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The interferons are a group of endogenous proteins
that exhibit a variety of biological functions in addition
to their ability to induce resistance to viruses. In order
to evaluate the anti-fibrogenic actions of interferon,
we have delineated the level of regulation responsible
for y-interferon-induced changes in collagen and fibronectin gene expression in cultured fibroblasts. Confluent human skin fibroblasts were exposed to 500
anti-viral units/ml of y-interferon. RNA was then extracted from the cells, and steady-state mRNA levels
were determined by Northern and dot blot hybridization studies. Cells exposed to interferon had type I
procollagen mRNA levels that were 23%of control and
type I11 procollagen mRNA levels only 7%of control.
The interferon-treated cells also had &actin mRNA
levels that were decreased to 51% that of untreated
cells but hadfibronectin steady-state mRNA levels that
were 560% of control levels. Nuclear run-on assays
revealed that interferon did not affect the transcriptional rates of types I and I11 collagen or &actin, but it
did increase the transcriptional rate of fibronectin to
670% of control levels. These findings demonstrate
that y-interferon causes a marked decrease in types I
and I11 procollagen mRNA levels in vitro by a posttranscriptional mechanism while inducing fibronectin
expression at a transcriptional level.

feron (3). Steady-state procollagen mRNA levels have been
found to be decreased by y-interferon in several studies (46), and thecoordinate regulation of several genes has led some
to the conclusion that y-interferon has a “transcriptional”
effect on collagen geneexpression although no transcriptional
studies were done (6). The effect of interferons on fibronectin,
another component of the extracellular matrix and a serum
protein with multiple actions, is less well established.
When interferons bind to specificcell surface receptors,
there are changes in steady-state levels of multiple mRNAs.
Transcriptional regulation of a number of genes byinterferon
has been clearly demonstrated including increased transcription of metallothionein IIA and the major histocompatibility
complex class I antigen (HLA) genes (7, 8). However, interferons may also affect gene regulation by post-transcriptional
mechanisms (9, 10). In the present study, we have employed
the nuclear run-on assay to determine the level of gene
regulation responsible for changes incollagen, fibronectin,
and0-actin mRNA steady-state levels that occur with y interferon treatment of human dermal fibroblasts.
EXPERIMENTALPROCEDURES

Cell Culture-Human skin fibroblasts were cultured from biopsies
of normal individuals. The cells were grown in Ham F-10 medium
(Gibco) supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT) and antibiotics (penicillin 100 IU/ml, streptomycin 100 pg/ml, and fungizone 250 pg/ml). Confluent 100-mmplates
of cells were then exposed to 50 pg/ml of ascorbic acid or to ascorbic
acid plus 500 anti-viralunits/ml of affinity-purified y-interferon
A large and increasingly complex group of lymphokines and (Interferon Sciences, New Brunswick, NJ). After 24 h of treatment,
monokines are currently being evaluated as modulators of the cells were harvested for molecular studies or used for protein
fibroblast function (1).Fibroblasts arecrucial in several path- determination.
Protein Labeling-Following the 24-b exposure to y-interferon, the
ophysiological states because of their increased deposition of
cells were pulse-labeled with [3H]proline. Following three washes
an extracellular matrix. The inhibition of this matrix produc- with phosphate-buffered saline, the cells were left for 1 h in Ham Ftion may havetherapeutic potentialin such disparate diseases 10 medium with ascorbic acid and 2% fetal bovine serum dialyzed to
as idiopathic pulmonary fibrosis and cirrhosis. The interfer- remove all proline. They were then labeled for 4 h in Ham F-10
ons represent one group of cytokines that have been shown medium ascorbic acid + 2% dialyzed fetal bovine serum and 10 pCi
to inhibit collagen synthesis in dermal or synovial fibroblasts of [3H]proline per 100-mm plate and chased for 1 h with Ham F-10
(2-4) and in articular and costal chondrocytes (4,5). This medlum ascorbic acid + 2 % undialyzed fetal bovine serum. The
cells were then scraped from the plates, combined with the medium
direct effect exists in addition to interferon’s influences on in a tube, and boiled for 5 min. Following ethanol precipitation the
cellular proliferation (3). y-Interferon appears to have a more protein pellet was lyophilized, resuspended, and totalprotein content
profound inhibition on collagen synthesis than a- or @-inter- determined by the Bio-Rad protein assay. Lyophilized portions of the
samples were then hydrolyzed in 1 ml of constant boiling HCl under
* This investigation was supported in part by National Institutes vacuum, a t 105 “C for 24 h. The samples were filtered, the HC1
of Health Grant AA06386, a SinsheimerFoundation Award (to M. A. removed in an evapomix, and dried under vacuum. Aliquots were
Z.) and an Irma T. Hirschl Career Scientist Award (to M. A. Z.). The loaded onto a Durrum DC-6A column of a JLC-6AH amino acid
costs of publication of this article were defrayed in part by the analyzer equipped with a split-stream device. The hydroxyproline
payment of page charges. This article must therefore be hereby peak fractions were collected and the radioactivity monitored on
marked “aduertisement” in accordance with 18 U.S.C. Section 1734 aliquots of each. The position of emergence of hydroxyproline and
proline was established by comparison with standards and the total
solely to indicate this fact.
radioactivity determined in the corresponding peaks.
$ Recipient of an American Liver Foundation Fellowship Award.
RNA Extraction-Control and treated cells were washed two times
§ Funded by National Research Service Award IF32AA05224-01
in cold Hanks’ balanced salt solution, removed from their plates with
and anAmerican Liver Foundation Award.
a rubber policeman, and pelleted in cold Hanks’ balanced salt solution
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with a clinical centrifuge. Five to six 100-mm plates were pooled per
condition. Total RNA was then isolated using a modification of the
Chirgwin procedure (11)as previously described (12). The cell pellets
were homogenized in 3.5 ml of 4 M guanidine thiocyanate solution.
Following a low speed centrifugation to remove cellular debris, the
RNA was pelleted through a cesium chloride gradient. After three
ethanol precipitations, the totalRNA content was calculated by Am
spectrophotometry. The quantities of RNA isolated were correlated
with the protein andDNA contents of the homogenized samples.
RNA-DNA Hybridizations-Steady-state mRNA levels weredetermined by Northern and dot blot hybridization. For Northern blots
10 pg of total RNA per sample were denatured in 0.5 M glyoxyl, 50%
dimethyl sulfoxide, and 10 mM phosphate buffer, electrophoresed in
a 1% agarose gel, transferred to a GeneScreen filter (Du Pont-New
England Nuclear) and baked for 2 h at 80 "C. After prehybridization
(12),thefilters werehybridized withone of fourcDNA probes:
human-a2(1) collagen (13),mouse type 111 collagen (14), chicken (3actin (15),or human fibronectin (16). The cDNA probes were labeled
with [?'P]dCTP to a specific activity of 2-5 X loRcpm/pg of DNA
using a primer extension kit (IBI, New Haven, CT). Following hybridization the filters were washed under stringent conditions and
exposed to Kodak XAR-5 film a t -70 'C. The developed films were
scanned by densitometry (12). For dot blots,
RNA wasdiluted serially
in 3% formaldehyde and spotted on Genescreen. Then in the same
manner as with Northern blots, thesefilters wereprehybridized,
hybridized, developed, and autoradiographywas performed.
Transcriptional Rate Analysis-Nuclear run-on assays were performed, as previously described (17),on controlor treated cells pooled
from eight to nine 100-mm dishes per condition. Cell nucleiwere
isolated with centrifugation through 2.1 M sucrose (18). The RNA
transcripts were labeled for 15 min with ["PJUTP (18) and isolated
by lysis of the nuclei in a hypotonic solution. The transcripts were
then subjected to DNA digestion with RNase-free DNase (100 U/
ml),proteinase K digestion, phenolextraction,andtwoethanol
precipitations withan intervening treatmentwith 10% trichloroacetic
acid to remove the unincorporated UTP. The RNA transcripts were
then hybridized with at least a IO-fold excess of the cDNA probes
which were bound to a nitrocellulose membrane as previously described (19). After extensive washing, the filters were digested with
RNase A (10pg/ml) (18).Following exposure to Kodak XAR-5 film
a t -70 "C, densitometric scanning was performed. In addition to the
cDNA probes used for Northern and dot blots, a cDNA probe for
HLA-A2 (20), whose transcription is known to be induced by yinterferon (a), was added.Also pBR322 was used as a negativecontrol,
and a mouse cDNA of arginine transfer RNA (provided by Dr. J.
Darnell, Jr., Rockefeller University, NY) was used as an indirect
marker to equate transcriptionbetween various samples (18).
RESULTS

Type I Col

13349
TypelII Cot

' c I' ' c

I '
8s 9

,'..+

p-actin

' c I '

Fibronectin

'C

I '

FIG. 1. Representative autoradiogramsof Northern and dot
blots of RNA from control (0and interferon-treated (4cells
hybridized with various cDNA probes. Total RNA was extracted
from thesecells and Northern and dothlot hybridizations performed.
For Northern blots total RNA was electrophoresed in a 1% agarose
gel, transferred to Genescreen, prehybridized, hybridized with specific 32P-labeled cDNAs, and then exposed for autoradiography at
-70 "C as described under "Experimental Procedures." For dotblots,
theRNA wasserially dilutedandthendotted
directly onthe
GeneScreenfilter,baked a t 80 "C, and then treated in the same
manner as the Northern blots. Note that y-interferon results in a
marked decrease in types I and 111 procollagen mRNA, along with a
moderate decrease in 8-actin mRNA. In contrast the treated cells
have a markedincreaseintheirsteady-state
level of fibronectin
mRNA.
TABLE
I
Results of densitometry scanning of autoradiograms from
hybridizations of RNA from interferon-treatedcells
No. of
experiments

Interferon-treated
cells as % of control"

Type I collagen
5
23 (4-36)
Treatment of the human skin fibroblasts
with y-interferon
Type 111 collagen
7 (4-10)
2
for 24 h caused no significant change in total protein content
5
51 (36-60)
@-Actin
or in DNA content, but it didlead to a 60% decrease in total
Fibronectin
3
560 (464-635)
collagen formation in treated cells as measured by ['HlhyData
expressed
as
mean
with
range
of
results
in parentheses.
droxyproline incorporation. In addition, there was a marked
decrease in types I and 111 procollagen mRNA levels. Fig. 1
demonstrates the changes on Northern and dotblots. Quan- periments confirmed these findings and indicated that the
tification of these differences by densitometric scanning of a decreases in the collagen and @-actin mRNAs were due to
series of experiments showed that interferon exposure re- post-transcriptional mechanisms (Table 11). However, y-insulted in type I procollagen mRNA levels 23% that of control terferon caused a large increase in fibronectin transcription
only7% of control (670% of control) that mirrored the increase seen in steadywhile type 111 procollagenlevelswere
(Table I). In addition steady-state 8-actin mRNA
levels were state fibronectin mRNA content.
decreased to 51% that
of the untreatedcells. In contrast there
DISCUSSION
was a large increase in mRNA contentfor fibronectin; interferon-treated cells had fibronectin mRNA levels that were
Mononuclear cells have long been knownto play an impor560% that of control.
tant role in modulating the inflammatory
response. Anumber
Nuclear run-on assays were done to investigate thelevel of of recently identified lymphokines and monokineshave been
gene regulation responsible for these changes in steady-state showntomediatethis
reaction and to haveasignificant
mRNA content. Fig. 2 shows a representative autoradiograph influence on cell proliferation and collagen synthesis (1).
of one such experiment. There
was no difference in transcrip- Thus, it seems most likely that some of these cytokines are
tion between treated and untreated cells for types I and 111 crucial in affecting fibrogenesis. One such set of cytokines,
chondrocyte
collagen and @-actin.However, the hybridization signals for the interferons, appear to inhibit fibroblast and
the HLA gene and for fibronectin were greater in the inter- collagen production (2-5) and to decrease types I, 11, and 111
feron-treated cells. Densitometry scanning of three such ex- procollagen mRNA steady-statelevels (4,6). Therehave been
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matrix protein, one may speculate that because of fibronectin’s multiple functions (27), it may respond differently than
the collagens to endogenous stimulation from steroids or
interferons. Thus, during times of increased stress from infection or tissue injury (when levels of steroids and interferons
may be increased), it may well be beneficial for the cell or
organism to have increased fibronectin synthesis.
0
After delineating the effects of y-interferon oncollagen and
fibronectin mRNA steady-state levels, it was instructive to
determine the level of gene regulation responsible for the
observed changes. To our knowledge the evaluation of the
effects of y-interferon on collagen and fibronectin transcriptional rates had not previously been undertaken. However, it
had been suggested by others that these decreases in procollagen mRNA levels were transcriptionally regulated (5, 6).
Using the nuclear run-on assay, it was determined that the
marked
decreases in procollagen mRNA levels were clearly
FIG. 2. Autoradiogram of a nuclear run-on assay demonmediated
through a post-transcriptional effect and that the
strating the effects of interferon treatment (2) on the transcriptional rate of various genes as compared to untreated increase in fibronectin mRNA content was secondary to an
controls (0.Labeled nuclearRNA transcripts were hybridized with increase in transcription. Thus, in our system, y-interferon
cDNA probes bound to nitrocellulose membrane as described under not only affected the production of the collagens and fibro“ExperimentalProcedures.”Interferon treatment has no effect on nectin in different ways but also at separate steps in gene
the transcriptional rates of the types I and 111 collagen, and the 8- regulation.
actin genes. However, there is a large increase in fibronectin tranThe interferons have been shown to exert both transcripscription with y-interferon. Note also the expected increase in HLAA2 gene transcription with interferon. PBR322 is a negative control, tional and post-transcriptional effects on other genes. Tranand arginine transferRNA (T-arg) is an indirect marker for compar- scriptional changes have been shown for mRNAs for the
ing total transcription between different conditions.
metallothionein IIA and HLA genes (7, 8) with a-interferon
treatment, and 8-interferon has been shown to have postTABLE
I1
transcriptional effects such as enhancing the turnover of cResults of densitometry scanning of nuchar run-on experiments for
myc RNA in Daudi cells (9, 10).Friedman and Stark (8)
cells treated with interferon
identified an a-interferon-responsive, 29-nucleotide-longconInterferon-treated cells
sensus sequence in the 5’-flanking region of metallothionein
as % of controlo
and some HLA genes, and Samanta et al. (28) have found a
similar sequence in the first untranslated exon of another
104 (89-111)
Type I collagen
98 (90-103)
gene transcriptionally induced by p-interferon. With these
Type 111 collagen
110 (81-137)
8-Actin
findings in mind, inspection of the 5’ region of the rat fibroFibronectin
670 (480-770)
nectin gene revealed the presence of this consensus sequence
Data expressedas mean of three experimentswith range of results in the 5”untranslated region starting a t base pair +110 (29).
in parentheses.
This finding is the first such example of an interferon consensus sequence found in a matrix protein, and it may prove
conflicting reports on the effect of the interferons on the significant in the regulation of fibronectin in vivo.
synthesis of another matrix protein, fibronectin (5,6).
Investigation of the role of y-interferonin modulating
Our in vitroexamination of the effects of y-interferon on collagen and fibronectin synthesis and thereby affecting fihuman skin fibroblasts has not only demonstrated a large brogenesis is important to such pathological states ascirrhodecrease in net collagen synthesis and in types I and I11 sis. Given the finding that y-interferon decreases collagen
procollagen mRNA, but amarked increase in fibronectin synthesis in vitro, it is tempting to speculate that endogenous
mRNA levels.Reasons for the opposing regulation of collagen or exogenous interferon may inhibit the development of heand fibronectin by y-interferon are unclear. The development patic fibrosis in response to injury. In this sense, it may not
of an extracellular matrix is clearly a complex interaction of be dissimilar from the role that endogenous and exogenous
a seriesof proteins, and its components are often not regulated corticosteroids have in some forms of chronic liver disease
in the same direction at the same
time. Although collagen and (23-25,30). Although several studies have evaluated the antifibronectin are often codistributed inthe matrix (21), in chick viral effects of a-interferon on chronic hepatitis B virus
fibroblast cultures it has been shown that the formation of a infection (31), y-interferon has never been studied in chronic
fibronectin matrix does not require collagen (22). It has also liver disease. Such studies are underway.
been found that in early granulation tissuefibronectin appears
before collagen, suggesting that fibronectin synthesis may be
Acknowledgments-Wewish to thank Dr. Elaine Schwartz, Mt.
involved in the early phases of wound healing or tissue repair Sinai School of Medicine, New York, for providing us with the skin
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