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Tripartite Motif-Containing Protein 28 Is a Small

Ubiquitin-Related Modifier E3 Ligase and Negative Regulator

of IFN Regulatory Factor 7

Qiming Liang,* Hongying Deng,* Xiaojuan Li,* Xianfang Wu,* Qiyi Tang,†

Tsung-Hsien Chang,‡ Hongzhuang Peng,x Frank J. Rauscher, III,x Keiko Ozato,‡ and

Fanxiu Zhu*

IFN regulatory factor 7 (IRF7) is a potent transcription factor of type I IFNs and IFN-stimulated genes and is known as the master

regulator of type I IFN-dependent immune responses. Because excessive responses could harm the host, IRF7 itself is delicately

regulated at the transcriptional, translational, and posttranslational levels. Modification of IRF7 by small ubiquitin-related modi-

fiers (SUMOs) has been shown to regulate IFN expression and antiviral responses negatively, but the specific E3 ligase needed for

IRF7 SUMOylation has remained unknown. As reported in this article, we have identified the tripartite motif-containing protein 28

(TRIM28) as a binding partner of IRF7. We have demonstrated that TRIM28 also interacts with the SUMO E2 enzyme and

increases SUMOylation of IRF7 both in vivo and in vitro, suggesting it acts as a SUMO E3 ligase of IRF7. Unlike the common

SUMO E3 ligase, protein inhibitor of activated STAT1, the E3 activity of TRIM28 is specific to IRF7, because it has little effect

on IRF7’s close relative IRF3. TRIM28 is therefore, so far as we know, the first IRF7-specific SUMO E3 reported. TRIM28-

mediated SUMOylation of IRF7 is increased during viral infection, and SUMOylation of transcription factors usually results in

transcriptional repression. Overexpression of TRIM28 therefore inhibits IRF7 transactivation activity, whereas knockdown of

TRIM28 has the opposite effect and potentiates IFN production and antiviral responses. Collectively, our results suggest that

TRIM28 is a specific SUMO E3 ligase and negative regulator of IRF7. The Journal of Immunology, 2011, 187: 4754–4763.

I
nterferons are the central components of host innate immune

responses to viral infections; their expression is regulated

by transcriptional IFN regulatory factors (IRFs), particularly

IRF3 and IRF7. Upon viral infection, virus-specific pathogen-

associated molecular patterns are recognized by host pathogen-

recognition receptors, such as TLR and retinoic acid-inducible

gene I (RIG-I)-like receptor, that initiate a series of intracellular

signaling events, leading to phosphorylation, dimerization, nuclear

accumulation of IRF3 and IRF7, and ultimately stimulation of

IFN gene transcription (1–5). IRF3 is expressed ubiquitously and

constitutively and is involved in early responses to viral infection,

whereas IRF7 is expressed at low levels in most cell types except

cells of lymphoid origin, but its expression is upregulated by IFNs

and viral infections (1, 6, 7). Studies with knockout mice have

revealed that IRF7 is indispensable for induction of type I IFNs in

most cell types and thus regarded as the master regulator of type

I IFN-dependent responses (2, 3). The critical role of IRF7 in

controlling IFN induction is supported by the finding that a variety

of viruses encode proteins directed at IRF7 as counter measures to

disarm the IFN-dependent host antiviral responses. For example,

the open reading frame 45 of Kaposi’s sarcoma-associated her-

pesvirus (KSHV) inhibits IRF7 by blocking its virus-induced

phosphorylation and nuclear translocation, RTA of KSHV acts

as a ubiquitin ligase to promote ubiquitination and degradation of

IRF7, and VP35 of Ebola Zaire virus promotes SUMOylation of

IRF7 and suppresses its transactivation activity (8–13).

Although the induction of IFNs plays a pivotal role in host

immune defenses against viral infection, uncontrolled and exces-

sive IFN responses would harm the host and have been implicated

in autoimmune and other diseases (14, 15). Hosts have therefore

evolved elaborate mechanisms involving diverse components of

the signaling pathways to control the strength and duration of IFN

responses. For examples, A20 negatively regulates RIG-I activity,

NLRX1 interacts with MAVS and inhibits MAVS-mediated IFN

production, RNF5 works as a ubiquitin E3 ligase to promote

MITA degradation, IL-1R–associated kinase-M impairs TLR

signaling by blocking the formation of an IL-1R–associated ki-

nase–TNFR-associated factor 6 complex, and ATF4 links inte-

grated cellular stress responses and innate immune responses to

downregulate IRF7 and IFN expressions (16–20). The IRFs

themselves are also subjected to multiple layers of regulation,

including transcriptional and translational (6, 21) as well as post-

translational modifications and/or associations with other proteins,

including phosphorylation (22, 23), acetylation (24), ubiquitina-

tion (9, 25–27), and SUMOylation of IRF7 and IRF3 (28).
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SUMOylation, a posttranslational conjugation of small ubiq-

uitin-like modifiers (SUMOs) to lysine residues of target protein

substrates, has emerged as a central mechanism in modulating

cellular functions (29–31). In mammals, at least three SUMO

isoforms are known: SUMO1, SUMO2, and SUMO3 (SUMO2

and SUMO3 are 96% identical). Like ubiquitination, SUMOyla-

tion requires three-step enzymatic reactions involving the acti-

vating enzyme E1 (SAE1/SAE2), conjugating enzyme E2 (Ubc9),

and ligase E3 such as protein inhibitor of activated STAT (PIAS)

family proteins (32, 33). SUMOylation usually occurs within

the consensus motif, cKX(E/D) (c is a hydrophobic residue, X is

any residue, and K is the lysine conjugated to SUMO), but ex-

ceptions occur (34). SUMOylation of transcription factors and

cofactors usually results in transcriptional repression (29, 30, 35,

36). Indeed, we recently found that SUMOylation of IRF7 and

IRF3 suppresses their transactivation activities and thus IFN in-

duction (28).

The tripartite motif-containing (TRIM) protein family has .60

members in humans. Each member protein characteristically

contains a RING domain, one or two B box domains (cysteine/

histidine-rich motifs), and a helical coiled-coil domain in the N-

terminal region (37, 38). Many members of the TRIM family are

involved in regulation of innate immune responses. For example,

TRIM5a is well known for restricting retrovirus replication (39–

41); TRIM25 is a RING-finger E3 ubiquitin ligase of RIG-I and is

essential for its activation by K63-linked ubiquitination (42);

TRIM21 causes the degradation of IRF3 and IRF7 by K48-linked

ubiquitination (25, 43); TRIM30a catalyzes K48-linked ubiquiti-

nation of both TAB2 and TAB3 and directs them to degradation,

thus inhibiting NF-kB activation (44); TRIM19, also known as

promyelocytic leukemia protein (PML), is the key constituent

protein of the distinct intranuclear PML body (also known as

ND10) and is involved in inhibition of a wide range of RNA and

DNA viruses (45).

TRIM28, also known as Krüppel-associated box (KRAB)-

associated protein 1 (KAP1) and transcription intermediary fac-

tor 1b, has been reported to be a transcriptional corepressor for

some transcription factors, in particular for the KRAB domain-

containing zinc finger transcription factors (46, 47). TRIM28

interacts with heterochromatin protein 1 (HP1) and is a compo-

nent of several chromatin-remodeling complexes such as histone

methyltransferase SET domain bifurcated 1 (SETDB1), the

nucleosome-remodeling and histone deacetylation (NuRD) com-

plex, and the nuclear-receptor corepressor complex 1 (N-CoR1)

(48, 49). TRIM28-mediated corepression relies on the plant

homeodomain and bromodomain (BR) in the C-terminal region

(49). Besides functioning as a transcriptional cofactor, TRIM28

has also been shown to be involved in, for example, DNA double-

strand break repair (50), restricting retrovirus replication (51), and

regulation of self-renewal of embryonic stem cells (52). In an

effort to elucidate the mechanism of IRF7 activation, we at-

tempted to identify cellular proteins associated with IRF7. In the

work reported in this paper, we found that TRIM28 interacts with

IRF7 and increases its SUMOylation both in vivo and in vitro. We

provide further evidence that TRIM28 is a specific SUMO E3

ligase of IRF7 and negatively regulates its activity and IFN-based

antiviral responses, supporting the expanding roles of TRIM pro-

teins in regulation of innate immunity.

Materials and Methods
Cell culture and reagents

Human embryonic kidney (HEK)293, HEK293T, and human alveolar
epithelial A549 (53) cells were cultured in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, and antibiotics. The Abs used in this study were

purchased from Sigma-Aldrich (mouse anti-Flag [M2], anti-hemagglutinin
[HA], anti-vesicular stomatitis virus [VSV]-G, and anti–b-actin), Santa
Cruz Biotechnology (rabbit anti-IRF7), Cell Signaling Technology (rabbit
anti-TRIM28), Abcam (mouse anti-SUMO2), and BD Clontech (mouse
anti-enhanced GFP). Sendai virus was purchased from Charles River
Laboratories. N-Ethylmaleimide, 33 Flag peptides, and 33 HA peptides
were purchased from Sigma-Aldrich.

Plasmids

Flag-IRF7 constructs of aa 1–503 (full length), 1–135, 1–283, 283–503,
and 283–466 were generated by cloning of PCR amplified fragments into
pCMV-TAG3 (Stratagene). We purchased human full-length TRIM28 from
Origene and subcloned it into pKH3 vector to generate pKH3-TRIM28.
DNA fragments of TRIM28 1–835 (full length), 1–617, 140–835, 140–
617, 1–400, 400–835, 1–140, 140–400, 400–617, and 617–835 were
generated by PCR from pKH3-TRIM28 and cloned into pEGFP or pGEX-
5X vectors. pEGFP-PIAS1 was generated by subclone from pcDNA 3.1–
PIAS1-HA (10) into pEGFP vector. pFlag-Ubc9 has been described pre-
viously (54).

Immunoprecipitation

For immunoprecipitation (IP) of Flag-tagged proteins in HEK293T cells,
transfected cells were washed with cold PBS and lysed with whole-cell lysis
(WCL) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Nonidet P-40
[NP-40], 1 mM sodium orthovanadate, 40 mM b-gylcerophosphate, 1 mM
sodium fluoride, 10% glycerol, 5 mM EDTA, 5 mg/ml aprotinin, 5 mg/ml
leupeptin, 5 mM benzamidine, and 1 mM PMSF). Cell lysates were
centrifuged at 10,000 3 g for 10 min at 4˚C and incubated with EZview
red anti-Flag M2 beads for 4 h or overnight at 4˚C. After the bound pro-
teins were washed with lysis buffer twice and TBS (50 mM Tris-HCl [pH
7.4] and 150 mM NaCl) three times, they were eluted by incubation with
150 mg/ml 33 Flag peptide in TBS for 1 h at 4˚C. For IP of endogenous
IRF7, cells were washed with cold PBS and lysed in WCL. Cell lysates
were centrifuged at 10,000 3 g for 10 min at 4˚C and precleared with 20
ml prewashed protein G beads for 2 h at 4˚C. Then, cell lysates were in-
cubated with 3 mg anti-IRF7 Ab or control IgG overnight at 4˚C. After
incubation with Ab, 50 ml prewashed protein G beads were added to each
sample and incubated for another 4 h at 4˚C. After the beads were washed
with lysis buffer twice and TBS three times, they were boiled in Laemmli
sample buffer.

In vitro translation and GST pull down

Methionine-labeled IRF7 (35S-IRF7) was produced by in vitro translation
with the TNT Coupled Reticulocyte Lysate Kit (Promega). GST-tagged
proteins were expressed in Escherichia coli BL21 cells and purified with
glutathione Sepharose beads. Equal amounts of GST and GST-tagged
proteins were mixed with 5 ml of the translation product of IRF7 in 0.5 ml
buffer (25 mM Tris-Cl [pH7.5], 1 mM EDTA, 150 mM NaCl, 0.1% NP-
40, and 10% glycerol). After rotation at 4˚C for 4 h, 50 ml glutathione
beads were added to each mixture and rotated for an additional 30 min.
The beads were washed extensively, and the bound proteins were eluted
and analyzed with SDS-PAGE. The gel was dried and analyzed by Phos-
phorImager.

In vivo SUMOylation assay

Plasmids expressing Flag-IRF7 (7 mg), HA-SUMO2 (7 mg), and GFP-
TRIM28 (7 mg) were cotransfected into HEK293T cells (2 3 106 cells
in a 100-mm dish). Forty-eight hours after transfection, the cells were
washed with PBS, harvested, and lysed with 150 ml SDS lysis solution
(150 mM Tris-Cl [pH 6.8], 5% SDS, and 30% glycerol). After brief son-
ication, the cell lysates were diluted 1/10 with dilution buffer (PBS with
0.5% NP-40, 13 complete protease inhibitor, and 20 mM freshly dissolved
N-ethylmaleimide). The diluted cell lysates were immunoprecipitated with
anti-Flag affinity resins. The immunocomplexes were then analyzed by
Western blot with anti-HA and anti-Flag Abs.

In vitro SUMOylation assay

SUMO2, E1, and Ubc9 proteins, SUMO conjugation reaction buffer, and
Mg-ATP were purchased from Boston Biochem (Cambridge, MA). Flag-
IRF7 inhibitory domain (ID) and HA-TRIM28 were transiently overex-
pressed in HEK293T cells and purified with the affinity resins. For the
in vitro SUMOylation assays, SUMO2 (2 mg), E1 (200 ng), Ubc9 (100 ng),
Flag-IRF7 ID (1 mg), and HA-TRIM28 (2 mg) were mixed with different
combinations and incubated at 30˚C for 3 h. The mixtures were then
immunoprecipitated with anti-Flag affinity resins, and the IP complexes
were analyzed by Western blot with anti-SUMO2 and anti-Flag Abs.

The Journal of Immunology 4755
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RNA interference

Hairpin-forming oligonucleotides were designed and cloned into RNAi-
Ready pSIREN-RetroQ vector (BD Clontech), according to the manufac-
turer’s instructions. Four target sequences against human TRIM28 were
initially designed, and the most effective one (59-CCA AGA GCT GGT
GGA ATT C-39) was chosen for further study. Stock retroviruses were
packaged in GP2-293 cells and used to infect HEK293 or A549 cells as
described previously (55). Selection of the infected cells with 2 mg/ml
puromycin produced stable cells for further analysis. A549 cells trans-
duced with retrovirus-delivered small interfering RNAs (siRNAs) against
IRF7 or IRF3 have been described previously (16).

Luciferase reporter assays

Luciferase assays were performed essentially as described previously
(8, 16). Briefly, HEK293 cells or HEK293T cells seeded in 24-well plates
were transfected by luciferase reporter and pRL-TK internal control
plasmids with Lipofectamine 2000 (Invitrogen). Eight hours after trans-
fection, cells were infected with Sendai viruses (80 HA units/well). Dual
luciferase assays (Promega) were performed 24 h after transfection. The
relative luciferase activity was expressed in arbitrary units, normalization
of firefly luciferase activity to Renilla luciferase activity. Data represent the
average of three independent experiments, and error bars represent SD.

Plaque assay

Standard plaque assays were used to determine the titers of VSV. Briefly,
HeLa cells were infected with 10-fold serially diluted VSV for 1 h. The
inoculum was then replaced with DMEM containing 1% methylcellulose.
Twenty-four hours postinfection, the infected cells were fixed in 5%
formaldehyde and stained with 0.1% crystal violet. All samples were
assayed in duplicate, and the averages are presented.

IFN ELISA

Human IFN-a was measured with commercial ELISA kits according to the
manufacturer’s protocols (PBL Biomedical Laboratories). The details were
described previously (16).

Mass spectrometry analysis

HEK293T cells were transfected with double-tagged Flag-IRF7-HA ex-
pression vector and Flag-luciferase-HA as a control. Two days after
transfection, cells were lysed in WCL and immunoprecipitated with anti-
Flag resin. The immunocomplexes were eluted with 33 Flag peptide.
The resultant eluates were further immunoprecipitated with anti-HA resin.
The HA-peptide–eluted immunocomplexes were resolved by SDS-PAGE.
After staining with colloidal Coomassie brilliant blue, distinct protein
bands on the gel were excised and subjected to liquid chromatography–
tandem mass spectrometry (MS/MS) by the proteomic facility at the
Wistar Institute as previously (55–57). Briefly, samples were digested with
trypsin in gels, and a portion of the peptide digest was injected onto
a nanocapillary reversed-phase HPLC coupled to the nanoelectrospray
ionization source of an ion-trap mass spectrometer. This mass spectrometer
measures peptide masses and then fragments individual peptides to pro-
duce MS/MS spectra of fragments that reflect the peptide sequence. The
MS/MS spectra are run against a sequence database by the program
SEQUEST and associated software packages for identification of the
proteins.

Results
TRIM28 interacts with IRF7

To delineate the mechanisms of IRF7 regulation, we attempted to

identify cellular proteins associated with IRF7 by tandem affinity

purification. We constructed a double-tagged Flag-IRF7-HA ex-

pression vector that was found to be functionally comparable to the

untagged version in transient reporter assays (data not shown). We

expressed the Flag-IRF7-HA and Flag-luciferase-HA as a control

in HEK293T cells and performed sequential IP using anti-Flag and

anti-HA affinity resins. The IP complexes were resolved by SDS-

PAGE; distinct protein bands were excised and analyzed by LC-

MS/MS as previously (55, 57). A 100-kDa protein was identi-

fied as TRIM28/KAP1/transcription intermediary factor 1b, and

its identity was confirmed by Western blot (Fig. 1A). The in-

teraction between ectopically expressed Flag-IRF7 and HA-

TRIM28 was confirmed by reciprocal co-IP assays (data not

shown). Moreover, the interaction between endogenous TRIM28

and IRF7 was detected in Sendai virus-infected A549 cells that

express an appreciable level of IRF7 (Fig. 1B).

Mapping the binding domains of IRF7 and TRIM28 revealed that

the C-terminal half of IRF7, particularly the aa 283–466 region,

known as the internal ID, bound to TRIM28 as effectively as the

full-length IRF7, whereas the N-terminal half, aa 1–283, did not

bind (Fig. 1C, 1D). The binding is specific because TRIM28

bound to IRF7 but not to IRF3 under the same conditions (Fig. 1D,

compare lanes 6 and 2). TRIM28 has the characteristic tripartite

motif, namely, a RING finger domain, two B-box domains, and

a coiled-coil domain (RBCC) in the N-terminal half and a middle

region, a plant homeodomain (PHD), and a BR in the C-terminal

half (Fig. 1C). Mapping with a series of truncation mutants

revealed that the aa 1–617, 140–835, 140–617, and 1–140

domains bound to the IRF7 ID domain, whereas the aa 400–617

and 617–835 did not (Fig. 1E), suggesting that the RING domain

itself and the region encompassing the B box and coiled-coil

domain bind to IRF7. Collectively, the results indicate that the

two proteins interact with each other through the RBCC region

(aa 1–400) of TRIM28 and the ID domain (aa 283–466) of IRF7.

To determine whether TRIM28 binds to IRF7 directly, we de-

termined whether in vitro-translated IRF7 binds to GST-TRIM28

fusion protein using GST pull-down assays. Consistent with the

results of co-IP assays, the full-length TRIM28 and the N-terminal

RBCC domain (aa 1–400) bound to IRF7, but the C-terminal did

not (Fig. 1F). Taken together, these data demonstrated that

TRIM28 interacts with IRF7.

TRIM28 specifically increases SUMOylation of IRF7

Because TRIM28 has been shown to have SUMOE3 ligase activity

(54, 58), we determined whether TRIM28 affects SUMOylation of

IRF7. SUMOylated IRF7 is detectable in cells cotransfected with

wild-type SUMO1 or SUMO2 but not in cells transfected with

conjugation-deficient SUMO G/A mutants (Fig. 2A). As shown in

Fig. 2B, TRIM28 increased SUMOylation of IRF7 by both

SUMO1 and SUMO2 (Fig. 2B). Moreover, TRIM28 is specific for

IRF7 and has little effect on the closely related IRF3 (Fig. 2C,

compare lanes 4, 3 and lanes 6, 5), unlike the general SUMO E3

ligase PIAS1, which increases SUMOylation of IRF7 and IRF3

equally (10). The main SUMOylation region in human IRF7 is

located in the ID domain (Fig. 2D). We found that TRIM28 and

PIAS1 induce SUMOylation of the IRF7 ID domain comparably

(Fig. 2E). The ID domain contains several lysine residues pre-

dicted by SUMOplot to be possible SUMOylation sites (59). We

introduced K-to-R mutations into these residues and found that

the K444/446R mutation abolished the SUMOylation, but other

mutations had little or no effect (Fig. 2F), suggesting that K444

and K446 are the critical sites of TRIM28-mediated IRF7

SUMOylation.

TRIM28 is a RING domain-dependent SUMO E3 ligase of

IRF7

The PHD domain of TRIM28 has been shown to possess SUMO

E3 activity and promote the intramolecular SUMOylation of the

molecule (54). We next determined whether the same domain

is involved in IRF7 SUMOylation. As shown in Fig. 3A, expres-

sion of the full-length TRIM28 markedly increased the level of

SUMOylation of IRF7; surprisingly, deletion of the C-terminal PHD

domain had no effect on the increase, but deletion of the N-terminal

RING domain abolished the increase (Fig. 3A), suggesting that the

RING rather than the PHD domain is required for the specific in-

crease of IRF7 SUMOylation by TRIM28. We noticed that TRIM28
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increased the overall cellular SUMOylation, which also depends on

the RING domain (Fig. 3A, middle panel, lanes 3–5). The minimal

region of TRIM28 for increasing IRF7 and overall cellular

SUMOylation appears to be aa 1–617, which includes the RBCC

and the middle domains (Fig. 3A, lane 4). Expression of the C-

terminal half of TRIM28 aa 400–835 resulted in distinct pattern of

overall SUMO signals (Fig. 3A, middle panel, lane 7), presumably

representing the intramolecular SUMOylation mediated by the

PHD domain as reported recently (54). This mutant had little effect

on the IRF7-specific SUMOylation, however (Fig. 3A, lane 7).

A SUMO ligase is defined by its ability to bind to E2 Ubc9 and

substrates and to increase SUMOylation of the substrate both

in vivo and in vitro (60). We have demonstrated that TRIM28

interacts with IRF7 (Fig. 1). Co-IP assays revealed that TRIM28

also interacts with Ubc9, mainly through the RING domain (Fig.

3B), whereas the PHD itself interacts weakly with Ubc9, in

agreement with previous reports (54). As shown in Fig. 3C, we

found that purified HA-TRIM28 greatly increased the conjugation

of SUMO2 to Flag-IRF7 ID domain. The reaction depends on

E1, E2, and SUMO molecules (Fig. 3C). Taken together, these

FIGURE 1. TRIM28 interacts with IRF7. A,

Identification of TRIM28 as an IRF7 binding

partner. HEK293T cells were transfected with

plasmids expressing double-tagged Flag-IRF7-HA

and Flag-luciferase-HA as control. The WCLs were

immunoprecipitated with anti-Flag and anti-HA

resins sequentially. The eluted IP complexes were

analyzed by SDS-PAGE and visualized by silver

staining (left panel). The 100-kDa protein band

(marked by an asterisk) was identified as TRIM28

by liquid chromatography-MS/MS, and its identity

was confirmed by Western blot. B, Interaction of

endogenous TRIM28 with IRF7. A549 cells were

left uninfected or infected with Sendai virus for

24 h. The cell lysates were immunoprecipitated

with anti-IRF7 or control serum. The IP complexes

and cell lysates were analyzed by Western blot with

the Abs indicated. C, Schematic representation of

domains of human IRF7 and TRIM28. D, Asso-

ciation of TRIM28 with IRF7 ID domain.

HEK293T cells were transfected with plasmids

expressing GFP-tagged TRIM28 and full-length

IRF7 or truncation mutants. The cell lysates were

immunoprecipitated with anti-Flag affinity resins.

The IP complexes and lysates were analyzed by

Western blot with the indicated Abs. E, Association

of IRF7 with the RING finger domain, two B box

domains, and coiled-coil domain of TRIM28.

HEK293T cells were transfected with plasmids

expressing Flag-IRF7 with full-length TRIM28 or

truncation mutants. IP experiments were performed

similarly as in D. The asterisk marks a nonspecific

band. F, Direct association of IRF7 with TRIM28

in vitro. GST-TRIM28 full length or its truncated

fusion proteins bound on the glutathione beads

were incubated with 35S-labeled full-length IRF7

for 30 min at 4˚C. After extensive washes, the

bound proteins were resolved by SDS-PAGE and

detected by autoradiography. The input GST pro-

teins were revealed by Coomassie staining. The

mapping experiments have been repeated at least

three times, and representative results are shown.

B1 and B2, B box 1 and B box 2; CC, coiled-coil

domain; DBD, DNA bind domain; middle, middle

region.
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data support the conclusion that TRIM28 is a SUMO E3 ligase of

IRF7.

TRIM28-mediated IRF7 SUMOylation is increased during

viral infections

SUMOylation of IRF7 and IRF3 has been shown to increase after

viral infection (10). We next determined how TRIM28-mediated

IRF7 SUMOylation reacts to viral infection. As shown in Fig. 4A,

the basal level of IRF7 SUMOylation was low and was increased by

a Sendai virus infection (compare lanes 3, 4 to lane 2, top panel).

Ectopic expression of TRIM28 increased SUMOylation of IRF7

drastically (compare lanes 5–7 to lanes 2–4, respectively) but in-

creased that of IRF3 (compare lanes 11–13 to lanes 8–10, re-

spectively) only moderately in the presence of Sendai virus

infection. In the absence of Sendai virus infection, expression of

TRIM28 increased SUMOylation of IRF7 but not IRF3 (compare

lanes 5, 2 and lanes 11, 8), confirming the specificity to IRF7 and

also implying that other SUMO E3s are responsible for IRF3.

Furthermore, we found that the HA-TRIM28 purified from Sendai

virus-infected cells showed greater E3 ligase activity toward IRF7

FIGURE 2. TRIM28 increases the SUMOylation of IRF7 in cells. A, IRF7 was SUMOylated in cells. HEK293T cells were transfected with plasmids

expressing Flag-IRF7 plus HA-SUMOs or conjugation-deficient (G/A) mutants. Forty-eight hours after transfection, cells were lysed in buffer with high

concentration of SDS, diluted, and then immunoprecipitated with anti-Flag affinity resins. The IP complexes were analyzed by Western blot with anti-HA

Ab, which detected SUMOylated protein, ∼20 kDa larger than the unmodified one. We also probed the IP complexes and cell lysates with the indicated Abs

to reveal protein input and overall SUMOylation of cellular proteins. B, TRIM28 promoted SUMOylation of IRF7. HEK293T cells were transfected with

Flag-IRF7, HA-SUMO1, or HA-SUMO2 in the presence or absence of GFP-TRIM28 expression plasmids. The cell lysates were analyzed as described

above for detection of the SUMOylated IRF7. C, TRIM28 specifically increased SUMOylation of IRF7 but not that of IRF3. HEK293T cells were

transfected with HA-SUMO2, Flag-IRF7, or Flag-IRF3 in the presence or absence of GFP-TRIM28 expression plasmids. SUMOylated IRF7 or IRF3 were

detected as described above. D, The TRIM28-mediated SUMOylation sites were located mainly in the ID domain of IRF7. HEK293T cells were transfected

with HA-SUMO2, full-length Flag-IRF7, or its truncated mutants in the presence or absence of GFP-TRIM28 expression plasmids. SUMOylation assays

were performed as described above. E, TRIM28 induced SUMOylation of IRF7 as efficiently as did PIAS1. HEK293T cells were transfected with Flag-

IRF7 ID (aa 283–466), HA-SUMO2 in the presence of GFP-TRIM28, GFP-PIAS1, or empty vector control plasmids. The experiments were performed as

above for detection of the SUMOylated IRF7. F, Identification of the major SUMOylation sites of the IRF7 ID domain. HEK293T cells were transfected

with plasmids expressing HA-SUMO2, GFP-TRIM28, and Flag-IRF7 ID or K-to-R substitution mutants. The assays were performed as described above for

detection of SUMOylation of IRF7. All the experiments have been repeated at least three times, and representative results are shown.
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in the in vitro SUMO assays (Fig. 4B). These results demonstrated

that TRIM28 increases IRF7 SUMOylation during viral infections.

TRIM28 negatively regulates IRF7

Because SUMOylation negatively regulates IRF7 (28), we next

determined the effect of TRIM28 on IRF7 transactivation activity.

Luciferase reporter assays indicated that ectopic expression of

TRIM28 inhibits IRF7-induced IFN-a1, IFN-b, and IFN-stimulated

regulatory element promoter activities in a dose-dependent manner

(Fig. 5A–C).
TRIM28 (KAP1) is also known as a corepressor, particularly

for KAB-containing zinc finger transcription factors (49). The

FIGURE 3. TRIM28 is a SUMO E3 ligase of IRF7.

A, The RING-finger domain of TRIM28 mediated the

SUMOylation of IRF7. HEK293T cells were trans-

fected with Flag-IRF7 ID, HA-SUMO2 in the presence

of GFP-TRIM28, or its truncated-mutant expression

plasmids. The experiments were performed as de-

scribed in Fig. 2A for detection of SUMOylated IRF7.

B, TRIM28 interacted with Ubc9 mainly through the

RING domain. HEK293T cells were transfected with

Flag-Ubc9 and GFP-tagged TRIM28 full-length and

truncation mutants. The cell lysates were immunopre-

cipitated with anti-Flag affinity resins. The IP com-

plexes and the input cell lysates were analyzed by

Western blot with Abs as indicated. C, TRIM28 cata-

lyzed SUMOylation of IRF7 in vitro. Purified proteins

SUMO2 (2 mg), E1 (200 ng), Ubc9 (100 ng), Flag-

IRF7 ID (1 mg), and HA-TRIM28 (2 mg) were mixed

with the indicated combinations and incubated at 30˚C

for 3 h. The mixtures were immunoprecipitated with

anti-Flag resins, and the IP complexes were then

immunoblotted with anti-SUMO2 and anti-Flag. The

experiments were repeated at least twice, and repre-

sentative results are shown.

FIGURE 4. TRIM28-mediated IRF7 SUMOylation is increased during viral infections. A, TRIM28 specifically increased virus-induced SUMOylation of

IRF7 but not that of IRF3. HEK293T cells were transfected with indicated plasmids (each 7 mg) and infected with Sendai virus for different lengths of time

before cell harvest. Forty-eight hours after transfection, in vivo SUMOylation assays were performed, similar to those described in Fig. 2. B, Sendai virus

infection increased the SUMO E3 activity of TRIM28. HEK293T cells were transfected with 10 mg HA-TRIM28 plasmid. After 24 h, the transfected cells

were infected with Sendai virus or mock infected for 24 h before cell harvest. HA-TRIM28 proteins were purified from HEK293T cells and used in in vitro

SUMOylation assays (2 mg SUMO2, 100 ng E1, 200 ng Ubc9, 1 mg Flag-IRF7 ID, and 2 mg HA-TRIM28). After 3 h incubation at 30˚C, the mixtures were

immunoprecipitated with anti-Flag affinity resins. The IP complexes were analyzed by immunoblotting with anti-SUMO2 and anti-Flag. All the experi-

ments were repeated at least three times, and representative results are shown.
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transcriptional suppression by TRIM28 relies on the C-terminal

PHD and BR domains that recruit HP1 and repression complexes

such as SETDB1, NuRD, and N-CoR1 (48, 49). We found that

deletion of the PHD and BR domain (aa 1–617) had little effect on

the inhibition of IRF7 by TRIM28 but that further deletion of the

RING domain (aa 140–617) abolished the inhibition (Fig. 5D).

Deletion of RING finger domain from the full-length TRIM28 (aa

140–835) also compromised the inhibition, suggesting that the

RING domain-mediated SUMOylation of IRF7 is involved in

inhibition and that this inhibitory activity is separable from the

corepressor function of TRIM28 that requires the PHD and BR

domains (Fig. 5D). Furthermore, we found that K-to-R mutation

of SUMOylation sites in the IRF7 ID domain by TRIM28 led to an

increase in IRF7 transactivation activity (Fig. 5E). These results

indicated that TRIM28 RING finger domain-mediated SUMOy-

lation negatively regulates IRF7 activity.

Knockdown of TRIM28 potentiates IFN expression and

antiviral responses

To determine the effect of endogenous TRIM28 on virus-induced

IFN induction, we knocked down TRIM28 expression by siRNAs.

Reduction of TRIM28 expression (Fig. 6A, lower panel, compare

lanes 3, 4 to lanes 1, 2) resulted in lower level of SUMOylation of

IRF7 (Fig. 6A, upper panel, compare lanes 4, 2). Luciferase re-

porter assays revealed that knockdown of TRIM28 correspond-

ingly potentiated IRF7 transactivation (Fig. 6B, 6C). Mutation of

the SUMOylation sites (K444 and K446) increased IRF7 trans-

activation activity in the control cells, but the increase was no

longer apparent in cells in which TRIM28 was knocked down

(Fig. 6D), suggesting that TRIM28 contributes to inhibition of

IRF7 by SUMOylation on K444 and K446. Although IRF7 has

been shown to be the master regulator of induction of type I IFNs

in mice, because knockout of IRF7 but not of IRF3 abolishes

expression of IFN genes (2), whether the same is true in human

cells remained to be determined. As shown in Fig. 6E, knockdown

of IRF7 by siRNAs caused more severe defects in induction of

IFN than knockdown of IRF3, suggesting that inactivation of IRF7

had more profound effects on induction of type I IFNs than did

inactivation of IRF3. The results were in agreement with those

from studies with knockout mice (2). We next knocked down

TRIM28 expression in A549 cells, which express detectable

amounts of IRF7 (Fig. 6F, lower panel) and found that abolition of

TRIM28 expression increased Sendai virus-induced IFN-a pro-

ductions (Fig. 6F, upper panel). Consequently, knockdown of

TRIM28 in A549 cells weakened infection of IFN-sensitive VSV

(Fig. 6G, 6H). Taken together, these results suggest that TRIM28

acts as a negative regulator of type I IFNs induction.

Discussion
We have identified TRIM28 as an IRF7-binding protein and

demonstrated that it specifically increases SUMOylation of IRF7

both in vivo and in vitro. We further confirmed the interaction

between TRIM28 and Ubc9. A SUMO E3 ligase is defined by its

ability to bind to both the E2 Ubc9 and its substrates and to increase

SUMOylation of the substrate both in vivo and in vitro (60). Our

data therefore support the conclusion that TRIM28 is a SUMO E3

ligase of IRF7. TRIM28 acts as a SUMO E3 ligase specific to

IRF7 and has little effect on the closely related IRF3. This spec-

ificity distinguishes it from the general SUMO E3 ligase PIAS1,

which displays no preference between IRF7 and IRF3 (10).

Some of the TRIM family proteins have been shown to function

as ubiquitin E3 ligases and to participate in regulation of innate

immunity. For example, TRIM25 catalyses K63-linked ubiquiti-

nation of RIG-I (42), TRIM21 mediates K48-linked ubiquitination

of IRF3 (43), and TRIM30a promotes ubiquitination and degra-

dation of TAB2 and TAB3 (44). In addition, SUMOylation of

some TRIM proteins such as PML (TRIM19) has been extensively

(61–63). Recently, some TRIM proteins, including TRIM28, were

FIGURE 5. TRIM28 negatively regulated IRF7 activity. A–C, TRIM28 inhibited the transactivation activity of IRF7. HEK293T cells seeded in 24-well

plates were transfected with the IFNa1-luc (A), IFNb-luc (B), or ISRE-luc (C) luciferase promoter reporter (100 ng/well), pRL-TK (10 ng, as an internal

control), pCR3.1-IRF7 (20 ng), and increasing amounts of TRIM28 expression plasmids (50, 100, and 250 ng). Eight hours after transfection, cells were

infected with Sendai virus or left untreated. Dual luciferase assays were performed 16 h after viral infection. D, TRIM28 RING finger domain was required

for inhibition on IRF7 transactivation activity. HEK293T cells were transfected with IFN-a1 promoter reporter (100 ng), pRL-TK (10 ng), pCR3.1-IRF7

(20 ng), and TRIM28 or its truncated mutants expression plasmids (100 ng). Experiments were performed as in A. E, Mutation of the main SUMOylation

sites (K444 and K446) potentiated IRF7 transactivation activity. HEK293T cells were transfected with IFN-a1 promoter reporter (100 ng), pRL-TK (10

ng), and Flag-IRF7 or its K-to-R mutants expression plasmids (20 ng). Luciferase assays were performed as described above. Data from luciferase

experiments represent the average of at least three independent experiments, and error bars represent SD.
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reported to act as SUMO E3 ligases whose activities seem to rely

on both the RING finger and the B box domains (58). Previously,

the PHD domain of TRIM28 was reported to act as a SUMO E3

ligase that catalyzes its SUMOylation intramolecularly. Our data

provide further evidence that TRIM28 is a SUMO E3 ligase that is

specific to IRF7. Interestingly, we found that the C-terminal PHD

domain is dispensable but that the N-terminal RING domain is

required for the IRF7-specific SUMOylation, suggesting distinct

SUMO E3 activities encoded by TRIM28. In agreement with a

recent report (58), both the RING finger and the B box domains of

TRIM28 are indispensible for the SUMO E3 activity. In addition,

our data suggest that the coiled-coil domain and middle region are

also required for SUMOylation of IRF7. So far as we know,

TRIM28 is the first IRF7-specific SUMO E3 to be reported. Up to

now, considerably fewer SUMO E3 ligases than ubiquitin E3

ligases have been discovered; the latter number in the hundreds in

mammals. Among the known SUMO E3 ligases, some contain

a RING or RING-like domain, but the defining features of SUMO

E3 ligases remained poorly characterized. We speculate that ad-

ditional substrate-specific (e.g., IRF3-specific) SUMO E3 will be

found in the future.

SUMOylation of IRF7 inhibits its transactivation activity and

consequently IFN induction. Consistently, we found that over-

expression of TRIM28 inhibits, whereas depletion of TRIM28

FIGURE 6. Knockdown of TRIM28 potentiated IFN expression and antiviral responses. A, Knockdown of TRIM28 expression by siRNAs impaired

SUMOylation of IRF7. HEK293 cells were transduced with retroviral vectors expressing siTRIM28 or siControl siRNAs. After selection with puromycin (2

mg/ml) for 2 wk, the stably transduced cells were then transfected with plasmids expressing HA-SUMO2 and Flag-IRF7 for in vivo SUMOylation assays as

described in Fig. 2. B and C, Knockdown of TRIM28 potentiated transactivation activity of IRF7. HEK293 siControl or HEK293 siTRIM28 cells were

transfected with the IFN-a1 (B) or IFN-b (C) promoter reporters (100 ng), pRL-TK (10 ng), and IRF7 (20 ng). Eight hours after transfection, cells were

infected with Sendai virus or left untreated. Dual luciferase assays were performed 16 h postinfection. D, TRIM28 contributed to the inhibition of IRF7 by

SUMOylation on K444 and K446. HEK293 siControl cells or siTRIM28 cells were transfected with IFN-a1 promoter reporter (100 ng), pRL-TK (10 ng),

and Flag-IRF7 or its K-to-R mutants expression plasmids (20 ng). Luciferase assays were performed as described above. E, Knockdown of IRF7 had more

profound effect on induction of type I IFN than knockdown of IRF3. A549 cells stably transduced with siControl, siIRF7, or siIRF3 siRNAs were infected

with Sendai virus for 24 h. The culture medium was then collected and used for measurement of IFN-a by ELISA. F, Knockdown of TRIM28 potentiated

IFN-a production. A549 siControl or A549 siTRIM28 cells were treated with Sendai virus for 24 h. The culture medium was collected after treatment and

used for measurement of IFN-a by ELISA. G and H, Knockdown of TRIM28 inhibited VSV replication. A549 siControl and A549 siTRIM28 cells were

infected with increasing amounts of VSV. Twenty-four hours postinfection, cells lysates were tested with anti–VSV-G (E), and cell medium was used for

plaque assays (F). Data represent the average of at least three independent experiments, and error bars represent SD.
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potentiates IRF7 activation and expression of IFN genes. TRIM28-

induced SUMOylation of IRF7 is higher after viral infection,

reinforcing our previous results that SUMOylation of IRF7 rep-

resents a postactivation attenuation mechanism of IFN production.

Suppression of IRF7 by TRIM28 is complicated by its intrinsic

suppressor activity. TRIM28 (under its alternate name, KAP1) was

identified as a transcriptional corepressor through its ability to

repress genes by recruiting HP1 and repression complexes such as

SETDB1, NuRD, and N-CoR1 (48, 49). The N-terminal RBCC

domain of TRIM28 is responsible for interactions with tran-

scriptional factors, whereas the C-terminal PHD and BR are re-

quired for suppression of gene expression, and mutations of either

the PHD or BR domain compromise its association with the si-

lencing partners and relieve repression (49). We have demon-

strated that repression of IRF7 by TRIM28 is mediated by the

RING domain-dependent SUMOylation of IRF7 that requires the

N-terminal RBCCM domain, an effect distinct from the general

repressor activity that requires the PHD and BR domains in the C-

terminal region.

That SUMOylation of transcription factors leads to transcrip-

tional suppression has been well established (29, 30, 35, 36). We

recently demonstrated that SUMOylation of IRF7 and IRF3 sup-

presses their transactivation activities and that the general SUMO

E3 ligase PIAS1 promotes SUMOylation of IRF7 and IRF3 (10,

28). Although the exact mechanism of SUMOylation-mediated

suppression of IRF7 has not been elucidated in detail, we be-

lieve that the general mechanisms underlying SUMO-mediated

transcriptional suppression are probably applicable to the case

of IRF7. In particular, K63-linked ubiquitination on lysines 444,

446, and 452 of (human) IRF7 by TNFR-associated factor 6 is

known to be involved in IRF7 activation (26). Differential modi-

fication of these sites is expected to alter IRF7 activity. Indeed,

K48-linked ubiquitination by KSHV-encoded E3 ligase RTA

mediates degradation of IRF7 and transcriptional suppression (9).

These residues are also identified as the main sites of SUMOy-

lation (Fig. 2F). Because both ubiquitination and SUMOylation

are reversible and conceivably competitive, SUMOylation of these

lysine residues would depress IRF7 activation. We found that

lysine 444 and lysine 446 are the main sites of SUMOylation in

the presence of TRIM28. In agreement with our hypothesis, a

K444/446R mutation resulted in a higher transactivation activity.

SUMOylation of IRF7 becomes higher after viral infection, but

the underlying mechanism remains poorly understood. We have

shown that TRIM28-mediated IRF7 is also increased by viral

infections, suggesting that TRIM28 is involved in this process.

TRIM28 is a nuclear protein, whereas IRF7 is mostly cytoplasmic

before viral infection. Viral infection-induced nuclear accumula-

tion of IRF7, which would cause their interaction to occur more

efficiently, should account for a portion of the increase of its

SUMOylation. In addition, we found, with in vitro assays, that the

E3 ligase activity of TRIM28 was increased by Sendai virus in-

fection, although how the E3 activity is regulated by viral infection

is unclear. Determining how the E3 ligase activity of TRIM28 is

regulated during viral infection and possibly modulated by certain

viral factors will be interesting.

Besides its functions as transcriptional cofactor and SUMO E3

ligase, TRIM28 has recently been shown to be involved in other

functions such as DNA double-strand break repair (50), restriction

of retrovirus replication (51), and regulation of self-renewal of

embryonic stem cells (52), although the mechanistic details have

not yet been elucidated. Also interesting will be elucidating its

RING finger-dependent SUMO E3 activity and determining

whether IRF7 or other possible substrates are involved in these

functions. Our findings, that TRIM28 acts as a specific SUMO E3

ligase of IRF7 and negatively regulates its activity and IFN-based

antiviral responses, support the expanding roles of TRIM pro-

teins in regulation of innate immune responses through post-

translational modifications of the critical regulatory components

by ubiquitin and ubiquitin-like molecules.
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