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Abstract

CARD-containing MAGUK protein 3 (CARMAZ3) is associated with tumor occurrence and progression. However, the signaling
pathways involved in CARMAS3 function remain unclear. We aimed to analyze the association between CARMA3 and stathmin
(STMNI) through the NF-xB pathway, which is associated with cell proliferation and invasion, in clear cell renal cell carcinoma
(ccRCCQC). We evaluated the effects of CARMA3 and STMN| expression on cell migration, proliferation, and invasion in various
cell lines, and their expression in tissue samples from patients with ccRCC. CARMA3 was highly expressed in ccRCC tissues and
cell lines. Moreover, CARMA3 promoted the proliferation and invasion of RCC cells by activating the NF-kB pathway to tran-
scribe STMN. Stathmin exhibited a consistent profile with CARMA3 in ccRCC tissue, and could be an effector for CARMA3-
activated cell proliferation and invasion of ccRCC cells. In summary, CARMA3 may serve as a promising target for ccRCC

treatment.
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Introduction

Clear cell renal cell carcinoma (ccRCC) is a common lethal
malignant tumor.' The development of ccRCC is often con-
cealed, which leads to surgery delays or inadequacy. Treatment
for advanced ccRCC remains a challenge because of resistance
to chemotherapy or radiation. Drugs acting on protein receptor
tyrosine kinases (RTKs), such as sunitinib, have played an
important role in the treatment of ccRCC, but these tumors
often resist treatment and continue to progress.” Although
immune therapy has recently been applied as a second-line
regimen, the efficacy rate is variable because the machinery
of immune cells reactivates. Therefore, more effective therapy
options and novel targets are urgently needed for ccRCC
treatment.

CARD-containing MAGUK protein 3 (CARMA3), also
called CARDI10, is a member of the CARD protein family.
In response to most RTKs, CARMA3 activates the nuclear
factor kappa B (NF-«xB) pathway, generates both p65 and
p50, and finally engages in the transcription process.
CARMA3 also collaborates with the PKC family by partici-
pating in the phosphorylation process, and thus activating
the NF-kB, mTOR, MAPK, and Wnt pathways in different

situations.’* CARMA3 is overexpressed in a variety of solid
tumors, such as lung and breast cancers, and is associated
with poor prognosis. The multiplicity of cellular functions
of CARMA3, such as promoting tumor growth or metastasis,
makes it a key player in tumor biology.>*® These reports sug-
gest that CARMAZ3 may be a highly potent target for cancer
treatment.

Malignant tumors are known to display extreme heteroge-
neity, and the phenotypes of tumor cell switches are accompa-
nied by tumor progression. Acting as an intermediator in signal
transduction, CARMA3 transmits different signals to alter the
status of cells or the microenvironment that is beneficial for
tumor cell survival. Although the phenotypes caused by
CARMA3 are largely established, the molecular mechanism
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Table 1. Patient Features of 45 ccRCC Patients.

Table 2. Sequences of Primers and siRNAs.

Characteristics Case Primers
All cases 45 (100%) CARMA3 Forward CCCCTAAGAGATCCTTCAGCAG
Age (years) Reverse CCACACGCTGTCAGAGGATG
<60 19 (42.2%) STMN1 Forward GTTCCAGAATTCCCCCTTTC
>60 26 (57.8%) Reverse TCTCGTGCTCTCGTTTCTCA
Gender GAPDH Forward GGAGCGAGATCCCTCCAAAAT
Male 32 (71.1%) Reverse GGCTGTTGTCATACTTCTCATGG
Female 13 (28.9%)
TNM stage
pTa-pTl 34 (75.6%)
pT2-pT4 11 (24.4%) Real-Time Reverse-Transcription Quantitative
Histological type PCR (RT—qPCR)
Clear cell carcinoma 45 (100%)

driven by CARMA3 in different tumor-associated events is still
ambiguous.”® Stathmin (STMNI1) is associated with cell pro-
liferation and invasion in various types of malignancies and
functions as a phosphoprotein that regulates tubulin polymer-
ization and microtubule destabilization, and can be regarded as
an effector for cell cycle and cell motility.”® Using data min-
ing, a positive correlation has been found between CARMA3
and stathmin in the ccRCC datasets. In this study, we investi-
gated whether CARMA3 might affect the proliferation and
invasion of ccRCC cells via STMNI regulation, as well as the
pathway involved in this regulation.

Materials and Methods

Cell Culture Reagents

The Caki-1, OS-RC-2, 769-P, and 786-O human ccRCC cell
lines, HK-2 human renal tubular epithelial cell line, and HEK-
293 T cell line were purchased from the Chinese Academy of
Sciences Cell Bank. Cell lines were cultured in suitable media
including RPMI-1640 (Hyclone, USA), minimal essential
medium (MEM, Hyclone), McCoy’s 5SA (Hyclone), Dulbec-
co’s modified Eagle medium (DMEM/F12, Hyclone), and high
glucose DMEM (Hyclone) supplemented with 10% fetal
bovine serum (Hyclone) at 37°C in an atmosphere of 5%
CO,. The reagents used to treat the cell lines included 5 pg/
mL puromycin (Sigma-Aldrich, USA) and 20 uM pyrrolidine-
dithiocarbamic acid (PDTC, Beyotime, China). The cells were
used 24 h after PDTC treatment.

Tissue Samples

Tissue samples were surgically obtained from 45 patients with
ccRCC treated in our department. The patients’ information is
shown in Table 1. All patients provided signed informed con-
sent forms, and the collection and use of tissue samples were
approved by the Institutional Ethics Committee of the First
Affiliated Hospital of China Medical University. The collected
tissue samples were frozen at —80 °C.

RT-qPCR was conducted as previously described.” Total RNA
was extracted from tissues or cells using TRIzol reagent
(Takara, China) following the manufacturer’s instructions. The
mRNA expression levels were tested using the PrimeScript RT
Reagent Kit and SYBR Premix Ex Taq (Takara) according to
the manufacturer’s instructions. The primer sequences used are
listed in Table 2.

Transfection

Cells were transfected using Lipofectamine 3000 (Life Tech-
nologies, USA) with designed small interfering RNAs (siR-
NAs, JTSBIO Co., China) and were incubated for analysis 48
h later. Briefly, OS-RC-2 and 786-O cells were transfected with
an shRNA plasmid (OBIO, China), according to the
siCARMA3 sequence. After 24 h, the transfected cells were
treated with puromycin (5 pg/mL). STMNI-restored models
were constructed by overexpressing STMNI1 (OBIO, China)
to establish the knockdown of CARMAS3 cell lines. Transiently
transfected cells were used 48 h after transfection.

Western Blot Analysis

Western blot analysis was performed as previously described.'”
Total protein was extracted using RIPA Lysis Buffer (Beyo-
time) containing phenylmethylsulfonyl fluoride (Beyotime)
and a phosphatase inhibitor cocktail (Beyotime). Proteins were
separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, transferred onto polyvinylidene fluoride mem-
branes (Merck Millipore, USA), and blocked with 5% skim
milk powder. The primary antibodies used were polyclonal
anti-CARMA3 (ab137383, 1:1000 dilution, Abcam, USA),
polyclonal anti-STMNT1 (#13655, 1:1000 dilution, Cell Signal-
ing Technology), polyclonal anti-p-IxBa (Ser32/36) (#9246,
1:1000 dilution, Cell Signaling Technology), and polyclonal
anti-GAPDH (#5174, 1:1000 dilution, Cell Signaling Technol-
ogy). After incubation with primary and secondary antibodies,
blots were imaged using an enhanced chemiluminescence kit
(Merck Millipore) and a Microchemi 4.2 Imaging System
(DNR, USA).
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Cell Proliferation Assay

The Cell-Light 5-ethynyl-2-deoxyuridine (EdU) DNA Cell
Proliferation Kit (Beyotime) was used to detect cell prolifera-
tion. Transiently transfected cells were incubated in fresh
medium containing 50 pM EdU in the original environment
for 2 h, 48 h after transfection. The cells were then fixed with
4% paraformaldehyde for 15 min and permeabilized with 0.3%
Triton X-100 for 10 min. Subsequently, the cells were cultured
with click addition solution and Hoechst 33342 for 30 min and
10 min, respectively. Images were captured using a fluores-
cence microscope (Olympus, Tokyo, Japan).

Cell Counting Kit-8 (CCK-8) Assay

Treated cells were seeded in 96-well plates, and cell counting
Kit-8 (CCK-8) assay reagent (Dojindo Molecular Technolo-
gies, China) was co-cultured with the culture medium for 30
min before measurement. The absorbance at 450 nm was mea-
sured using an absorbance reader (Bio-Rad, USA). The prolif-
eration curve was standard using a mock contract and recorded
5 days after seeding.

Transwell Assay

For the assay, 24-well transwell permeable chambers (Corning,
USA) were used. For migration assays, 600 pL of medium was
added to the lower chambers, and 48 h after transfection, tran-
siently transfected cells at a density of 3 x 10* cells/mL were
suspended in 200 pL of serum-free medium and added to the
upper chambers. After 24 h, the cells in the chambers were
stained with 0.5% crystal violet and photographed. Addition-
ally, for invasion assays, 25 pL of Matrigel (1 mg/mL) (BD
Biosciences, USA) and 25 pL of serum-free medium were
embedded into the upper chambers and dried at 37°C before
use.

Luciferase Report Assay

HEK-293 T cells (3 x 10* cells/mL) were transfected with
NF-xB1 plasmids and wild-type or mutated STMN1 promoter
plasmids in 24-well plates. After 48 h of incubation, we used a
dual-luciferase reporter assay system (Promega, USA), accord-
ing to the manufacturer’s protocol, and luciferase activity was
analyzed using a Spectra Max i3x multifunctional microplate
detection system (Molecular Devices, USA).

Statistical Analysis

The experimental data were analyzed as described previ-
ously.'" All experiments were performed independently with
at least 3 biological replicates. Data are presented as mean +
standard deviation (SD) and were analyzed using GraphPad
Prism7. Differences between the 2 groups and differences
between paired tissues were analyzed using Student’s z-test and
Wilcoxon test, respectively. Pearson’s correlation coefficient

was calculated using the expression data. P <0.05 was consid-
ered statistically significant.

Results

The Expression of CARMA3 Was Elevated in ccRCC
Tissues and Cells

The 45 pairs of samples were randomly selected from our
specimen database, and the level of CARMA3 expression was
determined to be higher in the tumor tissues than in the paired
adjacent tissues (Figure 1A). Further analysis of the CARMA3
protein levels revealed a positive trend in relation to CARMA3
mRNA expression (Figure 1B). Thus, we concluded that
CARMA3 was highly expressed in ccRCC tissues, which
might be a phenomenon caused by tumor development. In
different ccRCC cell types, compared with that in HK-2 normal
cells, CARMAS3 expression was significantly higher in the 769-
P and 786-O ccRCC cell lines but showed no apparent change
in the Caki-1 and OS-RC-2 cells (Figure 1C). We found that
only a portion of ccRCC cell lines highly expressed CARMA3,
which suggested that the effect of CARMA3 might be limited
in different ccRCC cells. To investigate whether the function of
CARMA3 was different based on the expression level, we
further selected the 786-O and OS-RC-2 cell lines as 2 different
expression models to confirm the function of CARMA3 in
ccRCC cells.

Manipulating the Expression of CARMA3 Controlled the
Growth and Invasion of ccRCC Cells

To change the expression of CARMA3, we knocked down
CARMAS3 using 2 different siRNAs. PCR and western blot
analysis showed a significant decrease in the expression of
CARMA3, confirming its knockdown (Figure 1D). The results
from our EdU assays showed that cell proliferation in both the
786-O and OS-RC-2 siRNA groups was significantly lower
than that in the negative control group due to slower DNA
synthesis rates (Figure 2A). In addition, CCK-8 assays showed
that a decrease in CARMA3 expression inhibited cell prolifera-
tion (Supplementary Figure S1A and S1B). For migration and
invasion of ccRCC cells, transwell assay results indicated that
the number of migrated cells with or without Matrigel was
significantly decreased in the 786-O and OS-RC-2 siRNA
groups (Figure 2B). These results showed that cell motility was
disturbed by the inhibition of CARMA3 expression. In general,
we inferred that CARMAZ3 promoted proliferation, migration,
and invasion of ccRCC cells.

CARMA3 Regulated the Expression of STMN| Via the
NF-xB Pathway

STMNI is a protein that is known to destroy the structural
stability of microtubules and affect cell mitosis and movement.
We previously found in our transcriptome data that STMN1
levels were decreased due to CARMA3-knockdown.'! In
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Figure 1. Expression of CARMA3 in clear cell renal cell carcinoma (ccRCC) samples and cells. A, Reverse-transcription polymerase
chain reaction (RT-PCR) analysis of the CARMA3 expression level in 45 ccRCC samples paired with normal tissues. B, Western

blot analysis of the CARMA3 expression level in 45 ccRCC samples paired with normal tissues, shown in partial examples and statistical
plots. C, RT-PCR analysis of the CARMA3 expression level in ccRCC cell lines and normal renal tubular epithelial cells. D, RT-
PCR and western blot analyses of the CARMAS3 expression level in CARMA3-shRNA-knockdown ccRCC cells. *P < 0.05, **P < 0.01

and ***P < 0.001.

ccRCC cells, when CARMA3 was knocked down, the
expression of STMN1 was shown to decrease at both the
RNA and protein levels, which could indicate a correlation
between the 2 proteins (Figure 3A). As CARMA3 is known
to activate the NF-kB pathway (3), the level of p-IkBa, an
activator of NF-kB, was decreased when CARMA3 was
knocked down (Figure 3B). These results preliminarily
demonstrated the inhibitory effect of CARMA3 knockdown
on NF-kB. Using PDTC, an NF-«xB inhibitor to block the
activity of NF-kB, also caused a significant decrease in the
expression of STMNI1 (Figure 3C). Therefore, a probable
correlation was established between CARMA3, NF-kB path-
way, and STMNI.

To further explore whether a transcriptional relationship
exists between the NF-kB pathway and STMN1, we predicted
potential binding sites between STMN1 and NF-kB transcrip-
tion factors using the JASPAR database (http://jaspar.gen
ereg.net/). NF-xB1 was predicted to bind to both strands of
the promoter region of STMNI, upstream from 1,510 to 1,520
bp. We constructed a luciferase reporter system by mutating this
potential passage and then transferring it into 293 T cells to test
whether it could be transcribed by NF-xB1. Compared with the
wild-type group, luciferase activity was significantly decreased
in the mutated STMNI1 promoter group (Figure 3D). There-
fore, we hypothesized that CARMA3 might regulate STMN1
via NF-«xBI1.
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Figure 2. CARMA3 promoted the growth and invasion of clear cell renal cell carcinoma (ccRCC) cells. A, Proliferation ability of CARMA3-
knockdown cells measured using 5-ethynyl-2’'-deoxyuridine (EdU) assays, normalized to the negative control group. B, Migration and invasion
ability of CARMA3-knockdown cells measured using transwell assays, normalized to the negative control group. *P < 0.05, **P < 0.01 and

**xp <0.001.

High Expression of STMN| Was Associated With
CARMA3 and Promoted the Proliferation and Invasion of
ccRCC Tissues and Cells

We further confirmed the function of STMNI1 in ¢ccRCC and
showed that STMN1 expression was also higher in the previ-
ously used 45 ccRCC tissues than that in the normal tissues
(Figure 4A). The Pearson correlation coefficient between the
expression of CARMA3 and STMNI in the collected tissue
was 0.3702, indicating a positive correlation (Figure 4B). We
also evaluated the function of STMNT1 in ccRCC cells. We used
2 siRNAs to knock down STMNI1 and confirmed the knock-
down by PCR and western blot analysis (Figure 4C and D).
EdU assay results showed that cell proliferation in both the
786-0O and OS-RC-2 siRNA groups was significantly lower
than that in the negative control group, which showed a sup-
pression of cell growth (Figure 4E). CCK-8 assays showed that
a decrease in STMNI expression inhibited cell proliferation

(Supplementary Figure S1A and S1B). Likewise, transwell
assay results indicated that the number of migrating and invad-
ing cells was significantly decreased in both the 786-O and OS-
RC-2 siRNA groups (Figure 4F). Based on these results, we
hypothesized that CARMA3 might realize its function in pro-
liferation and invasion by regulating STMNI1.

STMN | Restored the Proliferation and Invasion Effects of
CARMA3 in ccRCC Cells

To verify the consistency in cellular function between
CARMA3 and STMNI1, we established stable STMNI1-
overexpressing cell lines by knocking down CARMA3 (Figure
5A) and performed EdU and transwell assays. In the overex-
pression group, the ratio of cells in the EdU assay (Figure 5B)
and the number of migrating cells in the transwell assay (Figure
5C) were increased. CCK-8 assays also showed a recovery
trend in cell proliferation (Supplementary Figure S1C and
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Figure 3. CARMA3 regulated the expression of STMN1 via the NF-kB pathway. A, Reverse-transcription polymerase chain reaction (RT-PCR)
analysis of the STMNI1 expression level in CARMA3-shRNA-knockdown clear cell renal cell carcinoma (ccRCC) cells. B, Western blot
analysis of the IkBa phosphorylation level in CARMA3-shRNA-knockdown ccRCC cells. C, RT-PCR analysis of the STMN1 expression level
after application of the pyrrolidinedithiocarbamic acid NF-kB inhibitor. D, Luciferase assays of the NF-kB1 transcription activity between the
wild-type and mutated STMN1 promotors. *P < 0.05, **P < 0.01 and ***P < 0.001.

S1D). Therefore, we concluded that STMNI1 could restore the
proliferation, migration, and invasion activities of ccRCC cells
affected by CARMA3 knockdown. Therefore, we confirmed
STMNI1 as an effector of CARMA3-induced ccRCC cell
growth and movement.

Discussion

Previous studies have demonstrated that CARMAS3 is highly
expressed in ccRCC and affects prognosis.'>'® Our present
study identified high CARMA3 expression in a cohort of
patients with ccRCC. We found that CARMA3 promoted the
proliferation, migration, and invasion of ccRCC cells. We iden-
tified that these effects were achieved by regulation of the
expression of STMNI1 through the NF-kB pathway. The
CARMA3 protein is known to respond to upstream receptor
proteins and transmit intracellular signals to downstream tar-
gets, such as NF-xB. In addition, forced overexpression of
CARMA3 in transfected cells has been shown to activate
downstream targets.® In particular, CARMAJ3 has been demon-
strated to affect cell proliferation and stemness, angiogenesis
and metastasis, DNA damage repair, and drug resistance in
response to different cell signaling pathways in various malig-
nant tumors.>'*!’

Generally, in tumor research, NF-kB is considered to be a
pro-cancer and pro-inflammatory factor, which is widely
involved in the process of tumor initiation, proliferation, metas-
tasis, and angiogenesis. In addition, many chemotherapeutic
drugs and radiation can activate the NF-kB pathway, leading
to a resistance response during tumor treatment.'® Therefore,
inhibition of the NF-xB pathway is considered a feasible treat-
ment strategy. At present, approximately 750 inhibitors sup-
press the NF-kB pathway in the process of inhibiting tumor
proliferation or increasing the sensitivity of tumor cells to che-
motherapy drugs. However, because NF-kB pathway is not
fully understood, these inhibitors have uncertain effects and
serious adverse reactions, and no NF-kB pathway inhibitors
have entered phase III clinical trials.'>*° Thus, we considered
that CARMA3, upstream of the NF-kB complex, could be a
potential target for therapy. We also investigated stathmin, as
an indicator of activated CARMA3.

The main function of the stathmin protein is the destabiliza-
tion of microtubules in the microtubule filament system,?!
through the prevention of microtubule assembly and promotion
of its disassembly.*? In addition, STMN1 has been reported to
be highly expressed in various malignant tumors, as the altera-
tion of microtubules has been associated with cell proliferation,
mitosis, and motility.>>*” In addition, STMNI is involved in
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Figure 4. Highly expressed STMN1 promoted the growth and invasion of clear cell renal cell carcinoma (ccRCC) cells. A, Reverse-transcription
polymerase chain reaction (RT-PCR) analysis of the STMN1 expression level in 45 ccRCC samples paired with normal tissues. B, The Pearson
correlation coefficient calculated between the expression levels of CARMA3 and STMNI1 in ¢ccRCC samples. C, RT-PCR analysis of the
STMNI1 expression level in STMN1-shRNA-knockdown ccRCC cells. D, Western blot analysis of the STMN1 expression level in STMN1-
shRNA-knockdown ccRCC cells. E, Proliferation ability of STMNI1-knockdown cells measured using 5-ethynyl-2’-deoxyuridine (EdU) assays,
normalized to the negative control group. F, Migration and invasion ability of STMNI1-knockdown cells measured using transwell assays,
normalized to the negative control group. *P < 0.05, **P < 0.01 and ***P < 0.001.
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the initiation of epithelial-mesenchymal transition.”® Overex-
pression of STMNI is reported to be related to tumor metas-
tasis, and targeting STMNI1 has been found to result in
decreased cell proliferation and metastasis and increased apop-
tosis.””? Accordingly, our findings provided evidence that
STMNI1 could also affect cell proliferation and migration in
ccRCC cells.

ccRCC is a special type of cancer that is characterized by
several metabolic changes, especially glucose and lipid meta-
bolism due to hypoxia, and ccRCC cells are rich in lipid dro-
plets.>*** Our previous study in other types of cancer showed
that CARMA3 might regulate amino acid metabolism through
the NF-kB pathway, but whether CARMA3 regulates cell
metabolism in the same way through the NF-xB pathway
should be discussed further.

We concluded that CARMA3 was highly expressed in
ccRCC samples, promoting the proliferation, migration, and
invasion of ccRCC cells by activating the NF-xB pathway and
transcriptional regulation of the expression of STMNI.
STMNI is regulated by the MAPK pathway, which is indirectly
mediated by the NF-kB pathway. Thus, it might indicate that
the regulation of STMN1 by CARMA3 might also occur indir-
ectly. In conclusion, we identified STMNI1 as an effector of
CARMA3 that could affect the proliferation and metastasis of
ccRCC. Our findings might inform the confirmation of
CARMA3 as a potential therapeutic target for ccRCC
treatment.
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