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CTGF is aberrantly expressed in a range of neoplasms including B-lineage
ALLs.
We identified by sequencing CTGF mRNA isoforms in primary pre-B ALL
specimens
Most primary specimens express a novel CTGF mRNA in additional to
canonical CTGF
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Abstract
Introduction
Connective tissue growth factor (CTGF/CCN2) has been shown previously to be
aberrantly expressed in a high proportion of paediatric precursor B cell acute

ip
t

lymphoblastic leukemia (pre-B ALL), suggesting a potential oncogenic role in this
tumour type. We therefore assessed CTGF mRNA transcript diversity in B-lineage

cr

ALL using primary patient specimens and cell lines.
Methods

us

CTGF mRNA expression was evaluated by quantitative real-time PCR and Northern
blotting. We performed a structural analysis of CTGF mRNA by nested reverse-

an

transcriptase PCR and examined CTGF protein diversity by immunoblotting.
Results

M

Northern blot analysis of pre-B ALL cell lines revealed short CTGF transcripts that
were expressed in association with the active phase of cellular growth. Structural

ed

analysis confirmed the synthesis of several novel CTGF mRNA isoforms in B-lineage
ALL cell lines that were uniformly characterised by the retention of the coding

ce
pt

sequence for the C-terminal (CT) domain. One of these novel spliceforms was
expressed in a majority (70%) of primary pre-B ALL patient specimens positive for
canonical CTGF mRNA. Evidence that these alternative transcripts have coding
potential was provided by cryptic CTGF proteins of predicted size detected by

Ac

immunoblotting.
Conclusion

This study identifies for the first time alternative splicing of the CTGF gene and
shows that a short CTGF splice variant associated with cell proliferation is expressed
in most cases of primary CTGF-positive pre-B ALL. This novel variant encoding only
the CT domain may play a role in pre-B ALL tumorigenesis and/or progression.
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1.

Introduction

Dysregulated expression of connective tissue growth factor (CTGF/CCN2) is a
feature of around 75% of B-lineage acute lymphoblastic leukemias (ALL) (Vorwerk,
Wex et al. 2000; Boag, Beesley et al. 2007). Aberrant CTGF expression has been
identified in numerous other neoplasms (Chu, Chang et al. 2008; Wells, Howlett et al.

ip
t

2014), suggesting a relationship between dysregulated CTGF expression and cancer
more generally. Associations between CTGF mRNA expression and poor patient

cr

outcome in both adult and childhood ALL suggest that CTGF may have an important
role in leukemia biology (Sala-Torra, Gundacker et al. 2007; Kang, Chen et al. 2010).

us

Recent data point to a critical role for Ctgf in early murine B-lymphopoiesis (Cheung,
Strickland et al. 2014), thus abnormal CTGF expression is likely to have profound

an

effects on the bone marrow microenvironment. Fully characterising CTGF
expression in ALL is of critical importance to establish the molecular mechanisms

M

underpinning its contribution to the neoplastic phenotype.

CTGF (also known as CCN2), is a member of the CCN family of
structurally related proteins, named after the three founding members Cysteine rich

ed

61 (Cyr61 or CCN1), CTGF and nephroblastoma overexpressed (NOV or CCN3)
(Brigstock 2003). The remaining CCN members include the WNT1 inducible
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signalling pathway protein (WISP) members 1 to 3, WISP1 (CCN4), WISP2 (CCN5)
and WISP3 (CCN6) (Leask and Abraham 2006). All six proteins share a similar
modular structure, containing up to four highly conserved but functionally unrelated
domains. These domains resemble functional elements present in important
regulatory proteins, including the insulin-like growth factor binding protein (IGFBP),

Ac

von Willebrand type-C domain (VWC), thrombospondin type-1 (TSP1) and with the
exception of CCN5, a cysteine knot motif in the CT domain (Perbal 2001; Leask and
Abraham 2006). This mosaic structure has resulted in CTGF and other CCN proteins
being implicated both directly and indirectly in a vast array of biological processes
and has made it difficult to predict the function of CTGF in any given biological
context (Holbourn, Acharya et al. 2008; Chen and Lau 2009). However, there is a
growing body of evidence that CTGF acts to connect cells to the microenvironment
by providing adhesive signals (Gao and Brigstock 2006; Hoshijima, Hattori et al.
2006) as well as modulating the availability and function of soluble growth factors
3
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(Abreu, Ketpura et al. 2002; Hashimoto, Inoki et al. 2002; Nguyen, Roestenberg et al.
2008). Thus, the tissue context within which CTGF is expressed is likely to play a
key role in determining its biological function in any given microenvironment.
CTGF encodes a protein of 38 kDa, yet in biological fluids several proteins of
lower molecular weight (MW) have been identified (Brigstock, Steffen et al. 1997;

ip
t

Steffen, Ball-Mirth et al. 1998; Yang, Kim et al. 1998), and their existence has been
attributed to proteolysis of the full length CTGF protein. Alternative splicing of other
CCN family mRNAs including CCN1, CCN3 and CCN4 has been reported in the last

cr

decade (Perbal 2009). Furthermore WNT1/CCN4 transcript variants have been

us

observed in gastric carcinoma, and hepatoma (Tanaka, Sugimachi et al. 2001;
Cervello, Giannitrapani et al. 2004), while alternative CYR61 (CCN1) transcripts
have been identified in breast cancer cell lines (Hirschfeld, zur Hausen et al. 2009).

an

Despite evidence supporting alternative splicing in other CCN family members,
alternative splicing of CTGF mRNA has not been documented. Analysis of the

M

epigenome in animals and plants has revealed the non-random distribution of DNA
methylation, histone modifications and nucleosome occupancy in exons relative to
introns (Hodges, Smith et al. 2009; Spies, Nielsen et al. 2009; Tilgner, Nikolaou et al.

ed

2009), suggesting that the epigenome acts to structurally define exons. We have
previously shown that the CTGF locus is hypomethylated in pre-B ALL (Welch,

ce
pt

Greene et al. 2013), hence, we sought to explore whether CTGF splice variants with
altered coding potential are generated in malignant cells. Here we report the
detection and characterisation of non-canonical CTGF transcripts in ALL cell lines

2.
2.1

Ac

and patient specimens.

Materials and Methods
Specimens and cell lines

Bone marrow specimens were obtained from children diagnosed with pre-B ALL at
Princess Margaret Hospital for Children, Perth, WA, Australia. Mononuclear cells
were isolated from bone marrow aspirates using a Lymphoprep gradient (Nycomed,
Oslo, Norway), then cryopreserved. Ethics approval for this study was obtained from
the Institutional Review Board, and informed consent for the use of tissues for
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research purposes was obtained for all individuals. ALL cell lines used in this study
were generated at the Telethon Kids Institute, Perth and cultured according to
previously published methods (Kees, Ford et al. 2003).

RNA Isolation and cDNA synthesis

ip
t

2.2

For isolation of cytoplasmic RNA, cells were lysed on ice in 10 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1 mM MgCl2, 0.5 % NP-40. Nuclei were collected by centrifugation at

cr

12,800 x g for 10 mins at 4 °C. Supernatants were combined with 25 µl of 10 % SDS

us

on ice, then extracted twice with an equal volume of buffered phenol (pH 4.0) (Sigma
Aldrich, St Louis, MO, USA). RNA was ethanol precipitated and resuspended in
nuclease-free water. For total RNA, freshly thawed or cultured cells were washed

an

twice with ice-cold PBS and RNA was isolated using a combination of TRIZOL
reagent (Life Technologies, Carlsbad, CA, USA) and the RNeasy Mini kit (QIAGEN,

M

Hilden, Germany) with an on-column DNase treatment step as previously described
(Hoffmann, Firth et al. 2005). Oligo-dT-primed first-strand cDNA was generated from
DNAse-treated total RNA using OmniScript Reverse Transcriptase (Qiagen, Hilden,

ce
pt

2.3

ed

Germany).

Northern blotting

Hybridization probes were generated by RT-PCR using GoTaq DNA polymerase
(Promega, Madison, WI, USA), from cDNA synthesised from the fetal lung fibroblast

Ac

cell line HFL-1. Two probes were generated targeting CTFG mRNA. The Central
probe hybridized CTGF between exons 3 and 5 and was amplified with the primer
pair;

for

5’-GAGTGGGTGTGTGACGAGCCCAAGG-3’

and

rev

5’-

ATGTCTCCGTACATCTTCCTGTAGT-3’. A 3prime probe hybridized CTGF mRNA in
the

3’UTR

and

was

amplified

AGGGTACCAGCAGAAAGGTTAGTA-3’

with

the
and

primer

pair;
rev

for

5’5’-

AGAAATCAGCCTGCCAAGGACACT-3’. A probe which hybridized ATP5G3 mRNA
was used as a loading control, and was amplified with the primer pair; for 5’TAATCCAAAGGGAGTTTCAGAC-3’ rev 5’-AATCAAGAAAGCAACCATCAAAC-3’.
Amplified probe cDNAs were gel extracted using the QIAquick Gel Extraction Kit
5
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(QIAGEN, Hilden, Germany) and eluted in 50 µl of H2O. 30 ng of purified probe was
labelled with 50 µCi of 32P dCTP radionuclide (Perkin Elmer, Waltham, MA, USA)
using the Rediprime II Random prime labelling system (GE Healthcare, Little
Chalfont, Buckinghamshire, UK). Cytoplasmic RNA (10 µg) was combined with 1 µl
of 20 x running buffer [122 mM Na2HPO4, 78 mM NaH2PO4] and 1.5 µl of deionised
8.8 M glyoxal (Sigma Aldrich, St Louis, MO, USA), in a final volume of 20 µl.

ip
t

Samples were denatured at 50 °C for 1 hr, then quenched on ice for 20 mins.
Samples were resolved on 0.8 % agarose and transferred to a neutral magna

cr

membrane (GE Healthcare, Little Chalfont, Buckinghamshire, UK) by capillary
transfer in 20 x SSC [3 M NaCl, 300 mM Na Citrate, pH 7.0] overnight and cross

us

linked to the membrane while still damp with 150 mJoules UV using a GS Gene
Linker (Bio-Rad, Hercules, CA, USA). Directly after cross linking, RNA-bound

an

membranes were soaked in 2 x SSC for 5 min at RT, then placed in 15 ml of
hybridization buffer [5 % dextran sulphate, 20 % Denharts Solution, 0.5 mg/ml
salmon sperm DNA, 3 % SSC, 0.1 % SDS] at 50 °C for 1 hr. Radiolabelled probe

M

was denatured by boiling for 5 mins then quenched on ice for 10 mins and then
allowed to hybridize with membranes overnight at 50 °C. Unbound probe was

ed

removed with four successive and increasingly stringent washes comprised of; 2 x
SSC, 2 x SSC/0.1 % SDS, 0.5 x SSC/1 % SDS, 0.2 x SSC/0.1 % SDS respectively
for 15 mins at 50 °C. Hybridization was visualized by autoradiography following

Quantitative real-time PCR

Ac

2.4

ce
pt

overnight exposure at -80 °C.

CTGF mRNA expression was measured by quantitative real-time PCR (qRT-PCR)
using the single-tube TaqMan (hydrolysis probe) assay; Hs00170014_m1 (Life
Technologies, CA, USA) which spans the exon 4 to 5 junction. CTGF mRNA
abundance was quantitated against a standard curve and normalised to ACTB
expression which was detected with custom probe and primers; ACTB probe 5’-VICTCAAGATCATTGCTCCTCCTGAGCGC-TAMRA-3’,

ACTB

for

5’-

GGCACCCAGCACAATGAAG-3’, rev 5’-GGCACCCAGCACAATGAAG-3’. Error bars
in graphed expression data represent the SEM of three technical replicates.
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2.5

Standard and semi-nested reverse transcriptase PCR

The structure of CTGF transcripts expressed in ALL cell lines and primary
specimens was examined by standard and semi-nested reverse transcriptase PCR
(RT-PCR) with GoTaq DNA polymerase (Promega, Madison, WI, USA) using the
primers;

1F

5’-AGTGCGACTCCACCCTCCA-3’,

TACTCCACAGAATTTAGCTCGG-3’,

7F

5R

5’-

5’-TGTACTACAGGAAGATGTACGG-3’,

ip
t

following

7R 5’-AGAATGTCAGAGCTGAGTCTGC-3’. The control gene GAPDH was amplified
with

the

primers

for

5’-TGATGACATCAAGAAGGTGGTGAAG-3’,

us

DNA sequencing

an

2.6

5’-

cr

TCCTTGGAGGCCATGTGGGCCAT-3’.

rev

PCR products of interest were gel extracted using the QIAquick gel extraction kit
(QIAGEN, Hilden, Germany) and eluted in 30-50 µl of H2O. Those amplified from

M

ALL cell lines were cloned into pGEM-T Easy TA-cloning vector (Promega, Madison,
WI, USA) and sequenced using M13 primers; for 5’-GTAAAACGACGGCCAGTG-3’,

ed

rev 5’-CAGGAAACAGCTATGAC-3’ using BigDye V3.1 (Life Technologies, CA,
USA). Gel extracts generated from primary specimens were sequenced directly with

2.7

ce
pt

the 1F and 5R primers (sequences above in section 2.5).

Immunoblotting

Ac

Cells were washed twice in ice-cold PBS followed by lysis in 10 mM Hepes pH 7.9,
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 10 µg/ml aprotinin and 10
µg/ml leupeptin on ice for 15 mins. After the addition of 0.1 vols 10 % NP-40, nuclei
were collected by centrifugation at 14,000 x g and the cytoplasmic fraction was
collected. Nuclei were resuspended and lysed in 20 mM Hepes pH 7.9, 0.4 M NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 10 µg/ml aprotinin and 10 µg/ml leupeptin on
ice for 30 mins with gentle agitation. Nuclear extracts were clarified by centrifugation
at 14,000 x g for 15 mins. Heparin-affinity enrichment of conditioned culture medium
was necessary to detect secreted CTGF. Conditioned media (CM) was collected
after 72 hours of culture. Filtered CM was diluted 1:2 with PBS and subject to gentle
7
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agitation with 50µl of heparin agarose beads (Sigma Aldrich, St. Louis, MO, USA) at
4°C for 24 hours. Beads were purified by centrifugation, washed and resuspended in
PBS. Bead slurry, nuclear or cytoplasmic protein (15 µg) was denatured in NuPAGE
LDS buffer (Life Technologies, CA, USA) then subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Separated protein was transferred
to nitrocellulose membranes on a TransBlot Turbo (Bio-Rad, Hercules, CA, USA).

ip
t

Membranes were blocked in 5 % skim milk powder for 1 hr then incubated overnight
at 4 °C with polyclonal CTGF antibody ab6992 (Abcam, Cambridge, England, UK)

cr

(1:1250) or pan-Actin (1:5000) (ThermoFisher Scientific, Waltham, MA, USA) in 1 %
skim milk powder and 1 % bovine serum albumin. Complexes were detected using a

us

secondary anti-rabbit horse radish peroxidase linked IgG (GE Healthcare, Little
Chalfont, Buckinghamshire, UK) at 1:20,000 in 1 % skim milk and 1 % bovine serum

an

albumin for 1 hr. Bound antibody complexes were detected using an enhanced
chemiluminescence reagent ECL (GE Healthcare, Little Chalfont, Buckinghamshire,

M

UK).

Results

3.1

CTGF expression in ALL cell lines

ed

3.

ce
pt

CTGF mRNA is aberrantly abundant in pre-B ALL (Vorwerk, Wex et al. 2000; Boag,
Beesley et al. 2007; Sala-Torra, Gundacker et al. 2007; Kang, Chen et al. 2010). We
measured CTGF expression by quantitative reverse transcriptase PCR (qRT-PCR)
in a panel of seven B-lineage ALL cell lines established in our laboratory from

Ac

paediatric and infant ALL specimens (Figure 1A). Four of the seven cell lines
expressed CTGF mRNA. One of these, PER-377 exhibited a greater than 5-fold
higher expression compared to the other CTGFpos cell lines (PER-145, PER-278 and
PER-371), which all expressed CTGF at similar levels. Because of the high level of
expression, PER-377 was selected to evaluate CTGF transcript diversity.
To establish whether canonical CTGF mRNA accounted for the totality of
CTGF transcripts, RNA obtained from PER-377 was examined by Northern blotting.
Two independent probes were utilised that hybridized to either a central portion of
the CTGF transcript between exons 3 and 5 (central probe), or to the 3’ untranslated

8
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region (3prime probe). To examine whether CTGF expression varied depending on
growth phase, cells were seeded at optimal cell density for log phase growth and
RNA was isolated at 24, 48 and 72 hrs. Northern analysis confirmed the presence of
abundant full-length CTGF (2.3 kb) at all three time points (Figure 1B). However, in
addition to canonical CTGF, both probes also hybridised to shorter transcripts of
between 1 and 2 kb, indicating the presence of non-canonical CTGF mRNAs. A

ip
t

stronger signal was obtained using the 3prime probe, suggesting that upstream
regions hybridised by the central probe were affected by alternative splicing.

cr

Additionally, these transcripts (but not the canonical transcript) showed higher
expression during the most active phase of cell growth (at 24 and 48 hrs),

3.2

Structural analysis of CTGF mRNA

an

us

suggesting that they may be associated with the proliferation of B-lineage ALL cells.

M

To further characterise CTGF mRNA in ALL cell lines, structural analysis was
performed by standard and semi-nested RT-PCR in the CTGFpos cell lines PER-377,
PER-145, PER-278 and PER-371. The structure of canonical CTGF and placement

ed

of primers used are outlined in Figure 2A. Amplification of the 3’ UTR (7F-7R)
confirmed CTGF mRNA expression in the four ALL cell lines that were positive by

ce
pt

qRT-PCR (Figure 2B). Exons 1-3 are GC-rich which may inhibit amplification of
canonical CTGF, thus dimethyl sulfoxide (DMSO) was used to inhibit secondary
structures in target cDNA during PCR amplification of the coding region. Seminested RT-PCR; (primary: 1F-7R and secondary: 1F-5R) amplified canonical CTGF

Ac

(confirmed by sequencing) in the presence of DMSO (Figure 2C, top). In the
absence of DMSO however (Figure 2C, bottom), semi-nested PCR amplified novel
products between 450 and 300 bp in PER-377 and PER-145. Cloning and
sequencing of these five PCR products revealed they originated from alternative
splicing of CTGF pre-mRNA as shown in Figure 2D.
Three spliceforms (A-C) were unique to PER-377 and two (D, E) were unique
to PER-145. Alternative spliceforms were not identified in PER-278 or PER-371,
suggesting alternative splicing of CTGF is not universal in ALL. The splice forms
exhibited loss of sequence corresponding to exons 1 to 3 (and in some cases exon
4), via use of non-canonical exon boundaries that in most cases did not adhere to
9
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conventional U2 or minor U12 splice site demarcation (Konig, Matter et al. 2007),
however normal splicing of exon 4 to 5 was maintained. In all cases, the 3’ end of
exon 1 containing the canonical translational start codon was skipped. However,
three alternative potential start codons (Met194, Met215 and Met238) were present
in the retained exon 4, although Met194 was skipped in spliceforms B and C. Based
upon the observed splicing patterns the size of these transcripts are predicted to be

ip
t

between 1.6 and 1.7 kb which is in agreement with the size of the non-canonical

CTGF spliceforms are expressed in primary pre-B ALL

us

3.3

cr

CTGF mRNA identified by Northern blotting.

The identification and characterisation of CTGF spliceforms in two B-lineage ALL cell

an

lines prompted us to test whether these transcripts are expressed in patient pre-B
ALL cells. To address this, a panel of fifteen paediatric pre-B ALL specimens was

M

examined for structural variants of CTGF mRNA. Gene expression status was first
assessed by qRT-PCR (Figure 3A), showing that six specimens (40%) were
CTGFhigh while nine (60%) were CTGFlow. Semi-nested RT-PCR within the CTGF

ed

coding region in the presence of DMSO (Figure 3B, top panel), demonstrated
canonical CTGF was readily detectable in all six CTGFhigh specimens as well as the

ce
pt

CTGFlow specimen BSDN34. Significantly, amplification in the absence of DMSO
(Figure 3B, middle panel) detected a smaller band in five of the seven patient
specimens (70%) that expressed the canonical CTGF mRNA. Sequencing confirmed
that this non-canonical CTGF transcript was identical to the 331bp spliceform C
discovered in the PER-377 cell line. The high incidence and remarkably conserved

Ac

splicing pattern of this transcript suggested a potential biological relevance in the
pathological processes occurring in pre-B ALL.

3.4

Characterisation of CTGF proteins in pre-B ALL cells

Although alternative mRNA transcripts can be non-coding, the identified short CTGF
spliceforms may encode truncated protein isoforms of CTGF with altered and
potentially oncogenic function. The retained putative start codons Met194, Met215
and Met238 were predicted to produce CT domain-encoding proteins of 17.7, 15.4
10
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and 12.8 kDa, respectively (Figure 4A). These all lack a secretory N-terminal signal
peptide and therefore are likely to be intracellular. To address this we examined
proteins in cell lines PER-377 and PER-145, as both express novel CTGF mRNA
transcripts. Total cell extracts, nuclear extracts and secreted proteins were
measured on immunoblots using a polyclonal antibody reactive against the C-

ip
t

terminal region (residues 224 to 349) of human CTGF.
Bands ranging from 18 kDa to 58 kDa were detected (Figure 4B). Canonical
CTGF (36-39 kDa) was present in all fractions, however mirroring the 5-fold higher

cr

CTGF mRNA level in PER-377 compared to PER-145, the former displayed higher

us

levels of CTGF protein in all extracts. Notably, in total cell lysates the full-length
CTGF band was only slightly stronger in PER-377 than in PER-145 (Figure 4B). In
sharp contrast, secreted full-length CTGF protein was significantly more abundant in

an

PER-377 compared to PER-145 (approximately 100-fold), suggesting rapid secretion
of the majority of CTGF in PER-377 cells. Additionally in secreted extracts from

M

PER-377, two smaller bands of approximately 21 and 23 kDa were readily
detectable, corresponding in size to known proteolytic fragments of CTGF (Brigstock,
Steffen et al. 1997; Ball, Moussad et al. 2003). In total protein isolated from PER-377,

ed

full-length CTGF migrated as a 38-39 kDa doublet, with the higher MW characteristic
of N-glycosylated CTGF (Ball, Moussad et al. 2003). In nuclear extracts of both cell

ce
pt

lines, the predominant CTGF protein band migrated with an estimated MW of 36 kDa,
which may represent cleavage of the N-terminal signal peptide. Loss of this signal
peptide confers nuclear localisation of the related CCN3 protein, which is highly
similar in structure to CTGF (Planque, Long Li et al. 2006; Subramaniam, Lazar et al.

Ac

2008).

Additional CTGF proteins bands were detected in total protein and to a lesser

extent in nuclear extracts and purified secreted CTGF. Bands of 28 kDa and 46 kDa
were detected in total protein extracts while not evident in nuclear extracts, hence
are assumed to be primarily located in the cytosol. The 28 kDa cytoplasmic form is
likely to arise by cleavage of full-length CTFG between the IGFBP and VWC
domains, removing the signal peptide that would otherwise direct the CTGF protein
for secretion. The 46 kDa form resembles highly phosphorylated full-length CTGF
(Wahab, Brinkman et al. 2001). Additional higher MW CTGF proteins of between 54
kDa and 58 kDa were also detected. Bands of this size range have been reported
11
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previously (Robinson, Smith et al. 2012) and may represent heteromeric forms of
CTGF. Low MW CTGF of approximately 18 kDa was also evident in total protein
lysates, most abundantly in PER-377 cells. The 18 kDa protein is particularly
noteworthy, being consistent with the expected size of the protein encoded by
translation initiation at Met194 (17.7 kDa). In contrast, predicted smaller isoforms of

Discussion

cr

4.

ip
t

13 and 15 kDa were not reliably detected.

us

Aberrant CTGF expression has been documented in numerous types of cancer to
date (Chu, Chang et al. 2008; Wells, Howlett et al. 2014) including 75% of pre-B ALL
(Boag, Beesley et al. 2007 ). The modular, pleiotropic nature of CTGF means that

an

fully characterising its expression is of critical importance, as novel isoforms may
exist that contribute to, or promote, the leukaemic phenotype. Our analysis of pre-B

M

ALL cell lines revealed synthesis of several novel CTGF mRNAs (spliceforms A-E)
that were significantly shorter than the canonical transcript. These splice forms were
all characterised by loss of sequence corresponding to CTGF exons 1 to 3 (and in

ed

some cases exon 4), but full retention of final exon 5. Analysis of primary paediatric
tumour specimens expressing canonical CTGF demonstrated that 70% also

ce
pt

expressed spliceform C, originally identified in the cell line PER-377, suggesting this
transcript may have a biological role in CTGF positive pre-B ALL. Consistent with
this possibility, expression of the non-canonical CTGF transcripts was associated
with the active phase of cell growth, indicating a potential role in the proliferation of

Ac

leukaemic cells. Taken together, the similar structure, frequent expression and
identification of CTGF mRNA short forms in both cell lines and primary specimens
suggest they may play some role in the pathophysiology of B-lineage ALL.
The true diversity of the human proteome is only now being revealed using

massively high-throughput technologies (Kim, Pinto et al. 2014), which have
illuminated an abundance of non-canonical protein isoforms. Pervasive tissuespecific patterns of alternative splicing affect over 90% of human genes (Wang,
Sandberg et al. 2008) and this process is frequently dysregulated in cancer (Bonomi,
Gallo et al. 2013). Alternative splicing can fine tune protein structure and abundance
by controlling variable inclusion of coding information contained within exons and
12
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cryptic introns. Additionally alternative splicing can enforce tissue-specific patterns of
protein expression as well as promote nonsense-mediated decay (NMD) as a means
of post-transcriptional regulation of protein abundance (Popp and Maquat 2013).
Cancer-associated alternative splicing of other CCN genes has been reported
previously. In hepatocellular carcinoma, CCN4 (WISP1) is alternatively spliced to
produce transcripts encoding (i) CCN4 protein missing the VWC domain and (ii)

ip
t

truncated CCN4 containing only the IGFBP domain (Cervello, Giannitrapani et al.
2004). The former is also encoded by spliceforms expressed in gastric carcinoma

cr

(Tanaka, Sugimachi et al. 2001), thus this cancer-associated spliceform may play an
important role in the pathophysiology of these cancers. In breast cancer, alternative

us

splicing and expression of CCN1 is controlled by hypoxia (Hirschfeld, zur Hausen et
al. 2009). In these cells, CCN1 mRNA retains intron 3, which contains two stop

an

codons and expression of this form results in a loss of CCN1 protein, presumably
through NMD. Exposure to hypoxic conditions results in excision of intron 3 during
splicing resulting in synthesis of CCN1 protein, which in turn promotes enhanced

M

vascular endothelial cell proliferation and adhesion in the microenvironment. In this
way, alternative splicing differentially regulates oncogenic CCN1 protein abundance

ed

in response to external stimuli.

Mutations to spliceosomal components are common in cancer (Scott and

ce
pt

Rebel 2013), and can contribute to patterns of oncogenic alternative splicing.
Recurrent somatic mutations in the Splicing factor 3B subunit 1 (SF3B1) gene occur
in approximately 45-85% of myelodysplastic syndrome cases (Yoshida, Sanada et al.
2011) and 15% of chronic lymphocytic leukemias (Wang, Lawrence et al. 2011;

Ac

Quesada, Conde et al. 2012). Despite these observations, regulation of alternative
splicing remains poorly understood. Thus, while oncogenic patterns of alternative
splicing may be due solely to aberrations in splicing machinery, it is likely that
additional cryptic genetic and epigenetic mechanisms controlling site-specific
alternative splicing are also involved and remain to be elucidated.
In pre-B ALL, alternative splicing of the MYB (C-myb) proto-oncogene is
commonly observed, exhibiting complex patterns of splicing that generate up to 60
different spliceforms (Zhou, O'Rourke et al. 2011). Importantly, differential splicing
affects regions encoding the C-terminal domain involved in transcriptional repression.
In these spliceforms, the N-terminal DNA binding domain remains intact, thus the
13
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isoforms generated by alternative splicing may have altered regulatory effects.
Similarly in pre-B ALL, the IKZF1 gene is alternatively spliced to generate a number
of isoforms with altered function. IKZF1 encodes a critical tumour suppressor which
is frequently mutated in pre-B ALL (Mullighan 2011), and these mutations typically
result in synthesis of dominant negative (DN) forms that dimerise with canonical
IKZF1. Additionally however, these DN forms can arise by alternative splicing in the

ip
t

absence of mutation (Iacobucci, Lonetti et al. 2008; Capece, Zazzeroni et al. 2013).
Thus oncogenic DN IKZF1 is likely to be more pervasive than previously estimated

cr

by screening for IKZF1 gene mutations, and may be of prognostic relevance for risk

us

stratification of pre-B ALL patients.

In considering CTGF spliceforms, the canonical start codon and signal
peptide located in exon 1 were found to be skipped in all the identified novel

an

transcripts, but they may nevertheless retain the potential to code for intracellular
proteins through use of potential downstream translation start sites, of which there

M

were three: Met194, Met215 and Met238. Thus, the alternative transcripts potentially
encode truncated CTGF proteins of 13-18 kDa that are uniformly characterised by
the presence of the CT domain. Consistent with this, immunoblotting for secreted

ed

CTGF from pre-B ALL cell lines only detected the full-length protein together with
known proteolytic fragments of 21 and 23 kDa (Brigstock, Steffen et al. 1997; Ball,

ce
pt

Moussad et al. 2003). By contrast, a variety of expected and cryptic CTGF proteins
were detected in total protein extracts. Low molecular weight intracellular CTGF
forms included a distinct species of 18 kDa, which corresponded to the size of the
predicted Met194 isoform. Additional higher molecular weight CTGF proteins of

Ac

between 54 and 58 kDa were also present in total protein extracts. The origins and
identity of these proteins is unclear, however similar sized CTGF protein complexes
that were resistant to reduction during SDS PAGE have been identified in
conditioned medium from human corneal fibroblast cultures (Robinson, Smith et al.
2012).
The CTGF CT domain, which is highly conserved throughout the CCN family
(with the exception of CCN5), is known to function as a protein interaction domain,
being responsible for CCN homo and heterodimer formation (Brigstock 1999). It
contains a cysteine knot motif with an unbound cysteine protruding through its centre,
which may provide a means for highly stable protein-protein interactions via covalent
14
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disulphide bonding (Holbourn, Perbal et al. 2009). Thus, heterotypic forms of CTGF
containing a CT domain may interact to form tertiary complexes with full length
CTGF, other CCN proteins, or additional cryptic binding partners. One intriguing
possibility worthy of further investigation is that the long (54-58 kDa) forms of CTGF
are the result of stable heterodimerisation between the full-length protein (38 kDa)
with the short (18 kDa) form of CTGF via the CT domain. Such an interaction may

ip
t

serve to regulate cellular CTGF activity, subcellular localisation and/or secretion.
Furthermore, the retention of the CT domain in all the predicted short isoforms of

cr

CTGF produced by alternative splicing may have oncogenic significance. The CT
domain is similar in structure to the TGF-β family of small growth factors including

us

TGF-β, BMP, NGF, VEGF and PDGF (Bork 1993; McDonald and Hendrickson 1993).
These growth factors control diverse functions and are essential at all stages of

an

development (Weiss and Attisano 2013). Fusion of CCN5 (which lacks a classical
CT domain) with the CTGF/CCN2 CT domain transformed the CCN5-fusion protein
in a pro-growth hypertrophic molecule (Yoon, Lee et al. 2010), highlighting the

M

potential transformative properties of this domain in disease.
In addition to non-canonical CTGF proteins, we identified nuclear localised

ed

CTGF in both PER-377 and PER-145 cells. Nuclear CTGF has also been identified
in melanoma cells (Sha and Leask 2011) and is associated with a poor prognosis in

ce
pt

this disease (Braig, Wallner et al. 2011). A clue to a potential nuclear role for CTGF
comes from the ability of the CTGF CT domain to interact with the Wnt co-receptor
LRP6 (Mercurio, Latinkic et al. 2004). When localised to the nucleus, the soluble
LRP6 intracellular domain can modulate transcription of TCF/LEF1 targets (Beagle

Ac

and Johnson 2010), therefore it is conceivable that nuclear CTGF may interfere with
canonical Wnt signalling and this hypothesis should be investigated further.
Importantly, nuclear-addressed CCN3 proteins lacking the N-terminal signal peptide
have been identified in Wilms tumours and glioma (Planque, Long Li et al. 2006;
Subramaniam, Lazar et al. 2008). Moreover, these nuclear CCN3 variants were
suggested to be potential transcriptional regulators whose expression correlated with
oncogenicity (Planque, Long Li et al. 2006). Interestingly, deletion studies have
confirmed that the nuclear addressing of CCN3 is conferred by the CT domain,
highlighting yet another important role for this domain in the mode of action of CCN
proteins (Planque, Long Li et al. 2006).
15
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5.

Conclusion

CTGF is aberrantly expressed in many aggressive malignancies. To our knowledge,
this is the first direct evidence of alternative splicing of the CTGF gene and shows
that a short CTGF splice variant associated with cell proliferation is expressed in

ip
t

most cases of primary CTGF-positive pre-B ALL. This novel intracellular variant
encoding only the CT domain may play a role in pre-B ALL tumorigenesis and/or

cr

progression. Further analysis of CTGF isoform diversity and oncogenic potential is

an

us

warranted.
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Figure Legends
Figure 1. CTGF mRNA expression in pre-B ALL cell lines

ip
t

(A) CTGF mRNA expression measured in seven B-lineage ALL cell lines by qRTPCR (normalised to ACTB). Error bars represent the SEM of three technical

cr

replicates. (B) Northern analysis of CTGF mRNA in the PER-377 cell line cultured for
24, 48 and 72 hrs. Two independent hybridisations were performed with either the

us

Central probe (left), which hybridized exons 3 to 5, or the 3prime probe (right), which
hybridized to the CTGF 3’ UTR. Canonical CTGF mRNA (2.3kb) is indicated by

an

arrows. Non-canonical CTGF transcripts are indicated by arrowheads. Hybridisation

M

to a probe for ATP5G3 was performed as loading control.

Figure 2. Structural analysis of novel CTGF transcripts.

ed

(A) CTGF gene structure and primer positions. Open boxes represent exons (1 to 5).
The 3’ UTR is indicated within exon 5. Start (ATG) and stop (TAG) codons are

ce
pt

indicated by shaded boxes. Primers used to amplify CTGF cDNA (1F, 5R, 7F and
7R) are shown by arrows. (B) RT-PCR amplification of the CTGF 3’ UTR (7F-7R) in
B-lineage ALL cell lines. (C) Semi-nested RT-PCR amplification of the CTGF coding
region (primary: 1F-7R, secondary: 1F-5R) carried out in the presence (top) or
absence (bottom) of 5% DMSO. (D) Alignment of canonical CTGF (top) with

Ac

sequenced spliceforms (A to E). Exon numbering is indicated in open boxes.
Canonical start codon (ATG), and potential alternative translation start sites Met194,
Met215 and Met238 represented by shaded boxes. For each transcript, the cell line
of origin and name is shown on the left and cDNA size indicated on the right.

Figure 3. CTGF spliceforms are expressed in primary pre-B ALL tumours
(A) CTGF mRNA expression levels in fifteen paediatric pre-B ALL specimens,
measured by qRT-PCR (normalised to ACTB). Error bars represent the SEM of three
17
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technical replicates. (B) Semi-nested RT-PCR amplification of the CTGF coding
region (1F-5R) in the presence (top) or absence (middle) of 5% DMSO. Positive
control (pos) consisted of cloned full-length CTGF cDNA or the 331bp CTGF
transcript variant C. Last lane in GAPDH amplification is negative control (NTC).
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t

Figure 4. CTGF immunoblotting.

(A) Modular structure of the CTGF protein. Prototypic CTGF is 38kDa in size and

cr

contains four structural domains; Insulin-like growth factor binding protein (IGFBP)

us

residues 26-97, Von-Willebrand Type-C (VWC) residues 100-167, thrombospondin-1
(TSP1) residues 196-243, and the C-terminal domain (CT) residues 251-334. Target
epitope for antibody ab6992 spans residues 224 to 349. Predicted CTGF isoforms

an

encoded by translation initiation at Met194 (18 kDa), Met215 (15 kDa) and Met238
(13 kDa) are shown. (B) Detection of CTGF by immunoblotting of total protein,

M

nuclear extracts and purified secreted CTGF from PER-377 and PER-145 cell lines.
Prototypic CTGF (36-39 kDa) denoted by asterisks. Non canonical CTGF or
proteolytic forms are denoted by arrows. Pan Actin (ACTB) was used as loading

ed

control. Secreted CTGF isolated from PER-377 is shown at short (i) and long (ii)

Ac

ce
pt

exposures.
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