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The stem-loop in the 5’ untranslated region (UTR) of collagen a1(I) and a2(I) mRNAs (5’'SL) is the key
element regulating their stability and translation. Stabilization of collagen mRNAs is the predominant mech-
anism for high collagen expression in fibrosis. LARP6 binds the 5'SL of a1(I) and «2(I) mRNAs with high
affinity. Here, we report that vimentin filaments associate with collagen mRNAs in a 5'SL- and LARP6-
dependent manner and stabilize collagen mRNAs. LARP6 interacts with vimentin filaments through its La
domain and colocalizes with the filaments in vivo. Knockdown of LARP6 by small interfering RNA (siRNA) or
mutation of the 5’'SL abrogates the interaction of collagen mRNAs with vimentin filaments. Vimentin knockout
fibroblasts produce reduced amounts of type I collagen due to decreased stability of collagen a1(I) and 2(I)
mRNAs. Disruption of vimentin filaments using a drug or by expression of dominant-negative desmin reduces
type I collagen expression, primarily due to decreased stability of collagen mRNAs. RNA fluorescence in situ
hybridization (FISH) experiments show that collagen a1(I) and «2(I) mRNAs are associated with vimentin
filaments in vivo. Thus, vimentin filaments may play a role in the development of tissue fibrosis by stabilizing
collagen mRNAs. This finding will serve as a rationale for targeting vimentin in the development of novel

antifibrotic therapies.

Fibroproliferative disorders are leading causes of morbidity
and mortality globally (1, 5, 11, 20, 28, 38) and pose an enor-
mous threat to human health. There are no effective therapies
for fibrotic diseases. Excessive production of type I collagen by
activated fibroblasts and myofibroblasts is the hallmark of fi-
broproliferative disorders. Type I collagen is a heterotrimer
composed of two al(I) chains and one «2(I) chain (29). The
increased collagen synthesis can be due to the increased rate of
transcription of collagen genes, increased half-life of collagen
mRNAs, and their enhanced translation (33, 35, 47, 51). In-
creased collagen production by activated fibroblasts is primar-
ily due to an increase in stability of collagen mRNAs (16).
During activation of hepatic stellate cells, which synthesize
collagen in liver fibrosis, a 16-fold prolongation of the half-life
of collagen a1(I) mRNAs is primarily responsible for its 50-
fold-increased expression (45). The transformation of fibro-
blasts into myofibroblasts is also associated with increased sta-
bility of collagen al(I) mRNA (37). Transforming growth
factor beta (TGF-B), the most potent profibrotic cytokine,
induces collagen synthesis by prolonging the half-life of colla-
gen al(I) mRNA (51). Thus, it is now well established that
stability of collagen mRNAs is the predominant mechanism
regulating collagen expression (30, 40, 41).

Two cis-acting elements were implicated in regulating the
stability of collagen mRNAs. In the 3’ untranslated region (3’
UTR) of collagen al(I) mRNA, there is a cytosine-rich se-
quence that interacts with the aCP protein; this interaction
stabilizes the mRNA (32, 34). In the 5" UTR of collagen o1(I)
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and a2(I) mRNAs, there is a stem-loop sequence (5'SL) (57)
that also regulates the stability and translation of collagen
mRNAs (9, 10, 46, 48). The 5'SL is located 75 to 85 nucleotides
from the cap and includes the translation initiation codon. It is
well conserved in evolution, differing by only 2 nucleotides in
Xenopus and human collagen mRNAs. LARP6 is the protein
that specifically binds the 5'SL with high affinity and is required
for high expression levels of type I collagen (9). LARP6 inter-
acts with nonmuscle myosin; this interaction is required for
coordinated synthesis of al(I) and a2(I) polypeptides and
their productive folding into heterotrimeric type I collagen
(10). Disruption of nonmuscle myosin filaments resulted in
secretion of a homotrimer of type I collagen composed of three
al(I) chains in lung fibroblasts or in total lack of secretion of
type I collagen in scleroderma fibroblasts (10).

Vimentin is a member of the type III intermediate filaments
and is a marker of cells of mesenchymal origin (e.g., fibroblasts
and myofibroblasts). Vimentin intermediate filaments are poly-
mers of soluble tetrameric vimentin. Vimentin filaments are in-
volved in motility, maintenance of cell shape, and endurance of
mechanical stress of mesenchymal cells (12, 18). Vimentin-defi-
cient mice exhibit delayed wound healing; the phenotype has
been attributed to decreased motility of vimentin-null fibroblasts
(14). There have been no reports that vimentin can contribute to
posttranscriptional regulation of collagen expression.

The present study describes a novel role of vimentin in the
stabilization of collagen mRNAs. This stabilization is depen-
dent on the 5'SL and on binding of LARP6 and may contribute
to the high level of collagen expression by mesenchymal cells.

MATERIALS AND METHODS

Cells and transfections. HEK293 cells and human lung fibroblasts immortal-
ized by expression of telomerase reverse transcriptase (56) were grown under
standard conditions. HEK293 cells were transfected with 1 pg of plasmid per
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FIG. 1. Collagen a1(I) and collagen «2(I) mRNAs interact with vimentin in a 5'SL-dependent manner. (A) Pulldown of collagen mRNAs with
an antivimentin antibody. Immunoprecipitation (IP) with an antivimentin antibody (VIM), followed by RT-PCR analysis of collagen (COL) a1(1),
collagen o2(I), and fibronectin (FIB) mRNAs in human lung fibroblasts (lane 1) and scleroderma fibroblasts (lane 3). Lanes 2 and 4, control
antibody (CON). Radiolabeled PCR products are indicated. (B) 5'SL-dependent interaction of collagen mRNAs with vimentin. The experiment
was as in panel A, except extracts of wild-type (lane 1; +/+) and mutant (lane 2; —/—) mouse embryonic fibroblasts, which carry a mutation of
the 5" stem-loop in the collagen a1(I) gene, were used. (C) Total RNA of wild-type (lane 1; +/+) and mutant (lane 2; —/—) mouse embryonic
fibroblasts analyzed by RT-PCR for collagen o1(I), collagen «2(I), and fibronectin mRNAs. (D) Presence of vimentin in the cell extract prepared
by hypotonic and detergent lysis. The extract (EXT) and insoluble pellet (PEL) obtained after cell lysis were analyzed for vimentin, actin, and

tubulin by Western blotting.

35-mm dish using 293TransIT reagent (Mirus). Transduction of lung fibroblasts
with adenoviruses was done by adding adenoviruses at a multiplicity of infection
(MOI) of 100. With this MOI, between 95% and 100% of the cells were trans-
duced, as judged by expression of the green fluorescent protein (GFP) viral
marker. The cells were harvested for analysis 2 to 5 days after virus delivery.

Scleroderma fibroblasts derived from the skin of a scleroderma patient were
purchased from the European collection of cell cultures (cell line BM0070).
Mouse embryonic fibroblasts (MEFs) were derived from knock-in mice, in which
the 5'SL of the collagen a1(I) gene has been mutated, and their wild-type (wt)
littermates (36). All cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum for up to 10 passages.

Vim*/* and Vim™'~ MEFs derived from wild-type and vimentin knockout
mice were described previously (27) and were kind gifts from Robert Evans,
University of Colorado.

Chemicals. B,8'-Iminodipropionitrile (IDPN) was from Acros Organics (Mor-
ris Plains, NJ). Actinomycin D, puromycin, and cycloheximide were purchased
from Sigma. For treatment with IDPN, cells were incubated with 1% IDPN for
24 h before analysis. Actinomycin at 10 pg/ml was added, and cells were collected
at the indicated time points. Puromycin at 100 wg/ml and cycloheximide at 100
png/ml were added to cells for 30 min before the cells were fixed for immuno-
staining or proteins were extracted for immunoprecipitation.

Plasmid constructs and adenovirus preparation. Hemagglutinin (HA)-tagged
wild-type LARP6 and some deletion constructs have been described previously
(9). Additional deletion constructs were made by PCR amplification of the
regions of LARP6 and by cloning the PCR products into the pCDNA3 vector.
Adenovirus expressing dominant-negative desmin was constructed by PCR am-
plification of the human desmin region from amino acid 1 to amino acid 263 and
cloning the PCR product into the pAdCMVTRACK vector, followed by recom-
bination with the pADEuasy vector, as described previously (25). Adenovirus was
amplified in HEK293 cells and purified with a Virapure kit (Clontech). Expres-
sion of the construct was verified by Western blot analysis. This virus expressed
both the test protein and GFP, which is encoded by an independent transcription
unit (25). Expression of GFP served as a control for viral transduction. Control
adenovirus expressed only GFP.

LARP6 siRNA. A small interfering RNA (siRNA) effective against LARPG,
with the sequence 5'-UCCAACUCGUCCACGUCCU-3', was previously de-
scribed (9). This siRNA sequence was expressed as short hairpin RNA (shRNA)
from adenovirus (9). A control adenovirus contained shRNA with a scrambled
sequence (5'-GGAGGGCUUCGAGUUAGGA-3"). The efficacy of LARP6
knockdown was assessed by Western blotting.

RT-PCR analysis. Total cellular RNA was isolated using an RNA isolation kit
(Sigma). Reverse transcription (RT)-PCRs were performed with 100 ng of total
RNA or using r7th reverse transcriptase (Boca Scientific, Boca Raton, FL).
[3?P]dATP was included in the PCR step to label the products, which were
resolved on sequencing gels, as described previously (46-50). The number of
cycles was adjusted within the linear range of the reaction. The primers used for
RT-PCR were as follows: human collagen a1(I), 5'primer (AGAGGCGAAGG
CAACAGTCG) and 3’ primer (GCAGGGCCAATGTCTAGTCC); human col-
lagen a2(I), 5’ primer (CTTCGTGCCTAGCAACATGC) and 3’ primer (TCA
ACACCATCTCTGCCTCG); human fibronectin, 5’ primer (ACCAACCTACG
GATGACTCG) and 3’ primer (GCTCATCATCTGGCCATTTT); human
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5" primer (ACCGGTT
CCAGTAGGTACTG) and 3’ primer (CTCACCGTCACTACCGTACC); hu-
man actin, 5" primer (GTGCGTGACATTAAGGAGAAG) and 3’ primer (GA
AGGTAGTTTCGTGGATGCC); mouse collagen a1(I), 5’ primer (GAGCGG
AGAGTACTGGATCG) and 3’ primer (TACTCGAACGGGAATCCATC);
mouse collagen «2(I), 5’ primer (CTTCGTGCCTAGCAACATGC) and 3’
primer (TCAACACCATCTCTGCCTCG); mouse actin, 5" primer (CGTGCG
TGACATCAAAGAGAAGC) and 3’ primer (TGGATGCCACAGGATTCCA
TACC).

Antibodies. Anti-HA and antivimentin antibodies were obtained from Sigma,
anti-collagen a1(I) antibody was obtained from Rockland, anti-collagen a2(I)
antibody specific for human polypeptide was from Cell Signaling, the anti-
collagen o2(I) antibody to detect mouse polypeptide was obtained from Santa
Cruz Biotechnology, antifibronectin and antitubulin antibodies were from BD
Biosciences, anti-LARP6 antibody was obtained from Abnova, antiactin anti-
body was from Novus Biological, and anti-MYH10 antibody was from the hy-
bridoma bank, University of Iowa.
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Western blot analysis. Protein concentrations were estimated with the Brad-
ford assay, with bovine serum albumin (BSA) as the standard. Fifty micrograms
of total cellular protein was typically used for Western blot analysis. For Western
blot analysis of secreted proteins, equal numbers of cells were seeded, and after
24 to 48 h, serum-free medium was added to the cells and incubation continued
for 3 h. The medium was collected, and an aliquot was analyzed directly by
Western blot analysis. Use of serum-free medium in collecting secreted proteins
was essential, as fetal calf serum contains substantial amounts of collagen and
fibronectin.

Immunostaining. For immunostaining, cells were grown on glass coverslips.
After treatment, the cells were fixed with 4% formaldehyde for 30 min at room
temperature and permeabilized with 0.5% Triton X-100 in phosphate-buffered
saline (PBS) for 10 min. Blocking was done with 10% goat serum-5% bovine
serum albumin in PBS for 1 h at room temperature, followed by incubation with
primary antibody overnight at 4°C. After washing, proteins were visualized with
Alexa Fluor594-, Cy-2-, or Cy5-conjugated secondary antibodies. The cells were
mounted using Prolong mounting solution containing 4’,6'-diamidino-2-phe-
nylindole (DAPI) from Invitrogen. Images were taken with the Leica TCS SP2
AOBS laser confocal microscope equipped with a Chameleon Ti-Sapphire mul-
tiphoton laser. Optical sections were processed with LCSLite software, and
single-plane confocal images are shown.

Immunoprecipitations. Cell extracts were prepared in lysis buffer (10 mM KCI,
1.5 mM MgCl,, 10 mM Tris-HCI [pH 7.5], 0.5% NP-40, and 170 w.g/ml phenyl-
methylsulfonyl fluoride). After removal of nuclei by centrifugation, the cleared
lysate was incubated with 1 wg of antibody for 1 h at 4°C. Thirty microliters of
equilibrated protein A/G-agarose plus beads (Santa Cruz Biotechnology) was
added, and incubation continued for an additional 3 h. After the beads were
washed three times with PBS, immunoprecipitated complexes were analyzed
by SDS-PAGE and Western blotting. For analysis of immunoprecipitated
RNA, total RNA was extracted from the immunoprecipitated material.

In reactions in which RNase A digestion of the precipitate was performed, 0.2
pg/il RNase A was added and incubated with protein A/G-agarose plus beads
for 15 min at room temperature, and then the samples were washed two times in
PBS before being loaded into the gel.

Determination of RNA stability. Cells were treated with actinomycin D (10
png/ml) for 6, 12, or 24 h. After the actinomycin D incubation period, the cells
were scraped, and total RNA was extracted and analyzed by RT-PCR. RNA
extracted from cells at time point 0 (immediately after the addition of actino-
mycin D) was used as the initial level of mRNA and arbitrarily set as 100%. The
results shown are from 3 independent experiments.

Fractionation of cell extracts into intermediate-filament-rich fractions. Frac-
tionation of cells into intermediate-filament-rich (detergent-insoluble) and in-
termediate-filament-poor (detergent-soluble) fractions was done as described
previously (54). Briefly, cells were homogenized in a buffer containing 1% Non-
idet P-40, 10% glycerol, 20 mM HEPES, pH 7.6, 150 mM NacCl, and protease
inhibitors (2 mM benzamidine, 0.5 mM aprotinin, and 1 mM phenylmethylsul-
fonyl fluoride). The homogenates were incubated in the same buffer at 37°C for
30 min. The soluble fraction (supernatant) and the insoluble fraction (pellet)
were collected after centrifugation at 5,200 rpm and 4°C for 30 min. The volumes
of both fractions were made the same by adding SDS sample buffer. Equal
volumes of the samples were analyzed by Western blotting. For measurement of
the distribution of collagen mRNAs into intermediate-filament-rich and inter-
mediate-filament-poor cellular fractions, total RNA was extracted after fraction-
ation and analyzed by RT-PCR.

For immunoprecipitations of collagen mRNAs from the detergent-soluble and
detergent-insoluble fractions, the soluble fraction was prepared as described
above, and the insoluble fraction was dissolved in an equal volume of buffer
containing 0.1% SDS, 10 mM Tris-HCI (pH = 6.8), 10% glycerol, and protease
inhibitors. Then, the immunoprecipitation was carried out as described for cell
extracts.

RNA fluorescent in situ hybridization (FISH). For the detection of collagen
al(I) and a2(I)) mRNA:s, five fluorescently labeled DNA oligonucleotides were
designed for each mRNA. Design of the oligonucleotide probe was done as
described previously (23). The probes were 50 nucleotides long and contained
four or five amino-modified nucleotides (amino-allyl T) coupled with Cy3 or Cy5.
For collagen a1(I) (accession number NM-000088), the sequences of the probes
(with modified Ts in boldface) and the nucleotides in the mRNA they are
complementary to (in parentheses) are as follows: GTTCTGTACGCAGGTGA
TTGGTGGGATGTCTTCGTCTTGGCCCTCGACTT (255 to 206), GCAGTT
CTTGGTCTCGTCACAGATCACGTCATCGCACAACACCTTGCCG (370
to 321), TGGAGGGAGTTTACAGGAAGCAGACAGGGCCAACGTCGAA
GCCGAATTCC (4446 to 4395), GATGATGGGCAGGCGGGAGGTCTTGG
TGGTTTTGTATTCAATCACTGTCTT (4531 to 4482), and TGGAATCCAT
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FIG. 2. Collagen a1(I) and «2(I) mRNAs cofractionate with vi-
mentin filaments. (A) Insoluble vimentin representing filaments (INS;
lane 1) and soluble vimentin (SOL; lane 2) were fractionated by de-
tergent lysis and centrifugation. The fractions (FRAC) were probed
for the presence of vimentin (VIM), tubulin (TUB), myosin IIB
(MYO), actin (ACT), fibronectin (FIB), and LARP6 proteins by West-
ern blotting. (B) Collagen mRNAs segregate with insoluble vimentin.
The fractions in panel A were analyzed by RT-PCR for collagen o1(I),
collagen «2(I), GAPDH, actin, and fibronectin mRNAs. Shown is
pulldown of collagen mRNAs with an antivimentin antibody. (C) Col-
lagen mRNAs in the insoluble fraction coimmunoprecipitate with vi-
mentin. The insoluble fraction (INS) was redissolved, and immuno-
precipitation with vimentin antibody (lane 1) or control antibody (lane
2) was performed. (Lanes 3 and 4) The same experiment using the
soluble fraction (SOL). The immunoprecipitated material was ana-
lyzed by RT-PCR for the presence of collagen al(I), collagen a2(I),
and fibronectin mRNAs.

CGGTCATGCTCTCGCCGAACCAGACATGCCTCTTGTCCTT (5030 to
4981). For collagen a2(I) (accession number NM-000089), the sequences of
the probes and the nucleotides they are complementary to are as follows:
GGACGTGGACACTTTTGAGGCTTTCAAGGGGAAACTCTGACTCGTG
TCT (120 to 70), CCGATGTCCAAAGGTGCAATATCAAGGAAGGGCAGGC
GTGATGGCTTATT (4520 to 4471), GGGCCAAGTCCAACTCCTTTTCCAT
CATACTGAGCAGCAAAGTTCCCACC (740 to 691), CATCCAGACCATT
GTGTCCCCTAATGCCTTTGAAGCCAGGAAGTCCAGGA (1030 to 981),
and AGAAGTCTCCATCGTAACCAAAGTCATAACCACCACCGCTTACA
CCTGGA (3820 to 3771).

RNA FISH and immunofluorescence (IF)-RNA FISH were done as described
previously (23). Briefly, human lung fibroblasts were grown on coverslips for
24 h, followed by fixation with 4% formaldehyde in PBS for 30 min. The cells
were rinsed in PBS-gelatin (PBSG) two times for 5 min each time, followed by
permeabilization with 0.5% Triton X-100 for 10 min at room temperature. The
cells were washed twice in PBSG and equilibrated in prehybridization buffer
(50% formamide-2X SSC[1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate])
for 10 min. For the hybridization step, coverslips were incubated with fluores-
cently labeled oligonucleotides in hybridization buffer (2X SSC, 10% dextran
sulfate, 50% formamide, 1 mg/ml BSA, 1 mg/ml sheared salmon sperm DNA, 1
mg/ml Escherichia coli RNase-free tRNA, and 10 ng/pl of oligonucleotide probe)
for 2 h at 37°C. After hybridization, the cells were washed twice in 2X SSC-50%
formamide at 37°C for 20 min, in 1X SSC-50% formamide at 37°C for 30 min,
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FIG. 3. Collagen mRNAs colocalize with vimentin intermediate filaments. (A) Visualization of collagen a1(I) mRNA (top) and collagen
a2(I) mRNA (bottom) by RNA FISH. Collagen a1(I)-specific probes (labeled with CyS5; red) and collagen a2(I)-specific probes (labeled with Cy3;
green) were hybridized to human lung fibroblasts. (B) The same experiment in HeLa cells, which do not express collagen a1(I) and o2(I) mRNAs.
(C) Colocalization of collagen a1(I) mRNA with vimentin. RNA FISH for collagen a1(I) mRNA (upper left), immunostaining of vimentin (upper
middle), and the overlaid image (upper right). Magnification (X3) of the selected area of the overlaid image is shown at the bottom left. The yellow
dots indicate colocalization. (Bottom middle) Image showing only a1/VIM colocalization. (Bottom right) The image overlaid with total signal for
al(I) mRNA (upper left) to estimate the fraction of colocalized mRNA. Bars, 1 wm. (D) Colocalization of collagen a2(I) mRNA with vimentin.
The same experiment as in panel C is shown, except collagen a2(I) mRNA was visualized.

then in 1X SSC at room temperature for 15 min, and finally in 0.5X SSC at room meabilized as described above, followed by blocking with FISH-compatible
temperature for 15 min. The coverslips were mounted with Prolong antifade blocking solution (CAS block; Invitrogen). Coverslips were then processed for
mounting medium containing DAPI (Invitrogen). immunofluorescence using antivimentin antibodies diluted in CAS block con-

For IF-RNA FISH experiments, human lung fibroblasts were fixed and per- taining 10 mM RNase inhibitor (ribonucleoside vanadyl complex [RVC]). After
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FIG. 3—Continued.

overnight incubation, the cells were washed with PBS containing 0.1% Tween 20
(PBST), and the primary antibody was fixed with 4% paraformaldehyde in PBS
for 10 min. After fixation, the cells were washed with PBST for 10 min, followed
by FISH hybridization and washing as described above. Following the last wash,
the coverslips were incubated with Cy5-labeled anti-rabbit secondary antibody
diluted in CAS block with 10 mM RVC. After washing with PBST for 30 min,
mounting was done as described above. Fluorescence images were acquired with
the DeltaVision image restoration (deconvolution) microscope system (Applied
Precision) using a 60X objective (1.42 numerical aperture [NA]; Olympus).
Digital images were acquired using a charge-coupled-device camera (Coolsnap
HQ; Photometrics), and stacks of 64 images were taken with a Z-step size of 0.2
pm using DeltaVision software and filter sets for DAPI, Cy3, and Cy5. The
three-dimensional (3D) stacks were deconvolved to quantitatively improve the

signal-to-noise ratio using the SoftWorx (Applied Precision) constrained itera-
tive deconvolution process.

Fractionation for polysomes. Polysomes were fractionated from 2 X 107 cells
on linear 15 to 45% sucrose gradients as described previously (9, 10). In some
experiments, puromycin at 100 pM was used to disrupt polysomes. Fractions (0.5
ml) were collected, and RNA was extracted with phenol-chloroform and precip-
itated with isopropanol. For analysis of the distribution of vimentin and non-
muscle myosin, total protein from the fractions was precipitated with 0.05%
deoxycholate and 6.5% trichloroacetic acid, washed with acetone, and analyzed
by Western blotting.

Statistical analysis. Densitometric analysis of scanned images from gels was
performed with Image J software. The results were analyzed for statistical
significance using Student’s ¢ test. P values of <0.05 were considered to be
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significant. Data are presented as means and standard errors of the mean
(SEM).

RESULTS

Vimentin specifically interacts with collagen mRNAs in a 5’
stem-loop-dependent manner. In a previous study, we ob-
served that vimentin copurified with the 5'SL of collagen
mRNA in an RNA affinity purification method (10). There-
fore, we investigated if collagen mRNAs associate with vimen-
tin filaments in vivo using an RNA immunoprecipitation assay
and cellular extracts prepared by hypotonic and detergent lysis.
Vimentin is present mostly in the insoluble cellular fraction
(see below), but the combination of hypotonic and detergent
lysis resulted in the presence of significant amounts of vimentin
in the soluble extract (Fig. 1D). This allowed us to do the
immunoprecipitation with antivimentin antibody and to ana-
lyze collagen mRNAs in the precipitate by RT-PCR (Fig. 1).
The immunoprecipitation with an antivimentin antibody in
human lung fibroblasts pulled down both collagen mRNAs,
al(I) and a2(I), but not fibronectin mRNA (Fig. 1A, lane 1).
Neither collagen nor fibronectin mRNA was pulled down using
a control antibody (Fig. 1A, lane 2), indicating the specific
association of collagen mRNAs with vimentin. To confirm this
result in another collagen-producing cell, we repeated the ex-
periment in primary scleroderma skin fibroblasts. Again, col-
lagen a1(I) and a2(I) mRNAs were pulled down with vimen-
tin, suggesting that this interaction could be a general feature
of collagen-producing cells (Fig. 1A, lanes 3 and 4).

Since vimentin was initially discovered in a complex copuri-
fying with the 5'SL of collagen mRNAs, we determined if the
interaction between vimentin and collagen mRNAs depends
on the 5'SL. To this end, we utilized MEFs derived from
knock-in mice in which the 5'SL of collagen a1(I) mRNA was
mutated (denoted here 5'SL™/~ MEFs) (36). Immunoprecipi-
tation with antivimentin antibody using extracts from wild-type
(5'SL™*") MEFs pulled down collagen «1(I) and «2(I)
mRNAs (Fig. 1B, lane 1). However, only trace amounts of
collagen mRNAs were pulled down in 5’SL~'~ MEFs (Fig. 1B,
lane 2). Fibronectin mRNAs were not precipitated in either
cell type. Total steady-state levels of collagen and fibronectin
mRNAs from the wild-type and mutant cells are shown in Fig.
1C. The difference in total mRNA levels between 5’SL™/" and
5'SL™/~ MEFs was 2-fold, and this difference cannot account
for the dramatic difference in the pulldown of collagen
mRNAs (Fig. 1B). In these experiments, collagen a2(I) mRNA
contained the wt 5'SL, while only the 5'SL of collagen o1(I)
was mutated. Still, collagen a2(I) mRNA failed to interact with
vimentin. This suggests that binding of collagen a2(I) mRNAs
to vimentin is coupled to the 5'SL-dependent binding of col-
lagen a1(I) mRNA to vimentin.

Collagen mRNAs are enriched in cellular fractions contain-
ing vimentin filaments. Vimentin exists in the cell in two
forms: as soluble tetramers and insoluble filaments (43). Eighty
percent of the cellular vimentin is in the form of filaments, and
20% is soluble. In the filamentous form, vimentin is one of the
most insoluble proteins, precipitating in buffers of high ionic
strength and with high concentrations of nonionic detergents
(6, 7). Precipitation in these buffers can separate filaments
from the soluble form. To assess which form of vimentin binds
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FIG. 4. LARP6-dependent association of collagen mRNAs with
vimentin. (A) Knockdown of LARP6. Control siRNA (lane 1) and
LARP6-specific siRNA (lane 2) were expressed in human lung fibro-
blasts, and the level of LARP6 was determined by Western blotting.
Fibronectin was analyzed as a loading control. (B) LARP6 knockdown
reduces the association of collagen mRNAs with vimentin. IP with an
antivimentin antibody was performed in cells expressing control
siRNA (lane 1) or LARP6-specific siRNA (lane 2). Collagen a1(I),
collagen o2(I), and fibronectin were analyzed in the immunoprecipi-
tate by RT-PCR. (C) Analysis of the input levels of mRNAs. Total
mRNA before the IP was analyzed for expression of collagen o1(I),
collagen «2(I), and fibronectin mRNAs by RT-PCR.

collagen mRNAs, we fractionated the cell extract into vimentin
filament-rich and vimentin filament-poor fractions using high-
salt and nonionic-detergent lysis. This method had been estab-
lished previously for separating intermediate filaments from
other soluble cellular components (53, 54). The fractions
were analyzed for the presence of vimentin, tubulin, non-
muscle myosin, actin, fibronectin, and LARP6 by Western
blotting (Fig. 2). Most of the vimentin was found in the
insoluble fraction (Fig. 2A, lane 1) whereas tubulin, actin,
nonmuscle myosin, and fibronectin were all exclusively
found in the soluble fraction (Fig. 2A, lane 2). A significant
amount of LARP6 was found in the insoluble fraction. The
soluble and insoluble fractions were then analyzed for the
relative abundance of collagen al(I) and a2(I) mRNAs by
RT-PCR. Actin, GAPDH, and fibronectin mRNAs were
analyzed as controls. Figure 2B shows that collagen a1(I)
and a2(I) mRNAs were predominantly located in the insol-
uble fraction (lane 1), whereas actin, GAPDH, and fi-
bronectin mRNAs were enriched in the soluble fraction
(lane 2). Preferential localization of collagen mRNAs in the
detergent-insoluble fraction containing vimentin filaments
suggests that the filamentous vimentin is the main form
involved in the interaction with collagen mRNAs.

In order to further verify the association of the filamentous
form of vimentin with collagen mRNAs, we performed experi-
ments with RNA immunoprecipitation from the detergent-solu-
ble and detergent-insoluble fractions. With this goal, we redis-
solved the insoluble fraction in buffer containing 0.1% SDS. The
immunoprecipitation with antivimentin antibody from the deter-
gent-insoluble fraction of human lung fibroblasts pulled down
collagen al(I) and «2(I) mRNAs, but not fibronectin mRNA
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FIG. 5. Interaction of LARP6 with vimentin. (A) Pulldown of endogenous LARP6 with anti-vimentin antibody. Shown is immunoprecipitation
from lung fibroblasts with antivimentin antibody (lanes 1 and 3) or control antibody (lanes 2 and 4). Immunoprecipitates were left untreated (lanes
1 and 2) or treated with RNase A (lanes 3 and 4) prior to washing and Western blot analysis with anti-LARP6 antibody and antifibronectin
(FIBRO) antibody. (Bottom) Input levels of vimentin. (B) Reverse experiment using HA-tagged LARP6. HA-tagged LARP6 (lanes 1 and 3) or
control HA-tagged protein (lanes 2 and 4) was expressed in HEK293 cells, and IP was performed with anti-HA antibody without (lanes 1 and 2)
or with (lanes 3 and 4) RNase A digestion. The immunoprecipitate was analyzed by Western blotting using antivimentin antibody. (Bottom) Input
levels of transfected proteins and endogenous vimentin. (C) Colocalization of LARP6 with vimentin in lung fibroblasts. Immunostaining for
vimentin (green; upper left) and endogenous LARP6 (red; upper right) and the merged image (lower left). The areas of colocalization are yellow.

(Lower right) Higher magnification of the same image.

(Fig. 2C, lane 1). Neither collagen nor fibronectin mRNA was
pulled down using a control antibody (Fig. 2C, lane 2). However,
immunoprecipitation from the detergent-soluble fraction pulled
down only trace amounts of collagen al(I) and o2(I) mRNAs
(Fig. 2C, lane 3). This suggests that collagen al(I) and o2(I)
mRNAs found in the insoluble fraction (Fig. 2B) are associated
with vimentin filaments.

Visualization of the interaction between vimentin filaments
and collagen a1(I) and «2(I) mRNAs. To directly show the
association of collagen mRNAs with vimentin filaments in vivo,
we utilized RNA FISH. This method can detect single mRNA
molecules in the cytoplasm (4, 19, 24, 31, 59). To visualize colla-
gen mRNAs, we designed multiple short 50-mer oligonucleotide
probes that specifically hybridize with their target mRNAs. Each
probe was labeled with multiple fluorophores to increase the
signal-to-noise ratio for detection of individual mRNAs: collagen
al(I) probes were labeled with Cy3 and o2(I) probes with Cy5.
RNA FISH experiments using oligonucleotide probes specific for
collagen a1(I) mRNA detected multiple spots distributed both in
the nucleus and in the cytoplasm of human lung fibroblasts
(Fig. 3A, top). The probes spanned the exons of collagen
mRNAs, and the signals in the nucleus may be from un-
spliced mRNA. The cytoplasmic signals appear more con-
centrated around the perinuclear region, but they can be
seen throughout the cytoplasm. At the bottom of Fig. 3A is

shown RNA FISH using oligonucleotide probes specific for
collagen «2(I) mRNA with a different cell than that shown
at the top. The distribution of RNA FISH signals was similar
to what was seen for collagen a1(I) mRNA. To verify that
our probes specifically detected collagen mRNAs, we
stained HeLa cells, which do not express type I collagen. In
HeLa cells, neither set of probes showed signal (Fig. 3B),
indicating that they specifically detected collagen a1(I) and
a2(I) mRNAs.

Next, we determined if collagen mRNAs colocalize with vimen-
tin filaments by coupling RNA FISH with immunostaining for
vimentin protein (IF-RNA FISH). In these experiments, we la-
beled collagen «2(I) mRNA with Cy5 oligonucleotide probes to
avoid any bleedover of the vimentin immunostaining in the Cy2
channels. Figure 3C, upper right, shows that a significant propor-
tion of collagen al(I) mRNAs appear to be colocalized with
vimentin filaments. The areas of colocalization (yellow) are seen
both around the nucleus and throughout the cytoplasm (high-
magnification image, lower left). By overlaying the yellow signal
of vimentin-associated a1(I) mRNA (Fig. 3C, bottom middle)
with the total signal for «1(I) mRNA (red; Fig. 3C, top left), we
estimated that about 30% of collagen «1(I) mRNAs are located
at or in close proximity to vimentin intermediate filaments (Fig.
3C, bottom right). Similar results were obtained by analyzing
multiple cells.
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FIG. 6. LARPS interacts with vimentin through the La domain. (A) Schematic representation of the constructs used. FS, full-length LARP6.
The domains of LARP6 are indicated, with amino acid numbering above. A to I, different deletion mutants of LARP6. All proteins had an HA
tag at the N terminus (N-TER). C-TER, C terminus. (B) Interaction of FS LARP6 and deletion mutants with vimentin. (Top) FS LARP6 (lane
1) and the deletion mutants (lanes 2 to 8) were expressed in HEK293 cells. IP was done with antivimentin antibody and Western blotting with
anti-HA antibody. (Bottom) Expression of the proteins in the input material. (C) Interaction of the extended La domain with vimentin. A construct
containing the intact La domain with additional amino acids at the N terminus (H; lane 3) was analyzed for interaction with vimentin by IP. Lane
1, FS LARP6 as a positive control; lane 2, mutant G as a negative control. (Bottom) Expression of the proteins in the input material.
(D) Interaction of the La domain only with vimentin. (Lane 1) Construct I, containing only the La domain, was analyzed for IP with vimentin.
(Lane 2) Construct C as a negative control. (Bottom) Expression of the proteins in the input material.

Colocalization of a2(I) mRNA and vimentin is shown in Fig.
3D. Collagen a2(I) mRNA was also colocalized with vimentin
filaments; it appears that a larger fraction of this mRNA is
found associated with filaments than was seen for a1(I) mRNA

(Fig. 3D, top right). The areas of colocalization were distrib-
uted throughout the cytoplasm, and some areas clearly show a
beads-on-a-string appearance, indicating the association with
filaments (Fig. 3D, bottom left, higher-magnification image).
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FIG. 7. Decreased collagen synthesis in vimentin knockout cells. (A) Expression of type I collagen in embryonic fibroblasts from wt (Vim™/*)
and vimentin knockout (Vim /") mice. (Top) Representative Western blot of cellular (CELL; lanes 1 and 2) and secreted (SEC; lanes 3 and 4)
levels of collagen (I) a1 and a2 polypeptides of Vim™'* cells (lanes 1 and 3) and Vim™'~ cells (lanes 2 and 4). Loading control, fibronectin.
(Bottom) Quantitation of expression from three independent experiments. The expression of collagen polypeptides was normalized to the
expression of fibronectin and arbitrarily set as 1 for Vim™* cells. The error bars represent SEM, and statistical significance is indicated.
(B) Reduced steady-state levels of collagen a1(I) and «2(I) mRNAs in Vim /" cells. (Top) Representative RT-PCR analysis of collagen a1(),
collagen a2(I), and GAPDH mRNA levels in Vim™'* (lane 1) and Vim /" (lane 2) mouse embryonic fibroblasts. (Bottom) Quantification of
mRNA levels in three independent experiments. The expression of collagen mRNAs was normalized to the expression of GAPDH mRNA and
arbitrarily set as 1 for Vim™/* cells. The error bars represent SEM, and statistical significance is indicated. (C) Decay rates of collagen «1(I) and
a2(I) mRNAs in Vim™* and Vim /" cells. Transcription was blocked by actinomycin D (ACT-D) in Vim*/* and Vim /" cells, and collagen
al(I) and o2(I) mRNA levels were measured at O h, 6 h, 12 h, and 24 h after the block by RT-PCR. GAPDH mRNA was measured as a loading
control. The expression of collagen mRNAs was normalized to the expression of GAPDH mRNA and set as 1 for Vim*/* cells. The values for
al(I) mRNA (left) and o2(I) mRNA (right) were plotted for each time point, and error bars representing SEM are shown. (D) Segregation of
collagen mRNAs with insoluble vimentin. (Top) Vimentin wt fibroblasts (Vim*/*; lanes 1 and 2) and vimentin knockout fibroblasts (Vim ~’~; lanes
3 and 4) were fractionated into soluble (lanes 1 and 3) and insoluble (lanes 2 and 4) fractions. The fractions were analyzed for the presence of
collagen al(I), collagen «2(I), and actin mRNAs by RT-PCR. (Bottom) Percentages of collagen mRNAs found in the insoluble fractions of
Vim*/" and Vim '~ cells, as estimated by three independent experiments. Statistical significance and error bars representing SEM are shown.
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The proportion of a2(I) mRNAs colocalized with vimentin
filaments was estimated to be about 50% (Fig. 3D, bottom
right). Thus, the IF-RNA FISH results provided direct evi-
dence for the in vivo interaction between collagen a1(I) and
a2(I) mRNAs and vimentin filaments.

Association of vimentin with collagen mRNAs is LARP6
dependent. The experiments described above could not distin-
guish whether the interaction between collagen mRNAs and
vimentin is direct or mediated by protein-protein interactions.
LARP6 is the protein that directly binds the 5'SL (9), and since
collagen mRNAs interact with vimentin in a 5'SL-dependent
manner, LARP6 may bridge collagen mRNAs and vimentin
filaments. To assess the role of LARP6, we knocked down
LARP6 using siRNA (9) and analyzed the association of vi-
mentin with collagen mRNAs. The siRNA was able to deplete
LARP6 to 30% of the initial level (Fig. 4A) without drastically
affecting the expression of collagen mRNAs, as assessed from
RT-PCR analysis of their mRNA input levels (Fig. 4C). When
RNA immunoprecipitation was done with anti-vimentin anti-
body in LARP6-depleted cells, it pulled down less collagen
al(I) and o2(I) mRNAs than was pulled down from cells with
control siRNA (Fig. 4B). Considering that not all LARP6
could be depleted (Fig. 4A), this suggested that the interaction
of collagen mRNAs with vimentin filaments is LARP6 depen-
dent.

LARP6 binds vimentin. To determine if there is a protein-
protein interaction between vimentin and LARP6, we per-
formed immunoprecipitation experiments. The antivimentin
antibody pulled down endogenous LARP6 (Fig. 5A, lane 1),
while control antibody had no effect (lane 2). The control
protein, fibronectin, was not pulled down, suggesting that this
interaction is specific for LARP6. We also assessed if the
interaction between vimentin and LARP6 is dependent on
intact RNA. Treatment with RNase did not release LARP6
from the immunoprecipitate, suggesting that intact RNA is not
needed for the interaction between vimentin and LARP6 (Fig.
5A, lane 3).

To further investigate the interaction between LARP6 and
vimentin, we overexpressed HA-tagged LARP6 in HEK293
cells and performed immunoprecipitation with anti-HA anti-
body. Anti-HA antibody pulled down vimentin in LARP6-
transfected cells, but not in the cells transfected with the HA-
tagged control protein RBMS3 (21) (Fig. 5B, lanes 1 and 2).
Treatment with RNase had no effect on the pulldown (Fig. 5B,
lane 3).

To determine if there is cellular colocalization of vimentin

ROLE OF VIMENTIN IN TYPE I COLLAGEN EXPRESSION 3783

and LARP6, we performed double immunostaining using anti-
LARP6 and antivimentin antibodies. As previously reported
(9), LARP6 exhibited nuclear and cytoplasmic localization
(Fig. 5C, upper left), whereas vimentin staining was restricted
to the cytoplasm (Fig. 5C, lower left). The merged image of
these two channels showed a significant degree of colocal-
ization of LARP6 and vimentin filaments (Fig. 5C, right).
This is consistent with the result of cofractionation of
LARP6 into the insoluble cellular material containing vi-
mentin filaments (Fig. 2A).

The La domain of LARPG is required for its interaction with
vimentin. LARP6 has four domains: the N-terminal domain,
the La homology domain (55), an RNA recognition motif
(RRM), and the C-terminal domain. The La domain and
RRM are needed for binding the 5’'SL (9), while the C-termi-
nal domain is required for binding to nonmuscle myosin (10).
To determine which domain of LARP6 is involved in the
interaction with vimentin, we constructed a series of deletion
mutants of LARP6 and evaluated their interactions with vi-
mentin in pulldown assays. A schematic representation of full-
size¢ LARP6 and LARP6 mutants is shown in Fig. 6A. The
constructs were tagged with an HA affinity tag and transfected
into HEK293 cells. Western blots showed similar expression
levels of all LARP6 mutants, except mutant E, which was
expressed at a lower level. The input levels of vimentin were
also comparable (Fig. 6B, bottom).

When immunoprecipitation was performed with an anti-
vimentin antibody (Fig. 6B, top), the wild-type LARP6 (FS)
was pulled down efficiently. Similar coimmunoprecipitation of
mutants A and B, which lack the C-terminal domain and the
RRM, respectively, suggested that these domains are not
needed for interaction with vimentin. The N-terminal deletion
mutants (MUT), D and F, also coimmunuprecipitated with
vimentin, suggesting that the N terminus is also dispensable
for the interaction. Mutant E, which lacks both the N-terminal
and the C-terminal domains, showed a similar interaction, al-
though the amount pulled down was less, which is expected
given its low expression relative to the other mutants. How-
ever, mutant C (containing only the C-terminal domain) and
mutant G (containing only the RRM domain) failed to interact
with vimentin. Therefore, it appears that all the mutants that
contained the La domain of LARP6 (A, B, D, E,F, H, and I)
interacted with vimentin, while the mutants lacking the La
domain (C and G) failed to do so. This suggests that the La
domain of LARPS6 is required for interaction with vimentin.
Finally, we expressed the La domain only (Fig. 6A, construct I)

FIG. 8. Disruption of vimentin filaments by IDPN reduces collagen synthesis. (A) Collapse of vimentin filaments after IDPN treatment.
Untreated human lung fibroblasts (HLF) (Control) and HLF treated with 1% IDPN were immunostained with antivimentin antibody. Bars, 1 pm.
(B) IDPN reduces collagen protein. (Top) Cellular (lanes 1 and 2) and secreted (lanes 3 and 4) levels of collagen a1(I) and a2(I) polypeptides
from control cells (lanes 1 and 3) or IDPN-treated cells (lanes 2 and 4) were analyzed by Western blotting. Loading control, fibronectin. (Bottom)
Collagen expression was normalized to fibronectin expression and plotted from three independent experiments. The statistical significance and
error bars representing SEM are shown. (C) IDPN decreases the steady-state levels of collagen mRNAs. (Top) Collagen mRNAs from control cells
and cells treated with IDPN for the indicated times were analyzed by RT-PCR. Loading control, GAPDH. (Bottom) The expression of collagen
mRNAs was normalized to the expression of GAPDH mRNA and plotted from three independent experiments. The error bars represent SEM.
(D) Decay of collagen a1(I) mRNA (left) and collagen «2(I) mRNA (right) in control and IDPN-treated HLF. Transcription was blocked with
actinomycin D, and the levels of collagen mRNAs were estimated by RT-PCR at the indicated times. The expression at time zero was set as 1.
The error bars represent SEM estimated from three independent experiments. (E) IDPN affects collagen expression only in vimentin-expressing
cells. Cellular and secreted levels of collagen a1(I) polypeptide were measured in VIM /" fibroblasts (lanes 1 to 4) and in VIM /" fibroblasts
(lanes 5 to 8) by Western blotting. The cells were treated with IDPN or left untreated, as indicated. Loading control, fibronectin.
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and performed the immunoprecipitation. The La domain was
efficiently pulled down with vimentin (Fig. 6D, lane 3), verify-
ing that the La domain is necessary and sufficient for the
interaction.

Vimentin knockout fibroblasts have decreased collagen syn-
thesis. Since LARP6 is needed for high collagen expression (9)
and LARP6 and vimentin interact, we determined if collagen
expression is altered in cells lacking vimentin. To this end, we
measured collagen production from MEFs of vimentin knock-
out (Vim /~) mice and wild-type (Vim*/") mice. (Vim*/" and
Vim~/~ MEFs were kind gifts from Robert Evans, University
of Colorado Health Sciences Center.) Figure 7A shows that
the cellular and the secreted levels of collagen a1(I) polypep-
tide were decreased 60%, while the levels of a2(I) polypeptide
were decreased 70% (Fig. 7A, lanes 2 and 4, bottom). The
fibronectin levels in these two cell types were similar, suggest-
ing a specific reduction in collagen expression.

The decreased level of collagen protein in vimentin-deficient
MEFs may be due to either the decreased mRNA expression,
decreased translation, or increased protein turnover. To dis-
tinguish between these possibilities, we determined the steady-
state levels of collagen mRNAs in Vim~’~ MEFs and Vim*/*
MEFs. The steady-state levels of both collagen a1(I) and o2(I)
mRNAs were reduced in vimentin-deficient MEFs (Fig. 7B,
lane 2). The steady-state level of GAPDH mRNA was un-
changed.

Next, we tested if the reduced level was due to increased
turnover of collagen mRNA. We determined the stability of
collagen mRNAs by assessing their steady-state levels at dif-
ferent time points after transcriptional blocking by actinomycin
D. Collagen mRNAs have a half-life of 12 or more hours in
various fibroblasts; therefore, there was little decay in wild-type
MEFs. However, the decay was much faster in Vim '~ MEFS,
where the half-life was measured as 6 h. This result suggests
that vimentin is needed for stability of collagen mRNAs and
that association of vimentin filaments with collagen mRNAs
may serve this purpose.

Vimentin is the only cytoplasmic intermediate-filament sys-
tem in fibroblasts (17). Since the insoluble fraction of human
lung fibroblasts is enriched in collagen mRNAs (Fig. 2), the
insoluble fraction from Vim /" cells should not contain the
majority of collagen mRNAs. We prepared detergent-insolu-
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ble fractions from Vim*/* MEFs and Vim~/~ MEFs and es-
timated the abundance of collagen a1(I) and «2(I) mRNAs in
these fractions. In vimentin-deficient MEFs, more collagen
mRNAs were found in the soluble fraction (Fig. 7D, lanes 3
and 4); in wild-type MEFs, the opposite was found (Fig. 7D,
lanes 1 and 2). The total level of collagen mRNAs was lower in
Vim ™/~ MEFS, as shown in Fig. 7B. The distribution of actin
mRNA into insoluble and soluble fractions was identical in the
Vim™* and Vim /'~ cells (Fig. 7D, bottom). This finding fur-
ther corroborates the specific association of vimentin with col-
lagen a1(I) and a2(I) mRNAs.

Disruption of vimentin filaments decreases expression of
type I collagen. Since the absence of vimentin in fibroblasts
resulted in destabilization of collagen mRNAs, we wanted to
know if similar effects can be achieved by disrupting vimentin
filaments. IDPN is a drug that specifically disrupts vimentin
intermediate filaments (22). When human lung fibroblasts
were treated with IDPN, complete collapse of the vimentin
network was observed 24 h after the treatment (Fig. 8A).
Treatment with IDPN also reduced the cellular and secreted
levels of collagen a1(I) and a2(I) polypeptides. Here, the effect
was more pronounced on al(I) polypeptides than a2(I) poly-
peptides, while there was no effect on the control protein,
fibronectin (Fig. 8B). Treatment with IDPN significantly de-
creased the steady-state levels of collagen al(I) and «2(I)
mRNAs, reaching the maximal effect after 12 h (Fig. 8C).

In order to determine if this effect is due to faster decay of
collagen mRNAs, we measured the stability of collagen
mRNAs after 12 h of IDPN treatment. Figure 8D shows that
collagen a1(I) and a2(I) mRNAs decayed with half-lives of 5 h
and 8 h in cells treated with IDPN compared to 18 h and 24 h
in untreated cells. These half-lives are similar to those ob-
tained in vimentin knockout MEFs (Fig. 7).

The drawback of using drugs to perturb any cellular function
is their pleiotropic effect. Therefore, it is possible that IDPN
may have had nonspecific effects in our experiments. To verify
that the effect of IDPN on collagen production is due to dis-
ruption of vimentin filaments, we treated Vim** MEFs and
Vim ™/~ MEFs with IDPN. If the effect of IDPN is vimentin
specific, then only Vim™'* MEFs should show reduced colla-
gen expression, while there should be no effect on Vim ™/~
MEFs. Treatment of Vim™*/* MEFs with IDPN reduced both

FIG. 9. Disruption of vimentin filaments by a dominant-negative mutant of desmin reduces collagen synthesis. (A) A dominant-negative mutant
of desmin (DN-DES) disrupts vimentin filaments. HLF were transduced with control adenovirus (right) or adenovirus expressing DN-DES (left),
and the cells were immunostained with antivimentin antibody. The lower images show higher magnification. (B) DN-DES cofractionates with
insoluble vimentin. The cells in panel A were fractionated into vimentin-soluble and -insoluble fractions and analyzed by Western blotting using
antivimentin, antitubulin, and anti-FLAG antibodies, which recognize DN-DES. (C) (Top) Collagen al1(I) and a2(I) polypeptides from HLF
transduced with control (lanes 2 and 4) or DN-DES (lanes 1 and 3) adenovirus were analyzed by Western blotting. Loading control, fibronectin.
(Bottom) Collagen expression was normalized to fibronectin expression and is shown for three independent experiments. The expression in control
cells was set as 1, and statistical significance and error bars representing SEM are shown. (D) DN-DES decreases the steady-state levels of collagen
mRNAs. (Top) The cells in panel C were analyzed for expression of collagen a1(I), collagen a2(I), and GAPDH mRNAs by RT-PCR. (Bottom)
The expression of collagen mRNAs was normalized to the expression of GAPDH and plotted for three independent experiments. The expression
in control cells was set as 1, and the statistical significance and error bars representing SEM are shown. (E) The levels of collagen a1(I) mRNA
(left) and collagen o2(I) mRNA (right) were estimated in control and DN-DES-expressing cells after transcriptional blocking with actinomycin D
for the indicated times. The expression at time zero was set as 1. The error bars represent SEM estimated from three independent experiments.
(F) DN-DES decreases collagen expression in scleroderma fibroblasts. Cellular (lanes 1 and 2) and secreted (lanes 3 and 4) levels of collagen
polypeptides of cells expressing DN-DES (lanes 1 and 3) or control protein (lanes 2 and 4) were analyzed by Western blotting. Fibronectin is shown
as a loading control. (G) Reduced collagen mRNA levels in scleroderma fibroblasts expressing DN-DES. Total RNA from cells expressing
DN-DES (lane 1) or control protein (lane 2) were analyzed by RT-PCR for collagen a1(I), collagen a2(I), and GAPDH mRNAs.
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cellular and secreted amounts of collagen protein (Fig. 8E,
lanes 1 to 4), but the level in Vim~’~ MEFs was unchanged
(Fig. 8E, lanes 5 to 8). Since IDPN had no effect in the absence
of vimentin, we concluded that its effect on collagen expression
was specifically due to the disruption of vimentin filaments.

The dominant-negative form of desmin reduces collagen
synthesis. We also used an alternative approach to disrupt
vimentin filaments by overexpressing a dominant-negative
form of desmin. Desmin is closely related to vimentin and
forms filaments, but it is not expressed in fibroblasts (17).
Desmin monomers truncated at amino acid 263 act as a dom-
inant-negative protein that interferes with the organization of
desmin, as well as vimentin intermediate filaments (39, 42, 58).
Therefore, we constructed a recombinant adenovirus express-
ing this dominant-negative form of desmin. Transduction of
human fibroblasts with this adenovirus disrupted vimentin fil-
aments, as assessed by immunostaining (Fig. 9A). We observed
granular aggregates of vimentin (Fig. 9A, left) instead of the
normal filamentous distribution of the vimentin network (Fig.
9A, right). To verify that the truncated desmin was integrated
into the collapsed vimentin filaments, we fractionated the cell
lysates into detergent-soluble and -insoluble fractions as de-
scribed for Fig. 2. Most of the transfected desmin cofraction-
ated into the insoluble fraction, together with vimentin (Fig.
9B). Its presence in the insoluble fraction strongly suggests that
it had been incorporated into the endogenous vimentin net-
work.

We then assessed the effect of the dominant-negative
desmin on collagen expression in two collagen-producing cell
types. In human lung fibroblasts, the dominant-negative
desmin significantly decreased cellular and secreted levels of
collagen al(I) and a2(I) polypeptides compared to cells in-
fected with control virus (Fig. 9C, compare lanes 1 and 3 to
lanes 2 and 4). The level of fibronectin was not affected, sug-
gesting the specificity of the effect on collagen production.

The steady-state levels of both collagen mRNAs, o1(I) and
a2(I), were dramatically reduced in lung fibroblasts expressing
the dominant-negative desmin (Fig. 9D). In order to deter-
mine if this is due to a faster decay of collagen mRNAs, we
measured the stability of collagen a1(I) and a2(I) mRNAs in
cells expressing dominant-negative desmin. Figure 9E shows
that collagen a1(I) and a2(I) mRNAs decayed with half-lives
of 5 h and 9 h, respectively, compared to 18 h and 24 h in
control cells. This result is similar to the result obtained with
vimentin knockout MEFs (Fig. 7) and IDPN-treated cells
(Fig. 8).

We also tested the effect of dominant-negative desmin in
scleroderma skin fibroblasts. Markedly reduced cellular and
secreted levels of collagen a1(I) and «2(I) polypeptides were
found (Fig. 9F, compare lanes 2 and 4 with lanes 1 and 3).
Cellular and secreted levels of fibronectin were again unaf-
fected. Decreased collagen protein production was correlated
with the decreased levels of collagen mRNAs (Fig. 9G).

Taken together, these results strongly indicate that the in-
tegrity of vimentin filaments is necessary for the stability of
collagen a1(I) and a2(I) mRNAs.

Vimentin filaments stabilize collagen mRNAs that are not
actively engaged in translation. Our results suggest that vimen-
tin filaments regulate the stability of collagen mRNAs but do
not indicate if these mRNAs are translated. When we fraction-
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FIG. 10. Vimentin associates with untranslated collagen mRNAs.
(A) Absence of rRNA in the insoluble fraction containing filamentous
vimentin. Soluble (lane 2) and insoluble (lane 1) fractions were prepared,
and total RNA was extracted and analyzed by agarose gel electrophoresis
and ethidium bromide staining. (B) Dissociation of polysomes increases
the association of collagen mRNAs with vimentin. Shown is immunopre-
cipitation with antivimentin antibody (lanes 1, 2, and 4) or no antibody
(lane 3) from human lung fibroblasts treated with cycloheximide (CHX)
(lane 1) or puromycin (PUR) (lane 2) or from untreated cells (—) (lanes
3 and 4). The immunoprecipitated material was analyzed for collagen
al(I), collagen o2(I), and fibronectin mRNAs by RT-PCR. (C) Cyclo-
heximide and puromycin do not change the total levels of collagen
mRNAs. Shown is RT-PCR analysis of collagen a1(I), collagen o2(T), and
fibronectin mRNAs in cells treated with puromycin (lane 1) or cyclohex-
imide (lane 2) or untreated cells (lane 3).

ated polysomes on sucrose gradients (9) and analyzed the
fractions for vimentin by Western blotting, we could not detect
any vimentin in the fractions containing polysomes (not
shown). To further corroborate the absence of ribosomes on
vimentin filaments, we fractionated cells into soluble and in-
soluble fractions as described in the legend to Fig. 2 and
assessed if any rRNA could be found in the insoluble fraction,
which contains the majority of vimentin. No rRNA was found
in the insoluble fraction (Fig. 10A), suggesting there was no
association of ribosomes with vimentin filaments and that the
fraction of collagen mRNAs that associates with these fila-
ments is not translated.

If vimentin filaments preferentially bind collagen mRNAs
that are not being translated, then dissociation of polysomes
should increase their loading onto vimentin filaments. To as-
sess this, we performed immunoprecipitation with vimentin
antibody in cells treated with puromycin and cycloheximide
and analyzed for pulldown of collagen mRNAs. Twice as much
collagen mRNA was pulled down from the puromycin-treated
cells than from the cells treated with cycloheximide or from
untreated cells (Fig. 10C, compare lane 2 with lanes 1 and 4).
The total level of collagen mRNAs was unaffected by cyclo-
heximide and puromycin treatment, suggesting the redistribu-
tion of collagen mRNASs onto vimentin filaments upon disso-
ciation of polysomes. Together, the results suggest that
vimentin filaments stabilize collagen mRNAs that are not ac-
tively engaged in translation.
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DISCUSSION

Recent work from our laboratory reported that binding of
LARPS6 to the conserved 5’'SL of collagen mRNAs associates
collagen mRNAs with filaments composed of nonmuscle my-
osin and regulates translation (10). In the present study, we
show that (i) collagen mRNAs that are not translating associ-
ate with vimentin intermediate filaments, (ii) this association is
through the interaction of the La domain of LARP6 with the
filaments, (iii) the association with vimentin filaments stabilizes
collagen mRNAs, and (iv) one of the roles of vimentin in
mesenchymal cells may be to promote collagen synthesis by
increasing the level of collagen mRNAs.

There is now substantial evidence that in different cell types
mRNAs associate with the cytoskeleton (2). Of the three major
filamentous systems, the association of mRNAs with microfila-
ments and microtubules is well established. There is some
evidence that mRNAs may also associate with intermediate
filaments. Ultrastructural in situ hybridization study of the dis-
tribution of poly(A)* mRNAs showed about 15% of total
poly(A)" mRNAs are found close to or associated with vimen-
tin filaments (3). In another study, mRNAs for calcitonin gene-
related peptide in axons of neurons and interleukin 18 (IL-1B)
in monocytes were found associated with vimentin filaments (8,
13). Unlike that of microtubules and microfilaments, however,
the functional significance of association of mRNAs with in-
termediate filaments is not understood. This study gives the
first example of a functionally relevant interaction of collagen
mRNAs with vimentin intermediate filaments.

Vimentin binding to and stabilizing collagen mRNAs was
supported by evidence obtained using different approaches.
First, using RNA immunoprecipitation and cellular-fraction-
ation methods, we showed that collagen mRNAs exhibit spe-
cific interaction with vimentin filaments (Fig. 1 and 2). Second,
using immunofluorescence coupled with RNA FISH, we
showed that a significant proportion of collagen mRNAs are
colocalized with vimentin filaments (Fig. 3). Third, fibroblasts
from vimentin knockout mice have reduced collagen synthesis
due to the decreased half-life of collagen mRNAs (Fig. 7).
Fourth, disruption of vimentin filaments using either a drug or
a dominant-negative mutant of desmin resulted in faster decay
of collagen mRNAs (Fig. 8 and 9).

We also provided insight into the mechanism of the inter-
action between collagen mRNAs and vimentin filaments. The
key feature of this interaction is that it is dependent on a
cis-acting RNA element of collagen mRNAs, the 5'SL, and its
cognate RNA binding protein, LARP6. Possession of cis-acting
RNA elements governing interactions with the cytoskeleton is
an important characteristic of all mRNAs that localize with the
cytoskeleton (26). These cis-acting elements are almost always
located in the 3’ UTR. Collagen mRNAs are unique in this
respect, because their cis-acting sequence is in the 5" UTR.
That collagen mRNAs require LARP6 for binding vimentin
filaments was corroborated by multiple lines of evidence.
LARP6 coprecipitates and colocalizes with vimentin, knock-
down of LARP6 decreases the association of collagen mRNAs
with vimentin, and the interaction of LARP6 with vimentin is
5'SL dependent. Thus, this is a novel function of LARP6 in
posttranscriptional regulation of collagen expression.

The lack of association of polysomes with vimentin and the
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absence of rRNA in the insoluble fraction support the notion
that vimentin filaments preferentially bind nontranslating col-
lagen mRNAs. Collagen mRNAs that are released upon dis-
sociation of polysomes seem to be targeted to vimentin fila-
ments (Fig. 10). Thus, vimentin filaments could play a role in
storage of untranslated collagen mRNAs. We estimated that
30 to 50% of collagen mRNAs colocalize with vimentin. Based
on the polysomal profile of collagen mRNA (9, 10), about 50%
of collagen mRNAs are engaged in translation; thus, the rest of
the collagen mRNAs appear to be primarily stored on vimentin
filaments.

We mapped the domain of LARP6 that binds vimentin to
the La domain. The La domain is well conserved in all LARPs
(55), so it is possible that other LARPs also bind vimentin
filaments. This remains to be verified, but it may provide in-
sight into the functions of other LARP family members. How-
ever, no other LARP family member has a high-affinity mRNA
target.

The most relevant feature of the interaction of collagen
al(I) and «2(I) mRNAs with vimentin filaments is that this
interaction stabilizes collagen mRNAs. Although regulation of
the stability of collagen mRNAs has emerged as the predom-
inant means of high-level synthesis of type I collagen, the
mechanism of stabilization was only partially understood (16,
46, 47, 52). aCP binds the C-rich region in the 3" UTR of
collagen a1(I) mRNA and contributes to its prolonged half-life
(32, 34, 47). This study suggests that an additional mechanism
for stabilizing collagen a1(I) and «2(I) mRNAs may utilize the
5" UTR. The precise mechanism by which vimentin filaments
stabilize collagen a1(I) and «2(I) mRNAs is not yet clear. One
possibility is that vimentin filaments prevent access of the RNA
degradation machinery to collagen mRNAs.

Our finding that vimentin-deficient fibroblasts exhibited
markedly reduced collagen synthesis is consistent with the im-
paired wound healing observed in vimentin knockout mice. In
vimentin-deficient mice, wound healing is dramatically im-
paired due to defective fibroblast invasion into the wound, with
the resultant delayed wound contraction (14, 15). Based on our
results, we speculate that reduced collagen production by vi-
mentin-deficient fibroblasts may have also contributed to the
observed delayed-wound-healing phenotype. Congruent with
our hypothesis, the initial collagen deposition in the prolifer-
ative phase of wound healing is an important step for the
subsequent fibroblast invasion (44). Wound-healing experi-
ments using vimentin-deficient mice, with an emphasis on the
amount of collagen deposited, are needed to verify this hy-
pothesis.

From a therapeutic point of view, considering the central
role of the increased collagen expression in the development of
tissue fibrosis, vimentin filaments may be a target for antifi-
brotic therapy. The potential utility of targeting vimentin is
highlighted by our findings that disruption of vimentin reduced
synthesis of type I collagen.

In conclusion, we propose a model for posttranscriptional
regulation of collagen expression where LARP6-bound col-
lagen mRNAs are stored and stabilized by vimentin fila-
ments and are available for recruitment by the translational
machinery.
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