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Analysis of Protein-Protein Interactions in
Cross-talk Pathways Reveals CRKL Protein as
a Novel Prognostic Marker in Hepatocellular

Carcinoma*s

Chia-Hung Liu,*” Tzu-Chi Chen,”¢ Gar-Yang Chau,” Yi-Hua Jan,® Chun-Houh Chen,’
Chun-Nan Hsu,®" Kuan-Ting Lin, Yue-Li Juang, Pei-Jung Lu,” Hui-Chuan Cheng,"
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Deciphering the network of signaling pathways in cancer
via protein-protein interactions (PPIs) at the cellular level
is a promising approach but remains incomplete. We used
an in situ proximity ligation assay to identify and quantify
67 endogenous PPls among 21 interlinked pathways in
two hepatocellular carcinoma (HCC) cells, Huh7 (mini-
mally migratory cells) and Mahlavu (highly migratory
cells). We then applied a differential network biology anal-
ysis and determined that the novel interaction, CRKL-
FLT1, has a high centrality ranking, and the expression of
this interaction is strongly correlated with the migratory
ability of HCC and other cancer cell lines. Knockdown of
CRKL and FLT1 in HCC cells leads to a decrease in
cell migration via ERK signaling and the epithelial-mesen-
chymal transition process. Our immunohistochemical
analysis shows high expression levels of the CRKL and
CRKL-FLT1 pair that strongly correlate with reduced dis-
ease-free and overall survival in HCC patient samples,
and a multivariate analysis further established CRKL and
the CRKL-FLT1 as novel prognosis markers. This study
demonstrated that functional exploration of a disease net-
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work with interlinked pathways via PPls can be used to
discover novel biomarkers. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.0112.020404, 1335-1349, 2013.

Hepatocellular carcinoma (HCC)" is the third leading cause
of cancer-related deaths worldwide and is a global health
concern (1). The malignant phenotype of HCC may result in
part from the disruption and dysregulation of several biolog-
ical pathways (2). Moreover, metastasis is one of the main
causes of mortality from solid tumors, and metastasis is a
poor prognostic factor for HCC. Understanding protein-pro-
tein interactions (PPIs) may uncover the generic organization
of functional networks in cancer cells when both the spatial
and temporal aspects of the interactions are considered (3).
Recently, several studies applied a protein network-based
approach and a differential network-based approach to iden-
tify markers to predict patient prognosis (4, 5). These compu-
tational approaches demonstrated great potential and could
be further enhanced if more thorough PPl and pathway infor-
mation is available, especially at the cellular level, and ana-
lyzed with a more sophisticated method.

Cancer can be considered as perturbations of highly inter-
linked cellular networks. Our hypothesis is that uncovering new
PPI links within or between, referred to as interlinked PPls
(cross-talk PPIs), different signaling pathways could recapitulate
the relationship between the genotype and phenotype in HCC.
Multiple signaling cascades are interlinked in cancer cells via a
variety of cross-talk connections with other pathways leading to
several of the hallmarks of cancer (e.g. proliferative signaling,
angiogenesis, invasion, and survival) (6, 7). Therefore, targeting
these interlinked pathways could provide an opportunity for

" The abbreviations used are: HCC, hepatocellular carcinoma; PP,
protein-protein interaction; EMT, epithelial-mesenchymal transition;
PLA, proximity ligation assay; PDGFR, platelet-derived growth factor
receptor; SMC, simple matching coefficient; IHC, immunohistochemis-
try; SH, Src homology; VEGFR, VEGF receptor; EGFR, EGF receptor.
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therapeutic application (6-10). Here, we present a systems
approach that computationally infers the interlinked pathways
from numerous PPIs in HCC up-regulated genes and empiri-
cally detects endogenous PPIs using an in situ proximity ligation
assay (PLA), which allows quantitative and localized detection
of endogenous PPIs in cells (11). Empirically, we validated 67
endogenous PPIs within or between signaling pathways in
HCC. To the best of our knowledge, applying in situ PLA to this
scale in cancer cells is unprecedented.

We demonstrate its effectiveness with the identification of a
prioritized interaction, CRKL-FLT1, which links the c-Met,
IGF1, PDGFR-«, and VEGFR1/VEGFR2 pathways together.
CRKL-FLT1 was identified as a hub in the PPI network in HCC
and is crucial for migration in HCC cells. CRKL, an adaptor
protein important in the regulation of several GTPases, is
involved in many intracellular signaling cascades (12, 13) and
mediates cell morphology and movement (14). Recently, a
genomic and functional analysis identified CRKL as an onco-
gene that is amplified in lung cancer (15). FLT1, a VEGFR
family member, mediates the migration of endothelial cells
and monocytes/macrophages (16, 17). Our analysis result
shows the expression of CRKL-FLT1 is strongly correlated
with the migratory ability of cancer cell lines. Moreover, we
demonstrate that CRKL and FLT1 was involved in the ERK
pathway and regulated the epithelial-mesenchymal transition
(EMT) process in migration of HCC. Furthermore, we demon-
strate that, via an immunohistochemistry analysis, high ex-
pression levels of either CRKL alone or CRKL-FLT1 combined
strongly correlate with reduced overall and disease-free sur-
vival in 192 HCC tissue samples. In summary, this study
provides broad insight into potential therapeutic and progno-
sis biomarkers by building an interlinked pathway map via
PPIs in HCC.

EXPERIMENTAL PROCEDURES

Identification of HCC-related Pathways—In this over-representa-
tion analysis, N represents the total number of genes in the back-
ground population; n represents the number of HCC-related genes;
and m denotes the number of genes within the given pathways. The
number of genes that overlapped with both HCC-related genes and
this pathway is denoted as k. A p value was calculated by the
cumulative hyper-geometric distribution to evaluate statistical signif-
icance of pathways as shown in Equation 1,

=L

This is a one-sided test for over-representation. In this study, a
pathway is considered significantly enriched for selection as a node if
its g is less than 0.05 with an adjustment of g using a false discovery
rate. Our HCC gene signatures n is derived from the Encyclopedia of
Hepatocellular Carcinoma Genes Online 2 (18, 19), an integrative
platform to systematically collect and identify 4,020 HCC-related

k—1

p=1-

signatures. The core of the Encyclopedia of Hepatocellular Carci-
noma Genes Online 2 is a collection of 14 HCC-related gene sets from
a wide range of sources, including text-mining results from PubMed,
reports of high throughput studies, computational predictions, and
validations. All of the pathways with their m gene members are
derived from an integrated pathway database, ConsensusPathDB
(20), which integrated 12 pathway databases with 2,100 pathways.
We prioritized 60 pathways that were statistically significant by this
test for rewiring pathways via PPls; 12 out of 60 pathways were
reported as important therapeutic pathways (10).

Interlinking of HCC-related Pathways via PPls—Here, we present
the formal definition of the interlinked PPIs among HCC-related path-
ways. The interlinked PPls that occur in HCC were identified by
pathway information and PPI databases. We represent the interlinked
PPIs among M HCC-related pathways as an undirected simple graph
G = (Vg, Eg), where Vg = (vq, vy, -+, vp,) a finite set of M vertices
representing the M pathways, and Eg C Vg X Vg is the set of edges
representing the pairs of interlinked pathways. Each such graph can
equivalently be represented by a symmetric M X M adjacency matrix
AG, if pathway V; has at least interlinked PPIs with pathway V; and 0
and otherwise by the following Equations 2 and 3. To detect inter-
linked PPIs among pathway profiles, we first calculated the score
ly;\,(X,Y) of each PPI from PPI databases.

1,ifXeViand YeV, V, #V,
hanyX.Y) = {O, otherwise / / (Ea.2)
1K) = 1, if K e overexpression
K = 0, otherwise
Interlink(X,Y,V, V) = (X, Y)EX)E(Y) (Ea.3)

1, if Interlink(X, Y, V;, V)) > O
y= 0, otherwise

Where (X,Y) denotes the pair of PPI, and V,,V; denotes the pair of

pathway. /c(K) is the function to extract the expression for each

protein from the profile of HCC-related genes. Finally, we generated

a binary outcome y by calculating Interlink(X,Y,V,,V)) in which inter-

linked PPIs are matched to overexpression/overexpression pattern.

We applied the overexpression patterns stored in Encyclopedia of
Hepatocellular Carcinoma Genes Online 2 to estimate /¢(K) in HCC
and identified 375 interlinked PPIs from POINeT (59,639 binary PPIs
(21)) and PIPS (37,606 binary PPIs (22)), respectively.

Detection of Protein-Protein Interaction by in Situ Proximity Liga-
tion Assay—Recently, the in situ PLA was developed to detect and
visualize endogenous PPls and post-translational modifications of
proteins with a high sensitivity and specificity (11, 23). To detect PPlIs,
the dual targets of primary antibody pairs were added. If an antibody
pair is in close proximity, secondary antibodies with oligonucleotides
will be close enough to serve as templates for the ligation of two
additional linear oligonucleotides into a DNA circle. The DNA circle
can be amplified with the oligonucleotide in one of the secondary
antibodies using rolling circle amplification. Rolling circle amplifica-
tion can then be hybridized with fluorescent-labeled oligonucleotides
to reveal dot-signal representing both their subcellular locations and
the frequency of the PPI occurrences (11, 23). This technique opens
new opportunities to accurately quantify PPIs in cells.

The cells were washed with PBS and fixed in 3.7% paraformalde-
hyde for 30 min on ice. After washing with PBS, the cells were
permeabilized with 0.2% Triton X-100 in PBS for 3 min at room
temperature. To reduce the nonspecific signal, the cells were incu-
bated with a blocking solution (OLINK Bioscience) for 30 min at 37°C.
Then, primary 1X antibody Diluent (OLINK Bioscience) with two pri-
mary antibodies (1:50 dilution for mouse monoclonal antibody and
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1:1200 for rabbit polyclonal antibody) were added to the cells and
incubated overnight at 4°C. The negative control was performed by
only one primary antibody (rabbit polyclonal antibody) into cells for
incubation at 4°C overnight. All of the procedures were performed
according to the manufacturer’s instructions. The images of the cells
were acquired using an Olympus BX61 microscope (Olympus, Up-
psala University, Sweden). Images for each slide with an in situ PLA
sample were acquired at five different fields with two z axis images.
Then the images were analyzed with Blob Finder Version 3.2, which
automatically counts the number of dots per cell. The detection of a dot
signal with signal ratio was defined as SR = (S;05/Cp05)(Sheg/Cheg)- The
PPl was determined to be a positive PPl only if SR >20 (S,.s/C,0¢) >10;
Spos Was the signal, and C,,,; was the cell number for dual recognition
with one rabbit polyclonal antibody and one mouse monoclonal anti-
body; S,y Was the signal and C,,., was the cell number for the negative
control, in which only one rabbit polyclonal antibody was added. All the
experiments were repeated at least three times, except fro Fig. 1C (the
screening of PPIs). The antibody pairs for the in situ PLA for detection of
the PPIs are listed in supplemental Table 1.

Clustering and Visualization—The information structure embedded
in our database for positive PPIs, pathways, and cell lines is highly
dimensional and very complex in nature. We adopted a clustering and
matrix visualization environment in generalized association plots (24,
25) to explore and summarize this information structured at various
levels as follows. First, we elucidated the tripartite interactions of
positive PPIs, pathways, and cell lines. In all, 67 of the 194 PPIs tested
via the in situ PLA method were considered positive PPIs in one or
both of the cell lines (Mahlavu or Huh7). Thus, the positive PPIs can be
grouped into three types as follows: 1) Mahlavu only; 2) Huh7 only,
and 3) both positive. Matrix M (Fig. 2A) was prepared to store infor-
mation regarding the 67 PPIs (rows), 21 pathways (columns), and cell
lines as follows: for M; = 0, the ith PPl does not engage the jth
pathway (displayed in white in Fig. 2A); 1) the ith PPl engages the jth
pathway only in Huh7 (displayed in magenta in Fig. 2A); 2) the ith PPI
engages the jth pathway only in Mahlavu (displayed in cyan in Fig.
2A); 3) the ith PPl engages the jth pathway in both cell lines (displayed
in purple in Fig. 2A), where i = 1,~,67 and j = 1,~,21.

Simple matching coefficient (SMC) is a value between 0 and 1
representing how completely similar two objects are. The value is
calculated by counting the number of exact matches of the same
status (presence or attributes) between two objects. SMC = 1 means
two objects are identical in every attribute, and SMC = 0 means two
objects have nothing in common. In this study, we adopted a modi-
fied version of SMC, SMC,, which excludes SMC counts for attributes
with both objects belonging to the nonexistent state (V;; = 0, below)
in the calculation for both denominator and numerator. SMC, is more
robust than SMC for sparse data (data with many nonexistent states),
as in matrix M (Fig. 2A). SMC,, can also be termed the nominal version
of the Jaccard coefficient.

To have a more structural and visual representation, we used SMC,
for representing the between rows (PPls) and between columns (path-
ways) association structure and to identify PPI clusters with pathway
groups. First, we sorted the rows (PPIs) and columns (pathways) as
follows. Two proximity matrices C (Fig. 2B) and R (Fig. 2C) were
calculated using the modified simple matching coefficient represent-
ing the between rows (PPIs) and between columns (pathways) asso-
ciation structure as shown in Equation 4,

<21 =1, - 21;
where ¢j = count (M,k = count (M, = M, = 0)
k=1, k=167

Mj), CU

[ (cy—c)/(67—c)/

(Eq. 4)
and Equation 5,

/@1 —=19,i=1,-+-67;j=1,-++67;
where /’]’ count (Mk, I\/lk/-),rfi’= count (M, = My; = 0)
k=1 k=121
(Eq. 5)

Both C; (1 =i, j = 67) and R; (1 =/, j = 21) range between zero and
one with C; = 1 (R; = 1) (color-coded in dark red in Fig. 2B) indicating
two PPIs j and j share identical pathway profiles (two pathways i and
J share identical PPI patterns), whereas C; = 0 (R; = 0) (color-coded
in blue in Fig. 2B) representing two PPIs i and j share no common
pathways (two pathways i and j share no common PPIs). Two gen-
eralized association plot-divisive hierarchical clustering trees (24, 25)
Tr and T were built on R and C and to sort similar PPIs (PPIs with
higher C; in Fig. 2B) and related pathways (pathways with higher R;; in
Fig. 2C) into clusters of PPIs and groups of pathways using relative
positions for terminal nodes of T, and T.. Rows (PPIs) and columns
(pathways) of M (Fig. 1A) were also rearranged using corresponding
orders in R (Fig. 2C) and C (Fig. 2B).

Estimation of the Degree Centrality for Differential Hub—The de-
gree of a vertex in a network is the number of edges attached to it. A
graph can be represented by an adjacency matrix A, where A; = 1 if
there is an edge between nodes i and j and 0 otherwise. The degrees
centrality (DC) of a node i are defined as Equation 6,

DC = D A

j=1

(Eq. 6)

Migration Assay—For Mahlavu stable clones (vehicle, shCRKL, and
shFLT1), 1 X 10* Mahlavu cells were suspended in 200 ul of DMEM
without serum and were seeded into the upper chamber, whereas 750
ul of DMEM containing 10% FBS was added to the outer side of the
chamber. For measuring migratory ability in different HCC cell lines
(HepG2, PLC5, Huh7, SK-Hep1, and Mahlavu), 1 X 10° cells were
seeded into the upper chamber with 200 ul of DMEM without serum.
After being cultured in a 37°C, 5% CO,, 95% air environment and
allowed to adhere for 12-16 h and then incubated, cells on the upper
surface of the membrane were removed by a cotton tip applicator,
and migratory cells on the lower membrane surface were fixed by
methanol and stained with Giemsa (Sigma-Aldrich). Cell migration
values were determined by counting from three independent mem-
branes and then normalized using vehicle cells to give a relative ratio.

Viral Infection—Short hairpin RNAs (shRNA) targeting CRKL and
FLT1 were cloned into the pGIPZ lentiviral vector (Open Biosystems).
Targeting sequences were as follows: shCRKL-1, ATGTAACTA-
AAGGAATCTGAAA; shCRKL-2, AGGTGAGATCCTAGTGATAATA;
shFLT1-1, CGGCTACTCGTTAATTATCAAA; and shFLT1-2: ACA-
CAGTTAACAAGTTCTTATA. Mahlavu cells were infected with lentivi-
ruses expressing either a nonsilencing hairpin control (vehicle) or the
CRKL- or FLT1-targeting hairpins. The infected populations were
selected in puromycin.

MTT Assay for Cell Growth—Mahlavu cells were seeded in 96-well
plates in DMEM containing 10% FBS for 24, 48 and 72 h followed by
MTT assay to quantify the cell growth. Data were normalized against
OD570 value on day 1 of cells.

Immunoprecipitation and Immunoblotting— Transient transfection
of HEK293T was performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. After 48 h of transfec-
tion, the HEK293T cell pellets collected were lysed in the Nonidet
P-40 lysis buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1% Nonidet
P-40, 0.25% sodium deoxycholate, 1 mm EGTA, 1 mm phenylmethyl-
sulfonyl fluoride, and 10 ug/ml each of leupeptin, aprotinin, and
chymostatin). Lysates were centrifuged and incubated with protein
A/G beads (Santa Cruz Biotechnology) at 4°C for 1 h. The precleared
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lysates were then incubated with anti-FLAG M-agarose affinity gel
(Sigma-Aldrich) at 4°C overnight. Beads were recovered by centrifu-
gation, washed three times with the TBST buffer, resuspended in SDS
sample buffer, heated at 95°C, analyzed by SDS-PAGE, and immu-
noblotted with appropriate antibodies. The antibodies used in this
study are listed in supplemental Table 2.

Patient Clinicopathological Data—For this study, which was ap-
proved by our institutional review board (201010021IC), we obtained
archived formalin-fixed, paraffin-embedded material from surgically
resected HCC specimens containing tumor and adjacent liver tissues
from the Taipei Veterans General Hospital. Tissue specimens col-
lected between 1990 and 2006 from 192 liver cancer tumors were
used to construct tissue microarrays. In addition, clinical data and
pathological data were obtained through a detailed retrospective
review of the medical records of the 192 HCC patients. The median
age of these patients was 63 years (range, 21-83 years; mean, 60.9
years). Follow-up was possible for all cases, and the follow-up period
ranged from 0.7 to 172 months (median, 51 months; mean, 58.2
months). During the follow-up period, 151 patients exhibited evidence
of disease recurrence, and 120 patients died. The latest survival data
were collected on August 31, 2011. The total survival rate was 71.8%
at 5 years and 45.4% at 10 years.

Tissue Microarray Construction and Immunohistochemical Stain-
ing—The hematoxylin and eosin staining of all 192 samples were
reviewed by the pathologist, and the HCC tissue microarrays were
constructed by obtaining three 1-mm-diameter cores from each tu-
mor and the paired adjacent liver tissue. The hematoxylin and eosin
stain of constructed tissue microarrays were reviewed and confirmed
again by the pathologist. The specimens had been fixed in formalin
and embedded in paraffin before they were archived. We used the
archived specimens for immunohistochemical staining. The immuno-
histochemical staining was performed using Bond-Max autostainer
(Leica Microsystems). The hematoxylin and eosin stains of all 192
samples were reviewed by the pathologist, and the slides were
stained with antibodies directed against CRKL (1:50 dilution, Abcam)
or FLT1 (1:250 dilution, Abcam). Briefly, specimens from the paraffin-
embedded blocks were cut into 5-um sections. The sections were
dewaxed in a 60°C oven and then deparaffinized in xylene, rehydrated
through serial dilutions of alcohol, and washed in phosphate-buffered
saline (pH 7.2). Immunohistochemical staining was performed using
the fully automated Bond-Max autostainer using the onboard, heat-
induced antigen retrieval in citrate buffer with the ER1 protocol for 20
min and a VBS refine polymer detection system (Leica Microsystems).
Diaminobenzidine was used as the chromogen (Leica Microsystems).

RESULTS

Identification of Interlinked PPIs in Cross-talk Pathways in
Human Hepatocellular Carcinoma—We systematically col-
lected ~3,000 differentially expressed HCC-related signa-
tures (18, 19) and examined ~2,100 pathways from an inte-
grated pathway database (ConsensusPathDB) (20). Then we
prioritized 60 HCC-related pathways according to the HCC-
related signatures and pathway datasets using a hypergeo-
metric test (Fig. 1A, Step 7). The proteins belonging to the
HCC-related pathways (gray nodes on the left) were detected
to determine whether collected PPIs (POINeT) (21) or pre-
dicted PPIs (PIPS) (22) (red dotted line in Step 2 of Fig. 1A)
with overexpressed patterns can link each pathway and en-
able potential interlinking. Specifically, each pathway member
(single gene) among the different HCC-related pathways was
used to map each single protein for each PPI pair in the PPI

dataset, and thus it was possible to identify the cross-talk
relationship (protein 1 and protein 2 in supplemental Table 3).
Because many genes/proteins are involved in multiple path-
ways, most interlinked PPIs map to several different pathways
(Pathway 1 and Pathway 2 in supplemental Table 3). These
PPIs might link the cross-talk pathways together. In this step,
we identified 97 proteins that participate in 375 PPIs occurring
in overexpression patterns from HCC gene expression pro-
files, which revealed the pattern of interlinking among the 60
HCC-related pathways (Fig. 1A, Step 2). The interlinked PPIs
among the signaling pathways can be categorized by topo-
logical characteristics (Fig. 1A, Step 2) as follows: r1, be-
tween/within pathway PPIs, which connect different pathways
and are located in the same pathway(s); r2, between pathway
PPIs, which serve as connections among different pathways.

An in situ proximity ligation assay (PLA) with the available
paired antibodies was used to detect, validate, and quantify
the endogenous presence of 194 PPIs in two HCC cell lines,
Huh7 (minimally migratory cells) and Mahlavu (highly migra-
tory cells). We observed 67 PPls (49 proteins) among 21
pathways (supplemental Table 4) in either Huh7 or Mahlavu
cells (Fig. 1A, Step 3, and B and C, and supplemental Fig. 1
and Table 5). There are four key features of these datasets.
First, according to a literature survey, 17 PPIs (including 11
PPIs from PIPS) of the 67 PPIs are novel PPIs identified in this
study (Fig. 1E and supplemental Table 6). Second, there are
contrastingly different distributions of the in situ PLA signal for
the 67 validated PPIs between Huh7 and Mahlavu. For exam-
ple, the interaction signals for CRKL-SOS1 were much higher
in Mahlavu cells than in Huh7 cells (Fig. 1, B and C), providing
the opportunity to apply differential network biology to char-
acterize tumor invasion. Third, ~69% of between/within the
pathway PPIs (r7) not only reflect the current knowledge on
pathways but also suggest that these PPIs can interlink the
components of unknown pathways. Moreover, the rest of the
~31% of the PPIs belong to the between pathway PPI group
(r2), implying that these corresponding pathways can be
merged into more complete pathways by these PPIs (Fig. 1A,
Step 2). Finally, by integrating bioinformatics identification
and empirical validation, we can effectively construct a con-
cise empirical HCC PPI network from a huge PPI network of
up-regulated genes (Fig. 1D) to a concise empirical network
(Fig. 1E).

In addition to revealing individual PPIs, our purpose was to
provide a global view of the 67 analyzed PPIs and 21 path-
ways in two HCC cell lines (with different migratory abilities).
Briefly, the pairwise modified version of simple matching co-
efficient (SMC,) was employed to construct both the be-
tween-pathway proximity matrix C (with C3' = 210 pairs in
Fig. 2B) and the between-PPI proximity R (with C5” = 2211
pairs in Fig. 2C) in the first step. In the second step, we
applied two dendrograms (hierarchical clustering trees) to sort
the 21 pathways in C into five clusters of pathways with 7, 5,
3, 3, or 3 pathways each (P1 to P5 in Figs. 2B and 2A) and 67
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PPIs in R as eight groups of PPIs (M1, M2, B1, B2, H1, H2, A1,
and A2 in Figs. 2C and 2A). Then we created three heatmaps
to elucidate the tripartite interactions (Fig. 2, A-C). PPIs that
are specific in Huh7, Mahlavu, and either cell lines or none are
color-coded as cyan, magenta, purple, or white.

For example, the CRKL-FLT1 interaction was observed in
the M1 cluster, which might involve the c-Met pathway, IGF1
pathway, PDGFR-« signaling pathway, and VEGFR pathway.
Specifically, the M1, H1, and B1 clusters contain PPIs in-
volved in both P1 and P2, which include signaling pathways
such as mammalian target of rapamycin, PI3K/AKT, and
c-Met among others. Although the PPIs in the M1, H2, and B1
clusters are involved in pathways from the P1 group only,
PPIs in the M2, H1, and B2 clusters are involved in pathways
from clusters P1 and P2 simultaneously. One interesting note
is that in this study the P2 pathways are found to never work
alone and are observable only in the presence of the P1
pathways but not vice versa. Unlike P1 and P2 that compli-
cate pathway clusters, P3 pathways are connected by only
one or two PPIs from the M1, B1, or B2 clusters. Finally, the
P4 and P5 pathways are related to DNA replication and the
cell cycle. P4 contains three DNA replication-related path-
ways that, with CDC6 related PPIs, are involved in Huh7,
Mahlavu, or both cell lines. P5 contains three pathways that
are connected by CCNB1-related PPIs, mostly in Mahlavu
cells or in both cell lines. A1 and A2 only occur in the clusters
of P4 and P5. Overall, the clustering analysis shows that most
of the PPIs are involved in the P1 pathway group, suggesting
pathways in P1 group might play an important role in hepa-
tocarcinogenesis. PPIs in M1 can only be observed in
Mahlavu cells (highly migratory cells) and belong to the P1
pathway group. Therefore, this allows for intuitive selection of
candidate PPIs (e.g. CRKL-FLT1) from M1 for further func-
tional characterization. In addition to the similarity among the
validated PPIs, pathways, and cell lines, we show these in-
terlinked pathways as an undirected graph with no self-loops
and with weights on the edges (number of involved PPls)
among the vertices (pathways) (Fig. 2D). The color of the
edges in this graph also provides the quantitative information
for the PPIs among the pathways. The edges with different

colors indicate a different density of PPIs cross-talking be-
tween the two pathways, e.g. the CRKL-EGFR interactions
(supplemental Table 3) connect the cMet and EGFR path-
ways. Moreover, the graph revealed that the c-Met, IGF1,
PDGFR-B, and VEGFR pathways are highly connected with
other pathways in HCC, suggesting the possibility of an HCC
therapeutic strategy for disrupting the interlinked PPIs among
these four pathways.

Analysis of the Differential Interaction Hubs in PPl Net-
works—A graphic theoretical analysis of PPl networks can
reveal the essential genes/proteins that are over-represented
among proteins with high centralities. Such hubs (the highly
connected nodes) are of general interest because of their
central roles, and pathway errors related to hubs usually
cause lethality. In addition, previous studies suggest that
hubs are more likely to be cancer-related genes than proteins
with few interaction partners (27, 28). Moreover, a recent
study suggests that a differential network biology approach,
such as differential interaction hubs, is a promising approach
to dynamic network discovery under multiple conditions, such
as environment, tissue type, disease state, development, or
speciation (29, 30).

These observations led us to measure the number of inter-
actions to identify the differential interaction hubs for ranking
essential genes/proteins/pairs, which might be involved in
migration in HCC from this PPI network (Fig. 2E). For each
protein in the differentially expressed network, CRKL is the
hub with the highest degree of centrality in Mahlavu cells (Fig.
2E). CRKL interacted with the other 11 proteins. Eight of the
11 CRKL-interacting proteins (FLT1, HCK, PDGFRB, PTPN11,
RAF1, PIK3R1, MAPK1, and GAB1) were detected empirically
by in situ PLA assay in Mahlavu cells, but not in Huh7 cells,
whereas CRKL interacted with EGFR, SOS1 and PTK2 in both
Mahlavu 