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Abstract
The signaling and adaptor protein Homer3 plays a role in controlling immune homeostasis and
self-reactivity. Homer3 is recruited to the immune synapse (IS) following TCR ligation, although
the mechanisms regulating this subcellular localization are unknown. We show that Homer3
specifically associates with a novel ubiquitin-like domain in the IκB kinase (IKK) β subunit of the
IKK complex. Homer3 associates with IKKβ in T cells and colocalizes with the IKK complex at
the IS. However, Homer3 is not required for IKK activation, as NF-κB signaling is intact in
Homer3-deficient T cells. Instead, the IKK complex recruits Homer3 to the IS following TCR
engagement, and we present evidence that this association regulates actin dynamics in T cells.
These findings identify a novel interaction between two major signaling proteins and reveal an
unexpected NF-κB–independent function for the IKK complex in regulating the subcellular
localization of Homer3.

Signals that activate NF-κB converge at the NF-κB essential modulator (NEMO)-, IκB
kinase (IKK)α- and IKKβ-containing IKK complex (1). We previously identified a novel
domain in IKKβ (2) that resembles the ubiquitin-like domain that mediates interactions in a
family of functionally divergent proteins (3). We named this the ubiquitin-like domain
(ULD) (Supplemental Fig. 1) and found that mutation of the ULD blocked IKKβ activation
(2). The IKK-related kinase TNFR-associated factor family member-associated NF-κB
activator-binding kinase 1 also contains a ULD that interacts with its own catalytic domain
(4), leading us to hypothesize that the IKKβ ULD functions as a novel IKKβ-specific
interaction domain.
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In seeking the function of the IKKβ ULD, we found that it associates with the signaling and
adaptor protein Homer3. Homer3 belongs to a family of three genes (Homers 1–3) that
function at the postsynaptic density in neurons (5). Each Homer has an N-terminal enabled/
vasodilator-stimulated phosphoprotein homology 1 (EVH1) domain (Supplemental Fig. 1)
that binds to PPxxF (x = any) motifs in a wide range of proteins (6). The Homers’ C-termini
contain a coiled-coil (CC) domain encompassing two leucine zippers (LZs) that interact to
form multimeric Homer complexes (5). Homer multimers form scaffolds that link distinct
PPxxF motif-containing proteins bound by individual Homer EVH1 domains.

Homers 2 and 3 negatively regulate NFAT and control immune homeostasis and self-
reactivity in vivo (7). Homer3 is recruited to the immune synapse (IS) following TCR
ligation (8); however, the mechanisms regulating its subcellular localization are unknown.
As TCR ligation also recruits the IKK complex to the IS (9), and Homer3 physically
interacts with the IKKβ ULD, we questioned whether IKKβ and Homer3 functionally
interact in T cells. We show that although Homer3 is dispensable for TCR-induced IKK
activation, association with the IKK complex is essential for Homer3 localization at the IS.
Furthermore, we provide evidence that Homer3 and the IKK complex regulate actin
dynamics in T cells. Thus, in addition to activating NF-κB, the IKK complex plays an NF-
κB–independent role as a scaffold that recruits an additional functionally relevant signaling
and adaptor protein to the IS.

Materials and Methods
Abs and reagents

Anti-IKKα, IKKβ, NEMO, and Homer3 were from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-Myc was from Millipore (Billerica, MA), and anti-FLAG was from Sigma-
Aldrich (St. Louis, MO). Protein G-Sepharose beads were from Amersham Biosciences
(Bucks, U.K.). For fluorescence staining, mouse anti-NEMO was from BD Biosciences (San
Jose, CA). Anti-CD3 and anti-CD28 were from Drs. J. Riley and C. June at the University of
Pennsylvania (Philadelphia, PA). The TCR cross-linking Ab C305 was from A. Weiss
(University of California, San Diego, La Jolla, CA). Anti-rabbit AF546, anti-mouse AF647,
and AF647 phalloidin were from Molecular Probes (Carlsbad, CA). FITC-labeled control
and Homer3-specific small interfering RNA (siRNA) oligonucleotides were from Santa
Cruz Biotechnology.

Cell culture
E6.1 Jurkat cells and HEK293 cells were from American Type Culture Collection
(Manassas, VA). 3T8 and 8321 Jurkats were from Dr. A. Ting (Mount Sinai Medical Center,
New York, NY). NEMO-reconstituted 8321N cells were described before (10).

Plasmids and transfection
IKK and Homer plasmids were described earlier (2,11). Transfection protocols using
FuGENE6 (Roche, Indianapolis, IN) were described previously (2).

Yeast two-hybrid screen and interaction analysis
Yeast two-hybrid (Y2H) was performed using the Matchmaker Two-Hybrid System 3
(Clontech, Mountain View, CA). DNA-binding domain (DB) constructs expressing IKKβ
mutants and the ULD were cloned from human IKKβ cDNA (2). Activation domain (AD)
constructs expressing Homer3 and its domains were cloned from pRK5/Myc-Homer3 (11).
Yeast-expressing GAL4 DB-ULDs were mated with yeast containing a HeLa cDNA library.
To retest the interaction, yeast-expressing DB, DB-ULD, or DB-IKKβΔULΔ were
transformed with GAL4 AD or AD with full-length Homer3 (AD-H3). Growth was assessed
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on his-/ade- media containing β-gal. To determine the interaction region in Homer3, yeast-
expressing DB or DB-ULD were transformed with GAL4 AD, AD-H3, AD-CC/LZ, or AD-
EVH1.

Immunoblotting and immunoprecipitation
Cell lysis, protein assay, immunoblotting (IB), and immunoprecipitations (IPs) were
performed as described before (12).

Confocal microscopy
Staining and quantitative analysis was performed using Volocity software (Improvision,
Waltham, MA) as previously described (13). For conjugation, Jurkats were incubated for 10
min with Ab-coated Dynalbeads (Bangs Labs, Fishers, IN). At least 50 cells/slide from a
minimum of two experiments were examined.

Transfection and analysis of F-actin content
Jurkats were transfected with FITC-control or FITC-Homer3 siRNA by nucleofection
(Amaxa, Lonza, Walkersville, MD). After 28 h, cells were incubated with either PHA or
anti-TCR (C305) prior to FACS staining with AF647-phalloidin. Mean fluorescence
intensity (MFI) of phalloidin fluorophore was determined in FITC-positive cells using
FlowJo software (Tree Star, Ashland, OR). All experiments were performed three times, and
statistical significance was established using a paired two-tailed t test.

Results
Homer3 associates with the IKKβ ULD

To identify IKKβ ULD-interacting proteins, we used the ULD in a Y2H screen. After
screening ~5 million transformants, almost one quarter of the plasmids from positive clones
(15 out of 62) encoded Homer3 (Supplemental Fig. 1). Retransformation of yeast
recapitulated the Y2H interaction between Homer3 and the ULD, whereas an IKKβ mutant
lacking the ULD (IKKβΔULΔ) did not associate (Fig. 1A).

Homers have been extensively characterized in neurons (5), and Homer3 is expressed in T
cells, where it plays a role in TCR-induced activation (7,8). As TCR ligation activates NF-
κB (14), we questioned whether Homer3 associates with the IKK complex in T cells and
found that IP of Homer3 pulled down IKKβ from Jurkat T cells and primary mouse
splenocytes (Fig. 1B). Furthermore, most Homer3 coeluted with the high m.w. IKK complex
(1) by size-exclusion chromatography (Supplemental Fig. 2). These findings substantiate our
Y2H analysis and provide evidence that Homer3 associates with the endogenous IKK
complex in T cells.

Consistent with these observations, confocal imaging demonstrated Homer3 colocalized
with IKKβ and NEMO in Jurkat cells (Fig. 1C, 1D). Quantitation revealed similar levels of
colocalization between Homer3 and IKKβ (Fig. 1E) or NEMO (Fig. 1F), demonstrating that
a portion of cellular Homer3 colocalizes with the IKK complex. Supporting these results,
anion exchange chromatography yielded fractions containing Homer3, IKKα, IKKβ, and
NEMO and separate fractions containing Homer3, but lacking the IKK complex subunits
(Supplemental Fig. 2). Thus, at least two pools of Homer3 exist in T cells: one localized
with a subset of IKK complexes and one that is separate from IKKβ and NEMO.
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The Homer3 CC/LZ interacts with the IKKβ ULD
Overexpression of Myc-Homer3 and FLAG-IKKβ in HEK293 followed by anti-FLAG IP
confirmed that Homer3 associates with IKKβ (Fig. 2A; lane 3), and reciprocal IP of Xpress-
Homer3 also pulled down FLAG-IKKβ (Supplemental Fig. 3). Consistent with our previous
finding that IKKα does not contain a ULD (2), Myc-Homer3 did not associate with FLAG-
IKKα (Fig. 2A; lane 2). Myc-Homer3 did not bind to FLAG-IKKβΔULΔ or IKKβ containing
a point mutation (FLAG-IKKβL353A)(Fig. 2B) within the putative hydrophobic patch
(Supplemental Fig. 1), supporting a critical role for the ULD in this interaction. Notably, the
Homer3 band upshifted when Homer3 was coexpressed with IKKβ or IKKα (Fig. 2A, 2B),
and we found that this was due to phosphorylation (Supplemental Fig. 4), suggesting that
Homer3 can be phosphorylated in an IKK-dependent manner.

To determine how Homer3 associates with the ULD, we performed Y2H analysis using the
separate Homer3 domains (Supplemental Fig. 1) and found that the ULD interacted with
full-length Homer3 and the CC/LZ, but not the EVH1 domain (Fig. 2C). Thus, Homer3
specifically associates with the ULD in IKKβ via its CC/LZ domain (Supplemental Fig. 5).

Homer3 colocalizes with IKK at the IS
The CC/LZ domain of Homer3 is required for its localization to the IS following TCR
engagement (8). Because Homer3 interacts with IKKβ via its CC/LZ (Fig. 2C, Supplemental
Fig. 5), we asked if the presence of Homer3 at the IS correlates with its colocalization with
the IKK complex. Confocal imaging showed NEMO and IKKβ at the contact area between
3T8 Jurkat T cells and anti-CD3/CD28–coated beads indicating IKK complex localization at
the synapse (Fig. 3A, 3B; top panels). Homer3 was also detected at the interface, and overlay
of fluorescence revealed extensive colocalization of Homer3 and NEMO or IKKβ (Fig. 3A,
3B; top panels). Identical results were obtained using clone E6.1 Jurkat cells (Supplemental
Fig. 6). Quantitation demonstrated that the amount of NEMO with Homer3 was unchanged
following conjugation (Supplemental Fig. 6). In contrast, the amount of Homer3 with
NEMO at the IS in 3T8 (Fig. 3C) and E6.1 cells (Supplemental Fig. 6) was significantly
higher than in unconjugated cells, suggesting that the amount of IKK-associated Homer3
increases following T cell activation.

As recruitment to the IS activates the IKK complex (9), we questioned whether Homer3
regulates NF-κB activation. Overexpressed Homer3 but not Homer1 or Homer2 modestly
activated NF-κB via IKKβ, suggesting that Homer3 specifically regulates IKKβ activity
(Supplemental Fig. 7). However, our prior analysis of Homer3-depleted Jurkat cells showed
normal NF-κB signaling in response to PMA and ionomycin (7). Consistent with this, NF-
κB activation was intact in T cells from Homer3–/– and Homer2/3 double-deficient mice
(Supplemental Fig. 8). Consequently, although overexpressed Homer3 activates NF-κB,
Homers are not required for NF-κB activation.

IKK recruits Homer3 to the IS
As Homer3 and IKK colocalize at the IS following T cell activation, and Homer3 is not
upstream of IKK activation (Supplemental Fig. 8), we asked whether the IKK complex
directly recruits Homer3 to the IS. IKK recruitment to the IS requires NEMO (9), so we
employed NEMO-deficient 8321 Jurkat cells (15) and NEMO-reconstituted 8321N cells
(Supplemental Fig. 9) (10). Confocal analysis revealed no differences in colocalization of
Homer3 with IKKβ in either cell type compared with the parental 3T8 line (Supplemental
Fig. 9), suggesting that the constitutive interaction of Homer3 and IKKβ in resting cells is
unaffected by the absence or presence of NEMO. However, recruitment of Homer3 to the IS
was clearly NEMO dependent, as NEMO and Homer3 colocalized at the IS in 3T8 and
8321N cells following conjugation with anti-CD3/CD28 beads but did not colocalize at the
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synapse in 8321 cells (Fig. 3A). Notably, the amount of Homer3 colocalized with NEMO at
the IS was increased in 8321N cells similar to the 3T8 parental line (Fig. 3C).

Analysis of IKKβ and Homer3 colocalization at the IS revealed that this was NEMO
dependent, as IKKβ colocalized with Homer3 at the IS in 3T8 and 8321N cells but not in
8321 cells (Fig. 3B). In 8321 cells lacking NEMO, a portion of IKKβ was colocalized with
Homer3 distant from the interface (Fig. 3B). Furthermore, measurement of the distance from
the IS to the geometric center of the sum of regions stained for Homer3 (centroid) revealed
no differences between 3T8 and 8321N cells, whereas this distance was significantly
increased in 8321 cells (Fig. 3D). Together, these results suggest that IKKβ associates with
Homer3, but cannot recruit Homer3 to the IS in the absence of NEMO. Consistent with this
model, the amount of IKKβ associated with Homer3 was similar between resting and
conjugated cells in all three lines (Supplemental Fig. 10), and the amount of Homer3 with
IKKβ in 8321 cells was unchanged following conjugation (Fig. 3E). In contrast, the amount
of Homer3 with IKKβ was increased in conjugates with either 3T8 or 8321N cells (Fig. 3E),
suggesting again that the IKK complex recruits additional Homer3 to the synapse following
TCR engagement.

Homer3 and NEMO regulate F-actin dynamics in T cells
Homers regulate actin content in neurons (5,16), and we questioned whether Homer3 plays a
similar role in T cells. Jurkats transfected with control- or Homer3-siRNA (Supplemental
Fig. 11) were stimulated using the TCR cross-linking IgM Ab C305 and stained for FACS
using AF647-labeled phalloidin that binds F-actin. Consistent with previous studies in T
cells (17), a transient decrease in total cellular phalloidin MFI due to F-actin organization
occurred in control siRNA-treated Jurkats postactivation (Fig. 4A, Supplemental Fig. 11). In
contrast, phalloidin MFI did not change in cells receiving Homer3 siRNA. Notably, a
similar transient decrease in phalloidin MFI occurred in C305-stimulated 3T8 Jurkats but
not in the NEMO-deficient 8321 cells (Fig. 4B). When Jurkats were stimulated with PHA, a
transient decrease in total cellular phalloidin MFI occurred in control siRNA-treated Jurkats
but not in Homer3 siRNA-treated cells (Fig. 4C). Furthermore, when we stained PHA-
activated 3T8, 8321, and 8321N Jurkats for F-actin, the MFI transiently decreased in 3T8
and 8321N cells but not in 8321 cells lacking NEMO (Fig. 4D). These findings, therefore,
demonstrate that Homer3 and NEMO regulate F-actin content following T cell activation.

Discussion
We demonstrate that the signaling and adaptor protein Homer3 binds to the ULD of IKKβ.
The mode of interaction is atypical of Homers, which normally bind via their EVH1
domains to PPxxF motifs in target proteins. The ULD does not contain a PPxxF sequence
(Supplemental Fig. 1), and the CC/LZ of Homer3 is required for interaction with the ULD
(Supplemental Fig. 5). A previous study showed that the Homer2 CC/LZ interacts with a
ULD in a protein named 2B28 (18), suggesting that the CC/LZ domain contains a novel
motif that binds ULDs. Importantly, our findings provide compelling evidence that in
addition to its role in multimerization, the CC/LZ is also a binding region for Homer-
interacting proteins.

Consistent with our previous study (7), NF-κB activation was intact in Homer3-deficient T
cells, indicating that NF-κB signaling is not dependent upon Homer3. However, we
demonstrate that the subcellular localization of Homer3 to the IS requires IKK-mediated
recruitment. Specifically, we show that NEMO, essential for IKK recruitment to the IS
following T cell activation (9), is required to localize Homer3 to the IS. The C terminus of
Homer3 is critical for its localization to the IS (8), and we have shown that the CC/LZ
associates with the IKKβ ULD. Hence, we conclude that IKKβ-associated Homer3 localizes
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to the IS via NEMO-dependent recruitment of IKKβ. Notably, such interactions will leave
the EVH1 domain of Homer3 free to associate with other potential binding partners
(Supplemental Fig. 5).

Homer3 negatively regulates NFAT (7); however, NFAT activation is normal in NEMO-
deficient Jurkat cells (15), suggesting that Homer3 recruitment to the IS is not needed for
NFAT signaling. We identified two pools of Homer3 in T cells, only one of which was
complexed with IKK proteins. Thus, it is possible that IKKβ-independent Homer3 regulates
NFAT signaling, whereas IKKβ-associated Homer3 performs a separate function. Consistent
with this model, we have been unable to detect an interaction between the IKK complex and
NFAT in T cells (not shown). Homers regulate actin content at neuronal synapses (5,16),
and we found diminished F-actin reorganization following activation of Homer3 siRNA-
transfected Jurkats. Importantly, alterations in F-actin content were also abrogated in the
absence of NEMO, suggesting that the intact IKK complex and Homer3 are required to
regulate signal-induced F-actin restructuring. As the Homers’ EVH1 domain facilitates actin
dynamics (16), and through interaction with IKKβ at the IS this domain will remain
accessible, it may interact with regulators of actin dynamics or other proteins involved in the
formation and function of the IS.

In summary, we have identified a novel interaction between IKKβ and Homer3. Although
Homers do not regulate NF-κB activation, recruitment of Homer3 to the IS absolutely
requires the IKK complex. Thus, in addition to activating NF-κB, the IKK complex
functionally regulates the subcellular localization of Homer3.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

AD activation domain

AD-H3 activation domain with full-length Homer3

CC coiled-coil

DB binding domain

DIC differential interference contrast

EVH1 enabled/vasodilator-stimulated phosphoprotein homology 1

IB immunoblotting

IKK IκB kinase

IP immunoprecipitation

IS immune synapse

LZ leucine zipper
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MFI mean fluorescence intensity

NEMO NF-κB essential modulator

NS Ab nonspecific Ab

PGS protein G-Sepharose

siRNA small interfering RNA

ULD ubiquitin-like domain

Y2H yeast two-hybrid
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FIGURE 1.
Homer3 associates with IKKβ. A, Y2H interaction analysis using the AD alone or AD-H3
with either the DNA-DB alone, DB-ULD, or DB-IKKβΔULΔ. Growth in the Y2H plate
(right panels) indicates an interaction. B, IPs from E6.1 Jurkat T cell or mouse splenocyte
extracts were performed using PGS alone, NS Ab, anti-NEMO, or anti-Homer3. IP and pre-
IP extracts were subjected to IB using anti-IKKβ. DIC images and confocal micrographs of
resting Jurkat E6.1 cells showing localization of IKKβ (C) or NEMO (D) in red with
Homer3 in green. Overlay of Homer3 with IKKβ or NEMO is shown (scale bar, 5 μm;
original magnification ×60). E and F, Quantitative analysis of the percentage of Homer3
colocalized with either IKKβ or NEMO and the percentage of IKKβ or NEMO with
Homer3. DIC, differential interference contrast; NS Ab, nonspecific Ab; PGS, protein G-
Sepharose.
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FIGURE 2.
The Homer3 CC/LZ domain associates with the IKKβ ULD. HEK293 cells were transfected
with Myc-Homer3 together with FLAG-IKKα or FLAG-IKKβ (A) or FLAG-IKKβ, FLAG-
IKKβΔULΔ, or FLAG-IKKβL353A (B), and extracts were subjected to IP with anti-FLAG. IP
and pre-IP extracts were subjected to IB using anti-Myc or anti-FLAG. C, Y2H analysis was
performed using AD alone or AD-H3), the CC/LZ (AD-CC/LZ) or EVH1 domain (AD-
EVH1), and either DB alone or DB-ULD. Growth in the Y2H plate indicates an interaction.
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FIGURE 3.
The IKK complex recruits Homer3 to the immune synapse. 3T8, 8321, and 8321N cell
conjugates with anti-CD3–and anti-CD28–coated beads were stained for Homer3 (green)
and either NEMO (A) or IKKβ (B) that appear red. Homer3 colocalized with either NEMO
(A) or IKKβ (B) is yellow in overlays (scale bar, 5 μm; original magnification ×60).
Quantitation of the percentage of Homer3 with NEMO (C) or IKKβ (E) in the absence (–) or
presence (+) of beads. D, The distance from the synapse to the Homer3 centroid in the
conjugates in A and B were calculated. *p < 0.05.

Yatherajam et al. Page 11

J Immunol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Homer3 and NEMO regulate F-actin content in T cells. A, 3T8 Jurkat cells transfected with
control (red) or Homer3 siRNA (black) were incubated with the TCR cross-linking IgM Ab
C305 (0.25 μg/ml) for the times indicated and then stained for F-actin using AF647-linked
phalloidin. B, 3T8 (red) and 8321 (black) Jurkats incubated for the times indicated with
C305 were stained with AF647-phalloidin. For A and B, the percentage change in MFI was
determined relative to control IgM-stimulated cells. C, 3T8 cells transfected with control
(red) or Homer3 siRNA (black) were stimulated with PHA (1 μg/ml) for the times shown,
then AF647-phalloidin stained and the percentage change in MFI was determined relative to
unstimulated cells. D, 3T8 (red), 8321 (black), and 8321N (blue) Jurkats incubated for the
times indicated with PHA were stained for F-actin using AF647-phalloidin. *p < 0.05.
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