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Abstract
Aberrant cellular responses to pro-inflammatory cytokines, such as TNF-α, are pathogenic features
in most chronic inflammatory diseases. A variety of extracellular and intracellular feedback
pathways have evolved to prevent an inappropriate cellular reaction to these pro-inflammatory
cytokines. Here, we report that TNF-α treatment of human and mouse cholangiocytes and
hepatocytes downregulated expression of p300/CBP-associated factor (PCAF), a co-activator and
an acetyltransferase that promotes histone acetylation and gene transcription. Of these upregulated
microRNAs (miRNAs) in TNF-α-treated cells, miR-181a/b (miR-181a and miR-181b) suppressed
translation of PCAF mRNA. Functional manipulation of miR-181a/b caused reciprocal alterations
in PCAF protein expression in cultured cholangiocytes and hepatocytes. Inhibition of miR-181a/b
function with anti-miRs blocked TNF-α-induced suppression of PCAF expression. Promoter
recruitment of PCAF was shown to be associated with TNF-α-induced transcription of
inflammatory genes. Intriguingly, pretreatment of cells with TNF-α inhibited transcription of
inflammatory genes in response to subsequent TNF-α stimulation. Overexpression of PCAF or
inhibition of miR-181a/b function with anti-miRs attenuated the inhibitory effects of TNF-α
pretreatment on epithelial inflammatory response to subsequent TNF-α stimulation.
Downregulation of PCAF and the inhibitory effects of TNF-α pretreatment on liver epithelial
inflammatory response were further confirmed in a mouse model of TNF-α intraperitoneal
injection. These data suggest that PCAF is a target for miR-181a/b, and downregulation of PCAF
by TNF-α provides negative feedback regulation to inflammatory reactions in liver epithelial cells,
a process that may be relevant to the epigenetic fine-tuning of epithelial inflammatory processes in
general.
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INTRODUCTION
Chronic inflammation and cellular damage are common pathogenic features of most chronic
inflammatory diseases. Recent advances in the understanding of immunity and inflammation
have suggested that aberrant host responses, rather than the pathogen-specific toxins or gene
products, may be the real pathogenetic factors that account for the chronicity of
inflammatory reactions (1). Considerable clinical data suggest that pro-inflammatory
cytokines, such as TNF-α, are key factors driving persistent inflammation and cellular injury
in chronic hepatobiliary diseases (2). Liver epithelial cells (hepatocytes and cholangiocytes)
play a role in the initiation, regulation, and resolution of inflammatory reactions in the liver.
Both cell types express receptors for TNF-α, and activation of downstream signaling
cascades of TNF-α receptors initiates a series of epithelial inflammatory reactions (3,4).
Such epithelial cell responses are finely controlled at physiological conditions and reflect a
delicate balance between effector functions and their potential to cause subsequent damage
to liver tissues (3). To carry out a fine-tuning of inflammatory responses, epithelial cells
have developed multiple strategies for the feedback regulation of intracellular signaling
pathways. Several endogenous proteins have been identified to counter-regulate TNF-α-
associated signaling cascades and promote resolution of inflammation (5).

Remodeling of chromatin within the nucleus, controlled by the degree of acetylation/
deacetylation of histone residues on the histone core around which DNA is coiled, is
important in allowing access for transcription factor DNA binding and gene transcription.
Nuclear histone acetylation is a reversible process and is regulated by a group of histone
acetyltransferases (HATs)4 that promote acetylation and histone deacetylases (HDACs) that
promote deacetylation (6). TNF-α induces histone acetylation and promotes NF-κB- and
AP-1-regulated pro-inflammatory IL-8 release in epithelial cells (7,8). NF-κB- and AP-1-
mediated transcriptional activation of pro-inflammatory genes, such as IL-8, involves gene-
specific promoter recruitment of co-activators, including p300/CBP-associated factor
(PCAF) (9,10). Like other co-activators, PCAF can bridge the transcriptional factors to the
basal transcriptional complex to maintain the appropriate level of gene activities during
various physiological processes, such as the cell cycle, apoptosis, and carcinogenesis (11).
PCAF also acts as an acetyltransferase that acetylates specific lysine residues in H3 and H4,
resulting in remodeling of chromatin structure (6). Nevertheless, the role of PCAF-mediated
transcriptional gene regulation in the control of epithelial inflammatory reactions in response
to TNF-α stimulation is still unclear.

MicroRNAs (miRNAs) mediate gene suppression at the posttranscription level through
mRNA cleavage and/or translational repression (12). Studies have revealed key roles for
miRNAs in diverse regulatory pathways, including timing control in development, cell
differentiation, apoptosis, and cell proliferation and, more recently, in regulation of
inflammatory responses (13). We previously demonstrated that transcription of miRNA
genes in cholangiocytes can be elaborately controlled by nuclear transcription factors
associated with inflammation, such as the NF-κB pathway (14,15). Functionally, miRNAs
may modulate epithelial inflammatory responses, including production and release of
cytokines/chemokines, expression of adhesion and co-stimulatory molecules, and feedback
regulation of epithelial homeostasis (16,17). Therefore, miRNAs act as critical regulators to
the fine-tuning of epithelial inflammatory responses.

In this study, we investigated the expression of PCAF in liver epithelial cells in response to
TNF-α, its relationship to miRNA-mediated posttranscriptional gene regulation, and finally

4Abbreviations used in this paper: PCAF, p300/CBP-associated factor; HATs, histone acetyltransferases; HDACs, histone
deacetylases; miRNAs, microRNAs; TSA, trichostatin A; ChIP, Chromatin immunoprecipitation; 3’UTR, 3’-untranslated region.
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its role in controlling the expression of inflammatory genes in response to secondary TNF-α
stimulation. The data we report here show that TNF-α downregulates PCAF expression in
liver epithelial cells with the involvement of miR-181a/b (i.e., miR-181a and miR-181b).
Such downregulation of PCAF may provide negative feedback control of transcription of
inflammatory genes, relevant to the epigenetic fine-tuning of epithelial inflammatory
processes.

MATERIALS AND METHODS
Reagents, antibodies, and plasmid constructs

Human TNF-α was from Biomax Technologies (San Diego) and mouse TNF-α was from
R&D Systems (Minneapolis). Anti-PCAF was from Santa Cruz Biotechnology (Santa Cruz)
and anti-β-actin from Sigma-Aldrich (St. Louis). PCAF expression vector pCX-PCAF (Flag-
tagged) was a gift from Dr. Tony Kouzarides (University of Cambridge). Chromatin
immunoprecipitation (ChIP) assay kit was from Upstate Biotechnology (Charlottesville).

Cell culture
H69 cells are SV40-transformed normal human cholangiocytes originally derived from a
liver harvested for transplant (18). 603B cells are immortalized normal mouse
cholangiocytes (a gift of Dr. Y. Ueno, Sendai, Japan). These cholangiocytes continue to
express biliary epithelial cell markers, including cytokeratin 19, gamma glutamyl
transpeptidase, and ion transporters consistent with biliary function, and have been
extensively characterized (18,19). AML12 is a hepatocyte cell line obtained from mouse
(CD1 strain, line MT42) and was from the American Type Culture Collection.

Western blot
Whole cell lysates were obtained with the M-PER Mammalian Protein Extraction Reagent
(ThermoScientific, Rockford) plus several protease inhibitors (1 mM PMSF; 10 µg/mL
leupeptin, 2 µg/mL pepstatin). Antibodies to PCAF and β-actin were used. Densitometric
levels of PCAF were quantified and expressed as their ratio to β-actin.

Real-time PCR
Total RNAs were prepared and comparative real-time PCR was performed using the SYBR
Green PCR Master Mix (Applied Biosystems) (14–17). The PCR primers were as follows:
human PCAF (forward, 5’-CTGGAGGCACCATCTCAACGAA-3’, and reverse, 5’-
ACAGTGAAGACCGAGCGAAGCA-3’); mouse PCAF (forward, 5’-
CCGTGTCATTGGTGGTATCTGTT-3’, and reverse, 5-
AGGAAGTTGAGGATCTCGTGCTT-3’); human IL-8 (forward, 5’-
ATGACTTCCAAGCTGGCCGT-3’, and reverse, 5’-
CCTCTTCAAAAACTTCTCCACACC-3’); human COX-2 (forward, 5'-
CCAGCACTTCACGCATCAGTT-3’, and reverse, 5'-
AAAGGCGCAGTTTACGCTGT-3'); mouse MIP-2 (forward, 5’-
TGTCAATGCCTGAAGACCCTGCC-3’, and reverse, 5’-
AACTTTTTGACCGCCCTTGAGA-3’); human GAPDH (forward, 5’-
TGCACCACCAACTGCTTAGC-3’, and reverse, 5’-
GGCATGGACTGTGGTCATGAG-3’); and mouse β-actin (forward, 5’-
TGGTGGGAATGGGTCAGAA-3’, and reverse, 5’-TCTCCATGTCGTCCCAGTTG-3’).
For real-time PCR analysis of mature miRNAs, LNA™ primer sets for miR-181a/b and
snRNA RNU6B for human and mice were obtained from Exiqon (Vedbaek, Denmark).
Total RNAs were reverse-transcribed using the Universal cDNA Synthesis Kit (Exiqon),
and real-time PCR was performed in triplicate. The Ct values were analyzed using the
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comparative Ct (ΔΔCt) method, and the amount of target was obtained by normalizing to
snRNA RNU6B and relative to the control (non-treated cells) (14–17).

miRCURY™ LNA array analysis of miRNAs
The Exiqon (Vedbaek, Denmark) miRCURY LNA microRNA arrays and service to process
the samples were used (14,15). Briefly, H69 cells were grown to 80% confluence and
exposed to TNF-α (10 ng/ml) for 8h. Total RNAs were prepared and the quality of isolated
RNAs was verified. A mixture of equal amounts of total RNAs from the control and TNF-α
treated cells were used as the reference pool. A total of 2 µg RNA from each sample was
then labeled with the Hy5™ fluorescent label, and the reference pool labeled with Hy3™
using the miRCURY™ LNA Array labeling kit (Exiqon). The labeled samples and reference
pool were then mixed pair-wise and hybridized to the miRCURY™ LNA array containing
capture probes targeting all human miRNAs listed in the miRBASE version 8.1 (Exiqon).
After hybridization, the slides were scanned and quantified signals were normalized by
Exiqon using the global Lowess regression algorithm. Normalized Hy5/Hy3 ratios were used
for further analysis, as previously reported (14–15).

Anti-miRs and miRNA precursors
Specific antisense oligonucleotides to miRNAs (anti-miRs) were used to inhibit miRNA
function and specific miRNA precursors to increase miRNA expression (20). Anti-
miR-181a/b and precursors to miR-181a/b were obtained from Ambion. For experiments,
cells were grown to 90% confluent and treated with anti-miRs or precursors to miR-181a/b
(0–30 nM) using the lipofectamineTM 2000 reagent (Invitrogen). Nonspecific anti-miR
(anti-miR-Ctrl) and precursor (precursor-Ctrl) (Ambion) were used as controls.

Luciferase reporter constructs and luciferase assay
Complementary 38 bp DNA oligonucleotides containing the putative target site for
miR-181a/b within the 3’ untranslated region (3′UTR) of human PCAF were synthesized
with flanking SpeI and HindIII restriction enzyme digestion sites (Sense, 5’-
ctagATAACATTTTCAGACCATGAATGAATGTTTCCAT-3’; antisense, 5’-
agctATGGAAACATTCATTCATGGTCTGAAAATGTTAT-3’) and cloned into the
multiple cloning site of the pMIR-REPORT Luciferase vector (Ambion). 3′UTR of mouse
PCAF were the following (Sense, 5’-
ctagTCTAGAGAAAAGTTTGACCATGAATGTCTCCAT-3’; antisense, 5’-
AGCTATGGAGACATTCATGGTCAAACTTTTCTCTAGA-3’). pMIR-REPORT
Luciferase constructs containing mutant 3′UTR (human: AATGAATGT to TTACTTACA;
mouse: ATGAATGT to TACTTACA) were also generated. We then transfected cells with
each reporter construct and β-gal (as the internal control), as well as anti-miRs or precursors
to miR-181a/b. Luciferase activity was measured and normalized to the control β-gal level,
as previously reported (16,17).

ChIP assay
ChIP analysis was performed with a commercially available ChIP Assay Kit (Upstate
Biotechnologies) in accordance with the manufacturer’s instructions. In brief, 1×106 603B
cells were cultured in 10-cm culture dishes and treated with TNF-α (10 ng/ml) in 2% FBS
media for 1h. The chromatin fraction was immunoprecipitated overnight at 4°C using anti-
PCAF antibody. PCR amplification was performed in a total volume of 20 µl with specific
primers. PCR primers for ChIP analysis for NF-κB binding to the promoter of MIP-2 were
forward (5’-GCCTATCGCCAATGAGC-3’) and reverse (5’-
CAATTTTCTGAACCAAGGG-3’), and to IL-8 promoter were forward (5’-
GGGCCATCAGTTGCAAATC-3’) and reverse (5’-TTCCTTCCGGTGGTTTCTTC-3’).
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Injection of TNF-α in mice and immunohistochemistry
The C57BL/6J mice (The Jacksons Laboratory) were used and approved by the Creighton
University Biosafety and Institutional Animal Care and Use Committees. Animals received
treatment of TNF-α (2.5 µg in 200 µl of saline) by intraperitoneal (i.p.) injection, as
previously reported (21). For TNF-α pretreatment animals, mice were injected i.p. with
TNF-α for 24h and then received the same dose of TNF-α by i.p. injection. A portion of the
liver was fixed with formaldehyde solution for H&E staining and immunohistochemisty,
and the rest was used to obtain extracts for RNA and protein extraction for PCR or Western
blot.

RESULTS
TNF-α decreases expression of PCAF protein in cholangiocytes without a change in PCAF
mRNA level

We assessed PCAF expression in H69 and 603B cells in response to TNF-α. A dose- and
time-dependent decrease of PCAF protein expression was detected by Western blot in H69
and 603B cells following TNF-α stimulation (Fig. 1A and 1B). Interestingly, no significant
change of PCAF mRNA levels was found in TNF-α-treated cells as measured by real-time
PCR (Fig. 1C and 1D), suggesting posttranscriptional mechanisms.

TNF-α alters miRNA expression in cholangiocytes
A total of 383 mature miRNAs were detected in the non-TNF-α-treated H69 cells using the
miRCURY™ LNA human microRNAs analysis (Exiqon; Vedbaek, Denmark) (14,15).
Among these expressed miRNAs, eight miRNAs were significantly upregulated following
TNF-α treatment for 8h (p <= 0.05; Fig. 2A). Fourteen additional miRNAs, including
miR-181a/b, showed a tendency to increase (0.05 < p <= 0.20; Fig. 2A). One miRNA,
let-7f-1, was significantly downregulated in TNF-α-treated cells (Fig. 2A). All microarray
data were described in accordance with MIAME guidelines and deposited at ArrayExpress
(http://www.ebi.ac.uk/arrayexpress, accession number: E-MEXP-2049). Real-time PCR
analysis for selected mature miRNAs was performed to confirm the array results in H69
cells following TNF-α treatment. Increased expression of miR-181a/b, as shown in Fig. 2B
and C, was detected in H69 and 603B cells following TNF-α treatment for 8h to 16h.

miR-181a/b target PCAF 3'UTR, resulting in translational suppression in liver epithelial
cells

To test whether miRNA-mediated posttranscriptional regulation is involved in the
downregulation of PCAF by TNF-α, we used the algorithms in the Targetscan 4.2 program
(22) to screen these TNF-α-upregulated miRNAs. We found miR-181a/b with
complementarity to PCAF 3’UTR, suggesting a potential for binding (Fig. 3A). We
generated pMIR-REPORT luciferase constructs containing the human or mouse PCAF
3'UTR with the potential binding site (Fig. 3A). In addition, constructs with mutations at the
putative binding site were also generated and used as the controls (Fig. 3A). H69 and 603B
cells were transfected with these reporter constructs for 24h, followed by assessment of
luciferase activity. As shown in Fig. 3B, luciferase activity was significantly decreased in
cells transfected with the PCAF 3'UTR construct containing the potential binding site. No
change in luciferase activity was observed in cells transfected with the mutant PCAF 3'UTR
construct, suggesting endogenous translational repression of the construct with the PCAF
3'UTR. Anti-miR-181a/b markedly increased PCAF 3'UTR-associated luciferase reporter
translation. In contrast, precursors to miR-181a/b further decreased luciferase reporter
translation.
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To test whether miR-181a/b are directly relevant to cellular PCAF protein level, we treated
cells with anti-miRs or precursors to miR-181a/b for 48h and then measured PCAF protein
content using Western blot. Transfection of H69 cells with the miR-181b precursor caused a
dose-dependent decrease in PCAF protein level (Fig. 3C and D). No change in PCAF
mRNA levels was found between the control cells and cells treated with miR-181b precursor
(Fig. 3E), suggesting no effects on PCAF mRNA content. A dose-dependent increase in
PCAF protein content, but not the message level, was identified in cells treated with anti-
miR-181b (Fig. 3C–E). Anti-miR-181a and precursor to miR-181a also caused reciprocal
alterations in PCAF protein level in H69 cells (Fig. S1). Precursors or anti-miRs to
miR-181a/b displayed a similar effect on PCAF expression in 603B and AML-12 cells (Fig.
S1).

Upregulation of miR-181a/b is involved in TNF-α-induced PCAF protein suppression
H69 and 603B cells were transfected with various doses of anti-miR-181b for 48h and then
exposed to TNF-α for 24h, followed by Western blot for PCAF. The anti-miR-181b blocked
the downregulation of PCAF protein in H69 and 603B cells induced by TNF-α treatment in
a dose-dependent manner (Fig. 3F and Fig. S2). No significant change in PCAF mRNA
levels was found in the cells following TNF-α stimulation with or without the treatment with
anti-miR-181b (Fig. 3G). Anti-miR-181a had the same functions as anti-miR-181b (Fig. S2).
Thus, anti-miR-181a/b could prevent the downregulation of PCAF protein induced by TNF-
α. Coupled with the upregulation of miR-181a/b in cells following TNF-α treatment, the
above data suggest that the relief of miR-181a/b-mediated translational repression is
required for TNF-α-induced suppression of PCAF protein.

Promoter recruitment of PCAF is involved in TNF-α-induced transcription of IL-8 and MIP-2
genes

We exposed 603B and H69 cells to various doses of TNF-α for 1h. A dose-dependent
increase of mRNA level for MIP-2 (for 603B) and IL-8 (for H69) was detected (Fig. 4A and
Fig. 4B). ChIP analysis was then performed on cells after exposure to TNF-α for 1h. TNF-α
stimulation increased recruitment of PCAF to the promoter region of the MIP-2 gene in
603B cells and the IL-8 gene in H69 cells (Fig. 4C). To test the effects of miR-181a/b on
TNF-α-induced promoter recruitment of PCAF, H69 cells were transfected with the
miR-181b precursor or anti-miR-181b for 48h and then exposed to TNF-α (10 ng/mL) for 1h
following by ChIP analysis. Anti-miR-181b promoted TNF-α-induced PCAF promoter
recruitment of the IL-8 gene (Fig. 4D). In contrast, miR-181b precursor partially suppressed
TNF-α-induced PCAF promoter recruitment (Fig. 4D).

Functional manipulation of PCAF and miR-181a/b influences cell inflammatory responses
to TNF-α

We transfected 603B and H69 cells with the full-length PCAF and then exposed them to
TNF-α. A much higher mRNA level of MIP-2 (for 603B) and IL-8 (for H69) was detected
in cells transfected with the full-PCAF (Fig. 5A and Fig. 5B). To test the effects of
miR-181a/b on cellular inflammatory reactions to TNF-α, 603B cells were transfected with
the precursors to miR-181a/b for 48h and then exposed to TNF-α (10 ng/mL) for 1h.
Precursors to miR-181a/b could decrease the upregulation of MIP-2 mRNA induced by
TNF-α (Fig. 5C). No significant difference was detected between the pre-miR-181a/b-
treated and the non-treated control cells in the absence of TNF-α. When 603B cells were
pretreated with anti-miR-181a/b for 48h and then exposed to TNF-α (1 ng/ml) for 1h, a
marked increase in MIP-2 mRNA expression was detected (Fig. 5D). Overexpression of
PCAF partially suppressed the inhibitory effects of miR-181 precursors on TNF-α-induced
MIP-2 expression in 603B cells (Fig. 5E) or IL-8 expression in H69 cells (Fig. 5F).
Precursors to miR-181a/b did not alter PCAF protein expression in cells transfected with the
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full-length PCAF (Fig. S3). These data suggest that functional manipulation of PCAF and
miR-181a/b influences IL-8 and MIP-2 expression in response to TNF-α stimulation.

Suppression of PCAF provides negative feedback regulation to TNF-α-induced
transcription of inflammatory genes in liver epithelial cells

Because promoter recruitment of PCAF facilitates transactivation of inflammatory genes
induced by TNF-α, we speculated that TNF-α-induced suppression of PCAF would inhibit
epithelial reactions in response to subsequent stimulation. To test this possibility, we
measured the kinetics of IL-8 gene expression in H69 cells in response to TNF-α
stimulation. TNF-α induced a time-dependent increase in IL-8 mRNA expression in H69
cells (Fig. 6A). Increase of IL-8 expression peaked at 1h (about a 14-fold increase) after
addition of TNF-α and decreased gradually, but remained at a higher level than the non-
treated cells for up to 48h after TNF-α stimulation (Fig. 6A). Interestingly, when the same
amount of TNF-α was exposed to the cells that were pretreated with TNF-α for 24h, no
further increase of IL-8 expression was detected (Fig. 6B), suggesting that TNF-α
pretreatment can inhibit cell reactions to subsequent TNF-α stimulation. Consistent with our
results in Fig. 1, no significant change in PCAF mRNA was measured in all the treated cells
(Fig. 6C). Inhibition of TNF-α-induced expression of the COX-2 gene was also confirmed in
TNF-α-pretreated H69 cells (Fig. S3). Similar results of TNF-α pretreatment on associated
expression of MIP-2 by subsequent TNF-α stimulation were obtained in 603B cells (Fig.
S4).

To further test that downregulation of PCAF accounts for the inhibition of cell response to
secondary TNF-α stimulation, we transfected cells with the full-length PCAF and then
measured expression of IL-8 or MIP-2 in TNF-α-pretreated cells in response to secondary
TNF-α stimulation. Overexpression of PCAF restored cell response to transactivate the IL-8
gene in response to secondary TNF-α stimulation (Fig. 6D). Pretreatment of TNF-α did not
alter expression of PCAF, at both the message and protein levels, in cells transfected with
the full-length PCAF (Fig. 6E and 6F). Similar results were obtained for PCAF-dependent
expression of MIP-2 in 603B cells (Fig. S4). These data indicate that suppression of PCAF
provides a negative feedback loop to TNF-α-induced expression of inflammatory genes.

Expression of PCAF in liver epithelial cells in response to TNF-α stimulation and epithelial
inflammatory reactions in response to secondary stimuli in mice

Consistent with in vitro results, we detected a significant decrease of PCAF protein content
in the liver extract from mice following TNF-α i.p. injection (Fig. 7A). PCAF mRNA
showed no significant change for up to 48h after TNF-α injection (Fig. 7B). Very mild
inflammatory reaction of inflammatory infiltration was observed in the liver through H&E
staining (Fig. 7C and 7D). Decrease of PCAF protein staining was detected by
immunochemistry in hepatocytes and cholangiocytes in mice 24h following TNF-α i.p.
injection (Fig. 7E and 7F).

We detected an 80-fold increase in MIP-2 expression in the liver extracts at 2h after TNF-α
injection. Expression of MIP-2 decreased to basal level at 24h following TNF-α injection
(Fig. 7G). Consistent with in vitro results, only about a 20-fold increase of MIP-2 was
detected at 2h after the second TNF-α administration in the liver obtained from mice with an
initial TNF-α injection 24h previously (Fig. 7G). Similarly, inhibition of TNF-α-induced
COX-2 upregulation was observed in the livers of mice pretreated with TNF-α for 24h (Fig.
7H).
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DISCUSSION
Similar to that of protein-coding genes, expression of miRNA genes is regulated through
both transcriptional and posttranscriptional mechanisms (12). Transcription of miRNA
genes in epithelial cells is elaborately controlled and associated with nuclear transcription
factor-mediated transactivation and transrepression. The primary transcripts of miRNAs
(pri-miRNAs) then undergo further enzymatic cleavage to form mature miRNAs, and this
maturation process involves several enzymes and associated proteins, including
heterogenous nuclear RNA complex (hnRNP) proteins (23). Upon contact with TNF-α, TNF
receptors activate downstream signaling pathways, such as the NF-κB and MAPK pathways,
and mediate the transcription of a vast array of genes involved in cell survival and
proliferation, inflammatory response, and anti-apoptotic factors (24,25). In this study, we
found that TNF-α stimulation caused a distinct alteration in the expression profile of mature
miRNAs in H69 cells. Interestingly, the majority of the miRNAs that were significantly
altered in TNF-α-treated H69 cells are not NF-κB-responsive miRNAs, which we previously
identified in H69 cells (14,15). Of these NF-κB-responsive miRNAs, only miR-21 and
miR-155 showed a significant increase in TNF-α-treated H69 cells. Activation of the MAPK
signaling pathway has also been reported to induce transcription of miRNA genes in
different cell types in response to various stimuli (26). Moreover, activation of the MAPK/
p38 pathway can phosphorylate hnRNP A1 and promote the cytoplasmic translocation of
hnRNP A1 and miRNA maturation (27). We speculate that TNF-α-induced alterations in
miRNA expression reflect the integrated result of activation of multiple interrelated signal
pathways, including the NF-κB and MAPK pathways.

miRNA-mediated posttranscriptional gene suppression may be a critical component of the
complex regulatory networks in epithelial inflammatory responses. The usual consequence
of miRNA and mRNA interaction is the downregulation of protein expression by
translational repression and/or mRNA cleavage (12,13). Whereas studies have
predominantly focused on these TNF-α-upregulated effector molecules, upregulation of
miRNAs in TNF-α-treated cells suggests to us that TNF-α may suppress gene expression
through miRNA-mediated posttranscriptional gene repression, contributing to regulation of
cell reactions in response to TNF-α stimulation. Indeed, our data demonstrate that TNF-α
suppresses PCAF expression in liver epithelial cells both in vitro and in vivo. Moreover,
TNF-α-induced suppression of PCAF appears to be associated with miR-181a/b-mediated
posttranscriptional repression. Targeting of PCAF 3’UTR by miR-181a/b was confirmed
using the luciferase reporter analysis. Functional manipulation of miR-181a/b caused
reciprocal alterations in PCAF protein level in cultured hepatocytes or cholangiocytes.
Importantly, inhibition of miR-181a/b function blocked TNF-α-induced PCAF suppression
in these cells. Moreover, it appears that miR-181a/b suppress PCAF expression through
inhibition of translation, not through induction of RNA degradation, as no change in PCAF
mRNA levels was detected in cells following TNF-α stimulation or treatment with precursor
or anti-miRs to miR-181a/b. Therefore, TNF-α may regulate expression of genes that are not
directly regulated by TNF-α signaling at the transcriptional level through modulation of
miRNA-mediated posttranscriptional gene suppression.

As one of the most common co-activators, PCAF can bridge the transcriptional factors to the
transcriptional complex to access the appropriate level of gene activities in cells in response
to extracellular stimuli (11). Different from other co-activators, PCAF has the capacity of
HATs and, thus, can augment gene transcription through modulating chromatin remodeling.
Our results of ChIP analysis confirmed the promoter recruitment of PCAF to the
inflammatory MIP-2 and IL-8 genes in cells following TNF-α stimulation. Forced
expression of PCAF enhances TNF-α-induced MIP-2 and IL-8 expression in liver epithelial
cells. Because promoter recruitment of PCAF is usually gene-specific (28), it is of merit to
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investigate whether PCAF is involved in the transcriptional regulation of other TNF-α-
regulated inflammatory genes.

Inflammation, while an essential physiological response to insult or injury, is potentially
injurious to host tissues and is, therefore, a highly regulated process. A variety of
extracellular and intracellular feedback pathways have evolved to prevent an inappropriate
over-inflammatory response, including upregulation of several negative regulators, such as
IRAK1, TRAF6, A20, and SIGIRR (29). Our data demonstrate that miR-181a/b-mediated
suppression of PCAF may provide negative feedback regulation to liver epithelial cells in
response to subsequent TNF-α stimulation. We found that pretreatment of cells with TNF-α
can significantly attenuate epithelial expression of inflammatory genes in liver epithelial
cells in response to secondary TNF-α stimulation both in vitro and in vivo. Pretreatment of
cells with precursors to miR-181a/b showed an inhibitory effect on TNF-α-induced
expression of inflammatory genes. Overexpression of PCAF can suppress the inhibitory
effects of pretreatment with the precursors to miR-181a/b. Therefore, fine-tuning of the
inflammatory reactions in hepatocytes and cholangiocytes in response to TNF-α stimulation
may involve miR-181a/b-mediated suppression of PCAF. Such a negative feedback
regulatory loop may function in concert with other regulatory mechanisms to ensure finely-
controlled inflammatory responses in the liver. Recent studies have demonstrated the
targeting of several negative regulators by inflammatory miRNAs, such as miR-146
targeting of IRAK1 and TRAF6 (26), miR-155 targeting of MyD88 and FADD (30), and
miR-9 targeting of NFKB1 (31). Our work on miR-181a/b targeting of PCAF provides
additional evidence that miRNAs are essential components in the feedback regulation of
epithelial immune/inflammatory responses.
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FIGURE 1.
TNF-α decreases expression of PCAF protein in cholangiocytes without a change in PCAF
mRNA level. H69 and 603B cells were exposed to TNF-α followed by Western blot for
PCAF protein and real-time PCR for PCAF mRNA. A and B, A dose-dependent (A) and
time-dependent (B) downregulation of PCAF protein was detected in H69 and 603B cells
following TNF-α stimulation. Cells were exposed to TNF-α (10 ng/ml) for up to 72h or at
various concentrations of TNF-α (10–100 ng/ml) for 24h. Representative Western blots were
shown and densitometric ratio to β-actin was also presented. β-actin was blotted as the
protein loading control. C and D, No changes in PCAF mRNA level were detected in cells
after exposure to TNF-α. mRNAs of GAPDH (for H69) or β-actin (for 603B) were used to
normalize the PCAF mRNA levels. Data in A–D are averages of three independent
experiments. *, p < 0.05 ANOVA vs. the non-treated control.
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FIGURE 2.
TNF-α alters miRNA expression in cholangiocytes. miRNA expression profile detected in
H69 cells following TNF-α (10 ng/mL) treatment for 8h by miRCURY™ LNA array (A).
The left panel shows a heat-map of miRNAs that showed changes in their expression
following TNF-α treatment. The horizontal axis indicates samples of non-TNF-α treated
cells (n=3: Control-1, -2, and -3) and cells after exposure to TNF-α (n=3: TNF-α-1, -2, and
-3). The right panel shows expression of miRNAs in H69 cells following TNF-α treatment.
Cellular levels of miRNAs were presented as the log2 (Hy5/Hy3) ratios. p values are from
the t’ test. hsa = Homo sapiens. B and C, Upregulation of mature miR-181a/b was
confirmed by real-time PCR in H69 cells (B) and 603B cells (C) after 10 ng/mL TNF-α
treatment for 8h and 16h, respectively. The amount of mature miRNAs was obtained by
normalizing to the level of snRNA RNU6B. Data are expressed as the amount of miRNAs in
the TNF-α-treated cells relative to the untreated controls, representative of three independent
experiments. *, p < 0.05 ANOVA vs. the non-treated control.
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FIGURE 3.
PCAF is a target for miR-181a/b, and upregulation of miR-181a/b is involved in TNF-α-
induced suppression of PCAF in cholangiocytes. A, The schematic of PCAF mRNA showed
a potential binding site in its 3’UTR for miR-181a/b in humans and mice. The PCAF 3'UTR
sequence covering the potential binding site for miR-181a/b was inserted into the pMIR-
REPORT luciferase plasmid. A control plasmid with the mutant 3'UTR sequence was also
generated for control. B, Binding of miR-181a/b to the potential binding site in the PCAF
3'UTR results in translational suppression. H69 and 603B cells were transfected with the
pMIR-REPORT luciferase constructs and treated with the anti-miRs or precursors to
miR-181a/b, or non-specific oligo control, for 24h followed by luciferase analysis. Mut =
mutant; *, p < 0.05 ANOVA vs. the empty vector controls; #, p < 0.05 ANOVA vs. cells
transfected with PCAF 3'UTR only. C to E, H69 cells were treated with various doses of
miR-181b precursor or anti-miR-181b, followed by Western blot for PCAF protein (C and
D) or PCR for PCAF mRNA (E). miR-181b precursor caused reciprocal alterations in PCAF
protein, but not PCAF mRNA, in H69 cells. Representative Western blots are shown and
densitometric ratio to β-actin is also presented. F and G, Anti-miR-181b inhibits TNF-α-
induced suppression of PCAF protein without change in PCAF mRNA in H69 cells. Cells
were transfected with the anti-miR-181b for 48h and then exposed to TNF-α treatment for
24h, followed by analysis of PCAF protein (F) and mRNA (G). Data in B-G are averages of
three independent experiments. *, p < 0.05 ANOVA vs. the non-TNF-α-treated control; #, p
< 0.05 ANOVA vs. the TNF-α-treated cells in B, C, D and F.
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FIGURE 4.
Promoter recruitment of PCAF is involved in TNF-α-induced transcription of MIP-2 and
IL-8. A and B, TNF-α stimulation increases MIP-2 and IL-8 expression in a dose-dependent
manner. 603B (A) and H69 (B) cells were exposed to various doses of TNF-α for 1h and
expression of MIP-2 and IL-8 was quantified by real-time PCR. C, TNF-α induces promoter
recruitment of PCAF to MIP-2 and IL-8 genes. Cells were exposed to TNF-α (10 ng/mL) for
1h and promoter recruitment of PCAF to MIP-2 and IL-8 genes was assessed by ChIP
analysis using primers covering the NF-κB-binding region within the promoters of MIP-2
and IL-8 genes. D, Effects of functional manipulation of miR-181b on TNF-α-induced
PCAF promoter recruitment to the IL-8 gene. H69 cells were treated with miR-181b
precursor or anti-miR-181b for 48h and then exposed to TNF-α for 1h followed by ChIP
analysis. The results were analyzed by real-time PCR and shown as the percentage of input.
Data in A–D are averages of three independent experiments. *, p < 0.05 ANOVA vs. the
non-treated control; #, p < 0.05 ANOVA vs. the TNF-α-treated cells.
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FIGURE 5.
Functional manipulation of miR-181a/b influences cell inflammatory responses to TNF-α
through modulation of PCAF. A and B, Overexpression of PCAF enhances TNF-α-induced
MIP-2 and IL-8 expression. 603B (A) and H69 (B) cells were transfected with the full-
length PCAF or the empty control vector for 24h and then exposed to various doses of TNF-
α for 1h. MIP-2 and IL-8 mRNA levels were quantified by real-time PCR. C and D, Effects
of precursors and anti-miRs to miR-181a/b on TNF-α-induced MIP-2 expression in 603B
cells. Cells were treated with precursors to miR-181a/b (C) or anti-miR-181a/b (D) for 48h
and then exposed to TNF-α followed by real-time PCR. E and F, Overexpression of PCAF
attenuated the inhibitory effects of precursors to miR-181a/b on TNF-α-induced MIP-2 and
IL-8 expression. 603B (E) and H69 (F) cells were transfected with precursors to miR-181a/b
and/or pCX-PCAF for 48h. Cells were treated with 10 ng/mL TNF-α for 1h, followed by
real-time PCR analysis for IL-8 (for H69) or MIP-2 (for 603B). Transfection of cells with
the full-length PCAF attenuated the inhibitory effects of precursors to miR-181a/b on TNF-
α-induced upregulation of IL-8 and MIP-2. Data in A–F are averages of three independent
experiments. *, p < 0.05 ANOVA vs. the untreated controls; #, p < 0.05 ANOVA between
PCAF and empty vector transfected cells treated with the same concentration of TNF-α (in
A and B), between pre-miR-181a/b treated and untreated cells following TNF-α stimulation
(in C, E and F), and between anti-miR-181a/b treated and untreated cells following TNF-α
stimulation (in D).
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FIGURE 6.
Suppression of PCAF by miR-181a/b provides negative feedback regulation to TNF-α-
induced expression of IL-8 in H69 cells. A, The kinetics of IL-8 mRNA expression in H69
cells in response to TNF-α stimulation. Cells were exposed to 10 ng/ml TNF-α for up to
48h, and IL-8 levels were measured by real-time PCR. B, TNF-α-pretreatment blocks IL-8
upregulation in H69 cells in response to subsequent TNF-α stimulation. An attenuated
upregulation of IL-8 in response to TNF-α stimulation was detected in cells pretreated with
TNF-α for 24h, compared with that of cells without TNF-α pretreatment. C, TNF-α-
pretreatment does not change PCAF mRNA levels in H69 cells in response to subsequent
TNF-α stimulation. D, Overexpression of PCAF attenuated the inhibitory effects of TNF-α-
pretreatment on IL-8 upregulation in response to subsequent TNF-α stimulation. Cells were
transfected with the full-length PCAF for 2h and exposed to the first TNF-α stimulation and
followed by the second TNF-α stimulation 24h later. Cellular levels of IL-8 mRNA after
TNF-α stimulation for 1h were quantified by real-time PCR. E, PCAF protein levels in cells
transfected with the full-length PCAF in response to TNF-α. Cells were transfected with the
full-length PCAF for 24h and then exposed to TNF-α for 1h. Representative Western blots
were shown. F, Expression of PCAF mRNA in cells transfected with the full-length PCAF
in response to TNF-α. Experiment design was the same as in D and PCAF mRNA levels
were quantified by real-time PCR. Data in A-D and F are averages of three independent
experiments. *, p < 0.05 ANOVA vs. the non-TNF-α treated controls (in A and B); #, p <
0.05 ANOVA vs. cells after the first TNF-α stimulation and $, p < 0.05 ANOVA vs. non-
PCAF transfected cells after the second TNF-α stimulation (in D).
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FIGURE 7.
Expression of PCAF and inflammatory reactions in the liver in response to TNF-α
stimulation in mice. A and B, TNF-α decreases PCAF expression in mouse liver. PCAF
mRNA level showed no significant change in the liver tissues from mice following TNF-α
administration. A significant decrease of PCAF protein content was detected in the liver
extract from mice 24h following TNF-α i.p. injection. C and D, Very mild inflammatory
reaction of inflammatory infiltration was observed in the liver through H&E staining. E and
F, Decrease of PCAF protein staining was detected in hepatocytes and cholangiocytes in
mice 24h following TNF-α i.p. injection by immunochemistry. G and H, Pre-injection of
TNF-α for 24h attenuated the expression of MIP-2 (G) and COX-2 (H) in the liver extracts
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at 2h after secondary TNF-α injection, as measured by real-time PCR. *, p < 0.05 ANOVA
vs. the controls; #, p < 0.05 ANOVA vs. liver extracts after the first TNF-α stimulation for
2h.
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