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Though kinase inhibitors have been heavily investigated in the clinic to combat advanced hepatocellular carcinoma (HCC), clin-

ical outcomes have been disappointing overall, which may be due to the absence of kinase-addicted subsets in HCC patients.

Recently, strategies that simultaneously inhibit multiple kinases are increasingly appreciated in HCC treatment, yet they are

challenged by the dynamic nature of the kinase networks. This study aims to identify clustered kinases that may cooperate to

drive the malignant growth of HCC. We show that anaplastic lymphoma kinase, fibroblast growth factor receptor 2, and ephrin

type-A receptor 5 are the essential kinases that assemble into a functional cluster to sustain the viability of HCC cells through

downstream protein kinase B–dependent, extracellular signal–regulated kinase–dependent, and p38-dependent signaling path-

ways. Their coactivation is associated with poor prognosis for overall survival in about 13% of HCC patients. Moreover, their

activities are tightly regulated by heat shock protein 90 (Hsp90). Thereby Combined kinase inhibition or targeting of heat shock

protein 90 led to significant therapeutic responses both in vitro and in vivo. Conclusion:Our findings established a paradigm that

highlights the cooperation of anaplastic lymphoma kinase, fibroblast growth factor receptor 2, and ephrin type-A receptor 5 kin-

ases in governing the growth advantage of HCC cells, which might offer a conceptual “combined therapeutic target” for diagno-

sis and subsequent intervention in a subgroup of HCC patients. (HEPATOLOGY 2019; 69:573-586\).

H
epatocellular carcinoma (HCC) represents
the major histological subtype of primary
liver cancer and is associated with multiple

etiological factors such as viral infection and alcohol
consumption.(1-3) In the clinic, most individuals are

diagnosed at a late stage, when effective curative thera-
pies are not feasible, rendering advanced HCC one of
the most lethal cancer types worldwide.(4-6) Recently,
encouraged by the success of kinase inhibition in sev-
eral “oncogene addiction”–defined tumor types,
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especially non-small cell lung cancer, kinase inhibitors
have become the mainstay in combating this systemic
disease.(7-10) However, their overall clinical results are
rather disappointing. For instance, treatment with the
two Food and Drug Administration–approved drugs,
sorafenib and regorafenib, only improved the overall
survival of patients by about 2-3 months.(11,12) Mean-
while, many subsequent clinical trials targeting diverse
aberrantly activated kinases that are responsible for
tumor growth or angiogenesis in HCC, such as c-Met,
epidermal growth factor receptor, and platelet-derived
growth factor receptor, all failed to achieve positive end-
points due to a lack of efficiency or intolerance.(13,14)

One major reason for these failures is lack of consensus
of addiction to kinases as revealed by comprehensive
genomic studies.(15,16) Unlike other solid tumors,
many well-recognized or targetable driving alterations
in kinase genes, such as epidermal growth factor recep-
tor mutation and echinoderm microtubule–associated
protein kinase–like 4/anaplastic lymphoma kinase
(ALK) rearrangement, are rarely detected in HCC
patient samples.(17-19) These observations suggested
that stratifying patients according to their genetic
kinase alterations seems unfeasible in the setting of
HCC treatment.
Recently, concurrent inhibition of several overacti-

vated kinases has been increasingly recognized for its
potential to gain therapeutic advantages.(18,20-23) Nev-
ertheless, recent clinical investigations that randomly
cotargeted some kinases have been quite disappointing.
These failures may arise from the intrinsic dynamic
nature of the kinase network.(24-26) In this study, we
hypothesized that precisely cotargeting a limited clus-
ter of critical kinases that stringently cooperated to sus-
tain the viability of HCC cells may result in optimal
therapeutic outcome. We tested this possibility by
profiling and stratifying a group of pivotal kinases,

accounting for the growth advantage of HCC cells and
the prognosis of patients. We further depicted several
rational therapeutic approaches for the clinical man-
agement of kinase coactivation in a defined subcohort
of HCC patients.

Materials and Methods

CELL CULTURE AND REAGENTS

SMMC-7721, ZIP177, QGY-7703, BEL-7402,
SK-Hep-1, and QSG-7701 cells were obtained from
the Cell Bank, Chinese Academy of Sciences (Shang-
hai, China). HepG2, Hep3B, and Huh-7 cells were
obtained from the American Type Culture Collection
(Manassas, VA). All cell lines from the American
Type Culture Collection were authenticated by short
tandem repeat testing (Genesky Biopharma Techno-
logy, Shanghai, China). All cell lines were maintained
in appropriate medium as the suppliers suggested.
The inhibitors used for in vitro studies were ob-

tained from Selleck Chemicals (Shanghai, China) and
dissolved to 10 mmol/L with dimethyl sulfoxide as
stock solution. Ceritinib, AZD4547, and dasatinib for
in vivo studies were obtained from Melonepharma
(Dalian, China).

HUMAN RECEPTOR TYROSINE
KINASE PHOSPHORYLATION
ARRAY

Cells were seeded in 100-mm dishes and incubated
at 378C for 24 hours. Cells were washed twice with
cold phosphate-buffered saline, followed by solubiliza-
tion at 2 3 107 cells/mL in 1 3 lysis buffer provided
by Raybiotech (Norcross, GA). After centrifugation at
14,000g for 20 minutes for removal of cell debris, the
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whole lysates of HCC cell lines were subjected to
Human RTK Phosphorylation Arrays C1; the exp-
erimental operation was conducted by Raybiotech
(Guangzhou, China).

PATIENT SAMPLES AND TISSUE
MICROARRAYS

The HCC tissue microarrays and paired frozen
tumor samples were obtained from Zuo Cheng Bio
(Shanghai, China). Immunohistochemical analysis was
performed following routine protocols. The primary
antibodies used were as follows: phosphorylated ALK
(p-ALK; GTX16377; Genetex, Irvine, CA), 1:50;
phosphorylated fibroblast growth factor receptor 2 (p-
FGFR2; ab111124; Abcam, Cambridge, MA), 1:50;
phosphorylated ephrin type-A receptor 5 (p-EphA5;
GTX17348; Genetex), 1:50; cluster of differentiation
34 antibody (CD34 ab8158; Abcam), 1:100; and Ki-
67 antibody (ab16667; Abcam), 1:100. Antirabbit or
antimouse peroxidase-conjugated antibodies (Santa
Cruz, Paso Robles, CA) were used as secondary anti-
bodies. The array staining and data assessment were
conducted by Zuo Cheng Bio. Kaplan-Meier plotter
analysis was conducted to assess the relative influence
of prognostic factors on overall survival. For immu-
noblotting analysis, tumor samples and paired normal
tissues were homogenized in cold radio immuno-
precipitation assay lysis buffer (Beyotime, Nantong,
China) supplemented with protease and phosphatase
inhibitors (Merck, Darmstadt, Germany), quantitated
using a bicinchoninic acid assay (Beyotime), and boiled
with sodium dodecyl sulfate lysis buffer.

HCC CELL LINE XENOGRAFTS

Six-week-old female BALB/c nude mice were
obtained from Vital River (Beijing, China). All studies
were done in compliance with the Institutional Animal
Care and Use Committee guidelines of the Shanghai
Institute of Materia Medica. Tumors were generated
by transplanting 5 3 106 SMMC-7721 cells resus-
pended in phosphate-buffered saline (200 lL/mouse)
into the right flank. Mice were maintained under spe-
cific pathogen-free conditions. Prior to initiation of
treatment, mice were randomized among control and
treated groups (n 5 6 per group). Ceritinib (0.5%
methylcellulose and 0.5% Tween-80 in a ratio of 1:1),
AZD4547 (1% Tween-80), or dasatinib (0.05%
sodium carboxymethyl cellulose) was orally adminis-
tered once a day. Ganetespib (10% dimethyl sulfoxide,

18% Cremophor RH40, 3.6% dextrose in water) was
intraperitoneally injected three times a week. For com-
bination treatment, the drugs were given concurrently.
Tumor volume (V) was measured three times a week
and calculated by caliper measurements of the width
(W) and length (L) of each tumor using the formula
V 5 (L 3 W2)/2. The individual relative tumor vol-
ume (RTV) was calculated as follows: RTV 5 Vt/V0,
where Vt is the volume on each day and V0 represents
the volume at the beginning of the treatment. RTV
was shown on indicated days as means 6 standard
error of the mean (SEM) indicated for groups of
mice. At designated times, mice were sacrificed and
tumor tissues were resected, homogenized in cold
radio immunoprecipitation assay lysis buffer (Beyo-
time) supplemented with protease and phosphatase
inhibitors (Merck), and then processed for
immunoblotting.

PATIENT-DERIVED TUMOR
XENOGRAFTS

Tumor xenografts were established directly from
patient tumors and routinely passaged by subcutaneous
engraftment of female BALB/c nude mice (Wuxi
Apptech). All experimental procedures were approved
by the Wuxi Apptech Laboratory Animal Care and
Use Committee. When the tumor volume reached
around 100-150 mm3 the animals were treated follow-
ing randomization (n 5 6 per group). Ceritinib (0.5%
methylcellulose and 0.5% Tween-80 in a ratio of 1:1),
AZD4547 (1% Tween-80), or dasatinib (0.05%
sodium carboxymethyl cellulose) was orally adminis-
tered once a day. Ganetespib (10% dimethyl sulfoxide,
18% Cremophor RH40, 3.6% dextrose in water) was
intraperitoneally injected three times a week. For com-
bination treatment, the drugs were given concurrently.
Tumor volume (V) was measured twice a week and
calculated by caliper measurements of the width (W)
and length (L) of each tumor using the formula V 5

(L 3 W2)/2. The individual RTV was calculated as
follows: RTV 5 Vt/V0, where Vt is the volume on
each day and V0 represents the volume at the begin-
ning of the treatment. RTV was shown on indicated
days as means 6 SEM indicated for groups of mice.
At designated times, mice were sacrificed and tumor
tissues were resected, homogenized in cold radio
immunoprecipitation assay lysis buffer (Beyotime) sup-
plemented with protease and phosphatase inhibitors
(Merck), and then processed for immunoblotting.
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STATISTICAL ANALYSIS

The difference between experimental groups was
compared using an unpaired two-tailed Student t test
or two-way analysis of variance. P < 0.05 was consid-
ered statistically significant, *P < 0.05, **P < 0.01,
***P < 0.001. All analyses were conducted with
GraphPad Prism 6 software (GraphPad Software, Inc.,
San Diego, CA).

Results

COACTIVATION OF ALK, FGFR2,
AND EphA5 REGULATES THE
VIABILITY OF HCC CELLS

We initiated this study to evaluate the basal activa-
tion status of tyrosine kinases in HCC cells. To this
end, the phosphorylation of 71 tyrosine kinases was
profiled across eight HCC cell lines using human
receptor tyrosine kinase phosphorylation arrays. As
expected, pairs of kinases were aberrantly activated in
HCC cells, but the detailed activation pattern varied
among these cell lines (Supporting Table S1). Given
this intrinsic heterogeneity, we further selected the 20
top-ranked kinases in each cell line for enriched cluster
analysis to seek commonly coactivated kinases in most
tested cell lines. Out of the total 41 enrolled kinases,
including ALK and c-Met, 17 were found to be con-
sistently overactivated in more than five cell lines (Fig.
1A; Supporting Table S2). In accordance with the
clinical observations, no obvious functional genomic
alterations of these 17 kinases were detected (Support-
ing Table S3). Then, we applied genetic manipulation
(RNA interference; Supporting Table S4) and phar-
macologic perturbation (kinase inhibitor; Supporting
Table S2) to determine their oncogenic roles. Intrigu-
ingly, inhibition of these kinases individually in
ZIP177 and SMMC-7721 cells barely showed signifi-
cant growth inhibition (Supporting Fig. S1A-C).
These findings indicated the lack of dependence of
HCC cells on a single kinase, which in part explained
the failure of the “kinase addiction”–based practice in
the clinic.
Then, we asked whether several key kinases could

assemble into a stringent functional network to sustain
the growth advantage of HCC cells. To determine this
possibility, we used kinase inhibitors as probes and
applied combinatory screenings to seek an effective
synergistic toolbox, in which the clinically available
drugs were preferred. The results of a two-step

screening demonstrated that, in contrast to their mar-
ginal effects individually, the coadministration of ceri-
tinib, AZD4547, and dasatinib profoundly suppressed
the growth of ZIP177 and SMMC-7721 cells (Fig.
1B; Supporting Fig. S1D,E). Similar effects were also
observed in several other HCC cell lines (Supporting
Fig. S1F). Accordingly, a significant induction of apo-
ptosis was also observed after cotreatment with ceriti-
nib, AZD4547, and dasatinib, as determined by the
annexin V/propidium iodide staining and evidenced by
the promoted cleavage of poly(adenosine diphosphate
ribose) polymerase and caspase-3 (Fig. 1C). Moreover,
this combination barely affected the viability of non-
malignant hepatocyte cells (Supporting Fig. S1G).
Thereafter, we explored the possibly targeted kinases

by these three inhibitors. Of note, FGFR2 is the only
kinase we selected for cluster analysis that targeted by
AZD4547, a pan-FGFR inhibitor (Supporting Table
S2).(27) As multiple kinases were modulated by dasati-
nib (Supporting Table S2),(28) we made efforts to dis-
sect its predominant targets in HCC cells. To this
end, kinases known to be targeted by dasatinib were
individually knocked down and their abilities to sup-
press cell growth assessed, with or without cotreatment
with ceritinib and AZD4547. Among the tested kin-
ases, only disruption of EphA5 led to the most signifi-
cant effect on growth inhibition in both cell lines,
suggesting that EphA5 represents the main target of
dasatinib in HCC cells (Fig. 1D). Ceritinib has been
approved for targeting ALK.(29) Intriguingly, we also
identified its strong potency toward leukocyte receptor
tyrosine kinase (LTK) activity (data not shown), sug-
gesting ceritinib as a dual ALK/LTK inhibitor. We
further narrowed our focus to ALK as the disruption
of ALK, but not LTK, combined with the cosilencing
of FGFR2 and EphA5, recapitulated the notable
growth repression observed using three kinase inhibi-
tors (Fig. 1E; Supporting Fig. S1H,J). Meanwhile,
substantial induction of apoptosis was observed after
the concurrent interruption of ALK, FGFR2, and
EphA5 (Fig. 1E; Supporting Fig. S1I). All of these
data indicated that ALK, FGFR2, and EphA5 kin-
ases, targeted by ceritinib, AZD4547, and dasatinib,
respectively, might synergize to govern the survival of
HCC cells. We also probed their downstream signal-
ing cascades. Combined inhibition of ALK, FGFR2,
and EphA5 remarkably blocked several key signaling
pathways, namely phosphorylated protein kinase B (p-
AKT), phosphorylated extracellular signal–regulated
kinase (p-ERK) and p-p38 (Fig. 1Fi). In turn, simul-
taneous blockade of AKT, ERK, and p38 signaling
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FIG. 1. ALK, FGFR2, and EphA5 collaborate to regulate the viability of HCC cells through AKT-dependent, ERK-dependent, and p38-
dependent pathways. (A) The basal phosphorylation of the 20 top-ranked kinases in HCC cell lines was selected for cluster analysis. (B)
ZIP177 and SMMC-7721 cells were treated with ceritinib (1 lM), AZD4547 (1 lM), and dasatinib (1 lM) respectively or in combination,
for 72 hours. Cell viability was assessed by sulforhodamine B assay. Bars represent means 6 standard deviation. (C) Cells were treated with
indicated inhibitors at 1 lM for 48 hours. Apoptosis was analyzed by flow cytometry and immunoblotting. Bars represent means 6 standard
deviation. (D) ZIP177 and SMMC-7721 cells were transfected with siRNAs for each indicated dasatinib target with or without ceritinib and
AZD4547 for 72 hours. Mean values were compared by two-way analysis of variance. 1, ceritinib1 AZD45471; –, ceritinib– AZD4547–.
(E) ZIP177 cells were transfected with indicated siRNAs for 72 hours and analyzed by immunoblotting. (Fi) ZIP177 and SMMC-7721 cells
were treated with inhibitors at 1 lM for 3 hours, followed by immunoblotting analysis. (Fii) Cells were treated with MK2206 (1 lM), trame-
tinib (1 lM) and skepinone-L (10 lM). Cell viability was assessed by sulforhodamine B assay after 72h, and cell lysates were subjected to
immunoblotting after 3h or 48h. Abbreviation: PARP, poly(adenosine diphosphate ribose) polymerase.
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caused a similar effect, inducing growth inhibition and
apoptosis (Fig. 1Fii).
In conclusion, these findings implied that ALK,

FGFR2, and EphA5 are essential to sustain the
survival of HCC cells through downstream AKT-
dependent, ERK-dependent, and p38-dependent sig-
naling cascades. Their coinhibition will lead to a
remarkable therapeutic response.

ABERRANTLY COACTIVATED
ALK, FGFR2, AND EphA5
CORRELATE WITH POOR
PROGNOSIS IN A SUBCOHORT
OF HCC PATIENTS

The essential role of ALK, FGFR2, and EphA5 in
HCC cells prompted us to evaluate whether their coac-
tivation is suitable for patient stratification for both
treatment and prognosis of HCC. We found that
p-ALK, p-FGFR2, and p-EphA5 were highly activated
in most HCC cell lines compared to QSG-7701, an
immortalized hepatocyte cell line (Fig. 2A). We further
profiled the phosphorylation of these kinases in 24
paired frozen tumor tissues of HCC patients. In agree-
ment with the observations obtained in HCC cells, the
levels of p-ALK, p-FGFR2, and p-EphA5 were abun-
dant in tumor tissues compared with their normal coun-
terparts (Fig. 2B,C), indicating the aberrant activation
of ALK, FGFR2, and EphA5 in HCC patients. Then,
we applied tissue microarray analysis to gain insight into
their potential clinical relevance. A total of 250 eligible
HCC patient samples from three independent cohorts
were enrolled and assessed by immunochemical stain-
ing. As expected, p-ALK, p-FGFR2, and p-EphA5
showed variable abundance in different patients (Fig.
2D). Among them, 32 patient samples were stained for
simultaneous high abundance of p-ALK, p-FGFR2,
and p-EphA5 (Fig. 2E), suggesting that about 13% of
the patients may be selected for further treatment. We
also applied Kaplan-Meier plotter analysis to ascertain
the effect of p-ALK, p-FGFR2, and p-EphA5, alone
or in combination, on the clinical outcome of HCC
patients. Intriguingly, activation of these kinases indi-
vidually showed no significant correlation to overall sur-
vival (Fig. 2F). Further subgroup analysis revealed that a
subcohort of patients harboring coactivation of these
three kinases showed worse prognosis compared to
other subtypes (Fig. 2F). Collectively, these data sug-
gested that concurrent activation of ALK, FGFR2, and
EphA5 could help stratify a subcohort of HCC patients

with poor prognosis as suitable for further therapeutic
intervention.

CONCURRENT BLOCKADE
OF ALK, FGFR2, AND EphA5
SUPPRESSES TUMOR
GROWTH IN VIVO

We further investigated whether coinhibition of ALK,
FGFR2, and EphA5 could show therapeutic benefit in
the subset of HCC. Mice bearing SMMC-7721 xeno-
grafts were treated with ceritinib at 25 mg/kg, AZD4547
at 12.5 mg/kg, and dasatinib at 25 mg/kg, alone or in
combination, for a consecutive 2 weeks; and their abilities
to suppress tumor growth were assessed. Tumor volume
was examined three times a week, and the intratumoral
expression of the signaling axis was detected after mice
were sacrificed on the last day. As expected, ceritinib or
dasatinib treatment alone had no effect on tumor growth.
AZD4547 treatment could result in partial tumor growth
inhibition. Importantly, the concurrent treatment of ceri-
tinib, AZD4547, and dasatinib dramatically suppressed
tumor growth compared to the vehicle group (treatment/
control 5 19.5%; Fig. 3A). Accordingly, the intratumoral
expression of p-ALK, p-FGFR2, and p-EphA5 as well as
of their downstream p-AKT, p-ERK, and p-p38 was
profoundly modulated after the cotreatment (Fig. 3B).
The results of immunochemical staining further con-
firmed these findings (Fig. 3C). We also noticed that the
expression of cluster of differentiation 34 was decreased by
treatment with AZD4547, probably resulting from the
antiangiogenesis effect due to KDR inhibition by
AZD4547 in vivo (Fig. 3C).(27) Together, these observa-
tions revealed the ability of combined inhibition of ALK,
FGFR2, and EphA5 kinases and their downstream sig-
naling network forHCC treatment.

ALK, FGFR2, AND EphA5 ARE
CLIENT PROTEINS OF HEAT
SHOCK PROTEIN 90

All of the data above have confirmed the existence
of a limited cluster of key kinases in HCC cells and
provided therapeutic indications for cotargeting ALK,
FGFR2, and EphA5 in a subset of HCC patients.
However, to translate this combinatory strategy into
clinical practice remains challenging and unfeasible
due to the difficulty of concomitant application of mul-
tiple kinase inhibitors. Meanwhile, it is noteworthy
that the body weights in the cotreatment group
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FIG. 2. Coactivation of ALK, FGFR2, and EphA5 is highly correlated with poor prognosis in a subpopulation of HCC patients.
(A) The expression of p-ALK, p-FGFR2, and p-EphA5 in HCC cell lines and QSG-7701 was analyzed by immunoblotting. (B,C)
Expression of p-ALK, p-FGFR2, and p-EphA5 in 24 paired tumor tissues was detected with immunoblotting. Dot plots represent
the protein levels normalized to b-actin (B), and representative immunoblotting results are shown (C). (D) Representative immuno-
chemical staining results for p-ALK, p-FGFR2, and p-EphA5 with different abundance are shown (original magnification, 3200).
(E) Scatter plot of the p-ALK, p-FGFR2, and p-EphA5 scores generated from the image analysis intensity algorithm. Red plots
depict the subtype of patients with triple strong staining. (F) Retrospective analyses for overall survival of HCC patients were con-
ducted using the Kaplan-Meier method. Abbreviations: CI, confidence interval; H, relative abundance higher than the median; H&E,
hematoxylin and eosin; HR, hazard ratio; L, relative abundance lower than the median; N, nontumor; T, tumor.
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declined significantly (Fig. 3D), suggesting uncertain
severe toxicities in vivo. In addition, the rational
design of inhibitors that directly target ALK, FGFR2,
and EphA5 seems reasonable but remains unachiev-
able at present. We thus asked whether there exists an
alternative therapeutic option. Of note, kinases are the
most prevalent class of client proteins of Hsp90, which
can strictly regulate kinases activity.(30-32) Therefore,
we explored whether inhibition of Hsp90 can effec-
tively modulate the activity of ALK, FGFR2, and
EphA5 in HCC cells. To test this possibility, we

conducted coimmunoprecipitation experiments to test
whether ALK, FGFR2, and EphA5 are client proteins
of Hsp90 in HCC cells. As expected, the endogenous
mutual binding of Hsp90 to ALK, FGFR2, and
EphA5, respectively, and vice versa, was detected in
ZIP177 and SMMC-7721 cells (Fig. 4A,B). As a
small molecule Hsp90 inhibitor, PU-H71-conjugated
beads selectively bind dysregulated oncoproteins in
tumor.(33,34) For further confirmation, we synthesized and
prepared PU-H71-conjugated beads to pull down Hsp90
binding proteins, and found that ALK, FGFR2, and
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FIG. 3. Concurrent blockade of ALK, FGFR2, and EphA5 suppresses tumor growth in vivo. (A) Mice bearing SMMC-7721 xeno-
grafts were treated with vehicle, ceritinib (25 mg/kg, once a day), AZD4547 (12.5 mg/kg, once a day), and dasatinib (25 mg/kg, once
a day), alone or in combination, for a consecutive 2 weeks; tumor volume was measured three times a week. Bars represent means 6
SEM. (B) Tumor lysates were prepared and subjected to immunoblotting analysis with indicated antibodies. (C) Representative
immunochemical staining results for p-ALK, p-FGFR2, p-EphA5, cluster of differentiation 34, and Ki67 are shown. Scale bar, 50
lm. (D) Body weights of mice in each group were measured three times a week. Abbreviations: C1A1D, Ceri1AZD1Dasa;
CD34, cluster of differentiation 34; T/C, treatment/control.
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EphA5 were effectively precipitated by PU-H71 beads
(Fig. 4C). In addition, all of these bindings were signifi-
cantly impaired after pretreatment with ganetespib, a
putative Hsp90 inhibitor, at 1 lM for 4 hours in ZIP177
and SMMC-7721 cells (Fig. 4D,E). Finally, we treated
SMMC-7721 cells with 0.1 lM ganetespib for different
times and found that the protein levels of ALK, FGFR2,
and EphA5were notably decreased at 12 hours andmark-
edly diminished at 24 hours, whereas their mRNAexpres-
sion remained constant (Supporting Fig. S2A,B).
Importantly, the down-regulation of these kinases by
ganetespib was largely rescued by pretreatment with pro-
teasome inhibitor MG132 (Fig. 4F), indicating protein
stability change upon Hsp90 inhibition. Together, these
results implied that ALK, FGFR2, and EphA5 are recog-
nized client proteins of Hsp90 inHCC cells.

Hsp90 INHIBITION IMPACTS
THE GROWTH OF HCC CELLS
THROUGH ABROGATING ALK,
FGFR2, AND EphA5 ACTIVITY
IN VITRO AND IN VIVO

Then, we thought to determine whether Hsp90 mod-
ulation could be considered as an alternative approach
for targeting ALK, FGFR2 and EphA5 in HCC cells.
To this end, we first tested the expression pattern of
Hsp90 in HCC patients using the same paired frozen
tumor tissues and tumor tissue microarrays. Clearly,
Hsp90 was highly expressed in tumor tissues compared
to their normal counterparts (Fig. 5A,B). In addition,
the degree of highly expressed Hsp90 was tightly corre-
lated with ALK, FGFR2, and EphA5 activation
pattern, much higher in the coactivated subgroup
(Fig. 5C). All these data suggested the possibility of per-
turbing Hsp90 in ALK, FGRF2 and EphA5 coacti-
vated subpopulation. Indeed, several Hsp90 inhibitors,
ganetespib in particular, have demonstrated promising
effects in clinic for HCC patients.(35-37) However, their
most sensitive subpopulations and precise mechanisms
of action remain obscure. Thus we intended to ascertain
whether inhibition of Hsp90 impacted the viability of
HCC cells through perturbation of the activity of ALK,
FGFR2, and EphA5. Obviously, compared to sorafenib,
HCC cells showed exquisite sensitivity to Hsp90 inhibi-
tors, such as ganetespib, NVP-AUY922, and 17-
dimethylaminoethylamino-17-demethoxygeldanamycin,
confirming the effectiveness of Hsp90 inhibition in
HCC with an acceptable safety profile (Fig. 5D; Sup-
porting Fig. S3A). Thereafter, ZIP177 and SMMC-

7721 cells were selected to reveal the role of Hsp90 in
regulating cell survival. As expected, disruption of
Hsp90 using small interfering RNAs (siRNAs) resulted
in significant impaired proliferation and induced apopto-
sis of HCC cells (Fig. 5E,F). The immunoblotting
results verified that knockdown of Hsp90 remarkably
decreased the protein levels of ALK, FGFR2, and
EphA5 and the downstream signaling pathways to pro-
mote the cleavage of poly(adenosine diphosphate ribose)
polymerase and caspase-3 (Fig. 5G). The consistent
conclusion was observed by treatment with ganetespib in
a dose-dependent manner (Supporting Fig. S3B-D),
suggesting the involvement of a converged network of
ALK, FGFR2, and EphA5 in Hsp90 inhibition–attrib-
uted growth arrest in HCC cells. Interestingly, ganetes-
pib treatment had no effect on most of the tested
kinases, only down-regulated limited kinases including
epidermal growth factor receptor, hepatocyte growth fac-
tor receptor, insulin receptor, ABL1, and TNK1 (Sup-
porting Fig. S3E). Nevertheless, inhibition of these
kinases did not affect the growth of HCC cells (Sup-
porting Fig. S1C-E). All together, these findings clearly
clarified that the coinhibition of ALK, FGFR2 and
EphA5 also accounts for the mechanistic role of Hsp90
inhibition in HCC cells, providing the rational for their
cotargeting using Hsp90 inhibitors.
We then proceeded to in vivo studies to further con-

firm the therapeutic benefit of Hsp90 inhibition. Mice
bearing SMMC-7721 xenografts were treated with gane-
tespib at 10 mg/kg or 30 mg/kg for a consecutive 4 weeks,
and their abilities to suppress tumor growth as well as
intratumoral protein expression were assessed. Obviously,
treatment with ganetespib at 30 mg/kg significantly
decreased tumor growth, while no body weight loss was
observed (treatment/control 5 12.6%; Fig. 5H; Support-
ing Fig. S3F). Meanwhile, as expected, the expression of
ALK, FGFR2, EphA5, and their downstream signaling
cascades profoundly declined after ganetespib treatment at
30 mg/kg (Fig. 5I). These data indicated the involvement
of ALK, FGFR2, and EphA5 kinases in Hsp90 inhibi-
tion–caused growth suppression ofHCC cells.

ABROGATING ALK, FGFR2
AND EphA5 ACTIVITY LEADS
TO HCC PATIENT–DERIVED
XENOGRAFT GROWTH
SUPPRESSION

Finally, we further investigate employed patient
derived xenograft models to mimic clinical settings and
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evaluate the therapeutic potential possibility of the con-
current inhibition translating our strategies of cotargeting
ALK, FGFR2 and EphA5 into clinic, we screened for
stratified HCC patients. To this end, the activation of
the three kinases in liver cancer patient derived xenograft
array containing 32 models was detected using immu-
nostaining. Among the 32 models, ALK, FGFR2, and
EphA5 were coactivated in eight models including
LI0752 (Supporting Table S5). We then tested the anti-
cancer activity of the ceritinib, AZD4547, and dasatinib
combination or ganetespib in the LI0752 patient–derived
xenograft model. Mice bearing the LI0752 model were
treated for a consecutive 3 weeks, and tumor growth as
well as intratumoral protein expression were assessed.
Ceritinib, AZD4547, and dasatinib individually did not
affect tumor growth, while the drug combination signifi-
cantly decreased tumor volume without affecting body
weight (treatment/control 5 35.9%; Fig. 6A; Supporting
Fig. S4A). Intratumoral signaling evaluation showed that

the inhibitors combination remarkably blocked the activ-
ity of their targets and further downstream AKT, ERK
and p38 pathways (Fig. 6B). LI0752 treated with gane-
tespib at 30 mg/kg and 50 mg/kg showed tumor growth
without body weight loss (30 mg/kg treatment/control 5

54.6%, 50 mg/kg treatment/control5 40.6%; Fig. 6C)
Supporting Fig. S4B, and the high-dose treatment led to
ALK, FGFR2, and EphA5 degradation and down-
stream signaling reduction (Fig. 6D), while slightly
affecting other kinases (Supporting Fig. S4C). All these
observations suggested the potential application of co-tar-
geting of ALK, FGFR2 and EphA5 in clinic in the
future. In conclusion, Our data uncovered that the coacti-
vation of ALK, FGFR2 and EphA5 kinases, together
with downstream pathways, is essential for the survival
of HCC cells and subpopulation of HCC patients.
Therapeutic intervention of these kinases with drug com-
bination or Hsp90 inhibition alone will potentially result
in remarkable clinical benefits. (Fig. 6E).
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FIG. 4. ALK, FGFR2, and EphA5 are stringent client proteins of Hsp90. (A) Lysates of SMMC-7721 cells were immunoprecipitated
with ALK, FGFR2, or EphA5 antibodies. Their bindings to endogenous Hsp90 were detected by immunoblotting. Antibody against
immunoglobulin G was used for internal control. (B) Lysates of ZIP177 and SMMC-7721 cells were immunoprecipitated with Hsp90 or
immunoglobulin G antibodies and subjected to immunoblotting analysis with indicated antibodies. (C) Lysates of ZIP177 and SMMC-
7721 cells were immunoprecipitated with PU-H71 beads or CON beads and analyzed by immunoblotting. (D) SMMC-7721 cells were
treated with ganetespib at 1 lM for 4 hours in serum-free medium, then the cell lysates were immunoprecipitated with ALK, FGFR2, or
EphA5 antibodies and analyzed by immunoblotting. (E) ZIP177 and SMMC-7721 cells were treated with ganetespib at 1 lM for 4
hours, followed by the immunoprecipitation with Hsp90 antibody and analysis with immunoblotting. (F) SMMC-7721 cells were prein-
cubated with MG-132 at 10 lM for 6 hours, washed, and then treated with ganetespib at 0.1 lM for 24 hours. Cell lysates were subjected
to immunoblotting. Abbreviations: IB, immunoblot; IgG, immunoglobulin G; IP, immunoprecipitate.
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FIG. 5. Hsp90 inhibition impacts cell growth through abrogating ALK, FGFR2, and EphA5 activity in vitro and in vivo. (A,B) Expres-
sion of Hsp90 in 24 paired tumor tissues was detected with immunoblotting. Dot plots represent the protein levels normalized to b-actin
(A), and representative immunoblotting results are shown (B). (C) Hsp90 high expression ratio was analyzed in HCC patients with 3 high
(n 5 32) vs 1or 2 high (n5190) vs 3 low (n 5 28) kinases activity. (D) HCC cells were treated with Hsp90 inhibitors (ganetespib, NVP-
AUY922, SNX-2112, PU-H71, and 17-DMAG) or sorafenib for 72 hours. Cell viability was assessed by sulforhodamine B assay. (E-G)
ZIP177 and SMMC-7721 cells were transfected with negative control or Hsp90 siRNAs for 72 hours. Cell viability was assessed by sulfo-
rhodamine B assay (E), cell apoptosis was analyzed by flow cytometry (F), and cell lysates were subjected to immunoblotting analysis (G).
Bars represent means 6 standard deviation. (H,I) Mice bearing SMMC-7721 xenografts were treated with vehicle or ganetespib (10 mg/
kg or 30 mg/kg, three times per week) for a consecutive 4 weeks; tumor volume was measured three times a week (H). Bars represent
means 6 SEM. Tumor lysates were subjected to immunoblotting analysis (I). Abbreviations: 17-DMAG, 17-dimethylaminoethylamino-
17-demethoxygeldanamycin; N, nontumor; NC, negative control; PARP, poly(adenosine diphosphate ribose) polymerase; T, tumor.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �



� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

FIG. 6. Abrogating ALK, FGFR2, and EphA5 activity leads to HCC patient–derived xenograft growth suppression. (A) Mice bear-
ing HCC patient–derived xenograft model LI0752 were treated with vehicle or ceritinib (25 mg/kg), AZD4547 (12.5 mg/kg), or
dasatinib (25 mg/kg) individually or in combination once a day for a consecutive 3 weeks. Tumor volume was measured twice a week.
Bars represent means 6 SEM, n 5 6. (B) Tumor lysates were prepared and subjected to immunoblotting analysis with indicated anti-
bodies. (C) Mice bearing HCC patient–derived xenograft model LI0752 were treated with vehicle or ganetespib (30 mg/kg or 50 mg/
kg, three times per week). Tumor volume was measured twice a week. Bars represent means 6 SEM, n 5 6. (D) Tumor lysates were
prepared and subjected to immunoblotting analysis with indicated antibodies. (E) A proposed overview of ALK, FGFR2 and EphA5
co-activation in HCC cells and therapeutic strategies to block their activities were illustrated. Abbreviations: FRS2, FGFR substrate 2;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; T/C, treatment/control.
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Discussion
In recent years, the application of inhibitors to target

mutated driving kinases, termed “oncogene addiction,”
has become a mainstay for clinical management of can-
cer patients. However, the practice in HCC has been
largely challenged owing to an absence of explicit
kinase addictions in the clinic. Our data also revealed
that none of the 17 kinases that are aberrantly activated
in HCC cells demonstrated notable functional geno-
mic alterations. In line with these observations, HCC
cells are insensitive to specific kinase inhibitors, leading
to their clinical failure. Therefore, unlike other well-
defined oncogene-addicted solid tumors, the discovery
of a single candidate driving kinase in HCC seems
unlikely.
Alternatively, a common recognition that several key

kinases should be targeted concurrently to improve
therapeutic response is increasing. Due to the intrinsic
dynamic feature of the kinase network, however, it is
difficult to dissect the limited cluster of essential kin-
ases that cooperate in HCC cells.(38) In this study, we
provided evidence to demonstrate that, although many
kinases were aberrantly activated, only ALK, FGFR2,
and EphA5 served as core kinases in HCC cells. Their
coactivation is required for cell growth and is clinically
highly correlated with poor prognoses for overall sur-
vival. Importantly, their coactivation stratified about
13% of the HCC patients. These findings may have
remarkable significance for the clinical management of
HCC patients. Guided by the direction of stratifica-
tion medicine, the triple-positive status of p-ALK/p-
FGFR2/p-EphA5 can be considered as a conceptual
“combined therapeutic target” for treatment. Mean-
while, they can be selected as a diagnostic or
“predictive” biomarker for patient enrollment in
eligible subpopulations.
Despite the observed therapeutic promise, the direct

translation of combined targeting of ALK, FGFR2,
and EphA5 with multiple kinase inhibitors into clini-
cal practice remains challenging. Meanwhile, the in
vivo observations suggested that the side effects of this
strategy will be an inevitable obstacle for application.
Theoretically, an ideal approach is to identify com-
pounds that directly target ALK, FGFR2, and EphA5
with favorable tolerance. Although unachievable at the
moment, our findings could pave the way for drug
development for the prospective treatment of a subclass
of HCC patients in the future.
As a functional kinome buffer, Hsp90 has been rec-

ognized as an important therapeutic target in a range of

tumors, especially kinase-controlled subgroups.(39-41)

Our data clearly clarified that ALK, FGFR2, and
EphA5 are the essential client proteins of Hsp90 in
HCC cells. Correspondingly, inhibition of Hsp90 sig-
nificantly modulated their activity and resulted in pro-
found growth arrest. This suggested that targeting
Hsp90 might be taken as an alternative method to abro-
gate these kinases for treatment of HCC patients. On
the other hand, the relationship between Hsp90 and
ALK, FGFR2, and EphA5 illustrated the precise
mechanism of action for Hsp90 inhibitors tested in
HCC patients. Of note, the triple-positive p-ALK/p-
FGFR2/p-EphA5 subcohort may be given priority as
the most sensitive population of HCC patients for treat-
ment with Hsp90 inhibitors.
In conclusion, our study suggests that coactivation of

ALK, FGFR2, and EphA5 might be an effective marker
for clinical diagnosis in a subcohort HCC patients for
therapeutic interventions with kinase inhibitors combina-
tion or Hsp90 inhibitors.
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