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ABSTRACT

Protein tyrosine kinases form a large family of signaling
proteins implicated in both normal and malignant cell sig-
naling. The aim of this study was to identify protein tyro-
sine kinases that can transform hematopoietic cells to
growth factor independent proliferation when constitu-
tively activated by homodimerization. We used a modified
retroviral insertion mutagenesis screen with a retroviral
vector containing the homodimerization domain of ETV6
followed by an artificial splice donor site. Integration of
this retroviral vector within a gene of the host genome
would generate a fusion transcript containing the dimeriza-
tion domain and part of the disrupted gene. Using this
strategy with the IL3 dependent Ba/F3 cell line, we identi-
fied 8 different protein tyrosine kinases (Abll, Fgfrl, Hck,

Jak2, Lck, Mertk, Mstlr, Tnk1) that transformed the cells.
These results characterize HCK, MERTK, MST1R and
TNK1 as potential oncogenes and describe a method to
identify gain-of-function fusion genes using a retroviral
insertion screen.
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Introduction

Protein tyrosine kinases (PTKs) are an important family of
signaling proteins that regulate a variety of cellular processes,
including proliferation, differentiation, survival, cell move-
ment and cytoskeletal reorganization. The human genome
contains 90 PTKs that can be divided into two large sub-
groups: receptor tyrosine kinases and cytosolic tyrosine kinas-
es, dependent on the presence or absence of transmembrane
domains. Upon binding of their ligand, receptor tyrosine
kinases are oligomerized and the intracellular part of the
receptors becomes autophosphorylated leading to the activa-
tion of their kinase activity and recruitment and activation of
multiple other signaling proteins. Non-receptor tyrosine kinas-
es (non-RTKs) can be activated by a variety of mechanisms,
including homodimerization, interaction with other proteins,
and phosphorylation by other kinases.'

Given the important role of PTKs in the control of prolifer-
ation and survival, deregulation of PTKs is implicated in the
pathogenesis of various solid tumors and hematologic malig-
nancies. At present, about 20 of the human PTKs have been
directly implicated in tumor development by the presence of
genetic alterations such as mutation, fusion, amplification or
deletion.! From these studies it is clear that a common mech-

anism to activate PTKs is the constitutive dimerization of the
tyrosine kinase domain by fusion with a self-associating part-
ner protein, as was shown for BCR-ABL1, ETV6-PDGFRp,
ZNF198-FGFR1, EML4-ALK and others.”® For many PTKs,
however, it remains unclear whether they can be activated by
enforced homodimerization and whether this constitutive
activation of the kinase is capable of stimulating proliferation
and survival pathways, leading to oncogenic transformation.
To identify PTKs that become activated and obtain transform-
ing potential upon homodimerization, we performed a retro-
viral insertion mutagenesis screen in the interleukin-3 (IL3)
dependent Ba/F3 cell line. Ba/F3 cells are murine pro-B cells
that require mouse IL3 for their proliferation and survival.
These cells are known to become IL3 independent upon
expression of several oncogenic PTKs, such as BCR-ABLI,
ETV6-PDGFRB, FIP1L1-PDGFRa. and others.>”

Design and Methods

Retroviral vector construction and principle of insertion
mutagenesis

The open reading frame of a fusion between EGFP and the
dimerization domain of ETV6 (PNT) was subcloned in the
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MSCV-puro vector. An artificial splice site (GTAAGT)
was placed directly after the ETV6 part (Figure 1A).
Three different constructs were generated to obtain 3
different phases at the end of the ETV6 ‘exon’, and two
additional constructs with slightly different sequence at
the end of the ‘exon’ were also constructed. One addi-
tional construct was generated in which the dimeriza-
tion domain of ETV6 was replaced by the dimerization
domain of EML1 (CC), and in another construct ETV6
was replaced by the myc-tag (Figure 1A). Viral vector
production and transduction was performed as
described before.®

After transduction, the retroviral vector will insert
within the genome of the host cell and the dimerization
domain will be expressed under control of the retroviral
promotor (left LTR). When integrated into a gene, the
splice donor site will enable splicing of the dimerization
domain to a donor acceptor site of that gene, generating
a fusion transcript with at the 5" end the dimerization
domain and at the 3’ end a part of the other gene (Figure
1B). A random insertion of the retrovirus throughout
the genome of the Ba/F3 cells was aimed to identify
proteins that could gain transforming capacity upon
enforced dimerization. Two days after transduction of
Ba/F3 cells with the retrovirus, the Ba/F3 cells were
washed with PBS and plated in a 1.2% agar solution.
After 2-3 weeks, IL3-independent Ba/F3 cell colonies
became visible and were expanded individually for
molecular analysis.
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Figure 1. The retroviral insertion mutagenesis strategy. (A)
Schematic representation of the different vectors used in this
screen. (B) Generation of a fusion transcript as a consequence of
retroviral insertion: the mechanism to induce activated kinases in
this screening strategy.

Cell culture

293T cells were grown in DMEM medium supple-
mented with 10% fetal bovine serum (FBS). Ba/F3 cells
were grown in RPMI-1640 medium supplemented with
10% FBS and mouse IL3 (1 ng/mL). Growth curves were
generated by plating Ba/F3 cells at 100,000 cells/mL one
day after transduction in the absence of IL3. Growth
was measured every two days until transformation was
apparent. GFP-expression of the transduced Ba/F3 cells
was measured on a flow cytometer (BD Biosciences) on
day 0 and day 6 after IL3 withdrawal.

siRNA duplexes targeting ETV6 and GFP were pur-
chased from Integrated DNA Technologies (sequences
can be obtained upon request). One million cells were
resuspended in 400 pL serum free medium and trans-
ferred to a 4mm cuvet (Biorad). siRNA duplex was
added at a final concentration of 400 nM, mixed well
and pulsed in a GenePulser Xcell™ (Biorad). Electro-
poration conditions were 300 V, 1000 UF and e Q. After
electroporation, cells were transferred to 2 mL growth
medium at 37°C. Viable cell numbers were determined
at the day of electroporation and 48 h later using the
Celltiter AQueousOne Solution (Promega).

Western Blotting

Western blot analysis was performed using NuPage 3
- 8% Tris-Acetate gels (Invitrogen). For this 2x10° trans-
formed Ba/F3 cells were used, lysed in cold lysis buffer
containing 1% Triton X-100 and phosphatase inhibitors
and reduced prior to loading. Antibodies used were
anti-phosphotyrosine (4G10; Upstate Biotechnology),
anti-GFP (Roche) and anti-mouse/anti-rabbit peroxi-
dase-labeled antibodies (Amersham Biosciences).

Results and Discussion

The produced retrovirus was used for different trans-
ductions, generating in total 433 IL3-independent Ba/F3
cell colonies. Using 3" RACE and subsequent sequence
analysis of the PCR products, 240 fusion genes were
identified that were expressed in the transformed Ba/F3
cells (Table 1). Of these, 231 contained fusions between
ETV6 or EML1 and 8 different PTKs: Abll, Fgfrl, Hck,
Jak2, Lck, Mertk, Mst1r and Tnk1 (Figure 2, Table 1). For
Jak2 and Abl1 two different breakpoints were identified
in the Ba/F3 colonies (Figure 2). Since multiple colonies
were picked-up with fusions involving Abll, Jak2 and
Fgfrl, we conclude that the screen was more or less sat-
urating.

Only a limited amount of fusions with other, non-
tyrosine kinase proteins, were identified, and in all cases
these fusions were only identified once, suggesting they
were most likely artifacts of the procedure. In addition,
sequence analysis showed that most of them were out-
of-frame fusions with ETV6. Although it remains possi-
ble that some of these fusions resulted in the activation
or inactivation of genes leading to transformation of the
Ba/F3 cells, we did not further investigate this because
these events were not recurrently identified. In 193
colonies no fusion transcript was identified and in a
fraction of these clones, we determined the genomic
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insertion site of the virus, indicating potential inactivat-
ed genes. Again, none of these insertion sites were iden-
tified more than once, suggesting that these events were
unlikely to be the cause of Ba/F3 cell transformation.

For the ETV6-kinase fusions, we confirmed that these
fusions mediated the observed transformation of the
Ba/F3 cells, by testing the transforming properties of
ETV6-Tnkl, ETV6-Mertk, ETV6-Lck, ETV6-Hck and
ETV6-Mstlr, in an independent experiment. The onco-
genic properties of ABL1, JAK2 and FGFR1 have been
well documented previously,' and were not further eval-
uated in this study. Expression of ETV6-Tnk1, ETV6-
Mertk, ETV6-Lck, ETV6-Hck and ETV6-Mstlr indeed
transformed Ba/F3 cells, confirming the results of the
screen. From Figure 3A it is evident that there is a slight
difference in transforming properties of the different
fusions with ETV6-Tnkl clearly being the weakest
oncogene. During transformation, the GFP positivity of
the transduced Ba/F3 cells increased to over 90%, con-
firming the specific transformation of cells expressing
the ETV6-kinase fusions (Figure 3B). To confirm that the
Ba/F3 cells were transformed by the expression of the
fusion constructs, we used siRNAs directed against GFP
or ETV6 sequences to knock down the expression of the
fusion kinases. For all Ba/F3 cells, we observed a
decreased proliferation upon siRNA mediated knock
down, clearly illustrating that the expression of the
fusion kinases was the transforming factor (Figure 3C).
By Western blot analysis we determined the phosphory-
lation status of the tyrosine kinases in these fusions. As
shown in figure 3D, each of the tested fusion proteins
(ETV6-Tnk1, ETV6-Mertk, ETV6-Lck, ETV6-Hck and
ETV6-Mstlr) was phosphorylated on tyrosine residues,
indicating autophosphorylation activity in the Ba/EF3
cells.

In this study, 8 different PTKs were identified that

upon activation by fusion with ETV6 can transform
Ba/F3 cells. ABL1, FGFR1 and JAK2 are well known
oncogenes, fused to a variety of partner genes including
ETV6. For these proteins, it is already known that acti-

Table 1. Results of the retroviral insertion mutagenesis screen.

Retroviral ~ Number of  Number of In-frame Out-of-frame
construct  colonies identified fusion fusion
fusions partners partners
PNT2 94 41 Jak2 (23/9,6%) Ms4a3 (1)
Lek (5/2,1%) Psmb5 (1)
Abll (2/0,8%) Cedc6 (1)
Tnkl (104%)  1110059E24Rik (1)
Mst1r (1/0,4%) D6Mmb5e (1)
Hdde3 (1) Niban (1)
Icall (1) Anapcll (1)
PNT3 21 3 Hek (1/0,4%) Pdcds (1)
4933434E20Rik (1)
PNT4 61 49 Fafrl (49/204%)
PNT5 10 3 Lek (3/1,25%)
PNT$ 134 48 Fafrl (48/20,0%)
o 101 96 Jak2 (33/13,8%)
Abl1 (34/14,17%)
Tokl (3/1,25%)
Mertk (2/0,83%)
Mst1r (24/10,0%)
MYC 12 0

Shown here is the number of colonies obtained and the fusion partners identified for the
different retroviral vectors used in the screen.The number in brackets indicates the absolute
number of colonies in which the protein was identified as fusion partner. For all found tyrosine
kinases the frequency of identification (in percentage) compared to all

identified colonies is also given.
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vation can be obtained by enforced homodimerization,
and that this provides the proteins with transforming
properties. For LCK, another oncogene identified in our
screen, overexpression due to a chromosomal
rearrangement has been described as a rare event in T-
cell acute lymphoblastic leukemia (T-ALL), implicating
LCK as an oncogene in the pathogenesis of T-ALL.” Our
data show that fusion of LCK to self-associating partner
proteins can also lead to its activation.

In contrast to the well known oncogenic properties of
ABL1, JAK2, FGFR], and LCK, the role of MERTK,
MSTIR and HCK in the development of cancer is less
clear. There is some evidence that expression of MERTK
may be increased in T-ALL, and that ectopic MERTK
expression can induce lymphomas in mice after long
latency." Our data confirm that activation of Mertk can
indeed stimulate proliferation and survival of
hematopoietic cells. MST1R (RON), a PTK closely relat-
ed to the proto-oncogene MET, was shown to be over-
expressed in a variety of tumors, and also alternative
splicing of the MST1R transcript may play a role in
tumor development." It is becoming clear that MET and
MST1R both play a major role in driving metastasis of
tumor cells, and for example increased expression of
MET and MST1R in breast carcinoma clearly correlates
with reduced disease-free survival.”” It was previously
shown that MST1R can be activated by missense muta-
tions in the kinase domain or truncating mutations in its
c-terminal region."" Here we show that MSTIR can
also be activated by fusion to a homodimerization
domain, and that this leads to the stimulation of prolif-
eration and survival pathways. HCK belongs to the SRC
kinase family and different reports suggest a role for
HCK in the oncogenic signaling pathways downstream
of BCR-ABL1.”

Finally, we also demonstrate that enforced dimeriza-
tion of TNK1 can lead to growth factor independent
growth of Ba/F3 cells. TNK1 is a member of the ACK
family of non-RTKs and was originally cloned from
CD34+/Lin/CD38 hematopoietic progenitor cells.” The
signaling pathways induced by TNKI remain largely
unknown, although it was recently suggested that acti-
vation of TNK1 enables TNFa-induced apoptosis by
selectively inhibiting TNFo-induced activation of NE-
KB.” Apart from this function, TNK1 was also shown to
play a negative regulatory role in the Ras-Rafl-MAPK
pathway." The identification of TNK1 in our retroviral
insertion screen indicates that activation of TNK1 can
play a dominant role in oncogenic transformation, and
suggests that TNK1 is also capable of stimulating prolif-
eration and survival pathways. Our attempt to identify
randomly generated TNK1 point mutants able to trans-
form Ba/F3 cells gave no results (data not shown).

In the Mitelman catalog, numerous cases are
described with chromosomal aberrations in the region
of the genes encoding LCK (1p34), MERTK (2q14),
MSTIR (3p21), HCK (20q11) and TNK1 (17p13). In
acute myeloid leukemia (AML), deletions involving the
region 3p21 or 20qll, and translocations involving
17p13 have been frequently reported. These findings
may suggest the involvement of MST1R, HCK or TNK1
in AML. In contrast, no recurrent aberrations were iden-
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Figure 3. Transforming properties of the identified fusion kinases.
To confirm the transforming properties of the identified fusion
transcripts, the different fusions were generated and expressed in
Ba/F3 cells. (A) The ability of each construct to induce transforma-
tion of Ba/F3 cells to IL3 independent proliferation was deter-
mined. (B) GFP-expression of the transduced Ba/F3 cells was
measured on a flow cytometer on day O and day 6 after IL3 with-
drawal. Transformed cells were confirmed to be GFP positive. (C)
Using siRNA mediated knock down of ETV6 or GFP, a clear
decrease in Ba/F3 cell proliferation is observed 48 h after electro-
poration. (D) Western blot analysis of whole cell lysates of the
transduced Ba/F3 cells confirmed expression and phosphoryla-
tion of the fusion proteins.
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tified for the regions 2q14 and 1p34. Similar results were
obtained for acute lymphoblastic leukemia, although
aberrations for the 3p21 region were more rare. The
implication of one of these 5 tyrosine kinases in the
reported aberrations remains to be determined. These
data together with their reported expression in different
malignancies and leukemic cell lines, and our own
results suggest the potential involvement of these kinas-
es in cancer pathogenesis and underscores the clinical
relevance of our findings.

In a direct cloning strategy, different PTK kinase
domains were fused to the ETV6 dimerization domain
of the retroviral vector used for our insertion screen and
their oncogenic potential was evaluated in the Ba/F3 cell
line. For 19 of the 40 tested kinases, growth factor inde-
pendent growth of Ba/F3 cells was observed, specifical-
ly related to constitutive kinase activity, suggesting
many more PTKs have transforming potential upon
enforced dimerization (data not shown). These results are
in sharp contrast with the 8 PTKs identified in the unbi-
ased retroviral insertional mutagenesis screen. Although
repetitive identification of Abl1, Jak2 and Fgfrl suggest-
ed a saturation of the screen, we were unable to pick-up
the vast majority of PTKs with this strategy, including
known oncogenic PTKs such as Kit, Flt3, Pdgfro. and

Stover EH, Legare RD, Cortes ], et al.

Pdgfrf. The reason why we did not obtain fusions with
some of the known oncogenic PTKs, remains unknown,
but is most likely due to the lack of integration of the
virus into these genes."”

We describe here a novel retroviral insertion mutagen-
esis screen, which results in the generation of fusion
genes consisting of a part of the viral vector and part of
a cellular gene. We used the Ba/F3 cell line for our screen
in order to identify fusion genes that could transform the
cells to IL3 independent growth. Variant screens with
different cells, different read-out or even different pro-
tein domains in the retroviral vector should also be pos-
sible. With our screen, we showed that MERTK,
MST1R, HCK and TNK1 can be activated by fusion to
the dimerization domain of ETV6, and that activation of
these PTKs can stimulate proliferation and survival path-
ways.
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