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Abstract

Background: Tumor angiogenesis plays an important role in disease progression,
and RhoC has been previously found to be expressed in vascular endothelial cells
(VECs); however, its role in tumor angiogenesis requires clarification. This study
aimed to explore the effects of RhoC downregulation on the cytoskeleton, pseudo-
pod formation, migration ability, and canalization capacity of myeloma vascular en-
dothelial cells (MVECS) in vitro.

Materials and methods: The expression of RhoC in MVECs and human umbili-
cal vein endothelial cells (HUVECs) was knocked down by shRNA, and the ex-
pression levels of RhoC mRNA were detected by quantitative reverse transcription
polymerase chain reaction (QRT-PCR). The cytoskeletal changes and pseudopods
were observed by laser scanning confocal and scanning electron microscopy; VECs
were incubated in two-dimensional Matrigel and three-dimensional microcarriers to
observe tube-like structures and budding status, respectively. The protein expres-
sion of RhoC, phosphorylation of mitogen-activated protein kinase (p-MAPK), and
Rho-associated coiled-coil kinase (ROCK) was determined by Western blotting. The
expression of RhoC in VECs was downregulated by RhoC shRNA, thereby decreas-
ing the number of pseudopods, two-dimensional tube-like structures, and buds.
Results: When RhoC was downregulated, the expression levels of ROCK and phos-
phorylation of MAPK were both decreased (P < 0.05). Moreover, the expression lev-
els of RhoC and phosphorylation of MAPK and three-dimensional budding numbers
were higher in MVECs than in HUVECs (P < 0.05). The downregulation of RhoC
expression in MVECs and HUVECs inhibited pseudopod formation, migration, ca-
nalization ability, and angiogenesis (P < 0.05).

Conclusion: Our data indicated that MVECs and HUVECs were well suited for an-
giogenesis research, but the former cell type was shown to be more advantageous in
terms of budding numbers. RhoC plays a pivotal role in MVECs angiogenesis, and
the downregulation of RhoC expression could inhibit angiogenesis via the RhoC/
MAPK and RhoC/ROCK signaling pathways.
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1 | INTRODUCTION

RhoC is a member of the Ras-homologous (Rho) GTPase
family, which comprises important signaling molecules that
are involved in regulating processes associated with dynamic
changes in the cytoskeleton, such as cell migration and pro-
liferation."* As shown previously in a study of esophageal
carcinomas, RhoC protein expression can upregulate vascu-
lar endothelial growth factor (VEGF), which is closely asso-
ciated with tumor angiogenesis.3

Angiogenesis is initiated and regulated by many factors
and is an extremely complex process that is mediated by a
variety of inducing factors and includes multiple steps, such
as vascular endothelial cell proliferation and migration, extra-
cellular matrix (ECM) degradation and remodeling, and vas-
cular formation.* Angiogenesis is required for tumor growth
and metastasis.*” RhoC expression is related to cell prolif-
eration, migration, and cytoskeletal alterations.>’ However,
RhoC was also found to be expressed in vascular endothelial
cells (VECs);® therefore, its expression might be associated
with the angiogenesis of VECs.

In angiogenesis studies, human umbilical vein endothe-
lial cells (HUVECsS) are usually selected as the model cell
line.'®!" Normal bone marrow plasma cells expressed more
proangiogenic genes than antiangiogenic genes and induced
angiogenesis in vitro. The accumulation of plasma cells can
induce basal vascularization at the bone marrow level.'?
Myeloma angiogenesis is regulated by various factors, such
as the bone marrow microenvironment and hypoxia.13’14
Given the substantial differences in structure and conforma-
tion between normal HUVECSs and myeloma vascular endo-
thelial cells (MVECs), HUVECs, and MVECs were selected
for this study. By knocking down RhoC, we investigated the
associations between MVECs and angiogenesis as well as the
possible mechanisms through which RhoC affects vascular
formation from endothelial cells, uncovering novel mecha-
nisms associated with angiogenesis and providing new thera-
peutic strategies for targeting tumor angiogenesis.

2 | MATERIALS AND METHODS

2.1 | Reagents

The shRNA lentiviral vectors that were used to knockdown
of RhoC expression were purchased from GenePharma
(Suzhou, China). An anti-RhoC antibody was purchased from
Abcam (Cambridge, MA, USA). The anti-mitogen-activated

protein kinase (MAPK) and anti-Rho-associated coiled-coil
kinase (ROCK) antibodies were purchased from Proteintech
(Chicago, IL, USA). Phalloidin was purchased from
Cytoskeleton (Denver, CO, USA). DAPI was purchased
from Santa Cruz Biotechnology (Dallas, Texas, USA). Ezol
was purchased from GenePharma; Cytodex3 was purchased
from GE Healthcare (Uppsala, Sweden), and HRP-conju-
gated secondary antibody was purchased from Jackson (West
Grove, PA, USA).

2.2 | Cells

MVECs and HUVECs were purchased from Boquaner
Biotech Ltd (Shanghai, China).

23 |

Two types of VECs (MVECs and HUVECs) were investi-
gated in this study, and each type was grouped into a nega-
tive control group (NC group) and an experimental group (S
group). After trypsin digestion, cells were added to a 24-well
culture plate at a concentration of 5 X 10* cells per well,
which was followed by the addition of 500 pL of 10% fetal
bovine serum/Dulbecco's modified Eagle's medium (DMEM)
culture medium (to each well); culture plates were placed in
an incubator at 37°C for incubation. On the next day, a len-
tiviral stock solution was diluted with cell culture medium at
a ratio of 1:10 (v/v, stock solution: culture medium), and the

Lentiviral transduction of VECs

culture medium was removed from each well and replaced
with 500 pL of the diluted lentiviral solution. After a 12h
incubation, complete culture solution was added to each well
to replace the old culture medium and incubated for 48 hours.
Subsequently, transfection efficiency was monitored, during
which five 200x visual fields were randomly selected, and
100 cells were counted; the infection rate was defined as the
average percentage of green fluorescent cells relative to the
total number of observed cells.

24 | Detection of RhoC mRNA

expression after lentiviral transfection by
quantitative reverse transcription polymerase
chain reaction

The forward and reverse primers, respectively, for the tar-
get gene RhoC were 5'-CAGTGCCTTTGGCTACCTTG-3’
and 5'-CCCTCCGACGCTTGTTCTT-3’, and those for
GAPDH were 5'-CATGAGAAGTATGACAACAGCCT-3’
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TABLE 1 Pri for Rh
Primers  Sense (5'-3") Antisense (5'-3") rimers for RhoC and
GAPDH
RhoC CAGTGCCTTTGGCTACCTTG CCCTCCGACGCTTGTTCTT
GAPDH  CATGAGAAGTATGACAACAGCCT  AGTCCTTCCACGATACCAAAGT
’ !
and 5'-AGTCCTTCCACGATACCAAAGT-3’ (Table 1). 2.7 | Scratch test

After lentiviral transfection, the cells were incubated in
a 6-well culture plate until each well reached confluence.
This step was followed by the addition of 300 pL Ezol
to lyse the cells to extract total RNA. With three dupli-
cate wells for each group, RNA samples were subjected
to reverse transcription and PCR amplification. The PCR
procedure was carried out to include pre-denaturation at
95°C for 3 minutes, denaturation at 95°C for 3 seconds,
annealing at 62°C for 40 seconds, and extension at 72°C
for 5 minutes. In total, 40 amplification cycles were con-
ducted, and the amplified fragment had a size of 113 bp.
The measured cycle threshold values were used to calcu-
late the 2724 value to compare the relative quantitative
expression of mRNA among the groups, and each group
was measured in tlriplicate.15

2.5 |

The NC group and the S group of cells were separately in-
cubated on cover glass. After reaching 60% confluence, the
cells were fixed with paraformaldehyde for 20 minutes and
treated with Triton-100x for 20 minutes. A 5-pL portion of
phalloidin labeled with rhodamine was diluted in 200 pL
phosphate-buffered saline (PBS) solution, and the resulting
mixture was applied to the aforementioned cover glass; cells
samples were incubated for 30-60 minutes, followed by a
10min incubation with DAPI. The cells were observed using
a laser scanning confocal microscope (Nikon Eclipse Ti,
Japan); images were analyzed using Photoshop to magnify
(400x) the observed images.

Pseudopod observation

2.6 | Scanning electron microscopy for the
observation of cellular pseudopods and
cytoskeletons

When the NC group and the S group of cells grew to 60%
confluency on the cover glass, they were rinsed with PBS,
fixed with 3% glutaraldehyde (precooled to 4°C) and sat
overnight at 4°C. Next, the cells were rinsed with PBS twice,
each time for 10 minutes, and fixed with osmic acid (pre-
cooled to 4°C) for 1 hour at 4°C. This step was followed by a
gradient alcohol dehydration process (15 minutes each time),
a freeze-drying process, and a vacuum gold-sputtering pro-
cess. The prepared samples were observed under a scanning
electron microscope (Phenom-World, Netherlands), and im-
ages were obtained using visual fields magnified 5000x.

Each group of cells was inoculated into a 24-well culture
plate at a concentration of 1 X 10* cells/well, and three repli-
cate wells were set up for each group. At confluence, the cells
in each group were scratched and subjected to serum-free
incubation for 24 hours. The cells were then observed and
imaged in a visual field magnified 100X using an inverted
microscope. ImagelJ software was used to analyze the rate at
which the scratched areas were filled.

2.8 | Two-dimensional canalization
on Matrigel

Matrigel was thawed at 4°C, and in the meantime, a 24-well
culture plate and 200-pL tips were precooled. Matrigel was
mixed with serum-free medium at a ratio of 1:1, and the re-
sulting mixture was added to the 24-well culture plate at a
concentration of 200 pL per well. The plate was then placed
in an incubator at 37°C for 1 hour to allow the mixture to
solidify into a gel. Each group of cells was trypsin-digested
until a density of 1 X 10° cells/mL was reached. Next, 1 mL
of the resulting cell suspension was added to each well, and
the plate was placed in an incubator at 37°C for 24 hours,
during which the canalization status was monitored. The
canalization status was assessed by the following equation:
node number X branch number, as observed under an in-
verted microscope. Five visual fields at a magnification of
100x were randomly selected for each group to calculate the
average value.

2.9 | Three-dimensional budding on the
Cytodex3 microcarrier

One hundred milligrams of Cytodex3 was subjected to sterili-
zation treatment, according to the product manual, and rinsed
once with lukewarm culture medium. This solution was then
added to 2 mL DMEM to obtain the diluted solution (50 mg/
mL). Each group of transfected cells was digested and resus-
pended to reach a density of 2 X 10° cells/mL. A 1-mL por-
tion of the resulting suspension was added to an Eppendorf
tube, to which 50 pL of Cytodex3 was then added for mix-
ing. Matrigel was spread on the well of a 24-well plate.
Microcarriers that were fully covered with cells were then
selected, rinsed with prewarmed culture medium, and centri-
fuged at a low speed to remove the cells in the microcarrier
suspension. After the supernatant was carefully removed, the
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mixture remaining in the centrifuge tube was homogeneously
mixed with Matrigel that contained 10 ng/mL VEGF, and the
resulting mixture was added to the abovementioned 24-well
culture plate, which had been loaded with the gel. The plate
was then placed in an incubator at 37°C to allow the gel-con-
taining mixture to solidify. Next, new culture medium was
added to the 24-well culture plate, which was then placed in
the incubator for incubation; budding status was monitored
consecutively for 4 days. Effective budding length was de-
fined as the diameter of the ball, and the budding number
for 10 microcarriers was measured in triplicate from a visual
field at 200x magnification for each group of cells; the aver-
age values were calculated based on triplicate measurements.

2.10 | Protein levels of Phosphorylation of
MARK, ROCK, and RhoC

The cells in the NC and S groups were all lysed for the extrac-
tion of proteins. After boiling and denaturing, the protein sam-
ples were introduced to a culture plate at a dose of 10 pL per
well. Electrophoresis (Bio-Rad Laboratories, Inc, Hercules,
CA, USA) was conducted at 80 V for 30 minutes and then
120 V for 60 minutes. Next, the samples were transferred
to a polyvinylidene difluoride membrane (EMD Millipore,
Billerica, MA, USA) by applying an 80 V transmembrane
voltage for 90 minutes, followed by overnight incubation
with RhoC (1 pg/mL, ab64659; Abcam) and incubation with
ROCK (1:500, 21850-1-AP) and Phosphorylation of MAPK

MVECs

HUVECs

FIGURE 1
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(1:500, 66234-1-Ig) (both from Proteintech) primary anti-
bodies at 4°C; then, a final incubation with HRP-conjugated
secondary antibody (1:5000, 115-035-003; Jackson) was per-
formed on the next day. The protein expression in each group
of cells was measured in triplicate based on electrochemilu-
minescence; Imagel software was used for quantitative gray-
scale analysis.

2.11 |

The statistical software SPSS 17.0 (SPSS, Inc, Chicago, IL,
USA) was used to test the normality of the data in this study.
Data conforming to a normal distribution were expressed as

X + SD, and a r-test was used to compare the two samples
(P < 0.05).

Statistical analysis

3 | RESULTS

3.1 | Effect of RhoC gene silencing

Inverted fluorescence microscopy revealed that both types of
cells transfected with lentiviruses expressed green fluores-
cent protein, and the transfection efficiency was greater than
80% (Figure 1A). Quantitative reverse transcription polymer-
ase chain reaction (QRT-PCR) revealed significantly lower
RhoC mRNA levels in the S group than in the NC group for
both MVECs (1 = 9.50, P < 0.05) and HUVECs (r = 10.92,
P < 0.05) (Figure 1B).

® NC group
S group

0.8
0.6
0.4

0.2 4

Relative expression level of RhoC mRNA

a a

MVECs HUVECs

Observational evaluation of lentiviral transfection. (A) in vascular endothelial cells by fluorescence microscopy (200X,

scale = 100 pm). MVECs and HUVECs were transduced with lentiviral vectors encoding RhoC-targeting shRNA. Expression of RhoC mRNA
(B) in each group of VECs (n = 3). MVECs and HUVECs were transduced with lentiviral vectors encoding RhoC-targeting sShRNA, and mRNA
expression was determined by gRT-PCR. (%, P < 0.05, compared to the NC group). HUVECs, human umbilical vein endothelial cells; MVECs,
myeloma vascular endothelial cells; NC, negative control; VECs, vascular endothelial cells
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32 |

For MVECs, the number of pseudopods in the RhoC knock-
down group (S group) was less than that in the NC group
(r=10.92, P < 0.05), with the cytoskeleton of cells in the S
group exhibiting polygonal shapes. Similar results were ob-
served in the HUVECs (¢t = 21.17, P < 0.05) (Figure 2A,2 &
Table 2).

Observation of pseudopods

3.3 | Vascular endothelial cell
migration and movement

MVECs in the S group had a significantly slower mi-
gration speed than their counterparts in the NC group
(t = 4.48, P < 0.05). Similar results were obtained for
HUVECs (r = 3.73, P < 0.05). There was no significant
difference in migration speed between the two types of
cells in the NC group (¢ = 0.21, P > 0.05), as shown in
Figure 3A,3.

MVECs-NC

MVECs-S

HUVECs-NC

HUVECs-S

3.4 | Canalization of VECs

After incubation for 12 hours on Matrigel, the MVECs in the
S group showed significantly decreased canalization com-
pared to that in the NC group (r = 13.25, P < 0.05); simi-
lar results were observed for HUVECs as well (r = 8.36,
P < 0.05). In contrast, there was no significant difference
in canalization between the MVECs and HUVEC:S in the re-
spective NC groups (¢t = 0.33, P > 0.05; Figure 3C,3).

3.5 | Vascular endothelial cell budding

After incubation on microcarrier beads for 1 day and 4 days,
both MVECs (¢ = 20.20, P < 0.05) and HUVECs (¢ = 12.50,
P < 0.05) in the S group exhibited significantly decreased
budding compared to that of the MVECs and HUVECsS in
the NC group; MVECs in the NC group demonstrated sig-
nificantly enhanced budding compared to the HUVECsS in the
NC group (t = 7.13, P < 0.05), as shown in Figure 3E,3.

FIGURE 2 Observation of pseudopods. (A) in each group of vascular endothelial cells, as observed by laser scanning confocal microscopy

(400x, scale = 50 pm). The groups were as follows: MVECs-NC, myeloma vascular endothelial cells transfected with the negative control,

and MVECs-S, MVEC:s transfected with the RhoC shRNA vector. HUVECs-NC, human umbilical vein endothelial cells transfected with the
negative control; HUVECs-S, HUVECS transfected with the RhoC shRNA vector. Pseudopods (B) in VECs with or without RhoC knockdown, as
observed by scanning electron microscopy (5000, scale = 20 pm). HUVECs, human umbilical vein endothelial cells; MVECs, myeloma vascular

endothelial cells; NC, negative control; VECs, vascular endothelial cells

TABLE 2  Percentage of pseudopodia

NC group S group " fion i h
Groups (mean + SD) (mean + SD) T value P value ormation i each group
MVECs 0.87 + 0.01 0.12 + 0.06* 69.22 0.00
HUVECs 0.94 + 0.02 0.07 + 0.01* 21.17 0.00

Abbreviations: HUVECs, human umbilical vein endothelial cells; MVECs, myeloma vascular endothelial

cells; NC, negative control; S, cells transduced with the RhoC shRNA vector.
P < 0.05, compared to the NC group.
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Cellular migration ability

MVECs HUVECs

D
1000 - uNC group
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Branching number x Node number

MVECs HUVECs

NC group
50 S group

40+
30 |

20 -

Budding number in each group (No.)

MVECs HUVECs

MVECs HUVECs

FIGURE 3 The effect of RhoC on cellular migration/canalization/budding ability. (A) in vascular endothelial cells (100X, scale = 100 pm).
After RhoC knockdown, migration was assessed by a scratch assay. Analysis of scratch healing ability (B) in each group of VECs (n = 3). Effect
of RhoC on canalization (C) in each group of VECs grown on Matrigel (100X, scale = 100 pm). Quantification of canalization (D) in each group
of VECs grown on Matrigel (n = 5). Budding (E) in each group of VECs grown on microcarrier beads with and without RhoC knockdown (n =5,
200x, scale = 100 um). Analysis of budding (F) in each group of vascular endothelial cells grown on microcarrier beads (*, P < 0.05, compared to

the NC group). NC, negative control; VECs, vascular endothelial cells

3.6 | Western blot analysis of
phosphorylation of MAPK, ROCK, and RhoC
protein levels

As shown in Figure 4, phosphorylation of MAPK protein ex-
pression in the S group of MVECs was significantly lower
than that in the NC group of MVECs (¢ = 25.16, P < 0.05),
and the same effect was observed for HUVECs (r = 3.63,
P < 0.05), as shown in Figure 4A,4. ROCK protein expres-
sion in the S group was significantly lower than that in the NC
group for both MVECs (¢ = 28.17, P < 0.05) and HUVECs
(t =5.88, P < 0.05), as shown in Figure 4C. RhoC protein

expression in the S group of MVECs was significantly lower
(t = 15.58, P < 0.05) than that in the NC group; similar re-
sults were obtained for HUVECs (r = 16.22, P < 0.05), as
shown in Figure 4D.

4 | DISCUSSION

RhoC is a member of the Rho GTPase family and belongs
to a class of small molecular G proteins. RhoC protein ex-
pression in endothelial cells is intimately associated with
tumor angiogenesis.3 Angiogenesis involves endothelial cell
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FIGURE 4 Protein expression of vascular endothelial cells. (A) Western blot analysis of protein expression in each group of VECs. (B)

Western blot analysis for the quantification of RhoC expression in each group of VECs. (C) Western blot analysis for the quantification of

phosphorylated MAPK protein expression in each group of VECs. (D) Western blot analysis for the quantification of ROCK protein expression
in each group of VECs (%, P < 0.05, compared to the NC group) (b, P < 0.05, compared to MVECs in the NC group). MAPK, mitogen-activated
protein kinase; MVECs, myeloma vascular endothelial cells; NC, negative control; ROCK, Rho-associated coiled-coil kinase; VECs, vascular

endothelial cells

pseudopods, migration and movement, canalization, bud-
ding, and vascularization.

After transfecting VECs with RhoC shRNA in this study,
the level of RhoC mRNA in the experimental group of cells
decreased by 95% compared to expression in the control
group. Therefore, RhoC expression was knocked down to ex-
plore the relationship between RhoC and angiogenesis using
endothelial cells.

Moreover, a prerequisite for cellular migration is the
formation of lamellipodia, filopodia, and focal adhesion.'®
Laser scanning confocal and scanning electron microscopy
were used in this study to observe pseudopod conformation,
showing that after RhoC knockdown, the number of filo-
podia markedly decreased, the cellular conformation was
more regular, and the width of lamellipodia was restricted.
This phenomenon is consistent with the result obtained by
Ridley'” who showed that RhoC could restrict the width of
cell pseudopods.

Research on the Rho family has mainly focused on
the cytoskeleton, cellular mobility, cell proliferation, and

tumor cell infiltration and metastasis.'® In recent years,
an increasing number of studies have found that RhoC is
not only involved in tumor invasion and metastasis'®' but
also plays an important role in tumor development and pro-
gression. Studies on hepatocellular carcinoma (HCC) have
suggested that RhoC promotes the evolution of healthy
hepatocytes into malignant cells by promoting cell migra-
tion;*® this indicates that RhoC may be a new oncogene
for HCC. By investigating of RhoC, it has been found that
its expression in tumors, such as esophageal squamous cell
carcinoma’ and HCC,21 is intimately associated with tumor
angiogenesis.

For the scratch test, RhoC downregulation could inhibit
endothelial cell migration. The regulation of cellular mi-
gration by Rho GTPase is achieved by affecting the activ-
ities of actin and myosin as well as cell adhesion. ROCK
can increase myosin phosphorylation such that it regulates
actin contractility. To verify the effects of RhoC in the in-
volvement of VECs in angiogenesis, VECs were cultured
on a Matrigel-covered two-dimensional culture plate and on
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a three-dimensional microcarrier. The results showed that
the two-dimensional tube-like structures of the two types of
VECs were markedly decreased by RhoC downregulation,
with a reduction in budding observed on the three-dimen-
sional microcarrier. Therefore, it was confirmed that RhoC
plays an important role in angiogenesis in VECs. The results
of the expression of RhoC and ROCK proteins shown by
Western blot showed that RhoC silencing decreased ROCK
protein expression, which is consistent with the finding of
Rong et al*? who showed that the downstream effector mole-
cule of RhoC is ROCK. Some studies have shown that RhoC
activates ROCK by binding with ROCK and then phosphor-
ylates the myosin light chain, participates in cell aggrega-
tion and fiber contraction, and promotes cell metastasis and
infiltration.”

The MAPK signaling pathway exists widely in cells
and is involved in many biological processes, such as cell
growth, development, division, differentiation, and apop-
tosis. This pathway is also closely associated with the de-
velopment and progression of multiple malignant tumors.
Regarding the MAPK family members, increased activa-
tion of extracellular regulated protein kinase (ERK) can
stimulate angiogenesis. The ERK signaling pathway plays
a pivotal role in malignant processes, such as the develop-
ment and proliferation of tumors and tumor angiogenesis.10
One study on prostate cancer showed that the RhoC/ROCK
signaling pathway could upregulate the phosphorylation of
MAPK, and the phosphorylation level of MAPK in prostate
cancer tissues was significantly higher than that in adjacent
tissues and was related to tumor cell metastasis.”* Therefore,
with respect to the mechanisms through which VECs partic-
ipate in angiogenesis, we focused on detecting phosphor-
ylation of MAPK protein expression and found that the
downregulation of RhoC interfered with phosphorylation of
MAPK expression. Based on these findings, we suggest that
the RhoC/MAPK signaling pathway plays a pivotal role in
angiogenesis.

Research on breast cancer has reported that interfering
with RhoC gene expression could inhibit the proliferation and
infiltration abilities of tumor cells through a mechanism that
likely involves the simultaneous downregulation of matrix
metalloproteinase-9 (MMP-9).* The ECM primarily exists
between cells, and therefore, angiogenesis requires the deg-
radation of the ECM. Notably, the most important enzyme
for ECM degradation is MMP-9. Therefore, the reduction in
angiogenesis by the downregulation of RhoC may be associ-
ated with inhibition of MMP-9 expression. The above spec-
ulation, once confirmed, would validate a report by Shuli et
al,*® which showed that overexpression of RhoC stimulates
MMP-9 expression to promote angiogenesis. However,
whether RhoC/MMP-9 is involved in angiogenesis requires
further investigation.
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In conclusion, as confirmed by in vitro experimental
detection, RhoC plays a pivotal role in MVECs angiogen-
esis, and the downregulation of RhoC expression could in-
hibit angiogenesis via the RhoC/MAPK and RhoC/ROCK
signaling pathways. Moreover, MVECs were superior to
HUVECs when used in three-dimensional systems for the
observation of budding.
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