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Abstract

T cell receptor (TCR) and costimulatory receptor (CD28) signals cooperate in activating T cells,
although understanding of how these pathways are themselves regulated is incomplete. We found
that Homer2 and Homer3, members of the Homer family of cytoplasmic scaffolding proteins, are
negative regulators of T cell activation. This is achieved through binding of nuclear factor of
activated T cells (NFAT) and by competing with calcineurin. Homer-NFAT binding was also
antagonized by active serine-threonine kinase AKT, thereby enhancing TCR signaling via
calcineurin-dependent dephosphorylation of NFAT. This corresponded with changes in cytokine
expression and an increase in effector-memory T cell populations in Homer-deficient mice, which
also developed autoimmune-like pathology. These results demonstrate a further means by which
costimulatory signals are regulated to control self-reactivity.
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T cells are activated through the TCR and costimulatory pathways predominantly mediated
by the cell surface receptor CD28. Although these pathways are relatively well defined,
questions still remain about how costimulatory signals are regulated. The Homer family of
cytoplasmic scaffolding proteins are known to function at the neuronal excitatory synapse
(1, 2), although their wide tissue distribution, including within the immune system, suggests
that their functions may be relatively broad.

To investigate the in vivo functions of the Homer proteins, we generated mice in which the
loci for each Homer gene were deleted (Homer1, 2, and 3). Of these, we noted that the
Homer3-deficient mice (3) displayed lymphocyte infiltration of multiple organs and
hyperplasia in lymph nodes by 10 weeks of age (fig. S1), which suggested that at least one
of the family might possess some level of immune function. Because Homer proteins
typically have redundant roles (1, 2), we first assessed their possible role in T cell activation,
by assaying interleukin-2 (IL-2) production in T cells lacking all three genes (TKO). IL-2
production was increased by a factor of 2 to 6 in anti-CD3-stimulated T cells from Homer
TKO mice relative to wild-type controls (Fig. 1A). By contrast, when T cells were activated
by costimulation of both CD3 and CD28, no measurable difference in IL-2 production was
detected between wild-type and Homer-deficient mice (fig. S2).

To examine the potential role of Homer proteins in T cell activation in more detail, we used
short hairpin RNAs (shRNAs) to knock down Homer gene expression in human Jurkat T
cells (Fig. 1B). Knockdown of Homer2 or Homer3, but not Homer1, enhanced the
expression of a luciferase reporter driven by the IL-2 promoter by a factor of 3 to 6 (Fig.
1C). Homer2 and Homer3 appeared to have redundant functions in these assays because
overexpression of Homer2, but not HomerZ, could rescue the loss of Homer3 (Fig. 1D). The
IL-2 promoter integrates signals from the calcineurin-NFAT, MAPK-AP1, and NF-xB
pathways (4, 5); to identify which pathways might be regulated by Homer, we used
luciferase reporter constructs under the control of multimerized binding elements for
individual transcription factors. The calcineurin-NFAT pathway was preferentially enhanced
in cells depleted of Homer2 or Homer3 (Fig. 1E). To respond to calcium signals, NFAT is
first dephosphorylated by calcineurin (4), and in Jurkat T cells that expressed shRNASs
targeting Homer3, enhanced dephosphorylation of the NFATc2 isoform was observed after
activation but not under basal conditions (Fig. 1F). No difference was detected in key
signaling events for other pathways such as Fos and Jun induction for the AP1 pathway or
IxB degradation for the NF-xB pathways (Fig. 1F); these results supported the notion that
Homer2 and Homer3 function to selectively inhibit calcineurin-NFAT activation.

The upstream events of NFAT dephosphorylation include calcium mobilization and
activation of calcineurin. In a comparison of the calcium dynamics in response to CD3
activation in wild-type and Homer TKO primary T cells, no difference was detected (fig.
S3A).An analysis of calcineurin activity in Homer3-depleted Jurkat T cells showed normal
calcium-dependent phosphatase activity (fig. S3B). These results suggested that the Homer
proteins function downstream of calcineurin activation but upstream of NFAT
dephosphorylation.

We next asked how Homer might inhibit NFAT activation. Coexpression of a green
fluorescent protein (GFP)—labeled form of NFATc2 (GFP-NFATc2) with Homer2 or
Homer3, but not Homer1, resulted in large cytoplasmic punctae containing both NFATc2
and Homer (Fig. 2A and fig. S4), suggesting physical interaction of the proteins. In support
of the notion that Homer directly binds NFAT, purified GST-Homer2 and GST-Homer3
fusion proteins could pull down NFATc1, c2, and c4 isoforms expressed in human
embryonic kidney (HEK) cells (Fig. 2B). Homerl bound only NFATc4, whereas NFATc3

Science. Author manuscript; available in PMC 2013 March 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang et al.

Page 3

did not show binding to any of the Homer proteins (Fig. 2B). In addition, Homer3 and
NFATCc2 could be coimmunoprecipitated from whole T cell lysates (Fig. 2C).

We next compared Homer and calcineurin binding to NFATc2. When coexpressed, similar
amounts of Homer3 and calcineurin bound GST-NFATc2 (Fig. 2D), which suggested that
they have comparable affinities. GST-Homer3 bound NFAT robustly even in calcium-
depleted buffers (fig. S5A) and was not dependent on NFAT phosphorylation (fig. S5B).
NFATc2 contains a DNA binding domain (DBD) and an N-terminal regulatory domain that
includes two calcineurin docking sites, serine-arginine—rich regions (SRR), serine-proline—
rich regions (SP), and a nuclear localization sequence (NLS) (Fig. 2E) (6). Binding assays
indicated that Homer3 binds a broad region in the N-terminal regulatory domain (Fig. 2E).
Because the Homer binding region overlaps with the calcineurin docking sites on NFAT, we
examined whether any of the Homer proteins might compete with calcineurin for NFATc2
binding. Using purified recombinant proteins, we found that Homer3 reduces calcineurin
binding to NFATc2 (Fig. 2F).

For all previously described Homer interactions, Homerl, 2, and 3 proteins show identical
properties (1, 2). Accordingly, we examined the structural basis of Homer binding to
NFATc2 that distinguishes Homer2/3 from Homerl. Binding required the EVH1 domain of
Homer3 (Fig. 3, A and B), and mutation analysis identified five amino acids that are most
critical (Fig. 3C). The crystal structure of Homer3 was solved and revealed that all five
amino acids cluster at one prominence that is remote from the surface used by Homer to
bind polyproline-rich sequences (Fig. 3D) (7). We noted a threonine and two serines (Thr36,
Ser38, and Ser>2) close to the putative NFATc2 binding surface (fig. S6) that are predicted
AKT phosphorylation targets (3). Indeed, activated AKT (8, 9) prevented the formation of
cytoplasmic punctae in cells between Homer2 or 3 and GFP-NFATc2 (fig. S7) and reduced
Homer2 and 3 binding to GST-NFATc2 in vitro (Fig. 3, E and F). Mimicking
phosphorylation of one or more of Thr3¢, Ser38, and Ser2 reduced NFATc2 binding (fig.
S8), whereas the triple alanine mutant (in which Thr38, Ser38, and Ser>2 are all mutated to
Ala) bound NFATc2 and the inhibition by AKT was attenuated (fig. S8). AKT is activated
by the CD28 pathway (10). CD28 stimulation reduced NFATc2-Homer
coimmunoprecipitation from T cells and was AKT-dependent (Fig. 3G). By contrast,
treatment with LiCl, a GSK3 inhibitor, did not change the amount of NFATc2 that
coimmunoprecipitated with Homer3. These results identify a novel binding surface for
Homer and support a model in which CD28/AKT activation reduces Homer3 binding to
NFATc2.

To further explore the role of Homer in cooperative activation by CD3 and CD28, we
monitored IL-2 expression by T cells isolated from Homer2,3 double-knockout (DKO) mice
(3) (Fig. 4A). At a threshold concentration for CD3 activating antibody (1 pg/ml), addition
of low concentrations of CD28 antibody resulted in IL-2 expression from Homer2,3 DKO
greater than from wild-type T cells by a factor of as much as 9 (Fig. 4A). Homer2,3DKO T
cells also showed enhanced proliferation in response to CD3, either alone or with low-dose
CD28 antibody (fig. S9, A and B). By contrast, at a high concentration of CD28 antibody,
which is not alone sufficient to induce IL-2 production, addition of CD3 antibody resulted in
dose-dependent increases of IL-2 production that were identical in wild-type and Homer2,3
DKO T cells (Fig. 4A). Homer2,3 DKO T cells also showed enhanced (versus wild-type)
induction of other NFAT-responsive genes to CD3 activation, including IL-4 and interferon-
v (Fig. 4B). Egr-1, which is not NFAT-responsive (11), was not differentially induced. IL-2
production and proliferation after T cell activation by antigen-presenting cells (APCs) were
similar in wild-type®5 and Homer DKO®5 T cells that express TCRs specific for the
influenza hemagglutinin antigen (HA) (Fig. 4C and fig. S9C);however, when CD28
signaling was reduced by pretreatment with CTLA4— immunoglobulin (1g), Homer2,3 DKO
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T cells showed a factor of 4 or greater increase in IL-2 production (Fig. 4D). To assay for in
vivo effects of APC-dependent T cell activation, we injected cells from Homer2,3 DKQS-
and control transgenic mice into host mice that express the HA antigen on pulmonary
epithelial cells (12). Mice died more rapidly when they received Homer2,3 DKOS8> T cells
than when they received control T cells (Fig. 4E), consistent with enhanced activation of
Homer2,3 DKO T cells.

Thymocyte development appeared normal in Homer2,3 DKO mice (fig. S10); however, the
percentage of CD62L~CD44M9h effector-memory T cells in 7- to 10-week-old mice
increased by a factor of 2 to 3.5 relative to age-matched wild-type controls (Fig. 4F),
suggesting an increase of autoreactive T cells. Treq cells, which suppress T cell activation
and are also dependent on calcineurin-NFAT (13), were slightly increased in Homer2,3
DKO mice (fig. S11). To assess the long-term effects of Homer2,3 DKO, we examined 14-
month-old mice for evidence of immune dysfunction. Homer2,3 DKO mice differed from
wild-type mice in having more severe mononuclear infiltrative lesions in the liver (5/5 mild-
moderate versus 1/5 mild) (Fig. 4G) and in the lacrimal (Harderian) gland (3/5 moderate-
severe versus 0/5) (Fig. 4H), which showed evidence of tissue injury. These changes are
similar but less severe than those observed in the Homer3 KO mice in mixed B6/129
background (fig. S1), which suggests that genetic background can affect the phenotype.

Our results support a model in which Homer2 and Homer3 are negative regulators of
NFAT-dependent signaling in T cells. NFAT also plays a critical role in calcium-dependent
signaling in other cell types, including muscle (4) and neurons (14, 15). Interestingly, a
Drosophila Homer2 homolog was recently identified in a genome-wide RNA interference
screen of S2 cells as a negative regulator of NFAT activation (16). Our model anticipates
that in the resting state, Homer binds NFATc1/c2 together with the Ca?* release apparatus at
the immune synapse (fig. S12). In the condition of CD3 monostimulation of T cells, active
calcineurin must compete with Homer2,3 for access to NFAT so that only a fraction of
NFAT is dephosphorylated and activated. Because calcineurin activity is required to
dephosphorylate NFAT, even in the absence of Homer2,3, calcineurin-NFAT signaling is
not altered in the basal state (figs. S13 and S14). When CD28 is coengaged, Homer2,3
dissociates from NFAT, leaving greater access for calcineurin to dephosphorylate NFAT1c/
2¢. We propose that AKT-dependent reversal of Homer’s inhibitory function is one means
by which CD28 activation enhances IL-2 production. Homer2 is rapidly up-regulated after T
cell activation (17) (fig. S15), which suggests that the balance of CD3 and CD28 required
for activation may be dynamically regulated. Although our analysis of Homer deficient mice
revealed a relatively modest phenotype, further exploration using other models may reveal
more about Homer proteins in regulating T cell responses. In particular, the role of
Homer2,3 in establishment of anergy and responses to natural antigens will be important to
examine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Homer2 and Homer 3 negatively regulate | L-2 expression by inhibiting calcineurin-NFAT
pathway activation

(A) IL-2 production is enhanced from purified primary Homer1,2,3 triple-knockout (H1,2,3
TKO) T cells after stimulation with anti-CD3 for 24 hours. This result is representative of at
least three independent experiments with IL-2 production increases by factors of 4 to 6 from
knockout T cells. (B) All three Homer family members express in human Jurkat T cells and
can be efficiently knocked down by shRNA. (C) Depletion of Homer2 or Homer3 enhances
IL-2 promoter activity. Jurkat cells were transfected with a luciferase reporter under the
control of the IL-2 promoter and Homer shRNA-expressing plasmids and stimulated with
PMA (50 ng/ml) and 1 uM ionomycin (P+1). Error bars are SDs from three to seven
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independent experiments. (D) Homer2 and Homer3 have redundant functions in IL-2
expression regulation. Error bars are SDs from three independent experiments; # denotes P <
0.05, and n.s. indicates P> 0.05 (Student ztest). (E) Knockdown of Homer2 or Homer3
mainly increases calcineurin-NFAT pathway activation. Cells were stimulated with P+I.
Error bars are SDs from three to eight independent experiments. (F) Depletion of Homer3
enhances NFAT dephosphorylation. This result is representative of at least three
independent experiments. The asterisks in (B) and (F) label the nonspecific cross-reactive
proteins.
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Fig. 2. Homer2 and Homer 3 bind NFAT c2 and compete with calcineurin for NFAT c2 binding
(A) NFATc2 forms cytoplasmic punctae in HEK293 cells in the presence of Homer2 or
Homer3 overexpression. NFATc2 (1-460) (designated as NT)-GFP is shown in green;
Homer proteins are stained in red by an anti-myc mouse antibody. (B) Binding specificity
between Homer and NFAT family members. mGIuR5 binds equally well to Homerl, 2, and
3. (C) Coimmunoprecipitation of endogenous Homer3 and NFATc2 from primary mouse T
cells. (D) GST-NFATc2 NT pulls down comparable amounts of Homer3 and calcineurin.
Calcium-containing buffers were used for pull-down assays, and both Homer3 and
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calcineurin were detected by an antibody to HA. (E) Mapping of regions in NFATc2 that
bind Homer3. (F) Competition between Homer3 and calcineurin for NFATc2 binding.
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Fig. 3. Fiveamino acidsin the Homer EVH domain distinguish Homer 3 from Homer 1 for
NFATc2 binding

(A) The Homer3 EVH domain is sufficient and necessary to bind NFATc2. (B) Analysis of
Homer3 Homerl chimeric mutants (CM) reveals that the N-terminal 80 amino acids are
critical for NFATc2 binding. (C) Analysis of point mutants (PM) of Homer3 with amino
acids converted to those in Homerl for NFATc2 binding. The numbers below the schematic
protein bars in (B) and (C) correspond to the positions of the amino acids in Homer3. The
five amino acids that are essential for NFATc2 binding are marked by short black bars. (D)
Crystal structure of the Homer3 EVH1 domain. The five critical amino acids for NFAT
binding are labeled in red, and the surface that binds the proline-rich sequence such as
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mGIuR peptide (pep, in blue) is shown. (E) Overexpression of active AKT attenuates
Homer3-NFATc2 binding. (F) Effect of active AKT on NFATc2 binding to Homer family
members. (G) Activation of CD28 signaling reduces Homer3-NFATc2 binding in primary
mouse T cells. T cells were stimulated for 3 hours by anti-CD28 precoated on dishes at 10
ug/ml. An AKT inhibitor (20 uM) or a GSK inhibitor (10 mM LiCl) was added in the
medium as indicated.
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Fig. 4. Deletion of Homer 2,3 islinked to autoimmune phenotypes

(A and B) The costimulatory pathway activation attenuates the difference of IL-2 production
between wild type (WT) and Homer2,3 DKO T cells. (A) IL-2 production from purified
spleen T cells from wild-type and DKO mice upon stimulation with various dosages of anti-
CD3 or anti-CD3 plus anti-CD28. (B) Real-time polymerase chain reaction analysis of gene
expression of purified primary T cells stimulated by anti-CD3 (10 pg/ml) or anti-CD3 (3 pg/
ml) plus anti-CD28 (3 pg/ml) for 24 hours. (C and D) IL-2 production from purified CD4* T
cells from wild-type transgenic (WT8-%) and Homer2,3 DKO transgenic mice (Homer2,3
DKO®%5) 48 hours after mixing with irradiated wild-type APCs in the presence of different
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concentrations of HA peptide (C) or HA peptide (10 pg/ml) plus CTLA4-1g protein (5 pg/
ml), which blocks the CD28 signaling (D). (E) Homer2,3 DKO%5 T cells promote an
accelerated response in a pneumonitis autoimmune model. The data of all mice that did not
survive are presented. 2= 0.037 in a log-rank one-way test (WT6-2, 7=5:Homer2,3DK0%-5,
n=4). (F) Flow cytometry data showing the staining of the effector-memory T cells
(CD62L~CD44M9") from 7- to 10-week-old wild-type or DKO splenocytes. The data are
representative of three independent experiments in which a total of six animals of each
genotype were analyzed. (G and H) Hematoxylin and eosin stain of the liver (G) and
lacrimal gland (H1, H2) sections from 14-month-old wild-type and Homer2,3 mutant mice;
trichrome stain of the lacrimal gland sections from a wild-type (H3) and a mutant mouse
exhibiting atrophic appearance (H4). Collagen deposition is labeled in blue. Scale bars, 200
um in (G1) and (G2); 50 um in (G3), (G4), and (H1) to (H4).
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