
Summary. In the era of precision medicine
immunohistochemistry (IHC) and immunocytochemistry
(ICC) share some of the highlights in personalized
treatment. Survival data obtained from clinical trials
shape the cut-offs and IHC scoring that serve as
recommendations for patient selection both for targeted
and conventional therapies. Assessment of Estrogen and
Progesterone Receptors along with HER2 status has
been among the first approved immunostaining assays
revolutionizing breast cancer treatment. Similarly, ALK
positivity predicts the efficacy of ALK inhibitors in
patients with non-small cell lung cancer (NSCLC). In
recent years, Programmed Death Ligand 1 (PD-L1) IHC
assays have been approved as companion or
complimentary diagnostic tools predicting the response
to checkpoint inhibitors. Anti-PD-L1 and anti-PD-1
monoclonal antibodies have inaugurated a new period in
the treatment of advanced cancers, but the path to
approval of these biomarkers is filled with
immunohistochemical challenges. The latter brings to
the fore the significance of molecular pathology as a hub
between basic and clinical research. Besides, novel
markers are translated into routine practice, suggesting

that we are at the beginning of a new exciting period.
Unraveling the molecular mechanisms involved in
cellular homeostasis unfolds biomarkers with greater
specificity and sensitivity. The introduction of GL13
(SenTraGor®) for the detection of senescent cells in
archival material, the implementation of key players of
stress response pathways and the development of
compounds detecting common mutant P53 isoforms in
dictating oncological treatments are paradigms for
precision oncology. 
Key words: Biomarkers, Immunohistochemistry,
Immunocytochemistry, Oncology, Therapy

Introduction

Advances in technology have revolutionized the
analysis of tumor samples rendering feasible the
development of personalized treatments. Yet
conventional assays play a major impact on decision
making in routine practice. Immunohistochemistry
(IHC) and immunocytochemistry (ICC) are old-
fashioned still powerful techniques for visualization of
cellular and extracellular components (Coons et al.,
1942; Nakane and Pierce, 1966; Sternberger et al.,
1970). The basis of IHC and ICC exploits a fundamental
immunologic principle which lies in the specificity of
antigen-antibody reaction. According to Brandtzaeg
(1998) IHC is a “way of talking to cells; the result can
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identify the cells and may indicate what they are doing
in vivo if one asks the right questions by means of the
right antibodies” (Brandtzaeg, 1998). Our understanding
of the functions of cells and tissues is tightly related with
the development of the appropriate antibodies that react
with the target antigens. ICC refers to the
immunostaining assay that is employed for the detection
of antigens in cells (from the greek “cyto-”), whereas
IHC refers to antibody-based assessment of tissue
antigens (Maity et al., 2013). When the antibody is
conjugated to a fluorophore, the immunostaining assay is
called immunofluorescence (IF). Hence samples are
viewed in pathology practice mainly in light and to a
much lesser extent in electron microscopy or
alternatively in fluorescence microscopy (Sethi et al.,
2016).

Nowadays, thousands of antibodies exist, and the list
is still growing, enabling the localization of a wide range
of single as well as multiple antigens on the same cell or
tissue section, correlating morphological with functional
parameters. The latter renders immunostaining assays
attractive tools for research, diagnostic and therapeutic
purposes (Matos et al., 2010; Inamura, 2018). In the
current review we demonstrate the significance of these
classical in situ assays in dictating modern oncological
treatments. 
ER, PR and Her2/Neu

A milestone in breast cancer management is estrogen
receptor (ER), progesterone receptor (PR) and tyrosine
protein kinase Her2/Neu testing through in situ staining
(Leong and Zhuang, 2011). Although IHC is considered

as the gold standard, a strong concordance of these
markers between ICC and IHC has been repeatedly
demonstrated (Shabaik et al., 2011; Vohra et al., 2016). 

ER exists in two isoforms i.e. ERα and ERβ, which
share a similar primary structure and are encoded by two
identical genes residing in 6q25.1 and 14q22-q24
respectively, though only ERα has a clinical utility
(Heldring et al., 2007). ERα is expressed in nearly 70%
of invasive breast carcinomas and its status is directly
related with the response to hormonal therapy. Given
that patients with even low ERα positive staining exhibit
a significant benefit from anti-ER therapy versus
matched ERα negative cases, a 1% cut-off employing
IHC/ICC has been validated as the definition of ER+
cases (Allred, 2010; Hammond et al., 2010; Hicks et al.,
2017) (Table 1). PR also exists in two isoforms encoded
by the same gene mapped in 11q22.1 by employing
alternate transcriptional start site (Daniel et al., 2012).
Available antibodies for PR detection bind to the N-
terminus which is identical for both isoforms (Leong and
Zhuang, 2011). Since ERα positively regulates PR
expression; PR is rarely observed in ER negative cases
(Leong and Zhuang, 2011; Daniel et al., 2012). PR
expression predicts response in endocrine therapy in a
similar manner to ERα (Table 1). 

ERBB2 resides in 17q12 encoding Her2/Neu/ErbB2.
It is a member of the ErbB family of tyrosine kinase
receptors (Roskoski, 2014). Her2/Neu is amplified in
nearly 20% of invasive breast carcinomas which results
in its overexpression (Allred, 2010). This has been
exploited therapeutically revolutionizing the prognosis
of Her2/Neu positive patients. Specifically, breast cancer
patients exhibiting a strong complete membrane
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Abbreviations and Notes. Cancer*, referring to the types of cancer where already approved drug is administered upon examination of the particular
marker; Criteria*: IHC scoring systems employed prior approval for the treatment of the corresponding drug; 28-8 pharmDx (DAKO-Agilent)*: the (%) in
each type of cancer refer to the percentage of positive PD-L1 expression of cancer cells; SP142 (Ventana-Roche) NSCLC (≥50% TC or ≥10% IC)*: TC
refers to percentage of PD-L1 expressing cancer cells of any intensity and IC refers to the percentage of PD-L1 expressing tumor-infiltrating immune
cells of any intensity; SP142 (Ventana-Roche) Urothelial carcinoma (≥5% IC)**: tumor infiltrating immune cells, which refers to the percentage of
lymphocytes and macrophages exhibiting discernible positive PD-L1 immunostaining of any intensity in ≥5% of tumor area; SP263 (Ventana-Roche)*:
the (%) refers to the percentage of viable cancer cells of any intensity above background staining; 73-10 (DAKO-Agilent) (≥1%)*: the (%) refers to
percentage of viable cancer cells; ADC: antibody-drug conjugate; Aromatase Is: aromatase inhibitors; ALCL: anaplastic large cell lymphoma; ALK:
anaplastic lymphoma kinase; ALK inhibitors: a class of drugs targeting ALK tyrosine kinase activity; anti-EGFR therapeutic mAbs: anti-EGFR
therapeutic monoclonal antibodies belong to a class of drugs binding to EGFR resulting in inhibition of its activity; AR: androgen receptor; BrCa: Breast
carcinoma; ATRX: Alpha thalassemia/mental retardation syndrome X-linked (ATRX); CDK4/6: Cyclin D Dependent Kinase 4/6 inhibitor 4/6, a class of
drugs that abrogate the activity of CDK4/6; cHL: classical Hodgkin lymphoma; CLC: small- cell lung cancer; CPS: Combine Positive Score, it refers to
the number of PD-L1 stained cells including cancer cells, lymphocytes and macrophages divided by the total number of viable cancer cells; CRPC:
castration-resistant prostate cancer; DLL3: Delta Like Canonical Notch Ligand 3; anti-DLL3-ADC: anti-DLL3 antibody drug conjugate; EGF: epidermal
growth factor; EGFR: epidermal growth factor receptor; EGFR H-score (ranging from 0-300) = 1 × (percentage of weakly stained cells, 1+) + 2 ×
(percentage of moderately stained cells staining, 2+) + 3 × (percentage of strongly stained cells, 3+); EGFR TKIs: EGFR tyrosine kinase inhibitors: a
class of drugs including first-, second- and third-generation recognizing mutant and wild type EGFR; ER: estrogen receptor; 5-FU: Fluorouracil; GCa:
Gastric carcinomas; GBM: glioblastoma multiforme; GEJCa: gastroesophageal junction carcinoma; GIST: gastrointestinal stromal tumors; HNSCC:
head and neck squamous cell cancer; IHC: Immunohistochemistry; IMT: inflammatory myofibroblastic tumor; LCNEC: large cell neuroendocrine
carcinoma; mAbs: monoclonal antibodies; MGMT: O6-methylguanine-DNA methyltransferase; mTOR inhibitors: mammalial target of rapamycin
inhibitors, a class of drugs (including rapamycin and its analogues) inhibiting mTOR signaling pathway; NETs: neuroendocrine tumors; NTRK:
neurotrophic tyrosine receptor kinase; MMR: mismatch repair; MSI: microsatellite instability; MSI-H: microsatellite instability high; NB: neuroblastoma;
NSCLC: non-small cell lung cancer; PCa: prostate cancer; PD-1: programmed death protein 1; PD-L1: programmed death ligand 1; PR: progesterone
receptor; RCC: renal cell carcinoma; ROS1: c-ROS oncogene 1; SCCHN: squamous head carcinoma of head and neck; SCLC: small cell lung cancer;
SERDs: selective estrogen receptor degraders (also known as selective estrogen receptor downregulator), a class of drugs that bind to ER, leading in
turn to ER degradation; SERMs: selective estrogen receptor modulators, a class of drugs modulating ER activity in a tissue specific manner; TKIs:
tyrosine kinase inhibitors; TPS: Tumor Proportion Score, it refers to the percentage of viable cancer cells.
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Table 1. Biomarkers, function, type of cancer, type of treatment and criteria.

Biomarker Function Cancer* Type of Treatment Criteria* References

ER/PR Growth;
Differentiation Breast cancer

SERMs; SERDs; 
Aromatase Is, CDK4/6
inhibitors, mTOR inhibitors

≥1% of tumor cells express 
nuclear immunoreactivity 
(positive immunostaining)

Hammond et al., 2010; Asano et al., 2017;
Kneubil et al., 2017; Tong et al., 2018

Her2
(Neu)

Growth;
Apoptosis

Breast cancer,
Gastric and GEJ
adenocarcinoma

anti-HER-2 mAbs, 
Tyrosine kinase inhibitors,
anthracycline and taxane-
based chemotherapies

i) BrCa, HER2-positive (3+): 
≥10% of tumor cells showing
homogeneous membrane staining;
ii) GCa/GEJCa, HER2-positive (3+):
≥10% of tumor cells showing strong
complete, basolateral or lateral
membranous reactivity

Hofmann et al., 2008; Wolff et al., 2013;
Abrahao-Machado and Scapulatempo-
Neto, 2016; Nitta et al., 2016; Asano et al.,
2017; Kneubil et al., 2017; Dominguez et
al., 2018

EGFR
Growth;
Differentiation;
Survival

NSCLC,
colorectal
cancer, 
breast cancer

EGFR TKIs, anti-EGFR
therapeutic mAbs.

EGFR H score ≥200 (high 
EGFR expression) - although 
IHC exhibits several limitations

Goldstein and Armin, 2001; Spano et al.,
2005; Pirker et al., 2012; Abdelrahman et
al., 2017; Avilés-Salas et al., 2017; Hitij et
al., 2017; Wei et al., 2017

ALK
Growth;
Differentiation;
Angiogenesis

NSCLC, 
IMT, ALCL ALK inhibitors (TKIs)

Any percentage of tumor cells
exhibiting strong granular
cytoplasmic immunoreactivity
[VENTANA ALK (D5F3 clone) 
CDx Assay]

Pulford et al., 2004; Mino-Kenudson et al.,
2010; Travis et al., 2011; Sugawara et al.,
2012; Wynes et al., 2014; Antonescu et
al., 2015; O'Malley et al., 2015; Marchetti
et al., 2016; Gallant and Lovly, 2018;
Janoueix-Lerosey et al., 2018; Ricciuti et
al., 2018; Trigg and Turner, 2018

ROS1 Growth;
Differentiation NSCLC ROS1 inhibitor Lack of standarized 

scoring system
Rimkunas et al., 2012; Sholl et al., 2013;
Yoshida et al., 2014; Boyle et al., 2015;
Cao et al., 2015; Bubendorf et al., 2016

DLL3 Differentiation -
Development SCLC anti-DLL3 ADC Lack of standarized 

scoring system
Saunders et al., 2015; Sharp et al., 2016;
Lambert and Morris, 2017

IDH1 Metabolism Gliomas Guides therapy-decision
making

Any percentage of cancer 
cells with intense cytoplasmic
immunoreactivity for IDH1-R132H

Capper et al., 2010; Weller et al., 2017

ATRX Chromatin
remodeller Gliomas Guides therapy-decision

making
ATRX loss: lack of nuclear
immunoreactivity Capper et al., 2010; Weller et al., 2017

MGMT DNA repair Gliomas
Guides alkylating agent
therapy: lack of MGMT
expression increases
chemosensitivity

IHC is not an accepted method to
study MGMT status

Brell et al., 2005; Rodriguez et al., 2007;
Capper et al., 2008; Sharma et al., 2009;
Weller et al., 2017; Wick et al., 2018

MLH-1,
MSH-2,
MSH-6,
PMS-1,
PMS-2

DNA repair Colorectal
cancers

Guides therapy-decision
making: MSI-H/MMR
deficient benefit from
Immunotherapy whereas
they lack benefit for 5-
FUbased cytotoxic
chemotherapy

Positive signal: unequivocal nuclear
staining in cancer cells

Boland et al., 1998; Casorelli et al., 2008;
Shia, 2008; Bertagnolli et al, 2009; Shia et
al., 2009; Amira et al., 2014; Kawakami et
al., 2015; Birendra et al., 2017

PD-1, PD-
L1

Immune
checkpoint

Melanoma,
NSCLC,
Urothelial
cancer, HNSCC,
cHL, RCC

PD-1 and PD-L1 inhibitors

a) 22C3 pharmDx(DAKO-Agilent):
NSCLC (TPS≥1%: PD-L1 expression
for 2nd line; TPS ≥50%: high PD-L1
expression for 1st line); Gastric or 
GEJ Adenocarcinoma (CPS≥1) of at
least moderate intensity; Urothelial
Carcinoma (CPS≥10%: PD-L1
expression); b) 28-8 pharmDx
(DAKOAgilent)*: non-squamous
NSCLC (≥1%, ≥5%, ≥10 %); SCCHN
(≥1%); Melanoma (<5%; ≥5%);
Urothelial carcinoma (≥1%); c) SP142
(Ventana-Roche) NSCLC (≥50% TC
or ≥10% IC)*; Urothelial carcinoma
(≥5% IC)**; d) SP263 (Ventana-
Roche)* NSCLC (≥25%); e) 73-10
(DAKO-Agilent) (≥1%)*

Keir et al., 2008; Brahmer et al., 2012;
Herbst et al., 2014; Tumeh et al., 2014;
Wang et al., 2014; Bellmunt et al., 2015;
Geng et al., 2015; Patel and Kurzrock,
2015; Phillips et al., 2015; Ferris et al.,
2016; Papaioannou et al., 2016; Reck et
al., 2016; Roach et al., 2016; Chae et al.,
2017; Contratto and Wu, 2017; Diggs and
Hsueh, 2017; Feng et al., 2017; Kang et
al., 2017; Mino- Kenudson, 2017; Nishino
et al., 2017; Paulsen et al., 2017; Sharma
et al., 2017; Gong et al., 2018; Inamura,
2018



Her2/Neu staining in >10% of tumor cells are eligible to
receive anti-Her2 therapy (Table 1) (Nitta et al., 2016).
On the other hand a weak to moderate complete
membrane staining in >10% or intense immunostaining
in ≤10% of cancer cells is borderline and warrants
further assessment with in situ hybridization.
Interestingly, an inverse relationship between Her2/Neu
and ER or PR status is typically evident (Nicolini et al.,
2018). Of note, Her2/Neu is also overexpressed in
approximately 20% of carcinomas arising from
gastroesophageal junction (GEJ) and gastric carcinomas
basically of intestinal rather than diffuse type (Gunturu
et al., 2013). Administration of anti-Her2 therapy in
patients with metastatic gastric cancer or carcinomas
arising from GEJ exhibiting score 3+ (Table 1)
significantly improves their overall survival (Gunturu et
al., 2013). A major issue when assessing Her2/Neu
status is intratumoral heterogeneity, which is frequently
observed in gastric carcinomas (Abrahao-Machado and
Scapulatempo-Neto, 2016). Therefore it is recommended
to examine more than one tissue sample from each
patient to avoid potential discrepancies. 
EGFR

Epidermal Growth Factor Receptor (EGFR/
ErbB1/HER1) belongs to the ErbB family that also
comprises Her2/Neu as we previously mentioned. EGFR
gene is mapped to 7p11.2 encoding a 170-kDa
transmembrane receptor (Herbst and Shin, 2002).
Expression of EGFR in normal cells ranges from 40,000
to 100,000 molecules per cell (Carpenter and Cohen,
1979) whereas in several cancer types EGFR is
significantly overexpressed exceeding 106 receptors per
cell (Gullick et al., 1986). Elevated EGFR expression in
cancer is attributed to EGFR gene amplification and
transcriptional up-regulation (Roskoski, 2014).
Additionally, mutations in the EGFR locus lead to
constitutive activation of EGFR (Herbst and Shin, 2002;
Suzuki et al., 2005; Pinter et al., 2008; Liang et al.,
2010; Douillard et al., 2014), although there are studies
that do not confirm it (Cappuzzo et al., 2005; Tsao et al.,
2006). Of note, the association of EGFR mutations at
least in exon 19 with gene amplification occurs in a
subset of patients (Bethune et al., 2010). Moreover, these
genetic lesions are often accompanied by increased
EGFR ligand production that further boosts EGFR
signaling pathway (Sigismund et al., 2018). Hence,
EGFR status has been exploited therapeutically by
developing EGFR-directed therapies that are currently
employed for the treatment of several types of cancer
including non-small cell lung cancer (NSCLC),
colorectal carcinomas and breast carcinomas (Table 1). 

Long ago it was demonstrated that up-regulation of
EGFR expression in NSCLC is related with intense and
abundant EGFR immunostaining (Gorgoulis et al.,
1993). However, unlike Her2/Neu there are several
limitations in translating EGFR results obtained from
IHC into clinical practice. Although a significant

percentage of patients with strong EGFR
immunostaining have a survival benefit from EGFR
targeted therapies, there are certain cases with EGFR
negative status that exhibit a complete response to anti-
EGFR therapy rendering the utility of IHC/ICC rather
controversial (Bethune et al., 2010; Pirker, 2012;
Hutchinson et al., 2015). The latter can be attributed: (i)
to the fact that conventional antibodies do not recognize
all mutant EGFRs and (ii) to the heterogeneity of EGFR
overexpression in the tumor. Moreover, the presence of
activating mutations in downstream effectors like
KRAS, BRAF and NRAS allow autonomous signaling
independent of EGFR activation, which in turn
negatively predicts efficient response to anti-EGFR
therapy (Hsu et al., 2016; Mondaca and Yaeger, 2018).
Additionally, an interesting understudied issue relates to
the effect of subcellular localization of EGFR
(membranous versus cytoplasmic) as a potential
prognostic biomarker for anti-EGFR therapy (Petersen et
al., 2017). Although it is widely reported for the
membranous staining, cytoplasmic localization of EGFR
seems to be rather prominent in predicting poor outcome
in pancreatic and thyroid cancer (Hutchinson et al.,
2015), suggesting that exploiting in situ assays to assess
EGFR subcellular staining pattern may have a predictive
utility. 
ALK

In 1994 the characterization of the chromosomal
translocation t(2;5) (p23;q35) in an anaplastic lymphoma
cell line, revealed a unique rearrangement leading to the
fusion of the amino terminus of nucleophosmin (NPM)
to the catalytic domain of a previous unidentified protein
called Anaplastic Lymphoma Κinase (ALK) (Morris et
al., 1994). ALK is a type I transmembrane tyrosine
kinase receptor belonging to the insulin receptor
superfamily. It is normally expressed in several tissues,
most abundant in neurons, whereas it is physiologically
silent in lymphoid cells. ALK signaling is activated in
several cancers driving malignant progression through
three principle mechanisms: a) ALK rearrangements
triggering the tyrosine kinase domain as evidenced by
NPM-ALK and EML4 (echinoderm microtubule-
associated protein-like 4)-ALK, b) gene amplifications,
and c) activating point mutations including three hot-
spot mutations at residues F1174, F1245 and R1275
(Bayliss et al., 2016). Since 1994 several ALK
rearrangements activating the tyrosine kinase domain
have been described in a variety of tumors apart from
anaplastic large cell lymphoma (ALCL), including
NSCLC, neuroblastoma and inflammatory
myofibroblastic tumor (IMT) (Holla et al., 2017). ALK
fusions account for approximately 5% of patients with
NSCLC, mainly identified in young, never- or light ex-
smokers with adenocarcinoma-type mainly with acinar,
signet-ring, papillary and to a lesser extent solid pattern,
where EML4-ALK is the most prevalent (Shaw et al.,
2009; Inamura, 2018; Kometani et al., 2018). The
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presence of EML4-ALK positive tumors are often
mutually exclusive for EGFR, KRAS and TP53
mutations suggesting that ALK positive cases form a
distinct entity (Inamura et al., 2009). On the other hand
more than 50% of cases with ALCL exhibit ALK
rearrangements. Interestingly, the various ALK fusion
proteins exhibit different oncogenic potential per se
(Hallberg and Palmer, 2016).

The high benefit cost ratio of IHC over fluorescent
in situ hybridization (FISH) renders the former the
method for choice for the detection of ALK expression
(Conklin et al., 2013; To et al., 2013; von Laffert et al.,
2014) (Table 1). Within this context given the practical
value in routine practice of cytological specimens, a high
accuracy of ICC for the detection of ALK status in
NSCLCs has been demonstrated (Savic et al., 2013; Zito
Marino et al., 2017). Of note, the ALK staining pattern is
related with the ALK fusion partner. Accumulating
evidence demonstrates that different fusion proteins are
related with distinct subcellular localization, which in
turn may affect the downstream signaling pathway and
finally the clinical outcome. In ALCL, NPM-ALK
fusion proteins exhibit nuclear and cytoplasmic
immunostaining, whereas TPM3 (Tropomyosin 3)-ALK
fusion products have cytoplasmic and membranous
staining (Zeng and Feldman, 2016). In a cohort of
patients with ALK positive Large B Cell Lymphoma
(LBCL), a rare subtype of lymphomas, granular
cytoplasmic staining was related with a superior overall
survival versus non-granular staining (Sakamoto et al.,
2016). The US Food and Drug Administration (FDA)
has approved an IHC assay employing the D5F3 clone
antibody as a companion diagnostic kit for crizotinib in
the treatment of ALK-rearranged NSCLC patients
(Mino-Kenudson, 2017) (Table 1). Within this frame
intense granular cytoplasmic ALK staining is considered
positive (To et al., 2013; Zwaenepoel et al., 2014).
Notably a small proportion of neurodoendocrine lung
carcinomas may exhibit ALK positivity despite being
absent of ALK rearrangements (Nakamura et al., 2013).
On the other hand, NSCLC patients harboring KIF5
(Kinesin-related protein 5)-ALK fusion, exhibit ALK
perinuclear halo immunostaining pattern, which should
also be taken into consideration during ALK evaluation
(Takeuchi et al., 2009). Of note, multiple reports have
demonstrated the efficacy of ALK inhibitors in IMT and
ALCL (Butrynski et al., 2010; Richly et al., 2015; Lin et
al., 2017).
ROS1

ROS1 (c-ROS oncogene 1) is a tyrosine kinase
receptor with high homology to ALK encoded by 6q22.1
(Bubendorf et al., 2016; Uguen and De Braekeleer,
2016). ROS1 is aberrantly expressed in a subset of
cancers. Initially, it was reported the presence of ROS1
rearrangement in glioblastoma multiforme leading to a
constitutive active kinase activity (Birchmeier et al.,
1987; Charest et al., 2003). Since then ROS fusions have

been detected in NSCLC, cholangiocarcinoma, gastric
cancer, ovarian cancer, colorectal cancer and
angiosarcoma (Rikova et al., 2007; Gu et al., 2011;
Bergethon et al., 2012). ROS1 rearrangements are found
in 1-2% of patients with lung adenocarcinoma, dictating
a subset of NSCLC patients who will benefit from
treatment with the FDA-approved protein kinase
inhibitor called crizotinib. Similar to ALK fusions,
ROS1 rearrangements are frequently observed in young
never or light smokers (Subramanian and Govindan,
2013). Interestingly, most adenocarcinomas with ROS1
rearrangements exhibit solid, micropapillary, cribriform
and signet ring morphology (Viola et al., 2016). The
frequency of coexisting ALK and ROS1 rearrangements
is very rare (Song et al., 2017), suggesting that ALK and
ROS1 positive cases represent unique clinical entities. 

The subcellular localization of ROS1 is highly
dependent on the fusion partner of ROS1. Lung
adenocarcinomas with CD47-ROS1 fusions exhibit
granular cytoplasmic immunostaining, while
membranous immunoreactivity has been found in cases
with EZR-ROS1 fusion (Yoshida et al., 2014). Within
this context, several studies have clearly demonstrated
that IHC can become an initial screening assay for the
detection of ROS1-rearranged in NSCLC patients (Liu et
al., 1995; Liang et al., 2010; Boyle et al., 2015; Viola et
al., 2016; Selinger et al., 2017) (Table 1). Given the
rarity of ROS1 positive cases, and the fact that IHC is
less expensive and time-consuming than FISH or next
Generation sequencing (NGS), implementing IHC
should be considered a starting point followed by FISH
confirmation. Besides, given that the diagnosis of
NSCLC is often based on cytological specimens,
assessment of ROS1 status employing ICC has also been
implemented in NSCLC cases demonstrating high
concordance with IHC (Bubendorf et al., 2016; Pisapia
et al., 2017). 
DLL3

Delta-like protein 3 (DLL3) is an inhibitory ligand
for Notch receptors that is overexpressed in more than
80% of small cell lung cancer cancers (SCLC) (Sabari et
al., 2017). DDL3 appears to act downstream of achaete-
scute homologue 1 (ASH-1) (Karachaliou et al., 2016).
ASH-1 plays an important role in pulmonary
neuroendocrine differentiation and there is strong
evidence supporting its capacity to driving tumor
initiation in SCLC. Hence, DLL3 could also contribute
to SCLC oncogenesis. Indeed, preclinical studies in
SCLC settings (Saunders et al., 2015) and phase 1
clinical studies in recurrent SCLC (Rudin et al., 2017)
show anti-tumor activity of rovalpituzumab tesirine
(Rova-T). Rova-T is a novel first-in class DLL3
monoclonal antibody conjugated to a DNA-damaging
pyrrolobenzodiazepine (PBD) dimer toxin that binds to
DLL3 expressed on the cell surface enabling targeted
therapy for SCLC (Baize et al., 2017). The status of
DLL3 in the first-in-human, first-in-class phase 1 trial
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was assessed by IHC, classifying patients as DLL3-high
and DLL3-low when tumor cells expressed cytoplasmic
or membranous staining in at least 50% and fewer that
50% respectively (Rudin et al., 2017). A significant
disease control for DLL3-high versus DLL3-low patients
was observed. However since several DLL3-low patients
exhibited a favorable outcome, future employment of a
lower companion diagnostic cut-off below 50% may
expand the number of patients having a clinical benefit. 
IDH1, ATRX, MGMT

The impact of isocitrate dehydrogenase 1 (IDH1),
alpha thalassemia/mental retardation syndrome X-linked
(ATRX) and O6-methylguanine-DNA methyltransferase
(MGMT) status in guiding current therapeutic
approaches in gliomas is highly appreciated (Salles et
al., 2011; Weller et al., 2017).

Wild type IDH1 is encoded by IDH1 gene mapped
to 2q33.3 and catalyzes in the cytosol and peroxisomes
the oxidative decarboxylation of isocitrate leading to α-
ketoglutarate, NAD(P)H and CO2. Advances in cancer
genetics revealed the identification of mutations in
IDH1, most commonly missense mutations leading to
substitution of the Arginine residue at position 132
including IDH1-R132H in gliomas and IDH-R132C in
acute myeloid leukemia (AML) which are by far the
most common alterations (Ichimura et al., 2009; Mardis
et al., 2009). Mutations of Arginine 132 residue reside in
the active site of IDH1 resulting in neomorphic activity
that promotes in turn the conversion of α-ketoglutarate
to D-2-hydroxyglutarate (D-2HG) along with the
oxidation of NADPH. Accumulation of D-2HG leads to
epigenetic deregulation due to aberrant histone and DNA
methylation patterns favoring hypermethylation.
Besides, disruption of [NAD(P)+/NAD(P)H] levels has
functional consequences on cellular homeostasis.
Notably, patients with glioma harboring IDH1 mutations
have a more favorable prognosis in comparison with
those with wild type IDH1 (Miller et al., 2017). 

ATRX is an X-linked gene encoded by ATRX gene
located at Xq21.1. It is part of the SNF2 (SW1/SNF2)
family of DNA helicases involved in chromatin
remodeling and telomere maintenance. It interacts with
the transcription cofactor Death Associated Protein 6
(DAXX), forming a complex that possesses an ATP-
dependent translocase activity mediating the deposition
of H3.3 at telomeres and DNA pericentric repeats
(Nandakumar et al., 2017). ATRX is frequently
inactivated in gliomas (86%), due to mutations and to a
lesser extent to deletions and fusions (Cancer Genome
Atlas Research Network et al., 2015). Among IDH
mutated gliomas with no loss of 1p/19q, absence of
ATRX is related with improved clinical outcome (Karsy
et al., 2017).

MGMT is a DNA repair protein that removes alkyl
adducts from the O6 position of guanine in DNA
restoring guanine to its normal state (Pegg, 2000),
thereby blunting alkylating agents’ efficacy (Wick et al.,

2014). MGMT becomes an important drug resistant
factor (Liu and Gerson, 2006). The promoter of MGMT
is methylated in 40-50% of patients with glioblastoma
leading to decreased transcriptional and protein
expression (Shah et al., 2011). The latter has a favorable
predictive value, since down-regulation of MGMT is
related with a striking benefit in patients with
glioblastoma treated with the methylating agent
temozolamide (Hegi et al., 2005; Stupp et al., 2005). 

Given that IDH1, ATRX and MGMT play a
significant role in treatment decision-making of patients
with glioma (Karsy et al., 2017), it is necessary to assess
their profile. IDH-R132H, referring to the most frequent
mutation, and ATRX status are evaluated by performing
immunohistochemistry (Weller et al., 2017). A
significant concordance occurs between the presence of
R132H mutation (c.395G>A) and immunopositivity
employing a mouse monoclonal antibody recognizing
the R132H mutated form (Capper et al., 2010; Mellai et
al., 2011). Immunoreaction for IDH1-R132H scores
positive when tumor cells exhibit strong cytoplasmic
immunoreactivity (Weller et al., 2017) (Table 1). The
mitochondrial IDH2 isophorm is also examined,
although mutations in IDH2 are much less common than
in IDH1 (Miller et al., 2017). As for ATRX, nuclear
immunostaining in cancer cells denotes intact ATRX
status. On the other hand, loss of ATRX presents with
lack of nuclear immunoreactivity in tumor cells while
the surrounding stroma stains positive for ATRX (Reuss
et al., 2015) (Table 1). Regarding the assessment of
MGMT, IHC has been extensively employed,
considering uniform nuclear immunostaining as positive.
Although, MGMT immunoreactivity should reflect the
methylation status of MGMT promoter, discordance
between IHC results with the methylation status prevents
its implementation in routine practice (Mason and
McDonald, 2012; Tanboon et al., 2016). The lack of
correlation of MGMT immunostaining with the
methylation analysis can be attributed to the following
parameters: a) the contamination from non-neoplastic
cells during assessment of the methylation status can
affect the analysis leading to false-positive results due to
the expression of MGMT by normal glia and infiltrating
lymphocytes, b) even with a standardized cut-off point
for MGMT immunopositivity there is often significant
intra-observer variability in MGMT evaluation, c) the
differences among the MGMT clones employed for IHC
analysis suggests the necessity for a systematic approach
on this issue, d) the expression of MGMT may be
determined by additional epigenetic factors. Therefore,
IHC is not acceptable for the examination of MGMT
status in clinical practice (Wick et al., 2018) (Table 1).
MLH1, MSH2, MSH6, PMS1, PMS2

MutL Homolog 1 (MLH1), MutS Homolog 2
(MSH2), MutS Homolog 6, PMS1 Homolog 1 (PMS1)
and PMS1 Homolog 2 (PMS2) encoded by 3p22.2,
2p21, 2p16.3, 2q32.2 and 7p22.1 locus respectively are
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DNA mismatch repair (MMR) proteins (Arzimanoglou
et al., 1998). Somatic or germline mutations, along with
epigenetic silencing in MMR genes increase the
spontaneous rate of mismatch mutations (Liu et al.,
1995; Wheeler, 2005). Repetitive DNA sequences and
particularly microsatellite sequences are highly
susceptible to MMR defects during DNA replication
leading to microsatellite instability (MIN). Inherited
mutations in MLH1 and MSH2, followed by MSH6 and
PMS2 is a hallmark of Lynch syndrome alternatively
called hereditary nonpolyposis colorectal cancer
(HNPCC), to emphasize the lack of multiple colonic
polyps. HNPCC is characterized by increased
susceptibility to the development of MIN positive
malignancies including colorectal, endometrial and
ovarian carcinomas (Sehgal et al., 2014). Besides, Muir-
Torre syndrome and Turcot’s syndrome are two less
common inherited conditions than HNPCC that are also
associated with germline mutations in MMR genes and
increased incidence of MIN positive cancers. 

Approximately 15% of sporadic colorectal
carcinomas exhibit MIN that is mainly attributed to
promoter hypermethylation of MLH1 and to a lesser
extent to somatic mutations in MMR genes (Wheeler,
2005). While epigenetic inactivation of MLH1 is
responsible for MIN in sporadic colorectal cancers, the
majority of MIN positive colorectal cancers associated
with HNPCC follow a different route exhibiting allelic
loss and mutations in MMR genes (Wheeler, 2000).
Colorectal carcinomas associated with MMR defects are
usually right-sided; they have a mucinous component or
exhibit signet ring cell phenotype, accompanied by
Crohn’s-like peritumoral lymphoid reaction and
prominent intratumoral lymphocytic infiltrate
(Alexander et al., 2001). The latter implies that MIN
positive cancers elicit an immunological response
rendering them good candidate targets for
immunotherapy (analyzed below). Of note, survival data
from patients with colorectal carcinoma suggests that
MIN high profile (exhibiting instability in more than 30-
40% of the microsatellite loci tested) is an independent
factor of favorable prognosis (Lawes et al., 2003; Pawlik
et al., 2004). 

Analysis of MMR status employing immunohisto-
chemistry is widely performed in routine practice
(Kawakami et al., 2015) (Table 1). Positive staining is
characterized by unequivocal nuclear immunopositivity
of cancer cells. A major advantage of IHC analysis is
that the absence of staining of a particular MMR
component can direct the genetic analysis. To this end,
absence of MMR immunostaining exhibits a high
concordance with genetic-based MSI analysis
(Kawakami et al., 2015). Of course the analysis of MMR
proteins employing IHC along DNA testing for MSI are
complimentary (Poulogiannis et al., 2010). Within this
context, several findings support that MMR deficient or
MSI positive cases with advanced colorectal cancer
benefit from anti-PD-1 immunotherapy (Le et al., 2017;
Overman et al., 2017) (Table 1). Besides, stage II

colorectal cancer patients with MMR deficiency do not
benefit from Fluorouracil (5-FU)-based adjuvant therapy
(Kawakami et al., 2015) (Table 1). Hence, awareness of
the MMR status may help us to substitute toxic for more
targeted therapies. 
PD-1 and PD-L1

Blocking selectively Programmed Death Ligand 1
(PD-L1) - PD-1 axis has reformed systemic cancer
therapy (Postow et al., 2015). PD-1 (CD279) is a 288
amino acid protein encoded by 2q37.3 and expressed on
activated T cells, naïve and activated B lymphocytes,
NK cells, monocytes, dendritic cells and on a significant
proportion of tumor infiltrating lymphocytes (TILs)
(Keir et al., 2008). The two ligands for PD-1 are PD-L1
(CD274; B7-H1) and PD-L2. PD-L2 has a more
restricted expression pattern, whereas the former is
widely expressed. PD-L1 is encoded on 9q24.1 and is
found on a wide range of hematopoietic cells including
T, B lymphocytes, macrophages, dendritic cells and non-
hematopoietic cells, such as endothelial cells,
keratinocytes, astrocytes, corneal cells and placenta
synciotrophoblast (Pardoll, 2012). Under physiological
conditions the PD-L1/PD-1 axis plays a key role on the
maintenance of self-tolerance by restraining
autoimmunity and therefore preserving immune
homeostasis. The latter translates into an efficient
immune escape mechanism within the cancer
microenvironment. Within this frame, PD-L1 is up-
regulated on the cell surface of cancer cells of solid
tumors and hematologic malignancies. Besides, PD-1 is
expressed in a significant proportion of Tumor
Infiltrating Lymphocytes (TILs). Hence, the elevated
expression of both PD-L1 and PD-1 favors in turn tumor
escape from host immunosurveillance (Pardoll, 2012).
As expected, blockade of PD-L1/PD-1 axis can induce
durable remissions. Indeed a number of immune
checkpoint inhibitors targeting PD-L1 or PD-1 are in
clinical development in various phases and during the
past five years several of them have entered into routine
practice (Kotsakis and Georgoulias, 2017; Malhotra et
al., 2017; Martin-Liberal et al., 2017; Rijnders et al.,
2017). PD-1 and PD-L1 checkpoint inhibitors are being
evaluated in ongoing clinical trials and have been
clinically approved for the first (1rst) and second (2nd)
line treatment of several cancers including: melanoma,
NSCLC, head and neck squamous cell carcinoma
(HNSCC), urothelial carcinoma, Renal cell carcinoma
(RCC), Hodgkin’s Lymphoma, Merkel cell carcinoma,
cervical carcinoma, gastric and GEJ adenocarcinoma,
hepatocellular cancer along with microsatellite instable
(MSI-H) or MMR deficient (dMMR) solid tumors
including MSI-H/dMMR colorectal carcinoma (Gong et
al., 2018; Sun et al., 2018). For clinical practice two
anti-PD-1 inhibitors, namely pembrolizumab and
nivolumab and three anti-PD-L1 inhibitors, specifically
atezolizumab, durvalumab and avelumab have been
approved (Gong et al., 2018).
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The expression of PD-L1 status on cancer cells as
well on tumor infiltrating immune cells employing IHC
is currently the most effective biomarker to examine the
response to anti-PD-L1/PD-1 therapy (Table 1) (Herbst
et al., 2014; Sun et al., 2018). Although it is still a matter
of controversy, patients with PD-L1 positive tumors
have a higher response rate to PD-L1/PD-1 blockage and
overall survival compared to PD-L1 negative tumors
(Sun et al., 2018). Collectively the FDA-approved PD-
L1 companion/complementary diagnostic IHC assays
are the following: a) 22C3 pharmDx (Dako-Agilent), b)
28-8 pharmDx (Dako-Agilent), c) SP142 (Ventana-
Roche), d) SP263 (Ventana-Roche), e) 73-10 (Dako-
Agilent) (Gong et al., 2018) (Table 1). For PD-L1
evaluation partial or complete linear membrane
immunostaining on cancer cells along with cytoplasmic
and or membrane staining for lymphocytes and
macrophages is considered positive PD-L1 staining and
is scored. An assay-specific scoring is presented in Table
1, even though in certain settings there is still a lack of
approved evaluating system. Specifically, the IHC
testing for both SP263 and 73-10 based assay is not
approved yet, although certain cut-offs are provided
based on the available literature data (Scheel and
Schäfer, 2018). Within this frame, subgrouping
according to PD-L1 IHC status predicts response rate.
Hence, higher clinical PD-L1 cut-offs refer to a superior
overall response rate to a particular agent versus lower
one. Of note, inter-assay variability when scoring cancer
cells for NSCLC can be minimal, whereas there is poor
concordance when scoring immune cells (Hirsch et al.,
2017; Rimm et al., 2017). However, based on the
existing data a thorough examination is pertinent before
utilizing different assays interchangeably, at least in
NSCLC setting (Marchetti et al., 2017; Mino-Kenudson,
2017; Munari et al. 2018). Besides, there are various cut-
offs according to the IHC assay which should be taken
into consideration before drawing firm conclusions.
Notably PD-L1 assessment in cytological specimens is
not recommended yet, even though high concordance
has been demonstrated between cytological specimens
and matched histological samples (Mino-Kenudson,
2017). 
Future perspectives

As we move into the era of personalized treatment,
the oncology community is witnessing major advances
in translating basic research into routine practice. Of
multiple testing methods, in situ assays including IHC
and ICC are extensively used providing meaningful data
in a rapid and cost effective way. Survival data from
clinical trials are shaping IHC cut-offs and scoring,
establishing the recommendations and guidelines for
selection of cancer patients for treatment with targeted
therapies. In such a rapidly evolving era we expect that
novel biomarkers monitoring the different hallmarks of
cancer along with the identical stress phenotypes (Luo et
al., 2009; Negrini et al., 2010; Hanahan and Weinberg,

2011) will be introduced into clinical practice. Within
this background, below we give emphasis to novel
biomarkers that can be assessed with traditional in situ
platforms and translated into major clinical advances in
oncology. 

TP53 (encoding for the p53 protein) is considered
the most commonly mutated gene in human cancer (Yue
et al., 2017). Since the presence of p53 mutations in
various histotypes has implications on prognosis and
treatment (Moreira et al., 2015; Robles et al., 2016) -
detecting such mutations became of great clinical
importance. While using sequencing methods may
provide an accurate mutational spectrum, IHC-based
approaches are still commonly used as a surrogate for
mutational analysis (Bellizzi, 2013). Importantly, the
wild-type form of the p53 protein is maintained in low
cellular levels and considered relatively unstable and
therefore typically undetectable using IHC. In contrast,
most mutant p53 proteins have a much longer half-life,
resulting in nuclear accumulation suitable for detection
using IHC (Schon et al., 2002; Alsner et al., 2008). The
mutation status of p53 may be used clinically to predict
outcome across several tumors as well as within a given
histotype (Salinas-Sánchez et al., 2007; Bellizzi, 2013;
Köbel et al., 2019). In Endometrial carcinomas, for
example, diffuse staining of more than 80% of tumor
cells will have indications regarding prognosis but also
be affiliated with high grade serous carcinoma, where
p53 mutations are a founder event (Chen et al., 2017).
The fact that mutations in p53 are so predominant makes
them a desirable target for therapy. Several identified
small molecules reactivating specific “hot-spot”
missense mutant p53 have been found to restore the
wild-type conformation and induce tumor cell death.
Two of such compounds are currently being tested in
clinical trials (Bykov et al., 2018; Schulz-Heddergott and
Moll, 2018), suggesting that positive results will affect
future clinical decision making based on p53 status.
While current p53 IHC is limited to the detection of
nuclear accumulation and cannot differentiate between
specific mutants, recent novel antibodies have been
developed to target epitopes uniquely found in three
gain-of-function mutants of the gene (Hwang et al.,
2018). Since the R175H, R248Q and R273H positions
are amongst the most prevalent spots of mutations in
TP53 and also proven to gain oncogenic functions
(Sabapathy and Lane, 2018), uniquely detecting these
mutant proteins using IHC could be integrated into
clinical diagnosis (Fig. 1).

An interesting aspect of traditional histochemical
techniques is their capacity to sustain the development of
more advanced analytical or diagnostic methodologies
that are based on the same principles. Small molecule
reagents with high affinity for specific molecular targets
have been extensively used in the past for staining tissue
or cellular samples, thus facilitating the establishment of
diagnostic protocols with particular success and broad
limits of applicability (Veuthey, 2014). In most
instances, such molecules are excessively hydrophobic
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as a result of their structure, which is characterized by
extended aromatic or conjugated heterocyclic systems
that usually contain nitrogens. Such an electronic
arrangement gives rise to easily excitable chromophores
that are used as a readout for the histochemical analysis.
Molecules that belong to these classes offer excellent
opportunities for developing sophisticated chemical
tools that are more compatible with current state-of-the-
art instrumentation and can be integrated into present
day labs toward the establishment of analytical methods
that are more sensitive, more accurate and more high-
throughput with respect to the original methodologies
they evolved from. A great example of utilizing an old-
fashioned dye for developing a cutting-edge
immunohistochemical method is the SenTraGor®
reagent (Evangelou et al., 2017). In this case, Sudan
Black-B (SBB), a stain developed more than 80 years
ago has been successfully used as a lead for designing a
bivalent molecule that can identify aged cells and
quantify cellular senescence with high accuracy. The
reagent was developed by coupling the SBB scaffold
with biotin through a flexible linker. This modification
enables detection of lipofuscin, the main by-product of
cellular senescence through the use of a secondary
streptavidin-based antibody. The use of SenTraGor®
permits the establishment of simple and efficient assays
based on immunochemistry for monitoring a cellular
response of high clinical but also biological importance

for which, notably, detection was particularly
challenging until SenTraGor® discovery. Given that
lipofuscin is considered as a biomarker of cellular
senescence, this novel reagent may drive treatment with
a new class of drugs triggering the death of senescent
cells, called senolytics (Myrianthopoulos et al., 2018).
SenTraGor® can be employed first to predict therapeutic
response and second to monitor the efficacy of
senolytics thus allowing for a personalized therapeutic
approach (Fig. 1). It is reasonable to anticipate other
analogous chemical tools based on already known
reagents to emerge in the future expecting to open new
routes to a field of research where disciplines such as
histology, chemical biology and synthetic chemistry
integrate toward a common endeavor.

So far it is clear that in situ techniques play a major
role in dictating modern oncological treatments,
however it is obvious that the potential of these assays is
just beginning to unfold and new biomarkers will
develop based on the following: a) the rewiring of DNA
repair processes that takes place during cancer
development favoring error prone at the expense of error
free mechanisms (Galanos et al., 2018); assessment of
RAD52 versus RAD51 employing quantitative
immunofluorescence analysis (QIBC) will open a new
dimension in the visualization of tumor dynamics (Fig.
1) b) given that components of the DNA damage
response and repair (DDR/R) machinery predict the
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Fig. 1. Novel and potential promising in situ assays in routine
practice. Mutp53: mutant p53; N: Novel; P: Potential promising;
the icons of the hallmarks are modified icons based on Luo et
al., 2009, Negrini et al., 2010 and Hanahan and Weinberg, 2011.



response to PD-L1 blockade (Wang et al., 2018) apart
from MMR, additional proteins involved in homologous
recombination and base excision repair will complement
PD-L1 assessment (Fig. 1), c) the reprogramming of key
molecular/metabolic pathways that results in an altered
cellular homeostatic state often characterized by elevated
stress levels (Luo et al., 2009; Gorgoulis et al., 2018);
evaluating stress overload directly or indirectly reveals
potential ways to sensitize cancer cells, i.e. the
examination of 8-oxo-G immunostaining status may
predict the response to MutT Homolog 1 (MTH1)
inhibitors (Warpman Berglund et al., 2016) or the
assessment of proteotoxic stress can be a marker for the
efficacy of proteostasis network inhibitors (Sklirou et al.,
2018) (Fig. 1) d) the crosstalk between cancer cells and
the surrounding microenvironment (Chatzinikolaou et
al., 2014; Pateras et al., 2015; Nakad and Schumacher,
2016); the immune score based on the evaluation of
cytotoxic T lymphocytes (Pagès et al., 2018) can
supplement along with DDR/R factors PD-L1 testing
(Fig. 1). 

Collectively, the impact of molecular pathology in
oncology is ongoing and will increase in the near future,
by further dictating the assays of biomarkers and
encouraging the precision medicine approach in cancer. 
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Jones D.T.W. and Collins V.P. (2009). IDH1 mutations are present
in the majority of common adult gliomas but rare in primary
glioblastomas. Neuro. Oncol. 11, 341-347.

Inamura K. (2018). Update on immunohistochemistry for the diagnosis
of lung cancer. Cancers (Basel). 10, 1-15.

Inamura K., Takeuchi K., Togashi Y., Hatano S., Ninomiya H., Motoi N.,
Mun M., Sakao Y., Okumura S., Nakagawa K., Soda M., Choi Y.L.,
Mano H. and Ishikawa Y. (2009). EML4-ALK lung cancers are
characterized by rare other mutations, a TTF-1 cell lineage, an
acinar histology, and young onset. Mod. Pathol. 22, 508-515.

Janoueix-Lerosey I., Lopez-Delisle L., Delattre O. and Rohrer H. (2018).
The ALK receptor in sympathetic neuron development and
neuroblastoma. Cell Tissue Res. 372, 325-337.

Kang S.P., Gergich K., Lubiniecki G.M., de Alwis D.P., Chen C., Tice
M.A.B. and Rubin E.H. (2017). Pembrolizumab KEYNOTE-001: an
adaptive study leading to accelerated approval for two indications
and a companion diagnostic. Ann. Oncol. 28, 1388-1398.

Karachaliou N., Pilotto S., Lazzari C., Bria E., de Marinis F. and Rosell
R. (2016). Cellular and molecular biology of small cell lung cancer:
an overview. Transl. Lung Cancer Res. 5, 2-15.

Karsy M., Guan J., Cohen A.L., Jensen R.L. and Colman H. (2017).
New molecular considerations for glioma: IDH, ATRX, BRAF, TERT,
H3 K27M. Curr. Neurol. Neurosci. Rep. 17, 19.

Kawakami H., Zaanan A. and Sinicrope F.A. (2015). Microsatellite
instability testing and its role in the management of colorectal
cancer. Curr. Treat. Options Oncol. 16, 30.

Keir M.E., Butte M.J., Freeman G.J. and Sharpe A.H. (2008). PD-1 and
its ligands in tolerance and immunity. Annu. Rev. Immunol. 26, 677-
704.

Kneubil M.C., Godoy A.E.G., Coelho G.P., Grochot R., Rombaldi R.L.,
Pasqualotto F.F., Raimann B.W., Madi J.M., Reiriz A.B., Alessi M.,
Hoffmann N., Ely M.R. and Brollo J. (2017). Androgen receptor
expression in triple negative breast cancer and its relationship to
prognostic factors. Rev. Bras. Mastol. 27, 199-205.

Köbel M., Ronnett B.M., Singh N., Soslow R.A., Gilks C.B. and
McCluggage W.G. (2019). Interpretation of P53 immunohisto-
chemistry in endometrial carcinomas: Toward increased
reproducibility. Int. J. Gynecol. Pathol. 38 (Suppl. 1), 5123-5131.

Kometani T., Sugio K., Osoegawa A., Seto T. and Ichinose Y. (2018).
Clinicopathological features of younger (aged ≤ 50 years) lung
adenocarcinoma patients harboring the EML4-ALK fusion gene.
Thorac. Cancer 9, 563-570.

Kotsakis A. and Georgoulias V. (2017). Avelumab, an anti-PD-L1
monoclonal antibody, shows activity in various tumour types. Lancet
Oncol. 18, 556-557.

Lambert J.M. and Morris C.Q. (2017). Antibody-drug conjugates (ADCs)
for personalized treatment of solid tumors: A review. Adv. Ther. 34,
1015-1035.

Lawes D., SenGupta S. and Boulos P. (2003). The clinical importance
and prognostic implications of microsatellite instability in sporadic
cancer. Eur. J. Surg. Oncol. 29, 201-212.

Le D.T., Durham J.N., Smith K.N., Wang H., Bartlett B.R., Aulakh L.K.,
Lu S., Kemberling H., Wilt C., Luber B.S., Wong F., Azad N.S.,
Rucki A.A., Laheru D., Donehower R., Zaheer A., Fisher G.A.,
Crocenzi T.S., Lee J.J., Greten T.F., Duffy A.G., Ciombor K.K.,
Eyring A.D., Lam B.H., Joe A., Kang S.P., Holdhoff M., Danilova L.,
Cope L., Meyer C., Zhou S., Goldberg R.M., Armstrong D.K., Bever
K.M., Fader A.N., Taube J., Housseau F., Spetzler D., Xiao N.,
Pardoll D.M., Papadopoulos N., Kinzler K.W., Eshleman J.R.,
Vogelstein B., Anders R.A. and Diaz L.A. (2017). Mismatch repair
deficiency predicts response of solid tumors to PD-1 blockade.
Science 357, 409-413.

Leong A.S.-Y. and Zhuang Z. (2011). The changing role of pathology in
breast cancer diagnosis and treatment. Pathobiology 78, 99-114.

Liang Z., Zhang J., Zeng X., Gao J., Wu S. and Liu T. (2010).
Relationship between EGFR expression, copy number and mutation
in lung adenocarcinomas. BMC Cancer 10, 376.

Lin J.J., Riely G.J. and Shaw A.T. (2017). Targeting ALK: Precision
medicine takes on drug resistance. Cancer Discov. 7, 137-155.

Liu B., Nicolaides N.C., Markowitz S., Willson J.K.V., Parsons R.E., Jen
J., Papadopolous N., Peltomäki P., de la Chapelle A., Hamilton S.R.,
Kinzler K.W. and Vogelstein B. (1995). Mismatch repair gene

347
In situ assays guiding cancer therapy



defects in sporadic colorectal cancers with microsatellite instability.
Nat. Genet. 9, 48-55.

Liu L. and Gerson S. (2006). Targeted modulation of MGMT: Clinical
implications. Clin. Cancer Res. 12, 328-331.

Luo J., Solimini N.L. and Elledge S.J. (2009). Principles of cancer
therapy: Oncogene and non-oncogene addiction. Cell 136, 823-837.

Maity B., Sheff D. and Fisher R.A. (2013). Immunostaining: detection of
signaling protein location in t issues, cells and subcellular
compartments. Methods Cell Biol. 113, 81-105.

Malhotra J., Jabbour S.K. and Aisner J. (2017). Current state of
immunotherapy for non-small cell lung cancer. Transl. Lung Cancer
Res. 6, 196-211.

Marchetti A., Barberis M., Franco R., De Luca G., Pace M.V., Staibano
S., Volante M., Buttitta F., Guerini-Rocco E., Righi L., D’antuono T.,
Scagliotti G.V., Pinto C., De Rosa G. and Papotti M. (2017).
Multicenter comparison of 22C3 PharmDx (Agilent) and SP263
(Ventana) assays to test PD-L1 expression for NSCLC patients to
be treated with immune checkpoint inhibitors. J. Thorac. Oncol. 12,
1654-1663.

Marchetti A., Lorito D., Pace V., Iezzi M., Felicioni L., Antuono T.D.,
Tech B., Filice G., Guetti L. and Mucilli F. (2016). ALK protein
analysis by IHC staining after recent regulatory changes: A
comparison of two widely used approaches, revision of the literature,
and a new testing algorithm. J. Thorac. Oncol. 11, 487-495.

Mardis E.R., Ding L., Dooling D.J., Larson D.E., McLellan M.D., Chen
K., Koboldt D.C., Fulton R.S., Delehaunty K.D., McGrath S.D.,
Fulton L.A., Locke D.P., Magrini V.J., Abbott R.M., Vickery T.L.,
Reed J.S., Robinson J.S., Wylie T., Smith S.M., Carmichael L.,
Eldred J.M., Harris C.C., Walker J., Peck J.B., Du F., Dukes A.F.,
Sanderson G.E., Brummett A.M., Clark E., McMichael J.F., Meyer
R.J., Schindler J.K., Pohl C.S., Wallis J.W., Shi X., Lin L., Schmidt
H., Tang Y., Haipek C., Wiechert M.E., Ivy J. V., Kalicki J., Elliott G.,
Ries R.E., Payton J.E., Westervelt P., Tomasson M.H., Watson
M.A., Baty J., Heath S., Shannon W.D., Nagarajan R., Link D.C.,
Walter M.J., Graubert T.A., DiPersio J.F., Wilson R.K. and Ley T.J.
(2009). Recurring mutations found by sequencing an acute myeloid
leukemia genome. N. Engl. J. Med. 361, 1058-1066.

Martin-Liberal J., Ochoa de Olza M., Hierro C., Gros A., Rodon J. and
Tabernero J. (2017). The expanding role of immunotherapy. Cancer
Treat. Rev. 54, 74-86.

Mason S. and McDonald K. (2012). MGMT testing for glioma in clinical
laboratories: discordance with methylation analyses prevents the
implementation of routine immunohistochemistry. J. Cancer Res.
Clin. Oncol. 138, 1789-1797.

Matos L.L. de, Trufelli D.C., de Matos M.G.L. and da Silva Pinhal M.A.
(2010). Immunohistochemistry as an important tool in biomarkers
detection and clinical practice. Biomark. Insights 5, 9-20.

Mellai M., Piazzi A., Caldera V., Monzeglio O., Cassoni P., Valente G.
and Schiffer D. (2011). IDH1 and IDH2 mutations, immunohisto-
chemistry and associations in a series of brain tumors. J.
Neurooncol. 105, 345-357.

Miller J.J., Shih H.A., Andronesi O.C. and Cahill D.P. (2017). Isocitrate
dehydrogenase-mutant glioma: Evolving clinical and therapeutic
implications. Cancer 123, 4535-4546.

Mino-Kenudson M. (2017). Immunohistochemistry for predictive
biomarkers in non-small cell lung cancer. Transl. Lung Cancer Res.
6, 570-587.

Mino-Kenudson M., Chirieac L.R., Law K., Hornick J.L., Lindeman N.,
Mark E.J., Cohen D.W., Johnson B.E., Jänne P.A., Iafrate A.J. and

Rodig S.J. (2010). A novel, highly sensitive antibody allows for the
routine detection of ALK-rearranged lung adenocarcinomas by
standard immunohistochemistry. Clin. Cancer Res. 16, 1561-1571.

Mondaca S. and Yaeger R. (2018). Colorectal cancer genomics and
designing rational trials. Ann. Transl. Med. 6, 159.

Moreira A.L., Won H.H., McMillan R., Huang J., Riely G.J., Ladanyi M.
and Berger M.F. (2015). Massively parallel sequencing identifies
recurrent mutations in TP53 in thymic carcinoma associated with
poor prognosis. J. Thorac. Oncol. 10, 373-380.

Morris S.W., Kirstein M.N., Valentine M.B., Dittmer K.G., Shapiro D.N.,
Saltman D.L. and Look A.T. (1994). Fusion of a kinase gene, ALK,
to a nucleolar protein gene, NPM, in non-Hodgkin’s lymphoma.
Science 263, 1281-1284.

Munari E., Rossi G., Zamboni G., Lunardi G., Marconi M., Sommaggio
M., Netto G.J., Hoque M.O., Brunelli M., Martignoni G., Haffner
M.C., Moretta F., Pegoraro M.C., Cavazza A., Samogin G., Furlan
V., Mariotti F.R., Vacca P., Moretta L. and Bogina G. (2018). PD-L1
assays 22C3 and SP263 are not interchangeable in non-small cell
lung cancer when considering clinically relevant cutoffs. Am. J. Surg.
Pathol. 42, 1384-1389.

Myrianthopoulos V., Evangelou K., Vasileiou P.V.S., Cooks T.,
Vassilakopoulos T.P., Pangalis G.A., Kouloukoussa M., Kittas C.,
Georgakilas A.G. and Gorgoulis V.G. (2018). Senescence and
senotherapeutics: a new field in cancer therapy. Pharmacol. Ther.
(in press).

Nakad R. and Schumacher B. (2016). DNA damage response and
immune defense: Links and mechanisms. Front. Genet. 7, 147.

Nakamura H., Tsuta K., Yoshida A., Shibata T., Wakai S., Asamura H.,
Furuta K. and Tsuda H. (2013). Aberrant anaplastic lymphoma
kinase expression in high-grade pulmonary neuroendocrine
carcinoma. J. Clin. Pathol. 66, 705-707.

Nakane P.K. and Pierce G.B. (1966). Enzyme-labeled antibodies:
preparation and application for the localization of antigens. J.
Histochem. Cytochem. 14, 929-931.

Nandakumar P., Mansouri A. and Das S. (2017). The role of ATRX in
glioma biology. Front. Oncol. 7, 236.

Negrini S., Gorgoulis V.G. and Halazonetis T.D. (2010). Genomic
instability - an evolving hallmark of cancer. Nat. Rev. Mol. Cell Biol.
11, 220-228.

Nicolini A., Ferrari P. and Duffy M.J. (2018). Prognostic and predictive
biomarkers in breast cancer: Past, present and future. Semin.
Cancer Biol. 52, 56-73.

Nishino M., Ramaiya N.H., Hatabu H. and Hodi F.S. (2017). Monitoring
immune-checkpoint blockade: response evaluation and biomarker
development. Nat. Rev. Clin. Oncol. 14, 655-668.

Nitta H., Kelly B.D., Allred C., Jewell S., Banks P., Dennis E. and,
Grogan T.M. (2016). The assessment of HER2 status in breast
cancer: the past, the present, and the future. Pathol. Int. 66, 313-
324.

O’Malley D.P., Auerbach A. and Weiss L.M. (2015). Practical
applications in immunohistochemistry: Evaluation of diffuse large B-
cell lymphoma and related large B-cell lymphomas. Arch. Pathol.
Lab. Med. 139, 1094-1107.

Overman M.J., McDermott R., Leach J.L., Lonardi S., Lenz H.-J., Morse
M.A., Desai J., Hill A., Axelson M., Moss R.A., Goldberg M. V, Cao
Z.A., Ledeine J.-M., Maglinte G.A., Kopetz S. and André T. (2017).
Nivolumab in patients with metastatic DNA mismatch repair-deficient
or microsatellite instability-high colorectal cancer (CheckMate 142):
an open-label, multicentre, phase 2 study. Lancet Oncol. 18, 1182-

348
In situ assays guiding cancer therapy



1191.
Pagès F., Mlecnik B., Marliot F., Bindea G., Ou F.-S., Bifulco C., Lugli

A., Zlobec I., Rau T.T., Berger M.D., Nagtegaal I.D., Vink-Börger E.,
Hartmann A., Geppert C., Kolwelter J., Merkel S., Grützmann R.,
Van den Eynde M., Jouret-Mourin A., Kartheuser A., Léonard D.,
Remue C., Wang J.Y., Bavi P., Roehrl M.H.A., Ohashi P.S., Nguyen
L.T., Han S., MacGregor H.L., Hafezi-Bakhtiari S., Wouters B.G.,
Masucci G. V, Andersson E.K., Zavadova E., Vocka M., Spacek J.,
Petruzelka L., Konopasek B., Dundr P., Skalova H., Nemejcova K.,
Botti G., Tatangelo F., Delrio P., Ciliberto G., Maio M., Laghi L.,
Grizzi F., Fredriksen T., Buttard B., Angelova M., Vasaturo A., Maby
P., Church S.E., Angell H.K., Lafontaine L., Bruni D., El Sissy C.,
Haicheur N., Kirilovsky A., Berger A., Lagorce C., Meyers J.P.,
Paustian C., Feng Z., Ballesteros-Merino C., Dijkstra J., van de
Water C., van Lent-van Vliet S., Knijn N., Mușină A.-M., Scripcariu
D.-V., Popivanova B., Xu M., Fujita T., Hazama S., Suzuki N.,
Nagano H., Okuno K., Torigoe T., Sato N., Furuhata T., Takemasa
I., Itoh K., Patel P.S., Vora H.H., Shah B., Patel J.B., Rajvik K.N.,
Pandya S.J., Shukla S.N., Wang Y., Zhang G., Kawakami Y.,
Marincola F.M., Ascierto P.A., Sargent D.J., Fox B.A. and Galon J.
(2018). International validation of the consensus Immunoscore for
the classification of colon cancer: a prognostic and accuracy study.
Lancet (London, England) 391, 2128-2139.

Papaioannou N.E., Beniata O.V., Vitsos P., Tsitsilonis O. and Samara
P. (2016). Harnessing the immune system to improve cancer
therapy. Ann. Transl. Med. 4, 261.

Pardoll D.M. (2012). The blockade of immune checkpoints in cancer
immunotherapy. Nat. Rev. Cancer 12, 252-264.

Patel S.P. and Kurzrock R. (2015). PD-L1 expression as a predictive
biomarker in cancer immunotherapy. Mol. Cancer Ther. 14, 847-856.

Pateras I.S., Havaki S., Nikitopoulou X., Vougas K., Townsend P.A.,
Panayiotidis M.I., Georgakilas A.G. and Gorgoulis V.G. (2015). The
DNA damage response and immune signaling alliance: Is it good or
bad? Nature decides when and where. Pharmacol. Ther. 154, 36-
56.

Paulsen E.-E., Kilvaer T.K., Khanehkenari M.R., Al-Saad S., Hald S.M.,
Andersen S., Richardsen E., Ness N., Busund L.-T., Bremnes R.M.
and Donnem T. (2017). Assessing PDL-1 and PD-1 in non-small cell
lung cancer: A novel immunoscore approach. Clin. Lung Cancer 18,
220-233.e8.

Pawlik T.M., Raut C.P. and Rodriguez-Bigas M.A. (2004). Colorectal
carcinogenesis: MSI-H versus MSI-L. Dis. Markers 20, 199-206.

Pegg A.E. (2000). Repair of O(6)-alkylguanine by alkyltransferases.
Mutat. Res. 462, 83-100.

Petersen I., Dietel M., Geilenkeuser W.J., Mireskandari M., Weichert W.,
Steiger K., Scheel A.H., Büttner R., Schirmacher P., Warth A.,
Lasitschka F., Schildhaus H.-U., Kirchner T., Reu S., Kreipe H.,
Länger F., Tiemann M., Schulte C. and Jöhrens K. (2017). EGFR
immunohistochemistry as biomarker for antibody-based therapy of
squamous NSCLC - Experience from the first ring trial of the
German Quality Assurance Initiative for Pathology (QuIP®). Pathol.
Res. Pract. 213, 1530-1535.

Phillips T., Simmons P., Inzunza H.D., Cogswell J., Novotny J., Taylor
C. and Zhang X. (2015). Development of an automated PD-L1
immunohistochemistry (IHC) assay for non-small cell lung cancer.
Appl. Immunohistochem. Mol. Morphol. 23, 541-549.

Pinter F., Papay J., Almasi A., Sapi Z., Szabo E., Kanya M., Tamasi A.,
Jori B., Varkondi E., Moldvay J., Szondy K., Keri G., Dominici M.,
Conte P., Eckhardt S., Kopper L., Schwab R. and Petak I. (2008).

Epidermal growth factor receptor (EGFR) high gene copy number
and activating mutations in lung adenocarcinomas are not
consistently accompanied by positivity for EGFR protein by standard
immunohistochemistry. J. Mol. Diagn. 10, 160-168.

Pirker R. (2012). EGFR-directed monoclonal antibodies in non-small cell
lung cancer: how to predict efficacy? Transl. lung cancer Res. 1,
269-275.

Pirker R., Pereira J.R., von Pawel J., Krzakowski M., Ramlau R., Park
K., de Marinis F., Eberhardt W.E., Paz-Ares L., Störkel S.,
Schumacher K.-M., von Heydebreck A., Celik I. and O’Byrne K.J.
(2012). EGFR expression as a predictor of survival for first-line
chemotherapy plus cetuximab in patients with advanced non-small-
cell lung cancer: analysis of data from the phase 3 FLEX study.
Lancet Oncol. 13, 33-42.

Pisapia P., Lozano M.D., Vigliar E., Bellevicine C., Pepe F., Malapelle
U. and Troncone G. (2017). ALK and ROS1 testing on lung cancer
cytologic samples: Perspectives. Cancer Cytopathol. 125, 817-830.

Postow M.A., Callahan M.K. and Wolchok J.D. (2015). Immune
checkpoint blockade in cancer therapy. J. Clin. Oncol. 33, 1974-
1982.

Poulogiannis G., Frayling I.M. and Arends M.J. (2010). DNA mismatch
repair deficiency in sporadic colorectal cancer and Lynch syndrome.
Histopathology 56, 167-179.

Pulford K., Morris S.W. and Turturro F. (2004). Anaplastic lymphoma
kinase proteins in growth control and cancer. J. Cell. Physiol. 199,
330-358.

Reck M., Rodríguez-Abreu D., Robinson A.G., Hui R., Csőszi T., Fülöp
A., Gottfried M., Peled N., Tafreshi A., Cuffe S., O’Brien M., Rao S.,
Hotta K., Leiby M.A., Lubiniecki G.M., Shentu Y., Rangwala R. and
Brahmer J.R. (2016). Pembrolizumab versus chemotherapy for PD-
L1-positive non-small-cell lung cancer. N. Engl. J. Med. 375, 1823-
1833.

Reuss D.E., Sahm F., Schrimpf D., Wiestler B., Capper D., Koelsche C.,
Schweizer L., Korshunov A., Jones D.T.W., Hovestadt V.,
Mittelbronn M., Schittenhelm J., Herold-Mende C., Unterberg A.,
Platten M., Weller M., Wick W., Pfister S.M. and von Deimling A.
(2015). ATRX and IDH1-R132H immunohistochemistry with
subsequent copy number analysis and IDH sequencing as a basis
for an “integrated” diagnostic approach for adult astrocytoma,
oligodendroglioma and glioblastoma. Acta Neuropathol. 129, 133-
146.

Ricciuti B., De Giglio A., Mecca C., Arcuri C., Marini S., Metro G.,
Baglivo S., Sidoni A., Bellezza G., Crinò L. and Chiari R. (2018).
Precision medicine against ALK-positive non-small cell lung cancer:
beyond crizotinib. Med. Oncol. 35, 72.

Richly H., Kim T.M., Schuler M., Kim D.-W., Harrison S.J., Shaw A.T.,
Boral A.L., Yovine A. and Solomon B. (2015). Ceritinib in patients
with advanced anaplastic lymphoma kinase-rearranged anaplastic
large-cell lymphoma. Blood 126, 1257-1258.

Rijnders M., de Wit R., Boormans J.L., Lolkema M.P.J. and van der
Veldt A.A.M. (2017). Systematic review of immune checkpoint
inhibition in urological cancers. Eur. Urol. 72, 411-423.

Rikova K., Guo A., Zeng Q., Possemato A., Yu J., Haack H., Nardone
J., Lee K., Reeves C., Li Y., Hu Y., Tan Z., Stokes M., Sullivan L.,
Mitchell J., Wetzel R., Macneill J., Ren J.M., Yuan J., Bakalarski
C.E., Villen J., Kornhauser J.M., Smith B., Li D., Zhou X., Gygi S.P.,
Gu T.-L., Polakiewicz R.D., Rush J. and Comb M.J. (2007). Global
survey of phosphotyrosine signaling identifies oncogenic kinases in
lung cancer. Cell 131, 1190-1203.

349
In situ assays guiding cancer therapy



Rimkunas V.M., Crosby K.E., Li D., Hu Y., Kelly M.E., Gu T.-L., Mack
J.S., Silver M.R., Zhou X. and Haack H. (2012). Analysis of receptor
tyrosine kinase ROS1-positive tumors in non-small cell lung cancer:
identification of a FIG-ROS1 fusion. Clin. Cancer Res. 18, 4449-
4457.

Rimm D.L., Han G., Taube J.M., Yi E.S., Bridge J.A., Flieder D.B.,
Homer R., West W.W., Wu H., Roden A.C., Fujimoto J., Yu H.,
Anders R., Kowalewski A., Rivard C., Rehman J., Batenchuk C.,
Burns V., Hirsch F.R. and Wistuba I.I. (2017). A prospective, multi-
institutional, pathologist-based assessment of 4 immuno-
histochemistry assays for PD-L1 expression in non-small cell lung
cancer. JAMA Oncol. 3, 1051.

Roach C., Zhang N., Corigliano E., Jansson M., Toland G., Ponto G.,
Dolled-Filhart M., Emancipator K., Stanforth D. and Kulangara K.
(2016). Development of a companion diagnostic PD-L1 expression
in non-small cell lung cancerimmunohistochemistry assay for
pembrolizumab therapy in non-small-cell lung cancer. Appl.
Immunohistochem. Mol. Morphol. 24, 392-397.

Robles A.I., Jen J. and Harris C.C. (2016). Clinical outcomes of TP53
mutations in cancers. Cold Spring Harb. Perspect. Med. 6, a026294.

Rodriguez F.J., Thibodeau S.N., Jenkins R.B., Schowalter K. V, Caron
B.L., OʼNeill B.P., David James C., Passe S., Slezak J. and Giannini
C. (2007). MGMT immunohistochemical expression and promoter
methylation in human glioblastoma. Appl. Immunohistochem. Mol.
Morphol. 59-65.

Roskoski R. (2014). The ErbB/HER family of protein-tyrosine kinases
and cancer. Pharmacol. Res. 79, 34-74.

Rudin C.M., Pietanza M.C., Bauer T.M., Ready N., Morgensztern D.,
Glisson B.S., Byers L.A., Johnson M.L., Burris H.A., Robert F., Han
T.H., Bheddah S., Theiss N., Watson S., Mathur D., Vennapusa B.,
Zayed H., Lally S., Strickland D.K., Govindan R., Dylla S.J., Peng
S.L., Spigel D.R. and SCRX16-001 investigators. (2017).
Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conjugate,
in recurrent small-cell lung cancer: a first-in-human, first-in-class,
open-label, phase 1 study. Lancet Oncol. 18, 42-51.

Sabapathy K. and Lane D.P. (2018). Therapeutic targeting of p53: all
mutants are equal, but some mutants are more equal than others.
Nat. Rev. Clin. Oncol. 15, 13-30.

Sabari J.K., Lok B.H., Laird J.H., Poirier J.T. and Rudin C.M. (2017).
Unravelling the biology of SCLC: implications for therapy. Nat. Rev.
Clin. Oncol. 14, 549-561.

Sakamoto K., Nakasone H., Togashi Y., Sakata S., Tsuyama N., Baba
S., Dobashi A., Asaka R., Tsai C.-C., Chuang S.-S., Izutsu K.,
Kanda Y. and Takeuchi K. (2016). ALK-positive large B-cell
lymphoma: identification of EML4-ALK and a review of the literature
focusing on the ALK immunohistochemical staining pattern. Int. J.
Hematol. 103, 399-408.

Salinas-Sánchez A.S., Atienzar-Tobarra M., Lorenzo-Romero J.G.,
Sánchez-Sánchez F., Giménez-Bachs J.M., Donate-Moreno M.J.,
Pastor-Navarro H., Hernández-Millán I., Segura-Martín M. and
Escribano-Martínez J. (2007). Sensitivity and specificity of p53
protein detection by immunohistochemistry in patients with urothelial
bladder carcinoma. Urol. Int. 79, 321-327.

Salles G., de Jong D., Xie W., Rosenwald A., Chhanabhai M., Gaulard
P., Klapper W., Calaminici M., Sander B., Thorns C., Campo E.,
Molina T., Lee A., Pfreundschuh M., Horning S., Lister A., Sehn
L.H., Raemaekers J., Hagenbeek A., Gascoyne R.D. and Weller E.
(2011). Prognostic significance of immunohistochemical biomarkers
in diffuse large B-cell lymphoma: a study from the Lunenburg

Lymphoma Biomarker Consortium. Blood 117, 7070-7078.
Saunders L.R., Bankovich A.J., Anderson W.C., Aujay M.A., Bheddah

S., Black K., Desai R., Escarpe P.A., Hampl J., Laysang A., Liu D.,
Lopez-Molina J., Milton M., Park A., Pysz M.A., Shao H., Slingerland
B., Torgov M., Williams S.A., Foord O., Howard P., Jassem J.,
Badzio A., Czapiewski P., Harpole D.H., Dowlati A., Massion P.P.,
Travis W.D., Pietanza M.C., Poirier J.T., Rudin C.M., Stull R.A. and
Dylla S.J. (2015). A DLL3-targeted antibody-drug conjugate
eradicates high-grade pulmonary neuroendocrine tumor-initiating
cells in vivo. Sci. Transl. Med. 7, 302ra136--302ra136.

Savic S., Bode B., Diebold J., Tosoni I., Barascud A., Baschiera B., Grilli
B., Herzog M., Obermann E. and Bubendorf L. (2013). Detection of
ALK-Positive Non-Small-Cell Lung Cancers on Cytological
Specimens: High Accuracy of Immunocytochemistry with the 5A4
Clone. J. Thorac. Oncol. 8, 1004-1011.

Scheel A.H. and Schäfer S.C. (2018). Current PD-L1 immunohisto-
chemistry for non-small cell lung cancer. J. Thorac. Dis. 10, 1217-
1219.

Schon O., Friedler A., Bycroft M., Freund S.M.V. and Fersht A.R.
(2002). Molecular mechanism of the interaction between MDM2 and
p53. J. Mol. Biol. 323, 491-501.

Schulz-Heddergott R. and Moll U.M. (2018). Gain-of-function (GOF)
mutant p53 as actionable therapeutic target. Cancers (Basel). 10.

Sehgal R., Sheahan K., O’Connell P.R., Hanly A.M., Martin S.T. and
Winter D.C. (2014). Lynch syndrome: An updated review. Genes
(Basel). 5, 497-507.

Selinger C.I., Li B.T., Pavlakis N., Links M., Gill A.J., Lee A., Clarke S.,
Tran T.N., Lum T., Yip P.Y., Horvath L., Yu B., Kohonen-Corish
M.R.J., O’Toole S.A. and Cooper W.A. (2017). Screening for ROS1
gene rearrangements in non-small-cell lung cancers using
immunohistochemistry with FISH confirmation is an effective method
to identify this rare target. Histopathology 70, 402-411.

Sethi S., Haas M., Markowitz G.S., D’Agati V.D., Rennke H.G., Jennette
J.C., Bajema I.M., Alpers C.E., Chang A., Cornell L.D., Cosio F.G.,
Fogo A.B., Glassock R.J., Hariharan S., Kambham N., Lager D.J.,
Leung N., Mengel M., Nath K.A., Roberts I.S., Rovin B.H., Seshan
S. V, Smith R.J.H., Walker P.D., Winearls C.G., Appel G.B.,
Alexander M.P., Cattran D.C., Casado C.A., Cook H.T., De Vriese
A.S., Radhakrishnan J., Racusen L.C., Ronco P. and Fervenza F.C.
(2016). Mayo Clinic/Renal Pathology Society Consensus Report on
Pathologic Classification, Diagnosis, and Reporting of GN. J. Am.
Soc. Nephrol. 27, 1278-1287.

Shabaik A., Lin G., Peterson M., Hasteh F., Tipps A., Datnow B. and
Weidner N. (2011). Reliability of Her2/neu, estrogen receptor, and
progesterone receptor testing by immunohistochemistry on cell block
of FNA and serous effusions from patients with primary and
metastatic breast carcinoma. Diagn. Cytopathol. 39, 328-332.

Shah N., Lin B., Sibenaller Z., Ryken T., Lee H., Yoon J.-G., Rostad S.
and Foltz G. (2011). Comprehensive analysis of MGMT promoter
methylation: Correlation with MGMT expression and clinical
response in GBM. PLoS One 6, e16146.

Sharma P., Retz M., Siefker-Radtke A., Baron A., Necchi A., Bedke J.,
Plimack E.R., Vaena D., Grimm M.-O., Bracarda S., Arranz J.Á., Pal
S., Ohyama C., Saci A., Qu X., Lambert A., Krishnan S., Azrilevich
A. and Galsky M.D. (2017). Nivolumab in metastatic urothelial
carcinoma after platinum therapy (CheckMate 275): a multicentre,
single-arm, phase 2 trial. Lancet Oncol. 18, 312-322.

Sharma S., Salehi F., Scheithauer B.W., Rotondo F., Syro L. V and
Kovacs K. (2009). Role of MGMT in tumor development,

350
In situ assays guiding cancer therapy



progression, diagnosis, treatment and prognosis. Anticancer Res.
29, 3759-3768.

Sharp A., Bhosle J., Abdelraouf F., Popat S., O’Brien M. and Yap T.A.
(2016). Development of molecularly targeted agents and
immunotherapies in small cell lung cancer. Eur. J. Cancer 60, 26-39.

Shaw A.T., Yeap B.Y., Mino-Kenudson M., Digumarthy S.R., Costa
D.B., Heist R.S., Solomon B., Stubbs H., Admane S., McDermott U.,
Settleman J., Kobayashi S., Mark E.J., Rodig S.J., Chirieac L.R.,
Kwak E.L., Lynch T.J. and Iafrate A.J. (2009). Clinical features and
outcome of patients with non-small-cell lung cancer who harbor
EML4-ALK. J. Clin. Oncol. 27, 4247-4253.

Shia J. (2008). Immunohistochemistry versus microsatellite instability
testing for screening colorectal cancer patients at risk for hereditary
nonpolyposis colorectal cancer syndrome. J. Mol. Diagn. 10, 293-
300.

Shia J., Tang L.H., Vakiani E., Guillem J.G., Stadler Z.K., Soslow R.A.,
Katabi N., Weiser M.R., Paty P.B., Temple L.K., Nash G.M., Wong
W.D., Offit K. and Klimstra D.S. (2009). Immunohistochemistry as
first-line screening for detecting colorectal cancer patients at risk for
hereditary nonpolyposis colorectal cancer syndrome. 33, 1639-1645.

Sholl L.M., Sun H., Butaney M., Zhang C., Lee C., Jänne P.A. and
Rodig S.J. (2013). ROS1 Immunohistochemistry for Detection of
ROS1-Rearranged Lung Adenocarcinomas. Am. J. Surg. Pathol. 37,
1441-1449.

Sigismund S., Avanzato D. and Lanzetti L. (2018). Emerging functions
of the EGFR in cancer. Mol. Oncol. 12, 3-20.

Sklirou A., Papanagnou E.-D., Fokialakis N. and Trougakos I.P. (2018).
Cancer chemoprevention via activation of proteostatic modules.
Cancer Lett. 413, 110-121.

Song Z., Zheng Y., Wang X., Su H., Zhang Y. and Song Y. (2017). ALK
and ROS1 rearrangements, coexistence and treatment in epidermal
growth factor receptor-wild type lung adenocarcinoma: a multicenter
study of 732 cases. J. Thorac. Dis. 9, 3919-3926.

Spano J.-P., Lagorce C., Atlan D., Milano G., Domont J., Benamouzig
R., Attar A., Benichou J., Martin A., Morere J.-F., Raphael M.,
Penault-Llorca F., Breau J.-L., Fagard R., Khayat D. and Wind P.
(2005). Impact of EGFR expression on colorectal cancer patient
prognosis and survival. Ann. Oncol. 16, 102-108.

Sternberger L.A., Hardy P.H., Cuculis J.J. and Meyer H.G. (1970). The
unlabeled antibody enzyme method of immunohistochemistry:
preparation and properties of soluble antigen-antibody complex
(horseradish peroxidase-antihorseradish peroxidase) and its use in
identification of spirochetes. J. Histochem. Cytochem. 18, 315-333.

Stupp R., Mason W.P., van den Bent M.J., Weller M., Fisher B.,
Taphoorn M.J.B., Belanger K., Brandes A.A., Marosi C., Bogdahn
U., Curschmann J., Janzer R.C., Ludwin S.K., Gorlia T., Allgeier A.,
Lacombe D., Cairncross J.G., Eisenhauer E. and Mirimanoff R.O.
(2005). Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. N. Engl. J. Med. 352, 987-996.

Subramanian J. and Govindan R. (2013). Molecular profile of lung
cancer in never smokers. EJC Suppl. 11, 248-253.

Sugawara E., Togashi Y., Kuroda N., Sakata S., Hatano S., Asaka R.,
Yuasa T., Yonese J., Kitagawa M., Mano H., Ishikawa Y. and
Takeuchi K. (2012). Identification of anaplastic lymphoma kinase
fusions in renal cancer: Large-scale immunohistochemical screening
by the intercalated antibody-enhanced polymer method. Cancer
118, 4427-4436.

Sun C., Mezzadra R. and Schumacher T.N. (2018). Regulation and
function of the PD-L1 checkpoint. Immunity 48, 434-452.

Suzuki M., Shigematsu H., Hiroshima K., Iizasa T., Nakatani Y., Minna
J.D., Gazdar A.F. and Fujisawa T. (2005). Epidermal growth factor
receptor expression status in lung cancer correlates with its
mutation. Hum. Pathol. 36, 1127-1134.

Takeuchi K., Choi Y.L., Togashi Y., Soda M., Hatano S., Inamura K.,
Takada S., Ueno T., Yamashita Y., Satoh Y., Okumura S.,
Nakagawa K., Ishikawa Y. and Mano H. (2009). KIF5B-ALK, a novel
fusion oncokinase identified by an immunohistochemistry-based
diagnostic system for ALK-positive lung cancer. Clin. Cancer Res.
15, 3143-3149.

Tanboon J., Williams E.A. and Louis D.N. (2016). The diagnostic use of
immunohistochemical surrogates for signature molecular genetic
alterations in gliomas. J. Neuropathol. Exp. Neurol. 75, 4-18.

To K.-F., Tong J.H.M., Yeung K.S.F., Lung R.W.M., Law P.P.Y., Chau
S.L., Kang W., Tong C.Y.K., Chow C., Chan A.W.H., Leung L.K.S.
and Mok T.S.K. (2013). Detection of ALK rearrangement by
immunohistochemistry in lung adenocarcinoma and the identification
of a novel EML4-ALK variant. J. Thorac. Oncol. 8, 883-891.

Tong C.W.S., Wu M., Cho W.C.S. and To K.K.W. (2018). Recent
advances in the treatment of breast cancer. Front. Oncol. 8, 227.

Travis W.D., Brambilla E., Noguchi M., Nicholson A.G., Geisinger K.R.,
Yatabe Y., Beer D.G., Powell C.A., Riely G.J., Van Schil P.E., Garg
K., Austin J.H.M., Asamura H., Rusch V.W., Hirsch F.R., Scagliotti
G., Mitsudomi T., Huber R.M., Ishikawa Y., Jett J., Sanchez-
Cespedes M., Sculier J.-P., Takahashi T., Tsuboi M., Vansteenkiste
J., Wistuba I., Yang P.-C., Aberle D., Brambilla C., Flieder D.,
Franklin W., Gazdar A., Gould M., Hasleton P., Henderson D.,
Johnson B., Johnson D., Kerr K., Kuriyama K., Lee J.S., Miller V.A.,
Petersen I., Roggli V., Rosell R., Saijo N., Thunnissen E., Tsao M.
and Yankelewitz D. (2011). International Association for the Study of
Lung Cancer/American Thoracic Society/European Respiratory
Society International Multidisciplinary Classification of Lung
Adenocarcinoma. J. Thorac. Oncol. 6, 244-285.

Trigg R.M. and Turner S.D. (2018). ALK in neuroblastoma: Biological
and therapeutic implications. Cancers (Basel). 10, 113.

Tsao A.S., Tang X.M., Sabloff B., Xiao L., Shigematsu H., Roth J., Spitz
M., Hong W.K., Gazdar A. and Wistuba I. (2006). Clinicopathologic
characteristics of the EGFR gene mutation in non-small cell lung
cancer. J. Thorac. Oncol. 1, 231-239.

Tumeh P.C., Harview C.L., Yearley J.H., Shintaku I.P., Taylor E.J.M.,
Robert L., Chmielowski B., Spasic M., Henry G., Ciobanu V., West
A.N., Carmona M., Kivork C., Seja E., Cherry G., Gutierrez A.J.,
Grogan T.R., Mateus C., Tomasic G., Glaspy J.A., Emerson R.O.,
Robins H., Pierce R.H., Elashoff D.A., Robert C. and Ribas A.
(2014). PD-1 blockade induces responses by inhibiting adaptive
immune resistance. Nature 515, 568-571.

Uguen A. and De Braekeleer M. (2016). ROS1 fusions in cancer: a
review. Futur. Oncol. 12, 1911-1928.

Veuthey T. (2014). Dyes and stains: From molecular structure to
histological application. Front. Biosci. 19, 91.

Viola P., Maurya M., Croud J., Gazdova J., Suleman N., Lim E.,
Newsom-Davis T., Plowman N., Rice A., Montero M.A., Gonzalez de
Castro D., Popat S. and Nicholson A.G. (2016). A validation study
for the use of ROS1 immunohistochemical staining in screening for
ROS1 translocations in lung cancer. J. Thorac. Oncol. 11, 1029-
1039.

Vohra P., Buelow B., Chen Y.-Y., Serrano M., Vohra M.S., Berry A. and
Ljung B.-M. (2016). Estrogen receptor, progesterone receptor, and
human epidermal growth factor receptor 2 expression in breast

351
In situ assays guiding cancer therapy



cancer FNA cell blocks and paired histologic specimens: A large
retrospective study. Cancer Cytopathol. 124, 828-835.

von Laffert M., Warth A., Penzel R., Schirmacher P., Kerr K.M.,
Elmberger G., Schildhaus H.-U., Büttner R., Lopez-Rios F., Reu S.,
Kirchner T., Pauwels P., Specht K., Drecoll E., Höfler H., Aust D.,
Baretton G., Bubendorf L., Stallmann S., Fisseler-Eckhoff A.,
Soltermann A., Tischler V., Moch H., Penault-Llorca F., Hager H.,
Schäper F., Lenze D., Hummel M. and Dietel M. (2014). Multicenter
immunohistochemical ALK-testing of non-small-cell lung cancer
shows high concordance after harmonization of techniques and
interpretation criteria. J. Thorac. Oncol. 9, 1685-1692.

Wang C., Thudium K.B., Han M., Wang X.-T., Huang H., Feingersh D.,
Garcia C., Wu Y., Kuhne M., Srinivasan M., Singh S., Wong S.,
Garner N., Leblanc H., Bunch R.T., Blanset D., Selby M.J. and
Korman A.J. (2014). In vitro characterization of the anti-PD-1
antibody nivolumab, BMS-936558, and in vivo toxicology in non-
human primates. Cancer Immunol. Res. 2, 846-856.

Wang J., Wang Z., Zhao J., Wang G., Zhang F., Zhang Z., Zhang F.,
Zhang Y., Dong H., Zhao X., Duan J., BAI H., Tian Y., Wan R., Han
M., Cao Y., Xiong L., Liu L., Wang S., Cai S. and Mok T.S.K. (2018).
Co-mutations in DNA damage response pathways serve as potential
biomarkers for immune checkpoint blockade. Cancer Res.
canres.1814.2018.

Warpman Berglund U., Sanjiv K., Gad H., Kalderén C., Koolmeister T.,
Pham T., Gokturk C., Jafari R., Maddalo G., Seashore-Ludlow B.,
Chernobrovkin A., Manoilov A., Pateras I.S., Rasti A., Jemth A.-S.,
Almlöf I., Loseva O., Visnes T., Einarsdottir B.O., Gaugaz F.Z.,
Saleh A., Platzack B., Wallner O.A., Vallin K.S.A., Henriksson M.,
Wakchaure P., Borhade S., Herr P., Kallberg Y., Baranczewski P.,
Homan E.J., Wiita E., Nagpal V., Meijer T., Schipper N., Rudd S.G.,
Bräutigam L., Lindqvist A., Filppula A., Lee T.-C., Artursson P.,
Nilsson J.A., Gorgoulis V.G., Lehtiö J., Zubarev R.A., Scobie M. and
Helleday T. (2016). Validation and development of MTH1 inhibitors
for treatment of cancer. Ann. Oncol. 27, 2275-2283.

Wei B., Ren P., Zhang C., Wang Z., Dong B., Yang K., Zhao J., Tu S.,
Ma J. and Guo Y. (2017). Characterization of common and rare
mutations in EGFR and associated clinicopathological features in a
large population of Chinese patients with lung cancer. Pathol. Res.
Pract. 213, 749-758.

Weller M., van den Bent M., Tonn J.C., Stupp R., Preusser M., Cohen-
Jonathan-Moyal E., Henriksson R., Le Rhun E., Balana C., Chinot
O., Bendszus M., Reijneveld J.C., Dhermain F., French P., Marosi
C., Watts C., Oberg I., Pilkington G., Baumert B.G., Taphoorn
M.J.B., Hegi M., Westphal M., Reifenberger G., Soffietti R., Wick W.
and European Association for Neuro-Oncology (EANO) Task Force
on Gliomas. (2017). European Association for Neuro-Oncology
(EANO) guideline on the diagnosis and treatment of adult astrocytic

and oligodendroglial gliomas. Lancet Oncol. 18, e315-e329.
Wheeler J.M.D. (2000). The role of hypermethylation of the hMLH1

promoter region in HNPCC versus MSI+ sporadic colorectal
cancers. J. Med. Genet. 37, 588-592.

Wheeler J.M.D. (2005). Epigenetics, mismatch repair genes and
colorectal cancer. Ann. R. Coll. Surg. Engl. 87, 15-20.

Wick W., Osswald M., Wick A. and Winkler F. (2018). Treatment of
glioblastoma in adults. Ther. Adv. Neurol. Disord. 11,
1756286418790452.

Wick W., Weller M., van den Bent M., Sanson M., Weiler M., von
Deimling A., Plass C., Hegi M., Platten M. and Reifenberger G.
(2014). MGMT testing--the challenges for biomarker-based glioma
treatment. Nat. Rev. Neurol. 10, 372-385.

Wolff A.C., Hammond M.E.H., Hicks D.G., Dowsett M., McShane L.M.,
Allison K.H., Allred D.C., Bartlett J.M.S., Bilous M., Fitzgibbons P.,
Hanna W., Jenkins R.B., Mangu P.B., Paik S., Perez E.A., Press
M.F., Spears P.A., Vance G.H., Viale G. and Hayes D.F. (2013).
Recommendations for human epidermal growth factor receptor 2
testing in breast cancer: American Society of Clinical
Oncology/College of American Pathologists Clinical Practice
Guideline Update. J. Clin. Oncol. 31, 3997-4013.

Wynes M.W., Sholl L.M., Dietel M., Schuuring E., Tsao M.S., Yatabe Y.,
Tubbs R.R. and Hirsch F.R. (2014). An international interpretation
study using the ALK IHC antibody D5F3 and a sensitive detection kit
demonstrates high concordance between ALK IHC and ALK FISH
and between evaluators. J. Thorac. Oncol. 9, 631-638.

Yoshida A., Tsuta K., Wakai S., Arai Y., Asamura H., Shibata T., Furuta
K., Kohno T. and Kushima R. (2014). Immunohistochemical
detection of ROS1 is useful for identifying ROS1 rearrangements in
lung cancers. Mod. Pathol. 27, 711-720.

Yue X., Zhao Y., Xu Y., Zheng M., Feng Z. and Hu W. (2017). Mutant
p53 in cancer: Accumulation, gain-of-function, and therapy. J. Mol.
Biol. 429, 1595-1606.

Zeng Y. and Feldman A.L. (2016). Genetics of anaplastic large cell
lymphoma. Leuk. Lymphoma 57, 21-27.

Zito Marino F., Rossi G., Brunelli M., Malzone M.G., Liguori G., Bogina
G., Morabito A., Rocco G., Franco R. and Botti G. (2017). Diagnosis
of anaplastic lymphoma kinase rearrangement in cytological
samples through a fluorescence in situ hybridization-based assay:
Cytological smears versus cell blocks. Cancer Cytopathol. 125, 303-
312.

Zwaenepoel K., Van Dongen A., Lambin S., Weyn C. and Pauwels P.
(2014). Detection of ALK expression in non-small-cell lung cancer
with ALK gene rearrangements--comparison of multiple
immunohistochemical methods. Histopathology 65, 539-548.

Accepted November 27, 2018

352
In situ assays guiding cancer therapy


