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Summary

Statins are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors that exert
anti-inflammatory effects. IFN-y induction of class Il MHC expression, which requires the class Il
transactivator (CIITA), is inhibited by statins, however, the molecular basis for suppression is
undetermined. We describe that statins inhibit IFN-y-induced class 11 MHC expression by
suppressing CIITA gene expression, which is dependent on the HMG-CoA reductase pathway. In
addition, CIITA expression is inhibited by GGTI-298 or Clostridium difficile Toxin A, specific
inhibitors of Rho family protein prenylation, indicating the involvement of small GTPases. Racl is
involved in IFN-y inducible expression of CIITA, and statins inhibit IFN-y-induced Rac1 activation,
contributing to the inhibitory effect of statins. IFN-y induction of the CIITA gene is regulated by the
transcription factors STAT-1a, IRF-1 and USF-1. We previously reported that statins inhibit
constitutive STAT-1a expression. IRF-1, a STAT-1 dependent gene, is also inhibited by statins.
Therefore, statin treatment results in decreased recruitment of STAT-1a and IRF-1 to the endogenous
CHTA plV promoter. The recruitment of USF-1 to CIITA plV is also reduced by statins, as is the
recruitment of RNA Polymerase 11, p300 and Brg-1. These data indicate that statins inhibit the

transcriptional program of the CIITA gene.
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Introduction

Class Il MHC molecules play a critical role in the immune response by presenting antigens to
CD4* T cells, resulting in their activation and differentiation. Aberrant class 11 MHC expression
is associated with diseases including type | diabetes, rheumatoid arthritis, Multiple Sclerosis
and Alzheimer's Disease [1-5], although their involvement in pathogenesis is less clear. Class
I MHC molecules are constitutively expressed on antigen presenting cells (APCs), whereas
expression is induced by IFN-y in cell types including endothelial cells, macrophages and
microglia [2,6,7]. CIITA is the master regulator of class Il gene activation [6]. CIITA is a non-
DNA-binding co-activator, and its expression is regulated at the transcriptional level. CIITA
function is further modulated by post-translational modifications such as phosphorylation and
ubiquitination [8-10]. The CIITA gene is under the control of three distinct promoters, and
IFN-y induction of CHITA expression is controlled primarily by promoter 1V (plV) [6]. pIV
has several important cis-acting elements including GAS, E-box and IRE. The GAS and E-
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box elements are bound cooperatively by activated STAT-1a and USF-1. Activated
STAT-1a also induces the expression of IRF-1, which then binds IRE in plV [6]. Histone
acetylation at the CHITA plV is increased following IFN-y stimulation, consistent with
transcriptional activity [11]. The ATPase subunit of the SWI/SNF complex, Brg-1, is needed
to mediate chromatin remodeling, which is functionally required for CIITA gene transcription
[12].

Statins competitively inhibit 3-hydroxy-3-methyglutaryl-coenzyme A (HMG-CoA) reductase,
the rate-limiting enzyme that catalyses the conversion of HMG-CoA to L-mevalonate, a key
intermediate in cholesterol biosynthesis [13]. In addition to their cholesterol-lowering activity,
statins have immunomodulatory and anti-inflammatory effects [14-17]. Mevalonate (MVLT)
is a precursor not only of cholesterol, but also of many nonsteroidal isoprenoids, including
geranylgeranyl pyrophosphate (GGPP) and farnesyl pyrophosphate (FPP). Isoprenylation is a
functionally important post-translational modification of small GTP-binding proteins such as
Rho, Rac and Ras, which are important for protein trafficking, signaling, cytoskeletal structure
and cell motility [18,19]. By reducing the cellular pool of isoprenoids, statins cause the
accumulation of inactive forms of Rho, Rac and Ras within the cytoplasm [20]. Thus, statins
have significant cholesterol-independent effects that result from inhibition of the isoprenoid
pathway.

Statins inhibit functional effects of IFN-y such as induction of class Il MHC expression on
APCs, thereby inhibiting T-cell activation [21-23]. Some of the effects of statins are associated
with inhibition of small GTPases [16,17,24]. In addition, small GTPases have important roles
in a variety of immune responses [25-27]. In this study, we demonstrate that statins inhibit
IFN-y inducible expression of CHITA, subsequently inhibiting class Il MHC expression. IFN-
v induction of CIITA involves activation of the small GTPase Rac1, which is inhibited by statin
treatment. In addition, statins affect the transcriptional program of the CIITA gene by inhibiting
the recruitment of STAT-1a, IRF-1 and USF-1, and the co-activator Brg-1 to the CIITA
promoter. These findings provide information on the molecular basis by which statins inhibit
IFN-y-induced class 11 MHC expression, thereby suggesting therapeutic targets for
autoimmune and inflammatory diseases.

Statins Inhibit IFN-y-induced Class Il MHC Expression by Suppressing CIITA Expression

Youssef et al., [23] demonstrated that atorvastatin inhibits IFN-y-induced class Il MHC
expression in macrophages and microglia by inhibiting CIITA expression. Therefore, this
prompted us to explore how statins affect CIITA expression at the molecular level. We first
tested the ability of simvastatin (SS) and lovastatin (LVS) to affect IFN-y-induced class Il
MHC expression in bone marrow-derived macrophages (BMDM). Cells were treated with
increasing concentrations of SS (0.1-10 uM) prior to IFN-y treatment, and then class Il MHC
expression was examined. IFN-y-induced class Il MHC was inhibited by SS in a dose-
dependent manner (data not shown), with maximal inhibition at 10 uM (~50% inhibition,
Figure 1A). LVS showed a similar inhibitory effect (Figure 1A). SS and LVS alone had no
effect on class Il MHC expression (data not shown). Figure 1B is a representative flow
cytometry result using 10 uM of SS. The inhibitory effect of SS was also observed on class 11
MHC mRNA expression (Figure 1C). CIITA is the master regulator of both inducible and
constitutive class I1 MHC expression [28,29]. SS inhibited IFN-y-inducible CIITA mRNA
expression in BMDM by ~70% (Figure 1C). Using primers for pl, plll and plV isoform-specific
CHITA mRNA, we observed that SS inhibited IFN-y induction of pl, plll and plV CIITA
transcripts (data not shown). A comparable effect of SS on class Il MHC and CIITA mRNA
expression was observed in primary murine microglia (Figure 1D). These results indicate that
statins inhibit IFN-y induction of class Il MHC expression in primary macrophages and
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microglia through suppression of CIITA gene expression. We also examined the effect of SS
in the murine macrophage cell line RAW264.7. SS inhibited IFN-y-induced class Il MHC
protein and mRNA expression, and CIITA mRNA expression (Figures 2A and 2B). LVS
showed a similar inhibitory effect in RAW264.7 cells (Figure 2).

We next determined whether the inhibitory effect of SS on CHITA mRNA was due to
destabilization of the CIITA message. RAW264.7 cells were incubated with medium, IFN-y,
or SS (1 uM) plus IFN-y for 12 h, then actinomycin D (5 ug/ml) was added at that point (time
0). RNA was isolated at serial time points and examined for levels of CIITA mRNA. At time
0, 1 uM of SS inhibited IFN-y-induced CIITA mRNA by ~50%. The ty;, of IFN-y-induced
CIHITA mRNA was ~ 3.5 h, while that of CIITA mRNA in the presence of SS was comparable
(Figure 2C). These data indicate that SS inhibition of IFN-y-induced CIITA mRNA levels is
not due to destabilization of CIITA mRNA, suggesting an effect at the transcriptional level.

The Inhibitory Effect of Simvastatin is Dependent on the HMG-CoA Reductase Pathway

To elucidate the mechanism(s) by which statins inhibit CIITA expression, we determined
whether the inhibitory effect of SS was via the HMG-CoA reductase pathways. RAW264.7
cells were incubated with several metabolic intermediates (MVLT, GGPP, FPP or cholesterol)
in the presence of SS prior to IFN-y treatment. The addition of MVLT reversed SS inhibition
of IFN-y-induced CIITA mRNA expression (Figure 3A, lanes 3 and 4), demonstrating that its
effect was the result of inhibition of HMG-CoA reductase. GGPP and FPP are required for the
post-translational modification of GTP-binding proteins of the Rho and Ras family,
respectively. GGPP reversed the inhibitory effect of SS, while FPP had a very modest effect
on reversal (Figure 3A, compare lane 3 with lanes 5 and 6). In addition, cholesterol had no
effect on the inhibitory influence of SS (Figure 3A, compare lanes 3 and 7). To further examine
if inhibition of GTP-binding protein activation was responsible for the inhibitory effect of SS,
cells were treated with GGTI-298 and FTI-277, which are specific inhibitors for Ras
superfamily protein prenylation [24, 30]. Treatment with GGTI-298 (5-20 uM) inhibited IFN-
v-induced CIITA mRNA expression in a dose-dependent manner (Figure 3B, lanes 4-6),
mimicking the effect of SS (lane 3). In contrast, FTI-277 was without effect (Figure 3B, lanes
7-9). We also investigated whether IFN-y-induced CIITA plV activity was affected by
GGTI-298 and FTI-277 treatment. RAW264.7 cells were transiently transfected with a CIITA
plV construct, and then treated with GGTI-298 (20 uM) or FTI-277 (20 uM) for 12 h. Cells
were stimulated with IFN-y and luciferase activity assessed. GGTI-298 treatment significantly
reduced IFN-y-induced CIITA promoter activity, while FTI-277 had no inhibitory effect
(Figure 3C). There was a two-fold increase in CIITA promoter activity in the presence of
FTI-277, but this was not significant due to the large standard error (Figure 3C). These results
indicate that the effect of SS is mediated by inhibition of HMG-CoA reductase, subsequently
inhibiting isoprenylation of the Rho family of G-proteins by decreasing the pools of GGPP.

The Rho family of G-proteins, including Rho, Rac, and Cdc42, are isoprenylated primarily by
GGPP [16]. As the inhibition by GGTI-298 mimicked the inhibitory effect of SS on CIITA
expression, this suggested that SS inhibition was a consequence of inhibition of Rho protein
function. We investigated this by using a specific inhibitor of this class of GTPases, C.
difficile Toxin A, which specifically inhibits Rho family proteins [31]. Cells were treated with
increasing concentrations (1-2.5 nM) of Toxin A prior to IFN-y treatment. Toxin A treatment
reduced IFN-y-induced CIITA mRNA levels (Figure 3D, lanes 3 and 4), comparable to the
extent of SS-mediated inhibition (lane 5). These results suggest that the inhibitory effect of SS
is in part derived from its ability to suppress Rho family GTPase function by limiting GGPP
levels and subsequently inhibiting isoprenylation.
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IFN-y-induced Racl Activation is Involved in CIITA Expression

To examine whether IFN-y induction of CIITA involves the activity of the Rho family of
GTPases, we tested the influence of mutant forms of RhoA and Racl on CHITA plV activity.
RAW?264.7 cells were co-transfected with a CIITA plV construct and mutant forms of RhoA
or Racl. Overexpression of both dominant-negative and constitutively active RhoA constructs
did not influence IFN-y-induced CIITA plV activity (data not shown). In contrast, IFN-y-
induced CIITA plV activity was diminished with increasing concentrations of dominant-
negative Racl (Figure 4A), while constitutively active Racl had no effect (data not shown).
We further examined the involvement of Racl by using the Racl inhibitor NSC23766, which
is a cell-permeable Racl-specific inhibitor [32]. Treatment with NSC23766 (100 uM) for 24
h resulted in suppression of IFN-y-induced CIITA mRNA expression (Figure 4B, lanes 3 and
4). IFN-y stimulates the activation of Racl in rat astrocytes [26]. Therefore, we examined
whether IFN-y induced Racl activation in macrophages. Cells were stimulated with IFN-y,
and GST-PBD-bound active Racl detected by immunoblotting. Active Racl levels were
enhanced by IFN-y treatment, peaked at 15-30 min, and then decreased (Figure 4C).
Collectively, these data indicate that Racl activation is involved in IFN-y-induced CIITA gene
expression. We next investigated the effect of SS on Racl activation by IFN-y. Cells were
pretreated with SS (10 uM) for 12 h, and then stimulated by IFN-y for 15 min. SS treatment
inhibited IFN-y-induced Rac1 activation (Figure 4D, lane 4) as well as the basal level of active
Rac1 (lane 2). These results suggest that the inhibitory effect of SS on CIITA expression is in
part due to inhibition of Racl activation. We previously reported that SS inhibits STAT-1a
activation by suppressing expression of total STAT-Aa levels in RAW264.7 cells [33]. To
determine if Racl is involved in STAT-Aa expression, cells were treated with NSC23766, and
STAT-A expression examined. We observed that the Racl inhibitor attenuated IFN-y-induced
STAT-A activation by suppressing STAT-A expression (Figure 4E, lanes 3 and 4). STAT-A
MRNA expression was also inhibited by the Rac1 inhibitor (data not shown), suggesting that
Racl activity may be involved in STAT-A expression. These results connect Racl as being
involved in CIITA expression through STAT-A.

Simvastatin Inhibits STAT-Aa and IRF-1 Expression in BMDM

IFN-y-inducible expression of CIITA and subsequent class Il MHC expression requires STAT-
Aa [28,34]. We confirmed this in microglia from STAT-Aa-deficient mice (Figure 5A,
compare lanes 2 and 4). To determine if SS inhibits STAT-A in primary macrophages, BMDM
were pretreated with SS (1-10 uM) for 24 h prior to IFN-y treatment, and protein lysates
subjected to immunoblotting. SS inhibited activation of IFN-y-induced STAT-Aa in BMDM
through decreasing levels of the STAT-Aa protein (Figure 5B), confirming our previous
findings. SS also suppressed STAT-Ao mMRNA expression in BMDM (Figure 5C). IFN-y-
induced IRF-1 gene expression is dependent on STAT-Aa [6]. As shown in Figure 5D, IRF-1
protein expression was also inhibited by SS in BMDM, which results from SS-mediated
inhibition of STAT-Aaq.

Simvastatin Does Not Inhibit USF-1 Expression

Binding of STAT-Aa to the GAS element in CIITA plV is stabilized by USF-1. Moreover,
binding of USF-1 to the E-box element is stabilized by STAT-Aa [28]. We examined the effect
of SS on USF-1 expression. RAW264.7 cells were treated with increasing concentrations of
SS for 16 h, and analyzed by immunoblotting or RT-PCR. SS did not inhibit USF-1 protein or
mMRNA expression (Figures 6A and 6B).

Simvastatin Affects the Transcriptional Program of the Endogenous CIITA plV

To investigate further whether the inhibitory effect of SS is mediated at the level of CIITA
transcription, we examined the influence of SS at the endogenous CIHTA plV. ChIP assays
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revealed that STAT-Aa recruitment occurred within 30 min of IFN-y treatment, and persisted
for 6 h (Figure 7A). IRF-1 binding was detected at 2 h (lane 3), and was maintained through
6 h. USF-1 was recruited to the CIITA promoter at 2 h (Figure 7A). Acetylation of histones
H3/H4 was also induced in atime-dependent manner by IFN-y (Figure 7A). Histone acetylation
may be mediated by the co-activators CBP/p300 [35]. We observed recruitment of p300 to
CHTA plV after 2 h of IFN-y treatment (Figure 7D, lane 3), but negligible levels of CBP were
detected (data not shown). IFN-y induces Brg-1 recruitment to the CHITA promoter, and
chromatin remodeling induced by Brg-1 is required for CIITA gene transcription [12, 35]. We
observed IFN-y induced recruitment of Brg-1 to the CIITA plV (Figure 7D, lane 3).

We next examined whether SS inhibits the recruitment of STAT-Aa, IRF-1 and/or USF-1 to
CHTA plV. The 2 h time point of IFN-y treatment was chosen since all three transcription
factors are present at that time (Figure 7A, lane 3). Recruitment of STAT-Aq, IRF-1 and USF-1
was decreased by SS treatment (Figure 7B, compare lanes 3 and 4). H3 acetylation was
unaffected by SS treatment, while H4 acetylation was reduced to a modest level (Figure 7B).
The IFN-y-induced recruitment of both p300 and Brg-1 was also decreased by SS, particularly
that of Brg-1 (Figure 7D, lanes 3 and 4). Because binding of STAT-A and USF-1 increases
recruitment of RNA Pol I1 to the CIITA promoter after IFN-y treatment [35], we examined the
effect of SS on Pol 11 recruitment. Pol 11 recruitment to plV was observed after a 2 h treatment
with IFN-y, and was inhibited by SS (Figure 7C). STAT-Aa and USF-1 bind to the GAS/E
box motifs in a cooperative manner [28]. As shown in Figure 6, USF-1 expression was not
inhibited by SS, while recruitment to pIV was inhibited by SS (Figure 7B). To examine whether
SS affects the DNA binding ability of USF-1, we investigated the effect of SS on USF-1
recruitment to the estrogen-responsive finger protein (EFP) promoter, which is regulated by
USF-1 [36]. USF-1 was recruited to the EFP promoter under basal conditions, and this
recruitment was not affected by treatment with SS, IFN-y or both (Figure 7E). These results
suggest that SS destabilizes the binding of USF-1 to the CIITA plV by reducing recruitment
of STAT-Aa, which results from inhibiting its expression. Taken together, these data indicate
that SS inhibits CIITA gene expression at the transcriptional level.

Discussion

The ability of statins to inhibit CIITA gene transcription has been demonstrated by several
groups [21,23]. In this study, we demonstrate that statins inhibit IFN-y-induced CIITA gene
expression by inhibiting transcriptional events at CIITA plV (Figure 8). SS inhibits the
expression of STAT-Aa and IRF-1 proteins, resulting in less recruitment to the CIITA plV.
Although USF-1 expression is not affected by SS, recruitment of USF-1 to CIITA plV is
diminished by SS. In addition, we reveal for the first time that Racl GTPase is involved in
both STAT-Aa expression and IFN-y-induced CIITA expression, and that SS inhibits Racl
activation, subsequently inhibiting CIITA expression. Inhibition of class Il MHC expression
by statins may help to explain their beneficial effects in the treatment of autoimmunity.

The inhibitory effect of statins on expression of IFN-y-induced class Il MHC has been shown
in numerous cell types [21,23,37,38], however, the molecular basis for suppression is varied.
Statins inhibit IFN-y-induced class Il MHC expression at the transcriptional level in microglia
and macrophages, which is mediated through inhibition of CIITA expression [21,23].
However, Buttice et al., demonstrated that the inhibitory effect of SS occurred in a CIITA-
independent mechanism in human aortic smooth muscle cells by inhibiting RFX5 expression,
which assists in recruiting CIITA to the class Il promoter [37]. Kuipers et al., showed that SS
does not significantly inhibit the transcription/translation pathway of class Il MHC in several
human cell types. Instead, SS impairs class 11 MHC transport to the cell surface by disruption
of cholesterol-containing microdomains, which transport and concentrate class 1l MHC
molecules to the cell surface [38]. We have previously shown that ectopic expression of
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Suppressor Of Cytokine Signaling (SOCS)-1 inhibits IFN-y-induced activation of CIITA plV
in macrophages by suppression of STAT-Aa activation [34]. SOCS-3 protein induction by
LVS contributes to inhibition of STAT-Aa activation in RAW264.7 cells [39]. However, in
our hands, SS or LVS did not induce expression of SOCS-1/3 in macrophages (data not shown),
indicating that the inhibitory effect of the statins in our study was not due to SOCS expression.
Rather, our data indicate that the inhibitory effect of SS on class Il MHC expression in
macrophages/microglia results from inhibiting CIITA transcription.

IFN-y-induced CIITA expression is regulated at the transcriptional level by histone
modifications and the transcription factors STAT-Aa, IRF-1 and USF-1. SS-mediated
suppression of STAT-Aa expression results in inhibition of STAT-Aa activation [33], which
contributes to inhibition of the STAT-Ao dependent gene, IRF-1. This ultimately results in the
reduced recruitment of STAT-Aa and IRF-1 to the endogenous CIITA plV. Binding of STAT-
A, stabilizes the binding of USF-1 to CIITA plV [28]. Although SS did not inhibit USF-1
expression, the DNA binding ability of USF-1 was diminished by SS treatment. Collectively,
we propose that SS-mediated inhibition of STAT-Aa contributes to destabilization of USF-1
binding, subsequently leading to less recruitment/retention of USF-1 to CHIITA plV. ATP-
dependent chromatin remodeling by Brg-1 is required for CIITA transcription [12,35]. Our
ChIP data demonstrated that Brg-1 is present at CIITA plV in untreated cells at a low level,
and substantially increased upon IFN-y treatment (Figure 7D, lanes 1 and 3). It has been shown
that Brg-1 is present at the promoter before STAT-A and IRF-1-binding [35]. Therefore, Brg-1
seems to be required not only for chromatin changes but also for the initial recruitment of
STAT-A. We demonstrated that SS inhibits IFN-y-induced recruitment of Brg-1to CIITA pIV
(Figure 7D, lane 4), whereas expression of Brg-1 is not suppressed by SS treatment (data not
shown). The mechanism by which SS inhibits Brg-1 recruitment is unclear at this time.

The inhibitory effect of SS on IFN-y-induced CIITA expression was reversed by the addition
of MVLT or GGPP (Figure 3A). In addition, the inhibitory effect of SS was mimicked by
GGTI-298 and Toxin A (Figures 3B-D), suggesting the inhibitory effect of SS is the result of
decreased geranylgeranylation of Rho family GTPases. Therefore, geranylgeranylation of Rho
family GTPases may be involved in IFN-y-induced CHITA expression. Small GTPases play an
important role in a variety of immune responses [25, 40]. Rac2 activates Th1-specific signaling
and IFN-y gene expression, thus controlling Thl cell activation [40], and Rac contributes to
the assembly of a multiprotein transduction complex associated with the TCR [25]. We
observed that overexpression of the dominant-negative form of Racl, but not RhoA, inhibited
IFN-y activation of CIITA plV (Figure 4A and data not shown). Furthermore, a Racl inhibitor
suppressed IFN-y-induced CIITA mRNA expression (Figure 4B). In accordance with this
result, IFN-y-induced activation of STAT-A was inhibited by the Racl inhibitor, which was
mediated through suppression of STAT-A protein and mMRNA expression (Figure 4E and data
not shown), contributing to inhibition of CIITA expression. Therefore, Racl may be involved
in STAT-A as well as CIITA expression. We further determined that IFN-y induces Racl
activation (Figure 4C), and SS inhibits this activation as well as the basal level of activated
Racl (Figure 4D). Taken together, these data support the idea that Racl contributes to IFN-y
induction of CIITA expression in macrophages, and is one possible target for SS-mediated
inhibition of CIITA expression. Regarding STAT-A and Rho family GTPases, Park et al.,
[26] showed that Racl contributes to maximal IFN-y activation of STAT-A in astrocytes. Racl
associated with the IFN-yRo and augmented the interaction of IFN-yRa with STAT-A in
response to IFN-y. Besides affecting STAT-A expression, Racl may contribute to IFN-y-
induced CIITA expression by affecting the transcriptional activity of transcription factors,
enhancing receptor signaling through IFN-y or affecting other factors. Future experiments are
planned to address these possibilities. Because Rho family GTPases are involved in a variety
of immune responses as well as cellular functions, statin-mediated inhibition of Rho family
GTPases' function provides a better understanding of the molecular mechanisms and diverse
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actions of statins. Other signaling pathways such as activation of PKC3, PKCa and PKCBII
have been implicated in CIITA gene expression [41, 42]. It will be of interest to determine if
statins influence these signaling pathways.

Atorvastatin treatment of patients with rheumatoid arthritis showed a modest beneficial effect
[43], and atorvastatin is currently being tested in ongoing clinical trials for patients with
relapsing-remitting MS. In addition, oral administration of SS (Zocor) reduced the number of
new gadolinium-enhancing lesions in relapsing-remitting MS patients by 44% in a small 6-
month open-label trial [44]. Our previous [33] and present findings suggest that the ability of
statins to mediate beneficial effects may be a result of blunting class Il MHC and CD40
expression on macrophages, thereby lessening antigen presentation and subsequent T cell
activation. Moreover, our present findings provide a better understanding of the molecular
basis underlying the clinical benefits of statin therapy in autoimmune diseases.

Materials and methods

Recombinant Proteins and Reagents

Cells

Recombinant murine IFN-y and M-CSF were purchased from R&D Systems (Minneapolis,
MN), and PE-conjugated rat anti-mouse class II MHC antibody was from SouthernBiotech
(Birmingham, AL). Activated SS and LV'S, Clostridium difficile Toxin A, FT1-277, GGTI-298
and the Racl inhibitor (NSC23766) were from Calbiochem (San Diego, CA). Phospho-STAT-
A (Tyr701) was from Cell Signaling Technology (Beverly, MA). STAT-A, AcH3, and AcH4
antibodies were purchased from Upstate Biotechnology (Lake Placid, NY), and all other
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). L-mevalonate,
geranylgeranyl pyrophosphate (GGPP), farnesyl pyrophosphate (FPP), and cholesterol were
obtained from Sigma-Aldrich (St. Louis, MO). MMLV RT (Moloney Murine Leukemia Virus
Reverse Transcriptase) was from Promega (San Luis Obispo, CA).

BMDM were generated as previously described [45]. Briefly, bone marrow was flushed from
the femurs of 6- to 12-week-old C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME). Red
blood cells were lysed, and cells were seeded in 60 mm dishes at a concentration of 1 x 108
cells. After a 2 h incubation, suspended cells were removed, and attached cells were cultured
for 6 days in the presence of 20 ng/ml of M-CSF. The purity of BMDM was measured by flow
cytometry for CD11b staining, and > 98% of the cells were positive. Primary murine microglia
from C57BL/6J mice, and WT and STAT-Aa-deficient mice on the 129S6/SvEv background
(Taconic, Germantown, NY) were prepared as described previously [46]. The care and
maintenance of the mice and the research was performed according to the Institutional Animal
Care and Use Committee at the University of Alabama at Birmingham. The murine macrophage
cell line RAW264.7 was maintained in DMEM supplemented with 10% FBS as previously
described [46].

Quantitative Analysis of Class Il MHC Protein Expression by Flow Cytometry

Cells were plated at 5 x 10° cells/well and allowed to grow for 12-16 h in media supplemented
with 10% FBS. The cells were stimulated with IFN-y (5 or 10 ng/ml) for 15 h in 1% FBS
containing media, and then stained for class 1| MHC protein expression as previously described
[47]. The cells were analyzed on a FACScan (Becton Dickinson, Mountain View, CA).
Negative controls were stained with an isotype matched control antibody. Ten thousand cells
were analyzed for each sample.

Eur J Immunol. Author manuscript; available in PMC 2009 June 8.
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RNA Isolation, RT-PCR, and Ribonuclease Protection Assay

Total cellular RNA was isolated, and class Il MHC, CIITA, STAT-A, USF-1 and GAPDH
MRNA expression were analyzed by RT-PCR, as previously reported [33]. The primers used
are shown in Table I. For assessment of CIITA mRNA stability, RPA was performed as
described previously [48]. Quantification of the protected RNA fragments was performed by
scanning with the Phosphorimager (Molecular Dynamics, Sunnyvale, CA). GAPDH mRNA
was used as a housekeeping gene because its levels are not affected by cytokine or statin
treatment.

Immunoblotting

Plasmids

Twenty-30 pg of whole cell lysates or nuclear extracts were used for immunoblotting as
previously reported [33]. Densitometry was used to quantify the immunoblots, and all results
were normalized by the respective actin values. The basal level of the untreated sample was
setas 1.0, and fold induction (or inhibition) upon treatment with IFN-y and/or SS was compared
to that.

The pGEX construct encoding the GTPase-binding domain of PAK1, PBD, dominant-negative
mutants of Rac1 (Rac1N17) and RhoA (RhoAN19), and constitutively active mutants of Racl
(Rac1L61) and RhoA (RhoAL63) were a gift from Dr. W.-C. Xiong (Medical College of
Georgia, GA, USA) [27,49].

GST-PAK-PBD-Binding Assays

Rac1 activation was determined as previously reported [50]. Briefly, the pGEX construct
encoding the GTPase-binding domain of PAK1 was expressed in E. coliasa GST fusion protein
(GST-PBD). After treatment with IFN-y, cells were lysed and incubated with 10 pg of GST-
PBD. To detect GTP-bound Racl, proteins were separated by SDS-PAGE, and immunoblot
analysis was performed using an antibody against Racl.

Transient Transfection and Luciferase Assays

A luciferase reporter plasmid driven by 1703 bp of the human CHITA plV was used as
previously reported [51]. Transient transfection was performed by Lipofectamine Plus
(Invitrogen Life Technologies) as described previously [46]. Transfected cells were stimulated
with IFN-y and the luciferase activity of each sample was normalized to the total protein
concentration of each well. Luciferase activity from the untreated sample was arbitrarily set at
1.0 for calculation of fold induction.

Chromatin Immunoprecipitation (ChlP) Assay

ChIP assays were performed as described previously [52]. Nuclei from formaldehyde cross-
linked cells were resuspended in Tris-EDTA buffer and sonicated. The soluble chromatin was
adjusted into RIPA buffer and precleared. Immunoprecipitation was performed with 4 pg of
appropriate antibodies, and the immune complexes were absorbed with protein A beads
blocked with salmon sperm DNA. Immunoprecipitated DNA was amplified by primer pairs
corresponding to the mouse CIITA plV or Estrogen-responsive Finger Protein (EFP) promoter,
and subjected to PCR (Table I). The PCR products were resolved in 1.5% agarose gels in 1X
TAE electrophoresis buffer, and stained with ethidium bromide. Densitometry was used to
quantify the PCR results, and all results were normalized by the respective input values.
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Statistical Analysis

Data are presented as mean + S.E.M., and the Student's t-test was used to determine statistical
differences. P values of < 0.05 were considered to be statistically significant. All experiments
were repeated at least three times.
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Figure 1. Simvastatin and Lovastatin Inhibit IFN-y-induced Class Il MHC Expression by

Suppressing CIITA mRNA Expression

(A) BMDM were pretreated with either SS (10 uM) or LVS (10 w) for 24 h, and then stimulated
by IFN-y (5 ng/ml) for 15 h. Surface expression of class Il MHC protein was assessed by flow
cytometry. IFN-y induction of class II MHC protein was set at 100%, and statin treatment
compared to that. Mean + S.D. of four experiments. *, p <0.05, compared with IFN-<treatment.
(B) A representative flow cytometry result with SS (10 uM) treatment. (C) BMDM were
pretreated with SS (10 uM) for 24 h prior to IFN-y treatment for 15 h or (D) primary murine
microglia were pretreated with SS (10 uM) for 12 h prior to IFN-y treatment for 15 h. Total
RNA was analyzed by RTPCR with primers specific for class II| MHC, CIITA and GAPDH.
Values were normalized to GAPDH mRNA. The basal level of the untreated sample was set
as 1.0, and fold induction was compared with that. Representative of three independent

experiments.
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Figure 2. Simvastatin and Lovastatin Inhibit IFN-y-induced Class Il MHC and CIITA Expression
in RAW264.7 Cells
Cells were treated with different concentrations of SS (0-10 uM) or LVS (10 uM) for 12 hand

then stimulated by IFN-y (10 ng/ml) for 15 h. (A) Surface expression of class I MHC was
assessed by flow cytometry. IFN-y induction of class II MHC protein was set at 100%, and
statin treatment compared to that. Mean + S.D. of three experiments. *, p <0.05, **, p <0.001,
compared with IFN-y treatment. (B) Total RNA was analyzed by RT-PCR with primers specific
for class I MHC, CIITA and GAPDH. Values were normalized to GAPDH mRNA. The basal
level of the untreated sample was set as 1.0, and fold induction was compared with that.
Representative of three independent experiments. (C) Cells were pretreated with either medium
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alone or SS (1 uM) for 12 h, and then stimulated by IFN-y (10 ng/ml) for 15 h. Actinomycin
D (Act-D) (5 ng/ml) was added at this point (time 0), and cells were harvested at the indicated
times (0.5-4 h). Total RNA was analyzed by RPA for CIITA and GAPDH mRNA expression.
CHTA mRNA was normalized to GAPDH mRNA in each sample, and the value for CIITA

mRNA at time O (before the addition of Act-D) was set to 100. Mean £ S.D. of four experiments.

Eur J Immunol. Author manuscript; available in PMC 2009 June 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 15

A.
- + + + + + + IFN«y
P + SS
- - - * - - = MVLT

- & = = * = = GGPP
d: = & = B % = FPP
= = = = =« = %  (Cholesterol

[ = e | —» cura
1.0 275 22 310 424 73 12

|———————I —» GAPDH
1 2 3 4 5 6 7

B. C.
250
g
-+ + + + + + + + [FNy §
e 4 e e - - - . sS o6 2
- - - 5102 - - - GGTI-298 75‘“" *
- - -« -« -« - 5 10 20 FTI-277 £ w0
| o= e mm—— | CHTA
1.0 17.5 49 175149 6.1 20.7 21.2 196 IFI\IO- + o+ +
| —— — — ———— — — | —» GAPDH VCSiCIC( - + - -
1 2 34 5 67 8 9 GGTI-298 - - 20 -
FT1-277 - - -
D. - + + + + IFNy
- - 1 25 - ToxinA
- - - - + SS
| R — | — CITA
1.0 14.1 97 6.1 22

|—————| —» GAPDH
1 2 3 4 5

Figure 3. The Inhibitory Effect of Simvastatin is Dependent on the HMG-CoA Reductase Pathway
RAW?264.7 cells were pretreated with SS (10 uM), SS plus metaboli cintermediates (500 pM
MVLT, 5 uM GGPP, 5 uM FPP, or 500 uM Cholesterol) (A), FTI-277 (5-20 uM) or GGTI-298
(5-20 uM) (B) or Toxin A (1-2.5 nM) (D) for 12 h, and then were stimulated by IFN-y (10 ng/
ml) for 12 h. (A, B, D) Total RNA was analyzed by RT-PCR with primers specific for CIITA
and GAPDH. Values were normalized to GAPDH mRNA. The basal level of the untreated
sample was set as 1.0, and fold induction was compared with that. Representative of three
independent experiments. (C) Cells were transiently transfected with the CIITA plV construct.
Cells were pretreated with FT1-277 (20 pM) or GGTI-298 (20 uM)for 12 h, and then stimulated
by IFN-y (10 ng/ml) for 12 h. Luciferase activity was determined from the cell lysates, as
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described in Materials and Methods. The results are shown as fold induction (mean + S.D.) of

three independent experiments in which all samples were assayed in duplicate, *, p < 0.05,
compared with IFN-y treatment.
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Figure 4. IFN-y-induced Racl Activation is Involved in CIITA Expression

(A) RAW?264.7 cells were transiently co-transfected with the CIITA plV construct and
increasing amounts of pRK5-Rac1N17 (dnRacl) (0, 0.1, 0.25, 0.5, 1 ug) or pcDNAS3 for 24 h,
and then treated with IFN-y (10 ng/ml) for 12 h. Luciferase activity was determined as described
in Materials and Methods. The results are shown as fold induction (mean + S.D.) of three
independent experiments in which all samples were assayed in duplicate. *, p <0.05, **, p <
0.001, compared with IFN-y treatment. (B) RAW264.7 cells were pretreated with the Racl
inhibitor (100 uM) for 24 h, and then stimulated with IFN-y for 12 h. Total RNA was analyzed
by RT-PCR with primers specific for CIITA and GAPDH. Values were normalized to GAPDH
MRNA. The basal level of the untreated sample was set as 1.0, and fold induction was compared
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with that. Representative of three independent experiments. Cells were treated with IFN-y (10
ng/ml) for the indicated times (C) or pretreated with SS (10 uM) for 12 h and then stimulated
with IFN-y for 15 min (D). The amount of Rac1 bound to the GST-PBD fusion protein was
analyzed by immunoblotting as described in Materials and Methods. Representative of three
experiments. (E) RAW264.7 cells were pretreated with the Racl inhibitor (100 pM) for 24 h,
and then incubated in the absence or presence of IFN-y for 30 min. Total cell lysates were
analyzed by immunoblotting with phospho-STAT-q, stripped, and reprobed with total STAT-
a and actin antibodies. Representative of three experiments.
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Figure 5. Simvastatin Inhibits STAT-Aa and IRF-1 Expression in BMDM

(A) Primary murine microglia isolated from wild type or STAT-A-deficient 129 mice were
incubated with medium or IFN-y (10 ng/ml) for 12 h. Total RNA was analyzed by RT-PCR
with primers specific for class Il MHC, CIITA and GAPDH. Representative of three
experiments. (B) BMDM were pretreated with SS (1-10 uM) for 24 h, and then stimulated by
IFN-y for 30 min. Total cell lysates were analyzed by immunoblotting with phospho-STAT-
Aa, stripped, and reprobed with total STAT-Aa and actin antibodies. Representative of three
experiments. (C) BMDM were treated with SS (10 aM) for 0-36 h. Total RNA was analyzed
by RT-PCR with primers specific for STAT-A and GAPDH. Values were normalized to the
respective GAPDH levels. The basal level of the untreated sample was set as 1.0, and fold
induction was compared with that. Representative of four independent experiments. (D)
BMDM were pretreated with SS (10 aM) for 24 h, and then stimulated by IFN-y for 3 h. Total
cell lysates were analyzed by immunablotting with IRF-1, stripped, and reprobed with actin
antibodies. Representative of three experiments.
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Figure 6. Simvastatin Does Not Suppress USF-1 Expression

RAW?264.7 cells were incubated with increasing concentrations of SS (0-10 pM) for 16 h (A,
B). Nuclear extracts were prepared, and analyzed by immunoblotting with USF-1, HDAC1,
or Spl antibodies (A), while total RNA was analyzed by RT-PCR with primers specific for
USF-1 and GAPDH (B). Representative of three independent experiments.
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Figure 7. Simvastatin Affects the Transcriptional Program of the Endogenous CIITA plV
Promoter

RAW?264.7 cells were either stimulated with IFN-y for up to 6 h (A) or pretreated with SS (10
uM) for 12 h, and then stimulated with IFN-y for 2 h (B-E). Cells were cross-linked with
formaldehyde, and the soluble chromatin was subjected to immunoprecipitation with
antibodies against STAT-Aq, IRF-1, USF-1, AcH3, AcH4, RNA Pol 11, p300, Brg-1, rabbit
1gG or mouse 1gG, followed by PCR for either the CIITA plV (AD) or the EFP promoter
(E). Input chromatin was subjected to PCR to control for variations in immunoprecipitation
starting material. Polyclonal rabbit 1gG or monoclonal mouse IgG was used as a negative
immunoprecipitation control for nonspecific binding. The basal level of the untreated sample
was set as 1.0, and fold induction was compared with that. Representative of three independent
experiments.
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Figure 8. Proposed Model of Statin-mediated Inhibition of CIITA IV Gene Expression

(A) CHITA IV promoter elements include GAS, E-box and IRE. IFN-y-induced CIITA gene
expression involves recruitment of STAT-Aq, IRF-1 and USF-1 to the CIITA plV, as well as
acetylation of histones H3 and H4 (shown as purple circles). In addition, co-activators such as
p300 and Brg-1 and RNA Pol 11 are recruited to the CIITA plV, initiating CIITA gene
transcription. (B) SS or the Racl inhibitor suppress constitutive STAT-Aa expression. This
results in inhibition of STAT-Aa activation, subsequently leading to a reduction of IFN-y-
induced IRF-1 gene expression. This inhibition is associated with reduced recruitment of
STAT-Aaand IRF-1tothe CIITAplIV. Inaddition, recruitment of USF-1 is decreased, whereas
its expression is not affected. The recruitment of p300, Brg-1 and RNA Pol Il is decreased by
SS treatment, thereby inhibiting CIITA gene transcription. Green circles indicate
phosphorylation.
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