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Abstract
Background—Activation of hepatic stel-
late cells (HSCs) to a myofibroblastic phe-
notype is a key event in liver fibrosis.
Identification of transcription factors with
activities that are modulated during HSC
activation will improve our understanding
of the molecular events controlling HSC
activation.
Aims—To determine if changes in E-box
DNA binding activity occur during in
vitro and in vivo activation of rat and
human HSCs and to investigate mecha-
nisms underlying any observed changes.
Methods—Nuclear extracts were prepared
from rat HSCs isolated and cultured from
normal and carbon tetrachloride injured
rat livers and from HSCs isolated from
human liver. EMSA analysis of E-box
DNA binding activity was performed on
nuclear extracts to determine changes
during HSC activation. Western and
northern blot analysis of MyoD and Id1
basic helix-loop-helix (bHLH) proteins
was performed to confirm expression in
HSC.
Results—HSC activation was associated
with inducible expression of two low
mobility E-box binding complexes that
were immunoreactive with an anti-MyoD
antibody. MyoD mRNA expression was
found at similar levels in freshly isolated
and activated HSCs; in contrast, MyoD
protein expression was elevated in acti-
vated HSCs. Activation of rat HSCs was
accompanied by reduced expression of the
inhibitory bHLH protein Id1.
Conclusions—In vitro and in vivo activa-
tion of rat and human HSCs is accompa-
nied by induction of MyoD binding to
E-box DNA sequences which appears
to be mechanistically associated with
elevated MyoD protein expression and
reduced expression of the inhibitory Id1
protein. Clarification of the role of MyoD
and Id1 proteins in HSC activation and
liver fibrogenesis is now required.
(Gut 2001;49:713–719)
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The ability of the hepatic stellate cell (HSC) to
transdiVerentiate into a proliferative á-smooth
muscle actin (á-SMA) positive myofibroblast
provides the liver with a mechanism for achiev-
ing wound healing.1 2 However, excessive or
progressive activation of HSCs can occur

under conditions of alcohol abuse and viral
infection and leads to accumulation of excess
extracellular matrix in the form of scar tissue
eventually resulting in cirrhosis.1–5 It is there-
fore important to study the programme of
molecular events that control HSC activation
so as to understand how the processes of
normal and pathological wound healing of the
liver are controlled. We have previously used
the cell culture model of HSC activation to
describe the persistent induction of proteins
belonging to the AP-1 and nuclear transcrip-
tion factor êB (NFêB) families which regulate
transcription of important profibrogenic pro-
teins such as tissue inhibitor of metalloprotein-
ases 1 and intracellular adhesion molecule 1.6 7

This type of analysis can be applied to other
transcription factors including those belonging
to the basic helix-loop-helix (bHLH) family of
proteins which have been shown to act as mas-
ter transcriptional regulators of the growth and
diVerentiation of mammalian cells.8–10

The DNA binding recognition sequence of
bHLH proteins is the E-box (CANNTG)
which is present in the promoter and enhancer
regions of numerous developmentally regu-
lated genes.11 12 bHLH proteins exist as two
distinct families, class A and B, that bind to the
E-box in the form of homo- and
heterodimers.11–14 Class A bHLH proteins are
often referred to as “E” proteins and are ubiq-
uitously expressed. By contrast, class B pro-
teins tend to be tissue or cell specific and
include the myogenic transcription factors
exemplified by the prototype factor MyoD
which controls skeletal muscle diVerentiation.9

A third set of related bHLH proteins known as
inhibitors of diVerentiation (Id) lack a DNA
binding domain and can act as inhibitors of the
class A and class B proteins.15 As it is conceiv-
able that the dramatic phenotypic change asso-
ciated with activation of HSC may be in part
regulated by bHLH transcription factors, we
have investigated changes in E-box DNA bind-
ing activity during in vitro and in vivo
activation of rat and human HSCs.

Abbreviations used in this paper: HSC, hepatic
stellate cell; á-SMA, á-smooth muscle actin; NFêB,
nuclear transcription factor êB; bHLH, basic
helix-loop-helix; Id, inhibitor of diVerentiation; EMSA,
electrophoretic mobility shift assay; SDS-PAGE,
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis; RT-PCR, reverse
transcription-polymerase chain reaction; PDGF,
platelet derived growth factor.
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Methods
ISOLATION AND CULTURE OF RAT AND HUMAN

HSCs

Primary rat HSCs were isolated from the livers
of normal or carbon tetrachloride treated six
month old 500 g male Sprague-Dawley rats, as
previously described.16 Induction of acute liver
damage in rats was achieved by administration
of carbon tetrachloride by intraperitoneal
injection with 0.2 ml/100 g sterile carbon
tetrachloride in a 1:1 ratio with olive oil, as
described previously.17 Human HSCs were iso-
lated from adult male human liver following
partial hepatectomy performed on consenting
patients undergoing resection for secondary
cancer originating in the small intestine. Only
those liver tissues judged as non-cancerous by
local pathologists were used for cell prepara-
tions. Sequential perfusion with pronase and
collagenase was carried out as described for
isolation of rat HSC prior to separation of HSC
over an 11.5% Optiprep gradient. Isolated rat
and human HSCs were cultured onto plastic in
Dulbecco’s modified Eagle’s medium supple-
mented with 16% fetal calf serum and
maintained at 37°C in an atmosphere of 5%
CO2.

ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)
Preparation of nuclear extracts and conditions
for electrophoretic mobility shift assay (EMSA)
reactions were as previously described.7 8 Oligo-
nucleotides used in the EMSA reactions were as
follows: “mE-box”, sense strand (S) 5'-
CGCCGACCACGTGGTCCCTC-3' and
anti-sense strand (A) 5'-GAGGGACCACGTG
GTCGGCG-3'; “ÄmE-box” (mutant mE-box),
(S) 5'-CGCCGACATCGCTGTCCCTC-3'
and (A) 5'-GAGGGACAGCGATGTCG
GCG-3'; “á-SMA E-box”, (S) 5'-GATCATAA
GCAGCTGAACTGCC-3' and (A) 5'-GGC
AGTTCAGCTGCTTATGATC-3'; “Äá-SMA
E-box”, (S) 5'-GATCATAAGTAGGCGAACT
GCC-3' and (A) 5'-GGCAGTTCGCCTA
CTTATGATC-3'; “má-SMA E-box” (á-SMA
E-box core with mE-box flanking sequences),
(S) 5'-CGCCGACCAGCTGGTCCCTC-3'
and (A) 5'-GAGGGACCAGCTGGTCGG
CG-3'. Supershift/antibody interference EMSA
reactions were performed by incubation of
EMSA reaction mixtures for 16 hours at 4°C
with 4 µg of polyclonal antibody prior to electro-
phoresis. All polyclonal antibodies were pur-
chased from Santa Cruz (Autogen Bioclear,
UK) and included anti-MyoD (M-318), anti-
MyoD (C-20), anti-myogenin (M-225), anti-c-
Myc (N-262), anti-Max (C-124), and anti-
Mad-1 (FL-221).

RNA EXTRACTION AND NORTHERN BLOTTING

RNA was prepared from rat HSC as previously
described.16 Aliquots of 20 µg total RNA were
separated on denaturing 1% agarose gels,
transferred to nylon filters (Hybond N, Amer-
sham) by capillary elution, and fixed by
exposure to UV light (254 nm) for five
minutes. Filters were probed with an oligonu-
cleotide (5'-CGGGGCCTATCAAGTCTGT
GTCCCGGAGTGGCGGCGATAGTAGCT
CCAT-3') designed to hybridise to the first 49

coding nucleotides of the MyoD cDNA
sequence; for Id1 with a cDNA for mouse Id1
(a kind gift of Dr John Norton, Manchester,
UK); and for â-actin with a cDNA probe for rat
â-actin. All DNA probes used for northern
blotting were labelled with [á-32P] ATP by ran-
dom priming. Following hybridisation for 16
hours at 42°C, filters were washed three times
for 15 minutes at 50°C in 0.2×SSC+0.2%
sodium dodecyl sulphate (SDS). Filters were
subjected to autoradiography using preflashed
Fuji AR film for 24–72 hours at −70°C.

SODIUM DODECYL SULPHATE

(SDS)-POLYACRYLAMIDE GEL ELECTROPHORESIS

(PAGE) AND IMMUNOBLOTTING

Equal quantities (20 µg) of nuclear protein
extract were subjected to electrophoresis on
4% stacking/12.5% SDS-PAGE gels which
were processed for immunodetection analysis
as previously described.6 7

REVERSE TRANSCRIPTION-POLYMERASE CHAIN

REACTION (RT-PCR) DETECTION OF MyoD mRNA.
Total cellular RNA (1 µg) extracted from seven
day activated rat HSCs was reverse transcribed
using an antisense MyoD primer 5'-
CTGCAGACCTTCAATGTAGC-3'. RT re-
action mixtures were then directly used for
PCR using sense MyoD primer (5'-
AAGACCACTAACGCTGATCG-3'). A PCR
product obtained at 1 mM Mg2+ was blunt
ended by incubation with Vent polymerase
prior to agarose gel electrophoresis and extrac-
tion of the excised product using the QIAquick
gel extraction kit (Qiagen, UK). The purified
blunt end PCR product was then ligated into
the EcoR V site pcDNA3 (Invitrogen, UK) and
transformed into Escherichia coli. Six independ-
ent clones containing the PCR product were
then sequenced.

Results
ACTIVATION INDUCED MODULATION OF E-box

DNA BINDING ACTIVITIES IN RAT AND HUMAN

HSCs

Nuclear extracts from freshly isolated and cul-
tured rat HSCs were probed for E-box DNA
binding activities by EMSA using a palindro-
mic E-box sequence (mE-box) previously used
to detect c-Myc DNA binding events.18 Nu-
clear extract from freshly isolated rat HSCs
formed a single mE-box binding complex (C)
of intermediate mobility on the gel (fig 1A,
1B). Nuclear extracts from HSCs cultured
across time points ranging from three hours to
14 days lacked the ability to form complex C
(fig 1A) but instead formed a pair of low
mobility complexes (A and B). Complex A was
routinely more abundant than complex B with
the latter complex being barely visible in some
experiments. Figure 1A also shows the result of
combining equal quantities of nuclear extract
from freshly isolated and 14 day activated
HSCs in the same EMSA reaction mix
(FI+14d). In this latter reaction, complex C
was assembled at a level similar to that
observed in reactions containing nuclear pro-
tein from freshly isolated HSCs alone; in
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contrast, levels of complexes A and B were
substantially diminished relative to reactions
containing nuclear protein exclusively from
activated HSCs.

Many of the biochemical changes associated
with in vitro activation of HSCs are faithful to
changes observed in animal models of HSC
activation and hepatic fibrosis.2 3 19 To deter-
mine if this was also the case for E-box DNA
binding activities, nuclear extracts were pre-
pared from freshly isolated HSCs purified from
the livers of rats 48 hours after intraperitoneal
injection of carbon tetrachloride, an inducer of
HSC activation.17 Figure 1B shows that nuclear
extracts prepared from these cells did not
assemble complex C but instead formed two
complexes with identical mobilities to com-
plexes A and B observed in cultured HSCs iso-
lated from control rats. This result was
reproducible using nuclear extracts purified
from several carbon tetrachloride treated rats
including animals exposed to the chemical for
three weeks (data not shown). Culturing of
HSCs derived from carbon tetrachloride
treated rats led to an increase in the abundance
of complexes A and B to levels exceeding those
observed in control HSCs cultured for a similar
period of time. We conclude that in vivo activa-
tion of HSCs results in similar modulation of
E-box DNA binding activities to those ob-
served in vitro. E-box DNA binding activities
were also comparable in human and rat HSCs
(fig 1C), indicating the generality of the activa-
tion induced shift in mobility of protein:DNA
interactions on the E-box sequence.

HSC mE-box DNA BINDING ACTIVITIES ARE

SEQUENCE SPECIFIC

To test specificity of HSC E-box protein:DNA
interactions, competition EMSA reactions
were performed using an excess of unlabelled
specific (E-box) or non-specific (SP1) double
stranded oligonucleotides. Assembly of com-
plexes A, B (fig 2A), and C (fig 2B) was eVec-
tively competed out using a 20-fold or 80-fold
excess of a specific competitor; in contrast, no
competition was observed using up to an
80-fold excess of non-specific competitor.
Requirement for an intact E-box to form
protein:DNA complexes on the mE-box was
demonstrated by lack of competition by a
mutant mE-box oligonucleotide (ÄmE-box) in
which the core E-box sequence 5'-
CACGTG-3' was changed to 5'-ATCGCT-3'
(fig 3A). Direct binding studies showed that an
E-box derived from the á-SMA gene promoter
(“á-SMA E-box”) was only able to assemble
very weak protein:DNA complexes with nu-
clear extracts from activated HSCs (data not
shown). Since these complexes appeared to be
of distinct mobilities to those obtained with the
mE-box, competition EMSA reactions were
employed to establish if proteins binding to the
mE-box could also bind to the á-SMA E-box.
As shown in fig 3A, neither a wild type nor a
mutant á-SMA E-box could compete for bind-
ing with mE-box. The sequence diVerence
between the core E-boxes of the mE-box
(5'-CACGTG-3') and á-SMA E-box (5'-
CAGCTG-3') probes was the central dinucle-
otide pair. When the central CG pair of the
mE-box was mutated to a GC pair the resultant

Figure 1 Analysis of E-box DNA binding activities in primary rat and human hepatic stellate cells (HSCs). (A)
Modulation of E-box DNA binding in cultured rat HSCs. Nuclear extracts (10 µg) prepared from freshly isolated (FI) and
cultured (three hours to 14 days) rat HSCs were used to detect E-box DNA binding activities by EMSA. A control track
(−) lacking nuclear extract was included on the far left hand side of the gel. FI+14 days shows the eVects of adding equal
quantities (10 µg of each) of nuclear extract into the same EMSA reaction mixture. A, B, and C denote retarded E-box
DNA:protein binding complexes. (B) Modulation of E-box DNA binding during in vivo activation of rat HSCs. Control
and carbon tetrachloride (CCl4) treated rats (48 hours) were used to prepare HSCs which were either harvested (FI and FI
(CCl4)) or cultured for seven days (7d and 7d (CCl4)) prior to preparation of nuclear extracts; 10 µg of each extract were
used for electrophoretic mobility shift assay (EMSA). (C) Comparison of rat and human HSC E-box DNA binding
activities: 10 µg of nuclear extract prepared from freshly isolated (FI) or eight day cultured (8d) rat and human HSCs
were used in EMSA assays. All gels are representative of at least three independent experiments.
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E-box (má-SMA E-box) was able to compete
for mE-box binding (fig 3B). Direct binding
studies also demonstrated that the chimeric
má-SMA E-box was able to assemble com-
plexes A and B from activated HSC nuclear
extracts (data not shown). These data indicate
that flanking sequences of the E-box motif have
a strong influence on its ability to specifically
interact with HSC derived bHLH proteins.

IDENTIFICATION OF bHLH PROTEINS BINDING TO

THE mE-box IN ACTIVATED HSC

In order to identify HSC expressed bHLH
proteins that interact with the mE-box, a panel
of antibodies recognising a variety of bHLH
proteins was used in supershift/binding inter-
ference experiments. Polyclonal antibodies
recognising Max, Mad-1, or the myogenic
transcription factor myogenin failed to gener-
ate supershift complexes and did not interfere
with complex formation (fig 4). In contrast, a
polyclonal antibody (M-318) recognising full
length MyoD protein caused a loss of com-
plexes A and B. A second polyclonal antibody
(C-20) recognising only the terminal 20 amino
acids at the carboxy end of MyoD failed to
block complex A and B assembly. A polyclonal
antibody recognising c-Myc occasionally gave
rise to a weak interference of complex A and B
formation. Similar supershift studies were also
performed on complex C but these experi-
ments failed to generate significant reactivity
with either the M-318 or C-20 anti-MyoD
antibodies or any of the other anti-bHLH rea-
gents used against complexes A and B
(Vincent, data not shown). The identity of the
protein components of complex C therefore
remain unknown.

Figure 2 Determination of the specificity of hepatic stellate cell (HSC) E-box
DNA:protein complexes. (A) Competition electrophoretic mobility shift assay (EMSA) was
performed using nuclear extracts from activated rat HSCs and up to an 80-fold excess of
specific (E-box) or non-specific (Sp1) unlabelled double stranded oligonucleotides as
competitors. (B) Competition EMSA performed with nuclear extracts from freshly isolated
rat HSCs using an 80-fold excess of specific (E-box) or non-specific (Sp1) oligonucleotides.
Both gels are representative of at least three independent experiments.
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EXPRESSION OF MyoD AND ITS INHIBITOR Id1 IN

PRIMARY RAT HSCs

Ability of the anti-MyoD antibody M-318 to
interfere with mE-box interactions suggested
that primary HSCs might express the myo-
genic transcription factor. This was initially
confirmed by immunoblotting using the
M-318 antibody. Figure 5A shows that rat
HSCs express a major immunoreactive species
with an apparent molecular weight of approxi-
mately 50 kDa in agreement with a previous
report.20 Whereas expression was only weak in
freshly isolated HSCs, culture activation for
one or nine days resulted in a significant
increase in the 50 kDa species. A macrophage
cell line RAW264.721 lacked detectable immu-
noreactivity with M-318 demonstrating cell
type specific expression of MyoD. Similar
results were obtained using the anti-MyoD
antibody C20 (Vincent and Mann, unpub-
lished data). Northern blot of total RNA with
an oligonucleotide that hybridises to MyoD
mRNA demonstrated equal levels of expres-
sion of a 2.1 kb mRNA in freshly isolated and
culture activated rat HSC (fig 5B). Expression
of MyoD RNA in activated rat HSCs was con-
firmed by RT-PCR analysis using primers that
specifically amplify nucleotides 468 to 642 of
the MyoD cDNA sequence inclusive of the
highly conserved bHLH motif.22 A single 174
bp RT-PCR product obtained at a MgCl2 con-
centration of 1 mM was confirmed by DNA
sequence analysis to have 100% sequence

identity with rat MyoD (fig 5C). Northern
blots were also probed with cDNA for the pro-
totypic inhibitory bHLH protein Id1.15 In con-
trast with MyoD, levels of Id1 mRNA were sig-
nificantly attenuated during HSC activation
with high levels in freshly isolated cells being
downregulated to lower but still detectable lev-
els in culture activated cells (fig 5B). Reprobing
of northern blot filters with a â-actin cDNA
confirmed a roughly equal loading of RNA
between samples. These latter results raise the
possibility that Id1 may be the factor in freshly
isolated HSCs that is able to inhibit assembly
of complex A and B by freshly isolated HSCs
(fig 1A).

Discussion
In this study we have demonstrated that
primary HSCs express the myogenic transcrip-
tion factor MyoD and have shown that the
E-box DNA binding of this class B bHLH pro-
tein is induced during in vitro and in vivo acti-
vation of rat and human HSCs. MyoD is the
prototypic member of a family of transcription
factors that regulate expression of muscle spe-
cific genes during development.9 Expression of
MyoD DNA binding activity in activated
HSCs implicates the transcription factor in the
regulation of genes controlling myogenic prop-
erties of these cells.19 23–25 In an earlier report,
MyoD expression was demonstrated in a liver
stellate cell line by histochemical staining.23

However, it is still to be demonstrated that the

Figure 5 Regulation of MyoD expression in rat hepatic stellate cells (HSCs). (A) Immunoblot detection of MyoD protein
expression in rat HSCs. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and immunoblotting were performed as
described in methods using equal quantities of nuclear protein extracts from RAW264.7 macrophages (R), freshly isolated
rat HSCs (FI), and rat HSC cultured for one (1d) or nine (9d) days on plastic. (B) Northern blot detection of MyoD
mRNA in rat HSCs. Northern blotting was performed as described in methods using equal quantities of whole cell RNA
extracted from freshly isolated (FI) rat HSCs and rat HSCs cultured on plastic for either seven (7d) or nine (9d) days.
Filters were probed with radiolabelled cDNA probes for MyoD, Id1, and â-actin. (C) Reverse transcription-polymerase
chain reaction (RT-PCR) detection of MyoD mRNA in activated rat HSCs. Following reverse transcription, equal
quantities of cDNA were amplified using primers spanning nucleotides 468 to 642 of the MyoD cDNA sequence and in the
presence of 0.5 to 2.5 mM MgCl2. The single 174 bp PCR product obtained using 1.0 mM MgCl2 was subcloned into
pcDNA3 and confirmed as exon 1 derived MyoD sequence by DNA sequence analysis.
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cell line, 2G, used in this study provides an
accurate cellular representation of primary
activated HSCs. In addition, it has been
reported that caution should be exercised when
interpreting immunostaining results with anti-
MyoD antibodies as they can cross react with
currently unknown cellular proteins to gener-
ate artefactual data.26 Our study therefore sub-
stantially advances this earlier report by
demonstrating expression of MyoD mRNA,
protein, and DNA binding activity in primary
HSCs.

As we have previously shown with AP-1 and
NFêB,6 7 activation of HSCs on tissue culture
plastic is accompanied by changes in the DNA
binding activity of proteins that recognise the
E-box regulatory motif. Two studies have pre-
viously documented changes in E-box DNA
binding during HSC activation, however nei-
ther study indicated a role for MyoD.27 28 Lee et
al demonstrated induction of c-Myb:E-box
complexes in activated rat HSCs using the
á-SMA E-box sequence described in our
study.27 More recently, Weiner and colleagues28

described the requirement for E-box sequences
in the activation of the promoter of the
mannose 6-phosphate receptor gene in re-
sponse to platelet derived growth factor
(PDGF) treatment of activated rat HSCs. In
this latter study the E-box element conferring
PDGF responsiveness formed a single complex
with HSC nuclear extracts that was induced by
HSC activation and PDGF treatment of serum
deprived HSCs. The bHLH proteins responsi-
ble for this E-box binding activity were not
described. In the current study, we have
demonstrated that in vitro and in vivo activa-
tion of rat HSCs and in vitro activation of
human HSCs is accompanied by induction of
low mobility E-box binding complexes (A and
B) that are at least in part composed of MyoD
containing bHLH dimers. Assembly of the
MyoD:E-box complexes is therefore a general
feature of HSC activation and as such is likely
to be of functional significance in the regula-
tion of the activated HSC phenotype.

The basis for our conclusion that the
mE-box DNA:HSC protein complexes A and
B contain MyoD is the strict sequence specifi-
city required for assembly of these complexes
coupled with their reactivity with the anti-
MyoD polyclonal antibody M-318 that recog-
nises full length MyoD. The MyoD containing
complexes were assembled with the mE-box
sequence but were not formed with the related
á-SMA E-box sequence. MyoD dimers have
been reported to prefer E-box motifs that are
palindromic and contain purines on the 5'
flanking side and pyrimidines on the 3' flanking
side.11 The mE-box (5'-GACCACGTGGTC-
3') is palindromic and has purine rich 5’ flank-
ing DNA and pyrimidine rich 3’ flanking
DNA; in contrast, the á-SMA E-box (5’-
AAGCAGCTGAAC-3’) is not palindromic
and contains purine rich flanking sequences on
both sides of the core E-box motif. The
importance of the flanking sequences of the
mE-box sequence was demonstrated by show-
ing that a chimeric E-box (known as má-SMA
E-box) consisting of the core sequence of

á-SMA E-box and the flanking sequences of
the mE-box were able to compete for protein
binding with the original mE-box probe. This
strict sequence specificity therefore supports
our argument that MyoD is a constituent of the
mE-box protein:DNA interactions induced
during HSC activation. Further support was
provided by the ability of the anti-Myo D anti-
body M-318 to inhibit assembly of complexes
A and B while in contrast antibodies recognis-
ing a variety of bHLH proteins including the
related myogenic transcription factor myo-
genin were without eVect. However, a second
MyoD antibody (C-20) raised against the car-
boxy terminal end of the protein also failed to
recognise complexes A and B. It is possible that
conformational constraints in the MyoD:mE-
box interaction disallowed recognition of the C
terminal region of MyoD by C-20. The
mE-box sequence resembles an extended
palindromic E-box (CCACGTGG) present in
the mouse and hamster genes encoding the
pyrimidine biosynthetic enzyme carbomyl
phosphate synthase which is required for the S
phase of the cell cycle.29 30 Insertion of three
tandem mE-box sites upstream of the herpes
simplex virus thymidine kinase promoter re-
sulted in a reduction of promoter activity in
activated rat HSCs (Mann and Vincent,
unpublished observation). It is therefore possi-
ble that one function of MyoD is to exert a
negative influence on HSC proliferation. Other
genes carrying extended palindromic mE-box
like motifs include the rat CTL-1 gene
(ACCACGTGGT) which encodes a choline
transporter,31 the human IêB-å gene
(CCCACGTGGG),32 and the human voltage
dependent calcium channel alpha IG subunit
gene (GACCACGTGGTC).33

Induction of complex A and B formation
during HSC activation was accompanied by
loss of complex C and elevation of MyoD pro-
tein expression. As levels of MyoD mRNA
were unchanged with HSC activation, we sug-
gest that MyoD expression during HSC activa-
tion is likely to be controlled by a post-
transcriptional mechanism. Increased rate of
synthesis and/or a decreased rate of proteolytic
degradation could result in elevation of steady
state levels of MyoD. Alternatively, enhanced
MyoD expression may be a consequence of
induction of MyoD DNA binding activity as it
has recently been demonstrated that MyoD
bound to E-box containing DNA may be less
susceptible to ubiquitin mediated degrada-
tion.34 This stabilising eVect of DNA on MyoD
can be abrogated by the inhibitory bHLH pro-
tein Id1 which blocks MyoD:DNA interac-
tions.34 We have shown in the present study that
culture activation of rat HSC is accompanied
by a rapid and long term diminution of Id1
mRNA suggesting that levels of the inhibitor
may be reduced in activated HSCs. As Id fam-
ily proteins are relatively short lived factors,35

the observed diminution of Id1 mRNA would
result in a similar loss of Id1 protein expression
in activated HSCs. Id1 is one of four bHLH
proteins that lack the amino terminal basic
region necessary for DNA binding yet retain
the ability to dimerise with class A and class B
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bHLH factors and in doing so prevent their
ability to form DNA binding homo- or hetero-
dimers.15 Although Id1 has highest aYnity for
class A proteins it can also bind avidly to a sub-
set of class B proteins including MyoD.36

Hence in quiescent HSCs, high levels of Id1
would prevent formation of MyoD homo- and
heterodimers and their association with DNA
and favour ubiquitin mediated degradation.
On activation, reduced levels of Id1 would pro-
mote formation of MyoD dimers which would
then be stabilised from proteolysis leading to
raised steady state levels of MyoD protein in
activated HSCs. We suggest that loss of Id1
expression will allow formation of complexes A
and B by MyoD. It is also possible that changes
in the DNA binding and/or expression levels of
the protein components of complex C may also
be required if formation of complexes A/B and
C are mutually exclusive. Downregulation of
Id1 has been linked with diVerentiation of
skeletal muscle cells while forced expression of
Id1 has been shown to perturb the diVerentia-
tion of a wide variety of cell types implicating
Id1 as a general inhibitor of cell diVerentia-
tion.36 Our demonstration of a diminution of
Id1 mRNA expression with HSC activation
suggests that Id1 may also function as a nega-
tive regulator of the transdiVerentiation of
HSCs. Future studies should now be directed
towards determining a functional role for
MyoD and Id1 in the regulation of HSC
activation and the molecular pathology of liver
fibrosis. These studies should include identifi-
cation of HSC expressed genes that are targets
for MyoD DNA binding.
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