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Abstract
Objective—Scleroderma is a complex connective tissue disorder characterized by hardening and
thickening of skin. One hallmark of scleroderma is excessive accumulation of collagen
accompanied by increased levels of pyridinoline collagen cross-links derived from hydroxylysine
residues in the collagen telopeptide domains. Lysyl hydroxylase 2 (LH2), an important alternately-
spliced enzyme in collagen biosynthesis, acts as a collagen telopeptide hydroxylase. Changes in
the pattern of LH2 alternative splicing, favoring increased inclusion of the alternatively-spliced
LH2 exon 13A thereby increasing levels of the long transcript of LH2 [LH2(long)], are linked to
scleroderma pathology. In this study we have examined the role played by RNA binding protein
Fox-2 in regulating exon 13A inclusion that leads to the generation of scleroderma-associated
LH2(long) mRNA.

Methods and Results—We report that over-expression of Fox-2 enhances inclusion of exon
13A and increases the generation of LH2(long) mRNA, whereas knockdown of Fox-2 decreases
the LH2(long) transcripts. Mutational analysis of an LH2 minigene demonstrated that two of the
four Fox binding motifs flanking LH2 exon 13A are required for its inclusion. In early passage
fibroblasts derived from patients with systemic scleroderma, the knockdown of Fox-2 protein
significantly decreased the endogenous levels of LH2(long) mRNA.

Conclusions—Fox-2 appears to play an integral role in the regulation of LH2 splicing.
Knockdown of Fox-2 and other methods to decrease the levels of fibrosis-associated LH2(long)
mRNA in primary scleroderma cells may suggest a novel approach to strategies directed against
scleroderma.

The biosynthesis and assembly of the triple helical collagen fibrils is a multi-step process
that begins inside a cell but is completed in the extracellular matrix (ECM) (1). One of the
important groups of enzymes that play a key role in the collagen biosynthesis pathway is the
lysyl hydroxylase (LH) family that includes LH1, LH2 and LH3 (also described as PLOD1,
2 and 3; procollagen lysine oxoglutarate dehydrogenases). These enzymes catalyze the
conversion of specific lysine residues (Lys) on the nascent collagen chains to
hydroxylysines (Hyl). The target sequences of LH are located in both the helical and non-
helical telopeptide collagen domains (Gly-X-Lys and Ala/Ser-X-Lys, respectively) (2). The
telopeptide hydroxylysines in turn act as precursors that are responsible for the formation of
inter-molecular tri-functional pyridinoline cross-links (Pyr). These Pyr cross-links are
critical for the mechanical stability and tensile strength of collagen fibrils. Although each
member of the LH family hydroxylates collagen lysine residues, only LH2 has been reported
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to act specifically on the telopeptide lysines of collagen molecules (3). LH2 is also the only
member of the LH family that is known to be alternately spliced (4). Its alternative splicing
leads to the generation of two mRNA transcripts, LH2(long) and LH2(short), that either
include or exclude the 63bp exon 13A (4,5).

The identification of LH2(long) in dermal fibroblasts and its differential expression in
various tissues was first reported by our laboratory (4,6). Subsequent studies have reported
that LH2 (long) mRNA is significantly increased in scleroderma and other fibrotic
conditions (7,8). LH2(long) over-expression is accompanied by an associated increase in the
Pyr cross-links present in the accumulated collagen in the scleroderma patients (9–13).
Therefore factors affecting the changes in LH2 alternative splicing pattern appear to play an
important role in scleroderma. Our current study has established that one of these regulatory
factors, Fox-2, promotes the generation of LH2(long) mRNA by enhancing the inclusion of
the LH2 alternative exon 13A. We have utilized a new LH2 minigene that recapitulates the
endogenous LH2 splicing pattern to identify the relative contributions of the four Fox-
binding motifs that are present in the introns flanking the alternately-spliced exon 13A.

Using site-directed mutagenesis and Fox-2 over-expression experiments we have
demonstrated that the two Fox motifs located in the upstream intron are required for the
efficient inclusion of exon 13A. Targeting the expression of Fox-2 protein in primary
cultured cells derived from scleroderma biopsy samples using Fox-2 specific siRNAs
significantly reduced the endogenous levels of LH2(long) mRNA that are elevated in
scleroderma. Our results not only shed new light on the pathobiology of scleroderma, but
may indicate a future approach towards development of new strategies that decrease the
levels of fibrosis-associated LH2(long) in scleroderma.

MATERIALS AND METHODS
Phylogenetic comparison

Phylogenetic comparisons were performed using the Clustal W alignment function of the
MacVector program (14). The parameters used for sequence analysis are described
elsewhere (15).

Cell culture
293 TRex, A431, A375, Huh-7, HeLa cells and the mouse embryonic fibroblasts (MEFs)
were cultured in DMEM (Invitrogen) supplemented with 10% FBS (Hyclone). Early
passage cells (<5) cultured from biopsies of clinically affected and non-affected skin from
SSc patients and healthy controls were cultured under similar conditions. All research was
carried out in compliance with the Helsinki Declaration and approved by the Institutional
Review Board of the Duke University Health System.

Tetracycline Induction
The 293 TRex cells that had either the Fox-2 cDNA or the EGFP cDNA stably integrated in
a single copy at the FRT site were a gift from Prof. Mariano A.Garcia-Blanco, Duke
University Medical Center. The tetracycline induction experiments were carried out as
described previously (16). After 36 hours, the cells were harvested from three wells for
RNA isolation using Trizol reagent (Invitrogen) following manufacturer’s instructions. Total
cell lysate was prepared from the fourth well as described later. Cells from the fifth well
were used for FACS analysis at the Duke FACS facility.
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LH2 Minigene design
An LH2 genomic fragment containing 1163 nucleotides of intron 13, 63 nucleotides of exon
13A and 951 nucleotides of intron 13A was amplified from human genomic DNA using
LH2 specific primers. The forward and the reverse primers had XbaI and XhoI overhangs,
respectively and their sequences are described in Supplementary data Table S1.

The amplified genomic LH2 fragment was digested with XbaI and XhoI and ligated to pI-11
vector with compatible ends. All sequences were verified by DNA sequencing.

Fox-2 over-expression
Mouse Fox-2 over-expression vector, Fox-2 deletion mutant vector and the over-expression
protocol have been described elsewhere (16). RNA was extracted from three of the four
wells (Trizol) and total cell lysate was prepared from the fourth well as described below.

Preparation of total cell lysate and western blot
Media was removed from the cells and they were washed twice with PBS (pH 7.4). The
cells were then scraped from the wells and re-suspended in PBS followed by centrifugation
at 2500 RPM for 5 minutes. The supernatant was discarded and the cells resuspended in cold
lysis buffer containing 1% NP-40, incubated for 30 minutes on ice and centrifuged at 13,000
RPM for 2 minutes. The supernatant was then collected.

The total protein concentration of cell lysates was measured by a standard Bradford assay
using Bradford Reagent (Bio-Rad) following manufacturer’s instructions. 25ug of protein
was loaded in each well of a 7.5% SDS-PAGE gel and, post-electrophoresis, the gel was
transferred to a PVDF membrane (Millipore). The following dilutions of primary antibodies
were used: αV5 (1: 5000) (Invitrogen), αFox-2 (1:1000) (Abcam), αCA150 (1:2000). The
following dilutions of the secondary antibodies conjugated to HRP were used: αMouse IgG-
HRP (1:5000) (GE Healthcare), αRabbit IgG-HRP (1:5000) (GE Healthcare). The products
of the western blot were detected using a chemiluminiscence detection kit (Denville
Scientific) following manufacturer’s instructions.

Site-directed mutagenesis
Mutations were introduced in the LH2 minigene using chimaeric PCRs. All primers used in
this study were obtained from Integrated DNA Technologies. Their sequences are included
in the Supplementary data, Table S1.

Transfections
The protocols for the generation of stable cell lines and transient transfections have been
described elsewhere (17). In brief, one day prior to transfections the cells were plated in
antibiotic-free DMEM in a 6-well tissue culture dish and these were transfected the next day
with the DNA using lipofectamine 2000 (Invitrogen) following manufacturer’s instructions.
For selection of stables, at 48 hours post-transfection, the cells were transferred to a T-25
flask containing DMEM supplemented with 10% FBS and the selection marker Zeocin (200
μg/ml). For transient transfections, the cells were harvested 48 hours post-transfection for
the extraction of either RNA or protein. The stably-transfected cells were harvested usually
2–3 weeks after selection. All RNA extractions in this study were performed using Trizol
(Invitrogen) following manufacturer’s instructions. Each condition was performed in
triplicate and each experiment was repeated twice.
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RT-PCR
Reverse Transcription (RT) was performed using 1μg of RNA from each sample, unless
mentioned otherwise. The RT was performed using MMLV-RT (Invitrogen) as previously
described. Minigene specific PCRs were carried out with T7 and SP6 primers and
endogenous LH2 PCRs were carried out using LH2 specific primers and using 32P dCTP as
described elsewhere.

Polyacrylamide Gel Electrophoresis and Quantification of RT-PCR
The PCR samples labeled with 32P dCTP were separated on a 5% polyacrylamide gel. The
gel was quantified using a phosphorimager (Storm 820) and ImageQuant software as
described (18).

Fox-2 siRNA knockdown
All of the knockdowns were performed using the 2-hit siRNA knockdown protocol as
described (19). Four wells of a 24-well tissue culture plate were plated for each condition.
Cells were transfected twice (on days 1 and 3) with 3μl of 20 nM siRNA using the
oligofectamine reagent (Invitrogen) following manufacturer’s instructions. On day 5, the
cells were harvested and RNA was extracted from three wells (for each condition) using
Trizol and total cell lysate was prepared from the fourth well as described earlier. Sequences
of the Fox-2 specific siRNAs (Dharmacon) used were as follows:

Fox-2 siRNA #1: 5’ CCUGGCUAUUGCAAUAUUU dTdT 3’ (20)

Fox-2 siRNA #2: 5’ GUUAUAUGCAGCAUCCAGC dTdT 3’

RESULTS
Phylogenetic sequence analysis of the introns flanking exon 13A reveals high sequence
conservation of the upstream Fox binding motifs

The sequence analysis of introns that flank the alternately spliced human LH2 exon 13A
revealed the presence of four RNA binding motifs (U)GCAUG (21). This motif has been
shown to regulate the alternate splicing via Fox proteins Fox-1 and Fox-2 in different genes
(16,22–24). As seen in Figure 1, the two Fox binding motifs (1 and 2) present in the
upstream intron 13 were found to be highly conserved across the five different species that
were selected for our analysis. The other two Fox binding motifs (3 and 4) present in the
downstream intron 13A, were not as highly conserved. This suggested that the upstream Fox
motifs may play a more important role in regulating LH2 alternative splicing.

Induction of Fox-2 protein increases the inclusion of exon 13A and the generation of
endogenous LH2(long) mRNA

In order to establish the role that Fox-2 protein plays in regulating the inclusion of the LH2
alternately spliced exon 13A, we initially examined the effect of increasing levels of Fox-2
protein on the pattern of LH2 splicing. To accomplish this, we used a tetracycline (tet)
inducible system comprised of Fox-2 cDNA sub-cloned under a tet inducible promoter,
stably integrated in the FRT site of the 293 T Rex cells. A separate 293 T Rex cell line in
which the cDNA of the Enhanced Green Fluorescent Protein (EGFP) had been sub-cloned
under the same tet inducible promoter was used as a control for this experiment. This system
has been used earlier to test the role played by the Fox-2 protein in regulating the alternative
splicing pattern of Fibroblast Growth Factor Receptor 2 (FGFR2) (16). As seen in Figure
2A, FACS analysis was used to show that, whereas GFP was induced by tet in 293 T Rex
GFP cells, the GFP levels were unchanged in the 293 T Rex Fox-2 cells. The robust
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induction of Fox-2 expression in 293 T Rex Fox-2 cells observed upon the addition of tet to
the media (Figure 2B), led to a significant increase in the levels of endogenous LH2(long)
mRNA (Figure 2C). This striking effect was specific and was not observed in the case of tet
induced 293 T Rex GFP cells (Figure 2C).

Validation of a new LH2 minigene and mutagenesis of Fox binding motifs to establish their
relative importance

As the previous experiment had shown that increased levels of Fox-2 significantly increased
the generation of LH2(long) mRNA, we subsequently identified which of the four
(U)GCAUG motifs were important for Fox-2 binding. To examine the relative contribution
of each of the four Fox binding motifs to the pattern of LH2 splicing, we mutated each of the
four Fox motifs in our newly designed LH2 minigene. This minigene included an LH2
genomic fragment containing 1163 nucleotides of intron 13, 63 nucleotides of the alternately
spliced exon 13A, and 951 nucleotides of intron 13A cloned under the CMV promoter of the
pI-11 vector (Figure 3A). As shown in Figure 3A, this minigene contains two Fox binding
motifs that are located upstream and downstream of exon 13A, respectively. The pI-11
vector has been described in detail elsewhere (25); in brief, it includes two strong exons, the
upstream (U) and the downstream (D) adenoviral exons separated by a constitutively-spliced
intron containing a multiple cloning site which was used to sub-clone the amplified genomic
LH2 fragment. The design of this new LH2 minigene mirrored the endogenous genomic
arrangement of LH2 exon 13A in which a “weak” alternately-spliced exon 13A with sub-
optimal splice sites is surrounded by “strong” constitutively-spliced exons with optimal
splice sites. We then tested and validated this new LH2 minigene in multiple cell lines to test
whether the ratio of LH2(long) to LH2(short) mRNA followed a similar trend in transcripts
originating either from the endogenous LH2 gene or the transfected LH2 minigene. In
Figure 3B, four examples from the tested cell lines (two human skin epithelial cell lines
A375 cells and A431, human hepatocellular carcinoma Huh-7 cells and MEFs) are shown.
We selected skin cells for the validation experiment as we chose to perform our Fox-2 over-
expression experiments in A431 cells due to their high transfection efficiency.

We also validated our minigene in Huh-7 liver cells (Figure 3B) and lung cells (data not
shown) since these organs also frequently undergo fibrosis. As shown in Figure 3B, in each
case the alternately-spliced LH2 minigene transcripts reflected the same trend as the spliced
endogenous LH2 transcripts, in which LH2(long) was the minor RNA species and
LH2(short) was the major RNA species.

The validated LH2 minigene was then used in mutagenesis experiments in which we
mutated all of the four Fox binding motifs either individually or in different combinations
(Figure 4A). The wild-type LH2 minigene and its different mutated versions were then
stably transfected in the MEFs. We chose to use MEFs for this experiment because the
inclusion of exon 13A and hence LH2(long) levels are higher in these cells compared to the
other cell lines that we had tested. Since the results from our tet induction experiments with
293 TRex cells stably transfected with the Fox-2 cDNA suggested that Fox-2 protein
enhances the inclusion of exon 13A (Figure 2), thereby increasing the levels of LH2(long)
mRNA, we predicted that the mutations of Fox binding motifs would lead to decreased
inclusion of exon 13A. We therefore performed stable transfections of MEFs with the
mutated LH2 minigenes, so that any decrease in LH2(long) caused by mutations in the
Fox-2 motifs would be more easily detectable. The individually mutated LH2 minigenes
(M1–M4) together with the combination of mutations (M1M2, M3M4, M1M2M3M4) are
shown in Figure 4A.

We observed a significant decrease in LH2(long) mRNA level when the Fox binding motifs
located in the upstream intron 13 were mutated either individually (M1 and M2) or in
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combination with other Fox motifs (Figure 4B). In contrast, no significant decrease was
observed when either of the two Fox motifs located in intron 13A, downstream of exon 13A,
were mutated either individually (M3 and M4) or in combination (M3M4).

Our data therefore suggests that both Fox motifs located in intron 13 upstream of LH2 exon
13A play an important role in the efficient inclusion of this exon and hence in determining
the level of the LH2(long) mRNA. In contrast, the downstream intronic Fox motifs do not
appear to be essential for exon 13A inclusion.

Fox-2 over-expression leads to increased exon 13A inclusion in the LH2 minigene
transcripts; both intron 13 Fox-binding motifs are required for LH2(long) expression

In order to confirm the requirement for Fox-2 protein in the generation of LH2(long) mRNA
and the importance of both upstream Fox binding motifs, we performed Fox-2 over-
expression experiments using the previously-described LH2 minigene. To accomplish this,
A431 cells (human epithelial skin carcinoma) were transiently transfected with increasing
amounts of a Fox-2 over-expression vector together with 100ng of the wild-type LH2
minigene. In parallel, A431 cells were transfected with increasing amounts of Fox-2 over-
expression vector together with 100ng of the M1M2 minigene in which both Fox motifs (#1
and #2) located in the upstream intron 13 had been mutated (Figure 4A). As shown in Figure
5A and 5B respectively, increased levels of LH2(long) were observed only when increasing
amounts of Fox-2 expression vector were co-transfected with the wild-type LH2 minigene
but not with its mutated M1M2 version. As shown in Figure 5C, the lack of any effect of
downstream Fox binding motifs #3 and #4 was confirmed in a similar Fox-2 over-expression
experiment in which the mutated M3M4 minigene (in which both downstream Fox binding
motifs had been mutated) still led to a robust increase in the levels of LH2(long) mRNA,
similar to that observed in the case of the wild-type LH2 minigene. Comparable results were
obtained in HeLa cells (data not shown). We also examined the effect of co-transfection of
increasing amounts of a different Fox-2 expression vector that expressed a mutated form of
Fox (in which the last 82 amino acids that harbor the RNA Recognition Motif were deleted)
together with the wild-type LH2 minigene (16). As shown in Figure 5D, no increase in
LH2(long) expression was observed even when the mutated Fox-2 protein was expressed at
high levels.

Overall, this data shows that (a) Fox-2 protein plays an integral role in the inclusion of exon
13A, (b) levels of LH2(long) mRNA increased by Fox-2 over-expression requires two intact
Fox binding motifs located upstream of the LH2 alternative exon 13A, and (c) the wild-type
Fox-2 protein must interact physically with the LH2 pre-mRNA to be able to exert its effect.

Knockdown of Fox-2 protein decreases the inclusion of LH2 exon 13A
In light of previous studies showing that LH2(long) mRNA is significantly over-expressed
in scleroderma (7) and our preliminary results suggesting that this could be regulated by
increased levels of Fox-2 (data not shown), we tested the effect of a knockdown of Fox-2
protein on LH2(long) mRNA levels in fibroblasts from scleroderma patients. Initially, we
performed this experiment in MEFs and demonstrated that LH2(long) expression was
reduced by two-fold upon Fox-2 knockdown (data not shown). Subsequently, we carried out
the Fox-2 knockdown in fibroblasts cultured from the biopsies of affected skin from patients
with systemic sclerosis (clinically described in Supplementary data Table S2). As shown in
cultured fibroblasts from a representative patient in Figure 6, a robust knockdown of Fox-2
protein using a specific siRNA resulted in a significant reduction in the levels of endogenous
LH2(long) mRNA. A similar decrease was observed when a comparable experiment was
performed in fibroblasts that had been cultured from a biopsy taken from unaffected skin of
a scleroderma patient (data not shown). This decrease in LH2(long) levels observed in
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Figure 6 was even more striking in view of the fact that that these scleroderma primary cells
expressed about four-fold higher levels of endogenous LH2(long) mRNA compared to their
normal counterparts, as reported earlier by our laboratory (8).

DISCUSSION
Scleroderma is a chronic, degenerative and heterogeneous disorder that has significant
autoimmune, vascular and connective tissue components (26–29). In the current study on the
regulation of LH2 that modulates the over-accumulation of collagen cross-links associated
with scleroderma, we have demonstrated that the regulatory RNA binding protein Fox-2 is
required for the generation of the long transcript of LH2 that is significantly increased in
scleroderma. This finding is important in view of the evidence that LH2(long) acts as the
collagen telopeptide lysyl hydroxylase that hydroxylates the telopeptide lysines prior to the
formation of Pyr cross-links (3,11). As these cross-links are increased in the excessive
production of collagen that is a characteristic of scleroderma, both the current and future
studies on LH2(long) regulation should provide a novel approach to an understanding of the
biology of this complex disease.

While a number of earlier studies have traditionally investigated this complex disease either
from an autoimmune or a vascular perspective, the interest in this disease from the RNA
biology viewpoint is fairly recent (30–34). Although there have been several reports of
increased expression of the LH2(long) transcript in cells from patients with specific fibrotic
conditions such as hypertrophic scars, keloids and Dupuytren’s syndrome (9,11), our study
is one of the first to examine LH2 in scleroderma from an alternative splicing perspective.
Analysis of factors regulating the alternative splicing pattern of LH2 should broaden our
understanding of this relatively understudied but important aspect of scleroderma and aid in
defining the molecular mechanisms that are responsible for the increased LH2(long)
transcript in scleroderma.

In our previous work we provided evidence for the involvement of the RNA binding protein
TIA (T-cell Intracellular Antigen) family members in the regulation of the alternative
splicing of LH2 (8). Our current study advances this work in a detailed examination of the
effect of the Fox RNA binding proteins, a group of proteins known to regulate alternate
splicing, on the splicing of the LH2(long) transcript. The Fox proteins were initially
identified as homologs of Caenorhabditis elegans RNA binding protein Feminization on X
(35,36), but subsequently they have been found to play an important role in the alternative
splicing of a number of genes including non-muscle myosin chain-B, C-src, fibronectin and
FGFR2 (16,22–24). The Fox-2 protein (or RNA Binding-Motif Protein 9) has different
isoforms and is encoded by multiple transcripts (16,37). It is also regulated by androgens
and it is known to regulate its own alternative splicing (16,38). The importance of the Fox
binding motif (U)GCAUG, was initially recognized in the brain but since then this motif has
been reported to play a significant role in other tissues (22,39,40). A recent genome-wide
analysis of the targets of the Fox family proteins predicted thousands of probable targets for
Fox-2 and its paralog Fox-1 proteins (41). Although this study did correctly predict and
partially validate LH2 as one of the targets of Fox-2 protein, in the current manuscript we
have provided an in-depth experimental analysis of the effect of increased Fox-2 expression
on both endogenous LH2(long) transcripts and on LH2(long) transcripts generated from a
new LH2 minigene.

We have demonstrated the relative importance of the four Fox binding motifs, on the
regulation of LH2 splicing. Since phylogenetic analysis suggested that the two highly
conserved upstream Fox motifs may play a more influential role in the regulation of LH2
alternate splicing, we tested this in a novel minigene by mutational analysis of the four Fox
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motifs either singly or in combination. Our mutagenesis experiments confirmed our
predictions from the phylogenetic examination and suggested that Fox proteins acts via the
two binding motifs in intron 13 upstream of the alternative exon 13A. This finding is in
contrast with earlier genome-wide computational studies, demonstrating an over-
representation of Fox binding motifs near tissue-specific alternate exons, that suggest that
the Fox motifs located in the downstream introns played a more important role in alternative
splicing (42,43). Although the high phylogenetic conservation of the upstream Fox motifs
does suggest the importance of these motifs, it is also possible that in the case of LH2, the
sequences surrounding the Fox motifs make significant contributions to the relative effect of
these Fox motifs on promoting exon inclusion (Seth and Yeowell, unpublished data).

In order to definitively establish the role of Fox-2 in the regulation of alternative splicing of
LH2, we performed Fox-2 over-expression experiments in multiple established cell lines.
The use of these established cell lines was necessitated because of the very low transfection
efficiency of the fibroblasts. To overcome this problem, we not only performed these
experiments in multiple cell lines but we also examined the effect of Fox-2 over-expression
on both the endogenous LH2 transcripts (in 293 TRex cells) and on the LH2 minigene
transcripts (in A431 and HeLa cells). The consistent results from these experiments indicate
that the role played by Fox-2 in regulating LH2 alternative splicing is a general
phenomenon. As shown in Figure 4, the result of the mutagenesis experiments performed in
the murine embryonic fibroblasts suggest that the effect of Fox-2 is also species
independent.

In primary fibroblasts cultured from two scleroderma patients, in which LH2 (long) is over-
expressed, we successfully decreased the levels of LH2(long) mRNA by knocking down the
levels of Fox-2 protein. Although cultured fibroblasts have been reported to have a different
expression profile compared to the scleroderma tissue, we did not observe any significant
difference in the levels of Fox-2 mRNA between the scleroderma biopsy samples and the
fibroblasts cultured from these biopsies (data not shown). Hence, we predict that
significantly decreasing Fox-2 in scleroderma fibroblasts would produce the same effect on
LH2(long) in scleroderma skin. Consequently, targeting of Fox-2 protein to reduce the level
of fibrosis-associated LH2(long) mRNA could provide an effective strategy against
decreasing the collagen cross-links that are a characteristic of scleroderma. Moreover, the
design of other strategies to reduce LH2(long) may open up exciting new avenues for future
research on fibrosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Lys Lysine

Hyl Hydroxylysine

LH lysyl hydroxylase

PLOD procollagen lysine oxoglutarate dehydrogenase

Pyr pyridinoline

ECM extracellular matrix

CMV cytomegalovirus

tet tetracycline

MEFs murine embryonic fibroblasts

RRM RNA recognition motif

SSc systemic sclerosis
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Figure 1. Clustal W sequence analysis of the flanking introns of exon 13A reveals that the Fox-2
binding motifs located in the upstream intron are highly conserved
(A) Schematic (not drawn to scale) showing the genomic arrangement of the alternately
spliced exon 13A and the constitutively spliced exons 13 and 14. The introns that flank exon
13A are also shown (Int 13 and Int 13A). The small white boxes represent the four Fox-2
binding motifs, shown by arrows, identified in the introns that flank exon 13A. The DNA
sequence of the Fox binding motif is shown. The brackets around (T) indicate that it is the
most variable base of the sequence. (B) Phylogenetic comparison of the sequence of the two
Fox binding motifs present in intron 13 and two motifs present in intron 13A from five
different species (humans, dog, cow, rat and chicken). Only the sequences of the two Fox
binding motifs present in intron 13 and two motifs present in intron 13A are shown. The
asterisks (*) denote complete sequence conservation across the five species.
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Figure 2. Induction of Fox-2 protein enhances the inclusion of LH2 exon 13A leading to
LH2(long) mRNA
Analysis of the uninduced and tetracycline-induced 293 TRex GFP control cells and the 293
TRex Fox-2 cells by (A) FACS analysis, (B) Western blot using the V5 antibody to detect
the induced Fox-2. CA150 was used as a loading control, and (C) radiolabeled RT-PCR
analysis on a 5% SDS-PAGE gel (top) and the quantification of the gel depicting LH2(long)
mRNA as a percentage of the total, LH2(long) + LH2(short), as described in Materials and
Methods, is shown at the bottom. The graph is the result of independent triplicates with ±
Standard Deviation (SD) shown in the error bars.
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Figure 3. Schematic representation and validation of the human LH2 minigene
(A) Schematic representation showing the endogenous LH2 at the top, and below, LH2
sequence inserted in the p1–11 vector. The empty white boxes, indicated by arrows, show
the four Fox binding motifs that flank the LH2 alternative exon 13A. The constitutive exons
13 and 14 are also shown. The broken lines depict the endogenous LH2 genomic region that
was sub-cloned in the XbaI and XhoI sites of the pI-11 vector, between its constitutively
expressed adenoviral derived upstream (U) and downstream (D) exons. (B) Validation of the
LH2 minigene following transfection in four representative cell lines, skin melanoma
epithelial cells (A375) (stables), human hepatocelluler carcinoma cells (Huh-7) (stables),
skin epithelial carcinoma cells (A431) (transients) and mouse embryonic fibroblasts (MEFs)
(transients) are shown. The ratios of the transcripts that originate from the endogenous LH2
pre-mRNA and the minigene LH2 pre-mRNA, respectively, are shown. The quantification
of each LH2 mRNA isoform (long and short) is expressed as a percentage of the total,
[LH2(long) + LH2(short)], as described in Materials and Methods. The graph is the result of
three independent wells with ± Standard Deviation (SD) shown in the error bars.
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Figure 4. Mutation of the Fox binding motifs located upstream of the exon 13A in the LH2
minigene leads to a significant reduction in the levels of LH2(long)
(A) Schematic representation of the different mutations of the Fox binding motifs that were
used for the mutagenesis experiment shown below in 4B. The white boxes represent wild-
type Fox binding motifs and the black boxes represent the mutated Fox motifs. The name of
each construct is shown on the right hand side.
(B) The bar graph shows the quantification of a stable transfection experiment in MEFs with
LH2(long) mRNA shown as a percentage of the total, [LH2(long) + LH2(short)], as
described in Materials and Methods. The graph depicts the result of three independent wells
with ± Standard Deviation (SD) shown in the error bars. Each experiment was performed
twice in triplicate.
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Figure 5. Over-expression of Fox-2 results in significantly increased LH2(long) levels when the
upstream Fox-2 binding motifs are intact, irrespective of the status of the downstream motifs
Bar graphs representing the results of transient transfection experiments in A431 cells in
which 100ng of (A) WT LH2 minigene, (B) M1M2 LH2 minigene in which upstream Fox
binding motifs were mutated and, (C) M3M4 LH2 minigene in which downstream Fox
binding motifs were mutated, were co-transfected together with increasing amounts of WT
Fox-2 cDNA, respectively. In (D), 100ng of WT LH2 minigene was co-transfected together
with increasing amounts of a mutated Fox-2 cDNA. The quantification of LH2(long) mRNA
has been described in Figure 2 and in Materials and Methods. The schematic representation
of each minigene used in each experiment is shown on the right. The western blots for each
individual experiment are shown below the minigene schematic. V5 antibody was used to
detect the induced Fox-2. CA150 was used as a loading control. All the graphs are the result
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from three independent wells with ± Standard Deviation (SD) shown in the error bars. Each
experiment was performed twice in triplicate.
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Figure 6. A knock-down of Fox-2 in primary cells derived from a SSc patient leads to a robust
decrease in the levels of endogenous LH2(long) mRNA
The RT-PCR gels of the knockdown experiments are shown above the bar graph. C2 and
Fox-2 siRNA are the non-specific control siRNA and Fox-2 specific siRNAs, respectively.
The LH2(long) and LH2(short) bands are shown by arrows. The bar graph represents the
quantification of the RT-PCR products. The LH2(long) quantification has been described in
previous figure legends. The Western blots for these experiments are shown at the right.
Fox-2 specific antibody was used to detect the endogenous levels of Fox-2. All the graphs
are the result of three independent wells with ± Standard Deviation (SD) shown in the error
bars. Each experiment was performed twice in triplicate.
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