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Abstract

Macrophages, when activated by IFN-y and TLR signaling, elicit innate immune responses. IFN
regulatory factor 8 (IRF8) is a transcription factor that facilitates macrophage activation and innate
immunity. We show that, in resting macrophages, some IRF8 is conjugated to small ubiquitin-like
modifiers (SUMO) 2/3 through the lysine residue 310. SUMO3-conjugated IRF8 failed to induce
IL12p40 and other IRF8 target genes, consistent with SUMO-mediated transcriptional repression
reported for other transcription factors. SUMO3-conjugated IRF8 showed reduced mobility in live
nuclei and bound poorly to the IL12p40 gene. However, macrophage activation caused a sharp
reduction in the amount of SUMOylated IRF8. This reduction coincided with the induction of a
deSUMOylating enzyme, sentrin-specific peptidase 1 (SENP1), in activated macrophages. In
transfection analysis, SENP1 removed SUMO3 from IRF8 and enhanced expression of 1L12p40
and other target genes. Conversely, SENP1 knockdown repressed IRF8 target gene expression. In
parallel with IRF8 deSUMOylation, macrophage activation led to the induction of proteins active
in the SUMO pathway and caused a global shift in nuclear protein SUMOylation patterns.
Together, the IRF8 SUMO conjugation/deconjugation switch is part of a larger transition in
SUMO maodifications that takes place upon macrophage activation, serving as a mechanism to
trigger innate immune responses.

Small ubiquitin-like modifiers (SUMO) are composed of ~100 aa (~12 kDa) and covalently
conjugated to the lysine (K) residues of substrate proteins through three-step enzymatic
reactions (1). Among three SUMO molecules present in vertebrates, SUMO2 and SUMO3
share ~95% amino acid identity, whereas SUMOL1 is only ~50% identical with SUMOZ2/3.
SUMO molecules are conjugated to substrate proteins carrying a consensus motif yKXE
and related sequences (2). SUMO conjugation is reversible, in that the SUMO moiety can be
removed by SUMO-deconjugating enzymes of the sentrin-specific peptidase (SENP) family
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(3, 4). SUMO conjugation and deconjugation are a process conserved throughout eukaryotes
and are involved in diverse regulatory activities. Many transcription factors are
SUMOylated, which in general results in the loss of transactivation function. As an
interesting feature of SUMO modification, it has been noted that a relatively small fraction
of total proteins is SUMOylated at any time point, yet causing profound transcriptional
repression (5). Partially explaining this enigma, SUMO-mediated transcriptional repression
is often attributed to the recruitment of histone deacetylases, repressive histone
methyltransferases, and corepressors, presumably leading to the formation of repressive
chromatin (6, 7).

SUMO pathways are activated by a variety of stress, including ionizing radiation, heat
shock, and oxidative stress, which causes global alterations in SUMOylated proteins (8-11).
SUMOylation is influenced by other signaling events such as ubiquitination and
phosphorylation (2). Innate immune responses against infectious pathogens involve
SUMOylation. We previously reported that IFN regulatory factor (IRF) 3 and IRF7,
members of the IRF family, are SUMOQylated following viral infection (12, 13).
SUMOylated IRF3 and IRF7 repress type | IFN transcription, which contributes to the
attenuation of excess IFN responses. Other IRF members, including IRF1, are also
SUMOylated by E3 ligases of the protein inhibitor of activated STAT (PIAS) family,
resulting in inhibition of IRF1 transactivation (14, 15). Additionally, TLR pathway
activation triggers SUMOylation of TRAF family member-associated NF-xB activator to
regulate type I IFN induction (16). Furthermore, PIAS family proteins regulate NF-xB
activation and alter the function of natural regulatory T cells (17, 18). Supporting a link
between SUMO maodification and host defense, we previously showed that the Ebola virus
anti-IFN protein VP35 inhibits type | IFN transcription by prematurely SUMOylating IRF7
(19).

IRF8 is another member of the IRF family expressed in macrophages and dendritic cells
(DCs) (20). IRF8 directs differentiation of myeloid progenitor cells to functional
macrophages (21). Similarly, IRF8 stimulates development of DC subsets and controls
production of 1L12p40 and type | IFNs (20, 22). IRF8 activates other factors, including
chemokines, transcription factors, and those involved in many antipathogenic activities (23—
26). IRF8 also enhances CIITA transcription, thereby increasing MHCII expression and Ag
presentation (27, 28). Supporting the critical importance of IRF8 in host defense, point
mutations in IRF8 are associated with severe immunodeficiency and increased susceptibility
to infectious pathogens in humans and mice (22, 29, 30). Various posttranslational
modifications influence the activity of IRF8. For example, phosphorylation and
dephosphorylation alter IRF8's functions, affecting innate immune responses and leukemia
pathogenesis (26, 31). IRF8 is conjugated to ubiquitin through an E3 ligase TRIM21 that
alters IRF8's ability to regulate 1L12p40 transcription positively and negatively (32, 33).

This study began with our observation that IRF8 was SUMOQylated in resting macrophages.
We show in this study that the lysine (K) at 310 is a major SUMOylation site in IRF8, and
SUMO conjugation abrogates IRF8's ability to stimulate transcription of its target genes,
including 1L12p40 and IFN-B. A defining observation was that the levels of SUMOylated
IRF8 decreased upon macrophage activation triggered by IFN-y/TLR stimulation. The
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change in IRF8 SUMOylation coincided with a global shift in the nuclear protein
SUMOylation and the induction of enzymes that regulate SUMO pathways. Among multiple
SUMO-deconjugating enzymes, SENP1 was induced most robustly in macrophages after
stimulation and removed SUMO from IRF8, leading to the reversal of SUMO-mediated
repression of target gene transcription. Our results are consistent with the paradigm in which
deSUMOylation causes derepression of key genes to allow progression of cellular
maturation, examples of which have been reported for monocytes, erythroid cells, and
keratinocytes (34-36).

Materials and Methods

Plasmids and vectors

pcDNAZ3.1 vectors (Invitrogen) containing mouse IRF8 cDNA or IRF8 tagged to GFP
(GFP-IRF8), CFP-IRF8, or Flag-IRF8 and those for T7- or V5-tagged SUMO1, SUMO?2,
SUMO3, and SUMO3GA were described (19, 32, 33). pcDNA3.1 vector for mutant Flag-
IRF8 was constructed by site-directed mutagenesis. SUMO3 fusions of IRF8 are described
in Supplemental Fig. 2. pcDNA 3.1 vector for a murine full-length Senpl with or without
hemagglutinin (HA) tag was constructed using pCMV-SPORT6-mSENP1 (Invitrogen). The
catalytic mutant C599S was constructed by site-directed mutagenesis from the above clone
(37). The plasmids for GFP-SUMO3, YFP-SUMO3, and YFP-SUMO3GA were constructed
from pEGFP-C1 or pEYFP-C1 vector by inserting PCR-amplified SUMO fragments into the
Xhol and HindllI sites of the vector. Senpl short hairpin RNA (ShRNA) vector was
constructed by inserting the following oligomers, 5’-gatccccTTCCACTCCAGCGTCAGGC
ttcaagagaGCCTGACGCTGGA-GTGGAAttttta-3/, 5/-
agcttaaaaaTTCCACTCCAGCGTCAGGC itctcttgaa-3’, and 5'-
GCCTGACGCTGGAGTGGAAQgg-3’ (si299 sequence) into pSuper-Puro vector
(Oligoengine). Retroviral pMSCV-puro vectors for wild-type (wt) IRF8 and GFP-IRF8 were
described, and those for GFP-SUMO3, SENP1, and the C599S mutant were constructed by
standard cloning procedures (22, 38) (Clontech).

Cells, coimmunoprecipitation, and SUMOylation assays

RAW 264.7 (RAW), NIH3T3, and 293T cells (American Type Culture Collection) were
maintained in DMEM with 10% FBS or 10% donor serum (for NIH3T3). IRF8/~
macrophage cell line, CL2 cells were cultured in RPMI 1640 and 10% FBS plus rM-CSF (5
ng/ml) (32). Bone marrow (BM)-derived macrophages were obtained by culturing BM
mononuclear cells in the presence of 20 ng/ml M-CSF (Invitrogen) for 5-6 d. BM-derived
IRF8~/~ DCs were cultured in the presence of FIt3L for ~4 wk. These cells exhibited a DC
progenitor-like property and differentiated into DCs after IRF8 transduction. Detailed
procedures and the properties of these DCs will be presented elsewhere (P. Tailor,
unpublished observations). Procedures for quantitative RT-PCR (qQRT-PCR), in vivo
SUMOylation, and coimmunoprecipitation assays were performed, as described (19).

Fluorescence resonance energy transfer and fluorescence recovery after photobleaching

Fluorescence resonance energy transfer (FRET) analyses were performed with NIH3T3 cells
transfected with CFP-IRF8 and/or YFP-SUMO3 or YFP-GA for 30 h on a Zeiss microscope
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Axiovert 200 with the Axiovision FRET software (39). Fluorescence recovery after
photobleaching (FRAP) assays were performed with NIH3T3 cells transduced with pMSCV
vector for GFP-IRF8 or GFP-IRF8 fused to SUMO1 or SUMO3, as described (38). Detailed
procedures are in Supplemental Fig. 3.

Chromatin immunoprecipitation analysis

Results

Chromatin immunoprecipitation (ChIP) analysis was performed essentially as described
(19). Briefly, CL2 cells expressing GFP-SUMO3, GFP-IRF8, or GFP-IRF8-SUMO3 from
the pMSCV vector were cross-linked with 1% formaldehyde for 10 min and sonicated in
Misonix Sonicator 3000. Chromatin preparations corresponding to 0.2 x 106 cells were
incubated with rabbit anti-GFP Ab (Abcam) or control rabbit IgG bound to Dyna-beads
protein G (Invitrogen) overnight at 4°C. Immunoprecipitated chromatin was decross-linked,
and purified DNA was analyzed by quantitative PCR using appropriate primers. The
percentage input was calculated as 2-[cycle threshold (CT) IP sample — CT input]

IRF8 is conjugated to SUMO2/3 in resting macrophages

To determine whether IRF8 is SUMOylated in macrophages, immunoprecipitation analysis
was performed with nuclear extracts from unstimulated RAW264.7 (hereafter RAW) cells
or RAW cells stimulated with IFN-y or IFN-y plus CpG (IFN-y/CpG). Materials precipitated
with anti-IRF8 Ab were blotted with anti-SUMO2/3 Ab. As shown in Fig. 1A (left panels),
in unstimulated cells, a fraction of IRF8 consistently exhibited SUMOZ2/3 reactivity, which
migrated more slowly than the rest of IRF8 (~62 kDa versus ~51 kDa), indicating
conjugation of SUMO2/3 to IRF8. However, the levels of SUMO 2/3-linked IRFS8 fell
noticeably when cells were stimulated with IFN-y or IFN-y/CpG. The total IRF8 levels,
however, increased after stimulation, as expected (32, 33). The detailed time course analysis
in Fig. 1A (right panels) showed very similar results, in that IRF8 was SUMOylated before
stimulation, which was attenuated upon macrophage activation. Those data indicate that
IRF8 is modified by SUMO2/3 in resting macrophages, but macrophage activation prompts
a reduction in SUMOylated IRF8. We did not detect conjugation of SUMOL to IRF8,
possibly suggesting that IRF8 may be predominantly modified by SUMO2 or SUMQ3 in
RAW cells under these conditions.

To confirm that IRF8 is a SUMO substrate, immunoprecipitation experiments were carried
out in 293T cells transfected with Flag-tagged IRF8 (Flag-IRF8) and V5-tagged SUMO1,
SUMO2, or SUMO3. Data in Fig. 1B showed that all three SUMO proteins are conjugated
to IRF8 (upper panel). A single, SUMO-conjugated IRF8 band was predominant after a
short exposure (upper middle panel). However, additional, multiple SUMO-conjugated
bands were visible upon a longer exposure (lower middle panel), suggesting that polymeric
SUMO chains were formed on IRF8, although a covalent linkage with other proteins may
also have occurred (40). In these assays, SUMO3 consistently gave more robust IRF8
modification than SUMO1 and SUMQ2, the basis of which has not been studied further. As
expected, immunoblot of whole-cell extracts (WCE) revealed that proteins other than IRF8
were also conjugated to V5-SUMOs (lower panel). Based on these data and the structural
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similarity between SUMO2 and SUMO3, we tested mostly the activity of SUMO3 in the
current study.

FRET analysis detects transfer of fluorescent energy from a donor to an acceptor that takes
place in two proteins of close physical proximity. This assay has been used to study SUMO
conjugation events in vitro and in vivo (41). To further solidify IRF8 SUMO conjugation in
vivo, NIH3T3 cells were transfected with CFP-IRF8 and YFP-SUMO3, or YFP-mutant
SUMO3 (SUMO3GA), in which the C-terminal amino acids GG were mutated to AA,
eliminating the SUMOylation activity (42). In microscopic inspection in Fig. 1C (left panel),
we detected FRET signals when CFP-IRF8 was coexpressed with YFP-SUMO3, but not
YFP-SUMO3GA. We quantified the microscopic observations by ranking FRET signals into
four levels, as recommended (39). More than 200 CFP- and YFP-positive cells were ranked
(Fig. 1C, right panel). About 50% of cells showed FRET signals with varying scores. In
contrast, nearly 90% cells expressing YFP-SUMOS3GA were FRET negative. These results
further support a close physical link between IRF8 and SUMO3.

Identification of K310 as a major IRF8 SUMO conjugation site

IRF8 has several amino acid motifs that conform to or resemble the consensus SUMO site,
WKXE. To identify a functional SUMO conjugation site in IRF8, the K residues in the
motifs were mutated to arginine (R), and the resultant mutants were tested for SUMOL or
SUMO3 conjugation. Results in Fig. 2 showed that mutation of K310 abolished conjugation
of both SUMO1 and SUMO3, whereas mutation of K72 did not. Immunostaining analysis
showed that both wt IRF8 and the IRF8 K310R mutant localized to the nucleus along with
SUMOZ3, confirming that the absence of SUMO conjugation was not due to dysregulated
localization of the mutant (Supplemental Fig. 1A). We also tested additional four K residues
that may serve as SUMO conjugation sites as assessed by a National Center for
Biotechnology Information database. Mutation of these sites had no effect on IRF8 SUMO
conjugation (Supplemental Fig. 1B, summary in Supplemental Fig. 1C). These data show
that K310 is a single, main SUMO conjugation site in IRF8.

SUMO3 conjugation inhibits IRF8 target gene transactivation

To assess the functional consequence of IRF8 SUMOylation, we tested wt IRF8, the K310R
mutant, and two additional IRF8-SUMO conjugate constructs for the ability to stimulate
1112b (IL12p40) and Ifnb (IFN-B) promoters. For the IRF8-SUMO conjugates, SUMO3 was
covalently conjugated to either the N terminus or C terminus of IRF8 (SUMO3-IRF8 or
IRF8-SUMO3, respectively; see diagram in Supplemental Fig. 1D). When transfected in
293T cells, IRF8-SUMO3 retained the SUMO moiety and migrated more slowly than IRF8,
but SUMO3-IRF8 was reverted to the size of unconjugated IRF8 within 30 h, presumably
due to the cleavage of SUMO from IRF8, indicating that the former was more stable than
the latter (see immunoblot data in Supplemental Fig. 1E). Molecularly constructed SUMO
conjugates such as these have been widely used for studying the functional significance of
SUMOylation, mostly because of improved stability (43). In luciferase assays performed in
RAW cells, wt IRF8 enhanced activities of both reporters by 2- to 5-fold, with a further
increase after IFN-y/CpG stimulation (Fig. 3A). K310R gave modest, but consistently higher
luciferase activities (25-50% increase) in both reporters. The SUMO3-IRF8 conjugate, from
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which SUMO3 was removed during culture, gave reporter activity comparable to wt IRF8.
In contrast, the stable SUMO conjugate, IRF8-SUMOQ3, did not stimulate either reporter.
Next, these IRF8 constructs were stably expressed in IRF8~/~ macrophages (named CL2)
and tested for mRNA expression of 1112b and Ccl9, IRF8 targets, that are important for
innate immune responses (Fig. 3B) (19, 32, 33). Wt IRF8 enhanced mRNA expression of
both genes before and after IFN-y/CpG stimulation. The K310R mutant further increased the
expression, although moderately, suggesting that SUMOylation represses IRF8
transactivation. Supporting this view, K310R increased expression of additional IRF8
targets, Pml and Ciita, over wt IRF8 by 40-60% (Supplemental Fig. 1F). IRF8-SUMOQO3, in
contrast, failed to enhance expression of these genes. IRF8-SUMO3 repression of gene
expression was not due to a nonspecific effect, because this construct did not repress
induction of TNF-a by IFN-y/TLR (Supplemental Fig. 1G). Similarly, when stably
expressed in IRF8~/~ DCs, wt IRF8 enhanced expression of 1112b and Ifnb mRNA after
CpG stimulation, but IRF8-SUMO3 did not (Fig. 3C) (22). Furthermore, wt IRF8, but not
IRF8-SUMO3, stimulated surface expression of MHC Il on DCs upon CpG stimulation
(Fig. 3D). When tested in RAW cells that express endogenous IRF8, IRF8-SUMO3
repressed IFN-y/CpG induction of 1112b and Ifnb, indicating that IRF8-SUMO3 repressed
endogenous IRF8 as well (Supplemental Fig. 1H). To study whether IRF8-SUMO3
negatively affects activity of endogenous IRF8, these results indicate that SUMO3
conjugation abrogates IRF8's capacity to stimulate target gene expression.

SUMO conjugation impairs genome-wide mobility of IRF8

SUMO conjugation alters intranuclear localization of some transcription factors (44, 45).
We checked localization of GFP-IRF8 and GFP-IRF8-SUMO3 in the nucleus of living cells,
both unconjugated and SUMO3-conjugated IRF8 distributed evenly in the nucleus,
indicating that SUMO3 conjugation did not alter the uniform distribution pattern reported
for IRF8 (32) (Fig. 4A). GFP-SUMO3, not conjugated to IRF8, tested as a control also
localized mostly in the nucleus, whereas free GFP distributed both in the cytoplasm and the
nucleus. We then asked whether SUMOylation affects an interaction of IRF8 with chromatin
by FRAP analysis. Most transcription factors, including IRF8, are highly mobile within the
nucleus and bind to chromatin with a rapid, on-and-off mode, which reflects a global,
genome-wide chromatin-scanning activity of the transcription factor, which is critical for
their function (38, 46). NIH3T3 cells expressing GFP-IRF8 or GFP-IRF8-SUMO3 were
briefly photobleached within a small area in the nucleus, and fluorescence recovery was
measured for the subsequent 28 s. Cells expressing free GFP or GFP-SUMO3 were also
tested as controls. Fig. 4B depicts the recovery profile for each construct obtained from 15
separate cells. Free GFP recovered almost instantly following photobleach (blue). Although
more slowly than free GFP, GFP-IRF8 also recovered rapidly, showing a t1;, of ~2 s (red)
(38). GFP-IRF8 regained original fluorescence intensity fully by 16 s. In contrast, GFP-
IRF8-SUMO3 showed a dramatically slower recovery, reclaiming only ~75% of the
original fluorescence even at the end of measurement (black). GFP-SUMOQ3, in contrast,
showed the slowest mobility (green) particularly evident in an early stage, suggesting its
tendency to bind to chromatin. In line with our results, SUMO1 was reported to move very
slowly in a similar FRAP assay (44). These results indicate that SUMO3 conjugation
markedly reduces IRF8's genome-wide mobility. Consistent with these data, we found that
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conjugation of SUMOL also dramatically reduced IRF8's real-time mobility (Supplemental
Fig. 2B).

SUMOylated IRF8 binds poorly to the [112b promoter

Having observed inhibition of global IRF8 mobility by SUMO conjugation, it was of
interest to assess whether SUMO conjugation affects binding of IRF8 to specific target sites.
ChIP analysis was performed for the 1112b gene in CL2 macrophages stably expressing
GFP-IRF8 or GFP-IRF8-SUMO3. Anti-GFP Ab was used to detect binding of IRF8 to four
regions within the 1112b gene, that is, 1.8 kb upstream promoter, the transcription start site
(TSS), and two coding regions (see Fig. 4C for the 1112b gene map and the location of the
primers used for ChlP in the bottom). After IFN-y stimulation, GFP-IRF8 bound at/near the
TSS, and this binding was further increased upon stimulation with CpG. Binding of GFP-
IRF8-SUMOZ3 to the TSS was lower than that of GFP-IRF8, although consistently above
background. Neither GFP-IRF8 nor GFP-IRF8-SUMO3 bound to other regions of 1112b.
The TSS-restricted binding was expected, because a target site of IRF8 was identified in the
proximal promoter in the gene (22). As expected, free GFP and GFP-SUMO3 did not bind
to any of 1112b regions tested, validating specificity of IRF8 binding. These results indicate
that SUMO3 conjugation reduces, but does not abolish IRF8's ability to bind to a target site.
Consistent with this view, IRF8-SUMO3 bound less efficiently to another target, Cst3, than
wt IRF8 (data not shown).

IFN-y and TLR stimulation triggers a global shift in SUMOylated nuclear proteins in
macrophages

We next asked whether macrophage activation changes SUMOylation of proteins other than
IRF8. This question was asked, because we previously observed that IFN-y/TLR stimulation
of macrophages causes a large increase in ubiquitinated nuclear proteins (47). To detect
SUMO2/3-conjugated nuclear proteins, extracts from unstimulated or stimulated RAW cells
were blotted with anti-SUMO2/3 Ab (Fig. 5A). SUMO2/3-conjugated proteins were
markedly increased after stimulation by IFN-y/CpG, IFN-y/LPS, and Newcastle disease
virus. The increase was particularly noticeable at 14-24 h. The levels of transcription factor
I1 B (TFIIB), tested as a loading control, remained unchanged. Stimulation by CpG or LPS
alone led to only a meager increase in SUMOylated proteins, whereas IFN-y stimulation
alone resulted in a more substantive increase, in line with the observations on ubiquitinated
proteins (Supplemental Fig. 3A) (47). A similar, but less dramatic increase was detected for
SUMO1-conjugated nuclear proteins after IFN-y/TLR stimulation (Supplemental Fig. 3B).
Together, a large number of nuclear proteins are conjugated to SUMO after RAW
macrophage cell activation. The global shift in SUMOylated proteins observed in this study
is reminiscent of stress-induced changes in SUMOylated proteins reported in other cell
types, in which some proteins are newly SUMOylated, whereas others are deSUMOylated
after stress (8-11).
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SENP1 is induced in macrophages after IFN-y/CpG stimulation and deconjugates SUMO3

from IRF8

In light of the results that IRF8 SUMOylation decreased after IFN-y/CpG stimulation,
despite the global increase in SUMOylated nuclear proteins (Fig. 1A), we considered the
possibility that IRF8 is one of those proteins that are deSUMOylated upon macrophage
activation, examples found in other types of stress (8—11). Before testing whether SUMO
was enzymatically removed from IRF8, we asked whether expression of Senp genes that
encode SUMO-deconjugating enzymes alters after macrophage activation (3, 4, 48). We
tested all seven Senp transcripts expressed in RAW cells. As shown in Supplemental Fig.
3C, that among all seven Senp transcripts, Senpl mMRNA was most robustly induced in
RAW cells after IFN-y/CpG stimulation: other Senps (Senp2—-Senp6) were also induced,
although weakly, although Senp7 and Senp8 were not. Immunoblot results shown in
Supplemental Fig. 3D indicated that SENP1 protein was not detectable before stimulation,
but induced after stimulation. In BM-derived macrophages, Senpl mRNA was also induced
along with other Senps after stimulation (Supplemental Fig. 3E). Given the global increase
in SUMOylated proteins after macrophage activation (Fig. 5A), we also tested expression of
genes involved in SUMO conjugation. As shown in Supplemental Fig. 3E, IFN-y/TLR
stimulation strongly induced all four SUMO E3 ligases of the PIAS family, Piasl, Pias2,
Pias3, and Pias4. Furthermore, ubiquitin-conjugating enzyme E2I and all three Sumo genes
were also induced after IFN-y/TLR stimulation.

Thus, IFN-v/TLR stimulation enhanced expression of genes encoding factors that catalyze
both SUMOQylation and deSUMOylation.

SENP1 has been shown to interact with a substrate protein, as detected by
coimmunoprecipitation assays (49). We performed coimmunoprecipitation experiments with
cells expressing Flag-IRF8 and HA-SENP1. As shown in Fig. 5B, IRF8 and SENP1 were
coprecipitated when expressed together, supporting the possibility that IRF8 may serve as a
SENP1 substrate. We next tested whether SENP1 catalyzes deSUMOylation of IRF8. Flag-
IRF8 was coexpressed with wt HA-SENP1 or C599S, a SENP1 mutant lacking the catalytic
activity, along with V5-SUMO3, and coimmunoprecipitation experiments were performed
with anti-Flag Ab (37). As shown in Fig. 5C, in the absence of SENP1, Flag-IRF8 was
readily conjugated to SUMO3. However, SUMO3 conjugation was virtually absent when
SENP1 was coexpressed. Consistent with an enzymatic basis of this effect, the C599S
mutant did not affect Flag-IRF8 SUMO3 conjugation (upper two panels). Immunoblot data
in lower three panels showed that SENP1 and IRF8 were properly expressed and that
SENP1, but not the C599S mutant, globally reduced SUMOylated proteins in the cells.
Thus, SENP1 can remove SUMO3 from its substrate, IRF8. Reinforcing deSUMOylating
activity of SENP1, polymeric SUMO chains linked to the IRF8-SUMO3 conjugate were
also removed from IRF8 by SENP1, but not by the mutant (Supplemental Fig. 4A).

Ectopic SENP1 expression enhances IRF8 transactivation

To study whether SENP1 alters repressive activity of SUMOylated IRF8, we performed
reporter assays with the 1112b and Ifnb promoters (Fig. 5D). The activity of both promoters
was enhanced by transfection of IRF8, as expected. Cotransfection of wt SENP1 further
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enhanced activity of both reporters in a dose-dependent manner. However, the C599S
mutant did not enhance activity of either reporter, indicating that SENP1 enhanced reporter
activity by reducing SUMO conjugation. Supporting this idea, SENP1 had no effect on
reporter activity by the K310R mutant (Supplemental Fig. 4E). To further investigate the
effect of SENP1 expression on IRF8 function, SENP1 was stably introduced in IRF8~~ CL2
macrophages along with IRF8 by retroviral transduction, and expression of endogenous
IRF8 target genes was tested. Results in Fig. 5E showed that IRF8 alone enhanced 1112b and
Ccl9 transcripts, and cotransduction of SENP1, but not C599S, further increased their
expression. The effect of SENP1 coexpression was highly reproducible, and consistently
seen with samples prepared separately. Cotransduction of IRF8 and SENP1, but not C599S
in IRF8~/~ DCs also led to increased expression of 1112b and Ifnb mRNAs (Fig. 5F). Thus,
SENP1 increases IRF8's ability to transactivate target genes, presumably by
deSUMOylating IRF8.

SENP1 knockdown weakens IRF8 transactivation

To ascertain whether SENP1 promotes IRF8 transactivation, we knocked down Senpl
expression by shRNA and tested its effect on IRF8 target gene expression. Immunoblot
analysis in Supplemental Fig. 4B showed that SENP1 protein levels were markedly reduced
when Senpl shRNA vector, but not scrambled shRNA (ctrl), was coexpressed in NIH3T3
cells. Senp and control ShRNA were then stably expressed in CL2 macrophages along with
IRF8, and tested for their effects on 1112b and Ccl9 induction. Results in Fig. 6A showed
that Senpl shRNA reduced induction of both genes by ~30-45% relative to control ShRNA
or vector alone. Similarly, Senpl shRNA reduced levels of 1112b and Ifnb induction
approximately by half in DCs (Fig. 6B). Induction of additional IRF8 targets, Ciita, Ccl9,
and Irf7, was also reduced in the presence of Senpl shRNA (Supplemental Fig. 4C, 4D).
These results further support the idea that SENP1 relieves IRF8 of SUMO-mediated
transcriptional repression.

Discussion

IRF8 plays a pivotal role in eliciting innate immune responses in activated macrophages and
DCs (22, 29, 30, 32). We show that, in unstimulated RAW macrophages, IRF8 was
SUMOylated, in a state unable to transactivate target genes. IRF8 became deSUMOylated
after IFN-y/TLR stimulation, coinciding with transactivation. The change in IRF8
SUMOylation took place in the wake of larger changes in SUMO-conjugated nuclear
proteins, which was set off upon macrophage activation: RAW cell activation caused a
global increase in SUMOylated proteins, accompanying induction of Sumo 1, 2, 3, the E2
enzyme ubiquitin-conjugating enzyme E21, and all four Pias E3 ligases. Paralleling with
these changes, however, there was a dramatic induction of multiple Senp deSUMOylating
enzymes. The simultaneous induction of enzymes that catalyze opposite reactions indicates
that SUMO maodifications occur in a bidirectional fashion during macrophage activation,
where some proteins are newly SUMOylated, whereas others are deSUMOQylated. Clearly,
IRF8 belongs to the latter. Both events are likely to be relevant to the execution of innate
immune responses. Somewhat analogous to our observations, Deyrieux and Wilson (34)
reported that cellular SUMOylation dynamic plays a critical role in keratinocyte
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differentiation. During Ca2*-induced keratinocyte differentiation enzymes of SUMOylation
pathways, E1, E2, and E3 as well as SENP1 are induced to globally alter SUMOylation of
many proteins that is required for proper keratinocyte differentiation. In contrast, a variety of
stress, including heat shock, oxidative stress, and genotoxic stress, prompts changes in
SUMOylation of many proteins, which most likely contribute to cells' stress responses (8,
10, 11, 50). Macrophage activation may share aspects of stress response, a view supported
by the production of reactive oxygen species and NO in activation macrophages (23-25).

SUMOylation of IRF8

In RAW cells, a portion of IRF8 was conjugated to SUMO, mostly SUMO2/3 through the
K310 residue. Coimmunoprecipitation analysis indicated that IRF8 can conjugate both
monomeric and polymeric SUMO peptides, similar to other proteins (40, 51). SUMOylated
IRF8 was associated with transcription repression, as judged by enhanced transactivation by
the K310R mutant and diminished activation by the IRF8-SUMO3 conjugate, a conclusion
consistent with the large body of literature (1, 6, 7, 48). FRAP analysis found that SUMO
conjugation impairs genome-wide mobility of IRF8, an in vivo parameter that signifies
functional integrity of a transcription factor (38, 46). The reduced IRF8 mobility may be
partly accounted for by the property of SUMO3 itself, because GFP-SUMO3 exhibited a
very slow mobility as well. The slow mobility of SUMO3 noted in this work is in agreement
with a report on SUMOL1 (44). In ChlIP analysis, binding of the IRF8-SUMO3 conjugate to
the 1112b target site was weaker than that of wt IRF8. The weakened target binding may be
accounted for by the assembly of multiple repressive factors and poor genome-wide
mobility (6, 7). In addition, epitope sequestration by assembled factors cannot be ruled out
for reduced target binding.

IRF8 SUMO deconjugation by SENP1

SUMOylated IRF8 levels fell following macrophage activation, coinciding with marked
induction of SENP1. Supporting the role for this enzyme in processing SUMOylated IRF8,
SENP1 removed SUMO3 from IRF8 in a manner dependent on its catalytic activity. SENP1
could reduce monomeric and polymeric SUMO3 from IRF8. Moreover, SENP1 altered the
functional property of IRF8, because SENP1 ectopic expression enhanced promoter activity
and mRNA expression of IRF8 target genes. Supporting a direct link between
deSUMOylation and IRF8 transactivation, SENP1 enhancement of IRF8 activity was also
dependent on the intact catalytic activity. Moreover, the enhancing effect of SENP1 was
reversed by shRNA-based Senpl knockdown. These results led us to suggest a model in
which SENP1, by virtue of its deSUMOylating activity, switches IRF8 from a repressor to
an activator, a change critical for functional macrophage activation by IRF8 (Fig. 6C). At
present, the mechanism by which SENP1 selectively deSUMOylates IRF8 among other
proteins remains elusive. It is possible that a ready physical interaction between the two
proteins as observed by our coimmunoprecipitation assays may be a basis of substrate
selectivity. Given that other SENPs besides SENP1 were also induced after IFN-y/TLR
stimulation, albeit less strongly, it is conceivable that they also take part in deSUMOylation
of IRF8 or more likely other substrates. SENP members have different activities, ranging
from SUMO maturation to chain editing to SUMO deconjugation (3, 4). SENPs are also
differentially distributed in the nucleus. Some of these SENPs are shown to relieve SUMO-
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mediated transcriptional repression. For example, SENP1 deconjugates SUMO from
HDACL and p300 to relieve repression (48, 49). Sirtuin 1 is constitutively SUMOylated, the
state that confers full deacetylase activity. Sirtuin 1 is deSUMOylated by SENP1 after UV
radiation or by oxidative stress, leading to in-activation of its histone deacetylase activity
and increased apo- ptosis (49). SENPs are involved in other regulatory processes. Senpl~/~
mice are embryonic lethal due to the dysregulation of HIF-1a stability, which is controlled
by SUMOylation (48, 52). Moreover, Huang et al. (7, 53) recently demonstrated that SENP3
plays a role in regulating inflammatory gene expression in a model in which SUMOylated
liver X receptor transrepresses NF-xB-activated genes by recruiting the NCOR complex.
This trans-repression was relieved by SENP3 recruited to the target genes by interacting
with liver X receptor. Another recent study showed that SENP3 is also involved in p300
deSUMOylation and HIF-1a transactivation (54).

Our proposition that IRF8 deSUMOQylation is causally linked to its functional activation in
macrophages gains further credence in view of an emerging paradigm in which SENPs play
an integral role in promoting maturation of hematopoietic cells. Tillmanns et al. (35) showed
that the maintenance of myeloid progenitor cells depends on MafB repression through its
SUMOylation. In that report, a MafB mutant lacking SUMOylation site prompts premature
macrophage differentiation. Furthermore, GATAL, a transcription factor that regulates the
globin gene switch, is deSUMOylated by SENP1 during RBC development (36). GATAL
deSUMOylation is shown to be a critical step for erythrocyte formation, as evidenced by the
absence of erythropoiesis in Senp1~/~ fetal liver cells (36).

In summary, by its deSUMOylating activity, SENP1 switches repressive IRF8 to a potent
transactivator, an event fundamental to the onset of innate immune responses in
macrophages.
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Figure 1.

IRF8 SUMOylation status in resting and activated macrophages. (A) Left panels, Nuclear
extracts (500 ug) from unstimulated RAW cells or stimulated with IFN-y (150 U/ml) for 8 h
or IFN-y overnight, followed by CpG (150 ng/ml) for 6 h, were immunoprecipitated with Ab
for IRF8 and blotted against SUMO2/3 or IRF8. Extracts were blotted for TFIIB for loading
control. Right panels, Unstimulated RAW cells (0) or stimulated with IFN-y overnight,
followed by CpG for indicated times and nuclear extracts, were tested, as above. TFIIB was
tested as a loading control. (B) 293T cells (1 x 106) were transfected with Flag-IRF8 (1 ug),
V5-SUMO1, SUMO2, or SUMO3 for 30 h, and extracts were precipitated with anti-Flag Ab
and blotted with anti-V5 or anti-Flag Ab. The lower middle panel depicts results of a longer
exposure revealing multiple SUMOylated IRF8 bands. The bottom panel indicates
immunoblot of WCE with anti-V5 Ab. (C) NIH3T3 cells (1 x 106) were transfected with 1
ug CFP-IRF8 and YFP-SUMO3 or SUMO3GA for 30 h and tested for a real-time
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interaction of IRF8 with SUMO3 by FRET analysis. Only SUMO3, not SUMO3GA, gave
FRET signals (upper panel). In the lower panel, FRET signals were quantified by scoring
fluorescent intensity of ~200 cells, according to the modified Youvan method.
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Figure2.

Identification of a SUMOylation site in IRF8. The 293T cells transfected with Flag-IRF8
mutants (K72R or K310R) and T7-SUMO1 or V5-SUMO3 were immunoprecipitated with
anti-Flag Ab and blotted with anti-T7 and anti-V5 Ab (upper middle panel) or anti-Flag Ab
(lower middle panel). Vector alone and wt Flag-IRF8 (wt) were tested as controls. The
bottom panel indicates immunoblot analysis of WCE.
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40

SUMO3 conjugation represses transactivation of IRF8 target genes. (A) RAW cells (1 x
10%) were transfected with 600 ng indicated luciferase reporters, 800 ng pcDNA-IRF8
vectors, and 60 ng pRL-TK vector for 30 h and stimulated with IFN-y overnight and CpG
for 6 h. Reporter activity was normalized by Renilla luciferase activity. Values represent the
average of three assays + SD. Statistical significance was tested by Student t test; *p < 0.01,
**p < 0.005. (B) IRF8~/~ macrophages (CL2) were transduced with pMSCV vectors for wt
IRF8, K310R mutant or SUMO3-IRF8, or IRF8-SUMO3 for 5 d and stimulated with (filled
bars) or without (open bars) IFN-y and CpG. Levels of 1112b and Ccl9 transcripts were
measured by gRT-PCR. Values represent the average of three determinations + SD.
Statistical significance was tested by Student t test; *p < 0.01, **p < 0.005. (C) IRF8~/~ DCs
were transduced with the above vectors for 5 d and stimulated with (filled bars) or without
(open bars) CpG for 7 h and 1112b and Ifnb transcript levels were measured, as above.

Statistical significance was tested by Student t test; **p < 0.005. (D) IRF8~ DCs

transduced with indicated vectors were stimulated with or without CpG for 36 h, and
expression of MHCII (1-AP) was detected by flow cytometry. The gray lines indicate signals

by control 1gG.
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Figure4.
SUMO3 conjugation reduces genome-wide mobility of IRF8 and target-binding activity. (A)

NIH3T3 cells were transduced with pMSCV vectors for GFP alone, GFP-SUMO3, wt GFP-
IRF8, or GFP-IRF8-SUMO3, and localization of each construct was viewed by live cell
imaging. (B) In FRAP analysis, a small region within the nucleus was bleached at indicated
time, and the recovery of fluorescence (FL) signals was plotted against time (sec). The
recovery curves represent the average of 15 separate cells. See reduced recovery of GFP-
IRF8-SUMO1 in Supplemental Fig. 3. (C) CL2 cells were transduced with indicated
pMSCV vectors and stimulated with IFN-y or IFN-y/CpG. Binding of these constructs to the
indicated regions of the 1112b gene was tested by ChIP using anti-GFP Ab. Values represent
the average of three determinations + SD. The bottom diagram indicates the exon-intron
organization of 1112b. The arrow marks the TSS.
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Figureb5.

Macrophage activation triggers a global change in SUMOylated nuclear proteins, and the
SENP1 enhances IRF8 transactivation. (A) RAW cells were stimulated with IFN-y
overnight, followed by stimulation by Newcastle disease virus, LPS, or CpG for indicated
time. A total of 30 pg nuclear extracts was resolved in 4-12% Nu PAGE and blotted with
anti-SUMO2/3 Ab. 0, indicates no treatment. (B) 293T cells were cotransfected with 2 pg
pcDNA vector for Flag-IRF8 and 2 ug HA-Senpl and 500 ug lysates were
immunoprecipitated with anti-Flag Ab and blotted with anti-HA Ab (upper panel) or Flag
(middle panel). In the lower panel, WCE (20 ug) were blotted with Ab for Flag. (C) 293T
cells were transfected with 0.5 pg pcDNA vector for V5-SUMO3, 1 g Flag-IRF8, and 1 g
HA-SENP1 or HA-C599S. A total of 500 pg lysates was immunoprecipitated with anti-Flag
Ab and blotted with anti-V5 or anti-Flag Ab. In the two lower panels, WCE (20 ug) were
immunoblotted with indicated Ab. (D) RAW cells were transfected with luciferase reporters
for the 1112b or IFNb promoters, increasing amounts of pcDNA vectors for SENP1 or
C599S (200, 400, 800 ng), IRF8 (800 ng), and pRL-TK and stimulated with IFN-y/CpG, and
luciferase activity was measured, as above. The values represent the average of three
determinations + SD. (E) CL2 macrophages were transduced with pMSCV vectors for IRF8
and SENP1 or the C599S mutant for 5 d and stimulated with or without IFN-y/CpG.
Expression of indicated transcripts was tested by qRT-PCR, as above. (F) IRF8~~ BM DCs
(106 cells) were transduced with indicated vectors for 5 d and stimulated with CpG for 4 h,
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and expression of indicated transcripts was tested, as above. The values represent the
average of three determinations + SD. Statistical significance was tested by Student t test; *p
< 0.01, **p < 0.005.
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Figure®6.
SENP1 knockdown inhibits IRF8 transactivation. (A) CL2 cells were transduced with

pMSCYV vector for wt IRF8, along with empty vector, control ShRNA, or Senpl shRNA
pSuper vector, and cultured for 5 d, followed by stimulation with IFN-y/CpG. Expression of
indicated genes was measured by qRT-PCR, as above. (B) IRF8~/~ BM DCs (10° cells)
were transduced with viral vectors, as above, and stimulated with CpG for 4 h. The values
represent the average of three determinations + SD. Statistical significance was tested by
Student t test; **p < 0.005. (C) SUMO conjugation-deconjugation switches IRF8 function: a
model. SUMO-conjugated IRF8 present in resting macrophages acts as a repressor.
Activation of macrophages with IFN-y or IFN-y/TLR stimulates SENP1 expression. SENP1
then removes SUMO from IRF8, converting it to a transcriptional activator. This SUMO
switch is critical for the induction of IRF8-regulated genes.

J Immunol. Author manuscript; available in PMC 2014 September 09.



