A novel role of RNA helicase A in regulation
of translation of type I collagen mRNAs
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ABSTRACT

Type I collagen is composed of two a1(l) polypeptides and one «2(l) polypeptide and is the most abundant protein in the human
body. Expression of type I collagen is primarily controlled at the level of mRNA stability and translation. Coordinated translation
of a(l) and a2(I) mRNAs is necessary for efficient folding of the corresponding peptides into the collagen heterotrimer. In the 5’
untranslated region (5’ UTR), collagen mRNAs have a unique 5’ stem-loop structure (5’ SL). La ribonucleoprotein domain
family member 6 (LARP6) is the protein that binds 5’ SL with high affinity and specificity and coordinates their translation. Here
we show that RNA helicase A (RHA) is tethered to the 5’ SL of collagen mRNAs by interaction with the C-terminal domain of
LARPS6. In vivo, collagen mRNAs immunoprecipitate with RHA in an LARP6-dependent manner. Knockdown of RHA prevents
formation of polysomes on collagen mRNAs and dramatically reduces synthesis of collagen protein, without affecting the level
of the mRNAs. A reporter mRNA with collagen 5’ SL is translated three times more efficiently in the presence of RHA than the
same reporter without the 5’ SL, indicating that the 5’ SL is the cis-acting element conferring the regulation. During activation of
quiescent cells into collagen-producing cells, expression of RHA is highly up-regulated. We postulate that RHA is recruited to
the 5’ UTR of collagen mRNAs by LARP6 to facilitate their translation. Thus, RHA has been discovered as a critical factor for
synthesis of the most abundant protein in the human body.

Keywords: RNA helicase A (RHA); La ribonucleoprotein domain family member 6 (LARP6); type I collagen; post-transcriptional
control element (PCE); 5’ stem-loop (5’ SL); translation

INTRODUCTION 3’ and the 5" untranslated regions (UTRs). In the 3’ UTR of
a1(I) mRNA, there is a cytosine-rich region that interacts
with aCP protein that is shown to stabilize the message
(Stefanovic et al. 1997, 2000; Lindquist et al. 2000a,b, 2004).
In the 5" UTR, 75 nt from the 5’-terminal 7-methylguanine
cap, there is a discrete 5" stem—loop structure (5" SL). This
5’ SL is found only in three collagen mRNAs—a1(I), a2(1),
and o1(II); the latter encodes for type III collagen. We
have cloned La ribonucleoprotein domain family member 6
(LARPS6) as the protein that binds 5 SL with high affinity
and specificity. Binding of LARP6 prevents premature and
random translation of type I collagen mRNAs (Cai et al.
2010a). LARP6 also mediates the association of the mRNAs
with nonmuscle myosin filaments that is necessary for their
coordinated translation at the membrane of the ER (Cai
et al. 2009; Cai et al. 2010b). When LARP6 was knocked
down or when 5" SL was mutated in the endogenous a1(I)
gene, the cells failed to secrete normal heterotrimeric type I
collagen (Stefanovic and Brenner 2003; Cai et al. 2010b). In-

Type 1 collagen is a heterotrimer composed of two al(I)
polypeptides and one a2(I) polypeptide and is the most
abundant protein in the human body (Kivirikko 1998). It is
expressed at high levels in skin, bones, and tendons, with
a low expression in parenchymal organs. During fibrosis of
soft tissues, type I collagen expression is highly up-regulated
at both transcriptional and post-transcriptional levels
(Stefanovic et al. 1999, 2002; Lindquist et al. 2000b). The 50—
100-fold up-regulation of type I collagen expression and secre-
tion in fibrosis is primarily due to a 16-fold increase in a1(I)
mRNA stability and a threefold increase in the transcription
rate of collagen genes (Stefanovic et al. 1995, 1999, 2000;
Stefanovic and Brenner 2003; Lindquist et al. 2004; Rippe
and Stefanovic 2005). mRNAs encoding type I collagen have
cis-acting elements controlling mRNA stability in both, the
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Schwarze et al. 2004; Pace et al. 2008). Disulfide bonding
and post-translational modifications of collagen polypep-
tides take place during the translational elongation phase
and before procollagen is being released into the endoplas-
mic reticulum (ER) lumen (Beck et al. 1996). This led to
the hypothesis that the translation of collagen mRNAs oc-
curs in a close proximity in the same ER compartment to
allow coordinated synthesis and productive folding of a1(I)
and o2(I) polypeptides into the heterotrimer (Stefanovic
et al. 2000; Stefanovic and Brenner 2003). Previous work
established that the LARP6-dependent mechanism is crit-
ical for a high level of collagen synthesis, as seen in wound
healing and fibrosis.

DEIH motif DHX9 helicase, also known as RNA helicase
A (RHA), is an essential well-conserved RNA binding pro-
tein with ATPase and RNA helicase activities (Chester et al.
1998; Zhang and Grosse 2004; Hartman et al. 2006). Re-
cently, it was demonstrated that RHA is a necessary co-
factor to promote translation initiation of highly structured
mRNAs containing the post-transcriptional control ele-
ment (PCE) (Fujii et al. 2001; Zhang and Grosse 2004;
Hartman et al. 2006). PCE is a highly structured, orientation-
dependent motif present in the 5" UTRs of some retroviral
mRNAs (Butsch et al. 1999; Roberts and Boris-Lawrie 2000;
Hull and Boris-Lawrie 2002). The 5'PCE activity is posi-
tively regulated by RHA and is essential for the translation
efficiency of viral mRNAs (Butsch et al. 1999; Hull and
Boris-Lawrie 2002). In addition, Hartman et al. (2006)
demonstrated that the PCE-like element in the 5" UTR of
human JunD mRNA interacts with RHA and regulates
translation. JunD protein regulates cell growth in response
to a stress, so tightly controlled translational regulation pro-
vides the means to rapidly alter protein expression (van
Dam and Castellazzi 2001; Short and Pfarr 2002). During
cap-dependant translation initiation, RHA ensures unwind-
ing of the secondary structures in the 5" UTR to facilitate
ribosomal scanning (Kozak 1989; Sonenberg and Gingras
1998; Merrick 2004). Initiation factor 4A (eIF4A) is a global
translation DEAD-box factor with helicase activity (Cordin
et al. 2006). For the highly structured 5" UTR, it is likely
that eIF4A needs the activity of additional factors with
helicase activity for efficient ribosomal scanning (Pelletier
and Sonenberg 1985). RHA may be specifically recruited by
the PCE elements to provide such activity (Lindquist et al.
2000b).

The collagen 5" UTR may functionally resemble a PCE-
like region (Yamada et al. 1983; Stefanovic et al. 1999,
2000). The start codon of collagen mRNAs is located in the
5’ stem-loop (Stefanovic et al. 1999, 2000), thus the RNA
helicase A activity may be crucial in the unwinding of the 5
UTR and translation initiation. Here we report that RHA
interacts with LARP6, which recruits RHA to the 5’ UTR of
collagen mRNAs. There, RHA activity is necessary for ef-
ficient formation of polysomes and a high level of collagen
protein synthesis.
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RESULTS

LARP6 interacts with RNA helicase A

LARP6 was cloned as the protein that directly binds the 5’
SL of collagen mRNAs (Cai et al. 2010a). To identify ad-
ditional proteins that may be associated in a complex with
LARP6 and 5" SL, we performed pull-down experiments
using biotin-labeled collagen a1(I) 5" SL RNA (Fig. 1A).
Inverted 5" SL RNA was used for control pull-down. Sev-
eral proteins were pulled down with 5" SL RNA (indicated
in Fig. 1A). RNA helicase A (RHA) was identified by LC/
MS/MS as the 140-kDa protein band (indicated in Fig. 1A).
This result was further confirmed by MALDI/TOF in a sep-
arately repeated experiment.

To test if RHA interacts with the 5" SL of collagen mRNAs
with high affinity, we performed a gel mobility shift assay
using 5" SL RNA as a probe. This assay is very stringent
because only RNA/protein complexes that are stable and
formed by high-affinity interactions can endure gel elec-
trophoresis. To increase the readout of these experiments,
we overexpressed RHA together with LARP6 or with
LARP6 mutant lacking the C-terminal domain (LARP6AC)
as our positive control or with a control protein (TRIM45)
as a negative control in HEK293 cells. Figure 1B shows the
expression of the transfected proteins. Overexpression of
LARP6 resulted in formation of the 5' SL/protein complex
in a gel mobility shift assay (Fig. 1C, lane 2). Cotransfection
of LARP6 and RHA yielded twofold higher expression of
LARP6 (Fig. 1B, cf. lane 2 to lane 1). Therefore, the RNA/
protein complex in a gel mobility shift experiment using
this extract is stronger (Fig. 1C, lane 3). However, the
electrophoretic mobility of this complex was identical to
that of LARP6 alone, suggesting that RHA has no effect on
binding of LARP6 to 5 SL. Overexpression of RHA with
control protein (Fig. 1C, lane 4) failed to produce the RNA/
protein complex, only the background binding was seen,
which was identical to the background in the nontransfected
cells (lane 7). This suggests that binding of RHA to 5" SL
cannot be detected by gel mobility shift experiments.
LARP6AC was used as an additional control; this protein
cannot interact with RHA (see below), but can bind 5’ SL
(Cai et al. 2010a). When LARP6AC was coexpressed with
RHA or control protein (Fig. 1C, lanes 5,6), the identical
shift was seen.

Binding of LARP6 to 5’ SL is strictly sequence-specific
and when a single U nucleotide in the bulge of the 5’ SL is
changed into an A, LARP6 cannot bind (Cai et al. 2010a).
When this mutant 5" SL probe was used in gel mobility shift
experiments (Fig. 1C, lanes 8-12), no binding of LARP6 was
detected, while binding of RHA was at the background level
seen in the nontransfected cells. This verified that LARP6
binds 5’ SL in the sequence-specific manner and that RHA
cannot bind 5" SL with high affinity to withstand the elec-
tropheresis. Therefore, it is likely that RHA had been re-
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FIGURE 1. RHA interaction with collagen 5" SL RNA. (A) Pull-down of RHA with
biotinylated 5" SL RNA. Biotin-tagged 5’ SL RNA (5" SL, lane 3) and inverted 5’ SL RNA
(CON, lane 2) were used to pull down proteins from cytosolic extracts of HLF. Proteins were
analyzed by SDS-PAGE and Coomassie staining. The protein bands identified by MALDI-TOF
are indicated: RNA helicase A (RHA), ATP citrate lysate isoform 1 (ACLY1), ATP-dependent
DNA helicase 2 subunit 1(XRCC6), eukaryotic initiation factor 4H (eIF4H). (B) Expression of
proteins (immunoblot) used in gel mobility shift experiments. HA-tagged LARP6 and
LARP6AC, His-tagged RHA and Flag-tagged control protein TRIM45 (CON) were transfected
into HEK293 cells, and their expression in cytosolic extract was analyzed by Western blot. ()
Nontransfected cells. Actin (ACT) is shown as the loading control. (C) RHA does not bind 5’
SL in the gel mobility shift assay with high affinity. Gel mobility shift assay with wild-type (wt)
5" SL RNA (lanes I-7) and mutant 5" SL RNA with a single point mutation that abolishes
interaction with LARP6 (lanes 8-12) and extracts shown in B. Migration of RNA/protein
complex and free probe is indicated. (Lane 1) The wt probe alone (P).

lanes 1 and 4). As the control in this
experiment, the LARP6(AC/RRM) con-
struct showed no interaction with RHA.
These results suggested that the C-terminal
domain of LARP6 is necessary and suf-
ficient for the interaction of LARP6
with RHA.

It is still possible that LARP6/RHA
interaction requires intact collagen mRNA.
To test this, we treated the lysate with
RNase A prior to immunoprecipitation.
Figure 2C shows that RHA is able to
bind to LARP6 even after digestion of
the total RNA (Fig. 2C, lane 1), although
the interaction was stronger without
RNase A treatment (Fig. 2C, cf. lanes 1
and 2). The C-terminus-truncated LARP6
(AC/RRM) did not show any interac-
tion with RHA, as before (Fig. 2C, lanes
3,4). The right panel in Figure 2C shows
that the RNase A treatment completely
degraded RNA in the lysate (lane 3).
This indicated that the interaction of RHA
and LARP6 is not mRNA-dependent.

LARPS6 is found in the nucleus and
cytoplasm of collagen-producing cells
(Cai et al. 2010a). To test if RHA and
LARP6 can form a complex in nuclear
extracts, we fractionated cellular extracts
into nuclear and cytosolic fractions and
performed the immunoprecipitation ex-
periments (Fig. 2D). The association be-
tween LARP6 and RHA was found in
both nuclear and cytosolic extracts (Fig.

cruited to 5’ SL in the pull-down experiments by a protein—
protein interaction with LARP6.

Since it likely that LARP6 and RHA interact by protein—
protein interactions, we tested the RHA-LARPG6 interaction
by coimmunoprecipitation experiments in the presence and
absence of intact RNA. We have designed adenoviruses ex-
pressing different mutants of the HA-tagged LARP6 pro-
tein, as shown in Figure 2A, and analyzed these constructs
for their ability to interact with the endogenous RHA. After
expression of HA-tagged LARP6 constructs and immuno-
precipitation with anti-HA antibody, RHA was analyzed by
Western blot. Figure 2B shows that RHA precipitated with
the full-size LARP6 (Fig. 2B, lane 1), while the LARP6
lacking the C terminus failed to pull down RHA (lane 2).
To assess if the C-terminal domain of LARP6 is sufficient to
pull down RHA, we expressed the HA-tagged C-terminal
domain (LARP6AC) and performed immunoprecipitation
(Fig. 2B, lane 4). The C-terminal domain (C-TER) pulled
down RHA as efficiently as full-size LARP6 (Fig. 2B, cf.

2D, lanes 1,2). Control immunoprecip-

itations using protein A/G beads only
(Fig. 2D, lanes 3,4) or anti-fibronectin antibody (lanes 5,6)
did not pull down RHA, suggesting the specific interaction
between LARP6 and RHA. As a control to show that there
was no cross-contamination of the fractions, we probed the
cytosolic and nuclear extracts for the presence of tubulin,
which is a strictly cytosolic protein. The absence of tubulin
in nuclear fractions suggested that there was no contamina-
tion of the nuclear extract with cytosolic proteins (Fig. 2D,
bottom panel). These results show that LARP6 can associ-
ate with RHA in the nucleus and, thus, prior to the onset of
translation initiation on collagen mRNAs.

LARP6 mediates RHA association with collagen
al1(l) and a2(I) mRNAs in vivo

Next, we wanted to test if RHA is associated with collagen
mRNAs in vivo. LARP6 interacts with 5° SL of collagen
al(I) and a2(I) mRNAs with high affinity, and immuno-
precipitation experiments using LARP6 always pull down
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FIGURE 2. LARP6 interacts with RHA. (A) Schematic representation of LARP6 constructs used in immunoprecipitations (IP). All constructs
had an HA-tag at the N terminus. (FS) Full-size LARP6 with the domains indicated. The ability of the constructs to bind 5" SL RNA is indicated as +
or —. (B) IP of RHA with LARP6. The constructs shown in A were transfected into HEK293 cells, and IP was performed using anti-HA antibody.
IP material was analyzed by Western blot with anti-RHA antibody (RHA) and anti-HA antibody (FS, AC, AC/RRM, and C-TER). (Bottom panels)
Expression of proteins in the input material. (—) Nontransfected cells. (C) Intact RNA is not required for LARP6/RHA interaction. (Left top panel)
IP of RHA with FS and AC/RRM LARP6 constructs after digestion of the samples with RNase A (lanes 1,3) or without RNase A digestion (lanes
2,4). (Left bottom panel) Expression of proteins in the input material. (Right panel) RNA from untreated extracts (lane 2) and extracts treated with
RNase A (lane 3) was analyzed by agarose gel electrophoresis. (Lane I) Size marker. (D) Interaction of LARP6 and RHA in the nuclear extract.
HEK293 cells were transfected with full-size HA-tagged LARP6, and cytosolic (CYT) and nuclear (NUC) extracts were used for IP with anti-HA
antibody (lanes 1,2), protein A/G beads without antibody (*, lanes 3,4), and anti-fibronectin antibody (lanes 5,6). (Top panel) Analysis of RHA in
the IP samples. (Bottom panel) Analysis of the proteins in the input material.

both collagen mRNAs from the cytosolic extracts (Cai et al. coimmunoprecipitated with RHA, but collagen o2(I) mRNA
2010a). Since LARP6 binds RHA, we tested if antibodies ~ was coimmunoprecipitated more efficiently (Fig. 3A, cf.
against RHA can also pull down both collagen mRNAs in  lanes 1 and 2). Overexpression of LARP6 did not change
human lung fibroblasts (HLFs), which express detectable  the input levels of collagen mRNAs, which are shown in the
level of endogenous LARP6. After immunoprecipitation  bottom panel of Figure 3A. Figure 3B shows more quan-
with anti-RHA antibody, we analyzed the immunoprecip- titative determination of collagen mRNAs in the immuno-
itated material by RT-PCR using primers specific for col-  precipitate by real-time PCR. This analysis verified the
lagen a1(I) and a2(I) mRNAs and with radiolabeling of the specific immunoprecipitation of collagen mRNAs with RHA
PCR products (radiolabeled RT-PCR) (Fig. 3A). Collagen  and that overexpression of LARP6 increased the pull-down
al(I) and a2(I) mRNAs were strongly immunoprecipitated  of collagen a2(I) mRNA twofold. The input levels of pro-
with anti-RHA antibody (Fig. 3A, lane 1), while the im-  teins are shown in Figure 3C.

munoprecipitation reaction with the nonspecific antibody To further determine if LARP6 is mediating the inter-
(anti-fibronectin antibody) was negative (Fig. 3A, lane 3).  action of RHA with collagen mRNAs, we knocked down
Actin mRNA was not pulled down with any antibody, sug-  LARP6 by siRNA in human lung fibroblasts (HLFs) using
gesting that the interaction of collagen mRNAs with RHA is ~ LARP6-specific siRNA, which was expressed from an ad-
specific. When LARP6 was overexpressed in HLFs, there  enovirus as shRNA (Cai et al. 2010a). Adenoviral delivery
was no increase in the amount of collagen al(I) mRNAs  of LARP6 shRNA reduced LARP6 protein expression to <50%
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FIGURE 3. Association of collagen mRNAs with RHA in human lung fibroblasts (HLFs). (A) HLFs (lanes 1,3) and HLFs transduced with
adenovirus expressing LARP6 (lane 2) were used for IP with anti-RHA antibody (lanes 1,2) or anti-fibronectin antibody (lane 3). The IP material
was analyzed for the presence of collagen a1(I), collagen a2(I), and actin (ACT) mRNAs by radiolabeled RT-PCR. (Bottom panel) Expression of
the mRNAs in the input material. (B) Analysis of collagen mRNAs in the IP by real-time PCR. The amount of immunoprecipitated mRNAs is
presented as the percentage of the amount in the input. The bars representing the standard error of the mean are indicated. (C) Protein expression
of endogenous RHA and transduced LARP6 from the input material. Loading control: actin (ACT).

and did not affect RHA expression or tubulin expression
(Fig. 4A, cf. lanes 1 and 2). Using the LARP6 knockdown
cells, we performed the pull-down with antibodies against
RHA and analyzed the immunoprecipitation of collagen
al(I) and a2(I) mRNAs by radiolabeled RT-PCR. The
amount of collagen mRNAs in the input was similar in cells
expressing LARP6 shRNA and scrambled shRNA and is
shown at the bottom of Figure 4B. Figure 4B, top panel,
shows that the pull-down of RHA with both, collagen a1(I)
and a2(I) mRNAs, was reduced when LARP6 was knocked
down, compared to the cells expressing scrambled shRNA
(Fig. 4B, cf. lanes 1 and 2). The control immunopercipi-
tation reaction with anti-fibronectin antibody was negative
(Fig. 4B, lane 3), and actin mRNA was not immunopre-
cipitated with any antibody. To provide more quantitative
assessment of the amount of collagen mRNAs in the
immunoprecipitate, we analyzed the samples by real-time
PCR (Fig. 4C). This analysis showed that knockdown of
LARP6 decreased the fraction of collagen al(I) mRNA
associated with RHA twofold and that of a2(I) mRNA 2.5-
fold. Thus, our data suggest that RHA binding to the type I
collagen mRNAs may be LARP6-dependent.

To assess if overexpression of LARP6 could increase as-
sociation of collagen mRNAs with RHA, we used HEK293
cells, which express low levels of LARP6 (Cai et al. 2010a).
These cells also express much less collagen mRNA. We

overexpressed control RNA binding protein, RBMS3 (Fig.
2D, lane 2; Fritz and Stefanovic 2007), and LARP6 (Fig. 2D,
lane 1) and compared how much collagen mRNAs can be
pulled down with anti-RHA antibody. RHA was able to
pull down a small amount of collagen al(I) and a2(I)
mRNAs in the presence of the control protein. However,
more collagen mRNAs were found in complex with RHA
when LARP6 was overexpressed (Fig. 2D, cf. lanes 2 and 3).
As a control, anti-fibrinogen antibody failed to immuno-
precipitate collagen mRNAs (Fig. 2D, lane 3). The input
levels of collagen mRNAs are shown in the bottom panel of
Figure 4D. Real-time PCR analysis of the collagen mRNAs
in the immunoprecipitate verified that overexpression of
LARP6 can increase the association of collagen mRNAs
with RHA twofold (Fig. 4E). The levels of the relevant
proteins in the input material are shown in Figure 4F.
These results further supported our hypothesis that LARP6
is involved in tethering RHA to collagen mRNAs.

RHA is required for efficient synthesis
of type I collagen

The interaction of RHA with LARP6 and collagen mRNAs
suggests that there is a functional role of RHA in expression
of type I collagen. To assess this role, we knocked down
RHA by transfecting two RHA-specific siRNAs and used
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FIGURE 4. Association of RHA with collagen mRNAs is LARP6-dependent. (A) Knockdown of LARP6 in HLFs. HLFs were transduced with
adenovirus expressing control shRNA (SC, lane 1) or LARP6-specific shRNA (LARPS6, lane 2). Expression of endogenous RHA, LARP6, and
tubulin was analyzed by Western blot. (B) Knockdown of LARP6 decreases association of RHA with collagen mRNAs. (Top panel) Control
shRNA (Sc, lanes 1,3) or LARP6-specific ShRNA (LARPS6, lane 2) was expressed in HLFs, and IP was done with anti-RHA antibody (lanes 1,2) or
anti-fibronectin antibody (lane 3). The IP samples were analyzed for pull-down of collagen a1(I), collagen a2(I), and actin mRNA by radiolabeled
RT-PCR. (Bottom panel) Analysis of mRNAs in the input material. (C) Analysis of collagen mRNA in the IP by real-time PCR. The data are
presented as means and standard errors of the mean from three independent experiments. (D) LARP6 enhances association of RHA with collagen
mRNAs. HEK293 cells were transfected with LARP6 (lane 1) or control protein RBMS3 (lanes 2,3). IP was performed with anti-RHA antibody,
and the IP material was analyzed by RT-PCR for presence of collagen a1(I) and collagen a2(I) mRNAs by radiolabeled RT-PCR. (Bottom panel)
Analysis of mRNAs in the input material. (E) Analysis of collagen mRNA in the IP by real-time PCR. Error bars, *1 standard error of the mean
(SEM). (F) Analysis of proteins in the input material. Endogenous RHA and loading control actin (ACT), HA blot with transfected LARP6 and
RBMS3 (CON).

scrambled siRNA as a control (for sequences, see Table 1)
into HEK293 cells. HEK293 cells were used because they
express low but detectable levels of type I collagen and can
be efficiently transfected with siRNAs. By using a mixture
of two RHA-specific siRNAs, its level was constantly re-
duced by ~80%, as presented by Western blot (Fig. 5A,
lane 2). The samples were then analyzed for expression of
collagen a1(I) polypeptide. Depletion of RHA resulted in
a severalfold decrease in the collagen al(I) polypeptide
steady-state level, while the control protein tubulin (TUB)
was unaffected (Fig. 5A, cf. lanes 1 and 2). Collagen a2(I)
polypeptide could not be detected in HEK293 cells with the
available antibodies. To verify that this phenotype was
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specific to the depletion of RHA, we rescued RHA ex-
pression by transfecting the cells with an RHA construct
that could not be targeted by the siRNAs used (RHA*). In
cells in which RHA was knocked down, collagen o1(I)
polypeptide was again greatly reduced (Fig. 5B, lanel).
When RHA* was transfected into the RHA knockdown
cells, the expression of RHA was restored to a level twofold
higher than in control cells, and collagen expression was
rescued to the level seen in the control cells (Fig. 5B, cf.
lanes 2 and 3). Tubulin expression was not affected by any
treatment. This indicates that the effect of RHA knockdown
on collagen expression is specific and that RHA is required
to maintain high expression of type I collagen.
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TABLE 1. Primers used for RT-PCR and sequence of siRNAs used

h-collagen a1(l) (122 nt) F: TGAGCCAGCAGATCGAGAAC
R: TGATGGCATCCAGGTTGCAG
h-collagen a2(1) (160 nt) F: CAGCAGGAGGTTTCGGCTAA
R: CAACAAAGTCCGCGTATCCA
h-collagen a1(1ll) (120 nt) F: ATCTTGGTCAGTCCTATGCGG
R: GCAGTCTAATTCTTGATCGTCA
h-fibronectin (220 nt) F: ACCAACCTACGGATGACTCG
R: GCTCATCATCTGGCCATTTT
h-GAPDH (74 nt) F: ACCGGTTCCAGTAGGTACTG
R: CTCACCGTCACTACCGTACC
h-actin (213 nt) F: GTGCGTGACATTAAGGAGAAG
R: GAAGGTAGTTTCGTGGATGCC
Luciferase F: CCAGGGATTTCAGTCGATGT

R: AATCTCACGCAGGCAGTTCT
5’-UCCAACUCGTCCACGTCCU
5'-GGCUAUAUCCAUCGAAAUU
5’-CCAAAGUUCAGCUCAAAGA
D-001210-01-05 (Dharmacon)

Larp6 siRNA (D2)

RHA siRNA 1

RHA siRNA 2

Sc (non-targeting) siRNA

(F) Forward primer; (R) reverse primer. The length of the expected
PCR product in nucleotides is indicated in parentheses.

We also analyzed the expression of collagen mRNAs in
RHA-depleted cells. Real-time RT-PCR showed no change
in the steady-state level of collagen a1(I) and a2(I) mRNAs
in the RHA knockdown samples compared with the scram-
bled (Sc)-treated control samples (Fig. 5C). This result
suggests that RHA regulates translation and not the sta-
bility of collagen mRNAs or transcription of collagen genes.

Polysomal distribution of RHA

The experiments shown in Figure 5 suggested that RHA
may facilitate translation of collagen mRNAs. To assess in
which step of translation of collagen mRNAs, RHA is in-
volved, we first analyzed if RHA is found on polysomes. We
examined the distribution of RHA in polysomal fractions
prepared from HEK293 cells by Western blot. Figure 6A,
top panel, shows the OD,¢, profile of the sucrose fractions
of HEK293 cells, and the distribution of ribosomal RNA in
the fractions is shown in the bottom panel. From this anal-
ysis, we estimated that fractions 1-9 contained polysomes,
fractions 10-14 contained ribosomal subunits, and fractions
16 and17 were ribosome-free cytosolic fractions. This overall
polysomal profile did not significantly change when RHA
was knocked down by siRNAs, suggesting that the overall
distribution of polysomes was not greatly affected. Figure 6B
shows the knockdown of RHA protein in these experiments.

When RHA was analyzed in the polysomal fractions of
HEK?293 cells (Fig. 6C, top panel), it was found in fractions
representing polysomes, but also in fractions 10-14, repre-
senting free ribosomes and ribosomal subunits, as well as in
postpolysomal supernatant (fractions 16 and 17). LARP6
was analyzed in the same fractions and was found predom-
inantly in the lightest fractions (fractions 14 and 15) and in
the postpolysomal supernatant (Fig. 6C, bottom panel). The

long exposure of the Western blot, as shown in Figure 6C,
indicated that only tracing amounts of LARP6 can be seen
in polysomal fractions. Such distribution of LARP6 is con-
sistent with its role in translation initiation, rather than in
elongation, but the latter cannot be completely excluded.
Based on the distribution of LARP6 and RHA in sucrose
gradients, it is likely that LARP6 and RHA interact freely in
the cytosol and before formation of polysomes. This is
further supported by the fact that RHA and LARP6 can also
interact in nuclear extracts (Fig. 2D).

RHA is necessary for polysomal loading
of collagen mRNAs

Since knockdown of RHA does not appear to dramatically
change general formation of polysomes (Fig. 6A), we tested
if RHA is specifically needed for formation of polysomes on
collagen mRNAs. To test this, we knocked down RHA by
siRNAs and compared the polysomal distribution of col-
lagen mRNAs with that of control siRNA. As a control, we
analyzed the distribution of GAPDH mRNA. In control
cells, collagen a(I)1 (Fig. 6D, top panel) and a2(I) mRNAs
(Fig. 6E, top panel) were found in the polysomal fractions
(fractions 1-9). Compared with the amount found in the
non-polysomal fractions, it appears that ~50% of these
mRNAs were actively translated. When RHA was knocked
down, collagen a1(I) and a2(I) mRNAs were not found on
polysomes, except in fraction 9, representing the smallest
polysomes, and accumulated in fractions containing ribo-
somal subunits (fractions 10-13) (Fig. 6D,E, bottom panels).
The polysomal loading of GAPDH mRNA was not affected
by knockdown of RHA (Fig. 6F). This clearly indicated that
RHA is needed for efficient formation of polysomes on
collagen mRNAs, suggesting that RHA is an essential and
specific factor for translation of collagen mRNAs.

RHA stimulates collagen translation
in a 5’ SL-dependent manner

It was reported that RHA stimulates translation of mRNAs
containing a PCE (Fujii et al. 2001; Zhang and Grosse 2004;
Hartman et al. 2006; Bolinger et al. 2007). We hypothesized
that the 5’ stem—loop may serve as the collagen mRNA-
specific PCE. To test if collagen’s 5" UTR can confer trans-
lational regulation onto a heterologous mRNA and thus act
as a PCE, we created a series of reporter genes encoding
luciferase protein (Fig. 7A). One reporter gene had the 5’
UTR of human collagen a1(I) mRNA with the intact 5’
stem—loop (5’ SLWT-LUC), while the other had collagen
al(I) 5" UTR but the 5" stem—loop was abolished (5’
SLMUT-LUC). Otherwise, these genes were identical and
were driven by the same promoter. The third construct had
the 5" UTR of luciferase and was driven by a different pro-
moter (Stefanovic et al. 2000, 2005; Jiang and Stefanovic
2008); this gene (LUC) did not have any collagen sequences
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3 collagen sequences produced luciferase
protein in an RHA-independent man-
ner (p = 0.547). This indicates that RHA
stimulates translation of a heterologous
mRNA having a collagen 5’ stem—loop
and that the other sequences in the col-
lagen 5" UTR cannot substitute for the
lack of the 5’ stem—loop.

RHA is up-regulated during hepatic
stellate cell (HSC) activation

Hepatic stellate cells (HSCs) are liver cells
responsible for excessive collagen syn-
thesis in fibrosis (Friedman 1996, 1999,
2008). When isolated from normal rat
livers, HSCs are quiescent and do not
synthesize large amounts of type I col-
lagen. However, when cultured in vitro,
they spontaneously activate into myofi-
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broblasts and up-regulate collagen syn-
thesis 50-100-fold (Friedman 1996, 2008).

FIGURE 5. RHA is required for efficient synthesis of collagen protein. (A) Knockdown of
RHA decreases collagen expression. HEK293 cells were transfected with control siRNA (Sc,
lane I) or with two RHA-specific siRNAs (RHA, lane 2), and the expression of RHA, collagen
al(I) polypeptide, and tubulin was analyzed by Western blot. (B) Rescue of collagen
expression by the siRNA-resistant RHA gene (RHA*). RHA was knocked down by RHA-
specific siRNAs (RHA, lanes 1,2) or the cells were transfected with control siRNA (Sc, lane 3).
The siRNA-resistant RHA construct (RHA*) was then transfected (lane 2), or the cells were
untransfected (lanes 1,3). Collagen «1(I), RHA, and tubulin expression was measured by
Western blot. (C) Knockdown of RHA does not affect expression of collagen mRNAs. Total
RNA from the experiment in A was analyzed for expression of collagen a1(I), collagen a2(I),
and GAPDH mRNA by quantitative real-time RT-PCR. Relative expression of collagen a1(I)
and collagen a2(I) mRNAs was standardized by the internal control GAPDH. Error bars, *1

The activation starts at Day 4 in culture
and is maximal by Day 8, and the col-
lagen level gradually increases during this
time period. Thus, HSCs are an excellent
model to follow the changes in gene ex-
pression from collagen-nonproducing
to collagen-producing cells. We used these
cells to assess if there is a temporal as-
sociation between the RHA expression
and type I collagen expression.

SEM.

in the 5" UTR. The constructs were transfected into HEK293
cells, which had either a normal level of RHA (pre-transfected
with scrambled siRNA) or had the RHA knocked down by
RHA-specific siRNAs. Figure 7B shows the level of RHA in
control and knocked down cells. The luciferase protein was
then measured by a standard assay and normalized to the
total protein in the extract. Luciferase mRNA was analyzed
by real-time RT-PCR using primers specific for the lucif-
erase sequence and normalized to the endogenous GAPDH
mRNA, measured in the same experiment. Thus, the ex-
pression of both, luciferase protein and luciferase mRNA,
was normalized to the endogenous protein or mRNA, and
the ratio of LUC,,,,/LUC,,rna Was plotted in Figure 7C. The
reporter mRNA with wild-type (WT) collagen 5" SL pro-
duced a high level of luciferase protein, but when RHA was
knocked down, there was a threefold reduction in luciferase
protein synthesis per mRNA (p = 0.005) (Fig. 7C). There
was no significant difference in luciferase expression with
or without RHA from the reporter mRNA with the 5" SL
mutated (p = 0.605). Likewise, the reporter mRNA with no
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HSCs were isolated from rat livers

and cultured in vitro (Weiskirchen and

Gressner 2005). The samples were col-

lected at Days 2, 4, 6, and 8 in culture and analyzed by
Western blot for collagen a1(I) and RHA protein expres-
sion (Fig. 8A). As controls, we analyzed expression of tu-
bulin, which does not change during activation, and ex-
pression of a-smooth muscle actin (aSMA), which is a
marker of activation and expression of which gradually
increases (Mak and Lieber 1988). At Day 2, when the cells
are still quiescent, there was no detectable expression of
RHA by Western blot (Fig. 8A, lane 1). However, more
sensitive detection of RHA mRNA by RT-PCR showed
a low level of expression (Fig. 8B, lane 1), suggesting that
RHA is expressed, but at low levels. Collagen and aSMA
were also not expressed at Day 2 (Fig. 8A, lane 1). At Day 4,
RHA protein was clearly detected by Western blot (Fig. 8A,
lane 2), which correlated with the increased level of its
mRNA (Fig. 8B, lane 2). Type I collagen protein was still
undetectable at this time point (Fig. 8A, lane 2), suggesting
that up-regulation of RHA precedes the onset of collagen
expression. Expression of RHA slightly increases at Days 6
and 8, which coincides with a large increase in collagen
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FIGURE 6. Collagen mRNAs are inefficiently translated in the absence of RHA. (A) Polysomal profile of HEK293 cells with and without RHA.
(Top panel) Cells were transfected with RHA-specific siRNA or control siRNA and polysomes fractionated on linear sucrose gradients (fraction 1,
45% sucrose; fraction 16, 15% sucrose; fractions 16 and 17, postpolysomal supernatant). (Top panel) The OD,4o of the fractions from cells
transfected with siRNAs (RHA) (dotted line) and control siRNA(Sc) (full line) is shown. (Bottom panel) Distribution of ribosomal RNA in the
fractions. Fractions containing polysomes are indicated. (B) Knockdown of RHA by siRNA. Control siRNA (Sc, lane 1) and RHA-specific siRNA
(RHA, lane 2) were transfected into HEK293 cells, and expression of RHA was analyzed by Western blot. Loading control: tubulin (TUB). (C)
RHA distribution in polysomal fractions of HEK293 cells. (Top panel) Sucrose fractions as in A were probed for the presence of RHA by Western
blot. (Bottom panel) The fractions were analyzed by Western blot for LARP6. (D) Polysomal loading of collagen a1(I) mRNA is RHA-dependent.
Polysomes were fractionated from HEK293 cells transfected with control siRNAs (Sc, top panel) or RHA-specific siRNA (RHA, bottom panel), and
the fractions were analyzed for collagen a1(I) mRNA by radiolabeled RT-PCR. (E) Polysomal loading of collagen «2(I) mRNA is RHA-
dependent. Same experiment as in C, except collagen a2(I) was analyzed. (F) Knockdown of RHA does not affect polysomal loading of GAPDH
mRNA. Same experiment as in C, except GAPDH mRNA was analyzed.

synthesis and an increase in expression of the marker of
myofibroblasts, aSMA. These results indicate that, in the
cells that undergo transformation from collagen-nonpro-
ducing into collagen-producing cells, RHA is temporally
expressed before type I collagen and that later its levels
closely parallel that of collagen. This is consistent with the
role of RHA in high levels of collagen synthesis.

DISCUSSION

Previous studies described the role of RNA helicase A in
transcription (Aratani et al. 2001; Fujii et al. 2001; Zhang
and Grosse 2004), mRNA processing (Lee and Hurwitz
1992; Nakajima et al. 1997; Lee et al. 1998; Li et al. 1999),
and translation of viral and cellular mRNAs with highly
structured 5° UTRs containing a PCE (Zhang and Grosse
2004; Hartman et al. 2006). This study describes the role of
RHA in translation of collagen mRNAs, which have only

one clearly defined structural element in the 5" UTR, the 5’
SL (Stefanovic et al. 1999, 2000; Stefanovic and Brenner
2003). We showed that (1) RHA interacts with LARP6 and
is tethered to the collagen mRNAs in vivo. (2) RHA is
required for high collagen synthesis; knockdown of RHA
results in poor loading of polysomes on collagen mRNAs.
(3) The effects of RHA on translation of collagen mRNAs
are mediated by the 5’ SL. (4) Expression of RHA is
coregulated with the expression of type I collagen in cells
that differentiate from collagen-nonproducing into collagen-
producing cells. These results suggest that RHA is a critical
factor for high levels of synthesis of type I collagen.
Although it has been described that RHA can bind RNA
(Hartman et al. 2006; Bolinger et al. 2007), we could not
demonstrate high affinity of binding of RHA to 5" SL using
gel mobility shift experiments. This does not exclude the
possibility that RHA can interact with the 5' SL with low
affinity or with some other sequence in collagen a1(I) and
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FIGURE 7. Stimulation of translation by RHA depends on the presence of collagen 5" SL. (A)
Schematic representation of the collagen/luciferase reporter genes. (Dotted line) Promoters;
(black line) collagen 5" UTR; (gray line) luciferase sequence. The transcription start site is
marked by an arrow, and positions of the start and stop codons are indicated. (B) Immunoblot
showing knockdown of RHA by siRNA. (C) Knockdown of RHA affects protein expression
from the mRNA with 5" SL. RHA-specific siRNA (RHA, black bars) and control siRNA (Sc,
open bars) were transfected into HEK293 cells, followed by transfection of the reporter genes.
(The two stars represent the significance p < 0.01.) Expression of luciferase protein was
measured as the enzymatic activity and was normalized to the total protein in the extract.
Luciferase mRNA was measured by real-time RT-PCR and was normalized to GAPDH mRNA.
The ratio of luciferase protein to mRNA was plotted on the y-axis. The results of five
independent experiments with error bars of =1 SEM and the P-values are shown.

a2(I) mRNAs. However, since LARP6 and RHA interact in
an RNA-independent manner (Fig. 2C), it is likely that
RHA is tethered to collagen mRNAs by interaction with
LARP6. LARPG is the only protein that binds the 5" SL of
collagen mRNAs with high affinity, and it was proposed
that it regulates translation (Cai et al. 2010a). Collagen
al(I) and a2(I) mRNAs are designed to be poorly trans-
lated, because in their 5 UTR there are two short uORFs
and the start codon is buried within the 5" stem—loop and
not in the optimal sequence context for the initiation codon
(Stefanovic et al. 1999, 2000, 2002; Stefanovic and Brenner
2003). The recruitment of RHA may be necessary to
increase their translational competitiveness. This is best
evidenced by the fact that knockdown of RHA results in
poor formation of polysomes on collagen mRNAs (Fig. 6)
and low cellular levels of collagen protein (Fig. 5). We
found that RHA is associated with polysomes in HEK293
cells (Fig. 6C), and a similar finding was reported before
(Jin et al. 2011). Knockdown of RHA does not significantly
change the polysomal profile of HEK293 cells (Fig. 6A), so
it is not likely that RHA is required for translation elongation
of the majority of mRNAs. Its association with polysomes
suggests a role in translation elongation of a selected subset
of mRNAs, possibly including collagen mRNAs. Significant
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amounts of RHA were found associ-
ated with ribosomal subunits and in

1 2
—_— ria  postpolysomal supernatant. LARP6 is also
found predominately in the postpolyso-
P p— T mal supernatant (Fig. 6C; Cai et al.
sc RHA 2010a), suggesting that LARP6 and RHA

form a complex prior to translation ini-
tiation on collagen mRNAs. In this way,
RHA may unwind the 5" stem-loop dur-
ing the translation initiation phase and
promote ribosomal recognition of the
collagen main reading frame.

RHA is also found in the nucleus and
can interact with LARP6 in the nucleus
(Fig. 2D), again indicating that it may
be recruited to collagen mRNAs at early
stages of their metabolism.

Since LARP6 interacts with RHA in
the absence of intact RNA (Fig. 2), it is
probably tethered to the 5’ stem—loop
of collagen mRNAs by interaction with
LARP6. LARPS interacts with RHA with
its C-terminal domain, and LARP6 lack-
ing the C-terminal domain strongly sup-
presses collagen synthesis (Cai et al.
2010b). That this tethering is required
for high levels of collagen synthesis is
also evidenced by using reporter genes
(Fig. 7). When 5’ stem-loop was in-
troduced into a reporter gene, the high
protein expression from this gene was
observed when RHA was present and was threefold lower
when RHA was knocked down. Two reporter mRNAs
without the 5’ stem—loop were translated in an RHA-
independent manner. This again suggests that RHA is not a
general stimulator of translation and that it must associate
with a particular mRNA to exert its effect. RHA and other
RNA helicases, such as DDX3 and Ded1, complement RNA
helicase eIF4A and, if recruited, can enhance translation of
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FIGURE 8. Temporal expression of RHA and type I collagen in
activation of hepatic stellate cells (HSCs). (A) Temporal expression of
RHA protein. HSCs were isolated from rat livers and plated into
uncoated plastic dishes. The cells were cultured for the indicated time
periods, collected, and analyzed for expression of RHA, collagen
al(I), a-smooth muscle actin, and tubulin by Western blot. (B)
Temporal expression of RHA mRNA. Same experiment as in A, except
total RNA was analyzed by radiolabeled RT-PCR for RHA and actin
(ACT) mRNAs.
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the specific mRNAs (Lee and Hurwitz 1992; Chuang et al.
1997; Lee et al. 2008). The PCE elements were proposed to
tether RHA to some viral and cellular mRNAs (Hartman
et al. 2006), while our results indicate that 5" SL and LARP6
serve this function for collagen mRNAs. Eif4H was pulled
down as one of the proteins using 5 SL RNA (Fig. 1).
Although its function in translation of collagen mRNAs was
not studied, it is possible that ei4H also contributes to
efficient translation of collagen mRNAs.

In conditions of high collagen synthesis, like in wound
healing or fibrosis, there is activation of quiescent fibro-
blasts and stellate cells, which produce low levels of type I
collagen, into myofibroblasts, which up-regulate expression
of type I collagen 50-100-fold (Stefanovic et al. 1995, 1997,
1999; Stefanovic and Brenner 2003; Lindquist et al. 2004;
Rippe and Brenner 2004). Cultivation of HSC in vitro
mimics this process (Friedman 1996, 1999) and enabled us
to compare the temporal profiles of RHA and collagen ex-
pression (Fig. 8). In activation of HSCs, RHA is expressed
at low levels in quiescent HSCs. Its expression was un-
detectable by Western blot (Fig. 8A), but RT-PCR analysis
showed low expression (Fig. 8B). During activation, an
increase in RHA expression is observed before an increase
of type I collagen expression, consistent with the hypothesis
that RHA activity is a prerequisite for high collagen syn-
thesis. Activation of HSCs is associated with dramatic up-
regulation and down-regulation of many genes (Friedman
1996). Although RHA is required for type I collagen syn-
thesis, it is possible that during this process, other mRNAs
may also require activity of RHA. However, so far, only junD
mRNA was reported to require RHA for translation (Hartman
et al. 2006).

In conclusion, we have identified one of the key in-
teractions necessary for high levels of collagen synthesis, the
interaction of LARP6 and RHA. This interaction is needed
to tether RHA to the 5" UTR of collagen mRNAs, which
have the 5" SL as the high-affinity docking site of LARP6.
When tethered to collagen mRNAs, RHA may help in
unwinding the secondary structures and assembly of the
ribosomes competent for translational elongation of the
main reading frame. This is the first description of the role
of RHA in synthesis of extracellular matrix proteins and
may have profound implications for future development of
antifibrotic drugs.

MATERIALS AND METHODS

Plasmid and adenovirus construction

Full-size Larp6 was cloned into a pCDNA3 vector (Stratagene)
with an HA-tag at the N terminus. Deletion mutants were con-
structed using conventional restriction enzyme HindIII (AC/RRM)
and Xcml (AC) (Cai et al. 2010a), and by cloning of the PCR
amplified C-terminal region. The identity of the mutants was con-
firmed by Western blot and sequencing.

Adenoviruses were constructed by recloning the constructs
into a pAdCMV-TRACK vector, followed by recombination with
a pAd-Easy vector, as described (He et al. 1998). All adenoviruses
also expressed GFP from a separate transcription unit to monitor
transduction efficiency. Adenoviruses were amplified and purified
as described (He et al. 1998).

A luciferase reporter gene containing the 5" UTR of the mouse
collagen a1(I) gene (5" SLWT-LUC) was constructed by cloning
220 nt of the promoter of the mouse collagen al(I) gene to-
gether with the complete 5'-UTR sequence and 5" stem—loop into
the Basic Luciferase Vector (Promega). The reporter gene with
the mutated 5’ stem—loop (5" SLMUT-LUC) was made from the
above construct by mutating sequences involved in formation of
the 5" SL. The reporter gene containing no collagen 5" UTR was
described before (Stefanovic et al. 2005; Jiang and Stefanovic
2008). It was driven by a hybrid promoter consisting of the
upstream collagen promoter and the proximal SV40 promoter,
followed by the luciferase open reading frame of the Basic Lucifirase
Vector (Promega) with 6000 nt of the mouse collagen al(I)
promoter.

Cells and transfections

Human lung fibroblasts (HLFs), hepatic stellate cells (HSCs), and
HEK293 cells were grown under standard conditions (Graham
et al. 1977). HEK293 cells and human fibroblasts were transfected
with 1 pg of plasmid per 35-mm culture dish using 293TransIT
reagent (Mirus). The cells were harvested 48-72 h after the
transfection. SIRNAs were transfected using Lipofectamine 2000
reagent (Invitrogen) at the final concentration of 125 nM per
100,000 cells. The sequence of the siRNA is shown in Table 1.
Adenoviruses were used at an MOI of 500, which resulted in >95%
transfection of HLFs (Cai et al. 2010a).

HSCs were purified by perfusing rat livers with 0.5 mg of
pronase and 0.04 mg of collagenase per gram of animal weight and
centrifugation of the cell suspension over a 20% Nycodenz gra-
dient (Weiskirchen and Gressner 2005). The purity of the cells was
assessed by immunostaining with anti-desmin antibody. The cells
were cultured on uncoated plastic dishes in DMEM with 10% FCS
for the indicated time periods.

RT-PCR analysis

Total RNA was isolated using an RNA isolation kit (Sigma-Aldrich).
The RNA was treated with DNase I to remove contaminating DNA
and analyzed by two RT-PCR techniques. RT-PCR with radio-
labeling of the PCR products was performed as previously described
(Stefanovic et al. 2000; Fritz and Stefanovic 2007; Cai et al. 2010a;
Challa and Stefanovic 2011). Briefly, 50 ng of total RNA was
reverse-transcribed using rTth reverse transcriptase (Boca Scientific)
and the primer specific for the mRNA under analysis. The PCR
reactions were performed in the presence of [a->*P]dATP. PCR
products were visualized by autoradiography. The identity of the
PCR bands was verified by sequencing and by their expected size.

Quantitative real-time RT-PCR analysis

Total RNA was isolated using an RNA isolation kit (Sigma-
Aldrich). The RNA was treated with DNase I to remove contam-
inating DNA. The ¢cDNA for the quantitative real-time polymerase
chain reaction (qQRT-PCR) was synthesized using SuperScript II
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RT (Invitrogen) following the manufacturer’s protocol. Five per-
cent of the cDNA was used in qRT-PCR (BioRad-IQ5 Thermo-
cycler) using specific primers with the sequences shown in Table
1. The qRT-PCR was performed in triplicates of each RNA im-
munoprecipitation experiment. The threshold cycle (Cr) was com-
puted using IQ-5 software (Bio-Rad) with standard curves
constructed for each primer set with a stepwise dilution of input
DNA with an efficiency of 100% (£15%). The analysis of the
dissociation curve was performed at the end of 40 cycles. The
enrichment values presented were acquired by the data calculated
as percent input of IP-RNA as a percent of total immunopercip-
itated RNA to input fraction (Figs. 3B, 4C,E). The total collagen
mRNA (Fig. 5C) and the luciferase mRNA expression (Fig. 7C)
were standardized to the GAPDH and the negative control (empty
vector). The equation for the determination of error propagation
(Standard Error) for normalized expression and the graphics were
computed using the biostatistics comprehensive program GraphPad
Prism 3.02. The statistical data were analyzed on Microsoft Excel
and GraphPad Prism 3.02. Values are obtained from three inde-
pendent experiments * standard error of the mean. One-way
ANOVA followed by a Tukey’s multiple comparison test, p < 0.05,
was used to determine significance of enrichment. The P-values in
Figure 7C were determined by the Student’s t-test.

Western blotting

Cytosolic proteins were prepared by lysis in isotonic buffer con-
taining 0.5% NP-40. The protein concentration was estimated
using a Bradford assay. The following antibodies were used: anti-
collagen a1(I) polypeptide antibody from Rockland, anti-collagen
a2(I) polypeptide antibody from Santa Cruz Biotechnology, anti-
fibronectin antibody from BD Transduction Laboratories, anti-
tubulin antibody from Cell Signaling, anti-Larp6 antibody from
Abnova, anti-RHA antibody from Abcam, and anti-HA and anti-
Flag antibodies from Sigma-Aldrich.

Cytosolic cell extracts were prepared in isotonic buffer (140
mM Na(l, 1.5 mM MgCl,, 10 mM Tris-HCl at pH 7.6, 0.5% NP-
40), and after removal of the nuclei by centrifugation, the su-
pernatant was used as a cytosolic extract. The nuclei pellet was
washed three times in the same lysis buffer, and nuclear extracts
were prepared as described by Dignam et al. (1983).

Biotin-RNA pull-down

For identification of 5" SL RNA interacting proteins, biotinylated
5" SL RNA or inverted 5 SL RNA (CON) was incubated in
cytosolyc extracts prepared from 3 X 10”7 human lung fibroblasts
and pulled down with streptavidin agarose. After washing five
times with PBS, the pull-down material was analyzed by SDS-
PAGE and Coomassie staining. Proteins specifically pulled down
with 5" SL RNA were excised from the gel and identified by
MALDI-TOF (FSU) or LC/MS/MS (Tufts University Core Facility).

Immunoprecipitation (IP)

Cells were lysed as for Western blots, and the nuclei were removed
by centrifugation. Lysate containing 1 mg of total protein was
incubated with 1 pg of the antibody for 1 h at 4°C. Twenty mi-
croliters of equilibrated protein A/G beads (Santa Cruz Bio-
technology) was added to the samples and incubated for 4 h at
4°C. The beads were washed three times with PBS supplemented
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with 0.5% NP-40, and the samples were analyzed by Western
blotting or by RT-PCR when coprecipitation of collagen mRNAs
was analyzed. In some experiments, the lysate was treated with 1 pg
of RNase A prior to the IP.

Fractionation of polysomes

Cells were treated with cycloheximide for 1 h to stabilize the
polysomes prior to harvesting. Cell lysates were prepared from
3 X 10 cells, as described for immunoprecipitation. The lysate was
laid on the top of a linear 15%-45% sucrose gradient and
centrifuged for 2 h at 38,000¢ at 4°C (Veyrune et al. 1996; Cai
et al. 2010a). Five hundred-microliter fractions were collected and
the OD,¢y’s of the fractions were measured. Total RNA was
extracted from the fractions by phenol:chloroform followed by
isopropanol precipitation. The RNA was analyzed on a 1% agarose
gel to determine the distribution of ribosomal RNA, and expression
of the collagen mRNAs and GAPDH mRNA in the fractions was
estimated by RT-PCR. Proteins were extracted from the fractions
by precipitation with 6.5% TCA and 0.05% DOC; the protein
pellets were dissolved in 0.1% SDS, 10 mM Tris (pH 6.8) and
analyzed by Western blot.

Gel mobility assay

The RNA probe described in Cai et al. (2010a) was prepared by in
vitro transcription from the template cloned by the pPGEM3 vector
(Promega). The mobility shift assay was done using 4 ng of labeled
5" SL RNA and 20 pg (total protein) of cytosolic extracts of cells
transfected with various constructs by standard laboratory pro-
tocol as described (Cai et al. 2010a). The input of transfected
proteins (Fig. 2B) was estimated by theWestern blot. Quantifica-
tion of the intensity of bands was done using a phosphorimager.

Luciferase assay

Lucifarese reporter constructs were transfected into HEK293 cells,
and luciferase activity was measured by the standard assay 2 d
after transfection (Alam and Cook 1990; Jiang and Stefanovic
2008). The activity was normalized to total protein in the extract,
as loading control. Luciferase mRNA was analyzed by real time
RT-PCR using primers specific for the luciferase sequence (Table
1). The mRNA expression was normalized to the expression of
GAPDH, as loading control. The normalized activity of luciferase
protein was divided to the normalized expression of luciferase
mRNA, and the ratio is shown as arbitrary units on the y-axis. The
results plotted were from three independent experiments. Student’s
t-test was used to assess the statistical significance. The statistical
significance was set at p < 0.05, and the error bars represent +1 SD.
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