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Abstract

Trophoblast cells are the first cells to differentiate from the developing mammalian embryo, and 

they subsequently form the blastocyst-derived component of the placenta. IFN-γ plays critical 

roles in activating innate and adaptive immunity, as well as apoptosis. In mice, IFN-γ is produced 

in the pregnant uterus, and is essential for formation of the decidual layer of the placenta and 

remodeling of the uterine vasculature. Responses of mouse trophoblast cells to IFN-γ appear to be 

selective, for IFN-γ activates MHC class I expression and enhances phagocytosis, but fails to 

activate either MHC class II expression or apoptosis in these cells. To investigate the molecular 

basis for the selective IFN-γ responsiveness of mouse trophoblast cells, IFN-γ-inducible gene 

expression was examined in the trophoblast cell lines SM9 and M-11, trophoblast stem cells, and 

trophoblast stem cell-derived giant cells. IFN-γ-inducible expression of multiple genes, including 

IFN regulatory factor-1 (IRF-1), was significantly reduced in trophoblast cells compared with 

fibroblast cells. Decreased IRF-1 mRNA expression in trophoblast cells was due to a reduced rate 

of IRF-1 transcription relative to fibroblast cells. However, no impairment of STAT-1 tyrosine 

phosphorylation or DNA-binding capacity was observed in IFN-γ-treated mouse trophoblast cells. 

Importantly, histone deacetylase (HDAC) inhibitors significantly enhanced IFN-γ-inducible gene 

expression in trophoblast cells, but not fibroblasts. Our collective studies demonstrate that IFN-γ-

inducible gene expression is repressed in mouse trophoblast cells by HDACs. We propose that 

HDAC-mediated inhibition of IFN-γ-inducible gene expression in mouse trophoblast cells may 

contribute to successful pregnancy by preventing activation of IFN-γ responses that might 

otherwise facilitate the destruction of the placenta.
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Trophoblast cells (TBCs)3 are the only blastocyst-derived cells directly exposed to maternal 

blood in mammalian species with hemochorial placentas, and they play multiple essential 

roles in successful pregnancy (1, 2). The first cells to differentiate from the growing 

blastocyst are primary TBCs, and they subsequently form the trophectoderm layer that 

encapsulates the developing embryo before implantation (2, 3). Trophectoderm attach to the 

uterine wall during implantation and grow invasively into the uterine tissue to establish the 

fetal component of the placenta. The trophoblast layer of the mouse placenta consists of 

several different subtypes of TBCs, each of which performs specific functions (3). The 

multipotent trophoblast stem (TS) cells arise from the primary and secondary trophoblast of 

the trophectoderm layer, and give rise to the various trophoblast subtypes (3, 4). Trophoblast 

giant cells, which are derived from TS cells (5–7), initiate implantation and invasion into the 

uterine wall (3). In addition, trophoblast giant cells invade the spiral arteries of the uterus to 

establish both a vascular connection between the mother and the fetus, and the outermost 

boundary of the fetal interface of the placenta (3). Spongiotrophoblast cells form the middle 

layer of the fetal component of the placenta, between the outermost giant cells and the 

innermost labyrinthine trophoblast layer (2, 3). Although the function of the 

spongiotrophoblast layer is unclear, it is thought to play a structural role, as well as produce 

soluble factors necessary for trophoblast function (3). Lastly, the innermost labyrinthine 

trophoblast layer is the site of nutrient exchange between the mother and the fetus (2, 3, 7).

In addition to regulating multiple processes necessary for normal fetal development, mouse 

TBCs provide a protective barrier around the semiallogeneic embryo that functions to 

prevent immune-mediated destruction by the maternal immune system (2, 8–10). This is in 

part achieved by the expression of several immunoregulatory molecules on the TBC surface. 

For example, mouse TBCs express complement receptor 1-related gene/protein y, which 

prevents deposition of the activated complement molecules C3 and C4 on the cell surface 

(11). Fas ligand is also expressed on the surface of mouse TBCs, and is thought to inhibit T 

cell-mediated inflammatory reactions (12). Furthermore, TBCs are only one of a few cell 

types that lack the capacity to express MHC class II Ags, either constitutively or in response 

to the potent MHC gene-inducing cytokine IFN-γ (13). In allogeneic mating combinations, 

the silencing of MHC class II gene expression in mouse TBCs is believed to be important in 

preventing immune-mediated rejection reactions against the semiallogeneic fetus by the 

maternal immune system (2, 9, 14).

The placenta contains a complex milieu of numerous hormones and cytokines that function 

cooperatively to ensure successful parturition. Interestingly, the proinflammatory cytokine 

IFN-γ is present in the pregnant uterus of several mammals, including mice, humans, and 

pigs (15–18). In mice, uterine IFN-γ is secreted by specialized uterine NK cells, primarily 

between gestation day (GD) 6 and GD16 (15, 17, 19). Elegant studies using mice deficient 

for IFN-γ, IFN-γRα, and NK cells demonstrated that IFN-γ is essential for pregnancy-

3Abbreviations used in this paper: TBC, trophoblast cell; ChIP, chromatin immunoprecipitation; GAS, IFN-γ-activating sequence; 
GBP, guanylate-binding protein; GD, gestation day; H3, histone 3; HAT, histone acetyltransferase; HDAC, histone deacetylase; 
HSC70, heat shock cognate 70; IP-10, IFN-γ-inducible protein-10; IRF-1, IFN regulatory factor-1; LMP, low molecular protein; MIG, 
monokine induced by IFN-γ; mIRF-1, murine IRF-1; pSTAT-1, phosphorylated dimers of STAT-1; PTP, protein tyrosine 
phosphatase; qRT-PCR, quantitative RT-PCR; TS, trophoblast stem; TSA, trichostatin A; USF-1, upstream stimulatory factor-1; WB, 
Western blot; WCE, whole-cell extract; pIV, promoter IV; HDACi, HDAC inhibitor
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induced remodeling of the uterine vasculature and proper formation of the decidual 

(maternal) layer of the placenta during murine pregnancy (19). Despite the presence of IFN-

γ in the placenta, mouse TBCs appear to respond selectively to this cytokine. For instance, 

IFN-γ enhances phagocytosis by TBCs, and induces expression of classical MHC class I 

Ags on the TBC surface (8, 20, 21). In contrast, TBCs are resistant to IFN-γ-induced 

apoptosis and activation of MHC class II Ag expression (2, 13, 20, 22). Although mouse 

TBCs express IFN-γ receptors (20), the magnitude and the duration of IFN-γ responses are 

not well characterized in these cells.

IFN-γ signal transduction is mediated by the JAK/STAT pathway (23, 24). Binding of IFN-γ 

to its receptor, which consists of IFN-γR1 and IFN-γR2, leads to receptor oligomerization 

and activation of the receptor-associated JAK-1 and JAK-2 (23, 24). The activated JAKs 

phosphorylate a tyrosine residue within the intracellular domain of the IFN-γR1, which 

provides a docking site for monomers of STAT-1 sequestered in the cytoplasm (23, 24). 

STAT-1 interacts with the phosphorylated IFN-γR1 and is subsequently phosphorylated on 

tyrosine residue-701 by the JAKs (25). Tyrosine phosphorylation of STAT-1 leads to Src 

homology 2-mediated homodimerization and translocation to the nucleus (25). STAT-1 can 

also be phosphorylated on serine residue-727, which has been demonstrated to be necessary 

for optimal STAT-1 transcriptional activity through the recruitment of histone 

acetyltransferases (HATs) (26). Once inside the nucleus, phosphorylated dimers of STAT-1 

(pSTAT-1) activate the transcription of multiple different genes that contain a IFN-γ-

activating sequence (GAS) in their promoters, one of which is the gene encoding the 

transcription factor IFN regulatory factor-1 (IRF-1) (23, 27).

pSTAT-1 and IRF-1 are the two key transcription factors that propagate primary and 

secondary responses to IFN-γ, respectively, by activating transcription of genes involved in 

Ag processing and presentation, apoptosis, and cell cycle arrest (23). For example, IRF-1 

up-regulates transcription of the MHC class I, TAP, and low molecular protein (LMP) genes 

involved in Ag presentation, as well as caspase genes that activate apoptosis (23). In 

addition, pSTAT-1 and IRF-1 cooperate with one another to activate transcription of a 

transcriptional cofactor termed the CIITA, as well as antiviral genes such as guanylate-

binding protein (GBP) (28, 29). CIITA is the master regulator of both constitutive and IFN-

γ-inducible MHC class II gene transcription (30, 31). The inability of TBCs to express MHC 

class II Ags, either constitutively or in response to IFN-γ, is due to the silencing of CIITA 

expression (32–34).

We recently demonstrated that IFN-γ-inducible gene expression is repressed in human TBCs 

by protein tyrosine phosphatases (PTPs) (35). Specifically, PTPs inhibit activation of the 

JAKs and subsequent phosphorylation of STAT-1. In this study, we demonstrate that 

repression of IFN-γ-inducible gene expression is conserved in mouse TBCs. However, in 

contrast to human trophoblast, no defects in STAT-1 tyrosine phosphorylation or DNA-

binding ability were observed in mouse TBCs exposed to IFN-γ. Simultaneous treatment of 

mouse TBCs with IFN-γ and histone deacetylase (HDAC) inhibitors resulted in significant 

enhancements of IRF-1, GBP, and LMP expression, relative to treatment with IFN-γ alone. 

We propose that HDAC-mediated dampening of IFN-γ-inducible gene expression in mouse 

TBCs may be important for successful parturition.
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Materials and Methods

Cell culture

M-11, SM9, and NIH-3T3 cells were cultured, as previously described (36). TS cells were a 

gift of T. Kunath (University of Edinburgh, Edinburgh, UK) and J. Rossant (University of 

Toronto, Toronto, Ontario, Canada), and were cultured as previously described by Tanaka et 

al. (4). TS cells were induced to differentiate into giant cells by culture in either the absence 

of fibroblast growth factor-4 (4), or the presence of 0.5 µM retinoic acid, as described by 

Yan et al. (5). Mouse IFN-γ was purchased from PBL and used at concentrations ranging 

from 100 to 500 U/ml. The histone deacetylase inhibitors trichostatin A (TSA; WAKO), 

sodium butyrate, and apicidin (Calbiochem) were reconstituted in 100% ethanol, H2O, and 

DMSO, respectively. M-11, SM9, and NIH-3T3 cells were exposed to various 

concentrations of these HDAC inhibitors for 24 h to generate a toxicity curve. 

Concentrations that resulted in ~80% cell viability after 24 h were subsequently used to 

assess the effects on IFN-γ-inducible gene expression. Thus, SM9 and M-11 cells were 

treated with 50 nM TSA, 1 mM sodium butyrate, and 300 nM apicidin, respectively. 

NIH-3T3 cells were treated with 500 nM TSA, 1 mM sodium butyrate, and 300 nM 

apicidin.

RNA isolation and RT-PCR

RNA isolation, reverse-transcriptase reactions, and semiquantitative RT-PCR were 

performed, as previously described (33, 36). Quantitative RT-PCR was performed in 

duplicate for each sample on 1/100 of the total cDNA using an iCycler (Bio-Rad) instrument 

and SYBR Green master mix (Bio-Rad), as previously described (35). Briefly, standard 

curves were generated using plasmids containing the respective cDNAs for each gene 

examined. Expression of IFN-γ-inducible genes was normalized to GAPDH gene 

expression, and data are represented as the ratio between values obtained for IFN-γ-

inducible gene expression and GAPDH expression. Melt peak analyses were performed to 

ensure specificity of the reactions. Statistical analysis was performed using Student’s t test.

Nuclear run-on transcription assays

Nuclei were isolated and run-on transcription assays were performed, as previously 

described (37). Briefly, nuclei were purified using sucrose gradients by lysing the cells in 

hypotonic buffer (10 mM Tris (pH 7.4), 5 mM MgCl2, 0.4% Nonidet P-40, 0.5 mM 

dithiothreiotol, and 0.3 M sucrose), and pelleting the nuclei by centrifugation through a 

cushion of the same buffer containing 0.88 M sucrose. Run-on reactions were performed for 

10 min at 26°C using 1–1.5 × 107 nuclei per sample, and 200–250 µCi of [32P]UTP per 

sample. Plasmids (5 µg) containing the cDNAs for IRF-1 and actin were immobilized on 

nitrocellulose filters and hybridized to 32P-labeled RNA for 3 days at 42°C, washed, and 

exposed to x-ray film (Kodak X-OMAT) with intensifying screens. The plasmid pSP65 was 

used as a negative control to measure background.
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Western blot (WB) analysis

Whole-cell and nuclear extracts were prepared, as previously described (35). Abs to IRF-1 

(sc-640), STAT-1 (sc-417), phosphotyrosine (701)-STAT-1 (sc-7988), phosphoserine (727)-

STAT-1 (sc-16570-R), and upstream stimulatory factor-1 (USF-1; sc-229) were purchased 

from Santa Cruz Biotechnology. Abs to STAT-1 were also purchased from Millipore/

Upstate Biotechnology. SDS-PAGE, protein transfer, and WB analyses were performed, as 

previously described (35), using the following Ab concentrations: IRF-1 (100 ng/ml); 

STAT-1 (333 ng/ml); USF-1 (500 ng/ml); and heat shock cognate 70 (HSC70; 1:20,000 of 

monoclonal 3a3 ascites (38)); phosphotyrosine (701)-STAT-1 (200 ng/ml) and 

phosphoserine (727)-STAT-1 (200 ng/ml). Signals were detected with the SuperSignal West 

Pico chemiluminescent substrate (Pierce) and subsequent exposure to Kodak Scientific 

Imaging film (Kodak). Relative levels of transcription factors were determined by dilution 

analysis of the cell extracts, followed by WB analysis. Signals were quantified using 

Molecular Dynamics Computing Densitometer model 300S and Image J software (39).

EMSAs

EMSAs were performed, as previously described by Briscoe et al. (40), with minor 

modifications. Briefly, whole-cell extracts (WCE) were prepared in lysis buffer containing 

0.5% Nonidet P-40, 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% glycerol (v/v), 0.1 mM 

EDTA, 1 mM sodium orthovanadate, 1.0 mM DTT, 50 µg/ml pepstatin, 25 µg/ml aprotinin, 

25 µg/ml leupeptin, and 0.5 mM PMSF. dsSTAT-1-binding oligonucleotide probes (murine 

IRF-1 (mIRF-1)-GAS, 5′-GATCGTGATTTCCCCGA AATGACG-3′ and human signal-

inducible element-GAS, 5′-GTCGACA TTTCCCGTAAATC-3′) were end labeled with 

[γ-32P]ATP with the sp. act. of 3000 Ci/mmol (PerkinElmer). STAT-1-binding reactions 

were performed in a total volume of 20 µl, composed of binding buffer (10 mM HEPES (pH 

7.9), 1.5 mM MgCl2, 0.1 mM EGTA, 5% glycerol, 1 mg/ml BSA, 0.25 mg/ml tRNA, and 

2% Ficoll), 1 ng of oligonucleotide probes, and 10 µg of WCE per reaction. WCE were 

preincubated with binding buffer containing 150 µg/ml poly(d(I-C)) (Roche) for 15 min at 

room temperature before incubation with probe for an addition 15 min at room temperature. 

Competition assays were performed by preincubating the cell extracts with unlabeled GAS 

and mutant GAS competitor oligonucleotides (5′-

GATCGTGATGGCTCCGAAATGACG-3′) before addition of radiolabeled 

oligonucleotides. STAT-1 supershift Abs (sc-417X; Santa Cruz Biotechnology) were added 

(4 µg/sample) following incubation with the radiolabeled oligonucleotides, and incubated for 

an additional 15 min at room temperature. DNA:protein complexes were resolved on 5% 

nondenaturing polyacrylamide gels in 0.5% TBE. The gels were dried and exposed to Kodak 

Scientific Imaging film (Kodak) as well as phosphor screens. The exposed phosphor screens 

were scanned with a Molecular Dynamics Storm 860 PhosphorImager and quantified using 

Image J software (39).

Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed essentially as previously described by Bulger et al. (41) using 

Abs from Upstate Biotechnology to acetylated histone 3 (H3; catalog 06-599), dimethylated 

H3-K4 (catalog 07-030), and trimethylated H3-K9 (catalog 07-442). Genomic DNA was 
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purified using PCR purification kits (Invitrogen), and each input DNA sample was subjected 

to agarose gel electrophoresis to verify that the average size of the sonicated DNA was ~600 

bp. Quantitative PCR was subsequently performed on genomic DNA, as described above for 

RT-PCR.

Results

IFN-γ-inducible gene expression is reduced in mouse TBCs relative to fibroblasts

Previous studies demonstrated that mouse TBCs respond to IFN-γ by activating expression 

of molecules such as IRF-1 and MHC class I (21, 42, 43), but these studies did not assess 

whether there were quantitative differences in the levels of IFN-γ-inducible gene expression 

in these cells relative to fibroblasts or epithelial cells. To examine this possibility, SM9 and 

M-11 mouse TBCs and NIH-3T3 embryonic fibroblasts were exposed to 500 U/ml IFN-γ 

for 0, 24, and 48 h. RNA was isolated and subjected to semiquantitative RT-PCR for the 

CIITA; the MHC class II gene I-Aα; STAT-1; IRF-1; GBP; TAP-2; the immunoproteasome 

subunits LMP-2 and LMP-10; the chemokines IFN-γ-inducible protein-10 (IP-10) and 

monokine induced by IFN-γ (MIG); and the housekeeping gene GAPDH. As previously 

demonstrated, SM9 and M-11 cells do not express either CIITA or I-Aα mRNA following 

exposure to IFN-γ (Fig. 1). Higher basal levels of IRF-1 mRNA expression were detected in 

NIH-3T3 cells relative to SM9 and M-11 cells (Fig. 1). Several other cell types, including 

mouse primary embryonic fibroblasts, Colon 26 carcinoma, and 4T1 breast carcinoma cells, 

also exhibited higher basal expression of IRF-1 mRNA comparable to NIH-3T3 cells (data 

not shown). Importantly, following exposure of the cells to IFN-γ for 24 or 48 h, the 

expression of multiple genes (STAT-1, IRF-1, GBP, TAP-2, LMP-2, LMP-10, IP-10, and 

MIG) was substantially reduced in the mouse TBCs compared with NIH-3T3 fibroblasts, 

whereas GAPDH mRNA expression was not affected.

Although IFN-γ-inducible gene expression was clearly reduced at 24 and 48 h in mouse 

TBCs relative to fibroblasts, the kinetics of expression may differ in these cell types. To 

examine the kinetics and to quantify the relative differences in IFN-γ-inducible gene 

expression, quantitative RT-PCR was performed on RNA isolated from SM9, M-11, and 

NIH-3T3 cells exposed to 500 U/ml IFN-γ for 0, 3, 6, and 24 h on a subset of the genes 

analyzed in Fig. 1. Data are represented as the relative levels of IRF-1, GBP, LMP-2, and 

LMP-10 mRNA normalized to GAPDH mRNA expression. The levels of both basal and 

IFN-γ-inducible expression of IRF-1, GBP, LMP-2, and LMP-10 mRNA were reproducibly 

lower in SM9 and M-11 cells compared with NIH-3T3 cells (Fig. 2). In NIH-3T3 cells, 

IRF-1 mRNA expression peaked at 3–6 h post-IFN-γ treatment, followed by a ~40% 

reduction from peak expression by 24 h. In contrast, the highest levels of IRF-1 mRNA 

expression in SM9 and M-11 TBCs were detected after treatment with IFN-γ for 24 h (Fig. 

2). However, the expression of IRF-1 mRNA in SM9 and M-11 cells was significantly lower 

at all time points examined (~13-fold reduction at 3 h, ~8-fold reduction at 6 h, and ~5-fold 

reduction at 24 h) compared with NIH-3T3 cells. The kinetics of GBP mRNA expression in 

NIH-3T3 cells were similar to IRF-1, reaching peak levels at 6 h, followed by a slight 

reduction at 24 h, whereas GBP levels reached a maximum at 24 h in SM9 and M-11 cells. 

Nevertheless, the peak expression of GBP mRNA in SM9 and M-11 cells was still ~11-fold 
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lower relative to NIH-3T3 cells at the same time points. Likewise, significant reductions in 

LMP-2 and LMP-10 mRNA expression were observed in IFN-γ-treated SM9 and M-11 cells 

compared with NIH-3T3 cells at all time points tested (Fig. 2). Similar results were observed 

when NIH-3T3, SM9, and M-11 cells were exposed to 100 U/ml IFN-γ (data not shown). 

Taken together, our RT-PCR analyses demonstrate that the absolute levels of IFN-γ-

inducible gene expression are significantly lower in SM9 and M-11 cells relative to 

NIH-3T3 cells, both before and after IFN-γ treatment.

The phenotype of SM9 and M-11 cells is similar to labyrinthine trophoblast (44). To 

determine whether the dampening of IFN-γ-inducible gene expression observed in SM9 and 

M-11 cells is restricted to these cell lines, or is a feature shared by other mouse trophoblast 

subtypes, similar quantitative analyses were performed on TS and TS-derived trophoblast 

giant cells. Giant cells were derived by either incubating TS cells in the absence of fibroblast 

growth factor-4, or the presence of retinoic acid, as previously described (5, 6). TS cells and 

TS-derived giant cells were treated with IFN-γ for 0, 3, 6, and 24 h, and harvested for 

isolation of RNA. Quantitative RT-PCR analysis was subsequently performed for IRF-1 and 

GBP expression (Fig. 3). Basal expression of IRF-1 mRNA was comparable in NIH-3T3 

and TS cells, but ~3.2-fold lower in trophoblast giant cells (Fig. 3). Moreover, although 

IRF-1 mRNA was clearly up-regulated in both TS and giant cells following exposure to 

IFN-γ, the absolute levels were reduced ~3-fold at all time points compared with NIH-3T3 

fibroblasts. Basal expression of GBP mRNA was comparable among NIH-3T3 cells, TS, 

and giant cells (Fig. 3), but following exposure to IFN-γ, GBP mRNA levels were 

significantly lower in TS (15.7-fold reduction) and giant cells (10.6-fold reduction) 

compared with NIH-3T3 cells (Fig. 3). These collective results indicate that dampening of 

IFN-γ-inducible gene expression is conserved among multiple different trophoblast 

subtypes.

The rate of IRF-1 transcription is decreased in IFN-γ-treated M-11 cells relative to NIH-3T3 
fibroblasts

The reduced expression of IFN-γ-inducible genes in mouse TBCs relative to fibroblasts can 

be explained by at least two possible mechanisms: decreased rates of gene transcription or 

reduced mRNA stability. To distinguish between these two possible mechanisms, run-on 

transcription assays were performed to determine the rate of IRF-1 gene transcription in 

M-11 and NIH-3T3 cells cultured for 0, 3, and 24 h in 500 U/ml IFN-γ (Fig. 4). The basal 

rate of IRF-1 transcription was not detectable above the background (compare with the 

signal for the control plasmid pSP65) in either cell type in these assays (Fig. 4A). Following 

exposure of NIH-3T3 cells to IFN-γ, the rate of IRF-1 transcription increased 14.3- and 

11.0-fold at 3 and 24 h, respectively, over untreated samples (Fig. 4). However, in M-11 

cells, only a 2-fold increase in the rate of IRF-1 mRNA synthesis was detected over 

untreated controls at both time points tested (Fig. 4). The changes in IRF-1 transcription are 

specific, because the rate of actin gene transcription was similar in both cell types at all three 

time points (Fig. 4). Thus, the IRF-1 transcription rate was reduced 3.7- and 2.7-fold at 3 

and 24 h post-IFN-γ treatment in M-11 cells vs NIH-3T3 cells (Fig. 4B). These results 

suggest that a lower rate of transcription contributes to the dampened expression of IRF-1 

mRNA in mouse TBCs exposed to IFN-γ.
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STAT-1 phosphorylation (Tyr701/Ser727) and DNA binding are comparable among SM9, 
M-11, and NIH-3T3 cells

Optimal IRF-1 gene transcription in response to IFN-γ requires phosphorylation of STAT-1 

at tyrosine residue-701 and serine residue-727 (23, 24). To determine whether STAT-1 is 

phosphorylated in mouse TBCs, WCE were isolated from NIH-3T3, SM9, and M-11 cells 

exposed to IFN-γ for 0, 3, 6, and 24 h, and subjected to WB analyses using Abs specific to 

STAT-1, phosphotyrosine (701)-STAT-1, phosphoserine (727)-STAT-1, and IRF-1 (Fig. 

5A). Consistent with the results of the RT-PCR analysis, basal STAT-1 protein expression 

was comparable in the three cell lines, but reduced in SM9 and M-11 cells relative to 

NIH-3T3 cells following exposure to IFN-γ (Fig. 5A). Similar to previous studies using 

higher concentrations of IFN-γ (40, 45), robust STAT-1 phosphorylation at both tyrosine 

and serine residues was observed in NIH-3T3 cells within 3 h of IFN-γ treatment, and was 

sustained up to 24 h. High levels of IRF-1 protein expression were also observed in IFN-γ-

treated NIH-3T3 cells at all time points examined, which is consistent with the IRF-1 

mRNA expression (Fig. 5A). Interestingly, both the magnitude and duration of STAT-1 

phosphorylation were comparable in IFN-γ-treated SM9 and M-11 cells to that observed in 

NIH-3T3 cells (Fig. 5A). However, despite robust and sustained STAT-1 phosphorylation, 

expression of IRF-1 protein was reduced ~5-fold in SM9 and M-11 cells relative to 

NIH-3T3 cells (Fig. 5A), which is consistent with the quantitative RT-PCR (qRT-PCR) 

analysis of IRF-1 mRNA expression. The levels of USF-1 and HSC70 were comparable at 

all time points in SM9, M-11, and NIH-3T3 cells, demonstrating that the differences in 

STAT-1 and IRF-1 protein expression were specific (Fig. 5A). Identical results were 

observed using nuclear extracts (data not shown).

WB analyses were also performed to examine STAT-1 phosphorylation in TS cells and TS-

derived giant cells treated with IFN-γ for 0, 1, 3, 6, and 24 h. The magnitude and the 

duration of STAT-1 tyrosine phosphorylation in TS and giant cells exposed to IFN-γ were 

also comparable to NIH-3T3 cells (Fig. 5B). However, whereas STAT-1 serine 

phosphorylation was induced by IFN-γ in giant cells, it was reproducibly detected in both 

untreated and IFN-γ-treated TS cells (Fig. 5B). In addition, minor differences in IRF-1 

expression were also observed between TS and giant cells. Despite the presence of 

pSTAT-1, IRF-1 protein expression was almost undetectable in IFN-γ-treated giant cells, 

with low amounts being detected only at 3 h. Higher amounts of IRF-1 protein were 

detected in TS cells compared with giant cells at all time points following IFN-γ treatment. 

The minor differences in IRF-1 protein expression between TS and giant cells were not 

reflected at the mRNA level (Fig. 3), suggesting that posttranscriptional mechanism(s) may 

mediate these differences. Nonetheless, the levels of IRF-1 protein expression were still 

substantially lower in IFN-γ-treated TS cells compared with NIH-3T3 cells (Fig. 5B). 

Importantly, robust, sustained STAT-1 phosphorylation and IRF-1 protein expression were 

also observed in primary mouse embryonic fibroblasts exposed to IFN-γ, in a pattern 

identical with NIH-3T3 cells, indicating that these results portray an accurate reflection of 

the fibroblast phenotype (data not shown).

To determine whether phosphorylated STAT-1 from IFN-γ-treated mouse TBCs can bind 

DNA, the WCE used in WB assays were subjected to EMSA using 32P-labeled DNA probes 
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corresponding to the GAS within the mIRF-1 promoter. STAT-1-binding activity was not 

detected in any of the cells under basal conditions (Fig. 6). However, consistent with the 

kinetics of STAT-1 phosphorylation, STAT-1 binding to GAS was detectable within 1 h of 

IFN-γ treatment in NIH-3T3, SM9, and M-11 cells, and the levels of binding activity were 

sustained through 24 h (Fig. 6, A and B). Excess unlabeled mIRF-1 GAS, but not mutated 

mIRF-1 GAS, competed for pSTAT-1 binding (Fig. 6C), demonstrating the specificity of 

factor binding. Preincubation of the WCE with Abs to STAT-1 supershifted the DNA: 

protein complex, confirming that the GAS-binding factor from IFN-γ-treated SM9 and M-11 

cells is STAT-1 (Fig. 6D). Identical results were obtained using oligonucleotides 

corresponding to the STAT-1-binding sequence from the human signal-inducible element 

(data not shown). Taken together, these results indicate that the reduced levels of IFN-γ-

inducible gene expression in TBCs relative to fibroblasts are not due to impaired STAT-1 

phosphorylation or DNA-binding ability.

Cotreatment of mouse TBCs with IFN-γ and HDAC inhibitors enhances the expression of 
IFN-γ-inducible genes

We previously reported that simultaneous treatment of SM9 and M-11 cells with IFN-γ and 

the HDAC inhibitor TSA alleviated silencing of CIITA transcription (36), but that study did 

not assess whether the effects of TSA are specific for CIITA, or whether it has a broader 

impact on IFN-γ-inducible gene expression. Therefore, qRT-PCR was performed to examine 

IRF-1, LMP-2, and GBP mRNA expression in SM9 and M-11 cells treated with IFN-γ 

alone, TSA alone, or in combination for 24 h (Fig. 7A). With IFN-γ treatment alone, 97- and 

191-fold inductions of IRF-1 mRNA levels were observed in SM9 and M-11 cells, 

respectively, over untreated samples (Fig. 7A). Enhancements in IRF-1 mRNA levels were 

also detected in SM9 (5-fold) and M-11 cells 24-fold) treated with TSA alone relative to the 

untreated samples. However, simultaneous treatment of SM9 and M-11 cells with both 

agents enhanced IRF-1 mRNA expression 422- and 668-fold, respectively, over the 

untreated samples, indicating that the effects of these agents were synergistic rather than 

additive (Fig. 7A). Moreover, the IFN-γ/TSA combination treatment increased the 

expression of IRF-1 mRNA in TBCs 4.3- and 3.5-fold, respectively, over IFN-γ treatment 

alone. Similar synergistic enhancements in the levels of GBP and LMP-2 mRNA expression 

were also observed in SM9 and M-11 cells treated with IFN-γ and TSA compared with the 

untreated controls (Fig. 7A). Furthermore, significant enhancements of GBP (24.6-fold in 

SM9; 6.6-fold in M-11) and LMP-2 (8.2-fold in SM9; 65.8-fold in M-11) mRNA expression 

were also observed in mouse TBCs exposed to IFN-γ and TSA vs IFN-γ alone.

To determine whether the enhanced expression of IRF-1 mRNA in SM9 and M-11 cells 

cotreated with IFN-γ and TSA led to a corresponding increase in protein expression, WB 

analysis was performed on WCE from SM9 and M-11 cells treated with IFN-γ, TSA, or the 

combination for 24 h (Fig. 7B). As previously observed, STAT-1 phosphorylation was 

clearly detectable in SM9 and M-11 cells treated with IFN-γ for 24 h, whereas IRF-1 protein 

expression was reduced relative to NIH-3T3 cells (Fig. 7B). TSA treatment alone or in 

combination with IFN-γ had no detectable effect on STAT-1 phosphorylation in SM9 and 

M-11 cells (Fig. 7B). Although an increase in IRF-1 mRNA expression was detected in SM9 

and M-11 cells treated with TSA by qRT-PCR, a corresponding increase was not detected at 
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the protein level. However, simultaneous treatment of SM9 and M-11 cells with IFN-γ and 

TSA resulted in a 3.8-fold enhancement of IRF-1 protein expression compared with IFN-γ 

treatment alone (Fig. 7A). Similar results were obtained in experiments using two other 

chemically distinct HDAC inhibitors, sodium butyrate and apicidin (data not shown). In 

contrast, simultaneous treatment of NIH-3T3 cells with IFN-γ and TSA, using 

concentrations ranging from 50 to 250 nM, resulted in little change in IFN-γ-inducible gene 

expression, whereas co-treatment with 500 nM-1 mM TSA led to minor decreases (data not 

shown). Taken together, our results strongly suggest that HDACs dampen the expression of 

IFN-γ-inducible genes at the level of transcription in mouse TBCs.

promoters in IFN-γ-treated TBCs

The demonstration that treatment of TBCs with HDAC inhibitors significantly enhances 

IFN-γ-inducible IRF-1 and CIITA expression suggests that histone acetylation at these 

promoters is deficient in these cells. To test this possibility, M-11 and NIH-3T3 cells were 

cultured in 500 U/ml IFN-γ for 0 and 3 h and subjected to ChIP assays using Abs to 

acetylated H3. The following histone modifications were also examined: dimethylated H3-

K4, which correlates with permissive chromatin (46, 47), and methylated H3-K9, which is 

associated with repressive chromatin (46, 47). Data are represented as the percentage of 

input chromatin. Basal levels of H3 acetylation were detected at both the IRF-1 promoter 

and CIITA promoter IV (pIV) in NIH-3T3 and M-11 cells (Fig. 8). Stimulation with IFN-γ 

resulted in significantly increased levels of H3 acetylation at the IRF-1 and CIITA 

promoters in NIH-3T3 cells (Fig. 8). However, the levels of H3 acetylation did not 

appreciably change at these promoters in IFN-γ-treated M-11 cells (Fig. 8). Interestingly, 

dimethylated H3-K4 (H3-K4me2) was observed at the IRF-1 and CIITA promoters at 

similar levels in untreated NIH-3T3 and M-11 cells (Fig. 8). IFN-γ did not appreciably alter 

the levels of dimethylated H3-K4 at the IRF-1 promoter, but this histone mark increased at 

CIITA pIV in NIH-3T3 and M-11 cells exposed to IFN-γ for 3 h. Trimethylated H3-K9 (H3-

K9me3) was not detected above background levels at the IRF-1 or CIITA promoters in 

either NIH-3T3 or M-11 cells, irrespective of whether they were cultured with or without 

IFN-γ (Fig. 8). Taken together, these results suggest that the ability to acetylate histones at 

IFN-γ-inducible promoters is compromised in mouse TBCs. Moreover, they suggest that 

silencing of transcription from CIITA pIV in mouse TBCs does not correlate with 

trimethylated H3-K9 at this locus.

Discussion

We previously demonstrated that IFN-γ signal transduction is dampened in human TBCs by 

PTPs (35). Our current studies demonstrate that inhibition of IFN-γ-inducible gene 

expression is conserved between human and mouse TBCs, but the mechanisms are distinct. 

Specifically, PTPs inhibit JAK and STAT-1 activation in human TBCs (35), whereas 

HDACs repress IFN-γ-inducible transcription in mouse TBCs. The necessity of using 

different mechanisms for repression between human and mouse TBCs is currently unclear. 

However, there are also key differences between human and mouse pregnancies, such as the 

duration of the gestation period and the degree of trophoblast invasion into the uterine wall 
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(2). Perhaps these differences play a role in the differential mechanisms used by human and 

mouse TBCs in repressing responses to IFN-γ.

IRF-1 plays a central role in IFN-γ-induced up-regulation of GBP, LMP-2, and LMP-10 

transcription (48–50). Therefore, the reduced expression of these genes in IFN-γ-treated 

mouse TBCs relative to fibroblast cells can be explained, at least in part, by the reduced 

levels of IRF-1 protein. Because transcription of LMP-2 in the absence of IFN-γ is mediated 

by monomers of STAT-1 complexed with IRF-1 (51), the lower basal level of IRF-1 in 

mouse TBCs compared with NIH-3T3 cells may also directly contribute to the reduced basal 

expression of LMP-2. Furthermore, basal transcription of LMP-10 is mediated by another 

member of the IRF protein family, IRF-2 (49), the transcription of which is also regulated by 

IRF-1 (52, 53). Therefore, the lower basal level of IRF-1 in mouse TBCs may indirectly 

affect the baseline expression of LMP-10 by regulating IRF-2 levels.

We previously reported that IFN-γ-inducible CIITA transcription is silenced in mouse TBCs 

(33, 36), and our current studies extend these observations to demonstrate that transcription 

of multiple IFN-γ-responsive genes is inhibited in these cells. The current study 

demonstrates that this phenomenon is not due to defects in STAT-1 activation or DNA-

binding ability. Moreover, the histone mark trimethylated H3-K9, which is associated with a 

repressive chromatin structure, was not detected at the IRF-1 or CIITA promoters in M-11 

TBCs. However, H3 acetylation was deficient at these promoters in mouse TBCs exposed to 

IFN-γ. Furthermore, HDAC inhibitors significantly increased IFN-γ-inducible gene 

expression in mouse TBCs. STAT-1 has been shown to recruit HATs to target promoters, 

but recent studies indicate that STAT-1 also physically interacts with class I HDACs in vitro 

(54). Based on these collective results, inefficient recruitment of STAT-1 to target promoters 

may be responsible for the reduced rate of IFN-γ-inducible gene transcription in TBCs. 

Alternatively, STAT-1 may be targeted successfully to the IRF-1 and CIITA promoters, but 

the trans activation capacity of phosphorylated STAT-1 may be compromised by 

interactions with class I HDACs that block recruitment of HATs by STAT-1, and therefore 

prevent histone acetylation and remodeling of the promoter chromatin structure. This 

hypothesis is consistent with the effects of HDAC inhibitor (HDACi), the reduced levels of 

histone acetylation at the IRF-1 and CIITA promoters in TBCs, and our observation that the 

levels of the HAT CREB binding protein are reduced in SM9 and M-11 cells compared with 

NIH-3T3 cells (J. Choi and S. Murphy, unpublished data). HDACs may also inhibit 

acetylation of transacting factors necessary for STAT-1-mediated transcriptional activation.

Our studies demonstrating that several chemically distinct HDACi enhance IFN-γ-inducible 

gene expression in mouse TBCs directly contrast with previous reports showing that class I 

HDACs are required for transcriptional activation of both type I and type II IFN-responsive 

genes in several different human tumor cell lines (54–57). Studies by Nusinzon and Horvath 

(54) and Chang et al. (55) demonstrated that class I HDACs contribute to activation of IFN-

γ-inducible gene transcription in human tumor cells, and suggest that the HDACs mediate 

their functions at a step downstream of STAT-1 activation and in vivo binding to target 

promoters. In contrast, Klampfer et al. (57) reported that HDACi repress IFN-γ signaling by 

blocking activation of the JAKs, and therefore STAT-1 phosphorylation and activation. 

Although these studies conflict regarding the underlying molecular mechanisms responsible, 
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they collectively suggest that HDACs are required for transcriptional activation of IFN-γ-

responsive genes in human tumor cells. However, one key difference between our current 

studies and the previous reports is that the latter analyzed transformed human cells of 

nontrophoblastic origin. Thus, there may be fundamental differences between human tumor 

cells and mouse TBCs in the role that HDACs play in regulating IFN-γ-inducible gene 

transcription. We found that although cotreatment of NIH-3T3 embryonic fibroblasts with 

IFN-γ and 50–250 nM TSA had little to no effect on IRF-1 gene expression relative to IFN-γ 

treatment alone, higher TSA doses (500 nM-1 mM) led to modest reductions in expression. 

Taken together, these results suggest that the enhancement of IFN-γ-inducible gene 

expression by HDACi may be relatively specific to mouse TBCs. One potential explanation 

for the differential effects of HDACi on IFN-γ responses in mouse TBCs may be the 

expression of novel tissue-specific HDAC(s), or accessory factors that mediate HDAC 

function. Precedence for this proposal comes from studies showing that respiratory syncytial 

virus infection induces expression of Bcl-3, which subsequently interacts simultaneously 

with HDAC-1 and STAT-1, thereby inhibiting STAT-1 activity (58).

Modulation of IFN-γ and IFN-αβ signaling through disruption of the JAK/STAT-1 pathway 

is used by a multitude of pathogens to evade host immune responses, by a wide variety of 

strategies that include the following: 1) degrading the IFN-γRs or the JAKs, 2) blocking 

JAK activation, 3) inhibiting STAT-1 function by several distinct mechanisms, and 4) 

repressing the function of IRF-1 (59–62). Mutations or deletions of the viral genes 

responsible for modulating the functions of STAT-1 or IRF-1 result in attenuation of viral 

infection, which directly demonstrates the importance of these transcription factors in 

mediating antiviral immune responses (59). Importantly, IFN-γ also plays an essential role 

in the immunosurveillance of tumors; therefore, disruption of the JAK/STAT pathway in 

tumors provides an important mechanism of tumor immunoevasion (63). Thus, inhibiting 

the JAK-STAT pathway to prevent optimal IFN-γ-responsive gene expression is a common 

feature of pathogens, certain tumor cells, and TBCs.

IFN-γ is expressed at detectable levels in the pregnant mouse uterus from GD6 to GD18 (15, 

19), but mouse TBCs are resistant to IFN-γ-mediated activation of apoptosis (20), and MHC 

class II Ags, the latter due to silencing of CIITA expression (33, 36). Our collective studies 

demonstrate that dampening of IFN-γ-inducible gene expression is conserved in human and 

mouse TBCs, although the molecular mechanisms mediating these effects are distinct. Based 

on these collective results, we propose that this phenomenon plays a critical role for 

successful pregnancy by preventing deleterious IFN-γ responses that would otherwise 

interfere with placental development and function. Inhibition of IRF-1 expression in TBCs 

exposed to IFN-γ may have an especially important role in pregnancy, for IRF-1 activates 

transcription of genes involved in cell cycle arrest, apoptosis, and Ag presentation (23, 24, 

27). Aberrant activation of the JAK/STAT pathway in TBCs could therefore result in 

disruption of the trophoblast layer, and placental pathology.
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FIGURE 1. 
IFN-γ-inducible gene expression is dampened in mouse TBCs. Total RNA was isolated 

from NIH-3T3 fibroblast cells and SM9 and M-11 TBCs exposed to 500 U/ml IFN-γ for 0, 

24, and 48 h. They were subjected to semiquantitative RT-PCR with primers specific for 

CIITA, I-Aα, STAT-1, IRF-1, GBP, TAP-2, LMP-2, LMP-10, IP-10, MIG, and GAPDH. 

The data shown are representative of experiments using at least four independent 

preparations of RNA from each cell line.
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FIGURE 2. 
Kinetic analysis of IFN-γ-inducible gene expression in mouse TBCs. RNA was isolated 

from NIH-3T3, SM9, and M-11 cells exposed to 500 U/ml IFN-γ for 0, 3, 6, and 24 h and 

subjected to SYBR Green-based quantitative RT-PCR using primers specific for IRF-1, 

GBP, LMP-2, LMP-10, GAPDH, and actin. Relative copy number from 20 ng of RNA of 

each cell type was determined by generating a standard curve using known amounts of 

plasmids containing the respective cDNAs of the genes examined. The data are the average 

of four independent experiments and are represented as the ratio of the relative mRNA 
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expression of each gene (i.e., IRF-1) vs GAPDH. Unpaired Student’s t test was used to 

compare the relative levels of IFN-γ-inducible gene expression in NIH-3T3 cells vs SM9 

and M-11 cells that were exposed to IFN-γ for the same duration.
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FIGURE 3. 
Kinetic analysis of IFN-γ-inducible gene expression in mouse TS cells and giant cells. RNA 

was isolated from NIH-3T3, TS cells, and giant cells exposed to 500 U/ml IFN-γ for 0, 3, 6, 

and 24 h and subjected to SYBR Green-based quantitative RT-PCR using primers specific 

for IRF-1, GBP, and GAPDH, as described in Fig. 2. The data are the average of three 

independent experiments and are represented as the ratio of the relative mRNA expression 

of each gene (i.e., IRF-1) vs GAPDH. Unpaired Student’s t test was used to compare the 
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relative levels of IFN-γ-inducible gene expression in NIH-3T3 cells vs TS and giant TBCs 

that were exposed to IFN-γ for the same duration.
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FIGURE 4. 
Examination of IRF-1 transcriptional rate in NIH-3T3 and M-11 cells. A, Run-on 

transcription assays were performed using nuclei isolated from NIH-3T3 fibroblast and 

M-11 TBCs exposed to 500 U/ml IFN-γ for 0, 3, and 24 h. Plasmids containing the IRF-1 

and γ-actin cDNAs were used as probes for the radiolabeled RNA. The plasmid pSP65 was 

used as a negative control to measure background. Shown in this figure are representative 

data from three independent preparations of nuclei. B, The results from IRF-1 run-on 
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transcription assay were enumerated by densitometry measurements and analysis by Image J 

software. The data are represented as a ratio between values obtained for IRF-1 and γ-actin.
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FIGURE 5. 
Examination of IFN-γ-induced transcription factors pSTAT-1 and IRF-1 expression in 

mouse TBCs. A, WCE were isolated from NIH-3T3, SM9, and M-11 cells exposed to 500 

U/ml IFN-γ for 0, 3, 6, and 24 h and subjected to SDS-PAGE and WB analyses, using Abs 

specific for STAT-1p91, phosphotyrosine (701)-STAT-1, phosphoserine (727)-STAT-1, and 

IRF-1. The blots were stripped and reprobed with Abs for USF-1 and HSC70 as a control for 

loading and the integrity of the protein extracts. WB analysis was performed on at least four 

independent preparations of WCE from each cell type, and the figure is representative of the 
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data from all experiments. B, WCE from TS cells and trophoblast giant cells exposed to 500 

U/ml IFN-γ for 0, 1, 3, 6, and 24 h were subjected to WB analyses, as described in A. 

Representative data from three independent preparations of WCE are shown in this figure.
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FIGURE 6. 
Examination of STAT-1 DNA-binding activity in mouse TBCs exposed to IFN-γ. A, WCE 

were prepared from NIH-3T3, SM9, and M-11 cells incubated with IFN-γ for 0, 1, 3, 6, and 

24 h, and subjected to EMSA using radiolabeled oligonucleotides corresponding to GAS 

from the mouse IRF-1 promoter. The gels were exposed to phosphor screens and scanned 

with a Storm scanner to generate the figure shown, which is representative of three 

independent experiments. B, The phosphor screen was scanned, and the intensity of the 

bands was quantified by Image J software. C, Competition experiments were performed 
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using 40× excess of unlabeled GAS double-stranded oligonucleotides (40× UC), or 

unlabeled mutated GAS oligonucleotides (40× mUC) that are incapable of being bound by 

STAT-1. They were incubated with SM9 cell extracts before radiolabeled GAS 

oligonucleotides. D, A total of 4 µg of STAT-1 supershift Abs (ss) was added immediately 

after WCE isolated from SM9 and M-11 cells were incubated with the radiolabeled GAS 

oligonucleotides.
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FIGURE 7. 
Effects of IFN-γ and TSA on pSTAT-1/IRF-1 protein expression and IFN-γ-inducible gene 

transcription in mouse TBCs. A, RNA was isolated from SM9 and M-11 cells exposed to 

500 U/ml IFN-γ, 50 nM TSA, or the combination, for 24 h and subjected to SYBR Green-

based quantitative RT-PCR using primers specific for IRF-1, GBP, LMP-2, and GAPDH, as 

described for Fig. 2. The data are the average of four independent experiments and are 

represented as the ratio of the relative mRNA expression of each gene (i.e., IRF-1) vs 

GAPDH. Unpaired Student’s t test was used to compare the levels of mRNA expression in 
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SM9 and M-11 cells treated with the combination of IFN-γ/TSA vs IFN-γ alone. B, WCE 

were prepared from NIH-3T3, SM9, and M-11 cells that were treated as described in A, and 

subjected to WB analyses, using Abs specific for STAT-1, phosphotyrosine (701)-STAT-1, 

and IRF-1. The blots were stripped and reprobed with Abs for HSC70 as a control for 

loading and the integrity of the protein extracts. Representative data from three independent 

preparations of WCE are shown.
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FIGURE 8. 
Histone modifications at the IRF-1 and CIITA promoters in mouse fibroblasts and TBCs. 

NIH-3T3 and M-11 cells were cultured for 0 and 3 h with 500 U/ml IFN-γ, and subjected to 

ChIP assays using Abs specific for acetylated H3, acetylated H3-lysine 9 (K9), dimethylated 

H3-K4 (H3-K4me2), and trimethylated H3-K9 (H3-K9me3). Quantitative PCR was 

performed in duplicate for each sample using primers specific for the IRF-1 promoter (A) 

and CIITA pIV (B). Results for each histone modification are represented as the percentage 

of input, and are the average of at least two independent experiments.
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