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Porcine ubiquitin-like protein MNSFp promotes cell apoptosis
and covalently binds to BCL-G to enhance staurosporine-induced
apoptosis
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Background: Monoclonal non-specific suppressor factor p (MNSEFP) is a ubiquitously expressed member
of the ubiquitin-like family. It functions as a regulator of cell apoptosis and a potential tumor suppressor,
playing a vital role in the processes of immune cell function and apoptosis.

Methods: The present study constructed GFP-pMNSFp swine umbilical vein endothelial cell (SUVEC)
lines and investigated the function of porcine MNSFB (pMNSFEP) in apoptosis, as well as its interactions with
pBCL-G. Results revealed that stably expressed pMNSFB protein in SUVEC lines significantly enhanced
staurosporine (STS)-induced apoptosis. pMNSFp proteins interacted with pBCL-G proteins and the
expression of these interacting proteins synergized to further enhance STS-induced apoptosis.

Results: GFP-pMNSF stably expressed SUVEC lines through transient transfection and neomycin
screening methods. Over 90% of the SUVEC cultures expressed GFP signals, and 41.5 kDa GFP-pMNSFB
proteins were detected with western blotting methods. Annexin V-PE/PI staining and flow cytometry
analyses showed that overexpression of pMINSF proteins significantly elevated STS-induced apoptosis
rates. Co-immunoprecipitation methods revealed an interaction between pMNSFB and pBCL-G proteins.
BCL-G is a proapoptotic member of the BCL-2 family that has been shown to be misexpressed in human
systemic lupus erythematosus, as well as mammary and prostate cancers. Here, we demonstrated that the
co-expression and potential conjugation of pMNSFP and pBCL-G proteins synergistically enhanced STS-
induced apoptosis.

Conclusions: The present study was the first to characterize the function of MNSFP in porcine cells, and
to clarify the function of MNSFP in apoptosis. These results reveal that pMNSEFB is a potential molecular
model for future investigations of diseases related to human MNSF dysfunction.
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Introduction

Monoclonal non-specific suppressor factor p (MNSFP) is
synthesized by T cells and is involved in various biological
processes (1). MNSFB is highly conserved, sharing a
91% homology and <0.05 evolutionary distance across 18
common species (2). The gene is approximately 414 bp
in length, and contains one exon encoding a 133-amino-
acid product (3,4). Structurally, MINSFP protein is a fusion
protein consisting of an ubiquitin-like domain fused with
the ribosomal protein S30 at its terminus (5,6).

MNSFB has been demonstrated to function as a non-
specific suppressor of lymphokine in immune responses,
and also participates in regulating eukaryotic processes,
such as stress reaction, cell division, cell apoptosis, and
nuclear transport (7-10). Other studies have shown that
MNSEB binds to specific lysine residues of target proteins.
One well-characterized MNSF target is BCL-G, a pro-
apoptotic member of the BCL-2 family, that was shown to
regulate the extracellular signal-regulated kinase (ERK)/
mitogen-activated protein kinase (MAPK) signal cascade in
mouse macrophage (Raw264.7) cells lines (11). Given the
important roles of MNSFP proteins, it has been studied
extensively in human and mouse models (5,12). However,
porcine models may better serve the scientific research
community because, compared to mice, they are more
similar to humans in both physiology and anatomy (13-15).
Thus far, the physiological significance of porcine MNSFp
(pMINSEFP) activity in porcine models has remained elusive.
Thus, studies characterizing pMNSFp gene products are
critical for understanding the role of MNSFp in human
diseases.

In this study, we constructed GFP-pMNSFp swine
umbilical vein endothelial cell (SUVEC) lines and
investigated the function of pMNSFp in apoptosis, as well
as its interactions with porcine BCL-G (pBCL-G). Results
revealed that stably expressed pMNSFp protein in SUVEC
lines significantly enhanced staurosporine (STS)-induced
apoptosis. pMNSFp proteins interacted with pPBCL-G
proteins and the expression of these interacting proteins
synergized to further enhance STS-induced apoptosis.
In this study, we characterized pMNSEFp, and our data
suggested that MNSF is a potential new target for disease
intervention. Additionally, results from this study can be
added to the growing body of literature exploring the role of
human MNSFB in related diseases. We present the following
article in accordance with the MDAR reporting checklist
(available at http://dx.doi.org/10.21037/atm-20-6348).
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Methods
Materials

Staurosporine was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Mouse monoclonal antibodies
against HA and myc were purchased from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, USA). Horseradish
peroxidase (HRP)-conjugated goat anti-mouse secondary
antibodies were obtained from Sigma-Aldrich. Both
rabbit polyclonal GFP and horseradish peroxidase (HRP)-
conjugated goat anti-rabbit secondary antibodies were
obtained from CWBiotech (Beijing, China). All experiments
were conducted in compliance with current Chinese ethical
legislation.

Reverse transcription-polymerase chain reaction (RT-PCR)

pMNSFp and pBCL-G genes were cloned from
porcine spleen tissue by RT-PCR. The primers
used to detect pMNSFB were as follows: PF1:
5'"-AGAGATCTATGCAGCTCTTTGTCCG-3'
(underlining indicates the BglIl site); PR1:
5'-TAGGGCCCTTAAGAGTTGGCATT-3' (underlining
indicates the Apal site). The primer for pBCL-G were
published by Jiang ez a/. (16). All gene products (nucleic acid
and proteins) were analyzed to verify their identities with
DNAStar and Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Plasmid constructions and transfections

The pMNSFP gene sequence was subcloned into the
pCMV-HA and pEGFP-cl vector to construct the
recombinant plasmid pCMV-HA-pMNSFB and pEGFP-
MNSEB. pCMV-myc-pBCL-G recombinant constructs
were previously produced in our laboratory (16). SUVEC
lines were maintained in six-well plates in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10%
fetal bovine serum (FBS) at 37 °C with 5% CO,. When
cell densities neared 80%, mediums were changed to
pure DMEM, incubated for 1 hour (hr), and then DNA
transfection was performed with 4 pg of the recombinant
plasmids per well using Lipofectamine 2000 (Invitrogen,
US) according to the manufacturer’s protocols.

Establishment of SUVEC lines stably expressing GFP-
PMNSEFP proteins

Twenty-four hours after transfection of pEGFP-pMNSFp
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in SUVEC lines, the culture media were changed to growth
medium supplemented with 800 pg/mL G418. After 72 hr
incubation, cells were inspected for GFP fluorescence,
and the expressing cultures were trypsin (0.25%) digested
and transferred to 10 cm petri dishes at a density of 5x10’.
Every 2 days, fresh culture medium containing G418 was
added. After 10-14 days of incubation, drug-resistance
clonal cell populations were observed under fluorescence
microscopes. Any cell populations that did not express GFP
and were located near the expressing clones were removed
with a 10 pL pipette tip. Incubation of the clonal cultures
in G418 medium continued until the fluorescent clone
density reached up to 50%. Fluorescence-positive clones
were then transferred to 24-well plates and expanded. The
cloned colonies were additionally subjected to single-cell
cloning using limiting dilution methods. Finally, the clonal
population exhibiting the highest fluorescence expression
was selected from the first and second round of cloning for
evaluation.

Immunofluorescence (IF) assays

To detect the expression of HA-tagged pMNSFp (HA-
pMNSEB), SUVEC lines were seeded into 6-well plates and
transfected with pCMV-HA-pMNSFp plasmids, using the
methodologies described above. Approximately 24 hr after
transfection, the cells were fixed with 4% paraformaldehyde
for 15 minutes (min) at room temperature and
permeabilized with 0.2% Triton X-100/PBS for 5 min.
Next, cells were incubated with mouse anti-HA monoclonal
antibodies (1:1,000) for 1 hr at room temperature, followed
by incubation with fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse immunoglobin G (IgG)
secondary antibodies (Sigma-Aldrich, 1:100 dilution)
for 1 hr at room temperature. After being rinsed with
phosphate-buffered saline (PBS), cells were observed under
a fluorescence microscope.

Western blot analyses

Whole-cell lysates were generated using lysis buffer (50 mM
Tris-HCI, 5 mM EDTA150 mM NaCl, 0.1% NP-40, 0.5%
deoxycholic acid, 1 mM sodium orthovanadate, 100 pg/mL
PMSF) and protease inhibitors (20 pg/mL leupeptin,
10 pg/mL pepstatin A and 10 pg/mL aprotinin). Protein
concentrations of cell lysates were determined with BCA
Protein Assay Kits (Pierce, USA). Equal amounts of lysates
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were boiled in sodium dodecyl sulfate (SDS) sample
buffer for 10 min, proteins were separated by SDS-
polyacrylamide gels, and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, USA).
Membranes were incubated overnight at 4 °C in a tris-
buffered saline solution containing 5% milk to block
nonspecific binding sites, followed by HRP-conjugated
secondary antibodies at room temperature for 1 hr.
Protein bands were visualized using Luminata Classico
Western HRP Substrate according to the manufacturer’s
instructions (Millipore, USA).

Co-immunoprecipitations

Co-immunoprecipitations were performed using
Mammalian c-Myc Tag IP/Co-IP Kits (Pierce) according
to the manufacturer’s instructions. Briefly, SUVEC lines
were transiently transfected with a mixture of pCMV-myc-
pBCL-G and pCMV-HA-pMNSF vectors, while control
experiments were transfected with either a mixture of
pCMV-myc-pBCL-G and pCMV-HA empty vectors, or a
mixture of pCMV-HA-pMNSFp and pCMV-myc empty
vectors. Thirty-six hours post-transfection, proteins were
extracted using Mammalian Protein Extraction Reagent
(MPER). Samples were then incubated overnight at 4 °C
in the presence of 10 pLL of anti-c-Myc agarose slurry. The
agarose slurries were washed three times with Tris Buffered
Saline plus 0.05% Tween-20, and immunoprecipitates were
released from the agarose slurries by boiling in 25 pL of
non-reducing sample buffer for 5 min. Western blots were
carried out with anti-HA or anti-myc antibodies to detect
binding partners.

Statistical analyses

Annexin V-PE/PI staining and flow cytometry method
(FCM) was used to discern between apoptotic and necrotic
cells death, according to the instructions. Expressions of
stained cells were analyzed using double flow cytometry
parameters. Resulting data were analyzed with LMD and
Motilcycle software packages. Calculations of means,
standard deviations (SD), and all statistical analyses were
performed with SPSS (version 13.0). Differences between
test and control groups were assessed using independent
samples #-tests, with P values <0.05 considered statistically
significant and <0.01 considered highly statistically
significant.
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Results

Transfection of GFP-pMNSFp protein was stably expressed
in SUVEC lines

GFP-pMNSEP that highly expressed the clonal cell line
was obtained using limiting dilution methods and G418
selection in SUVEC lines that had been transfected with
the successfully constructed plasmid, pEGFP-pMNSEF,
which was verified by sequencing and digestion (Figure 1A).
The cloned cells expressing GFP-PMNSF protein obtained
by limiting dilution continued to proliferate steadily
under the treatment of G418. Figure 1B shows the cell and
GFP-pMNSEFEp protein condition during continuous cell
proliferation. As shown in Figure 1C, clonal cell lines stably
expressing GFP-pMNSF proteins were successfully sub-
cultured for more than 40 passages during a 4-month period.
The expression of GFP-pMNSFEP proteins was analyzed
by western blot at passages of 5, 10, and 40 (Figure 1D).

PMNSEF overexpression enbanced STS-induced apoptosis
in SUVEC lines

We explored the role of pMINSEP in apoptotic pathways.
Apoptosis rates were quantified in stable GFP-pMNSFp
SUVEC lines induced to undergo apoptosis by exposure to
STS (concentrations: 0, 100, 500, and 1,000 nM). Annexin
V-PE/PI staining in combination with FCM were used
to discern between apoptotic and necrotic cells. Early
apoptotic events were visualized in the lower right quadrant
of FCM diagrams, whereas late apoptotic events were
found in the upper right quadrant (Figure 2A). Statistical
analyses of apoptosis rates, as calculated by FCM, clearly
demonstrated that overexpression of pMNSF significantly
enhanced apoptosis compared to controls (Figure 2B).
These results suggest that overexpressed pMNSFB may
have a similar role in apoptosis as pPBCL-G, a canonical
proapoptotic factor.

PMNSEF co-immunoprecipitate with pBCL-G

In our studies, MINSF proteins were demonstrated to bind
with BCL-G proteins. Specifically, residues in the MNSFp
n-terminal region physically interacted with BCL-GL
in humans cell lines. Previous findings indicated porcine
BCL-G to be highly conserved and structurally similar to
human BCL-GL, with 71% identity between species (2). In
the present study, co-immunoprecipitations were performed
to determine whether pMNSFB interacts with pBCL-G.
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HA tags fused to pMNSFB and myc-BCL-G proteins
were detected using western blotting techniques (Figure 3).
Additionally, HA-pMNSFp and myc-pBCL-G were
overexpressed in SUVEC lines, and expression patterns
were observed by indirect IF and western blotting analyses.
FITC-conjugated secondary antibody signals were detected
in cells expressing either myc-pBCL-G or HA-pMNSEFf
proteins above background expression in parent SUVEC
lines (data not shown). Furthermore, when myc-pBCL-G
and HA-pMNSEFB were overexpressed in SUVEC cells, and
lysates were pulled down with myc beads, HA-pMNSEFp
could be detected by western blotting analyses. Conversely,
HA-pMNSFp was not detected in the immunoprecipitated
product when myc-pBCL-G and HA-tag control vectors
were co-expressed. Similarly, co-expressions of myc-tag
empty vectors and HA-pMNSFp yielded negative results by
myc pull down methods (Figure 3). These results indicated
that overexpressed pMNSFp proteins indirectly interacted
with pBCL-G proteins.

Co-expression of pMNSFp and pBCL-G significantly
enhanced STS-induced apoptosis

Our previous studies demonstrated that pBCL-G
overexpression enhanced STS-induced apoptosis (16).
Given that pPBCL-G and pMNSEFB proteins indirectly
interacted, we explored whether STS-induced apoptosis
would be influenced by co-transfection of pMNSFp and
pBCL-G plasmids. Our previous work demonstrated that
early apoptotic events induced by 500-1,000 nM STS
were significantly increased when cells stably expressed
GFP-pBCL-G (16). SUVEC cells stably expressing GFP-
pBCL-G were transfected with pCMV-HA-pMNSFf
or pCMV-HA empty vectors. Twenty-four hours after
transfection, cells were treated with 500 nM ST'S and
incubated for 18 hr. Using the same FCM methods as
described above, cell apoptosis was detected and quantified.
Apoptosis rates were significantly elevated in cells
overexpressing pBCL-G and pMNSFp, when compared
with cells overexpressing pBCL-G and the empty vector
alone (Figure 4).

Discussion

In this study, stably expressing GFP-pMNSFB SUVEC
lines provided useful and convenient molecular tools.
Previous studies have demonstrated MNSEFp to be a natural
immunosuppressive factor that is involved in various
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Figure 1 The expression of GFP-pMNSFp protein in SUVEC cells was detected. (A) The products of pEGFP-MNSFp was digested by
Apaland BglIL. (B) GFP-pMNSEF protein expression in clonal cell line under G418 selection after 2, 4, and 10 days of incubation observed
by inverted fluorescence microscopy. (C) Expression of GFP-pMNSEP in clonal cells at passage 40. (D) Western blot analyses of GFP-
pMNSEFP fusion protein expression levels in stably expressing GFP-pMNSFB SUVEC lines using anti-GFP tag antibodies. Lanes 1, 2, and 3
represent 5, 10, and 40 passages, respectively. GFP, green fluorescent protein; pMNSEB, porcine monoclonal non-specific suppressor factor f;
EGFP, enhanced green fluorescent protein.

biological processes (17-19). Furthermore, MNSFB was II and to regulate phagocytosis (1,8); it is also known to

found to bind to distinct lysine residues of specific target play a vital role in immune regulation and apoptosis, but
proteins, including BCL-G; this binding inhibited activation until now, studies on MNSFP function in porcine models
of ERK proteins, which regulate MAPK pathways (5,11). have been scant and unclear. Porcine model systems
MNSEFB has also been shown to conjugate with endophilin have close phylogenetic relationships and physiological
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Figure 2 Quantification of apoptosis was enhanced by overexpression of GFP-pMNSFp. (A) Representative FCM diagrams of SUVEC lines
stably expressing GFP-vector or GFP-pMNSFp were treated for 18 hrs with the STS doses indicated on the x-axis. (B) Annexin V-positive
cells were quantified. All experiments were performed in triplicate, and data are expressed as mean + SD (n=3). Error bars represent standard
deviations of replicate data points. **, P<0.01 and ****, P<0.0001 versus the control groups (cells stably expressing GFP-vector proteins).
FCM, flow cytometry method; SUVEC, swine umbilical vein endothelial cell; ST, staurosporine.
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Figure 3 Interaction of HA-pMNSFp with myc-pBCL-G was detected by co-immunoprecipitation. (A) Detection of HA-pMNSFp and
myc-pBCL-G fusion protein expressed in cells by western blog; line 1, 2, and 3 represent SUVEC cells transiently transfected with pCMV-
HA-pMNSFp plasmid, SUVEC cells transiently transfected with pCMV-myc-pBCL-G plasmid, and SUVEC cells, respectively. (B) The
individual and co-expressions of HA-pMNSFp and myc-pBCL-G proteins in transfected SUVEC cells were examined by western blot
analyses. HA, HA-tagged.

similarities with humans (15), so porcine systems have often for future experimental studies of pMNSFp functions.

been considered preferable to mice for modeling human Studies of MNSFB in porcine cell lines offer potential
conditions. In this study, we constructed stable SUVEC molecular models for investigations of human MNSFp-
lines that overexpressed GFP-pMNSFp proteins. These related diseases. In humans, Watanabe er 4/. found that
lines are now available for use as convenient molecular tools MNSEFpB and BCL-G proteins interacted; these binding
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Figure 4 GFP-pMNSFp and myc-pBCL-G co-overexpression enhanced STS-induced apoptosis rates. Representative FACS diagrams were
given for STS-treated (500 nM) SUVEC lines that stably expressed GFP-pMNSFEp and were then co-transfected with either myc-pBCL-G
or empty vectors. Parent SUVEC lines either transiently expressed myc-BCL-G proteins, or stably expressed GFP-pMNSFEB and were

treated with STS (500 nM) and analyzed as controls. (B) Quantification of Annexin V-positive cells: data, gathered in triplicate, are expressed

as the mean = SD. Cells co-expressing GFP-pMNSFp and myc-BCL-G had significantly more Annexin V-positive events than controls (**,

P<0.01). FACS, fluorescence-activated cell sorting.

events enhanced lipopolysaccharide (LPS)/interferon
c-induced apoptosis in macrophages (20). This study showed
that overexpression of GFP-pMNSEFp had proapoptotic
effects on SUVEC lines in which apoptosis was induced
by varying doses of STS. Together, these previous results
and our current study suggest that pMNSFp and human
MNSEFB serve similar functions. Human and porcine
MNSEFB share 93.98% protein sequence similarities (2).
Furthermore, porcine models have been used to study
many human conditions including sepsis (21), abdominal
aortic aneurysm (22), severe tension pneumothorax (23),
and a variety of cancers (24). Thus, porcine models overall,
and, specifically, pMNSFp-expressing SUVEC lines have
potential as a tool for characterizing MNSFB-related
diseases and testing drug targets in humans.

The results presented here suggest that pMNSEB is an

© Annals of Translational Medicine. All rights reserved.

apoptosis regulatory factor and potential tumor suppressor.
Watanabe ez 4/. demonstrated that human MNSFp promotes
LPS/interferon v (IFNy)-induced apoptosis of Raw264.7
macrophages (20). Statistical analyses of our flow cytometry
results demonstrated that overexpression of pMNSFp had
proapoptotic functions, as it significantly enhanced STS-
induced apoptosis in SUVEC lines. This is consistent
with previous results. It has been previously reported that
overexpression of pPBCL-G amplifies STS-induced apoptosis
in SUVEC lines (16). Taken together, pMNSFf and
pBCL-G proteins may similarly function to regulate SUVEC
apoptosis. Therefore, pMINSFB gene products may have a
new role in the apoptotic regulation and potential tumor
suppression of porcine umbilical vein endothelial cells.
Exploration of the specific mechanisms of pMINSFp and
pBcl-G activities may offer a drastically new direction for the
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treatment of human diseases. BCL-G and MNSFp proteins
have been demonstrated to interact (20), while BCL-G
was shown to regulate apoptosis due to chemotherapy
and was found to be misexpressed in systemic lupus
erythematosus and congenital heart disease cases (25-28).
In this study, we also found that pMNSFp interacted with
pBCL-G, and co-overexpression synergistically enhanced
STS-induced cell apoptosis rates, which was consist
with previous studies in humans (20). The present study
suggested that pMNSFB-pBCL-G complex formation
may be important for apoptosis regulation. Future studies
exploring specific mechanisms of interaction between
MNSFB and BCL-G could provide insights and potential
treatment options for BCL-G-related human diseases.

In this study, we constructed stably expressing
GFP-pMNSFB SUVEC lines and stored them in our
laboratory. These cell lines were useful and powerful tools
for comparative function experiments. We also found
that overexpression of pMNSFp proteins significantly
enhanced STS-induced apoptosis rates in SUVEC lines,
which was consist with previous foundational studies in
humans on MNSFP function. Additionally, pMNSFB
co-immunoprecipitated with pBCL-G, along with
overexpression of pMNSFEP, significantly promoted pBCL-
G-induced cell apoptosis. Therefore, pMNSFp may be a
novel drug target for BCL-G-related human diseases, such
as cell apoptosis caused by chemotherapy for cancer, and for
systemic lupus erythematosus and congenital heart diseases.
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