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Summary
Background: Non-colorectal liver metastases (nCRLM)
constitute a variety of heterogeneous diseases and a
considerable therapeutic challenge. Management is
based on the primary tumor and the clinical course. In
the era of precision medicine (PM) we know that cancer
is heterogeneous within the tumor and across different
sites. Methods: We give an overview of the path to PM
through ‘omics’ beyond genomics. We refer to the expe-
rience gained to date from models such as colorectal
cancer and we discuss the opportunity offered by PM for
the management of nCRLM. Results: In order to best
characterize and track tumor biological behaviors as well
as to understand mechanisms of response to therapy
and survival we suggest the application of novel clinical
trial designs, a dynamic approach with serial monitoring
involving evaluation of primary and metastatic sites.
Quality and standardization of tissue acquisition and
biobanking is a precondition for the reliability of this ap-
proach. Conclusion: The application of PM is increas-
ingly becoming a reality. Elucidating the mysteries of tu-
mors in complex settings can only be achieved with the
approach PM offers. nCRLM may serve as a model for
the application of PM principles and techniques in un-
derstanding individual diseases and also cancer as an
entity and therapeutic challenge.

© 2015 S. Karger GmbH, Freiburg

Introduction

Since Hippocrates (460-370 BC), medicine has retained its aspi-
ration of being personalized [1, 2]. In the past 500 years, advances
towards personalized medicine have been made in an ever shorter
time span, starting with Vesalius’s contribution to anatomy [3], to
Virchow’s introduction of modern pathology [4], and up to ‘omics’
technologies of the last decades [5]. Following the genetics revolu-
tion coinciding with a paradigm shift in information technology,
our ability to gain insight and understanding of the biology of
human diseases has greatly accelerated - and in turn, our ability to
further advance our approach towards personalized medicine.

These more recent technological developments have provided
us with a new set of tools in precision medicine (PM)/oncology.
This has triggered significant advances in disease assessment, man-
agement, and prevention. Additionally, biobanking and the stan-
dardized assertion of biological material are now a key precondition
for generating reproducible results to enable precision assessment
of the individual patient’s disease. Developments in methods of
PM now challenge traditional classification and evidence-based
management of disease and of cancer in particular. However, PM
has still to overcome significant hurdles in operational, regulatory,
and logistical aspects of patient treatment. An imminent replace-
ment of traditional approaches is therefore unlikely. Thus, the cur-
rent situation is best described as a transition period from tradi-
tional evidence-based methods to one of a personalized, participa-
tory, and predictive approach based on precision.

Models and experience gained from the initial application of
personalized medicine in e.g. colorectal cancer (CRC), breast can-
cer, and melanoma suggest the feasibility of personalized manage-
ment in even more complex modalities including metastatic liver
diseases.
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Precision Medicine and Personalized Approach
to lliness

In his 2015 State of the Union Address President Obama called
on the USA and the world to adopt a new era of medicine that *...
brings us closer to curing diseases like cancer and diabetes, and to
give all of us access to the personalized information we need to keep
ourselves and our families healthier ...” [6]. His call coincides with a
number of other national efforts to consciously embrace this ap-
proach to medicine. These developments herald the era of PM [7].

The US National Cancer Institute defines personalized medicine
as ‘... a form of medicine that uses information about a person’s
genes, proteins, and environment to prevent, diagnose, and treat
disease ..." In cancer, personalized medicine uses specific informa-
tion about a person’s tumor to help the diagnosis, plan treatment,
assess the effectiveness of treatment, or define the prognosis [8],
hence the term PM. However, PM and precision oncology in par-
ticular are not restricted to the recent genome-related technologies
only. Notably, with the discovery of blood group antigens PM
started to mark its defined place in modern management of health
and disease more than a century ago.

PM with the potential for more detailed and precise diagnosis
and identification of disease biology, treatment options tailored to
the specific patient resulting in fewer adverse side effects, promises
a significant impact on medical practice. The participatory and
preventive approach of personalized medicine offers patients an
incentive to consciously adapt their lifestyle, e.g. to manage identi-
fied genetic susceptibilities that may lead to disease.

In this new era the approach to cancer as an entity and the re-
search involved demands a reassessment and change of culture in
medicine [9].

With the proper regulatory and legal framework in place we will
be able to engage our patients in the diagnostic and therapeutic de-
cision making process and to counsel families and individuals on
genetic risks and prevention of disease. What is still research today
may rapidly become routine clinical management tomorrow. Al-
ready the considerable investment into the future of PM is starting
to pay off for itself in many ways with some dramatic changes in
therapeutic approaches and outcomes [10-12]. The regulatory ap-
proval process for new treatments resulting from developments in
PM research should be revisited to contain costs and time loss as a
major hindrance to medical progress [13].

From the Glycome, Proteome, and Inmunome to
the Genome and Microbiome: Paving the Road of
Medicine to Precision with omics

The completion of the Human Genome Project is among the
significant advances in medicine over recent decades. This, com-
bined with the technological evolution in analysis, processing, and
mapping of genetic information and advances in the processing
power of information technology and bioinformatics, has driven
medical care into the era of personalized medicine. As an example,
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the construction of genomic haplotype maps enables the visualiza-
tion of DNA in a much more precise picture than ever [14, 15].

Spectacular recent advances cannot overshadow, however, that
PM came to bear with the discovery of blood group antigens by
Landsteiner [16] in 1900. It is with this discovery and the evolution
around molecular medicine that diagnostic or therapeutic targets
were identified, including glycosylation variants of some secreted
blood group antigens as tumor markers like Sialyl-Lewis® or carbo-
hydrate antigen (CA) 19-9 [17].

The search for human cancer antigens by glycome and proteome
research has uncovered diagnostic and therapeutic markers like
carcinoembryonic antigen (CEA), growth factor receptors such as
the epidermal growth factor receptor (EGFR) family, and others
which are now essential components for patient assessment, treat-
ment, and prognostic evaluation.

With the dissection of the human cancer immunome, e.g. by
typing tumors with autologous sera and in particular by the SEREX
(serological expression cloning) technology, as pioneered by Old et
al. [18, 19], multiple families of human cancer antigens were un-
covered as targets for immunotherapy and immune intervention.
With the recent discoveries around the clinical potency of immune
checkpoint blockade of co-modulatory molecules like CTLA-4 or
PD-1, the immunome may evolve as a significant biomarker of re-
sponse in combination with checkpoint blockade. The pre-existing
immunity to cancer antigens may predispose to a better response
to checkpoint blockade than without any detectable cancer immu-
nity [20].

Multiple molecular targets for therapeutic intervention (KRAS,
ALK, BRAF etc.) have been identified over the past two decades,
and this has ushered in an era of molecular medicine with unprec-
edented magnitude and impact. More recently, the exploitation of
the mutanome of a given tumor or patient has been addressed in
clinical research to develop therapeutic strategies to target individ-
ual mutations. Pre-existing immunity to mutanome targets appears
to constitute a predisposing and predictable setting for a response
to immune checkpoint intervention [21].

On the one hand, the influence of the microbiome in the gastro-
intestinal tract is recognized to play a major role for the response of
a patient’s immune system to cancer antigens and to immune func-
tion. On the other hand, conventional treatment modalities like
cytotoxic chemotherapy or antimicrobial therapy may influence
the microbiome itself and alter its systemic impact, guiding our
therapeutic strategies in the future [22, 23].

Finally, omics have and still are leading us to a better under-
standing of therapeutic modalities like ionizing radiation and
chemotherapy, in that they may not only directly control tumor
growth but also indirectly induce immunostimulatory effects like
complement activation and upregulation of HLA molecules and
cancer antigens facilitating immune control of cancer [24-27].

Dissecting the genome at different levels is still a matter of in-
tensive research and discovery for disease assessment and manage-
ment in the routine setting and for basic research. However, where
in the routine setting biopsies of whatever kind may become avail-
able, proper biobanking facilities and standards must be in place to
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be able to pursue open or future research questions under proper
conditions.

PM shaped the 20th century and will continue to shape medical
research and treatment in the 21st century. The assessment of non-
colorectal liver metastasis (nCRLM) should be seen in the context
of a bigger picture. The principles of PM can be nicely displayed in
this setting, applying ‘omics’ technologies for established, experi-
mental, and still to be discovered targets in the future.

Personalized Approach to Metastatic Liver Disease:
The Evolving Role of Precision Medicine

The liver is the most common site of metastases which are
thought to hematogenously spread from a variety of tumors.
Often, isolated hepatic metastases are associated with CRC, and in
these cases the extent of liver involvement is related to survival.
Surgical resection of the metastatic site has traditionally offered
the only potential of cure for CRC metastatic disease. Less fre-
quently, hepatic metastases are associated with other cancers in-
cluding breast, melanoma, gastrointestinal, neuroendocrine, and
other tumors [22, 23].

Metastases from carcinoid and islet cell tumors usually show a
slow rate of growth, often resulting in prolonged survival even in
the case of bilobar or multicentric liver disease [28-33]. Only few
cases with liver metastases due to non-colorectal tumors present
with resectable disease and are limited to the liver. Therefore, in
these cases systemic therapy is the primary treatment option often
with less favorable outcome.

For the management of hepatic metastases from non-CRC pri-
mary tumors, individualized treatment approaches are recom-
mended, based on the origin and nature of the primary tumor, the
patient’s clinical course including symptoms, and the extent of the
disease [34]. Advances in the understanding of liver diseases and
liver cancers in the last decades include the application of new
technologies to identify molecular abnormalities which may pro-
vide an even more accurate classification of disease and stratifica-
tion of treatment options for patients diagnosed with liver cancer.
This includes e.g. the discovery of the TP53 hotspot mutation [35,
36] assisting the classification and treatment decision by using con-
ventional clinical criteria in combination with molecular informa-
tion. In parallel, the advancement of imaging methods has contrib-
uted to earlier diagnosis, accurate staging, and treatment advances
using structural and molecular imaging. In addition, radiogenom-
ics relates imaging of biomarkers to these genetic and molecular
features [37]. The result is that several treatment options are now
available with proven survival benefit dependent on proper selec-
tion and application [38].

Personalized medicine is often discussed in the context of tar-
geted therapies including biological, hormonal, and immune thera-
pies. However, chemotherapy has also the potential to be tailored to
individual patients. While biomarker research has mainly focused
on targeted therapies, there have been continuous efforts to identify
predictive markers of response or resistance to chemotherapy.
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In recent years, diagnostics and predictive biomarkers have
been developed for CRC and other tumors prone to metastasis to
the liver. Individual disease profiling by molecular and imaging
technologies may offer strategies to improve outcomes in combi-
nation with resection, adjuvant, regional, or systemic chemother-
apy, and targeted treatments.

At this time, morphologic classification of disease still is a diag-
nostic fundament. Modern pathology includes immunopathology,
cytogenetics, and molecular pathology for individual disease as-
sessment and identification of new treatment options [39, 40].
Next generation sequencing (NGS) has provided insights into can-
cer biology. It is now accepted that each cancer is unique and arises
from a distinct combination of genetic alterations [41]. Cancers,
even within individual patients, present remarkable heterogeneity
and dynamic response to selective treatment pressure with resist-
ant subclones expanding [42-45].

- The example of metastatic colorectal cancer (mCRC): The recent
developments in CRC treatment constitute one of the best ex-
amples of how increased understanding of molecular biology
combined with novel diagnostic techniques and therapeutic ad-
vances can guide tailored treatment regimens and optimize out-
comes [46]. In addition, CRC is an example for the personaliza-
tion of treatment outside of the context of targeted therapies as
well as within. Irinotecan, traditionally used for the treatment
of CRC, was one of the first chemotherapy agents to be tailored
to the recipient’s needs according to the recipient’s pharma-
cogenomics profile [47, 48]. In addition, and despite unavail-
ability of a standard test for its assessment, the expression of
excision repair cross-complementing C1 (ERCC1) is now the
most promising predictive marker for resistance to oxaliplatin
[49]. It has also been suggested that oxaliplatin-related neuro-
toxicity may be a result of genetic differences identified in the
recipients’ metabolic pathways [50]. Furthermore, highly accu-
rate prediction of response to FOLFOX (folinic acid, 5-fluoro-
uracil, and oxaliplatin) based on gene expression profiles is war-
ranting its implementation in selecting patients for treatment
[51]. To develop targeted therapies, understanding of the mo-
lecular mechanisms of CRC led to the development of mono-
clonal antibodies (mAbs) against factors in key carcinogenic
pathways. These involve widely used agents targeting angiogen-
esis and EGFR signaling. With the development and availabil-
ity of a variety of effective therapies the need for predictive bio-
markers increased. This enables optimum treatment selection
for each patient. Thus, the identification and the role of KRAS
gene mutations in mCRC associated with the lack of response
to targeted therapy with EGFR targeting mAbs is a game chang-
er for the personalization of care. This includes biomarker dis-
covery, patient selection, health economics, testing standard-
ization, and quality assurance [52], and offers proof for the im-
portance of additional factors apart from KRAS in influencing
the course of disease [52-54], such as BRAF V600E [55].

- Taking the management of other non-mCRC liver metastases
further: In personalizing the approach for mCRC we have to
consider the high level of tumor heterogeneity in this type of
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cancer alone. This has to be multiplied by a significant factor

when discussing the management of liver metastases derived

from a variety of non-mCRC tumors. The only common factor
in this setting is the liver as the anatomical site of occurrence.

This fact on its own presents a considerable challenge in the

evaluation of the disease and in guiding treatment in relation to

the primary site. The clinical applications of personalized med-

icine in cancer and metastatic disease comprise screening, di-

agnosis, prognosis, prediction of response to treatment, follow-

up after surgical or medical treatment, and early detection of
disease progression. In addition, personalized medicine will
guide patient stratification to therapies, including combination
therapies with focused targeting for better efficacy and preven-

tion of toxicity [40, 56].

Traditionally, commonly used techniques have focused on poly-
merase chain reaction, sequencing, immunohistochemistry, and
fluorescent in situ hybridization. Now, following the completion of
the Human Genome Project, the common tools for personalized
medicine are high-throughput whole-genome sequencing, single
nucleotide polymorphism haplotype mapping, microarray analy-
sis, and proteomics/mass spectrometry and genome-wide associa-
tion studies. These new techniques are integrated into a multipara-
metric approach and offer us the ability to improve sensitivity,
specificity, and accuracy of new biomarkers [57].

Based on what we now know about the heterogeneity of cancer
including intratumor heterogeneity and the cancer’s dynamic re-
sponse to selective pressure, mutational analysis of a single tumor
biopsy is prone to underestimate the real mutational burden of
highly heterogeneous tumors and their potential for resistance to
therapy [42, 58, 59]. For this, testing a preparation of DNA/tumor
‘cocktail” from multiple sites of disease may improve the yield of in-
formation and a better understanding of individual tumor biology.

The impact of quality and standardization in tissue acquisition
and biobanking is a central precondition for generating highly reli-
able and reproducible results and data [60, 61]. This enables a more
precise assessment of the individual patient’s disease. Additionally,
with regards to the approach of metastatic disease, consideration
should also be given to the difference between the primary and
metastatic sites. Due to their evolution during the disease progres-
sion the genomic drivers may not always be evident in the primary
tumor. These include the differences in the dysregulation of bio-
marker signaling as those observed in cases of mCRC [62]. There-
fore, in the presence of metastatic disease, evaluation of the disease
biology in both the primary and metastatic sites is warranted. Un-
derstanding the molecular mechanisms including those related to
the response/resistance to treatment requires pairing clinical with
biological information in a prospective manner, combining both
clinical and functional validation of common and low frequency
mutations occurring at diagnosis, and tracking their evolution over
time. The need for predictive biomarkers to enable optimal treat-
ment selection for each patient is thus increased. The application of
PM technologies in these cases offers the opportunity for a dy-
namic approach required to investigate the mysteries of liver me-
tastases and gain actionable, potentially clinically useful informa-
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tion for effective management. The dynamic testing over the
course of therapy with repeated tumor biopsies upon progression
or resistance may be crucial in understanding the individual tumor
biology as well as unveiling its vulnerabilities and the mechanisms
of resistance. Serial monitoring would provide the means on how
molecular networks in disease respond to therapeutic ‘challenges’,
thereby providing an insight into how they work [63]. Parallel
analysis of biomarkers relevant to the primary tumor in the pa-
tients’ serum including circulating tumor cells is warranted as
sometimes these can be detected in advance of radiological pro-
gression [64, 65].

Dynamic monitoring of tumor biology during treatment could
permit early initiation of combination treatment to prevent or
delay progression, or a change of therapy to a more effective agent.
Adapting a personalized approach in these cases would also assist
in the evaluation and understanding of primary tumor biology in
relation to the metastatic disease and also assist in identifying the
drivers of carcinogenesis, hepatocarcinogenesis, biomarkers of re-
sponse, and/or be predictive of the development of liver metasta-
ses. Of interest is the evaluation of strategies combining antiprolif-
erative drugs with antiangiogenics to increase response and effi-
cacy and to prevent metastases and or disease recurrence as antian-
giogenesis targeting alone may have adverse effects, potentially
promoting local invasion and metastatic spread [66].

The majority of advanced tumor types harbor biologically in-
formative alterations. The use of techniques such as whole-exome
sequencing (WES) in substitution of focused gene panel assays and
in combination with prospective follow-up of patients integrating
clinical with biological data can help in the identification of candi-
date predictive biomarkers of response [67]. Applying other meth-
ods and novel approaches such as hierarchical clustering to analy-
sis of protein patterns in cancer-associated liver disease may create
a basis for personalized treatment by providing insights into mo-
lecular mechanisms of drug clearance [68].

Another important factor to consider when dealing with com-
plex, highly heterogeneous systems such as liver metastases is the
design limitations imposed by the traditional models of evidence-
based medicine and randomized clinical trials: Patient study popu-
lations are often empirically stratified into separate cohorts with-
out a deeper understanding or analysis of the investigated disease.
Stratification may only be driven by non-disease-related aspects of
the clinical process. The assumption in this model is that the pa-
tients are sufficiently similar to allow valid comparison between
the study groups, or in other words: ‘one size fits all’. However, this
model is insensitive in detecting biologically and clinically relevant
signals because of noise attributable to the heterogeneity of the
population examined [9].

In an effort to explore these complex and highly heterogeneous
systems further, to distill, interpret, and contextualize meaningful
genomic information of individual patients where no specific
guidelines exist, a different approach is needed involving a novel
clinical trial design. In the context of personalized medicine, clini-
cal trials are likely to be smaller, involving a selected group of pa-
tients most likely to benefit from specific treatment or interven-
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tion. In this setting, patients can serve as their own controls (in-
traindividual control) [69].

In the past, we had to select clinical trial participants on the
basis of a low frequency of molecular changes and statistics. NGS
and gene expression profiling can be utilized to efficiently screen
patients, to define prognosis, and to stratify to treatment entities.
Beltran et al. [67] recently described an actual example of such an
evidence-based clinical trial design using PM to understand how
WES data affect clinical therapeutic decision making in patients
with advanced metastatic cancer involving liver metastases and
identified novel biomarkers of response. Unique aspects of this
trial design included the analysis of more than 21,000 genes instead
of a focused gene assay, complete disclosure of results through a
WES clinical report, incorporation of metastatic site and serial bi-
opsies, use of fresh frozen and formalin-fixed tissue, and develop-
ment of patient-derived organoids and xenografts as a model for
related clinical trials. In addition, a comprehensive computational
pipeline was generated to categorize mutations and to compile a
report for discussion in a multidisciplinary tumor board and clini-
cal follow-up to assess the impact of detected mutations on subse-
quent responses to therapy and patient outcomes as integral parts
of this trial.

In this proof of principle trial [67], the authors showed the abil-
ity to detect biologically informative genomic alterations in the vast
majority of patients and were able to make treatment recommen-
dations based on these findings in more than 90% of the cases. The
ability for an actual change of treatment though was limited to only
5% of the cases due to limitations imposed on patient access to
therapeutic trials. This kind of clinical trial design enables active
instead of empirical stratification of patients. In addition, such de-
signs offer the ability to capitalize on the information provided by
omics technologies on the basis of active participation and involve-
ment of patients in discovery-based clinical research. More impor-
tantly, such designs enable the development of an evidence base in
parallel pace to that of genomic discoveries and therefore should
result in a more rapid development of targeted therapies.

The vision of PM is based on the vast opportunity offered by the
availability of new technologies and the success of current targeted
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