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Abstract
As personalized medicine becomes more applicable to oncologic practice, image-guided biopsies
will be integral for enabling predictive and pharmacodynamic molecular pathology. Interventional
radiology has a key role in defining patient-specific management. Advances in diagnostic
techniques, genomics, and proteomics enable a window into subcellular mechanisms driving
hyperproliferation, metastatic capabilities, and tumor angiogenesis. A new era of personalized
medicine has evolved whereby clinical decisions are adjusted according to a patient’s molecular
profile. Several mutations and key markers already have been introduced into standard oncologic
practice. A broader understanding of personalized oncology will help interventionalists play a
greater role in therapy selection and discovery.

The incidence of cancer and deaths from cancer is projected to increase globally (1).
Although there have been major advances in both understanding of cancer biology and
technologic achievements in diagnosis and treatment (1,2), this knowledge has been
translated only slowly and incrementally into successful therapies or outcomes. Traditional
chemotherapeutic drugs were aimed nonspecifically at cell division processes; however,
newer targeted drugs have been engineered selectively for specific cellular pathways and
processes (proteins, genes, organs, or stromal cells) important for tumor growth (1). Many of
these so-called targeted therapies employ unique characteristics of the cancer cells to inhibit
them more efficiently, and these therapies may improve survival (1,3). In the late 1990s, a
new era of personalized oncology began with the approval of the anti–human epidermal
growth factor receptor-2 (HER-2) –targeted monoclonal antibody (mAb) agent trastuzumab
in the treatment of breast cancer (4). A companion diagnostic test for HER-2 was
subsequently approved. Over the last 2 decades, numerous new tests and anticancer agents
based on biomarker profiles have been investigated (3,4). Imatinib treatment for
gastrointestinal stromal tumor or chronic myelogenous leukemia was another early
successful drug to be specifically engineered and designed for a very specific target.
Targeted drugs have since become standard therapies in a range of malignancies, including
liver cancer, breast cancer, lung cancer, lymphoma, and melanoma. Despite certain
successes, however, the full potential for targeted therapies on overall cancer mortality has
yet to be realized (1,3,5). This article defines the basic concepts, reviews the current status
of major targeted therapies affecting personalized oncology, and defines the vital role played
by the interventional radiologist.
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CONCEPTS
The Cancer Genome Atlas project was launched in 2006 by the National Institutes of Health
to explore genetic variance specific to individual cancers (6). Key in this process has been
the identification of unanticipated driver mutations in some cancers. Mutations are 100-fold
to 500-fold more frequent in cancer cells compared with normal cells (7). The genomes of
cancer cells within a tumor are extremely variable both temporally and spatially, across
histologies as well as within specific tumors. This variability has led to distinction between
driver or causal and passenger mutations (2,5,7). Driver mutations actively drive the
neoplastic process conferring increased growth rate or the ability to invade surrounding
tissues and metastasize. Passenger mutations do not initially contribute to the disease
process but may become important in the context of resistance or other mutations (2,5,7).
Identification of causal mutations would help stratify patients’ risk, prognosis, and the
likelihood of response but is complex because increased background mutations in cancer
cells decreasing the “signal-to-noise ratio” (3,5,8). Identifying subcellular mechanisms and
developing effective therapies is challenging (8). The ideal targeted therapy would focus on
a unique characteristic of subcellular mechanisms specific to the neoplastic process,
enabling a selective destruction of tumor cells without nonspecific toxicity (1,3).

An array of new terminology has emerged, such as “pharmacogenomics” (9), the influence
of genetic variance on drug response, and “theragnostics or theranosis” (10), combining
diagnostic and therapeutic interventions to predict responses and determine patient selection
(2,7). The goal of personalized medicine is to apply data mining to the large amounts of data
collected about individuals to enable prediction of potential disease, prevention by improved
surveillance and assessment of high-risk groups, and personalized care according to a
patient’s profile with active participation from patients in the decision-making process (7).
Personalized medicine is based on the “4 P’s”: predictive, preventive, personalized, and
participatory (2,7). Although all treatments in medicine are in theory “personalized,” cancer
has become the focus for a more selective and rationally engineered personalization process.
The ability to apply personalized therapy to date has been made possible through key
partnerships such as with interventional radiology (IR). Investigators engaging IR colleagues
early during protocol development can optimize the timing, placement, and use of
specialized tissue acquisition through this multidisciplinary collaboration.

Interventional radiologists need to be appraised of these concepts to contribute in a
significant manner. In this article, general concepts pertaining to biomarkers, subcellular
pathways, and targeted therapies are initially outlined. Then specific biomarkers and
targeted therapies approved by the U.S. Food and Drug Administration (FDA) are discussed
for solid tumors most frequently encountered in IR practice. Finally, the role of IR is
reviewed.

BIOMARKERS
The two major categories of biomarkers informing the process of a patient’s care are
prognostic and predictive biomarkers (11). There is a plethora of prognostic biomarkers—
biomarkers that provide information about potential outcome, such as survival or metastatic
potential. More important to success of personalized therapeutic direction is development
and validation of predictive biomarkers—biomarkers that inform potential to respond to an
intervention. Critical to the success of targeted therapy application, validated predictive
biomarkers are currently few in number and generally require tissue for discovery and
validation, sometimes in the form of paired tissue sampling. Validated predictive biomarkers
may also have prognostic potential (12,13).
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Some predictive biomarkers are the targets of drugs involved in molecular pathways, DNA
repair, or polymorphisms in genes involved in drug metabolism (2,12). For example,
patients with colorectal carcinoma carrying UGT1A1*28 polymorphism showed higher risk
of hematologic toxicity compared with patients who were not carriers, although this was
only for the first treatment cycle. More importantly, these patients also showed a higher
response rate to chemotherapy (14). Such biomarkers may be used to predict response to
therapy and determine optimal or patient-specific drug cocktails (13). Prognostic biomarkers
predict the natural course of disease, such as molecules involved in angiogenesis,
dedifferentiation, and invasiveness (12,13). Genetic variability of vascular endothelial
growth factor (VEGF) receptors has been linked with differing therapeutic responses and
toxicity. For example, patients with breast cancer and VEGF-2578AA genotype showed
increased overall median survival with bevacizumab and paclitaxel versus paclitaxel alone
compared with patients with other VEGF genotypes (15). Prognostic biomarkers are
biomarkers that describe outcome differences independently of therapeutic intervention. For
example, before the introduction of HER-2–targeted therapy, amplification of HER-2 was a
negative prognostic sign in breast cancer, associated with worse overall survival and
response to all therapy compared with tumors without HER-2 amplification.

MAJOR PATHWAYS
Protein products of mutated genes interact with one another and define a biochemical or
developmental pathway that confers growth or antiapoptotic advantages to cells (8). Several
pathways exist, and an exhaustive list is beyond the scope of this article, but epidermal
growth factor receptor (EGFR) activation plays a major role in cell proliferation and growth
in several solid tumors. EGFR is a family of tyrosine kinase receptors that includes HER-2
(1,16). After ligand binding, EGFR downstream signal activates major cellular pathways,
including the RAS/RAF/MAPK pathway responsible for cell proliferation and metastasis
and the PI3K/AKT/mTor pathway responsible for cell survival (16). Other cellular and
receptor kinases also have been targeted successfully, including platelet-derived growth
factor receptor, vascular endothelial growth factor receptor-2 (VEGFR2), mammalian target
of rapamycin (mTOR), and tyrosine-protein kinase kit (c-KIT) (16).

VEGF is a family of six related glycoproteins, VEGF-A through VEGF-F, and placenta
growth factor 1 and 2. VEGF family members are expressed by tumor cells in response to
hypoxia, nutritional stress, and acidosis (17). They stimulate members of the VEGF receptor
family, VEGFR1, VEGFR2, and VEGFR3, found on hematopoietic, lymphoendothelial, and
endothelial cells and some cancer cells, and result in angiogenesis and lymphangiogenesis
(17). VEGF may also recruit endothelial progenitor cells.

An evolving appreciation of the underlying molecular tumorigenic mechanisms of cancer
outlines the complexities and oversimplifications associated with targeted therapies. For
example, EGFR expression by immunohistochemistry did not predict response to anti-EGFR
therapy in colon cancer (18). Drugs may target myriad cellular, molecular, and genetic or
epigenetic pathways. The activation status of these pathways or subpathways may provide
the explanation for either treatment sensitivity or treatment resistance. The hallmarks of
cancer outline pathways and targets for drug interventions (Fig 1) (19). Factoring imaging
biomarkers and using imageguided biopsy may help address the tumor heterogeneity, which
is inherent to many cancers (20). Prospective correlation of specific imaging characteristics
and specific tissue findings can build a library of information potentially leading in the long-
term to the replacement of direct tumor sampling by noninvasive imaging.
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TARGETED THERAPIES
Targeted anticancer therapies is a generic term with a variety of potential meanings, mostly
related to drugs targeting specific biologic pathways that cause regression of malignant
processes (1,3,9). Targeted therapies can directly alter molecular pathways of tumor cells or
indirectly interfere with the tumor stroma or microenvironment by various mechanisms,
such as inhibiting angiogenesis or causing vascular disruption (1). Different types of
targeted therapies include (i) small molecule kinase inhibitors (SMKIs) targeting receptor or
cytosolic kinase, (ii) mAbs targeting surface molecules or neutralizing circulating growth
factors or cytokines, and (iii) antibody-drug conjugate.

Small Molecule Kinase Inhibitors
Examples of SMKIs are imatinib, gefitinib, erlotinib, crizotinib, and vemurafenib (1).
SMKIs attach to the adenosine triphosphate (ATP)–binding site or adjacent small pocket
within the kinase domain preventing ATP binding necessary for autophosphorylation and
inhibit the action of protein tyrosine kinases. The latter are molecules that catalyze the
transfer of phosphate from ATP to tyrosine residues (1). Protein tyrosine kinases have a
different molecular constitution and mechanism of activation; however, their ATP binding
site is similar. They are mutated and overexpressed in several cancers (1,5,12). For example,
in chronic myelogenous leukemia, characterized by the Philadelphia chromosome, a fusion
protein of bcr and Abelson (abl) kinase yields a mutant constitutively activated kinase, the
driver mutation in the disease process. By binding to the kinase site of the fusion protein and
inhibiting Abl tyrosine kinase activity, imatinib prohibits proliferation of leukemic
progenitor cells and induces apoptosis of cells expressing this mutation (1,5). Several large-
scale clinical studies have examined the effectiveness of imatinib for chronic myelogenous
leukemia, with reports of a complete hematologic response in 95% of patients and a
complete cytogenetic response in > 40% of patients, leading to FDA approval of this
canonical targeted agent (9,21). Imatinib can also target c-KIT mutation present in
gastrointestinal stromal tumors (1,3,9).

EGFR/HER1 activates the Ras signal transduction cascade and influences cell motility,
invasiveness, survival, and angiogenesis. EGFR overexpression is present in many solid
tumors (1,16). Gefitinib binds to the ATP-binding site of EGFR tyrosine kinase blocking
EGFR from activating the Ras cascade (1,16). Table 1 lists SMKIs and their targets.

mAbs Targeting Antigens and Growth Factors
Examples of targeted and clinically successful mAbs include bevacizumab, cetuximab,
alemtuzumab, and rituximab. mAbs target specific antigens on key circulating growth
factors or cytokines or both and cell surface receptors neutralizing their function and often
yielding a proapoptotic or antimitotic effect (1). These antigens may be located within the
tumor or in peritumoral tissue (ie, vessels or circulating antigens). For example, CD20 is a
transmembrane protein vital to B-cell proliferation and differentiation and is overexpressed
in 85% of patients with B-cell non-Hodgkin lymphoma. Rituximab is a mAb directed at
CD20 (22). Table 2 lists mAbs and their targets as well as clinical indications.

Angiogenesis Inhibitors
Several biomarkers, such as fibroblast growth factor and VEGF, promote angiogenesis, a
key process for tumor growth and metastatic potential. For tumors to grow > 2 mm3, they
must acquire an angiogenic phenotype (1). Several agents, including mAbs and SMKIs,
have been developed to block angiogenesis, tumor growth, and metastatic potential.
Bevacizumab is the most heralded example of a mAb whose putative mode of action is
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inhibiting angiogenesis by preventing VEGF ligand from binding to and activating its
receptors on vascular endothelium (1,5).

Vascular Disrupting Agents
Vascular disrupting agents (ie, combretastatin) target unique receptors on the surface of
tumoral endothelial cells and take advantage of unique characteristics of tumor vasculature
to reduce blood flow to the tumor, causing central necrosis (1). Often a peripheral rim of
viable cancer cells persists, outlining the potential molecular and morphologic heterogeneity
within solid tumors. Only a few vascular disrupting agents have reached clinical trials so far
because of lack of specificity, lack of clinical efficacy, toxicity, and high cost (23,24).

Antibody-Drug Conjugates
Antibody-drug conjugates consist of cytotoxic drugs connected by chemical linkers to mAbs
specific to a tumor antigen. The FDA approved trastuzumab emtansine (T-DM1) for
HER-2+ breast tumors in February 2013. This drug is a combination of trastuzumab, a mAb
directed against HER-2+, and DM1, a potent antimicrotubule agent, using a stable linker.
Once trastuzumab emtansine binds to HER-2+, it is internalized by endocytosis, trastuzumab
cleaves, and the emtansine is released leading to apoptosis of cancer cells (25).

SPECIFIC SOLID TUMORS
Certain tumors may be associated with a set of predictive and prognostic biomarkers (2,3).
Only a small fraction of biomarkers and pathways have been identified and may be
pharmacologically targeted. Of > 800 targeted therapies that have been developed, > 140 are
undergoing clinical evaluation (3). The clinical roles of several biomarkers in tumors
frequently encountered in IR practice are briefly reviewed.

Colon Cancer
FDA-approved targeted therapies for colon cancer include bevacizumab, aflibercept,
cetuximab, panitumumab, and regorafenib. Bevacizumab was shown in several trials to
increase progression-free and overall survival when added to first-line chemotherapy for
metastatic colon cancer, albeit the gains were modest—1–4 months depending on the study
(26–28).

Cetuximab and panitumumab are mAbs targeting the extracellular domain of EGFR, a
receptor tyrosine kinase that when triggered causes activation of two pathways (3,28–30).
The first is RAS/RAF/MAPK pathway, and the second is PI3KT/AKT/mTOR axis, vital in
cell proliferation, adhesion, angiogenesis, and migration (28). Blocking EGFR is a rational
approach to targeting prescreened and sensitive cancers. Cetuximab and panitumumab have
been studied extensively with unimpressive results when applied to a wide unscreened
population (28). Cetuximab and panitumumab may benefit only 1 in 10 patients, with a
marginal improvement of progression-free and overall survival of a few months
(3,12,28,30). The low response rate prompted a search for predictive biomarkers (28–30).
KRAS mutation was identified as a major negative predictive biomarker because it can
activate the mitogen-activated protein kinase pathway independent of EGFR status. Three
major trials examined chemotherapy with or without these mAbs (cetuximab or
panitumumab) in patients with KRAS mutant versus wild-type colon cancer. All three trials
found that KRAS mutant tumors had significantly lower response rates, reduced
progression-free and overall survival, with the addition of anti-EGFR mAbs (31–33).

BRAF, PIK3CA, and NRAS have been identified as associated prognostic markers, but their
predictive value is still under investigation (3,28,30). KRAS is present in approximately
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40% of colorectal carcinomas, PIK3CA mutation is present in 14.5%, BRAF is present in
4.7%, and NRAS is present in 2.6%. At the present time, available colorectal biomarkers
enable identification of nonresponders but predict responders poorly (3,28,30).

Aflibercept, a novel anti-VEGF agent, was studied and deemed acceptable as a component
of second-line chemotherapy for metastatic colorectal cancer (34) with statistically
significant improved overall survival of 13.5 months versus 12.06 months. Finally,
regorafenib, a SMKI of VEGF, was approved more recently as third-line therapy.

Hepatocellular Carcinoma
The only FDA-approved targeted therapy for hepatocellular carcinoma (HCC) is sorafenib,
which blocks the c-RAF kinase, a critical component of the RAF/MEK/ERK signaling
pathway and VEGFR2 involved in angiogenesis signaling (35). Sorafenib increases
apoptosis, decreases angiogenesis and cell proliferation, and interferes with several tumoral
pathways (36,37). The Sorafenib Hepatocellular Carcinoma Assessment Randomized
Protocol trial was a prospective randomized, double-blind, placebo-controlled trial in which
chemo-therapy-naïve patients with HCC who were ineligible for transarterial
chemoembolization or whose tumor had progressed with transarterial chemoembolization,
were randomly assigned to sorafenib or placebo. The trial demonstrated significant
improvement in overall and progression-free survival of 3 months with addition of sorafenib
(38). An additional prospective randomized, double-blind, placebo-controlled trial
confirmed these results (39). EGFR is overexpressed in 40%–70% of HCC and protects the
tumor cells from oxidative apoptosis and induces angiogenesis (37). Insulin-like growth
factor, which is mutated in a third of HCC, also confers antiapoptotic properties and VEGF
overexpression capabilities to the tumor cells.

Sunitinib, a multikinase inhibitor targeted against angiogenesis, seemed promising, but its
use in HCC was discontinued because of side effects in phase II and III trials (40). Linifanib
and brivanib, VEGF receptor (VEGFR1, VEGFR2, VEGFR3) inhibitors, have demonstrated
encouraging results in phase II clinical trials and showed increased efficacy when combined
with sorafenib (37). Another well-known signaling pathway involved in the development
and maintenance of HCC is PI3K/AKT/mTOR, which is active in 30%–50% of HCC
(36,37). Several drugs targeting this pathway are in clinical trials. Temsirolimus and
everolimus are rapamycin analogues approved for kidney and breast cancers. They have
shown promising results in combination with sorafenib in phase I and II clinical trials
(36,37). Several SMKIs are currently in development targeting the PI3K/ AKT/mTOR
pathway including PI-103 and OST 906 (37).

Non–Small Cell Lung Carcinoma
FDA-approved agents for non–small cell lung carcinoma (NSCLC) include gefitinib,
erlotinib, crizotinib, and bevacizumab. Lung cancer mutation analysis is leading to
personalized therapies for advanced NSCLCs in the clinic (41). A molecular panel
associated with NSCLC has been identified, including KRAS (22% of tumors), EGFR
(17%), EML4-ALK (7%), EGFR/HER-2 (2%), and AKT1, among others (41–44).

A prospective phase III randomized trial using gefinitib as single-agent first-line therapy
versus platinum-based chemotherapy in patients with EGFR+ tumors showed prolonged
median progression-free survival (10.8 mo vs 5.4 mo) and increased response rate (73.7% vs
30.7%) with SMKI versus chemotherapy (14). Erlotinib has shown similar results with
improved tolerability (Fig 2) (41).

EML4-ALK mutations and HER-2 overexpression are more common in young patients,
women, non-smokers or light smokers, and patients with EGFR– and KRAS– tumors
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(13,43). EML4-ALK tumors are resistant to EGFR SMKI but very sensitive to crizotinib, a
selective inhibitor of this kinase (3,41,42). Overall, 40%–50% of NSCLC express one
mutation and may benefit from a targeted therapy (Fig 3) (3).

Breast Cancer
FDA-approved drugs for breast cancer include trastuzumab, lapatinib, pertuzumab, and
trastuzumab emtansine. Bevacizumab was conditionally approved, but approval was
rescinded by the FDA in December 2011; it is still often used in breast cancer treatment.

EGFR and HER-2 are overexpressed in many breast cancers with aggressive behavior
(3,12). The first targeted therapy was trastuzumab, a mAb against HER-2 approved by the
FDA for metastatic breast cancer in 1998 (4,12). Despite encouraging initial response,
resistance to trastuzumab with subsequent increase in metastatic potential and invasiveness
was observed (3). Lapatinib, a SMKI, promotes apoptosis by inhibiting activation of EGFR
and HER-2 and the downstream pathways PI3K/AKT/mTOR and RAS/RAF/MAPK (45).
Each targeted therapy alone has shown modest improvements, but the combination of
trastuzumab and lapatinib has demonstrated a synergetic effect with a complete pathologic
response of 51% in patients with HER-2+ breast tumor randomly assigned to paclitaxel with
lapatinib and trastuzumab before surgery versus 29.5% with paclitaxel and lapatinib or
24.7% with paclitaxel and trastuzumab (46). Pertuzumab, another inhibitor of EGFR/
HER-2, was approved more recently for use in combination with trastuzumab and docetaxel
in women who have had progression of disease on trastuzumab-based therapy. Several other
new agents are currently being evaluated; however, combination of agents often seems to
produce the best outcomes (45). As stated earlier, trastuzumab emtansine was approved
more recently with very promising results (25).

ROLE OF IR
The FDA now mandates that targeted therapies have a companion diagnostic test to select
patients (11). This is generally a molecular pathology test (eg, immunohistochemistry,
polymerase chain reaction, fluorescence in situ hybridization, sequencing, messenger RNA
arrays, methylation) that is tissue-based and often requires image-guided biopsy (47).
Interventional radiologists are seminal members of the multidisciplinary oncology team for
patients considered for targeted therapy. Their expertise in targeting a specific part of a
tumor is critical, whether a nonnecrotic or positron emission tomography–avid area, using
imaging tools such as fusion with cone-beam computed tomography or electromagnetic
tracking (48). A biopsy may be more likely to reflect relevant cellular and molecular
signatures if tissue comes from an area of increased positron emission tomography activity
than an area of little perfusion or from necrotic cells that provide no information at all (48).

More recent discoveries have revealed that although tumors may have similar morphology,
they may differ in oncogenic driver mutations and in their response to the same therapies
(9). Some targeted therapies have met with unsuccessful clinical trial results, possibly partly
because of unselected population or histology rather than selective administration to patients
based on mutation status (ie, EGFR or KRAS status for lung and colon cancer, respectively).
Biomarkers may facilitate, expedite, and validate targeted therapies and drug development.
Biopsy tissue can be used before and after drug administration to “credential” a drug as
producing its intended effect via an intended mechanism (49). Sequential biopsies before
and after candidate drug administration may be faster than waiting for clinical or imaging
responses (50). For example, a phase II clinical trial of vandetanib, targeting EGFR,
VEGFR2, and ret, in ovarian cancer incorporated IR-directed biopsies before treatment and
1 month after daily drug administration (51). Biopsy specimens of the same site were
obtained on both occasions, and the tissue was examined for proteomic evidence of
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pharmacodynamic activity. The study demonstrated a lack of clinical benefit correlated by
imaging and IR. Tumor perfusion remained unchanged on dynamic contrastenhanced
magnetic resonance imaging and computed tomography. VEGFR2 activation was also stable
from analysis of IR-directed biopsies. This example demonstrates the power of
multidisciplinary intervention where IR and imaging specialists are critical to the ability to
understand the success, or in this case lack of success, of the targeted therapy. Clinical trials
should consider sequential biopsies as a tool for validating biomarkers and translational
endpoints and speeding development of personalized targeted therapies. The success of
targeted therapies may have been limited by lack of validation of predictive biomarkers,
acquired resistance, and molecular site heterogeneity (differences between primary and
metastatic tumors) (Fig 4a–d) (3,8). Additional confounding factors explaining limited
success of targeted therapies include intratumoral heterogeneity (8). Although a tumor may
appear homogeneous on imaging, expression of mutations may be heterogeneous (20).
Administration of targeted therapies induces secondary changes in mutations and molecular
profiling (1). This characteristic can be used to study drug efficacy but also demonstrates the
evolving nature of this process. Local therapies such as chemoembolization and
radiofrequency have been documented to elicit an immune response that may be used to
modulate response to other systemic therapies and increase susceptibility to targeted
therapies (52). IR in personalized medicine is currently limited to tissue procurement but has
the potential to expand further.

CONCLUSIONS
The era of personalized medicine presents a great challenge and opportunity for imaging and
biopsy. Radiology and IR have a long history of innovation in minimally invasive image-
guided procedures. The evolution of new roles for imaging is driven by an appreciation of
the overlap between subspecialties and the opportunities to meet emerging clinical needs. In
oncology, the biology and spatial heterogeneity of tumors presents an opportunity to use
multimodality fusion or image guidance to shed light on biomarker status for specific tumors
and to be the link between imaging and predictive molecular pathology (20). By correlating
the imaging to the tissue biomarker, radiologists may play a key role as the specific
fingerprints are identified for each patient’s disease process. A better understanding of the
specific targeted therapies and tissue biomarkers would better inform the discovery of novel
drugs and early imaging biomarkers and the role of predictive interventional biopsy in the
care of patients with cancer. Sequential biopsy before and after experimental drugs in
clinical trials can validate mechanism and efficacy early (50).

Imaging and image-guided biopsies may define earlier patient-specific tumor phenotypes or
may predict prognosis or define sensitivities to targeted agents. This early recognition could
avoid toxicities when no benefit is expected and can aid appropriate selection of therapy
according to molecular profile (12,47). Patient-specific therapies are slowly replacing
standard histology or organ-based algorithms (3). A rational approach for use and
development of biomarkers and targeted therapies will be facilitated by informed
interventional radiologists performing multimodality image-guided biopsies as part of a
multidisciplinary team. Interventional radiologists will be central to this process by linking
tissue and imaging biomarkers together to deliver patient-specific care better based on
predictive molecular pathology.
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ABBREVIATIONS

ATP adenosine triphosphate

ALK analplastic lymphoma factor

BCR-ABL breakpoint cluster region/the Abelson tyrosine

BRAF v-raf murine sarcoma viral oncogene

CD-20 clusters of differentiation-20 (antigen of B-cells)

c-KIT tyrosine-protein kinase kit or mast/stem cell growth factor receptor

CML chronic myelogenous leukemia

CRC colorectal carcinoma

EGFR epidermal growth factor receptor

EML4 echinoderm microtubule-associated protein-like 4

FDA Food and Drug Administration

HCC hepatocellular carcinoma

HER-2 human epidermal growth factor receptor-2

KRAS Kirsten rat sarcoma viral oncogene

mAb monoclonal antibody

mTOR mammalian target of rapamycin

NSCLC non–small cell lung carcinoma

PDGFR platelet-derived growth factor receptor

SMKI small molecule kinase inhibitor

VEGF vascular endothelial growth factor

VEGFR2 vascular endothelial growth factor receptor-2
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Figure 1.
Targeting the hallmarks of cancer. Drugs that interfere with, or target, the hallmarks of
cancer growth, progression, or resistance have been developed. (From Hanahan D,
Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144:646–674. Copyright
© 2011 Elsevier. Reprinted with permission from Elsevier.)
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Figure 2.
Signaling pathways of EGFR and interaction sites of various targeted therapies. (Reprinted
with permission from Gazdar AF. Personalized medicine and inhibition of EGFR signaling
in lung cancer. N Engl J Med 2009; 361:1018–1020. Copyright © 2011 Massachusetts
Medical Society. Reprinted with permission from Massachusetts Medical Society.)
(Available in color online at www.jvir.org.)
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Figure 3.
Molecular profiling lung cancer biopsy with potential outcomes and therapeutic regimens.
(Available in color online at www.jvir.org.)
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Figure 4.
(a–d) Different types of tumor heterogeneity are illustrated using pancreatic tumor and its
metastasis as an example. (a) Mutations during cell growth result in heterogeneity within
tumor. (b) As metastases are derived from different clones of primary tumors,
intermetastatic heterogeneity is observed. (c) As metastases grow, they derive various
mutations resulting in intrametastatic heterogeneity. (d) Finally, differences between
patients result in interpatient heterogeneity. (From Vogelstein B, Papadopoulos N,
Velculescu VE, Zhou S, Diaz LA Jr, Kinzler KW. Cancer genome landscapes. Science
2013; 339:1546–1558. Copyright © 2013 The American Society for the Advancement of
Science. Reprinted with permission from The American Society for the Advancement of
Science.) (Available in color online at www.jvir.org.)
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Table 1

Small Molecule Kinase Inhibitors

Name Targets Oncology Uses Predictive Biomarkers

Dasatinib BCR-ABL, c-KIT, PDGFR CML, ALL

Imatinib BCR-ABL, c-KIT, PDGFR CML, ALL, GIST c-Kit mutation, Philadelphia chromo-
 some (bcr-abl)

Nilotinib BCR-ABL CML

Erlotinib EGFR NSCLC, pancreatic cancer EGFR mutation

Gefitinib EGFR, RET NSCLC, medullary thyroid cancer EGFR mutation, RET oncogene

Lapatinib EGFR/HER-2 Breast cancer HER-2

Sorafenib c-RAF, VEGFR2, EGFR,
 PDGFR

HCC, RCC

Sunitinib VEGFR2, PDGFR, c-KIT GIST, HCC, pancreatic neuroendocrine
 tumors

Crizotinib ALK, cMET NSCLC EML4-ALK translocation

Vemurafenib BRAF Melanoma B-Raf mutation

Regorafenib VEGF CRC

Aflibercept VEGF CRC

ALK, analplastic lymphoma factor, ALL, acute lymphoblastic leukemia, BCR-ABL, breakpoint cluster region/the Abelson tyrosine, BRAF, v-raf
murine sarcoma viral oncogene, c-KIT, tyrosine-protein kinase kit or mast/stem cell growth factor receptor, cMET, mesenchymal epithelial
transition factor, CML, chronic myelogenous leukemia, c-RAF, RAF oncogene, CRC, colorectal carcinoma, EGFR, epidermal growth factor
receptor, EML4, echinoderm microtubule-associated protein-like 4, GIST, gastrointestinal stromal tumors, HCC, hepatocellular carcinoma, HER2,
antihuman epidermal growth factor receptor 2, NSCLC, non–small cell lung carcinoma, PDGFR, platelet-derived growth factor receptor, RCC,
renal cell carcinoma, RET, ret proto-oncogene, VEGFR2, vascular endothelial growth factor receptor-2.
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Table 2

Monoclonal Antibodies Targeted Therapies

Name Targets Oncology Uses Predictive Markers

Bevacizumab VEGF NSCLC, CRC, renal cancer, breast cancer, cervical cancer,
 ovarian cancer

Cetuximab EGFR CRC, head and neck cancer, NSCLC KRAS mutation (CRC), mutation
 EGFR (NSCLC) (negative prediction)

Panitumumab EGFR CRC KRAS mutation (negative prediction)

Rituximab CD20 Non-Hodgkin lymphoma

Ipilimumab CTLA-4 Melanoma

Trastuzumab HER-2 Breast cancer, gastric cancer HER-2 amplification

Pertuzumab HER-2 Breast cancer HER-2 amplification

CD-20, clusters of differentiation-20 (antigen of B-cells), CRC, colorectal carcinoma, CTLA-4, cytotoxic T-lymphocyte associated antigen-4,
EGFR, epidermal growth factor receptor, HER-2, antihuman epidermal growth factor receptor 2, KRAS, Kirsten rat sarcoma viral oncogene,
NSCLC, non–small cell lung carcinoma, VEGFR2, vascular endothelial growth factor receptor-2.
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