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Summary

Interferon-gamma (IFNy) is a central component of the complex cytokine and
inflammatory response that contributes to liver cell injury in hepatitis. We report
that in the primary hepatocyte IFNy synergizes with the mechanistically distinct
apoptotic stimuli CD95, tumour necrosis factor-alpha (TNF«) and UV-irradiation.
For the first time in primary hepatocytes, we show that IFNy-mediated apoptotic sig-
nalling requires the cell surface interaction of CD95 and its ligand, and we demon-
strate that IFNy induces soluble CD95 ligand release from hepatocyte monolayers.
Utilizing c-myc phosphorothioate antisense fragments, we suppresses hepatocyte
apoptosis induced by IFNy. In summary, we identify apoptotic pathways that con-
tribute to IFNy-mediated cell death. The hepatocellular response to IFNy signalling
can be modulated by cytokines and by the interruption of CD9S interaction with its
ligand. We present evidence to suggest that c-myc contributes to IFNy signalling.
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Interferon-gamma (IFN7y) has been identified as an important
mediator of inflammatory liver cell injury and death in both
human disease and animal models of hepatitis (Burke et al.
1996; Mizuhara et al. 1996). Persistent hepatic inflammation
results in cycles of hepatocyte death and regeneration, hep-
atic fibrosis and a predisposition to hepatocellular tumour
formation. In vitro, IFNy-induces apoptosis of primary mu-
rine hepatocytes (Kano et al. 1997). While multiple factors
modulate this response, the underlying molecular mecha-
nisms remain elusive.

Death receptors are members of the tumour necrosis
factor (TNF) receptor super-family and include TNFRI1,
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CD95, the TRAIL receptors DR4 and DRS and DR6. All
are characterized by a cytoplasmic death domain that
interacts with adapter molecules resulting in activation of
signalling and ultimately effector caspases that mediate
apoptosis & Dixit 1998). Death
receptor induced apoptosis has been implicated in the
pathogenesis of inflammatory liver disease. CD95 induces

(reviewed Ashkenazi

hepatocyte apoptosis in vitro (Ni et al. 1994; Rouquet
et al. 1996) and in vivo resulting in fulminant hepatic fail-
ure (Ogasawara et al. 1993). TNFa has been implicated
as an effector of liver injury in animal models of hepatitis
(Gantner et al. 1995a,b). In vivo, an interaction of this
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complex cytokine network effects liver cell injury and
repair.

We have previously shown that IFNy induces primary
hepatocyte apoptosis in the context of serum deprivation and
that specific growth factors suppress the apoptotic response
(McCullough et al. 2006). Both findings are characteristic of c-
myc-induced apoptosis (Harrington et al. 1994). C-myc sensi-
tizes cells to mechanistically different stimuli including serum
deprivation, hypoxia, IFNy, death receptors CD95 and TNFu
and genotoxic agents (Evan et al. 1992; Harrington et al.
1994). TFNy has been shown to sensitize multiple cell lineages
to cytokine and death receptor-mediated apoptosis (Harring-
ton et al. 1994; Klefstrom et al. 2002; Ricci et al. 2004). Fur-
thermore, effective killing by c-Myc requires the cell surface
interaction of CD95 and CD95L (Hueber et al. 1997).

We hypothesized that, in the primary hepatocyte, IFNy
induces apoptosis via a myc-mediated mechanism. To test this
hypothesis, we assessed whether, in our system, IFNy-medi-
ated apoptosis exhibits similar characteristics to c-myc-
induced cell death. We show that IFNy synergizes with
mechanistically distinct apoptotic stimuli. We show that
effective induction of apoptosis by IFNy requires the cell sur-
face interaction of CD93 and its ligand, and that IFNy induces
sCD95 ligand release from primary hepatocyte monolayers.
Finally, we show that c-myc phosphorothioate antisense frag-
ments attenuate hepatocyte apoptosis in response to IFNy. We
offer a hypothesis that there is a selective advantage conferred
by associating the immunomodulatory IFNy pathway with the
oncogene c-myc in hepatocytes.

Methods

Hepatocyte isolation and culture

Primary hepatocytes from adult male C3H mice 8-12 weeks
were isolated by a retrograde two-step perfusion procedure
and purified by centrifugation through Percoll (Amersham
Pharmacia Biotech, Little Chalfont, UK). The hepatocytes
were plated onto fibronectin coated 2-well chamber slides
(Life Technologies, Paisley, UK) in modified Dulbecco’s
Modified Eagle’s Medium/Nutrient Mixture F12 Ham
(DMEM/F12; Life Technologies) containing 4 mM L-gluta-
mine (Life Technologies), insulin, transferrin, sodium selenite
media supplement (ITS) (Sigma, Poole, UK), 0.04 ug/ml dexa-
methasone and 50 mg/ml gentamicin (Life Technologies).
Cells were plated at a density of 0.2 x 10%/cm?. After 3 h,
media was replaced with modified Chee’s media (Sigma) con-
taining L-glutamine, ITS, dexamethasone and gentamicin as
above and, where stated, 2% FCS and 50 ng/ml EGF (Sigma).
IFNy (Gibco, Paisley, UK) was added at 100 U/ml unless oth-

erwise stated. Phosphorothioate c-myc antisense oligonucleo-
tides, that targets the initiation codon (AUG) and the
subsequent four codons of the c-myc gene, a non-sense control
and fluorescent oligonucleotides (Calbiochem, San Diego, CA,
USA) were added at to culture media at a final concentration
of 30 pM. Cells were cultured in a humid 5% CO»/95% air
atmosphere at 37 °C. Experimental culture media was
replaced every 24 h. Values shown are mean = standard error
of the mean (SEM). Statistics were performed using a Mann—
Whitney U-test on GRAPHPAD INSTAT Software (GraphPad,
San Diego, CA, USA).

Feulgen’s staining for apoptosis

Apoptosis is a morphological form of cell death, thus direct
light microscopy remains the gold standard for distinguish-
ing apoptotic and necrotic cells. At indicated time points
hepatocyte monolayers were fixed in Boum’s fixative (85%
methanol, 5% glacial acetic acid, 10% of 40% formalin
solution) at 4 °C overnight. Following denaturation in 5 M
HCI for 45 min at room temperature, slides were stained
with Schiff’s reagent (Sigma) for 1h and counterstained
with 0.1% light green (Merck, Lutterworth, UK) before
application of cedarwood oil (Sigma) and a glass coverslip.
A minimum of 500 cells were counted and results expressed
as a percentage of total cells.

sCD9SL ELISA

Quantification of soluble murine CD95 ligand was per-
formed using the Quantikine Murine Fas Ligand Immunoas-
say Kit (R&D Systems, Minneapolis, MN, USA) according
to the manufacturers instructions. Culture media superna-
tants were collected at 24-h intervals for a total of 72 h and
stored at =20 °C until required. Supernatants from UV-irra-
diated primary hepatocytes were assayed as a control for
non-specific apoptotic effects. Optical density of each well
was determined using a plate reader at 450 nm.

c-Myc antisense

The phosphorothioate c-myc antisense sequence, 5-CAC-
GTTGAGGGGCAT 3-, and a non-sense control sequence,
5’-AGTGGCGGAGACTCT 3-" (Calbiochem) were utilized
at 30 uM. A fluorescein-labelled c-myc antisense fragment
(Calbiochem) was used to demonstrate adequate cellular
uptake, visualized under a fluorescent microscope (Zeiss,
Welwyn Garden City, UK) and image analysis performed
using METAMORPH software (Molecular Devices, Downing-
town, PA, USA).

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 88, 129-136



(a) 25

N
o
T

Percentage apoptosis
v
T

_
o
T

IFN
Jo2

(b) 25

20

Percentage apoptosis

IFN
TNF

(c) 25

Percentage apoptosis

© 2007 The Authors

Condition

c-Myc and IFNy-induced hepatocyte apoptosis 131
Results

IFNy synergizes with diverse apoptotic stimuli in the
hepatocyte

Interferon-gamma induces primary hepatocyte apoptosis in
the context of serum deprivation (McCullough et al.
2006). We hypothesized that, consistent with characteristics
of c-myc induced apoptosis, IFNy synergizes with diverse
apoptotic stimuli in the primary hepatocyte. Activation of
CD95-signalling, induces liver cell apoptosis in vitro and
in vivo (Ogasawara et al. 1993; Ni et al. 1994). Primary
hepatocytes were cultured in serum-free media in the pres-
ence or absence of IFNy and the anti-CD95 antibody, Jo-2
(Figure 1) for 24 h. At 100 ng/ml, the Jo-2 antibody
induced significantly higher levels of hepatocyte apoptosis
when co-cultured with IFNy compared with controls
(6.5 +0.9 vs. 2.0 = 0.5) (P = 0.0217).

TNFo has been implicated as an effector of liver injury in
animal models of hepatitis (Gantner ef al. 1995a,b). In vitro,
IFNy and TNFa act synergistically to induce apoptosis in
hepatocytes (Shinagawa et al. 1991; Sasagawa et al. 2000).
We confirm that at 24 h, IFNy and TNF« induce significant
levels of apoptosis compared with controls (7.8 =+ 0.5% wvs.
2.2 + 0.4%) (P < 0.05). Thus, IFNy synergizes with CD95
and TNFu death receptor induced apoptosis in the primary
hepatocyte.

UV-irradiation induces apoptosis in primary hepatocyte
cultures (Schrenk et al. 2004). Significantly increased levels
of apoptosis are observed in hepatocytes exposed to 50 J/M?
UV-irradiation co-cultured with IFNy at 24 h (21.3 = 0.5 vs.
2.8 + 0.6%) (P = 0.0048), compared with untreated cells.
This suggests that a synergistic response can be observed
between IFNy and mechanistically distinct apoptotic stimuli.

The interaction of CD95/ CDISL is required for IFNy
mediated apoptotic response

Effective killing by c-Myc requires the cell surface interaction
of CD95 and CD95L(Hueber et al. 1997). To test our hypo-
thesis that IFNy-mediated apoptosis exhibits similar charac-
teristics, we utilized the anti CD95L antibody, MFL-3,
that interrupts the cell surface interaction of CD95 and its

Figure 1 Interferon-gamma (IFNy) synergizes with CD95,
tumour necrosis factor-alpha (TNFa) and UV-irradiation to
induce hepatocyte apoptosis. Hepatocyte monolayers were cul-
tured in serum-depleted media, in the presence or absence of
IFNy and 100 ng/ml of the anti-CD95 antibody, Jo-2 (A),

100 U/ml of TNFa (B), or following 50 J/M? UV-irradiation (C).
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Figure2 Anti-CD95 ligand antibody abrogates interferon-
gamma (IFNy)-induced apoptosis in primary murine hepato-
cytes. Monolayers were cultured in serum-depleted media with
or without IFNy (100 U/ml). Cells were co-incubated with anti
CD95L antibody, MFL-3 at 2 pg/ml or 10 pg/ml or a class con-
trolled antibody, anti-CD3 at 10 pg/ml, for 72 h. The anti-
CDO95L antibody, MFL-3, completely abrogates the hepatocyte
apoptotic response to IFNy.

ligand, CD9S5L. Anti-CD3 was used as a class matched
control antibody. Apoptosis was observed at 72h
(13.8 £ 2.1%) in IFNy treated cells. At 10 pg/ml the anti-
CDI9SL antibody MFL-3 completely inhibited IFNy-induced
hepatocyte apoptosis (P = 0.02) (Figure 2). Neither MFL-3
nor anti-CD3 antibody alone had any effect over control con-
ditions. Thus, IFNy-induced hepatocyte apoptosis requires
the cell surface interaction of CD9S and its ligand CD95L,
in vitro.

In normal liver, hepatocytes express CD95 but not
CD95SL (Roskams et al. 2000). Enhanced expression of
CD95 and CD9SL is observed in inflammatory liver disease
and IFNy transgenic mouse liver (Okamoto et al. 1998;
Nakae et al. 2001). We hypothesized that, in our system,
autocrine and paracrine activation of the CD95 pathway
occurred via production of soluble CD95L by the hepato-
cyte. To test this, cells were cultures in serum-depleted
media in the presence or absence of IFNy (100 U/ml) for
72 h. UV-irradiated cells were used as an apoptotic control.
Media at 24-h intervals and soluble CD95L detected using a
CD9SL ELISA. A significant increase in soluble CD95L
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Figure 3 Interferon-gamma (IFNy)-induces the release of sol-
uble CD95L in primary hepatocyte cultures. Apoptosis was
induced in hepatocyte monolayers with IFNy or UV-irradiation
as previously described. Supernatant media was collected from
six monolayers at 24 h intervals and stored at —70 °C. Samples
were analysed using a commercially available soluble CD95 lig-
and ELISA. Significant induction of soluble Fas ligand is detec-
ted in supernatants of [FNy-treated cells at 24-48 h (P < 0.05).
This is an effect specific to [FNy-mediated apoptosis. Data pre-
sented here represent hepatocytes from one perfusion, with sup-
ernatants isolated from six monolayers for each condition.

production was detected at 24 and 48 h in hepatocytes trea-
ted with IFNy (P < 0.05). No such increase was detected in
UV-induced hepatocyte apoptosis, suggesting that soluble
CDISL release is a specific IFNy-related cell death response
(Figure 3).

c-Myc antisense fragments attenuate the hepatocyte
response to IFNYy

Having demonstrated that IFNy-mediated apoptosis exhibits
similar characteristics to c-myc induced death, we sought to
test the hypothesis that c-myc was central to the hepatocyte
response to IFNy. We utilized phosphorothioate modified
antisense fragments to interrupt gene function. Fluorescein-
labelled c-myc antisense phosphorothioate oligonucleotides,
added to culture media at a concentration of 30 pM,
accumulated in the cell. Fragments were first detected at 1 h
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Figure 4 Phosphorothioate c-myc antisense oligonucleotides
partially attenuate interferon-gamma (IFNy)-mediated hepato-
cyte apoptosis. Hepatocytes were cultured, as described, in the
presence or absence of IFNy (100 U/ml) with either an antisense
phosphorothioate modified c-myc antisense strand (Myc AS) or
a control, non-sense (NS) fragment, all at a final concentration
of 30 uM in modified Chee’s medium. Apoptosis was assessed
morphologically.

and remained at 24 h (data not shown). In all subsequent
experiments antisense strands were reapplied every 24 h.

A phosphorothioate-modified c-myc antisense strand, at
30 uM, decreased the levels of IFNy-induced apoptosis by
32.8% (19.9 = 1.3% uvs. 29.6 = 0.6%) at 72 h (Figure 4).
The non-sense fragments were associated with a small
increase in apoptotic rates of IFNy treated cells
(33.8 £ 1.2% ws. 29.6 = 0.6%). This suggests that, at least
in part, c-myc mediates the primary hepatocyte response to
IEN).

Discussion

We demonstrate that IFNy acts synergistically with apopto-
sis induced by UV-irradiation and the death receptors CD95
and TNFoR, in the primary hepatocyte. We show that
effective induction of apoptosis in response to IFNy requires
the cell surface interaction of CD95 with its ligand. In our
system, soluble CD95 ligand is released from hepatocyte
monolayers treated with IFNy.

Apoptosis induced by
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UV-irradiation is not associated with soluble CD935 release,
suggesting that this is an IFNy-specific effect. Thus, IFNy-
induced apoptosis in the primary hepatocyte exhibits similar
characteristics to apoptosis induced by c-myc overexpression
including apoptosis induction in association with serum
deprivation (McCullough et al. 2006), synergy with mechan-
istically distinct apoptotic stimuli, and the requirement of
CD95/CD9SL interaction. C-myc phosphorothioate frag-
ments, used previously to disrupt c-myc gene function, parti-
ally abrogate IFNy-induced hepatocyte apoptosis, supporting
our hypothesis that c-myc, in part, mediates apoptosis in
our system.

We show that IFNy synergizes with apoptosis induced the
CD95 and TNFa death receptor pathways, both of which
have been implicated as effectors of liver cell injury iz vivo
(Ogasawara et al. 1993) and in vitro (Shinagawa et al.
1991; Ni er al. 1994; Rouquet et al. 1996). The molecular
pathogenesis of this observation may include IFNy modula-
tion of death receptor expression (Shin et al. 2001a,b),
caspase upregulation (O’Connell ez al. 2000; Kim e al.
2002)
(Varela et al. 2001). Likely multiple pathways act in concert

and down-regulation of anti-apoptotic proteins

and that tissue and species variations exist.

UV-irradiation is known to induce apoptosis in primary
hepatocytes (Schrenk et al. 2004). While much of the dissec-
tion of the effector pathway of UV-mediated apoptosis has
been performed in keratinocytes, IFNy- and UV-induced
apoptotic pathways may interact at several points. UV-irra-
diation induces ligand-independent clustering of CD95
(Aragane et al. 1998) and Bax-induced release of mitochond-
rial cytochrome ¢ and activation of caspase 9 (Esposti 2002;
Degli Esposti & Dive 2003), both of which may be down-
stream events following IFNy-receptor activation.

We show that CD9S5 interaction with its ligand is required
for effective IFNy-induced apoptosis in the primary hepato-
cyte (Figure 3). These results are compatible with IFNy act-
ing upstream of the cell surface interaction of CD95/CD9S5L.
Our findings that exogenous ligation of CD95 receptors aug-
ments IFNy-apoptosis (Figure 1) suggest that in the presence
of IFNy alone, the CD9S autocrine loop is not maximally
activated, but that a low level of CD95 autocrine stimula-
tion occurs in the resting hepatocyte in our culture system.
Our findings are compatible with the evolution of higher
eukaryotic apoptotic mechanisms around the evolutionarily
more primitive death receptors.

Hepatocytes constitutively express CD95 at low levels,
which is increased in some pathological states such as chro-
nic active hepatitis and acute liver failure (Galle ez al. 1995;
Roskams et al. 2000). Soluble CD95 ligand (sCD95L) is
generated by alternative splicing of CD95L mRNA, or by

Journal compilation © 2007 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 88, 129-136



134 C.T. McCullough et al.

proteolytic cleavage of the membrane bound form. There is
limited data available on the production of sCD95L by
hepatocytes. Soluble CD9SL can induce hepatocyte apopto-
sis in animal models and is significantly elevated in serum
from patients with acute hepatic failure (Nakae et al. 2001;
Tagami et al. 2003). We demonstrate that sCD9SL is detect-
able in supernatants of primary hepatocyte cultures exposed
to IFNy at 24-48 h. No such increase in seen in superna-
tants from UV-induced apoptotic hepatocytes, indicating
that sCD9SL release is a specific response to IFNy. This is
the first report of IFNy-induced sCD9SL production in pri-
mary hepatocyte cultures. Although we assume that sCD95L
is produce by the hepatocytes, we cannot exclude the possi-
bility that contaminant Kupfer cells or lymphocytes are the
source of sCD95L in our model, although we believe this is
unlikely. Firstly, daily microscopic inspection on monolayers
failed to identify contaminant cells and secondly hepatocytes
were maintained in arginine-free media to limit the survival
of non-parenchymal cells.

The timing of sCD95L production is noteworthy. Ligand
detection is maximal between 24 and 48 h, although hepato-
cyte apoptosis is not detected until 72 h (McCullough ez al.
2006). CD95 induced hepatocyte apoptosis, in the presence
of a co-stimulant such as a translation or protein kinase
inhibitor, is detectable at 4 h and maximal by 24-30 h (Ni
et al. 1994; Rouquet et al. 1996). Soluble CD9SL is known
to interact with extracellular matrix proteins, and specific-
ally binds fibronectin (Aoki et al. 2001), the substratum in
our cell culture model. The retention of sCD95L on the
fibronectin layer may conceivably contribute to concentra-
tion of the ligand in the cellular microenvironment and sub-
sequently achieving the threshold of CD95 signalling, thus
in part explaining the delay between sCD95L production
and the triggering of apoptosis.

Isolation and culture of primary hepatocytes is associated
with c-myc induction comparable with that observed in
mitogen treated cells (Kost & Michalopoulos 1990). This may
be an adaptive response to culture conditions, secondary to
connective tissue-bound growth factor release during the
enzymatic digestion of the extracellular matrix (Bashkin et al.
1989) or a result of increased portal flow during liver perfu-
sion (Isomura et al. 1993). Nonetheless, hepatocyte primary
culture offers a model of c-myc induction. C-myc has been
widely studied and loss of function achieved using antisense
fragments (Heikkila er al. 1987). We utilized a commercially
available antisense fragment that targets the initiation codon
and is effective in many systems (Heikkila et al. 1987). This
fragment decreased IFNy-induced apoptosis by approximately
30% compared with controls in our study, suggesting a role
for c-myc in IFNy-induced hepatocyte apoptosis. The lack of

complete attenuation of the apoptotic response suggests either
that c-myc contributes partially to apoptosis in this system or
a lack of complete suppression of c-myc expression by the
oligonucleotide fragments.

Interferon-gamma is integral to the host defence against
viral infection and is a key regulator of inflammation. Inhibi-
tion of cell cycle prevents viral replication and apoptosis
facilitates the clearing of virally infected cells. Increasing evi-
dence suggests that IFNy-mediated cell cycle suppression and
apoptosis induction may function in tumour suppression
(Chawla-Sarkar et al. 2003). We hypothesize that IFNy acts
as a rheostat, sensitizing the hepatocyte to apoptotic stimuli,
in part via ¢-myc. Chronic inflammatory states are associ-
ated with tumorigenesis, possibly a result of persistent cyto-
kine signals promoting the survival of cells harbouring gene
defects. Hepatocytes containing damaged DNA or dsRNA
show an increased susceptibility to IFNy (Kalai et al. 2002).
Tumorigenic cells frequently show deregulation of c-myc
expression. Such cells, in the context of persistent hepatic
inflammation, may be more susceptible to IFN-mediated
apoptosis. This provides the organism with an elegant pro-
tective mechanism in which mediation of the inflammatory
state by IFNy, which predisposes to tumorigenesis, is linked
with a tumour suppressive potentiation of apoptosis in the
liver. The further studies that are required to test this hypo-
thesis may provide insight into the evolution of apoptotic
mechanisms in hepatocytes and may contribute toward
novel therapeutic strategies in the treatment of chronic hepa-
titis and tumour formation.
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