
ORIGINAL PAPER

Identification of GPM6A and GPM6B as potential new human
lymphoid leukemia-associated oncogenes

Cyndia Charfi & Elsy Edouard & Eric Rassart

Accepted: 25 March 2014 /Published online: 12 June 2014
# International Society for Cellular Oncology 2014

Abstract
Background Previously, we found that the Graffi murine leu-
kemia virus (MuLV) is able to induce a wide spectrum of
hematologic malignancies in vivo. Using high-density oligo-
nucleotide microarrays, we established the gene expression
profiles of several of these malignancies, thereby specifically
focusing on genes deregulated in the lymphoid sub-types. We
observed over-expression of a variety of genes, including
Arntl2, Bfsp2, Gfra2, Gpm6a, Gpm6b, Nln, Fbln1, Bmp7,
Etv5 and Celsr1 and, in addition, provided evidence that
Fmn2 and Parm-1may act as novel oncogenes. In the present
study, we assessed the expression patterns of eight selected
human homologs of these genes in primary human B-cell
malignancies, and explored the putative oncogenic potential
of GPM6A and GPM6B.
Methods The gene expression levels of the selected human
homologs were tested in human B-cell malignancies by semi-
quantitative RT-PCR. The protein expression profiles of hu-
man GPM6A and GPM6B were analyzed by Western blot-
ting. The localization and the effect of GPM6A and GPM6B
on the cytoskeleton were determined using confocal and indi-
rect immunofluorescence microscopy. To confirm the onco-
genic potential of GPM6A and GPM6B, classical colony
formation assays in soft agar and focus forming assays were

used. The effects of these proteins on the cell cycle were
assessed by flow cytometry analysis.
Results Using semi-quantitative RT-PCR, we found that most
of the primary B-cell malignancies assessed showed altered
expression patterns of the genes tested, including GPM6A
and GPM6B. Using confocal microscopy, we found that
the GPM6A protein (isoform 3) exhibits a punctate cytoplas-
mic localization and that the GPM6B protein (isoform 4)
exhibits a peri-nuclear and punctate cytoplasmic localization.
Interestingly, we found that exogenous over-expression of
both proteins in NIH/3T3 cells alters the actin and microtubule
networks and induces the formation of long filopodia-
like protrusions. Additionally, we found that these over-
expressing NIH/3T3 cells exhibit anchorage-independent
growth and enhanced proliferation rates. Cellular transforma-
tion (i.e., loss of contact inhibition) was, however, only
observed after exogenous over-expression of GPM6B.
Conclusions Our results indicate that several human homo-
logs of the genes found to be deregulated in Graffi MuLV
experimental mouse models may serve as candidate bio-
markers for human B-cell malignancies. In addition, we found
that GPM6A and GPM6B may act as novel oncogenes in the
development of these malignancies.
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1 Introduction

In 1957, Arnold Graffi identified the Graffi murine leukemia
virus (MuLV) and showed that this virus can induce
chloroleukemias with an incidence of 87 % in a particular
strain of mice (Agnes-Bluhm) [1]. Several years ago, we
showed that molecular clones of the virus are able to induce
a wide spectrum of hematologic malignancies, including

Electronic supplementary material The online version of this article
(doi:10.1007/s13402-014-0171-y) contains supplementary material,
which is available to authorized users.

C. Charfi : E. Edouard (*) : E. Rassart (*)
Laboratoire de Biologie Moléculaire, Département des Sciences
Biologiques, Centre BioMed, Université du Québec à Montréal,
Case Postale 8888, Succursale Centre-ville, Montréal, QC H3C-3P8,
Canada
e-mail: edouard.elsy@uqam.ca
e-mail: rassart.eric@uqam.ca

C. Charfi
e-mail: charfi.cyndia@courrier.uqam.ca

Cell Oncol. (2014) 37:179–191
DOI 10.1007/s13402-014-0171-y

http://dx.doi.org/10.1007/s13402-014-0171-y


lymphoid (B- and T-cell) and non-lymphoid (erythroid, mye-
loid and megakaryoblastic) leukemias [2]. Using insertional
mutagenesis assays, several proto-oncogenes were identified,
including Cyclin D2, Fli-1, Spi1/Pu1, Pim-1 and c-Myc, that
may act in the transformation initiation process [3–5]. The
multistep nature of cancer development, however, implies the
involvement of additional deregulated genes. To identify such
genes implicated in lymphoid leukemia development, we
previously established the expression profiles of three Graffi
MuLV-induced T-cell leukemias, three Graffi MuLV-induced
B-cell leukemias and one control for each type using oligo-
nucleotide microarrays [6]. This approach allowed us to iden-
tify several candidate genes, including new potential onco-
genes [6, 7, 19]. In particular, we found that the Fmn2 gene is
over-expressed in murine B-cell leukemias and that its human
homolog is over-expressed in human pre-B-ALLs, especially
in pediatric cases carrying a t(12;21) translocation (TEL/
AML1 rearrangement). In addition, we provided evidence for
its role as a potential oncogene [6]. More recently, we also
gained evidence for oncogenic potential of the Parm-1 gene,
which is specifically over-expressed in CD8+ T-cell leukemias
[7].

In the present study, we assessed the expression patterns of
the human homologs of several candidate genes associated
with Graffi MuLV-induced malignancies [6] in human B-cell
leukemias, and found that several of them may serve as
candidate biomarkers. In addition, we explored the putative
oncogenic potential of the GPM6A and GPM6B genes. Both
latter genes code for members of the proteolipid protein (PLP)
family, which all contain four transmembrane domains and are
highly conserved throughout evolution. While GPM6A has
not been associated with cancer before, GPM6B has been
reported to serve as a gene that may distinguish glioblastoma
from meningioma [8], and to serve as a promising candidate
marker for early stage ovarian cancer [9]. We found that both
encoded proteins (i.e., splicing isoform 3 of GPM6A and
splicing isoform 4 of GPM6B) are able to alter the actin and
microtubule networks, to induce the anchorage-independent
growth and to enhance the proliferative capacity of NIH/3T3
cells. We also found that, unlike GPM6A, exogenous over-
expression of GPM6B increases the number of foci (defined
by loss of contact inhibition of growth) in these cells.

2 Materials and methods

2.1 Human sample collection

Samples from 12 pediatric pre-B-ALL patients were obtained
from Dr. Daniel Sinnet (Sainte-Justine Hospital, Montreal),
and samples from 13 adult patients with different types of B-
cell leukemia were obtained from the Quebec Leukemia Cell
Bank. As a control (CH), peripheral blood mononuclear cells

isolated from ten healthy adults were pooled. The mononu-
clear cells were isolated using a Ficoll–Hypaque gradient
method. For more detailed information on each patient, see
supplementary Table S1 of Charfi et al. [6]. The research
protocol was approved by the ethics committees of all insti-
tutions involved.

2.2 Semi-quantitative RT-PCR

Total RNA (100 ng) was reverse transcribed using the
Omniscript enzyme (QIAGEN, Mississauga, Canada) in con-
junction with an oligo(dT) primer. Subsequent PCR reactions
were performed using the Taq polymerase kit (Feldan) and
10 % of the reverse transcribed material (2 % for β-actin;
94 °C for 3 min, 94 °C for 45 s, 56 °C for 45 s, 72 °C for 30 s
with a final extension at 72 °C for 10 min). For semi-
quantitative analyses, the annealing temperature and the num-
ber of cycles were optimized for each of the selected genes
(Table 1). PCR products were analyzed on agarose gels and
band densities were quantified with Quantity One Image
Software, using β-actin as an internal control.

2.3 Cell culture

Immortalized NIH/3T3 fibroblasts and Raji B-cells were ob-
tained from the ATCC (Rockville, MD) and were grown in
DMEM medium supplement with 10 % CS and in RPMI
medium supplemented with 10 % FBS (Invitrogen, Carlslab,
CA), respectively. 50 U penicillin and 50 μg streptomycin
(Gibco, Invitrogen, Frederick, MD) were added to each cul-
ture medium.

2.4 Confocal and indirect immunofluorescence microscopy

For protein localization, Raji and NIH/3T3 cells (107) were
transiently transfected with 15 μg plasmids by electroporation
using the Gene Pulser System (Bio-Rad) and the polyfect
reagent (Qiagen), respectively. For both cell lines, pEGFP-
N1 (control vector) (Clontech Laboratories), GFP-tagged
GPM6A (GPM6A-GFP) and GFP-tagged GPM6B
(GPM6B-GFP) constructs were used.

Protein localization was assessed by confocal microscopy
48 h after transfection. For cell surface membrane co-
localization analyses (CellMask™ Plasma Membrane
Stains (Invitrogen)), Raji cells were pelleted 48 h after trans-
fection, washed in phosphate-buffered saline (PBS) and trans-
ferred for 30 min at 37 °C to glass slides coated with polyly-
sine. NIH/3T3 cells were directly plated on glass coverslips
before transfection. After 48 h, cells were fixed for 20 min
with 4 % paraformaldehyde, washed with PBS, permeabilized
for 5 min with 0.1 % Triton X-100 in PBS, blocked for 1 h in
PBS with 10 % goat serum, 10 % BSA and 0.1 % Triton
X-100, and incubated overnight with primary anti-α-tubulin
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antibody (1/2000, Sigma). After three washes with PBS,
coverslips were incubated with an Alexa Fluor 568-
conjugated secondary antibody (1/1000, Invitrogen-
Molecular Probes) for 1 h and washed three times with PBS.
Actin filament staining was performed after cell fixation for
20 min with 4 % paraformaldehyde, followed by PBS washes
and permeabilization for 5 min with 0.1 % Triton X-100 in
PBS. Next, the cells were incubated 1 h in PBS with 1 %
bovine serum albumin, washed twice with PBS and then
incubated for 20 min with 0.3 M phalloidin coupled to
AlexaFluor-555 (Invitrogen). Finally, afterα-tubulin and actin
filament staining, coverslips were mounted onto slides
using Prolong Gold antifade reagent (Invitrogen) and im-
aged by confocal microscopy.

For the indirect immunofluorescence assays, Raji and
NIH/3T3 cells were transfected with the same plasmids
and cultured in dishes containing glass coverslips. After 48 h,
the coverslips were transferred to a coverslip-cell chamber
containing medium for imaging.

2.5 Western blot analysis

For Western blot analyses, NIH/3T3 cells were homogenized
in lysis buffer (50 mMHepes, pH 7.5, 150 mMNaCl, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, 1.5 mM
MgCl2, 1 mM EGTA, 200 μM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 10 % glycerol, and 1 % Triton
X-100) supplemented with a complete protease inhibitor
cocktail (Roche Molecular Diagnostics, Mannheim,
Germany). Cells were incubated in this lysis buffer for
30 min at 4 °C, and centrifuged at 15,000×g for 10 min
at 4 °C. The resulting cell lysates were boiled for 5 min
and the proteins (30 μg) were separated in 10 % SDS-
polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes. These membranes were sub-
sequently blocked for 1 h in buffer (PBS, 0.1 % Tween 20
[PBS-T] with 5 % wt/vol nonfat dry milk) and incubated

overnight at 4 °C with an anti-GFP primary antibody
(1:1000; Santa Cruz Biotechnology). As loading control an
anti-β-actin (Sigma-Aldrich, St. Louis, MO) antibody was
used. Next, the membranes were incubated for 1 h with
horseradish peroxidase–conjugated secondary antibodies
diluted in blocking buffer and the resulting signals were
revealed using the Immobilon Western HRP reagent
(Millipore, Billerica, USA).

2.6 Colony formation assay in soft agar

Anchorage-independent growth was determined as previously
described [6, 10]. Briefly, NIH/3T3 cells were transiently
transfected with 2.5 μg pEGFP-N1, GPM6A-GFP or
GPM6B-GFP expression vectors. After 48 h, 1×104 cells
were mixed with melted 0.3 % agarose in DMEM medium
and seeded in six-well plates on top of a 0.6 % agarose base
layer containing the same medium. The top layer was covered
with 1.5 ml of DMEM. Cells were fed twice a week for
4 weeks and, using an inversion microscope, the colonies
were counted.

2.7 Focus forming assay

To assess focus formation, NIH/3T3 cells were transfected
with 2.5 μg of either plasmid expressing pEGFP-N1,
GPM6A-GFP or GPM6B-GFP. Two days later, cells were
split 1:3 and placed in DMEM medium containing 10 % CS.
After 4 weeks of growth, the dishes were stained with 0.2 %
methylene blue and 50 % methanol and photographed, after
which foci formation was quantified.

2.8 Cell cycle analysis

For cell cycle analyses, flow cytometry was performed using a
FACScan flow cytometer (Becton Dickinson). Briefly, 1×106

cells were pelleted by centrifugation, resuspended in 0.2 ml

Table 1 Oligonucleotide se-
quences used in the RT-PCR
experiments

Genes Forward oligo (5′ to 3′) Reverse oligo (5′ to 3′) Product size (bp)

Gpm6a isoform 2 gttggagcttcccaggaaaa atggttggatggcccttagt 1031

Gpm6a isoform 3 gtctggtcactcgctctcct ccacagaacagggcaacac 153

Gpm6b isoform 1 tgaaatggaaattggcaggt tgtagatcagcagggcaatg 773

Gpm6b isoform 4 tgctgagcgaggtgatacaa tgtagatcagcagggcaatg 492

Arntl2 gcatggatgcttacccaact catcactgaggagtggctca 893

Bfsp2 agacccaggaggagaagctg cagctgttgaggaagggtgt 379

Kif4 ggatataatgcaacggtcctgg gtcagcaggactcacacagg 717

2010007H06Rik ccagtgctttcaggcttcat cacctgtggaatgtgaatgc 726

Celsr1 accaggtgagtggtctttcg cagcaccgcagaagtacaaa 418

Etv5 gcggcctgtgattgacaga ggaacttgtgcttcagctaacca 120

Actin tgacggggtcacccacactgtgcccatcta ctagaagcatttgcggtggacgatggaggg 631
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PBS, added to 4 ml of ice-cold 70 % ethanol and
incubated overnight at 4 °C. Next, the cells were centri-
fuged, re-suspended in propidium iodide (40 μg/ml)-RNase
(100 μg/ml) staining solution for 30 min at 37 °C and, finally,
analyzed by flow cytometry for DNA content. The percent-
ages of cells in different phases of the cell cycle were deter-
mined using the ModFit software.

3 Results

3.1 Microarray data validation in human B-cell leukemias

Extensive studies on the Graffi murine leukemia retrovirus
have revealed a multipotent retrovirus that can induce the full
spectrum of leukemias in mice [2, 11, 12]. Taking advantage
of these characteristics, and to gain insight into the malignan-
cy signature of lymphoid leukemias induced by the Graffi
MuLV, we previously used high-density oligonucleotide mi-
croarrays to derive and compare the transcriptome of three T-
cell leukemias (T1 (CD4+CD8+), T2 (CD4−CD8+) and T3
(CD4+CD8−)) and three B-cell leukemias (B1 and B2
(CD45R+CD19+), B3 (CD45R+lowCD19+Sca1+)) induced by
this virus vs. appropriate controls (non-leukemic B-cell (CB1
(CD45R+CD19+)) and T-cell (CT1 (CD4+CD8+)) popula-
tions) to identify genes whose expression was either increased
(putative oncogenes) or reduced (putative tumor suppressor
genes) in a specific leukemia type when compared to controls
(NCBI GEO: GSE12581) [6, 13]. This analysis, allowed us to
identify a number of genes that are now considered as specific
markers for B-cell leukemias (Arntl2, Bfsp2, Gfra2, Gpm6a,
Gpm6b), T-cell leukemias (Nln, Fbln1, Bmp7) or both leuke-
mias (Etv5 and Celsr1) induced by the Graffi MuLV [6]. We
also showed that the Fmn2 and Parm-1 genes exhibit onco-
genic potential [6, 7]. In the present study, we measured the
expression levels of the human counterparts of several of the
lymphoid leukemia-associated genes induced by the
Graffi MuLV (Gpm6a, Gpm6b, Arntl2, Bfsp2, Kif4,
2010007H06Rik,Celsr1 and Etv5) in human B-cell leukemias
(Fig. 1). Using semi-quantitative RT-PCR, no expression was
detected in control samples (CH, see section 2) for the human
homologues ofGpm6b, Arntl2, Kif4, 2010007H06Rik, Celsr1
and Etv5, whereas a very weak expression was detected for
the human homologues of Gpm6a and Bfsp2. In contrast,
expression of each of these genes was detected in the majority
of the human B-cell leukemias tested. Indeed, among the 25
tested cases, 24 (96 %) expressed the Gpm6a, Kif4,
2010007H06Rik, Etv5 or Celsr1 homologues, 20 (80 %)
expressed the Arntl2 homologue, 19 (76 %) expressed the
Bfsp2 homologue and 15 (60 %) expressed the Gpm6b homo-
logue. Furthermore, our analysis revealed that humanGPM6A
was specifically over-expressed in a mantel cell lymphoma
(MCL) and a chronic lymphocytic leukemia (CLL), and that

human GPM6B was specifically over-expressed in pediatric
and adult pre-B-ALLs. The human homologues of Arntl2,
Kif4, 2010007H06Rik and Etv5 were over-expressed in all
tested leukemia types, whereas the Bfsp2 homologue was
expressed in the MCL and adult pre-B-ALLs, and the Celsr1
homologue was expressed in the pediatric pre-B-ALLs. For
the Gpm6a, Arntl2, Kif4, 2010007H06Rik, Etv5 and Bfsp2
homologues a larger number of cases will be necessary to
confirm an association with MCL and/or CLL.

3.2 Identification of GPM6A and GPM6B specific isoforms
in human B-cell leukemias

Similar to the murineGpm6a andGpm6b genes, its respective
human homologues exhibit many spliced isoforms, which are
more closely related to GPM6B than to GPM6A (Online
Resource Fig. 1a and b, [14]). To determine which isoforms
are over-expressed in human B-cell leukemias compared to
control cells, RT-PCR analysis was used in conjuction with
different primers to distinguish the multiple isoforms. By
doing so, we found that GPM6A isoform 3 (NM_201592)
was the only isoform which is highly expressed in several of
the B-cell leukemias tested (Fig. 1). In addition, we found that
GPM6A isoform 2 (NM_001261447) was over-expressed in
only one of the B-cell leukemia samples tested (B-cell
prolymphocytic leukemia) (data not shown). We also noticed
thatGPM6B isoform 4 (NM_001001994) was the only highly
expressed isoform in human B-cell leukemias (Fig. 1).

3.3 In silico analysis and expression profiling of human
GPM6A and GPM6B proteins

Using the NCBI PROTEIN database, we found that GPM6A
isoform 3 and GPM6B isoform 4 encode proteins of 267aa
(NP_963886) and 246aa (NP_001001994) resulting in pre-
dicted molecular weights of 29.9 kDa and 26.8 kDa, respec-
tively. These proteins are members of the proteolipid protein
(PLP) family, which also includes the closely related PLP1
protein (proteolipid protein 1). The amino acid sequences of
GPM6A isoform 3 and of GPM6B isoform 4 were compared

�Fig. 1 Analysis of selected genes differentially expressed in murine and
human lymphoid leukemia samples. Semi-quantitative RT-PCR analysis
was performed on pediatric pre-B ALLs (lanes 1–12), adult pre-B ALLs
(lanes 13–19), Burkitt leukemias (lanes 20–21), one mantel cell
lymphoma (lane 22), one follicular lymphoma (lane 23), one B-cell
prolymphocytic leukemia (lane 24) and one chronic lymphocytic
leukemia (lane 25). Values were compared to the respective control
(CH). Information relevant for each patient has been provided in the
supplementary data of ref 6. RT-PCRs were performed in triplicate for
each gene. The actin gene was used as internal control (see section 2) and
the expression level in each leukemia sample is presented as a gene/actin
density ratio. Statistical analysis was performed using T-test with Welch
correction and p<0.05 was considered to be significant (*P≤0.05,
**P≤0.01, ***P≤0.001)
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to the amino acid sequence of DM20, a splice isoform of
PLP1 (NCBI protein BLAST program). We found that the
amino acid sequences of human GPM6A isoform 3 and of

human GPM6B isoform 4 share 51 % identity (Online
Resource Fig. 2), while human GPM6A isoform 3 and human
GPM6B isoform 4were found to share 43% and 57% identity

35

40

45
Gpm6a

7

8

9

10
Gpm6b

**

** * **

**

**

*

0

5

10

15

20

25

30

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25CH
0

1

2

3

4

5

6

7

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25CH

G
pm

6a
-a

ct
in

 r
at

io

G
pm

6b
-a

ct
in

 r
at

io
n

*

*

*

*

* ** ** * *

**** *
* **

**

**

* *
*

*

*

**
**

*

*
*

**

1

1,5

2

2,5

3
Arntl2

6

8

10

12

14

16
Bfsp2

* * *
**

* *
**

*
*

*
*

*
*

** *

*

0

0,5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25CH
0

2

4

1 2 3 4 5 6 7 8 9 10111213141516171819202122232425CH

A
rn

tl
2-

ac
ti

n 
ra

ti
o

B
fs

p2
-a

ct
in

 r
at

io
2

*

14

16

18
Kif4

20

25
2010007H06Rik

*

**

*
**

* *

**
* *

** ** ** **
*

** * ** *

0

2

4

6

8

10

12

14

0

5

10

15

1 2 3 4 5 6 7 8 9 10111213141516171819202122232425CH

K
if

4-
ac

ti
n 

ra
ti

o

*

**
** **

**
* * **

*
** **

**
*

**

*
*

** ***

*
*

*

*

20
10

00
7H

06
R

ik
-a

ct
in

 r
at

io

*
*

**
**

*
**

* **
*

*
**

**
**

*
*

**
*

* * * *
*

* **
**

*
**

1 2 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 253 4 5 6 7 CH

Etv5

6

8

10

12

Celsr1

*

*
**

*
*

**

*

15

20

25

30

35

*

** **
*

**

0

2

4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1718 19 20 21 22 23 24 25CH

E
tv

5-
ac

ti
n 

ra
ti

o

C
el

sr
1-

ac
ti

n 
ra

ti
oa

* * **
**

*

*

** * * *

*

0

5

10

15

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25CH

**
*

** ** **
*

**
*

**
*

** ** **
*

** **
*

**
** **

*
**

*
*

**

GPM6A and GPM6B are new potential oncogenes 183



with DM20, respectively (Online Resource Fig. 2b and c),
suggesting that these human proteins are highly related.

Computer modeling using the TMRPres2D software pack-
age (http://bioinformatics.biol.uoa.gr/TMRPres2D/download.
jsp) revealed that both human GPM6A isoform 3 and human
GPM6B isoform 4 proteins contain 4 trans-membrane α-
helical domains (tetraspan; two extracellular and one cyto-
plasmic loops). In addition, these proteins were found to
contain a short amino terminus and a carboxyl terminal tail,
both predicted to be in the cytoplasmic space (Fig. 2a). Bio-
informatic analyses using different programs revealed incon-
sistent signal peptide predictions. Some programs, such as the
Signal-3L program [15], predicted a signal peptide of 36 aa for
GPM6A and of 41 aa for GPM6B, while others predicted no
signal peptide for the two proteins.

To determine the molecular weights and expression pro-
files of human GPM6A and GPM6B, the cDNA of their
corresponding isoforms was amplified from human leukemias
and fused with GFP. Lysate from NIH/3T3 cells transfected
with GPM6A-GFP or GPM6B-GFP constructs were analysed

byWestern blotting using an anti-GFP antibody. For GPM6A,
we observed a band of approximately 50 kDa (Fig. 2b), indi-
cating that the molecular weight of GPM6A, including the
GFP-tag, is slightly lower than the predicted 56.9 kDa. For
GPM6B-GFP, the protein profile was more complex and
showed several bands. The most intense band at about
50 kDa is very likely the monomeric form after signal peptide
cleavage (Fig. 2c). The intensity of the higher molecular
weight bands, i.e., >230 kDa and at 100 kDa, decreased at
higher concentrations of DTT (results not shown). The fact
that the molecular weights of GPM6A and of the smallest
GPM6B band were lower than that predicted for the entire
proteins, strongly suggests the presence of N-terminal signal
peptides in these two proteins.

3.4 Sub-cellular localization of human GPM6A and GPM6B
and their effects on the cytoskeleton

Since the sub-cellular localization of a protein may directly be
linked to its function, we set out to investigate the localization

GPM6B isoform 4GPM6A isoform 3
a

b c

kDa kDa

100

150100
80

230

60

80

50

40

60
50

40

30
30

Fig. 2 GPM6A and GPM6B 2-
dimensional protein structures
and protein expression profiles. a
Transmembrane region
topologies of GPM6A and
GPM6B as predicted using
HMMTOP. The data were used as
input into TMRPres2D software
to generate a 2-D model showing
four transmembrane domains and
short N- and C-terminal
cytoplasmic tails. b
Immunoblotting of lysates from
NIH/3T3 cells transiently
transfected with expression
vectors of GPM6A-GFP (isoform
3 ofGpm6a) or c ofGPM6B-GFP
(isoform 4 of Gpm6b) using an
anti-GFP antibody. Images were
cropped to eliminate the signal of
the GFP alone
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of the GPM6A and GPM6B proteins. Using confocal
microscopy, we found that GPM6A exhibits a punctated
cytoplasmic localization and that GPM6B exhibits a
perinuclear and punctated cytoplasmic localization
(Fig. 3a). Despite the presence of four transmembrane do-
mains, plasma membrane localization was not noted in our
confocal analyses using the CellMask marker to stain the
plasma membrane (Fig. 3b). Raji cells were used to confirm
these results. Although we were not able to successfully
express the GPM6A-GFP construct, we confirmed GPM6B-
GFP localization in these B lymphoblastic cells (Fig. 3b).

By indirect immunofluorescence, we observed that
NIH/3T3 cells expressing GPM6A-GFP or GPM6B-
GFP show long extensions when compared to control
cells (Fig. 3c), possibly corresponding to filopodia-like
protrusions. These observations prompted us to test the
effect of GPM6A and GPM6B over-expression on actin
filaments and the cellular microtubule network. As
shown in Fig. 3d and e, cells over-expressing GPM6A
or GPM6B showed a loss of actin stress fibers, charac-
teristic of a disruption of the actin and microtubule net-
works, when compared to control GFP-transfected cells.

a
GFP Gpm6b-GFP Gpm6b-GFP

b
Gpm6b-GFP CellMask Merge

Gpm6a-GFP Gpm6a-GFP Gpm6a-GFP
c

GFP Gpm6a-GFP Gpm6b-GFP

d e
-tubulinGFP Merge PhalloidinGFP Merge

-tubulinGpm6a-GFP Merge PhalloidinGpm6a-GFP Merge

-tubulinGpm6b-GFP Merge PhalloidinGpm6b-GFP Merge

Fig. 3 Sub-cellular localization of the GPM6A and GPM6B proteins and
their effect on the cytoskeleton. a NIH/3T3 cells were transfected with
GPM6A-GFP or GPM6B-GFP constructs and visualized with a laser-
scanning confocal microscope (Bio-Rad MRC-1024 ES) equipped with a
Nikon TE-300 camera and a Plan Apochromat 60× (NA 1.40) oil objec-
tive (Nikon). Images were digitally acquired using Laser Sharp software
Version 3.2 (Bio-Rad). b Raji cells were transfected with a GPM6B-GFP
construct, stained with the plasma membrane marker CellMask and
visualized using confocal microscopy. c Both proteins were also tested

for their induction of protrusions using indirect immunofluorescence
microscopy. Arrows indicate long cellular protrusions. d α-tubulin label-
ing with anti-α-tubulin antibody. e Actin labeling with AlexaFluor-555-
conjugated phalloidin. Images were taken with an Eclipse Ti fluorescent
microscope (Nikon) equipped with a 20×0.75-numerical-aperture objec-
tive lens. Images were captured as 8-bit tagged image file format files
with a Scion CFW-1608C camera. Data are representatives of three
independent experiments. The GFP vector alone was used as a control
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3.5 Human GPM6A and GPM6B induce
anchorage-independent growth

Since the GPM6A and GPM6B genes were found to be
specifically over-expressed in both murine and human B-cell
leukemias, we next investigated their putative oncogenic

potential. To this end, we first studied the impact of exogenous
GPM6A and GPM6B over-expression on the anchorage-
independent growth of NIH/3T3 cells, which is considered
to be a classic assay [16–18] to demonstrate the oncogenic
potential of certain genes. We found that the number of
colonies formed in soft agar was significantly higher in both
GPM6A (Fig. 4a) and GPM6B (Fig. 4b) over-expressing cells
compared to controls (i.e., NIH/3T3 cells either untransfected
or transfected with the empty GFP vector). These results
suggest that over-expression of both the GPM6A or GPM6B
genes promotes anchorage-independent growth of NIH/3T3
cells.

3.6 HumanGPM6B increases the number of transforming foci

We also tested the effect of the GPM6A and GPM6B genes on
NIH/3T3 transformation using a focus-forming assay. Our
results showed that, unlike GPM6A, the number of large
foci formed in GPM6B over-expressing cells was higher
than that in control cells (Fig. 4c) suggesting that cells
over-expressing GPM6B exhibit loss of contact inhibition of
growth.

3.7 Human GPM6A and GPM6B induce proliferation

To further characterize the oncogenic properties of the
GPM6A and GPM6B genes, we next tested their ability to
induce the proliferation of synchronized NIH/3T3 cells. Our
FACS analyses indicate that GPM6A-GFP or GPM6B-GFP
transfected NIH/3T3 cells show an increase in the percentage
of cells in S phase of about 2 and 1.8 fold, respectively, when
compared to control cells (Fig. 5a and b), suggesting that over-
expression of GPM6A and GPM6B may confer a growth
advantage. The results from the soft agar assays, the cell cycle
analyses and the confocal microscopy analyses were con-
firmed using Myc-tagged proteins to exclude a possible in-
duction of oncogenic potential via mis-localization of the
proteins due to the GFP-tag.

Taken together, our data indicate that GPM6A and
GPM6B may promote the transformation and proliferation
of NIH/3T3 cells.

a

100

120

140

**
***

20

40

60

80

NIH/3T3 GFP Gpm6a-GFP

N
um

be
r 

of
 c

ol
on

ie
s

b
25

*

0

**

10

15

20
*

NIH/3T3 GFP Gpm6b-GFP

N
um

be
r 

of
 c

ol
on

ie
s

0

5

GFP Gpm6b-GFP
c

Fig. 4 Effect of GPM6A and GPM6B protein expression on anchorage-
independent growth and foci formation. NIH/3T3 cells were transiently
transfected with GFP empty vector, a GPM6A-GFP or b GPM6B-GFP
expression vectors. Transfected or control cells (104) were plated in soft
agar as described in section 2. After 4 weeks, the number of colonies was
scored. The results represent the average of three independent experi-
ments. Statistical analysis was performed using One-way ANOVA;
p<0.05 was considered to be significant. Cells were observed with an
optical microscope (Ernst Leitz, 6MBHWetzlar) and representative fields
were photographed using a numerical camera (Nikon coolpix 4500)
(original magnification × 40). c NIH/3T3 cells were transfected with
either a GFP empty vector (left) or with GPM6B-GFP (right), split, and
maintained in normal conditions as described in section 2. Foci started to
appear after 20 days and were photographed at day 30

�Fig. 5 Effect of (a) GPM6A and (b) GPM6B proteins on NIH/3T3 cell
proliferation. Synchronized NIH/3T3 cells either untransfected or
transfected with an empty vector (GFP), GPM6A-GFP or GPM6B-GFP
constructs, were fixed at 72 h post-transfection, stained with propidium
iodide and analyzed for cell cycle phase distribution. For diagrams, values
were normalized relative to control cells. Statistical analysis was
performed using T-test with Welch correction and p<0.05 was
considered to be significant (*P≤0.05, **P≤0.01, ***P≤0.001).
Results represent the average of at least 3 independent experiments
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4 Discussion

Since it was first discovered that the Graffi MuLV is able to
induce a large spectrum of hematologic malignancies in vivo,
including lymphoid leukemias, we have shown that this viral
systemmay serve as an appropriatemodel to gain further insights
into leukemia initiation and progression and to identify and
characterize new oncogenes and suitable biomarkers [2, 12].
We previously analyzed the gene expression profiles and
malignancy signatures of different leukemia types (T- and B-
cell, myeloid, erythroid, and megakaryoblastic) using high-
density oligonucleotide microarrays [6, 13]. These analyses
already allowed us to identify new candidate markers and
potential proto-oncogenes such as the Fmn2 and Parm-1
genes [6, 7].

In the present study, we analyzed the expression profiles of
several recently identified markers specific for lymphoid leuke-
mias induced by the Graffi MuLV, including four genes specific
to B-cell leukemia, two genes common to B- and T-cell leuke-
mias [6], and two newly identified genes (Kif4 and
2010007H06Rik). This analysis revealed over-expression of the
human homologues of the Gpm6a, Gpm6b, Arntl2, Bfsp2, Kif4,
2010007H06Rik genes (B-cell leukemia-specific genes), and the
human homologues of the Celsr1 and Etv5 genes (genes com-
mon to B- and T-cell leukemias) in human B-cell leukemias [6,
19].

Arntl2 pt?>is a member of the basic Helix-Loop-Helix-PAS
(bHLH-PAS) family of transcription factors [20], known for its
involvement in the control of the circadian rhythm [21].
Interestingly, a relationship between tumorigenesis and the dis-
ruption of the circadian rhythm has previously been suggested
[22]. Human ARNTL2 has been found to be up-regulated in
primary colorectal cancers and in one highly proliferative colon
cancer cell line. It has been suggested that this gene may be used
as a predictor of tumor invasiveness and cancer aggressiveness
[23]. Bfsp2 is a member of the intermediate filament (IF) family
and is specifically expressed in lens cells [24]. Like the IF
proteins, human BFSP2 plays a major role in the organization
of cytoskeleton proteins in these cells [25] and it has been
demonstrated that mutations in this gene may cause human
cataracts [26]. The Kif4 gene encodes a microtubule-based mo-
lecular motor that belongs to the kinesin-like protein family. This
gene has been shown to be implicated in many cellular process-
es, including mitosis and DNA damage response [27, 28]. Loss
of the Kif4 gene has been reported in 35 % of human cancers
originating from several tissues, including three out of six tested
leukemic cell lines (two T-cell leukemias, three non-lymphoid
leukemias and one lymphoma of undetermined cellular origin)
[29]. The discrepancy with our results may be explained by the
fact that the expression level of the Kif4 gene in the previous
study was not compared to control cells, such as e.g. peripheral
blood mononuclear cells. Also, our preliminary results show that
the mouse Kif4 cDNA, cloned from a B-cell leukemia

induced by the Graffi MuLV, is slightly different from that listed
in the NCBI data base (NM_008446) (data not shown). Thus, it
is possible that leukemic B-cells may over-express a novel
transcript of Kif4, which may be different from that being
expressed at low levels in other human malignancies. For
2010007H06Rik (AK084978), no function has been assigned
yet in either mouse or human, but a human ortholog has recently
been characterized (C11orf92). This gene appears to be over-
expressed in stage III serous ovarian carcinomas, a tumor stage
with a poor prognosis [30]. Celsr1, a component of the mam-
malian planar cell polarity (PCP) signalling pathway [31], is a
member of the cadherin family and was shown to be expressed
in gastrointestinal tumors [32]. Our microarray data showed that
Celsr1 is over-expressed in both murine T- and B-cell leukemias.
However, RT-PCR validation showed that this gene was specific
to T-cell leukemias induced by the Graffi MuLV [6].
Interestingly, assessment of the expression level of the human
homologue of this gene in human B-cell leukemias revealed a
good agreement with our microarray data (Fig. 1). Finally, Etv5
is a member of the Ets family of transcription factors. In the
present report, this gene was considered as a positive control
since it had previously been reported to be associated with B-
CLL [33]. Indeed, according to our data, the human homologue
of this gene appears to be over-expressed in human B-cell
leukemias.

WhileGPM6B appears to be up-regulated in multiple types
of human B-cell leukemias, GPM6A seems to be more re-
stricted to MCL and CLL. As for BFSP2, it will be important
to further substantiate the modulation of its expression in these
specific types of B-cell malignancies.

Overall, our results strongly suggest that Gpm6a, Gpm6b,
Arntl2, Bfsp2, Kif4, 2010007H06Rik, Celsr1 and Etv5 may
serve as candidate biomarkers for murine and human B-
lymphoid malignancies and, in addition, that these genes
may represent potential proto-oncogenes.

Among the above eight genes studied and validated in
human B-cell leukemias, we further characterized Gpm6a and
Gpm6b, which were found to be specifically associated with
murine and human B-cell leukemias. The two proteins encoded
by these genes are members of the PLP family, which is
considered to be a major structural component of the brain
myelin sheath. Both human GPM6A and GPM6B are
expressed in neurons but GPM6B is also expressed in oligo-
dendrocytes [34, 35]. As yet, very little is known about the
biological functions exerted by this protein family. However, in
addition to their role in myelin formation, they are suspected to
serve as housekeeping proteins implicated in intracellular traf-
ficking [34, 36]. Unlike GPM6A, whose implication in the
development of tumors has not been demonstrated yet,
GPM6B is expressed at a relatively higher level in glioblasto-
mas (very aggressive and with a poor prognosis) than in me-
ningiomas. Thus,GPM6B is considered to be a predictive gene
discriminating between these two types of tumors [8, 37]. Here,
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we report for the first time that GPM6A isoform 3 and GPM6B
isoform 4 are over-expressed in human B-cell leukemias. The
GPM6A and GPM6B proteins have been shown to be neuronal
homologs of the PLP/DM20 protein [38, 39]. Indeed, we noted
that the humanGPM6A isoform 3, the humanGPM6B isoform
4, PLP1 and DM20 are evolutionary linked. The PLPs are
known to constitute four transmembrane domain proteins with
both N- and C-termini located in the cytosolic compartment
[40–42]. As GPM6A and GPM6B encode different glycopro-
tein isoforms, we wanted to ensure that our human B-cell
leukemia-specific isoforms shared similar characteristics.
Indeed, TMRPres2D software revealed the same features for
GPM6A isoform 3 and GPM6B isoform 4.

Protein expression profiling in transfected NIH/3T3 cells
revealed the absence of post-translational modifications in the
GPM6A protein. In contrast, a complex protein expression
profile for GPM6B was observed, which may result from the
oligomeric state of this protein. This finding is not surprising
since many PLPs have the ability to form oligomers [43, 44].

We also determined the intracellular localization of these
proteins. We showed that GPM6A-GFP is granularly scattered
in the cytoplasm and that GPM6B-GFP has a perinuclear and
punctate cytoplasmic localization. Despite their predicted four
transmembrane domains, these proteins were not found to be
localized at the plasma membrane, whereas most four trans-
membrane domain proteins of this family are located at the
cell membrane or at the endoplasmic reticulum [45–48].
However, perinuclear and cytoplasmic localization has been
reported for other members of this family, such as PMP22CD
and TMEM225 [45, 49].Moreover, as for humanGPM6B, the
murine homologue exhibits many isoforms, with two pro-
moters and alternative exons yielding more than 8 GPM6B
proteins and polypeptides. Werner et al. showed that 6 iso-
forms are tetraspan membrane proteins that differ by 4 highly
conserved N- and C-terminal domains (α, β, ψ, and ω do-
mains). When the sub-cellular localizations of the latter were
determined in transfected MDCK cells, it was found that the
N-terminal β-domain of GPM6B was responsible for the
predominant plasma membrane localization by stabilizing
the tetraspan proteolipid at the cell surface. Moreover, the
authors demonstrated that isoforms lacking this β-domain
were more abundant in intracellular compartments [39]. This
result is related to the fact that μ1A may serve as a specific
binding partner of the β-domain, which is a component of
tetrameric adaptor complexes relevant for sub-cellular sorting
of membrane proteins in clathrin-coated vesicles [50, 51].
Interestingly, the GPM6B isoform 4 lacks the β-domain
which, in turn, may explain its predominant intracellular lo-
calization. It is also important to note that PLP/DM20 does not
have a β-like domain. DM20 is able to reach the plasma
membrane only when it is co-expressed with the full-length
PLP isoform, which possesses a putative signal sequence in its
cytoplasmic loop [52, 53].

Our indirect immunofluorescence data also showed that the
GPM6A and GPM6B proteins may induce the formation of
long filamentous structures, possibly representing filopodia-
like protrusions. In fact, GPM6A from both rat and zebrafish
has been shown to induce filopodia formation [54–57] and it
was demonstrated that all murine GPM6B isoforms, except
those lacking the 4 transmembrane domains, were able to
induce filopodia formation [58]. These observations may be
relevant since filopodia formation has been implicated in can-
cer cell migration and adhesion [59, 60]. Thus, the observed
over-expression of these proteins may contribute to tumor
development through the induction of cell migration. Our data
are supported by those of Li et al. who showed that the TAPP2
protein regulates leukemic B-cell migration through the reor-
ganization of their cytoskeleton in response to chemo-attractant
stimulation [61]. Also, Scielzo et al. uncovered a role of the
HS1 protein in migration, trafficking and homing of leukemic
B-cells through impaired cytoskeletal remodeling [62].

We also showed that GPM6A and GPM6B may have
oncogenic properties, i.e., exogenous expression of both
GPM6A and GPM6B conferred anchorage-independent
growth to NIH/3T3 cells. In addition we found that, unlike
GPM6A, GPM6B over-expression increases the number of
foci in these cells, which is indicative for a loss of contact
inhibition of growth. We also found that each of these genes
induced the proliferation of NIH/3T3 cells, again suggesting a
transforming potential.

In conclusion, we identified a set of genes that may be
considered as candidate biomarkers for human B-lymphoid
malignancies, although this has to be confirmed in larger
patient cohorts. We also showed for the first time that
GPM6A isoform 3 and GPM6B isoform 4 may play a role in
the development of human B-cell malignancies and, as such,
may act as novel potential proto-oncogenes. Obviously, addi-
tional research is needed to firmly establish their role in human
B-cell leukemia development.
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