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ABSTRACT. Chondroitin-4-sulfotransferase-1(C4ST-1)/carbohydrate sul-
fotransferase 11 (CHST11) is a Golgi-bound enzyme involved in the biosyn-
thesis of the glycosaminoglycan chondroitin sulfate. The sulfation pattern of 
chondroitin is tightly regulated during development, injury and disease, with 
the temporal and spatial expression of chondroitin sulfotransferase genes be-
lieved to be a crucial determinant of the fine balance of chondroitin sulfation. 
We have previously identified mouse C4st-1 as a target gene of ligands of 
the TGFβ superfamily of growth factors, which could positively regulate 
C4st-1 expression in a number of cell types. We have also shown that a gene 
trap loss-of-function mutation in C4st-1 leads to severe skeletal abnormali-
ties during mouse embryogenesis. In addition, we described a highly specific 
temporal and spatial expression pattern of C4st-1 during mouse embryogen-
esis. However, the transcriptional regulatory mechanisms that control C4st-
1 gene expression remain unexplored. In order to gain knowledge on the 
transcriptional regulation of C4ST-1, we used a bioinformatical approach to 
identify conserved putative long-range cis-regulatory modules in a region of 
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120 kb spanning the 5’ end of the C4ST-1 gene. Luciferase reporter assays in 
human HEK293T and mouse NmuMG cells identified a functional C4ST-1 
promoter, as well as a number of cis-regulatory modules able to positively 
and negatively regulate C4ST-1 expression. Moreover, we identified TGFβ-
responsive regulatory modules that can function in a cell type-specific fash-
ion. Taken together, our results identify TGFβ-dependent and -independent 
cis-regulatory modules of the C4ST-1 gene. 

Key words: C4ST-1; CHST11; Chondroitin sulfate; Gene expression; 
TGFβ; cis-regulatory modules

INTRODUCTION

Chondroitin-4-sulfotransferase-1 (C4ST-1) / carbohydrate sulfotransferase 11 
(CHST11) is a Golgi-based enzyme involved in the biosynthesis of the glycosamino-
glycans chondroitin sulfate (CS) and dermatan sulfate (Habuchi, 2000; Hiraoka et al., 
2001). C4ST-1 is anchored in the Golgi-membrane and utilizes its catalytic intra-Golgi 
domain to transfer sulfate groups to the carbon-4 position of the GalNAc sugar residue 
in elongating CS chains attached to core proteins (Habuchi, 2000). These CS-proteo-
glycans are subsequently transported to cell membrane or extracellular matrix and have 
been shown to fulfill important biological functions, including maintenance of the 
extracellular matrix and participation in growth factor signaling pathways (Carulli et 
al., 2005; Hovanessian, 2006; Rolls and Schwartz, 2006; de Wit and Verhaagen, 2007).

Different chondroitin sulfotransferases mediate sulfation of different carbon residues 
of the disaccharide units, resulting in a delicately tuned balance of chondroitin sulfation (Habu-
chi, 2000; Kusche-Gullberg and Kjellen, 2003). Differentially sulfated CS forms include C4S 
(sulfation of carbon-4 of GalNAc), C6S (sulfation of carbon-6 of GalNAc) as well as the over-
sulfated forms CS-D and CS-E. CS-B has a different sugar composition and is also described as 
dermatan sulfate (Kusche-Gullberg and Kjellen, 2003). The sulfation pattern of chondroitin has 
been shown to be tightly regulated during development, injury and disease, with the temporal 
and spatial expression of chondroitin sulfotransferases as a crucial determinant of the fine bal-
ance of chondroitin sulfation. For example, levels of CS-D, as well as expression of uronyl 2-O-
sulfotransferase, a sulfotransferase involved in the biosynthesis of CS-D, increase during de-
velopment of the cerebellum, whereas levels of CS-E and expression of N-acetylgalactosamine 
4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST) decrease during the same developmental pro-
cess (Ishii and Maeda, 2008). Synthesis of C6S and expression of chondroitin 6-sulfotransfer-
ase-1 (C6ST-1), but not other chondroitin sulfotransferases, are up-regulated in the CNS after 
injury (Properzi et al., 2003). Another study showed that as bone marrow cells differentiate to 
bone marrow-derived mast cells, expression levels of the chondroitin sulfotransferases C4ST-1 
and GalNAc4S-6ST increased, whereas C6ST-1 expression decreased (Ohtake et al., 2008). 
These examples suggest a critical importance of carefully regulated expression of chondroitin 
sulfotransferase genes during mammalian development, injury and disease. 

In a gene trap approach, we have previously identified C4st-1 as a target gene of the 
TGFβ-like growth factors, including TGFβ, BMP2 and Activin (Klüppel et al., 2002). These fac-
tors were able to positively regulate C4st-1 expression in undifferentiated mouse ES cells, dif-
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ferentiating embryoid bodies, as well as mouse embryonic lung explants (Klüppel et al., 2002). 
Phenotypic analysis of mice homozygous for this gene trap loss-of-function mutation in the 
C4st-1 gene developed severe skeletal and craniofacial abnormalities and died shortly after birth 
(Klüppel et al., 2005). We have also shown that C4st-1 displays a highly specific temporal and 
spatial expression pattern during mouse embryogenesis. We have described expression in the 
apical ectodermal ridge of the developing limbs, and subsequently in the cartilage growth plate, 
in the ventral neural tube, brain, the developing heart, as well as developing liver, kidney, hair 
follicles, and mammary glands during embryogenesis (Klüppel et al., 2002). C4ST-1 has recently 
been shown to be involved in the biosynthesis of CS-E (Uyama et al., 2006; Ohtake et al., 2008), 
a highly sulfated CS with a putative role in mouse lung cancer metastasis (Nadanaka et al., 2008). 
Despite the importance of a tightly controlled regulation of chondroitin sulfotransferase genes, 
the transcriptional regulatory mechanisms controlling the expression of these genes are unknown.

It has been shown that in higher eukaryotes, cis-regulatory information is organized 
into modular units called ‘cis-regulatory modules’ (CRM) of a few hundred base pairs. A 
common feature of these cis-regulatory modules is the presence of multiple binding sites for 
multiple transcription factors (Berman et al., 2002).

Here, we investigated the transcriptional regulation of the C4ST-1 gene. We present 
evidence of putative CRM in 120 kb surrounding the predicted transcriptional start site of 
C4ST-1 that is conserved between the mouse and human C4ST-1 loci. We identify a functional 
C4ST-1 promoter, as well as a number of regulatory elements able to positively and negatively 
regulate C4ST-1 expression. Moreover, we identify CRM able to mediate the responsiveness of 
C4ST-1 expression to stimulation with TGFβ. Together, our results identify regulatory elements 
controlling C4ST-1 expression and responsiveness to TGFβ signaling. This is the first study to 
shed light on the transcriptional regulation of mammalian chondroitin sulfotransferase genes. 

MATERIAL AND METHODS

Bioinformatical analysis of the C4ST-1 locus

A region of 120 kb of genomic sequence surrounding the 5’ end of exon 1 (-100 to 
+20 kb) of mouse and human CHST11/C4ST-1 genes was identified in ENSEMBL (http://www.
ensembl.org/index.html). Sequence homologies and conserved transcription factor binding sites 
between the mouse and human genomic sequences were analyzed with CONSITE (http://asp.
ii.uib.no:8090/cgi-bin/CONSITE/consite/), an online bioinformatics tool, with sequence homol-
ogy cut-off settings at 75%, and transcription factor binding site homology cut-off at 80%. 

Amplification and cloning of identified CRM

Genomic sequences containing the regions identified above were amplified by 
polymerase chain reaction (PCR) from genomic DNA isolated from human primary skin 
fibroblasts (ATCC), using iProof-DNA Polymerase (BioRad), according to manufacturer 
instructions. Primer pairs were as follows (all 5’ to 3’): -82 kb: CCGCTCGAGGTTTG
CTATTTTCCAGAGTCCATTGAGTGAGC; CCGCTCGAGCTAGCACCTCTGTTGC
TAAAGGCTCTTTGC. -55 kb: CCGCTCGAGGATGACCAACTAGCCAAGCTGCCCCG; 
CCGCTCGAGGTCACAGGCCTAACAAACTGGTTGAATGGC. -3.5 kb: CTCTCTTGCT
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GTCTTTTTCTCCACC; GACGATCTTGTAGAATTTATAGCAGGG. -0.5 kb: GGGGAAG
GGAACTGAGGTTGCC; CCCCAAAGGGTAGAGCATCCTCC. +0.1 kb: CCGCTCGAGCT
CCGATCCTCCCTCTGAGCCTTGC; CCGCTCGAGCCTTCCCTTCTCCTCCCCATCCCG. 
+2 kb: CCGCTCGAGGAGTTGCCTTTCTCAGCGTAGTCACAGC; CCGCTCGAGACAC
CACCAGTCCCCTGGCGCTC. +14 kb: CCGCTCGAGGCTTAGAGAGGTGAAGGAGC
CTGCC; CCGCTCGAGCCAAGAGAGGATGAGCTCACCAGGG.

All primer pairs used contained additional XhoI restriction sites at the 5’ end to fa-
cilitate cloning into pGL3P-E1B, with the exception of the primers used to amplify the -0.5 
kb putative C4ST-1 promoter, which contained BglII (forward primer) and HindIII (reverse 
primer) in order to replace the E1B promoter in the pGL3P-E1B construct, and the primers 
for the -3.5-kb region, which was cloned blunt-end into the SmaI site of pGL3P-E1B. 

Luciferase assays

HEK293T (human kidney epithelial) and NmuMG (normal murine mammary gland epithe-
lial) cells were transiently transfected with the pGL3P plasmids containing either E1B promoter or the 
identified C4ST-1 CRM, or the 3TP-luciferase reporter plasmid, along with a pCMV5-Renilla luciferase 
construct as a transfection control, using Lipofectamine 2000 (Invitrogen), according to manufacturer 
instructions. Luciferase assays were performed using the Dual-Glo Luciferase Assay System (Promega) 
or the Firefly & Renilla Luciferase Assay Kit (Biotium), according to manufacturer instructions. 

TGFβ stimulation

Four hours after transient transfection, cells were treated with recombinant TGFβ1 
(4 ng/mL final concentration; R&D Systems) in DMEM supplemented with 0.1% FBS. Cells 
were incubated for 36 h at 37°C, followed by luciferase assays. 

Real-time-RT-PCR

RNA was prepared from cell cultures using Trizol reagent, according to manufacturer 
instructions; 4 µg RNA was subsequently reverse transcribed using M-MLV-Reverse Transcrip-
tase (Promega) in a total volume of 40 µL according to manufacturer instructions. One- to 3-µL 
RT reactions were then amplified using a 2X SYBR-Green reaction mix (ABI) in a 7500 Fast 
Real-Time PCR System (ABI) using primer pairs specific for C4ST-1 and HPRT (as a reference). 

Statistical analysis

A paired t-test was used to obtain the two-tailed P value to determine the statistical 
significance of results (http://www.graphpad.com/quickcalcs/ttest1.cfm).

RESULTS

Identification of regions with conserved transcription factor binding sites in the 
mammalian C4ST-1 locus

The coding region of the human C4ST-1 locus spans approximately 300 kb (nucleo-
tides 104,850,776-105,151,883, Ensembl Genebuild) on human chromosome 12q23.3. In order 
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to identify putative transcriptional regulatory elements of the C4ST-1 gene, we analyzed a 120-
kb region (from -100 to +20 kb in relation to the 5’ end of the non-coding first exon of the C4ST-
1 gene) for sequence homologies between human and mouse C4ST-1 loci, using CONSITE, an 
online bioinformatics tool (Figure 1). Sequence similarities and homologies were apparent in a 
number of regions, and were particularly concentrated around the putative transcriptional start 
site and exons 1 and 2 (labeled ‘0 kb’ in Figure 1A). In order to analyze these homologies in 
more detail, we investigated whether mouse and human loci contained regions with conserved 
transcription factor (TF) binding sites using the CONSITE bioinformatical tool (Figure 1B). 
Indeed, in addition to 13 regions containing five or less conserved TF binding sites, we identi-
fied seven regions that contained nine or more conserved TF binding sites (Figure 1B), often 
containing multiple binding sites for multiple transcription factors (data not shown), which has 
previously been defined as CRM (Berman et al., 2002). The seven regions identified here were 
located at approximately -82, -55, -3.5, -0.5, +0.1, +2, and +14 kb relative to the start of C4ST-
1 exon 1 (Figure 1B,C). Figure 1C shows a schematic map of the 5’ end of the C4ST-1 locus, 
including exons 1 and 2, as well as the seven conserved putative CRM in the C4ST-1 locus. 
Table 1 summarizes the identified elements, genomic location, length, % conservation between 
mouse and human sequences, as well as the number of conserved TF binding sites. 

Figure 1. Bioinformatical analysis of putative cis-regulatory modules (CRM) in the C4ST-1 locus. A. Schematic 
representation of sequence conservation between the human and mouse C4ST-1 loci encompassing 120 kb 
surrounding the first exon of the C4ST-1 gene (-100 to +20 kb). B. Conserved putative CRM and number of 
conserved transcription factor (TF) binding sites in the same region depicted in A. Green bars indicate the location 
and number of conserved TF binding sites in putative CRM. Stars indicate regions that were used for further 
analysis. C. Schematic map of the genomic region from -120 to +20 kb; the location of putative CRM at -82, -55, 
-3.5, -0.5, +0.1, +2, and +14 kb are indicated by green squares; exons 1 and 2 are marked by red squares. 
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Functional analysis of the identified putative C4ST-1 cis-regulatory modules

We next wanted to determine if the conserved putative CRM identified above possess 
transcriptional regulatory activity. First, we investigated whether the -0.5-kb region, located 
just upstream of the first exon, and the only region that contained multiple conserved TATA 
box-binding protein (TBP) sequences (data not shown), a sequence frequently found in gene 
promoters, is a functional promoter for the C4ST-1 gene. A 509-bp genomic fragment contain-
ing the conserved human 364-bp region from human primary fibroblast genomic DNA was 
amplified by PCR, and cloned this fragment into a pGL3P luciferase reporter vector (pGL3P-
C4ST-1pr), from which we had removed the minimal E1B promoter. We then asked whether 
the -0.5-kb region has promoter activity; i.e., can drive expression of the firefly luciferase re-
porter gene in the absence of any other promoters or regulatory sequences. The pGL3P-C4ST-
1pr and pGL3P-E1B (in which luciferase expression is driven by the minimal E1B promoter) 
vectors, together with a pCMV5-Renilla luciferase control plasmid, were transiently trans-
fected into human HEK293T and mouse NmuMG cells, and luciferase activity was measured 
after 36 h (Figure 2). These experiments revealed that the -0.5-kb region had very strong pro-
moter activity in both HEK293T and NmuMG cells, with promoter activity increased 150- to 
220-fold when compared to the E1B promoter (Figure 2).

CRM Genomic location on Length %  Sequence No. of conserved
 human chromosome 12  conservation transcription factor sites

-82 kb 104768318 - 104768395   78 bp 79   9
-55 kb 104799575 - 104799803 229 bp 80 52
-3.5 kb 104847315 - 104847508 194 bp 82 17
-0.5 kb 104849581 - 104849944 364 bp 69 29
+0.1 kb 104851072 - 104851436 365 bp 86 33
+2 kb 104852489 - 104853126 637 bp 70 28
+14 kb 104864629 - 104864695   67 bp 84 10

Table 1. Putative cis-regulatory modules (CRM) in the C4ST-1 locus.

Figure 2. The C4ST-1 -0.5 kb cis-regulatory module (CRM) functions as a promoter. Transient transfection of E1B-
luciferase and (-0.5 kb)-luciferase constructs revealed promoter activity of the C4ST-1 -0.5-kb region in HEK293T, 
and NmuMG cells. Promoter activity of the -0.5-kb CRM was increased approximately 150- to 220-fold when 
compared to the minimal E1B promoter (*P < 0.05). 
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Next, we wanted to determine whether the remaining putative CRM have transcriptional 
regulatory functions. For this, we amplified the -82, -55, -3.5, +0.1, +2, and +14 kb modules from 
human primary fibroblast genomic DNA by PCR, cloned the fragments in forward orientation in 
front of a minimal E1B promoter in the pGL3P vector to create pGL3P(-82 kb)-E1B, pGL3P(-55 
kb)-E1B, pGL3P(-3.5 kb)-E1B, pGL3P(+0.1 kb)-E1B, pGL3P(+2 kb)-E1B, and pGL3P(+14 
kb)-E1B. We then asked whether the presence of these elements can affect E1B-driven luciferase 
expression and activity. Constructs were again transiently transfected into human HEK293T and 
mouse NmuMG cells, together with a pCMV5-Renilla luciferase control plasmid, and luciferase 
activities were measured after 36 h (Figure 3). In HEK293T cells, we observed a 2-fold repression 
of luciferase activity by the -55 and +0.1 kb modules, whereas the +2 and +14 kb modules were 
able to induce luciferase activity approximately 2.5-fold. The -3.5-kb module caused an approxi-
mately 9-fold induction of luciferase expression (Figure 3). The -82 kb module did not have any 
regulatory function in this assay. Results from NmuMG cells were similar to those described for 
HEK293T cell; the -55 and +0.1 kb modules repressed luciferase activity about 2-fold, whereas 
the -3.5, +2 and +14 kb modules induced luciferase activity. The -82 kb module again did not af-
fect luciferase activity (Figure 3). The activities of the -3.5 and +14 kb CRM in HEK293T, and 
the -55, -3.5, +2, and +14 kb CRM in NmuMG cells proved to be statistically relevant, whereas 
the results for the -55, +0.1, and +2 kb CRM in HEK293T, and the +0.1 kb CRM in NmuMG cells 
were associated with P values between 0.51 and 0.65, and thus just fell short of statistical signifi-
cance. These results demonstrate that our bioinformatical approach was successful in identifying 
functional positive and negative cis-regulatory modules in the C4ST-1 locus. 

Figure 3. Transcriptional regulatory functions of C4ST-1 cis-regulatory modules. Transient transfection of E1B-
luciferase, (-82 kb)-E1B-luciferase, (-55 kb)-E1B-luciferase, (-3.5 kb)-E1B-luciferase, (+0.1 kb)-E1B-luciferase, (+2 
kb)-E1B-luciferase, (+14 kb)-E1B-luciferase constructs into HEK293T (A), and NmuMG (B) cells. A. In HEK293T 
cells, the C4ST-1 -3.5 and +14 kb elements significantly stimulated E1B-driven luciferase expression and activity (*P 
< 0.05). In addition, the -55 and +0.1 kb elements repressed, and the +2 kb element increased luciferase expression 
although this just fell short of statistical significance. The -82 kb element did not alter luciferase activity. B. In NmuMG 
cells, the -3.5, +2 and +14 kb elements increased E1B-driven luciferase expression, while the -55 kb element was able to 
negatively regulate expression (*P < 0.05). In addition, the +0.1 kb element was able to repress E1B-driven expression, 
but this again did not quite reach statistical significance. The -82 kb element did not alter luciferase activity. 
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Responsiveness of C4ST-1 expression to TGFβ stimulation in HEK293T and 
NmuMG cells

 
Since we have previously shown that C4ST-1 expression is positively regulated by 

TGFβ signaling in a number of cell types and tissues (Klüppel et al., 2002), we next wanted to 
determine if TGFβ treatment could also induce C4ST-1 expression in HEK293T and NmuMG 
cells. For this, we first tested whether these cells, which have previously been shown to have 
functional TGFβ signaling, are also responsive to TGFβ in our experimental setup. For this, cells 
were transfected with the TGFβ-responsive 3TP-luciferase reporter construct. Indeed, TGFβ 
treatment of both transfected HEK293T and NmuMG cells for 36 h led to a 2.5- and 7.3-fold 
increase in luciferase activity, respectively (Figure 4A), demonstrating that our TGFβ treatments 
are functionally activating the TGFβ signaling pathway in these cell types. Next, we wanted to 
determine whether TGFβ treatment could induce C4ST-1 expression in these cells. Cells were 
treated with TGFβ for 36 h, followed by preparation of RNA, reverse transcription and real-time 
PCR to quantify levels of C4ST-1 expression. Our results showed that TGFβ stimulation could 
induce C4ST-1 expression in both HEK293T and NmuMG cells (Figure 4B). Thus, these experi-
ments established an experimental model in which we can test whether the C4ST-1 cis-regulato-
ry modules identified above could mediate the positive regulation of C4ST-1 by TGFβ signaling. 

Figure 4. Active TGFβ signaling induces C4ST-1 expression in HEK293T and NmuMG cells. A. Transient 
transfection of a 3TP-luciferase reporter construct into HEK293T and NmuMG cells in order to establish functional 
TGFβ signaling. Treatment with TGFβ lead to a significant increase in luciferase activity in both cell types (*P 
< 0.05), demonstrating functional TGFβ signaling. B. Real-time-RT-PCR analysis of TGFβ signaling-mediated 
induction of C4ST-1 expression in HEK293T and NmuMG cells. Treatment of HEK293T and NmuMG cells with 
TGFβ caused a significant increase in C4ST-1 expression (*P < 0.05). 

TGFβ-responsiveness of specific C4ST-1 cis-regulatory modules
 
In order to evaluate whether the C4ST-1 CRM described above could mediate the ef-

fect of TGFβ stimulation on C4ST-1 expression, we transiently transfected either the parental 
E1B-luciferase vector, the pGL3P-C4ST-1pr vector, or the pGL3P(-82 kb)-E1B, pGL3P(-55 
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kb)-E1B, pGL3P(-3.5 kb)-E1B, pGL3P(+0.1 kb)-E1B, pGL3P(+2 kb)-E1B, and pGL3P(+14 
kb)-E1B vectors, all with pCMV5-Renilla luciferase as transfection control, into HEK293T 
and NmuMG cells and asked whether treatment with TGFβ for 36 h could affect luciferase 
activities of these constructs (Figure 5). In HEK293T cells, treatment with TGFβ lead to a 
significant increase of luciferase activity when driven by the +14 kb CRM (Figure 5A). In con-
trast, several elements appeared responsive to TGFβ stimulation in NmuMG cells (Figure 5B). 
Specifically, the -55, -3.5, and +2 kb cis-regulatory modules responded to TGFβ treatment 
with an increase in luciferase activity (Figure 5B). These results suggest that several of the 
cis-regulatory modules identified above could integrate TGFβ signals in a cell-type specific 
fashion to affect C4ST-1 expression. 

In summary, we identified functional cis-regulatory modules in the C4ST-1 locus that 
are able to modulate transcriptional activity in both TGFβ-dependent and -independent fash-
ion (Figure 6). 

Figure 5. Responsiveness of C4ST-1 cis-regulatory modules (CRM) to TGFβ signaling. Transient transfection 
of E1B-luciferase and C4ST-1 CRM-luciferase constructs to evaluate responsiveness of identified CRM to TGFβ 
stimulation. The ratio of E1B-luciferase minus TGFβ to E1B-luciferase plus TGFβ was set to ‘1’, and the relative 
fold-change for all constructs was determined. A. In HEK293T cells, the +14 kb CRM was able to mediate a 
significant induction of luciferase activity by TGFβ treatment (*P < 0.05). B. In NmuMG cells, the -55, -3.5, and +2 
kb CRM were able to mediate a significant induction of luciferase activity by TGFβ signaling (*P < 0.05). 

Figure 6. Model of cis-regulatory modules (CRM) in the C4ST-1 locus. We identified seven putative CRM in 
the C4ST-1 locus. The -0.5 kb element is a functional promoter (pr) in both HEK293T and NmuMG cells. The 
-55 kb CRM functions as a negative regulator of expression, whereas the -3.5, +2, and +14 kb CRM are positive 
regulators. In HEK293T cells, the +14 kb CRM was responsive to TGFβ signaling, whereas the -55, -3.5, and +2 
kb elements were responsive to TGFβ stimulation in NmuMG cells. 
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DISCUSSION

Here, we have identified putative cis-regulatory modules in the C4ST-1 locus using a 
bioinformatical approach. We established functionality of several of the identified modules in 
luciferase reporter assays in HEK293T and NmuMG cells. Moreover, we showed that C4ST-1 
expression could be induced by TGFβ stimulation in both cell types, and identified several cis-
regulatory modules that appear to be able to mediate TGFβ stimulation in a cell type-specific 
fashion. Together, our results are the first insights into the transcriptional regulation of any 
chondroitin sulfotransferase genes. 

Regulation of C4ST-1 expression

The sulfation pattern of chondroitin is tightly regulated during development, injury and 
disease, with the temporal and spatial expression of chondroitin sulfotransferases as a crucial 
determinant of the fine balance of chondroitin sulfation (Domowicz et al., 2000; Habuchi, 2000; 
Liu et al., 2006; Akita et al., 2008; Ishii and Maeda, 2008; Ohtake et al., 2008). This suggests a 
critical importance of carefully regulated expression of chondroitin sulfotransferase genes during 
mammalian development, injury and disease, in order to produce chondroitin sulfate proteogly-
cans with specific chondroitin sulfation patterns, enabling these proteoglycans to fulfill specific 
biological functions. For example, oversulfated CS-D and CS-E side chains of the receptor-type 
Protein Tyrosine Phosphatase Zeta (PTPzeta) have been shown to facilitate binding of the ligand 
Pleiotrophin to PTPzeta, and are crucial for the functional role of PTPzeta signaling in neuronal 
cells (Tanaka et al., 2003; Bao et al., 2005; Maeda et al., 2006). In addition, CS-E has recently 
been shown to be able to bind the canonical Wnt ligand Wnt3a with high affinity (Nadanaka et 
al., 2008). Also, CS-E has been shown to play a functional role in Lewis lung cancer metastasis 
in a mouse model (Li et al., 2008). Since chondroitin 4-sulfation by C4ST-1 represents the neces-
sary first step in the sulfation of CS-E (Uyama et al., 2006; Nadanaka et al., 2008), we propose 
that the tightly controlled expression of the C4ST-1 gene might play a crucial role in the biosyn-
thesis of CS-E, and its role in development, cancer and signaling events. 

The importance of proper expression of C4ST-1 is also underscored by our previously 
published phenotypic analysis of mice homozygous for a gene trap loss-of-function mutation 
in the C4st-1 gene. This analysis showed that loss of C4st-1 expression leads to severe skeletal 
and craniofacial abnormalities and perinatal lethality (Klüppel et al., 2005).

Cis-regulatory modules in the C4ST-1 locus

Cis-regulatory information has been shown to be organized into modular units called 
‘cis-regulatory modules’ (CRM) of a few hundred base pairs. A common feature of these cis-
regulatory modules is the presence of multiple binding sites for multiple transcription factors 
(Berman et al., 2002). Indeed, our bioinformatical analysis conserved identified several CRM 
that shared these features. For example, we identified a functional C4ST-1 promoter, which 
contained multiple binding sites for TBP, a protein previously shown to bind eukaryotic pro-
moters (Pugh, 2000; Thomas and Chiang, 2006). 

Several of the CRM we identified are located at a considerable distance from the 
C4ST-1 promoter. Indeed, distant long-range cis-regulatory elements have previously been 
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shown to play crucial roles in the temporal and spatial regulation of gene expression, and have 
been shown to come into close proximity and physically interact with promoter sequences 
through interaction of DNA binding proteins (Sipos and Gyurkovics, 2005; Bartkuhn and Ren-
kawitz, 2008). We hypothesize that some of the long-range CRM we identified in the C4ST-1 
locus will also physically interact with the promoter to facilitate the temporal and spatial tran-
scription of the C4ST-1 gene. We have previously demonstrated a dynamic temporal and spa-
tial expression pattern of C4ST-1 during mouse development. In limbs, C4ST-1 is expressed in 
the apical ectodermal ridge, and subsequently in the cartilage growth plate of the long bones. 
Expression was also observed in embryonic kidney, neuronal tissues, heart, mammary glands, 
and in a subset of hair follicles (Klüppel et al., 2002). It will be interesting to identify the 
specific roles of the identified CRM in mediating temporal and spatial expression of C4ST-1. 

We expect that additional, so far unidentified CRM exist in the C4ST-1 locus, quite 
possibly further 3’ in the locus or at a greater distance to the promoter. We will expand our 
search for CRM by adding additional regions of the C4ST-1 locus in our homology search. 
There is also a possibility that important CRM will be missed by homology searches, for 
example when homologies are absent due to species-specific functions of elements. It will be 
interesting to identify CRM by other means, including DNase-hypersensitive site mapping 
(Nuthall et al., 1999) and identification of regions able to bind acetylated histones (Myers et 
al., 2001; Agalioti et al., 2002), and analyze their potential physical interactions with the pro-
moter and other CRM using Chromosome Conformation Capture protocols (Ott et al., 2009; 
van Berkum and Dekker, 2009). 

TGFβ and C4ST-1 expression

We have previously identified C4st-1 as a target gene of the TGFβ-like growth factors, 
including TGFβ, BMP2 and Activin (Klüppel et al., 2002). These factors were able to posi-
tively regulate C4st-1 expression in undifferentiated mouse ES cells, differentiating embryoid 
bodies, as well as mouse embryonic lung explants (Klüppel et al., 2002). Moreover, TGFβ 
has previously been shown to play important roles in shaping the microenvironment of cells 
by controlling expression programs of genes involved in the structure and composition of the 
extracellular matrix (Tabibzadeh, 2002; Verrecchia and Mauviel, 2002). Since expression of 
C4ST-1 leads to modification of the chondroitin sulfation balance of cell surface and extracel-
lular matrix proteins, the regulation of C4ST-1 expression by TGFβ will likely contribute to 
the known role of this signaling pathway to shape the cellular microenvironment. Here we 
identified several CRM that are responsive to TGFβ treatment, suggesting that these elements 
fulfill important functions in mediating the effects of TGFβ on C4ST-1 expression and the CS 
composition of the cellular microenvironment. 

In summary, we have identified functional TGFβ-dependent and -independent cis-
regulatory modules in the C4ST-1 locus. Our results represent the first insights into the tran-
scriptional regulation of any chondroitin sulfotransferase gene.
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