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A B S T R A C T

Hck is a phagocyte specific proto-oncogene of the Src family expressed as two isoforms,

p59Hck and p61Hck. It plays a critical role in Bcr/Abl-chronic myeloid leukaemia and is able

to transform fibroblasts in vitro. However, the tumourigenic activity of Hck and the respec-

tive oncogenic functions of Hck isoforms have not been examined. Tet-Off fibroblasts

expressing constitutively active mutants of p59Hck and p61Hck together or individually

were used. In contrast to cells expressing p59Hckca or p61Hckca alone, cells expressing both

isoforms were transformed in vitro and induced tumour formation in 90% of nude mice

within 2 weeks. This is the first demonstration of (i) the tumourigenic activity of Hck in

mice, (ii) the cooperative action of the two Hck isoforms in vitro and in vivo. To our knowl-

edge, this is the first example of a transforming activity ‘split’ in two requisite isoforms.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction upon constitutive activation either by mutation of the nega-
Src family protein-tyrosine kinases (SFKs) are known to medi-

ate mitogenesis, differentiation, survival, migration, and

adhesion.1 In contrast to the ubiquitous expression pattern

of Src, Yes, and Fyn, the expression of Lck, Blk, Lyn, Fgr and

Hck is restricted to hematopoietic cells.2,3

Like other Src-family kinases, the proto-oncogene Hck har-

bours an in vitro transforming activity in murine fibroblasts4
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tive regulatory tyrosine residue in its carboxy-terminal region

to phenylalanine,1 or by the HIV protein Nef that is a well

known ligand of its SH3 domain.5 To date, spontaneous muta-

tion of this proto-oncogene has not been described in human

cancers. Constitutive activation of Hck by direct interaction

with the oncogene Bcr/Abl is required for the establishment

of leucocyte transformation during chronic myeloid leukae-

mia (CML).6–8 Actually, inhibitors of Src-PTKs block the
.
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transformation process in Bcr/Abl-expressing cells and, in

myeloid cells, transformation by Bcr/Abl is suppressed in

Hck-defective cells.6,9 The recent demonstration of a Bcr/

Abl-independent, SFKs-dependent form of resistance to

imatinib, a specific Bcr/Abl inhibitor used to treat CML pa-

tients,10 has further supported the central role of SFKs in this

leukaemia, which are therefore considered as rational targets

for anti-CML therapy either alone or in combination with Bcr/

Abl inhibitors.11

Hck is specifically expressed in myeloid cells as two isoforms

of molecular weights 59 kDa (p59Hck) and 61 kDa (p61Hck) gen-

erated by alternative initiations of translation of a single

mRNA.12 The isoforms only differ by 21 residues at the N-termi-

nal end, and by their differential addressing, p59Hck being

mainly associated to the plasma membrane and p61Hck to the

lysosome membrane.13,14 Expression of the constitutively acti-

vated variant of p61Hck (p61Hckca) induces the de novo forma-

tion of podosome rosettes in a lysosome-dependent manner,15

whereas p59Hckca triggers the formation of plasma membrane

protrusions.16 Thus, although very similar, p59Hck and p61Hck

are differentially located and trigger distinct phenotypes when

activated.

Despite the growing pharmacological interest of Hck, its

oncogenic activity has been very poorly documented since

its discovery 20 years ago. The aim of our work is to investi-

gate the tumourigenic ability of Hck, which has not been

investigated yet, and to examine the respective contribution

of p59Hck and p61Hck in the transformation process in vitro

and in vivo. Therefore, we used murine MEF3T3 Tet-Off fibro-

blasts that stably and conditionally expressed constitutively

active isoforms of the kinase. This cellular model has the

advantage of avoiding long-lasting- as well as over-expression

of the oncogenic Hck mutant. We herein report that the com-

bined expression of p59Hck and p61Hck is necessary for the

full exercise of its transforming and tumourigenic activities.

2. Materials and methods

2.1. Antibodies

Antibodies directed against Hck and GFP (used at final dilu-

tion 1:200 and 1:100, respectively) were purchased from Santa

Cruz Biotechnology (Tebu-bio, Le Perray-en-Yvelines, France)

and Abcam (ab6556, Abcam, Paris, France). Texas-Red Phalloi-

din was from Molecular Probes (Leiden, The Netherlands).

2.2. Constructs, cells and cultures

Constitutively active (HckY501F) mutants of human

p59Hckca, p61Hckca and p59/61Hckca have been previously

described 15–17. For doxycyline regulatable oncogene expres-

sion, we used mouse embryonic fibroblast 3T3 (MEF-3T3)

Tet-Off cell line (Clontech) that were grown, transfected

and cloned as described.15,17 Hck expression was optimal

in doxycycline-free medium after 7 days. Several clones

were selected: MEF-p59, MEF-p61 and MEF-p59/61 clones A

and B, expressing p59Hckca-GFP, p61Hckca-GFP and both

p59 and p61Hckca-GFP respectively. Hck negative-MEF-3T3

Tet-Off (Parental-MEF) was used as a negative control in

transformation experiments in vitro.
2.3. SDS-PAGE and immunoblot analysis

Equal amounts of total cell lysates in Laemmli buffer were sep-

arated by SDS-PAGE, transferred to nitrocellulose membranes

that were probed with polyclonal rabbit anti-Hck antibodies

(0.4 lg/ml) and revealed by an enhanced chemiluminescence

system (ImmobilonTM Western, Millipore corporation, Billerica,

U.S.A.) as described.17

2.4. Direct fluorescence and F-actin staining

Cells were plated on glass coverslips for 24 h, fixed and pro-

cessed as described for F-actin staining using Texas-Red phal-

loidin.18 F-actin labelling and direct Hck-GFP fluorescence

were detected with a Leica DM-RB fluorescence microscope

or a Leica TCS-SP2 confocal scanning microscope.

2.5. In vitro transformation assays

Proliferation curves. Growth curves were generated over 2

weeks for Hck-positive and Hck-negative MEF3T3 stable

clones as previously described 19. Proliferation rate is ex-

pressed as the doubling time in days.

Adhesion capacity. Adhesion defect of transformed cells was

assessed by direct light microscopy observations of cell

detachment once they reached confluency after plating on

glass coverslips.

Dependence on serum growth factors. Cell proliferation in cul-

ture medium containing 10% FCS was compared to prolifera-

tion in 0.5% FCS and measured by counting the cells every

day.

Focus forming activity. 5 · 104 cells were seeded on fibrino-

gen-coated glass coverslips in 24 well-plates. Foci were ob-

served at 10 and 20 days of culture.19

Anchorage-independent proliferation. Colony formation in soft

agar was followed for 18 days as described.4 Briefly, 104 cells

were seeded in DMEM containing 10% FCS and 0.35% w/v

low-melting temperature (LMP) agarose. This suspension

was sandwiched between layers of DMEM containing 0.7%

w/v LMP agarose. Colonies were photographed by phase con-

trast and fluorescence microscopy and counted.

2.6. In vivo tumourigenicity assay

106 cells were inoculated subcutaneously into the flank of 6-

week-old male athymic SWISS nude mice (Charles River,

France). Tumour development was assessed every week until

the tumour was removed for histopathological analysis or un-

til 4 months post-injection for negative mice. Tumours were

measured every 5 days from day 21 to day 37. To study the

development of metastasis in nude mice, primary tumours

were induced as described above and after 2 to 4 weeks

(depending on the size of the tumour), primary tumours were

removed and mice follow-up for metastatic development was

undertaken.

2.7. Histopathological analysis and immunohistochemistry

Subcutaneous tumours were fixed in 10% v/v neutral buffered

formalin and embedded in paraffin. Sections were stained
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with haematoxylin and eosin for histomorphological analy-

ses. Immunohistochemical staining was performed on paraf-

fin-embedded tissue sections, using rabbit polyclonal anti-

GFP antibodies. Immunostaining of paraffin sections was pre-

ceded by antigen retrieval technique by microwave heating

twice in 10 mM citrate buffer, pH6. After 30 min incubation

with the antibodies at room temperature, sections were incu-

bated with biotin-conjugated polyclonal anti-rabbit immuno-

globulin antibodies followed by streptavidin-biotin-

peroxidase complex (Vector Laboratories, Burlingame, CA)

and counter-staining with haematoxylin. Negative controls

were incubated in buffered solution without primary

antibody.

3. Results

3.1. The expression of both p59Hck and p61Hck is
required for cell transformation in vitro

To assess the respective roles of p59Hck and/or p61Hck in the

transforming activity of Hck, we developed murine fibroblast
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Fig. 1 – Characterisation of MEF3T3 Tet-Off clones expressing p5

levels in MEF3T3 clones: total cell lysates prepared from parent

p61Hckca (MEF-p61) or both p59Hckca and p61Hckca (MEF-p59/61

Equal amounts of proteins were loaded in each well. Molecular

exhibit the characteristic Hck phenotype. Hck-GFP and F-actin s

TCS-SP2 confocal scanning microscope. Scale bars: 10 lm.
MEF3T3 Tet-Off cells stably expressing each Hck isoform sep-

arately or jointly under their constitutively active (Hckca)

forms and in fusion with GFP. The advantage of using the

Tet-Off regulation is to control the expression of oncogenes

to avoid cell line degeneration. Several MEF3T3 Tet-Off clones

that stably expressed at a quantitatively comparable level

either p59Hckca or p61Hckca alone or both Hckca isoforms

were selected (Fig. 1A). We have previously reported that the

expression level in MEF-p59/61Hck is comparable to endoge-

nous Hck expressed in primary human neutrophils.17 As

shown in Fig. 1B, these cell lines exhibited characteristic F-ac-

tin reorganisation due to Hck expression15,16: p59Hckca

expression triggered plasma membrane protrusions,

p61Hckca expression triggered rosette of podosome forma-

tion, and concomitant expression of p59Hckca and p61Hckca

induced the formation of both cellular structures. As ex-

pected, clones expressing p59Hckca and p61Hckca were trans-

formed (Table 1) as revealed by: (i) adhesion defects: they

weakly attach to glass coverslips once they reach confluency,

(ii) the ability to grow in the absence of serum and (iii) in the

absence of anchorage (Fig. 2A), (iv) a loss of contact inhibition
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Table 1 – Summary of the transforming and tumourigenic activities of Hck-expressing cells.

Parental cells p59Hckca p61Hckca p59/61Hckca

Doubling time (days) 1.63+0.13 1.51+0.58 1.73+0.60 1.11+0.16

Adhesion defect – – – +

Loss of contact inhibition – – – +

Anchorage independent growth – – – +

Serum independent growth – – – +

Tumour incidence 0/10 mice within

4 months

0/10 mice within

4 months

0/9 mice within

4 months

18/20 mice

10 to 65 days
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(Fig. 2B), and (v) a shortened doubling time. Importantly,

when Hck expression was induced during 7 to 21 days and

secondly repressed before performing the soft-agar assay,

cells lost their capacity to form colonies indicating that cell

transformation was reversible and only dependent on Hckca

expression. In contrast, cells that expressed either p59Hckca

or p61Hckca alone did not exhibit transformed features (Table

1 and Fig. 2B), showing that the cooperative action of both Hck

isoforms is necessary to express its oncogenic activity.

3.2. Hck is a powerful oncogene in vivo requiring the
expression of both p59Hck and p61Hck

Since the tumourigenic ability of Hck has never been investi-

gated, we tested in vivo the tumourigenic action of each iso-
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Fig. 2 – MEF3T3 Tet-Off cells expressing both Hck isoforms are

MEF3T3 Tet-Off cells. Colonies formed by MEF-p59/61 clone A in

fluorescence microscopy (c,d) for Hck-GFP expression. Histogram

experiments quantifying colony formation for Parental-MEF, ME

contact inhibition was examined by plating Parental-MEF, MEF-p

and observing foci formation after 10 days. MEF-p59/61 cells form

Pictures show cells stained with May-Grünwald Giemsa. Scale
form alone or in combination. Hck-transformed MEF3T3 cells

(clone B) were injected into athymic nude mice. Exponentially

growing tumours appeared in 90% of injected mice (Table 1)

two weeks after injection (Fig. 3A). Similar results were ob-

tained when MEF-p59/61 clone A was used (data not shown).

To demonstrate that tumours were only derived from Hck

expressing MEF3T3 cells, tumours were analysed for recombi-

nant Hck-GFP expression either by direct GFP fluorescence on

frozen tumour tissue sections or by immunohistochemistry

using anti-GFP antibodies on paraffin-embedded tissue sec-

tions. Both techniques confirmed that all tumour cells were

Hck-GFP positives (Fig. 3B). Haematoxylin-eosin staining of tu-

mour sections revealed tumour cells infiltration into the skin

and the subcutaneous muscle layer (Fig. 3C), which illustrates

the local invasion capacity of Hck-transformed cells, but no
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Fig. 3 – Tumourigenic effect of p59/61Hckca expressing cells. (A) 2 · 106 MEF-p59/61 clone B cells were injected subcutaneously

into the flank of male nude mice. Tumour volumes were measured at indicated time points from the 2nd to the 4th week after

the injection on several mice (values represent the mean ± SE from a total of 10). (B) Tumours were removed and analysed for

Hck-GFP expression by immunohistochemistry (left panels) or direct GFP fluorescence on frozen tumour tissue sections

visualised using confocal microscopy (right panels). (C) Haematoxylin-eosin staining of formalin fixed paraffin-embedded

tumour tissue sections shows that tumour cells displayed diffuse infiltration of the skin and subcutaneous muscle tissues.

Right picture is a zoom of the square in the left picture. Arrows indicate tumour cell invasion into the adjacent skin muscle

layer resulting in destruction of muscle tissue.

E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 3 2 1 – 3 2 7 325
clinical sign of metastasis development was observed, even

after removal of the primary tumour to lengthen the mice fol-

low-up. In contrast to MEF-p59/p61Hck but like parental cells,

p59Hck- or p61Hck-expressing cells were not able to induce tu-

mour formation even 4 months after injection (Table 1), thus

confirming the necessity of both Hck isoforms for expression

of the oncogenic activity of the kinase.

4. Discussion

This is the first report showing that joint expression of consti-

tutively active Hck isoforms is essential for promoting cell

proliferation and tumourigenic activity in mice. This first

example of a transforming activity ‘split’ in two requisite iso-

forms suggests that the activity of other oncogenes could be

the result of the coordinated action of different isoforms.

Few proto-oncogenes are expressed as multiple isoforms,

and usually, these isoforms are not co-expressed in the same

cells. Ras, the paradigm for proto-oncogenes, is expressed as
multiple isoforms in the same cells. Ras isoforms originate

either from distinct genes or from alternative splicing and

share a high degree of sequence homology.20 Most studies

have focused on the K-Ras isoform because of its strong

transforming activity, and little is known on the effects of

the other isoforms. Like Hck, Ras isoforms are differentially

localised in cells and participate in distinct signalling path-

ways. However, in contrast to Hck, Ras isoforms trigger cell

transformation when individually expressed under their

oncogenic state.20

Lyn is the other Src family proto-oncogene expressed as

two transcription variants in the same tissue and in different

subcellular compartments21 but the role played by each iso-

form in its transforming activity has not been examined.

Src and Fgr, the cellular counterparts of two viral oncogenes,

are expressed as unique proteins but with dual subcellular

localisations, at the plasma membrane and on intracellular

vesicles.22–24 Whether the transforming activity of these

SFKs requires their association with both membrane types,
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potentially giving them access to different substrates, is an

interesting hypothesis.

Hck isoforms are differentially addressed to distinct intra-

cellular compartments.14 Although both Hck isoforms share

95% identity and have the ability to reorganise the actin cyto-

skeleton, distinct phenotypes are obtained probably reflecting

distinct access to available substrates. p59Hck is associated to

the plasma membrane where it triggers protrusions and thus

is likely the isoform involved in the downstream signalling of

several receptors. p61Hck is associated with the membrane of

lysosomes where it triggers the formation of actin comets25

and the formation of podosome rosettes,15 structures in-

volved in cell adhesion and extracellular matrix degradation.

Whether signalling from plasma membrane and from vesicu-

lar compartments is relevant for cell transformation needs

further investigation. The signalling pathways leading to cell

transformation induced by some SFKs have been broadly

unravelled.21 Oncogenic forms of Src transmit signals that

regulate proliferation and cell survival.21 Cell migration is also

altered, in particular the actin cytoskeleton and the adhesion

networks are disturbed.21 How Hck mediates key biological

events associated to transformation is not yet understood.

Like Src, it has been shown to regulate the actin cytoskele-

ton.25,26 Overexpression of wild type Hck isoforms does not

trigger any obvious change in the actin organisation indicat-

ing that constitutive activation of the kinase is required (data

not shown). Hckca is able to phosphorylate several actin-regu-

lating proteins such as WASp,27 WIP28 and Vav.29 In Bcr/Abl

positive leukaemia cells, Hck regulates the phosphorylation

status of the transcription factor STAT5.6 In constitutively ac-

tive Stat5 mutant-expressing leukaemic cells, tyrosine phos-

phorylated STAT5 is retained in the cytoplasm, a critical

step in the cell transformation process, and we have shown

that tyrosine phosphorylated STAT5 locates at actin-rich

podosomes in Hck-activated cells.17,30 Whether the cytoskele-

ton modifications induced by Hck isoforms can be related to

cell motility and invasion is not known. Despite the capacity

of Hck-transformed cells to invade tissues surrounding the

tumours (Fig. 3), no clinical sign of metastasis has been ob-

served suggesting that Hck is not able to induce all the phases

of metastases development.

It is now clear that Hck oncogenic activity has to be con-

sidered in terms of the contributions of individual isoforms

rather than of a collective whole. Identification of specific

p59Hck and p61Hck effectors is a challenge to better under-

stand the complementary role they play in the transforming

activity of Hck.
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