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Abstract: This study aimed to investigate whether CKAP2 could promote cervical cancer (CC) progression by modu-
lating the tumor microenvironment (TME) via NF-kB signaling. The communication between cervical cancer cells and
the TME, including THP-1 and HUVECs, was tested. Gain- and loss-of-function assays were performed to elucidate
the role of CKAP2 in cervical cancer progression. Western blot analysis was exploited to investigate the potential
involved mechanism involved. Here, we reported that cervical cancer tissues were enriched with macrophages and
microvessels. CKAP2 increased the tumor-promoting macrophage population. The overexpression of CKAP2 not
only promoted endothelial cell viability and tube formation but also increased vascular permeability, and vice versa.
Moreover, CKAP2 promoted cervical cancer progression via NF-kB signaling. This effect could be blocked by the
NF-kB signaling inhibitor JSH-23. Our findings indicated that CKAP2 could promote cervical cancer progression by

modulating the TME via NF-kB signaling.
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Introduction

Cervical Cancer is a common gynecological
malignancy that does great harm to women’s
health and social hygiene. However, despite
decades of extensive research, the mechanism
of cervical cancer is still unknown. Recently,
the TME has attracted considerable attention
and has become a hot issue. Angiogenesis and
immune regulation of the regional TME play
essential roles in cervical cancer progression.

Tumor-associated macrophages (TAMs) are
among the most abundant stromal cells in the
cervical cancer microenvironment and have
long been discussed. TAMs tend to present a
more alternative M2-type characteristic, which
promotes inflammation and tumor progression.
A study revealing the relationship between
TAMs and cervical intraepithelial neoplasia
(CIN) was first published in 2007 [1]. Subse-
quently, an increasing number of reports
showed that TAMs were positively correlated
with cervical cancer, and could significantly

help sustain a tumor immunosuppressive mi-
croenvironment and promote angiogenesis and
metastasis [2]. Moreover, a previous study also
discovered that cervical cancer conditioned
medium (CM) may influence macrophage differ-
entiation and further contribute to cervical can-
cer [3]. In addition, we systematically analyzed
the TME and cervical cancer prognosis from
TCGA. The cluster analysis uncovered 3 distinct
patterns of TME subtypes with clinicopatholog-
ic features, including Clusters A, B and C. And
TME Cluster B was characterized by highest
infiltrative levels of macrophages and showed
worst prognosis. Therefore, we particularly
focused on macrophages in this study.

Angiogenesis is essential to the TME, and the
formation of angiogenesis from preexisting
blood vessels provides rich nutrition for tu-
mor growth; therefore, anti-angiogenesis treat-
ments occupy an important place in cancer
therapy. Under hypoxic conditions, inflammato-
ry cells are recruited, vascular growth factors
are produced, the basement membrane is
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degraded, and endothelial cells migrate, prolif-
erate and differentiate. Therefore, the key path-
ological processes of tumors develop, including
vascular sclerosis and chronic inflammation.
Indeed, angiogenesis is a complicated process
due to various microenvironmental factors,
especially with TAMs. Thus, the role of endothe-
lial cells in cervical cancer needs further
exploration.

Cytoskeleton associated protein 2 (CKAP2),
also known as lamin B1, is a microtubule pro-
tein that has microtubule stability and plays a
role in controlling cell division. Our previous
research has proved that the expression of
CKAP2 was significantly upregulated in cervical
cancer tissues and correlated with the FIGO
staging, lymph node metastasis, recurrence
and tumor size. In addition, CKAP2 could par-
ticipate in cervical cancer proliferation and
metastasis through FAK-ERK signaling [4].
However, the impact of CKAP2 on the TME, its
relationship with inflammatory cells or endothe-
lial cells in cervical cancer and the underlying
mechanism remain unclear.

In the present study, we demonstrated that
CKAP2 could regulate the proliferation of endo-
thelial cells in the TME and promote cancer pro-
gression with the help of TAMs. Notably, we pro-
pose a novel mechanism underlying CKAP2-
induced cervical cancer progression through
the modulation of the TME via NF-kB signaling.

Materials and methods
Patient sample collection

This study was approved by the ethics commit-
tee of the Obstetrics and Gynecology Hospital
of Fudan University in accordance with the
Helsinki Declaration. Human samples were
obtained from the tissue bank of the hospital
with written consent, and in total, 64 patient
samples (31 from individuals with normal cervi-
ces and 33 from patients with cervical squa-
mous cell carcinoma (CSCC)) were collected.

Immunohistochemistry (IHC)

After deparaffinization, dehydration and anti-
gen retrieval, the human and animal tissue
slides were immersed in hydrogen peroxide for
15 min and then blocked in goat serum for 1 h.
Then, the slides were then incubated overnight
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at 4°C with the primary antibodies against
CD31 (GB11063-2, 1:500) and CD163 (ab18-
2422, 1:400). Goat anti-mouse or rabbit sec-
ondary antibody (Jiehao, Shanghai) was applied
for 1 h at room temperature. The sections were
then stained with DAB at room temperature,
lightly counterstained with hematoxylin, dehy-
drated and covered with glass cover slips.
Quantification was performed by Image Pro-
Plus 6.0, and 3-5 fields were selected to deter-
mine the mean optical density (MOD).

Cell culture

Five cervical cancer cell lines (Hela, SiHa,
C-33a, Caski and MS751), THP-1 (human
Myeloid Leukemia Mononuclear Cells) and
HUVEC (human umbilical vein endothelial cells)
were all obtained from the Cell Bank of
Academia Sinica (Shanghai, China) and used in
this study. Hela, SiHa, C-33A, Caski, MS751
and THP-1 cells were maintained in RPMI with
10% fetal bovine serum (FBS), 100 units/ml
penicillin, 100 ug/ml streptomycin and 0.025
pug/ml amphotericin B and incubated at 37°C
with 5% CO,,. HUVECs were cultured in F12 sup-
plemented with 10% fetal bovine serum (FBS),
100 units/ml penicillin, 100 yg/ml streptomy-
cin and 0.025 pg/ml amphotericin B. Lenti-
viruses were purchased (GeneChem, Shanghai)
and used to generate stable CKAP2 (hU6-
MCS-Ubiquitin-EGFP-IRES-puromycin)  knock-
down (kd) and CKAP2 (Ubi-MCS-3FLAG-CBh-
gcGFP-IRES-puromycin)-overexpressing (oe) ce-
Il lines. CKAP2 was cloned from shRNAs. The
MOls of the cell transduction of kd and oe
CKAP2 were both 10.

Reverse transcription-quantitative polymerase
chain reaction (RT-PCR)

Cell plates were prepared using TRIzol reagent
(Invitrogen). Following the instructions, the
MRNA purity and concentration of RNA were
identified, and then, 20 ug were reverse tran-
scribed to cDNA. RT-PCR using 384-well optical
plates was performed in a SYBR green format
with 10 pl template. The following primers were
used: primer sequences of CKAP2 forward:
5-GCCCAAAGAAACCTCGGAAG-3’, and reverse:
5-GCAGGCTCATGCTGAGTAAC-3'. And GAPDH
forward: 5’-GCACCGTCAAGGCTGAGAAC-3’, and
reverse: 5-TGGTGAAGACGCCAGTGGA-3'. The
experiment was repeated 3 times. We used the
2887 method to analyse the relative gene
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expression. The experiments were replicated 3
times.

Scratch assay

Cell migration was evaluated by a scratch
assay. In total, 5 x 10° cancer cells were seed-
ed on a 12-well plate and incubated at 37°C
with 5% CO,. After 8 hours of serum-free incu-
bation, a scratch was made using a 200 pl
pipette tip. Photos were taken using an Olympus
camera immediately. Twenty-four hours later,
photos were taken again by the same equip-
ment. Cell migration was calculated as a per-
centage of the scratch by ImageJ software. The
experiments were replicated 3 times.

Transwell invasion assay

The invasion assay was performed using a
Transwell chamber based on the manufactur-
er's protocol. Cells were trypsinized, washed,
and suspended in 50 ul serum-free RPMI with 3
x 10%/24 wells. Matrigel was diluted 8-fold and
filled in the upper chambers (Corning, America),
and RPMI with 20% FBS was added to the lower
wells of the chambers. Then, the plate was
placed in a 37°C incubator for 24 h. Next, the
cells attached to the lower surface were
washed with PBS, fixed in 4% paraformalde-
hyde and stained with 5% crystal violet for 30
min. Images of the cells were captured, and the
cell numbers were counted under a microscope
at a magnification of x 400. The experiments
were replicated 3 times.

CC secreted conditioned medium (CM) and
cancer plus THP-1 CM collection

Hela, SiHa, negative control (nc)-Hela, kd-
Hela, nc-SiHa and oe-SiHa cells were seeded
in complete RPMI in 6-well plates at 1 x 10°
cells per 1 mL on the first day, washed with PBS
and cultured in serum-free medium the next
day for 48 h. Then the cancer CM was collect-
ed, centrifuged to eliminate debris and used
fresh in the subsequent experiments.

As for cancer plus THP-1 CM collection, we
applied two ways of getting CMs. First, cancer/
THP-1 CM way. The THP-1 cells were seeded
onto 6-well plates at 1 x 10° cells per 1 mL of
CM (RPMI containing 100 ng/ml PMA). On the
following day, half of the former collection of
cancer CM and half of the fresh complete RPMI-
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cultured macrophages were incubated together
for the next 48 h, centrifuged eliminate debris
and used fresh in the subsequent HUVEC
experiments. Second, cancer/THP-1 coculture
CM way. Cancer/THP-1 co CM was constructed
by coculturing cancer cells (1 x 10° cells per 1
mL) and macrophages (1 x 10° cells per 1 mL)
in a 6-Transwell plate just for 48 h, centrifuging
to eliminate debris and used fresh in the subse-
quent HUVEC experiments.

Flow cytometry

Macrophages were trypsinized, washed and
stained for HLA-DR-PE/Cy7 (BioLegend 3076-
16), CD86-Bv421 (BioLegend 305425), CD-
163-APC (BioLegend 333610), and CD206-PE
(BioLegend 321106). After 30 min of incuba-
tion at room temperature in the dark, the cells
were washed twice and resuspended in 300 pl
of staining buffer. The cells were analyzed using
a Beckman Coulter flow cytometer and FlowJo
10. The experiments were replicated 3 times.

Western blotting analysis

Cells were lysed using radioimmunoprecipita-
tion (RIPA) lysis buffer (Beyotime Biotechno-
logy). After heating at 95°C for 5 min, the sam-
ples were separated via SDS-PAGE and elec-
troblotted onto a polyvinylidene difluoride me-
mbrane (PVDF) membrane. After blocking with
5% milk, the membrane was incubated with
CKAP2 (Santa Cruz, sc-398286, 1:1000),
NF-kB p65 (Cell Signaling Technology, CST
6956S, 1:1000), p-NF-kB p65 (CST 3033S,
1:1000), IKKa (CST 11930S, 1:1000), IKKB
(CST 2370S, 1:1000), p-IKKo/B (CST 2078S,
1:1000), IkBa (CST 4812S, 1:1000) and p-1kBa
(CST 2859S, 1:1000) overnight at 4°C and
then were incubated with HRP-conjugated anti-
rabbit/mouse IgG for 1 h at room temperature.
The immunoreactive bands were detected by
a chemiluminescence system and analyzed
using ImageJ. The experiments were replicated
3 times. The experiments were replicated 3
times.

Animal model

BALB/c athymic female nude mice aged 4-6
weeks weighing 20-22 g, were purchased from
Slac Laboratory Animal Co., Ltd. (Shanghai,
China). The mice were fed in an SPF room in
accordance with the institutional guidelines. In
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total, 5 x 108 cells/50 yL were subcutaneously
injected into the right flank. Twenty mice were
divided into the Hela, SiHa, nc-Hela, kd-Hela,
nc-SiHa and oe-SiHa groups. The weight and
tumor volume were evaluated every 3 days.
After 21 or 28 days, all mice were euthanized,
and the tumors were collected. The experi-
ments were performed after receiving prior
approval by the Institutional Animal Care and
Use Committee of Fudan University.

Cell counting kit-8 (CCK-8) proliferation assay

As for HUVECs, Hela, SiHa, nc-Hela, kd-Hela,
nc-SiHa, oe-SiHa cells/THP-1 CM were collect-
ed. HUVECs were seeded in complete RPMI
with 10% FBS in 96-well plates at 1000 cells/
well at the first day. On the following day, half of
the cancer/THP-1 CM and half of the fresh
RPMI with 10% FBS or half of the cancer/THP-1
co CM and half of the fresh RPMI with 10% FBS
were added to treat HUVECs. The cell viability
was then determined by testing the optical
absorbance (450 nm) using a 96-well plate
reader at the indicated time points. The experi-
ments were replicated 3 times.

Tube formation

50 pl of ice-cold Matrigel solution (BD sciences)
were added into a 96-well plate and incubated
at 37°C for 30 min to solidify the gel. HUVECs
were suspended in half prepared cancer/THP-1
CM and half fresh F12 medium with 10% FBS
or half prepared cancer/THP-1 co CM and half
fresh F12 medium with 10% FBS and plated at
3 x 10% cells/well. Images were captured at 6 h
and the number of branch nodes and tube cir-
cles were measured using Imagel. The experi-
ments were replicated 3 times.

Confocal microscopy

HUVECs were treated with different CMs,
sequentially washed with PBS, and then fixed
with 4% paraformaldehyde for 15 min and
blocked with goat serum. The samples were
incubated with mouse anti-human F-actin
(@ab205, 1:1000) and rabbit anti-human VE-ca-
dherin (vascular endothelial cadherin junction-
al index) (ab33168, 1:1000) were incubated at
4°C overnight. F-actin was used to detect the
cytoskeleton; thus, the immunofluorescence
density of F-actin could be a contrast for
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VE-cadherin. And VE-cadherin is a classic endo-
thelial adhesion molecule located at junctions
between endothelial cells. The cells were incu-
bated with the relevant rabbit or mouse sec-
ondary antibodies for 1 h at room temperature.
After DAPI staining (Yisheng BioScience,
Shanghai), immunofluorescence images were
captured under laser scanning confocal micro-
scope (Leica TCS SP5 confocal microscope,
Solms, Germany).

Bioinformatics

mMRNA transcriptome data were acquired from
GEPIA (http://gepia.cancer-pku.cn/) and TCGA
(http://portal.gdc.cancer.gov/). Cervical cancer
patient clinical characteristics, survival time
and follow-up were also acquired; finally, the
study included 205 CC samples. CIBERSORT
was used to quantify 22 types of human
immune cells. Hierarchical agglomerative clus-
tering and unsupervised clustering methods
were used to identify different TME cell infiltra-
tion patterns in CC. After the TME clusters were
constructed, we used differentially expressed
genes (DEGs) and R packages for further analy-
sis of the relationship between the TME and
clinical and immune cells. As the connection
between CKAP2 and immune cell were ana-
lyzed using R package.

Statistical analysis

The data analysis was carried out using SPSS
22 and version 3.2.3 of the R software. Chi-
square or Fisher’s exact test, Wilcoxon rank-
sum test and t test were used to analyze the
variables. P < 0.05 was defined as statistically
significant. The data are presented as the
means + SEM.

Results

CKAP2 affects cervical cancer invasion and
metastasis

First, we did a bioinformatic analysis of CKAP2
expression in CC from TCGA database. The
result turned out that high CKAP2 expression
predicted poor overall survival in cervical can-
cer. Besides, cervical cancer expressed higher
CKAP2 level than normal tissues (Figure 1A).
Next, we detected the expression of CKAP2 in
cervical cancer cell lines, including Hela,
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Figure 1. Effect of CKAP2 on cervical cancer invasion and migration. A. The analysis of CKAP2 expression in cervi-
cal cancer of TCGA database. B. The expression of CKAP2 in HelLa, MS751, SiHa, CasKi and C-33a cells, five hu-
man cervical cancer cell lines, was assessed by RT-PCR and western blot assays. C. The successful knockdown of
CKAP2 mRNA expression in HelLa (nc/kd-HelLa) cells and overexpression of CKAP2 in SiHa (nc/oe-SiHa) cells were
confirmed by RT-PCR. D. The successful knockdown of CKAP2 protein expression in HelLa (nc/kd-Hela) cells and
the overexpression of CKAP2 in SiHa (nc/oe-SiHa) cells were confirmed by a western blot analysis. E. The success-
ful knockdown of CKAP2 protein expression in HeLa (nc/kd-Hela) cells and the overexpression of CKAP2 in SiHa
(nc/oe-SiHa) cells were measured by quantification of western blot analysis using ImagelJ. F. The migration of Hela,
SiHa, nc-Hela, kd-Hela, nc-SiHa and oe-SiHa cells was assessed by scratch assays. After the scratch was made for
24 hours, photos were taken. Scale bar = 100 um. G. The invasion of Hela, SiHa, nc-HelLa, kd-HelLa, nc-SiHa and oe-
SiHa cells was assessed by Transwell assays. After 24 hours, the plates were trypsinized and photographed. Scale
bar = 100 ym. H, |. The migration and invasion abilities were measured by quantification of scratch and Transwell
assays using ImageJ. Mean * SEM, t-test. “P < 0.05, ""P < 0.01, P < 0.001, ™"P < 0.0001.

MS751, SiHa, CaSki and C-33a, at both the high/low CKAP2 Hela/SiHa group. Both the
mMRNA and protein levels. The HelLa and C-33a scratch and invasion assay results proved that
cells showed the highest CKAP2 expression, the high-CKAP2 Hela cells showed more meta-
and the SiHa cells expressed the lowest CKAP2 static characteristics than the low-CKAP2 SiHa
level (Figure 1B). Subsequently, CKAP2 trans- cells. Similarly, the scratch and invasion assay
fected cell lines were successfully established experiments using CKAP2 kd-HelLa and CKAP2
in HeLa and SiHa cells (Figure 1C-E), as well as oe-SiHa cells suggested that CKAP2 enhanced
in C-33a cells (Figure S1). But C-33a was hard cervical cancer migration and invasion in vitro.
to be stably passaged (only 5 passages for Collectively, our data revealed that CKAP2
most), and the transwell assay failed to present could affect cervical carcinoma migration and
stable results. Therefore, we added an intrinsic invasion (Figure 1F-I).
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Cervical cancer tissues are enriched with mac-
rophages and blood vessels and its connection
with CKAP2

Firstly, in order to explore the relationship
between CKAP2 and TME, we did a bioinfor-
matic analysis between CKAP2 expression and
immune cells in cervical cancer from TCGA
database. The result turned out that CKAP2
expression was significantly related with plas-
ma cells (P = 0.018), neutrophils (P = 0.011)
and macrophages MO (P = 0.023) and M2 (P =
0.029) (Figure 2A). Furthermore, we systemati-
cally analyze TME and cervical cancer progno-
sis from TCGA, 205 cervical cancer sample
were taken into real analysis. Immune cells in
TME were calculated by CIBERSORT and princi-
pal component analysis (PCA), uncovered 3 dis-
tinct patterns of TME subtype with clinicopatho-
logic features. Among the three clusters, clus-
ter B with highest expression of macrophages
possessed the worst Overall Survival (0S)
which indicated the potential role of macro-
phages in tumor progression (P < 0.0001,
Figure 2B, 2C). Besides, confocal images indi-
cated that CKAP2 and microvessels marker
CD31 co-expressed in cervical cancer tissues
as well (Figure 2D).

As the TME is mainly composed of cancer cells,
macrophages and endothelial cells, called
“invasive niches”. Macrophages and angiogen-
esis play a possible role in the process of can-
cer progression. We finally determined the
expression of CD163 (normal 0.001112 + 0.0
vs. cervical cancer 0.007034 + 0.0, P< 0.0001)
and CD31 (normal 0.006133 + 0.006345 vs.
cervical cancer 0.01737 + 0.01638, P <
0.0001) in both the normal cervix and cervical
cancer specimens. Our results indicated that
the TAM marker CD163 and microvessel mark-
er CD31 shared prominent populations in the
cervical cancer samples compared with those
in the normal cervices (Figure 2E-H), implying
that TAMs and microvessels contribute to cervi-
cal cancer malignant progression.

CKAP2 affects TME TAMs differentiation

Furthermore, we speculated regarding the phe-
nomenon of the differentiation of THP-1 in
response to various CMs. We explored the mac-
rophages differentiation of the M1 HLA-DR+/
CD86+ and the M2 CD163+/CD206+ macro-
phage population following CKAP2 transfec-
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tion. Unsurprisingly, CD163+/CD206+ macro-
phage induction was more efficient with high
CKAP2 (Figure 3A). And HLA-DR+/CD86+ mac-
rophage induction was more efficient in the kd-
Hela and oe-SiHa groups compared with nc-
Hela and nc-SiHa groups respectively (Figure
3B). Overall, these data suggest that cervical
cancer cells with high CKAP2 may educate
macrophages through cytokine secretion.

CKAP2 promotes the proliferation and angio-
genesis of HUVECs through the TME

Since TAMs always support angiogenesis, we
further determined whether endothelial cells
were proliferated or activated by CKAP2
through TME. We actually applied cancer/THP-1
CM (HelLa/SiHa/THP-1, nc/kd-HeLa/THP-1, nc/
oe-SiHa/THP-1) and cancer/THP-1 CM co
(HeLa/SiHa/THP-1 co, nc/kd-HelLa/THP-1 co,
and nc/oe-SiHa/THP-1 co) to determine the
function of endothelial cells. The CCK8 results
revealed that the treatment of high-expressed
CKAP2 CM better activated HUVECs prolifera-
tion, while low-expressed CKAP2 decreased
HUVECSs proliferation (Figure 3C). However, the
high CKAP2 expression group also exhibited
better angiogenesis than the low CKAP2
expression group through tube formation (Fi-
gure 3D, 3E). Tube formation could last 12
hours in the TME. Besides, CCK8 and tube for-
mation results proved that there was no differ-
ence between the cancer/THP-1 CM and can-
cer/THP-1 co CM groups.

In addition, we hypothesized that the cervical
cancer TME could regulate vascular permeabil-
ity. Since abnormal tumor vessel leakiness is
characterized by interendothelial gaps, we
noticed that more interendothelial gaps existed
in the high CKAP2 expression group according
to the confocal results, especially in the nc-
Hela and oe-SiHa groups (Figure 3F). This find-
ing was accompanied by decreased VE-cadherin
and increased F-actin [5]. Altogether, these
findings indicate that CKAP2 facilitates angio-
genesis and endothelial cell cytoskeletal
remodeling in cervical cancer.

CKAP2 activates NF-kB signaling in cervical
cancer progression

To explore the exact signaling of CKAP2 in cer-

vical cancer progression, a western blot analy-
sis was performed in HelLa/SiHa, nc/kd-CKAP2

Am J Cancer Res 2023;13(6):2376-2391
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Figure 2. Cervical cancer tissues are enriched with macrophages and microvessels. Normal cervices presented four typical layers, the superficial cell layer, inter-
mediate cell layer, parabasal cell layer and basal cell layer in order. Basal cell layer is easy to recognize, one cell layer with big round nucleus. Superficial cell layer
and basal cell layer are labeled in normal picture to view cervical epithelial cell layer and stromal area. A. The fraction of immune cells with high and low CKAP2
expression in cervical cancer. B. The fraction of three TME clusters in cervical cancer. Within each group, the scattered dots represent immune cell expression val-
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ues. C. Kaplan-Meier curves of 205 patients showing the association between TME gene clusters and 5-year 0S. D.
Confocal image of CKAP2 (red), CD31 (green), and DAPI (blue) in cervical cancer tissue. E. Representative IHC brown
staining of the TAM marker CD163 in normal and cervical cancer tissues. Scale bar = 50 ym. F. Representative IHC
brown staining of the microvessel marker CD31 in normal and cervical cancer tissues. Scale bar = 50 ym. G. IHC
MOD comparison evaluation of CD163 between normal and CC tissues. The whole picture is evaluated to quantify
MOD. MOD, mean optical density. H. IHC MOD comparison evaluation of CD31 between normal and CC tissues.
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Figure 3. CKAP2 affects the induction of macrophage differentiation, and promotes proliferation and angiogenesis
in HUVECs via the TME. A. Fluorescence-activated cell sorting (FACS) dot plots showing CD163+/CD206+ macro-
phages after the treatment with CM derived from cervical cancer cells. HelLa vs. SiHa, P = 0. 0094; nc-Hela vs.
kd-Hela, P < 0.0001; nc-SiHa vs. oe SiHa, P < 0.0001. B. Fluorescence-activated cell sorting (FACS) dot plots show-
ing HLA-DR+/CD86+ macrophages after the treatment with CM derived from cervical cancer cells. HelLa vs. SiHa,
P = 0.0498; nc-Hela vs. kd-HelLa, P < 0.0001; nc-SiHa vs. oe SiHa, P = 0.0005. C. A CCK8 proliferation assay was
performed with HUVECs. One way, HUVECs were separately treated with HeLa/SiHa/THP-1, nc/kd-HeLa/THP-1, nc/
oe-SiHa/THP-1 CM; the other way, HUVECs were separately treated with the HeLa/SiHa/THP-1 co, nc/kd-HeLa/THP-
1 co, or nc/oe-SiHa/THP-1 co CM. D. Tube formation was analysed in HUVECs. One way, HUVECs were separately
treated with HelLa/SiHa/THP-1, nc/kd-HelLa/THP-1, nc/oe-SiHa/THP-1 CM; and the other way, HUVECs were sepa-
rately treated with the HeLa/SiHa/THP-1 co, nc/kd-HeLa/THP-1 co, nc/oe-SiHa/THP-1 co CM. Scale bar = 100 um.
E. Tube formation by HUVECs was evaluated. F. Treatment of HUVECs with the HeLa/SiHa/THP-1 co, nc/kd-HelLa/
THP-1 co, or nc/oe-SiHa/THP-1 co CM. The “interendothelial gaps” were marked by white lines. Confocal images of

F-actin (green), VE-cadherin (red), and DAPI (blue) immunostaining. Scale bar = 25 pym.

Hela, and nc/oe-CKAP2 SiHa cells. Given that
NF-kB is one of the most important transcrip-
tion factors known to regulate TME inflamma-
tion and cancer proliferation and angiogenesis
[6], we speculated whether NF-«kB signaling fac-
tors such as p65, IKKa/B and IkBa and their
phosphorylation levels fluctuate with CKAP2.
As expected, we found that CKAP2 could acti-
vate p-p65, p-IKKa, p-IKKB and p-IkBa in the
Hela/SiHa, and nc/oe-CKAP2 SiHa groups.
The results were the opposite in the nc/kd-
CKAP2 group (Figure 4A, 4B). Naturally, it
seems that NF-kB signaling was activated in
cervical cancer cells.

Subsequently, we evaluated whether NF-kB
and IKKa/B inhibitors could prevent this signal-
ing. We applied the signaling inhibitor JSH-23
at concentrations of 10, 30 and 100 nM to
block NF-kB signaling in oe-CKAP2 SiHa cells.
Luckily, we found that NF-«kB signaling protein
expression decreased after the treatment with
JSH-23, particularly at a concentration of 100
nM after 12 h (Figure 4C, 4D). That is to say,
JSH-23 could inhibit the activation of CKAP2 in-
duced NF-kB signaling.

Thereafter, we performed flow cytometry,
CCK-8 proliferation, tube formation and confo-
cal to further detect the effect of NF-kB inhibi-
tor in CKAP2 induced TME. Flow cytometry
proved that JSH-23 could reverse the induction
of macrophages M2 to M1 in high CKAP2
expression of oe-SiHa group with respect to nc-
SiHa group level (Figure 5A, 5B). The CCK8
results revealed that the treatment of JSH-23
could obviously suppress HUVECSs viability to a
very low level induced by oe-SiHa/THP-1 co CM
group, even drastically lower than nc-SiHa/
THP-1 co CM group (Figure 5C). Besides, it
could also inhibit the tube formation back to
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nc-SiHa/THP-1co CM group level when added
in oe-SiHa/THP-1 co CM group. And we specu-
lated that even HUVECs gathered, but failed to
form branches in i + oe-SiHa/THP-1 co CM
group (Figure 5D, 5E). In addition, we noticed
increased VE-cadherin and decreased F-actin
reoccurred in i + oe-SiHa/THP-1 co CM group
(Figure 5F). These results suggest that CAKP2
may promote CC progression by modulating
TME via NF-kB signaling.

CKAP2 promotes macrophage recruitment and
blood vessel formation in vivo

To explore whether CKAP2 expression affects
tumorigenesis in vivo, tumor xenografts mice
were successfully established. Hela, SiHa, nc-
Hela, kd-Hela, nc-SiHa and oe-SiHa cells were
injected into the right flanks of nude mice. As
shown in Figure 6, intrinsic high CKAP2 Hela
cells significantly promoted tumor growth com-
pared with the SiHa cells. The tumors in the
HelLa-xenograft mice were larger in volume,
heavier in weight and harder to the touch than
those of the SiHa-xenograft mice. Furthermore,
in the kd-HelLa-xenograft mice, tumor growth
and weight were inhibited compared with that
in the nc-HelLa-xenograft mice. The average
tumor volume in the kd-HelLa-xenograft mouse
group was 1000 mm?® compared with 1500
mm?3 in the nc-HelLa-xenograft mouse group. At
the same time, oe-SiHa cells significantly pro-
moted tumor growth compared with nc-SiHa
cells. The tumor volume in the oe-SiHa-xeno-
graft mice were larger in volume and heavier in
weight than those of the nc-SiHa-xenograft
mice (Figure 6A, 6D, 6E). Then, we conducted
CD163 and CD31 staining to determine macro-
phages and angiogenesis in CKAP2-induced
cervical tumor progression. The IHC results
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Figure 4. CKAP2 affects cervical cancer cell cytokine secretion and activates NF-«kB signaling in CC. A. The WB im-
age of the NF-kB signaling-associated markers, p65, IKKa/B and IkBa and their phosphorylation levels in Hela,
SiHa, nc-Hela, kd-HelLa, nc-SiHa and oe-SiHa cells. B. WB image of the NF-kB signaling-associated markers, p65,
IKKo/B and IkBa and their phosphorylation levels in nc-SiHa, oe-SiHa, and oe-SiHa cells treated with 10 nM JSH-23
inhibitor, oe-SiHa cells treated with 30 nM JSH-23 inhibitor and oe-SiHa cells treated with 100 nM JSH-23 inhibitor.
C. Quantification of the NF-kB signaling-associated markers, p65, IKKa/3 and IkBa and their phosphorylation levels
in Hela, SiHa, nc-Hela, kd-Hela, nc-SiHa and oe-SiHa cells. D. Quantification of the NF-kB signaling-associated
markers, p65, IKKa/B and IkBa and their phosphorylation levels in nc-SiHa, oe-SiHa, and oe-SiHa cells treated with
10 nM JSH-23 inhibitor, oe-SiHa cells treated with 30 nM JSH-23 inhibitor and oe-SiHa cells treated with 100 nM
JSH-23 inhibitor.
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Figure 5. NF-kB inhibitor JSH-23 blocks CKAP2 regulated cervical cancer progression in TME. A. Fluorescence-
activated cell sorting (FACS) dot plots showing CD163+/CD206+ macrophages after the treatment with CM derived
from nc-SiHa, oe-SiHa and i + oe-SiHa CM, P = 0.0002. B. Fluorescence-activated cell sorting (FACS) dot plots show-
ing HLA-DR+/CD86+ macrophages after the treatment with CM derived from nc-SiHa, oe-SiHa and i + oe-SiHa CM,
P < 0.0001. C. CCK8 proliferation assay was performed with HUVECs. nc-SiHa/THP-1 co, oe-SiHa/THP-1 co and i +
oe-SiHa/THP-1 co CM were collected for treatment. D. Tube formation was analysed in HUVECs. nc-SiHa/THP-1 co,
oe-SiHa/THP-1 co and i + oe-SiHa/THP-1 co CM were collected for treatment. Scale bar = 100 um. E. Tube formation
by HUVECs was evaluated. F. Treatment of HUVECs with nc-SiHa/THP-1 co, oe-SiHa/THP-1 co and i + oe-SiHa/THP-1
co CM. Confocal images of F-actin (green), VE-cadherin (red), and DAPI (blue) immunostaining. Scale bar = 25 pym.
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Figure 6. CKAP2 affects macrophage recruitment and blood vessel formation in vivo. A. Pictures of xenografts tumor
isolated in 6 groups (Hela, SiHa, nc-Hela, kd-HelLa, nc-SiHa and oe-SiHa). B. In vivo TAMs were assessed by CD163
IHC staining. C. In vivo angiogenesis was assessed by CD31 IHC staining. D. The tumor weight of mice in 6 groups
(Hela, SiHa, nc-Hela, kd-Hela, nc-SiHa and oe-SiHa) were determined. E. The tumor volume of mice in 6 groups
(Hela, SiHa, nc-Hela, kd-Hela, nc-SiHa and oe-SiHa) were determined. F. Immunohistochemistry analysis of the
CD163 protein levels in xenograft tumor tissues is shown. G. Immunohistochemistry analysis of the CD31 protein
levels in xenograft tumor tissues is shown. Scale bar = 50 ym.
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revealed that CKAP2 promoted macrophage
recruitment and that CD163 was abundantly
expressed in the high CKAP2 mouse groups
compared with that in the low CKAP2 groups. In
addition, the CD163 staining was mostly locat-
ed in the tumor stromal area that surrounded
tumor cells, which was more obvious in the
CKAP2-overexpressing groups. The tendency of
the CD31 staining presented similar results,
but microvessles were scattered among the
entire tumor tissues (Figure 6B, 6C, 6F, 6G).
Overall, we concluded that CKAP2 could affect
monocyte recruitment and blood vessel forma-
tion in vivo.

Discussion

With the application of HPV and cytology
screening systems, the mortality and morbidity
of cervical cancer have been gradually decreas-
ing. However, cervical cancer is still a great bur-
den both mentally and physically worldwide.
Currently, cancer recurrence and metastasis
are major challenges that lead to death. Our
previous research has proved that CKAP2
could promote tumor progression via FAK/ERK
signaling in cervical cancer. In this study, we
explored the role of CKAP2 in TME inflamma-
tion and angiogenesis. We proved that CKAP2
could promote cervical cancer progression by
modulating the TME. And we suspected that
CKAP2 may influence the process via the in-
flammation associated pathway NF-kB signa-

ling.

Some researchers have reported that CKAP2
has microtubule-stabilizing properties and
plays an important role in the regulation of
aneuploidy, the cell cycle, apoptosis and cellu-
lar senescence in a p53/TP53-dependent
manner [7]. Under normal conditions, CKAP2
expression decreases with cellular senescence
and proliferation. Silencing CKAP2 slows cell
proliferation and induces premature cellular
senescence, while overexpressing CKAP2
increases the proliferation rate and delays cel-
lular senescence [8]. Moreover, other studies
have also proven that CKAP2 recruits proin-
flammatory factors and affects TME homeosta-
sis [9].

Actually, the TME consists of immune cells,
fibroblasts, the extracellular matrix and endo-
thelial cells, etc. Specifically, the TME is crucial
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for regulating immune escape, cancer progres-
sion and angiogenesis. Increasing evidence
has proved that the TME is not only the final
state of cancer development but also initiates
cancer progression. Therefore, we investigated
the influence of macrophages in cervical can-
cer. TAMs are among of the most abundant
stromal cells in cervical cancer and originate
from monocytes. There are two different types
of macrophages, namely, classic antitumor M1
macrophages and alternative protumor M2
macrophages. A study showed that when cervi-
cal cancer cells and THP-1 were cocultured, the
M2 macrophage percentage was elevated with
immunosuppressive features [10]. As TAMs
tend to share more characteristics of the M2
phenotype, we evaluated the M2 markers
CD163 and CD206. The results of both the
human and animal studies suggest that TAMs
increased with cancer development. Further-
more, our cancer CM culture experiment
showed that the tendency of M2 differentiation
was more evident with CAKP2 expression while
M1 differentiation got weaker. By the way, an
increasing number of scientists have suggest-
ed that TAMs are more complex than the classi-
cal M1/M2 model [11]. An article even reported
that the C1QC+ and SPP1+ TAM gene signa-
tures, but not the M1/M2 signature, could more
accurately characterize CC patients [12]. More
efforts are needed to explore more valuable
potential markers for TAMs. Overall, we regard
CKAP2 as the factor mediating the crosstalk
between cancer cells and macrophages and
promote cancer progression.

The ecosystem of the TME is a complex.
Surprisingly, few studies have considered the
crosstalk among cervical cancer, macrophages
and angiogenesis. To some degree, this study
adds some value to this field. In fact, TAMs irri-
gate endothelial cells and propel angiogenesis
[13]. Moreover, when the tumor size exceeds 1
to 2 mm in diameter, angiogenetic factors form
an angiogenic network and induce the sprout-
ing of blood vessels [14]. More specifically,
CD31 revealed an MVD (microvascular density)
increase in CC. VEGF was also enriched in
tumor tissues. The CM of CKAP2 cancer/THP-1
cells promoted angiogenesis proliferation. Tube
formation indicates blood vessel branch forma-
tion. Immunofluorescence presented the vas-
cular permeability. All these results demon-
strated that CKAP2 could facilitate cervical
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Figure 7. Schematic picture depicting the proposed mechanism of CKAP2 in cervical cancer. CKAP2 could promote
cancer cell migration and invasion by modulating TME inflammation and angiogenesis via NF-kB signaling.

cancer by reprogramming microenvironment
TAMs and angiogenesis. We could easily under-
stand that the anti-VEGF strategy sometimes
has limited efficiency and potential resistance
because a single target treatment is not enough
to treat the complicated TME. Therefore, mod-
ern precision medicine should expand the bor-
der of merely cancer cells to TME stromal cells.

In summary, the frequent interactions between
cancer cells and TME stromal cells are essen-
tial for stimulating tumor heterogeneity and
progression. Therefore, by remodeling TME
tumor cells and stromal cells, exerting their
regurgitation-feeding behavior between TAMs
and endothelial cells or other stromal cells
could influence cervical cancer progression.
Therefore, understanding the underlying cellu-
lar and molecular mechanism governing cervi-
cal cancer and TME remodeling could contrib-
ute to the development of promising therapeu-
tic management [15].

In addition, the NF-kB system is critical for coor-
dinating inflammatory responses, innate and
adaptive immunity, cellular differentiation and
proliferation, and survival in multicellular organ-
isms [16]. Luckily, we proved that NF-«kB signal-
ing is activated during tumor development;
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moreover, we collected CM from cells treated
with NF-kB inhibitor and checked some fea-
tures for TME, flow cytometry, CCK-8 assay,
tube formation, confocal, etc. Thus, we natu-
rally suspected that the classic inflammatory
NF-kB signaling pathway may modulate CKAP2
between cervical cancer and stromal cells,
reprogramming the TME and generating a posi-
tive feedback loop in cancer progression, which
needs further exploration.

Although the current work introduces crosstalk
among CKAP2, inflammation and angiogenesis
and the process may be connected via NF-kB
signaling, it has not entirely revealed the ice-
berg of the mechanism of autocrine and para-
crine manner with cytokines or chemokines in
this study [17]. Moreover, tumor angiogenesis
could occur more specific and persuasive
results if we successfully built a macrophage-
deleted animal model. In addition, it could be
more convincing if larger amounts of human
samples were collected.

Meanwhile, hypoxia is a main driver of tumor
angiogenesis that activates macrophage M2
and reactive oxygen species (ROS) imbalance.
In fact, silencing CKAP2 caused a p53-depen-
dent decrease in mitochondrial ROS accompa-
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nied by cell proliferation defects based on a
recent report [18]. Precisely, the tumor sup-
pressor gene p53 maintained a tight bond with
cervical cancer initiation, and it would be excit-
ing to explore their relationship with the TME in
our future research. Moreover, according to our
unpublished mass spectrometry results, it is
promising to determine the role of associated
transcription factors or enzymes, which might
enlighten us in determining the mechanism of
tumor progression and invasion with CKAP2
better.

Conclusion

CKAP2 promotes cervical cancer progression
by modulating TME inflammation and angiogen-
esis, and CKAP2/NF-kB signaling may exert an
irreplaceable function (Figure 7). Future chal-
lenges will involve in the determination of dis-
covery of effective target medicine and deter-
mining the optimal duration treatment, includ-
ing how to develop effective therapies for meta-
static, adjuvant and neoadjuvant cases.
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CKAP2 promotes cervical cancer progression
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Figure S1. Effect of CKAP2 on C-33a. A. The successful knockdown of CKAP2 mRNA and protein expression in C-33a

(nc/kd-C-33a) cells were confirmed by RT-PCR and Western blot. B. The migration of nc/kd-C-33a was assessed by
scratch assays. After the scratch was made for 24 hours, photos were taken. Scale bar = 100 ym.



