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Abstract
The class II transactivator (CIITA) is a key regulatory factor for MHC class II expression. Here, we
demonstrate that PKCδ plays an important role in regulating IFN-γ-inducible CIITA gene expression
in macrophages. Inhibition of PKCδ by either a PKCδ inhibitor or a dominant negative (DN) mutant
form of PKCδ led to down-regulation of CIITA expression. The decrease in CIITA expression by
PKCδ inhibition was in part due to the reduced recruitment of serine 727-phosphorylated Stat1 and
histone acetyltransferases to the CIITA promoter. As a result, IFN-γ induced histone acetylation at
the CIITA promoter is also compromised. However, inhibition of PKCδ did not affect IRF-1
expression or IRF-1 binding to the CIITA promoter. Therefore, we report, for the first time, that
PKCδ is an essential signaling molecule to achieve the maximal expression of CIITA in response to
IFN-γ in macrophages. In addition, although IRF-1 is a key transcription factor to activate the IFN-
γ inducible CIITA promoter, the effect of PKCδ on CIITA expression is mediated primarily by serine
phosphorylation of Stat1.
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1. Introduction
Proper MHC class II expression is essential to activate CD4 T cells and to mount an adaptive
immune response. MHC class II genes are constitutively expressed in B cells and dendritic
cells (DC) and can be induced in macrophages by IFN-γ (Steinman et al., 1999;Reith et al.,
2005). Both constitutive and inducible MHC class II gene expression requires the class II
transactivator (CIITA) (Reith et al., 2005;Steimle et al., 1993;Chang et al., 1996;LeibundGut-
Landmann et al., 2004). CIITA is not a DNA binding protein. Instead, it acts as a scaffolding
protein by interacting with itself and other transcriptional factors to activate the MHC class II
promoter (Masternak et al., 2000;Sisk et al., 2001;Linhoff et al., 2001). CIITA transcription is
controlled by at least three distinct promoters known as pI, pIII and pIV each of which generates
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unique CIITA transcripts (O’Keefe et al., 2001;Muhlethaler-Mottet et al., 1997;LeibundGut-
Landmann et al., 2004). pI and pIII are active in DC, whereas pIII is used in B cells and
plasmacytoid DC (Muhlethaler-Mottet et al., 1997;LeibundGut-Landmann et al., 2004). In
macrophages, however, all three promoters can be induced by IFN-γ although the major form
is transcribed from pIV (O’Keefe et al., 2001;Muhlethaler-Mottet et al., 1997;LeibundGut-
Landmann et al., 2004). Thus, each CIITA promoter is used in a cell type-specific manner.

pIV is controlled by three major cis-acting elements: an IFN-γ activation sequence (GAS), an
E box and an interferon regulatory factor (IRF) element, which bind the transcription factor
Stat1, USF-1, and IRF-1, respectively (O’Keefe et al., 2001;Muhlethaler-Mottet et al., 1997;
1998). IFN-γ activates tyrosine kinase JAK1 and JAK2, which results in phosphorylation of
Stat1. Activated Stat1 dimerizes and translocates to the nucleus, where it binds to the GAS
element in pIV (Shuai et al., 1994;Wen et al., 1995;Vinkemeier et al., 1996;Mowen et al.,
2000;Darnell, 1997). Stat1 also controls IRF-1 expression, which in turn activates the CIITA
promoter (Piskurich et al., 1999;Morris et al., 2002). Therefore, IFN-γ mediated activation of
pIV requires both Stat1 and IRF-1.

PKCs, serine/threonine-specific protein kinases, are known to regulate IFN-γ inducible
expression of MHC class II (Smith et al., 1992;Giroux et al., 2003;Benveniste et al.,
1991;Setterblad et al., 1998;Lee et al., 1995). Microinjection of PKC protein into peritoneal
macrophages induced MHC class II expression (Smith et al., 1992). This induction was blocked
by PKC inhibitors such as staurosporine, calphostin C, or H7 (Smith et al., 1992). MHC class
II expression induced by IFN-γ in astrocytes is also down regulated when cells were treated
with the pan-PKC inhibitor H7 (Benveniste et al., 1991). In the same study, the authors also
showed that PMA treatment that activates PKC signaling does not affect MHC class II
expression. In promyelocytic cells, however, PMA treatment reduced MHC class II expression
by destabilizing CIITA mRNA (De Lerma Barbaro et al., 2005), suggesting a cell type specific
effect of PKC. MHC class II expression requires CIITA and therefore PKC-mediated
modulation of MHC class II is possibly due to a change in CIITA expression. Indeed, PKCα
regulates IFN-γ-inducible expression of the CIITA gene via control of transactivation activity
of IRF-1 (Giroux et al., 2003). Recently, we have demonstrated that constitutive expression of
CIITA in B cells depends on PKCδ, which involves CREB phosphorylation and recruitment,
but not regulation of IRF-1 (Kwon et al., 2006).

PKCδ is known to participate in both type I and II IFN signaling pathways (Uddin et al.,
2002;Deb et al., 2003). PKCδ activated by type I IFN associates with Stat1, and is involved in
phosphorylation of STAT1 on Serine 727 (Uddin et al., 2002). Furthermore, treating cells with
a PKCδ inhibitor or a dominant negative mutant form of PKCδ prevents type I IFN-dependent
gene transcription (Uddin et al., 2002). Similarly, PKCδ is activated by type II IFN, and
phosphorylates Stat1(Ser727) in promyelocytic cells (Deb et al., 2003). Likewise, CaMKII
expression is involved in serine phosphorylation of Stat1 in response to IFN-γ (Sun et al.,
2005).

In this report, we demonstrate that PKCδ is essential for maximum IFN-γ inducible CIITA
gene expression. PKCδ promoted the recruitment of serine phosphorylated Stat1 and histone
acetyltransferases (HATs), but not IRF-1, to the CIITA promoter. As a result, histone
acetylation of the CIITA promoter was enhanced by PKCδ. However, Stat1 dependent IRF-1
expression was not affected by PKCδ. The differential effect of PKCδ on CIITA and IRF-1
expression was at least partly due to a differential requirement for Stat1 serine phosphorylation.
Activation of the CIITA promoter required both tyrosine and serine phosphorylation of Stat1,
whereas serine phosphorylated Stat1 was not necessary to activate the IRF-1 expression.
Together, PKCδ plays an important role in achieving the maximal induction of macrophage
CIITA gene expression in response to IFN-γ.
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2. Materials and Methods
2.1. Cells and Reagents

The murine macrophage cell line RAW264.7 and Stat1 deficient human fibrosarcoma cell line
U3A were maintained in DMEM and 10% FBS and antibiotics. Bone marrow-derived
macrophages were generated from C57BL/6 mice that were purchased from the Jackson
Laboratory (Bar Harbor, ME). In brief, total BM cells depleted of RBC, T cells, B cells, and
other MHC class II-positive cells were cultured 10 days in RPMI1640 supplemented with 5%
FBS and 10 ng/ml murine rM-CSF.

Murine and human rIFN-γ was obtained from BD Pharmingen (San Diego, CA), and Murine
rM-CSF was from R&D Systems (Minneapolis, MN). Antibodies against CIITA, PKCδ, IRF1,
and HA were purchased from Santa Cruz (Santa Cruz, CA), and anti-RFX5 was obtained from
Rockland, INC (Gilbertsville, PA). Antibodies used for flow cytometry, FITC-conjugated
MHC class I (H-2Kb, clone AF6-88.5), and PE-conjugated MHC class II (I-Ab, clone
AF6-120.1) were obtained from BD Biosciences. Antibodies against phospho-PKCδ (Thr505)
and phospho-PKCδ (Ser623), phospho-Stat1(Tyr701) and phospho-Stat1(Ser727), and Stat1
were from Cell Signaling Technology (Berverly, MA). For the ChIP assay, anti-Stat1, IRF-1,
CBP, and p300 antibodies were purchased from Santa Cruz, and histone H4 was obtained from
Upstate Biotechnology (Lake Placid, NY). The PKC inhibitor, Ro-31-8225, Go-6976, and
Rottlerin were obtained from Cal Biochem (La Jolla, CA).

2.2. Plasmid and Transfections
Wild type (WT) and the dominant negative (DN) mutant form of PKCδ have been described
previously (Giroux et al., 2003;Soh and Weinstein, 2003). To generate stable cell lines
expressing WT or DN PKCδ, RAW264.7 cells were transfected with WT, DN PKCδ or the
empty vector, and selected with G418. The 1.1 kb pIV-driven luciferase plasmid and MHC
class II Eα driven luciferase reporter plasmid were described previously (Sisk et al., 2003;Yao
et al., 2006). The IRF-1 promoter construct that contains the GAS and NF-κB site (0.7kb) was
kindly provided by Dr. Richard Pine (Public Health Research Institute, New York, NY) (Pine,
1997). Transient transfection to RAW264.7 cells was performed with 2 μg of the luciferase
reporter (5×105cells) using the lipofectamine method (Invitrogen, Carlsbad, CA). After 36 hrs
of transfection, IFN-γ (10ng/ml) was added with or without Rottlerin for additional 10 hrs. In
some experiments, the reporter was co-transfected with WT or DN PKCδ for 48hrs followed
by IFN-γ treatment for 12hrs. WT, Stat1(Y701F), and Stat1 (S727A) constructs were as
described (Zhang et al., 2005). U3A cells were transfected with the reporter together with WT,
Stat1 (Y701F), Stat1 (S727A) or the empty vector (EV) using the calcium phosphate method.
Two days later, the cells were treated with human IFN-γ for 12hrs. Cell lysates were prepared
to measure the luciferase activity as described (Sisk et al, 2003). Luciferase activity was
normalized with CMV promoter driven β-galactosidase expression. The results were expressed
as relative luciferase activity.

2.3. RT-PCR and Quantitative real-time PCR
Preparation of total RNA, cDNA synthesis, and PCR was conducted as described (Gourley et
al., 2002). The following primers were used: type IV CIITA (5′-
GCATGCCCGAACCTGCGCTGA-3′, and 5′-GGCCATCTTGGGCCTCTAGCT-3′), and
ICSBP-1 (5′-GAATTCCGAAAGGATGTGGA-3′ and 5′-GATGCCAGTGA-
ATGGGTCTT-3′). The primers used for IRF-1, MHC class II (I-Eαd) and HPRT were
described previously (Yao et al., 2006).
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Quantitative real-time PCR was performed by the comparative threshold cycle (ΔCT) method
and normalized to GAPDH. The primers used for type IV CIITA and GAPDH were as
described (Yao et al., 2006).

2.4. FACS analysis
Cells were preincubated 15 min with the anti-FcγR mAb 2.4G2 to block non-specific binding
before staining with Abs against MHC class I and class II for 30 min at 4°C. Flow cytometric
analysis was performed using FACS Calibur and analyzed using Cell Quest software (BD
Biosciences).

2.5. Immunoblotting & Immunoprecipitation
Total cell lysates were used for immunoblotting as previously described (Sisk et al., 2003). To
assess CIITA expression, 50 μg of proteins from cell lysates were subjected to SDS-PAGE on
6% slab gels. The same membrane was used to detect RFX5. To assess phosphorylation of
PKCδ, 500 μg of cell lysates were immunoprecipitated with an anti-PKCδ antibody followed
by western blotting with an antibody recognizing PKCδ (Thr 505) or PKCδ (Ser 623). The
same membrane was then stripped and reprobed with an anti-PKCδ antibody. The level of
Stat1 phosphorylation was assessed with anti-pStat1(Tyr701) or -pStat1 (Ser 727) using SDS-
page on 8% gels. The membrane was reprobed with anti-Stat1 antibody to detect total Stat1.

2.6. Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assay was performed as described (Yao et al., 2005).
Approximately 1×107 cells were used for each chromatin preparation. The chromatin sample
from cells cross linked with formaldehyde and sonicated was precleared with salmon-sperm
DNA and protein A sepharose. Two percent of the sample was used for input. One-seventh of
the sample (1.5×106 cells) was used for immunoprecipitation with the antibody recognizing
IRF-1, Stat1, pStat1(Tyr701), pStat1(Ser 727), CBP and p300 or acetylated histone H4.
Immune complexes were collected with protein A sepharose beads and eluted. After reversal
crosslinks and digestion of proteins with proteinase K, the DNA was purified by phenol/
chloroform extraction. PCR was performed using primers designed to amplify the 180 bp
fragment that contains GAS and E box of the type IV CIITA promoter(Yao et al., 2006).

3. Results
3.1. PKCδ regulates CIITA gene transcription in response to IFN-γ

PKCα is known to regulate IFN-γ inducible expression of the CIITA gene (Giroux et al.,
2003). However, we have previously observed that PKCδ, not PKCα, is necessary to maintain
CIITA expression in B cells (Kwon et al., 2006). Based on these observations, we investigated
the role of PKC members in CIITA gene regulation in macrophages. To do this, we treated
RAW264.7 cells with IFN-γ alone or in the presence of a PKC inhibitor with different
specificities; RO-31-8425 for PKCα, β, γ, and ε; GO-6976 for PKCα; Rottlerin for PKCδ. We
used the concentration of each inhibitor that corresponds to IC50 based on the manufacture’s
specification. As expected, IFN-γ treated cells expressed a high level of CIITA protein (Fig.
1A). Each inhibitor diminished the level of CIITA to a different degree, suggesting that all
three are involved in CIITA expression. However, among the three inhibitors tested, the
PKCδ inhibitor Rottlerin was most potent in preventing the induction, indicating that PKCδ
plays a major role in regulating IFN-γ inducible expression of CIITA. Rottlerin treatment
showed little effect on the level of RFX5 that is another critical transcription factor for MHC
class II expression (Fig. 1A). The decrease in CIITA protein by the PKCδ inhibitor was
coincident with reduced CIITA mRNA (Fig. 1B).
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We next investigated whether PKCδ inhibition affects expression of other IFN-γ inducible
genes. For this, we compared the levels of two additional IFN-γ inducible genes, IRF-1 and
ICSBP-1 (Yao et al., 2005). As demonstrated in Figure 1C, expression of these genes was not
influenced by PKCδ inhibition, suggesting that PKCδ does not affect all IFN-γ inducible gene
expression in macrophages.

To further confirm the effect of Rottlerin on CIITA expression, we generated RAW264.7 stable
cell lines that express a wild type (WT) or a dominant negative mutant (DN) form of PKCδ
(Soh and Weinstein, 2003). As a control, cells transfected with the empty vector (EV) was
generated. Consistent with the effect of Rottlerin treatment, the induction of CIITA expression
by IFN-γ was decreased in cells expressing DN but not WT PKCδ (Fig. 1D). As a consequence,
the mRNA level of MHC class II was also decreased (Fig. 1D). However, IRF-1 mRNA levels
were comparable among the three cell lines (Fig. 1D). The expression of both WT and DN
PKCδ was determined by an immunoblot using an anti-HA antibody since the two PKCδ
constructs have a HA-tag (Fig. 1D, bottom group).

We further investigated whether PKCδ is also important for CIITA expression in bone marrow
derived macrophages (BMMP) that were prepared as described in the Materials and Methods.
Consistent with the data from RAW264.7 cells, IFN-γ inducible expression of the CIITA gene
was greatly diminished when BMMP were treated with IFN-γ together with Rottlerin (Fig.
1E). As a consequence, the level of MHC class II on the cell surface was also decreased (Fig.
1F, left panel). However, Rottlerin did not affect MHC class I expression (Fig 1F, right panel).
Together, PKCδ is critical for the maximal induction of CIITA and MHC class II expression
in response to IFN-γ in macrophages.

3.2. CIITA promoter pIV activity is controlled by PKCδ
Next, we asked whether PKCδ regulates the promoter activity of the CIITA gene. In IFN-γ
treated macrophages, the major form of CIITA mRNA is transcribed from pIV (O’Keefe et al,
2001;Muhlethaler-Mottet et al., 1997;LeibundGut-Landmann et al., 2004). Therefore, we used
a luciferase reporter driven by the 1.1 kb fragment of CIITA promoter pIV (pIV-luciferase)
for transient transfection assays in RAW264.7 cells. To test the effect of PKCδ, we employed
two complementary approaches: Rottlerin treatment and co-transfection with DN PKCδ. We
transfected RAW264.7 cells with the pIV-luciferase reporter, divided into three groups, and
then treated with DMSO, IFN-γ, or IFN-γ together with Rottlerin. pIV activity was enhanced
by IFN-γ but the induction was decreased in cells treated with the PKCδ inhibitor (Fig. 2A,
left). We next tested the promoter activity of the MHC class II gene with the notion that the
decreased CIITA level would lead to low MHC class II promoter activity. Indeed, MHC class
II promoter activity was down-regulated by treatment of the PKCδ inhibitor (Fig. 2A, middle).
However, IRF-1 promoter activity was comparable under all conditions, supporting the
specificity of PKCδ-mediated regulation of CIITA (Fig. 2, right).

To further confirm the effect of the inhibitor treatment, we co-transfected the reporter with
either wild type or DN PKCδ. Similar to the inhibitor treated cells, luciferase activity expressed
by the CIITA and MHC class II promoter was reduced when cells were co-transfected with
DN but not WT PKCδ (Fig. 2B, left and middle). However, the IRF-1 promoter activity was
not affected by DN PKCδ (Fig. 2B, right).

3.3. PKCδ regulates the recruitment of serine phosphorylated Stat1 and HATs, but not IRF-1,
to the CIITA promoter

Key transcription factors necessary for IFN-γ inducible expression of the CIITA gene are Stat1
and IRF-1 (Muhlethaler-Mottet et al., 1998;Piskurich et al., 1999). Therefore, we investigated
whether the inhibition of PKCδ affects the recruitment of Stat1 and IRF-1. To do this, we first
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examined the binding of Stat1 and IRF-1 to the CIITA promoter in RAW264.7 cells upon IFN-
γ stimulation using a chromatin immunoprecipitation (ChIP) assay. Figure 3A showed that
Stat1 was bound to the CIITA promoter prior to IFN-γ stimulation and its binding was enhanced
by IFN-γ, maintained at an elevated level up to 4hrs, and then declined (Fig. 3A, first panel).
In contrast, IRF-1 binding was detectable 1 hr after IFN-γ treatment and maintained throughout
the time points tested (Fig. 3A second panel). In addition, in agreement with the published data
(Lee et al., 1995), IFN-γ treatment enhanced histone acetylation of the CIITA promoter (Fig.
3A, third panel). Therefore, IFN-γ-mediated signaling induces the binding of Stat1 and IRF-1
to the CIITA promoter, which accompanies histone acetylation.

We next investigated the effect of PKCδ on Stat1 recruitment to the CIITA promoter. Based
on the kinetics shown in Figure 3A, we pretreated RAW264.7 cells with Rottlerin or DMSO
followed by IFN-γ stimulation for 2 hrs. ChIP assays were performed with the antibodies
specific to Stat1 phosphorylated at tyrosine 701 [pStat1(Tyr701)], serine 727 [pStat1(Ser727)],
or total Stat1. The ChIP results showed that Rottlerin treatment diminished binding of serine
but not tyrosine phosphorylated Stat1 or total Stat1 to the CIITA promoter (Fig. 3B). Consistent
with these results, RAW264.7 cells expressing DN PKCδ showed decreased binding of pStat1
(Ser727) but not others after IFN-γ induction (Fig. 3C). Therefore, PKCδ appears to regulate
the recruitment of serine phosphorylated Stat1 to the CIITA in macrophages in response to
IFN-γ stimulation.

IRF-1 is an additional critical transcriptional factor for the activation of the IFN-γ inducible
CIITA promoter. When we compared IRF-1 recruitment to the CIITA promoter, IRF-1 binding
was comparable with and without PKCδ inhibition (Fig. 3D). Next, we examined the co-
activators CBP and p300 that possess histone acetyltransferase (HAT) activity (Utley et al.,
1998;Korzus et al., 1998) and are known to interact with pStat1(ser727) (Sun et al., 2005;Zhang
et al., 2005). It is possible that reduced pStat1(ser727) on the CIITA promoter could have
resulted in less efficient HAT recruitment. Indeed, both CBP and p300 binding was
compromised in the presence of Rottlerin (Fig. 3D, second and third panel) or DN PKCδ (Fig.
3E, second and third panel), which accompanied the decreased levels of histone acetylation
(fourth panel in Fig 3D and E). These data suggest that PKCδ regulates the recruitment of
pStat1(ser727) and HATs, but not IRF-1, to the CIITA promoter.

3.4. PKCδ is necessary for the maximal level of Stat1 serine phosphorylation in macrophages
in response to IFN-γ

The diminished binding ability of pStat1(Ser727) to the CIITA promoter upon inhibition of
PKCδ signal in RAW264.7 cells suggests that PKCδ may be responsible for Stat1 serine
phosphorylation in macrophages. Consistent with this notion, Stat1 serine phosphorylation by
PKCδ has been observed in promyelocytic cells (Deb et al., 2003). Therefore, we investigated
the phosphorylation status of PKCδ in RAW264.7 cells. RAW264.7 cells were treated with
IFN-γ and cell lysates were prepared. We then performed immunoprecipitation to enrich
PKCδ followed by western blotting to detect phosphorylated PKCδ using an antibody
recognizing phosphorylation at the serine or threonine residue. As shown in Figure 4A, both
threonine and serine residues were phosphorylated by IFN-γ within 5 min and the signal was
sustained up to 20 min. Therefore, IFN-γ activates PKCδ in macrophages.

Next, we investigated whether PKCδ regulates Stat1 phosphorylation. RAW264.7 cells were
treated with IFN-γ or IFN-γ together with Rottlerin followed by immunoblot to assess the
amount of pStat1(Tyr701) and pStat1(Ser727). IFN-γ treatment induced tyrosine
phosphorylation of both p91 and p84 forms of Stat1 evidenced by two bands with different
mobility (Fig. 4B, top panel). There was a minimal change in Stat1 tyrosine phosphorylation
by PKCδ inhibition, whereas the induction of serine phosphorylation was substantially
decreased in cells treated with Rottlerin (Fig. 4B and 4C). Again, IRF-1 protein expression
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was induced by IFN-γ and the level was not affected by PKCδ inhibitor (Fig. 4B, fourth panel).
When we compared Stat1 phosphorylation in RAW264.7 cells expressing DN PKCδ, a similar
pattern of inhibition was observed (Fig. 4D and 4E). Thus, PKCδ participates in Stat1
phosphorylation at serine 727 in macrophages upon IFN-γ stimulation.

3.5. Differential susceptibility of Stat1 phosphorylation for CIITA and IRF-1 gene expression
We showed different susceptibilities between CIITA and IRF-1 expression to PKCδ inhibition.
In addition, expression of IRF-1 in macrophages after IFN-γ treatment is known to be
independent of PKCα (Giroux et al., 2003). Therefore, we considered the possibility that pStat1
(Ser727) is required for CIITA but not IRF-1 expression. To test this possibility, we utilized
two Stat1 mutants: Y701F and S727A that cannot be phosphorylated at tyrosine 701 and serine
727, respectively (Zhang et al., 2005). We transfected the pIV-luciferase reporter with the Stat1
mutant to Stat1 null U3A cells (McKendry et al., 1991). We found that co-transfection of wild
type Stat1 but not mutants activated the CIITA promoter in the presence of IFN-γ (Fig. 5A).
In contrast, IRF-1 promoter activity was enhanced by the wild type as well as Stat1(S727A)
in response to IFN-γ (Fig. 5B). Therefore, CIITA expression requires Stat1 that is
phosphorylated at both tyrosine and serine residues, whereas the IRF-1 promoter can be
activated in the absence of serine phosphorylated Stat1.

4. Discussion
Several studies have shown that PKC regulates IFN-γ-inducible MHC class II expression in
macrophages and astrocytes but underlying mechanisms for PKC action was not well
understood (Giroux et al., 2003;Benveniste et al., 1991;Lee et al., 1995). IFN-γ inducible
expression of MHC class II depends on CIITA and therefore the effect of PKC is most likely
on CIITA. Indeed, in the current study, we have shown that PKCδ is an important signaling
molecule for IFN-γ inducible expression of CIITA determined by treating cells with PKCδ
inhibitor or expressing DN PKCδ. We also have shown previously that PKCδ but not PKCα,
is essential for constitutive expression of CIITA and MHC class II in B cells (Kwon et al.,
2006). Therefore, among different isoforms of PKC, PKCδ appears to be the major form
regulating CIITA gene expression.

Although PKCδ regulates both constitutive and IFN-γ inducible expression of the CIITA gene,
the underlying mechanism is distinct. In B cells, PKCδ is important for CREB phosphorylation
(Kwon et al., 2006), whereas PKCδ inhibition had little effect on CREB phosphorylation in
macrophages (data not shown). Moreover, PKC activation by PMA in the absence of IFN-γ
signaling was not sufficient to activate CIITA expression in macrophages (data not shown).
Therefore, the role of PKCδ seems to augment IFN-γ signaling to further enhance CIITA
expression. In contrast, B cells express more CIITA upon PMA treatment, presumably due to
enhanced CREB phosphorylation (Kwon et al., 2006). It is not surprising that the molecular
mechanisms governing CIITA expression by PKCδ is different between B cells and
macrophages since the promoter responsible for constitutive (pIII) or IFN-γ inducible (pIV)
expression has different cis-acting elements and require different transcription factors
(Muhlethaler-Mottet et al., 1997;1998). Indeed, CREB and Stat1 are necessary for constitutive
and IFN-γ inducible expression of the CIITA gene, respectively. Accordingly, the effect of
PKCδ signaling is exerted through different transcription factors in B cells and macrophages.

The activation of the IFN-γ inducible CIITA promoter requires Stat1 and IRF-1 (Muhlethaler-
Mottet et al., 1997;1998;Piskurich et al., 1999;Morris et al., 2002). Based on our data and
published studies, IFN-γ stimulation activates PKCδ, which in turn leads phosphorylation of
Stat1 at serine 727. Stat1 phosphorylated at both tyrosine and serine residues following JAK
and PKCδ signaling can efficiently interact with CBP/p300, resulting in the induction of overall
histone acetylation of the CIITA promoter. In agreement with the studies that pStat1(Ser727)
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interacts with HATs (Sun et al., 2005;Zhang et al., 2005), serine phosphorylated Stat1 was
responsible for bringing CBP/p300 to the CIITA promoter evidenced by the diminished binding
of CBP/p300 when serine phosphorylation of Stat1 was reduced by inhibiting PKCδ (Fig. 3
and 4). pStat1(Ser727) is also shown to recruit MCM5 in IFN-γ induced transcriptional
activation (Snyder et al., 2005). MCM5 is a DNA replication factor and the interaction of pStat1
(Ser727) with MCM5 is essential for Stat1-mediated gene activation (Zhang et al., 1998).
Interestingly, when MCM5 expression was reduced by siRNA, IFN-γ inducible expression of
CIITA was impaired, indicating a role of MCM5 in CIITA expression (Snyder et al., 2005). It
is tempting to speculate that decreased serine phosphorylation of Stat1 by PKCδ inhibition also
results in an inefficient recruitment of MCM5 to the CIITA promoter. Therefore, pStat1
(Ser727) is essential for the maximal expression of the CIITA gene, which is controlled by
PKCδ.

The differential effect of PKCδ on CIITA and IRF-1 expression is at least partly contributed
by the differential requirement of Stat1 phosphorylation. Our data showed that the CIITA
expression requires Stat1 phosphorylated at both tyrosine and serine residues, whereas IRF-1
expression can be achieved in the absence of serine phosphorylated Stat1 (Fig. 5). In line of
our observations, the inhibition of PKCα did not affect IRF-1 expression in response to IFN-
γ in macrophages (Giroux et al., 2003). Moreover, treating cells with either an activator or an
inhibitor of PKC did not affect IFN-γ inducible expression of IRF-1 in human epidermal
keratinocytes (Nakanishi et al., 1997). These studies support the notion that pStat1(ser727) is
less critical for IRF-1 expression by stimulation of IFN-γ. However, other studies have reported
that IRF-1 expression requires pSTAT1(ser727) (Kovarik et al., 2001;Ramsauer et al.,
2002;Varinou et al., 2003). Although the sources of discrepancy between two types of results
are not clear at the moment, in all studies, IRF-1 expression was induced by IFN-γ in the
absence of serine phosphorylation of Stat1, albeit at a low level. Notably, Varinou et al. showed
that the expression of several IFN-γ inducible genes including IRF-1 was down-regulated in
macrophages that were prepared from the mice expressing only a serine 727-alanine mutant
of Stat1 (Stat1S727A) (Varinou et al., 2003). However, the IRF-1 levels in mutant mice after
IFN-γ stimulation were still higher than the basal levels, implying that tyrosine phosphorylated
Stat1 can activate IRF-1 expression. Together, in the absence of Stat1 serine 727
phosphorylation, IRF-1 expression can be induced and, more importantly, IRF-1 binding to
the CIITA promoter is not compromised in macrophages.

In sum, our current study demonstrates that the maximal induction of CIITA expression by
IFN-γ signaling requires PKCδ. Activated PKCδ by IFN-γ stimulation results in
phosphorylation of serine 727 of Stat1, and enhances the recruitment of HATs to the CIITA
promoter. Together with the role of PKCδ in the maintenance of CIITA expression in B cells,
PKCδ is an essential signaling molecule regulating CIITA and MHC class II expression.
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Abbreviation used in this paper
DC  

dendritic cell

IRF-1  
interferon regulatory factor-1

PKC  
protein kinase C

HAT  
histone acetyltransferases

DN  
dominant negative

ChIP  
chromatin immunoprecipitation

qRT-PCR  
quantitative real-time PCR

HPRT  
hypoxantine guanine phosphoribosyl transferase

Kwon et al. Page 11

Mol Immunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
PKCδ regulates IFN-γ inducible expression of CIITA in macrophages. (A–C) RAW264.7 cells
were pre-treated with each PKC inhibitor: Ro-31-8425 (500nM), Go-6976 (200nM), Rottlerin
(5 μM), or DMSO for 30 min followed by IFN-γ for 8hrs. (A) Cell lysates were prepared to
do immunoblot using the antibody as indicated. 50 μg of total lysates was loaded on a 6% gel.
The same membrane was stripped and re-probed with an anti-RFX5 antibody. (B) RNA was
prepared from RAW264.7 cells treated with PKC inhibitors as in (A). Type IV CIITA mRNA
levels were determined by qRT-PCR. qRT-PCR data were normalized against mRNA levels
of the GAPDH gene. Data are means ± SE of three independent experiments. (C) Other IFN-
γ-inducible genes were not affected by PKCδ inhibition. RAW264.7 cells were treated with
PKC inhibitors as in (A). mRNA was analyzed using RT-PCR for each gene as indicated. (D)
DN PKCδ expressing cells have reduced levels of CIITA and MHC class II mRNA. RAW264.7
cells that were stably transfected with the empty vector (EV), wild type (WT), or a dominant
negative (DN) mutant form of PKCδ were treated with IFN-γ for 12hrs. Expression of
transfected PKCδ was determined by immunoblotting with an anti-HA antibody. (E) BM
macrophages from C57BL/6 mice were pretreated with Rottlerin (5μM) for 30 min, followed
by IFN-γ stimulation for 6 hrs. Type IV CIITA mRNA levels were measured by qRT-PCR.
The relative mRNA levels were normalized to the GAPDH gene. (F) BM macrophages were
pretreated with Rottlerin for 30 min, followed by IFN-γ stimulation for 24 h. Cell surface MHC
class II and class I expression was analyzed by flow cytometry. Data are representative (A, C,
D, and F) or means ± SE (B and E) of at least two independent experiments.
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Figure 2.
PKCδ regulates CIITA and MHC class II promoters but not IRF-1 promoter. (A) The effects
of Rottlerin on the indicated promoter activity. RAW264.7 cells were transiently transfected
with the luciferase reporter for 36 hrs. Cells then were divided into three, treated with none,
IFN-γ with DMSO (DM), or IFN-γ with Rottlerin (RT) for 10hrs. (B) RAW264.7 cells were
transfected with the indicated luciferase reporter along with the empty vector (EV), wild type
(WT) or DN (DN) PKCδ. Two days after the transfection, cells were treated with IFN-γ for 12
hrs. Cell lysates were prepared to assess the luciferase activity. Luciferase activity in each
group was normalized by β-galactosidase activity. The results were expressed as relative
luciferase activity (RLA) against the value of the DMSO treatment or the empty vector
transfection. Transfections were performed in duplicate and data are means ± SE of at least
three independent experiments.
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Figure 3.
PKCδ is necessary to recruit serine phosphorylated Stat1, CBP and p300 to the CIITA promoter
to enhance histone acetylation. (A) Kinetics of Stat1 and IRF-1 recruitment to the CIITA
promoter, and histone acetylation upon IFN-γ treatment. IFN-γ was added to RAW264.7 cells
for the indicated time period. ChIP assays were performed with the antibody as indicated and
PCR was carried out with the primers to detect the binding to CIITA pIV promoter. (B and D)
RAW264.7 cells were treated with Rottlerin or DMSO for 1 hr prior to the treatment with IFN-
γ for additional 2 hrs. (C and E ) RAW264.7 cells that stably expressing the empty vector (EV)
or DN PKCδ (DN) were treated with IFN-γ for 2 hrs. ChIP assays were performed with the
indicated antibody followed by PCR to measure the binding to the CIITA promoter. Input
shows 2% of total cell lysates. Data are representative of at least three independent experiments.
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Figure 4.
PKCδ is responsible for Stat1 serine phosphorylation upon IFN-γ stimulation. (A) IFN-γ
phosphorylates PKCδ in RAW264.7 cells. RAW264.7 cells were treated with IFN-γ as
indicated. Immunoprecipitation was performed with an anti-PKCδ antibody and then subjected
to immunoblotting to detect phosphorylation of PKCδ with an antibody recognizing phospho-
PKCδ (Thr 505) or phospho-PKCδ (Ser 623). The same membrane was stripped and used to
detect total PKCδ. (B) RAW264.7 cells were treated with Rottlerin for 1hr prior to the treatment
with IFN-γ for 30 min. Immunoblot was performed using the antibody as indicated. To assess
phosphorylation of Stat1, 15 μg of total cell lysates were loaded on an 8 % gel. The same
membrane was used to detect serine phosphorylated Stat1 [pStat1(Ser727)], tyrosine
phosphorylated Stat1 [Stat1(Tyr701)], and followed by total Stat1. IRF-1 protein expression
was assessed with an anti-IRF-1 antibody and the amount of actin is shown as a loading control.
(C) Relative intensity of pStat1. (D) DN PKCδ prevents serine phosphorylation of Stat1. (E)
Relative intensity of pStat1. RAW264.7 cells expressing the empty vector (EV) or DN PKCδ
(DN) were treated with or without IFN-γ for 30 min. Immunoblot and densitometric analysis
was performed the same way as in (B) and (C). Relative intensity of pStat1 was determined
by a densitometric analysis. The intensity of pStat1 in cells treated IFN-γ alone was set at 100%.
Data are means and standard errors of three independent experiments.
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Figure 5.
CIITA expression requires Stat1 that is phosphorylated at both tyrosine and serine residues.
U3A cells were transiently transfected with the luciferase reporter driven by the CIITA (A) or
IRF-1 promoter (B) together with wild type Stat1 (WT), Stat1(Y701F), and Stat1(S727A). EV
indicates the empty vector. Two days after the transfection, human IFN-γ was added and
cultured for additional 12hrs. Transfections were performed in duplicate and data are means ±
SE of at least three independent experiments.

Kwon et al. Page 16

Mol Immunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


