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Figure 6 Roles of CFIm and HNRNPK in 3’-end processing of NEAT1_1. (A) Schematic representation of the substrate RNAs for the in vitro
processing reaction that contains the region spanning the 3’-end of NEAT1_1. Numbers indicate distance from the polyadenylation site of
NEAT1_1. Middle scheme represents putative sequences around the NEAT1_1 3’-end processing site that are recognized by the CFIm complex
(CFBS: red boxes) or HNRNPK (KBS: blue box). Mutated positions on the mutant substrates (CFlm-mut, K-mut, and PAS-mut) are indicated.
(B) Recapitulation of CFlm-dependent 3’-end processing of NEAT1_1 in vitro. Incubation time is shown above each panel. Substrate RNAs are
represented on the top. Unprocessed and processed bands are shown with closed and open triangles, respectively, on the right. Processing
efficiencies (%) are shown below each panel. (C) Average values of the processing efficiencies obtained from three independent experiments.
(D) Detection of sequence-specific RNA binding of HNRNPK. Gel mobility shift assay to detect binding of recombinant HNRNPK protein (r-K)
with RNA fragments (30 nt) derived from WT and K-mut, WT oligo, and K-mut oligo, respectively, are shown. The RNA-protein complex and
free RNA are shown with closed and open triangles, respectively. Amounts of supplemented r-K (ug) are shown above each panel.

concentration-dependent manner (Figure 7B, lanes 1-4).
Immunoprecipitation of UV-crosslinked CPSF6 and NUDT21
clearly revealed that the RNA bindings of CPSF6 and
NUDT21 were diminished (~50%) in the presence of 1-K
(Figure 7C-E). The mutation of KBS (K-mut) substantially
elevated the UV-crosslinking of CPSF6 and NUDT21
(Figure 7B, lanes 2 and 6). The interfering effect of r-K on
CPSF6 binding was milder on K-mut compared with WT
(Figure 7B, lanes 6-8). These data indicate that HNRNPK
binding to KBS results in the arrest of CFIm binding.

To obtain further mechanistic insights into the HNRNPK-
dependent arrest of the 3’-end processing of NEAT1_1, the
interaction between HNRNPK and CFIm was investigated.
Endogenous HNRNPK was coimmunoprecipitated with
NUDT21 in the presence of RNase A (Figure 8A, lanes 5
and 6) but not with CPSF6 (Figure 8A, lanes 7 and 8).
This interaction was confirmed during in vitro processing,
in which the supplemented r-K prominently coprecipitated
with oNUDT21 (Figure 8B). This result was supported by
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protein-interaction data in the public database, in which
NUDT21 but not CPSF6 was listed as an HNRNPK interactor
(http://www.genecards.org). Importantly, the NUDT21-
CPSF6 interaction was markedly weakened (~50%) in the
presence of excess 1-K (Figure 8B and C), suggesting that
HNRNPK competes for the binding of NUDT21 with CPSF6.

To verify the competition between HNRNPK and CPSF6
for binding with NUDT21, the recombinant CFIm complex
(NUDT21-CPSF6) was purified from HEK293T cells that
were contransfected with two expression plasmids for
the streptavidin-binding peptide (SBP)-tagged NUDT21 and
CPSF6 (Figure 8D). Purified CFIm complex was immobilized
on streptavidin-conjugated beads through the SBP-tag on
NUDT21 (Figure 8E). The beads were mixed with r-K, and
the binding of 1-K to the beads was detected simultaneously
with CPSF6 dissociation from the beads (Figure 8E).

As shown in Figure 8F, r-K specifically associated with the
beads only when the CFIm complex was conjugated to the
beads (compare lanes 4 and 8 in the bottom panel of
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Figure 7 Molecular mechanism of the alternative 3’-end processing of NEAT1. (A) Detection of RNA binding of CFIm during in vitro
processing by UV-crosslinking. UV-crosslinked WT substrate RNA-binding proteins were detected as **P-labelled proteins on SDS-PAGE. The
68- and 25-kDa UV-crosslinked RNA-binding proteins (closed and open arrows, respectively) were immunoprecipitated with antibodies against
CPSF6 and NUDT21. (B) RNA bindings of CPSF6 and NUDT21 are affected by the addition of r-K. The two RNA substrates (WT and K-mut)
employed are shown on the top. Addition of 1-K (4} at two concentrations (10 x and 30 x excess of endogenous HNRNPK in HNE) and the
incubation time {min} are shown above. Closed and open triangles are as in (A). Intensities of the 68- and 25-kDa bands were quantified and
normalized by the levels of CPSF6 and NUDT21, respectively, which were detected by the western blot (WB) shown below. Molecular weight
marker is shown on the left. (C) Confirmation of r-K-dependent inhibition of RNA binding of CPSF6 and NUDT21. Presence () or absence
(=) of r-K (30 x excess) is indicated above the panel. UV-crosslinking of r-K (~55kDa) was detected in the Input lane (+1-K) and in
Supplementary Figure S6B. Closed and open triangles are as in {A). Amounts of NUDT21 in the input samples and immunoprecipitated samples
were detected by the WB shown below the panel. Asterisk represents IgG light chain. (D)} Quantification of immunoprecipitated, UV-
crosslinked NUDT21 in the presence (+) or absence (—) of 1-K (open triangle in the upper panel in C). Data were normalized with the total
amounts of NUDT21 in each immunoprecipitation sample (lower panel in C). Graph shows the average (with s.d.} of three independent
experiments. P-value was calculated by Student’s t-test. (E) Quantification of immunoprecipitated CPSF6, as in (D). Antibodies are shown in
Supplementary Table S4. Figure source data can be found with the Supplementary data.

Figure 8F). The addition of 1-K caused the marked dissocia-
tion of CPSF6 from the beads, whereas the addition of BSA
caused much less release of CPSF6 (compare lanes 8 and 3 in
the top panel in Figure 8F). These results strongly support our
argument that HNRNPK competes for the binding of NUDT21
with CPSF6, which is a possible underlying mechanism for
the arrest of CFIm binding by HNRNPK (Figure 9A).

Discussion

Expansion of paraspeckle components

In the current study, the FLJ cDNA-based localization screen-
ing revealed 34 new PSPs. Many of the new PSPs are likely
present throughout the nucleoplasm, and subsets may be

©2012 European Molecular Biology Organization

concentrated in paraspeckles. An analysis of the compilation
of all of the PSPs (Figure 4; Table I) indicated that most
possess canonical RNA-binding domains. NUDT21, which
was found to possess no canonical RNA-binding motif,
has a NUDIX hydrolase domain that acts like an authentic
RNA-binding protein (Yang et al, 2010). Some of the
paraspeckle-localized RNA-binding proteins (e.g., NONO,
SFPQ, RBM14, EWSR1, FUS, TAF15, and TARDBP) mediate
both transcription and RNA processing (Auboeuf et al, 2005).
Several of the new PSPs (e.g., AHDC1, DLX3, and ZNF335)
are likely to be DNA-binding proteins that are involved in
transcriptional control. This finding raises the possibility that
paraspeckles may integrate tightly coupled transcription and
post-transcriptional events.
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Figure 8 HNRNPK captures NUDT21 from the functional CFlm complex. (A) Interaction between HNRNPK and NUDT21 in vivo.
Immunoprecipitations with «aNUDT21 and aCPSF6 were performed in the presence (+) or absence (—) of RNase A. CPSF6, NUDT21, and
HNRNPK were detected by WB. (B) The CPSF6-NUDT?21 interaction is affected by HNRNPK. HNE was incubated with r-K in the presence
of WT RNA. Immunoprecipitation with «NUDT21 was performed in the presence (+) or absence (—) of r-K. CPSF6, NUDT21, HNRNPK,
and GAPDH were detected by WB. Immunoprecipitation of CPSF6 was diminished in the presence of 1-K. Asterisk represents nonspecific
binding of excess r-K to IgG. (C) Quantification of immunoprecipitated CPSF6 in the presence or absence of 1-K. Relative amount {%) of CPSF6
was normalized by the immunoprecipitated NUDT21 level (B). Graph shows the average (with SD) of three independent experiments. P-value
was calculated by Student’s t-test. (D) Purified CFIm complex. The SDS-PAGE gel was stained with Coomassie Brilliant Blue. Both CPSF6 and
SBP-NUDT21 possess Flag- and HA-tags. Size maker is shown on the left. (E) Schematics of the competitive binding assay carried out in F. The
CFIm complex (30 pmol NUDT21-CPSF6 complex, white circles) was immobilized on streptavidin-conjugated beads (black quarter circle)
through SBP-tag (small black circle). Recombinant HNRNPK (0-90 pmol r-K, grey circle) was mixed with the beads. Binding of r-K with
NUDT21 is expected to lead to dissociation of CPSF6 from the beads. BSA (90 pmol) was used as a control. (F) Detection of CPSF6, NUDT21,
and HNRNPK in bead (Beads) and supernatant (Sup) fractions. Proteins in the binding reaction are shown by + on the top of the panels. Each
protein was detected by western blot, as shown on the right of the panels. Input lanes were loaded with 1/30 of the proteins used. Antibodies

used are shown in Supplementary Table S4. Figure source data can be found with the Supplementary data.

Yang et al (2011) reported that nuclear body-localized ncRNAs
mediate the attachment of the specific chromosomal locus to
the nuclear bodies that control the epigenetic status of the
gene loci. NEAT1 may play a similar role in the attachment of
the specific chromosomal locus to the paraspeckles, where
multiple regulatory PSPs are enriched for modulating gene
expression from the specific locus. Alternatively, paraspeckles
may be involved in RNA-dependent epigenetic regulation.
Indeed, two of the identified PSPs, FUS and HNRNPK,
participate in epigenetic regulation through their interac-
tions with long ncRNAs (Wang et al, 2008; Huarte et al, 2010).

Several PSPs are disease-related. The genes for nine PSPs
(NONO, SFPQ, CPSF6, EWSR1, FUS, TAF15, DAZAP1, RBM3,
and SS18L1) are the breakpoints of chromosomal transloca-
tion that result in the production of abnormal fusion proteins
responsible for various cancers (Kim et al, 2006). Four of
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them (SFPQ, NONO, DAZAP1, and FUS) belong to category 1,
suggesting that the paraspeckle structure is altered in tumour
cells in which the genes have undergone translocations. FUS
and TARDBP are commonly associated with a neurodegen-
erative disease, familial amyotrophic lateral sclerosis (ALS)
(Lagier-Tourenne and Cleveland, 2009). TARDBP was found
to associate prominently with NEAT1 in the brain of patients
with FTLD-TDP, which is an ALS-related neurodegenerative
disease with TARDBP inclusions (Tollervey et al, 2011). These
evidences suggest that TARDBP associated with NEAT1 is
sequestered in paraspeckles, where it is functionally modulated.

Mechanism of alternative RNA processing of NEAT1
ncRNA

NEAT1_2 was found to be essential for paraspeckle forma-
tion. Therefore, the alternative 3’-end processing event that
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Figure 9 (A) Models of NEAT1 isoform synthesis. NEAT1 border region is shown with the critical sequence elements. Pathways for NEAT1_1
and NEAT1_2 synthesis are shown above and below the NEAT1 scheme. For NEAT1_2 synthesis, HNRNPK binds with the UCCCCUU sequence,
captures NUDT21 from the functional CFIm (CPSF6-NUDT21), and arrests CFIm binding to upstream UGUA sequences. (B) Current model of
intact paraspeckle formation. The essential steps, including 1) ongoing transcription of NEAT1 by RNA polymerase II (RNAPII), 2) NEAT1_2
synthesis by alternative 3’-end processing, 3) NEAT1_2 stabilization by category 1A proteins, such as SFPQ and NONO, and 4) subsequent
assembly step(s), are schematized and represented with bold black arrows. Category 1B proteins act in an essential step other than NEAT1_2
accumulation. NEAT1_1 synthesis is dispensable; therefore, it is shown with a white arrow. The 3’-ends of NEAT1_1 and NEAT1_2 are formed
by distinct mechanisms: canonical polyadenylation (open triangle) and RNase P cleavage (closed triangle). The significance of the

noncanonical 3’-end processing of NEAT1_2 remains uncertain.

leads to NEAT1_2 accumulation is a fundamental molecular
event for paraspeckle formation. Alternative 3’-end proces-
sing, which produces various mRNA isoforms with different
3/-UTR lengths, is utilized mainly for situations in which the
produced mRNA isoforms are subjected to differential reg-
ulation by 3/-UTR-interacting factors (Lutz, 2008). In the case
of NEAT1 ncRNA, this mechanism diversifies the ncRNA
functions.

The alternative 3’-end processing of NEAT1 comprises
two distinct 3’-end processing mechanisms: canonical poly-
adenylation for NEAT1_1 and RNase P-mediated cleavage
for NEAT1_2. CFIm binds UGUA sequences and facilitates
processing and polyadenylation at adjacent sites (Venkataraman
et al, 2005). Our RNAi and in vitro analyses indicated a
corresponding mechanism for the 3’-end processing of NEAT1_1.

PSP7/CPSF7 was reported to form a heterodimer with
NUDT21 to facilitate 3’-end processing (Kim et al, 2010).
However, we observed that CPSF7 RNAi markedly
decreased the NEAT1_2 level, which was the opposite effect
of NUDT21 RNAI (see Supplementary Table S$3). This finding
suggests that CPSF7 has an additional role in NEAT1_2

©2012 European Molecular Biology Organization

processing or stabilization. Alternatively, CPSF7 may play a
counteracting role to that of CPSF6-NUDT?21 in 3’-end proces-
sing under a specific (e.g., paraspeckle-localized) condition.
The multifunctional HNRNPK protein is involved in tran-
scriptional regulation, pre-mRNA splicing, mRNA stability,
and translation (Bomsztyk et al, 2004). Our data add a new
function to this list: the regulation of 3’-end processing. The
results of our RNAi and immunoprecipitation experiments
suggest that HNRNPK is required for NEAT1_2 accumulation
through its arrest of the 3’-end processing of NEAT1_1.
The results of our in vitro processing and UV-crosslinking
experiments reveal that HNRNPK interferes with the RNA
binding of the CFIm complex through its binding to KBS.
The possibility that HNRNPK additionally participates in the
stabilization or noncanonical 3/-end processing of the NEAT1_2
isoform cannot be ruled out. Our preliminary results show
that HNRNPK is required to maintain the NEAT1_2 level,
even in the absence of CPSF6, suggesting additional role(s) of
HNRNPK in the accumulation of the NEATI1_2 isoform.
Mapping of the HNRNPK-binding sites may uncover
additional function(s) of HNRNPK in NEAT1 expression.
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Our coimmunoprecipitation results indicated that NUDT21
but not CPSF6 interacted with HNRNPK in vivo and in vitro.
The supplemented r-K interacted with NUDT21, which re-
sulted in a diminished interaction with CPSF6 and suggested
the underlying mechanism. The binding of HNRNPK to KBS
proximal to CFBS would provide an environment in which
HNRNPK and CPSF6 effectively compete for association with
NUDT21, which eventually determines the NEAT1 isoform
ratio. The dissection of HNRNPK and NUDT?21 to identify the
interacting domain(s) and further interaction studies would
solidify this model.

Several RNA-binding proteins (e.g., PTBP1, NONO, and
ELAVL1) reportedly bind to upstream sequences implicated
in the regulation of mRNA 3’-end processing; however, their
detailed mechanisms of action remain to be investigated
(Millevoi and Vagner, 2010). It would be intriguing to
pursue the generality of the HNRNPK-dependent regulatory
mechanism in the 3’-end processing of mRNAs and other
ncRNAs. The NEAT1 ratio is controllable because it is
variable in different mouse tissues (Nakagawa et al, 2011).
The HNRNPK protein is expressed ubiquitously, but its
activity is controlled by post-translational modifications,
such as phosphorylation, methylation, and ubiquitination,
under various conditions, including DNA damage (Chen et al,
2008). This fact raises the possibility that the NEAT1 ratio is
controlled through the modification status of HNRNPK. Our
experimental system for the functional rescue of HNRNPK
(used in Figure 5C and D) would be useful to identify the
important modification site(s) of HNRNPK required for the
regulation of NEAT1 alternative processing.

CFIm complexes may be involved in the 3’-end processing
of other RNAs in paraspeckles. Electron microscopic observa-
tion has revealed the localization of CPSF6 in the interior area
of the paraspeckle (Cardinale et al, 2007), where the
NEAT1_1 isoform is not present (Souquere et al, 2010).
Alternatively, the paraspeckle interior area may serve as the
storage site of CFIm complexes.

Steps required for paraspeckle formation
Our results provide several important insights into paraspeckle
formation. The plasmid rescue experiment clarified that
NEAT1_2 but not NEAT1_1 is a necessary RNA component
for de novo paraspeckle formation. This evidence supports
our previous observations that: (1) SFPQ or NONO RNAI leads
to paraspeckle disintegration as a consequence of NEAT1_2
destabilization (Sasaki et al, 2009) and (2) paraspeckles are
observable solely in the NEAT1_2-expressing cells of mouse
tissues (Nakagawa et al, 2011). By contrast, Shevtsov and
Dundr (2011) reported that tethering NEAT1_1 at the specific
chromosomal site triggers on-site paraspeckle formation.
Clemson et al (2009) reported that NEAT1_1 overexpres-
sion in a stable cell line increased the number of nuclear
paraspeckles. We observed a similar effect with NEAT1_1
overexpression, although NEAT1_2 overexpression increased
the paraspeckle numbers more effectively. Because these experi-
ments were performed in cells possessing intact paraspeckles
with endogenous NEAT1_2, it is likely that locally concen-
trated NEAT1_1 captured the preexisting paraspeckles or
their subparticles containing NEAT1_2, which resulted in
the formation of paraspeckles containing exogenous NEAT1_1.
The two isoforms of NEAT1 are differentially localized within
the paraspeckle: NEAT1_2 is present in the interior core of the

The EMBO Journal  VOL 31 | NO 20 | 2012

paraspeckle, whereas NEAT1_1 is located at the peripheral
area (Souquere et al, 2010). This observation is consistent
with our hypothesis that the overexpressed NEAT1_1 is effi-
ciently incorporated into the peripheral area of paraspeckles,
whose core is constructed around endogenous NEAT1_2.

The existence of category 1B proteins argues that NEAT1_2
accumulation alone is insufficient for paraspeckle formation.
An additional step involving category 1B proteins is required
for intact paraspeckle formation subsequent to assembly of
the primary NEAT1_2 subcomplex with category 1A proteins.
Category 1B proteins may be involved in the assembly
of a higher-order paraspeckle structure that is built with
multiple copies of the NEAT1_2 subcomplex, as well as
with the NEAT1_1 subcomplex (Figure 9B). Indeed,
DAZAP1 in category 1B has been shown to interact with
SFPQ in category 1A (Yang et al, 2009). We cannot rule out
the possibility that category 1B proteins bind to unidentified
essential RNA component(s) of the paraspeckle, because all
category 1B proteins possess RRMs.

The role of NEAT1_1 remains obscure, despite its higher
abundance compared with NEAT1_2. The RNAi results
indicate that category 3A and 1B proteins contribute to
NEAT1_1 accumulation, suggesting that NEAT1_1 forms sub-
complexes with these proteins. Paraspeckles presumably are
involved in the nuclear retention of specific mRNAs, which
raises an interesting possibility: the more conserved NEAT1_1
RNA may serve as a functional unit for paraspeckle-conduct-
ing events (such as nuclear mRNA retention), rather than for
its structural maintenance. In this way, NEAT1_1 synthesis
could account for the amplification of the functional units at
the paraspeckle periphery. Our trials to identify PSPs that
mediate the nuclear retention of mRNAs by RNAi were
unsuccessful, which suggests functional redundancy within
the PSPs or the presence of additional unidentified factors.

On the basis of the data presented in this manuscript, we
constructed a model of paraspeckle formation (Figure 9B).
To understand the details of each process, it is important
to map the RNA-protein and protein-protein interactions
in this structure. Further studies will identify additional
PSPs and RNAs, some of which may be critical for
the paraspeckle structure. Indeed, additional paraspeckle-
localized proteins that are not included in our list were
recently reported (Bond and Fox, 2009). It will be important
to investigate the connections among chromatin structure,
transcription machinery, and paraspeckle formation. The
ongoing transcription of NEAT1 was recently found to be
a prerequisite for paraspeckle formation (Mao et al, 2011).
Therefore, the initial step of paraspeckle formation may
occur cotranscriptionally (Figure 9B). Further mechanistic
investigations of NEAT1 ncRNA and PSPs should elicit a
novel view of the formation of these tremendously large
ribonucleoprotein particles and their linkage to function.

Materials and methods

Cell cultures and transfection

HeLa, HEK293T, MEF, and NIH3T3 cells were grown in DMEM
(10% FBS). Some cells were treated with actinomycin D (0.3 pg/ml,
4h). Transfection of MEF cells was performed with the Nucleofector
MEF starter kit and the Nucleofector device (Ronza) or FuGene HD
(Promega). Expression from the NEAT1_1 or NEAT1_2 construct in
MEF was confirmed by RT-qPCR. Transfection of other cell lines
was performed with Lipofectamine 2000 or Lipofectamine LTX
(Invitrogen).

©2012 European Molecular Biology Organization
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In vitro 3 -end processing assay

The 32P-labelled RNA substrate was synthesized with SP6 RNA
polymerase (TaKaRa). HNEs were prepared according to Dignam
et al (1983). The in vitro RNA processing reaction was performed as
described, with minor modifications {Takagaki et al, 1988). Briefly,
#2p.Jabelled RNA (2 x10*c.p.m., ~5fmol) was incubated in a
12.5-pl reaction mixture containing 8 mM HEPES (pH 7.9), 8%
glycerol, 40 mM KCl, 0.2 mM PMSF, 0.4 mM DTT, 2.08 mM EDTA,
40 mM creatine phosphate, 40 pg/ml Escherichia coli tRNA, 0.25U
of RNasin (Promega), 2.5% polyvinyl alcohol, and 4 ul of HNE
(32%). After the solution was reacted at 30°C for the indicated time,
RNA was extracted and separated by 6% PAGE containing 7 M urea.

UV-crosslinking

UV-crosslinking was performed as described (Hirose et al, 2006)
after incubating the samples under conditions of in vitro 3'-end
processing. UV light (1.8 J/cm?®) was applied to an open-top reaction
tube on ice with a UV-crosslinking device (CL-1000, UVP). RNase A
and RNase T1 were added and incubated for 15min at 37°C,
and precipitation with 50% acetone was performed. Precipitated
proteins were fractionated by SDS-PAGE. Substrate RNA was pre-
incubated with r-K for 15 min at 30°C, after which HNE was added
for an additional 15 min incubation. The r-K was expressed in E. coli
cells [BL21(DE3)-CodonPlus RILP (Stratagene)] and purified with
Ni affinity chromatography.

Gel mobility shift assay

WT and K-mut RNA oligonucleotides were chemically synthesized by
Hokkaido System Science Co., Ltd. The oligonucleotide sequences
used were as follows: WT: 5'-AAUCACUUUUCUUCCCCUUUACAGC
ACAAA-3' and K-mut: 5-AAUCACUUUUCUUAAAAUUUACAGCAC
AAA-3'. ¥°P-labelled RNA probes were prepared with [y->2P]ATP
and T4 polynucleotide kinase (TaKaRa). *’P-labelled RNA (0.5 x
10*c.p.m., ~150fmol) was incubated in a 12.5-ul reaction mixture
containing 8 mM HEPES (pH 7.9), 8% glycerol, 40 mM KCl, 2.08 mM
EDTA, 0.2 mM PMSF, 0.4 mM DTT, 40 mM creatine phosphate, 40 pug/ml
E. coli tRNA, 0.25U of RNasin (Promega), 2.5% polyvinyl alcohol,
and 0.25-2.0 ug of r-K. The mixture was incubated at 30°C for 15 min,
and the RNA-protein complexes were separated on 5% native PAGE.

Immunoprecipitation
For protein immunoprecipitation, HeLa cells (1 x10° cells) were
lysed with lysis buffer (50mM Tris-HCl [pH 7.5], 150mM NacCl,
50 mM NaF, 1 mM Na3VOy,, and 0.5% NP40) for 30 min on ice, and
the supernatant was recovered by centrifugation at 10000g for
10 min. For each immunoprecipitation experiment, cell extract
{(1mg protein) was incubated overnight at 4°C with antibody-
Dynabead conjugates (25 pl) in the presence of 10 pg/ml RNase A.
The beads were washed five times with lysis buffer, and bound
proteins were eluted by directly adding SDS loading buffer to the
beads. For RNA immunoprecipitation, the cell extract prepared as
described above was incubated with antibody-Dynabead conjugates
without RNase A for 3h at 4°C. Bound RNAs were extracted by
directly adding Trizol reagent (Invitrogen) to the beads.
Immunoprecipitations from the in vitro processing samples were
performed as described (Ideue et al, 2007). Briefly, in vitro
processing was performed at a 10-fold scale (125 pl). The reaction
mixture was diluted eight-fold with NET2 buffer (20mM Tris-HCI
[pH 7.5], 150mM Na(l, and 0.5% NP40) immediately after RNase
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treatment and incubated with antibody-Dynabead conjugates for
16h at 4°C. The beads were washed five times with NET2 buffer,
and bound proteins were eluted by directly adding SDS loading
buffer to the beads. Information about the antibodies used is shown
in Supplementary Table S4.

Protein-binding assay with purified recombinant proteins
The recombinant CFIm complex was purified basically as described
(Arias-Palomo et al, 2011). Briefly, 4 x 107 HEK293T cells were cotrans-
fected with pEF_Flag-HA-SBP-NUDT21 and pEF_Flag-HA-CPSF6
plasmids at a 1:3 ratio using Lipofectamine LTX (Invitrogen). After 48h,
the cells were lysed by sonication in F-lysis buffer (20 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 10% [w/v] sucrose, 1% Triton X-100, 0.5%
NP40, 1 mM DTT, protease inhibitor cocktail [Roche], and phosphatase
inhibitor cocktail [Roche]). They were incubated for 30 min on ice,
and the soluble fraction was recovered by centrifugation at 15000 g
for 30 min. The soluble fraction was precleared with Sepharose 4B
(Sigma), incubated with streptavidin Sepharose (GE Healthcare) for
2h at 4°C with gentle rotation, and washed with F-lysis buffer. The
affinity-purified SBP-tagged CFIm complex was eluted by incubation
with F-lysis buffer containing 2 mM biotin (Sigma) for 30 min at 4°C.
The SBP-tagged CFIm complexes were immobilized to Dynabeads
MyOne Streptavidin beads (Invitrogen) for 2h at 4°C with gentle
rotation and washed with NET2 buffer. Beads suspended in 30 pl of
NET2 buffer were mixed with 10, 30, or 90 pmol of recombinant
His-tagged HNRNPK for 15min at RT. The bead suspension was
further incubated for 2 h at 4°C, and the supernatant was collected.
Beads were washed with NET2 buffer five times. Bound proteins
were eluted by directly adding SDS loading buffer to the beads.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Gene amplification is a major genetic alteration in human cancers. Amplicons, amplified genomic
regions, are believed to contain “driver” genes responsible for tumorigenesis. However, the signifi-
cance of co-amplified genes has not been extensively studied. We have established an integrated
analysis system of amplicons using retrovirus-mediated gene transfer coupled with a human full-

length cDNA set. Applying this system to 17q12-21 amplicon observed in breast cancer, we identi-
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fied GRB7 as a context-dependent oncogene, which modulates the ERBB2 signaling pathway through

enhanced phosphorylation of ERBB2 and Akt. Our work provides an insight into the biological sig-
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nificance of gene amplification in human cancers.
© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

DNA amplification is a major genetic alteration contributing to
oncogenesis [1]. Historically, some proto-oncogenes identified as
cellular counterparts of retroviral oncogenes were found to be
amplified in human cancers. Thus, it is thought that unidentified
proto-oncogenes exist in amplified genomic regions called “ampli-
cons”, and amplified proto-oncogenes express large amount of pro-
teins, leading to oncogenesis. We previously constructed gene
expression maps of chromosomes in human breast cancer cell lines

Abbreviations: GRB7, growth factor receptor-bound protein 7; ERBB2, v-erb-b2
erythroblastic leukemia viral oncogene homolog; MMTV, mouse mammary tumor
virus; CMV, cytomegalovirus; MAPK, mitogen-activated protein kinase; MEK, MAPK
extracellular signal-regulated kinase; ERK, extracellular signal-regulated kinase;
IGF1, insulin-like growth factor-1

* Corresponding author. Fax: +81 3 5369 7320.

E-mail address: ksemba@waseda.jp (K. Semba).

and extracted six novel amplicons [2]. Nevertheless, it is not easy
to identify such proto-oncogenes because amplification events of-
ten include multiple genes, and because more information is re-
quired, including precise mapping of amplified regions in
multiple cancers and deduced function of each gene. A few findings
provided the significance of co-amplified genes except specific
oncogenes in the amplicon in terms of cancer cell phenotypes. In
non-small-cell lung cancer, for instance, co-amplification of TTF-1
and NKX2-8 in the 14q13.3 amplicon renders cancer cells resis-
tance to cisplatin [3]. However, the biological significance of co-
amplification for oncogenesis has not been validated extensively.
In this study, we focused on the functions of co-amplified genes
localized in the 17q12-21 amplicon containing ERBB2 as a driver
gene [4]. The ERBB2 amplicon is observed in 25% of breast cancers,
and also in ovarian, gastric and esophagus cancers [5]. Clinicopatho-
logical data indicate that ERBB2 expression is a poor prognostic factor
[6]. Furthermore, an active ErbB2 mutant called neu oncogene causes
cellular transformation of NIH3T3 cells [ 7] and breast cancer in trans-

0014-5793/$36.00 © 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.febslet.2012.05.003
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genic mice expressing neu oncogene under the control of MMTV pro-
moter [8]. These results support the idea that ERBB2 functions as a
driver gene for oncogenesis when mutated or overexpressed.

To examine the function of co-amplified genes in the ERBB2 ampli-
con, we tested these genes for enhancement of ERBB2 cellular trans-
forming activity. For this purpose, we introduced a human wild-
type (WT) ERBBZ expression vector into NIH3T3 cells and established
“non-transformed” cells moderately expressing ERBB2 under the
CMV promoter. Then, human full-length cDNAs of co-amplified genes
were retrovirally introduced into ERBB2-expressing NIH3T3 cells, and
the transforming activity was assessed by focus formation assays. Our
screening system ensures multiple expression of complete proteins in
cells, thereby enabling the examination of combinations of co-ampli-
fied genes in the ERBB2 amplicon.

Here, we show GRB7 gene, which is located about 10 kb from ERBB2
locus and is frequently co-amplified with ERBB2, caused efficient
transformation of NIH3T3 in concert with ERBB2; this ERBB2-depen-
dent transforming activity was specific for GRB7 among the GRB7 fam-
ily proteins. This was consistent with the observation that
phosphorylation of ERBB2 was increased when GRB7 was expressed,
but not other GRB7 family proteins. Importantly, phosphorylation of
Akt at Thr308 and Ser473 was upregulated when both ERBB2 and
GRB7 were expressed. We further examined the transforming activity
of aseries of GRB7 mutants, and showed thata BPSregion deletion mu-
tant of GRB7 is a potent activator of ERBB2 and Akt, while the trans-
forming activities of other domain deletion mutants are severely
impaired.

Our model of collaborative transformation by ERBB2 and GRB7
proposes that GRB7 is a cytoplasmic activator and adaptor of
ERBB2, enhances ERBB2 phosphorylation, and connects ERBB2 to
Akt. Our analysis also highlights the biological significance of gene
amplification in terms of simultaneous overexpression of a driver
gene and “supporter” genes.

A
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2. Materials and methods
2.1. DNA constructs and antibodies

To construct an ERBB2 expression vector, human ERBB2 (Ref-
Seq: NM_004448) cDNA was inserted in pQCXIN retroviral vector
(Clontech, Mountain View, CA). Human full-length cDNAs were ob-
tained from the human proteome expression resource (HuPEX) [9],
and cloned into pMXs retroviral vector [10] using the Gateway
Cloning system (Life Technologies, Carlsbad, CA) with or without
N-terminal FLAG epitope tag. Venus fluorescent protein [11] was
used as a control. Primary antibodies were as follows: anti-o-tubu-
lin DM1A (Sigma, St. Louis, MO), anti-FLAG M2 (Sigma), anti-ERBB2
(SV2-61y, Nichirei Bioscience, Japan), anti-HER2/ErbB2 (#2242,
Cell Signaling Technology (CST), Danvers, MA), anti-Phospho-
HER2/ErbB2 (Tyr877) (CST#2241), anti-Phospho-HER2/ErbB2
(Tyr1221/1222) (CST#2243), anti-Phospho-HER2[ErbB2 (Tyr1248)
(CST#2247), anti-Erk1/2  (CST#4695), anti-Phospho-Erk1/2
(#4370), anti-Phospho-MEK1/2 (CST#9154), anti-Akt (pan)
(#4691), anti-Phospho-Akt (Thr308) (CST#2965), anti-Phospho-
Akt (Serd473) (CST#4060), and anti-Phosphotyrosine 4G10 (Milli-
pore, Billerica, MA). Secondary antibodies for western blotting
were purchased from GE Healthcare (Piscataway, NJ).

2.2. Cell culture

NIH3T3 cells were obtained from RIKEN Cell Bank (Tsukuba, Ja-
pan) and cultured in DMEM supplemented with 5% heat-inacti-
vated calf serum, 100U/ml penicillin, and 100 pg/ml
streptomycin at 37 °C and 5% CO,. 3T3-ERBB2 cells were estab-
lished by retroviral infection of pQCXIN-ERBB2 and selection with
1 mg/ml G418. Plat-E packaging cells were obtained from T. Kitam-~
ura (Institute of Medical Science, University of Tokyo), and cultured

GRB7

Venus

Control

ERBB2

Venus GRB7

Control

ERBB2

Fig. 1. ERBB2-dependent transforming activity of GRB7. (A) A scheme of oncogene-screening of ERBB2 amplicon. (B) Focus formation assays with ERBB2 and GRB7. 3T3-
ERBB2 were infected with GRB7, and cultured for 17 days (upper). Scale bar, 500 pum. Cells were fixed and stained with crystal violet (lower). Venus fluorescent protein was

used as a control. Volume of virus stock used in this experiment was 125 pl.
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| ERBB2
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] P-Akt (S473)

7] Akt

P-MEK1/2 (S217/221)

2] P-Erk1/2 (T202/Y204)

FLAG

ERBB2
Tubulin

Fig. 2. ERBB2-dependent Akt activation and transformation by GRB7. (A) Focus formation assays with GRB proteins and ERBB2. 3T3-ERBB2 were infected with each GRB7
family protein or GRB2, and cultured for 20 days. Scale bar, 1 mm. (B) Phosphorylation status of ERBB2 in GRB7 family-expressing cells. ERBB2 immunoprecipitates prepared
from GRB7 family-expressing cells were analyzed by anti-phosphotyrosine antibody. (C) Effect of expression of ERBB2 with GRB proteins. Phosphorylation status of ERBB2
and components of MAPK and Akt pathways were analyzed by phosphorylation-specific antibodies. Distinct amount of virus stock was used as follows: Venus (30 pl), GRB2
(480 pl), GRB7 (90 pl), GRB10 (360 ul), GRB14 (480 pl) for control NIH3T3, and Venus (20 ul), GRB2 (360 ul), GRB7 (60 pl), GRB10 (240 pl), GRB14 (360 pl) for 3T3-ERBB2.

in DMEM supplemented with 10% heat-inactivated FBS, penicillin,
and streptomycin, as above.

2.3. Retroviral packaging

Plat-E cells were seeded into 6-cm culture dishes at a density of
1.0 x 10° and transfected with 4 ug of retroviral plasmids mixed with
10 il of Lipofectamine 2000 reagent (Life Technologies). One day after
transfection, the culture supernatant was replaced with NIH3T3 media.
The following day, culture supernatant was harvested and centrifuged
to remove cell debris, then stored at —80 °C as virus stock.

2.4. Focus formation assays

NIH3T3 cells were seeded into 12-well culture plates at a concen-
tration of 5.0 x 10* and the following day, the cells were infected
with 1 ml of appropriately diluted virus stock containing 8 pg/ml
polybrene. To carefully adjust the expression level of each protein,
distinct amount of virus stock were used. The next day, cells were
seeded into 10-cm culture dishes and cultured for several days.
Then, infected cells (1.0 x 10°) were seeded again into 10-cm culture
dishes and maintained for 2-3 weeks with medium change every
2 days. Cell foci were stained with 0.05% crystal violet and counted.

2.5. Recovery of cDNAs from NIH3T3 transformants

Transformed NIH3T3 cells were picked from each focus and cul-
tured to isolate genomic DNA. cDNAs inserted into genome were

amplified with a pair of primers for pMX vector (pMXs-s1811:
GACGGCATCGCAGCTTGGATA and pMXs-AS3200: TTATCGTCGAC-
CACTGTGCTG) and KOD FX polymerase (Toyobo, Japan) for 30 cy-
cles of 98°C for 10s, 55°C for 155, and 68 °C for 2 min, and
subcloned into pBluescript SK(-) (Agilent Technologies, Santa
Clara, CA). Two hundred and thirteen informative sequences were
obtained by an Applied Biosystems 3130 genetic analyzer (Life
Technologies).

2.6. Constructs of GRB7 mutants

To construct expression vectors for GRB7 mutants, pMXs-FLAG-
GRB7 plasmid was amplified with an appropriate set of primers,
then the PCR product was self-ligated to obtain a mutated plasmid
[12].

2.7. Western blotting and immunoprecipitation

Cells were rinsed in ice-cold PBS and lysed in RIPA buffer
(10 mM Tris-HCl, pH8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40,
0.1% sodium deoxycholate, 0.1% SDS, 1 mM NasVO,4 10 mM NaF,
17.5 mM B-glycerophosphate, and 1 mM PMSF) for analysis of total
cell lysates, or Triton lysis buffer (50 mM Tris-HCl, pH 8.0, 135 mM
NaCl, 1 mM EDTA, 1% TritonX-100, 10% glycerol, 1 mM Nas3VOy,,
10 mM NaF, and 1 mM PMSF) for immunoprecipitation. Protein
amounts used in Figs. 2B and 4 were 225 and 500 pug, respectively.
Protein lysates were incubated with 2 ug anti-ERBB2 (SV2-61vy) for
1h at 4 °C, and immunoprecipitated with 20 pl of protein A-Se-
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Fig. 3. Transforming activity of GRB7 domain deletion and point mutants. (A) Structures of the GRB7 mutants used in the experiments. (B) Focus formation assays with GRB7
mutants. 3T3-ERBB2 were infected with WT or mutant GRB7, and then cultured for 16 days (upper). Scale bar, 1 mm. Cells were fixed and stained with crystal violet (lower).
(C) Expression level of ERBB2 and WT or mutant GRB7. Distinct amount of virus stock was used as follows: GRB7 WT (250 pl), del-PR (500 pi), del-RA (500 pl), del-PH (250 pl),

del-BPS (250 ul), del-SH2 (500 pl), R458 K (500 pl), FS11A (250 pl), Venus (250 pl).

pharose (GE Healthcare) for 1 h at 4 °C, then washed. Samples were
boiled for 5 min in SDS-PAGE sample buffer, and separated with
7.5% or 10% acrylamide gels. Proteins were transferred onto PVDF
membranes (Immobilon-P, Millipore), rinsed in TBS (20 mM Tris—
HCI (pH 7.5), and 150 mM NaCl) and incubated in blocking buffer

IP: ERBB2

P-Akt (T308)
P-Akt (S473)

Fig. 4. Effect of GRB7 mutants on Akt phosphorylation. Lysates from 3T3-ERBB2,
WT and mutant GRB7 were immunoblotted using anti-phospho-Akt-specific
antibodies. ERBB2 immunoprecipitates were also analyzed to assess total phos-
phorylation by anti-phosphotyrosine antibody. Amounts of virus stock used are
shown in Fig. 3.

(TBS containing 3-5% non-fat dry milk or 5% bovine serum albu-
min) for 1 h at RT or overnight at 4 °C. The membranes were incu-
bated for 1 h at RT or overnight at 4 °C with primary antibodies.
Proteins were labeled using HRP-conjugated secondary antibodies
diluted at 1:2000 for 1 h at RT, then visualized by the enhanced
chemiluminescence method using Immobilon Western reagent
(Millipore).

3. Results

To screen for ERBB2-dependent transforming genes, we estab-
lished NIH3T3 derivative (3T3-ERBB2) moderately expressing hu-
man WT ERBB2 under the control of CMV promoter. Mixtures of
full-length human cDNA clones corresponding to the 52 genes (Ta-
ble 1) within the ERBB2 amplicon were cloned into pMX retroviral
vectors, and then retroviral expression vectors were introduced
into Plat-E packaging cells. 3T3-ERBB2 was infected with the resul-
tant retrovirus mixture. Two to three weeks after infection, 30 foci
were identified, whereas no foci were observed for 3T3-ERBB2
without retroviral infection. Each focus was isolated, expanded,
and lysed for preparation of genomic DNA to analyze integrated
cDNAs (Fig. 1A, Supplementary Table 1).

To test the transforming activity of most frequently recovered
cDNAs, 12 representative cDNAs (Table 1) were individually intro-
duced into 3T3-ERBB2. As a result, only GRB7 (RefSeq:
NM_001030002) reproducibly induced foci. Transformed cells
were smaller than normal cells and piled up on one another. The
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Table 1
Fifty-two genes analyzed in this study.

Gene symbol RefSeq ID Frequency
C170rf78 NM_173625 9
TADA2A NM_001166105 5
DUSP14 NM_007026 9
SYNRG NM_001163546 0
DDX52 NM_007010 2
HNF1B NM_000458 4
MRPL45 NM_032351 0
S0Cs7 NM_014598 1
SRCIN1 NM_025248 0
MLLT6 NM_005937 0
PCGF2 NM_007144 5
PSMB3 NM_002795 3
PIP4K2B NM_003559 0
CcwW(C25 NM_017748 2
RPL23 NM_000978 6
LASP1 NM_006148 0
PLXDC1 NM_020405 4
CACNB1 NM_000723 3
RPL19 NM_000981 5
FBXL20 NM_032875 0
MED1 NM_004774 0
PPP1R1B NM_032192 2
STARD3 NM_001165937 11
TCAP NM_003673 21
PNMT NM_002686 11
PGAP3 NM_033419 16
ERBB2 NM_004448 0
C170rf37 NM_032339 7
GRB7 NM_001030002 11
IKZF3 NM_012481 2
GSDMB NM_001165959 0
ORMDL3 NM_139280 5
GSDMA NM_178171 0
PSMD3 NM_002809 5
CSF3 NM_172219 10
MED24 NM_014815 1
THRA NM_001190919 7
NR1D1 NM_021724 0
MSL1 NM_001012241 2
RAPGEFL1 NM_016339 2
WIPF2 NM_133264 0
CDC6 NM_001254 0
RARA NM_000964 9
LOC100131821 AK123052 4
IGFBP4 NM_001552 6
TNS4 NM_032865 13
CCR7 NM_001838 2
SMARCE1 NM_003079 4]
KRT24 NM_019016 2
KRT25 NM_181534 3
KRT28 NM_181535 3
TMEM99 NM_145274 0

Genes are aligned in order of chromosome location. Frequency of genes appeared in
30 foci are shown. 12 ¢cDNAs individually introduced into 3T3-ERBB2 are shown in
bold.

Table 2
Focus formation assay with GRB proteins and ERBB2.

Number of foci after 20 days (10 cm-culture dish)

Venus GRB2 GRB7 GRB10 GRB14
Experiment 1
Control 0 0 0 ] 0
ERBB2 0 2 6 0 0
Experiment 2
Control 1 0 0 0 0
ERBB2 0 5 13 0 0

Distinct amount of virus stock were used as follows: Venus (30 pl), GRB2 (480 pl),
GRB7 (90 ul), GRB10 (360 pul), GRB14 (480 pl) for control NIH3T3, and Venus
(20 pl), GRB2 (360 pl), GRB7 (60 pi), GRB10 (240 pl), GRB14 (360 pi) for 3T3-ERBB2.
Expression level of each protein was analyzed in Fig. 2C.

appearance of GRB7-transformed foci was smaller and higher than
that of H-Ras(G12V)-transformed foci (data not shown). GRB7 in-
duced transformation of 3T3-ERBB2, but not of parental NIH3T3
(Fig. 1B), indicating that transformation of NIH3T3 by GRB7 is
dependent on ERBB2 expression.

GRB7 is one of the GRB7 family proteins, which are known to
bind receptor tyrosine kinases and mediate signal to downstream
effectors [13]. We carried out focus formation assays to determine
whether ERBB2-dependent transforming activity is only limited to
GRB7 or conserved in all GRB7 family proteins. We also tested
GRB2, a well-known adaptor protein with distinct structure from
GRB7, in addition to GRB7 family proteins. No foci were observed
when each GRB protein (GRB2, GRB7, GRB10 and GRB14) was ex~
pressed individually in NIH3T3 cells; however, with the expression
of ERBB2, a number of foci were reproducibly observed when
either GRB7 or GRB2 was expressed (Fig. 2A, Table 2). This result
indicates that ERBB2-dependent transforming activity was specific
to GRB7 among the GRB7 family proteins.

To assess whether the transforming activity of GRB7 is based on
activation of ERBB2, we evaluated the phosphorylation status of
ERBB2 by expression of GRB7 compared with other GRB7 family
proteins. To analyze total phosphorylation of ERBB2, whole cell ly-
sates of 3T3-ERBB2 expressing one of the GRB7 family proteins
were subjected to immunoprecipitation with an ERBB2 antibody.
Then, the phosphorylation status of ERBB2 was analyzed using
phosphotyrosine-specific antibody 4G10. As shown in Fig. 2B,
ERBB2 phosphorylation was considerably upregulated in GRB7-
expressing cells. GRB14 also increased ERBB2 phosphorylation;
however, GRB10 had no effect. To determine which tyrosine resi-
dues of ERBB2 are phosphorylated when GRB7 is expressed, whole
cell lysates of 3T3-ERBB2 expressing one of the GRB proteins were
immunoblotted using a series of phospho-specific antibodies
against ERBB2. As shown in Fig. 2C, phosphorylation of Tyr1221/
1222 and Tyr1248 was upregulated in GRB7-expressing cells,
while that of a Src phosphorylation site, Tyr877, was unaltered,
suggesting that GRB7 promotes or retains ERBB2 autophosphoryla-
tion in particular. We therefore evaluated the effects of GRB7 and
ERBB2 on signaling pathways that are frequently deregulated in
cancer, that is, MAPK and PI3K-Akt pathways. We analyzed activa-
tion of components of these pathways by activation state-specific
antibodies. These data showed that compared with other GRB pro-
teins, co-expression of ERBB2 and GRB7 had no effect on the phos-
phorylation status of MEK or Erk. In contrast to components of the
MAPK pathway, phosphorylation of Akt at Thr308 and Ser473 was
marginally upregulated by expression of either ERBB2 or GRB7, but
greatly upregulated when both proteins were expressed (Fig. 2C).
These results suggest that cooperative transformation of ERBB2
and GRB7 may require Akt activation.

To dissect functional domains required for transforming activity
of GRB7, we constructed five corresponding deletion mutants, PR
(proline-rich), RA (Ras-associating), PH (Pleckstrin homology),
BPS (between PH and SH2), and SH2 (Src-homology 2), and two
point mutants for SH2 domain (Fig. 3A). R458K has a defect in
the phosphotyrosine binding capacity of its SH2 domain, while
F511A has a dimerization defect [14]. We assessed their transform-
ing activity on 3T3-ERBB2 by focus formation assays. As shown in
Fig. 3B and C, four GRB7 mutants, del-PR, del-RA, del-PH, and del-
SH2, were defective in the transforming activity of 3T3-ERBB2
cells. R458K was also impaired in transforming activity, and the
number of foci was reduced. In contrast, F511A retained compara-
ble transforming activity with WT GRB7. However, del-BPS pro-
moted foci formation, although its transforming activity was still
dependent on ERBB2 (data not shown). Taken together, all four do-
mains are required for ERBB2-dependent transforming activity of
GRB7, except for its BPS region.
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The BPS region of GRB7 family proteins is known to act as a
pseudo substrate of the insulin and IGF1 receptors, and directly
inhibits their catalytic activities [15]. Therefore, we hypothesized
that BPS region of GRB7 downregulates ERBB2 kinase activity in
spite of its activator function of ERBB2. To address this hypothesis,
we compared WT and mutant GRB7 in terms of their effect on
ERBB2 and Akt phosphorylation. As shown in Fig. 4, ERBB2 phos-
phorylation was increased by deletion of the BPS region. Moreover,
Akt phosphorylation was concomitantly increased. These results
indicate that the BPS region of GRB7 potentially represses ERBB2
activity in a similar manner to the inhibition of insulin and IGF1
receptors by GRB7 family proteins. Of the other transformation-
deficient mutants, del-RA had no effect on ERBB2 and Akt phos-
phorylation, while del-PR, del-PH, and del-SH2 increased ERBB2
phosphorylation as well as WT but had no effect on Akt phosphor-
ylation. Two point mutants with transforming activity retained
ERBB2 and Akt phosphorylation. These results indicate that the
transformed phenotype correlated with Akt activation status.

4. Discussion

Gene amplification is one of the major genetic alterations in
cancer, which leads to overexpression of several genes. Amplicons
recurrently observed in human cancers are likely to be positively
selected owing to their contribution to oncogenesis, and indeed,
amplicons have been shown to include cancer driver genes. But
information on the significance of other co-amplified genes has
been limited.

Accumulating clinical evidence indicate that ERBB2 is a driver
gene of several types of cancers. In fact, transforming activity of
ERBB2 depends on its conformational status and expression level.
An ErbB2 mutant observed in rat neuroblastoma called neu onco-
gene, which tends to form dimers [16], has transforming activity
[7]. Furthermore, strong expression of WT ERBB2 driven by retro-
viral LTR showed transforming activity [17]. In contrast, moderate
expression of WT ERBB2 driven by SV40 promoter did not cause
transformation [17]. We hypothesized that some of the genes in
the 17q12-21 amplicon may cooperate with ERBB2 to cause
tumorigenesis in the case ERBB2 expression is relatively low. To
test this hypothesis, we assessed the transforming activity of all
genes in the amplicon under the moderate expression of ERBB2.
Our 3T3-ERBB2 cells formed neither foci nor colonies, enabling
us to identify GRB7 as a gene that enhances the transforming activ-
ity of ERBB2.

In the screening of 52 genes in the amplicon, we detected inte-
gration of GRB7 in 11 out of 30 foci analyzed (Table 1, Supplemen-
tary Table 1). This result suggested the existence of oncogenes
other than GRB7 in the amplicon. In fact, we identified another no-
vel transforming gene in the amplicon with the same strategy
using NMuMG-ERBB2, which we established by introducing ERBB2
expression vector into NMuMG, a mouse mammary epithelial cell
line (A.M., manuscript in preparation). Some foci did not contain
either of them (Supplementary Table 1). One possibility is that
combination of multiple genes, which do not have independent
transforming activity, causes transformation. Alternatively, recov-
ering integrated cDNAs from genomic DNA of transformants may
be biased in PCR amplification and cloning and thus some of the
cDNAs might have been missed. Nevertheless, the fact that the
remaining 50 genes (except for GRB7 and the novel transforming
gene) in the ERBB2 amplicon did not induce any foci strongly sug-
gests that either of the two genes is necessary for cellular
transformation.

GRB7 has a unique feature in the activation of ERBB2. ERBB2-
dependent transforming activity is observed only in GRB7 among
the GRB7 family proteins (Fig. 2A). Previous studies demonstrated

GRB7 binds to ERBB family receptors, especially ERBB2 and ERBB3,
through its SH2 domain [18]. Increased ERBB2 phosphorylation
was observed in response to expression of GRB7, suggesting that
this binding specificity contributes to its effect on ERBB2. Also in
our transformation model, Akt phosphorylation correlated with
the transformation phenotype of NIH3T3 (Figs. 3B and 4). Akt is
deregulated in a wide spectrum of human cancers, such as breast,
ovarian and thyroid cancers [19], and transforming activity of its
truncated form in NIH3T3 has been reported [20]. Our results sug-
gest activation of ERBB2-GRB7-Akt axis is sufficient for cellular
transformation.

Our study with GRB7 mutants provides insights into the
mechanism by which GRB7 activates ERBB2 and Akt. GRB7 fam-
ily proteins consist of an RA domain, PH domain, BPS region and
SH2 domain [13]. Among them, deletion of the BPS region in
GRB7 increases ERBB2 phosphorylation and enhances transfor-
mation, suggesting two possibilities: first, the BPS region of
GRB7 may inhibit ERBB2 kinase activities in a similar way that
the BPS regions of GRB10 and GRB14 interfere with IGF1 recep-
tors as pseudo-substrates [15]. Second, as it was recently shown
that IGF1 receptor and ERBB2 were co-immunoprecipitated in
SK-BR-3 breast cancer cells [21], GRB7 may enhance complex
formation of ERBB2 and IGF1 receptor. If this is the case, lack
of BPS region may facilitate IGF1 receptor to phosphorylate
ERBB2. The RA domain, defined by sequence homology between
the Ras effectors, is also involved in the phosphorylation of both
ERBB2 and Akt. However, the molecular function of RA domain
still remains to be elucidated.

Previous studies showed that GRB7 was required for SK-BR-3
cell proliferation and ERK1/2 and Akt phosphorylation [22,23].
Conversely, overexpression of GRB7 and ERBB2 in MCF-7 breast
cancer cells enhance ERBB2 and Akt phosphorylation and tumor
xenograft growth [24]. These studies suggested a possible involve-
ment of GRB7 in the neoplastic phenotype of breast cancer cells.
Beyond these studies, we further reveal GRB7 as a unique trans-
forming gene, which does not show transforming activity by itself
but cooperatively transforms NIH3T3 cells with ERBB2. Further-
more, we provide evidence for the significance of its BPS and RA
domains in the ERBB2-GRB7-Akt signaling axis for cellular
transformation.
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Introduction

Lung cancer is the leading cause of cancer death, comprising
13% (1.6 million) of the total cancer cases and 18% (1.4 million) of
the cancer deaths in the world in 2008 [1,2].

Tumor markers have been detected in sera, urine, and tissues
from patients with malignant tumors, and can be used for an
exact diagnosis, discrimination of benign or malignant tumors,
follow-up after therapies, and prediction of the patient’s outcome.
At present, some sero-diagnostic markers are used for lung
cancer, such as carcinoembryonic antigen (CEA) and sialyl Lewis
X antigen (SLX) for adenocarcinoma (AD), and cytokeratin 19
fragment (CYFRA) and squamous cell carcinoma antigen (SCCa)
for squamous cell carcinoma (SCC) [3]. The positive rates of
CEA, SLX, CYFRA, and SCCa are reportedly 57, 40~50,
50~60, and 60~80%, respectively. However, it has been
reported that these markers do not show sufficient tumor or
organ specificities; for example, SLX can show false-positive
results in the presence of pulmonary tuberculosis and pulmonary

@ PLoS ONE | www.plosone.org

fibrosis, and CYFRA can elevate with interstitial pneumonia and
renal failure.

Antibodies are usually developed using purified proteins or
synthetic peptides. We have exhaustively generated monoclonal
antibodies (MoAbs) against various tumor-associated proteins
using the pulmonary AD-derived A549 cell as an antigen with
the random immunization method [4], and over 1,000 MoAbs
have been obtained [5]. This method is expected to generate
antibodies against proteins with tumor-specific post-translational
modifications, which are difficult to obtain by conventional
immunization methods.

Carbonic anhydrase XII is a transmembrane zinc metalloen-
zyme that catalyzes the reversible hydration of carbon dioxide to
form bicarbonate (HyO+COy<«-H+HCO;37), and is a member of
the alpha carbonic anhydrase (CA) family. CAXII has been
proposed to be involved in the acidification of the extracellular
microenvironment, which is suitable for rapid tumor growth.
CAXII overexpression was initially detected in renal cell
carcinoma, and subsequent studies confirmed its expression in
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various human cancers, such as diffuse astrocytoma, breast,
pancreatic, and ovarian carcinoma, as well as in non-small cell
lung cancer (NSCLC) [6-11]. Its expression was influenced both
by factors related to differentiation and hypoxia in breast cancer i
vivo, and was associated with a more favorable prognosis in
invasive breast carcinoma patients [12]. Higher CAXII expression
was also correlated with a better overall and disease-specific
survival in patients with resectable NSCLC [13]. However, no
study has clarified CAXII in sera and its clinical utility as a sero-
diagnostic marker for patients with malignant tumors.

In this study, the specificity of the obtained anti-CAXII antibody
was confirmed by immunohistochemistry (IHC) and immunoblot-
ting with lung cancer cell lines and lung cancer tissues. To further
confirm its utility as a sero-diagnostic marker, CAXII levels in sera
from patients with lung cancer were studied by dot blot analysis.

Materials and Methods

1. Cell lines

The A549 and LC-2/ad cells derived from lung AD were
purchased from the Japanese Cancer Research Resources Bank
(Tokyo, Japan) and RIKEN BioResource Center (Ibaraki, Japan),
respectively. The RERF-LC-AI cells derived from lung SCC was
purchased from the RIKEN BioResource Center. The N231 cells
derived from SCLC were purchased from the American Type
Culture Collection (Rockville, MD, USA). LCNI1, a large cell
neuroendocrine carcinoma (LCNEQC) line, was established in our
laboratory [14]. These cells were grown in RPMI-1640 medium
(SIGMA, Steinheim, Germany) supplemented with 10% fetal
bovine serum (FBS; Biowest, Miami, FL, USA), 100 units/ml of
penicillin, and 100 pg/ml of streptomycin (GIBCO, Auckland,
New Zealand). After harvesting and washing twice with phosphate-
buffered saline without divalent ions (PBS-), sub-confluent cells were
stored at —80°C for proteomics analysis or fixed in 10% formalin
and embedded in paraffin for immunohistochemistry. A549 cells
were also AMeX-fixed [15] for immunohistochemical screening.
The SP2/0-Agl4 cells derived from a mouse myeloma were
purchased from the RIKEN BioResource Center, and were grown
in RPMI-1640 medium supplemented with 1 x 8-azaguanine (50 x
Hybri-Max, SIGMA), 10% FBS, penicillin, and streptomycin.

2. Ethics statement

All samples were collected in accordance with the ethical
guidelines and written consent mandated, and this study was
approved by the Ethics Committee of Kitasato University School
of Medicine. All patients and healthy controls were approached
based on approved ethical guidelines, and those who agreed to
participate in this study were required to sign consent forms.
Patients could refuse entry and discontinue participation at any
time. All participants provided written consent.

2.1. Sera. Sera from 70 patients with lung cancer (AD: 29,
SCC: 21, SCLC: 17, and LCNEC: 3) and 30 healthy controls were
used in the training set. In addition, a validation set consisting of
sera from 26 patients with lung cancer (AD: 20, SCLC: 5, and
LCNEC: 1) and 30 healthy controls was also studied. The
clinicopathological characteristics of the patients data are
summarized in Table 1.

Patient sera were collected at Kitasato University Hospital, and
healthy control sera were provided by Kyowa Medex Co., Ltd.
(Tokyo, Japan) and kept at —80°C until use.

3. Generation of monoclonal antibodies
Ab549 cell lysate was prepared with PBS(-) using an ultra-sonic
homogenizer (UH-50; SMT Company, Tokyo, Japan). Five-week-
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Table 1. Clinicopathological characteristics of the patients.

Validation set
{(N=26)

Training set

Characteristics (N=70)

& S
>70 30 (42.9%)

18 (25.7%)

o
I 11 (15.7%)

SRR
v 14 (20.0%) 3 (11.5%)
=

(NSCLO)

10 (18.9%) 5 (23.8%)

¢
18 (34.0%)

45 (64.3%)

=

Nodal status NO

23 (32.9%) 18 (69.3%)

e
N2 23 (32.9%)

5 (19.2%)

56 (80.0%)

23 (88.5%)

Distant metastasis Mo

29 (41.4%) 20 (77.0%)

SCLCE 17 (24.3%) 5 (19.2%)

?Adenocarcinoma.

PSquamous cell carcinoma.

“Small cell lung carcinoma.

dLarge cell neuroendocrine carcinoma,
doi:10.1371/journal.pone.0033952.t001

old female BALB/c mice were immunized intra-peritoneally with
50 mg wet- weight of A549 cell lysate in 500 pl of PBS(-) 3 times
with a two-week interval. The antibody titer was tested by IHC
using 100-times diluted sera from the immunized mice as the first
antibody on AMeX-fixed A549 cells. Three days prior to cell
fusion, the animal with the highest titer was intra-peritoneally
boosted by the same amount of A549 lysate. Hybridoma
preparation and IHC screening with AMeX-fixed A549 cells
were previously described [4,5].

4. Proteomics analysis

4.1. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were extracted from each of
A549, LC-2/ad, RERF-LC-AI, N231, and LCNI1 cells with
detergent lysis buffer [16] using an ultra-sonic homogenizer. Ten
ug each of extracted proteins were boiled and separated by SDS-
PAGE with 10% polyacrylamide gel at a constant current of
20 mA. After SDS-PAGE, proteins in gels were transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore Corp.,
Billerica, MA, USA) for immunoblotting.

4.2. Immunoblotting. Blotting membranes were blocked
with 0.5% casein from bovine milk (Sigma, St. Louis, MO, USA)
for 30 min at RT. The membranes were then reacted with non-
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diluted hybridoma supernatant for 1 hr at RT, followed by
incubation with 1,000-times diluted horseradish peroxidase-
conjugated rabbit anti-mouse IgG polyclonal antibody (Dako,
Glostrup, Denmark) with 0.025% Casein for 45 min at RT.
Finally, signals were developed using Immobilon Western HRP
reagent (Millipore Corp.).

4.3. Determination of antibody isotype. To determine the
isotype of the established KU-Lu-5 antibody, we used the
IsoStrip™ Mouse Monoclonal Antibody Isotyping Kit (Roche
Diagnostics, Mannheim, Germany) according to the manu-
facturer’s instructions.

4.4, Immunoprecipitation. The immunoprecipitation
method used in this study was previously described [17]. In brief,
A549 cells were washed with PBS (-) and treated with radio-
immunoprecipitation assay (RIPA) buffer containing Complete-
mini EDTA-free (Roche Diagnostics) on ice for 30 min. After
centrifugation at 15,000 rpm for 30 min at 4°C, the supernatant
was collected and precleared with protein G sepharose (50% slurry)
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) at 4°C
overnight. To conjugate the primary antibody, 250 pL of primary
antibody (KU-Lu-5 hybridoma supernatant) and 20 pL of protein
G sepharose beads suspended in RIPA buffer were incubated with
mixing at 4°C overnight. After centrifugation, the antibody-
sepharose conjugate and 500 pg of total cellular protein from the
precleared supernatant were incubated with mixing at 4°C for
4 hrs. The immunoprecipitates were collected by centrifugation at
15,000 rpm for 5 min at 4°C. After washing four times with RIPA
buffer, the supernatant was carefully removed and the pellets were
resuspended in 15 pl. of 1xLaemmili’s buffer. Then, 15 uL of
samples were boiled and separated by SDS-PAGE with 10%
polyacrylamide gel. After SDS-PAGE, gels were Zn-stained with
the Negative Gel Stain MS kit (Wako Pure Chemical, Tokyo, Japan)
according to the manufacturer’s instructions.

4.5. Identification of antigen protein. £.5.1. In-gel digestion.
The protein spot was excised from the SDS-PAGE gel and minced
to 1 mm® destained with destaining solution (Wako Pure
Chemical), dehydrated with 100% (v/v) ACN, and dried under
vacuum conditions. Tryptic digestion was performed with a
minimal volume of digestion solution which contained 20 ng/pl of
trypsin (Trypsin Gold, Mass Spectrometry Grade, Promega,
Madison, WI, USA) and 25 mM NHHCOj; for 24 hrs at 37°C.
After incubation, digested protein fragments eluted in solution
were collected, and gels were washed once in 5% (v/v)
trifuloroacetic acid /50% (v/v) ACN and collected in the same
tube.

4.5.2. Prolein identification. The collected peptide fragments were
analyzed using autoflex III matrix-associated laser desorption/
ionization-time of flight/time of flight mass spectrometry
(MALDI-TO¥/TOF MS; Bruker Daltonik, Bremen, Germany).
A disposable plate, spotted o-cyano-4-hydroxycinnamic acid
matrix for samples, and PAC Peptide Calibstandard for
calibration (Prespotted AnchorChip 96 set for Proteomics, Bruker
Daltonik) were used. Peptide mass fingerprints (PMF) were
measured, and then a few peaks obtained from PMF were further
measured for their tandem mass spectra as parent masses.
MASCOT (http://www.matrixscience.com) using the IPI Human
database (93,289 sequences; 36,994,704 residues), released on 3
May, 2011 (http://www.matrixscience.com), was used to deter-
mine proteins from PMF and tandem mass data.

5. Immunoblot analysis with recombinant CAXII protein

Recombinant CAXII protein and Venus protein as a negative
control with GST-tag were prepared using a wheat germ cell-free
system [18]. Fourteen pg each of recombinant CAXII and Venus
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proteins were boiled and separated with SDS-PAGE, followed by
immunoblotting with KU-Lu-5 antibody, as mentioned in 2.4.1.

6. Immunohistochemical staining

Three-um-thick sections, made from 10% formalin-fixed and
paraflin-embedded lung cancer cell lines and 37 surgically resected
lung cancers (AD: 28, SCC: 9) were deparaffinized in xylene,
rehydrated in a descending ethanol scries, and then treated with
3% hydrogen peroxide for 20 min. After the antigen was retrieved
by autoclaving in 0.01 mol/L citrate buffer (pH 6.0) with 0.1%
Tween 20 at 121°C for 10 min, the sections were reacted with
non-diluted KU-Lu-5 hybridoma supernatant for 1618 hrs at
room temperature (RT). After rinsing in TBS three times for
5 min each, the sections were reacted with ChemMate Envision
reagent (Dako) for 30 min at RT. Finally, the sections were
visualized with Stable DAB solution (Invitrogen Corp.) and
counterstained with Mayer’s hematoxylin.

7. Dot blot analysis

7.1. Sample preparation. 7.[.l. Removal of albumin and IgG
from serum samples. The removal of albumin and IgG from sera was
performed using a ProteoExtract Albumin/IgG Removal kit
(Merck, Darmstadt, Germany) according to the manufacturer’s
instructions. A 60-uL sample of each sera was diluted with 540 plL
of binding buffer, and allowed to pass the column by gravity flow.
The flow-through fraction was collected in a collection tube. To
wash the column, binding buffer was allowed to pass the column
by gravity flow. The flow-through fraction was collected in the
same collection tube.

7.1.2. Desalting and concentration by ultrafiltration. The albumin- and
IgG-depleted samples were buffer-exchanged and concentrated
using 10-kDa molecular-weight cut-off ultra-filtration VIVASPIN
2 (Sartorius, Gottingen, Germany). The samples were centrifuged
at 6,000 xg at 4°C until less than 100 pL, and then the buffer was
exchanged for PBS (-) with concentration at 6,000 xg at 4°C until
concentrated to less than 50 pL. The concentrated samples were
adjusted to a final volume of 60 puL with PBS (-).

7.2. Dot blot analysis. One pl cach of albumin- and IgG-
depleted samples diluted to 1:20 with PBS(-) and mouse IgG
(purified in our laboratory) for a positive control were spotted on a
PVDF membrane (Millipore Corp.) using the automatic dot blot
system with a 256-solid pin configuration (Kakengeneqs Inc.,
Chiba, Japan). Two sheets of membrane were prepared for one set
of experiment. Spotted membranes were washed in TBS for
10 min, and blocked with 0.5% casein (Sigma) for 1 hr at RT.
One membrane was then reacted with non-diluted KU-Lu-5
hybridoma supernatant, and the other membrane was reacted
with antibody diluting solution [20-times diluted 0.5% casein with
0.1% Tween 20 added TBS (TBS-T)] for 30 min at RT. After
rinsing in TBS-T 3 times for 5 min each, membranes were
incubated with 1,000-times diluted horseradish peroxidase-
conjugated rabbit anti-mouse IgG polyclonal antibody (Dako)
for 30 min at RT. Finally, signals were developed with Immobilon
Western reagent (Millipore Corp.). The data were analyzed using
DotBlotChipSystem Ver. 4.0 (Dynacom Co., Ltd., Chiba, Japan).
Each normalized signal was presented as the ratio of the positive
intensity versus the negative background intensity.

8. Statistical analysis

Serum CAXII levels in patients with lung cancer and healthy
controls were statistically analyzed using the Mann-Whitney U-
test. Sensitivity, specificity, and predictive values were calculated
with the SPBS software package (Ver. 9.42 for Windows) for each
variable at a corresponding cut-off. Discriminant function analysis
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was performed to classify patients in the “lung cancer” wvs.
“healthy control” group, according to the status of the biomarkers,
using the SPBS software package. The area under the curve
(AUC) and best cut-off point were calculated employing receiver
operating characteristic (ROC) analysis. Results were considered
significant when P<0.05.

Results

1. Confirmation of antibody titer in mouse sera

The antibody titer was tested by IHC with 1,000-times diluted
sera of immunized mice as the first antibody on AMeX-fixed A549
cells. As a result, the sera from immunized mice contained
antibodies that reacted with various components of A549 cells.

Using AMeX-fixed A549 cell preparations for the immunohis-
tochemical screening of hybridomas, we finally established 188
MoAbs in total and a further study was performed with the KU-
Lu-5 clone, which showed intense staining in A549 cells (Fig. 1 A).

2. ldentification of antigen protein
In order to identify the antigen protein recognized by the KU-

Lu-5 antibody, we performed IP with lysate from A549 cells. The
results of IP are shown in Fig. 1 B, C. The antigenic protein was

A B

MW

MW,
(kDa)

rCAXI rVenus

(kDa) 1 2 3
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observed at roughly 40 kDa. To determine the antigenic protein
recognized by KU-Lu-5 antibody, we excised and collected the
spot from the Zn-stained gel, and proceeded with in-gel digestion.
After analysis employing a MALDI-TOF/TOF MS and a
MASCOT search, the protein was determined as isoform 2 of
carbonic anhydrase XII (CAXII, accession: IP100221392), which
is composed of 343 amino acids with a predicted M.W. of 38,384
Da. The result was confirmed by immunoblot analysis with
recombinant CAXII protein using KU-Lu-5 hybridoma superna-
tant as the first antibody (Fig. 1 D). The immunoglobulin isotype
of KU-Lu-5 antibody was determined as IgG, «.

3. Immunoblot analysis

Expression of CAXII was detected only in A549 cells as a
roughly 40-kDa protein, and no clear band was detected in other
cells used in this study (Fig. 2 A).

4. Immunohistochemical staining for CAXII

Immunohistochemically, membranous expression of CAXII
was observed only in A549 cells (Fig. 2 B). Membranous staining
was detected in 2 of the 28 ADs (7.1%) and in 2 of the 9 SCCs
(22.2%) (Fig. 2 C, D).

lgG
Heavy chain

CAXIl

Figure 1. Production of anti-CAXIl monocional antibody and its antigen identification. (A) The antibody titer was tested
immunohistochemically using 1,000-times diluted sera of immunized mice as the first antibody on AMeX-fixed A549 cells, which were used as an
immunogen. The sera of immunized mice contained antibodies that reacted with various cell components, such as the nucleus (1), plasma
membrane (A), and cytoplasm (1 7). (B) Immunoprecipitation with KU-Lu-5 antibody. Immunoblot analysis using KU-Lu-5 hybridoma supernatant as
the first antibody [ lane 1: A549 lysate, lane 2: A549 lysate combined with protein G, lane 3: KU-Lu-5 antibody combined with protein G, lane 4: A549
lysate combined with KU-Lu-5 antibody]. Lanes 2 to 3 are negative controls, and immunoprecipitated product with KU-Lu-5 antibody was detected in
lane 4 (7). (O) Confirmation of identified antigen protein. KU-Lu-5 antibody reacted with recombinant CAXIl protein (64 kDa), but not with

recombinant Venus protein.
doi:10.1371/journal.pone.0033952.g001
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LCN1

Figure 2. Expression of CAXII antibody in lung cancer cell lines and tissues. (A) Inmunoblot analysis of CAXIl in lung cancer cell lines. CAXII
was detected as an approximately 40-kDa protein with A549 cells. (B) Immunostaining of CAXII in A549 cells (a), adenocarcinoma (b), and squamous
cell carcinoma (c) of the lung, and each showed membranous staining of CAXIL.

doi:10.1371/journal.pone.0033952.g002

5. Serum CAXIl in patients with lung cancer

The serum CAXII levels were significantly higher in lung cancer
patients than in healthy controls in the training set (P<<0.0001).
Relative values of serum CAXII levels ranged from 0.101 to 4.01
(median: 1.520) in lung cancer patients, but 0.006 to 1.679 (median:
0.290) in healthy controls (Fig. 3 A). In lung cancer, CAXII serum
levels of SCC patients were significantly higher than those of AD
patients (P = 0.03) (Fig. 3 A). The area under the ROC curve (AUC)
between lung cancers and healthy controls was 0.794 (Fig. 3 B).
When an optimal cut-off value of 0.387 for CAXII was applied, the
diagnostic sensitivity and specificity for lung cancer were 82.9 and
70.0, respectively, and the negative and positive predictive values
were 0.617 and 0.863, respectively. Furthermore, within SCCs,
serum CAXII levels were significantly higher in patients with well-
and moderately differentiated tumors than those with poorly
differentiated ones (P=10.027) (Fig. 4 A), and tended to be higher
in patients with a tumor size of less than 3 cm rather than more than
3 cm (P =10.0538). However, there was no difference in the smoking
history of patients (Fig. 4 B). CAXII levels in stage I, IT, and III ADs
were 1.501, 0.704, and 1.001, respectively, and CAXII levels in
stage I, I1, and III SCCs were 1.764, 2.093, and 1.854, respectively.
These data were summarized in Table 2. No relations between the
CAXII serum levels and tumor stage or presence of metastasis were
identified for either ADs or SCCs. To further confirm the utility of
serum CAXII levels as a sero-diagnostic marker, 56 additional
samples of sera were analyzed by dot blot analysis as a validation
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study. The serum CAXII levels were also significandy higher in lung
cancer patients than in healthy controls in the validation set
(P=0.030). Relative values of serum CAXII levels ranged from
0.000 to 8.023 (median: 3.921) in lung cancer patients, but 0.000 to
8.331 (median: 2.806) in healthy controls (Fig. 5). When an optimal
cut-off value of 3.086 for applied, the diagnostic sensitivity and
specificity for lung cancer were 65.4 and 70.0, respectively.

Discussion

In this study, aiming to discover useful sero-diagnostic markers for
lung cancer, we generated monoclonal antibodies using lung AD-
derived A549 cells as antigens. From the obtained 188 antibodies, we
focused on an antibody recognizing CAXII, and explored its clinical
utility as a sero-diagnostic marker for lung cancer. This random
immunization method is expected to yield antibodies against tumor-
specific proteins with post-translational modifications, which are
difficult to obtain by conventional immunization methods. Actually,
several authors have reported that monoclonal antibodies generated
by this method are useful as diagnostic and prognostic markers for
cancers [5,17,19]. Battke et al. [20] established a 6A10 antibody
recognizing CAXII using a similar immunization methodology.
However, the obtained antibodies were limited to those only reacting
with cell surface antigens because of using flow cytometry for the
screening of hybridomas. In the present study, the hybridomas were
immunohistochemically screened which facilitated the obtaining of
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Figure 3. Serum CAXI levels in patients with lung cancer and healthy controls in the training set. Serum CAXI! levels in patients with
lung cancer and healthy controls. (A) The median CAXIl level in the sera from healthy controls was 0.29, and that in sera from lung cancer patients
was 1.52. Serum CAXIl levels were significantly higher in lung cancer patients (*P<<0.001). Furthermore, serum CAXIl levels were higher in SCCs than
ADs (**P =0.0381). (B) Receiver-operating characteristic curve analysis of CAXIl as a serum marker for lung cancer. The corresponding areas under the
curves were 0.794 for CAXIL. With a 70.0% specificity, the sensitivity of CAXIl for lung cancer was 82.9%, at a cut-off value corresponding to 0.387.

doi:10.1371/journal.pone.0033952.g003

@ PLoS ONE | www.plosone.org

— 775 —

March 2012 | Volume 7 | Issue 3 | 33952



