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Three fibrillar collagen mRNAs, al(I), a2(I), and a1(III), are coordinately upregulated in the activated
hepatic stellate cell (hsc) in liver fibrosis. These three mRNAs contain sequences surrounding the start codon
that can be folded into a stem-loop structure. We investigated the role of this stem-loop structure in expression
of collagen a1(I) reporter mRNAs in hsc’s and fibroblasts. The stem-loop dramatically decreases accumulation
of mRNAs in quiescent hsc’s and to a lesser extent in activated hsc’s and fibroblasts. The stem-loop decreases
mRNA stability in fibroblasts. In activated hsc’s and fibroblasts, a protein complex binds to the stem-loop, and
this binding requires the presence of a 7mG cap on the RNA. Placing the 3’ untranslated region (UTR) of
collagen a1(I) mRNA in a reporter mRNA containing this stem-loop further increases the steady-state level in
activated hsc’s. This 3" UTR binds «CP, a protein implicated in increasing stability of collagen a1(I) mRNA
in activated hsc’s (B. Stefanovic, C. Hellerbrand, M. Holcik, M. Briendl, S. A. Liebhaber, and D. A. Brenner,
Mol. Cell. Biol. 17:5201-5209, 1997). A set of protein complexes assembles on the 7mG capped stem-loop RNA,
and a 120-kDa protein is specifically cross-linked to this structure. Thus, collagen a1(I) mRNA is regulated by
a complex interaction between the 5’ stem-loop and the 3’ UTR, which may optimize collagen production in

activated hsc’s.

In liver fibrosis, activated hepatic stellate cells (hsc’s) are
responsible for excessive production of extracellular matrix
proteins (18, 41), including fibrillar collagens type I and III,
fibronectin, proteoglycans, and collagen type IV (40, 47). In
the normal liver, hsc’s are in a quiescent state and function to
store vitamin A and to regulate the contractility of sinusoids
(16, 29). When quiescent hsc’s are isolated from the liver and
cultured on plastic, they spontaneously differentiate into acti-
vated hsc’s. This is accompanied by the same changes seen in
liver fibrosis in vivo, including loss of retinoid stores, expres-
sion of markers of differentiation, and upregulation of extra-
cellular matrix proteins, including fibrillar collagens (17, 19).

Collagen type I is a heterotrimeric molecule consisting of
two al(I) chains and one o2(I) chain (51). The steady-state
level of collagen a1(I) mRNA increases 60- to 70-fold in acti-
vated hsc’s compared to quiescent hsc’s. The transcriptional
rate of this gene increases about threefold, but the half-life of
the mRNA increases from 1.5 to about 24 h (49). The stability
of most mRNA:s is regulated by sequences at their 3’ untrans-
lated regions (3’ UTRs) and by protein factors that interact
with these sequences (11, 45). We have identified a protein
complex which binds the C-rich sequence in the collagen a1(I)
mRNA 3’ UTR located 24 nucleotides (nt) downstream of the
stop codon (49). This complex contains «CP, a poly(C) RNA
binding protein, as a subunit, and its binding can be demon-
strated only in extracts of activated hsc’s and not in extracts of
quiescent hsc’s (49). Therefore, it is likely that the complex is
involved in stabilization of collagen a1(I) mRNA in activated
hsc’s. Interestingly, «CP binds a similar C-rich sequence to
stabilize the a-globin mRNA (34, 52), another long-lived
mRNA (53). The C-rich sequences in the 3" UTRs of 15-

* Corresponding author. Mailing address: University of North Caro-
lina at Chapel Hill, Division of Digestive Diseases and Nutrition, CB
7038, 154 Glaxo Building, Chapel Hill, NC 27599. Phone: (919) 966-
7885. Fax: (919) 966-7468. E-mail: cjc8@med.unc.edu.

4334

lipoxygenase and tyrosine hydroxylase mRNAs can also bind
aCP-containing complexes, but the functional role of this bind-
ing is unknown (32).

Although a role for 3" UTRs in regulating mRNA stability is
well established, a role for 5 UTRs or for mRNA translation
is not clear. Some mRNAs, such as c-myc mRNA (31) and
histone mRNAs, require ongoing translation for degradation,
while others are stabilized by transversing ribosomes (5). Fur-
thermore, mRNAs containing premature stop codons are sub-
jected to rapid degradation (1, 24, 27).

5" UTRs can regulate the rate of translation initiation and
thus indirectly the stability of mRNA. In general, mRNAs with
long and highly structured 5" UTRs are inefficiently translated
(22, 30, 54). Stable stem-loops (SLs) (AG > 50 kcal/mol) (35)
or SLs that bind RNA binding proteins (33) can block trans-
lation initiation if placed adjacent to the cap (33, 43). This
block is by steric hindrance, since RNA binding proteins nor-
mally not involved in translation show this effect (33, 43).
Binding of iron-regulatory proteins to the iron-responsive el-
ement (IRE) in the 5" UTR of ferritin and erythroid 5-amino-
levulinic acid synthase mRNAs regulates their translation in
response to the iron stores in the cell (23). This regulation can
be exerted only if the IRE is placed adjacent to the RNA cap.

In the 5" UTRs of three collagen mRNAs, al1(I), a2(I), and
al(III), there is an SL structure encompassing the translation
initiation codon (3, 4, 10, 36). This structure is located about 75
nt from the cap and has a stability of AG = 25 to 30 kcal/mol
in different collagen mRNAs. These features make it unlikely
that the structure can regulate translation as described for the
IRE. However, the structure is well conserved in evolution,
differing by 2 nt in Xenopus and human collagen mRNAs. A
slightly different SL structure is also found around the trans-
lation start codon of the sea urchin collagen gene (14). A
previous report did not demonstrate a regulatory role for this
structure in mRNA steady-state levels or translation based on
transfections of hybrid collagen-human growth hormone genes
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FIG. 1. Collagen a1(I) 5" SL structure. (A) Enzymatic probing of the synthetic 5’ SL RNA. 5’-end-labeled RNA with the sequence of the mouse collagen a1(I)
SL was subjected to digestion with RNase ONE under denaturing conditions (lane 2), or in its folded conformation (lane 3), or with RNase V1 (lane 4) or RNase T1
(lane 5) in its folded conformation. Lane 1 is the input undigested RNA. Cleavage after G nucleotides is indicated by open arrows. A nucleotide attacked by all three
enzymes is marked by a filled arrow. (B) Sequence of the mouse collagen a1(I) SL; nt 75 to 123 from the 5’ end are shown. The translation initiation codon is indicated
by “START,” and an unusually stacked nucleotide is indicated by a black arrow. Cleavage sites of RNase T1 are indicated by open arrows. (C) Consensus (CON)
sequence of the collagen 5’ SL derived from collagen a1(I) mRNA, a2(I) mRNA, and o1(III) mRNA of Xenopus (accession no. M63596), chicken (accession no.
M17608, M17607, and K01481), mouse (accession no. M17491, X58251, and X70369), and human (accession no. M20789, Y00724, and M26939) cells. The translation

initiation codon is indicated as for panel B.

into fibroblasts and measurement of human growth hormone
protein in cell medium (6).

We decided to investigate the role of the collagen al(I) 5’
SL in gene expression in hsc’s and fibroblasts. We delivered a
series of reporter genes containing the 5’ SL into quiescent and
activated hsc’s by adenoviral vectors and measured their
mRNA and protein levels intracellularly. We found that the SL
dramatically decreases mRNA steady-state levels of reporter
genes in quiescent hsc’s and to a lesser extent in activated hsc’s.
The negative effect in activated hsc’s is partly reversed by
placing the a1(I) 3" UTR in these reporter genes. The inhib-
itory effect is, at least in part, due to a decreased stability of the
reporter mRNA having the SL. We also provide evidence that
some of these effects are mediated by a novel RNA binding
activity that is distinct from «CP binding to the a1(I) 3’ UTR.

MATERIALS AND METHODS

Isolation and culture of hsc’s. hsc’s were isolated from male Sprague-Dawley
rats by in situ perfusion of the liver with pronase and collagenase followed by
centrifugation of the cell suspension over a Stractan gradient as described else-
where (17). The resulting hsc’s were cultured in Dulbecco modified Eagle me-
dium supplemented with 10% fetal calf serum. The cells were then either used
on day 2 (quiescent) or cultured for 14 days (activated).

Plasmid constructs. The pGL3 vector (Promega) was used to introduce a
double-stranded oligonucleotide containing the mouse collagen al(I) SL se-
quence (SL/LUC), a mutated form of the SL (MUT/LUC), a mutation of two
short open reading frames in the 5’ UTR together with the SL mutation (GUG/
MUT/LUC), or a control sequence having an optimal translation initiation site
(PS/LUC) in frame with the luciferase coding region. In all of these constructs,

the cloning was into HindIII-Ncol sites, so that the original luciferase initiator
AUG codon was replaced with the first six codons of mouse collagen al1(T)
mRNA to accommodate these changes. The sequences of the relevant part of the
constructs are shown in Fig. 2. This hybrid protein had the same luciferase
activity as the wild-type luciferase protein when tested in transient-transfection
experiments. In two of the constructs, SL/LUC and MUT/LUC, the 3" UTR of
the luciferase gene was replaced by 316 nt of the mouse collagen a1(I) gene
(COLL) 3" UTR, containing the first polyadenylation signal, creating constructs
SL/COLL and MUT/COLL. In addition, a 24-nt substitution in the «CP binding
site was introduced by site-directed mutagenesis (37) into SL/COLL (SL/COLL-
CP). To construct adenoviral vectors carrying these constructs, Clal-Sall frag-
ments from the above plasmids were recloned into the pACCMV.PLPASR(+)
adenoviral shuttle vector (a kind gift of Frank L. Graham).

To make riboprobes for RNase protection assays of reporter gene mRNAs, a
500-nt HindII-AfIIII fragment from the pGL3 vector was subcloned into
HindIII-Smal sites of pGEM3 vector (Promega). This plasmid was linearized
with BstBI and transcribed with T7 polymerase to make a 380-nt antisense
riboprobe which protects 330 nt of luciferase mRNA. To make riboprobes to
measure glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNAs, pTRI-
GAPDH-rat (Ambion) was linearized with StyI and transcribed with a T7 poly-
merase.

A 58-nt double-stranded oligonucleotide with the sequence of the mouse
collagen al(I) 5" stem-loop (Fig. 1) was ligated in both orientations into the
Xmal site of pPGEM3. RNA and riboprobes used in binding experiments were
transcribed in either the sense or the antisense orientation from these plasmids.

Construction of viral vectors. Reporter gene constructs in the pACCMV-
PLPSR(+) vector were cotransfected together with ClaI-cut adenovirus DNA
into L293 cells to allow homologous recombination as described elsewhere (21).
Isolated plaques were picked and tested for luciferase expression after infection
of Rat 1 cells. The expressing plaques were amplified and retested for expression.
Viral titers were measured as described elsewhere (21), and viruses were stored
in aliquots at —80°C for not more than 2 months. Two independent amplifica-
tions were performed, and their products were used in repeated experiments to
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allow for small fluctuations in virus viability seen upon prolonged storage. All
viruses gave similar titers of 2 X 10'° to 4 X 10'° PFU/ml.

Infection of hsc’s and RNA and protein analysis. Day 2 hsc’s or culture-
activated hsc’s (about 2 X 10° cells) were supplemented with 2% serum, and
adenoviral vectors were added at a multiplicity of infection (MOT) of 1,000. In
control experiments, this MOI resulted in almost 100% of hsc’s expressing the
transduced gene (28). The cells were incubated for 24 h, scraped from the plate,
and resuspended in 1 ml of phosphate-buffered saline. A 100-pl aliquot was
removed for estimation of luciferase activity. Total RNA was extracted from the
rest of the cells by standard protocols (9) and used in the RNase protection assay.
Luciferase activity was measured according to the manufacturer’s protocol (An-
alytical Luminescence Laboratories, Ann Arbor, Mich.) and expressed as relative
luciferase units per micrograms of total protein. RNase protection analysis was
performed as previously described (49), with incubation of the luciferase mRNA
riboprobe together with the internal standard GAPDH riboprobe. The expres-
sion of luciferase mRNA was quantitated by phosphorimaging after normaliza-
tion to GAPDH mRNA. Translation efficiency was calculated by dividing relative
light units per microgram of protein by the mRNA levels. For the measurement
of mRNA stability, Swiss 3T3 fibroblasts were infected with SL/LUC and MUT/
LUC viruses as described above. After 24 h of incubation, the cells were divided
into three plates, and after an additional 24 h, actinomycin D (ActD) (Sigma)
was added at a concentration of 15 wg/ml. After addition of ActD, the cells were
collected at 0, 5, and 10 h for the RNA analysis.

Analysis of RNA-protein binding. The S130 postpolysomal supernatant of
NIH 3T3 and Swiss 3T3 cells was made as described elsewhere (56). A cytoplas-
mic extract of hsc’s was made by incubating hsc’s in 10 mM Tris HCI (pH 7.6)-1
mM potassium acetate (KAc)-1.5 mM MgAc-2 mM dithiothreitol for 10 min on
ice, followed by Dounce homogenization and 10 min of centrifugation at
14,000 X g. The supernatant was collected and immediately used in binding
assays. Total protein was measured by the Bradford assay (7). Capped RNA
probes used in binding experiments were made by in vitro transcription in the
presence of a 10-fold excess of 7mGpppG cap analog (Pharmacia) with 30 pCi
of [a-*?P]GTP (48) and were gel purified. Cellular proteins (45 pg) were incu-
bated with 40,000 cpm of the probe (4 ng) in 25 wl of 12 mM HEPES (pH 7.9)-15
mM KCI-0.25 mM EDTA-5 mM MgCl,-10% glycerol-200 ng of tRNA per pl-1
mM dithiothreitol buffer for 30 min on ice. The complexes were resolved on a 6%
native acrylamide gel. The samples were UV cross-linked by irradiation for 20
min at 254 nm at a distance of 5 cm (UVGL-25 lamp; UVP), digested with 4 ug
of RNase A and 1,280 U of RNase T1 (Gibco) for 1 h at 37°C, and analyzed on
a sodium dodecyl sulfate-8% polyacrylamide gel.

Enzymatic mapping of the RNA structure. 5'-end-labeled SL RNA was made
by in vitro transcription in the presence of 30 wCi of [y-**P]GTP followed by gel
purification. The 5’-end-labeled RNA was heated to 65°C and allowed to fold in
10 mM MgCl,-5 mM Tris HCI (pH 7.6)-25 mM KCI by slowly being cooled to
ambient temperature (room temperature [RT]) for 20 min. Ten thousand counts
per minute of the RNA in a total volume of 20 pl was digested with 0.25 U of
RNase ONE (Promega) for 2.5 min at RT, 1.2 U of RNase T1 (Gibco) for 1 min
at RT, or 0.2 U of RNase V1 (Pharmacia) for 10 min at RT. After the indicated
times, the reactions were stopped by extraction with phenol-chloroform and the
RNAs were precipitated with ethanol. As a control, the RNA was denatured by
being heated to 55°C in 10 M urea—25 mM NaAc (pH 4.5) and digested at this
temperature with 2.5 U of RNase ONE for 5 min. All samples were analyzed on
a 12% denaturing acrylamide gel. Nucleotide assignments of the cleavage sites
were made relative to the position of three G’s in the top loop as they were
resolved in the RNase T1 lane.

In vitro translation. A double-stranded oligonucleotide with the sequence of
the T7 promoter was cloned into plasmids at a position 5’ to SL/LUC and
MUT/LUC (see Fig. 2). After linearization of the templates with Hpal, the
capped reporter mRNAs were synthesized in vitro with the Cap-Scribe kit
(Boehringer). The integrity and concentration of mRNA were analyzed on aga-
rose gels. mRNA (0.08 pM) was translated in a 25-ul reaction mixture with 50%
rabbit reticulocyte lysate as prescribed by the manufacturer (Promega). After a
30-min incubation at 30°C, 5 .l of the reaction mixture was analyzed for lucif-
erase activity.

Statistics. Differences between experimental and control groups were ana-
lyzed by Student’s ¢ test.

RESULTS

An SL structure at the 5’ end of collagen mRNAs. Research-
ers have noted a potential folding of the 5" end of three fibrillar
collagen mRNAs into a structure consisting of a lower stem, a
bulge, and an upper stem closed with a short loop (referred to
as the 5’ SL structure in this paper) (55). This structure is
found in collagen a1(I), «2(I), and collagen a1(IIT) mRNAs of
all vertebrate species sequenced so far (3, 10, 15, 20, 36, 42, 44,
55). In addition, these mRNAs have two short open reading
frames 5’ to the initiation codon. The sequence of the mouse
collagen a1(I) 5" SL is shown in Fig. 1B, and the consensus
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sequence of this structure is shown in Fig. 1C. In all cases, the
translation initiation codon is located within the upper stem as
indicated in Fig. 1B and C.

To determine if the SL of the mouse collagen a1(I) mRNA
can fold into a higher-order structure, we probed a synthetic
RNA containing this sequence (Fig. 1A). The 5’-end-labeled
RNA was probed with nucleases that cut only single-stranded
RNA (nucleases ONE and T1) and a nuclease which cuts only
double-stranded RNA (nuclease V1) (13, 50). The enzyme
concentrations were empirically determined to produce on av-
erage a single hit per molecule. First, the fully extended, de-
natured RNA was subjected to digestion with nuclease ONE,
which shows no nucleotide preference for cutting. As expected,
denatured RNA was digested throughout its length (lane 2,
Fig. 1A). When this RNA was first allowed to fold, some
regions of the molecule showed resistance to cutting with nu-
clease ONE (lane 3). These same regions were, however, sus-
ceptible to the attack of nuclease V1 (lane 4), suggesting a
double-stranded conformation. Nuclease T1 cuts 3’ to G nu-
cleotides in single-stranded regions, and this enzyme produced
a cut at the G in the 3’ side of the bulge, strong cuts in the
stretch of three G’s at the top of the loop, and cuts at two
nonadjacent G’s at the 5’ side of the bulge (lane 5, open
arrows). These same regions were also digested by nuclease
ONE, suggesting that they are in single-stranded form (com-
pare lanes 3 and 5). Based on the position of G nucleotides and
the length of the fragments, double-stranded regions can be
assigned to the two stems and single-stranded regions map to
the bulge and the top loop. Thus, this SL RNA folds in vitro
into a secondary structure similar to that shown in Fig. 1B but
with one notable exception. There is a site which can be equally
well cleaved by single-stranded RNA-specific and double-
stranded RNA-specific nucleases (indicated by solid arrows in
Fig. 1A and B). This cleavage maps to the first A nucleotide at
the 5’ side of the bulge, indicating an unusual stacking of this
nucleotide.

5" SL structure negatively regulates expression in quiescent
and activated hsc’s. When freshly isolated hsc’s are cultured on
uncoated plastic for 14 days, they spontaneously become acti-
vated and differentiate into myofibroblasts (17, 19). The hsc’s
cultured for 2 days after isolation still show a quiescent phe-
notype (12, 19). To analyze the role of the a1(I) 5" SL structure
in gene expression in hsc’s, we used recombinant adenoviral
vectors to efficiently deliver the reporter genes. The reporter
genes were driven by the simian virus 40 (SV40) promoter and
contained the same open reading frame, encoding the lucif-
erase protein (Fig. 2). Constructs differ at their 5" end: (i) the
intact mouse collagen a1(I) SL with its two short open reading
frames (SL/LUC), (ii) a mutated SL (MUT/LUC), or (iii) a
mutated SL plus two mutated AUG codons of the preceding
short open reading frames (GUG/MUT/LUC). Some con-
structs (SL/COLL and MUT/COLL) contain the mouse a1(I)
3" UTR, including the first polyadenylation signal, instead of
the 3’ UTR supplied by the LUC vector. The SL/COLL-CP
construct contains a 24-nt mutation in the collagen a1(I) 3’
UTR that abolishes binding of the «CP complex (49).

Figure 3 shows a representative RNase protection assay
after gene delivery to quiescent or activated hsc’s. The results
with constructs containing collagen 3" UTR are shown in Fig.
3A. In quiescent hsc’s, two reporter mRNAs with the al(I) 5’
SL accumulated at a very low, almost undetectable level (lanes
1 and 2). The mRNA in which this SL was disrupted accumu-
lated at a much higher level (lane 3). In activated hsc’s, the
inhibitory effect of the 5’ SL was less pronounced, and the
mRNA with this SL is clearly detectable (compare lanes 4 and
5 to lanes 1 and 3). The negative effect of the 5’ SL on mRNA
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FIG. 2. Constructs used in gene transfer experiments. All constructs are driven by the SV40 promoter. The sequence of the relevant region of the 5" UTR is shown
under each construct, extending from the fusion to the SV40 promoter to the start of the luciferase open reading frame. Two A-to-G changes which abolish two short
open reading frames in construct GUG/MUT/LUC are indicated by arrows under the MUT sequence. The transcription start site is about 50 nt upstream of the
sequence shown. The translation initiation codon is underlined. Different 3" UTRs are also indicated. The constructs were named according to the sequence at the 5’

UTR and the sequence at the 3" UTR.

accumulation was seen regardless of the nature of the se-
quence at the 3’ UTR (Fig. 3B, constructs containing luciferase
3" UTR). Again, the 5’ SL prevented accumulation of the
mRNA in quiescent hsc’s (lane 1) and was less inhibitory in
activated hsc’s (lane 3), while mRNAs without the SL were
highly expressed in both cell types (lanes 2 and 4). However,
constructs with LUC 3" UTR are expressed at a higher level
than are constructs with the COLL 3’ UTR, presumably due to
a more efficient utilization of the poly(A) signal supplied by the
optimized LUC vector. Consequently, the ratio of reporter
mRNA signal to internal control GAPDH signal was higher for
the LUC 3" UTR constructs. These experiments were per-
formed twice with two different virus preparations with the
same results.

We also measured the luciferase protein translated from our
reporter mRNAs in the cultured cells. In general, the protein
level paralleled the mRNA level, suggesting that the SL did not
have a major effect on translation (data not shown).

Short upstream open reading frames negatively regulate
translation in some mRNAs (33). To address the role of the
short open reading frames in the «1(I) mRNA, we mutated the
two AUGs of the short open reading frames preceding the
initiation codon in the context of the MUT/LUC reporter,
creating the construct GUG/MUT/LUC. This construct was
expressed similarly to the MUT/LUC construct, suggesting no
additional effects of the short reading frames on mRNA
steady-state level or translation (data not shown).

The negative effect of the 5’ SL is attenuated and modulated
by the collagen a1(I) 3’ UTR in activated hsc’s. The a1(I) 5’
SL inhibited accumulation of the mRNA containing the lucif-
erase 3’ UTR about 12-fold in activated hsc’s (Fig. 3B, lanes 3
and 4). When the a1(I) 3’ UTR was added to reporter genes,
the inhibitory effect of the 5" SL on mRNA level was reduced
to only threefold in activated hsc’s (Fig. 3A, lanes 4 and 5). The

results of three independent experiments in activated hsc’s are
graphed in Fig. 3C.

In extracts from activated but not quiescent hsc’s, the 3’
UTR of collagen a1(I) mRNA binds a protein complex con-
taining aCP (49). To assess the role of aCP binding in acti-
vated hsc’s, we made a mutation in the «CP binding site within
SL/COLL to create SL/COLL-CP. Mutating the «CP binding
site dramatically decreased the steady-state level of reporter
mRNA in activated hsc’s (Fig. 3A, lanes 6 and 7). When 1293
cells were infected, the SL/COLL-CP virus produced luciferase
protein to 52% of the level of that for the SL/COLL virus,
excluding the possibility that this virus is nonfunctional. Thus,
binding of «CP complex seems to be required for a high level
of expression of this reporter mRNA in activated hsc’s.

To estimate the translational efficiency of the mRNAs in
activated hsc’s, we measured luciferase activity in all samples
and divided the protein level by the mRNA level (Fig. 3D).
As in quiescent hsc’s, no major effect of the SL on translation
was observed. The mRNAs with the a1(I) 3" UTR are trans-
lated slightly better per molecule, but this is not significant.
Similarly, we have seen no effect of the SL in in vitro transla-
tion experiments with these same mRNAs. Synthetic capped
mRNAs with the sequence of SL/LUC and MUT/LUC shown
in Fig. 2 were synthesized and translated in vitro in rabbit
reticulocyte lysate. The results of two independent experi-
ments, each performed in duplicate, are shown in Fig. 3E.

We conclude that the a1(I) 5 SL strongly inhibits mRNA
accumulation in quiescent hsc’s, while this inhibition is less
pronounced in activated hsc’s. In activated hsc’s, binding of
aCP complex to the 3" UTR further attenuates the negative
effect of the 5" SL.

Collagen a1(I) 5’ SL destabilizes its mRNA. To provide
insight into a mechanism by which the 5’ SL decreases the
steady-state levels of mRNAs, we measured the stability of the
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FIG. 3. mRNA and protein levels of reporter genes in hsc’s. Expression of reporter mRNAs in hsc’s analyzed by RNase protection assay is shown. (A) Infection
of hsc’s with constructs containing collagen 3" UTR. Adenoviruses expressing the indicated constructs were added at an MOI of 1,000 to hsc’s cultured for 2 days (Q;
lanes 1 to 3) and for 14 days (A; lanes 4 to 7). The assay was performed 24 h after infection with luciferase-specific and GAPDH-specific riboprobes. The bands
protected by reporter mRNA are marked LUC, and bands protected by endogenous GAPDH mRNA, as an internal control, are marked GAPDH. (B) An analysis
identical to that for panel A was performed with constructs containing luciferase 3" UTR and expressed in day 2 hsc’s (Q; lanes 1 and 2) or activated hsc’s after 14 days
in culture (A; lanes 3 and 4). (C) Quantitation of expression of reporter mRNAs in activated hsc’s. In three independent experiments, the intensity of LUC and GAPDH
bands was measured by phosphorimaging, and the ratio is shown in arbitrary units. Only constructs with identical 3" UTRs are compared to each other. *, P < 0.05.
(D) Translation of reporter mRNAs in activated hsc’s. Luciferase activity was measured in each sample and normalized to total protein. The mRNA level was measured
as the ratio of LUC to GAPDH by phosphorimaging. The protein level was divided by the mRNA level and is shown in arbitrary units for two independent experiments.
(E) In vitro translation. Reporter mRNA (0.08 pM) was translated in rabbit reticulocyte lysate. Luciferase activity was measured after 30 min of incubation. The activity
of SL/LUC mRNA was set at 100%. Results of two independent experiments are shown.

reporter mRNAs, SL/LUC and MUT/LUC, after expression of
these reporters in Swiss 3T3 fibroblasts (Fig. 4). Similar to
hsc’s, SL/LUC mRNA was expressed at a lower level than was
MUT/LUC mRNA (Fig. 4, lanes 2 and 5). After inhibition of

transcription with ActD, the steady-state level of WT/LUC
mRNA decreased with a half-life of about 5 h (lanes 2 to 4). In
contrast, the steady-state level of MUT/LUC mRNA shows
only a 15% decrease after 10 h of incubation with ActD (lanes
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FIG. 4. Collagen a1(I) 5’ SL destabilizes its mRNA. SL/LUC mRNA (lanes
2 to 4) and MUT/LUC mRNA (lanes 5 to 7) were expressed in Swiss 3T3
fibroblasts by virus-mediated gene transfer. ActD at 15 wg/ml was added, and
RNA was extracted at indicated time points (hours). The level of reporter
mRNAs (LUC) and internal standard GAPDH mRNA (GAPDH) was estimated
by RNase protection assay. Quantitation was performed by phosphorimaging
and normalization to GAPDH. Lane 1 contains size markers.

5 to 7), indicating a more stable mRNA. This result suggests
that the SL destabilizes the mRNA and that this destabilization
is, at least in part, responsible for the lesser accumulation of
SL/LUC mRNA. The GAPDH mRNA used as an internal
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control in this experiment is a stable mRNA and shows no
decay within 10 h, as reported previously (49).

The 5’ SL structure binds protein factors in activated hsc’s
and in fibroblasts in a cap-dependent manner. To identify
protein factors that may interact with the 5’ SL and modulate
its inhibitory activity, we performed RNA mobility shift exper-
iments. First, we used extracts from collagen-producing NIH
3T3 and Swiss 3T3 fibroblasts to optimize the binding assay.
S130 postpolysomal supernatant was prepared from these cells
and incubated with radiolabeled 5’ SL RNA and inverted
(INV) RNA. The INV RNA is antisense-transcribed sequence
of the 5" SL which served as a control in the binding experi-
ments. The results with NIH 3T3 extracts are shown in Fig. 5;
the extracts of Swiss 3T3 fibroblasts showed similar results. In
the initial experiments with uncapped 5" SL RNA and INV
RNA, we could see no complex formation in a gel mobility
assay (Fig. 5A). Then we capped these probes with 7mG and
repeated the assay with the same S130 extract. This time, we
detected a cap binding complex with both probes, as expected
(Fig. 5B, solid arrow). However, additional complexes were
seen only with the 5’ SL probe (Fig. 5B, lane 3, open arrows).
This indicates that there are protein factors in fibroblasts, not
associated with polysomes, which can bind the capped a1(I) 5’
SL RNA. To corroborate the importance of 7mG cap for
binding, we performed competition experiments in which bind-
ing to capped al(I) 5 SL RNA was challenged with excess
capped or uncapped 5' SL RNAs as well as with an excess of
TmGpppG cap analog (Fig. 5C). An excess of capped 5’ SL
RNA diminished formation of both the cap binding complex
and the 5’ SL binding complexes (lane 2). An excess of this
same uncapped RNA has a much weaker inhibitory effect on
the 5" SL-specific complexes (compare lanes 2 and 3). An
excess of the cap analog completely abolished the formation of
all complexes (lane 4). From these experiments, we conclude

CBP

SL 7mG

COMP: = 7mG
SL

FIG. 5. Collagen o1(I) SL binding activity in NIH 3T3 cells. (A) S130 postpolysomal supernatant was incubated with radiolabeled probes, uncapped 5" SL RNA
(lane 2) or uncapped inverted SL RNA (lane 3), and the protein-RNA complexes were resolved on a native polyacrylamide gel. Lane 1 is the input 5' SL RNA. (B)
The same extract was incubated with capped probes, 7mG 5 SL RNA (lane 3) or 7mG inverted SL RNA (lane 4). Lanes 1 and 2 are probes alone. A cap-dependent
complex is shown as CBP, and the a1(I) 5" SL-specific complexes are indicated by open arrows. (C) Competition of binding to the collagen a1(I) 5" SL. The capped
5" SL probe was incubated with NIH 3T3 postpolysomal supernatant in the absence of competitor (lane 1) or in the presence of a 100-fold molar excess of a specific
competitor (capped 5" SL RNA; lane 2), a 100-fold molar excess of uncapped 5" SL RNA (lane 3), or 50 uM 7mGpppG cap analog (lane 4). Complexes were resolved
on a 6% polyacrylamide native gel. Migrations of the cap binding complex and 5" SL-specific complexes are indicated as described above.
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FIG. 6. Collagen «1(T) SL binding proteins in hsc’s. (A) Gel mobility shift assay with cytoplasmic extract of day 2 hsc’s (lanes 3 and 4). 7mG capped 5" SL and INV
SL probes were used as described for Fig. 5. Lanes 1 and 2 are the input probes. Migration of the cap-dependent complex is marked as CBP. (B) Gel mobility shift
analysis with cytoplasmic extract from activated hsc’s (lanes 2 and 5) and NIH 3T3 fibroblasts (lanes 3 and 6). Probes are as described for panel A with 5" SL RNA
(lane 1) and INV RNA (lane 4). The mobility of the cap binding complex is shown as CBP, and complexes specific for the 5" SL are indicated by open arrows. (C) UV
cross-linking of proteins to collagen 5" SL RNA in activated hsc’s. A 7mG capped 5’ SL probe was incubated in a cytoplasmic extract of activated hsc’s and UV irradiated
(lane 1), or UV irradiation was omitted (lane 2). After digestion with nucleases, cross-links were resolved on a sodium dodecyl sulfate-8% polyacrylamide gel. The
cap-dependent cross-link is shown as CBP, and a specific 120-kDa protein is indicated by an open arrow. The migration of size markers (Amersham) is indicated on

the left in kilodaltons.

that the presence of the 7mG cap on the al(I) SL RNA is
required for efficient binding and competition for the protein
factors in vitro.

We next used extracts from day 2 hsc’s and activated hsc’s.
Because of the limited supply of primary cells, these extracts
were made as whole cytoplasmic extracts and not as S130
supernatants. We used capped 5’ SL RNA and INV RNA as
probes. In quiescent hsc’s, no specific binding to the 5' SL
RNA was demonstrated, although formation of the cap bind-
ing complex is seen with both probes (Fig. 6A, lanes 3 and 4).
Several extracts were prepared from different quiescent hsc
isolates, but we were unable to see any 5’ SL-specific com-
plexes. In contrast, in activated hsc’s a binding activity specific
for the 5" SL was obtained (Fig. 6B, compare lane 2 to lane 5).
Extracts from fibroblasts and activated hsc’s form complexes
with the 5" SL RNA with similar but not identical mobilities.
(A whole cytoplasmic extract was used in this experiment, and
the relative mobilities of the complexes are slightly different
from those in Fig. 5, for which S130 supernatants were used.)
As a control, only a cap binding complex was assembled in both
extracts with an INV RNA probe (lanes 5 and 6).

A UV cross-linking experiment with extracts of activated
hsc’s is shown in Fig. 6C. A 120-kDa protein (open arrow, lane
1) is covalently linked to the 5" SL RNA. A very strong cap-
dependent cross-link is also seen (arrow, lane 1). As a control,
no protein-RNA adducts are formed without UV light (lane 2).

DISCUSSION

We have investigated the role of the conserved SL structure
found at the 5’ ends of collagen a1(I) mRNA, a2(I) mRNA,
and o1(II) mRNA. In liver fibrosis, these three collagen
mRNAs are coordinately upregulated, resulting in increased
production of fibrillar collagens (2, 38, 46). Since activated

hsc’s are responsible for excessive collagen production in liver
fibrosis (39), we used primary cultures of rat hsc’s. The inability
to efficiently introduce genes into quiescent hsc’s has previ-
ously limited studies of gene expression in this cell type. How-
ever, delivery of genes by using adenoviral vectors is a recep-
tor-mediated process, and infection with equal MOIs of a given
population of cells results in uniform and reproducible gene
transfer. Using this technology, we were able to successfully
study gene expression in hsc’s with a quiescent phenotype only
2 days after isolation.

This report reveals some novel aspects of posttranscriptional
regulation of collagen a1(I) gene expression in hsc’s. First, SL
structure negatively regulates expression of reporter mRNAs
in hsc’s, and this effect is more pronounced in quiescent hsc’s,
suggesting that the SL. may target mRNA for degradation (Fig.
3). The analysis of the stability of mRNAs showed destabiliza-
tion of the mRNA containing the SL compared to mRNA with
the mutated SL (Fig. 4). Second, mRNAs with the a1(I) SL
have a higher steady-state level in activated hsc’s than in qui-
escent hsc’s, although S mRNAs still do not accumulate to as
high a level as do mRNAs without the SL. In activated hsc’s,
we could demonstrate binding of protein factors to the 5" SL
(Fig. 6), which may inhibit mRNA degradation. Third, the
al(I) 3" UTR containing the aCP binding site is required for
high-level expression of mRNAs containing the destabilizing 5’
SL (Fig. 3A). Fourth, translation of mRNAs having the SL is as
efficient as translation of mRNAs without the SL in hsc’s (Fig.
3D) and in vitro (Fig. 3E). Although the SL may target the
mRNA for degradation, the surviving mRNA seems to be
efficiently translated. This also suggests that the a1(I) collagen
5" SL is not sufficiently stable to prevent translation once ri-
bosome scanning has started (35).

Our study suggests that the SL primarily targets mRNAs for
turnover in hsc’s, but how this targeting works is not yet clear.
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Enzymatic probing has revealed a higher-order structure for
this SL with an unusually stacked A nucleotide at the 5’ side of
the bulge (Fig. 1). Such sequences are often sites for protein
binding, and interestingly, even sea urchin collagen mRNA has
a similar A nucleotide in the context of two stems (14), sug-
gesting evolutionary conservation of this fold. In quiescent
hsc’s, we could not detect any protein binding to the SL in vitro
(Fig. 6). If there is a protein, its binding may only be transient
or it may bind only in vivo and require intact subcellular struc-
tures. In activated hsc’s, there is a protein factor(s) that binds
in vitro to the collagen 5’ SL in a cap-dependent manner (Fig.
6). The complex is found in NIH 3T3 and Swiss 3T3 fibroblasts
in the postpolysomal cytoplasmic fraction (Fig. 5). We do not
know if this complex directly interacts with 7mG cap or with
the cap binding protein, eIF4E (25, 26). Supershift experi-
ments with anti-eIF4E antibody (a kind gift from C. H. Hage-
dorn) showed no change in gel mobility of the complex (data
not shown). However, an excess of cap analog completely pre-
vents formation of this complex in vitro (Fig. 5C). This com-
plex may increase the steady-state level of the mRNAs by
diverting them from the degradative pathway. A recent study
demonstrated that the stability of the interleukin-2 mRNA is
also regulated by a cis element in its 5’ UTR, but the trans-
acting factors were not investigated (8). In addition, in the case
of collagen al(I) mRNA, a protein complex containing aCP
binds to the 3" UTR, and this binding can be seen only in
extracts from activated hsc’s (49). We have postulated that this
binding stabilizes collagen o1(I) mRNA. When we mutated
the aCP binding site, the mRNA steady-state level decreased
about 10-fold (Fig. 3A). In activated hsc’s, there may be an
additional interaction between the 3' UTR-aCP complex and
the 5" SL-cap complex, and this interaction may further stabi-
lize the mRNA (Fig. 3C).

Expression of SL/COLL reporter mRNA resembles expres-
sion of endogenous collagen a1(I) mRNA in hsc’s; it is low in
quiescent hsc’s and elevated in activated hsc’s (Fig. 3). Two
findings point to the posttranscriptional regulation of this re-
porter mRNA in hsc’s, as has been described for the endoge-
nous gene (49). The SV40 promoter seems to be equally active
in both cell types, based on similar levels of expression of
MUT/COLL and MUT/LUC in quiescent and activated hsc’s
(Fig. 3). However, the SL clearly has a potential to decrease
the stability of the mRNA (Fig. 4) and may modulate its
steady-state level by interacting with protein factors. We can-
not completely exclude the possibility that the SL negatively
affects transcription, but since our constructs are driven by a
heterologous promoter, this seems unlikely. Therefore, the
regulation of SL/COLL mRNA in hsc’s has been achieved by a
posttranscriptional mechanism and mediated by two sequenc-
es: 5" SL and 3" UTR. A previous report (6) failed to demon-
strate a role for this SL in the regulation of reporter genes
transiently or stably transfected into NIH 3T3 cells. These two
studies differ in several aspects. The maximal inhibitory effect
of the 5" SL is demonstrated in undifferentiated primary cell
cultures (quiescent hsc’s) in our study, compared to terminally
differentiated immortal fibroblasts. Our study also uses a more
sensitive luciferase assay to monitor the intracellular accumu-
lation of reporter gene product. Furthermore, the earlier study
used constructs that did not contain the collagen 3" UTR,
which modulates the expression of the collagen al(I) gene.
Using our constructs in transient transfections into NIH 3T3
cells, we demonstrated only about a threefold inhibition of the
luciferase protein expression by the SL (data not shown). Post-
transcriptional regulation of collagen a1(I) mRNA in hsc’s
involves both aCP binding to the 3’ UTR and binding of a
protein factor(s) to the 5’ SL. Binding to the a1(I) SL requires

REGULATORY ROLE OF THE CONSERVED STEM-LOOP STRUCTURE 4341

the presence of the 7mG cap structure. The role of the cap
binding protein, eIF4E, or other translation initiation factors
in assembly of this binding activity requires further investiga-
tion. Elucidating the interaction between the binding activities
for the 5" UTR and 3" UTR of collagen a1(I) mRNA and
cloning of the 5’ SL binding factors will greatly contribute to
our understanding of collagen gene regulation.
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