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Summary
GCET2 (Germinal centre B-cell expressed transcript 2; also named HGAL) is a newly cloned gene
that has been shown to be a useful marker for germinal centre (GC) B cells and GC B-cell derived
malignancies, including follicular lymphomas and germinal centre B cell-like diffuse large B-cell
lymphomas (GCB-DLBCLs), and is a useful prognosticator for DLBCLs. We report here the
biochemical and biological properties of GCET2, which may help to determine its role in the GC
reaction. GCET2 is constitutively localised in the plasma membrane but is excluded from lipid rafts.
GCET2 does not have a transmembrane domain, and its membrane localisation is mediated by
myristoylation and palmitoylation. GCET2 has five conserved putative tyrosine phosphorylation
sites, and it can be phosphorylated following pervanadate treatment in B cells. By serially mutating
the five tyrosines, the third and fourth tyrosines were found to be essential for GCET2
phosphorylation. GCET2 was phosphorylated when co-transfected into COS7 cells with protein
tyrosine kinases (PTKs) LYN, LCK or SYK, and therefore it could be a substrate of these kinases
in B cells. The third tyrosine site (107YENV) of GCET2 is a consensus GRB2 binding site, and
GCET2 was found to associate with GRB2 through the third tyrosine following phosphorylation.
Our data suggests that GCET2 may be an adaptor protein in GC B cells that transduces signals from
GC B-cell membrane to the cytosol via its association with GRB2.
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Diffuse large B-cell lymphoma (DLBCL) can be divided into two major subtypes based on
their gene expression profiles (Alizadeh et al, 2000; Husson et al, 2002; Rosenwald & Staudt,
2003). One is the germinal centre B cell-like DLBCL (GCB-DLBCL) with high expression of
genes in the normal GC B-cell signature, and the other is the activated B cell-like DLBCL
(ABC-DLBCL) with high expression of genes that are normally induced during activation of
peripheral blood B cells. These two subtypes are clinically different, with the GCB-DLBCL
having better prognosis than the ABC-DLBCL (Alizadeh et al, 2000; Husson et al, 2002;
Ramsay, 2002; Rosenwald et al, 2002; Rosenwald & Staudt, 2003).

A group of genes are selectively expressed in the normal GC B cells and GCB-DLBCLs,
including many known markers of GC differentiation, such as BCL6, CD10, CD38,
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transcriptional factor A-MYB and OGG1, as well as a number of uncharacterised genes
represented as expressed sequence tags (ESTs) (Kelsoe, 1996a,b; Alizadeh et al, 2000; Lossos
et al, 2003; Pan et al, 2003). The molecular mechanisms underlying the GC reaction are not
well-defined. Cloning and characterising the new genes that are restricted to GC B cells is one
useful approach to investigate the GC reaction.

GCET2 (Germinal centre B-cell expressed transcript 2) is a recently cloned gene that is highly
expressed in normal GC B cells and GC B-cell derived lymphomas, including follicular
lymphoma (FL) and GCB-DLBCL (Lossos et al, 2003; Pan et al, 2003; Natkunam et al,
2005). GCET1, GCET2 and BCL6 are among the most representative genes in the GC B-cell
signature (Rosenwald et al, 2002; Lossos et al, 2003; Pan et al, 2003) for the classification of
DLBCLs. GCET2 is a homologue of the mouse gene M17 (Christoph et al, 1994), a mouse
GC B-cell expressed transcript. In the mouse, we detected two M17 isoforms encoding two
proteins of 181 and 159 amino acids respectively. GCET2 and M17 have similar exon patterns
and the shorter isoform of M17 lacks the second exon due to alternative splicing. Human
GCET2 has only one translated protein of 178 amino acids, even though Northern blotting
showed two major transcripts of about 1·5 kb and 3·3 kb, which results from the use of different
polyadenylation sites (Lossos et al, 2003; Pan et al, 2003).

Analysis of the GCET2 protein (Fig 1) revealed five conserved putative tyrosine
phosphorylation sites but no functional domains that may have enzymatic activity or may
mediate protein–protein interactions. GCET2 also has a putative myristoylation site (¹MGNS)
and a putative palmitoylation site (43CFC), which may mediate its membrane attachment.
These features suggest that GCET2 may be a novel membrane-associated adaptor protein that
transduces signals from the cell surface to the cytosol. Adaptors are essential for B-cell
proliferation and differentiation (Sosa, 1996;Pawson & Scott, 1997;Peterson et al,
1998;Wienands, 2000;Kurosaki, 2002;Janssen & Zhang, 2003;Janssen et al, 2003;Togni et
al, 2004). They mediate intermolecular interactions within a signal transduction pathway but
lack intrinsic enzymatic or transcriptional activity. We hypothesise that, following B-cell
activation, GCET2 is phosphorylated by protein tyrosine kinases (PTKs), and it then recruits
cytosolic proteins to the cell membrane using its phosphorylated tyrosines as docking sites.
Eventually, a signalling complex is formed on the inner plasma membrane to activate
downstream pathways.

Materials and methods
Cells, antibodies and vectors

The human FL cell line, DHL16 (Epstein et al, 1978), and human Burkitt lymphoma cell line,
Daudi(Klein et al, 1968), were cultured in RPMI 1640 medium with 10% fetal bovine serum
(FBS) (Invitrogen Corporation, Carlsbad, CA, USA), penicillin (100 units/ml) and
streptomycin (100 µg/ml) (Invitrogen). The mouse B cell line, A20 (Kim et al, 1979), a BALB/
c B-cell lymphoma line, was purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA) and was cultured in RPM1640 medium supplemented with 0·05 mmol/
l 2-mercaptoethanol and 10% FBS and penicillin/streptomycin. The green monkey kidney cell
line, COS7 (Gluzman, 1981), was cultured in DMEM supplied with 10% FBS and penicillin/
streptomycin.

Mouse monoclonal antibodies (MAb) to human GRB2, B-cell linker protein (BLNK) and LYN
were ordered from Santa Cruz Biotechnology (Santa Cruz, CA, USA), mouse anti-phospho-
tyrosine MAb, 4G10 from Upstate Company (Waltham, MA, USA) and mouse anti-V5 from
Invitrogen.
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The vectors used were kindly provided to us by the following investigators: pMIG vector (Dr
Thomas Mitchell, University of Louisville School of Medicine); SYK in pEF-M, ZAP70 in
pcDNA3 and LCK in pEF (Dr Marianne Mollenauer, University of California); FLAG-tagged
BTK in pcDNA3 (Dr Andrew C. Chan, Genentech Company); LYN in pcDNA3 (Dr Tom
Smithgall, University of Pittsburgh) and pMIN (Dr Joyce Solheim, University of Nebraska
Medical Center).

Plasmid construction
Cloning of GCET2 into pcDNA3.1 vector—The full-length open-reading-frame
sequence (ORF) of GCET2 was amplified using the following primer pair:

Forward primer: 5′-CACCATGGGAAATTCTCTGCTGAGAG-3′

Reverse primer: 5′-TAAATGGGAAAACTGAGTCACAG-3′

The amplified product was electrophoresed in a 1% agarose gel, and the specific band was
purified using the QIAquick gel extraction kit (Qiagen, Valencia, CA, USA). The purified PCR
product was cloned into the pcDNA3.1 vector using pcDNA Directional TOPO Expression
Kit (Invitrogen) according to the manufacturer’s directions. In this vector, GCET2 has a C-
terminal V5 tag and a 6-histidine (His) tag. The insert was verified by sequencing.

Subcloning of GCET2 into pMIG vector—The DNA fragment with full-length GCET2
ORF and V5 and 6His tags in pcDNA3.1 vector was recovered using restriction endonucleases
BamHI and PmeI, and the pMIG vector was linearised with BglII and PmeI. The purified
GCET2 fragment was ligated into the linearised pMIG vector to form a new pMIG-GCET2
vector. The pMIG vector is an MSCV-based retroviral vector containing EGFP as an expression
marker downstream of the internal ribosomal entry site (IRES).

Mutagenesis of GCET2
Five independent mutations of the tyrosine residues of GCET2 (M1 to M5) were separately
introduced to the pcDNA3. 1-GCET2 vector using the QuikChange site-directed mutagenesis
kit (Stratagene, Cedar Creek, TX, USA), according to the manufacturer’s instructions. For
convenience of selection, a novel restriction enzyme site was introduced for each construct.
The following oligonucleotides and their complementary sequences were used (base alterations
are underlined):

M1, ATCCAGGACAATGTCGACCAGACCTTCTCAGAGGAGCTG

M2, CTCAGAGGAGCTCTGCTTTACCCTCATCAATCATC

M3, GAACTCTGCTGAAGAGTTCTTTGAGAATGTTCCCTGC

M4, GGAGGAACTGAGACTGAATTCTCACTTCTACATATG

M5, ATCCCCAGAAGATGAATTCGAACTTCTCATGCCTC

Based on the five single mutations, multiple combinations of tyrosine mutants were generated
using both the QuikChange site-directed mutagenesis kit and appropriate restriction enzyme
digestions. Furthermore, an individual mutation in the putative myristoylation site was
constructed by replacing the glycine (G) codon at the second amino acid position of GCET2
by alanine (A), and we named this construct pcDNA3.1-GCET2-G2A. The primer used was
(mutated base underlined):

GCET2 (G2A) Forward: 5′-CACCATGGCAAATTCTCTGCTGAGAG-3′
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Two separate mutations in the putative palmitoylation sites of GCET2 were introduced into
plasmids pcDNA3.1-GCET2 and pcDNA3.1-GCET2-G2A respectively. The primers used
were (mutated bases underlined):

M6-forward, CATATCGCTGAAGGCGCCTTCGCCCTTCCATGG

M6-reverse, CCATGGAAGGGCGAAGGCGCCTTCAGCGATATG.

All mutations were confirmed by restriction enzyme digestion and sequencing.

Transfection of Cos7 cells
COS7 cells were seeded onto 6-well plates (Becton Dickinson Labware, Franklin Lakes, NJ,
USA) at a density of 0·5 × 106 cells/well and cultured for 24 h. For the preparation of
transfection medium, 5 µg plasmid were added into 500 µl OPTI MEM I (Invitrogen) in one
tube, and 10 µl Lipofection 2000 (Invitrogen) were added into 500 µl OPTI MEM I in another
tube. Both tubes were kept at room temperature for 5 min, and the contents mixed together
followed by 20 min incubation at room temperature. The culture medium was removed from
the 6-well plates and 1 ml of the transfection solution was applied to each well. After 4 h,
transfection medium was removed and fresh culture medium was added, and 24 h later, the
cells were harvested for experiments (Fessart et al, 2005).

Transduction of B-cell lines
The packaging cell line, Phoenix A, was seeded in a 10 cm cell culture dish at a density of 2·5
× 106 cells/dish. After 24 h, 10 µg pMIG-GCET2 vector and 20 µl Lipofection 2000 were used
for transfection as described above. 48 h later, the supernatant containing the viruses was
harvested and briefly centrifuged at 1800 g for 5 min to eliminate possible contamination of
cells and cellular debris. 5 × 106 DHL16 cells or Daudi cells were mixed with 5 ml supernatant
containing 10 µmol/l polybrene (Specialty Media, Phillipsburg, NJ, USA). Thereafter, 6-well
plates were centrifuged at 400 g at room temperature for 2 h. Cells were cultured and sorted
using EGFP as a selection marker (Koonpaew et al, 2004).

Separation of cellular membrane and cytosol
5 × 107 DHL16 cells were collected and washed once with phosphate-buffered saline (PBS),
followed by another wash in TEAS buffer (10 mmol/l triethanolamine pH 7.4, 1 mmol/l EDTA
and 250 mmol/l sucrose) (Cavenagh et al, 1996). Cells were then resuspended in four volumes
of TEAS buffer and disrupted on ice with 10 passes in a Dounce homogenizer (Bellco Glass
Inc., Vineland, NJ, USA). The resulting homogenate was centrifuged at 1000 × g for 10 min
to obtain a post-nuclear supernatant. This supernatant was further centrifuged at 200 000 g for
1 h (SW 41 rotor, Beckman Instruments, Fullerton, CA, USA) to separate the cytosol
(supernatant) and the plasma membranes (pellet). The membrane pellet was resuspended in
the same volume of TEAS buffer as the supernatant. Equal volumes of both fractions were
analysed by 12% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
and blotted with appropriate antibodies.

Isolation of lipid rafts
Lipid rafts were isolated using modified lysis conditions and centrifugation on discontinuous
sucrose gradient (Zhang et al, 1998). In brief, 1 × 108 DHL16 cells were washed with ice-cold
PBS and lysed for 30 min on ice in TNEV buffer (10 mmol/l Tris/HCl, pH 7·5, 150 mmol/l
NaCl and 5 mmol/l EDTA) with 1% Triton X-100 and protease and phosphatase inhibitors.
The cells in lysis buffer were further homogenised with ten strokes in a Wheaton Dounce
homogenizer (Wheaton, Millville, NJ, USA). Cell nuclei and cellular debris were pelleted by
centrifugation at 900 g for 10 min. One millilitre of cleared supernatant was mixed with 1 ml
of 80% sucrose in TNEV and transferred to the bottom of a Beckman centrifuge tube. The
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diluted lysate was overlaid with 6 ml 30% sucrose in TNEV buffer and, finally, 3·5 ml 5%
sucrose in TNEV buffer. The samples were centrifuged in an SW41 rotor at 200 000 g for 16–
20 h at 4°C; 1-ml fractions were collected starting from the top of the gradient. Ten microlitres
of each fraction were separated by 12% SDS-PAGE, and the appropriate antibodies were then
used to detect the proteins in these fractions.

Metabolic labelling of DHL16 cells
DHL16 cells transduced with pMIG-GCET2 construct were used for labelling with [³H]
myristate or [³H] palmitate (PerkinElmer Life Sciences, Inc., Boston, MA, USA). 4 × 107 cells
were washed twice in cold FBS-free RPMI 1640 medium, and resuspended in the same medium
at a final concentration of 1 × 107 cells/ml. After starvation for 2 h, cells were resuspended in
RPMI 1640 medium with 5% dialysed FBS (Invitrogen), and myristic acid [9, 10-³H (N)] or
palmitic acid, [9, 10-³H (N)] was added to the culture medium at a final specific radioactivity
of 14·8 MBq/ml each. After incubation at 37°C for 4 h, cells were washed twice in cold PBS
and lysed in 1 ml Triton X-100 lysis buffer with protease inhibitors. A total of 500 µl cell lysate
was used for immunoprecipitation with 4 µg anti-V5. The immunoprecipitates were dissolved
in loading buffer with or without 2-mercaptoethanol. Proteins were separated using 4–20%
gradient SDS-PAGE gels, and the gels were fixed in SDS-PAGE Fixing Buffer [10% (v/v)
glacial acetic acid, 30% (v/v) methanol] for 1 h. Gels were then treated with EN³HANCE™
Autoradiography Enhancer (PerkinElmer, Inc.) for 1 h under gentle agitation in a fume hood,
and then immersed in cold water containing 1% glycerol and 10% polyethylene glycol (PEG,
MW 8000) with gentle agitation for 30 min in order to precipitate the scintillators. Gels were
dried using BioDesignWrap Gel Drying System (BioDesign Inc., Carmel, NY, USA) overnight
in the fume hood, and the dried gels were exposed to Kodak BioMax XAR films (Eastman
Kodak Company, Rochester, NY, USA) at −80°C for 4 weeks.

Confocal localisation of GCET2 in COS7 cells and DHL16 cells
1 × 105 COS7 cells were plated in a 6-well plate with autoclaved round coverslips (Thermo
Fisher Scientific Inc., Waltham, Miami, FL, USA) and incubated overnight for cells to adhere.
Cells in each well were transfected using 3 µg pcDNA-GCET2 vector and allowed to grow for
40 h. After three washes with cold PBS, cells were fixed and permeablised with 2%
paraformaldehyde and 0·1% Triton X-100 for 10 min at room temperature. After treatment
with blocking solution with 1% bovine serum albumin (BSA) for 10 min, cells were incubated
in mouse anti-V5 primary antibody (5 µg/ml) for 1 h at room temperature. Cells were then
incubated in fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG secondary
antibody (10 µg/ml; Vector Laboratories, Burlingame, CA, USA) in the dark for 1 h. Cell nuclei
were counter-stained using propidium iodide (1 µg/ml) for 1 min, and coverslips were mounted
with mounting media containing Fluoromount and sealed with nail polish. The staining was
analysed using a Zeiss LSM 410 confocal laser scanning microscope (CLSM; Geottinger,
Germany).

pMIG-GCET2 transduced DHL16 cells were used for fluorescence staining and localisation
of GCET2, and DHL16 cells without transduction were used as a negative control. DHL16
cells were harvested and washed twice in cold PBS and resuspended at a density of 1 × 105

cells/ml; 0·5 ml of the DHL16 cell suspension was centrifuged onto each slide at 400 g for 5
min using a Shandon Cytospin® 4 Cytocentrifuge (Thermo Electron Corporation, San Jose,
CA, USA). After drying at room temperature for 30 min, cells were fixed with 2%
paraformaldehyde for 10 min, and then permeablised and blocked in Permeablisation and
Blocking solution for 5 min (0·1% cold fish skin gelatin, 0·1% Triton X-100, 0·05% Tween
20, BSA 1·0% and PBS pH 7.4). Slides were incubated in anti-V5 primary antibody (5 µg/ml)
for 1 h at room temperature with gentle agitation, and in Texas Red conjugated horse anti-
mouse IgG secondary antibody (7·5 µg/ml; Vector Laboratories) for 1 h at room temperature
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in the dark with gentle agitation. Slides were mounted with mounting media containing
Fluoromount and sealed with nail polish. The staining was analysed using the Zeiss LSM 410
CLSM.

Treatment of B cells with pervanadate
5 × 107 DHL16 or Daudi B cells were harvested and washed twice in cold PBS, and resuspended
in 1 ml PBS. Pervanadate was freshly prepared in each experiment as follows: 900 µl water
was added to 100 µl sodium vanadate stock solution (100 mmol/l); 20 µl H2O2 was added to
the sodium vanadate solution, followed by incubation at room temperature for 10 min to form
pervanadate. B cells were treated with pervanadate at a final concentration of 200 µmol/l for
5 min at 37°C (Secrist et al, 1993; Radha et al, 2004).

Stimulation of B cells by BCR cross-linking
5 × 107 DHL16 or Daudi cells were harvested and washed twice in cold PBS, and the cells
were stimulated with goat antihuman IgG or IgM F(ab)2 fragment (The Jackson Laboratory,
Bar Harbor, ME, USA) at a concentration of 24 µg/ml at 37°C for 5 min. Cells were pelleted
by centrifugation at 400 g at 4°C for 3 min, and lysed in an equal volume of cold Triton X-100
lysis buffer containing protease and phosphatase inhibitors (Sigma-Aldrich, St Louis, MO,
USA).

Immunoprecipitation and immunoblotting
Cells were washed with ice-cold PBS and lysed in cell lysis buffer (0·5% Triton X-100, 150
mmol/l NaCl, 20 mmol/l Tris pH7.5 and 5 mmol/l EDTA) with protease and phosphatase
inhibitors on ice for 20 min. Lysates were clarified by centrifugation and precleared with
protein G-Sepharose. Lysates were subjected to immunoprecipitation with protein G-
Sepharose-coupled antibodies at 4°C. The beads were washed twice in PBS and boiled in SDS
sample buffer. The proteins were separated using 12% SDS- PAGE, and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). Membranes
were immersed in PBS with 5% milk for 1 h to block non-specific background. Membranes
were incubated with the appropriate antibodies at room temperature for 1 h, followed by three
washes with PBS. Membranes were incubated with horseradish peroxidase-labelled secondary
antibodies (Amersham Biosciences Corp, Piscataway, NJ, USA) for 1 h, and then washed three
times with PBS. An enhanced chemiluminescence (ECL) Advance Western Blotting Detection
Kit (Amersham) was used to visualise immunoreactive proteins.

Results
GCET2 is constitutively localised on the cell membrane

The GCET2 protein does not contain a transmembrane sequence (Fig 1), but analysis of the
amino acid sequences of both human GCET2 and murine M17 revealed two conserved cysteine
residues, 43CFC in GCET2 and 46CSC in M17 (longer isoform). These cysteines are possible
sites for palmitoylation of membrane-associated proteins. Analysis with the Myristoylator
Program (http://us.expasy.org/tools/myristoylator) showed that GCET2 has a possible
myristoylation sequence (¹MGNS). Therefore, GCET2 may attach to the cell membrane
through the putative palmitoylation sites and/or the myristoylation site.

In order to determine whether GCET2 is a cell membrane-associated protein, we separated the
cell membrane and the cytosol of pMIG-GCET2 transduced DHL16 cells, and found that both
the endogenously expressed and the exogenously expressed GCET2 are constitutively
localised in the cell membrane rather than the cytosol (Fig 2A). We also isolated the rafts using
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sucrose gradient centrifugation, and found that GCET2 was excluded from the rafts both before
and after pervanadate treatment (Fig 2B).

The CLSM was used to visualise the intracellular expression of GCET2. COS7 cells were
transfected with GCET2, which was tagged with V5 in the c-terminus, and mouse anti-V5
MAb was used as primary antibody followed by staining using FITC-conjugated goat anti-
mouse IgG secondary antibody. Two control samples were also included: in one sample, COS7
cells were not transfected with GCET2, and were stained using primary and secondary
antibodies; in another sample, GCET2-transfected COS7 cells were incubated in PBS instead
of primary antibody. Both of these two controls were negative for green fluorescence while in
transfected cells, GCET2 had a clear plasma membrane association with some internal
distribution (Fig 3A–C).

pMIG-GCET2-transduced DHL16 cells were also used to localise the expression of GCET2,
and Texas Red, instead of FITC, was conjugated anti-mouse IgG secondary antibody because
DHL16 cells express GFP from the pMIG-GCET2 vector. In DHL16 cells, the red fluorescence
signal was predominantly at the cell membrane with some Golgi localisation, and these results
were consistent to those obtained from COS7 cells (Fig 3D–I).

GCET2 attaches to the plasma membrane by myristoylation and palmitoylation
Structural analysis predicated one potential myristoylation site and one potential
palmitoylation site on GCET2. We performed metabolic labelling experiments with myristic
acid [9, 10-³H (N)] and palmitic acid [9, 10-³H (N)] on pMIG-GCET2-transduced DHL16 cells.
The labelled cells were then lysed and immunoprecipitated using anti-V5. We found that
GCET2 was both myristoylated and palmitoylated (Fig 4A and B).

The COS7 cells were also transfected with mutated GCET2 in the myristoylation site or both
of the myristoylation site and the palmitoylation site, and the localisations of GCET2 in the
transfected COS7 were determined under fluorescence microscopy. With mutation of the
myristoylation site, GCET2 had increased distribution into the nuclei (Fig 4C and D), and
GCET2 showed nucleus but not membrane distribution after mutating both myristoylation site
and palmitoylation site (Fig 4E). Taken together, all our data indicated that the membrane
association of GCET2 was due to these two modifications.

GCET2 can be tyrosine-phosphorylated in B cells
The GCET2 protein sequence shows five putative tyrosine phosphorylation sites, of which all
are conserved in the mouse M17 protein (Fig 1). To determine whether GCET2 can be
phosphorylated in B cells, we cloned V5-tagged GCET2 into a pcDNA3 vector and a pMIG
vector. Daudi cells and DHL16 cells were transiently transfected using pcDNA3-GCET2 or
permanently transduced using pMIG-GCET2. Pervanadate, an irreversible protein-tyrosine
phosphatase inhibitor, was used to induce tyrosine phosphorylation. In these two B-cell lines,
GCET2 was phosphorylated after pervanadate treatment. The endogenous GCET2 migrated
to the 25 kD position in SDS-PAGE gel, whereas the V5-tagged GCET2 migrated to the 35
kD position. The phosphorylated protein formed a higher molecular weight smear extending
up to 40 kD (Fig 5A and B). Our data indicated that GCET2 can be phosphorylated in B cells
after pervanadate treatment.

Adaptors are crucial in BCR signalling pathways, and we were interested in examining whether
BCR cross-linking could induce GCET2 phosphorylation. BLNK, a central adaptor in BCR
signalling, undergoes phosphorylation upon BCR cross-linking, and was used as a positive
control for this experiment. We could not demonstrate GCET2 phosphorylation upon BCR
cross-linking (Fig 5C). We also tried to induce GCET2 phosphorylation using other stimuli,
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including CD40 ligation, CD19 ligation, PMA and LPS, but none of them could induce GCET2
phosphorylation (data not shown).

GCET2 can be phosphorylated when co-transfected with LYN, LCK or SYK
Three major PTK families, SRC, SYK and TEC, are important for the activation of B cells
through phosphorylation of their substrates. We transfected pcDNA3-GCET2 into the COS7
cells together with vectors expressing LCK, LYN, SYK, ZAP-70 or BTK to determine which
PTKs could phosphorylate GCET2. LCK and LYN belong to the SRC family, and LCK is
mainly expressed in T/NK cells, whereas LYN is highly expressed in B cells but not T cells.
SYK and ZAP-70 belong to SYK family and mainly function in B cells and T cells respectively.
BTK belongs to the TEC PTK family, and it is important for B-cell signalling. GCET2 is
phosphorylated when co-transfected with LCK, LYN or SYK in COS7 cells, but not ZAP-70
or BTK (Fig 5D). These data indicate that GCET2 may be a substrate of LYN, LCK and SYK.

The third and fourth tyrosines are important for GCET2 phosphorylation
The GCET2 contains five putative tyrosine phosphorylation sites, which are highly conserved
in mouse M17 protein, and GCET2 was phosphorylated in B cells after pervanadate treatment.
It was not clear which of these five tyrosines could be phosphorylated. We constructed GCET2
mutants (Fig 6A) in its tyrosine sites, and examined the phosphorylation of these constructs
after co-transfection into COS7 cells with LYN and SYK. Mutation in the first (M1) or the
second tyrosine (M2) or both (M1+2) showed no significant decrease in phosphorylation levels
(Fig 6B and C). GCET2 with a single mutation in the third or the fourth tyrosine (M3 or M4)
showed significantly decreased phosphorylation compared with other single mutations and the
wild type GCET2. Combined mutants in the first three tyrosines (M1+2+3), the first and the
third (M1+3), the second and the third (M2+3), and the fourth and the fifth (M4+5) also revealed
remarkable decrease in GCET2 phosphorylation (Fig 6B and C). We also constructed a
truncated GCET2 without the fifth tyrosine (T5) and another truncated GCET2 without the
fourth and the fifth tyrosines (T45) by removing the sequence after the 112th amino acid or
the sequence after the 106th amino acid. After co-transfecting into COS7 cells with PTKs, T5
had no decrease of tyrosine phosphorylation compared with the wild-type GCET2, but only
very weak tyrosine phosphorylation could be detected in T45 (Fig 6D). The mutant on the
myristoylation site (G2A) also showed no decrease of tyrosine phosphorylation (Fig 6D). If
both myristoylation site and palmitoylation site were mutated, no phosphorylation of GCET2
could be detected (data not shown). The data indicate that these two lipid modifications are
important for GCET2 membrane localisation and phosphorylation.

We also constructed five GCET2 mutants by mutating four of the five tyrosines and leaving
only one tyrosine site intact, and we named these constructs from W1 to W5 (Fig 6A). No
phosphorylation was detected on these constructs when cotransfected with PTKs in repeated
experiments (data not shown). After transfection of these GCET2 mutants with LYN and SYK
into COS7 cells, we also treated COS7 cells with pervanadate to maximise tyrosine
phosphorylation of GCET2, but no phosphorylation was detected (Fig 6E).

Taken together, these data indicate that the third and the fourth tyrosines of GCET2 are
important for its phosphorylation, and they require the presence of each other to be efficiently
phosphorylated.

GCET2 associates with GRB2
The third tyrosine of GCET2 is within a sequence, YENV, which matches the consensus GRB2
binding site (YxN). In order to determine whether GRB2 binds to phosphorylated GCET2,
pMIG-GCET2 transduced DHL16 cells were treated with pervanadate for 5 min, and the cell
lysates were subjected to immunoprecipitation using anti-GRB2 or anti-V5 antibodies,
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followed by Western blot using anti-GRB2, anti-V5 and anti-phospho-tyrosine antibodies.
GCET2 was phosphorylated following pervanadate treatment (Fig 7A), and a strong signal for
GCET2 was detected in the immunoprecipitates using GRB2 antibody (Fig 7A), suggesting
that they bound to each other after pervanadate treatment. Another experiment showed that
phosphorylated GCET2 did not bind to BLNK following pervanadate treatment (Fig 5B).

In order to determine which of the tyrosines on GCET2 bind to GRB2, we transfected the single
mutants of GCET2 (M1 to M5) into COS7 cells together with PTKs, and then anti-GRB2
antibody was used to precipitate GCET2. In prior experiments, we found that all five single
mutants can be phosphorylated when co-transfected with PTKs, but M3 and M4 (mutation of
the third and the fourth tyrosine respectively) had significantly decreased phosphorylation
levels compared with other mutants. This experiment showed that M3 had no association with
GRB2 (Fig 7B). M1 and M2 had strong association with GRB2; M4 had some decrease of
association that may be due to the decrease of phosphorylation of this mutant; and M5 also
showed slightly decreased association although its tyrosine phosphorylation level showed no
significant changes. Therefore, the data clearly showed that the third tyrosine of GCET2 is a
GRB2 binding site.

Discussion
Germinal centres are specialised regions in secondary lymphoid organs where antigen-primed
B cells proliferate, undergo isotype switching and affinity maturation and subsequently give
rise to plasma cells and affinity-matured, long-lived memory B cells. The molecular
mechanisms underlying the GC reaction are not well-defined. The GC reaction is associated
with the expression of a number of unique genes, including known genes and uncharacterised
genes, which are represented as ESTs. These genes are highly expressed in both normal GC B
cells and GC B-cell derived lymphomas, including FL and GCB-DLBCL, but not in resting or
in vitro activated peripheral blood B cells (Alizadeh et al, 2000; Husson et al, 2002; Ramsay,
2002; Rosenwald et al, 2002; Rosenwald & Staudt, 2003; Dave et al, 2004). One of the
approaches to understand the GC reaction is to characterise this set of GC B-cell associated
genes.

GCET2 (also named HGAL) was cloned from an EST in the GCB signature. The present study
has demonstrated that GCET2 attaches to plasma membrane through myristoylation and
palmitoylation. The third and the fourth tyrosines of GCET2 are essential for its
phosphorylation, and GCET2 binds to GRB2 using its third phosphotyrosine. All these indicate
that GCET2 may be a membrane-associated adapter protein that recruits cytosolic proteins to
the cellular membrane to form a signal transduction complex.

Adapters are defined as proteins that lack both enzymatic and transcriptional activities but
mediate protein–protein or protein–lipid interactions via various interaction domains. These
domains include Src homology 2 (SH2), Src homology 3 (SH3), phosphotyrosine-binding
(PTB), and pleckstrin-homology (PH) domains, as well as tyrosine-based signalling motifs
(TBSMs). TBSMs comprise short peptide (4–6 amino acids) sequences containing a core
tyrosine residue, which interacts with SH2 domains upon phosphorylation. The specificity of
this interaction is determined by the amino acids flanking the tyrosine residue. The SH2 domain
of GRB2 prefers phosphotyrosine peptides with the consensus sequence pTyr-Ile/Val-Asn-X,
in which the determining residues are hydrophobic amino acids in the +1 position and
asparagine in the +2 position (Songyang et al, 1993; Songyang et al, 1994). Adapters are crucial
in lymphocyte differentiation, proliferation and activation (Sosa, 1996; Pawson & Scott,
1997; Peterson et al, 1998; Rudd, 1998; Myung et al, 2000; Leo & Schraven, 2001; Kurosaki,
2002; Leo et al, 2002; Janssen & Zhang, 2003; Togni et al, 2004; Allam & Marshall, 2005)
and many of them are important in antigen receptor-mediated signalling pathways. BLNK and
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LAB (Linker of Activated B cells) (Brdicka et al, 2002; Janssen et al, 2003) are central adaptors
(Fu et al, 1998; Goitsuka et al, 1998; Ishiai et al, 1999; Minegishi et al, 1999; Pappu et al,
1999; Wollscheid et al, 1999; Kurosaki & Tsukada, 2000; Tan et al, 2001; Chiu et al, 2002;
Taguchi et al, 2004) in the BCR signalling pathway. GCET2 is structurally similar to LAB and
its T-cell functional homologue LAT in that they all have multiple tyrosine-based signalling
motifs but lack any other defined domains or motifs. LAB and LAT have transmembrane
domains and palmitoylation sites. GCET2 does not have a transmembrane domain, but it is
constitutively localised in the cell membrane through myristoylation (¹MGN) and
palmitoylation (43CFC). Lipid modifications, including myristylation, palmitoylation and
farnesylation are important for the membrane localisation of signalling proteins, such as G
proteins, RAS and SRC family PTKs. Myristylation and palmitoylation are also crucial for the
membrane localisation and function of many members of the SRC family tyrosine kinases
(Resh, 1994).

Pervanadate treatment of the human B cell lines, Daudi and DHL16, induced the
phosphorylation of GCET2. Pervanadate is an extremely potent phosphotyrosine phosphatase
(PTPs) inhibitor that works by irreversibly oxidising the catalytic cysteine of PTPs (Huyer et
al, 1997) (Tsiani et al, 1998). The results indicate that GCET2 can be tyrosine-phosphorylated
in B cells. To determine whether GCET2 can be phosphorylated by some of the major PTKs
in lymphocyte signalling pathways, it was co-transfected with LCK, LYN, SYK, ZAP-70 or
BTK into COS7 cells. GCET2 was phosphorylated in the presence of LCK, LYN or SYK, but
not ZAP-70 or BTK. Three major PTK families, SRC, SYK and Tec, are important for the
activation of B cells through the phosphorylation of their substrates. Upon BCR cross-linking,
LYN undergoes auto-phosphorylation and the activated LYN phosphorylates the
immunoreceptor tyrosine-based activation motif (ITAM) of Igα/β subunits of the BCR
complex and sequentially phosphorylates SYK which is recruited to the phosphorylated
tyrosines of the Igα/β subunits. Activated SYK then phosphorylates BTK, BLNK and LAB
and BLNK serve as the central adaptor in BCR signalling (Fu et al, 1998). GCET2 is probably
a substrate of LYN, SYK or a PTK downstream of these kinases. As BCR signalling is an
important pathway that activates LYN and SYK and GCET2 is probably a substrate of these
two PTKs, we tried to determine whether GCET2 functions in the BCR signalling pathway.
We cross-linked the surface BCR of two human B-cell lines, Daudi and DHL16, but could not
detect any phosphorylation of GCET2. Cross-linking of mouse B-cell surface BCR also failed
to induce M17 phosphorylation (Data not shown). In addition, GCET2 was excluded from the
rafts even after pervanadate treatment. These data indicate that GCET2 may not function in
the BCR signalling pathway.

The GCET2 has five conserved possible tyrosine phosphorylation sites. In order to determine
which of these tyrosines are phosphorylated, we constructed GCET2 mutants by mutating one
or several of these five tyrosines, and we found that mutations in the first two tyrosines and
the fifth tyrosine had no decrease in GCET2 phosphorylation. Single mutations in the third and
the fourth tyrosines resulted in significantly decreased phosphorylation, and any combined
mutations with either the third or the fourth tyrosine had a marked decrease in phosphorylation,
indicating that the third and the fourth tyrosines are important for GCET2 phosphorylation.
We could not detect any phosphorylation of mutants with only one intact tyrosine
phosphorylation site (the W serial mutants) even after pervanadate treatment. The truncated
GCET2 without the fifth tyrosine (T5) had no effect on GCET2 phosphorylation, but the
truncated GCET2 without the last two tyrosines (T45) had no detectable phosphorylation when
co-transfected with the PTKs. This indicates that the phosphorylation of a tyrosine residue
depends on the presence of at least one other tyrosine residue and that the third and the fourth
tyrosine residues are critical for phosphorylation to occur.
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Our studies indicated that GCET2 is probably an adapter protein, which undergoes tyrosine
phosphorylation after a cellular stimulation and recruits cytosolic proteins to the cell membrane
to form a signalling complex. By determining the proteins recruited by GCET2 to the cell
membrane, we may gain some insight on the pathways through which GCET2 functions.
GCET2 very likely uses its phospho-tyrosines to bind to the SH2 domains of its partners.
Indeed, the third tyrosine of GCET2 is within a sequence, YENV, which matches the consensus
GRB2 binding site (YxN). Using immunoprecipitation assays, we found that GRB2 and
GCET2 bind to each other after pervanadate treatment. The third conserved tyrosine of GCET2
is a consensus GRB2 binding site, and we determined that this tyrosine indeed is essential to
GRB2 binding. GRB2 is a small cytoplasmic adaptor containing a central SH2 domain flanked
by two SH3 domains (Suen et al, 1993; Fath et al, 1994). It is likely that GRB2 binds to GCET2
using its central SH2 domain and recruits additional proteins through its SH3 domains. GRB2
is involved in numerous signalling pathways and associates with many proteins, such as
MEKK1, BLNK, VAV, ABL, SHP1/2 and SOS. Further studies on the SH3 domain binding
proteins of GRB2 after association with GCET2 may give some information on the GRB2
signalling pathways mediated through GCET2.

The GCET2 is highly restricted to GC B cells and is likely to be important in the GC reaction.
Recent double immunohistochemical staining on tonsil sections revealed that the majority of
BCL6 and CD10-positive cells have GCET2 expression (Natkunam et al, 2005). GCET2 is an
interleukin (IL)-4 inducible gene. IL-4 is a pleotropic cytokine regulating lymphocyte
differentiation, proliferation and apoptosis (Nelms et al, 1998). IL-4 binds to its receptors on
the cell surface, activates the JAK/STAT6 pathway and induces transcription of target genes.
GC Bcells have high expression of IL-4 signalling pathway components (IL-4Rα, IRS, p110
subunit of phosphatidylinositol 3-kinase and PKC delta) and of IL-4 target genes, including
BCL6 and GCET2. We propose a model of the activities of GCET2 in GCs. In GC B cells,
GCET2 is upregulated by cytokines, such as IL-4 secreted by T-helper cell in the GCs. During
the GC reaction, an extracellular signal induces the activation of LYN and SYK, and the active
LYN and SYK then phosphorylate GCET2, which is constitutively localised in the cell
membrane through myristoylation and palmitoylation. The phosphorylated GCET2 then
recruits cytosolic proteins (e.g. GRB2) to the cell membrane to form a signalling complex. The
recruited proteins then mediate downstream pathways, which are essential components of the
GC reaction. Another interesting finding is that GCET2 is also highly expressed in the thymus
(Lossos et al, 2003; Pan et al, 2003), very likely in the immature T cells, and this indicates that
GCET2 may also play a role in T-cell maturation.
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Fig 1.
Alignment of germinal centre B-cell expressed transcript 2 (GCET2) with M17. M17 is a mouse
germinal centre B-cell expressed gene and is 57% identical to GCET2. M17-L is an M17
isoform that was cloned by our laboratory from the mouse spleen and the mouse B-cell line,
A20. The second exon is absent from the previously described shorter form of M17. The bolded
and underlined sequences of GCET2 are the myristoylation site (¹MGNS) and the
palmitoylation site (43CFC) respectively. The bolded sequences of GCET2 are the predicated
tyrosine phosphorylation sites and all five are conserved in GCET2 and M17.
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Fig 2.
Germinal centre B-cell expressed transcript 2 (GCET2) is localised in the cell membrane but
is excluded from the lipid rafts. (A) GCET2 is constitutively localised in the plasma membrane.
The cell membrane (M) and the cytosol (C) were separated from DHL16 cells transduced with
pMIG-GCET2. The upper panel was blotted using anti-V5 antibody to detect the exogenously
expressed GCET2, and the second panel was blotted using anti-GCET2 antibody to detect the
endogenous GCET2. CD20 and GRB2 were used as markers for the plasma membrane and
cytosolic fractions, respectively. (B) GCET2 is excluded from the lipid rafts of cell membrane.
GCET2 is not detected in the fractions 4–6 of the sucrose gradient, which represent the lipid
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rafts, before or after pervanadate treatment. LYN, known to be localised in the lipid rafts, was
used as the positive control.
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Fig 3.
Localisation of germinal centre B-cell expressed transcript 2 (GCET2) in COS7 and B cells
by confocal microscopy. (A) Localisation of GCET2 in COS7 cells. This figure shows the
negative control. (B) Localisation of GCET2 in COS7 cells by confocal analysis. Wild-type
GCET2 was mainly localised in the cell membrane with some distribution in the cytosol,
probably in the Golgi apparatus and the membrane of cytosolic organelles. (C) Localisation of
wild-type GCET2 in COS7 cells. (D) Localisation of GCET2 in DHL16 cells. DHL16 cells
without pMIG-GCET2 transduction were used as negative control. Cells were stained using
mouse anti-V5 monoclonal primary antibody and Texas red conjugated horse anti-mouse IgG
secondary antibody. This picture is the Differential Interface Contrast (DIC) of control DHL16
B cells. (E) Fluorescence of control DHL16 cells. The cells were totally negative for red signals.
(F) Combination (overlay) of G and H. (G) DIC of pMIG-GCET2 transduced B cell. (H) Red
fluorescence of pMIG-GCET2 transduced B cells. Red signals were predominantly in the cell
membrane and the Golgi area. (I) Combination (overlay) of J and K.
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Fig 4.
Germinal Centre B-cell Expressed Transcript 2 (GCET2) membrane localisation is mediated
through myristoylation and palmitoylation. DHL16 cells were labelled with myristic acid [9,
10-³H (N)] or palmitic acid [9, 10-³H (N)]. GCET2 was both myristoylated (A) and
palmitoylated (B). Myristoylation is a irreversible process that modifies one amino acid
(Glycine-2) of GCET2, while palmitoylation is a reversible process that modifies two amino
acids of GCET2 (Cysteine-46 and -48), and GCET2 in the lower molecular weight band (B)
may represent the form that is not fully palmitoylated. (C) COS7 cells transfected with wild-
type pcDNA3.1-GCET2 with V5 tag. COS7 cells were stained using FITC-labelled anti-V5
antibody. GCET2 protein is predominantly localised on the cell membrane; D. COS7 cells
were transfected with GCET2 mutated in the myristoylation site. GCET2 had increased
distribution in the nuclei; E. COS7 cells were transfected with GCET2 mutated in the
myristoylation and the palmitoylation sites. GCET2 showed nuclear but not membranous
distribution.
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Fig 5.
Germinal centre B-cell expressed transcript 2 (GCET2) is phosphorylated after PV Treatment
of DHL16 Cells and Daudi Cells. (A) V5 tagged GCET2 was transiently transfected into
DHL16 cells. Upon pervanadate treatment, phosphorylated GCET2 migrated to a band of
higher molecular weight that reacted with 4G10. (B) GCET2 was phosphorylated in Daudi
cells after pervanadate treatment. (C) BCR cross-linking cannot induce GCET2
phosphorylation in DHL16 cells. Both GCET2 and BLNK are phosphorylated upon
pervanadate treatment, but BCR cross-linking can only induce BLNK phosphorylation.
GCET2 cannot be co-precipitated with BLNK upon pervanadate treatment. Lane 1, DHL16
without treatment; 2, BCR cross-linking; 3, pervanadate treatment. (D) GCET2 is
phosphorylated when co-transfected with LYN, LCK or SYK in COS7 cells. Anti-V5 antibody
was used for immunoprecipitation (IP) followed by immunoblotting using the anti-phospho-
tyrosine antibody, 4G10.
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Fig 6.
Constructs of germinal centre B-cell expressed transcript 2 (GCET2) mutants in the five
conserved tyrosine sites. The tyrosines were mutated to phenylalanine. M1 to M5 represent
the constructs with single mutations in the first to fifth tyrosine respectively, and M1+2 to M4
+5 represent the constructs with mutation in the tyrosines indicated. W1 to W5 represent
constructs with mutations of all tyrosines except the one indicated by ‘Y’. (B) Phosphorylation
of GCET2 single mutants. Only the mutant in the third or fourth tyrosine has significantly
decreased phosphorylation. (C) Phosphorylation of GCET2 combined mutants. All combined
mutants that contain either the third or the fourth tyrosine have significantly decreased
phosphorylation. (D) Phosphorylation of GCET2 truncated mutants and mutants on the lipid
modification site. The truncated mutant that does not contain the fifth tyrosine (T5) has no
decrease in tyrosine phosphorylation compared with the wild-type. Only very weak tyrosine
phosphorylation can be detected in T45, the mutant that does not contain the fourth and the
fifth tyrosines. The mutant on the myristoylation site (G2A) has no decrease of tyrosine
phosphorylation. The phosphorylation of single GCET2 mutants is similar to the previous
experiments, showing that only M3 and M4 have significant decreasing in phosphorylation
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levels. (E) GCET2 with one single tyrosine cannot be phosphorylated. No phosphorylation of
W3, W4 or W5 was detected. Wild-type GCET2 co-transfected with LYN and SYK shows
significantly increased phosphorylation after pervanadate treatment. IP, immunoprecipitation,
IB, immunoblotting.
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Fig 7.
(A) Germinal centre B-cell expressed transcript 2 (GCET2) associates with GRB2 following
pervanadate treatment. GCET2 is phosphorylated (first panel) and a weak signal of GRB2 is
detected in the immunoprecipitates with V5 antibody (second panel). A strong signal of GCET2
is detected in the immunoprecipitates with GRB2 antibody (fourth panel). (B) The third
tyrosine of GCET2 is important for its association with GRB2. Single mutants of GCET2 (M1
to M5) were transfected into COS7 cells together with LYN and SYK, and then anti-GRB2
antibody was used to precipitate GCET2. M3 has no association with GRB2. M1 and M2 had
strong association to GRB2. M4 and M5 had slight decrease of association. IP,
immunoprecipitation, IB, immunoblotting.
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