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Members of the RAS superfamily of small guanosine triphospha-
tases (GTPases) transition between GDP-bound, inactive and GTP-
bound, active states and thereby function as binary switches in the
regulation of various cellular activities. Whereas HRAS, NRAS, and
KRAS frequently acquire transforming missense mutations in hu-
man cancer, little is known of the oncogenic roles of other small
GTPases, including Ras-related C3 botulinum toxin substrate (RAC)
proteins. We show that the human sarcoma cell line HT1080 har-
bors both NRAS(Q61K) and RAC1(N921) mutant proteins. Whereas
both of these mutants were able to transform fibroblasts, knock-
down experiments indicated that RAC1(N92l) may be the essential
growth driver for this cell line. Screening for RAC1, RAC2, or RAC3
mutations in cell lines and public databases identified several mis-
sense mutations for RAC1 and RAC2, with some of the mutant
proteins, including RAC1(P29S), RAC1(C157Y), RAC2(P29L), and
RAC2(P29Q), being found to be activated and transforming.
P29S, N92I, and C157Y mutants of RAC1 were shown to exist pref-
erentially in the GTP-bound state as a result of a rapid transition
from the GDP-bound state, rather than as a result of a reduced
intrinsic GTPase activity. Activating mutations of RAC GTPases
were thus found in a wide variety of human cancers at a low
frequency; however, given their marked transforming ability, the
mutant proteins are potential targets for the development of new
therapeutic agents.

oncogene | resequencing

he identification of transforming proteins and the develop-

ment of agents that target them have markedly influenced the
treatment and improved the prognosis of individuals with cancer.
Chronic myeloid leukemia (CML), for example, has been shown
to result from the growth-promoting activity of the fusion tyrosine
kinase breakpoint cluster region-Abelson murine leukemia viral
oncogene homolog 1 (BCR-ABLL1), and treatment with a specific
ABL1 inhibitor, imatinib mesylate, has increased the 5-y survival
rate of individuals with CML to almost 90% (1). Similarly, the
fusion of echinoderm microtubule associated protein like 4 gene
(EML4) to anaplastic lymphoma receptor tyrosine kinase (ALK)
is responsible for a subset of non-small-cell lung cancer cases (2),
and therapy targeted to EMIA-ALK kinase activity has greatly
improved the progression-free survival of affected individuals
compared with that achieved with conventional chemotherapies
(3). Therapies that target essential growth drivers in human
cancers are thus among the most effective treatments for these
intractable disorders.

V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
(XRAS), v-Ha-ras Harvey rat sarcoma viral oncogene homolog
(HRAS), and neuroblastoma RAS.viral (v-ras) oncogene ho-
molog (NRAS) are the founding members of the rat sarcoma
(RAS) superfamily of small gnanosine triphosphatases (GTPases)

www.pnas.org/cgi/doi/10.1073/pnas. 1216141110

that is known to comprise >150 members in humans (4). Five
subgroups of these small GTPases have been identified and des-
ignated as the RAS; ras homolog family member (RHO); RABIA,
member RAS oncogene family (RAB); RAN, member RAS on-
cogene family (RAN); and ADP-ribosylation factor (ARF) fami-
lies. All small GTPases function as binary switches that transition
between GDP-bound, inactive and GTP-bound, active forms and
thereby contribute to intracellular signaling that underlies a wide
array of cellular activities, including cell proliferation, differenti-
ation, survival, motility, and transformation (5). Somatic point
mutations that activate KRAS, HRAS, or NRAS have been
identified in a variety of human tumors, with KRAS being the
most frequently activated oncoprotein in humans. Somatic acti-
vating mutations of KRAS are thus present in >90% of pancreatic
adenocarcinomas, for example (6). Surprisingly, however, muta-
tional activation of small GTPases other than KRAS, HRAS, and
NRAS has not been widely reported.

Ras-related C3 botulinum toxin substrate (RAC) 1, RAC2, and
RAC3 belong to the RHO family of small GTPases (7). RAC
proteins orchestrate actin polymerization, and their activation
induces the formation of membrane ruffies and lamellipodia (8),
which play essential roles in the maintenance of cell morphology
and in cell migration. Accumulating evidence also indicates that
RAC proteins function as key hubs of intracellular signaling that
underlies cell transformation. RACI, for example, serves as an es-
sential downstream component of the signaling pathway by which
oncogenic RAS induces cell transformation, and artificial in-
troduction of an amino acid substitution (G12V) into RAC1 ren-
ders it oncogenic (9). Furthermore, suppression of RAC1 activity
induces apoptosis in glioma cells (10), and loss of RACI or RAC2
results in a marked delay in the development of BCR-ABL1-driven
myeloproliferative disorder (11). Despite such important roles of
RAC proteins in cancer, somatic transforming mutations of these
proteins have not been identified in cancer specimens.

‘We have now discovered a mutant form of RAC1 with the amino
acid substitution N92I in a human sarcoma cell line, HT1080, and
have found that this mutation renders RACI constitutively active
and highly oncogenic. Even though HT1080 cells also harbor the
NRAS(Q61K) oncoprotein, RACI(N92I) is the essential growth
driver in this cell line, given that RNA interference (RNAI)-
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mediated knockdown of RACI(N92I) markedly suppressed cell
growth. Further screening for RACI, RAC2, and RAC3 mutations
among cancer cell lines as well as public databases identified ad-
ditional transforming mutations of RAC1 and RAC2. Our data
thus reveal oncogenic amino acid substitutions for the RAC sub-
family of small GTPases in human cancer.

Results

Discovery of the RAC1(N92I) Oncoprotein. To identify transforming
genes in the fibrosarcoma cell line HT1080 (12), we isolated
¢DNAs for cancer-related genes (n = 906) from HT1080 cells
and subjected them to deep sequencing with the Genome Ana-
lyzer 1Ix (GAIIXx) system. Quality filtering of the 92,025,739 reads
obtained yielded 45,325,377 unique reads that mapped to 843
(93.0%) of the 906 target genes. The mean read coverage for the
843 genes was 495x per nucleotide, and >70% of the captured
regions for 568 genes were read at >10x coverage.

Screening for nonsynonymous mutations in the data set with
the use of our computational pipeline (13) revealed a total of five
missense mutations with a threshold of >30x coverage and
a >30% mutation ratio (Table S1). One of these mutations, a
heterozygous missense mutation of NRAS that results in a Gln-

to-Lys substitution at amino acid position 61 (Q61K), was de-
scribed previously in this cell line (14) and is the most frequent
transforming mutation of NRAS (5). We also discovered a mis-
sense mutation in another small GTPase, RACI (Fig. S and
Table S1). An A-to-T transversion at position 516 of human
RACI cDNA (GenBank accession no. NM_006908.4), resulting
in an Asn-to-lle substitution at position 92 of the encoded pro-
tein, was thus identified in 11,525 (47.5%) of the 24,238 total
reads covering this position.

To examine the transforming potential of RACI(N92I), we
infected mouse 313 fibroblasts and MCF10A human mammary
epithelial cells (15) with a retrovirus encoding wild-type or N921I
mutant form of human RACI and then seeded the cells in soft
agar for evaluation of anchorage-independent growth. Neither
3T3 nor MCF10A cells expressing wild-type RAC1 grew in soft
agar (Fig. 14), indicating the lack of transforming potential of
RACI. In contrast, the cells expressing RACI(N92I) readily
grew in soft agar (Fig. 14), showing that this RACI mutant
confers the property of anchorage-independent growth on both
3T3 and MCF10A cells. We also confirmed the transforming
potential of an artificial mutant of RAC1, RAC1(G12V) (8),
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Fig. 1. Transforming potential of RAC1 and RAC2 mutants. (A) 3T3 or MCF10A cells were infected with recombinant retroviruses encoding enhanced green
fluorescent protein (EGFP) as well as wild-type or mutant forms of RAC1 or RAC2 and were then assayed for anchorage-independent growth in vitro under
the presence of 10% (volfvol) FBS. After 14 d (3T3) or 20 d (MCF10A) of culture, the cells were stained with crystal violet and examined by conventional
microscopy (Left: left image of each pair), and they were monitored for EGFP expression by fluorescence microscopy (Left: right image of each pair). (Scale
bars, 0.5 mm.) The numbers of cell colonies were also determined as means + SD from three independent experiments (Right). (B) 3T3 cells expressing wild-
type or mutant forms of RACT or RAC2 were injected s.c. into the shoulder of nude mice, and the size of the resulting tumors [(length x width)/2] was
determined at the indicated times thereafter. Tumor size for 3T3 expressing NRAS(Q61K) was similarly monitored. Data are means + SD for tumors at four
injection sites. (C) HEK293T cells were transfected with expression vectors for wild-type or mutant forms of RAC1 or RAC2 together with the SRE.L reporter
plasmid and pGL-TK. The activity of firefly luciferase in cell lysates was then measured and normalized by that of Renilla luciferase. Data are means =+ SD from
three independent experiments. (D) Lysates of 373 cells expressing wild-type or mutant forms of RAC1 or RAC2 were subjected to a pull-down assay with
PAK1-PBD. The precipitated proteins as well as the total cell lysates were then subjected to immunoblot analysis with antibodies to RAC1 or to RAC2. The
relative amounts of pulled-down RAC proteins compared with their corresponding expression levels in total cell lysate were normalized to that of wild-type
RAC1 (for the RAC1T mutants) or RAC2 (for the RAC2 mutants) and are shown at the bottom.

20of 6 | www.pnas.org/cgi/doi/10.1073/pnas. 1216141110 Kawazu et al.



which harbors an amino acid substitution corresponding to that
of the oncogenic G12V mutant form of RAS proteins.

Other Transforming Mutations of RAC1 and RAC2. We next searched
for other transforming mutations of RAC proteins. Human RACI,
RAC?2 (GenBank accession no. NM_002872.3), and RAC3 (Gen-
Bank accession no. NM_005052.2) cDNAs were isolated from 40
cancer cell lines (Table S2), and their nucleotide sequences were
determined by Sanger sequencing, resulting in the discovery of
RAC1(P29S), RAC2(P29Q), and RAC2(P29L) in the breast can-
cer cell line MDA-MB-157, the CML cell line KCL-22, and the
breast cancer cell line HCC1143, respectively (Fig. S1 and Table
S3). Further searching for RACI, RAC2, and RAC3 mutations in
the COSMIC database of cancer genome mutations (Release
V59; http://cancer.sanger.ac.uk/cancergenome/projects/cosmic)
revealed various amino acid substitutions detected in human
tumors, namely RAC1(P29S), RAC1(C157Y), RACI(P179L),
RAC2(121M), RAC2(P29L), RAC2(D47Y), and RAC2(P106H)
(Table S3). Importantly, all of these R4CI and RAC2 mutations
identified in clinical specimens were confirmed to be somatic,
given that the corresponding mutations were absent in the ge-
nome of paired normal cells.

To examine the transforming potential of these various RAC1
and RAC2 mutants, we expressed each protein in 3T3 and MCF10A
cells and evaluated anchorage-independent growth. Whereas the
wild-type form of RAC2 did not transform 3T3 or MCF10A cells,
growth in soft agar was apparent for 3T3 cells expressing RACL
(P29S), RAC1(C157Y), RAC2(P29L), or RAC2(P29Q), but not
for those expressing RAC1(P179L), RAC2(121M), RAC2(D47Y),
or RAC2(P106H) (Fig. 14). Of interest, colony number in the assay
varied substantially in a manner dependent on the type of amino
acid substitution as well as on cell type. RAC1(C157Y), for ex-
ample, yielded fewer colonies in soft agar compared with the
other transforming mutants. Furthermore, RACI1(P29S), which
was identified in a breast cancer cell line, generated a larger nu-
mber of colonies with MCF10A cells than with 3T3 cells. Con-
versely, RAC1(N92I), which was identified in a fibrosarcoma cell
line, yielded a larger number of colonies with 3T3 cells than with
MCF10A cells. The oncogenic activity of RAC1(P29S), RAC1
(N921), RAC1(C157Y), RAC2(P29L), and RAC2(P29Q) mutants
was further confirmed with a tumorigenicity assay in nude mice
(Fig. 1B), with the activity of RAC1(N92I) being the most pro-
nounced with regard to the transformation of 3T3 cells in this assay.

The colony number in soft agar for 3T3 cells expressing NRAS
(Q61K) was fewer than that for the cells expressing oncogenic
RAC1 or RAC2 mutants (Fig. 14), whereas expression of these
small GTPases was readily confirmed in 3T3 (Fig. S2). Interestingly,

Mock

RAC1

RAC2

Wild-type

s.c. tumors from the same 3T3 cells expressing NRAS(Q61K)
grew more rapidly than tumors expressing the RACI/RAC2
mutants (Fig. 1B), indicating that the measured intensity of the
transforming potential of GTPases may vary in a dependent
manner on assay systems.

To examine whether such oncogenic potential is linked di-
rectly to the activation of RAC1 or RAC2, we investigated the
activity of the mutant proteins with the use of a luciferase re-
porter plasmid that selectively responds to intracellular signaling
evoked by RHO family GTPases (16). In concordance with the
data from the soft agar and tumorigenicity assays, only the trans-
forming mutants of RAC1 and RAC2 yielded a substantial level of
luciferase activity in transfected HEK293T cells (Fig. 1C).

Activated RAC1 or RAC2 would be expected to be loaded with
GTP. We therefore examined the GTP-binding status of the
RAC1 and RAC2 oncoproteins with the use of a pull-down assay
based on the p2l-binding domain (PBD) of PAK1. All of the
transforming RAC1 and RAC2 mutants were found to exist
preferentially in the GTP-bound state (Fig. 1D), indicative of their
constitutive activation. Furthermore, these RAC1 and RAC2
mutants induced marked reorganization of the actin cytoskeleton
in 3T3 cells, resulting in the accumulation of polymerized actin in
ruffies at the plasma membrane (Fig. 2).

RAC1 and RAC2 as Therapeutic Targets. Given that NRAS(Q61K) is
also known to transform 37T3 cells (17) (Fig. 14), our data show
that HT1080 cells harbor two independent oncogenic GTPases.
We therefore examined whether RACL(N92I) or NRAS(Q61K) is
the principal growth driver in this sarcoma cell line. Among several
small interfering RNAs (siRNAs) designed to attenuate the ex-
pression of RACL or NRAS, we selected two independent siRNAs
that specifically target each mRNA (Fig. 34). Whereas trans-
fection of HT1080 cells with either NRAS siRNA resulted in
a moderate inhibition of cell proliferation under the presence of
10% (vol/vol) FBS, that with either RACI siRINA almost blocked
cell growth (Fig. 3B). Transfection with an NRAS siRNA in ad-
dition to either RAC1 siRINA did not result in an additional effect
on cell proliferation (Fig. 3B). Similar data were observed in
a culture with 1% (vol/vol) FBS (Fig. S34) or under FBS-free
conditions (Fig. S3B). To further examine the effects of silencing
RACI/NRAS, we quantitated cell cycle distribution of HT1080
transfected with siRNAs against either RAC1 or NRAS. As shown
in Fig. S44, DNA synthesis was equally suppressed by the
knockdown of RAC1 or NRAS. Interestingly, however, CASP3/
CASP7 activity (a surrogate marker for apoptosis) was markedly
induced only by RAC1 depletion (Fig. S4B). Therefore, RAC
proteins are likely to provide RAS-independent cell survival

Giav

Fig. 2. Actin reorganization induced by the RAC1/RAC2 mutants. 3T3 cells infected with retroviruses encoding enhanced green fluorescent protein (EGFP) as
well as wild-type or mutant forms of RAC1 or RAC2 were stained with Alexa Fluor 594-labeled phalloidin to visualize actin organization (Left image of each
pair). The same cells were also examined for EGFP fluorescence (Right image of each pair). (Scale bars, 20 pm.)
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Fig. 3. Oncogenic RAC proteins as therapeutic targets. (4) HT1080 cells were transfected with control, RAC1, or NRAS siRNAs; lysed; and subjected to im-
munoblot analysis with antibodies to RAC1, NRAS, or ACTB (loading control). (8) HT1080 cells were transfected with control, RAC1, or NRAS siRNAs, as in-
dicated, and cultured under the presence of 10% (vol/vol) FBS. Cell number was counted at the indicated times after the onset of transfection. Data are means +
SD from three independent experiments. (C) HT1080 cells were infected with a retrovirus encoding green fluorescent protein (EGFP) as well as a control or RAC1
shRNA. They were also infected with a retrovirus encoding shRNA-resistant wild-type RACt or RAC1(NS2l), as indicated. The number of EGFP-positive cells was
determined by flow cytometry after culture of the cells for the indicated times, and the size of the EGFP-positive fraction relative to that at 2 d was calculated.
Data are means + SD from three independent experiments. (D) MDA-MB-157 cells were infected with a retrovirus encoding EGFP as well as a control or RAC1
shRNA. They were also infected with a retrovirus encoding shRNA-resistant wild-type RAC1 or RAC1(P295), as indicated. The number of EGFP-positive cells was
determined by flow cytometry after culture of the cells for the indicated times, and the size of the EGFP-positive fraction relative to that at 3 d was calculated.

Data are means + SD from three independent experiments.

signals, which is supported by the fact that, even under FBS-free
conditions, RAC1 depletion has more antiproliferative effects in
HT1080 than NRAS depletion (Fig. S38). These data show that
active RAC1 may be the essential growth driver in HT1080 cells
and is therefore a potential therapeutic target. Furthermore, our
data suggest that oncogenic RAS proteins may require additional
transforming hits to give rise to full-blown cancer.

We next infected HT1080 cells with a retrovirus expressing a
short hairpin RNA (shRNA) targeted to RAC1 mRNA. Expres-
sion of the RAC1 shRNA markedly suppressed cell growth,
whereas restoration of shRNA-resistant RACI(N92I) expression
reversed this effect (Fig. 3C and Fig. S5), showing that the effect of
the RAC1 shRNA was not an off-target artifact. Forced expression

of shRNA-resistant wild-type RAC1 failed to reverse the inhibitory
effect of the RAC1 shRNA on cell growth, indicating that growth
suppression by the shRNA was due to depletion of the N92I
mutant, not to that of the wild-type protein. We performed similar
experiments with the breast cancer cell line MDA-MB-157, which
harbors RACL(P29S). Again, the RAC1 shRNA inhibited cell
growth, and this effect was reversed to a larger extent by restora-
tion of the expression of shRNA-resistant RAC1(P29S) than by
forced expression of the wild-type protein (Fig. 3D and Fig. S5).

RAC1(P29S), RAC1(N92i), and RAC1(C157Y) Are Rapid-Cycling Mutants.
Oncogenic mutations at G12, G13, or Q61 of RAS proteins found
in human tumors reduce the intrinsic GTPase activity of these
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Fig. 4. Biochemical properties of RACT mutants. (A) Bacterially expressed and purified proteins of the wild-type, P295, N92I, or C157Y mutant of RAC1 (5 pmol
each) were incubated with [**S]GTPyS in the presence of 0.8 mM Mg?*, and the amounts of [**S]GTPyS-bound proteins were determined at the indicated times.
(B) BHIGDP dissociation from [*HIGDP-bound RAC1 proteins was initiated by the addition of unlabeled GTPyS in the presence of 0.8 mM Mg?*, and the amounts
of [PH]GDP-bound proteins were determined at the indicated times. (C) RAC1 proteins were preloaded with [y*?P] GTP, and then GTP hydrolysis reactions were
initiated by the addition of unlabeled GTP in the presence of 0.8 mM Mg?*. P; released from the proteins was isolated and measured at the indicated times. (D)
[5S]GTPyS dissociation from [3*S]GTPyS-bound RAC1 proteins was initiated by the addition of unlabeled GTPyS in the presence of 0.8 mM Mg**, and the
amounts of [*>S]GTPyS-bound proteins were determined at the indicated times. (E) Schematic representation of the structure of the GTP-binding pocket of
human RAC1 (ID 1mht in the Protein Data Bank; www.pdb.org) with a-helices and p-sheets shown in magenta and orange, respectively. The GTP analog
guanosine 5'-(,y-imido)-triphosphate (GppNp) and Mg?* are depicted in red and green, respectively. D11, P29, N92, and C157 amino acid residues are in
orange, blue, yellow and purple, respectively. The positions of switch | and switch Il regions and the P-loop are also indicated.
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proteins and thereby maintain them in the GTP-bound state (18,
19). On the other hand, an artificial F28L substitution in HRAS
or the RHO family protein Cdc42Hs was shown to confer con-
stitutive activity by accelerating the transition from the GDP-
bound to the GTP-bound state without the involvement of an
exogenous guanine nucleotide exchange factor (GEF) (20, 21).

To determine how transforming mutations of RACI results in
constitutive activation of these proteins, we examined their af-
finity for GTP and GDP. Compared with wild-type RACI, all of
RAC1(P29S), RAC1(N92I), and RACI(C157Y) was found to
bind GTPyS (nonhydrolyzable GTP analog) rapidly in vitro, even
without the addition of a GEF protein (Fig. 44). Likewise, the
dissociation of GDP from the mutant forms of RAC1 was greatly
accelerated (Fig. 4B). On the other hand, the intrinsic GTPase
activity of these mutants was similar to (for P29S and N92I) or
slightly higher (for C157Y) than that of the wild-type protein
(Fig. 4C). These data thus indicated that, in contrast to trans-
forming RAS mutants associated with human cancer, RACI1
(P29S), RAC1(N92I), and RAC1(C157Y) are fast-cycling mutants,
for which the probability of being in the GTP-bound state is in-
creased as the result of an increased rate of GDP dissociation,
rather than as the result of a loss of GTPase activity.

Interestingly, dissociation of GTPyS was also accelerated only
for RAC1(C157Y), but not for the wild-type, P29S, or N92I form
of RAC1 (Fig. 4D). Thus, RAC1(C157Y) is a unique mutant in
that both association and dissociation for GTP are accelerated,
which may provide the molecular basis for its modest trans-
forming potential compared with that of RAC1(P29S) or RAC1
(N92I) (Fig. 1).

In the 3D structure of RAC1 (Fig. 4E), P29 is located in the
switch I region, whereas C157 is positioned adjacent to the gua-
nine ring of bound GTP. Substitution of these residues would thus
likely affect the affinity of the protein for GDP or GTP (Fig. S6),
a phenomenon that has been demonstrated recently for RACL
(P29S) (22). In contrast, N92 is located distant from the binding
pocket for GDP/GTP, and so the structural mechanism by which
the N92I substitution renders RAC1 constitutively active remains
elusive (Fig. 4F and Fig. S6). Residue N92 is located close to D11
in the P-loop of RACI, however (Fig. 4E and Fig. S7), and sub-
stitution with isoleucine at this position would abolish the in-
teraction between the amino group of N92 and the carboxyl group
of D11. It is thus possible that the N92I mutation affects the
binding of GDP/GTP through an effect on the P-loop.

Discussion

We have here demonstrated the transforming potential of mu-
tated RAC proteins. Our analysis of cell lines resulted in the
identification of transforming mutants of RAC1 and RAC2,
namely RAC1(N92I) and RAC2(P29Q), and we also revealed
the transforming potential of the RAC1(P29S), RACI(C157Y),
and RAC2(P29L) mutants deposited the COSMIC database of
cancer genome mutations (Release V59; http://cancer.sanger.ac.
uk/cancergenome/projects/cosmic) (Table S3). In contrast, the
soft agar assay did not reveal a transforming potential of the
RAC1(P179L), RAC2(121M), RAC2(DA7Y), or RAC2(P106H)
mutants found in the database, suggesting a possibility that they
are “passenger mutations.” It may also be possible, however, that
these mutants may still contribute to cancer development by
modifying tumor properties (such as metastasis ability), given that
they were somatically acquired and clonally selected in cancer.
An important finding of our study was that the oncogenic
effects of RACI(N92I) may be more pronounced than those of
NRAS(Q61K), at least with regard to survival signals in HT1080
cells (Fig. 3B). It should be noted, however, that HT1080 ex-
presses RACI almost exclusively among the RAC family proteins,
whereas HRAS and KRAS are weakly expressed in addition to
NRAS (Fig. S8). It is thus possible that the effects of NRAS
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knockdown in Fig. 3B may be partly complemented by the re-
sidual HRAS/KRAS proteins.

Paterson et al. previously isolated NRAS-attenuated subclones
of HT1080 after treatment with an alkylating reagent (N-methyl-
N’-nitro-N-nitrosoguanidine) and a subsequent culture with 5-flu-
orodeoxyuridine and 1-p-p-arabinofuranosylcytosine (23). Such
subclones had a flat cell shape and a reduced ability for anchor-
age-independent growth. Likewise, we noted that transfection
with NRAS siRNAs renders HT1080 a flatter shape (Fig. S9). As
demonstrated in Fig.-3B and by Paterson et al. (23), however, such
NRAS-depleted HT1080 was still viable and kept proliferation in
vitro, suggesting the presence of other oncogene(s) in addition to
NRAS(Q61K). Therefore, NRAS(Q61K) and RAC1(N92I) are
likely to cooperate to fully transform this fibrosarcoma.

Regarding the coexistence of mutations within RAC family
proteins and RAS-RAF-MAPK proteins, two studies indepen-
dently reported recurrent P29S mutation of RAC1 in melanoma
during the preparation of this article (22, 24). Of note, BRAF
(V600E) was also detected in four of six and in two of seven of the
RAC mutation-positive melanomas, respectively. These observa-
tions, together with our findings with HT1080 cells, thus indicate
that activating mutations of RACI and those of the RAS-RAF-
signaling pathway are not mutually exclusive.

Members of the RAC subfamily of GTPases show a high level
of sequence identity in humans. The amino acid sequence of
RAC1 is thus 92% identical to that of RAC2 or RAC3. Fur-
thermore, all of the amino acid residues of RAC1 or RAC2 found
to be mutated in cancer (Table S3) are completely conserved
among RACI, RAC2, and RAC3. Thus, transforming RAC3
mutants with similar nonsynonymous mutations may also exist in
human cancer, although such mutations were not detected in the
current screening, Of interest, none of the frequent mutation sites
in RAS family proteins (G12, G13, and Q61) were found to be
affected in RACI or RAC2, although an artificial G12V mutant
of RAC1 did manifest constitutive GTP loading and transforming
potential. Given that RAC proteins perform intracellular func-
tions (such as orchestration of the actin cytoskeleton) that are
distinct from those of RAS family members, RAC-driven acti-
vation of specific intracellular pathways may be advantageous for
cancer development in vivo.

Given that we detected activation mutations of RAC1 or RAC2
in cell lines from sarcoma (HT1080), triple-negative breast cancer
(MDA-MB-157 and HCC1143), and the blast crisis stage of CML
(KCL-22), we performed deep sequencing of RACI, RAC2, and
RAC3 cDNAs with GAIIx for specimens of triple-negative breast
cancer (n = 66), of RACI and RAC2 cDNAs for specimens of
CML in blast crisis (n = 43), and of BCR-ABLI-positive acute
lymphoblastic leukemia (n = 31), as well as of RACI ¢cDNAs for
specimens of sarcoma (n = 53). We failed, however, to detect any
nonsynonymous mutations among these RAC cDNAs,

Our results have shown that RAC proteins have the potential
to become oncogenic through amino acid substitution in a wide
array of cancers. Although such RAC mutations may occur at
a low frequency, the recent studies of Krauthammer et al. (22)
and Hodis et al. (24) suggest that they may be enriched in mel-
anoma (~5%). Importantly, given that HT1080 cells are highly
addicted to the increased activity of RAC1(N92I), the targeting
of oncogenic RAC proteins or their downstream effectors with
small compounds or RNAi may prove to be an effective ap-
proach to the treatment of cancer harboring such oncoproteins.

Materials and Methods

The human fibrosarcoma cell line HT1080 was obtained from American Type
Culture Collection, and subjected to deep sequencing with GAllx. Recombinant
retrovirus expressing the wild-type or mutant forms of RAC1 or RAC2 was used
to infect mouse 3T3 fibroblasts to examine its transforming potential. Detailed
information for cDNA resequencing, transformation assays, biochemical
analysis of RAC proteins, and RNAI are detailed in S/ Materials and Methods.
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Cancer Therapy: Preclinical

Paracrine Receptor Activation by Microenvironment Triggers
Bypass Survival Signals and ALK Inhibitor Resistance in
EML4-ALK Lung Cancer Cells

Tadaaki Yamada’, Shinji Takeuchi', Junya Nakade®, Keniji Kita', Takayuki Nakagawa'?, Shigeki Nanjo',

Takahiro Nakamura®, Kunio Matsumoto®, Manabu Soda®, Hiroyuki Mano*,
Toshimitsu Uenaka®, and Seiji Yano'

Abstract

Purpose: Cancer cell microenvironments, including host cells, can critically affect cancer cell behaviors,
including drug sensitivity. Although crizotinib, a dual tyrosine kinase inhibitor (TKI) of ALK and Met, shows
dramatic effect against EML4-ALK lung cancer cells, these cells can acquire resistance to crizotinib by several
mechanisms, including ALK amplification and gatekeeper mutation. We determined whether microenvi-
ronmental factors trigger ALK inhibitor resistance in EML4-ALK lung cancer cells.

Experimental Design: We tested the effects of ligands produced by endothelial cells and fibroblasts, and
the cells themselves, on the susceptibility of EML4-ALK lung cancer cell lines to crizotinib and TAEG84, a
selective ALK inhibitor active against cells with ALK amplification and gatekeeper mutations, both in vitro
and in vivo.

Results: EML4-ALK lung cancer cells were highly sensitive to ALK inhibitors. EGF receptor (EGFR)
ligands, such as EGF, TGF-o, and HB-EGF, activated EGFR and triggered resistance to crizotinib and TAE684
by transducing bypass survival signaling through Erk1/2 and Akt. Hepatocyte growth factor (HGF) activated
Met/Gab1 and triggered resistance to TAE684, but not crizotinib, which inhibits Met. Endothelial cells and
fibroblasts, which produce the EGFR ligands and HGF, respectively, decreased the sensitivity of EML4-ALK
lung cancer cells to crizotinib and TAE684, respectively. EGFR-TKIs resensitized these cells to crizotinib and
Met-TKI to TAEG84 even in the presence of EGFR ligands and HGF, respectively.

Condusions: Paracrine receptor activation by ligands from the microenvironment may trigger resistance to
ALK inhibitors in EML4-ALK lung cancer cells, suggesting that receptor ligands from microenvironment may
be additional targets during treatment with ALK inhibitors. Clin Cancer Res; 18(13); 3592-602. ©2012 AACR.

Introduction

ALK fusion with EML4 in non-small cell lung cancer
(NSCLC) was first detected in 2007 (1), with 3% to 7% of
unselected NSCLCs having this fusion gene (1-4). EML4-
ALK lung cancer is more frequently observed in patients
with adenocarcinoma than with other histologies, in young
adults than in older patients, and in never-smokers or light
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smokers (<15 pack-years) than in heavier smokers (2, 3).
ALK kinase inhibitors show dramatic effects against lung
cancers with EMK4-ALK in vitro and in vivo (3, 4). In a phase
I-1I trial with crizotinib, a dual tyrosine kinase inhibitor
(TKI) of ALK and Met, the overall response rate was 47 of 82
(57%) patients with EML4-ALK-positive tumors (5). How-
ever, almost all patients who show a marked response to
ALK-TKIs acquire resistance to these agents after varying
periods of time (6, 7). Secondary mutations, including the
gatekeeper L1196M mutation and others (F1174L, C1156Y,
G1202R, $1206Y, 1151-T-ins, and G1269A), ALK amplifi-
cation, KIT amplification, and autophosphorylation of EGF
receptor (EGFR), were shown to be responsible for acquired
resistance to crizotinib in ALK-translocated cancers (6-10).

Selective ALK inhibitors, including TAEG84 and
CH5424802, have been reported active against EML4-ALK
lung cancer cells with ALK amplification and secondary
mutations. These cells, however, may develop resistance to
this class of inhibitor, due to several mechanisms, incdluding
novel ALK mutations (L1152R, L1198P, and D1203N),
coactivation of EGFR and ErbB2, and EGFR phosphoryla-
tion (3, 11, 12).
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Ligands Trigger ALK Inhibitor Resistance

Most human cancers are composed of cancer cells that
coexist with a variety of extracellular matrix components
and cell types, including fibroblasts, endothelial cells, and
immune cells, which collectively form the tumor microen-
vironment (13). This microenvironment can influence the
growth, survival, invasiveness, metastatic ability, and drug
sensitivity of cancer cells within these tumors (14). Para-
crine signaling between cancer cells and host cells in the
microenvironment, mediated by cytokines, chemokines,
growth factors, and other signaling molecules, plays a
critical role in tumor growth (15). As receptors for these
factors, the EGFR family of receptors and Met are of par-
ticular interest in lung cancer (16). The EGFR family consists
of at least 4 receptor tyrosine kinases, including EGFR
(EibB1), Her2/neu (ErbB2), HER3 (ErbB3), and HER4
(ExbB4). To date, 7 ligands for EGFR have been identified:
EGF, TGF-0; heparin-binding EGF-like growth factor (HB-
EGF); amphiregulin; betacellurin; epiregulin; and epigen
(17). By contrast, Met is the only specific receptor for
hepatocyte growth factor (HGF) and HGF binds only to
Met (18). Many lung cancer cells express EGFR and Met,
with these cells and others in their microenvironment
expressing their ligands (19, 20), suggesting that these
receptors and ligands modulate the sensitivity of cancer
cells to molecular targeted drugs in their microenviron-
ment. We previously showed that fibroblast-derived HGF
induces EGFR-TKI resistance in EGFR-mutant lung cancer
cells by activating Met and downstream pathways (21, 22).
However, the role of the microenvironment in the sensi-
tivity of EML4-ALK lung cancer cells to ALK-TKIs has not
been determined. We therefore examined whether factors in
the microenvironment of EML4-ALK lung cancer cells trig-
ger their resistance to crizotinib and TAE684, a selective ALK

inhibitor, as well as clarifying their underlying mechanisms
of action.

Materials and Methods

Cell culture

The H2228 human lung adenocarcinoma cell line, with
the EMLA-ALK fusion protein variant3 (E6;A20), the umbil-
ical vein endothelial cell line human umbilical vein endo-
thelial cells (HUVEC) and the human bronchial epithelial
cell line BEAS-2B, transformed with SV40 virus, were pur-
chased from the American Type Culture Collection. The
H3122 human lung adenocarcinoma cell line, with the
EML4-ALK fusion protein variantl (E13;A20), was kindly
provided by Dr. Jeffrey A. Engelman of the Massachusetts
General Hospital Cancer Center, Boston, MA (3). The
MANA? mouse lung adenocarcinoma cell line was estab-
lished in Jichi Medical University from a tumor nodule
developed in a transgenic mouse expressing EML4-ALK
variant 1 (E13;A20) (23). The MRC-5 and IMR-90 lung
embryonic fibroblast cell lines were obtained from RIKEN
Cell Bank. The human dermal microvessel endothelial cell
line HMVEC was purchased from Kurabo. The monocytic
leukemia cell line U937 was purchased from Health Science
Research Resources Bank. H2228 cells were cultured in
RPMI-1640 medium, MANA2 cells were cultured in
DMEM/F12+GlutaMAX-1, and MRC-5 (P 25-30) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
medium, supplemented with 5% fetal bovine serum,
penicillin (100 U/mL), and streptomycin (50 pg/mlL), in
a humidified CO, incubator at 37°C. HMVECs and
HUVECs were maintained in HuMedia-MvG with growth
supplements (Kurabo) and used for in vitro assays at
passages 2 to 5 and 2 to 4, respectively. BEAS-2B cells
were maintained in LHC9/RPMI-1640 medium, as
described (24), and used for in vitro assays at passages
42 to 46. Macrophage differentiation of U937 cells was
induced by incubation in RPMI-1640 medium containing
10 ng/mL phorbol 12-myristate 13-acetate (Sigma Chem-
ical Co.; ref. 25) for 5 days, with floating cells removed by
rinsing with PBS, as described (26). Differentiated U937
cells (PMA-U937 cells) attached to the dishes were used
for in vitro assays at passages 6 to 8. All cells were passaged
for less than 3 months before renewal from frozen, early-
passage stocks obtained from the indicated sources. Cells
were regularly screened for Mycoplasma using a MycoAlert
Mycoplasma Detection Kit (Lonza).

Reagents

TAE684, crizotinib, and WZ4002 were purchased from
Seleck Chemicals. Erlotinib hydrochloride was obtained
from Chugai Pharmaceutical Co., Ltd. The anti-human
EGFR antibody cetuximab was obtained from Merck Ser-
ono. E7050 was synthesized by Eizai Co., Ltd. (27). Goat
anti-human HGF antibody, control goat IgG, recombinant
EGF, TGF-o, HB-EGF, IGF-1, and PDGF-AA were purchased
from R&D Systems. Recombinant HGF was prepared as
described (28).

www.aacrjournals.org

Clin Cancer Res; 18(13) July 1, 2012

Downloaded from clincancerres.aacrjournals.org on February 18, 2013
Copyright © 2012 American Association for Cancer Research

3593



3594

Published OnlineFirst May 2, 2012; DOI:10.1158/1078-0432.CCR-11-2972

Yamada et al.

Cell growth assay

Cell proliferation was measured using the MTTdye re-
duction method (17). Tumor cells at 80% confluence were
harvested, seeded at 2 x 10> cells per well in 96-well plates,
and incubated in appropriate medium for 24 hours. Several
concentrations of TAE684, crizotinib, erlotinib, WZ4002,
E7050, cetuximab, anti-HGF antibody, and/or EGF, TGF-a.,
HB-EGF, IGF-1, PDGF-AA, and HGF were added to each
well, and incubation was continued for a further 72 hours.
To each well was added 50 pL MIT (2 mg/mL; Sigma),
followed by incubation for 2 hours at 37°C. The media were
removed and the dark blue aystals in each well were
dissolved in 100 pL of dimethyl sulfoxide (DMSO). Absor-
bance was measured with an MTP-120 Microplate reader
(Corona Electric) at test and reference wavelengths of
550 and 630 nm, respectively. The percentage growth was
calculated relative to untreated controls. Each assay was
carried out at least in triplicate, with results based on
3 independent experiments.

Apoptosis assay

H2228 and H3122 cells (3 x 103 cells) were seeded in 96-
well, white-walled plates and incubated overnight. The cells
were treated with crizotinib (1 pmol/L) or vehicle (DMSO)
for 48 hours. Cellular apoptosis was determined by mea-
suring caspase-3/7 activity using a luminometric Caspase-
Glo 3/7 assay (Promega) according to the manufacturer’s
protocol, with luminescence intensity measured.using a
Fluoroskan Ascent FL plate reader (Thermo Scientific).
Cellular apoptosis was expressed relative to DMSO-treated
control cells.

RNA interference

Duplexed Stealth RNAi (Invitrogen) against EGFR, Met,
ErbB3, Gabl, ALK, and Stealth RNAi-negative control low
GC Duplex #3 (Invitrogen) were used for RNA interference
(RNAi) assays. Briefly, aliquots of 1 x 10° cells in 2 mL of
antibiotic-free medium were plated into each well of a 6-
well plate and incubatéd at 37°C for 24 hours. The cells were
transfected with siRNA (250 pmol) or scrambled RNA using
Lipofectamine 2000 (5 pL) in accordance with the manu-
facturer's instructions (Invitrogen). After 24 hours, the cells
were washed twice with PBS and incubated with or without
crizotinib (100 nmol/L), TAE684 (100 nmol/L), recombi-
nant human EGF (100 ng/mL), TGF-o. (100 ng/mL), HB-
EGF (10 ng/mL), or HGF (50 ng/mL) for an additional 48
hours in antibiotic-containing medium. These tumor cells
were then used for cell proliferation assays, with EGFR, Met,
ErbB3, Gabl, and ALK knockdowns (#1, #2) confirmed by
Western blotting.

The siRNA target sequences were as follows: EGFR, 5'-
CGGAATAGGTATTGGTGAATITAAA-3' and 5'-UUUAAA-
UUCACCAAUACCUAUUCCG-3’, Met, 5'-UCCAGAAGAU-
CAGUUUCCUAAUUCA-3' and 5-UGAAUUAGGAAACU-
GAUCUUCUGGA-3/, ErbB3, 5-GGCCAUGAAUGAAUU-
CUCUACUCUA-3’ and 5-UAGAGUAGAGAAUUCAUU-
CAUGGCC-3/, Gabl, 5'-UAGAGUAGCAGAGGAUGAAU-
CUGCC-3' and 5-GGCAGAUUCAUCCUCUGCUACUC-

UA-3/, ALK #1, 5'-UCAUUAUCCGGUAUACAGGCCCA-
GG-3' and 5-CCUGGGCCUGUAUACCGGAUAAUGA-3/,
and ALK #2, 5-AAAGCUGCACUCCAGACCAUAUCGG-3/
and 5-CCGAUAUGGUCUGGAGUGCAGCUUU-3'. Each
assay was carried out at least in triplicate, with 3 indepen-
dent experiments conducted.

Western blotting

SDS polyacrylamide gels (Bio-Rad) were loaded with 40
ug total protein per lane; following electrophoresis, the
proteins were transferred onto polyvinylidene difluoride
membranes (Bio-Rad), which were incubated with Blocking
One (Nacalai Tesque) for 1 hour at room temperature,
followed by overnight incubation at 4°C with anti-ALK
(C26G7), anti-phospho-ALK (Tyr1604), anti-phospho-
EGFR (Tyr1068), anti-STAT-3(79D7), anti-phospho-
STAT-3 (Y705), anti-Akt, anti-phospho-Akt (Serd73),
anti-ErtbB4 (111B2), anti-phospho-ErbB4 (Tyr1284),
anti-Met (25H2), anti-phospho-Met (Y1234/Y1235)
(3D7), anti-Gab1 (#3232), anti-phospho-Gab1 (Tyr627)
(C32H2), anti-EtbB3  (1B2), anti-phospho-ErbB3
(Tyr1289) (21D3), or anti-B-actin (13E5) antibodies
(1:1,000 dilution each; Cell Signaling Technology), or with
anti-human EGFR (1 pg/mL), anti-human/mouse/rat extra-
cellular signal-regulated kinase (Erk)1/Erk2 (0.2 pg/mL), or
anti-phospho-Erk1/Erk2 (T202/Y204) (0.1 pg/mL) antibo-
dies (R&D Systems). After washing 3 times, the membranes
were incubated for 1 hour at room temperature with sec-
ondary Ab (horseradish peroxidase-conjugated species-
specific Ab). Immunoreactive bands were visualized with
SuperSignal West Dura Extended Duration Substrate
Enhanced Chemiluminescent Substrate (Pierce). Each
experiment was carried out at least 3 times independently.

HGF, EGF, TGF-a, and HB-EGF production in cell
culture supernatant

Cells (2 x 10°) were cultured in 2 mL of RPMI-1640 or
DMEM with 5% FBS for 24 hours. The cells were washed
with PBS and incubated for 48 hours in RPMI-1640 or
DMEM with 5% FBS. The culture medium was harvested
and centrifuged, and the supernatant was stored at —70°C
until analysis. HGF (Immunis HGF EIA; B-Bridge Interna-
tional), EGF, TGF-0, and HB-EGF (Quantikine ELISA kits;
R&D Systems) were assayed by ELISA, in accordance with
the manufacturer’s procedures. All samples were run in
triplicate. Color intensity was measured at 450 nm with a
spectrophotometric plate reader. Growth factor concentra-
tions were determined by comparison with standard curves.
The detection limits for HGF, EGF, TGF-o, and HB-EGF were
0.1 ng/mL, 3.9 pg/mL, 15.6 pg/mL, and 31.2 pg/mL,
respectively.

Coculture of lung cancer cells with fibroblasts or
endothelial cells

Cells were cocultured in Transwell Collagen-Coated
chambers separated by an 8-pum (BD Biosciences, Erembo-
degem) or 3-um (Corning Costar) pore size filter. Tumor
cells (8 x 10% cells/800 pL) with or without TAE684
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(100 nmol/L) or crizotinib (100 nmol/L) in the lower
chamber were cocultured with MRC-5 (1 x 10 cells/300
uL) or HMVEC (1 x 10* cells/300 pL) cells, with or without
2 hours of pretreatment with anti-human HGF antibody (2
Hg/mL) or cetuximab (2 pg/mL) in the upper chamber for
72 hours. The upper chamber was then removed, 200 puL of
MTT solution (2 mg/mlL; Sigma) was added to each well and
the cells were incubated for 2 hours at 37°C. The media were
removed and the dark blue crystals in each well were
dissolved in 400 pL of DMSO. Absorbance was measured
with an MTP-120 Microplate reader (Corona Electric) at test
and reference wavelengths of 550 and 630 nm, respectively.
The percentage growth was measured relative to untreated
controls. All samples were assayed at least in triplicate, with
each experiment conducted 3 times independently.

Xenograft studies in SCID mice

Suspensions of H2228 cells (5 x 10°), with or without
MRC-5 cells (5 x 10°), were injected subcutaneously into
the backs of 5-week-old male severe combined immuno-
deficient (SCID) mice (Japan Clea). After 4 days (tumors
diameter >4 mm), mice were randomly allocated into
groups of 6 animals to receive TAE684 (1.25 mg/kg/d) or
vehicle by oral gavage. Tumor size was measured with
digital calipers, and tumor volume was calculated as 0.5
x length x (width)?. All animal experiments complied with
the Guidelines for the Institute for Experimental Animals,
Kanazawa University Advanced Science Research Center
(approval no. AP-081088).

HGF production in tumor tissues

Tumors obtained from SCID mice after 4 and 8 days were
lysed in mammalian tissue lysis buffer containing a phos-
phatase and proteinase inhibitor cocktail (Sigma). HGF was
quantitated by ELISA (Immunis HGF EIA; Institute of
Immunology), with a detection limit of 0.1 ng/mL. All
samples were assayed in triplicate.

Statistical analysis

Differences were analyzed by one-way ANOVA. All sta-
tistical analyses were carried out using GraphPad Prism Ver.
4.01 (GraphPad Software, Inc.). P < 0.05 was considered
significant.

Results

HGF and/or EGFR ligands reduced the sensitivity of
EML4-ALK lung cancer cells to ALK inhibitor in vitro
We first examined the sensitivity of human H2228,
human H3122, and mouse MANA?2 lung cancer cell lines,
all containing EMI14-ALK translocations, to the ALK inhi-
bitors crizotinib and TAEG84, and to various EGFR-TKIs.
Human H2228 cells with EML4-ALKvariant 3 (E6;A20) and
H3122 cells with EML4-ALK variant 1 (E13;A20) were
insensitive to the EGFR-TKIs erlotinib (a reversible EGFR-
TKI) and WZ4002 (selective for mutant EGFR), but sensitive
to the ALK-TKIs crizotinib and TAE684 (Fig. 1). MANA2
cells, established from lung tumors of an EML4-ALK variant

MANA2

H2228

% Cell viability

20+ 204

04+
0 0.001 001 0.1 1
Drug concentration (umol/L)

0..
0 0.001 0.0 01 1
Drug concentration (pmol/t)

H3122

= —@— Crizotinib
g —C1-TAE684
§ —@—Erlotinib
& —0-Wz4002

0 0.001 001 01 1
Drug concentration (umol/L)

Figure 1. EML4-ALK lung cancer cells are highly sensitive to the ALK
inhibitors, crizotinib, and TAE684. The sensitivity of EML4-ALK lung
cancer cells, human H2228, human H3122, and mouse MANAZ, fo the
ALK inhibitors, crizotinib, and TAE684 were determined by analyzing the
effects of the EGFR-TKIs, erlotinib (reversible EGFR-TKI), and WZ4002
(mutant EGFR selective TKI). Tumor cell growth after 72 hours was
measured by the MTT assay. Each sample was assayed in triplicate, with
each experiment repeated at least 3 times independently.

1 (E13;A20) transgenic mouse, were also sensitive to cri-
zotinib and TAEG84, although their viability was slightly
inhibited by high concentrations (1 pmol/L) of EGFR-TKIs.

Because several growth factors have been associated with
poor patient prognosis and/or drug resistance in lung
cancer, we explored the effect of EGFR ligands (EGF,
TGF-0, and HB-EGF), IGF-1, PDGF-AA, and HGF on the
sensitivity of EML4-ALK lung cancer cells to ALK inhibitors.
In the absence of ALK inhibitors, these growth factors
slightly increased the viability of H2228, H3122, and
MANA? cells. In H2228 cells, all 3 EGFR ligands reduced
sensitivity to crizotinib in a dose-dependent manner, but
IGF-1, PDGF-AA, and HGEF failed to do so (Fig. 2, Supple-
mentary Fig. S1). Interestingly, HGF, as well as the EGFR
ligands, reduced sensitivity to TAE684, but IGF-1 and
PDGF-AA failed to do so. Similar results were observed in
H3122 and MANA2 cells. To further confirm the effect of
these growth factors on specific ALK inhibition, we knocked
down ALK using 2 different specific siRNAs in H2228 cells.
Whereas H2228 cells were highly sensitive to ALK-specific
siRNAs, EGFR ligands and HGF restored cell viability inhib-
ited by ALK knockdown (Supplementary Fig. $2). When we
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assessed the ability of crizotinib to induce apoptosis in
H2228 and H3122 cells, we found that crizotinib induced
apoptosis in H3122, but not H2228, cells (Supplementary
Fig. $3).

HGF and EGFR ligands trigger ALK inhibitor resistance
via Met and EGFR, respectively

To assess the mechanism by which these growth factors
reduced cell sensitivity to ALK inhibitors, we analyzed the
phosphorylation status of ALK, receptors, and their down-
stream molecules in H2228, H3122, and MANA2 cells by
Western blotting. Crizotinib inhibited ALK phosphoryla-
tion, thereby suppressing the phosphorylation of Akt, Erk1/
2 and STAT-3, as described (ref. 11; Fig. 3A, Supplementary
Fig. S4). The EGFR ligands, EGF, TGF-o, and HB-EGF
stimulated EGFR phosphorylation. Crizotinib inhibited
ALK and STAT-3 phosphorylation even in the presence of
EGFR ligands, but failed to inhibit phosphorylation of
EGFR and downstream Akt, and Erk1/2. Phosphorylation
of ErbB4, a potential receptor for HB-EGF, was not affected
by crizotinib or EGFR ligands. To further confirm the
involvement of EGFR in crizotinib resistance induced by
EGFRligands, we knocked down EGFR by specific siRNAsin
H2228 and H3122 cells (Fig. 3B). Although crizotinib
markedly inhibited cell viability and all 3 EGFR ligands
induced resistance in cells treated with scrambled siRNA,
resistance to crizotinib was not induced by EGF, TGF-q,
or HB-EGF in EGFR siRNA-treated cells, indicating that
EGFR ligand-triggered crizotinib resistance is mediated by
EGFR. :

In parallel experiments, TAEG84 inhibited ALK phos-
phorylation, thereby suppressing the phosphorylation of
Akt, Erk1/2, and STAT-3 (Fig. 3C). HGF stimulated the
phosphorylation of Met and its adaptor protein, Gabl, as
described (29). TAE684 inhibited ALK and STAT-3 phos-
phorylation even in the presence of HGF, but failed to
inhibit phosphorylation of Met and downstream Akt and
Erk1/2. Phosphorylation of ErbB3, an adaptor of amplified,
but not HGF-stimulated Met (30), was not affected by
TAEG84 or HGF. To further confirm the involvement of
Met and Gabl in HGF-induced TAE684 resistance, we
knocked down Met, ErbB3, or Gab1 by specific siRNAs in
H2228 and H3122 cells (Fig. 3D). TAE684 markedly inhib-
ited the viability and HGF induced resistance in cells treated
with scrambled siRNA. Importantly, treatment of cells with
Met or Gabl, but not ErbB3, siRNA, induced TAE684
resistance, indicating the involvement of Met/Gabl in
HGF-induced resistance to TAE684.

Cross-talk of endothelial cells and fibroblasts reduces
the sensitivity of EML4-ALK lung cancer cells to ALK
inhibitors

To determine which types of host cells could produce
EGFR ligands and HGF, we investigated production of
these growth factors by various types of host stromal cells,
comparing lung epithelial cells and cancer cells. The
endothelial cell lines HMVEC produced discernible levels
of EGFR ligands, including EGF, TGF-o, and HB-EGF,
whereas fibroblasts produced a high level of HGF (Fig.
4A). EML4-ALK lung cancer cells (H2228, H3122, and
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Figure 3. HGF and EGFR ligands trigger ALK inhibitor resistance via Met/Gab1 and EGFR, respectively. A, crizotinib inhibited the phospherylation of ALK and
STAT-3 but not that of EGFR, Akt, and Erk1/2 in the presence of EGF, TGF-a, or HB-EGF. Tumor cells were treated with or without crizotinib (100 nmol/L) for
1 hour and/or EGF (100 ng/mL), TGF-o (100 ng/mlb), or HB-EGF (10 ng/mL) for 15 minutes. The cells were lysed and the indicated proteins were
detected by immunoblotting. The results shown are representative of 3 independent experiments. B, control or EGFR-specific siRNAs were introduced into
H2228 and H3122 cells. After 24 hours, the cells were incubated with or without crizotinib (100 nmol/L), and/or EGF (100 ng/mL), TGF-o (100 ng/mL), or HB-
EGF (10 ng/mL) for 72 hours and lung cancer cell growth was determined by MTT assays. EGFR knockdown was confirmed by immunoblotting. The
percentage of growth is shown relative to untreated controls. Each sample was assayed in triplicate, with each experiment repeated at least 3 times
independently. C, TAE684 inhibited the phosphoarylation of ALK and STAT-3, but not that of Met, Gab1, Akt, and Erk1/2 in the presence of HGF. Tumor
cells were treated with or without TAES84 (100 nmol/L) for 1 hour and/or HGF (50 ng/mL) for 15 minutes. The cells were lysed and the indicated proteins were
detected by immunobilotting. The results shown are representative of 3 independent experiments. D, control or Met, ErbB3, or Gab1-specific siRNAs were
introduced into H2228 and H3122 cells. After 24 hours, the cells were incubated with or without TAES84 (100 nmol/L) and/or HGF (50 ng/mL) for

72 hours and lung cancer cell growth was determined by MTT assays. Met, Gab1, and ErbB3 knockdowns were confirmed by immunoblotting. The
percentage of growth is shown relative to untreated controis. Each sample was assayed in triplicate, with each experiment repeated at least 3 times
independently.

MANA2) and lung epithelial cells (BEAS-2B) produced
low or no detectable levels of EGFR ligands or HGF.
Interestingly, coculture of H2228 or H3122 cells with
fibroblasts (MRC-5) significantly reduced their sensitivity
to TAE684, an effect abrogated by anti-HGF antibody
(Fig. 4B). Coculture with endothelial cells (HMVEC) also
reduced sensitivity to crizotinib, an effect inhibited by
anti-EGFR antibody (Fig. 4C).

These results suggested that host stromal cells, such as
endothelial cells and fibroblasts, may regulate sensitivity to

ALK inhibitors by secreting EGFR ligands and HGF,
respectively.

HGF derived from fibroblasts induces TAE684
resistance of EML4-ALK lung cancer cells in vivo

To investigate whether sensitivity to TAE684 could be
affected by fibroblasts in vivo, we subcutaneously inocu-
lated H2228 cells, with or without MRC-5 cells, into SCID
mice. The tumors of mice injected with H2228 and MRC-
5 cells grew slightly faster than those of mice injected with
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Figure 4. Cross-talk of endothelial cells and fibroblasts reduces sensitivity of EML4-ALK lung cancer cells to ALK inhibitors. A, receptor ligand production was
assayed in lung cancer (H2228, H3122, and MANAZ2), human bronchial epithelial cell (BEAS-2B), fibroblasts (MRC-5 and IMR-90), endothelial cells

(HUVEC and HMVEC), and the macrophage differentiated cell line (PMA-U337).

The cells were incubated in medium for 48 hours, culture supernatants were

harvested, and EGF, TGF-a, HB-EGF, and HGF concentrations were determined by ELISA. All samples were assayed in triplicate. B, H2228 and

H3122 cells were cocultured with or without fibroblasts, MRC-5 cells, and/or anti-HGF-neutralizing antibody (2 pg/mL), in the presence or absence of
TAE684 (100 nmol/L) for 72 hours, with cell growth determined by MTT assays. *, P < 0.05 (one-way ANOVA). Each experiment included triplicate
determinations, and each experiment was repeated at least 3 times independently. C, endothelial cell-derived EGFR ligands induced crizotinib resistance in
lung cancer cells with EML4-ALK fusion protein, an induction abrogated by blockade of EGFR. H2228 and H3122 cells were cocultured with or without

endothelial cells, HMVECs, and/or anti-EGFR-neutralizing antibody (2 ug/mL)

in the presence or absence of crizotinib (100 nmol/L) for 72 hours, with cell

growth determined as in B. *, P < 0.05 (one-way ANOVA), Each experiment included triplicate determinations, with each experiment repeated at least 3 times

independently.

H2228 cells alone, but the difference was not statistically
significant by day 8 (Fig. 5A). TAEG84 treatment, begin-
ning on day 4, caused marked regression of tumors in
mice injected with H2228 cells alone, but not of tumors
in mice injected with H2228 and MRC-5 cells, indicating
that fibroblasts induced resistance to TAE684 in vivo (Fig.
5A). We confirmed that HGF was produced by MRC-5
cells in vivo. Although the tumors of mice injected with
H2228 cells alone did not produce detectable levels of
HGEF, the tumors of mice injected with H2228 and MRC-5
cells produced high levels of HGF, started on day 4, but
decreasing slightly on day 8 (Fig. 5B).

We further analyzed whether coinjection of MRC-5
cells restored the Akt pathway inhibited by TAE684 in
the tumors. Western blotting showed that TAE684 treat-
ment inhibited Akt phosphorylation, which was restored
by coinjection of MRC-5 cells (Fig. 5C). These results
suggested that fibroblasts produced HGF in the tumors

and restored Akt phosphorylation as a survival signal, as
well as inducing resistance to TAE684 in EML4-ALK lung
cancer cells in vivo.

Ligand-triggered resistance to ALK inhibitors is
abrogated by inhibitors of both HGF-Met and EGFR

To establish novel strategies to treat EGFR ligand- or
HGF-triggered resistance to ALK inhibitors, we examined
the effect of combinations of ALK inhibitors with EGFR
inhibitors (anti-EGFR Abs and reversible EGFR-TKIs) and
HGF-Met inhibitors (anti-HGF Abs and Met-TKIs). Com-
bined treatment with erlotinib, a reversible EGFR-TKI and
cetuximab, an anti-EGFR Ab, successfully resensitized
H2228 and H3122 cells to crizotinib even in the presence
of the EGFR ligands, EGF (Fig. 6A), TGF-o (Fig. 6B), and
HB-EGF (Fig. 6C). Moreover, the combination of HGF
with E7050 (Met-TKI) or anti-HGF Ab resensitized cells to
TAE684 (Fig. 6D).
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Figure 5. HGF derived from fibroblasts induces TAE684 resistance of EML4-ALK lung cancer cells in vivo. A, fibroblast-derived HGF induced TAE684
resistance in H2228 tumors in SCID mice. H2228 cells (5 x 10°), with or without MRC-5 cells (5 x 10%), were inoculated subcutaneously into SCID mice
on day 0. Starting on day 4, mice received oral TAE684 (1.25 mg/kg/d) or vehicle alone, with tumor size measured on days 4 and 8. Tumor volumes were
calculated as described in Materials and Methods. Data shown are the representative of 2 independent experiments. Error bars indicate SEs of 6 mice.
P < 0.05 was considered significant by one-way ANOVA. NS, not significant. B, HGF production by tumor tissues. Tumors were harvested on days

4 and 8 and lysed, and HGFs in the lysates were assayed by ELISA. All samples were assayed in triplicate. C, fibroblast-derived HGF induced TAE684
resistance via the Akt signal pathway in vivo. Tumors were harvested 2 hours after treatment on day 7 and lysed, and the lysates were analyzed by
immunoblotting with the indicated antibodies, as described in Materials and Methods. The results shown are representative of 2 independent experiments.

Discussion

We have shown here that endothelial cells and fibro-

blasts, both components of the tumor microenvironment,

. secreted EGFR ligands and HGF, respectively, causing resis-
tance to the ALK inhibitors crizotinib and/or TAEG84 by
activating bypass survival signals.

Ofthe EGFRligands, EGF and TGF-a bind predominantly
to EGFR, whereas HB-EGF binds to EGFR and ErbB4 (17).
H2228 cells expressed both EGFR and ErbB4. Our results
suggested that the bypass survival signal induced by EGFR
ligands is mediated mainly by EGFR, as EGFR ligands
markedly activated the phosphorylation of EGFR, not
ErbB4. Moreover, knockdown of EGFR abrogated resistance
caused by all EGFR ligands tested. EGFR ligand-triggered
resistance was canceled by erlotinib or cetuximab, an anti-
EGFR Ab, drugs approved for the treatment of patients with
NSCLC and colorectal cancer. In addition, AP26113, an
inhibitor of both ALK and EGFR, has been reported active
against EML4-ALK lung cancer cells with amplified ALK and
secondary mutations (7). Therefore, clinical trials are war-
ranted to evaluate the efficacy and feasibility of combina-
tions of an ALK inhibitor and these EGFR inhibitors to
overcome ALK inhibitor resistance.

HGEF, the sole ligand of Met (29), is important in EGFR-
TKI resistance in EGFR-mutant lung cancer. HGF derived
from cancer cells or stromal fibroblasts activated Met phos-
phorylation and stimulated the downstream Akt and Erk1/2
pathways (21, 22, 30) using Gab1, an adaptor protein for
Met (31), triggering resistance to both reversible and irre-
versible EGFR-TKIs. In our Japanese cohort study of patients

with EGFR-mutant lung cancer, high HGF expression was
detected in 61% of tumors with acquired resistance and in
29% of tumors with intrinsic resistance to EGFR-TKIs,
suggesting the rationale of targeting HGF to overcome
EGFR-TKI resistance (32). We also found that HGF triggered
TAEG84 resistance by activating Met and stimulating down-
stream Akt and Erk1/2 pathways using the adaptor protein
Gab1. Because many anti-HGF Abs and Met-TKIs are being
evaluated in dlinical trials, HGF-triggered resistance to selec-
tive ALK inhibitors may be controlled by their combina-
tions in the near future.

EGFR and Met have been shown to interact with each
other and to mediate redundant signaling in lung cancer
cells (33). In EGFR-mutant lung cancer cells, Met amplifi-
cation causes EGFR-TKI resistance by triggering bypass
survival signals using ErbB3, an adaptor protein (34). Met
activation by HGF also triggers resistance to EGFR-TKIs that
use Gabl as an adaptor. In EML4-ALK lung cancer cells,
both novel ALK second mutations and autocrine EGFR
activation causes resistance to ALK inhibitors (11). We
found that paracrine HGF and EGFR ligands could trigger
ALK inhibitor resistance. Taken together, these findings
suggest that signaling by EGFR and Met is crucial for the
survival of lung cancer cells with EGFR mutations and
EML4-ALK translocations under inhibition of these driver
oncogenes.

We found that resistance to TAE684 was induced by
both EGFR ligands and HGF, whereas crizotinib resis-
tance was induced by EGFR ligands alone, a finding that
may be due to the dual activities of crizotinib on ALK and
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Figure 6. Ligand-triggered resistance to ALK inhibitors is abrogated by inhibitors of both HGF-Met and EGFR. A-C, the EGFR inhibitors erlotinib and cetuximab
abrogated EGFR ligand-induced crizotinib resistance in EML4-ALK lung cancer cells. H2228 and H3122 cells were treated for 72 hours with or

without crizotinib (100 nmol/L) and/or EGF (100 ng/mL), TGF-a (100 ng/mL), or HB-EGF (10 ng/mL) in the presence or absence of erlotinib (1 pmol/L) or
cetuximab {2 pg/ml). Cell growth was determined by MTT assays. *, P < 0.01 (one-way ANOVA). Each experiment included triplicate determinations,

and each experiment was repeated at least 3 times independently. D, Met-TKI E7050 or Anti-HGF antibody abrogated HGF-induced TAE684 resistance in
EML4-ALK lung cancer cells. H2228 and H3122 cells were treated for 72 hours with or without TAE684 (100 nmol/L) and/or HGF (50 ng/mL) in the
presence or absence of E7050 (1 pmol/L) or anti-HGF-neutralizing antibody (2 pg/mL). Cell growth was determined by MTT assays. *, P < 0.01

(one-way ANOVA). Each experiment included triplicate determinations, and each experiment was repeated at least 3 times independently.

Met (5). Selective ALK inhibitors are expected to be
effective against EML4-ALK lung cancer cells, even after
acquiring ALK amplification and ALK second mutations
and becoming refractory to crizotinib (7, 35). Our find-
ings, however, suggest that HGF-triggered resistance may
be directed against selective ALK inhibitors, not crizoti-
nib. Future clinical trials with selective ALK inhibitors
may reveal the class of ALK inhibitors that is more
beneficial for EMK4-ALK lung cancer patients.
EML4-ALK- and EGFR-mutant lung cancers show dra-
matic responses to ALK inhibitors and EGFR-TKIs, respec-
tively (5, 36, 37). Complete responses, however, are rarely
achieved, despite these cells express the target (EML4-ALK
or mutant EGFR) of the drug. Low expression of BIM, a
proapoptotic molecule, may explain, at least in part, the
variations in sensitivity of EGFR-mutant lung cancer to
EGFR-TKIs (38). This heterogeneous sensitivity may also
be explained by HGF, as HGF is expressed more or less
equally in EGFR-mutant lung tumors sensitive to EGFR-

TKIs (32). Therefore, EGFR ligands in EML4-ALK lung
tumors may be involved in their heterogeneous response
to crizotinib. It is also curious whether ligand-triggered
resistance is an independent mechanism or one that
provided partial resistance when combined with another
mechanism. Because crizotinib is expected to be approved
in Japan to treat EML4-ALK lung cancer in 2012, we are
planning a study to assess this possibility in clinical
specimens.

In conclusion, we found that receptor ligands, such as
EGEFR ligands and HGF, could cause resistance to the ALK
inhibitors crizotinib and/or TAE684 by activating bypass
survival signals. These ligands and growth factors may be
produced by host stromal cells, which constitute the
cancer microenvironment. Paracrine HGF from stromal
fibroblasts may also trigger resistance to EGFR-TKIs in
EGFR-mutant lung cancer cells by activating bypass sig-
nals (22). Collectively, these observations suggest that
paracrine receptor activation by the microenvironment
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may be an important mechanism inducing resistance to
molecular targeted drugs in oncogene-activated lung can-
cer cells. These findings suggest that targeting of receptor
ligands may result in more successful therapy in lung
cancer.
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The recent advent of whole exon (exome)-capture technology,
coupled with second-generation sequencers, has made it possible
to readily detect genomic alterations that affect encoded proteins
in cancer cells. Such target resequencing of the cancer genome,
however, fails to detect most clinically-relevant gene fusions,
given that such oncogenic fusion genes are often generated
through intron-to-intron ligation. To develop a resequencing plat-
form that simultaneously captures point mutations, insertions—
deletions (indels), and gene fusions in the cancer genome, we
chose cDNA as the input for target capture and extensive rese-
quencing, and we describe the versatility of such a cDNA-capture
system. As a test case, we constructed a custom target-capture sys-
tem for 913 cancer-related genes, and we purified cDNA fragments
for the target gene set from five cell lines of CML. Our target gene
set included Abelson murine leukemia viral oncogene homolog 1
(ABL1), but it did not include breakpoint cluster region (BCR); how-
ever, the sequence output faithfully detected reads spanning the
fusion points of these two genes in all cell lines, confirming the
ability of ¢DNA capture to detect gene fusions. Furthermore, com-
putational analysis of the sequence dataset successfully identified
non-synonymous mutations and indels, including those of tumor
protein p53 (TP53). Our data might thus support the feasibility of a
cDNA-capture system coupled with massively parallel sequencing
as a simple platform for the detection of a variety of anomalies
in protein-coding genes among hundreds of cancer specimens.
(Cancer Sci 2012; 103: 131-135)

C ancer is thought to result from various alterations of the
genome, including point mutationsi insertions—deletions
(indels), and genomic reanangements.( ) Whereas compre-
hensive sequencing of the cancer genome, or ‘‘cancer genome
resequencing’’, is a promising approach to the identification of
such anomalies, and to provide a basis for the development of
effective treatment strategies for cancer, determination of the
nucleotide sequence of the entire human genome with conven-
tional Sanger sequencers remains a highly demanding task.
However, the recent advent of massively parallel sequencing
systems, or second-generation sequencers, has rendered such
projects manageable in private laboratories® and triggered the
formation of large-scale consortia, such as The Cancer Genome
Atlas and International Cancer Genome Consortium,(3) to under-
take cancer genome resequencing for hundreds of specimens.
Cancer genome resequencing with massively parallel sequencers
has already provided a wealth of information on genome-wide
mutation status for melanoma,™ acute myeloid leukemia,®
hepatocellular ca.rcinoma,(6 and other cancers.

Even with the current massively parallel sequencers, however,
the determination and compilation of the full genome sequence
for a given sample might still take almost 1 month. Comparison
of the cancer genome among many specimens thus remains
time-consuming and labor intensive. Anomalies in protein-cod-
ing genes likely play a major role in carcinogenesis. Given that

doi: 10.1111/].1349-7006.2011.02105.x
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exonic regions occupy only ~1.3% of the human genome,
sequencing such targeted regions would be expected to mark-
edly facilitate the discovery of proteins that are activated or
inactivated specifically in cancer cells. Indeed, target-capture
strategies, coupled with massively parallel sequencers, have
revealed important %enetic changes in cancer,”’ as well as in
hereditary disorders.®®

One important drawback of such target-capture approaches,
however, is their inability to detect gene fusions. Most cancer-
associated gene fusion events occur within introns (resulting in
exon-to-exon ligation in the corresponding mRNA), and exon
capture does not reveal breakage and ligation of intronic
regions. Recurrent gene fusions were once thought to be rare in
epithelial tumors compared with hematologic malignancies and
sarcomas;  ~ however, our recent discovery of the echinoderm
microtubule associated protein like-4 (EML4)-anaplastic lym-
phoma kinase (ALK) fusion gene in lung cancer and the dis-
covery by others of rearrangements in loci for the v-ets avian
erythroblastosis virus E26 oncogene homolog (ETS) family of
transcription factors in prostate cancer have led to a revision of
this notion.*'? It would thus be desirable to develop a rese-
quencing platform that is able to capture, within a reasonable
timeframe, all gene fusions, point mutations, and indels in the
cancer genome. In pursuit of this goal, we have now examined
the efficacy of high-throughput sequencing of captured cDNA
for the identification of such cancer genome anomalies.

Materials and Methods

Cell lines. Cell lines established from the blast crisis stage of
CML, including MEG-01s, KCL-22-SR, K562, NCO2, and
KU812,%319 were obtained from the Japanese Collection of
Research Bioresources (Osaka, Japan) and were maintained in
RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS (Invitrogen). Total RNA was isolated
from each cell line with the use of an RNeasy mini kit (Qiagen,
Valencia, CA, USA) and was subjected to cDNA synthesis with
an oligo(dT) primer.

Gene expression profiling. The cDNA prepared from total
poly(A)-RNA of KCL-22-SR cells was subjected to hybridiza-
tion with the HGU95Av2 microarraal (Affymetrix, Santa Clara,
CA, USA), as described previously. 5) The expression intensity
of each test gene on the array was normalized by the 50th per-
centile value.

cDNA-capture methods. RNA probes of 120 bases were
designed to cover (with a 60-base overlap) cDNA of 913 human
protein-coding genes (Table S1), and were synthesized by
Agilent Technologies (Santa Clara, CA, USA). During the
design of the probes, the Repeat Masker dataset (http://www.
repeatmasker.org) was used to remove probes corresponding to’

4To whom correspondence should be addressed. E-mail: hmano@jichi.ac.jp
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repetitive sequences in the human genome. Hybridization of
DNA fragments to the RNA probes was performed according
to the protocols recommended for the SureSelect Target
Enrichment system (Agilent). We also used the SureSelect
Human X Chromosome Demo kit (Agilent) to examine purifica-
tion efficiency. Purified DNA fragments were then subjected to
sequencing with a Genome Analyzer IIx (GAIIx; Illumina, San
Diego, CA, USA) for 76 bases from both ends by the paired-end
sequencing system.

Computational pipeline. Raw read data were quality filtered
on the basis of the presence of the Illumina adaptor sequences
and a Q-value of >20. The resulting read sequences were then
subjected to an in-house computational pipeline to identify vari-
ous mutations (Fig. S1). In brief, read sequences were matched
with the Bowtie algorithm® to the cDNA sequences of the 913
genes used to construct our custom-made SureSelect system.
The matched reads were then examined for the presence of non-
synonymous mutations and single nucleotide polymorphisms
(SNP) deposited in dbSNP (build 132, http://www.ncbi.nlm.nih.
gov/projects/SNP/index.html). The remaining reads were further
matched to the cDNA sequences with Burrows-Wheeler Aligner
(BWA) and Basic Local Alignment Search Tool (BLAST
algorithms to search for indels and multiple mutations.®”
Candidates for non-synonymous mutations were identified only
when >20% of reads correspond to the mutations at positions
with 250 coverage.

For the selection of reads corresponding to possible fusion
cDNA, nucleotide sequences of 20 bp were obtained from both
ends of each read and were separately matched to RefSec%
mRNA  (http://www.ncbi.nlm.nih.gov), KnownGeneMrna, '
and the human genome sequence (GRCh37, http://www.ncbi.nlm.
nih.gov/projects/genome/assembly/grc/human/data/?build=37).
Reads were considered to be derived from fusion genes if the
ends of a given read matched to different genes within the
913-gene group, or one end matched to a single gene within
the 913-gene group and the other end matched to a sequence in
RefSeq, KnownGeneMrna, or the human genome sequence that
did not correspond to the 913 genes. Candidates for fusion genes
were identified only when four or more reads were mapped to
possible fusion points.

RT-PCR. To confirm the presence of an alternatively-spliced
mixed-lineage leukemia (MLL) mRNA, we subjected oligo(dT)-
primed cDNA of KU812 cells to PCR with the combination of
the F-1 primer (5-ACCTCGTGGGAGACCTAGAAGTGG-3")
and the R primer (5-AGTCATTGGAAGCTTGTCTGCCTG-3"),
or with the combination of the F-2 primer (5-CCTGTGGGTA-
GGGTTTCCAAAGAG-3’) and the R primer.

Results

Efficiency of cDNA-capture sequencing. Paired-end sequenc-
ing of target-captured cDNA was briefly described in a previous
study;®® however, how the efficiency of target purification with
¢DNA compares with that with genomic DNA remains unclear.
We therefore attempted to optimize the conditions for cDNA
purification with the SureSelect system. Oligo(dT)-primed
¢DNA of KCL-22-SR cells were fragmented to a mean size of
500 or 200 bp and then subjected to purification with the use of
the SureSelect Human X Chromosome Demo kit, which is
designed to capture genomic sequences derived from the human
X chromosome. Genomic DNA of KCL-22-SR cells was simi-
larly processed and hybridized with the X Chromosome Demo
kit. The purified fragments at either 4 or 8 pM were then
sequenced by the GAIIx system.

The X chromosome-mapped cDNA reads occupied 62.1%,
81.6%, 62.4%, and 82.2% of quality filter-passed reads for the
experiments with 4 pM of 500-bp fragments, 4 pM of 200-bp
fragments, 8 pM of 500-bp fragments, and 8 pM of 200-bp frag-
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ments, respectively (Fig. 1). Thus, these results suggested that
the shorter cDNA fragments were captured more efficiently than
the longer ones. Furthermore, the purification efficiency for
genomic DNA fragments was not higher than that for cDNA,
irrespective of DNA concentration and fragmentation size
(Fig. 1), supporting the feasibility of cDNA-capture approaches.

The ability to detect breakpoint cluster region (BCR)-Abelson
murine leukemia viral oncogene homolog 1 (ABLI) fusion reads
was reduced for the cDNA sheared to ~200 bp compared with
that for those of ~500 bp (see below). The former cDNA
detected 83.7% or 76% of the fusion reads detected by the latter
c¢DNA at input concentrations of 4 and 8 pM, respectively. This
result is in line with our computational bootstrap trial
(n = 10 000) showing that the number of randomly-fragmented,
200-bp reads encompassing the BCR-ABLI fusion point is ~2.5
times higher than that of 500-bp reads (data not shown). How-
ever, given that the total number of high-quality reads was much
higher in the data for the 200-bp cDNA than in those for the
500-bp cDNA (Fig. 1), we chose to use 8 pM of cDNA with a
mean size of 200 bp for further experiments.

Custom cDNA-capture system. We also tested whether exten-
sive sequencing of cDNA generated from total poly(A)-RNA
(unselected cDNA) might serve to identify gene fusions, point
mutations, and indels. For this purpose, unselected cDNA were
prepared from KCL22-SR cells, and subjected to GAIIx sequenc-
ing, yielding 34.1 million reads, which mapped to 36 128 RefSeq
entries (data not shown). The distribution of read number per
transcript in the data is shown in Figure 2a. Among the 36 128
entries, only 200 (0.55%) accounted for ~20% of total reads, and
4.55% accounted for ~50% of reads. Thus, as expected, rese-
quencing data for unselected cDNA consist mostly of reads cor-
responding to a limited number of highly-abundant transcripts.

Read number (105
0 8 16 X chromosome/

- Q=20

cDNA-500 B2.1%
cDNA-200 81.6%
cENA-S00" B2.4%
cOMNA-200" 82.9%
Genome-500 56.1%
Genoma-S00* 55.9%
Genome-200 75.2%

Rawreads B Q=20
@ X chromosome mapped

Fig. 1. Comparison of capture efficiency between ¢cDNA and genomic
DNA. Genomic DNA or ¢DNA of KCL-22-SR cells was fragmented to a
mean size of 200 or 500 bp, and then subjected to purification with
the SureSelect Human X Chromosome Demo kit, followed by GAllx
sequencing at a concentration of 4 or 8 pM (the latter indicated by an
asterisk). Numbers of raw reads, reads with a Q-value of >20 (Q > 20),
and reads mapped to the human X chromosome are shown for each
experiment. Percentage of X chromosome-mapped reads among the
reads with a Q-value of 220 is shown on the right.
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