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In Brief
A systematic, multiplexed ap-
proach interrogating enzyme-
substrate relationships in context
of PTMs is fundamental in un-
derstanding the dynamics of
these pathways in disease pro-
cesses. Multiplexed PTM reac-
tions on HuProt arrays were de-
veloped and applied to 102
TCGA ovarian tumor samples.
Data integration and networks
analysis led to the prediction
that 19 tyrosine kinases were
elevated and potentially respon-
sible for the dysregulated pTyr
signaling pathways in ovarian
tumors. Elevated kinase activi-
ties of PTK2 and PTK2B were
confirmed in several ovarian
cancer cell lines.
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• Multiplexed PTM assays on HuProt array were developed using ovarian tumor lysates.

• Proteome-wide Tyr phosphorylation with 102 ovarian tumors were performed and analyzed.

• 19 kinases were predicted to have elevated activities in ovarian tumor.

• Elevated activities of PTK2 and PTK2B were confirmed in ovarian cancer cell lines.
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Heng Zhu‡ ‡‡

The recent accomplishment of comprehensive proteo-
genomic analysis of high-grade serous ovarian carcinoma
(HGSOC) tissues reveals cancer associated molecular al-
terations were not limited to variations among DNA, and
mRNA/protein expression, but are a result of complex re-
programming of signaling pathways/networks mediated
by the protein and post-translational modification (PTM)
interactomes. A systematic, multiplexed approach interro-
gating enzyme-substrate relationships in the context of
PTMs is fundamental in understanding the dynamics of
these pathways, regulation of cellular processes, and their
roles in disease processes. Here, as part of Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) project, we
established a multiplexed PTM assay (tyrosine phosphory-
lation, and lysine acetylation, ubiquitylation and SUMOy-
lation) method to identify protein probes’ PTMs on the
human proteome array. Further, we focused on the tyro-
sine phosphorylation and identified 19 kinases are poten-
tially responsible for the dysregulated signaling pathways
observed in HGSOC. Additionally, elevated kinase activity
was observed when 14 ovarian cancer cell lines or tumor
tissues were subjected to test the autophosphorylation
status of PTK2 (pY397) and PTK2B (pY402) as a proxy for
kinase activity. Taken together, this report demonstrates
that PTM signatures based on lysate reactions on human
proteome array is a powerful, unbiased approach to iden-
tify dysregulated PTM pathways in tumors. Molecular &
Cellular Proteomics 18: 448–460, 2019. DOI: 10.1074/mcp.
RA118.000851.

The recently completed proteogenomic analysis of 174 TCGA
ovarian high-grade serous ovarian carcinoma (HGSOC)1 tissues
has demonstrated the ability of proteomic technologies to an-
alyze large-scale, complex clinical specimens with broad pro-
tein coverage and high analytical precision to serve as an
indispensable component of the comprehensive molecular

characterization of cancer (1). Integrated analysis of the genome
and corresponding proteome has revealed that the somatic
genome drives the cancer proteome and the associated levels
of protein post-translational modification (PTM) especially for
proteins associated with chromosomal instability and protein
acetylation associated with homologous recombination defi-
ciency (1). These findings, together with recent reports in the
literature (2–6), indicate that much of the cancer associated
molecular alterations will not necessarily be limited to coordi-
nated variations among DNA, copy number, and mRNA/protein
expression, but is rather as complex rewiring of signaling path-
ways/networks mediated by the protein and post-translational
modification (PTM) interactomes.

Ovarian cancer remains the most lethal gynecologic cancer
and the fifth most common cause of cancer-related death for
women in the United States (7). Nearly 22,000 women in the
U.S. are diagnosed with ovarian cancer annually and �14,200
women die each year from this disease (7). HGSOC makes up
�70% of all ovarian cancers and accounts for 90% of the
deaths from this disease. HGSOC patients typically respond
well to initial treatment. However, these individuals frequently
develop chemoresistance and succumb to the disease. Inter-
estingly, more and more literature reveals that proteins’ PTMs,
such as tyrosine phosphorylation and lysine acetylation, ap-
pear to have higher expressions and activities in cancer,
which play an integral role in the development of ovarian
cancer and its resistance to chemotherapy (1, 8–13). A sys-
tematic, multiplexed approach to identify dynamic PTMs
would have an important impact on proteomic studies and be
essential for gaining a comprehensive understanding of the
PTMs involved in both normal and cancerous signaling net-
works. Further, analysis of disease-associated specific en-
zyme substrate relationships could provide the foundation for
identifying enzymes responsible for the observed PTM-sub-
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strate modifications and allow for the construction of disease
specific cellular signaling networks.

Protein PTM is essential for a host of vital mechanisms
including protein maturation, regulation of protein functional-
ity and cellular signaling pathways, protein localization, and
protein degradation.

PTM refers to the additions of a chemical group covalently
to proteins and is mostly achieved via enzymatic reactions
after protein translation (14). The identification of the modified
protein substrates and construction of the enzyme-substrate
relationships are fundamental to understanding the regulation
of cellular processes via PTMs and their roles in disease
progression (5, 6).

Although developments in mass spectrometry (MS) and
protein/peptide array technologies have tremendously im-
proved our ability to profile the PTMs in a high-throughput
fashion, these methods suffer from various shortcomings. For
example, during MS detection, phosphopeptides are easily
lost during the loading onto the reverse-phase columns be-
cause that the addition of anionic/acidic phosphate groups
increases hydrophilicity resulting in reduced retention (15).
Consequently, obtaining a global landscape of tyrosine phos-
phorylation in human tissues and/or tumors has remained
challenging. Functional protein arrays on the other hand have
proved to be well suited for determination of enzyme-sub-
strate relationships as demonstrated by a study using 289
unique human kinases and human protein arrays to define
�47,000 potential kinase-substrate relationships (KSRs) (16,
17). Through integration of this data set with known phosphor-
ylation sites, mainly identified by MS/MS analyses, a high-
resolution KSR network that connects 230 kinases with 2591
in vivo phosphorylation sites on 652 substrates (17). This
network later served as the foundation to identify additional
signaling components in the c-Met signaling via carrying out
cell lysate phosphorylation on human protein arrays (18). Tra-
ditionally, isotope-labeling has been the primary method used
to identify a modified substrate, but this can be challenging
especially when dealing with a high-content array, such as the
human proteome arrays (HuProt array), because of the high
density of printed (100 �m of center-to-center distance). Al-
ternately, antibody-based fluorescent detection allows for the
interrogation of two PTM reactions simultaneously and has
been successfully applied to identify proteins substrates of
tyrosine phosphorylation, sulfation (19, 20), SUMOylation (21),
and ubiquitylation (22).

As a part of the proteogenomic analysis of the TCGA
HGSOC samples, we have established multiplexed PTM as-

says on HuProt arrays to identify candidate PTM substrates
and constructed a corresponding kinase-substrate network in
ovarian cancer tissues to identify dysregulated signaling path-
ways in ovarian tumors. Of the predict kinases, the autophos-
phorylation status of PTK2 (pY397) and PTK2B (pY402) was
validated as a proxy for their activities in cell-based assays.
These studies have demonstrated that this new approach can
be widely applied to rapidly determine dysregulated signaling
components in many other tumors and/or diseases.

EXPERIMENTAL PROCEDURES

Ovarian Tissue Collection—The tumor tissue samples were a sub-
set of the TCGA high-grade serous ovarian carcinoma specimens,
previously characterized from a genomic perspective (TCGA Re-
search Network, 2011). analyzed in this study using HuProt arrays as
a part of NCI/CPTAC funded research. All tumor samples analyzed
(supplemental Table S1) were obtained through the TCGA Biospeci-
men Core Resource, as described previously (23). All specimens were
first used for integrated genomic analysis as part of the TCGA pro-
gram and residual materials from the same specimens were analyzed
as part of this Clinical Proteomic Tumor Analysis Consortium (CPTAC)
project. All the biospecimens were collected from newly diagnosed
patients with HGSOC who underwent surgical tumor resection and
did not receive prior treatment including chemotherapy. Each case
was reviewed through TCGA by a board-certified pathologist to con-
firm that the frozen section was histologically consistent with HGSOC.
The eligible tumors contained an average of 70% tumor cell nuclei
with less than 20% necrosis (1).

HuProt Array Fabrication—As previously reported, the HuProt array
was constructed from a protein library composed of over 17,000
human open reading frames using the pEGHA vector expressed and
purified from yeast, each recombinant protein had a GST-His6 tag at
the N-terminal (24). Together with negative and positive controls, all
purified human proteins were printed in duplicate onto a Super ep-
oxide 2 slides and stored at �80 °C until use.

Ovarian Cancer Tissue Lysate Preparation—To prepare the reactive
lysate, tissue was homogenized into tiny pieces and then treated with
sonication in 120 �l reaction buffer (20 mM HEPES/Tris pH7.5, 100
mM NaCl, 10 mM MgCl2, 10 mM MnCl2, 50 mM KCl, 1 mM NaF, 10 mM

Na3VO4, 5 mM Nicotinamide, and 1 mM PMSF). After centrifugation at
max speed (21,000 � g) for 10 min at 4 °C, the lysate was transferred
to a new tube and assayed for protein concentration by Bradford
assay according to the manufacturer’s protocol (Thermo Fisher Sci-
entific, Waltham, MA).

Multiplexed PTM Assay on HuProt Array—For the multiplexed PTM
assay on the HuProt array, we focused on the following four types of
PTM reaction assays, tyrosine phosphorylation (pY), and lysine acety-
lation, ubiquitylation and SUMOylation. A serial dilution of tissue
lysate (0, 25 �g, 50 �g, 100 �g) in 120 �l reaction buffer (50 mM

Tris-HCl and 25 mM HEPES-KOH at pH 7.5, 100 mM NaCl, 10 mM

MgCl2, 1 mM MnCl2, 1 mM DTT, 1 mM EGTA, 2 mM Na3VO4, 2 mM NaF,
and 1 mM ATP) were applied to four HuProt arrays to determine best
condition for each PTM reaction. All the procedures were carried out
as in our previous study (18). In brief, the HuProt array was immersed
into 3% BSA in TBS buffer with 0.1% tween20 (TBST, pH 7.5) for 1 h
at room temperature with gentle shaking. Then, tissue lysates were
incubated on protein arrays, covered with a coverslip, and placed in
a humidity chamber at 30 °C for 30 min. Following the termination of
the reaction, the slides were subjected to three-10 min washes in 1X
TBST, three-10 min washes in 1% SDS preheated to 65 °C, and one
quick rinse with 1� TBST before PTM specific fluorescently labeled
antibodies were added (Fig. 1). To simultaneously detect two PTM

1 The abbreviations used are: HGSOC, high-grade serous ovarian
carcinoma tumor; PTM, post-translational modification; CPTAC, Clin-
ical Proteomic Tumor Analysis Consortium; MS, mass spectrometry;
KSR, kinase-substrate relationship; HPA, Human Protein Atlas; IPA,
Ingenuity Pathway Analysis; IHC, immunohistochemistry; SYK, spleen
tyrosine kinase.
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signals, we directly labeled anti-pY (i.e. pY100, Cell Signaling Tech-
nology, Danvers, MA) and anti-Ub monoclonal antibodies (Cell Sig-
naling Technology) with Cy3, anti-lysine acetylation (Kac, PTM Bio-
labs Inc, Chicago, IL) and -SUMO2/3 monoclonal antibodies (Abcam,
Cambridge, United Kingdom) with Cy5. Next, Cy3-labeled anti-pY
and Cy5-labeled anti-SUMO2/3 antibodies were mixed in equal molar
amount, whereas Cy3-labeled anti-Ub and Cy5-labeled anti-Kac an-
tibodies were mixed the same way. After acquiring signals of each
protein spot from the two HuProt arrays used for each duplicated
lysate reaction, the scatter plot analysis was performed using the
signals obtained from each duplicated reaction in Excel. The Trend-
line (i.e. the dotted blue lines) and the corresponding R2 value were
next generated by Excel program. As a negative control, the pilot
protein arrays were also separately incubated with the assay buffer
without lysate following with the labeled two antibody mixtures and
the positives scored on the arrays were removed from further analy-
ses. Scanned images for each array were analyzed using GenePix Pro
6.0 (Molecular Devices, Sunnyvale, CA).

Identification of Positive Substrates—Considering amount limita-
tion of most available TCGA samples, the cost consideration of
HuProt array and good replicability of the multiplexed PTM assay, we
decide to detect Tyr-phosphorylation and lysine acetylation on one
array simultaneously. Multiplexed pY and SUMO reactions were per-
formed under the same conditions as the multiplexed acK and Ub
reactions, except using different combinations of PTM-specific anti-
bodies. Similarly, the multiplexed pY and acK reactions were per-
formed under the same conditions as those described in the pilot
assays except different combined primary antibodies.

For both pilot and regular multiplexed PTM assays performed on
the HuProt arrays, positive hits were identified as in our previous
studies (25). Briefly, the signal intensity (Rij) of each protein spot was
defined as local signal value of foreground (Fij) minus that of local
background (Bij). Because each protein is printed in duplicate on an
array, Rij was averaged for each protein as Rp. A Z-score was
determined for each protein on array by calculating the number of
standard deviations above the mean value of all protein probes on the
array. A stringent cutoff (Z � 5) was used to determine the positives
targets in this study.

Integration of Kinase-Substrates Relationship and HuProt Array-
based pY Profiling to Predict the Dysregulated Kinases in Ovarian
Tumors—Through performing large-scale pY analysis profiling using
HuProt arrays, a cohort of substrates modified with tyrosine phos-
phorylation were identified. In order to predict the kinases in ovarian
tumor lysates responsible for phosphorylating these proteins, we
integrated the pY profiling data and the LC-MS/MS global protein
abundance data of the same samples generated by the CPTAC and
generate the dysregulated KSR network through integrated activity-
based analysis (1) (Fig. 4A). Briefly, pairs of proteins with high
correlations between MS-based global protein abundance and pY
activities were selected to test against the two KSR database,
PhosphoNetworks (17, 26) and PhosphoSitePlus (27), to identify
the potential active kinase-substrate pairs. PhosphoSitePlus is an
open, comprehensive resource for studying experimentally ob-
served PTMs. PhosphoNetworks database represents a high-res-
olution map of the human phosphorylation networks constructed by
integration between a large dataset obtained by performing indi-
vidual kinase reactions on human protein microarrays and phos-
phosites identified using MS/MS approaches (17). Active kinase
substrate network in ovarian cancer was plotted using Cytoscape
(28). Functional annotation and pathway analysis were performed
by Ingenuity Pathway Analysis (IPA) software (29). (Qiagen, Hilden,
Germany).

Cell Culture—Ovarian carcinoma cell lines SKOV3, ES2, and
OVCAR3 were obtained from the American Tissue Culture Center

(Rockville, MD). MPSC1 cell line was established from a low-grade
serous carcinoma (30). OVISE and OVTOKO were obtained from the
Japanese Health Science Research Resources Bank (Osaka, Japan).
EFO21, KK, KOC7C, OVCAR5 and TYKNU were kind gifts from Dr. B.
Karlan, Cedars Sinai Medical Center, Los Angeles, California, Dr. K.
Nakayama, Shimane University, Japan and Dr. S. Baylin, Johns Hop-
kins Medicine, Baltimore, MD. Of these 11 ovarian cancer cells,
EFO21, KK and SKOV3 were derived from cystadenocarcinoma, a
malignant form of a cystadenoma and a cancer from glandular epi-
thelium, in which cystic accumulations of retained secretions are
formed; OVISE, OVTOKO, KOC7C, and ES-2 were derived from ovar-
ian clear cell adenocarcinoma, a subtype of epithelial ovarian cancer;
TYKNU and OVCAR3 were derived from high grade ovarian serous
adenocarcinoma; MPSC1 was from low grade ovarian serous adeno-
carcinoma. Normal counterparts of ovarian cancer cells including
ovarian surface epithelial cell lines (OSE4 and OSE10) as well as an
immortalized fallopian tube epithelial cell line FT2821were included as
controls. Cell lines were maintained in RPMI 1640 or Dulbecco’s
modified Eagle’s medium supplemented with 10% (v/v) fetal bovine
serum and 1% penicillin/streptomycin.

Western Blotting—Protein lysates were prepared by lysing cells
with RIPA buffer supplemented with protease and phosphatase in-
hibitors (Roche, Basel, Switzerland). Aliquots of 15 �g total proteins
from each cell lysate were separated on 4–12% NuPAGE Bis-Tris
Gels (Thermo Fisher Scientific, Waltham, MA), and transferred onto
PVDF membranes using Trans-Blot Turbo rapid Western blotting
transfer system (Bio-Rad Laboratories, Hercules, CA). The membrane
was incubated with the appropriate antibodies and ECL developing
solution (General Electric, Boston, MA). The antibodies used include
Anti-Lyn antibody (phospho Y396, Abcam), Anti-BTK antibody (phos-
pho Y551, Abcam), Anti-PTK2 antibody (phospho Y397, Abcam),
anti-GAPDH antibody (Sigma-Aldrich, St. Louis, MO), anti-mouse
HRP and anti-rabbit HRP (Jackson ImmunoResearch, West Grove,
PA). GAPDH was used as a loading control.

RESULTS

Overall Research Strategy—Our goal was to identify dys-
regulated PTM signaling pathways via summarization of PTM
signatures generated with each TCGA ovarian tumor samples
as a part of CPTAC (31). Because the amount in most avail-
able TCGA samples was limited, we decided to develop a
multiplexed PTM assays to obtain PTM signatures for each
ovarian tumor sample with minimum consumption of the sam-
ples. To establish multiplexed PTM reaction assays on HuProt
array with tumor lysates we used over 17,000 purified recom-
binant human proteins spotted on the HuProt array as poten-
tial substrates to obtain PTM signatures of protein kinases,
acetyltransferases, and E3 ligases for ubiquitin or SUMO.
Comparison of these PTM signatures was used to predict
PTMs status and dysregulated signal pathways in ovarian
tumors (Fig. 1). Here, Tyr-phosphorylation and SUMOylation
were performed on one array simultaneously, whereas lysine
acetylation and ubiquitylation reactions were multiplexed on a
different HuProt array. After the PTM reactions, modified sub-
strate proteins were identified with PTM-specific monoclonal
antibodies. The identified PTM substrates were then used to
predict corresponding enzymes for each type of PTM to de-
termine dysregulated pathways in the ovarian tumors.

Dysregulated Tyrosine Phosphorylation in Ovarian Tumors

450 Molecular & Cellular Proteomics 18.3



Development of HuProt Array-based Lysate Profiling of
Multiplexed PTM Signatures—Recent studies have revealed
that several types of PTMs are involved in the development
and progression of ovarian cancer, such as Tyr phos-
phorylation (32), SUMOylation (33), ubiquitylation (34), and
acetylation (35), presumably caused by dysregulation of the
corresponding enzymes. Therefore, it is informative to iden-

tify dysregulated signaling pathways governed by these
enzymes.

To develop the multiplexed reactions, we first used two
frozen ovarian tumor samples of relatively high amounts for
optimization on a pilot HuProt array. Each tumor sample
was first lysed and concentration of total protein was mea-
sured. The whole tumor lysates were serially diluted to

FIG. 1. Scheme for profiling human multiplexed PTM assay on HuProt array. To establish multiplexed PTM reaction assays, lysates from
each TCGA ovarian tumor samples were incubate on the HuProt array, which including over 17,000 purified recombinant human proteins as
potential substrates, to obtain PTM signatures of protein kinases, acetyltransferases, and E3 ligases for ubiquitin or SUMO. As amount
limitation of most available TCGA samples and the cost consideration of HuProt array, detection of Tyr-phosphorylation and SUMOylation were
performed on one array simultaneously, whereas lysine acetylation and ubiquitylation reactions were multiplexed on a different HuProt array
with their PTM-specific monoclonal antibodies respectively. Then, the identified PTM substrates were then used to predict corresponding
enzymes for each type of PTMs to determine dysregulated pathways in the ovarian tumors.
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various concentrations, ranging from 0.21 to 0.83 �g/�l. By
plotting numbers of positives obtained at different lysate
concentrations, 0.42 �g/�l of the total protein was deter-
mined as the optimal concentration for the multiplexed ly-
sate reactions (Fig. 2A).

To evaluate the reproducibility of the multiplexed PTM re-
actions, four TCGA ovarian tumor samples of relatively large
size were lysed and incubated on the HuProt arrays under the
optimized conditions (i.e. 0.42 �g/�l) in duplicate (Fig. 2B). As
illustrated in Fig. 2C, all the four PTM reactions of showed

FIG. 2. Determination of optimal lysate concentrations and test of reproducibility of the HuProt array-based lysate profiling of multi-
plexed PTM signatures. A, the number of positive hits at increased amount of total tumor lysates. Consideration of the reaction of all four type
of PTMs, 50 �g/120 �l lysate each reaction appeared relative high hit numbers. B, Representative cropped images of HuProt array for each PTM
assay. For example, Src kinase-associated phosphoprotein 1(SKAP) was found to be readily Tyr-phosphorylated and Protein AMBP was
SUMOylated, whereas Annexin A10 (ANXA10) and Glucose-6-phosphate 1-dehydrogenase (G6PD) were strongly ubiquitylated, Peptidyl-prolyl
cis-trans isomerase A (PPIA) and Minichromosome maintenance domain-containing protein 2 (MCMD2) were acetylated, respectively, by the
lysates tested. C, Four types of PTM reactions on different HuProt arrays showed high reproducibility with TCGA sample #2H4).
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high reproducibility (e.g. TCGA sample #2H4), with the corre-
lation coefficient R2 values ranging from 0.9578 to 0.9838.
Several representative examples are shown in Fig. 2B. For
example, SKAP was found to be readily Tyr-phosphorylated
and Protein AMBP was SUMOylated; whereas ANXA10 and
G6PD were strongly ubiquitylated; PPIA and MCMD2 were
acetylated, respectively, by the lysates tested. As a compar-
ison, none of them showed any detectable signals in the
negative control reactions, indicating that the observed PTM
signals were specific to TCGA samples.

Large-scale, HuProt Array-based Lysate Profiling of TCGA
Ovarian Tumors—We next carried out a large-scale PTM
signature profiling on HuProt arrays. All the 108 available
ovarian tumor samples, ranging from 1.1 to 21 mg wet
weights, were lysed and the concentration quantified using
Bradford method. The total lysate proteins ranged from 10.5
to 560 �g per sample with a total protein concentration rang-
ing from 0.3 to 3.5 �g/�l (Fig. 3A). Based on the optimized
PTM assay conditions, 102 of the 108 samples produced
enough protein for a single multiplex PTM assay on HuProt
arrays, whereas fewer than 80 produced adequate protein for
performing two multiplex PTM assays. Considering the high
reproducibility of the multiplex PTM reactions and the impor-
tance of surveying a large number of tumor samples on Hu-
Prot arrays, this study focused on multiplexed Tyr phospho-
rylation and acetylation reactions for a total of 102 ovarian
tumor samples.

In addition to the successful profiling of Tyr phosphorylation
and acetylation signatures for all 102 ovarian tumor samples,
negative control reactions with no lysate added were carried
out in duplicate. Many proteins were found strongly phosphor-
ylated on their Tyr residues by tumor lysates only (36, 37). For
example, CFL1, IST1, MKNK2, and FGFR were heavily phos-
phorylated by both TCGA samples #1H1 and #1H4 (upper
panel; Fig. 3B). None showed any detectable signal in the
negative control reactions. Similarly, many proteins were also
acetylated only by the tumor lysates. For example, LRRC46
and LOC285401 were both acetylated by the same two TCGA
tumor samples as detected with a pan anti-Kac antibody (see
Methods) (lower panel; Fig. 3B).

To identify those proteins that demonstrated robust Tyr
phosphorylation and/or acetylation signals, we employed a
similar protocol as described previously (24). We observed
that, with a few exceptions, the overall distributions for both
Tyr phosphorylation and Lys acetylation were very similar
from sample to sample, indicating the high quality of the
assays (supplemental Fig. S1). Based on histogram analysis
of the signal intensity, we calculated the standard deviation
(S.D.) value for each PTM reaction on the HuProt arrays. Using
a very stringent cut off value of � 5 S.D., positives were
determined for each reaction. After removal of false positives
based on negative control reactions, the number of signifi-
cantly Tyr-phosphorylated proteins ranged from 448 to 1854
among the 102 samples, whereas the number of significantly

acetylated proteins was from 1 to 94 (Fig. 3C). There was no
apparent correlation between Tyr phosphorylation and Lys
acetylation in our assays.

Data Integration to Predict Signaling Pathways Dysregu-
lated in Ovarian Cancer—Because the relationship between
acetyltransferases and their specific substrates remained
largely unknown, we decided to focus on the Tyr phosphor-
ylation analysis using an integrated kinase-substrate interac-
tion (KSR) database based on PhosphoSitePlus (27) and
PhosphoNetworks (17). Integration of these two databases
allowed us to construct a new phosphotyrosine-specific KSR
database, containing a total of 989 KSRs involving 83 kinase
and 561 substrates. After integrated analysis of the tyrosine
phosphorylation signals on HuProt array using ovarian tumor
lysates, 54 kinases were predicted as the kinases responsible
for the observed Tyr phosphorylation; together with the cor-
responding 118 substrates, they form 245 active KSRs in
ovarian tumor (supplemental Table S2). Through integrated
activity-based analysis, a network with19 kinases and 40
substrates having high correlation (Spearman correlation, p �

0.2) between MS-based global protein abundance and pY
activities was shown in Fig. 4B. Interestingly, integrated ac-
tivity-based analysis identified SYK as a highly active tyrosine
kinase among ovarian high-grade serious carcinoma (Fig. 4B
and supplemental Table S2). The Ingenuity® Pathway Analy-
sis (IPA) analysis of active KSRs showed that the top enriched
molecular and cellular functions include cell movement (p
value � 1.38E-64), migration of cells (p value � 1.26E-62),
and apoptosis (p value � 1.20E-56).

Validation of Dysregulated Tyrosine Kinase Signaling Path-
ways—The above IPA analysis predicted that members in the
Src kinase family were significantly enriched in dysregulated
Tyr kinases in ovarian tumors. Src kinases are non-receptor
tyrosine kinases, including nine members: Src, Yes, Fyn, Fgr,
Lck, Hck, Blk, Lyn, and Frk, many of which are known to play
an important role in cancer biology (37–42). Except for Blk,
these Src kinases were predicted as dysregulated in ovarian
tumor based on our analyses. Importantly, polyclonal antibod-
ies against seven of these eight Src kinases (Src, Yes, Fyn,
Hck, Lyn, Fgr, and Frk) showed strong immunohistochemistry
(IHC) staining in tissue sections of ovarian tumor samples
according to Human Protein Atlas (HPA), whereas little or no
detectable IHC signals were seen in normal ovarian tissues.
The HPA data are in close agreement with our prediction,
indirectly validated our prediction.

Spleen tyrosine kinase (SYK) is another interesting kinase
predicted to be dysregulated in ovarian tumors (Fig. 4). SYK is
known to play an essential role in various autoimmune dis-
eases, and malignancies (43). The reason we highlighted it
here is that SYK has become one of the major tyrosine ki-
nases in ovarian cancer (10, 44, 45), the biochemistry and
biology of SYK in ovarian cancer pathogenesis have been
recently reported and an NIH registered clinical trial using a
SYK inhibitor (fostamatinib) is ongoing. As a modulator of
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FIG. 3. Profiling of multiplexed Tyr phosphorylation and Lys acetylation for 102 TCGA ovarian tumor samples. A, Preparation of total
lysates for 102 TCGA ovarian tumor samples. B, Representative cropped image of HuProt array for multiplexed Tyr phosphorylation and Lys
acetylation assay. For example, the Tyr residues of Cofilin-1(CFL1), Putative MAPK-activating protein PM28 (IST1), MAP kinase-interacting
serine/threonine-protein kinase 2(MKNK2), and Fibroblast growth factor receptor 1 (FGFR) were heavily phosphorylated by both TCGA samples
#1H1 and #1H4. Although, Leucine-rich repeat-containing protein 46 (LRRC46) and LOC285401 were both acetylated by the same two TCGA
tumor samples as detected with a pan anti-Kac antibody. C, Number of significantly Tyr-phosphorylated and Lys-acetylated positive hits for
each of the 102 TCGA ovarian tumor samples.
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FIG. 4. Integrated activity-based analysis identified active tyrosine kinases among ovarian high-grade serious carcinoma. A,
Systemic schema for integrated activity-based analysis. An Integrated tyrosine kinase substrate relationship database was constructed from
two data sources; and then correlation of kinase-substrate pairs were assessed between the LC-MS/MS quantitation of kinases and HuProt
array-based activity quantitation of substrates; B, Identified correlated KSR network with 19 kinase and 40 substrates. Orange ovals represent
the kinases; green hexagons represent their substrates with known kinases substrates relationships based on KSR database; and the edges
represent correlations between the LC-MS/MS quantitation of kinases and HuProt array-based activity quantitation of substrates (width
representing correlation strength). See also supplemental Table S2.

Dysregulated Tyrosine Phosphorylation in Ovarian Tumors

Molecular & Cellular Proteomics 18.3 455

http://www.mcponline.org/cgi/content/full/RA118.000851/DC1


tumorigenesis, however, SYK plays a dual role as a tumor
promoter and tumor suppressor, depending on tissue types
(46). In HGSOCs, SYK expression and phospho-SYK (the
active form of SYK) were elevated in recurrent post-chemo-
therapy ovarian carcinomas as compared with treatment na-
ïve tumors before paclitaxel/carboplatin treatment (10, 45).
Pharmacological or genetic inactivation of SYK could en-
hances paclitaxel cytotoxicity in vitro and in vivo and reduces
ovarian cancer cell motility and invasion through modulating
SYK downstream proteins including tubulins and microtu-
bule-associated proteins (10, 47).

We also found that two focal adhesion kinases, PTK2 and
PTK2B, were both predicted to be activated in ovarian tu-
mors. Focal adhesion kinases are known to regulate the cell
reorganization of the actin cytoskeleton, cell polarization, cell
migration, adhesion, spreading, and bone remodeling. Fur-
ther, recent studies have demonstrated that both PTK2 and
PTK2B are involved in various cancers (48–51). Directly rele-
vant to this study was the report that PTK2 was found over-
expressed in most invasive ovarian cancers and plays a func-
tionally significant role in ovarian tumor cell migration and
invasion (52). To initiate activation this important non-receptor
Tyr kinase, PTK2 autophosphorylates at Tyr397 and Src.,
another non-receptor kinase, is recruited via its interaction
through the SH2 domain. PTK2 is fully activated through
phosphorylation of Tyr576/577 residues by Src (53).

Similarly, PTK2B has been identified as a prognostic factor
and a critical downstream signaling pathway for ascites-in-
duced ovarian cancer cell migration and the expression of
phosphorylated PTK2B in serous ovarian tumors was found to

be associated with shorter progression-free survival (54). Sim-
ilarly to PTK2, after PTK2B autophosphorylation at Tyr402,
Src is recruited and activated by PTK2B; the activated Src
fully activates PTK2B by phosphorylating Tyr579/580/881 (55,
56). Importantly, IHC studies in the HPA database have shown
that protein levels of both PTK2B and PTK2 were found
significantly elevated in ovarian tumors (57). Therefore, the
activation status of the two kinases could be readily examined
using phosphosite-specific antibodies.

To test our hypothesis, the autophosphorylation status of
PTK2 (pY397) and PTK2B (pY402) was examined as a proxy
for their activities in 14 cell lines derived from either ovarian
associated normal or tumor tissues, including three negative
controls derived from a normal-appearing fallopian tube epi-
thelial sample (FT2821) and two ovarian surface epithelial cell
lines immortalized by SV40 large T antigen (OSE4 and OSE10)
and other 11 varies of human ovarian carcinoma cells
(MPSC1, OVCAR3, EFO21, ES2, KK, KOC7C, OVCAR5,
OVISE, OVTOKO, SKOV3, TYKNU) (Fig. 5A). As predicted
based on the HPA results, strong anti-PTK2 (pY397) immu-
noblot signals were detected in most ovarian tumor cell lines,
including MPSC1, KK, KOC7C, OVCAR5, OVISE SKOV3,
whereas a few ovarian tumor cell lines, OVCAR3, EFO21, ES2,
OVTOKO, and TYKNU, showed somewhat lower signals. Anti-
PTK2 (pY397) showed very low or undetectable immunoblot
signals in three negative control cell lines, namely FT2821,
OSE4, and OSE10. In addition, ovarian tumor cell SKOV3
displayed very low immunoblot signal at the expected molec-
ular mass of PTK2 monomer; however, a very strong band
was observed at twice molecular weight of PTK2, suggesting

FIG. 5. Validation of the dysregulated tyrosine kinases FAK and PTK2B. To test the dysregulated of PTK2 and PTK2B in ovarian cancer,
14 cell lines derived from either ovarian associated normal or tumor tissues, including three negative controls (FT2821, OSE4 and OSE10) and
11 varies of human ovarian carcinoma cells (MPSC1, OVCAR3, EFO21, ES2, KK, KOC7C, OVCAR5, OVISE, OVTOKO, SKOV3, TYKNU), were
subject to Western blotting test for autophosphorylation status of PTK2 (pY397) and PTK2B (pY402) as a proxy for their activities. A, Activity
status of PTK2 (pY397) in 14 cell lines; B, Activity status of PTK2B (pY402) in 14 cell lines.
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that a highly activated homodimer had formed. This is con-
sistent with previous reports where PTK2 was observed to
dimerize via the C-terminal region (FAT domain) swapping in
helix 1 to stabilize a FAT: FERM interaction and play a dom-
inant role in Y397 phosphorylation (58, 59) (60). Further, PTK2
dimerization was also observed in cell of KK and KOC7C,
both of which had strong immunoblot signals of mono-PTK2
activity based on the autophosphorylation status of pY397
(Fig. 5A).

Similarly, highly activated PTK2B signals, as detected by
anti-PTK2B (pY 402), were only observed in ovarian tumor cell
lines, OVCAR5 and OVISE (Fig. 5B). Further, a weak band
double the size of PTK2B was detected in SKOV3, suggesting
PTK2B dimer formation presumably via Ca2�-dependent reg-
ulation of PTK2B autophosphorylation (61). Similarly, anti-
PTK2B (pY402) immunoblot analysis showed very low signals
in all the three negative control cell lines Finally, we performed
immunoblot analysis with both anti-PTK2 (pY397) and PTK2B
(pY402) against a variety of immortalized cell lines, including
Vero cell from African green monkey kidney epithelial,
HEK293 cell from human embryonic kidney cell and GM12878
from human B-lymphocyte, and six tumor cells, K562 and
Jurkat from leukemia, HeLa from cervical cancer, NCI-H929
from plasmacytoma and A172 from brain glioblastoma. As
expected, no detectable immunoblot signals were observed
in these cell lines, suggesting that PTK2 and PTK2B activation
is highly specific in ovarian tumors (Data not shown).

DISCUSSION

Rapid development of new technologies in genomics, es-
pecially the use of next generation sequencing, has greatly
advanced understanding of the connections between molec-
ular alternations at the DNA level and tumorigenesis. How-
ever, the recent accomplishment of complete proteogenomic
analysis by CPTAC consortium provided strong evidence that
much of the cancer associated molecular alterations will not
necessarily be limited to the form of coordinated variations
among DNA, copy number, and mRNA/protein expression,
but is rather a result of complex rewiring of signaling path-
ways or networks mediated by protein and PTM interactomes
(62–64). To achieve an efficient and cost-effective approach
to identify dysregulated PTM pathways in tumor tissues, we
proposed to generate a kinase activity signature using total
cell lysates to perform phosphorylation reactions on the hu-
man protein array; then, based on phosphorylated substrates,
upstream activated protein kinases could be identified (18).
Although our previous study using similar method have suc-
cessfully identified and confirmed new signaling components
downstream of the c-Myc activation through comparison of
phosphorylation signatures generated by lysates treated with
hepatocyte growth factor (HGF) with the untreated cells (18).
This new principle has not been tested in real tumor tissues.

In this study, we applied this principle with several improve-
ments to obtain PTM signatures of four different types with a

large number of human ovarian tumor samples as part of the
CPTAC consortium (1). First, we employed the currently larg-
est HuProt array as a substrate identification platform to en-
sure comprehensive coverage of the human proteome. Sec-
ond, we developed and optimized a multiplexed PTM assay
on HuProt to simultaneously obtain Tyr phosphorylation and
acetylation signatures using pan antibodies to detect the
modification. Third, we developed and optimized another
multiplexed PTM reaction to detect ubiquitylation and
SUMOylation signatures. During optimization, we observed
that p-Tyr-100, of the three widely used pan anti-phosphoty-
rosine monoclonal antibodies (mAbs) (4G10, p-Tyr-100 and
pY20), produced better sensitivity with lower background (65)
and was used for the large-scale pY profiling. On the other
hand, the two pan anti-acetyl-Lys mAbs performed similarly
and were kept for later anti-AceK studies.

We also noticed that some HuProt proteins could be readily
recognized by the above pan antibodies in mock reaction
controls without adding any tissue lysates. One possible ex-
planation was that some human proteins were already phos-
phorylated and/or acetylated during induction in the budding
yeast by conserved protein kinases or acetyltransferases.
Another possibility was because of autophosphorylation or
autoacetylation of the HuProt proteins during the incubation
with the reaction mixture. Indeed, we observed strong pY or
acLys signals for some known kinases and acetyltransferases
(data not shown). To simplify data analysis, these proteins
were considered false-positives and were removed from
downstream analysis.

As a part of CPTAC consortium, all the ovarian tumor sam-
ples were provided by TCGA Biospecimen Core Resource.
Because of the limited sample volume and because of high
reproducibility of the PTM reactions as observed during our
optimization (Fig. 2), we decided to focus on generation of
p-Tyr and ac-Lys signatures using a single reaction on HuProt
for 108 of the 120 available ovarian tumor samples. Using
stringent cutoff criteria, we identified many significant pY
substrates, ranging from 448 to 1854, and significant ac-Lys
substrates ranging from 1 to 94 across the 102 individual
ovarian tumors. Further bioinformatics analyses allowed
us to identify a subset of enriched p-Tyr substrates, although
no significant counterparts were identified among ac-Lys
substrates.

This integrative approach allows to predict Tyr kinases with
elevated expression or activity based on previously estab-
lished kinase-substrate relationships (i.e. KSR and Phospho-
SitePlus) and literature (17, 18). Among the predicted kinases,
members in the non-receptor Tyr kinase Src family were
found significantly enriched. Although no healthy ovarian tis-
sues were available for comparison in this study because of a
lack of such sample in the TCGA consortium rich IHC data
sets that are publicly available through the Human Protein
Atlas served as a reference (57). Significantly, the majority of
the Src family kinases were found highly expressed in the
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ovarian tumor sections compared with the healthy tissues
used by HPA (see above). Further, we could correctly predict
the activation of SYK in ovarian tumors, a finding consistent
with a recent study (10). Finally, our validation with phospho-
site-specific mAbs confirmed our prediction in cell lines de-
rived from ovarian tumors. Taken together, these findings
demonstrate the power of identifying PTM signatures on
HuProt arrays identify dysregulated signaling pathways in
tumors and potentially many disease states.

This new approach, however, is not without limitation. Be-
cause we used pan antibodies to detect PTM signals on
HuProt arrays, the quality in terms of specificity and sensitivity
of the mAbs could dictate the outcomes of this approach.
Moreover, prediction of dysregulated upstream enzymes is
heavily reliant on availability of the existing enzyme-substrate
relationships. In this case, Tyr kinases were successfully pre-
dicted and validated as a result of the long history of studying
phosphorylation events both in vitro and in vivo. Unfortu-
nately, such relationships between the ubiquitin and SUMO
substrates and their respective E3 ligases are largely unchar-
acterized, making it difficult to predict E3 activities based
solely on substrate modification state. Therefore, the unbi-
ased, systematic interrogation of enzyme-substrate relation-
ships will serve as a foundation to further understand signal-
ing pathways especially those related to disease.
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