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Abstract
Expression of many MHC genes is enhanced at the transcriptional or posttranscriptional level
following exposure to the cytokine IFN-γ. However, in this study we found that IFN-γ down-regulated
the constitutive expression of the neonatal Fc receptor (FcRn), an MHC class I-related molecule that
functions to transport maternal IgG and protect IgG and albumin from degradation. Epithelial cell,
macrophage-like THP-1 cell, and freshly isolated human PBMC exposure to IFN-γ resulted in a
significant decrease of FcRn expression as assessed by real-time RT-PCR and Western blotting. The
down-regulation of FcRn was not caused by apoptosis or the instability of FcRn mRNA. Chromatin
immunoprecipitation and gel mobility shift assays showed that STAT-1 bound to an IFN-γ activation
site in the human FcRn promoter region. Luciferase expression from an FcRn promoter-luciferase
reporter gene construct was not altered in JAK1- and STAT-1-deficient cells following exposure to
IFN-γ, whereas expression of JAK1 or STAT-1 protein restored the IFN-γ inhibitory effect on
luciferase activity. The repressive effect of IFN-γ on the FcRn promoter was selectively reversed or
blocked by mutations of the core nucleotides in the IFN-γ activation site sequence and by over-
expression of the STAT-1 inhibitor PIAS1 or the dominant negative phospho-STAT-1 mutations at
Tyr-701 and/or Ser-727 residues. Furthermore, STAT-1 might down-regulate FcRn transcription
through sequestering the transcriptional coactivator CREB binding protein/p300. Functionally, IFN-
γ stimulation dampened bidirectional transport of IgG across a polarized Calu-3 lung epithelial
monolayer. Taken together, our results indicate that the JAK/STAT-1 signaling pathway was
necessary and sufficient to mediate the down-regulation of FcRn gene expression by IFN-γ.
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The neonatal Fc receptor (FcRn)3 for IgG was first characterized in the intestinal epithelial
cells of neonatal rodents; however, its expression has recently been identified in a variety of
cell types and tissues including epithelial cells, endothelial cells, macrophages, and dendritic
cells in rodents and humans of all ages (1–4). The structure of FcRn is similar to that of MHC
class I Ags, being composed of a heavy chain (45 kDa in humans and 50 kDa in rodents) that
is noncovalently attached to a light chain β2-microglobulin (12 kDa) (5,6). However, FcRn is
not capable of presenting Ags to T cells because its Ag binding groove is too narrow (7). Despite
this, FcRn is identified as a transport receptor involved in mediating the transfer of IgG from
the maternal to the fetal/newborn blood in placental and/or intestinal tissues (8,9). FcRn,
therefore, plays a major role in the passing on maternal immunity to newborns, possibly in all
mammals. FcRn also functions in the maintenance of IgG and albumin homeostasis by
salvaging either of them from degradation (8,10,11). In the model proposed by Brambell et al.,
IgG is taken into cells by pinocytosis or endocytosis from the surrounding tissue fluid or blood
(12). FcRn in acidic compartments, such as the endosome, binds and recycles IgG out of the
cell to avoid IgG degradation in the lysosome (8,12). In fact, FcRn displays pH-dependent
binding of IgG or albumin; specifically, FcRn preferentially binds IgG or albumin at acidic pH
(6 – 6.5) and releases IgG or albumin at neutral pH (7–7.4) (8,11,12). The transport and
protective properties for IgG by FcRn are fully supported by several studies in which mice
deficient in either β2-microglobulin or FcRn heavy chain exhibit either failure of transport of
maternal IgG or significant reduction in the serum half-life of IgG (3,10,13,14). Recently, FcRn
is also shown to play a role in phagocytosis (15).

IFNs are multifunctional cytokines that have antiviral, antiproliferative, antitumor, and
immunomodulatory effects (16,17). In the case of IFN-γ, the cell membrane receptor for IFN-
γ is composed of two subunits, IFN-γR1 and IFN-γR2. Upon binding to IFN-γ, the IFN-γ
receptor rapidly associates with the Janus tyrosine kinases JAK1 and JAK2. JAK enzymes
phosphorylate one another and then subsequently phosphorylate the IFN-γ receptor, which
results in the formation of a docking site for the latent cytoplasmic transcription factor named
STAT-1, a member of the STAT (signal transducer and activator of transcription) protein
family (18). Upon phosphorylation, STAT-1 homodimerizes, translocates to the nucleus, and
regulates gene transcription by binding to IFN-γ-activated sequences (GAS) in the IFN-γ-
inducible genes. Homodimerization of STAT-1 is mediated by the binding of the
phosphorylated tyrosine 701 of one STAT-1 monomer to the Src homology 2 domain of
another. However, maximal transcriptional activity by active STAT-1 homodimers also
requires STAT-1 phosphorylation at serine 727 (19–21). It has been found that STAT-1
phosphorylation plays a critical role in IFN-mediated innate immunity to microbial infection
(22). STAT-1 signaling can also be negatively regulated by the protein inhibitor of activated
STAT-1 (PIAS1) and suppressor of cytokine signaling (SOCS) (23). More interestingly, IFN-
γ can also regulate expression of its inducible genes in a STAT-1-independent manner (24–
27), suggesting that multiple signaling pathways in parallel play important roles in the
biological response to IFN-γ.

The pivotal roles in the protection and transport of IgG have led to an increasing interest in the
mechanism that regulates FcRn expression regarding both constitutive and stimulated
expression. MHC class I and related molecules include HLA-A, HLA-B, HLA-C, HLA-F,
HLA-G, HLA-H, MR1, MIC A/B, CD1, and FcRn. Expression of several MHC class I genes
significantly increases at the transcriptional or posttranscriptional level following exposure to
IFN-γ in a variety of tissues and cells (28–33). Although the transactivating roles of IFN-γ in
MHC class I and its related molecules are well established, at present little is known about
whether and how IFN-γ regulates FcRn gene expression. In an effort to identify the role of IFN
signaling in regulation of the FcRn receptor, we unexpectedly found, for the first time, that
IFN-γ down-regulated human FcRn expression and function. Furthermore, our study showed
that activation of STAT-1 is required for IFN-γ-induced down-regulation of FcRn expression.
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STAT-1-repressed FcRn transcription may act through sequestering the transcriptional
coactivator CREB binding protein (CBP)/p300, thus reducing the level of CBP/p300 at the
human FcRn promoter.

Materials and Methods
Cell lines, Abs, reagents

Human lung-derived Calu-3 adenocarcinoma cells were obtained from American Type Culture
Collection (HTB-55) and maintained in a 1:1 mixture of DMEM and Ham’s F-12 medium
(Invitrogen). Human 2fTGH cells, a cell line derived from the human fibrosarcoma HT1080
cell line, and the 2fTGH-derived cell lines U3A (STAT-1 deficient) and U4A (JAK1 deficient)
were gifts from Dr. G. Stark (Cleveland Clinic Foundation, Cleveland, OH). HeLa-E2A4
(JAK1 deficient) was from Dr. R. A. Flavell (Yale University School of Medicine, New Haven,
CT). The human intestinal epithelial cell lines HT-29 and Caco-2 and the macrophage-like
THP-1 cells were obtained from Dr. R. S. Blumberg (Harvard Medical School, Boston, MA).
The human intestinal epithelial cell line T84 was from Dr. W. Song (University of Maryland,
College Park, MD). All epithelial and fibrosarcoma cells were maintained in DMEM complete
medium (Invitrogen). The THP-1 cell line or freshly isolated human PBMCs (Institute of
Human Virology, Baltimore, MD) were cultured in complete RPMI 1640 medium (Invitrogen).
All complete medium was supplemented with 10 mM HEPES, 10% FCS, 2 mM L-glutamine,
nonessential amino acids, and penicillin (0.1 μg/ml)/streptomycin (0.292 μg/ml) in a
humidified atmosphere of 5% CO2 at 37°C.

HRP-conjugated donkey anti-rabbit or rabbit anti-mouse Ab was purchased from Pierce, and
purified human IgG was from Jackson ImmunoResearch Laboratories. Anti-STAT-13, anti-
phospho-STAT-1 (tyrosine 701), anti-phospho-STAT-1 (serine 727), and anti-p300 Abs were
from Cell Signaling Technology. Human recombinant IFN-γ was from R&D Systems. All
DNA-modifying enzymes were purchased from New England Biolab.

Semiquantitative RT-PCR and quantitative real-time RT-PCR
Semiquantitative RT-PCR and real-time RT-PCR were performed as previously described
(34). In brief, total RNA was isolated from stimulated and mock-stimulated cells (2 × 106/ml)
in TRIzol reagents (Invitrogen) according to the manufacturer’s instructions. Semiquantitative
RT-PCR was performed using a one-step RT-PCR kit (Qiagen). Primers for amplification of
FcRn and GAPDH have been previously described (34). Thirty cycles of PCR amplification
were performed in a 20-μl volume. Each cycle consisted of denaturation at 94°C for 30 s,
annealing at 58°C for 30 s, and extension at 72°C for 30 s. An additional 10 min was applied
for the final extension. PCR products were resolved on 1.5% agarose gels and visualized by
staining with ethidium bromide. Integrated density values for the FcRn binds were normalized
to the GAPDH values to yield a semiquantitative assessment.

The freshly isolated human PBMCs (106 cells/ml) were stimulated with IFN-γ (25 ng/ml) for
24 h. The total RNA samples were extracted. The RNA (400 ng/reaction) was reverse
transcribed to yield first-strand cDNA using SuperScript III (Invitrogen). Real-time RT-PCR
was performed using FcRn and GAPDH primers (34) and the SYBR Green Supermix kit (Bio-
Rad Laboratories) in a Chromo 4 thermocycler (MJ Research). FcRn expression was calculated
following normalization to GAPDH levels by the comparative ΔΔ threshold cycle method. All
reactions were performed for 40 cycles: 15 s at 94 °C, 15 s at 58 °C, and 20 s at 72 °C. The
specificity of the amplification reactions was confirmed by melt curve analysis. The Opticon
Monitor 3.1 software package (Bio-Rad Laboratories) was used for real time RT-PCR.

Liu et al. Page 3

J Immunol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Construction of expression or reporter plasmids and mutagenesis
Construction of the human FcRn promoter-luciferase reporter plasmid phFc-RnLuc containing
sequences from −1801 to +863 of the human FcRn promoter has been previously described
(34). The mutant derivative plasmids pM1 and pM2 were constructed by overlapping PCR
mutagenesis to disable the putative GAS sequence (see Fig. 4B), using phFcRnLuc as a
template. The primer pairs for pM1 (5′-
GGAAGCCAACTACTCATATGAATCTCTTTCTGTG-3′ and 5′-
AGGATTAGTGGACGTTCAGCTGGTTCAGAG-3′) or pM2 (5′-
TTATATGATTCAATGGCTTAGACATGTGCAGAATAG-3′ and 5′-
TATGAAGTCTTTCCTTCCTTCCTTCCTTGCCTC) were used (the mutations are
underlined). The expression plasmid encoding wild-type STAT-1 (pSTAT-1) and the
phosphorylation site mutant plasmid pSTAT-1Y701F were kindly provided by Dr. K.
Nakajima (Osaka City University Medical School, Osaka, Japan) and Dr. D. Geller (University
of Pittsburgh, Pittsburgh, PA). The FLAG-tagged STAT-1 and PIAS1 expression plasmids
were kind gifts from Dr. K. Shuai (University of California, Los Angeles, CA). The FLAG-
tagged pSTAT-1Y701F, pSTAT-1S727A, or pSTAT-1Y701F/S727A was constructed by the
overlapping PCR mutagenesis method. The primer pair (5′-
AGGAACTGGATTTATCAAGACTGAGTTGAT-3′ and 5′-
TTAGGGCCATCAAGTTCCATTGGCTCTGGT-3′) was used to substitute tyrosine 701 with
a phenylalanine residue (underlined). The primer pair (5′-
GACAACCTGCTCCCCATGGCTCCTGAGGAG-3′ and 5′-
TGTGGTCTGAAGTCTAGAAGGGTGAACTTC-3′) was used to change serine 727 to
alanine (underlined). The murine JAK1 expression construct was obtained from Dr. J. Ihle (St
Jude Children’s Research Hospital, Memphis, TN). The integrity of the DNA fragments in the
plasmids was confirmed by DNA sequence analysis.

Immunoprecipitation, gel electrophoresis, and Western blotting
Immunoprecipitation was done as described previously (36). Protein was precipitated with
anti-FLAG Ab. The immunoreactive products were eluted from the protein G complex with
gel loading buffer at 95°C. Gel electrophoresis and Western blot were performed as previously
described (35,36). Protein concentrations were determined by the Bradford method. The cell
lysates were resolved by electrophoresis on a 12% SDS-polyacrylamide gel under reducing
conditions. Proteins were electrotransferred onto a nitrocellulose membrane (Schleicher &
Schuell). The membranes were blocked with 5% nonfat milk, probed separately with affinity-
purified rabbit anti-FcRn peptide (CLEWKEPPSMRLKARP) Ab for 1 h, followed by
incubation with HRP-conjugated donkey anti-rabbit Ab. All blocking, incubation, and washing
were performed in PBST solution (PBS and 0.05% Tween 20). Proteins were visualized by an
ECL method (Pierce).

Determination of mature FcRn mRNA stability
Stability of the mature FcRn mRNA transcript was determined by using an actinomycin D
inhibition assay as described previously (37,38). Briefly, after 24 h of HT-29 cells being treated
with or without IFN-γ, 5 μg/ml actinomycin D (Sigma-Aldrich) was subsequently added to
each culture to stop the further production of mature FcRn transcript. Following the addition
of actinomycin D, cell viability was analyzed by trypan blue exclusion and did not significantly
change over the course of the experiment. HT-29 cells were collected from the cultures at 0,
1, 2, 4, 8, and 10 h following the addition of actinomycin D, and total RNA was isolated. The
level of FcRn mRNA was quantified for each time point by semiquantitative RT-PCR or
quantitative real-time PCR as described above.
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Nuclear run-on assay
The rate of mature FcRn transcription was determined by nuclear run-on as described in detail
previously (38,39). Briefly, 5 × 107 THP-1 cells were collected 24 h following stimulation in
the presence or absence of IFN-γ and washed twice with PBS before resuspension in 5 ml of
cell lysis buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, and 0.5%
Nonidet P-40 for 5 min at 4°C. Nuclei were collected by centrifugation at 300 × g for 10 min
at 4°C, resuspended in 500 μl of nuclear freezing buffer containing 50 mM Tris-HCl (pH 8.3),
40% glycerol, 5 mM MgCl2, and 0.1 mM EDTA, and stored at −80°C until use for nuclear
run-on. Nuclear run-on and RNA isolation were preformed in the presence of biotin-16-UTP
(Roche). To control for the possibility of nonbiotin-labeled RNA contamination, replicate sets
of nuclei were used in the nuclear run-on that did not contain biotin-16-UTP. Dynabeads M-280
(Invitrogen) were used to capture the biotin-labeled RNA molecules from the purified nuclear
RNA, and beads were washed twice with 2× SSC plus 15% formamide and once with 2× SSC
and resuspended in 30 μl of RNase-free H2O before the preparation of random hexamer-primed
cDNA as described in the paragraph titled Semiquantitative RT-PCR and quantitative real-
time RT-PCR above except for the primer pair used for GAPDH (5′-
GCCACTAGGCGCTCACTGTTCTCTC-3′ and 5′-
CTCCTTGCGGGGAACAGCTACCCTGC-3′) and FcRn (5′-
GAGCCTGGGCGCAGGTGAGGGCCGC-3′ and 5′-
GCGACAGGTGGTTCCCAGCCTCAGGC-3′). Primers located in the intronic region are
underlined. All samples that did not contain biotin-16-UTP were found to be negative for the
presence of GAPDH and mature FcRn transcripts.

Immunofluorescence and detection of apoptosis by TUNEL
HT-29 cells were cultivated on coverslips for 24 h. The coverslips were rinsed in PBS and cells
were cold-fixed in 4% paraformaldehyde in PBS for 30 min at 4°C. Subsequent procedures
were done at room temperature. After two washings with PBS, the coverslips were
permeabilized (3% BSA and 0.2% Triton in PBS) for 30 min. Cells were incubated with
affinity-purified rabbit anti-STAT-1 in PBST (0.05% Tween 20 and PBS) with 3% BSA for 1
h. Cells were then incubated with Alexa 458 Fluor-conjugated AffiniPure goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories) in PBST with 3% BSA. Cell nuclei were
counterstained with 5 μg/ml 4′,6′-diamidino-2-phenylindole (DAPI; Molecular Probes) in PBS.
After each step the cells were washed three times with 0.1% Tween 20 in PBS. To mount
coverslips, the ProLong antifade kit was used (Molecular Probes). Images were captured using
a ×100 oil-immersion objective on a Zeiss inverted microscope linked to a DeltaVision
deconvolution imaging system.

In situ detection of apoptotic cells was performed with the TUNEL kit from Roche. After IFN-
γ (50 ng/ml) treatment, HT-29 cells undergoing cell death were identified. Briefly, IFN-γ- or
mock-treated cells were fixed with a freshly prepared fixation solution (4% paraformaldehyde
in PBS (pH 7.4)) for 1 h at room temperature, and then incubated in permeabilization solution
(0.1% Triton X-100 in 0.1% sodium citrate) for 2 min on ice, and the TUNEL procedure was
conducted according to the manufacturer’s instructions. For the correlation of TUNEL with
nuclear morphology, cells were counterstained with DAPI. To confirm the specificity of
TUNEL, cells were treated with 3000 U/ml DNase I at room temperature for 10 min to induce
DNA strand breaks before labeling procedures. In negative controls, terminal TdT was omitted
from the labeling reaction mixture. Samples were viewed by fluorescence microscopy with
excitation at 320 –580 nm.

Transient transfection and luciferase assay
Transient transfection and luciferase assay were done as previously described (34). Briefly,
cells were transiently transfected with Effectene according to instructions from the
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manufacturer (Qiagen). In each cotransfection, 2 × 106 cells were transfected with a DNA mix
containing 0.95 μg of firefly luciferase reporter plasmid and 0.05 μg of Renilla luciferase pRL-
TK control plasmid. Cotransfection experiments with the STAT-1, JAK1, or PIAS1 expression
plasmid included an additional 1.0 μg of the plasmid. The following day, the cells were cultured
with or without IFN-γ. The cells were harvested 24 h after treatment and assayed for the
expression of Renilla and firefly luciferase using the dual luciferase kit (Promega) according
to the recommended protocol in a Victor 3 luminometer (PerkinElmer). The values for firefly
luciferase were normalized to the Renilla luciferase activity and expressed as fold activation
over the vector background.

Chromatin immunoprecipitation (ChIP)
ChIP experiments were performed according to the manufacturer’s recommendations (Upstate
Biotechnology) and as previously described (34). In brief, HT-29 cells (5 × 106 cells) were
incubated with or without IFN-γ (25 ng/ml) for 1–12 h. The cells were fixed with 1%
formaldehyde. The nuclei were isolated and sonicated 20 times on ice for 10 –20 s with 90-s
breaks (Sonifier 350; Branson) between each sonication interval to shear the DNA to 200–
1000 bp. A small aliquot (20 μl) was saved as “input DNA” for PCR analysis by reversing
histone-DNA crosslinks by heating at 65°C for 4 h. Chromatin was immunoprecipitated from
200-μl aliquots at 4°C by mild agitation overnight with 5 μg of Ab specific for STAT-1,
phospho-STAT-1 (tyrosine 701), and phospho-STAT-1 (serine 727) or with 5 μg of normal
rabbit IgG as negative control. Immune complexes were collected by incubation with protein
A-agarose. To analyze the target region, the immunoprecipitated chromatin DNA samples were
amplified by PCR with primer pairs for FcRn (5′-GGAAAGACTTCATATTATATGATTC-3′
and 5′-GCAACTGTCACCTCTATCCGAGTTC) or ICAM-1 (5′-
GATTGCTTTAGCTTGGAAATTC-3′ and 5′-GGAGCCATAGCGAGGCTGAG-3′). DNA
samples or input DNA fractions were analyzed by 35 cycles of PCR (94°C for 30 s, 58°C for
30 s, and 72°C for 30 s) in 20-μl reaction mixtures. PCR products were subjected to
electrophoresis by using 2% agarose gels in TAE (Tris-acetate-EDTA) buffer and visualized
by ethidium bromide.

Preparation of nuclear extracts and EMSA
Nuclear extracts were prepared using a nuclear and cytoplasmic extraction kit according to the
manufacturer’s instructions (Pierce). IFN-γ (25 ng/ml)-treated HT-29 cells (1 × 107) were used.
The double-stranded oligonucleotides (5′-TGATTCAATTTCTTTGAAATGTGCAG-3′)
containing a putative GAS sequence (underlined) from the FcRn promoter was used. The
double-stranded oligonucleotides (5′-CCCTTTCTGGGAAGTCCGGGT-3′) containing the
GAS sequence (underlined) from the c-myc promoter (25) were used as a positive control. The
DNA was labeled with a biotin 3′-end DNA labeling kit (Pierce). In brief, 4 μg of nuclear
extracts were incubated in binding buffer (10 mM Tris (pH 7.9), 50 mM NaCl, 5 mM
MgCl2, 50 mM KCl, and 50% glycerol) with 50 ng/ml poly(deoxyinosinic-deoxycytidylic
acid) (poly(dI-dC)) and a 20-fmol final concentration of biotin-labeled, double-stranded
oligonucleotide for 20 min at room temperature. For competition assays, samples were
preincubated with a 100-fold excess of a nonlabeled oligonucleotide. For the supershift assay,
0.8 μg of each Ab specifically directed against STAT-1 was preincubated with the nuclear
extracts in the absence of poly(dI-dC) for 30 min at 22°C. Subsequently, poly(dI-dC) was added
and incubated for 5 min, followed by the addition of a probe for an additional 20 min. The
samples were loaded on a 5% native polyacrylamide gel in 0.5× Tris-borate-EDTA buffer at
80 volts for 2 h. The gels were blotted onto a nylon membrane (Bio-Rad Laboratories), blocked,
incubated with HRP-avidin, and developed using the LightShift chemiluminescent EMSA kit
(Pierce) according to the manufacturer’s instruction. Visualization of the chemiluminescent
signal on the membrane was achieved by exposing to X-ray film (Kodak).
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IgG binding assay
IgG binding assays were performed as previously described (34) with the following
modifications. Calu-3 cells (1 × 107) were lysed by shaking in PBS (pH 6.0 or 8.0) with 0.5%
CHAPS (Sigma) and protease inhibitor mixture on ice for 1 h. Cytoplasmic supernatants
containing 0.5 mg of soluble proteins were incubated at 4°C overnight with human IgG-
Sepharose (Amersham Pharmacia Biotech). The unbound proteins were removed with PBS
(pH 6.0 or 8.0) containing 0.1% CHAPS. The adsorbed proteins were boiled with reducing
electrophoresis sample buffer at 95°C for 5 min. The eluted fractions were subjected to Western
blot analysis with affinity-purified rabbit anti-FcRn peptide Ab.

IgG transcytosis
IgG transport was performed with a modification of previously described methods (34,40,
41). Calu-3 cells were grown onto Transwell filter inserts (Corning Costar) to form a monolayer
exhibiting transepithelial electrical resistances (700 ohms/cm2). Transepithelial electrical
resistance was measured using a tissue-resistance measurement equipped with planar
electrodes (World Precision Instruments). Monolayers were equilibrated in HBSS and mock-
treated or stimulated with IFN-γ (25 ng/ml) for 24 h. Thereafter, human IgG at a final
concentration of 0.5 mg/ml was added to the apical or basolateral medium. Monolayers were
incubated for 1 h with IgG or chicken IgY at 37°C. An aliquot of the buffer was collected into
which apically and basolaterally directed IgG or IgY transport was conducted. Transported
proteins were analyzed by reducing SDS-PAGE and Western blot-ECL. NIH Image software
(National Institutes of Health, Bethesda, MD) was used to determine the relative band
intensities of a blot.

Statistical analysis
Data from three independent experiments were initially analyzed by ANOVA to detect
significant changes between the stimulated and mock-stimulated cells. Additional statistical
evaluation of the differences in expression of FcRn genes was measured by Student’s t test
with a Bonferroni correction. All results are expressed as mean values. A value of p < 0.05
was considered significant.

Results
Exposure of cells with IFN-γ down-regulates the expression of FcRn

IFN-γ has been shown to enhance the expression of the MHC genes at the transcriptional or
posttranscriptional level (28,29). To determine whether IFN-γ regulates human FcRn gene
expression, we treated human intestinal epithelial cell lines that express FcRn (2,40) with IFN-
γ (50 ng/ml). Our data showed that FcRn gene expression in T84 and HT-29 cells was
significantly down-regulated in response to IFN-γ treatment as shown by semiquantitative RT-
PCR (Fig. 1A). To rule out whether this decrease in FcRn was the result of general
transcriptional decreases in the cell, we also measured the transcript for the MHC class II-
associated invariant (Ii) chain, a molecule highly up-regulated by IFN-γ. Transcript levels for
Ii (Fig. 1A, bottom panel) were significantly increased by IFN-γ, suggesting that the
transcriptional down-regulation of FcRn is specific. In the regulation of FcRn mRNA, Caco-2
cells were to some extent refractory to IFN-γ stimulation (Fig. 1A, lanes 4 and 5). In real-time
RT-PCR assays, IFN-γ decreased the mRNA levels 40 –50% over the mock-stimulated cells
after 24 and 36 h (Fig. 1B). To ascertain whether the IFN-γ needs to be maintained in the
medium to induce gene repression, the HT-29 cells were incubated with IFN-γ (25 ng/ml) for
0.5, 1, and 24 h, completely washed at least six times, and then incubated for a further 24 h.
As shown in Fig. 1C, the levels of FcRn mRNA were down-regulated at least 50% at 0.5 h of
exposure to IFN-γ (second lane from left) in comparison with that of mock-treated cells (far
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left lane). FcRn expression was down-regulated by IFN-γ in a dosage range between 25 and
100 ng/ml; the lowest dosage could be 5 ng/ml (data not shown). IFN-γ decreased the mRNA
level 40% at 25 ng/ml as measured by real-time RT-PCR (Fig. 1D). The decreased expression
of FcRn protein in HT-29 cells was shown by Western blotting in IFN-γ-stimulated cells (Fig.
1E, top panel, lanes 2– 4) in comparison with mock-stimulated cells (lane 1). Lysates from
HeLa-FcRn and HeLa were used as a positive (Fig. 1E, lane 3) and negative (lane 4) controls.
To establish whether this transcriptional repression requires new protein synthesis, we
performed additional experiments where the levels of FcRn mRNA were determined following
treatment with cycloheximide (CHX), an established inhibitor of protein synthesis. In these
experiments we used a concentration of CHX (25 μg/ml) at which >95% of protein synthesis
is blocked within 1 h (42). The results showed that the IFN-γ-induced transcriptional repression
was totally independent of new protein synthesis. Specifically, by RT-PCR analysis we
observed ~60% reduction in FcRn mRNA synthesis following 24 h of exposure to IFN-γ in
the presence of CHX, an overall inhibition comparable with that obtained in the absence of
CHX (Fig. 1F). These data indicated that preexisting proteins were modified in a ligand-
dependent manner to repress the FcRn gene.

To show FcRn transcription in other cell types in response to IFN-γ repression, human
macrophage-like THP-1 cells were treated with IFN-γ (25 ng/ml) and the mRNA level of FcRn
was decreased ~40% below that of the mock-stimulated cells (Fig. 2A). As shown in Fig. 2B,
the decreased expression of FcRn protein in THP-1 cell lysates was shown by Western blotting
(lane 2) in comparison with mock-stimulated cells (lane 1). Cell lysates from HeLa-FcRn and
HeLa were used as a positive (Fig. 2B, lane 3) or a negative (lane 4) control. Furthermore, the
level of FcRn mRNA from freshly isolated human PBMCs treated with IFN-γ (25 ng/ml) was
decreased 75% over the mock-stimulated PBMCs after 24 h as assessed by real time RT-PCR
(Fig. 2C). Taken together, these data show that IFN-γ down-regulated the FcRn expression in
intestinal epithelial cell lines, human macrophage-like THP-1 cells, and freshly isolated human
PBMCs.

Effect of IFN-γ on FcRn mRNA stability, rate of mRNA transcription, and apoptosis
The primary mechanisms that regulate the amount of mRNA produced in mammalian cells are
transcript stability and/or the rate of mRNA transcription. As such, we ascertained whether
either of these mechanisms was involved in regulating the decrease in mature FcRn mRNA in
the absence or presence of IFN-γ. Using an actinomycin D inhibition assay as shown by
semiquantitative RT-PCR (Fig. 3A, top panel) and quantitative real-time PCR (Fig. 3A, bottom
panel), the half-lives of FcRn mRNA appeared to be similar between mock- and IFN-γ-treated
cells for the indicated time period. This suggests that a stability mechanism was not likely
responsible for the decrease in FcRn mRNA. In contrast, nuclear run-on analysis indicated that
the rate of FcRn mRNA transcription was decreased ~80% in THP-1 cells exposed to IFN-γ
(Fig. 3B). Thus, this finding suggests that the decrease in FcRn mRNA induced by IFN-γ-
stimulation on a HT-29 or THP-1 cell is due to a decrease in the rate of primary FcRn RNA
transcription.

In addition, activation of the STAT-1 signaling pathway can cause expression of caspase 1 and
subsequent apoptosis (43). To further assess the possible role of IFN-γ in inducing apoptosis
in our experiment, HT-29 cells were pretreated with or without IFN-γ (50 ng/ml) for the
indicated time periods (Fig. 3C). A TUNEL assay demonstrated that IFN-γ induced detectable
apoptosis in a small fraction of HT-29 cells only following 120 h of incubation (Fig. 3C).
Mock-treated HT-29 cells were stained TUNEL negative at 120 h; cells stained after treatment
with DNase I were used as a positive control (Fig. 3C, panel labeled “PC”), and cells without
IFN-γ treatment or those stained without TdT were used as a negative control (Fig. 3C, panel
labeled “NC”). Collectively, neither instability of FcRn mRNA nor significant apoptosis was
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induced by IFN-γ when used for this period of time (24 – 48 h) and at these concentrations
(≤50 ng/ml) in our experiments.

Identification of STAT-1 binding site in the FcRn promoter
IFN-stimulated response elements (ISRE) and IFN-γ activation site (GAS) motifs are present
in a variety of IFN-inducible genes (16,17). ISRE (consensus sequence
AGTTTCNNTTTCNY) and GAS (consensus sequence TTNCNNNAA, TTCNNNG/TAA)
binding motifs have been mapped (16,17,44). Because FcRn regulation does not require newly
synthesized proteins (Fig. 1F), it is possible that transcription factor or factors regulate FcRn
expression through a mechanism that involves direct binding to putative regulatory ISRE or
GAS elements located within the FcRn gene promoter. To test this, we searched for putative
ISRE and GAS sequences along the entire human FcRn promoter (GenBank accession no.
AC010619). Computational inspection revealed that the FcRn gene promoter contained no
sequence similarity to typical ISRE consensus sequences; however, it had two sequences with
a similarity to the STAT-1 consensus target sequence (Fig. 4A). To quickly screen whether
these two sequences are functional in the transcriptional repression of FcRn by IFN-γ, we set
up a transient cell transfection assay using the FcRn promoter/luciferase reporter gene construct
phFcRnLuc (34). We also generated constructs pM1 and pM2, each of which contains
mutations of the putative GAS sequence in phFcRnLuc (Fig. 4B). Transient transfection
revealed that the phFcRnLuc or pM1 construct had decreased expression of luciferase in
response to IFN-γ stimulation in wild-type 2fTGH cells (Fig. 4C). However, transient
transfection of the pM2 construct revealed that mutation of this putative GAS sequence
significantly increased the luciferase activity in IFN-γ-stimulated cells to a similar level as that
in mock-stimulated cells (Fig. 4C). Hence, we conclude that the GAS sequence
(TTCTTTGAA) in the human FcRn promoter is functional in response to IFN-γ stimulation
(Table I).

To verify that this putative GAS sequence has the capability to directly bind STAT-1 protein
in living cells, a ChIP assay was used to precipitate the STAT-1-DNA complexes with an Ab
specific for STAT-1. After cross-linking the DNA with bound STAT-1 proteins in situ in IFN-
γ-stimulated vs mock-stimulated HT-29 cells, the DNA fragments containing the STAT-1
sequences in FcRn promoter were precipitated with Ab and measured by PCR amplification.
As shown in Fig. 4D, PCR with primers flanking the putative STAT-1 sequences generated a
band from DNA coprecipitated with STAT-1 (lanes 2 and 3). In a negative control,
immunoprecipitation with normal IgG did not generate any corresponding PCR products (Fig.
4D, lane 4). The STAT-1 binding sequence in the ICAM-1 gene promoter (45) was used as a
positive control. As expected, ChIP assays failed to detect DNA bands from U3A cells (Fig.
4D, lanes 5 and 6). A quantitative real-time RT-PCR analysis of chromatin-
immunoprecipitated PCR products for FcRn at the indicated time was shown in Fig. 4E. These
data suggested that STAT-1 interacts with the putative GAS sequence of the human FcRn
promoter after IFN-γ stimulation, at least in HT-29 cells.

To further visualize the capability of STAT-1 protein to directly bind to the putative FcRn GAS
site identified from the ChIP assay, EMSAs were conducted using oligonucleotides containing
the putative GAS sequence. As shown in Fig. 4F, oligonucleotides formed a complex with
extracts from IFN-γ-stimulated cells (lane 2) but not from mock-stimulated cells (lane 1). An
oligonucleotide containing the GAS sequence from the c-myc promoter (25) was used as a
positive control (Fig. 4F, lane 9). To verify whether the binding was specific, a competition
assay was performed. The inducible band could be completely competed away by unlabeled
oligonucleotides (lane 3). Supershift analysis revealed that the complex contains a factor that
was recognized by Ab specific for the STAT-1 protein (lane 4) but not normal IgG (lane 5).
In the above experiments, the dynamics of STAT-1 nuclear transport after exposure to IFN-γ
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were determined by immunofluorescence staining of STAT-1. In Fig. 4G, STAT-1 appeared
in the nucleus 0.5 h following IFN-γ treatment and remained in the nucleus at least 12 h in
HT-29 cells. The nucleus was counterstained with DAPI (Fig. 4G, middle column). Taken
together, these results identified a GAS site in the FcRn promoter.

Down-regulation of FcRn expression by IFN-γ is dependent on JAK1 and STAT-1 expression
To further investigate the transcriptional repression of FcRn by IFN-γ, we transfected the
phFcRnLuc and pM2 plasmids into STAT-1- and JAK1-deficient cells (Fig. 5, B and C).
Transient transfection of the phFcRnLuc or pM2 construct into 2fTGH cells yielded similar
results upon exposure to IFN-γ (Fig. 5A) as those shown in Fig. 4C. However, when phFcRnLuc
and pM2 were transfected into the JAK1- and STAT-1-deficient cell lines U4A and U3A, the
luciferase activities were not altered in response to IFN-γ stimulation (Fig. 5, B and C). A
similar result was obtained from the JAK1-deficient HeLa-E2A4 cell line (data not shown).
When expression of the STAT-1 or JAK1 proteins was rescued by transfection into the U3A
and U4A cells, IFN-γ again reduced expression from phFcRnLuc (Fig. 5D). The negative effect
of STAT-1 on FcRn transcription was dose dependent, because increased amounts of STAT-1
led to increased suppression of FcRn transcription (data not shown).

It has been shown that PIAS1 specifically inhibits STAT-1 by directly blocking its DNA
binding activity (23). When FLAG-tagged PIAS1 and phFcRnLuc expression plasmids were
cotransfected into 2fTGH cells, the luciferase activity was not significantly altered following
IFN-γ exposure in comparison with that of mock-treated cells (Fig. 5E). However, the luciferase
activity was significantly changed in mock-transfected cells. The interaction of PIAS1 and
STAT-1 were verified in our immunoprecipitation-Western blot experiments (Fig. 5F). A
STAT-1 protein appeared in the PIASI precipitates from IFN-γ-treated 2fTGH cells (Fig. 5F,
lane 2), but not in those from mock-treated cells (lane 1). These results suggested that IFN-γ
down-regulated FcRn expression mainly through the activation of STAT-1.

Effect of STAT-1 phosphorylation on IFN-γ-induced FcRn gene repression
IFN-γ induces phosphorylation of STAT-1 at the tyrosine 701 and serine 727 residues (20,
23) (Fig. 6A). Phosphorylation of STAT-1 at tyrosine 701 is critical for STAT-1 dimerization,
nuclear translocation, and DNA binding, whereas phosphorylation at serine 727 is important
for optimal transactivational activity of STAT-1 (21). However, the transcriptional suppression
of matrix metalloproteinase (MMP)-9 is not dependent on STAT-1 phosphorylation at serine
727 (46). To address this, we first tested the STAT-1β isoform that lacks the transcription
activation domain and typically does not activate transcription (16,17). In a luciferase reporter
assay, the STAT-1β isoform failed to restore an IFN-γ-mediated inhibitory effect on the FcRn
promoter in STAT-1-deficient U3A cells in comparison with STAT-1α (Fig. 6B). This suggests
that the inhibition is dependent on the transcription activation domain of STAT-1. In the
dynamic analysis of STAT-1 phosphorylations after IFN-γ stimulation, STAT-1
phosphorylation at tyrosine 701 and serine 727 was enhanced in nucleus (Fig. 6C). To verify
that phospho-STAT-1 binds directly to the FcRn promoter, a ChIP assay was used to precipitate
the phospho-STAT-1-DNA complexes with Ab specific for STAT-1 phosphorylated at
tyrosine 701 or serine 727, respectively. As shown in Fig. 6D, PCR with primers flanking FcRn
GAS sequence generated a band from DNA coprecipitated with either anti-phospho-STAT-1
tyrosine 701 or serine 727 in HT-29 cells (lanes 2 and 3), but not in STAT-1-null U3A cells
(lanes 5 and 6). In a negative control, immunoprecipitation with normal IgG did not generate
detectable PCR products (Fig. 6D, lane 4). The phospho-STAT-1 protein binding to the
ICAM-1 gene promoter was used as a positive control in ChIP experiments. To further probe
the role of STAT-1 phosphorylation status in regulating FcRn gene expression,
phosphorylation sites at tyrosine 701 or serine 727 were mutated alone or in combination. In
comparison with pSTAT-1, either pSTAT-1Y701F or pSTAT-1Y701F/S727A resulted in the
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significant increase of luciferase expression after cotransfection with phFcRnLuc into the U3A
cells (Fig. 6E). Mutation of the STAT-1 phosphorylation site at serine 727 did not significantly
remove the inhibitory function of IFN-γ (Fig. 6E). Therefore, we conclude that phosphorylation
at tyrosine 701 was involved in FcRn repression by IFN-γ.

IFN-γ induces the in vivo association of p300 and STAT-1α, and overexpression of p300
reduces IFN-γ-mediated FcRn gene repression

Our data show that the nuclear translocation of STAT-1α correlated with IFN-γ-mediated
down-regulation of FcRn gene transcription and that STAT-1α bound directly to the FcRn
promoter (Fig. 4). It is possible that nuclear protein(s) interacting with STAT-1α may play a
pivotal role in down-regulating FcRn gene expression. It is known that STAT-1α can bind
CBP/p300 (47). Therefore, we further examined the possibility that the interaction between
STAT-1α and CBP/p300 may lead to down-regulation of FcRn gene expression.
Coimmunoprecipitation was used to examine the in vivo association of endogenous p300 and
STAT-1α. The 2fTGH and U3A cells were incubated in the absence and presence of IFN-γ
and nuclear extracts from these cells were subjected to immunoprecipitation with Ab against
p300. The precipitated immune complexes were then blotted for the presence of STAT-1α. In
IFN-γ-treated cells, anti-p300 Ab immunoprecipitated a significant amount of STAT-1α (Fig.
7A, lane 2) in comparison with mock-stimulated cells (lane 1). As a negative control, IgG did
not immunoprecipitate STAT-1α (lane 3). These results suggest that STAT-1α does not
associate with p300 in mock-stimulated cells; however, IFN-γ treatment can induce the in vivo
association of STAT-1α and p300.

It is possible that STAT-1α suppresses FcRn gene activation by interfering with the binding
of CBP/p300 to the FcRn promoter. Transient transfection assays were first used to examine
whether overexpression of p300 could reverse IFN-γ-mediated FcRn suppression. Indeed,
overexpression of p300 reversed IFN-γ-induced suppression of luciferase expression driven
by the FcRn promoter (Fig. 7B) or FcRn gene expression in a dose-dependent manner (Fig.
7C). Therefore, these data suggest that the IFN-γ-induced interaction between STAT-1α and
CBP/p300 is responsible for the down-regulation of FcRn expression by IFN-γ.

IFN-γ reduced bidirectional transport of IgG in polarized lung epithelial monolayers
The FcRn protein has been shown to transport IgG bidirectionally in polarized epithelial cells,
namely from the apical to the basolateral direction or vice versa (38,39). We therefore addressed
the possibility that IFN-γ-stimulated epithelial cells have altered IgG transcytosis. Calu-3 cells
have been previously shown to transcytose dimeric IgA in response to IFN-γ stimulation
(48). We established the FcRn expression in Calu-3 cell lines and further verified the FcRn
down-regulation by IFN-γ stimulation, as assessed by semiquantitative RT-PCR (Fig. 8A).
FcRn binds IgG at acidic pH (6.0) and releases IgG at neutral pH. We further tested whether
the decreased expression of FcRn upon IFN-γ exposure affects its ability to bind to its natural
ligand, IgG. We incubated cell lysates from Calu-3 cells at either pH 6.0 or pH 8.0 with human
IgG-Sepharose. Cell lysates from HeLa cells transfected with FcRn cDNA were used as
positive control. As expected, FcRn from HeLa-FcRn cells bound IgG at pH 6.0 but not at pH
8.0 (Fig. 8B, lanes 5 and 6). Our result showed that IFN-γ stimulation decreased cellular FcRn
binding to IgG at pH 6.0 (Fig. 8B, lane 3) in comparison with mock-stimulated cells (Fig.
8B, lane 1), suggesting the decreased FcRn expression led to decreased FcRn-IgG complexes.
In our transport experiment, after adding human IgG to the apical or basolateral surface of a
Calu-3 cell monolayer, we assessed the IgG transported to the opposite basolateral or apical
chamber following IFN-γ exposure, respectively. As expected, after 1 h at 37°C intact human
IgG applied to the apical or basolateral side was transported across this monolayer. IgG H chain
was detected in medium incubated at 37°C (Fig. 8C, upper row). Importantly, IgG transport
was decreased ~30% in the apical to basolateral direction (Fig. 8C, lane 3), or 40% in the
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basolateral to apical direction (Fig. 8C, lane 5) following IFN-γ stimulation, in comparison to
the mock-treated monolayer (Fig. 8C, lanes 2 and 4). Treatment of Calu-3 monolayers with
IFN-γ for 24 h might result in a leakage of IgG molecules, as shown in human intestinal
epithelial cell line T84 (49). Chicken IgY was used as a negative control because it is
structurally similar to human IgG but does not bind to human FcRn. As shown in Fig. 8C
(bottom panel), chicken IgY was not transported in either direction, suggesting that the
transepithelial flux of Abs by passive diffusion through intercellular tight junctions or
monolayer leaks does not contribute to the amount of the IgG we detect. Therefore, we
concluded that IFN-γ stimulation decreased the IgG transport across the polarized epithelial
cells.

Discussion
Transcriptional regulation of genes hinges on the ordered recruitment of transcriptional
polymerase, coactivators, repressors, chromatin modifiers/remodelers, and general
transcriptional factors to the promoters of target genes. How the gene transcriptional machinery
integrates signals from different biological signaling pathways is a central question for gene
regulation. Exposure to IFN-γ can result in the regulation of up to 500 genes in either a positive
or a negative way (16,24). Genes that are negatively regulated by IFN-γ are fewer in number
than those positively induced. Among the negatively regulated ones are some of the MMPs,
stromelysin, type II collagen, HL-60, neu/HER-2, cell-cycle genes (c-myc, cyclin D, cyclin A),
granulocyte chemotactic protein-2, IL-4, prolactin, perlecan, and the scavenger receptor A (SR-
A) genes (24,25,46,50–58). In this article we report, for the first time, the effect of IFN-γ on
the transcriptional regulation of FcRn.

Activation of the IFN-γ signaling pathway down-regulates the expression of the human FcRn
gene, and this down-regulation is dependent on the STAT-1 signaling pathway. This conclusion
is supported by several pieces of evidence. First, our results showed that stimulation by IFN-
γ decreased the FcRn expression in human intestinal epithelial cells, THP-1 cells, and freshly
isolated human PBMC at both the mRNA and protein levels (Figs. 1 and 2). The relative
inability of IFN-γ to down-regulate FcRn production in Caco-2 cells may indicate that different
control mechanisms regulate transcription of FcRn in this cell type or, more likely, given the
relative lack of effect of IFN-γ on Caco-2 and the tight junction integrity of Caco-2 monolayers,
that IFN-γ receptors are expressed at a much lower level in this cell type (59). Second, a nuclear
run-on assay demonstrated that this down-regulation indeed occurred at transcription initiation
(Fig. 3B). Third, we have mapped an IFN-γ-responsive sequence, GAS, to the promoter region
of the human FcRn gene by both EMSA and ChIP (Fig. 4). Mutation of this GAS sequence
abolished the inhibitory effect of IFN-γ on FcRn promoter (Fig. 4). Fourth, expression of
luciferase activity driven by the FcRn promoter following IFN-γ exposure was not affected in
STAT-1-null U3A or JAK1-deficient U4A cells in comparison with the wild-type cell 2fTGH
(Fig. 5, B and C). However, expression of wild-type STAT-1 or JAK1 proteins in U3A or U4A
cells rescued the repressive effect of IFN-γ on the human FcRn promoter (Fig. 5D). Fifth, the
inhibitory effect of IFN-γ on the FcRn promoter was abolished by overexpressing PIAS1
protein, a specific inhibitor of STAT-1 protein (Fig. 5, E and F). Sixth, our results indicated
that tyrosine 701 phosphorylation of STAT-1 was indispensable for suppression of the FcRn
expression, indicating that nuclear translocation and localization of phospho-STAT-1 were
required to repress the FcRn gene (Fig. 6). These results provided both biochemical and genetic
support for the conclusion that increased phosphorylation of STAT-1 is the mechanism by
which IFN-γ treatment leads to FcRn down-regulation. Recent studies have shown that IFN-
γ can regulate gene expression by STAT-1-independent pathways (24,25). Among several
genes that are inhibited by IFN-γ, c-myc has been shown to require STAT-1-dependent and
STAT-1-independent pathways and, notably, there is a GAS element in the c-myc promoter
that is necessary, but not sufficient, to confer the total inhibitory effects of IFN-γ (25).
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Therefore, our data support the conclusion that the down-regulation of human FcRn expression
was mediated via a STAT-1-dependent pathway in response to IFN-γ. However, our data could
not exclude the possibility that STAT-1 may bind to sites in other parts, such as introns, of the
human FcRn gene. We considered the possibility that IFN-γ induces apoptosis (43) and
regulates the expression of the gene at posttranscriptional level (60). However, several facts
counter this conjecture. First, down-regulation of human FcRn and up-regulation of Ii occurred
concomitantly in response to IFN-γ treatment (Fig. 1A). Second, we failed to detect any
noticeable effect of IFN-γ on human FcRn half-life in actinomycin D-treated cells (Fig. 3A),
suggesting that the half-life of FcRn mRNA was not affected by IFN-γ. Third, apoptosis was
only detected after a 5-day period and then only in a few cells (Fig. 3C). In contrast, a 30-min
incubation time for IFN-γ was sufficient to reduce the FcRn gene expression (Fig. 1C). These
observations are in agreement with other studies indicating that a high dosage and long time
treatment of IFN-γ are necessary to induce apoptosis (61). In addition, the level of IFN-γ
repression (40 –50%) on the reporter construct phFcRnLuc was similar to FcRn gene repression
in cell lines; this would exclude the possibilities that the down-regulation of FcRn gene
expression might be caused by apoptotic effects of IFN-γ or that IFN-γ affects the half-life and
stability of FcRn mRNA. Therefore, these complementary experiments eliminate the concerns
of apoptotic effects or stability of FcRn mRNA by IFN-γ.

The mechanism of STAT-1-mediated down-regulation of human FcRn expression might be
through sequestering of the transcription activator CBP/p300. One potential mechanism by
which IFN-γ might normally mediate the repression of FcRn transcription could be via STAT-1
interaction with either constitutive transcription factors or transcription factors that are
activated upon exposure to IFN-γ. Although STAT-1 acts as an activator of transcription in
numerous genes in response to IFN-γ stimulation, the detailed mechanisms by which STAT-1
switches on and off gene expression are still unclear. As shown in several elegant studies,
although STAT-1 is necessary and sufficient to inhibit MMP-9, SR-A, and type II collagen
gene transcription by IFN-γ, there are no GAS elements in the promoters of these genes (46,
62). Thus, suppression of the expression of these genes by IFN-γ-activated STAT-1 is probably
not dependent on the direct binding of STAT-1 on the gene promoter of these genes. In contrast,
the suppression of the MMP-9 or the SR-A gene depends on the ability of activated STAT-1
to interact with other nuclear proteins. Indeed, STAT-1 can interact with a variety of other
transcription factors, including STAT-2, CBP, p300, p300/CBP cointegrator protein (pCIP),
histone deacetylase 1 (HDAC-1), N-Myc interactor (Nmi), and BRACA1 (25,47,63–65).
Among these proteins, CBP/p300 serves as a scaffold in transcription complex formation in
addition to functioning as histone acetyltransferases. Given the fact that the total amount of
CBP/p300 is limited compared with the amount of other transcription regulators, a competition
for using CBP/p300 in different signaling pathways has been proposed. In the case of the
MMP-9, SR-A, neu/HER-2 genes, activated STAT-1 can competitively bind with CBP/p300,
thereby resulting in decreased association of CBP/p300 in the gene promoter and interference
with the assembly of functional transcription complexes (47,53,62). Our data showed that
overexpression of CBP/p300 overcame the inhibitory effect of IFN-γ on the expressions of
luciferase in a transfection assay (Fig. 7A) or FcRn mRNA in HT-29 cells (Fig. 7B). However,
our data could not exclude the possibility of STAT-1 interacting with other transcription
factors. For example, Y-box-binding protein YB-1, RFX5 complex, CIITA, IFN regulatory
factor (IRF)-1, and IRF-2 are also involved in the gene repressions by IFN-γ (19,55,65,66).
Further work is underway to determine how STAT-1 actually mediates repression of FcRn
gene expression.

What might be the biological implications of the down-regulation of FcRn expression by IFN-
γ? To date, two biological functions have been attributed for FcRn: transcytosis of IgG across
polarized epithelial cells and protection of IgG from degradation. The level of FcRn expression
may be critical for the regulation of IgG levels in tissues and blood. First, mucosal Abs are
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important for mucosal infections (67), and epithelial cells that line mucosal surfaces in vivo
express FcRn. Therefore, FcRn transports normal or pathogen-specific neutralizing IgG across
polarized cells such as placental or mucosal epithelial cells, potentially “seeding” maternal and
mucosal immunity. From our findings, one might speculate whether IFN-γ dampening the
expression of the FcRn receptor might lead to the lessening of IgG transport. In an in vitro
Transwell model, our results clearly demonstrated that IFN-γ functionally decreased IgG
transport in the polarized lung epithelial Calu-3 cell line (Fig. 8). Therefore, IFN-γ may dampen
IgG-mediated mucosal immunity by reducing IgG transport in vivo. This result is in contrast
to the fact that IFN-γ up-regulates pIgR expression, which is expected to enhance secretory
IgA-mediated mucosal immunity (48,68). Furthermore, our previous finding revealed that
TNF-α and IL-1β, via activation of the NF-κB signaling pathway, can up-regulate the functional
expression of FcRn (34). Because IFN-γ, TNF-α, and IL-1β are proinflammatory cytokines,
FcRn levels may therefore be finely tuned by opposing negative and positive signaling in the
maintenance of IgG homeostasis under pathophysiological conditions. Thus, regulation of
FcRn expression in vivo likely involves the species, magnitudes, and coordinated actions of
proinflammatory cytokines or other functional regulators. Secondly, by mediating the
protection of IgG from catabolism, FcRn extends the half-life of pathogenic or autoimmune
IgG, potentially promoting the progression of IgG-mediated autoimmune diseases (69,70).
Therefore, by influencing the expression level of FcRn, IFN-γ may be directly coupled to the
pathogenesis of IgG-mediated autoimmune diseases. Indeed, IFN-γ has been shown to regulate
the intensity or the progression of several autoimmune diseases (71,72). However, it remains
for further investigation whether its regulatory effect in the changing course of an autoimmune
disease is, at least in part, through the down-regulation of FcRn expression. This question
merits further investigation in a murine model. We also found that IFN-γ down-regulated the
expression of mouse FcRn in the macrophage RAW264.7 cell line and in mouse tissues by i.v.
injection of IFN-γ (data not shown). Overall, by examining the molecular mechanisms by which
IFN-γ regulates FcRn expression, our studies may contribute toward the general understanding
of FcRn-mediated mucosal immunity and inflammation. The identification and understanding
of IFN-regulated FcRn gene expression may lead to improved therapies for IgG-mediated
autoimmune diseases.

Among MHC class I-related molecules, IFN-γ causes the up-regulations of the MHC genes
HLA-A, HLA-B, HLA-C, HLA-F, HLA-G, HLA-H, HLA-E, and CD1 (29). The promoters
of HLA-A, HLA-B, HLA-C genes contain a consensus ISRE sequence. IRF-1 is induced by
IFN-γ and interacts with the ISRE in HLA gene promoters to stimulate transcription initiation
(29). In the special case of HLA-E, although IFN-γ also induces HLA-E expression, the HLA-
E gene promoter does not contain a functional ISRE. Instead, two distinct elements in the HLA-
E promoter are termed the IFN response region (IRR) and the upstream IFN response region
(UIRR). STAT-1 and GATA-1 bind to the IRR and UIRR, respectively, to stimulate
transcription from the HLA-E promoter (73). Among the MHC class I-related genes, FcRn is
an only molecule that is down-regulated by IFN-γ (Fig. 9). This scenario makes FcRn unique
in the response to IFN regulation. Therefore, understanding differences in the mechanisms by
which IFN-γ stimulates MHC-I genes and FcRn could be of great interest in the settings of
immune responses and autoimmunity. Any differences in the signal transduction pathways
leading to differential expression of the FcRn and MHC class I genes would be potential targets
for therapeutic intervention aimed at selective activation of one or the other.

In summary, transcriptional repression of FcRn gene expression by IFN-γ is dependent on
activated STAT-1 protein. These findings suggest that the biological consequence of IFN-γ-
induced transcription of the FcRn gene is distinct from that of other MHC class I or related
genes. Therefore, our observation that FcRn repression by IFN-γ is, to our knowledge, the first
demonstration that MHC class I-related genes are regulated negatively by IFN-γ exposure.
These results provide proof of principle that IFN-γ differentially modulates expression of the
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FcRn and of MHC class I or its related genes, whose products often mediate opposing effects
on cellular and humoral immunity. Further studies of STAT-1-mediated mechanism of
transcriptional repression on FcRn will provide insights into understanding the inhibitory
effects of IFN-γ on gene expression in general. Given the important role of FcRn in the
maintenance of IgG concentration as well as transport of IgG across placenta and mucosal
surfaces, the results from these studies would also provide new information on mucosal
protection and vaccine development.
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FIGURE 1.
Down-regulation of human FcRn expression in epithelial cells by IFN-γ. *, p < 0.05. A, Down-
regulation of human FcRn and up-regulation of Ii occur concomitantly in response to IFN-γ
treatment. Human intestinal cell lines were treated with (+) IFN-γ (lanes 3, 5, and 7) or without
(−) IFN-γ (lanes 2, 4, and 6) (50 ng/ml) for 48 h. Total RNA was isolated by TRIzol reagent
and analyzed by semiquantitative RT-PCR for FcRn and Ii mRNA. RNA from THP-1 cells
was used as a positive control for Ii amplification (lane 8). GAPDH amplification was used as
an internal control. B, Time course effects of IFN-γ on FcRn expression. Quantitative real-time
RT-PCR analysis of human FcRn mRNA in HT-29 cells treated with IFN-γ (25 ng/ml) for 10,
24, and 36 h or left untreated. C, IFN-γ incubation time and FcRn expression. Human intestinal
HT-29 cells were incubated with or without IFN-γ (25 ng/ml) for 0.5, 1, and 24 h. At the end
of the shorter incubation periods, HT-29 cells were washed at least six times and then incubated
in fresh medium to reach 24 h. Total RNA was isolated and analyzed by semiquantitative RT-
PCR for FcRn and GAPDH. D, Dose-response effects of IFN-γ on FcRn expression. Human
intestinal HT-29 cells were treated without (M) or with IFN-γ at the indicated dosages for 24
h. FcRn mRNA was analyzed by quantitative real-time RT-PCR analysis. E, Western blot
analysis of FcRn expression. The cell lysates (20 μg) from mock-treated (lane 1) and IFN-γ-
stimulated HT-29 (lane 2) were separated by electrophoresis in a 12% SDS-polyacrylamide
gel and transferred to a nitrocellulose membrane. Cell lysates from HeLa-FcRn (lane 3) and
HeLa (lane 4) were used as positive or negative controls, respectively. Proteins were blotted
with affinity-purified rabbit anti-FcRn- (top panel) or β-tubulin-specific Ab (bottom panel)
and then incubated with HRP-conjugated anti-IgG Ab. The results were visualized with the
ECL method. The ratio of the mock group is assigned a value of 1.0, and the values from other
groups are normalized to this value. The ratios of FcRn and β-tubulin are shown as indicated.
F, Effects of CHX on IFN-γ-mediated repression of FcRn expression. Human intestinal HT-29
cells were incubated with (+) or without (−) the protein synthesis inhibitor CHX (25 μg/ml)
for 2 h as indicated. HT-29 cells were subsequently stimulated with (+) or without (−) IFN-γ
(25 ng/ml) for 24 h. At the end of the incubation period, total RNA was isolated and analyzed
by RT-PCR for FcRn and GAPDH.
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FIGURE 2.
Down-regulation of human FcRn expression in THP-1 cells and human PBMCs by IFN-γ. A
and C, Effect of IFN-γ treatment on FcRn mRNA expression in THP-1 and PBMCs. The
macrophage-like THP-1 cells (A) or freshly isolated human PBMCs (C) were treated with or
without IFN-γ (25 ng/ml) for 24 h. The levels of FcRn mRNA were measured by quantitative
real-time RT-PCR analysis as described in Materials and Methods. Data are mean ± SD of
three independent experiments. *, p < 0.05; **, p < 0.01. B, Western blot analysis of FcRn
expression in THP-1. The cell lysates (20 μg) from THP-1 (lane 1), IFN-stimulated THP-1
(lane 2), HeLa-FcRn (lane 3), and HeLa (lane 4) were subjected to 12% SDS-polyacrylamide
gel electrophoresis. The proteins were transferred to nitrocellulose membrane and blotted with
FcRn- (top panel) or β-tubulin-specific Ab (bottom panel). Blots were then incubated with
anti-IgG-HRP and visualized with the ECL method. The ratio of the mock was assigned a value
of 1.0, and the values from other groups were normalized to this value. The ratios of FcRn-
and β-tubulin are shown above the lanes.
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FIGURE 3.
Kinetic studies of FcRn mRNA levels and apoptosis in the absence or presence of IFN-γ. A
and B, Kinetic studies of FcRn mRNA levels in the absence or presence of IFN-γ. Human
intestinal HT-29 cells were preincubated for 24 h in the absence or presence of IFN-γ (25 ng/
ml). Actinomycin D (5 μg/ml) was then added; total cellular RNA was harvested at the indicated
time points (1–10 h). Ten nanograms of total RNA were reverse transcribed to cDNA in a final
volume of 20 μl. Subsequently, 30 cycles of semiquantitative RT-PCR (A, top panel) or a real-
time RT-PCR (A, bottom panel) were performed. Electrophoresis of 10 μl of PCR product was
done on 1.5% agarose gel (top panel). FcRn values were normalized for GAPDH with each
sample. FcRn product at time 0 before the addition of actinomycin D was plotted as 100% (A,
bottom panel). The normalized FcRn mRNA levels are presented in arbitrary units. Solid and
dashed lines represent RNA samples isolated from cells cultured in the presence and absence
of IFN-γ, respectively. Results are mean of three experiments. B, Nuclear run-on analysis was
performed on THP-1 nuclei isolated in the presence of biotin-16-UTP for 30 min. Biotinylated
RNA was collected using streptavidin magnetic beads, and the level of FcRn or GAPDH RNA
was determined by quantitative real-time RT-PCR. Data are mean ± SD of three independent
experiments. **, p < 0.01. C, TUNEL staining of human intestinal epithelial HT-29 cells. After
mock treatment or IFN-γ (50 ng/ml) treatment at the indicated times, in situ detection of
apoptotic cells was performed on HT-29 cells cultured on coverslips by using an in situ cell
death detection kit. Normal human HT-29 cells were stained after treatment with DNase I as
a positive control (PC) or stained without terminal deoxynucleotide transferase as a negative
control (NC). For the correlation of TUNEL with nuclear morphology, cultures were
counterstained with DAPI (5 μg/ml). Red represents apoptosis positive cells. Images were
viewed by fluorescence microscopy with excitation at 320 –580 nm.
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FIGURE 4.
Identification of IFN-γ responsive element in human FcRn promoter. A and B, The putative
STAT-1 binding sequences in FcRn gene promoter. A, STAT-1 binding sequences in the
promoter of ICAM1 and c-myc were used as a positive control. The consensus STAT-1
sequence is in boldface. N represents any nucleotide. B, A schematic representation of the
luciferase reporter constructs. The positions of the base count are shown (GenBank accession
no. AC010619). Reporter construct phFcRnLuc contains the FcRn promoter sequence from
−1801 to +863 kb. The putative GAS mutations (underlined bases) in constructs pM1 and pM2
are also shown. Arrowheads indicate the position of the STAT-1 binding site in relation to the
transcription start site of the FcRn gene. Luc, Luciferase. C, Identification of GAS sequence
in response to IFN-γ stimulation. Wild-type 2fTGH cells were transiently transfected with
phFcRnLuc, pM1, and pM2 constructs. Twenty-four hours after transfection, cells were either
mock-treated (filled bar) or treated with IFN-γ (open bar) for 4 h. Cells were then harvested
and protein extracts were prepared for the luciferase assay as described in Materials and
Methods. Luciferase activity was measured and normalized to Renilla luciferase content. The
results show the mean value from three independent experiments. *, p < 0.05. D and E,
Detection of the in vivo binding of STAT-1 protein to the human FcRn promoter in a ChIP
assay. D, Formaldehyde-crosslinked chromatin was prepared from both mock-treated and IFN-
γ-treated HT-29 (lanes 1– 4) or STAT-1-null U3A (lanes 5 and 6) cells as described in Materials
and Methods. ChIP assays were performed using STAT-1-specific Abs (lanes 1–3, 5, and 6)
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or isotype-matched IgG (lane 4) as a negative control. Immunoprecipitated chromatin was
subjected to PCR analysis using FcRn and ICAM-1 specific primers. The equivalent amount
of chromatin in the immunoprecipitations was monitored by PCR amplification of input
chromatin as an internal control. ChIP assay was performed at least three times. E, Quantitative
real-time RT-PCR analysis of chromatin immunoprecipitated PCR products for FcRn at the
indicated times. F, EMSA analysis of binding activities of DNA probe with nuclear extracts
from HT-29 cells treated with (+) or without (−) IFN-γ. DNA binding was performed using a
DNA probe of human FcRn promoter with nuclear extracts from HT-29 or U3A cells treated
with or without IFN-γ (25 ng/ml) for 30 min. A 26-bp fragment spanning the putative STAT-1
binding sequence corresponding to the GAS was used as a biotin-labeled probe. Binding
specificity of these complexes was examined by competition assays with a 100-fold molar
excess of unlabeled STAT-1-specific probe (lane 3). Supershift experiments were performed
in the presence of the STAT-1 Ab, resulting in the formation of a slow migrating supershift
band (lane 4). Free-labeled probes are also indicated. G, Immunofluorescence images of
STAT-1 cellular localization at the indicated times after exposure to IFN-γ (25 ng/ml). HT-29
cells stimulated with IFN-γ were stained with Alexa Fluor 458-labeled-STAT-1-specific Ab,
and translocation of STAT-1 into the nucleus was detected by immunofluorescence microscopy
as described in Materials and Methods. For correlation of the STAT-1 protein (green) with
nuclear morphology, cell nuclei were counterstained with DAPI (blue). The images were
merged as indicated. STAT-1 is in green, nucleus is in blue, and colocalization is gray/blue.
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FIGURE 5.
Down-regulation of FcRn expression by IFN-γ is dependent on JAK1 and STAT-1 expression.
A–C, Wild-type (WT) 2fTGH (A), STAT-1-null U3A (B), and JAK1-null U4A (C) cells were
transiently transfected with phFcRnLuc or pM2 construct. D, STAT-1-null U3A or JAK1-null
U4A cells were transiently transfected by phFcRnLuc along with pSTAT-1 or pJAK1
constructs. E, The 2fTGH cells were transiently transfected with phFcRnLuc together with
vector backbone or pFLAG-PIAS1. Twenty-four hours after transfection, all groups of cells
were either mock-treated or treated with IFN-γ for 24 h. Cells were then harvested and protein
extracts were prepared for the luciferase assay. Transcriptional activity was measured as firefly
luciferase activity and normalized to Renilla luciferase activity. The results show the mean
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value from three independent experiments. *, p < 0.05. F, Interaction of PIAS1 and STAT-1
proteins. Cell lysates from mock- (lane 1) or IFN-γ-treated (lane 2) 2fTGH cells were
immunoprecipitated (IP) with anti-FLAG mAb, and immunoprecipitates were subjected to
electrophoresis on a 12% SDS-polyacrylamide gel under reducing conditions and transferred
to a nitrocellulose membrane for Western blotting with anti-STAT-1 Ab. Immunoblots were
developed with ECL. Experiment was at least performed two times. The cell lysates (bottom
row) were blotted to monitor the expression of PIAS1. HC, Heavy chain.
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FIGURE 6.
Differential effects of STAT-1 phosphorylations on IFN-γ-mediated suppression of FcRn gene
transcription. A, Schematic diagram of functional domains of STAT-1 protein. N, N-terminal
domain; CC, coiled-coil domain; DNA, DNA-binding domain; SH2, Src homology 2 domain;
and TD, transactivation domain. Numbers represent the position or length of amino acid in
each domain. Y701, Tyrosine 701; S727, serine 727. B, Effects of expression of STAT-1β on
FcRn promoter activity. The FcRn promoter construct (0.5 μg) was transiently transfected into
U3A cells with empty expression vector pcDNA3 (Vector) and the pSTAT-1α (STAT1 α) and
pSTAT-1β (STAT1β) expression vectors (0.5 μg). Twenty-four hours later, transfected cells
were treated with or without IFN-γ for 24 h. Cells were then harvested and protein extracts
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were prepared for the luciferase assay. Transcriptional activity was measured as firefly
luciferase activity and normalized to Renilla luciferase activity. *, p < 0.05. C, Dynamic
analysis of STAT-1 phosphorylations after IFN-γ stimulation. The 2fTGH cells were treated
as indicated above the blot and protein extracts from the nucleus (upper panels) and cytosol
(lower panels) were separated by electrophoresis in a 12% SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane. The proteins were blotted with anti-phospho-STAT-1
or anti-STAT-1 Abs, respectively. GAPDH was used as an internal control. Blots are
representative of three experiments. M, Mock treated. D, Detection of the in vivo binding of
phospho-STAT-1 protein to human FcRn promoter. Formaldehyde-crosslinked chromatin was
prepared from both mock-treated and IFN-γ-treated 2fTGH (lanes 1– 4) or STAT-1-null U3A
(lanes 5 and 6) cells as described in Materials and Methods. ChIP assays were performed using
STAT-1-specific (lanes 1–3, 5, and 6) or isotype-matched (lane 4) Abs as a negative control.
Immunoprecipitated chromatin was subjected to PCR analysis using FcRn- or ICAM-1-
specific primers. The equivalent amount of chromatin in the immunoprecipitations was
monitored by PCR amplification of input chromatin as an internal control. ChIP assay was
performed at least three times. E, Effects of over-expression of phospho-mutant STAT-1 on
FcRn promoter activity. The FcRn promoter construct (0.5 μg) was transiently transfected into
U3A cells with the empty expression vector pcDNA3 and the pSTAT-1, pSTAT-1Y701F,
pSTAT-1S727A, and pSTAT-1Y701F/S727A expression vectors (0.5 μg). Twenty-four hours
later, transfected cells were treated with or without IFN-γ for 24 h. Cells were then harvested
and protein extracts were prepared for the luciferase assay. Transcriptional activity was
measured as firefly luciferase activity and normalized to Renilla luciferase activity. *, p < 0.05.
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FIGURE 7.
IFN-γ induces the in vivo association of p300 and STAT-1α, and overexpression of p300 blocks
IFN-γ-mediated FcRn gene down-regulation. A, The 2fTGH (lanes 1–3) and U3A (lane 4) cells
were treated with IFN-γ (10 ng/ml) or mock treated for 2 h and then nuclear extracts were
obtained and subjected to immunoprecipitation. Anti-p300 mAb (lanes 1, 2, and 4) and isotype-
matched IgG (lane 3) were used to immunoprecipitate the STAT-1α and p300 complex. The
immune complexes were separated by electrophoresis in a 12% SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane. The proteins were blotted with anti-STAT-1α Ab.
Immunoblots were developed with ECL. Nuclear extracts (lane 5) were used as a positive
control for blotting. B, The 2fTGH cells were transiently transfected with the FcRn promoter
construct phFcRnLuc (1 μg), without and with a p300 construct (1 μg), and the total amount
of transfected DNA was normalized by pcDNA3. Transfected cells were treated with IFN-γ or
mock treated for 12 h. Cells were then harvested 24 h later. Transcriptional activity was
determined as firefly luciferase activity and normalized to Renilla luciferase activity. **, p <
0.01. C, HT-29 cells were transiently transfected with increasing amounts (0.1– 0.4 μg) of a
p300 construct, and the total amount of transfected DNA was normalized by pcDNA3.
Transfected cells were treated with IFN-γ or mock treated for 14 h. FcRn mRNA was analyzed
by quantitative real-time RT-PCR analysis. **, p < 0.01.
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FIGURE 8.
Effects of IFN-γ stimulation on the IgG transcytosis. A, Semiquantitative RT-PCR analysis of
FcRn mRNA in the human lung epithelial Calu-3 cell line. The Calu-3 cells were treated (+)
with IFN-γ (25 ng/ml) (right lane) or left untreated (−) (left lane) for 24 h. Data are
representative results for RT-PCR analysis of FcRn expression in Calu-3. Ratios of FcRn-
GAPDH are shown as indicated. B, The pH-dependent FcRn binding of IgG. The Calu-3 cells
were lysed in sodium phosphate buffer (pH 6.0 or 8.0) with 0.5% CHAPS. Approximately 1
mg of soluble proteins was incubated with human IgG-Sepharose at 4°C. The eluted proteins
were subjected to 12% SDS-polyacrylamide electrophoresis and subjected to Western blot
analysis. Proteins were probed with affinity-purified rabbit anti-FcRn peptide Ab and HRP-
conjugated donkey anti-rabbit Ab. Immunoblots were developed with ECL. The ratio of the
mock sample is assigned a value of 1.0, and the values from IFN-γ-treated sample are
normalized to this value. C, Calu-3 cells (5 × 105/well) were grown in a 12-well Transwell
plate. When the resistance of the monolayer reached 700–1000 ohms/cm2, cells were
stimulated with or without IFN-γ (25 ng/ml) for 24 h. Cells were loaded with human IgG (top
row) or chicken IgY (bottom row) (0.5 mg/ml) at 4°C in either the apical (lanes 2 and 3) or
basolateral (lanes 4 and 5) chamber. Lane 1 represents an IgG or IgY H chain. Cells were
warmed to 37°C to stimulate transcytosis, and medium was collected from the nonloading
compartment 1 h later and subjected to Western blot-ECL analysis. The results are
representative of at least three independent experiments. Band intensities of IgG heavy chain
(HC) were compared by densitometry against IgG transported from mock-stimulated cells.
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FIGURE 9.
Schematic illustration of transcription factors binding to the promoter region of some MHC
class I-related genes after IFN-γ treatment. Most information is derived from Gobin et al.
(29). The ISREs of HLA-A, HLA-B, HLA-C, and HLA-F bind IRF-1 upon IFN-γ exposure
and regulate the IFN-γ-induced transactivation of these genes (29,32). The putative ISRE of
HLA-E did not respond to IFN-γ stimulation, whereas an upstream GAS sequence of HLA-E
is responsive to IFN-γ through STAT-1 activation (29,73). HLA-G is responsive to IFN-γ via
an upstream IFN-responsive regulatory sequences (31). Multiple putative ISREs of CD1D are
predicted (74), but one is shown here. Human FcRn responds to IFN-γ through STAT-1
activation and binding to an upstream GAS sequence. In addition, several constitutive
transcription factors are revealed to bind to the ISRE area. Sp1 binds to the GC-rich sequences
in the ISRE areas of HLA-B, HLA-C, and HLA-G. The putative E box 5′ of the ISRE in most
HLA-BE alleles is bound by USF-1 and USF-2 (29). Arrows represent the up- and down-
regulation of gene expression upon IFN-γ exposure. The schematic structure of the gene
promoter is not scaled.
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Table I
Comparison of functional GAS elementsa

Gene Species GAS Sequence

c-myc Mouse TTCTGGGAA

ICAM-1 Human TTCCCGGAA

IRF-1 Mouse TTCCCCGAA

ICSBPb Human TTCTCGGAA

FcγR1 Human TTCCCAGAA

IFP 53 Human TTCTCAGAA

FcRn Human TTCTTTGAA

Consensus sequence TTCNNNGAA

a
Conserved nucleotides are set in boldface. N represents any nucleotide.

b
IFN consensus sequence binding protein.
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