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Simple Summary: TNF-« is considered to be a potential therapeutic drug for cancer, but the systemic
toxicity problem still exists in clinical use. MCPIP1 plays a crucial role in anti-inflammatory and
anti-viral contexts, as well as in the inhibition of cell growth. This study aims to investigate the roles
of MCPIP1 in TNF-«-treated cells and their underlying molecular mechanisms. MCPIP1 was found
to enhance TNF-a-induced apoptosis by activating the caspase cascade, and pan-caspase inhibitor
and the caspase-1/-4 inhibitor could reverse TNF-ot/MCPIP1-mediated apoptosis. MCPIP1 was first
identified with cleavage site of caspase-1/-4 and could be cleaved during apoptosis. Downregu-
lation of NF-«B activation and a caspase-8 inhibitor, cFLIP, were associated with TNF-oc/MCPIP1-
mediated apoptosis.

Abstract: Monocyte chemoattractant protein-1-induced protein 1 (MCPIP1) is rapidly produced
under proinflammatory stimuli, thereby feeding back to downregulate excessive inflammation. In
this study, we used the stable, inducible expressions of wild-type (WT) MCPIP1 and an MCPIP1-
D141N mutant in T-REx-293 cells by means of a tetracycline on (Tet-on) system. We found that WT
MCPIP1 but not MCPIP1-D141N mutant expression dramatically increased apoptosis, caspase-3,
-7,-8, and -9 activation, and c-Jun N-terminal kinase (JNK) phosphorylation in TNF-a-treated cells.
The pan-caspase inhibitor, z-VAD-fmk, and the caspase-1 inhibitor, z-YVAD-fmk, but not the JNK
inhibitor, SP600125, significantly reversed apoptosis and caspase activation in TNF-oo/MCPIP1-
treated cells. Surprisingly, MCPIP1 itself was also cleaved, and the cleavage was suppressed by
treatment with the pan-caspase inhibitor and caspase-1 inhibitor. Moreover, MCPIP1 was found to
contain a caspase-1/-4 consensus recognition sequence located in residues 234~238. As expected,
the WT MCPIP1 but not the MCPIP1-D141N mutant suppressed NF-«B activation, as evidenced by
inhibition of IkB kinase (IKK) phosphorylation and IkB degradation using Western blotting, IKK
activity using in vitro kinase activity, and NF-kB translocation to nuclei using an immunofluorescence
assay. Interestingly, MCPIP1 also significantly inhibited importin «3 and importin o4 expressions,
which are major nuclear transporter receptors for NF-«kB. Inhibition of NF-«kB activation further
downregulated expression of the caspase-8 inhibitor, cFLIP. In summary, the results suggest that
MCPIP1 could enhance the TNF-x-induced apoptotic pathway through decreasing NF-«B activation
and cFLIP expression.
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1. Introduction

Tumor necrosis factor (TNF)-« is a multifunctional cytokine that binds to the TNF
receptor (TNFR) and transduces cell survival, apoptosis and necroptosis signals. TNF-« is
also involved in various diseases, such as bone loss, septic shock, rheumatoid arthritis, and
other inflammatory diseases [1]. After TNF-« binds to its receptor, TNFR1, two protein
complexes can subsequently be formed. The first is called the TNFR1 signaling complex
(TNF-RSC, also known as complex-I), which is related to NF-«kB'’s transcriptional activity
and cell survival; the second complex is called complex-II and is related to apoptosis [2].
Generally, the signal pathway induced by complex-I can inhibit the apoptotic signal path-
way of complex-II. Members of complex-I include TNFR1-associated death domain protein
(TRADD), receptor-interacting protein kinase (RIP1), TNFR-associated factor 2 (TRAF2) or
TRAF5, and the cellular inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2). The cIAP
is a ubiquitin E3 ligase, which can catalyze K63-linked polyubiquitination of RIP1 [3,4].
The polyubiquitination of RIP1 then attracts transforming growth factor (TGF)-f3-activated
kinase 1 (TAK1) and IkB kinase (IKK) complexes to bind to complex-I, thus activating
TAK1 and IKK. TAK1 activates the c-Jun N-terminal kinase (JNK) signal pathway, and
IKK phosphorylates IkB, which then can be ubiquitinated by Skp1-Cullin-F-box protein
B-transducin repeat-containing protein (SCFP-T", an E3 ligase), and it is finally degraded
by a proteasome, thereby activating NF-«B.

After complex-I is activated, TNFR1 is then internalized and forms complex-II in the
cytoplasm. Complex-II contains TRADD, TRAF2, Fas-associated death domain (FADD),
and caspase-8. Caspase-8 then dissociates from complex-II, cleaves Bid, and activates the
mitochondrial apoptotic pathway (caspase-9-dependent activation of caspases-3, -6, and -7)
to initiate cell apoptosis [5]. On the contrary, activated NF-«B from complex-I can induce
expressions of antiapoptotic molecules, such as IAPs and cFLIP [6], which are able to
inhibit caspase-8 induced by complex-II. In addition, complex-I also binds to pro-caspase-1
and then promotes caspase-1 activation [7]. Since many studies have demonstrated that
inflammatory caspases engage in crosstalk with apoptotic caspases [8], activated caspase-1
may, in turn, activate caspases-3, -6, and -7, and activated caspases-8 and -9 may also further
activate caspase-1 [9,10]. Moreover, deubiquitinated RIP1 can dissociate from complex I
and assemble into complex II, and then initiate caspase-independent necrotic cell death
(necroptosis) [11]. Therefore, the balance of the TNF-«-induced complex-I and complex-II
signaling pathways affects the final fate of cells [12].

Monocyte chemoattractant protein (MCP)-1-induced protein 1 (MCPIP1, also known
as Zc3h12a and regnase-1) was first discovered to be induced by MCP-1 in human mono-
cytes. MCPIP1 is a member of CCCH (C3H)-type zinc finger (ZF) protein family, containing
C3H-type ZF, Nedd4-BP1, YacP nuclease/deubiquitinase (NYN/DUB), and proline-rich
(PRR) domains [13]. It is induced during the inflammation process of macrophages, and
negatively feeds back to regulate the production of proinflammatory cytokines and in-
ducible nitric oxide synthase (iNOS) induced by lipopolysaccharide (LPS). Therefore,
MCPIP1 plays an important role in the downregulation of immune inflammatory re-
sponses [14,15]. Because MCPIP1 has a ZF domain, it can bind to both DNA and RNA
molecules to regulate gene transcription and RNA metabolism, respectively. When MCPIP1
acts as a transcription factor, it can regulate expressions of apoptosis- and angiogenesis-
related genes [16]. It can also bind to the 3’ untranslated region (3'UTR) of messenger
(m)RNAs, such as interleukin (IL)-1p3, IL-6, IL-8, IL-12, and IL-17 mRNAs [17], and results
in degradation of these mRNAs by its ribonuclease (RNase) activity. However, unlike other
C3H ZF proteins, MCPIP1 binds to stem-loop (SL) structures of mRNA instead of AU-rich
elements (AREs) [18]. In addition, MCPIP1 also recognizes the SL structure of human and
viral pre-micro (mi)RNAs, and cleaves pre-miRNAs [19]. Our own and other previous



Biology 2021, 10, 655

30f15

studies found that MCPIP1 exhibited antiviral activity through the decreasing of viral RNA
levels and the prevention of viral infection, such as hepatitis C virus (HCV) and human
immunodeficiency virus (HIV)-1 infection [13,20,21]. The deubiquitinase activity of the
NYN domain of MCPIP1 can remove the K63-linked polyubiquitin chain of TRAF2, TRAF3,
and TRAF6 in complex-I, thereby inhibiting TNF-x-induced survival signaling pathways,
including JNK and NF-«B signals [22]. In addition, MCPIP1 recruits ubiquitin-specific
protease 10 (USP10), which then cleaves the K48-linked linear polyubiquitin chain of the
NF-«kB essential modulator (NEMO), thereby inhibiting activation of genotoxic NF-«B [23].

Recent studies reported that MCPIP1 has anti-inflammatory activities and promotes
cell apoptosis. Therefore, this study used the Tet-on system to overexpress wild-type
(WT) MCPIP1 and the MCPIP1-D141N mutant, to explore whether MCPIP1 expression
affects the action of TNF-«. Our results showed that MCPIP1 inhibited the induced NF-«B
survival pathway, thus enhancing the apoptosis pathway in TNF-«-treated cells. We also
found for the first time that MCPIP1 had caspase-1/-4 consensus recognition sequences
and could be cleaved by caspases-1/-4, and that MCPIP1 inhibited both importin «3 and
importin &4 and resulted in a decrease in the nuclear translocation of NF-kB.

2. Materials and Methods
2.1. Cell Lines and Antibodies

Human embryonic kidney T-REx-293 /hemagglutinin (HA)-MCPIP1 and T-REx-293 /HA-
MCPIP1-D141N cell lines were kindly provided by Dr. Yi-Ling Lin (Institute of Biomedical
Sciences, Academia Sinica, Taipei, Taiwan). The cells can be induced by tetracycline
(Tet) to express HA-MCPIP1 or HA-MCPIP1-D141N and were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS). Anti-cleaved
caspases-3, -7, -8, and -9 as well as anti-phospho-extracellular signal-regulated kinase
(ERK), anti-phospho-]NK, anti-phospho-p38, anti-phospho-IkB«, anti-phospho-IKK« /3,
anti-IkBe, anti-cFLIP, anti-cIAP1, anti-HA, and anti-poly(ADP ribose) polymerase (PARP)
antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA); the anti-
GAPDH, anti-KPNA3, anti-KPNA4, and anti-MCPIP1 antibodies were obtained from
GeneTex International (Hsinchu City, Taiwan); the anti-IKK« /{3, anti-NF-«B p50, and
anti-NF-«B p65 antibodies, and Protein A /G PLUS-Agarose were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); and the anti-a-tubulin antibody was obtained
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Viability Assay

Viable cells were measured using a 3-(4,5-dimethyl-2-thiazolyl)-2,5 diphenyl-2H-
tetrazolium bromide (MTT, Sigma Chemical, St. Louis, MO, USA) assay. Briefly, cells were
washed with phosphate-buffered saline (PBS) and incubated with MTT, and dimethyl sul-
foxide (DMSO) was added to extract the intracellular MTT dye as described previously [24].
The absorbance of the extracted dye was measured at 540 nm by an enzyme-linked im-
munosorbent assay (ELISA) reader.

2.3. Flow Cytometry

Cells were harvested by trypsin-EDTA solution, collected in PBS, and stained with
propidium iodide (PI) (Sigma-Aldrich) at room temperature for 15 min in the dark, and
then the cell cycle distribution was analyzed by FACScan flow cytometry using CellQuest
3.3 analytical software (Becton Dickinson, San Jose, CA, USA) as described previously [25].

2.4. Western Blotting

Total cellular proteins were collected in Golden lysis buffer, and resolved using
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described pre-
viously [26]. Proteins in the gel were transferred onto polyvinylidene difluoride (PVDEF)
membranes (Amersham, Arlington, IL, USA), blocked in 1% bovine serum albumin (BSA),
and then incubated with specific primary antibodies and secondary antibodies conjugated
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to horseradish peroxidase (HRP). HRP activities of antigen-antibody complexes were
detected using an enhanced chemiluminescence (ECL, Thermo Fisher Scientific Taiwan,
Taipei, Taiwan) kit in an ImageQuant LAS 4000 Biomolecular Imager (GE Healthcare Life
Sciences, Marlborough, MA, USA).

2.5. Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted with TRI reagent (Sigma-Aldrich) and the mRNA was
reverse-transcribed into complementary (c)DNA and amplified using a GoScript™ Reverse
Transcription System (Promega, Madison, WI, USA) and a SuperTaq DNA Polymerase kit
(Ambion, Austin, TX, USA), respectively, according to the manufacturer’s instructions. Se-
quences of the oligonucleotide primers were 5-GCTCAGCCACCAGGAAGTTA-3' and 5'-
GCTGGGAAGTGTGAAAGAGC-3' for importin «3; 5-GTCCTTCATCAGTCCCTCCA-3'
and 5'-AGCTGGCAAAATCTCCTGAA-3 for importin o4; and 5-TGAAGGTCGGTGTGA
ACGGATTTGGC-3" and 5'-CATGTAGGCCATGAGGTCCACCAC-3' for GAPDH. PCR
conditions were as follows: 5 min at 94 °C, followed by 30 cycles of 1 min at 94 °C, 1 min at
52 °C, and 1 min at 72 °C, with a final step at 72 °C for 10 min. The amplified cDNA was
separated on 1.2% agarose gels and stained with SYBR Green dye [27].

2.6. Immunofluorescence (IF) Assay

The cells were washed with PBS and fixed using 4% paraformaldehyde in PBS pH
7.4. After fixation, the cells were permeabilized in PBS with 0.2% Triton X-100, 0.05%
Tween 20, and 0.3% BSA, and incubated with the following reagents: blocking solution
(5% BSA), anti-NF-kB p65 primary antibody, biotinylated anti-rabbit secondary antibody,
and Alexa Fluor™ 568 streptavidin (ThermoFisher Scientific Taiwan, Taipei, Taiwan). 4’ 6-
Diamidino-2-phenylindole (DAPI) was used to stain nuclei [24], and Prolong Gold Antifade
Mountant (Thermo Fisher Scientific Taiwan) was applied to mounted cells. Fluorescence
was observed and photographed using the TCS SP5 Confocal Spectral Microscope Imaging
System (Leica Microsystems, Singapore).

2.7. In Vitro Kinase Activity Assay

Total cellular proteins were harvested in Golden lysis buffer, and IKK« was immuno-
precipitated with an IKK-a-specific antibody and protein A /G-PLUS agarose [28]. The
precipitates were used for determining the IKK kinase activity through incubation with
5 uM cold ATP, 10 uCi [y-32P] ATP (5000 Ci/mmol, Amersham, The Netherlands), and 1 ug
GST-IkBax fusion protein (Santa Cruz Biotechnology) as the substrate in the kinase buffer.
The reaction was stopped by adding Laemmle’s loading buffer and heating for 10 min at
100 °C. Then, samples were resolved using 8% SDS-PAGE and the gels were dried. The
substrate bands were visualized by autoradiography and quantitated by densitometry
(IS-1000 Digital Imaging System, Alpha Innotech Crop., San Leandro, CA, USA).

2.8. Electrophoretic Mobility Shift Assay (EMSA)

The nuclear proteins and 3*P-labeled double-stranded NF-«B oligonucleotide probe
were prepared as described previously [28]. Briefly, nuclear proteins were incubated with
the probe at room temperature for 20 min, and the probe/protein complex was separated
on 6% non-denaturing acrylamide gels. After electrophoresis, the gels were dried by dry-
heat vacuum method and the bands were visualized by autoradiography. Sequences of
the WT and mutant NF-«B oligonucleotides were 5'-AGTTGAGGGGACTTTCCCAGGC-3'
and 5-AGTTGAGGGGACTTTCCCAGGC-3/, respectively (the consensus sequence and
binding site for NF-kB complexes are underlined).

2.9. Statistical Analysis

All data were analyzed by one-way ANOVA followed by Tukey’s post hoc test, and
differences were considered significant at p < 0.05.
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3. Results
3.1. MCPIP1 Enhanced the Sub-G; Population and Activation of the Caspase Cascade

To investigate the role of MCPIP1 in cells, T-REx-293 /HA-MCPIP1 and T-REx-293 /HA-
MCPIP1-D141N cell lines were established by transducing the HA-tagged WT MCPIP1
gene and HA-tagged MCPIP1-D141N mutant gene, respectively, into Tet-on T-REx-293
cells. The D141IN mutation in the NYN/DUB domain abolishes its RNase and DUB
activities [13]. HA-tagged MCPIP1 was expressed under the presence of doxycycline
(Dox), a more-stable tetracycline analog. To determine whether MCPIP1 increased TNF-«-
induced apoptosis, we first treated T-REx-293 / HA-MCPIP1 cells with 1 ug/mL Dox and
then treated them with TNF-«. As shown in Figure 1A,C, TNF-« treatment resulted in
7.2% sub-G; population (apoptotic peak) by flow cytometry and 18.2% cell death by MTT
assay; however, overexpression of WT MCPIP1 significantly enhanced the TNF-x-induced
sub-G; population to 19.2% and cell death to 41.5%. To further examine whether RNase
and DUB activities of MCPIP1 were involved in TNF-a-induced sub-G; population, we
used T-REx-293/MCPIP1-D141N cells as control. As shown in Figure 1B,C, overexpression
of MCPIP1-D141N mutant resulted in 8.5% sub-G; population and 21.3% cell death under
TNF-« treatment. However, overexpression of WT MCPIP1 or the MCPIP1-D141N mutant
had no significant effect on the induction of the sub-G; population under Dox treatment
for 16 h.

HA-MCPIP1 HA-D141N

Control TNFa Control TNFa
7.2+0.6 3.1+0.3 6.410.1

l_ni 3.6:0.6
2

Ml

80 |-

'S
o
T

Dox Dox + TNFa Dox Dox + TNFa

N
o
T

8.540.3

|—N{221.3t1.3

Cell viability (% of control)

g o
x
+
*
+
+

TNFa - + - + - + -

HA-MCPIP1 HA-D141N

Figure 1. Overexpression of MCPIP1 enhanced the TNF-x-induced sub-G1 population. T-REx-293 cells with (A,C) wild-
type hemagglutinin (HA)-MCPIP1 or (B,C) the HA-MCPIP1-D141N mutant (HA-D141N) were pretreated without or with
1 ug/mL of doxycycline (Dox) for 16 h, and then treated with 10 ng/mL TNF-« for 2 h. (A,B) The cell cycle distribution was
determined by FACS using propidium iodide staining, and each percentage (%) of sub-G1 population is shown, and (C) the
cell viability was analyzed using an MTT method. M1, sub-G1 population; M2, GO/G1 population; M3, S population; M4,
G2/M population. Each value is presented as the mean =+ standard error of three independent experiments. * p < 0.05 vs.
column 2 or column 3; * p < 0.05 vs. column 7.

Activation of the caspase cascade is an important process during cell apoptosis. To
understand whether MCPIP1 could increase activation of the caspase cascade in TNF-«-
treated cells, we next examined the activation of caspases-3, -7, -8, and -9 in TNF-«-treated
cells by detecting cleaved caspases (the active form) through Western blotting. As shown
in Figure 2, TNF-« treatment for 2 h induced the cleavage of poly(ADP-ribose) polymerase
(PARP), and caspases-3, -7, -8, and -9 in cells without Dox; however, overexpression of the
WT MCPIP1 but not the MCPIP1-D141N mutant enhanced TNF-«-induced cleavage of
PARP, and caspases-3, -7, -8, and -9, as well as JNK phosphorylation. Interestingly, both
the WT MCPIP1 and MCPIP1-D141N mutant proteins were also cleaved under TNF-a
treatment, but overexpression of the MCPIP1-D141N mutant resulted in little cleavage
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of MCPIP1 (Figure 2B and Figure S1). These results suggested that MCPIP1 enhanced
apoptosis and a caspase cascade in TNF-a-treated cells, and cleavage of MCPIP1 might
have caused it to lose its activity.

A. B.
HA-MCPIP1
HA-MCPIP1 HA-D141N
1h 2h
Dox - -+ o+ - -+ o+
Dox - -+ + - -+ * TNFoo - + - + - + - +
TNFo - + - + - *+ - # 72 kDa— - p——
[ e 43 KDa— = | |MCPIP1

—— ——— w—w— o |4—PARP I
| =7 s o il Tl Tl

- er|e—
‘| |« Cleaved Caspase-3 ) ‘:: Cleaved Caspase-3

|
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| w=]<—Cleaved Caspase-8 | W% |+ CleavedCaspases
| — ‘|<— Cleaved Caspase-9 | - —— |<— Cleaved Caspase-9
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| s - s o | 4= INK ,ﬁ#JNK
| ee——————| <— GAPDH [ = = e = e = | +— GAPDH

Figure 2. Overexpression of MCPIP1 enhanced TNF-w-activated caspases and JNK. (A) T-REx-293 cells with wild-type
hemagglutinin (HA)-MCPIP1 were pretreated without or with 1 ug/mL of doxycycline (Dox) for 16 h, and then treated
with or without 10 ng/mL TNF-« for 1 and 2 h. (B) T-REx-293 cells with wild-type HA-MCPIP1 or the HA-MCPIP1-D141N
mutant (HA-D141N) were pretreated without or with 1 ug/mL of Dox for 16 h, and then treated with or without 10 ng/mL
TNF-« for 2 h. Total cell lysates were collected, and protein expressions were determined by Western blotting.

3.2. A Pan-Caspase Inhibitor and Caspase-1 Inhibitor Reversed MCPIP1/TNF-a-Mediated
Apoptosis and Caspase Activation

To determine the role of caspase activation in MCPIP1/TNF-o-mediated apoptosis, we
next examined whether the pan-caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp(OMe)-
fluoromethylketon (z-VAD-fmk), could reverse apoptosis. As shown in Figure 3A, TNF-a
treatment resulted in 15.1% cell death, but cell death increased to 54.1% in cells overexpress-
ing MCPIP1. The pan-caspase inhibitor reversed apoptosis and decreased the cleavage of
PARP, and caspases-3, -7, -8, and -9 in cells with TNF-o alone or TNF-« plus MCPIP1 over-
expression. Interestingly, MCPIP1 cleavage itself also decreased in cells after the addition
of the pan-caspase inhibitor. Surprisingly, the caspase-1/-4 inhibitor, benzyloxycarbonyl-
Tyr-Val-Ala-Asp(OMe)-fluoromethylketon (z-YVAD-fmk), also reversed apoptosis and
decreased the cleavage of PARP and caspases in cells with TNF-« alone or TNF-« plus
overexpression of MCPIP1 (Figure 3B).

The caspase-1/-4 inhibitor being able to block cleavage of MCPIP1 indicates that
MCPIP1 might be a caspase-1/-4 substrate. Previous studies summarized and reported the
consensus substrate specificity of caspases and their inherent substrate preferences [29].
The classic caspase-1/-4 recognition consensus is W/YEXD¢ in the P4 to P1’ positions,
where X is any amino acid. The bond between of P1 and P1’ is the caspase cutting site,
where uncharged and smaller residues of P1’ (¢) are preferred, such as Gly (G), Ala (A), Thr
(T), Ser (S), and Asn (N) (Figure 3C). We found that the 234th~238th amino acid sequence
of MCPIP1 coincides with the substrate preference of caspases-1/-4, in which ¢ is Gly
(Figure 3C). To rule out the possibility that the proteasome may be involved in MCPIP1
cleavage, we used the proteasome inhibitor MG132, and cells treated with TNF-o and
Dox were the same as those in Figure 3A,B. MG132 treatment did not block the cleavage
of MCPIP1 induced by TNF-« with overexpression of MCPIP1 (Figure S2). These results
suggested that MCPIP1 overexpression enhanced TNF-o-induced apoptosis through a
caspase cascade, and MCPIP1 cleavage might be mediated through a caspase-1/-4 pathway.
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Figure 3. A pan-caspase inhibitor and caspase-1 inhibitor reversed apoptosis and caspase activation in TNF-a-treated cells.
T-REx-293 cells with wild-type hemagglutinin (HA)-MCPIP1 were pretreated without or with 1 pg/mL of doxycycline (Dox)
for 16 h, and then treated with 10 ng/mL TNF-« for 2 h in the presence or absence of (A) 1 uM of the pan-caspase inhibitor,
z-VAD-fmk, (B) 1 uM of the caspase-1 inhibitor, z-YVAD-fmk, or (C) 1 uM of the JNK inhibitor, SP600125. Viable cells were
determined by an MTT method. Each value is presented as the mean =+ standard error of three independent experiments.

#p < 0.05 vs. column 2 or column 3. * p < 0.05 vs. column 4 and column 7; & p < 0.05 vs. column 4. Total cellular lysates were

collected, and protein expressions were determined by Western blotting. (D) Schematic representation of the monocyte

chemoattractant protein-1-induced protein 1 (MCPIP1) protein containing Nedd4-BP1, YacP nuclease/deubiquitinase
(NYN/DUB), CCCH-type zinc finger (ZF), and proline-rich (PRR) domains as well as putative caspase-1/-4-recognition
sequences. The inherent capsase-1/-4 substrate specificity is shown. X is any amino acid, | denotes the site of cleavage, and

¢ refersto G, A, T, S, and N.
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3.3. MCPIP1 Downregulated an NF-xB Activation Pathway as Well as Importin «3 and Importin
«4 Expressions

TNF-« can induce both a caspase-dependent apoptosis pathway and an NF-«B sur-
vival pathway. The NF-«B transcription factor increases expressions of the caspase in-
hibitors, cIAP and cFLIP, but cFLIP can also be degraded by the TNF-«-JNK-itchy E3
ubiquitin protein ligase (ITCH) signal activation axis. Since MCPIP1 overexpression can
increase JNK phosphorylation induced by TNF-« (Figure 2A,B), we next examined whether
the JNK inhibitor, SP600125, could decrease caspase activation and apoptosis. Compared
to control cells, SP600125 treatment did not change the levels of cleaved caspase-3, -7, or -8
(Figure 3D), and it also did not reverse apoptosis in cells with TNF-« alone or TNF-« plus
overexpression of MCPIP1 (data not shown).

To confirm that the NF-«kB signal pathway was downregulated by MCPIP1, we used
Western blotting to detect IkB expression and IKK phosphorylation, an in vitro kinase
activity assay to measure IKK activity, IF staining to observe NF-«B translocation, and an
EMSA to evaluate NF-«kB-binding activity. Overexpression of the WT MCPIP1 but not
the MCPIP1-D141N mutant significantly inhibited IkB degradation, IKK phosphorylation
(Figure 4A,B), IKK activity (Figure 4C), NF-«B translocation to nuclei (Figure 4D), and NF-
kB-binding activity (Figure S3) in TNF-«-treated cells. The transport of NF-kB into nuclei
was mainly assisted by importin «3 (also known as karyopherin alpha 4 (KPNA4)) and
importin o4 (also known as karyopherin alpha 3 (KPNA3)) [30], so we next investigated
whether MCPIP1 could regulate expressions of importin «3 and importin «4. As shown in
Figure 5, overexpression of the WT MCPIP1 but not the MCPIP1-D141N mutant downreg-
ulated protein and mRNA expressions of both importin a3 and importin o4. These results
suggested that MCPIP1’s downregulation of NF-«B activity might be mediated through
inhibiting both IKK activity and importin «3 and importin &4 expressions.

A.
HA-MCPIP1 HA-MCPIP1
Dox -+ - + - + - + Dox - + - + - +
TNFa 0 0 30 30 60 60 90 90 (min) TNFoo 0 0 15 15 30 30 (min)
(= == o [ o
[ - - - - - =]+ p65 [ =  Jepikkap
Sesesese—w  |[EesswE
Ermerrer B
(S o o ] <« tubuilin
B. C.
HA-D141N HA-D141N
HA-MCPIP1  HA-D141N
Dox R Dox - + - + - +
. Dox - - +
TNFa 0 0 30 30 60 60 90 90 (min) TNFe 0 0 15 15 30 30 (min)
TNFa - + + -
| e & e = McPPT B
|-—--—--—-—|4— p65 | : |4— p-IKKa/B .' - ‘” «+— GST-IkBa
| s o v | <— p50 [E=====|t Kxap v

|- — ~- |4— IkBa |-....-|<— a-tubulin

|- e ——— — — —'|4— a-tubulin

Figure 4. Cont.
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D.
HA-MCPIP1 HA-D141N
DAPI HA p65
Ctl | Ctl- -
" "~ -
Dox Dox
+ +
TNFa TNFa

Figure 4. Overexpression of MCPIP1 suppressed NF-«B activation in TNF-«-treated cells. T-REx-293 cells with (A) wild-type
hemagglutinin (HA)-MCPIP1 or (B) the HA-MCPIP1-D141N mutant (HA-D141N) were pretreated without or with 1 pg/mL
of doxycycline (Dox) for 16 h, and then treated without or with 10 ng/mL TNF-« for 30~90 min. Total cell lysates were
collected and protein expressions were determined by Western blotting. (C,D) T-REx-293 cells with wild-type HA-MCPIP1
or the HA-MCPIP1-D141N mutant (HA-D141N) were pretreated without or with 1 ug/mL of Dox for 16 h, and then treated
with 10 ng/mL TNF-« for (C) 15 or (D) 30 min. (C) Total cell lysates were collected, and I«B kinase (IKK) activity was
determined by an in vitro kinase activity assay. (D) Cells were fixed and IF staining was performed with NF-kB p65 and
HA antibodies, and DAPI was used as a counterstain for DNA.

A.
HA-MCPIP1 HA-D141N
Dox -+ -+ -+ - + Dox -+ - + - + - +
TNFa 0 0 30 30 60 60 90 90 (min) TNFa 0 0 30 30 60 60 90 90 (min)
| - e -}<—MCP|P1 [ mm - w- W< MCPIP1
|- —— __,__—-|<— Importin a3 |m‘<— Importin a3
|= =¢.=--=|<— Importin a4 I-Wk—lmporﬁn ad
e —GU | e e e | +— G APDH
B.
HA-MCPIP1 HA-D141N
Dox 0 6 16 (h) Dox 0 6 16 (h)

_<—Importin a3
-— Importin a4
EXE - creon

PRt a5
e« portin a4
B caron

Figure 5. Overexpression of MCPIP1 decreased importin a3 and importin x4 expressions. (A,B) T-REx-293 cells with
wild-type hemagglutinin (HA)-MCPIP1 or the HA-MCPIP1-D141N mutant (HA-D141N) were pretreated without or with
1 ug/mL of doxycycline (Dox) for 16 h, and then treated without or with 10 ng/mL tumor necrosis factor (TNF)-« for
30~90 min. (A) Total cell lysates were collected, and protein expressions were determined by Western blotting. (B) Total
RNA was extracted, and mRNA expression was determined by an RT-PCR.
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3.4. MCPIP1 Downregulates Expression of cFLIP, a Caspase-8 Inhibitor

Because both cFLIP and cIAP are, respectively, induced to inhibit activation of caspase-
8 and caspases-3, -7, and -9 in the TNF-oc/NF-«B signal pathway, we next examined
whether MCPIP1 could downregulate cFLIP and cIAP1 expressions. As shown in Figure 6,
overexpression of the WT MCPIP1 but not the MCPIP1-D141N mutant inhibited cFLIP
expression in TNF-a-treated cells. However, neither WT MCPIP1 nor the MCPIP1-D141N
mutant affected cIAP expression. These results suggested that MCPIP1-enhanced apoptosis
might be mediated through the blocking of NF-«B activation and then the downregulation
of cFLIP expression in TNF-«x-treated cells.

HA-MCPIP1 HA-D141N
Dox - + - + - + - + Dox - + - + - + - +
TNFa 0 0 30 30 60 60 90 90 TNFa 0 0 30 30 60 60 90 90
| . | cFLIP | e e e | 4—CFLIP
|-...—.-|<— clAP1 | --....--l« clAP1
| —— —— ———— |<—a-tubulin Iw|<—a-tubulin
(A) (B)

Figure 6. Overexpression of MCPIP1 inhibited cFLIP expression in TNF-o-treated cells. T-REx-293 cells with (A) wild-type
hemagglutinin (HA)-MCPIP1 or (B) the HA-MCPIP1-D141N mutant (HA-D141N) were pretreated without or with 1 pg/mL
of doxycycline (Dox) for 16 h, and then treated without or with 10 ng/mL TNF-« for 30~90 min. Total cell lysates were
collected, and protein expressions were determined by Western blotting.

4. Discussion

We used T-REx-293 cells as the experimental model, which were derived from human
embryonic kidney 293 cells, and tetracycline was used to control MCPIP1 expression.
In addition to expressing WT MCPIP1, another cell line was also used to express the
MCPIP1-D141N mutant, which had lost both RNase and deubiquitinase activities. It is
known that TNF-« can induce two main pathways: a survival pathway that is mediated
through complex-1/TAK1/JNK, IKK/NF-«B/cFLIP, and cIAP, and an apoptotic pathway
that is mediated via complex-II, including caspase-8. In this study, MCPIP1 overexpression
significantly increased TNF-«-induced apoptosis and caspase activation, and a pan-caspase
inhibitor and caspase-1 inhibitor effectively reversed apoptosis and caspase activation.
Moreover, the WT MCPIP1 but not the MCPIP1-D141N mutant significantly inhibited IKK
activity, and importin «3 and importin o4 expressions, and resulted in the downregulation
of NF-«B activation and the limiting of the expression of its downstream caspase-8 inhibitor,
cFLIP (Figure 7). The loss of inhibition of IKK activity as well as importin «3 and importin
a4 expression were associated with loss of deubiquitinase and RNase activities of MCPIP1-
D141N mutant, respectively.

Upon TNF-« binding to its receptor, most cells tend to survive because there are
early and late cell death checkpoints [31,32]. The early checkpoint is mainly affected by
RIP1 ubiquitination and phosphorylation, which are modified by the TRAF2-cIAP1/2 and
LUBAC E3 ligases, and NEMO-IKK-o/ 3, respectively. Ubiquitinated and phosphorylated
RIP1 remains in complex I to transduce survival signals. RIP1 without ubiquitination
would form complex IIb with FADD and caspase-8, and then induce apoptosis signals. On
the other hand, the late checkpoint is controlled by the transcriptional activity of NF-«B,
which inhibit apoptosis by inducing the expression of pro-survival genes, such as cFLIP.
When NF-kB is inhibited, the amount of cFLIP is not sufficient to inhibit the caspase-8
activity of complex Ila, which contains at least two other members, FADD and TRADD.
Our results found that MCPIP1 suppressed NF-«B activation (Figures 4-6), suggesting
that MCPIP1 might disrupt late checkpoint, and resulted in the blocking of the survival
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signals. A previous study also demonstrated that MCPIP1 indirectly decreased the RIP
ubiquitination by inhibiting TRAF2 signaling [22]. It is possible that MCPIP1 inhibited
RIP1 ubiquitination, thus disrupting the early checkpoint and turning on the apoptotic
signal in the experimental model of this study. Therefore, the enhancement of apoptosis by
MCPIP1 in TNF-o-treated cells might be caused by the simultaneous shutdown of early
and late cell death checkpoints.

TNF-o
TNFR
by
N\
IKK \‘
Complex Il
Caspase-8
NF-KB (Caspase-8)
Importin I’
1 cELIP Caspase
..... cascade
./"- -..“."‘.
( [TITITTITI N 1
~. _nucleus_ .7 Apoptosis

Figure 7. The possible mechanisms of MCPIP1 enhanced TNF-«a-induced apoptosis. TNF-o binds to
TNF receptor (TNFR) and transduces at least cell survival (blue line) and apoptosis (red line) signals.
MCPIP1 may inhibit IKK activation and NF-«B translocation through its deubiquitinase and RNase,
respectively, and finally downregulates cFLIP expression. The uninhibited caspase-8 causes cell
apoptosis through the caspase cascade pathway.

Interestingly, we found for the first time that MCPIP1 was cleaved during apoptosis,
and might be cut by caspases-1/-4. Previous studies showed that many cancer cells exhibit
aberrant or constant NF-«B activation, leading to cell survival and resistance to chemother-
apy and radiation therapy [33]. Those results suggested that MCPIP1 induction during
inflammation not only negatively regulates inflammation but also causes inflammatory cell
apoptosis through inhibition of the NF-«B signaling pathway, and finally contributes to
the controlling of excessive inflammation. Regardless of the toxic effects of cancer patients
caused by TNF-« treatment, MCPIP1 upregulation might help to kill tumor cells and
reduce the amount of TNF-« treatment needed.

It is well known that importin « family proteins are involved in the nuclear translo-
cation of many transcription factors. Studies also found that importin «3 and importin
a4 increased in a variety of tumor tissues, and that the downregulation of importin «3
and importin «4 inhibited tumor cell proliferation, migration, and invasion. For example,
importin «4 is increased in colorectal cancer, and importin «3 is elevated in head and neck
squamous cell carcinoma and papillary thyroid cancer [34-36]. Therefore, inhibition of
mRNA expressions of both importin «3 and importin «4 by MCPIP1 (Figure 5) might
limit the translocation of NF-kB and other molecules to nuclei. Moreover, the antitumor
effects of MCPIP1 might be mediated through the suppression of importin «3 and importin
o4 expressions.

MCPIP1 is a transcription factor and an RNA-binding protein (RBP) with endogenous
RNase activity. Therefore, MCPIP1 can regulate mRNA expression at both the transcrip-
tional and post-transcriptional levels. Previous studies also demonstrated that MCPIP1
specifically recognizes SLs present in the 3'UTR of certain proinflammatory mRNAs, in-
cluding TNF-«, IL-2, and IL-17 [37], in an AU-rich element (ARE)-independent manner.
Other RBPs, such as tristetraprolin (TTP) [38], ARE RNA-binding protein 1 (AUF1), and
human antigen R (HuR, also known as ELAV1) were found to regulate the mRNA stability
of certain proinflammatory genes through binding of the ARE structure [39,40]. The mRNA
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3'UTRs of both importin «3 and importin a4 were identified—using the online software
RNAfold (http://rna.tbi.univie.ac.at/ /cgi-bin/RNAWebSuite /RNAfold.cgi accessed on
31 March 2021) and AREsite (http:/ /rna.tbi.univie.ac.at/ AREsite2 /welcome accessed on
31 March 2021)—to be potentially capable of forming SLs and ARE sites. In this study, we
found that MCPIP1 did not enter the nuclei of cells with or without TNF-« treatment by
IF staining (Figure 4D), and the MCPIP1-D141N mutant (without RNase) did not affect
importin «3 or importin o4 expression, suggesting that the MCPIP1 downregulation of
importin o3 and importin o4 expression is possibly mediated, at the posttranscriptional
level, by binding to the SLs of the 3'UTR of importin «3 and importin a4 mRNAs.

Previous studies demonstrated that MCPIP1 negatively regulates NF-«B activation
and JNK phosphorylation in LPS- and IL-1{3-treated macrophages [22]. On the contrary, we
found that MCPIP1 decreased JNK phosphorylation in TNF-«-treated cells (Figure 2B). The
controversial role of JNK may further result in degradation of the caspase-8 inhibitor, cFLIP,
or an increase in antiapoptotic gene expression via c-Jun/AP-1 activation [41]. Nevertheless,
the JNK inhibitor, SP600125, did not change the cleavage of PARP, or caspase-3, -8, or -9,
indicating that JNK was not involved in TNF-oc/MCPIP1-mediated apoptosis.

In this study, MCPIP1 was found to enhance activation of the TNF-a-induced caspase
cascade, including caspases-3, -7, -8, and -9. Unexpectedly, MCPIP1 itself was also cleaved
(Figure 2B), and the cleavage could be blocked by the caspase-1/-4 inhibitor, z-YVAD-fmk
(Figure 3B). By searching and aligning amino acid sequences of MCPIP1, we located a
caspase-1/-4 consensus recognition sequence in the 234th~238th residues of the MCPIP1
NYN/DUB domain. This evidence further confirmed that MCPIP1 is indeed a substrate of
capsases-1/-4. Generally, MCPIP1 is upregulated upon stimulation with proinflammatory
cytokines, such as IL-1f3, TNF-«, and LPS [42], and then negatively feeds back to inhibit
excessive inflammation. Cleavage of MCPIP1 by caspases-1/-4 might cause it to lose its
deubiquitinase and RNase activities and then restore the inflammatory ability of immune
cells. However, it cannot be ruled out that the deubiquitinase and RNase activities of
cleaved MCPIP1 were increased compared to full-length MCPIP1. It should be noted that
the MCPIP1-D141N mutant did not enhance caspase activities in TNF-a-treated cells, so it
was less cleaved than WT MCPIP1. T-REx-293 cells used in this study were originally from
human embryonic kidney (HEK) 293 cells. Although we did not detect the presence of
caspases-1/-4 by Western blotting in T-REx-293 cells and other studies also indicated that
293 cells expressed very little caspases-1/-4 [43,44], the caspase-1/-4 inhibitor, z-YVAD-fmk,
significantly reduced apoptosis caused by TNF-a/MCPIP1 in this study, and caspase-1
also induced apoptosis via the Bid/caspase-9/caspase-3 axis from earlier studies [45].

Previous studies have demonstrated that the CARMA1-BCL10-MALT1 (CBM) com-
plex plays an important bridging role between the T or B cell antigen receptor (TCR/BCR)
proximal signaling and NF-«kB and JNK activation. After TCR activation, MCPIP1 could
be cleaved at Arg111 by MALT1 paracaspase activity, and the MALT1-mediated cleavage
of MCPIP1 was associated with the restoration of T-cell effector gene expression [46] and
Th17 differentiation [47]. However, TNF--activated NF-«B may be dependent on [48], or
independent of [49], MALT1 in murine embryonic fibroblasts. It could not be excluded
that MALT1 was involved in the cleavage of MCPIP1 in TNF-«-treated T-REx-293 cells, but
further experiments are needed to obtain a clear answer.

5. Conclusions

In conclusion, we found that MCPIP1 enhanced TNF-«-induced caspase activities and
apoptosis, and those could be reversed by a caspase-1/-4 inhibitor. The increase in caspase
activities and apoptosis by MCPIP1 might be mediated through downregulation of the
NF-kB pathway, including the inhibition of IKK activity and importin «3 and importin o4
expression, and finally the suppression of cFLIP expression. In addition, we identified for
the first time that MCPIP1 is a caspase-1/-4 substrate, and that the cleavage of MCPIP1
may play an important role in caspase-1/-4-initiated apoptosis.
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Author Contributions: Conceptualization, F.-M.S. and Y.-C.L.; funding acquisition, F-M.S., C.-C.C.
(Chi-Ching Chang), T.-S.C. and Y.-C.L.; methodology, C.-C.C. (Chia-Chen Chung), K.-L.L. and W.-
T.K,; data curation, P.-C.S., W.-T.K. and Y.-C.L.; writing—original draft preparation, F.-M.S., T.-S.C.
and Y.-C.L.; writing—review and editing, Y.-C.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by research grants from the Ministry of Science and Technology
of the Republic of China (MOST 107-2320-B-038-023-MY3) and Wan Fang Hospital (106 TMU-WFH-07,
107-TMU-WFH-9, and 110-TMU-WFH-11).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: We thank Yi-Ling Lin (Institute of Biomedical Sciences, Academia Sinica, Taipei,
Taiwan) for providing the T-REx-293/HA-MCPIP1 and T-REx-293 /HA-MCPIP1-D141N cell lines.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Olivia, A.; Arguello, D.; Haisma, H.]. Apoptosis-inducing TNF superfamily ligands for cancer therapy. Cancers 2021, 13, 1543.

2. Skaug, B, Jiang, X.; Chen, Z.]J. The role of ubiquitin in NF-«kB regulatory pathways. Annu. Rev. Biochem. 2009, 78, 769-796.
[CrossRef]

3.  Rieser, E.; Cordier, S.M.; Walczak, H. Linear ubiquitination: A newly discovered regulator of cell signalling. Trends Biochem. Sci.
2013, 38, 94-102. [CrossRef]

4. Workman, L.M.; Habelhah, H. Tnfr1 signaling kinetics: Spatiotemporal control of three phases of IKK activation by posttransla-
tional modification. Cell. Signal. 2013, 25, 1654-1664. [CrossRef]

5. Huang, K.; Zhang, J.; O’'Neill, K.L.; Gurumurthy, C.B.; Quadros, RM.; Tu, Y.; Luo, X. Cleavage by caspase 8 and mitochondrial
membrane association activate the BH3-only protein bid during trail-induced apoptosis. . Biol. Chem. 2016, 291, 11843-11851.
[CrossRef] [PubMed]

6. Safa, A. c-FLIP, a master anti-apoptotic regulator. Exp. Oncol. 2012, 34, 176. [PubMed]

7. Humke, E.W.; Shriver, S.K,; Starovasnik, M.A.; Fairbrother, W.J.; Dixit, V.M. Iceberg: A novel inhibitor of interleukin-1 generation.
Cell 2000, 103, 99-111. [CrossRef]

8. Opdenbosch, N.V,; Lamkanfi, M. Caspases in Cell Death, Inflammation, and Disease. Immunity 2019, 50, 1352-1364. [CrossRef]

9.  Wang, X,; Narayanan, M.; Bruey, J.-M.; Rigamonti, D.; Cattaneo, E.; Reed, J.C.; Friedlander, R.M. Protective role of Cop in
Rip2/caspase-1/caspase-4-mediated HeLa cell death. Biochim. Biophys. Acta. 2006, 1762, 742-754. [CrossRef]

10. Feltham, R.; Vince, ].E.; Lawlor, K.E. Caspase-8: Not so silently deadly. Clin. Transl. Immunol. 2017, 6, e124. [CrossRef] [PubMed]

11. Blaser, H.; Dostert, C.; Mak, T.W.; Brenner, D. TNF and ROS Crosstalk in Inflammation. Trends Cell Biol. 2016, 26, 249-261.
[CrossRef] [PubMed]

12. Zaman, M.M.-U.; Nomura, T.; Takagi, T.; Okamura, T.; Jin, W.; Shinagawa, T.; Tanaka, Y.; Ishii, S. Ubiquitination-deubiquitination
by the TRIM27-USP7 complex regulates tumor necrosis factor alpha-induced apoptosis. Mol. Cell. Biol. 2013, 33, 4971-4984.
[CrossRef] [PubMed]

13. Lin, R.-]J.; Chu, J.-S.; Chien, H.-L.; Tseng, C.-H.; Ko, P.-C.; Mei, Y.-Y.; Tang, W.-C.; Kao, Y.-T.; Cheng, H.-Y,; Liang, Y.-C. MCPIP1
suppresses hepatitis C virus replication and negatively regulates virus-induced proinflammatory cytokine responses. J. Immunol.
2014, 193, 4159-4168. [CrossRef] [PubMed]

14. Skalniak, L.; Mizgalska, D.; Zarebski, A.; Wyrzykowska, P.; Koj, A.; Jura, J. Regulatory feedback loop between NF-«B and
MCP-1-induced protein 1 RNase. FEBS J. 2009, 276, 5892-5905. [CrossRef]

15.  Matsushita, K.; Takeuchi, O.; Standley, D.M.; Kumagai, Y.; Kawagoe, T.; Miyake, T.; Satoh, T.; Kato, H.; Tsujimura, T.; Nakamura,
H. Zc3h12a is an RNase essential for controlling immune responses by regulating mRNA decay. Nature 2009, 458, 1185-1190.
[CrossRef]

16. Xu, R;Li Y;Liu, Y; Qu,J.; Cao, W,; Zhang, E.; He, ].; Cai, Z. How are MCPIP1 and cytokines mutually regulated in cancer-related
immunity? Protein Cell 2020, 11, 1-13. [CrossRef]

17. Musson, R.; Szukata, W.; Jura, J. MCPIP1 RNase and its multifaceted role. Int. . Mol. Sci. 2020, 21, 7183. [CrossRef]


https://www.mdpi.com/article/10.3390/biology10070655/s1
https://www.mdpi.com/article/10.3390/biology10070655/s1
http://doi.org/10.1146/annurev.biochem.78.070907.102750
http://doi.org/10.1016/j.tibs.2012.11.007
http://doi.org/10.1016/j.cellsig.2013.04.005
http://doi.org/10.1074/jbc.M115.711051
http://www.ncbi.nlm.nih.gov/pubmed/27053107
http://www.ncbi.nlm.nih.gov/pubmed/23070002
http://doi.org/10.1016/S0092-8674(00)00108-2
http://doi.org/10.1016/j.immuni.2019.05.020
http://doi.org/10.1016/j.bbadis.2006.06.015
http://doi.org/10.1038/cti.2016.83
http://www.ncbi.nlm.nih.gov/pubmed/28197335
http://doi.org/10.1016/j.tcb.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26791157
http://doi.org/10.1128/MCB.00465-13
http://www.ncbi.nlm.nih.gov/pubmed/24144979
http://doi.org/10.4049/jimmunol.1400337
http://www.ncbi.nlm.nih.gov/pubmed/25225661
http://doi.org/10.1111/j.1742-4658.2009.07273.x
http://doi.org/10.1038/nature07924
http://doi.org/10.1007/s13238-020-00739-1
http://doi.org/10.3390/ijms21197183

Biology 2021, 10, 655 14 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Fu, M.; Blackshear, PJ. RNA-binding proteins in immune regulation: A focus on CCCH zinc finger proteins. Nature Rev. Immunol.
2017, 17, 130-143. [CrossRef] [PubMed]

Suzuki, H.I; Arase, M.; Matsuyama, H.; Choi, Y.L.; Ueno, T.; Mano, H.; Sugimoto, K.; Miyazono, K. MCPIP1 ribonuclease
antagonizes Dicer and terminates microRNA biogenesis through precursor microRNA degradation. Mol. Cell 2011, 44, 424-436.
[CrossRef] [PubMed]

Li, H.; Wang, T.T. MCPIP1/regnase-i inhibits simian immunodeficiency virus and is not counteracted by Vpx. J. Gen. Virol. 2016,
97,1693. [CrossRef] [PubMed]

Liu, S.; Qiu, C.; Miao, R.; Zhou, J.; Lee, A,; Liu, B.; Lester, S.N.; Fu, W.; Zhu, L.; Zhang, L. MCPIP1 restricts HIV infection and is
rapidly degraded in activated CD4+ T cells. Proc. Natl. Acad. Sci. USA 2013, 110, 19083-19088. [CrossRef] [PubMed]

Liang, J.; Saad, Y.; Lei, T.; Wang, J.; Qi, D.; Yang, Q.; Kolattukudy, PE.; Fu, M. MCP-induced protein 1 deubiquitinates TRAF
proteins and negatively regulates JNK and NF-«kB signaling. J. Exp. Med. 2010, 207, 2959-2973. [CrossRef]

Niu, J.; Shi, Y.; Xue, J.; Miao, R.; Huang, S.; Wang, T.; Wu, J.; Fu, M.; Wu, Z.H. USP10 inhibits genotoxic NF-«B activation by
MCPIP1-facilitated deubiquitination of NEMO. EMBO J. 2013, 32, 3206-3219. [CrossRef] [PubMed]

Liang, Y.-C.; Chang, C.-C.; Sheu, M.-T;; Lin, S.-Y.; Chung, C.-C.; Teng, C.-T.; Suk, F.-M. The antihistamine deptropine induces
hepatoma cell death through blocking autophagosome-lysosome fusion. Cancers 2020, 12, 1610. [CrossRef]

Suk, E-M.; Chang, C.-C; Lin, R.-].; Lin, 5.-Y;; Liu, S.-C.; Jau, C.-E; Liang, Y.-C. ZFP36L1 and ZFP36L2 inhibit cell proliferation in a
cyclin D-dependent and p53-independent manner. Sci. Rep. 2018, 8, 1-13. [CrossRef] [PubMed]

Suk, E-M.; Chang, C.-C.; Lin, R.-J.; Lin, S.-Y.; Chen, Y.-T.; Liang, Y.-C. MCPIP3 as a potential metastasis suppressor gene in human
colorectal cancer. Int. J. Mol. Sci. 2018, 19, 1350. [CrossRef] [PubMed]

Chin, L.H.; Hsu, S.P,; Zhong, W.B.; Liang, Y.C. Involvement of cysteine-rich protein 61 in the epidermal growth factor-induced
migration of human anaplastic thyroid cancer cells. Mol. Carcinog. 2016, 55, 622-632. [CrossRef] [PubMed]

Chen, C.-H,; Sheu, M.-T.; Chen, T.-F,; Wang, Y.-C.; Hou, W.-C,; Liu, D.-Z.; Chung, T.-C.; Liang, Y.-C. Suppression of endotoxin-
induced proinflammatory responses by citrus pectin through blocking LPS signaling pathways. Biochem. Pharmacol. 2006, 72,
1001-1009. [CrossRef] [PubMed]

Timmer, ].; Salvesen, G. Caspase substrates. Cell Death Differ. 2007, 14, 66-72. [CrossRef]

Fagerlund, R.; Kinnunen, L.; Kéhler, M.; Julkunen, I.; Melén, K. NF-«B is transported into the nucleus by importin «3 and
importin «4. J. Biol. Chem. 2005, 280, 15942-15951. [CrossRef]

Annibaldi, A.; Meier, P. Checkpoints in TNF-induced cell death: Implications in inflammation and cancer. Trends Mol. Med. 2018,
24, 49-65. [CrossRef]

Ting, A.T.; Bertrand, M.].M. More to life than NF-kappaB in TNFR1 signaling. Trends Immunol. 2016, 37, 535-545. [CrossRef]

Li, F; Zhang, ].; Arfuso, F.; Chinnathambi, A.; Zayed, M.; Alharbi, S.A.; Kumar, A.P.; Ahn, K.S.; Sethi, G. NF-kB in cancer therapy.
Arch. Toxicol. 2015, 89, 711-731. [CrossRef]

Hazawa, M.; Sakai, K.; Kobayashi, A.; Yoshino, H.; Iga, Y.; Iwashima, Y.; Lim, K.S.; Voon, D.C.-C,; Jiang, Y.-Y.; Horike, S.-i.
Disease-specific alteration of karyopherin-a subtype establishes feed-forward oncogenic signaling in head and neck squamous
cell carcinoma. Oncogene 2020, 39, 2212-2223. [CrossRef] [PubMed]

Liu, T.; Han, Z.; Li, H.; Zhu, Y.; Sun, Z.; Zhu, A. LncRNA DLEUI1 contributes to colorectal cancer progression via activation of
KPNA3. Mol. Cancer 2018, 17, 1-13. [CrossRef] [PubMed]

Feng, L.; Wang, R.; Yang, Y.; Shen, X.; Shi, Q.; Lian, M.; Ma, H.; Fang, ]. KPNA4 regulated by miR-548b-3p promotes the malignant
phenotypes of papillary thyroid cancer. Life Sci. 2021, 265, 118743. [CrossRef]

Li, M.; Cao, W,; Liu, H.; Zhang, W.; Liu, X,; Cai, Z.; Guo, J.; Wang, X.; Hui, Z.; Zhang, H. MCPIP1 down-regulates IL-2 expression
through an ARE-independent pathway. PLoS ONE 2012, 7, e49841. [CrossRef] [PubMed]

Saini, Y.; Chen, ].; Patial, S. The tristetraprolin family of RNA-binding proteins in cancer: Progress and future prospects. Cancers
2020, 12, 1539. [CrossRef] [PubMed]

Carballo, E.; Lai, W.S.; Blackshear, P.J. Feedback inhibition of macrophage tumor necrosis factor-a production by tristetraprolin.
Science 1998, 281, 1001-1005. [CrossRef] [PubMed]

Myer, V.E.; Fan, X.C,; Steitz, ].A. Identification of HuR as a protein implicated in AUUUA-mediated mRNA decay. EMBO ]. 1997,
16, 2130-2139. [CrossRef] [PubMed]

Ashkenazi, A.; Dixit, V.M. Death receptors: Signaling and modulation. Science 1998, 281, 1305-1308. [CrossRef] [PubMed]
Liang, J.; Song, W.; Tromp, G.; Kolattukudy, P.E.; Fu, M. Genome-wide survey and expression profiling of CCCH-zinc finger
family reveals a functional module in macrophage activation. PLoS ONE 2008, 3, e2880. [CrossRef] [PubMed]

Bast, A.; Krause, K.; Schmidt, L.H.; Pudla, M.; Brakopp, S.; Hopf, V.; Breitbach, K.; Steinmetz, I. Caspase-1-dependent and
-independent cell death pathways in burkholderia pseudomallei infection of macrophages. PLoS Pathog. 2014, 10, e1003986.
[CrossRef] [PubMed]

Shi, J.; Zhao, Y.; Wang, Y.; Gao, W.; Ding, J.; Li, P,; Hu, L.; Shao, F. Inflammatory caspases are innate immune receptors for
intracellular LPS. Nature 2014, 514, 187-192. [CrossRef] [PubMed]

Tsuchiya, K.; Nakajima, S.; Hosojima, S.; Nguyen, D.T.; Hattori, T.; Le, T.M.; Hori, O.; Mahib, M.R.; Yamaguchi, Y.; Miura, M.
Caspase-1 initiates apoptosis in the absence of gasdermin D. Nature Commun. 2019, 10, 1-19. [CrossRef]


http://doi.org/10.1038/nri.2016.129
http://www.ncbi.nlm.nih.gov/pubmed/27990022
http://doi.org/10.1016/j.molcel.2011.09.012
http://www.ncbi.nlm.nih.gov/pubmed/22055188
http://doi.org/10.1099/jgv.0.000482
http://www.ncbi.nlm.nih.gov/pubmed/27075251
http://doi.org/10.1073/pnas.1316208110
http://www.ncbi.nlm.nih.gov/pubmed/24191027
http://doi.org/10.1084/jem.20092641
http://doi.org/10.1038/emboj.2013.247
http://www.ncbi.nlm.nih.gov/pubmed/24270572
http://doi.org/10.3390/cancers12061610
http://doi.org/10.1038/s41598-018-21160-z
http://www.ncbi.nlm.nih.gov/pubmed/29426877
http://doi.org/10.3390/ijms19051350
http://www.ncbi.nlm.nih.gov/pubmed/29751537
http://doi.org/10.1002/mc.22308
http://www.ncbi.nlm.nih.gov/pubmed/25773758
http://doi.org/10.1016/j.bcp.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16930561
http://doi.org/10.1038/sj.cdd.4402059
http://doi.org/10.1074/jbc.M500814200
http://doi.org/10.1016/j.molmed.2017.11.002
http://doi.org/10.1016/j.it.2016.06.002
http://doi.org/10.1007/s00204-015-1470-4
http://doi.org/10.1038/s41388-019-1137-3
http://www.ncbi.nlm.nih.gov/pubmed/31822798
http://doi.org/10.1186/s12943-018-0873-2
http://www.ncbi.nlm.nih.gov/pubmed/30098595
http://doi.org/10.1016/j.lfs.2020.118743
http://doi.org/10.1371/journal.pone.0049841
http://www.ncbi.nlm.nih.gov/pubmed/23185455
http://doi.org/10.3390/cancers12061539
http://www.ncbi.nlm.nih.gov/pubmed/32545247
http://doi.org/10.1126/science.281.5379.1001
http://www.ncbi.nlm.nih.gov/pubmed/9703499
http://doi.org/10.1093/emboj/16.8.2130
http://www.ncbi.nlm.nih.gov/pubmed/9155038
http://doi.org/10.1126/science.281.5381.1305
http://www.ncbi.nlm.nih.gov/pubmed/9721089
http://doi.org/10.1371/journal.pone.0002880
http://www.ncbi.nlm.nih.gov/pubmed/18682727
http://doi.org/10.1371/journal.ppat.1003986
http://www.ncbi.nlm.nih.gov/pubmed/24626296
http://doi.org/10.1038/nature13683
http://www.ncbi.nlm.nih.gov/pubmed/25119034
http://doi.org/10.1038/s41467-019-09753-2

Biology 2021, 10, 655 15 of 15

46.

47.

48.

49.

Uehata, T.; Iwasaki, H.; Vandenbon, A.; Matsushita, K.; Hernandez-Cuellar, E.; Kuniyoshi, K.; Satoh, T.; Mino, T.; Suzuki, Y,;
Standley, D.M.; et al. Maltl-induced cleavage of regnase-1 in CD4(+) helper T cells regulates immune activation. Cell 2013, 153,
1036-1049. [CrossRef]

Jeltsch, KM.; Hu, D.; Brenner, S.; Zoller, J.; Heinz, G.A.; Nagel, D.; Vogel, K.U.; Rehage, N.; Warth, S.C.; Edelmann, S.L.; et al.
Cleavage of roquin and regnase-1 by the paracaspase MALT1 releases their cooperatively repressed targets to promote T(H)17
differentiation. Nat. Immunol. 2014, 15, 1079-1089. [CrossRef]

Shinde, P.V.; Xu, H.C.; Maney, S.K.; Kloetgen, A.; Namineni, S.; Zhuang, Y.; Honke, N.; Shaabani, N.; Bellora, N.; Doerrenberg, M.;
et al. Tumor necrosis factor-mediated survival of CD169+ cells promotes immune activation during vesicular stomatitis virus
infection. J. Virol. 2018, 92, €01637-17. [CrossRef]

Ruland, J.; Duncan, G.S.; Wakeham, A.; Mak, T.W. Differential requirement for Malt1 in T and B cell antigen receptor signaling.
Immunity 2003, 19, 749-758. [CrossRef]


http://doi.org/10.1016/j.cell.2013.04.034
http://doi.org/10.1038/ni.3008
http://doi.org/10.1128/JVI.01637-17
http://doi.org/10.1016/S1074-7613(03)00293-0

	Introduction 
	Materials and Methods 
	Cell Lines and Antibodies 
	Cell Viability Assay 
	Flow Cytometry 
	Western Blotting 
	Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR) 
	Immunofluorescence (IF) Assay 
	In Vitro Kinase Activity Assay 
	Electrophoretic Mobility Shift Assay (EMSA) 
	Statistical Analysis

	Results 
	MCPIP1 Enhanced the Sub-G1 Population and Activation of the Caspase Cascade 
	A Pan-Caspase Inhibitor and Caspase-1 Inhibitor Reversed MCPIP1/TNF–Mediated Apoptosis and Caspase Activation 
	MCPIP1 Downregulated an NF-B Activation Pathway as Well as Importin 3 and Importin 4 Expressions 
	MCPIP1 Downregulates Expression of cFLIP, a Caspase-8 Inhibitor 

	Discussion 
	Conclusions 
	References

