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Precision medicine for hepatocelluar carcinoma using
molecular pattern diagnostics: results from a
preclinical pilot study

Rahul Agarwal1, Yuan Cao2, Klaus Hoffmeier1, Nicolas Krezdorn1, Lukas Jost1, Alejandro Rodriguez Meisel1, Ruth Jüngling1,
Francesco Dituri2, Serena Mancarella2, Björn Rotter1, Peter Winter1 and Gianluigi Giannelli*,2

The aim of this study was to design a road map for personalizing cancer therapy in hepatocellular carcinoma (HCC) by using
molecular pattern diagnostics. As an exploratory study, we investigated molecular patterns of tissues of two tumors from
individual HCC patients, which in previous experiments had shown contrasting reactions to the phase 2 transforming growth
factor beta receptor 1 inhibitor galunisertib. Cancer-driving molecular patterns encompass – inter alias – altered transcription
profiles and somatic mutations in coding regions differentiating tumors from their respective peritumoral tissues and from each
other. Massive analysis of cDNA ends and all-exome sequencing demonstrate a highly divergent transcriptional and mutational
landscape, respectively, for the two tumors, that offers potential explanations for the tumors contrasting responses to galunisertib.
Molecular pattern diagnostics (MPDs) suggest alternative, individual-tumor-specific therapies, which in both cases deviate from
the standard sorafenib treatment and from each other. Suggested personalized therapies use kinase inhibitors and immune-
focused drugs as well as low-toxicity natural compounds identified using an advanced bioinformatics routine included in the MPD
protocol. The MPD pipeline we describe here for the prediction of suitable drugs for treatment of two contrasting HCCs may serve
as a blueprint for the design of therapies for various types of cancer.
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Hepatocellular carcinoma (HCC) is one of the most lethal
cancers worldwide. Nearly 745 000 people died from it only in
2012.1 Patients' 5-year overall survival (OS) rate of o20%
indicates the urgent need for alternative therapies to improve
the outcome for these patients.2 HCC develops along different
clinical histories including chronic hepatitis, cirrhosis and
alcoholism.3 All these factors contribute to unceasing
inflammation and regeneration of hepatocytes, making it
challenging to achieve diagnosis and prognosis of HCC at
earlier stages.
Currently, the multikinase inhibitor sorafenib is the only

effective, approved systemic therapy for advanced HCC that
are not suitable for other curative treatment,4 but the
occurrence of side effects has markedly reduced the impact
of the drug in daily life clinical practice.5,6 Given the limited
efficiency of the standard treatment, as well as the occurrence
of drug resistance,7 we addressed the question whether the
newly arising concept of precision oncology could enable us to
design novel therapeutic strategies that take into account the
genetic diversity of these patients' tumors.
Other drugs such as the transforming growth factor beta

receptor 1 (TGFBR1) blocker galunisertib are undergoing
clinical trials for the treatment of HCC.8 A large body of
evidence indicates that TGFB1 is an important key to tumor
progression, as it promotes the epithelial-to-mesenchymal
transition (EMT) and activates the WNT pathway, a hallmark
of HCC.9

Immune therapy is currently being considered for the
treatment of HCC and a comprehensive meta-analysis of
recent studies encompassing more than 1800 patients
indicates that patients undergoing specific immunotherapy
benefit from a significantly higher overall and recurrence-free
survival than those in control groups.10 TGFB1 plays an
important role in the regulation of immune responses via
cancer-associated fibroblasts (CAFs) that express the growth
factor in a self-sustaining autocrine cycle. CAFs sustain
oncogenic features of cancer cells including suppression of
the functions of various immune cells, particularly effector
T cells and natural killer (NK) cells. TGFB1 also regulates
T-regulatory cells (Treg) maturation and thereby suppresses
immune responses.11 As in other cancers there is ample
evidence that also in HCC, control of the immune system by
the neoplastic complex contributes significantly to the survival
of cancer cells. It has been shown, for example, that the
presence of a certain dysfunctional subset of tumor-infiltrating
NK cells is associated with tumor progression and is an
independent indicator of poor outcome in HCC patients.12

Recent work indicates that patients suffering from refractory
cancers that were treated by genomics-guided precision
medicine did indeed have a significantly better progress-free
survival (PFS) ratios and longer median PFS compared with
patients who did not receive personalized therapy.13 Precision
oncology has been facilitated by the advent of next-generation
sequencing, which enables particular molecular genetic
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profiles to be identified in the individual patient who may be
targeted by precise, personalized therapy. Identified targets
are then used to search databases for drugs that address
these aberrantly expressed molecules and pathways using
the bioinformatics pipeline. This concept benefits from the fact
that drugs have been developed and are applied for many
molecular targets, across a plethora of different diseases. The
knowledge of the individual architecture of a patient’s cancer
may now enable these drugs to be directed against these
specific oncogenic features, in a form of one-person trial. Drug
repurposing, retasking or reprofiling has already been
demonstrated as a promising strategy for cancer therapy,14

which could be justified if the patient’s tumor reveals molecular
patterns indicative of an altered mitochondrial function, like the
Warburg effect. Thus, given that suitable targets can be
identified for the individual cancer, readdressable drugs are
often at hand to attack it.
Recently, we have characterized HCC tissues by their

differential response to galunisertib15 using NGS-based
massive analysis of cDNA ends (MACE),16,17 high-
throughput transcription profiling for the investigation of
aberrant signaling and metabolic pathways and all-exome-
sequencing for the identification of somatic mutations

accompanying neoplasia.18 Based on this comprehensive
set of data, molecular pattern diagnostics (MPDs) first identify
biological pathways most enriched in overexpressed genes in
the tumor. MPDs then help to select the potentially best suited
drugs according to the number of targeted enriched pathways,
resulting in a ranked list of drugs suited for approved use or
repurposing in the frame of a monotherapy or for combination
therapies with other immune-related drugs or natural
compounds.
The aim of this study was to design a road map for precision

medicine of HCC by using MPD for the analysis of two HCC
tumor tissues that responded differently to galunisertib
treatment.

Results

To investigate the molecular targets and druggable pathways
for patients with HCC, we performed MACE genome-wide
transcriptome sequencing and Exome-Seq all exome sequen-
cing of tumoral (called 'tumor') and peritumoral (called
'normal') tissues extracted from tumors that had previously
been shown to react differentially to TGFB1 and to the
TGFBR1 inhibitor galunisertib.15

Figure 1 Up- or downregulated genes in HCC tissues after galunisertib treatment. In (a), the total number of significantly (log 2FC 42 and P-value o0.01) up- or
downregulated genes in responder- and non- responder tumor tissues, in comparison with corresponding normal tissues. In (b), the total number of overexpressed genes in both
responder and non-responder tumor tissues compared with their corresponding normal tissues. The Venn diagram presents the total number of dissimilar and shared genes in
responder and non-responder tumor tissues based on the total number of differential genes. Within parentheses, their percentages are given in relation to the aggregate number
of differentially expressed genes in both tumor tissues. In (c), MACE profiles of responder- and non-responder normal and tumor tissues differentiating between all tissues.
Unsupervised hierarchical cluster analysis of 164 strongly expressed genes (based on high intensities (50%4100) and high variability (interquartile range (IQR)41.5)) clearly
separates normal and tumor tissues. Normalized expression values are rescaled as shown in the sidebar, where a positive number (red) indicates high expression and a negative
number (blue) low expression
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UsingMACEwe found a large number of genes differentially
expressed between normal and tumor samples of both
patients. In comparison with the non-responder tissue, there
were relatively higher number of significantly (absolute log 2
fold change (log 2fc) 42 or o−2 and P-value o0.01)
differentially expressed genes in the responder sample, as
depicted in Figure 1a. A total of 403 genes were similarly
upregulated in both tumors in comparison with both normal
tissues (Figure 1b). Unsupervised hierarchical clustering of
strongly expressed genes shows a clear distinction between
the transcriptomes of normal and tumor tissues (Figure 1c).
Principal component 1 explained 79.8% of the total variance in
the entire transcriptome data estimated by PCA analysis of
164 strongly expressed genes (data not shown).
Genes differentially expressed in both responder and non-

responder tumor samples in relation to their respective normal
samples were subjected to Gene Ontology and Reactome
pathway analyses to identify molecular processes and path-
ways differentiating normal from neoplastic tissues. The most
significant pathways that clearly differentiate the two tumors
from their respective reference tissues are shown in Figure 2.
In the responder tumor all four genes in the reactome

pathway 'regulation of TP53 expression' including PRDM1
(known also as BLIMP1) were upregulated. Thus, upregula-
tion of this pathway is involved in abnormal growth of these
cancer cells. The transcriptome of the responder tumor also
showed enriched pathways related to the formation, degrada-
tion and remodeling of the extracellular matrix (ECM) indicated

by reactome pathways 'dissolution of fibrin clot', 'degradation
of the extracellular matrix', 'activation of matrix metalloprotei-
nases', 'collagen degradation' and 'non-integrin membrane–
ECM interactions'. These pathways together included the
largest number of upregulated genes and may be crucial for
cell migration and evasion of cancer cells from the tumor and
hencemetastasis. In the non-responding tumor, enrichment of
the pathways 'loss of function of SMAD4 in cancer' and
'SMAD4 MH2 domain mutants in cancer' indicates that the
non-responder tumor shows impaired TGFB1-related tran-
scription initiation, which corresponds to the observed (non-
responder) phenotype. More than 70% of the genes in these
pathways are upregulated in the tumor. Further, the transcrip-
tome of the non-responding tumor tissue showed – like that of
the responder tumor – some enriched ECM-related pathways
(e.g. 'collagen degradation', 'activation of matrix metallopro-
teinases'). Other pathways such as 'PERK regulates gene
expression' and 'ATF4 activates genes' indicate marked
membrane stress and unfolded protein responses. Cell-cycle
control by P53 and EMI1 is indicated by the enrichment of the
pathways 'TP53 regulates transcription of cell cycle genes'
'TP53 regulates transcription of genes involved in G2 cell cycle
arrest' and 'phosphorylation of EMI1'. Thus, upregulation of
the NIMA kinase pathway may be the upstream signal for the
observed induction of the immune response-related pathways
'CLEC7A/inflammasome pathway' and 'interleukin-19 (IL-19),
-20, -22 and -24' that indicate enhanced innate defense and
tissue repair processes in the non-responder tumor.
As depicted in Figure 3a in the responder tissue, there are

more than 50 upregulated kinases engaged in at least one
upregulated reactome pathway. To investigate whether these
kinases would interact with each other and to help with
selecting, especially promising drug targets with large
numbers of interactors, we performed a STRING analysis of
protein–protein interactions of upregulated kinases in the
responder tumor. This analysis delivered a kinase interaction
network in which i. A. SRC, MAPK1, FGR, SYK and LYN form
strongly interconnected hubs (Figure 3b).
Since kinase activity is usually regulated by phosphorylation

and not by overexpression, upregulation of a kinase hints at an
even more important role in cancer development and
maintenance. The MPD pipeline offers the options to select
drugs according to general reactome profiles and/or to focus
on particular pathways such as immune-related pathways that
are already suggested by their molecular signatures. The first
option interrogates the Human Protein Atlas (http://www.
proteinatlas.org) database containing ~670 FDA-approved
drugs targeting functions enriched in upregulated genes and
the respective proteins facilitating that function. The complete
list resulting from relating the responders tumors' individual
molecular patterns to this database is depicted in Table 1.
A list of kinases that are upregulated in the responder tissue

are reported in Table 2. Several of them are targeted by
approved or experimental tyrosine kinase inhibitors in different
stages of development, as well as by natural, low-toxicity
anticancer compounds.
Correlating drug reactivity profiles to enriched reactome

pathways for the non-responder yielded the list of drugs
depicted in Table 3. The first drug on the list is marimastat,
which blocks several matrix metalloproteinases (MMPs) that

Figure 2 Percentage of upregulated genes in responder tissues after galunisertib
treatment. Percentage of upregulated genes in comparison with all genes in the
pathway, in the top 15 reactome pathways most enriched in upregulated genes in the
responder tumor tissues in comparison with its normal reference tissue (a).
Percentage of upregulated genes in comparison with all genes in the pathway in the
top 15 reactome pathways most enriched in upregulated genes in the non-responder
tumor tissue in comparison with its normal reference (b)
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are upregulated in the tumor tissue. Since MMPs are needed
for the dissolution of the ECM enabling cancer cells to leave
the tumor, their inhibition could help to prevent metastasis. The
COX-2 inhibitor celecoxib, however, which was developed for
treating rheumatic and degenerative diseases, also inhibits a
set of at least six proteins that are upregulated in the tumor.
As depicted in Table 4, the number of kinases engaged in

upregulated pathways in the non-responder tissue and
resulting STRING protein interaction network (not shown) is
much smaller than in the responder tumor. Consequently also
the number of kinase inhibitors potentially available for
treatment of the tumor is reduced. The small list of upregulated
kinases in the non-responder tumor (Table 4) delivers only a
few addressable targets. There are three approved drugs
available for inhibition of MAP2K6 that is engaged in three
enriched pathways and also MAPK11 that functions in two
enriched pathways is targeted by Regorafenib. However,
whereas the latter drug targets several kinases of expected
relevance in the responder tumor, it only targets one
(MAPK11) in the non-responder tumor tissue. Additional
studies are needed to learn whether the drug would have
similar effects in both patients.
The upregulation of different immune-related pathways in

both tumors (Table 5) indicates a potential for tailored
treatment alternatives or amendments to pathway inhibitors
by addressing the immune checkpoints in the two tumors.
Therefore, in Table 5, we present a list of immune-related
pathways enriched in upregulated genes in the two tumors.
In the responder tumor the 'PD-1 signaling' pathway is most

prominent, indicating that immune responses in the tumor are

under the control of the immune checkpoint inhibitor PD1. By
contrast, the non-responder tissue does not seem to rely on
this type of control of the immune system since none of the
PD1 signaling pathway genes are upregulated (Table 5). The
second most upregulated immune pathway in the responder
tumor is 'regulation of innate immune response to cytosolic
DNA', which corresponds to the concomitantly upregulated
'stimulator of interferon gene (STING)-mediated induction of
host immune responses' pathway also dealing with the
modulation of immune responses by cytosolic DNA. STING
is a cytosolic receptor that senses both exogenous and
endogenous cytosolic DNA. It activates TANK-binding kinase
1/interferon regulatory factor 3, nuclear factor-κB (NF-κB) and
signal transducer and activator of transcription 6 (STAT6)
signaling pathways to induce robust type I interferon and
proinflammatory cytokine responses. The STING signaling
pathway can be targeted by STINGVAX. STINGVAX are cyclic
dinucleotides that are ligands formulated with granulocyte–
macrophage colony-stimulating factor-producing cellular can-
cer vaccines. 'cytotoxic T-lymphocyte-associated protein 4
(CTLA4) inhibitory signaling' is another pathway that is highly
enriched in upregulated genes in the responder tissue. The
CTLA-4 is the inhibitory checkpoint receptor on T cells.
CTLA-4 upregulation by certain Tregs is linked to host immune
tolerance after liver transplantation.
In the non-responder tumor the 'CLEC7A/inflammasome

pathway' is the most prominent dysregulated pathway
potentially available for therapeutic intervention (Table 5).
CLEC7A (also called dectin-1) is located on the surface of
particular immune cells. It belongs to a class of C-type lectin

Figure 3 Kinases upregulated in responder tissues after galunisertib treatment. List of kinases engaged in upregulated reactome pathways in the responder tissue. The
number of pathways in which the kinases are active is also indicated (a). STRING network of kinases engaged in upregulated reactome pathways in the responder tumor. Only
interactions of the highest confidence level are shown. Kinases that do not interact with sufficient security are omitted (b)
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pattern recognition receptors that are involved in immune
responses to different pathogens.
Besides MACE transcription profiling we performed com-

parative all-exome sequencing of the corresponding tumor
and normal tissues of the responder and non-responder
tumors to disentangle mutations that may eventually help to
explain the differential gene expression in the two tumors.
Moreover, information about mutated genes might also serve
to avoid administering drugs targeting non-functional or
irreversibly activated kinases and phosphatases. The number
of SNPs/InDels in the tumor tissues versus the respective
peritumoral tissue according to their genomic location in
relation to genes is summarized in Table 6.
To identify potential mutated hub genes within the tumors

that might interact with other mutated genes we again
performed a STRING protein–protein interaction network
analysis of genes carrying protein-changing mutations,
Figure 4a (responder) and B (non-responder).

Like the responder interactions, also the non-responder
STRING protein interaction network shows the RANBP2
protein as a central hub in the network of mutated proteins.
As in the responder, also in the non-responder it interacts with
several mutated zinc-finger proteins (ZNF 507, 484, 75D, 667,
540, 292, 750A) (Figure 4), although these differ from those of
the responder. In addition, the TOP2A gene, another hub gene
in the network with which it interacts, is also mutated in the
non-responder. RANBP2 sumoylates the TOP2A protein in
mitosis, which is required for the proper localization of TOP2A
to centromeres.
Our assumption that TGFB function is impaired in the non-

responder tumor is not only based on its phenotype but also on
the fact that this tumor carries a nonsynonymous C to A
mutation in the TGFBR3 gene (also known as betaglycan) on
chromosome 1 at position 91 716 677 (P-value=0.000980),
which, to our knowledge, has not been previously described in
HCCs. Contrary to TGFBR1 and TGFBR2, which bind directly

Table 2 List of TKIs targeting the upregulated kinases in the responder tissue

Responder
kinase

Substance Class Target application Status

PDK1 Dichloroacetic acid Inhibitor Arthritis, ankylosing spondylitis and menstrual pain Experimental
BTK Ibrutinib Inhibitor Mantle cell lymphoma, chronic lymphocytic leukemia Approved
AKT3 Ipatasertib

(GDC-0068)
Inhibitor Front-line for metastatic triple-negative breast cancer Phase II

MK-2206 Inhibitor Endometrial serous cancer Phase II
Omipalisib
(GSK2126458)

Inhibitor Solid tumors, idiopathic pulmonary fibrosis Phase I

AZD5363 Inhibitor Solid tumors with AKT/PIK3CA mutations Phase I
MAPK3 Purvalanol Inhibitor Experimental
SYK Ellagic acid Inhibitor Solid tumors Natural

compound
HMPL-523 Inhibitor Targeted B-cell receptor signaling therapy for autoimmune diseases

including
rheumatoid arthritis, systemic lupus erythematosus and allergy,
as well as hematological cancers (i.e. B-cell malignancies) including
lymphoma and leukemia

Phase I

PRKCA Quercetin Inhibitor Solid tumors Natural
compound

Ellagic acid Inhibitor/
competitive

Solid tumors Natural
compound

Midostaurin Inhibitor Patients older than 18 years with FLT3-mutated AML Approved
Sotrastaurin
acetate

Inhibitor Metastatic uveal melanoma Phase I

PRKCD Quercetin Inhibitor Solid tumors Natural
compound

Delcasertib
(KAI-9803)

Inhibitor Stroke Experimental

PIK3R2 Quercetin Inhibitor Solid tumors Natural
compound

Apitolisib
(GDC-0980)

Inhibitor Renal carcinoma Phase II

Gedatolisib
(PKI-587)

Inhibitor Recurrent endometrial cancer Phase II

GSK2636771 Inhibitor Advanced refractory solid tumors, lymphomas, metastatic castration-
resistant
prostate cancer

Phase I/II

Duvelisib Inhibitor Inhibitor of PI3K delta and gamma for hematologic
malignancies and inflammatory conditions

Phase III

SF1126 Inhibitor Orphan drug for B-cell chronic lymphocytic leukemia Phase II
XL147 Inhibitor Endometrial carcinoma Phase II
TGR 1202 Inhibitor In combination with ublituximab for chronic lymphocytic

leukemia, non-Hodgkin's lymphoma
Phase I/II

JAK3 Tofacitinib Inhibitor Rheumatoid arthritis Approved in
Switzerland

Abbreviations: AML, acute myeloid leukemia; FLT3, FMS-like tyrosine kinase 3; PI3K, phosphoinositide 3-kinase
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to some TGFB superfamily ligands, TGFBR3 is a coreceptor
not only for TGFB but also for related factors such as activins,
inhibins, growth differentiation factors and bone morphoge-
netic proteins. To answer the question whether in our
particular (non-responder) tumor TGFB3 may also interfere

with EMT, we took a closer look into the expression of TGFB-
related transcripts in both tumors. In the responder tumor and
non-responder tumor in which we list TGFB pathway
transcripts that are significantly differentially expressed
(log 2fc⩾2), we found much more upregulated transcripts in

Table 4 Upregulated kinases engaged in a number of pathways enriched in upregulated genes in the non-responder tumor tissue

Kinase in
non-responder

No. of enriched
pathways

Drug Interaction type Application

MAP3K7 4 RGB-286638 Inhibitor Solid tumors/phase I
IRAK2 3 − /− − /−
MAP2K6 3 Trametinib Inhibitor Unresectable or metastatic melanoma with a BRAF

V600E or V600K mutation
Selumetinib Inhibitor Adjuvant treatment of patientswith stage III or IV DTC
Dabrafenib mesylate Inhibitor Single agent treatment for patients with BRAF V600E

mutation-positive advanced melanoma
RIPK2 3 SRC kinase inhibitor I N/A
MAPK11 2 Regorafenib Inhibitor mCRC
RIOK1 2 − /− − /−
CDK4 1 − /− − /−
MAP3K8 1 MEK inhibitor II N/A

TPL2 kinase inhibitor N/A

Abbreviations: DTC, differentiated thyroid cancer; mCRC, metastatic colorectal cancer; N/A, not applicable; TKI, tyrosine kinase inhibitor
TKIs targeting the respective kinases are also indicated

Table 5 Top enriched immune-related reactome pathways comprising genes upregulated in one or the other tumor tissue

Immune-related pathway Genes in pathway Responder Non-responder

% upregulated genes in
pathway

% upregulated genes in
pathway

PD-1 signaling 45 20 0
Regulation of innate immune response to cytosolic
DNA

22 18.18 4.55

TRIF-mediated TLR3/TLR4 signaling 108 17.59 0
Diseases of immune system 35 17.14 0
Cytokine signaling in immune system 747 16.73 3.48
DAP12 interactions 401 15.46 3.49
CTLA4 inhibitory signaling 26 15.38 0
DAP12 signaling 384 15.36 3.39
Immune system 1984 14.26 3.38
TLR6:TLR2 cascade 107 14.02 7.48
TLR2 cascade 110 13.64 7.27
TLR1:TLR2 cascade 110 13.64 7.27
Adaptive immune system 1075 13.21 3.07
Innate immune system 1064 12.97 3.29
STING-mediated induction of host immune
responses

25 12 4

Regulation of complement cascade 30 6.67 10
Complement cascade 211 1.42 1.42
Classical antibody-mediated complement
activation

165 0.61 0

CLEC7A/inflammasome pathway 8 0 37.5
TLR10 cascade 91 0 8.79
TLR5 cascade 91 0 8.79
TLR3 cascade 108 0 8.33
Activated TLR4 signaling 128 0 7.03
TLR4 cascade 141 0 6.38
TLR cascades 163 0 6.13
MHC class II antigen presentation 141 0 4.26
CLRs 182 0 3.3
TCR signaling 145 0 2.76
Signaling by the BCR 383 0 2.61
Class I MHC-mediated antigen processing and
presentation

408 0 2.45

Abbreviations: BCR, B-cell receptor; CLR, C-type lectin receptor; CTLA4, cytotoxic T-lymphocyte-associated protein 4; MHC, major histocompatibility complex;
STING, stimulator of interferon gene; TLR2, Toll-like receptor 2; TLR3, Toll like receptor 3; TLR4, Toll-like receptor 4; TLR5, Toll-like receptor 5; Toll-like receptor 10;
TRF, TRIF-domain-containing adapter-inducing interferon-β
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the responder (61) than in the non-responder tumor (23).
Especially in the responder tumor overexpressed transcripts
include the growth factors TGFB1 (log 2fc=−2.07) and
TGFB1/1 (log 2fc=− 3.27) themselves, as well as their direct
pathway targets SMAD3 (log 2fc=−2.44) and SMAD7
(log 2fc=−3.86). Other upregulated genes in the pathway
include TP53 (log 2fc=−2.43), SRC (log 2fc=−4.82) and
STAT1 (log 2fc=−2.35). The ZEB1 (log 2fc=−2.28) and
ZEB2 (log 2fc=−2.3) transcripts are also significantly
overexpressed, implying induction of the EMT in the
responder tumor.
As shown for pancreatic cancer, suppression of EMT

concomitant with galunisertib administration could increase
the sensitivity of the the responder tumor to the drug and thus
would be an interesting option for a combination therapy.19

Discussion

Personalized therapy is one of the biggest challenges to
overcome successfully the heterogeneity of HCC and to offer
patients the most effective treatment for those recipients who
could not receive LT, LRTs or hepatic resection.20 This study
firstly demonstrates that tailoring treatment strategies accord-
ing to the individual HCCs genetic profile provides a wealth of
therapeutic choices going far beyond standard sorafenib
treatment for liver cancers. Here, we demonstrate that neither
of the HCC tissues, responder and non-responder to
galunisertib effectiveness in vitro according to our previous
investigation,15 contained the somatic mutations most fre-
quently found in HCCs, such as TERTor TP53 mutations.21

However, the mutation that we suspect has the largest
impact on the differential character of molecular patterns in the
two tumors is the mutation in the TGFBR3 gene in the non-
responder tumor. In HCCs as in other cancers such as ovarian
cancer, TGFBR3 may function as a cancer suppressor,12 and
in pancreatic cancer loss of TGFBR3 expression promoted
cancer progression.22 In a pancreatic cancer model of the
EMT, TGFBR3 suppresses the associated increased motility
and invasiveness. Suppression of motility and invasiveness
does not depend on its cytoplasmic domain or its coreceptor
function but is mediated by ectodomain shedding, generating
soluble TGFBR3.23 Since it has been shown that AXL
activates autocrine TGFB signaling in HCCs, resulting in a
poor prognosis, it is tempting to speculate that in the non-
responder tumor – due to the mutation in the TGFBR3 gene –

the TGFB autocrine loop including AXL is blocked.24 This is
consistent with our previous observation whereby TGF-β
circulating levels did not correlate with the staging of the
disease.25 The observed mutation of the TGFBR3 gene in the
non-responder tumor may be indicative of a certain type of
HCC and at the same time may serve as a biomarker for
companion diagnostics of TGFBR1-targeting drugs like
galunisertib.26 Moreover, these results indicate that TGFBR3
may be a similarly promising drug target (not necessarily
inhibitor) as compared with the TGFB receptors, because its
mutation seemingly has pleiotropic effects on TGFB-related
pathways. The imbalance of the TGF pathway may evoke
several downstream effects, including the proteolytic remodel-
ing of the ECM proteins byMMPs and the EMT, both leading to
the progression of the cancer.27 The modulation of the

immune response has been reported also to be under the
control of TGFB, although here we cannot decide whether the
marked differences between immune-related reactome path-
ways that also distinguish the responder from the non-
responder tumor are another consequence of the difference
in TGFB signaling or not. In any case, the differential control of
the immune system by the two tumors would have a major
impact on a potential combination therapy if it should include
immune-modulating drugs. These showed promising results
and even a complete response in cancers with an otherwise
poor prognosis.27 Thus, the responder would probably profit
most from blocking PD-1 checkpoint inhibition by drugs such
as nivolumab, ipilimumab or pembrolizumab, if necessary
supported by STINGVAX treatment. In lung cancers, anti-
PD-1 therapy profited from increased nonsynonymous muta-
tions, especially in DNA repair pathways in comparison with
tumors with lower mutation frequencies. It was reported that
69% of lung cancer patients with a high mutation frequency
experienced durable clinical benefits from PD-1 blockade as
compared with 20% of patients with fewer mutations.28 High
mutation rates were also significantly associated with
progression-free survival. Similar results were reported by
Rizvi et al.,29 who noted that this favorable result was at least in
one case related to neoantigen-specific CD8+ T-cell
responses, suggesting that anti-PD-1 therapy enhances
neoantigen-specific T-cell reactivity. The number of protein
changing mutations for our HCC tumors was 275 in the
responder and 226 in the non-responder tumor. Thus, both our
tumors contain considerably more somatic mutations than the
lung cancers studied by the above authors. This larger number
of mutations opens up the possibility to load synthetic RNAs
coding for a large number of different tumor-derived neoanti-
gens via intravenously administered RNA–lipoplexes onto the
immune system where they may evoke effector and memory
T-cell responses, and mediate IFNα-dependent rejection of
tumors.30 Alternatively, synthetic naked DNA can be adminis-
tered to skin-resident dendritic cells via micropinocytosis,
which then prime antigen-specific CD8+ T cells.31

Whereas the responder tumor engages PD-1 checkpoint
inhibition, the non-responder tumor has already upregulated
the 'CLEC7A/inflammasome pathway'. Thus, the non-
responder would probably be best treated using a combination
therapy that boosts its already existing readiness to fight
foreign invaders by such approaches as vaccination with the
Bacille Calmette-Guerin tuberculosis, which in the case of this

Table 6 Number of mutations identified by whole-exome sequencing in both the
responder and non-responder tumor and their location in relation to genes

Location of mutation Responder Non-responder

Downstream 36 12
Exon 29 11
Intergenic 145 143
Intron 199 203
NA 2 4
Protein changing_coding 275 226
Synonymous_coding 88 56
Upstream 51 77
UTR_3_prime 22 8
UTR_5_prime 2 0
Indels 38 53
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patient may not only help protect against pathogens but also
against the tumor.32 The upregulation of the CLEC7A pathway
may be exploited for therapeutic, anticancer overactivation of
the IL-6/STAT3 influenced innate immune system by compo-
nents of pathogen cell walls such as fungal β-1,3 glucans or
other immune-stimulatory substances. These would not only
(over)activate the CLEC7A pathway but also specific, TLR
cascades upregulated in the non-responder tumor.33–35 This
immune-stimulatory strategy could also benefit from the
knowledge of the mutated proteins in the tumor. These could
be used to synthesize candidate-mutated T-cell epitopes that
may be identified using a major histocompatibility complex-
binding algorithm for recognition by tumor-infiltrating lympho-
cytes. CLEC7A drives IL-1B biogenesis and maturation
through a noncanonical caspase-8-dependent inflammasome
in the host innate immune system.36 The receptor dimerizes
upon ligand binding and phosphorylation by kinases of the
SRC family. Activation of CLEC7A finally leads to the
activation of transcription factor NF-κB, which then induces
the production of inflammatory cytokines and chemokines
such as TNF, IL-23, IL-6 or IL-2.37 Dectin-1 reduced hepatic
fibrosis and hepatocarcinogenesis by negative regulation of
TLR4 signaling pathways.38 In conclusion, the study we
present here has the aim of contributing to the discussion as to
how therapeutic options arising from our growing ability to
characterize individual cancers at the molecular level may
best be used to the benefit of the individual patient.

Materials and Methods
Ex vivo HCC tissue profiling and DNA–RNA extraction. Tumoral
and peritumoral tissues were isolated collecting the peritumoral at least at 4–5 cm
by the limit of the lesion. Ex vivo assay was performed as described previously.15

Briefly, human HCC samples were cultured for 48 h in serum-free condition in the
presence of galunisertib and TGF-β. Tissues were stored in liquid nitrogen before

RNA–DNA isolation. Total RNA and DNA were isolated using the AllPrep DNA/RNA
Mini Kit (Qiagen, Hilden, Germany) according to the supplier’s protocol.

Massive analysis of cDNA ends. MACE libraries were prepared from the
two peritumoral and the two tumor tissues using the MACE Kit (GenXPro GmbH,
Frankfurt Germany) according to the supplier’s protocol as described.16 In short,
polyadenylated mRNA was extracted (Dynabeads mRNA Purification Kit; Life
Technologies, Whaltham, MA, USA) from 5 μg total RNA (large RNA fraction) and
reverse transcribed with biotinylated oligo (dT) primers. cDNA was prepared and
fragmented to an average size of 250 bp by sonification using a Bioruptor
(Diagenode, Seraing, Belgium). Biotinylated cDNA 3′ ends were captured by
streptavidin beads and bound to TrueQuant DNA adapters (Waltham, MA, USA)
provided in the kit. The libraries were amplified by PCR, purified by SPRI beads
(Agencourt AMPure XP; Beckman Coulter, Brea, CA, USA) and sequenced
(NextSeq 500; Illumina Inc., San Diego, CA, USA).

Bioinformatics analysis of MACE data. A total of ~ 114.12 million MACE
sequencing reads was obtained from the four cDNA sequencing libraries. All PCR-
duplicated reads identified by the TrueQuant technology were excluded from the raw
data sets. The remaining reads were further quality trimmed and the poly (A)-tail
was clipped off. Filtered reads were aligned to the human reference genome (hg38)
using the bowtie2 mapping tool.39 Unmapped reads were then aligned to the
transcriptome assembly using the same mapping tool. Finally, the respective bam
files of each MACE library were merged into respective single combined bam files
using SAMtools.40 The hg38 refSeq annotation GTF file, which includes coding
genes as well as long noncoding RNAs (http://genome.ucsc.edu/cgi-bin/hgTables),
was imported into the htseq-count annotation tool to annotate merged bam files.
This yielded a set of combined enriched gene count data as output. Next,
normalization of enriched gene count data followed by differential gene expression
analysis between matched tumor samples and peritumor samples were performed
to estimate expression levels of 41 636 genes/transcripts and 432 long noncoding
RNAs, using the DeSeq R/Bioconductor package. To account for multiple testing,
the false discovery rate (FDR) was estimated according to Klipper-Aurbach et al.41

Genes with P-valueso 0.01, and an absolute log 2 fold change |(log 2fc)| 4 2
were considered differentially expressed. Differentially expressed genes were
uploaded to the Database for Annotation, Visualization and Integrated Discovery
(DAVID) using an enrichment cutoff of FDRo 0.05.42 Differentially expressed
genes were further assigned to biological pathways using the Reactome database,
a curated knowledgebase of biological pathways in humans.43 Immune-related

Figure 4 STRING interaction network in HCC tissues treated with gaunisertib. STRING interaction network of proteins altered by non-synonymous mutations in the
responder tumor tissue, panel (a), and in the non-responder tumor tissue, panel (b)
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pathways were separated out from the entire list of reactome pathway terms based
on evidence collected from recently published literature and terms were linked with
immune regulation. Then, immune pathways in both responder and non-responder
samples were ranked via estimating the percentage of affected genes in a particular
pathway. The STRING database v.1044 was used with standard parameters to
discover interactions between proteins encoded by genes that were significantly
up- or downregulated or somatically mutated in the tumor, respectively.

Identification of drugs targeting kinases in reactome pathways
enriched in upregulated genes. Kinases engaged in pathways enriched
with upregulated genes in tumor tissues were identified through mapping via their
reactome ID, followed by extraction of kinase genes from mapped reactome IDs. Those
kinases that were upregulated at log 2fc4+1 and with a P-valueo0.05 in both
responder and non-responder tumor samples were chosen for further drug enrichment/
interaction. Drug interaction analysis was performed by interrogating the Drug-Gene
Interaction Database (DGIdb), a database and web interface for ascertaining known
and potential drug–gene relationships applying standard parameters.45

Exome library preparation, sequencing and analysis. DNA was
quantified using Qubit HS dsDNA assay (Life Technologies). Exomes were captured
from a total of 50 ng of DNA using Illumina's Nextera Custom Target Enrichment Kit
(Illumina) according to the Illumina Nextera Rapid Capture Enrichment Guide
(August 2013) . A total of 2 × ~ 121.2 million 151 bp long paired-end (PE) reads of
tumoral and peritumoral tissues was generated using a NextSeq platform (Illumina).
Initially, raw reads were checked for adaptors and low-quality bases. The remaining
~ 2 × 117.64 million PE reads were aligned to the human genome (hg38) reference
sequence using the bwamem mapping tool with default settings. The Picard Toolkit
(San Francisco, CA, USA) was used to preprocess mapped bam files in which
SortSam, MarkDuplicate and BuildBamIndex commands were primarily used before
calling for variants including SNPs and InDels. The standard GATK pipeline (http://
www.broadinstitute.org/gatk/) was used to call variants, in which the first step was
the local realignment of reads around InDels and SNPs using IndelRealigner and
RealignerTargetCreator commands, respectively, to curtail the number of
mismatching bases across all the reads. Thereafter, a Mutect2 command46 was
used to identify somatic SNPs and the HaplotypeCaller command was used to
detect somatic InDels. We removed low-quality SNPs by applying high-stringency
criteria using the VariantFiltration command with filtering options (QDo2.0||
FS460.0||MQo40.0||HaplotypeScore413.0||MQRankSumo− 12.5||ReadPos-
RankSumo− 8.0, where || indicates OR). In the same way, low-quality InDeLs
were removed with filtering options (QDo2.0||FS4200.0||ReadPosRankSumo−
20). Remaining high-quality somatic SNPs and InDels were annotated using
SnpEff47 to assign them to different gene-related categories such as nonsynon-
ymous, exonic and so on. The STRING database v.1044 was used again with
standard parameters to discover interactions between gene products (proteins)
encoded by genes that harbor protein-changing SNPs/InDels.

Identification of potential therapeutic targets and corresponding
drug candidates using the MPD drug prediction tool. Drug
enrichment analysis was performed by calculating the significance of overlaps
between a subset of 625 FDA-approved druggable genes (obtained from http://www.
proteinatlas.org), which are significantly upregulated in one or the other tumor
tissue (thresholds: P-valueo0.05, log 2fc41.0). Moreover, they are enriched in
overall drug interactions for each compound as compared with all genes in the
human genome. P-values denoting the significance of the enrichment were
calculated using hypergeometric distribution. Drug interactions were annotated
using data from DGIdb (http://dgidb.genome.wustl.edu).

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This work was supported by the People Program (Marie
Curie Actions) of the FP7-2013, under REA Grant Agreement No. PITN-GA-2012-
316549 (IT-LIVER) to PW and GG. We are grateful to Mary V Pragnell, BA, for
language revision.

Author contributions
RA: experiments, procedures and writing of article; YC: experiments and procedures;
KH: experiments and procedures; NK: procedures; LJ: procedures; ARM:

procedures; RJ: bionfirmatic anaysis; FD: experiments and procedures; SM:
experiments and procedures; BR: bionfirmatic anaysis; PW: writing of article; GG:
concept, design and writing of article.

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M et al. Cancer incidence
and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012.
Int J Cancer 2015; 136: E359–E386.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. Cancer J Clin 2016; 66: 7–30.
3. Waghray A, Murali AR, Menon KN. Hepatocellular carcinoma: from diagnosis to treatment.

World J Hepatol 2015; 7: 1020–1029.
4. European Association for the Study of the L, European Organisation for R, Treatment of C.

EASL-EORTC clinical practice guidelines: management of hepatocellular carcinoma.
J Hepatol 2012; 56: 908–943.

5. Iavarone M, Cabibbo G, Piscaglia F, Zavaglia C, Grieco A, Villa E et al. Field-practice study
of sorafenib therapy for hepatocellular carcinoma: a prospective multicenter study in Italy.
Hepatology 2011; 54: 2055–2063.

6. D'Angelo S, Germano D, Zolfino T, Sansonno D, Giannitrapani L, Benedetti A et al.
Therapeutic decisions and treatment with sorafenib in hepatocellular carcinoma: final
analysis of GIDEON study in Italy. Recenti Prog Med 2015; 106: 217–226.

7. Azzariti A, Mancarella S, Porcelli L, Quatrale AE, Caligiuri A, Lupo L et al. Hepatic stellate
cells induce hepatocellular carcinoma cell resistance to sorafenib through the laminin-332/
alpha3 integrin axis recovery of focal adhesion kinase ubiquitination. Hepatology 2016; 64:
2103–2117.

8. Giannelli G, Villa E, Lahn M. Transforming growth factor-beta as a therapeutic target in
hepatocellular carcinoma. Cancer Res 2014; 74: 1890–1894.

9. Giannelli G, Koudelkova P, Dituri F, Mikulits W. Role of epithelial to mesenchymal transition
in hepatocellular carcinoma. J Hepatol 2016; 65: 798–808.

10. Noveiry BB, Hirbod-Mobarakeh A, Khalili N, Hourshad N, Greten TF, Abou-Alfa GK et al.
Specific immunotherapy in hepatocellular cancer: a systematic review. J Gastroenterol
Hepatol 2016; 32: 339–351.

11. Mukaida N, Sasaki S. Fibroblasts, an inconspicuous but essential player in colon cancer
development and progression. World J Gastroenterol 2016; 22: 5301–5316.

12. Zhang S, Sun WY, Wu JJ, Gu YJ, Wei W. Decreased expression of the type III TGF-beta
receptor enhances metastasis and invasion in hepatocellullar carcinoma progression.
Oncol Rep 2016; 35: 2373–2381.

13. Radovich M, Kiel PJ, Nance SM, Niland EE, Parsley ME, Ferguson ME et al. Clinical benefit
of a precision medicine based approach for guiding treatment of refractory cancers.
Oncotarget 2016; 7: 56491–56500.

14. Cheng F, Hong H, Yang S,Wei Y. Individualized network-based drug repositioning infrastructure
for precision oncology in the panomics era. Brief Bioinform 2016 (doi:10.1093/bib/bbw051).

15. Cao YAR, Dituri F, Lupo L, Trerotoli P, Mancarella S, Winter P, Giannelli G. NGS-based
transcriptome profiling biomarkers for companion diagnostic of the TGF-b receptor blocker
galunisertib in HCC. Cell Death Dis 2017 (doi:10.1038/cddis/.2017.44).

16. Nold-Petry CA, Lo CY, Rudloff I, Elgass KD, Li S, Gantier MP et al. IL-37 requires the
receptors IL-18Ralpha and IL-1R8 (SIGIRR) to carry out its multifaceted anti-inflammatory
program upon innate signal transduction. Nat Immunol 2015; 16: 354–365.

17. Muller S, Raulefs S, Bruns P, Afonso-Grunz F, Plotner A, Thermann R et al. Next-generation
sequencing reveals novel differentially regulated mRNAs, lncRNAs, miRNAs, sdRNAs and a
piRNA in pancreatic cancer. Mol Cancer 2015; 14: 94.

18. Shibata T. Current and future molecular profiling of cancer by next-generation sequencing.
Jpn J Clin Oncol 2015; 45: 895–899.

19. Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, Sugimoto H et al. Epithelial-to-
mesenchymal transition is dispensable for metastasis but induces chemoresistance in
pancreatic cancer. Nature 2015; 527: 525–530.

20. Giannelli G, Rani B, Dituri F, Cao Y, Palasciano G. Moving towards personalised therapy in
patients with hepatocellular carcinoma: the role of the microenvironment. Gut 2014; 63:
1668–1676.

21. Lee JS. The mutational landscape of hepatocellular carcinoma. Clin Mol Hepatol 2015; 21:
220–229.

22. Gordon KJ, Dong M, Chislock EM, Fields TA, Blobe GC. Loss of type III transforming growth
factor beta receptor expression increases motility and invasiveness associated with epithelial
to mesenchymal transition during pancreatic cancer progression. Carcinogenesis 2008; 29:
252–262.

23. Elderbroom JL, Huang JJ, Gatza CE, Chen J, How T, Starr M et al. Ectodomain shedding of
TbetaRIII is required for TbetaRIII-mediated suppression of TGF-beta signaling and breast
cancer migration and invasion. Mol Biol Cell 2014; 25: 2320–2332.

24. Reichl P, Dengler M, van Zijl F, Huber H, Fuhrlinger G, Reichel C et al. Axl activates
autocrine transforming growth factor-beta signaling in hepatocellular carcinoma. Hepatology
2015; 61: 930–941.

25. Dituri F, Serio G, Filannino D, Mascolo A, Sacco R, Villa E et al. Circulating TGF-beta1-
related biomarkers in patients with hepatocellular carcinoma and their association with HCC
staging scores. Cancer Lett 2014; 353: 264–271.

26. Dituri F, Mazzocca A, Peidro FJ, Papappicco P, Fabregat I, De Santis F et al. Differential
inhibition of the TGF-beta signaling pathway in HCC cells using the small molecule inhibitor
LY2157299 and the D10 monoclonal antibody against TGF-beta receptor type II. PLoS ONE
2013; 8: e67109.

Personalizing cancer therapy in HCC
R Agarwal et al

11

Cell Death and Disease

http://www.broadinstitute.org/gatk/
http://www.broadinstitute.org/gatk/
http://www.proteinatlas.org
http://www.proteinatlas.org
http://dgidb.genome.wustl.edu


27. Giannelli G, Mikulits W, Dooley S, Fabregat I, Moustakas A, Ten Dijke P et al. The rationale
for targeting TGF-beta in chronic liver diseases. Eur J Clin Invest 2016; 46: 349–361.

28. Campesato LF, Barroso-Sousa R, Jimenez L, Correa BR, Sabbaga J, Hoff PM et al.
Comprehensive cancer-gene panels can be used to estimate mutational load and predict
clinical benefit to PD-1 blockade in clinical practice. Oncotarget 2015; 6: 34221–34227.

29. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ et al. Cancer
immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small cell
lung cancer. Science 2015; 348: 124–128.

30. Kranz LM, Diken M, Haas H, Kreiter S, Loquai C, Reuter KC et al. Systemic RNA delivery to
dendritic cells exploits antiviral defence for cancer immunotherapy. Nature 2016; 534:
396–401.

31. Selmi A, Vascotto F, Kautz-Neu K, Tureci O, Sahin U, von Stebut E et al. Uptake of synthetic
naked RNA by skin-resident dendritic cells via macropinocytosis allows antigen expression
and induction of T-cell responses in mice. Cancer Immunol Immunother 2016; 65:
1075–1083.

32. Netea MG, van Crevel R. BCG-induced protection: effects on innate immune memory. Semin
Immunol 2014; 26: 512–517.

33. Hohl TM. Stage-specific innate immune recognition of Aspergillus fumigatus and modulation
by echinocandin drugs. Med Mycol 2009; 47(Suppl 1): S192–S198.

34. Dzopalic T, Rajkovic I, Dragicevic A, Colic M. The response of human dendritic cells to
co-ligation of pattern-recognition receptors. Immunol Res 2012; 52: 20–33.

35. Liu M, Luo F, Ding C, Albeituni S, Hu X, Ma Y et al. Dectin-1 activation by a natural product
beta-glucan converts immunosuppressive macrophages into an M1-like phenotype.
J Immunol 2015; 195: 5055–5065.

36. Dupaul-Chicoine J, Saleh M. A new path to IL-1beta production controlled by caspase-8.
Nat Immunol 2012; 13: 211–212.

37. Swamydas M, Break TJ, Lionakis MS. Mononuclear phagocyte-mediated antifungal
immunity: the role of chemotactic receptors and ligands. Cell Mol Life Sci 2015; 72:
2157–2175.

38. Seifert L, Deutsch M, Alothman S, Alqunaibit D, Werba G, Pansari M et al. Dectin-1 regulates
hepatic fibrosis and hepatocarcinogenesis by suppressing TLR4 signaling pathways. Cell
Rep 2015; 13: 1909–1921.

39. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods 2012; 9:
357–359.

40. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N et al. The Sequence Alignment/
Map format and SAMtools. Bioinformatics 2009; 25: 2078–2079.

41. Klipper-Aurbach Y, Wasserman M, Braunspiegel-Weintrob N, Borstein D, Peleg S, Assa S
et al.Mathematical formulae for the prediction of the residual beta cell function during the first
two years of disease in children and adolescents with insulin-dependent diabetes mellitus.
Med Hypotheses 1995; 45: 486–490.

42. Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC et al. DAVID: Database for
Annotation, Visualization, and Integrated Discovery. Genome Biol 2003; 4: P3.

43. Fabregat I, Moreno-Caceres J, Sanchez A, Dooley S, Dewidar B, Giannelli G et al. TGF-beta
signaling and liver disease. FEBS J 2016; 283: 2219–2232.

44. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J et al. STRING
v10: protein–protein interaction networks, integrated over the tree of life. Nucleic Acids Res
2015; 43: D447–D452.

45. Wagner AH, Coffman AC, Ainscough BJ, Spies NC, Skidmore ZL, Campbell KM et al. DGIdb
2.0: mining clinically relevant drug–gene interactions. Nucleic Acids Res 2016; 44:
D1036–D1044.

46. Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C et al. Sensitive
detection of somatic point mutations in impure and heterogeneous cancer samples. Nat
Biotechnol 2013; 31: 213–219.

47. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L et al. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome
of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin) 2012; 6: 80–92.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

r The Author(s) 2017

Personalizing cancer therapy in HCC
R Agarwal et al

12

Cell Death and Disease

http://creativecommons.org/licenses/by/4.0/

	title_link
	Hepatocellular carcinoma (HCC) is one of the most lethal cancers worldwide. Nearly 745&znbsp;000 people died from it only in 2012.1 Patients&#x00027; 5-year overall survival (OS) rate of lt20% indicates the urgent need for alternative therapies to improve
	Results
	Figure 1 Up- or downregulated genes in HCC tissues after galunisertib treatment.
	Figure 2 Percentage of upregulated genes in responder tissues after galunisertib treatment.
	Figure 3 Kinases upregulated in responder tissues after galunisertib treatment.
	Table 1 Drugs targeting at least six best druggable upregulated genes suggested for treatment of the responder tumor by the MPD pipeline
	Table 2 List of TKIs targeting the upregulated kinases in the responder tissue
	Table 3 Drugs targeting at least four best druggable upregulated genes suggested for treatment of the non-responder tumor by the MPD pipeline
	Table 4 Upregulated kinases engaged in a number of pathways enriched in upregulated genes in the non-responder tumor tissue
	Table 5 Top enriched immune-related reactome pathways comprising genes upregulated in one or the other tumor tissue
	Discussion
	Table 6 Number of mutations identified by whole-exome sequencing in both the responder and non-responder tumor and their location in relation to genes
	Materials and Methods
	Ex vivo HCC tissue profiling and DNA&#x02013;RNA extraction
	Massive analysis of cDNA ends
	Bioinformatics analysis of MACE data

	Figure 4 STRING interaction network in HCC tissues treated with gaunisertib.
	Identification of drugs targeting kinases in reactome pathways enriched in upregulated genes
	Exome library preparation, sequencing and analysis
	Identification of potential therapeutic targets and corresponding drug candidates using the MPD drug prediction tool
	B7

	ACKNOWLEDGEMENTS
	B8




 
    
       
          application/pdf
          
             
                Precision medicine for hepatocelluar carcinoma using molecular pattern diagnostics: results from a preclinical pilot study
            
         
          
             
                Cell Death and Disease ,  (2017). doi:10.1038/cddis.2017.229
            
         
          
             
                Rahul Agarwal
                Yuan Cao
                Klaus Hoffmeier
                Nicolas Krezdorn
                Lukas Jost
                Alejandro Rodriguez Meisel
                Ruth Jüngling
                Francesco Dituri
                Serena Mancarella
                Björn Rotter
                Peter Winter
                Gianluigi Giannelli
            
         
          doi:10.1038/cddis.2017.229
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 Official journal of the Cell Death Differentiation Association
          10.1038/cddis.2017.229
          2041-4889
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/cddis.2017.229
            
         
      
       
          
          
          
             
                doi:10.1038/cddis.2017.229
            
         
          
             
                cddis ,  (2017). doi:10.1038/cddis.2017.229
            
         
          
          
      
       
       
          True
      
   




