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. Activation of NF-kB transcription factor is strictly regulated to prevent excessive inflammatory
responses leading to immunopathology. However, it still remains unclear how NF-kB activation is

° negatively controlled. The PDZ-LIM domain-containing protein PDLIM2 is a nuclear ubiquitin E3 ligase

: targeting the p65 subunit of NF-«B for degradation, thus terminating NF-xB-mediated inflammation.
Using yeast two-hybrid screening, we sought to isolate PDLIM2-interacting proteins that are critical for
suppressing NF-kB signaling. Here we identified MKRN2, a RING finger domain-containing protein that

. belongs to the makorin ring finger protein gene family, as a novel p65 ubiquitin E3 ligase. MKRN2 bound

© to p65 and promoted the polyubiquitination and proteasome-dependent degradation of p65 through

. the MKRN2 RING finger domain, thereby suppressing p65-mediated NF-xB transactivation. Notably,

. MKRN2 and PDLIM2 synergistically promote polyubiquitination and degradation of p65. Consistently,
MKRN2 knockdown in dendritic cells resulted in larger amounts of nuclear p65 and augmented
production of proinflammatory cytokines in responses to innate stimuli. These results delineate a novel
role of MKRNZ2 in negatively regulating NF-xB-mediated inflammatory responses, cooperatively with
PDLIM2.

For protection from pathogen, nuclear factor kB (NF-kB) is a pivotal transcription factor for expression of

cytokines (IL-6, IL-12, TNFa), chemokines, growth factors (G-CSF) and effector enzymes to activate the innate

immunity and subsequent acquired immunity mediated by T and B cells'?. The NF-kB family is composed of five

members of subunits, p65 (also called RelA), RelB, c-Rel, p50 and p52. In the innate immune system, Toll-like
. receptor (TLR) stimulation leads to IskBa degradation by the proteasome, which allows heterodimers of p65 and
. p50 to translocate into the nucleus and induce the expression of a series of genes that are involved in the initia-
. tion of inflammatory responses. On the other hand, dysregulation of NF-kB, resulting in constitutive activation
. of NF-kB signaling, causes massive inflammatory damage to the host, which may lead to autoimmune diseases
* such as rheumatoid arthritis, systemic lupus erythematosus, type 1 diabetes, multiple sclerosis, and inflamma-
. tory bowel diseases®*. Thus, the systems that negatively regulate NF-xkB activation are essential for preventing
. immunopathology.

By sequestering NF-kB in the cytoplasm thereby preventing its nuclear translocation before cells get fully
activated, cytoplasmic IkBa functions as a major inhibitor of TLR signaling. On the other hand, activated NF-xB
in the nucleus should be downregulated at the appropriate time points to restore homeostasis®. We previously

. identified PDLIM2 (also known as SLIM or mystique) as a suppressor protein responsible for the termination of
© p65 activation in the nucleus®®. PDLIM2 is a nuclear protein containing both PDZ (postsynaptic density 65-discs
- large-zonula occludens 1) and LIM (abnormal cell lineage 11-isket 1-mechanosensory abnormal 3) domains, and
functions as a nuclear ubiquitin E3 ligase targeting the p65 subunit of NF-kB. We have demonstrated that p65
is polyubiquitinated in the nucleus and then translocated into the distinct subnuclear compartment called PML
nuclear bodies, which correspond to the insoluble nuclear fraction in Western blot analysis. Since PML nuclear
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bodies are enriched for components of the 26S proteasome, polyubiquitinated p65 is ultimately degraded by the
proteasome in this compartment. PDLIM?2 binds to p65 and not only promotes its polyubiquitination in the
nucleus through the LIM domain, but also mediates intranuclear targeting of p65 to PML nuclear bodies via PDZ
domain. PDLIM2 deficiency results in increased amounts of nuclear p65 protein and augmented production of
proinflammatory cytokines in response to TLR stimulation®.

Since both PDZ and LIM domains are generally thought of as structures involved in protein-protein interac-
tion'®, we assume that PDLIM2 controls inflammatory responses through its interaction with other intracellular
molecules that are also important for regulating inflammatory signaling. Identification of these factors may help
to clarify the details of systems that negatively regulate inflammatory responses. We have therefore used a yeast
two-hybrid system to isolate PDLIM2-interacting proteins. From this screen, we isolated MKRN2 (makorin ring
finger protein 2, also known as RNF62 or HSPC070)'"!2 as a protein that can bind to PDLIM?2 and negatively
regulate NF-xB signaling. MKRN2 contains four zinc finger domains and one RING finger domain. RING finger
domains are composed of eight conserved cysteine (Cys) or histidine (His) residues and are found in several hun-
dreds of proteins acting as ubiquitin E3 ligases'?, such as MDM2'*!% and BRCA1'6. RING finger domains interact
with E2 ubiquitin-conjugating enzymes and help to transfer ubiquitin chains from E2 to the substrate proteins'.
MKRN?2 was therefore predicted to function as a ubiquitin E3 ligase; however, no MKRN?2 target proteins have
been defined until now. Intriguingly, our results indicate that p65 is one such MKRN?2 target protein. Here we
demonstrate that MKRN?2 interacts with PDLIM2 and promotes polyubiquitination and proteasome-dependent
degradation of p65 cooperatively with PLDIM2, thereby negatively regulating NF-xkB-mediated inflammatory
responses. This study delineates a novel function of MKRN2 as a ubiquitin E3 ligase targeting p65 subunit of
NEF-kB for degradation to negatively regulate inflammatory responses.

Results

MKRN2 is a RING finger domain-containing protein that can bind to PDLIM2.  To further inves-
tigate how inflammatory responses are regulated, we applied a yeast two-hybrid screening strategy to identify
molecules that can interact with PDLIM2 and suppress NF-«B signaling. We used a full length murine PDLIM2
as the bait protein. A cDNA library prepared from 18.5 d.p.c. mouse embryos was screened and twenty clones
encoding proteins that specifically interacted with the PDLIM2 bait were isolated. One of these clones encoded
MKRN2, a member of the MKRN protein gene family'”!8. This family consists of four proteins that all have three
C3H-type zinc finger domains, which contain three Cys plus one His, at the N-terminus, followed by an unusual
Cys-His motif, a C3HC4-type RING finger domain, and a fourth C3H-zinc finger domain at the C-terminus
(Fig. 1a). Although C3H-zinc finger domains have been shown to bind RNA, none of the MKRN family members
have been characterized as RNA-binding proteins. But instead, MKRN1 was shown to be a ubiquitin E3 ligase,
targeting the telomerase catalytic subunit (hTERT), p53 and p21 for ubiquitin/proteasome-dependent degrada-
tion through its RING finger domain'>?. We therefore predicted that MKRN2 would also possess ubiquitin E3
ligase activity and investigated whether MKRN2 regulates NF-xB-mediated signaling similar to PDLIM?2.

A previous study reported that MKRN2 is ubiquitously expressed in hematopoietic cells?!. We found that
MKRN? is highly expressed in all immune cells tested and in mouse embryonic fibroblasts (MEFs) (Fig. 1b).
We next examined the subcellular localization of MKRN2 in primary dendritic cells, MEFs and also in several
cell lines. MKRN?2 was typically located in both cytoplasm and nucleus, but was predominantly located in the
nucleus in some cell-types, such as primary fibroblasts and HeLa cells (Fig. 1c). Finally, to confirm the interaction
of MKRN2 and PDLIM2, we transfected human embryonic kidney (HEK) 293 T cells with expression plasmids
encoding His-tagged PDLIM?2 or the PDLIM2 mutant lacking the LIM domain (ALIM) together without or with
c-Myc-tagged MKRN2. Whole cell extracts were prepared and subjected to immunoprecipitation with a c-Myc
antibody and then analyzed by Western blotting with a His antibody. As shown in Fig. 1d, MKRN2 coimmuno-
precipitated with wild-type PDLIM2, but not ALIM, suggesting that LIM domain of PDLIM?2 is essential for the
binding between MKRN2 and PDLIM2.

MKRN2 binds the p65 subunit of NF-xkB and negatively regulates NF-xB signaling. Since
PDLIM2 negatively regulates TLR-mediated NF-«B signaling®, we tested the effect of MKRN2 on TLR-induced,
NF-kB-mediated gene activation in a reporter assay. NTH3T3 cells were transfected with a plasmid encoding a
luciferase reporter gene regulated by NF-xB. Twenty hours after transfection, cells were left untreated or treated
with lipopolysaccharide (LPS) for 5hr and then assayed for luciferase activity. Stimulation of cells with LPS aug-
mented luciferase activity, whereas expression of MKRN2 potently suppressed transactivation of the LPS-induced
luciferase reporter (Fig. 2a). Since MKRN2 interacts with PDLIM2, which targets p65 for inactivation, we next
examined the effect of MKRN2 on p65-mediated gene activation in a reporter assay. We cotransfected NIH3T3
cells with p65, to activate the NF-kB luciferase construct, together with or without MKRN?2 to test if MKRN2
could inhibit gene activation by p65. Indeed, MKRN2 markedly inhibited p65-induced NF-xB-mediated transac-
tivation of the reporter in a dose-dependent manner (Fig. 2b). Moreover, specific knockdown of MKRN2 by small
interfering RNA (siRNA) resulted in a substantial enhancement of p65-mediated NF-+B transactivation (Fig. 2¢).
We then examined if MKRN2 bound to p65. 293 T cells were transiently transfected with expression plasmids
encoding FLAG-tagged p65 with or without c-Myc-tagged MKRN2. MKRN2 was immunoprecipitated with p65
when they were coexpressed (Fig. 2d). To visually confirm this interaction, HeLa cells were transiently transfected
with expression plasmids encoding p65 fused with EGFP (enhanced green fluorescent protein) and c-Myc-tagged
MKRN?2 and imaged by indirect immunofluorescence using epi-fluorescence microscopy. As shown in Fig. 2e,
MKRN?2 localized together with p65 in the nucleus, where it is noteworthy that they display the same localization
pattern. These data suggest that MKRN2 binds to the p65 subunit of NF-xB and inhibits p65-mediated NF-xB
activation.
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Figure 1. MKRN2 is a RING finger-containing protein that interacts with PDLIM2. (a) Schematic diagram
of the structure of mouse MKRN2. Black boxes: C3H-type zinc finger domain (C3H), striped box: unique Cys-
His motif (Cys-His), gray box: RING finger domain (RING). (b) Western blot analysis of MKRN2 expression
in primary immune cells and MEFs. Whole cell lysates were subjected to immunoblot (IB) with anti-MKRN2
and HSP90 antibodies. MEF: mouse embryonic fibroblasts. Western blots are representative of at least three
independent experiments. (¢) Subcellular localization of MKRN?2 protein. Splenic CD11c" cells, MEF, NIH3T3,
HeLa and RAW264.7 cells were fractionated into cytoplasmic (C) and nuclear (N) fractions, which were then
analyzed by Western blotting with the MKRN2 antibody. The purity of the fractionations was confirmed by
cdc37 (cytoplasm) or LSD1 (nucleus) antibody reactivity. Western blots are representative of at least three
independent experiments. (d) MKRN?2 interacts with PDLIM2 through LIM domain of PDLIM2. 293 T cells
were transfected with His-tagged PDLIM2 or the PDLIM2 mutant lacking the LIM domain (ALIM) along with
or without c-Myc-tagged MKRN2. Whole cell extracts were immunoprecipitated with a c-Myc antibody, and
immunoblotted with anti-His. Western blots are representative of at least three independent experiments.

MKRN2 promotes p65 ubiquitination and degradation through RING finger domain. RING
finger domains are well known for possessing ubiquitin E3 ligase activity'?, therefore we next determined
whether MKRN2 could ubiquitinate p65 protein. We transfected 293 T cells with expression plasmids encod-
ing p65, MKRN2 and His-tagged ubiquitin. His-tagged proteins were purified by nickel-pull down and
polyubiquitination of p65 was detected with a p65 Ab. As show in Fig. 3a, MKRN2 enhanced p65 polyubiq-
uitination in a dose-dependent manner. We next purified MKRN2 protein by immunoprecipitation from
293 T cells transfected with MKRN2 expression plasmid and mixed it in vitro with recombinant p65 plus E1,
E2 and biotinylated-ubiquitin. MKRN2 could mediate the in vitro ubiqutination of p65 protein (Fig. S1), sug-
gesting that MKRN2 could directly target p65 for polyubiquitination. To examine the effects of MKRN2 on
p65 protein amounts, we measured p65 in soluble and insoluble nuclear fractions of NTH3T3 cells transfected
with FLAG-tagged p65 and MKRN2 expression plasmids. MKRN2 overexpression decreased p65 in the sol-
uble nuclear fraction but increased it in the insoluble nuclear fraction (Fig. 3b). Treatment of these cells with
MG132, an inhibitor of proteasomal degradation, resulted in accumulation of p65 in the insoluble nuclear
fraction (Fig. 3¢). In contrast, p65 in the soluble nuclear fraction, which was decreased by MKRN2 expression,
was not restored by MG132 treatment. These data suggest that MKRN2 shuttles p65 from soluble to insoluble
nuclear compartments, where p65 is ultimately degraded by the proteasome. To clarify the function of the RING
finger domain in p65 ubiquitination and degradation, we generated a MKRN2 mutant lacking a RING finger
domain (Fig. 3d). Although ARING mutant could bind to p65 (Fig. S2a), this mutant was impaired in its ability
to polyubiquitinate p65 (Fig. 3e), indicating the important role of RING finger domain in MKRN2-mediated p65
polyubiquitination. We then transfected NIH3T3 cells with plasmids encoding wild-type or MKRN2-ARING,
together with FLAG-tagged p65. As expected, wild-type MKRN2 decreased soluble p65 and increased insoluble
p65 (Fig. 3b,f). MKRN2-ARING reduced soluble p65 as efficiently as wild-type, suggesting that the RING fin-
ger domain-mediated p65 polyubiquitination is not required for intranuclear trafficking of p65 from soluble to
insoluble compartments. Indeed, the activity of MKRN2-ARING to suppress p65-mediated gene activation was
partially impaired due to insufficient p65 degradation (Fig. S2b), but not completely abrogated since this mutant
retained the activity to sequestrate p65 into discrete intranuclear compartment, in which p65 could be separated
from sites of active transcription. Notably, there was much more insoluble p65 in MKRN2-ARING transfectants
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Figure 2. MKRN2 binds to p65 and suppresses NF-kB signaling. (a) Luciferase activity in NIH3T3 cells
transfected with an ELAM-1 luciferase reporter construct (ELAM-1-luc) along with or without a plasmid
encoding MKRN2, then left untreated or treated with LPS for 5 hr. Data are representative of at least three
independent experiments. (b) Luciferase activity in NIH3T3 cells transfected with an ELAM-1-luc with or
without plasmids encoding p65 in the absence or presence of increasing amounts (wedge) of MKRN2. Data are
representative of at least three independent experiments and are shown as mean = SD. **P < 0.01. (c) Luciferase
activity in NTH3T3 cells first transfected with control or MKRN2-specific siRNA and then with an ELAM-1 luc
without or with the plasmid encoding p65. Data are representative of at least three independent experiments
and are shown as mean & SD. *P < 0.05. (d) MKRN2 interacts with the p65 subunit of NF-kB. 293 T cells were
transfected with a FLAG-tagged-p65 expression plasmid along with or without MKRN2. Whole cell extracts
were immunoprecipitated with anti-c-Myc, and immunoblotted with anti-Flag. Western blots are representative
of at least three independent experiments. (e) Colocalization of MKRN2 with p65 in the nucleus. HeLa cells
were transfected with expression plasmids encoding p65 fused with EGFP and c-Myc-tagged MKRN?2, then
analyzed by fluorescence imaging with EGFP (left) or indirect immunofluorescence imaging with the Myc
primary antibody and Alexa Fluor 647-conjugated goat anti-mouse IgG1 (middle). Bar: 10 um. Inset images are
close-ups of the dotted square area. Bar: 5pm.

than in wild-type transfectants (Fig. 3f). This can be ascribed to reduced p65 degradation in the insoluble frac-
tion, as MKRN2-ARING is impaired in its ability to polyubiquitinate p65. These data indicate that MKRN2
promotes polyubiquitination and degradation of p65 through its RING finger domain.

MKRN2 and PDLIM2 synergistically promote p65 ubiquitination and degradation. The effect
of MKRN2 on p65 ubiquitination and degradation was quite similar to that of PDLIM2°. We therefore exam-
ined whether MKRN2 and PDLIM2 work cooperatively to regulate p65 activation. To examine the effects of
MKRN2 on PDLIM2-mediated p65 degradation, we first measured p65 levels in soluble and insoluble nuclear
fractions of NIH3T3 cells transfected with p65 and PDLIM2 expression plasmids in the absence or presence of
MKRN2-specific siRNA to target the endogenous transcripts. MKRN2 knockdown resulted in accumulation
of p65 mainly in the insoluble nuclear fraction where p65 degradation takes place (Fig. 4a). Moreover, knock-
down of MKRN2 by siRNA, in which MKRN2 mRNA level was reduced to about 43% of that in control cells,
impaired PDLIM2-mediated p65 polyubiquitination (Fig. 4b). Since the degradation of polyubiquitinated p65
protein mainly occurred in insoluble nuclear compartment’, these data suggest that MKRN?2 is necessary for the
activity of PDLIM2 to polyubiquitinate and degrade p65 protein in the insoluble nuclear fraction. We next trans-
fected 293 T cells with plasmids encoding FLAG-tagged p65 and c-Myc-tagged PDLIM?2 together without or with
c-Myc-tagged MKRN2 in a suboptimal condition. While the expression of either PDLIM2 or MKRN2 alone min-
imally decreased p65 protein level under these conditions, coexpression of PDLIM2 and MKRN2 dramatically
decreased p65 protein in the soluble nuclear fraction and increased p65 protein in the insoluble nuclear fraction
(Fig. 4c). We then transfected 293 T cells with plasmids encoding FLAG-tagged p65, His-tagged ubiquitin and
PDLIM2, together without or with c-Myc-tagged MKRN2 in a suboptimal condition and then examined the
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Figure 3. MKRN2 promotes polyubiquitination and degradation of p65. (a) Ubiquitination assay for p65

in 293 T cells cotransfected with plasmids encoding His-tagged ubiquitin (His-Ub), FLAG-tagged p65 and
increasing amount of MKRN2. His-tagged proteins were purified by Ni-Sepharose beads. Polyubiquitination
of p65 was analyzed by anti-p65. (b) Effect of MKRN2 on soluble and insoluble nuclear p65 in NIH3T3 cells
transfected with plasmids encoding FLAG-tagged p65 and increasing amounts of c-Myc-tagged MKRN2.

Cells were subjected to fractionation and analyzed by anti-FLAG antibody. The purity of the fractionations was
confirmed by anti-LSD1 (nuclear soluble) or anti-Histone H3 (nuclear insoluble) antibody staining. (c) Western
blot analysis for soluble and insoluble nuclear p65 in NIH3T3 cells transfected with plasmids encoding p65
without or with MKRN?2, then left untreated or treated for 4h with MG132 (10 pM) and analyzed as in (b). (d)
Schematic diagram of the structure of the MKRN2 mutant lacking the RING finger domain (ARING). Bottom
shows Western blot analysis of NTH3T3 cells transfected with expression plasmids encoding wild-type or A
RING MKRN2, detected with anti-c-Myc antibody. (e) Ubiquitination assay for p65 in 293 T cells cotransfected
with plasmids encoding His-tagged ubiquitin (His-Ub), and p65, together without or with wild-type or ARING
MKRN?2 and analyzed as in (a). (f) Effect of ARING MKRN?2 on soluble and insoluble nuclear p65 in NIH3T3
cells transfected with plasmids encoding p65, together without or with wild-type or ARING MKRN2 and
analyzed as in (b).

effect of MKRN2 on PDLIM2-mediated p65 ubiqutination. The presence of either PDLIM2 or MKRN2 slightly
enhanced p65 ubiquitination, whereas the presence of both proteins resulted in a marked induction of p65 poly-
ubiquitination (Fig. 4d). These data suggest that MKRN2 and PDLIM2 synergistically promote polyubiquitina-
tion and subsequent degradation of p65.

Enhanced p65-mediated inflammatory responses accompany MKRN2 deficiency. Finally, we
investigated the physiological roles of MKRN?2 in the regulation of TLR-mediated p65 activation. We knocked
down MKRN?2 in bone marrow-derived dendritic cells by using siRNA, which resulted in a substantial reduc-
tion of MKRN2 protein amount compared to control cells (Fig. 5a). We then stimulated the cells with LPS and
analyzed p65 by immunoblot with the p65 Ab. Specific knockdown of MKRN2 resulted in a substantial increase
in nuclear soluble and insoluble p65 protein compared to control cells, but the amounts of cytoplasmic p65 were
unaffected by MKRN2 deficiency (Fig. 5b). Notably, LPS-induced degradation of IkBa was comparable between
control and MKRN2 knock down cells. These findings indicate that LPS-dependent nuclear translocation of p65
was normal in MKRN2 knock down cells, thereby suggesting that the increased amount of nuclear p65 protein
in these cells was due to impaired p65 degradation in the nucleus. Next, we examined TLR-induced proinflam-
matory cytokine production in MKRN?2 knock down dendritic cells and observed a consistent two- to fivefold
increase in IL-6, IL-12p40, TNFa and G-CSF transcripts in response to LPS compared to control cells (Fig. 5¢).
Since C3H-type zinc finger domain-containing proteins have been reported to bind to and regulate the stability of
mRNA encoding the target protein®?*, we further examined p65 mRNA levels in the MKRN2 knock down den-
dritic cells. As shown in Fig. 5d, p65 mRNA expression was not altered by MKRN2 deficiency, thereby excluding
the possibility of an effect of MKRN2 on p65 mRNA stability. We also examined the effect of MKRN2 knockdown
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Figure 4. MKRN2 and PDLIM2 synergistically promote p65 ubiquitination. (a) Effect of MKRN?2 deficiency
on soluble and insoluble nuclear p65 in NIH3T3 cells first transfected with control siRNA or MKRN2-specific
siRNA, then transfected with plasmids encoding FLAG-p65 or c-Myc-PDLIM2 and analyzed by anti-FLAG
antibody. (b) Effect of MKRN?2 deficiency on ubiquitination of p65 in 293 T cells cotransfected with plasmids
encoding His-tagged ubiquitin, p65 and PDLIM2, in the absence or presence of siRNA specific for MKRN2

and analyzed as in Fig. 3a. (c) Synergic effect of MKRN2 and PDLIM2 on soluble and insoluble nuclear p65 in
NIH3TS3 cells transfected with plasmids encoding p65, MKRN2 or PDLIM2 in the indicated combination and
analyzed by anti-FLAG antibody. (d) Ubiquitination assay for p65 in 293 T cells cotransfected with plasmids
encoding His-tagged ubiquitin, p65, MKRN2 or PDLIM2 in the indicated combinations and analyzed as in

Fig. 3a.

in NIH3T3 cells. Although MKRN2 expression was almost completely abrogated in both the cytoplasm and in the
nucleus by siRNA, nuclear soluble and insoluble, but not cytoplasmic, p65 was increased in MKRN2 knock down
cells (Fig. 5¢). These data suggest that MKRN2 inhibits NF-kB-mediated inflammatory responses by controlling
nuclear p65 protein levels.

Discussion

NEF-B activation must be terminated at appropriate time points to prevent excessive inflammation leading to
immunopathogy>*. It is well known that NF-kB subunits can be inactivated by polyubiquitination and degra-
dation by the proteasome?*. We have previously reported that PDLIM2 acts as a nuclear ubiquitin E3 ligase for
the p65 subunit of NF-kB through its LIM domain, negatively regulating p65-mediated inflammatory responses
in vitro and in vivo®. In addition, several ubiquitin E3 ligases targeting p65 for proteasomal degradation have been
reported. These include SOCSI (suppressor of cytokine signaling 1), COMMD1 (COMM domain containing 1),
PPAR~ (peroxisome proliferator activated receptor-+)*” and ING4 (inhibitor of growth protein 4)*. In this study,
we used yeast two-hybrid screening to isolate MKRN2 based on its ability to associate with PDLIM2 and identi-
fied MKRN?2 as a novel ubiquitin E3 ligase for p65. We demonstrated that MKRN2 bound to p65 and promoted
polyubiquitination and proteasome-dependent degradation of p65 through its RING finger domain, negatively
regulating inflammatory responses in dendritic cells. Moreover, we also showed that MKRN2 and PDLIM2
synergistically control p65 polyubiquitination and degradation. It is not unusual that a target protein can be
ubiquitinated by multiple ubiquitin E3 ligases. However, it is not well understood whether these ubiquitin E3
ligases independently or cooperatively regulate target protein levels. To date, only a few instances of functional
dimerization of ubiquitin E3 ligases have been reported. These include heterodimers of BRCA1-BARD1'¢ and
MDM2-MDMX'"!5. In both cases, two ubiquitin E3 ligases synergistically promote ubiquitination and inactiva-
tion of target proteins. Although the exact mechanisms by which these ubiquitin E3 ligases work together have
not been clarified, several possiblilities have been proposed. For example, it has been shown that BARD1 and
MDMX enhance ubiquitn E3 ligase activity of BRCA1 and MDM2 respectively by stabilizing these proteins'*-'°.
We therefore checked if PDLIM2 protein levels in dendritic cells might be affected by MKRN2 knock down,
but found that they were comparable to those in control cells (data not shown). This suggests that MKRN2 and
PDLIM?2 utilize a different mechanism from other ubiquitin E3 ligases to cooperatively regulate p65 activation,
although the exact mechanism is still under investigation. Notably, knockdown of either MKRN2 or PDLIM2
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Figure 5. Enhanced p65-mediated inflammatory responses due to MKRN2 deficiency. (a) Reduction of
MKRN?2 protein amount in bone marrow-derived dendritic cells, transfected with siRNA specific for MKRN2,
analyzed by immunoblot with anti-MKRN2. Data are representative of three independent experiments. (b)
Western blot analysis for cytoplasmic and soluble and insoluble nuclear p65 in bone marrow-derived dendritic
cells transfected with control or MKRN2-specific siRNA, then left unstimulated or stimulated with the
indicated concentration of LPS for 1 h and analyzed by antibodies against the indicated targets. The purity of the
fractionations was confirmed by anti-cdc37 (cytoplasm), anti-LSD1 (nuclear soluble) or anti-Lamine B (nuclear
insoluble) antibody staining. Western blots are representative of three independent experiments. (c) Real-time
RT-PCR analysis of LPS-inducible gene expression in bone marrow-derived dendritic cells transfected with
control or MKRN2-specific siRNA, then left unstimulated or stimulated with the indicated concentration of
LPS for 5h. (d) Real-time RT-PCR analysis of p65 gene expression in bone marrow-derived dendritic cells
transfected with control or MKRN2-specific siRNA, then left unstimulated or stimulated with the indicated
concentration of LPS for 5h. (e) Western blot analysis for cytoplasmic and soluble and insoluble nuclear p65

in NIH3TS3 cells transfected with control or MKRN2-specific siRNA, then left unstimulated or stimulated with
LPS (10 ng/ml) for 1h and analyzed by antibodies against the indicated targets. The purity of the fractionations
was confirmed by anti-cdc37 (cytoplasm), anti-LSD1 (nuclear soluble) or anti-Histone H3 (nuclear insoluble)
antibody staining. Western blots are representative of three independent experiments.

alone resulted in dysregulated p65 activation (Fig. 5b,c,e), suggesting that MKRN2 and PDLIM2 work coopera-
tively, but cannot fully compensate each other.

Since it is constitutively expressed in the nucleus’, PDLIM?2 is considered to be a nuclear ubiquitin E3 ligase
for p65. In contrast, MKRN?2 is located in both the cytoplasm and the nucleus. However, we assume that MKRN2
degrades p65 mainly in the nucleus, since nuclear, but not cytoplasmic, p65 amounts were increased in MKRN2
knock down dendritic cells and fibroblasts compared to control cells (Fig. 5b,e). MKRN2 may not be able to effec-
tively polyubiquitinate p65 in the cytoplasm due to the lack of PDLIM?2. Alternatively, as we previously reported®,
polyubuquitination and degradation of p65 itself may occur only in the nucleus, and not in the cytoplasm, even
in the presence of MKRN?2.

In addition to its RING finger domain, MKRN2 also has C3H-type zinc finger domains, which are though to
be RNA-binding structures. Proteins that have both RING finger and RNA-binding domains, such as a C3H-type
zinc finger domain or a KH domain, are classified as RNA-binding E3 ligase family members?, and include
ROQUIN? and MEX-3A?. These proteins bind to the 3’-untranslated region of Icos and HLA-A2 mRNAs,
respectively and promote their degradation. Some reports have shown that the RING finger domain is required
for mRNA degradation23'3°; however, the exact functional link between unbiquitination and mRNA turnover has
not yet been defined. MKRN2 was also reported to negatively regulate phosphatidylinositol 3-kinase (PI3K)/
Akt-induced neurogenesis by up-regulating Gsk-36 mRNA'2, although the molecular mechanisms responsible
for this activity were not clarified. We therefore checked if p65 mRNA levels might be affected by MKRN2 knock
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down. However, p65 mRNA abundance in MKRN2 knock down dendritic cells was comparable to that in control
cells (Fig. 5d), suggesting that MKRN?2 is unlikely to control p65 mRNA levels through its zinc finger domain to
inhibit p65 activation.

We have previously shown that PDLIM2 not only acts on p65 protein via its LIM domain to cause ubiquitina-
tion but also targets p65 to discrete subnuclear domains, called PML nuclear bodies, through its PDZ domain®.
The ubiquitinated p65 protein then undergoes 26S proteasome-dependent degradation in these intranuclear
compartments. In this study, we demonstrated that MKRN2 promotes polyubiquitination of p65 and also facil-
itates the transport of p65 from soluble to insoluble nuclear compartments, where p65 is ultimately degraded
by the proteasome, although we were unable to demonstrate the colocalization of this insoluble p65 with PML
nuclear bodies (Fig. 3b,c). Notably, the RING finger domain of MKRN?2 is essential for it to ubiquitinate p65 but
is not required for intranuclear trafficking of p65 into insoluble nuclear compartments (Fig. 3f). These effects of
MKRN?2 on p65 inactivation are quite similar to that of PDLIM2, further supporting their functional cooperation.

Finally, we demonstrate that MKRN2 knock down in dendritic cells results in enhanced expression of proin-
flammatory cytokines, including IL-6, IL-12, TNFo and G-CSF, indicating that MKRN2 negatively regulates
NF-xkB-mediated inflammatory responses. Constitutive activation of NF-kB at sites of inflammation is observed
in certain human autoimmune and inflammatory diseases, such as rheumatoid arthritis and bronchial asthma®*.
Thus, the MKRN2-mediated pathway to inhibit p65 activation could be a useful new molecular target for the
treatment of autoimmune and inflammatory diseases.

Materials and Methods

ExpressionVector. The c-Myc-tagged or FLAG-tagged MKRN2 was generated by subcloning of the coding
sequence of mouse Mkrn2 into pCMV-Myc or pPCMV-DYKDDDDK (Clontech), respectivly. For the ARING-
MKRN?2 mutant, the cDNA corresponding to amino acids 1-236 plus 292-416 of Mkrn2 was subcloned into
pCMV-Myc. His-tagged PDLIM2, c-Myc-tagged PDLIM2 and FLAG-tagged p65 were previously described””.
To generate the plasmid encoding a p65-EGFP fusion protein for imaging experiments, human RelA cDNA was
inserted in-frame with EGFP into the pCMV-EGFP vector. The ELAM-1 luciferase reporter construct was kindly
provided by D. Golenbock. The pGL4.32-Null renilla construct was purchased from Promega and modified.

Yeast Two-Hybrid Screening. To generate the yeast two-hybrid bait construct, a full length murine Pdlim2
c¢DNA was subcloned into the pGBKT7 vector (Clontech). Yeast strain Y2H Gold was transformed with bait
plasmid and then mated with yeast strain Y187, which expressed a cDNA library constructed from 18.5 d.p.c.
embryos as prey proteins. Positive clones were selected on drop out, X-gal and Aureobasidin A plates, and cDNAs
from these clones were retrieved and sequenced. All experiments for yeast two-hybrid screening were conducted
according to the manufacturer’s protocol (Clontech).

Reagents and antibodies. LPS (from Salmonella enterica; L-2262) was purchased from Sigma. Murine
GM-CSF was from R&D systems. Ubiquitilation kit (BML-UW9920) and recombinant p65 (BML-UW9995) were
purchased from Enzo Life Sciences. Anti-DYKDDDDK (NU01102) antibody was purchased from Nacalai USA
and used as anti-FLAG antibody. Anti-p65 (sc-372), IkBa (sc-371), HSP90 (sc-7947), Lamin B (sc-6217) and
Omni-probe (sc-499; used as anti-His) antibodies were purchased from Santa Cruz Biotechnology. Anti-LSD1
(#2184), anti-cdc37 (#3604) and anti-Histone H3 (#4499) antibodies were purchased from Cell Signaling
Technology. Anti-MKRN?2 (#72055) antibody was purchased from Abcam. Anti-c-Myc (M047-3) antibody;,
anti-c-Myc antibody-conjugated agarose (M047-8) and DYKDDDDXK-tagged protein PURIFICATION GEL
(#3328) (used as anti-FLAG antibody-conjugated agarose) were purchased from MBL. 3xFLAG peptide (F4799)
was purchased from Sigma-Aldrich. The secondary antibodies HRP-goat anti-rabbit IgG (#656120) was pur-
chased from Zymed and HRP-conjugated sheep anti-mouse IgG (NA931) was purchased from GE Healthcare.
HRP-Conjugated Streptavidin (#554066) was purchased from BD Pharmingen. Alexa Fluor 647-conjugated goat
anti-mouse IgG1 (A21241) was from Thermo Fisher Scientific.

Cells, transfection, reporter assay. Mouse embryonic fibroblasts (MEF) prepared from 13.5 d.p.c.
embryos, HeLa and 293 T cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS).
NIH3T3 cells were cultured in DMEM supplemented with 10% calf serum. RAW264.7 cells were cultured in
RPMI1640 supplemented with 10% FBS. Bone marrow derived dendritic cells were obtained by culture of bone
marrow cells for 5 days with murine GM-CSF (10 ng/ml) in RPMI1640 supplemented with 10% FBS (Fig. 5a-d).
CD4%, CD8", CD19* and CD11c" cells were purified from the spleen with MACS columns (Miltenyi Biotech).
For transfections, cells were transiently transfected with Effectene (QIAGEN). For the reporter assay, NTH3T3
cells (Fig. 2b,c) were transfected with the ELAM—1 luciferase and pGL4-Null renilla constructs and expression
plasmids encoding p65 without or with MKRN2. Alternatively, MEF (Fig. 2a) were transfected without or with
the MKRN2 vector, then stimulated for 5 hr with LPS. The total amount of transfected DNA in each case was kept
constant by supplementing with control plasmids. Luciferase activity was measured according to the manufactur-
er’s protocol in the Dual Luciferase Reporter System (Promega).

Subcellular fractionation, immunoprecipitation and immunoblot analysis.  All lysis buffers used
for immunoblot analysis contained a proteinase inhibitor ‘cocktail’ (complete mini; Roche). Cytoplasmic, nuclear
soluble, and nuclear insoluble extracts were prepared as previously described’. The purity of the obtained frac-
tions was confirmed using anti-cdc37 (for cytoplasmic fraction), anti-LSD1 (for nuclear soluble fraction), and
anti-Histone H3 (for nuclear insoluble fraction). Whole cell extracts were prepared by lysing cells in 50 mM Tris
pH 8.0, 0.5% NP-40, 5mM EDTA, 50 mM NaCl, 50 mM NaF (Fig. 1b). For immunoprecipitation from 293 T cells
(Figs 1d and 2d), cells were lysed in 0.5% NP-40, 250 mM NaCl, 10 mM Tris pH 8.0, incubated with anti-c-Myc
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antibody-conjugated agarose beads (MBL), washed four times and subjected to immunoblot analysis with the
indicated antibodies.

Ubiquitination assay. For in vivo ubiquitination assay, 293 T cells were transfected with expression plasmids
encoding FLAG-tagged p65, His-tagged ubiquitin and c-Myc-MKRN2 and/or PDLIM?2. His-tagged proteins were
then purified as previously described®.. Briefly, transfected cells were extracted under denaturing condition with
a buffer containing 6 M guanidium-HCI. Extracts were incubated with Ni-Sepharose beads (GE HealthCare) for
2.5hr and then washed with buffer containing 25 mM Tris pH 6.8, 20 mM imidazole. Purified proteins were sub-
jected to immunoblot with anti-p65. In vitro ubiquitination assay was performed using Ubiquitilation kit (Enzo
Life Sciences) according to the manufacturer’s protocol. For in vitro ubiquitination assay for p65, MKRN2 pro-
teins, immunoprecipitated with anti-DYKDDDDK antibody-conjugated agarose from 293 T cells transfected with
a FLAG-tagged MKRN2, then eluted by 3xFLAG peptide, were incubated 2 hr with E1, UbcH5c, biotin-ubiquitin
and recombinant p65. Ubiquitinated p65 was detected by immunoprecipitation with anti-p65 and immunoblot
with HRP-Conjugated Streptavidin.

Immunofluorescence. HeLa cells were seeded onto a 35-mm glass-bottom culture dish (MatTek) and trans-
fected with expression plasmids encoding c-Myc-MKRN2 and EGFP-tagged p65 using Lipofectamine and PLUS
reagent (Thermo Fisher Scientific). The next day, cells were fixed for 20 min with 4% paraformaldehyde and were
made permeable by treatment for 10 min with 0.5% Triton X-100 on ice. After blocking with 3 mg/mL bovine
serum albumin for 1hr, cells were incubated for 30 min with the Myc antibody (1:1000 dilution) and then for
30 min with Alexa Fluor 647-conjugated goat anti-mouse IgG1 (1:100 dilution).

Microscopy. Imaging by fluorescence microscopy? was performed on an inverted microscope (IX-83,
Olympus) with a 100 x objective (PlanApo 100 x NA1.45 Oil, Olympus) using a HILO and TIRF illuminator
(Cell TIRE, Olympus). Solid-state laser (488 nm, 20 mW, Sapphire 488-20-PS, Coherent) and CoolLED fluores-
cence light source (635 nm, Molecular Devices) were used for fluorescence excitation. Images were captured
with two back-thinned electro multiplier charge coupled device cameras (EMCCD, C9100-13, Hamamatsu
Photonics). Images were recorded with AQUACOSMOS software (Hamamatsu Photonics) and analyzed using
ImageConverter software (Olympus Software Technology)®.

Smallinterfering RNA (siRNA). Lipofectamine RNAiMAX (Invitrogen) was used for the transfection of
siRNA (Figs 2c,4a,b and 5c-e). Alternatively, a mouse dendritic cell Nucleofector kit with Nucleofector I was used
for transfection (Fig. 5a,b). The following siRNA were purchased from Invitrogen (Stealth RNAi); murine Mkrn2,
5-AGACCAGTGAGATTGCGGTCTCTGA-3’; human MKPN2, 5'- TTGCCTTGCTCAAAGTATTTACAGG -3/;
and control siRNA (12935-300).

Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) analysis. Total
RNA was prepared using an RNAeasy micro kit (Qiagen) and cDNA was generated using a PrimeScript RT
reagent kit (Takara Bio Inc.). Quantitative real-time PCR analyses were performed using a StepOnePlus
(Applied Biosystems). The primer sets and probes for mouse II-6 (Mm00446190), II-12 (MmO00434174), Tnfo.
(MmO00443258), Csf3 (Mm00438334), and 185 rRNA (4319413E) from TagMan Gene Expression Assay (Applied
Biosystems) were used for the reactions. To analyze mouse and human MKRN?2 expression, the following primer
pairs were used; mouse Mkrn2, 5'-GTCCTGCACCCAACCCTTC-3' and 5-CACCAGCGTCTTCTTCTCCC-3/;
human MKRN2, 5'-AGGAAGTCAGTGCCTATTCTCA-3’ and 5'-TGGTCATATCTGCACCGAGTT-3'
(Invitrogen). Data were normalized to the amounts of 18S rRNA.

Mice. All mice used were between 7 to 8 weeks of age and were purchased from CREA Japan, Inc. All experi-
ments were approved by the RIKEN Yokohama Campus Animal Use Committee, and performed in accordance
with the committee’s guidelines.

Statistical analysis. All of the experiments were repeated at least three times. Differences were analyzed by
Student’s t-test. Data are presented as the mean values + the standard deviation of the mean (SD).
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