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Background: The la ribonucleoprotein domain family member 6, LARP6, regulates collagen type 1 mRNA translation.
Results: IGF-1 increases LARP6 expression, resulting in increased LARP6-collagen type 1 mRNA complex and collagen syn-
thesis in smooth muscle.
Conclusion: IGF-1 enhances collagen fibrillogenesis via induction of LARP6.
Significance: This report uncovers a critical mechanism whereby IGF-1 induces a more stable plaque phenotype in
atherosclerosis.

Collagen content in atherosclerotic plaque is a hallmark of
plaque stability. Our earlier studies showed that insulin-like
growth factor-1 (IGF-1) increases collagen content in athero-
sclerotic plaques of Apoe�/� mice. To identify mechanisms we
investigated the effect of IGF-1 on the la ribonucleoprotein
domain family member 6 (LARP6). LARP6 binds a stem-loop
motif in the 5�-UTR of the mRNAs encoding the collagen type I
�-subunits (�1(I) and �2(I)), and coordinates their translation
into the heterotrimeric collagen type I molecule. In human aor-
tic smooth muscle cells (SMCs), IGF-1 rapidly increased LARP6
expression and the rate of collagen synthesis and extracellular
accumulation. IGF-1 increased both LARP6 and collagen type I
expression via a post-transcriptional and translation-dependent
mechanism involving PI3K/Akt/p70S6k-signaling. Immuno-
precipitation of LARP6, followed by qPCR indicated that IGF-1
increased the level of COL1a1 and COL1a2 mRNA bound to
LARP6. Mutation of the 5� stem-loop of Col1a1 mRNA, which
inhibits binding of LARP6, abolished the ability of IGF-1 to
increase synthesis of collagen type I. Furthermore, overexpres-
sion of a 5� stem-loop RNA molecular decoy that sequesters
LARP6, prevented the ability of IGF-1 to increase pro-�1(I) and
mature �1(I) expression in cultured medium. IGF-1 infusion in
Apoe�/� mice increased expression of LARP6 and pro-�1(I) in
aortic lysates, and SMC-specific IGF-1-overexpression robustly
increased collagen fibrillogenesis in atherosclerotic plaque. In
conclusion, we identify LARP6 as a critical mediator by which
IGF-1 augments synthesis of collagen type I in vascular smooth

muscle, which may play an important role in promoting athero-
sclerotic plaque stability.

Collagen type I is the most abundantly expressed protein in
the human body and has crucial functions in growth, develop-
ment, and disease (1). The collagen type I subunit molecule is a
fibril-forming heterotrimeric protein composed of two �1
chains and one �2 chain, which fold into a stable and highly
ordered triple-helix. Proper assembly of these subunit mole-
cules is important for the collagen macroscopic fibril structure
and is required for its tensile strength, stability, and biological
function (2, 3). Mutations within the collagen type I genes can
result in formation of collagen species with compromised
structural integrity and are associated with various connective
tissue disorders including osteogenesis imperfecta types I-IV,
Ehlers-Danlos syndrome (type VIIA, VIIB), Caffey Disease, and
osteoporosis (1–3).

Within the 5� untranslated region (UTR)2 of the mRNA
encoding the � chains, COL1a1 and COL1a2, there is an evo-
lutionarily conserved sequence that forms a stem-loop second-
ary structure encompassing the translation start codon. This 5�
stem-loop (5�SL) motif has been shown to regulate collagen
type I mRNA expression and translation (4 – 6). Mutation of the
COL1a1 5�SL, which abolishes the stem-loop structure but
does not affect the coding region of COL1a1, resulted in
reduced collagen type I expression in vivo (7). In addition to
promoting translation, the 5�SL has also been shown to be
inhibitory of translation in vitro and in quiescent hepatic stel-
late cells in which there is an absence of protein binding to the
5�SL (4, 6). The physical constraints of the 5�SL motif dictate
accessibility to the start codon and prevent uncontrolled trans-
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lation (5, 8). Thus, the 5�SL allows for a tight regulation of ini-
tiation of collagen type I translation.

The 5�SL secondary structure is only present in the collagen
type I and III (fibril-forming) mRNAs, and the la ribonucleo-
protein domain family member 6 (LARP6) is the only protein
identified to directly bind the 5�SL (5). LARP6 is a member of
the La-related protein family of RNA-binding proteins (LARPs)
(9) and coordinates efficient translation of COL1a1 and
COL1a2 (5, 10 –13). Suppressing LARP6 expression via tar-
geted siRNA significantly reduced collagen type I synthesis and
secretion (5).

While excessive collagen production can be detrimental,
rapid up-regulation of collagen expression is critical in states
such as in response to injury, wound healing, and growth. For
instance in atherosclerosis, a deficit in collagen expression
results in plaque vulnerability and significantly increases likeli-
hood of plaque rupture (14). Therefore, collagen content in
plaque is established as a major hallmark of plaque stability
(15–18). Our previous studies in vivo have shown that IGF-1
infusion in Apoe�/� mice significantly reduced oxidative stress
and atherosclerosis, and increased plaque collagen (19, 20).
SMC-specific IGF-1 overexpression did not change atheroscle-
rotic plaque burden, but did increase collagen content in ath-
erosclerotic plaque together with other features of plaque sta-
bility (21). In the current study, we investigate the mechanisms
by which IGF-1 increases collagen type I in vascular smooth
muscle.

EXPERIMENTAL PROCEDURES

Cell Culture—Human aortic smooth muscle cells (Lonza)
were cultured in SmBM medium (Lonza) supplemented with
5% fetal calf serum (FCS), antibiotics, human recombinant epi-
dermal growth factor, insulin, and human recombinant fibro-
blast growth factor. Experiments were performed at cell pas-
sages 4 to 9 under serum-free conditions using a 1:1 mixture of
Dulbecco’s modified essential medium (DMEM) and F-12
nutrient solution (Invitrogen). Mouse embryonic fibroblasts
(MEFs) from 5� stem-loop mutant (5�SL�/�) or wild type (WT)
C57/BL6 mice were obtained as previously described (7). The
5�SL�/� MEFs contained a 21-nt mutation in the 5�-UTR of the
COL1a1 gene, which disrupted formation of the stem-loop
structure, inhibited LARP6 binding, but did not affect the cod-
ing region of the COL1a1 gene (7, 10). MEFs were cultured in
10% FCS, DMEM, and experiments were performed at passages
4 to 8. Adenoviral vectors to express constitutively active Akt1
(ad-CMV-Akt1(Myr)) and Akt2 (ad-CMV-Akt2(Myr)) were
purchased from Vector BioLabs (Philadelphia, PA) and cells
were incubated at a multiplicity of infection (MOI) of 20 for
48 h.

Animals—All animal experiments were performed accord-
ing to protocols approved by the Institutional Animal Care and
Use Committee. Apoe knock-out mice (Apoe�/�) of C57BL/6
background (Jackson Laboratory) were infused with saline or
human recombinant IGF-1 (1.5 mg/kg/day) using subcutane-
ously implanted osmotic minipumps (ALZET, Cupertino, CA).
After 5-day continuous infusion, mice were sacrificed and
whole aortas were isolated and cleaned, followed by mechanical
homogenization in RIPA cell-lysis buffer. Human and mouse

IGF-1 levels in serum at time of sacrifice were determined via
ELISA (Diagnostic Systems Laboratories, Webster, TX). SMP8-
IGF-1 transgenic mice (in an FVB background) were obtained
from Dr. James A. Fagin (University of Cincinnati, Cincinnati,
Ohio) (22). SMP8-IGF-1 transgene-positive mice (SMP8) were
identified by polymerase chain reaction (PCR) and bred to
Apoe�/� (C57BL/6 background) mice for 8 generations before
this line was used for experiments. SMP8/Apoe�/� and
Apoe�/� mice 8 weeks of age were fed a Western-type diet (42%
of total calories from fat, 0.15% cholesterol, Harlan, Indianapo-
lis, Ind) for 12 weeks to generate atherosclerosis.

Western Blot—Western blot analysis was performed as pre-
viously described (9). In brief, cells were washed with PBS and
lysed in RIPA buffer, containing 150 mM NaCl, 20 mM Tris-HCl,
pH 7.2, 1 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 0.1
mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovana-
date, 0.1 M okadaic acid, 0.1 �M aprotinin, 10 �g/ml leupeptin,
and 10 mM NaF. Lysates were quantified via bicinchoninic acid
(BCA) protein assay (Thermo-Scientific) and subjected to 10%
SDS-PAGE, after addition of loading buffer containing �-mer-
captoethanol. �-Mercaptoethanol was not included in sample
buffer for non-reducing Western blot. Polyclonal antibodies
were used for detection of collagen type I (Rockland, 1:1000),
LARP6 (Abnova, 1:500), lamin A (Abcam, 1:700), phospho-
Thr308-Akt (Cell Signaling Technology, 1:1000), Collagen I �1
C-telopeptide (Rockland, 1:1000), GFP (abcam, 1:4000), and
�-tubulin (abcam,1:500) as control for equal loading. Immuno-
positive bands were visualized by enhanced chemilumines-
cence (ECL, Amersham Biosciences), and images were cap-
tured using a Bio-Rad GelDoc imager.

Real-time Reverse Transcriptase-Polymerase Chain Reaction—
Total RNA extraction and quantitative PCR were performed as
previously described (23). Briefly, total RNA was isolated using
the TriPure Isolation Reagent (Roche) followed by purification
with the RNeasy mini-kit (Qiagen). cDNA was synthesized
using the First Strand cDNA Synthesis kit (SA Biosciences) and
amplified using 40-cycle 2-step PCR with sequence-specific
primer pairs (SA Biosciences) in the iCycler IQ Real-Time
Detection System (Bio-Rad). Relative COL1a1 and COL1a2
mRNA expression were determined via normalizing to �-actin
mRNA expression, and LARP6 mRNA expression was normal-
ized to �-tubulin mRNA expression.

Collagen Synthesis and Extracellular Accumulation—Syn-
thesis and extracellular accumulation of intact collagen was
measured using the method described by Zhang et al. (24), with
slight modifications. Cells were grown to �80% confluency,
washed twice with serum-free medium, and incubated for 0 –30
h in serum-free medium containing 2 mCi/ml L-[2,3,4,5-3H
(N)]proline (Perkin Elmer). At designated time intervals after
treatment with 100 ng/ml IGF-1, the cultured medium was
removed and the cells were washed twice with ice-cold PBS.
The separated cells and cultured medium were then digested
with 1 mg/ml pepsin (in 0.1 M acetic acid) overnight at 4 °C with
gentle rocking. Following pepsin-digestion, the remaining tri-
ple-helical core of intact collagen was precipitated in 30% tri-
chloroacetic acid (TCA). Samples were then centrifuged and
the pellet was resuspended and precipitated in 10% TCA, two
times. Precipitant was then resuspended in 500 �l of 0.5 M
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NaOH, 0.1% Triton X-100, and radioactivity (CPM) was mea-
sured using Packard Tri-Carb Liquid Scintillation Counter
(1600 CA).

Chemical Inhibitors—The following chemical inhibitors
were dissolved in DMSO and added to culture medium 1 h
prior to treatment with IGF-1: actinomycin D (1 �g/ml), cyclo-
heximide (1 �g/ml), LY29004 (50 �M), Akt VIII (250 nM), rapa-
mycin (100 nM), PF4708671 (160 nM), or 0.1% DMSO (vehicle).

LARP6 siRNA—siRNA targeting exon 1 of LARP6 (Sigma-
Aldrich) were custom designed using the D2 siRNA sequence
(5�-UCCAACUCGUCCACGUCCU-3�), previously shown to
knock down LARP6 protein expression (5). scrRNA (5�-
GGAGGGCUUCGAGUUAGGA-3�) was used as control.
siRNA or scrRNA were transfected into HASMCs via electro-
poration followed by overnight incubation in 5% serum-con-
taining SmBM (Lonza) culture medium. Cells were then placed
in serum-free medium for an additional 48 h before treatment
with IGF-1, and efficacy of the siRNA to knockdown LARP6
was assessed by Western blot.

Immunoprecipation of Ribonucleoprotein Complex—Mes-
senger RNA-protein complexes have been immunoprecipi-
tated as described (25–27). Briefly, mRNA-protein complexes
were extracted from the cells using polysome lysis buffer (100
mM KCl, 5 mM MgCl2, 10 mM HEPES pH 7.0, 0.5% IGEPAL
CA-630 (Sigma-Aldrich), 1 mM dithiothreitol, 100 units/ml
RNase OUT (Invitrogen), and 0.2% Ribonucleoside Vanadyl
Complex, protease inhibitor mixture (Halt Protease Inhibitor
Cocktails, Thermo Scientific). Protein contents in the extract
were determined using RC DC Protein Assay kit (Bio-Rad), and
the equal amount of protein for each sample was subjected to an
immunoprecipitation. Immunoprecipitation reaction was
achieved by mixing the extract with anti-LARP6 antibody
(Abnova) in 50 mM Tris pH 7.4, 150 mM NaCl, 1 mM MgCl2,
0.05% IGEPAL CA-630, 15 mM EDTA, 1 mM dithiothreitol, 100
units/ml RNase OUT (Invitrogen), and 0.2% Ribonucleoside
Vanadyl Complex containing protease inhibitor mixture for
18 h at 4 °C. The antibody-LARP6-mRNA complexes were iso-
lated via �MACS Protein G magnetic beads/columns kit
(Miltenyi Biotec Inc.) according to the manufacturer’s protocol.
The collected immunoprecipitants were extracted for RNAs
using Tripure reagent (Roche) and further purified using
RNeasy kit (Qiagen). COL1a1 and COL1a2 mRNA levels were
determined as described above by quantitative realtime-PCR.
Mouse non-immune IgG was used in place of the anti-LARP6
antibody in the immunoprecipitation procedure to confirm
specific precipitation of LARP6-mRNA complexes.

5� Stem-loop Molecular Decoy for LARP6—p74WT and
p74MUT decoys were designed as previously described (28).
Briefly, double-stranded oligonucleotide constructs contained
the identical sequence as the 5�SL structure of the COL1a1 gene
(or a mutated sequence as control) and the optimal Sm binding
site (p74) from the mouse U7 small nuclear RNA-derived gene
(29), which allowed for accumulation in both the nucleus and
cytoplasm. It was previously shown that LARP6 binds to the
wild-type 5�SL sequence but does not bind to the mutated
sequence (5). Decoy constructs were cloned into the pAdTrack
vector containing green fluorescent protein (GFP) expression
cassette under independent control of the cytomegalovirus

promoter, as control for infection. Resulting adenoviruses
express both GFP and the p74WT or p74MUT decoy, and were
amplified by ViraQuest Inc. Cells were incubated in presence of
viruses at an MOI of 1000 for 3 days prior to treatment.
Between �95–100% transduction efficiency was achieved, as
judged by GFP fluorescence viewed under fluorescent
microscope.

Histochemical Assessment of Collagen Fibers in Atheroscle-
rotic Plaque—After 12 weeks on western diet, SMP8/Apoe�/�

and Apoe�/� animals were sacrificed, and serial 6 �m paraffin-
embedded cross-sections were made through the aortic valve
area. Sections were stained with picrosirius red, examined
under polarized light with a Motic BA300 Pol polarized micro-
scope, and collagen fibers in plaque were assessed as described
in detail by Rich et al. (30). Picrosirius red dye stains thick,
tightly packed collagen fibrils red/orange, intermediate fibrils
yellow, and thin, loosely packed fibrils green (31–33). A hue
selection method (30), performed via Image-pro software
(Media Cybernetics), was used to select and quantify the pro-
portions of different fibril color.

RESULTS

IGF-1 Increases Pro-�1(I) Expression in Human Aortic
Smooth Muscle Cells via a Post-transcriptional Mechanism—
To identify potential mechanisms responsible for the IGF-1-
induced increase in collagen expression in vivo, human aortic
smooth muscle cells (HASMCs) were grown in primary culture
and treated with IGF-1 for 0 – 48 h. IGF-1 induced a dose- and
time-dependent increase in expression of pro-�1(I) (Fig. 1, A
and B). Real-time RT-PCR showed that IGF-1 had no signifi-
cant effect on COL1a1 or COL1a2 mRNA expression (Fig. 1C).
Additionally, IGF-1 up-regulation of pro-�1(I) expression was
not prevented by actinomycin D (p � 0.01, Fig. 1D), indicative
of a post-transcriptional regulation. Furthermore, cyclohexi-
mide, an inhibitor of protein synthesis, blocked the ability of
IGF-1 to increase pro-�1(I) expression, suggesting that IGF-1
increased collagen type I via a translational mechanism (p �
0.01, Fig. 1E).

IGF-1 Increases the Rate of Collagen Type I Synthesis and
Extracellular Accumulation—To gain insight into regulation of
collagen synthesis, [3H]proline incorporation assays were per-
formed to measure accumulation of intact triple-helical colla-
gen in response to IGF-1. IGF-1 increased the rate of intracel-
lular pepsin-resistant collagen accumulation by 2.2-fold within
4 h (p � 0.0001, n � 6, Fig. 2A). This rapid increase indicates
that IGF-1 increased the rate of collagen translation. To deter-
mine if this was a result of stimulating general cap-dependent
protein synthesis via the mTOR-pathway, experiments were
performed in the presence of 100 nM rapamycin, a dose that is
inhibitory of both mTORC1 and mTORC2. Rapamycin did not
block the IGF-1-induced increase in the rate of 3H-proline
accumulation (p � 0.0001, Fig. 2B), and Western blot con-
firmed that rapamycin did not block the ability of IGF-1 to
increase pro-�1(I) expression (Fig. 2C), indicating that IGF-1
increased collagen synthesis via an mTOR-independent mech-
anism. It is noteworthy that the basal pro-�1(I) expression level
was elevated by rapamycin (Fig. 2C, vehicle/-IGF-1 versus rapa-
mycin/-IGF-1). This finding is consistent with feedback activa-
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tion of Akt in response to mTOR inhibition (34), resulting in
up-regulation of pro-�1(I) expression.

Between 6 and 30 h, IGF-1 steadily increased the rate of intra-
cellular collagen accumulation by 41% (p � 0.0001, Fig. 2D),
and IGF-1 increased collagen in cultured medium (3.1-fold at
24 h, p � 0.001, Fig. 2E). To confirm this increase in extracel-
lular collagen, non-reducing Western blot was performed to
detect covalently cross-linked collagen type I in cellular
medium after 24 h of treatment (Fig. 2F). IGF-1 increased
expression of both pro-�1(I) and disulfide-bonded collagen

type I (of high molecular weight, HMW) (2.9-fold and 3.8-fold,
p � 0.01 and p � 0.05, respectively), consistent with an increase
in extracellular accumulation of intact collagen type I. Taken
together, these results demonstrate that IGF-1 increases the
rate of collagen type I synthesis, leading to enhanced extracel-
lular collagen type I accumulation.

IGF-1 Induction of Pro-�1(I) Expression Correlates with an
Increase in Expression of the mRNA-binding Protein, LARP6—
Given our findings that IGF-1 post-transcriptionally regulates
synthesis of collagen type I, we hypothesized that the

FIGURE 1. IGF-1 dose- and time-dependently increases procollagen-1� expression via a post-transcriptional and translation-dependent mechanism.
A, Western blot from HASMCs of procollagen-�1(I) expression treated with different doses of IGF-1 for 18 h, or B, time-dependent expression in response to
IGF-1 (100 ng/ml). C, real-time RT-PCR determined COL1a1 and COL1a2 time-dependent mRNA expression in response to IGF-1 (100 ng/ml). D, Western blot of
HASMCs treated with IGF-1 (100 ng/ml) for 12 h in presence of actinomycin D (act D) or vehicle (veh), or E, 6 h IGF-1-treatment (100 ng/ml) in presence of
cycloheximide (ch). Asterisks (*) indicate statistically significant difference from control (serum-free medium, 0 ng/ml IGF-1); n � 8 –12, Mean � S.E., *, p � 0.05;
**, p � 0.01; ***, p � 0.001.
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mRNA-binding protein, LARP6, could play a role in the ability
of IGF-1 to increase collagen type I. LARP6 binds to the 5�
stem-loop secondary structure present in COL1a1 and COL1a2
mRNAs, and regulates efficient translation of the collagen type
I heterotrimer (5, 11–13). IGF-1 induced a significant increase
in expression of LARP6 within 3 h (2.9-fold, p � 0.01), and this
increase was sustained at 24 h (p � 0.01, Fig. 3A). IGF-1 also
dose-dependently increased LARP6 expression, and this corre-
sponded with a proportional increase in pro-�1(I) expression
(p � 0.01, Fig. 3B). In an effort to determine if LARP6 expres-
sion is necessary for the IGF-1-induction of pro-�1(I) expres-
sion, HASMCs were transfected with siRNA targeting exon 1 of
LARP6 or with scrambled RNA (scrRNA) as control, and
treated with IGF-1 for 18 h (administered 3 days after transfec-
tion). Although the siRNA effectively suppressed LARP6
expression under non-stimulated conditions (reduced by 53%,
p � 0.05, Fig. 3C), IGF-1 increased expression of LARP6 even in
the presence of siRNA (2.4-fold, p � 0.01, Fig. 3C). Accordingly,
the IGF-1-induction of LARP6 expression in presence of the
siRNA corresponded with an IGF-1-induced increase in pro-
�1(I) expression (p � 0.05, Fig. 3C). Thus, to identify a possible

correlation between LARP6 expression and pro-�1(I) expres-
sion, we plotted the relative expression of LARP6 and pro-�1(I)
as the fold-change compared with basal levels (i.e. scrRNA)
(Fig. 3C). There was a highly significant correlation between the
expression of LARP6 and expression of pro-�1(I) (Spearman
r � 0.9432, p � 0.0001), indicating a tight association between
LARP6 and pro-�1(I) expression levels.

IGF-1 Increases LARP6 and Pro-�1(I) Expression via a PI3K/
Akt/p70S6K-mediated Translational Mechanism—To gain
insight into mechanisms whereby IGF-1 increased LARP6
expression, we analyzed LARP6 mRNA and protein levels after
IGF-1 treatment with pharmacological inhibitors. IGF-1 had
no effect on LARP6 mRNA expression, and actinomycin D did
not block the ability of IGF-1 to increase LARP6 protein expres-
sion (p � 0.01), indicating that IGF-1 up-regulated LARP6 via a
posttranscriptional mechanism (Fig. 4, A and B). In fact, cyclo-
heximide completely inhibited LARP6 up-regulation by IGF-1,
suggesting a translational mechanism (Fig. 4C). Furthermore,
PI3K-inhibitor (LY2940032) and Akt1/2-inhibitor (Akt VIII)
prevented the ability of IGF-1 to increase LARP6 and pro-�1(I)
expression (Fig. 4D). To further assess potential involvement of
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the fold-change in expression compared with control levels (i.e. scrRNA with-
out IGF-1-stimulation) and normalized to �-tubulin expression. One data
point was plotted for each sample using the relative LARP6 expression as the
X-coordinate and the relative procollagen-1� expression as the y-coordinate.
(Samples of the control group (scrRNA without IGF-1) were not plotted.)
Spearman statistical test for correlation, r � 0.9429, p � 0.0001. n � 6 – 8,
Mean � S.E., **, p � 0.01; ***, p � 0.001
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Akt, we overexpressed a constitutively active form of Akt1 (35)
and Akt2 (36), and then assessed LARP6 expression (Fig. 4E).
Intriguingly, both Akt1 and Akt2 enhanced LARP6 expression
(Fig. 4E), which was accompanied with increased pro-�1(I)
expression (Fig. 4E). Moreover, inhibition of p70 S6 kinase
(p70S6k) completely blocked the IGF-1-induced increase in
expression of LARP6 (Fig. 4F). To determine whether p70S6K
was required for IGF-1 regulation of pro-�1(I) we inhibited
p70S6K activity and found that this abolished IGF-1-induced
up-regulation of pro-�1(I) protein levels (Fig. 4F). Taken
together these results indicate that IGF-1 increased LARP6 and
pro-�1(I) expression via a PI3K/Akt/p70S6K-mediated trans-
lational mechanism.

IGF-1 Increases Levels of COL1a1 and COL1a2 mRNA Bound
to LARP6—Because LARP6 has been shown to bind COL1a1
and COL1a2 mRNAs and regulate their translation, we ana-
lyzed whether IGF-1 alters level of LARP6/COL1a1 and
COL1a2 mRNA complex. HASMCs were treated with IGF-1
for 3 h and immunoprecipitation of LARP6 was performed fol-
lowed by measurement of COL1a1 and COL1a2 mRNA via
real-time RT-PCR. Significantly more COL1a1 and COL1a2
mRNA was present in LARP6-immunoprecipitant from IGF-1-
treated cells (Fig. 5A). Western blot of input immunoprecipi-
tant shows significantly higher pull-down of LARP6 from IGF-1
treated cells (Fig. 5B), which reflects the IGF-1-induced
increase in LARP6 expression (Fig. 3A), resulting in more
mRNA binding. These findings suggest that the IGF-1-induc-
tion of LARP6 expression is responsible for the increased asso-
ciation of LARP6 with COL1a1 and COL1a2 mRNA.

IGF-1 Stimulates the Rate of Collagen Type I Synthesis in a 5�
Stem-loop-dependent Manner—To determine if the 5�SL is
necessary for IGF-1 to increase collagen type I expression, we

measured collagen type I levels in mouse embryonic fibroblasts
(MEFs) harboring a mutation in the 5�SL of the COL1a1 gene
(SL�/�). The 21-nt mutation in the 5�-UTR does not change the
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coding region of the COL1a1 gene but abolishes the 5�SL sec-
ondary structure and prevents the binding of LARP6 to
COL1a1 mRNA (11). SL�/� and WT cells were treated with
IGF-1, and collagen type I expression was assessed by Western
blot and by [3H]proline accumulation assay. IGF-1 had no effect
on COL1a1 and COL1a2 mRNA expression in either cell type
(data not shown). After 18 h treatment, IGF-1 increased expres-
sion of pro-�1(I) in WT cells (2.3-fold, p � 0.01), while IGF-1
failed to increase collagen type I in SL�/� cells (Fig. 5C). Inter-
estingly, an altered collagen species of �72 kDa (indicated with
arrow, Fig. 5C) was observed in SL�/� cells, indicating that
mutation of the 5�SL resulted in abnormal processing and/or
cleavage of the procollagen molecule. Intriguingly, basal LARP6
expression was significantly lower in SL�/� cells (74% reduc-
tion compared with WT, p � 0.05, Fig. 5A), and IGF-1 did not
increase LARP6 expression in SL�/�, suggesting that LARP6
expression and its regulation by IGF-1 is dependent on an intact
5�SL. Overall, these results highlight the significance of the 5�SL
for procollagen type I assembly and up-regulation by IGF-1. We
also measured the effect of IGF-1 on collagen accumulation
after pepsin-digestion, which selects for only the triple-helical
core region of intact collagen. IGF-1 induced a 2.0-fold increase
in the rate of collagen accumulation in WT cells within 12 h
(p � 0.0001), and this induction was completely prevented in
SL�/� cells (Fig. 5B). These findings demonstrate that the abil-
ity of IGF-1 to increase the rate of collagen synthesis is critically
dependent on the 5�SL.

5� Stem-loop RNA Molecular Decoy for LARP6 Inhibits the
IGF-1 Induction of Collagen Type I Expression—A 108-nt RNA
containing the identical sequence as the 5�SL structure of the
COL1a1 gene was overexpressed in HASMCs using adenoviral
delivery and served as a molecular decoy to sequester LARP6.
The decoy RNA (p74WT) and a control RNA (p74MUT),
which contained a mutated stem-loop sequence unable to bind
LARP6, were specially designed to accumulate in both the
nucleus and the cytoplasm (28). Both adenoviral vectors addi-
tionally expressed GFP (independently of p74MUT or p74WT
expression), which served as a control for infection. IGF-1
increased expression of LARP6 in presence of either decoy or
control RNA (�2.5-fold, p � 0.05, Fig. 6A). After 18 h treat-
ment with IGF-1, collagen type I expression was assessed in
cellular lysate and in cultured medium. Because LARP6 is
implicated in ensuring proper assembly of collagen type I (10 –
13), we also determined expression of mature collagen type I in
the cultured medium using an antibody, which recognizes the
�1(I) C-telopeptide. The �1(I) C-telopeptide is exposed after
cleavage of the C’-terminal propeptide, and is crucial for cross-
linking and fibril formation (37–39). In presence of the
p74MUT control RNA, IGF-1 increased intracellular pro-�1(I)
expression as well as pro-�1(I) and mature �1(I) expression in
the cultured medium (Fig. 6, A and B). However, in the presence
of the p74WT decoy, the ability of IGF-1 to increase both the
intracellular and extracellular expression of pro-�1(I) was
blocked (Fig. 6, A and B). The p74WT decoy also inhibited the
ability of IGF-1 to increase expression of mature collagen type I
in the cultured medium (Fig. 6B). These results demonstrate
that sequestration of LARP6 prevents the ability of IGF-1 to

increase both synthesis of pro-�1(I) and expression of extracel-
lular mature collagen type I.

IGF-1 Increases LARP6 Expression in Vivo—To ascertain
whether IGF-1 regulates LARP6 expression in vivo, we infused
Apoe�/� mice with human recombinant IGF-1 (1.5 mg/kg/
day) or saline (control) and measured LARP6 expression in aor-
tic lysates. Total IGF-1 (mouse � human) in serum at time of
sacrifice was measured via ELISA, and the levels confirmed the
successful delivery of IGF-1 (Fig. 7B). IGF-1 increased LARP6
by 3.1-fold at 5 days, (p � 0.05, n � 6, Fig. 7A) and this increase
corresponded with a 2.3-fold-increase in pro-�1(I) (p � 0.05,
n � 6, Fig. 7A).

Smooth Muscle Cell-specific IGF-1 Overexpression Increases
Collagen Fibrillogenesis in Atherosclerotic Lesions of Apoe�/�

Mice—During the progression of atherosclerotic plaques,
VSMCs migrate into the lesion and secrete collagen (mainly
types I and III) as a means to prevent the necrotic core of the
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plaque from rupturing and triggering thrombosis (14). The
secreted collagen fibrillar network can be examined histologi-
cally by using picrosirius red stain, which distinguishes thick
collagen fibers (orange-red), fibers of intermediate thickness
(yellow), and loosely-packed thin collagen fibers (green), as
described previously (30, 40). To evaluate a potential effect of
IGF-1 on collagen fibril composition in atherosclerotic plaque,
we compared aortic valve cross-sections from Apoe�/� mice
with sections from SMP8/Apoe�/� mice, which had an approx-
imate 3-fold increase in aortic IGF-1 levels (22). SMP8/
Apoe�/� mice had strikingly more total collagen fibrils within
plaque compared with Apoe�/� control (Fig. 8), characteristic
of having a more stable plaque phenotype. Furthermore, the
ratio of thick (red) fibers to the total collagen fibers in plaque
was significantly higher in SMP8/Apoe�/� mice than in
Apoe�/� control mice (68% versus 25%, p � 0.0001, n � 4 –5,
Fig. 8), indicating that IGF-1 enhanced collagen fibrillogenesis.

DISCUSSION

We have shown previously that IGF-1 reduces atherosclero-
sis in ApoE-deficient mice (19, 20). IGF-1 infusion and SMC-
specific IGF-1 overexpression increases features of plaque sta-
bility including up-regulation of plaque collagen levels (19, 21),
however the mechanism mediating this effect has not been
identified. Here we report that IGF-1 increases expression of
LARP6 in vascular SMCs resulting in increased binding of
LARP6 to the 5�SL of Col1a1 and Col1a2 mRNAs and enhanced
synthesis of collagen type I. Furthermore, this augmentation of
collagen type I synthesis by IGF-1 leads to enhanced extracel-
lular accumulation of intact collagen and promotes fibril
maturation.

The co-translational processing of the collagen type I �-poly-
peptides requires a coordinated mechanism to select and colo-
calize the three � chains in order to initiate heterotrimer for-

mation and ensure proper assembly of the procollagen
molecule (41). LARP6 is proposed to orchestrate the formation
of the collagen type I heterotrimer via binding to the 5�SL and
recruiting the appropriate molecular chaperones needed for
alignment and maturation (5, 10 –13). Our experimental results
are consistent with a role of LARP6 in coordinating the synthe-
sis and maturation of collagen type I. We found that IGF-1
increased LARP6 expression and induced accumulation of pep-
sin-resistant collagen (intact triple helical core) as well as cova-
lently cross-linked collagen type I in cultured medium (Fig. 2F).
Covalent cross-linking of collagen and fibrillogenesis is highly
dependent on collagen’s C-terminal telopeptide region, which
is exposed after cleavage of the C-terminal propeptide in the
process of maturation (37–39). Our experimental findings
show that IGF-1 significantly increased expression of mature
�1(I) (exposed C-telopeptide, Fig. 6B) under control condi-
tions, while in presence of the 5�stem-loop decoy, IGF-1 failed
to increase mature �1(I) in cultured medium (Fig. 6B). There-
fore, this suggests that the ability of IGF-1 to increase extracel-
lular collagen type I maturation is dependent on its ability to
induce procollagen synthesis via LARP6.

Our experiments using 5�SL-mutant MEFs further imply a
role of LARP6 binding to the 5�SL in the coordination of pro-
collagen assembly. In the SL�/� cells, LARP6 expression was
significantly reduced, and the cells produced a collagen species
of an altered molecular weight (Fig. 5C), suggesting that altered
processing and/or cleavage of the procollagen molecule had
occurred. This may be explained by the fact that in SL�/� cells
LARP6 was unable to bind COL1a1 mRNA and recruit the
appropriate molecular chaperones for maturation. While
apparently collagen translation did occur in the 5�SL�/� cells,
mutation of the 5�SL resulted in substantially reduced produc-
tion of intact-triple helical collagen and completely prevented
regulation by IGF-1 (Fig. 5, A and B). These results demonstrate
the importance of the 5�SL and binding by LARP6 for the
proper assembly of procollagen and its regulation by IGF-1.

We observed a significant correlation in the expression levels
of LARP6 and pro-�1(I) under conditions both with and with-
out IGF-1-stimulation (Fig. 3C), suggesting that procollagen
type I expression is dependent on LARP6 expression. This was
consistent with previous findings in which siRNA-driven
knockdown of LARP6 had been shown to cause a significant
reduction in basal expression of collagen type I in human lung
fibroblasts (5). Interestingly, we found that IGF-1 was able to
increase LARP6 protein expression in presence of siRNA, and
this was correlated with a proportional increase in pro-�1(I)
expression (Fig. 3C). We also showed that increased LARP6
expression in response to IGF-1 resulted in an increase of
COL1a1 and COL1a2 mRNA bound to LARP6 (Fig. 5, A and B),
further suggesting a link between LARP6 expression and pro-
�1(I) expression. Since correlation of expression does not nec-
essarily mean cause and effect we confirmed that LARP6 was
responsible for the IGF-1-induction of collagen type I expres-
sion, by using the 5�SL decoy to sequester LARP6, which com-
pletely inhibited the IGF-1-induction of collagen type I expres-
sion (Fig. 6). These experimental findings suggest that IGF-1
regulation of LARP6 is responsible for the ability of IGF-1 to
increase collagen type I.
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LARP6 is a recently characterized RNA-binding protein that
is expressed in various human tissues (42); however, little is
known about its regulation. In a model of wound healing,
LARP6 expression was elevated after mechanical injury,
although no specific mechanisms were identified (43). A differ-
ent report showed that LARP6 (also known as Acheron) expres-
sion was increased in some human basal-like ductal carcinomas
and that ectopic overexpression of LARP6 resulted in increased
proliferation and angiogenesis (44). These reports suggest that
increased expression of LARP6 is important for promoting
growth and vascularization, however they do not address spe-
cific mechanisms by which LARP6 expression is regulated. Our
experiments, in which we measured protein expression after
treatment with actinomycin D and measured gene expression
via quantitative PCR, demonstrate that IGF-1 regulates LARP6
expression post-transcriptionally (Fig. 3, B and C). Further-
more, we show that IGF-1 regulation of LARP6 expression is
dependent on PI3k/Akt-signaling (Fig. 3E). Intriguingly, activa-
tion of either Akt1- or Akt2-signaling pathways led to an up-
regulation of LARP6. We further demonstrated that p70S6k is
required for IGF-1 to up-regulate LARP6 as well as pro-�1(I)
expression levels (Fig. 4, F and G). On the other hand, inhibition
of mTOR had no effect on the IGF-1-induction of pro-�1(I)
expression (Fig. 2C), indicating that p70S6k-dependent but
mTOR-independent signaling is responsible for the IGF-1
effect. Such a pathway is novel and will require further investi-
gation in the future.

While our experiments show that the 5�SL positively regu-
lates collagen type I expression via LARP6 and its induction by

IGF-1, the 5�SL may be inhibitory of translation in the absence
of LARP6. Experiments using 5�SL-reporter gene constructs
have shown that the 5�SL inhibited expression of collagen type
I in quiescent hepatic stellate cells (HSCs) but promoted
expression in activated HSCs. Importantly, in quiescent HSCs,
the 5�SL did not associate with LARP6, while in activated HSCs
association did occur and collagen type I expression was signif-
icantly increased (4). Thus, it seems that the 5�SL-regulation of
collagen type I synthesis is critically dependent on LARP6 bind-
ing. In agreement, our experiments showed that IGF-1
increased the association of COL1a1 and COL1a2 mRNA with
LARP6 resulting in an increase in collagen type I expression,
and when LARP6 was sequestered with the 5�SL decoy, the
IGF-1-induction of collagen type I was inhibited. Therefore, the
ability of IGF-1 to post-transcriptionally regulate LARP6
expression resulting in its increased association with COL1a1
and COL1a2 mRNA may be a critical mechanism by which
rapid up-regulation of collagen synthesis can be achieved, at
least in vascular smooth muscle.

Collagen type I is a major component of the vessel wall, and
the ability of vascular smooth muscle cells to synthesize colla-
gen is important in vascular homeostasis and relevant to the
pathophysiology of cardiovascular diseases. We show that
IGF-1 significantly increases LARP6 expression in aortic tissue,
and this corresponds with an increase in procollagen type I
expression. The structural integrity of the fibrous cap in athero-
sclerotic plaque is a major determinant of plaque stability.
Unstable plaques, which are more prone to rupture, are char-
acterized by a thinner fibrous cap, larger necrotic cores and less

FIGURE 8. Smooth muscle-specific IGF-1 overexpression increases collagen fibril maturation in atherosclerotic plaque. Cross-sections of aortic valve
atherosclerotic plaque from Apo E-deficient (Apoe�/�) mice or smooth-muscle cell specific IGF-1-overexpressing Apoe�/� mice (SMP8/Apoe�/�). Cross-
sections were stained with picrosirius red, which stains thick, tightly packed collagen fibrils red/orange, intermediate fibrils yellow, and thin, loosely packed
fibrils green. A hue selection method (performed via Image-pro software) was used to analyze the proportions of different fibril color within plaque. The green
arrowhead points to the thin fibrous cap present in Apoe�/� animals, and the red arrowhead points to the thicker, more highly structured fibrous cap present
in SMP8/Apoe�/� mice. Quantification of total collagen content in plaque and composition of collagen fiber thickness in each group is shown. n � 4 –5,
Mean � S.E., ***, p � 0.001; ****, p � 0.0001.
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collagen expression (18). The striking increase in collagen con-
tent and fibril maturation observed in plaque from SMP8/
Apoe�/� mice suggests that IGF-1 promotes plaque stability.
Furthermore, the ability of IGF-1 to up-regulate collagen type I
synthesis may have implications in various physiological set-
tings such as development and wound healing, in which rapid
up-regulation of collagen type I expression is critical for growth
and repair.
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