Development of an orally-administrative MELK-targeting
inhibitor that suppresses the growth of various types of human
cancer
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ABSTRACT:

We previously reported MELK {maternal embryonic leucine zipper kinase) as
a novel therapeutic target for breast cancer. MELK was also reported to be highly
upregulated in multiple types of human cancer. It was implied to play indispensable
roles in cancer cell survival and indicated its involvement in the maintenance of
tumor-initiating cells. We conducted a high-throughput screening of a compound
library followed by structure-activity relationship studies, and successfully obtained
a highly potent MELK inhibitor OTSSP167 with IC_ of 0.41 nM. OTSSP167 inhibited
the phosphorylation of PSMA1L (proteasome subunit alpha type 1) and DBNL (drebrin-
like), which we identified as novel MELK substrates and are important for stem-cell
characteristics and invasiveness. The compound suppressed mammosphere formation
of breast cancer cells and exhibited significant tumor growth suppression in xenograft
studies using breast, lung, prostate, and pancreas cancer cell lines in mice by both
intravenous and oral administration. This MELK inhibitor should be a promising
compound possibly to suppress the growth of tumor-initiating cells and be applied

for treatment of a wide range of human cancer.

INTRODUCTION

Breast cancer is the most common malignancy
among women worldwide[1]. More than 1.3 million
paticnts arc newly diagnosed with breast cancer each
year, and over 400,000 patients died of the disease[2].
Treatments acting on molecular targets such as estrogen
receptor or HER-2 for breast cancer have successtully
improved the mortality rate, but a subset of the patients
can still have little benefit with these therapiesi3, 4].
Triple-negative breast cancer (TNBC), one of the breast
cancer subtypes, develops more frequently in younger
women and is known to be more aggressive with poor
prognosis{5]. Since TNBC does not expresses either of

HER-2, estrogen receptor, or progesterone receptor]6],
no effective targeted therapy is presently available{5, 7].
Hence, the development of novel targeted drugs for such
patients is urgently awaited.

We identified maternal embryonic leucine zipper
kinase (MELK), that is a member of the AMPK serine/
threonine kinase family and is involved in the mammalian
embryonic development{8]. to be a promising drug
target molecule for breast cancer{9]. MELK was also
overexpressed in various types of human cancer including
TNBC and its expression was hardly detectable in
normal tissues except the testis[9-11]. In addition to
the involvement in cancer cell growth, MELK was also
reported its critical roles in formation or maintenance of
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cancer stem cells[12, 13], that have the ability to self-
renew and differentiate. Fmerging evidence indicated
that the cancer stem cells are resistant to chemotherapy
and radiation therapy, and are associated with the cancer
relapse[14, 15]. Thus, targeting cancer stem cell is
considered as a novel strategy for cancer treatment[16,
17]. The mechanisms how cancer cells acquired these
abilities are not yet understood, but recent studies
indicated that MELK is one of the marker molecules to
characterize cancer stem cells in tumor, such as breast
cancer and glioblastomal 13, 18]. Thus, targeting MELK
could be an effective strategy to treat multiple types of
human cancer.

In this study, we report development of a small-
molecufe MELK inhibitor OTSSP167 that can selectively
and effectively inhibit MELK kinase activity. Our in vitro
and in vivo studies also imply that OTSSP167 significantly
suppresses mammosphere formation of breast cancer
cells as well as the growth of human cancer-derived
xenografts in mice, implying that OTSSP167 has great
potential to apply as a novel therapeutics for cancer in
a MELK-dependent manner. Furthermore, to verify the
molecular mechanism of this MELK-specific inhibitor, we
demonstrate identification of new substrates of MELK and
inhibitory effect of the compound on activities of these
molecules in breast cancer cells.

RESULTS

High-through put screening to identify MELK-
specific inhibitor

To obtain small-molecule MELK inhibitors, we
first conducted high-throughput screening of a library
consisting of 108,269 compounds. Each compound was
screened at a single concentration of 30 uM against
MELK using the IMAP assay|19] optimized for the high-
throughput low-volume 384-well format assays (see
Supplementary Methods). The inhibition activity was
measured by percent of inhibition of the MELK kinase
activity relative to control. The average and standard
deviation of the percent inhibition were 0.87% and
9.07%, respectively. A total of 597 compounds revealed
the MELK kinase inhibitory activity by 37.1% or higher.
After validation by dose-response analysis, a quinoline
derivative (compound 1 in Fig 1A) was confirmed to
inhibit the MELK activity with the half-maximum
inhibitory concentration (1C, ) value of 4.8 yM. To develop
high-affinity MELK inhibitors, we performed an intensive
structure-activity relationship study on the basis of the
structure of compound 1, and obtained novel compounds
with various degrees of MELK inhibitory activity. Among
them, the compound OTSSP167 (Fig 1B) was identified
as one of the most effective MELK inhibitor with IC,,

value of 0.41 oM (see Supplementary Methods for the
compound synthesis and the kinase assay). OTSSP167
has a I,5-naphthyridine core with methylketone at
the 3-position, tfrans-d-({dimethylamino)methyl)
cyclohexylamino at the 4-position, and 3,5-dichloro-4-
hydroxyphenyl at the 6-position of the core.

Growth suppressive effect of OTSSPI167 in
various eancer types

Since MELK was reported to be overexpressed
in other types of human cancer in addition to breast
cancer[9, 10, we examined the growth inhibitory effect
of OTSSP167 on the growth of various cancer cell lines.
In vitro anti-proliferative assay using A549 (lung), T47D
(breast), DU4475 (breast), and 22Rv| {prostate) cancer
cells, in which MELK was highly expressed, revealed IC,,
values 01 6.7, 4.3, 2.3, and 6.0 nM, respectively (Fig 2A-
D). On the other hand, HT1197 (bladder) cancer cells. in
which MELK expression was hardly detectable, revealed
1C,, value ot 97 nM (Fig 2E). clearly implying the MELK-

dependent growth-inhibition effect of this compound.

Growth suppressive effect of OTSSPI67 in
xenograft mouse model

We subsequently investigated jn vivo anti-tumor
cifect of OTSSP167 by a xenograft model using MDA-
MB-231 cells (MELK-positive, triple-negative breast
cancer cells). The compound was administered to mice
bearing xenografts for 14 days after the wumor size
reached about 100 mm?®. The tumor size was measured
as a surrogate marker of drug response (tumor growth
inhibition (TGI)). Intravenous administration of
OTSSP167 at 20 mg/kg once every two days resulted in
TGI of 73% (Fig 3A). Since the bioavailability of this
compound was expected to be very high (data not shown).
we altempted oral administration of this compound. The
oral administration at 10 mg/kg once a day revealed TGI of
72% (Fig 3B). Due to the strong growth-suppressive effect
on various cancer cell lines, we further investigated /n vivo
growth-suppressive effect using cancer cell lines of other
types and found significant tumor growth suppression by
OTSSP167 for multiple cancer types in dose-dependent
manuners with no or a little body-weight loss (Fig 3 and
Supplementary Fig. S1). For example, mice carrying
A549 (lung cancer) xenografls that were (reated with 1,
5, and 10 mg/kg once a day of OTSSP167 by intravenous
administration revealed TGI of 51, 91, and 108%,
respectively (Fig 3C) and those by oral administration of
5 and 10 mg/kg once a day revealed TGI of 95 and 124%,
respectively (Fig 3D). In addition, we examined DU145
(prostate cancer) and MIAPaCa-2 (pancreatic cancer)
xenografi models by oral administration of 10 mg/kg once
a day. and observed TG of 106 and §7%, respectively (Fig
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3E and F). To further validate the MELK-specitic in vivo
tumor suppressive effect, we examined PC-14 lung cancer
cells in which MELK expression was hardly detectable
(Fig 3G). Oral administration of 10 mg/kg OTSSP167
once a day for 14 days showed no tumor growth
suppressive effect on PC-14 xenografts (Fig 3H), further
supporting the MELK-dependent antitumor activity of
OTSSP167.

OTSSP167 inhibits the phosphorylation of novel
MELK substrates

To further characterize the molecular mechanism of
MELK overexpression in mammary carcinogenesis and
validate the functional consequence of small molecule
inhibitor against MELK, we further investigated MELK
substrates. Using the MELK recombinant protein, we
performed in vifro kinase assay in combination with
2D-PAGE and identified multiple candidate spots which
appeared in a MELK-~specific manner. We analyzed these
spots by mass spectrometry and confirmed drebrin-like
(DBNL) and proteasome subunit alpha type 1 (PSMAT)
to be MELK substrates by in vitre kinase assay using
their recombinant proteins as shown in Fig 4A. We
subsequently performed in vitro kinase assay with these
two substrates to confirm the phosphorylation-inhibitory
effect of OTSSP167. As shown in Fig 4B, addition of
this compound in an ir vifre kinase assay significantly
suppressed the phosphorylation levels of DBNL and
PSMAT, further supporting strong inhibitory effect of this
compound on the MELK activity.
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Phosphorylated DBNL by MELK enhances
cellular invasiveness in cancer cell

DBNL is known to be an actin-binding adaptor
protein  that regulates the actin  cytoskeleton and
endocytosis{20-22]. To characterize the biological
function of DBNL in human cancer, we first examined
in vivo phosphorylation status of DBNL by western blot
analysis using BT549 cells treated with Okadaic acid that
can inhibit the phosphatase activity[23]. We introduced
either or both of MELK and DBNL expression vectors
into the cells, and detected the significant elevation of
DBNL phosphorylation in the cells trasnfected with both
expression vectors, compared with the cells transfected
with either of the genes or the mock vector (Fig 5A). In
addition, to identify the phosphorylation sites of DBNL
by MELK, we performed mass spectrometry analysis
in the presence or absence of MELK, and identified
and confirmed Ser269 as a candidate phophorlylation
site as shown in Fig 5B: the substitution of Ser269
of DBNL with an alanine completely diminished the
phosphorylation by MELK, while that of Thr270 with an
alanine showed no effect on the phosphorylation status.
Subsequently, immunocytochemical analysis revealed
drastic enhancement of membrane ruffling of the cells that
were co-transfected with both DBNL and MELK (Fig 5C).
Since membrane ruffling is related to tumor cell mobility
and cancer metastasis[24], we performed Matrigel
invasion assay (Fig 5D} and observed significantly higher
invasiveness of the cells overexpressing both DBNL and
MELK than the control cells or those overexpressing
either of the two genes.

B ~y
cr -
HO
NH O
Cl l N\ =
=
& N
OTSSP167

Figure 1: Novel MELK inhibitors. (A) A quincline derivative, diethyl 4-<{4-acetamidophenylamino) quinoline-3,6-dicarboxylate
(compound 1; a commercially available compound), was found to have a moderate inhibitory activity against MELK (IC = 4.8 pM)
through the high-throughput screening. The subsequent structure-activity relationship study led to the synthesis of a highly potent MELK
inhibitor with a novel structure: (B) compound OTSSP167. 1-(6-(3,5-dichloro-4-hydroxypheny!)-4-{(¢rans-4-({(dimethylamino)methyl)
cyclohexyhamino)-1,5-naphthyridin-3-yDethanone. The dihydrochloride salt form was used in experiments for OTSSP167.
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OTSSP167 suppresses mammosphere formation
through the inhibition of PSMAT1 phosphorylatien

PSMAT is a subunit of the proteasome complex
and was reported to be upregulated in breast cancer
cells[25]. To examine the biological effect of MELK
on PSMA 1, we trasnfected either or both of MELK and
PSMAT into BT549 cells, and found the increase of the
PSMAT protein when PSMAT was co-transfected with
MELK, compared with the cells transfected with PSMA|
alone (Fig 6A). In concordance with this result, when
we knocked-down MELK in T47D cells using siRNA,
the amount of PSMAT1 protein was drastically reduced,
compared with the parental cells or the cells treated with
control siRNA (Fig 6A), while the amount of PSMAT|
transcript was unchanged (Fig 6B). These results have
indicated that MELK possibly stabilizes PSMA T protein
through its phosphorylation. Since the knockdown of
PSMAT expression suppressed the proliferation of cancer
cells (data not shown). the PSMAT is also considered
to be essential for survival of cancer cells. Previous
studies suggested contribution of MELK in cancer stem
cells due to its high level of expression in cancer stem
cell populations (ex, CD133-positive glioblastoma cells)
[10, 12, 13]. Our results in Fig 6C also revealed that
upregulation of MELK promoted the mammosphere
formation of breast cancer cells and induced the Ote3/4

B

expression that is well known as one of the stem cell
markers while that of kinase-dead MELK (D150A)
did not. Moreover, in mammosphere formation assay
using MCF-7 breast cancer cells, the cells that were
treated with OTSSP167 revealed stronger inhibition
in its mammosphere formation than in the growth of
adherent cells (Fig 6D), suggesting that OTSSP167 is
likely to suppress effectively the growth of cancer stem
cells. Interestingly, overexpression of PSMAT was
reported to play critical roles in hematopoietic stem
progenitor cells|26]. Hence, we investigated possible
involvement of PSMAT1 phosphorylation by MELK in
the maintenance of cancer stem cell characteristics. We
performed mammosphere formation assay using MCF-
7 cells which transiently over-expressed PSMAT with
either wild-type MELK or kinase-dead MELK. and found
co-overexpression of PSMAL and wild-type MELK
strongly enhanced sphere formation, compared with the
parental MCF-7 cells or those transfected with PSMA1
or PSMA 1+ kinase-dead MELK (Fig 6E). Concordantly,
the depletion of PSMAT or MELK expression in MDA~
MB-231 cells using siRNA significantly suppressed the
formation of mammosphere (Fig 6F). Taken together,
these results suggest that OTSSP167 suppressed
mammosphere formation of cancer stem cells through the
reduction of phosphorylated PSMAT by inhibition of the
MELK activity.
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Figure 2: In vitro anti-proliferative activity of OTSSP167. The graphs indicate growth inhibition curves of OTSSP167 for various
types of human cancel cell line: (A) A549 (lung cancer), (B) T47D (breast cancer), (C) DU4475 (breast cancer), and (D) 22Rv1 {prostate
cancer) cells, in which MELK is highly expressed, as well as (E) HT1197 (bladder cancer) cell line , in which MELK expression is hardly

detectable.
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Figure 3: Mice xenograft models showing the effectiveness of OTSSP167 on the growth of various human cancer
xenegraft. Nude mice bearing (A,B) MDA-MB-231 (triple-negative breast cancer), (C.1)) A349 {lung cancer), (F) DU143 (prostate
cancer), or {F) MIAPaCa-2 (pancreatic cancer) were treated with either vehicle control or OTSSP167 of given concentrations for 14 days.
The administration doses were (A) 20 mg/kg intravenously once every two days or (B) 10 mg/kg orally once a day for MDA-MB-231; (C)
1, 5, or 10 mg/kg mtravenously once a day or (D) 5 or 10 mg/kg orally once a day for A549; () 10 mg/kg orally once a day for DU145;
and (F) 10 mg/kg orally once a day for MIAPaCa-2. Mean tumor volumes = SD (n = 6 for each treatment group) are shown. (G} Lysates
of tumor samples taken from A349 and PC-14 xenograft mice were immunoblotted with anti-MELK and anti-ACTB antibodies. (H)
OTSSP167 was administered to nude mice bearing PC-14 (MELK-negative lung cancer cells) at a dose of 10 mg/kg orally once a day.
Mean tumor volumes £ SD (n = 3 per group) are shown. i.v. .2d; intravenously once every two days, i.v. q.d.; intravenously once a day,
p.o. g.d.; orally once a day.
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DISCUSSION

After a great success of Imatinib in the treatment
of  chronic myelogenous leukemia (CML)  and
gastrointestinal stromal tumors (GISTs), many scientists
and industries have been focusing on the development
of drugs targeting on cancer-specific molecules{27].
Protein kinases are considered as attractive therapeutic
targets for development of anti-cancer drugs because
they play critical roles in growth-signaling pathways
in cancer cells[28-31]. However, development of an
inhibitor(s) which specifically suppresses target kinase
activity is not so easy because most of kinase inhibitors
are type 1 inhibitor which recognizes an ATP-pocket
highly conserved across kinases and competes with ATP.
These structural conservation leads to the unexpected
cross-reactivity, in some cases yielding unexpected and
unfavorable side effects[28, 32]. For discovering new
kinase inhibitors with high effectiveness and minimum
toxicity, the combination of identification of appropriate
target molecules coupled with advanced drug-development
tools including analogue synthesis, structure-informed
design and fragment-based assembly is essential{28, 33].

To develop MELK-specific inhibitors in this
study, we conducted the high-throughput screening for
identification of hit compounds and subsequent intensive
structure~activity informed study, and finally developed
OTSSP167 which effectively inhibited the MELK kinase
activity with 1C,, of 0.41 nM. We then investigated the
effect of OTSSP167 on the formation of mammosphere,
one of the characteristics of breast cancer stem cells since
MELK was reported as a key molecule for cancer stem-
cell formation/maintenance[13]. Our results showed
that OTSSP167 inhibited mammosphere formation in a
dose-dependent manner and also revealed strong growth-
suppressive effect on various types of human cancer
xenograft including breast, pancreas, prostate and lung

DBNL * F

MELK - +

cancers without no or a little body-weight loss at the

cancer cells supported the MELK-dependent growth
suppressive effect of OTSSP167 on cancer cells.

In parallel, to further characterize biological
mechanisms of the MELK-signaling pathway and verify
the mode of action of the MELK inhibitor OTSSP167,
we screened novel MELK substrates and identified two
possible candidate molecules. DBNL and PSMAT1. DBNL
is a member of the debrin/Abpl family of actin-binding
proteins and is a component of the immunological synapse
that regulates T-cell activation[34]. Although there was no
evidence of DNBL involvement in human carcinogenesis.
our data have indicated that the phosphorylation of
DBNL by MELK is likely to promote cancer cell
invasiveness, and probably lead to tumor recurrence and
poor prognosis{35]. We also found that MELK could
phosphorylate Ser269 on DBNIL. Since the phosphrylation
of this site was reported to be critical to bind to 14-3-3
proteins[36] that has important roles in the regulation
of numerous cellular signaling pathways like cell cycle
regulation or apoptosis[37], we suspect that MELK might
promote cell growth and mobility of cancer cells through
the regulation of the DBNL-14-3-3 signaling pathway.

The other substrate, PSMAI, is one of the
components of the 208 core structure of proteasome
complex that is important to regulate the concentration
of intracellutar proteins and remove misfolded proteins
through degrading them{[38]. The function of PSMAT itself
was not well understood, however, its phosphorylation
might affect the assembly of the proteasome complex{39].
A recent study suggested that enhancement of the
proteasome assembly and activity could play crucial roles
in the maintenance of human embryonic stem cells]40].
We also investigated the biological characteristics of
PSMAT1 in cancer cells, and found that PSMAT was
stabilized by the phosphorylation in MELK overexpressing

DBNL + + + PSMA1 + o+
MELK - + + MELK - +
OTSSP167 - -+ OTSSP167 - -+

Figure 4: Identification and functional analysis of MELK substrates in breast cancer cell lines. (A) /n vitro kinase assay
using recombinant proteins confirmed DBNL and PSMAT to be novel substrates of MELK. Arrows indicate phosphorylated substrate

proteins; asterisks indicale autophosphorylated MELK. (B) In vitro kinase ¢

say using OTSSP167. DBNL (55kDa) or PSMAT (30kDa)

recombinant protein was incubated with MELK with or without OTSSP167. Asterisks indicate autophosphorylated MELK; arrows indicate
phosphorylated substrates. Phopshorylation of each substrate was diminished by addition of 10 nM of OTSSP167
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cells and that coexistence of PSMAT and MELK enhanced
the formation of mammosphere. Interestingly, the number
of mammosphere was significantly decreased in the cells
in which PSMAT expression was knocked down by siRNA
for PSMATL. Our data imply that OTSSP167 possibly

maintenance through phosphorylation of its substrate
proteins. Our data have also indicated that that the
selective MELK inhibitor OTSSP167 could suppress the
phosphorylation of these two MELK substrates, and has
the in vitro and in vivo growth suppressive effect on cancer

cells, implicating a great potential of this MELK inhibitor
to apply to treatment of various types of human cancer.

suppressed mammosphere formation through the reduction
of PSMAT protein.

In summary, we have demonstrated that MELK
plays crucial roles in cancer progression and/or stem cell

DBNL wt  wt S269A T270A

MELK - + + +

4 X
Sz 3
(@) m 11

Anti-DBNL

Anti-Myc(DBNL)

Anti-HA(MELK

ACTB

100 -

Number of invased cells

Figure 5: MELK phesphorylated Ser269 on DBNL and induced the cellular invasiveness. (A) /n vivo phosphorylation
assay, Phosphorylation of DBNL (indicated by an arrow) in BT549 cells in which DBNL and MELK were co-transfected was enhanced
much stronger than that in the cells in'which only DBNL was transfected. (B) Identification of phosphorylated sites by in vitro kinase assay.
Amino acid substituted mutants of DBNL were generated and used for in vitro kinase assay. Phosphorylated band of DBNL in which a serine
269 was substituted with an alanine (S269A) was completely diminished, while that of DBNL in which a threonine 270 was substituted
with an alanine (T270A) was unchanged. wi; wild-type. Closed arrows indicate phosphorylated DBNL. (C) Immunocytochemical analysis
of cells overexpressing DBNL with/without MELK. MCF-7 cells in which both MELK and DBNL were over-expressed shows a strongly
enhanced membrane-ruffling pattern (Red; DBNL, Green; MELK, Blue; DAPID which is indicated by white arrow. (D) MCF-7 cells
over-expressing DBNL revealed elevated cell invasiveness in the presence of MELK. The number of invaded cells on Y-axis indicates
the average cell number of migration, that was counted by microscopic obsetvation (*p=0.009, **p=0.0209, student’s t-test}. Error bars
represent means + SD of triplicates.
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METHODS Cell lines, plasmids, oligo siRNAs and transfection
MCF-7, MDA-MRB-231, BT549, T47D, DU4475,
High-throughput screening 22Rvi, DU145, HT1197, and NIH3T3 cells were
A library consisting of 108,269 compounds (AMRT’s purchased from the American Type Culture Collection
Diverse AMRI Synthetic Librax'y (IDASL)) was screened {AI cC) . (Rockville, MD, U %A)'“ ‘{.\‘34? ’ PC”ME“ and
using the assay protocol optimized for the high-throughput MIAPaCa-2 cells were purchased fi om Furopean
1ow~volumé “384-well format assays. Each of the Collection of Cell Cultures (ECACC) (Salisbury, UK},
compounds (30 uM) in 342 library plates were incubated R“\ha B\mResraurce\ (e‘nte‘r (I’sul'm‘l?a: }ap?i‘)’ and'
for 120 min at room temperature, with 70 uM of ATP, 100 Japanese Collection of Research Bioresources Cell Bank

) . . JCRB) (Suita, Japan). respectively. All cells were cuiturec
nM of the substrate peptide, and 30 nM of MELK protein. (€ RB) (%wta'hpan) respectively getls were cu uf.ed
i et & e . under appropriate media recommended by suppliers with

Any plate that showed Z°<0.5 was retested (more details . ! PR . . . N
in Supplementary Metho ds) 10% FBS and 1% antibiotic-antimycotic solution (Sigma-
PUpplementary o Aldrich). All cells except MDA-MB-231 were maintained
at 37 °C in humidified air with 5% CO,. MDA-MB-231
was maintained at 37 °C in humidified air without CQ.,.

A B C
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Figure 6: PSMAT1 enhanced the mammosphere formation through the phosphorylation by MELK. (A, B) PSMA]
protein was stabilized through the phosphorylation by MELK in breast cancer cells (A) although transcriptional level of PSMAT was
unchanged in the cells in which MELK expression was knocked down (B). (C) Wild-type MELK (MELK-wt) or kinase-dead mutant
MELK (MELK-130A) expression vector was transfected into MCF-7 cells which were seeded onto an ultra-low attachment culture plate.
The formation of mammosphere was enhanced in cells in which MELK-wt was transiently introduced than those transfected with mock
vector or MELK-150A. The expression levels of one of cancer stem cell markers, Oct3/4, are shown. The cells which transiently over-
expressed MELK-wt induced Oct3/4 expression while those transfected with mock vector or MELK-130A revealed no Oct3/4 expression.
(D) OTSSP167 suppressed more significantly the formation of mammosphere than the growth of attached MCF-7 cells. The cells were
plated onto ultra-low attachment culture plate or normal culture plate without or with OTSSP167 of given concentrations (*p<0.05.
student’s t-test). (B) The MCF-7 cells in which both PSMAT and wild-type MELK (MELK wt) were co-overexpressed revealed higher
number of mammosphere formation than the parental MCF-7 cells or those transfected with PSMAT alone or PSMAT + kinase-dead MELK
(MELK DISOA) (Fp<0.0001, student’s t-test). (F) The mammosphere formation of MDA-MB-231 cells. in which PSMAT was knocked
down, was suppressed (*¥p<0.05, student’s t-test). Absorbance measured at 490 nm is indicated using that at 630 nm as a reference with
a microplate reader. Error bars represent means = SD of triplicates for experiments D-F.
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MELK wild-type and kinase-dead mutant (D150A)
plasmids were constructed previously[9]. To construct
vectors designed to express DBNL (NM_001014436.2)
or  PSMAL (NM_002786.3), the entire coding
sequences were amplified by RT-PCR and cloned into
the peDNA3.I-myc-his or pCAGGSnHe expression
veetor., We carried out site-directed mutagenesis PCR
to generate DBNL substituted mutants (8269A and
T270A) with a QuickChange site-directed Mutagenesis
kit (Stratagene). Plasmids were transfected using
Fugene6 (for NIH3T3) or FugeneHID (for human breast
cancer cell lines) (Roche) according to the supplier’s
recommendations. For knockdown experiments, cells
were transtected with oligo siRNA using Lipofectamine
RNAIMAX (Invitrogen) according to manufacturer’s
instructions. The target sequences of oligo siRNAs
were as follows: S-GACAUCCUAUCUAGCUGCA-3?
for MELK; 5-CAGAUACCAACACAACGAU-3" for
PSMATL;,  5-GGTGCTGGCTCTGAGCACA-3  for
DBNL: 5-TTGAAGCAGCACGACUUCUUC-3" and
5-TTGAAGAAGUCGUGCUGCUUC-3 for siEGFP.
Recombinant proteins and in vitro kinase assay for
substrate screening

MELK recombinant protein was generated as
described previously9]. The full coding sequence of each
of MELK substrate candidates was amplified by RT-PCR
and cloned into the pGEX6p-1 vector (GE Healtheare).
The GST-tagged recombinant proteins were expressed
in BL21 codon-plus RIL competent cells (Stratagene)
and purified using Glutathione Sepharose 4B beads (GE
Healthcare) according to the supplier’s instructions.
The GST-tag was removed by PreScission protease (GE
Healthcare) according to the supplier’s instructions. For
in vifro kinase assay, MELK recombinant protein (0.4 ng)
was mixed with 5 pg of each substrate in 20 pl of kinase
buffer containing 30 mM Tris-HCI (pH), 10 mM DTT,
40 mM NaF, 16 mM MgCL, 0.1 mM EGTA with 50 uM
cold-ATP and 10 Ci of [y-2PJATP (GE Healthcare) for 30
min at 30 °C. The reaction was terminated by addition of
SDS sample buffer and boiled for 5 min prior to SDS-
PAGE. The gel was dried and autoradiographed with
intensifying screens at room temperature. OTSSP167
(final concentration of 10 nM) was dissolved in DMSO
and added to kinase buffer before the incubation.

Western blot analysis and immunocytochemisty
Y

Cells were lysed with RIPA buffer containing
protease inhibitor cocktail and phosphatase inhibitor
cocktail (Calbiochem). The proteins were separated by
electrophoresis using 10% or 7.5% SDS-PAGE gel and
transferred onto nitrocellulose membrane. The membranes
were incubated with the first antibody, respectively: anti-
PSMAT antibody (Epitomics), anti-DBNL antibody. anti-
Mye (Santa Cruz Biothechnology), anti-HA (Roche). anti-
Oct3/4 (Santa Cruz Biothechnology) or anti-ACTB. We
generated mouse anti-MELK monoclonal antibodies using

partial recombinant MELK protein (264-601 amino acids
of MELK) as an immunogen by the methods as described
previously{41]. For immunocytochemistry, MCF-7 cells
were seeded onto glass slide-chamber and transfected with
expression vector(s) as described above. After 48 hours
of incubation, cells were fixed with 4% paraformaldehyde
and permeabilized with 0.1% Triton X-100 in PBS for
1 min af room temperature. Non-specific binding was
blocked by treatment with PBS containing 3% bovine
serum albumin (BSA) for 30 min at room temperature.
Cells were incubated for 60 min at room temperature
with anti-HA or anti-DBNL antibody diluted at 1:200
by PBS containing 3% BSA. After washing with PBS,
cells were stained by Alexa fluor-conjugated secondary
antibody (Invitrogen) for 60 min at room femperature,
and visualized with Spectral Confocal Scanning Systems
(Leica).

in vive phosphorylation assay

DBNL expression vector was transtected into cells
with or without MELK expression vector. After 48 hours
of incubation, cells were treated with 100 nM Okadaic
acid (Calbiochem) and incubated for 6 hours. The cells
were lysed after the treatment with Okadaic acid and the
lysed samples were loaded into 7.5% SDS-PAGE gel. The
proteins were transferred onto nitrocellulose membrane
(GE Healthcare). The membrane was incubated with anti-
DBNL antibody (Abnova) or anti-B-actin (ACTB) (Sigma-
Aldrich}). ACTB served as a loading control.

Matrigel invasion assay and mammosphere formation
assay

NIH3T3 cells transfected with plasmids expressing
MELK {(pCAGGSnHe-MELK), DBNL (pcDNA3.1-Myc-
His-DBNL) or both were grown to near confluence in
DMEM containing 10% FBS. After the incubation of 24
hours, the cells were harvested by trypsinization, washed
in DMEM without addition of serum, and suspended in
serum-free DMEM. The cells (I1x10¢ cells) were seeded
onto the Matrigel matrix chamber (BD Biosciences) and
incubated for 22 hours.The cells invading to Matrigel
were stained by Giemsa (Merck) and counted. For sphere
formation assay, I1x10° cells of MCF-7 cells which
transiently over-expressed wild-type MELK, kinase-dead
MELK, PMSA1, PSMA 1 and wild-type MELK, or PMSA
and kinase-dead MELK were seeded onto Ulira-Low
attachment plate (Corning). For knockdown experiments,
MDA-MB-231 cells (1x10° cells) which seeded onto
Ultra-Low attachment plate were transfected with oligo
SiIRNA for EGFP, MELK or PSMA1 as described above.
For examination of sphere formation under treatment
of MELK inhibitor OT8SP167, 1x10° MCF-7 cells
were seeded with 0.01, 0.02, 0.04, 0.08, or 0.16 pM of
OTSSP167, respectively. DMSO alone was used as a
control. Following incubation for two weeks, cell viability
was measured by using Cell-counting kit-8 {DOJINDO).
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In vivo xenograft study

MDA-MB-231 cells were injected into the
mammary fat pads of NOD.CB17-Prkdc/] mice
(Charles River Laboratory). A549, MIAPaCa-2 and PC-
14 cells (1 x 107 cells) were injected subcutaneously in the
left flank of female BALB/cSLC-nu/nu mice (Japan SL.C,
Inc.). DU1T45 cells were injected subcutaneously in the
left flank of male BALB/cSLC-nu/nu mice (Japan SLC,
Inc.). When MDA-MB-231, A549, DU 145, MIAPaCa-2,
and PC-14 xenografts had reached an average volume of
100, 210, 110, 250, and 250 mm?, respectively, animals
were randomized into groups of 6 mice (except for PC-
14, for which groups of 3 mice were used). For oral
administration, compounds were prepared in a vehicle
of 0.5% methylcellulose and given by oral garbage
at the indicated dose and schedule. For intravenous
administration, compounds were formulated in 5%
glucose and injected into the tail vein. An administration
volume of 10 mi per kg of body weight was used for both
administration routes. Concentrations were indicated in
main text and Figures. Tumor volumes were determined
every other day using a caliper. The results were converted
to tumor volume (mm®) by the formula length x width?
x 1/2. The weight of the mice was determined as an
indicator of tolerability on the same days. The animal
experiments using AS49 xenografts were conducted by
contract with KAC Co., Ltd. (Shiga, Japan) in accordance
with their Institutional Guidelines for the Care and Use of
Laboratory Animals. The other animal experiments were
conducted at OncoTherapy Science, Inc. in accordance
with their Institutional Guidelines for the Care and Use of
Laboratory Animals. Tumor growth inhibition (TGI) was
caleulated according to the formula {1 — (7= 7))/ (C -
C,)} > 100, where T and 7, are the mean tumor volumes at
day 14 and day 0. respectively. for the experimental group,
and C - C, are those for the vehicle control group.
Statistical analysis

All values were presented as means + SD. Statistical
significance was computed using student’s t-test, and the
level of significance was set at p<0.05.

Detailed  methods are  described in  the
Supplementary Methods.
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Introduction

Lung cancer is the leading cause of cancer death worldwide [1].
Smoking is still the leading risk factor for lung cancer, but recently
the proportion of never smoker-related lung cancer is significantly
increasing, although its cause or other risk factor(s) is unknown [2].
Lung cancer patients show the poor prognosis with an overall 5-
year survival rate of only 15% [3]. One of the reasons for this
dismal prognosis is no effective tools to detect it at an early stage
and in fact only 16% of patients are diagnosed at their early stage
of the disease [3]. Current screening methods such as chest X-ray
or cytological examination of sputum have not yet shown their
effectiveness in the improvement of mortality of lung cancer,
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whereas low dose helical CT have been proved to possess a
potential to detect early-stage lung cancer and demonstrate 20%
lower lung cancer mortality rate compared to chest X-ray
screening [4]. On the other hand, serum biomarkers for lung
cancer have been investigated to achieve early detection of the
disease and improve clinical management of patients [5].
Nonetheless, their present clinical usefulness remains limited
[6,7]. CEA (carcinoembryonic antigen) and CYFRA (cytokeratin
19 fragment) are elevated in sera in a subset of lung cancer
patients, and are clinically applied to monitor the disease status
and evaluate the response to treatments. However, they are not
recommended to use in clinical diagnosis and screening [8]
because they are also elevated in certain non-cancerous conditions
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such as smoking and lung inflammation as well as in patients with
other types of cancers. It is obvious that CEA and CYFRA do not
have the sufficient power to apply for the screening of early-stage
lung cancer. Hence, development of novel serum/plasma
biomarkers applicable for lung cancer diagnosis is urgently
required.

Recently monitoring the protein expression pattern in clinical
specimens by proteomics technologies has offered great opportu-
nities to discover potentially new biomarkers for cancer diagnosis.
Various proteomic tools such as 2D-DIGE, SELDI-TOF-MS,
protein arrays, JCA'L, iITRAQ and MudPIT have been used for
differential analysis of biological samples including cell lysates and
blood to better understand the molecular basis of cancer
pathogenesis and the characterization of disease-associated
proteins [9]. In order to explore putative biomarkers in
complicated biological samples, focused proteomics or targeted
proteomics technologies have been utilized such as; phosphopro-
tein enrichment technologies IMAC [10], the cell-surface-
capturing (CSC) technology [11,12], glycan structure-specific
quantification technology 1GEL |13]. Most recently, to identify
novel lung cancer hiomarkers, Ostroff et al. reported the aptamer-
based proteomic technology targeting 813 known proteins. Finally
they selected 12 proteins which discriminated NSCLC from
controls with 89% sensitivity and 83% specificity [14]. Thus
targeted proteomics technologies such as the aptamer method
would be applicable for the measurement of already known
proteins, however could not be applied for the discovery of
biomarkers targeting unknown proteins, post translational modi-
fications, or biologically-processed polypeptides.

These methods can circumvent the technological limitations
that currently prohibit the sensitive and high-throughput profiling
of, in particular, blood proteome samples because of its high
complexity and large dynamic range of proteins. The peptidome
profiling technology addressed in the present study is one of the
focused proteomics approaches targeting on biosynthetic frag-
ments of proteins/peptides in blood, involving bioactive peptides
and those non-specifically degraded by proteases or peptidases
[15,16].

So far more than 500 proteases/peptidases are known to be
expressed in human cells {17,18]. They function at almost all
locations in the body including intracellular region, extracellular
matrices, and in blood, involved in activation of other protein
functions, degradation of cellular proteins, and notably tumor
progression or suppression [19,20,21]. Indeed many matrix
metalloproteases are overexpressed in various types of tumor cells,
that facilitate construction of favorable micro-environment for
tumor cells or promotion of metastasis[21]. Definitely these
protease/peptidase activities should result in the production of
digested peptide fragments well reflecting the tumor progression or
tumor-associated responses. Thus peptidomic profiling of human
serum or plasma is a promising tool for the discovery of novel
tumor markers.

In this article, we extracted peptidome fractions (molecular
weight <5,000 Da) from 92 individuals using the well-established
and reproducible one-step peptidome enrichment method based
on size exclusion chromatography (SEC) [22,23] and provided
them to the label-free mass spectrometric quantification analysis
combined with the statistical analyses on Expressionist proteome
server platform. Our rapid and simple peptidome enrichment
procedure can circumvent both less reproducible peptidome
extraction by such as ultrafiltration spin filters and prolonged
sample preparation including immuno-depletion column chroma-
tography, denaturing proteins, buffer exchange, ultrafiltration, and
so on [16]. After quantitative comparison of 3,537 serum peptides
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among 92 cases in the lung cancer biomarker discovery, we further
evaluated the accuracy of quantification results by another more
reliable quantification method MRM (multiple reaction monitor-
ing) technology using independently prepared 96 serum samples.

Materials and Methods

Serum samples

All human serum samples were obtained with informed consent
from 122 patients with lung adenocarcinoma (stage 1 to IV) at
Hiroshima University Hospital at the examination on admission.
Serum samples as normal controls were also obtained with
informed consent from 30 healthy volunteers who received
medical checkup at Hiroshima N'T'T Hospital and 36 from Kochi
University Hospital. Lach consent above was given in writing. To
circumvent undesirable degradation of proteins and peptides, all
serum samples were collected and stored under unified SOP.

Briefly, all venous blood specimens were collected with vacuum
blood collection tubes TERUMO VP-P070K (TERUMO, Tokyo,

Japan). After staying upright at ambient temperature for 60

minutes, serum fractions were separated with centrifugation at
1500 x g for 15 min (4°C) and immediately stored at —80 °C. One
freeze-and-thaw procedure was permitted for any serum samples
used in the present study. This study was approved by individual
institutional ethical committees; ‘The Lthical Committee of
Yokohama Institute, RIKEN (Approval code: Yokohama H20-
12), The Ethical Committee of Hiroshima University Hospital,
and The Ethical Committee of Kochi University Hospital.

Heat inactivation of sera and subsequent peptidome
enrichment

All serum samples were freezed and thawed once and
immediately incubated at 100 °C for 10 minutes after 4 times
dilution with proteomics grade water. Following filtration with
Spin-X 0.45 um spin filters (Corning Incorporated, Corning, NY,
USA), samples were loaded into 10/300 Superdex peptide column
(GE Healthcare UK Ltd., Buckinghamshire, England) coupled
with Prominence HPLC system (Shimadzu Corporation, Kyoto,

Japan). The peptidome fraction was collected from 22 to 34

minutes in the constant flow of 100 mM ammonium acetate at
0.5 ml/min flow rate. The collected fractions were dried-up with
Vacuum Spin Drier (TAITEC Co., Ltd., Saitama, Japan).

LC/MS/MS analysis for the screening study

The dried peptide samples were resuspended in 2% acetonitrile
with 0.1% trifluoroacetic acid and analyzed by QSTAR-Elite mass
spectrometer (AB Sciex, Foster City, CA, USA) combined with
UltiMate 3000 nano-flow HPLC system (DIONEX Corporation,
Sunnyvale, CA, USA). Samples were separated on the
100 um x200 mm tip-column (GL Sciences Inc., Tokyo, Japan),
in which L-Column beads (Chemicals Evaluation and Research
Institute, "Tokyo, Japan) were manually loaded, using solvent A
10.1% formic acid, 2% acetonitrile] and solvent B [0.1% formic
acid, 70% acetonitrile] with the multistep linear gradient of solvent
B 5 to 55% for 95 minutes and 55 to 95% for 10 minutes at a flow
rate 200 nl/min. The elute was directly analyzed with the 1
second MS survey (m/z 400--1800) followed by three MS/MS
measurements on the most intense parent ions (30 counts
threshold, +2 - +4 charge state, and m/z range 50-2000), using
the “smart exit” setting (SIDA=3.0, max accumulation time
=2.0 sec.). Previously targeted parent ions were excluded from
repetitive MS/MS acquisition for 40 seconds (100 mDa mass
tolerance). The other parameters on QSTAR-Llite were shown as
follows: DP =60, I'P =265, DP2 =15, CAD =5, IRD =6,
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IRW =5, Curtain gas = 20, and lon spray voltage = 1600 V. The
mass of each run was calibrated using three typical polysiloxane-
derived background peaks: m/z =445.12008, 519.13882, and
667.17640. The resolution of mass spectra was around 20,000 at
m/z =400. The primary data files (formatted as wiff and
wiff.scan) from 92 clinical samples are available in a public
repository site Proteome Commons (https://proteomecommons.
org/). The MASCOT' database search was performed on the
Analyst QS 2.0 software (AB Sciex, Foster City, CA, USA). The
MS/MS data was searched against the human protein database
from SwissProt 57.4 (20,400 sequences) using the search
parameters: Taxonomy = Homo sapiense, Linzyme = None,
Jixed modifications = None, Variable modifications = Oxida-
tion (Met), MS tolerance =50 ppm, and MS/MS tolerance =
0.1 Da, with Mascot Automatic Decoy Search. Although Matrix
Science recommends to use the Homology threshold for less-
stringent criteria or Identity threshold providing almost same
protein identification numbers with the criteria Expectation value
<0.05  (http://www.matrixscience.com/help/interpretation_-
help.html), we accepted peptide identifications that satisfied both
the false discovery rate (F'DR) of peptide matches above identity
threshold less than 5% and the Expectation value <0.05 in order
to obtain more reliable identification of individual peptides than
that from Mascot default criteria.

Alignment of MS chromatogram planes and peak
detection on Expressionist RefinerMS

The raw data files from QSTAR-Elite (wiff and witf.scan
formatted) were directly loaded onto the Genedata Expressionist
modules (Genedata AG, Basel, Switzerland). Genedata Expression-
ist worked on the in-house server system HP-DL380-G5 (Hewlett-
Packard Development Company, Palo Alto, CA, USA) equipped
with 16 GB memory, (72 GBx2) + (146 GB x25) RAID 0+1 hard
disks, and SUSE Linux Enterprise Server 10 SP2 operating system,
installed with Oracle 10 g ver. 10.2.0.4. software (Oracle Corpo-
ration, Redwood Shores, CA, USA). All MS chromatograms were
smoothed with RT Window =3 scans in the Chromatogram
Chemical Noise Subtraction Activity. 'T'o remove the background
noise, a peak intensity is defined as follows.

Intensitygypiracted =

max(Intensity,gina — Quantile — Threshold,0)

Here, values Quantile =50%, Intensity Threshold =15 cps
were used. Iurthermore signals satisfying at least one of the
following criteria were considered as noise peaks and subtracted:
RT Window >50 scans, Minimum RT Length =4 scans, or
Minimum m/z Length =8 data points. Then MS chromatogram
planes derived from 92 serum samples were accurately aligned using
parameters: m/z Window =0.1 Da, RT Window =0.2 min, Gap
Penalty =1, and RT Search Interval =5 min in the Chromato-
gram RT" Alignment Activity. Next, the Summed Peak Detection
Activity detected the peaks on a temporary averaged chromatogram
with parameters as follows: Summation Window =5 scans,
Overlap =50, Minimum Peak Size =4 scans, Maximum Merge
Distance =10 data points, Gap/Peak Ratio =1, Method =
curvature-based peak detection, Peak Refinement Threshold =3,
Consistency Filter Threshold =0.8, Signal/Noise Threshold = 1.
Finally the two steps Summed Isotope Clustering Activity identified
isotope patterns among 2D peaks, in which peaks identified as
belonging to the same isotope pattern of a molecule were grouped
into peak clusters. The first clustering was performed with the
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following criteria: Minimum Charge = 1, Maximum Charge = 10,
Maximum Missing Peaks =0, First Allowed Gap Position =3,
lonization = protonation, RT Tolerance =0.1 min, m/z Toler-
ance = 0.05 Da, Isotope Shape L'olerance = 10.0, and Minimum
Cluster Size Ratio = 1.2. The second clustering was performed with
the same setting above, except for Minimum Cluster Size Ratio
=0.6 and Reuse Existing Clusters = true. The information of all
detected cluster peaks, including m/z, retention time, and intensity,
was exported as ABS files.

Label-free quantification and statistical analysis on
Expressionist Analyst

The ABS files were loaded on the Expressionist Analyst module
(Genedata AG, Basel, Switzerland). The peak intensity variation
among 32 samples was normalized by fixing the median intensity
of each sample at 10,000. Using the normalized intensity data,
Student’s t-test was performed between the normal group (n = 30)
and lung cancer patients group (n = 62). The candidate biomarker
peaks were extracted which showed p<<0.01 and fold-change >5.0
between two groups. The candidates were further selected by
Absent/Present Search to identify peaks with all-or-nothing
detection pattern, which were detectable in 15 or all of 16 samples
in one group and 1 or none of 16 samples in another group.

Multiple Reaction Monitoring

Serum samples were processed with Superdex peptide column
chromatography as described above before mass spectrometric
analyses. The dried peptide samples were resuspended with 1
fmol/pl BSA tryptic digest solution in 2% acetonitrile, 0.1%
trifluoroacetic acid and analyzed by 4000 QTRAP mass
spectrometer (AB Sciex, Foster City, CA, USA) combined with
Paradigm MS4 PAL nano-flow HPLC system (AMR Inc., Tokyo,

Japan). Peptides were separated on the 100 pmx100 mm tip-

column (GL Sciences Inc., L'okyo, Japan), in which L-Column
ODS beads (Chemicals Lvaluation and Research Institute,
Saitama, Japan} were manually loaded. Using solvent A [0.1%
formic acid, 2% acetonitrile] and solvent B [0.1% formic acid,
90% acetonitrile], the linear gradient of solvent B 2 to 100% for 10
minutes was configured at a flow rate 200 nl/min. 19 targeted
peptide ions and 5 BSA-derived peptide ions were simultaneously
monitored by the MRM mode in Analyst 1.5 software (AB Sciex,
Foster City, CA, USA) in duplicate. The MRM transitions are
shown in Table $4. The acquired MRM chromatograms were
then smoothened and quantified with MultiQuant software (AB
Sciex, Foster City, CA, USA). MRM peak areas in each sample
were normalized as follows:

AreaNormalized =
AreaRaw data/(summed area of 5 BSA standards) x 1000

Box plot analysis and ROC curve analysis

The averaged area of the duplicated MRM chromatogram peak
corresponding to 19 candidate biomarker peptides was used to
create box plot with R algorithm. I'or each study the box represents
the middle half of the distribution of the data points stretching from
the 25" percentile to the 75" percentile. The line across the box
represents the median. The lengths of the lines above and below the
box are defined by the maximum and minimum datapoint values,
respectively, that lie within 1.5 times the spread of the box. Results
of Student’s t-test were included on the box plot. ROC curves were
also depicted by R. The cut-off value was set at the point whose
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distance from the (sensitivity, specificity) = (1, 1) reached the
minimum. The sensitivity (Sens), specificity (Spec), positive
predictive value (PV+), negative predictive value (PV-), and are
under the curve (AUC) were shown on each graph.

Results

The efficient enrichment of peptidome fractions from

sera

Since reproducible and accurate separation of the peptidome
fraction from serum was essential for the effective screening of
biomarkers, we optimized a simple gel filtration chromatography
method (Fig. 1) and evaluated the peptide recovery. To avoid
uncontrolled degradation of serum components arising from intact
proteases and peptidases, all serum samples were immediately heated
at 100 °C for 10 min after only one freeze-thaw procedure. Four-fold
dilution of serum with water could eliminate the protein aggregation
during heat inactivation even though the samples appeared slightly

Peptidome Profiling for Lung Tumormarker Discovery

cloudy. Figure 24 shows the merged gel filtration HPLC chromato-
grams from 16 individual serum samples using the Superdex Peptide
10/300 column. The spectra illustrated highly reproducible separa-
tion of serum proteins and peptides. Then, the accuracy of size
exclusion chromatography was assessed by analyzing 10 fractions
(2 min each from retention time for the period of 14-34 min, l'ig. 25)
with the MALDI-TOF-TOF mass spectrometer (Iig. 2C). As shown
by the continuous MS spectra in Figure 2C, our gel filtration
chromatography procedure allowed precise separation of serum
proteins and peptides based on their molecular weights. Consequent-
ly we defined the fraction numbers 5 to 10 (corresponding to
molecular weight 1,000 to 5,000) that should be focused in the further
biomarker screening and validation studies.

Label-free quantification-based peptide biomarker
screening for lung cancer

To explore serum peptides which could be applied for early
detection of lung cancer, we acquired quantitative peptidome

4
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Figure 1. Schematic view of peptidome biomarker development workflow. In the screening phase, 92 serum samples were initially heat
inactivated. The peptidome fractions enriched with gel filtration chromatography were analyzed with QSTAR-Elite LC/MS/MS. Following LC/MS data
processing and label-free quantification analysis on the Expressionist RefinerMS module, candidate biomarkers were statistically extracted by the
Expressionist Analyst module. In the validation phase, MRM experiments were performed to assess the applicability of 19 biomarker candidates using

additional 96 serum samples.
doi:10.1371/journal.pone.0018567.g001
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Figure 2. Simple and efficient enrichment of serum peptidome fractions by gel filtration chromatography. (4) The merged display of
16 independent spectra of gel filtration chromatography (280 nm UV absorbance). 10 pl each of serum sample was loaded. The upper right box
shows the magnified view of the retention time range from 20 to 50 minutes. (B)(C) To evaluate the fractionation efficacy of Superdex Peptide 10/300
column, the elute was separated into 10 fractions and analyzed with MALDI-TOF mass spectrometer. The numbers of fractions in B correspond to the

spectra numbers in C.
doi:10.1371/journal.pone.0018567.g002

profiles from 92 individuals (Table $1) including 62 lung cancer
patients that consisted of 32 patients with an operable lung cancer
(stage-1: n=10, stage-Il: n=10, stage-Illa: n=12) and 30 lung
cancer patients at an advanced stage (stage-111b: n =15, stage-IV:
n=15) to identify candidate serum biomarkers for lung cancer.
The serum samples were purified using gel filtration chromatog-
raphy as described above and individually subjected to LG/MS/
MS analyses using QSTAR-Llite mass spectrometer (Fig. 1).
Subsequently 92 MS raw data were loaded and processed on the
Expressionist RefinerMS module (I'ig. 34). Genedata Expressionist
is an enterprise system for omics data management comprised of
integrated software modules, which support the complete R&D
processes involving data processing, statistical analysis, data
management and result reporting. The technology-dependent
modules for microarray data (Refiner Array), mass spectrometry
(Refiner MS, used in the present study) and genomic profiling
(Refiner Genome) allow highly-sophisticated data processing,
quantification, visualization, and result exporting in any general-
ly-used formats. Once all data are quantified and summarized,
they can be seamlessly analyzed with the Genedata Analyst
module employing various statistical analyses. This system initially
made the MS chromatogram planes as shown in Figure 3C, and
subtracted the instrument specific noises and chemical noises
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effectively. At the fourth step of the workflow in Figure 34, the
retention time (R'T) grids on each MS chromatogram plane were
perfectly aligned among these 92 samples (Fig. 38), which allowed
the solid quantification analysis of multiple samples. Subsequently,
peaks were detected from temporarily averaged m/z-R'T" planes by
the Chromatogram Summed Peak Detection Activity in order to
avoid missing peak-location information even if the peaks were not
detectable in particular planes. The detected isotopic peaks
belonging to the same peptide signals were grouped into individual
clusters that are displayed as colored rectangles in Figure 3C. A
total of 12,396 non-redundant isotopic peak clusters with charge
state +1 to +10 were detected from 92 serum samples. We then
utilized 3,537 clusters with charge stage +2 to +10 for further
statistical considerations in the Expressionist Analyst module, since
singly-charged ions might include substantial proportion of non-
peptide components such as chemicals.

Student’s t-test was applied to investigate the differences in their
serum levels between the normal group (n = 30) and the lung cancer
group (n=062) (Fig. 44). This analysis identified 118 candidate
biomarker peptides ($<<0.01 and fold-change of >5.0). Since the
criteria of t-test were variable for the purpose of candidate selection,
we used the threshold above just in order to define the highest
priority group. The intensity distributions of these peptides were
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Figure 3. Rapid and accurate data processing for label-free quantification on the Expressionist RefinerMS module. (A) The total
workflow used in the Expressionist RefinerMS module. Only 3 hours were needed to complete entire steps in this workflow on 92 LC/MS/MS data
(each with 120 minutes LC gradient). (B) The representative area of m/z - retention time planes after RT alignment of 92 LC/MS/MS data. In each
panel, three isotopic clusters and grid lines were displayed, showing highly exact alignments. (C) The MS chromatogram plane in which all data
processing were completed. Finally, isotopic clusters derived from a single peptide were grouped into a colored cluster as shown in the middle panel.
The far right panel shows the MS spectrum corresponding to the horizontal section view of a representative cluster.

doi:10.1371/journal.pone.0018567.g003

visualized with bar charts in Figure S1. The subsequent principal
component analysis demonstrated that the values of 118 candidate
biomarker peptides could explicitly separate control and lung
cancer groups on the 3D plot using principal component 1, 2, and 3
(Fig. 4B). 'The proportion of variance described by the principal
component 1, 2, or 3 was 66.9%, 15.0%, or 4.4%, respectively,
indicating that illustrated components 1 to 3 could reflect 86.3%
(the cumulative proportion) of quantitative information in this mass

Identification of peptide sequences by LC/MS/MS
Alongside the label-free quantification-based biomarker
screening described above, the comprehensive peptide sequenc-
ing was performed by a combination of QSTAR-Elite LC/MS/
MS analysis and MASCOT database search. Among 230,657
MS/MS queries from 92 serum samples, 5,382 peptides were
successfully sequenced with MASCOT expectation value <0.05
(DR of peptide matches above Identity threshold was 1.49%).

spectrometric screening analysis. After examining redundancy, 424 unique peptides were
e 155 / 185
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Figure 4. Statistical identification of candidate biomarkers for lung cancer. (A) The hierarchy chart of clusters (peptides) according to
Student's t-test p-values (normal group vs. lung cancer group). 118 peptides satisfied the criteria of p<<0.01 and fold change >5.0. (B) Principal
component analysis using the values of 118 candidate biomarker peptides showed clear separation between control and lung cancer groups on the
3D plot. The proportion of variance described by the principal component 1, 2, or 3 was 66.9%, 15.0%, or 4.4%, respectively.

doi:10.1371/journal.pone.0018567.g004

identified that corresponded to 106 proteins (Table $2).
Regarding the 118 candidate peptides, 19 peptides were
uniquely identified; 12 of them were found to be derivatives
from fibrinogen alpha chain (FIBA), 4 from apolipoprotein A-
IV (APOA4), and the remaining three peptides were turned out
to be a fragment of amiloride-sensitive cation channel 4

MRM-based validation experiment for 19 candidate
biomarker peptides

To assess the quantitative reproducibility of the label-free
quantification results in our single-run screening analysis, as well as
the clinical usefulness of the 19 candidate biomarkers, we
conducted further validation studies by multiple reaction moni-

(ACCN4), apolipoprotein £ (APOE), and lmbin (LBN) toring (MRM) technology using 96 additional serum samples
(Table 1). (Table S1). For designing the optimum MRM transitions specific
e 156 / 185 .
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Table 1. 19 lung cancer biomarker candidates.
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Expressionist ?

Cluster_3187 551.8 64.1 2
Cluster_3444

Cluster_3498 643.3 65.7 2 6.08E-05

6.41E-23

Cluster_248 768.8 53.0 2
Cluster_159

Cluster_166

Cluster_2872

Cluster_180 537E-22

Cluster_135 453.2 39.0 2 2.81E-24

ACCN4 613 624

APOA4 288 304

LBN 306 313

MASCOT *

CPSLGRAEGGGV

GGHLDQQVEEF

SLAELGGHLDQQVEEFR
GSLAGQPLOERAQY
ADSGEGDFLAEGGGVR

GEGDFLAEGGGV
SGEGDFLAEGGGY

FLLSLVLT

bInformation acquired from MASCOT database search.
“Each ID corresponds to that in the bar chart (Fig. S1).

“UniProt Accession Number.
doi:10.1371/journal.pone.0018567.t001

to the 19 candidate peptides, the m/z values of precursor ions
detected in the screening phase were set as Q1 channels and those
of four most intense fragment ions were selected from each MS/
MS spectrum for Q3 channels (Fig. S2 and Table S3). Hence, a
total of 76 MRM transitions were simultaneously monitored by
4000 QTRAP mass spectrometry using a serum peptidome sample
(Fig. 5). We then determined the specific eluting retention time for
each candidate peptide and selected the optimum MRM
transitions showing the highest MRM chromatogram peak out
of four transitions for each peptide (Table S4). In our
observations, only two peptides (FIBA 3-16 and FIBA 5-16)
showed the identical orders of fragment ion intensities between
QSTAR-Llite and 4000 QTRAP systems as shown in Figure 5.
We further performed MRM-based relative quantification
analysis using 36 normal controls and 60 lung cancer samples
in duplicated experiments. The serum levels of 19 candidate
biomarker peptides were calculated on the basis of normalized
and averaged MRM chromatogram peak areas and displayed
with box plots (Fig. 64). To evaluate the efficacy of these
candidates for early detection of lung cancer, we compared the
earlier-stage lung cancer group (stage-l, 1I, and Illa) with the
normal group by Student’s t-test. The results revealed that 15 out
of 19 candidate peptides showed significant differences in their
serum levels between the two groups, while 4 peptides (FIBA 4-
15, FIBA 5-15, FIBA 7-15, and FIBA 7-16) showed no
significant differences. Concerning the comparison between the
normal group and the advanced-stage lung cancer group (stage-
IlIb and IV), similarly 4 peptides (APOA4 268284, APOA4
271-283, FIBA 5-15, and APOE 194-214) did not satisfy the
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9Shown is the p-value of t-test between normal group and lung cancer group.
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criterion of p<<0.05. Hence, we considered that the remaining 12
peptides are likely to be more promising biomarkers for lung
cancer diagnosis. We next assessed the sensitivity and specificity
of the 19 biomarkers for lung cancer diagnosis by ROC curve
analysis (Fig. 68 and Fig. S3). The cut-off value was set at the
point whose distance from the (sensitivity, specificity) = (1, 1)
reached the minimum. Given the value of sensitivity to detect
lung cancer at an earlier stage, FIBA 6-15 (87.1%), APOA4 273

283 (61.3%), IIBA 5-16 (58.1%), and LBN 306-313 (58.1%)
appeared to be the good biomarker candidates. However
although the specificity of APOA4 273-283, FIBA 516, and
LBN 306--313 were remarkably higher (88.9%, 94.4%, and
100%, respectively, Iig. 68), FIBA 6-15 showed relatively lower
specificity (44.4%) and the area under the curve (0.641). By
integrating the results from t-test and ROC curve analysis, the 3
candidates shown in Figure 65 were considered as the most
promising peptide biomarkers for early detection of lung cancer.

Discussion

LEven though recent mass spectrometry instruments have
allowed measurements of peptide mixtures at high sensitivity
[24], enrichment of targeted proteins/peptides is still indispensable
to achieving detection and identification of serum components in
limited amounts of biological materials. In this sense, the
methodology to purify preanalytical samples without loss of
targeted components is crucial. From this point of view, the
previous peptidome profiling technologies, such as SELDI-TOF-
MS coupled with ProteinChip arrays or MALDI-TOF-MS
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