dard protocols. HO-8910PM cells were cultured in DMEM high-
glucose Media, HO-8910 cells were cultured in RPMI-1640 media (BlI,
Biological Industries), supplemented with 10% fetal bovine serum (BI,
Biological Industries). All cells were maintained at 37 °C under 5% CO-.

2.2. Lamin-A knockdown

All GFP-shRNAs were purchased from GENECHEM (Shanghai,
China). Before transfection, HO-8910 cells were plated at 2 x 10° cells/
well in 6-well cell culture plates. The transient transfection complex
was prepared in Opti-MEM reduced serum medium (GIBCO, Life Tech-
nologies) following the manufacturer's instructions. A complex of 2 ng
shRNA and 1 pg/ml Lipofectamine2000 4 pl was prepared. A single
dose was denoted as “shRNA+" to achieve moderate knockdown, and
three doses to achieve further knockdown were denoted as “shRNA+
++", compared with those using the same doses of scrambled shRNA
(scr shRNA). Cells were maintained at 37 °C for 6-8 h, then the medium
was replaced with RPMI-1640 complete medium. Knockdown effi-
ciency was determined by western blot, qRT-PCR and immunofluores-
cence staining after 24 h. Antibodies against lamin-A (mouse, ab-
8980) was from Abcam, UK.

2.3. Lamin-A overexpression

The plasmids encoding lamin-A with flag tag were purchased from
GENECHEM (Shanghai, China). Cells were transfected with flag-lamin-
A and the corresponding empty vector. Before transfection, cells were
plated at 2 x 10° cells/well in 6-well cell culture plates. Then 2 pg plas-
mid and 4 pl lipofectamine2000 (Life Technologies, Carlsbad, CA) were
diluted in 0.2 ml Opti-MEM medium (GIBCO, Life Technologies) follow-
ing the manufacturer's instructions. Subsequently, cells were main-
tained at 37 °C for 6-8 h, then the mixture was replaced by 2 ml of
DMEM complete culture medium. Western blot and qRT-PCR were per-
formed after 24 h to detect the overexpression efficiency.

24. Migration assay

Transwell inserts with 3 pm or 8 pum pore size were purchased from
Corning (Inc, NY). For migration, 10° cells were seeded in serum-free
medium on the top well, and normal culture medium with 10% FBS
was added to the bottom well. After incubation at 37 °C for 24 h, non-
migrating cells in the upper chamber were removed by cotton swab,
and the cells on the bottom of the filters were fixed with 4% paraformal-
dehyde for 30 min, then stained with 0.1% crystal violet for 20 min. The
number of migrating cells was quantitated using Image-Pro plus
software.

2.5. Wound healing assay

10° cells were seeded on 6-well cell culture plates. The next day,
cells were treated with shRNA (lamin-A knockdown or scrambled).
After 24 h, cells were wounded with a 20 pl sterile micropipette tips,
and then washed with serum-free medium to remove detached cells.
Photos were taken of the same area at O h, 24 h, 48 h, and 72 h to mea-
sure the width of the wound.
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2.6. Quantitative RT-PCR (qRT-PCR) analysis

Total RNA was harvested using Trizol reagent (Takara, Japan), and
reverse transcribed into cDNA using the GoScript Reverse Transcription
(RT-PCR) System (Promega, Madison, WI, USA). Primers were synthe-
sized by Generay Company (Shanghai, China). Quantitative RT-PCR
was performed using ABI Prism 7500 system with GoTaq qPCR Master
Mix (Promega, Madison, WI, USA) according to the manufacturer's in-
struction. GAPDH was used as an internal control.

2.7. Western blotting

Cells were lysed in lysis buffer containing protease inhibitor. Protein
concentration was determined using a BCA protein assay kit (Novagen,
Merck Group, Madison, USA). Equal amounts of denatured proteins
were separated by SDS-PAGE gels and then transferred onto PVDF
membranes (Millipore, Bedford, MA, USA). The membranes were
blocked in 5% non-fat milk at room temperature for 1 h, and then incu-
bated with primary antibody, followed by horseradish peroxidase-
conjugated secondary antibody. Protein expression levels were de-
tected using Image Lab software (Bio-Rad, CA, USA).

2.8. Immunofluorescence staining

Transwell membranes or glass slides were fixed in 4% formaldehyde
for 30 min at room temperature followed by PBS washing. Then perme-
abilized by 0.01% TritonX-100 for 30 min, blocked by 5% BSA, and incu-
bated in primary antibody at room temperature for 1 h, and stayed
overnight at 4 °C. Finally, the primary antibody was tagged with the cor-
responding secondary antibody for 1 h at room temperature. Images
were photographed with Olympus DP73 fluorescence microscope.

2.9. Transmission electron microscopy

Cells were detached from plates using 0.05% Trypsin-EDTA, and then
collected them by 5 min of centrifugation at 1100 rpm. Fixation was per-
formed with 2.5% glutaraldehyde at 4 °C for >24 h, and then post-fixed
in 2% osmic acid, followed by dehydrated in graded acetone and embed-
ding. Semithin sections were cut and stained with toluidine blue for
light microscopy. Then, ultrathin sections were obtained with a Leica ul-
tramicrotome, collected on copper grids and counterstained with uranyl
acetate and lead nitrate for imaging. The specimens were observed by a
transmission electron microscopy (TEM, HT770, Japan).

2.10. Search strategy

Microarray profiles (up to 23 September 2018) that explored lamin-
A in ovarian cancer tissues and normal ovarian tissues were obtained
from the Gene Expression Ominibus (GEO) database in NCBI (http://
www.ncbi.nih.gov/geo), using the keywords “ovarian cancer”. Database
searching was carried out by two researchers independently (Yixuan
Wang and Liuging He). The microarrays that met the following criteria
were collected: (a) studies including at least 30 samples;
(b) examination of mRNA expression in ovarian cancer patients' tissues
and normal tissues; (c) samples containing completed data for analysis.
In the initial screening, a total of 96 potentially relevant datasets were
selected. After reading summary and relevant information, a total of 4
GEO datasets (GSE27651, GSE40595, GSE25427, GSE12470) were in-
cluded. As the data were obtained from GEO, further approval by an
ethics committee was not required.

3. Statistical analysis
All data were presented as the mean values + the standard error of

the mean from at least 3 independent experiments. Two-tailed
Student's t-test was used for comparison between two groups.

Statistical analyses were carried out using Graphpad Prism 5.0. Error
bars indicate the standard deviation in all the figures. p value < 0.05
was considered statistically significant. *p < 0.05, **p <0.01, ***p < 0.001.

4. Results

Lamin-A was down-regulated in ovarian cancer tissues, and higher
expression of lamin-A was associated with better survival in ovarian
cancer patients.

In our previous study, paraffin sections were used to detect the ex-
pression of lamin-A in ovarian tissues (61 cases of ovarian cancer, 14
cases of benign ovarian tumors and 13 cases of normal ovarian tissues)
[11]. The results indicated that lamin-A expression was significantly
lower in ovarian cancer than in the normal and the benign groups (p <
0.05) [11]. Then, lamin-A expression obtained from Gene Expression
Profiling Interactive Analysis (GEPIA) online database were assessed
[12]. In agreement with our previous study, lamin-A tended to be
lower in many kinds of cancers including ovarian cancer (Fig. 1A). To
further validate these findings, data from GEO database (GSE40595
[13], GSE25427 [14], GSE12470[15], GSE27651 [16]) were analyzed. Re-
sults showed that expressions of lamin-A in ovarian cancer tissues were
significantly lower than those in normal ovarian tissues (all p < 0.001),
which was in accordance with our previous findings. Furthermore,
lamin-A expression of high-grade ovarian cancer was lower than that
in low-grade ovarian cancer (Fig. 1D).

We also assessed the association between lamin-A expression and
prognosis using the Kaplan-Meier plotter database [17]. Patients with
high lamin-A had significantly longer OS (overall survival) and PFS
(progression free survival) than patients with low lamin-A in ovarian
cancer (Fig. 1B, p = 0.0093; Fig. 1C, p = 0.018).

Moderate knockdown of lamin-A enhanced migration capacity of
ovarian cancer cells.

Transient transfected HO8910 cell line with shRNA to moderate
knockdown lamin-A, and total protein and RNA were extracted 24 h
after transfection. Then western blot and qRT-PCR were used to detect
the protein and mRNA expression changes. After transfected with
shRNA, about 30%-40% lamin-A was inhibited (Supplementary
Fig. S1A, Fig. 2A, p < 0.05). Results showed that 2D migration (wound-
healing assay) rate of HO-8910 cells was accelerated after lamin-A
knockdown (Supplementary Fig. S1B, p < 0.001). Next, 3D migration
(transwell assay) was carried out through relatively large pores (8
um), and found that the number of cells transferred through the filters
increased significantly in lamin-A knockdown group than control (Sup-
plementary Fig. S1C, p <0.001), suggesting that both the 2D and 3D mi-
gration capacities of HO-8910 cells were enhanced after lamin-A
knockdown.

Further knockdown of lamin-A impeded migration capacity of ovar-
ian cancer cells through restricted pores.

After treatment of a single dose or three doses of shRNA for 24 h,
western Blot, qRT-PCR and immunofluorescence were used to detect
the knockdown efficiency (Fig. 2A, B). In the further knockdown
group, lamin-A was inhibited about 70%-80% compared to control
(Fig. 2A). Immunofluorescence staining showed a significant decline of
lamin-A intensity in the further knockdown group compared with mod-
erate knockdown (Fig. 2B, p < 0.05). Then, wound healing assay,
transwell assay were performed to assess cell migration. The abilities
of 2D migration and 3D migration through relative large pores (8 pum)
were enhanced after lamin-A moderate and further knockdown,
whereas no significant difference was found between them (Fig. 2C,
D), indicating that the degree of knockdown could not affect the ability
of 2D and 3D migration through larger pores. However, when the three
groups were migrated through relative small filters (3 um), the number
of migrated cells decreased in the further knockdown group surpris-
ingly (Fig. 2E, p < 0.001), which showed that further knockdown
lamin-A could weaken the ability of cells passing through restricted
pores (3 um).


http://www.ncbi.nih.gov/geo
http://www.ncbi.nih.gov/geo

Y. Wang et al. / Gynecologic Oncology 152 (2019) 166-176 169
Gene expression profile across tumor samples and paired normal tissues
o
2
8 M Tumor
E B Normal
s
2
5
5
E
2
k)
8
7
8
c
b
c
3
o
2
£
2
L X R > A O o O 23
@9 & f S Q(g qu /\00 \;OQ’ RS
Overall Survival Progression-free Survival
8 7 HR =084 (0.74 - 0.96) S HR=1.2(1.08-1.39)
logrank P = 0.0093 i logrank P =0.018
2 3
2 >
2l 'S 2
3 4
£ S
4 o o«
< 5 b4
o S
s
Expression E"P’es‘s‘”‘( st
— = — low (n=
= I:Igh §:=;§2)> 2 - — high (n=360)
T T T T T J 1 ! 0 T
0 50 100 150 200 250 0 50 100 150 200 250
Time (months) Time (months)
GSE40595 GSE25427 GSE12470 GSE27651
p<0.001 p=0.026 p<0.001 p<0.001
1.5 1" 25000 5000
n .
c c c
S 1.0 s § 20000 § 4000 »
D w 104 ] »
5 05 § = *5_15000 L \;,(.:sooo ]
3 s 9 3 o '™ ° P -
2 0.0 .g .g 10000 H 2000 =
b=} = s
g S 8 " K o u s &
5 |} [
& 0.5 & g 5000 e 1000 B
{ |
-1.0: T 7 T T 0 T T 0 T T
normal cancer normal cancer normal cancer low-grade high-grade

Fig. 1. Lamin-A was down-regulated in ovarian cancer tissues, and higher expression of lamin-A was associated with better survival in ovarian cancer patients. A: lamin-A expression
profile across TCGA datasets. Images were taken from GEPIA online database (http://gepia.cancer-pku.cn). BLCA, Bladder Urothelial Carcinoma; KICH, Kidney Chromophobe; LAML,
Acute Myeloid Leukemia; OV, Ovarian serous cystadenocarcinoma; PCPG, Pheochromocytoma and Paraganglioma; PRAD, Prostate adenocarcinoma; TGCT, Testicular Germ Cell
Tumors; UCEC, Uterine Corpus Endometrial Carcinoma; UCS, Uterine Carcinosarcoma. B, C: Kaplan-Meier curves for OS (overall survival) and PFS (progression free survival) in ovarian
cancer using the Kaplan-Meier Plotter database (www.kmplot.com). Red and black lines indicated patients with higher and lower than median lamin-A expression, respectively. D:
Expression levels of lamin-A in ovarian tissues from GSE40595, GSE25427, GSE12470, and GSE27651 database. Normal, normal ovarian tissue; cancer, ovarian cancer tissue; low-

grade, low-grade ovarian cancer; high-grade, high-grade ovarian cancer.

Lamin-A knockdown influenced the nuclear morphology, DNA dam-
age, and micronuclei formation after migrated through constricted
pores.

In assessing migration, shapes of nuclei on the bottom of the 8 um
transwell filters appeared indistinguishable from 2D cultures, regard-
less of lamin-A levels (Fig. 3A). But we noticed that nuclear shapes on
the bottom of the 3 um filters were strikingly elongated compared
with the typical elliptical shapes on the top (Fig. 3A), and the nuclear
circularity increased in cells transfected with shRNA+, and was even
higher after transfected with shRNA+++ (Fig. 3A). These results sug-
gested that the nuclear morphology after constricted migration was re-
lated to lamin-A level. However, for 8 um pores, lamin-A knockdown
had no effect on shapes of nuclei on the filter bottoms. In addition, the
expression of y-H2AX (a DNA double strand break marker) was

observed after migration through 3 pm pores both in lamin-A moderate
knockdown group and in further knockdown group, but the positive
rate of the latter was higher (Fig. 3B, p < 0.01), with y-H2AX positive
micronuclei formed (Fig. 3C), indicating DNA damage and genomic in-
stability after restricted migration. On the other hand, the positive rate
of y-H2AX was extremely low after passing through larger filters (8
um), suggesting that DNA damage was rare for cells migrating through
larger pores, regardless of lamin-A level (Fig. 3D). The results suggested
that DNA damage was easy to happen in cells passing through con-
stricted pores, and damage was more serious with the decrease of
lamin-A. As the repair of DNA double strand break (DSBs) is conducted
via non-homologous end joining (NHE]) and homologous recombina-
tion (HR), of which BRCAT1, Ku80, Rad50 are the key proteins, so the ac-
tivation of DNA damage response kinases was tested by western blot.


http://gepia.cancer-pku.cn)/
http://www.kmplot.com

170

LaminA S s—

Y. Wang et al. / Gynecologic Oncology 152 (2019) 166-176

scr
shRNA shRNA+ shRNA+++

——

GAPDH S St S

shRNA+ scr shRNA

pore size 8um ShRNA+++

pore size 3um

15

0.0

1.5
c *
ol l < o Fkekk

Zo

b Sa 1.0
42
Qo
QX

S 0 o5
g2
Q
@ (o))

scr
shRNA

scr
shRNA

shRNA+  shRNA+++

shRNA+ shRNA+++

1.59
**k
Py
)
51.0- T
£ l_|
<
£0.54
£
©
-
som 0.0
scr shRNA+ shRNA+++
shRNA
Oh 12h 24h 48h
8 1.59 @B  scrshRNA
% shRNA+
» e BB ShRNA+++
5 1.04 -
Q n | '_] =
®
g 1
GZJ 0.5
ke
(0]
X o.0d
Oh 12h 24h 48h

scr shRNA shRNA+ shRNA+++
- e X - 4"
B A% r,., x “ ! "\" Hipalay -
‘ﬁl ‘1 > ' I'- ’ (o] o
2 e ¢ ﬁsf g o
S .
. V,ml‘) 7 - ES
- 3
& ZzZ9 %
Z’F *\3 OF E o
scr  shRNA+shRNA+++
shRNA
ShRNA+++
PO 200
X’) -
"E 8 150
g E’ 100 =
ES
50
z2
1S

scr
shRNA

shRNA+ shRNA+++



Y. Wang et al. / Gynecologic Oncology 152 (2019) 166-176 171

Results showed that the expressions of BRCA1, Ku80 and Rad50 did not
change obviously after lamin-A moderate knockdown (Fig. 3E), but
were down-regulated significantly after further knockdown (Fig. 3E, p
<0.01), suggesting impairment of both NHE] and HR pathways in DNA
damage repair.

Overexpression of lamin-A impeded the migration ability of ovarian
cancer cells.

Different from HO-8910, HO-8910PM has relative low expression of
lamin-A. When transfected with flag-lamin-A, lamin-A was significantly
up-regulated to 24 fold by qRT-PCR, and western blot showed the same
trend (Fig. 4A, p < 0.001). Then, wound healing assay (2D), transwell
assay (3D) were used to assess the effect of lamin-A overexpression
on migration of HO-8910PM cells. After treatment with flag-lamin-A,
2D migration was significantly inhibited (Fig. 4B). Then the two groups
were transferred through relative large pores (8 um, Fig. 4C) as well as
constricted pores (3 um, Fig. 4D), and discovered that overexpression
of lamin-A strongly impeded the 3D migration of HO-8910PM cells
with statistically significant difference (p < 0.001).

Lamin-A overexpression influenced the nuclear morphology, DNA
damage, and micronuclei formation after migrated through constricted
pores.

HO-8910PM cells transfected with flag-lamin-A or control vector
were migrated through relatively large pores (8 pm). Immunofluores-
cence showed the nuclei appeared to be similar in shape on top and bot-
tom. However, when migration was carried out through constricted
pores (3 um), nuclear shapes on the bottom of the filters were elongated
compared with the typical elliptical shapes on the top surface in lamin-
A overexpression group, and the circularity of nuclei increased in con-
trol (Fig. 5A, p < 0.05), indicating that the nuclear morphology after re-
stricted migration was related to the level of lamin-A. In addition,
micronuclei with y-H2AX staining were also observed in HO-8910 PM
cells (Fig. 5B). Besides, when cells migrated through restricted pores,
v¥-H2AX positive rate decreased after overexpression of lamin-A
(Fig. 5C, p < 0.001), whereas no significant difference between the two
groups was found for 8 pm pores (Fig. 5D).

Nuclear morphology was affected after lamin-A further knockdown
detected by transmission electron microscopy.

To further detect the changes of nuclear shape, and achieve higher
spatial resolution of nuclei, sShRNA+++ treated group and the control
were subjected to transmission electron microscopy (TEM) analyses.
Control cells showed intact nuclei, which appeared smooth with oval
shape and normal chromatin distribution (Fig. 6A). But after further
knockdown of lamin-A, distorted nucleus with nuclear incisures ap-
peared, and sometimes with a micronucleus next to it (Fig. 6B, arrow).
In addition, TEM also showed that different from a typical nuclear struc-
ture, chromatin dissolution was observed in some of the nuclei, with
loosely arranged chromatin (Fig. 6C, arrow). Besides, nuclear protru-
sions could also be seen in some of the nuclei (Fig. 6C, arrowhead).

5. Discussion

The nuclear envelope (NE) consists of the inner nuclear membranes
(INM) and outer nuclear membranes (ONM), INM and ONM are differ-
ent in function, and are connected through nuclear pores [18,19]. Nu-
clear lamina is located below the INM, and is required in maintaining
nuclear structure and integrity. It also plays an important role in a series
of cell processes, such as regulation of gene expression, DNA replication
and repair, apoptosis, senescence and chromatin organization [20].

Besides, researchers also found that lamina was essential in the nuclear
morphology, related to the size, shape and mechanical stability of the
nucleus [21,22].

Lamin-A is encoded by LMNA gene. The expression of lamin-A could
change in many diseases. Recent studies have shown that lamin-A was
down-regulated in tumor cells [23,24], but also could be up-regulated
sometimes [23,25,26], so the expression and function of lamin-A were
particularly complex. The GEPIA online database revealed that lamin-
A levels tended to be lower in many kinds of cancers including ovarian
cancer (Fig. 1A). In our previous study, immunohistochemistry demon-
strated that lamin-A was lower in ovarian cancer tissues than that in
normal ovarian tissues. These were further confirmed by the data
from GEO database (Fig. 1D). Besides, Kaplan-Meier curves of OS (sur-
vival rate) and PFS (progression-free survival rate) further verified
that low lamin-A expression was significantly associated with poorer
survival in ovarian cancer patients, whereas high lamin-A level was as-
sociated with better prognosis (Fig. 1B, C). Next, the effect of lamin-A on
migration of ovarian cancer cells was investigated. In our study, the 2D
and 3D migration abilities of HO-8910 cells enhanced after lamin-A
moderate knockdown (Fig. 2, Supplementary Fig. S1), with no obvious
changes of the nuclear shape (Fig. 3A), whereas overexpression of
lamin-A in HO-8910 PM cells led to a decline in cell migration (Fig. 4).
This indicated that the expression level of lamin-A was critical for cell
migration, down-regulation of lamin-A could decrease the hardness of
cells and enhance the ability of migrating through transwell filters
[27,28]. Surprisingly, cells showed a biphasic dependence on lamin-A
levels in migration through 3 pm filters. Relative to scrambled shRNA
treated cells, moderate knockdown group (denoted as ShRNA+) pro-
duced the greatest increase in 3D migration (Fig. 2E), but knockdown
level had no effect on 2D migration and migration through 8 um pores
(Fig. 2C, D), which were approximately sevenfold larger than the
smaller pores, and required much less distortion of nuclei. In addition,
we noticed that differences in the morphology of nuclei appeared on
the bottom of the 3 um pores, cells with relative high lamin-A had elon-
gated nuclear shapes (Fig. 3A), and the circularity of nuclei increased
with the decrease of lamin-A (Figs. 3A,5A). However, for 8 um pores,
lamin-A knockdown had no effect on shapes of nuclei on the filter bot-
toms. These results indicated that nuclei with high lamin-A were se-
verely deformed and difficult to recover during migration through
constricted pores, suggesting that lamin-A was essential in the mechan-
ical stability of the nucleus [29,30], especially in maintaining the oval
shape [29]. The down-regulation of lamin-A could enhance the plastic-
ity of the nucleus, making the cells more prone to deformation through
restrictive pores, and the morphology was easier to recover. Besides,
constricted migration increased the positive rate of y-H2AX foci espe-
cially in the lamin-A further knockdown group (Fig. 3B), indicating for-
mation of DSBs and lethal DNA damage [31], which, if not repaired,
could lead to cell death [32,33]. Furthermore, micronuclei were ob-
served in some cells after lamin-A further knockdown (Fig. 3C).
Micronuclei are satellite nuclei, often y-H2AX positive, with roles in ge-
nome remodeling. Micronucleus formation is the result of many cell di-
vision defects, including mitotic errors, DNA replication or repair errors
[34,35], making the complete chromosome segment into micronucleus
[36]. As shown in the TEM, distorted nuclei with micronuclei or nuclear
protrusions could be found in lamin-A further knockdown group
(Fig. 6B, C).

In summary, DNA damage was easy to happen in cells passing
through constricted pores, and the damage was more serious with the

Fig. 2. Further knockdown of lamin-A impeded migration capacity of ovarian cancer cells through restricted pores A: Knockdown efficiency was determined by western blot and qRT-PCR.
B: Representative images of cells stained for lamin-A and quantitative results of lamin-A intensity. HO-8910 cells were transfected with shRNA+, shRNA+++, and scrambled vector as
control. Scale bars, 50 um. C: Representative images and quantitative results of wound-healing assay. HO-8910 cells were transfected with shRNA+, shRNA+ ++, and scrambled vector as
control. Scale bars, 100 um. D: Cell migration was determined by transwell assay. HO-8910 cells were transfected with scrambled control or shRNA+, ShRNA+++-. Quantitative results
were shown (8 um). Scale bars, 50 um. E: Cell migration was determined by transwell assay. HO-8910 cells were transfected with scrambled control or ShRNA+, shRNA-+ ++. Quantitative
results were shown (3 um). Scale bars, 50 um. All the experiments were repeated three times. All the error bars indicated means = SD. Statistical significance was concluded at *p < 0.05; “p

Hk

<0.01; ""p<0.001.
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Fig. 4. Overexpression of lamin-A impeded the migration ability of ovarian cancer cells A: Overexpression was determined by western blot and qRT-PCR. B: Representative images and
quantitative results of wound-healing assay. HO-8910PM cells were transfected with flag-lamin-A, and scrambled vector as control. Scale bars, 100 pm. C: Cell migration was
determined by transwell assay. HO-8910PM cells were transfected with scrambled control or flag-lamin-A. Number of migrating cells was shown (8 pm). Scale bars, 50 pm. D: Cell
migration was determined by transwell assay. HO-8910 PM cells were transfected with scrambled control or flag-laimin-A. Number of migrating cells was shown (3 pm). Scale bars,

50 um. All the experiments were repeated three times. All the error bars indicated means + SD. Statistical significance was concluded at *p < 0.05; **p < 0.01; **p < 0.001.

decrease of lamin-A and even caused genomic instability after restricted BRCA1, Ku80, and Rad50 are the key proteins of the repair pathways.
migration. Furthermore, we also studied the possible mechanism of this Western blot showed that their expression decreased significantly
phenomenon. DSBs could be repaired by NHE] and HR [37,38], of which after lamin-A further knockdown (Fig. 3E), suggesting impairment of

Fig. 3. Lamin-A knockdown influenced the nuclear morphology, DNA damage, and micronuclei formation after migrated through constricted pores A: Nuclei on the bottom of the filters
stained for DNA (DAPI, blue) after migrated through 3 pm and 8 pum pores. Scale bars, 20 um. B: Representative images of y-H2AX foci and quantitative results of y-H2AX positive cells (3
um). Scale bars, 20 pm. C: Representative images of micronuclei (arrows) stained for y-H2AX (red) and DNA (DAP], blue). Scale bars, 20 um. D: Representative images of y-H2AX foci and
quantitative results of y-H2AX positive cells (8 um). Scale bars, 20 pm. E: The protein levels of BRCA1, Ku80 and Rad50 were measured by western blot after lamin-A moderate and further
knockdown, GAPDH was used as the endogenous reference protein. All the experiments were repeated three times. All the error bars indicated means =+ SD. Statistical significance was
concluded at *p < 0.05; **p <0.01; ***p < 0.001.
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Fig. 5. Lamin-A overexpression influenced the nuclear morphology, DNA damage, and micronuclei formation after migrated through constricted pores A: Nuclei on the bottom of the filters
stained for DNA (DAPI, blue) after migrated through 3 um pores. Scale bars, 20 um. B: Representative images of micronucleus (arrows) stained for y-H2AX (red) and DNA (DAPI, blue).
Scale bars, 20 um. C: Representative images of 'y-H2AX foci and quantitative results of y-H2AX positive cells (3 um). Scale bars, 20 um. D: Representative images of y-H2AX foci and
quantitative results of y-H2AX positive cells (8 pm). Scale bars, 20 um. All the experiments were repeated three times. All the error bars indicated means 4 SD. Statistical significance

was concluded at “p < 0.05; ***p < 0.001.

both NHEJ and HR. Normally, Rad50 could rapidly localized at the site
of DSBs to recruit other DNA repair proteins such as Ku80, BRCA1 and
so on [39,40]. Once lamin-A was further knockdown, the repair path-
ways were damaged. When cells passed through 3 pm filters, which
required more distortion of nuclei and caused more DNA damage,
cells may not express and recruit adequate DNA repair proteins,
and may not initiate DNA repair in time. Therefore, we considered
that these might be account for the decrease of cell number after
constricted migration in lamin-A further knockdown group, as well
as chromosome breakage and micronuclei formation, which indi-
cated genomic instability. This would be further investigated in our
following research.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno.2018.10.030.
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