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Abstract. Anaplastic lymphoma kinase (ALK) is a member 
of the receptor tyrosine kinase superfamily. The ALK gene is 
a site of frequent mutation and chromosomal rearrangement in 
various types of human cancers. A novel chromosomal trans-
location was recently identified in human colorectal cancer 
between the ALK gene and chromosome 2, open reading 
frame 44 (C2orf44), a gene of unknown function. As a first 
step in understanding the oncogenic properties of this fusion 
protein, C2orf44 cDNA was cloned and the encoded protein was 
characterized, which was designated as WD repeat and coiled 
coil containing protein (WDCP). A C-terminal proline-rich 
segment in WDCP was shown to mediate binding to the Src 
homology 3 domain of the Src family kinase hematopoietic 
cell kinase (Hck). Co-expression with Hck lead to tyrosine 
phosphorylation of WDCP. Chromatographic fractionation of 
WDCP-containing lysates indicates that the protein exists as 
an oligomer in mammalian cells. These results suggest that, in 
the context of the ALK‑C2orf44 gene fusion, WDCP imposes 
an oligomeric structure on ALK that results in constitutive 
kinase activation and signaling.

Introduction

Somatically acquired mutations are important to the develop-
ment of cancer. It has been estimated that 1-2% of all human 
genes are implicated in cancer via mutation (1). Of these, 
~90% have somatic mutations, 20% bear germline mutations 
that predispose to cancer and 10% show somatic and germline 
mutations (http://www.sanger.ac.uk/genetics/CGP/Census). 
In unbiased surveys, protein kinases have emerged as one 
of the most frequently mutated gene families in cancer (1-3). 

Additional genome sequencing efforts in diverse cancers have 
focused specifically on the protein kinase gene family, leading 
to a large database of known mutations (4). In numerous 
cases, the potential functional effects of these mutations 
are unknown. Thus, it is important to conduct follow-up 
biochemical studies to identify which mutants may represent 
the drivers that increase cell proliferation.

A recent study of genomic DNA from colorectal cancer 
patients identified a novel gene fusion event between the 
anaplastic lymphoma kinase (ALK) and a previously unchar-
acterized gene, chromosome 2, open reading frame 44 
(C2orf44) (5). ALK is a receptor-type tyrosine kinase that 
has been implicated in several gene fusion events in human 
cancer (6-10). A chromosomal translocation associated 
with anaplastic large-cell lymphomas produces a fusion 
protein between ALK and nucleophosmin (NPM) (10). A 
fusion between the echinoderm microtubule-associated 
protein‑like 4 (EML4) and ALK was identified in a subset 
of non-small cell lung cancer (11). The C2orf44‑ALK fusion 
results from a large (5 million base pair) tandem duplication 
and results in ALK kinase overexpression (5). The function 
of the C2orf44-encoded protein in normal or cancer cells is 
unknown.

Our previous study conducted a proteomic screen to iden-
tify signaling components in U937 human monocytic cells 
that interact with the non-receptor tyrosine kinase (NRTK) 
hematopoietic cell kinase (Hck) (12). The screen was based on 
the ability of Hck substrates and binding proteins to interact 
with the Src homology 3 (SH3) domain of the enzyme, a 
critical regulatory region. In addition to identifying several 
regulators of phagocytosis, migration and the actin cytoskel-
eton, an interaction between Hck and the C2orf44 protein 
was found (12). In the present study, the C2orf44 protein 
was cloned and characterized as a first step in understanding 
its cellular function. Due to the presence of conserved 
sequence elements, the C2orf44 protein was designated 
as WD repeat and coiled coil containing protein (WDCP). 
WDCP was demonstrated to bind tightly and specifically to 
the SH3 domain of Hck through a proline-rich motif at the 
C-terminus. WDCP was also shown to exist as an oligomer 
when expressed in mammalian cells. These results indicate 
that the C2orf44‑ALK fusion in colorectal cancer may acti-
vate ALK through increased kinase oligomerization and 
trans-phosphorylation.
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Materials and methods

Materials. Antibodies against phosphotyrosine (4G10, 
cat. no. 05-321) and Hck (cat. no. 06-833) were from EMD 
Millipore (Billerica, MA, USA). M45 antibody was a gift 
from Dr Pat Hearing (Stony Brook University, NY, USA). 
Protein A, buffers, antibiotics and other chemicals were from 
Sigma-Aldrich (St. Louis, MO, USA). Glutathione agarose 
was purchased from Molecular Probes/Life Technologies 
(Carlsbad, CA, USA). The mammalian expression vector for 
Hck was as described previously (12).

Cloning WDCP. Polymerase chain reaction (PCR) was used to 
amplify the WDCP coding sequence from human cDNA, 
clone HEP04702 (obtained from the Human Genome Center, 
Institute of Medical Science, University of Tokyo, Tokyo, 
Japan). The primers used were: forward, 5', GGATCCTGA 
TGGAGTTGGGAAAAGGAAAACTACTCAGG; and 
reverse 3', AAGCTTTCAAGCCATGCCATCTACATGGTT 
ACAACAGCC. The WDCP cDNA was cloned into the BamHI 
and HindIII sites of plasmid pCM45 (a gift from Dr Pat 
Hearing, Stony Brook University) to produce an N-terminal 
M45-tagged version. Protein features were predicted with the 
Universal Protein Resource UniProt (13).

Cell culture, transfections, immunoprecipitations and 
western blotting. Human embryonic kidney (HEK) 293 cells 
were maintained in Dulbecco's modified Eagle's medium 
with 10% fetal bovine serum, 100 U/ml streptomycin sulfate 
and 100 µg/ml amphotericin B. Transfections were carried 
out with Mirus TransIT (Mirus Corp., Madison, WI, USA) 
using HEK293 cells, which had been plated 24 h previ-
ously. The cells were harvested 48 h after transfection and 
were lysed in buffer containing 20 mmol/l Tris (pH 8.0), 
5 mmol/l EDTA, 1% Nonidet P-40, 150 mmol/l NaCl and 
2 mmol/l sodium orthovanadate, with protease inhibitors 
(5 mg/l aprotinin, 5 mg/l leupeptin and 0.1 mmol/l phenyl-
methylsulfonyl fluoride) at 4˚C for 30 min. The cell lysates 
were centrifuged at 14,000 x g for 15 min at 4˚C. Following 
protein concentration determination, 1 mg/ml concentra-
tions of the cell lysates were used for immunoprecipitation 
experiments. The lysates were first precleared with protein A 
beads for 1 h at 4˚C. The protein A beads were discarded 
following centrifugation. Subsequently, 1 µg antibody (or the 
immunoglobulin G control) and 15 µl protein A beads were 
added to the precleared cell lysates and incubated for 1 h at 
4˚C. The beads were washed three times with lysis buffer and 
immunoprecipitated proteins were resolved by SDS-PAGE. 
The proteins were transferred to polyvinylidene difluoride 
membranes and western blotting was carried out with the 
appropriate antibodies. The proteins were visualized using 
horseradish peroxidase-conjugated secondary antibody 
and an enhanced chemiluminescent detection kit (GE Life 
Sciences, Pittsburgh, PA, USA).

Binding assays. Glutathione S-transferase (GST) or GST-SH3 
fusions (Hck, Crk, Grb2 N-terminal SH3 and Nck) were 
immobilized on glutathione-agarose. HEK293 cell lysates 
were added to the resins and agitated at 4˚C for 30 min. The 
resins were washed extensively with lysis buffer and bound 

proteins were eluted with SDS sample buffer and analyzed by 
SDS-PAGE and western blotting.

Gel filtration. HEK293 lysates were fractionated on a 
Superdex-200 fast protein liquid chromatography column 
(GE Life Sciences, Pittsburgh, PA, USA) pre-equilibrated 
with 20 mmol/l Tris (pH 8.0), 0.2 M NaCl, 10% glycerol 
and 0.2 mmol/l Na3VO4. The proteins were eluted from the 
column at a flow rate of 0.15 ml/min. Fractions of 0.15 ml were 
collected. The column fractions were subjected to anti-M45 
immunoprecipitation, and assayed for WDCP using anti-M45 
western blotting. The molecular weight calibration was 
performed using protein standards (Sigma-Aldrich) and by 
constructing a standard curve of retention time vs. molecular 
weight.

Results

C2orf44 protein. We previously conducted a proteomic 
screen for the binding partners of the SH3 domain of the Hck 
non-receptor tyrosine in the U937 human monocytic cell line. 
One of the proteins identified was the product of the human 
C2orf44 gene (12). PCR was used to amplify the full-length 
cDNA encoding the C2orf44 protein. The protein consists 
of 721 amino acids (Fig. 1). The amino-terminal half of the 
protein contains two WD repeats (WD1 and WD2); these 
units are involved in a range of biological functions, including 
apoptosis, transcriptional regulation and signal transduc-
tion (14). The carboxy-terminal half of the protein contains 
a proline-rich sequence (PPRLPQR) that is similar to known 
ligands for the SH3 domains (15). The C-terminus is also 
predicted to have a leucine-rich coiled coil region (CC). In 
view of these sequence elements, the C2orf44-encoded protein 
was designated as WDCP.

Western blotting for WDCP analysis. CC regions are frequently 
involved in protein oligomerization, often through the formation 
of amphiphilic structures. WD repeats have also been observed 
to mediate oligomerization (14). The C2orf44‑ALK gene 
fusion in colorectal cancer could potentially be activated by 
the inappropriate oligomerization of the ALK tyrosine kinase. 
To test whether WDCP exists as an oligomer, a mammalian 
expression vector encoding WDCP with an N-terminal M45 
tag was produced. The protein was expressed in HEK293 
cells and cell lysates were fractionated on a Superdex-200 
gel filtration column that had been calibrated with molecular 
weight standards. WDCP was visualized in column fractions 
by western blotting with anti-M45 antibodies (Fig. 2). Although 
the predicted molecular weight of WDCP is 79 kilodaltons 
(kDa), relatively low amounts of the protein were detected in 
this mass range. Instead, the majority of the proteins co-eluted 
in the same region as higher (130-140 and >200 kDa) molecular 
weight standards. These results are consistent with the forma-
tion of WDCP oligomers in mammalian cells.

Subsequently, the ability of WDCP to interact with SH3 
domains was tested. M45-tagged WDCP was expressed in 
HEK293 cells and incubated lysates with the GST-tagged Hck 
SH3 domain, immobilized on glutathione agarose. In certain 
reactions, a Pro-rich competitor peptide (YEVPPPVPPRRR, 
a peptide we previously showed binds tightly to the Hck SH3 
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domain) was included (16). WDCP bound to the immobilized 
Hck SH3 domain in the absence of the competitor peptide 
(Fig. 3A). Binding was substantially reduced in the presence 
of 50 µM Pro-rich peptide and eliminated altogether in the 
presence of 500 µM peptide (Fig. 3A). WDCP did not bind to 
control beads containing immobilized GST (Fig. 3A). These 
experiments validated the results of the proteomic screen 
and indicated that WDCP binds to the typical ligand-binding 
site on the Hck SH3 domain, which recognizes proline-rich 
sequences.

WDCP contains one predicted SH3 ligand sequence 
between amino acids 539 and 545. This Pro-rich sequence is 
predicted to be a class 2 motif, with the consensus sequence 
PXXPXR (15). The two proline residues within this sequence 
(Pro 540 and Pro 543) were mutated to alanine and the 
wild-type and mutant forms were expressed in HEK293 cells. 
Binding experiments were carried out using cell lysates and 
a variety of immobilized SH3 domains. Wild-type WDCP 
showed a strong preference for the SH3 domain of Hck; there 
were trace amounts of binding to the Crk SH3 domain and 
undetectable binding to the SH3 domains of Grb2 (N-SH3) 
and Nck (Fig. 3B). The proline to alanine mutations eliminated 
binding to the SH3 domain of Hck (Fig. 3B). The expres-
sion of the Pro-mutant form of WDCP was confirmed to 
be equally strong as the wild-type (Fig. 3C). Thus, the SH3 
binding site was localized on WDCP to the Pro-rich sequence 

Figure 1. Structure of WD repeat and coiled coil containing protein (WDCP). (A) Schematic representation of the domain structure of WDCP. The sequence 
of the proline-rich segment is presented. (B) Amino acid sequence of WDCP, with important sequence elements highlighted. WD1 and WD2, WD repeat 
domains; CC, coiled-coil domain.

Figure 2. WD repeat and coiled coil containing protein (WDCP) exists 
as an oligomer. M45-tagged WDCP was expressed in human embryonic 
kidney 293 cells and lysates were fractionated on a Superdex-200 fast protein 
liquid chromatography column. Individual fractions were analyzed by M45 
western blotting. The elution positions of molecular weight standards are 
shown above the blot.

  A

  B

Figure 3. Interaction of WD repeat and coiled coil containing protein (WDCP) 
with Src homology 3 (SH3) domains. (A) Lysates from WDCP-expressing 
human embryonic kidney (HEK) 293 cells (WD) or untransfected cells 
(293) were incubated with immobilized hematopoietic cell kinase (Hck) 
SH3 domain [or glutathione S-transferase (GST) control]. In certain experi-
ments, a proline-rich competitor peptide was added. Following washing, 
the bound proteins were eluted with SDS-PAGE sample buffer and visual-
ized by anti-M45 western blotting. (B) HEK293 cells expressing WDCP 
(wild-type or a P540A/P543A mutant) were analyzed in pulldown reactions, 
as in panel A, using four different immobilized SH3 domains (or GST as a 
control). (C) Control HEK293 cells or cells expressing WDCP (wild-type or a 
P540A/P543A mutant) were lysed and analyzed by SDS-PAGE and anti-M45 
western blotting. Crk, Grb2, Nck.

  A

  B

  C
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between 539-545 and it was demonstrated that WDCP has 
selectivity with respect to the SH3-mediated protein-protein 
interactions in which it is involved.

Interaction of WDCP and Hck. Subsequently, the interaction 
of WDCP with full-length Hck kinase in mammalian cells was 
tested. M45-tagged WDCP was expressed in HEK293 cells, 
either alone or together with Hck. Following immunoprecipi-
tation of WDCP, anti-Hck western blotting experiments were 
performed to show that the two proteins interact (Fig. 4A). The 
levels of precipitated WDCP were similar in the presence or 
absence of Hck (Fig. 4B). The blot was stripped and reprobed 
with anti-phosphotyrosine antibodies (Fig. 4C). These 
experiments showed that WDCP is tyrosine phosphorylated 
when co-expressed with Hck, but not when expressed alone. 
Thus, Hck promotes WDCP tyrosine phosphorylation, either 
directly (via an enzyme-substrate interaction) or indirectly 
(for example, by stimulating another kinase that directly phos-
phorylates WDCP).

Discussion

ALK is a member of the superfamily of RTKs (6,9). The ALK 
gene is localized on chromosome 2p23.1. ALK knockout 
mice develop normally, with a normal lifespan, exhibiting 
only behavioral and neurochemical alterations (17). Similar 
to other RTKs, ALK contains an extracellular ligand binding 
domain, a single-pass transmembrane sequence and an intra-
cellular tyrosine kinase catalytic domain. Ligand binding to 
the extracellular portion of ALK triggers trans-autophosphor-
ylation of tyrosine residues within the kinase domain. Once 

phosphorylated, the ALK kinase domain is fully active and 
phosphorylates downstream substrates to promote cell growth 
and survival. The downstream signaling partners activated 
by ALK include phospholipase Cγ, mitogen-activated protein 
kinase, phosphoinositide 3'-kinase/AKT and signal transducer 
and activator of transcription (STAT) proteins (6,9).

The ALK gene is involved in a number of chromosomal 
rearrangements in human cancers (6,7). Frequently, these 
events produce fusion proteins containing the intracel-
lular tyrosine kinase domain of ALK; the fusion proteins 
dimerize to give constitutive kinase activation. These ALK 
fusions have been described as oncogenic drivers in solid 
tumors and hematopoietic cancers (7-9). In non-small cell 
lung cancer, multiple EML4 breakpoints fuse in frame with 
exon 20 of ALK to produce activated EML4-ALK fusions. 
These fusions are oncogenic in cell lines (11) and produce 
lung adenocarcinoma in transgenic mice (18). The Food and 
Drug Administration-approved ALK small molecule kinase 
inhibitor crizotinib is a clinically effective therapy for patients 
harboring the EML4-ALK translocation; a response rate of 
57% and a disease control rate of 90% were reported in a 
group of 82 patients (7-9). The fusion between ALK and NPM 
in anaplastic large‑cell lymphoma was the first chromosomal 
translocation to be reported involving the ALK gene (10). 
Similar to the situation with the EML4-ALK fusion, this 
translocation leads to constitutive ALK kinase activity and 
stimulation of downstream signaling pathways. In addition 
to chromosomal translocations, somatic and germline point 
mutations in the kinase or juxtamembrane domains of ALK 
have been reported in neuroblastoma and anaplastic thyroid 
cancer (6,9). Whereas the biochemical effects of all these 

Figure 4. Hematopoietic cell kinase (Hck) binds and phosphorylates WD repeat and coiled coil containing protein (WDCP). (A) Human embryonic kidney 
(HEK) 293 cells were transfected with M45-tagged WDCP alone (WD) or WDCP plus Hck. In the left three lanes, cell lysates were analyzed directly by 
SDS-PAGE. In the remaining lanes, anti-M45 [or immunoglobulin G (IgG) control] immunoprecipitation (IP) reactions were carried out. The immunocom-
plexes were resolved by SDS-PAGE and analyzed by anti-Hck western blotting. The position of Hck is indicated. (B) The membrane was reprobed with 
anti-M45 antibody to show the presence of WDCP in the immunocomplexes. (C) The membrane was reprobed with anti-phosphotyrosine antibody. The 
positions of Hck and phosphorylated WDCP are indicated.

  A

  B

  C
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mutations have not been investigated, they also presumably 
lead to enhanced/constitutive ALK kinase activity.

In the present study, a novel fusion partner for ALK was 
characterized: The protein encoded by the C2orf44 gene, for 
which we propose to be known as WDCP. This gene fusion 
was identified in a colorectal cancer patient. The resulting 
fusion protein contains the N-terminal 680 amino acid residues 
fused in-frame to ALK residues 1061-1620 (5). This portion 
of ALK comprises the entire tyrosine kinase catalytic domain 
and C-terminal region. The attachment of the WDCP residues 
presumably leads to increased ALK activity by promoting 
oligomerization, which has been observed for other ALK 
fusions. C2orf44 cDNA was cloned and the WDCP protein 
was expressed in mammalian cells. WDCP was demonstrated 
to exist as a high-molecular weight protein, supporting this 
idea. A proline-rich segment within WDCP (residues 539-545, 
contained in the C2orf44-ALK fusion) was also shown to bind 
specifically to the SH3 domain of the Src family kinase Hck. 
Furthermore, WDCP serves as a substrate for Hck. This is 
reminiscent of the situation in anaplastic large-cell lymphoma, 
in which the NMP-ALK fusion serves as a Src kinase 
substrate (19). Furthermore, treatment of anaplastic large-cell 
lymphoma cells with Src kinase inhibitors or Src-specific 
small interfering RNA decreases their proliferation rate (19). 
In conclusion, these results on WDCP indicate that such treat-
ments may also be successful against the C2orf44-ALK fusion.
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