17 Debate: Whither Haematoxylin
and Eosin?

SETTING THE SCENE

The technical advances of the past 30 years and the burgeoning scope of molecular and genetic
analyses have been predicted by some to be the harbingers of the demise of pathology as a diag-
nostic discipline. It has been suggested that the traditional heamotoxylin and eosin stained prepa-
ration interpreted and considered by a histopathologist using a light microscope will be replaced
in short order by molecular analyses and perhaps by automated and robotic procedures.

At the beginning of the second century of The Pathological Society we have challenged a lead-
ing molecular pathologist to argue the case that H&E will be replaced by ‘chips’. Nick Lemoine
has advanced this thesis with his sub-heading Microarrays are the way: adding value to pre-
cious tissue in the molecular era. This proposition has been rebutted by Jason Hornick and Chris
Fletcher from the more traditional camp of diagnostic (or surgical) pathologists. They have re-
sponded to the progressive molecular view with the response that H&E will hold sway! and the
sub-heading of The invaluable role of morphology in the molecular era. The reader will have their
own view and the future will indicate where the truth lies!

The Editors






H&E Will Be Replaced by ‘Chips’

Microarrays Are the Way: Adding Value to
Precious Tissue in the Molecular Era

Nick R. Lemoine

INTRODUCTION: MODERNISE OR DIE!

Since the founding father of the science of histopathology, Francois-Xavier Bichat, worked
throughout his career without a microscope 200 years ago, perhaps we can consider the subse-
quent focus on cells and microscopy introduced by Rudolf Virchow to be but a passing phase in
the evolution of the specialty. Maybe we can now at last join the molecular revolution and move
on to a new era where pathologists become central rather than peripheral to patient management,
and proactive rather than reactive to scientific and clinical developments.

Medicine is generally a conservative profession, and many believe histopathology to be among
the most conservative of its specialties. This might hold some superficial attractions in the rapidly
changing world of healthcare: investigative fashions may come and go but clinicians have con-
tinued to recognise the gold standard of ‘30 years of experience and an H&E’ when it comes to
diagnostics for treatment decisions. However, healthcare professionals — and perhaps more impor-
tantly, patients — are now more informed than ever about the potential for individualised therapy,
and managers are examining more closely the cost—benefit issue of the laboratory services. If the
right information cannot be delivered from a pathology service to make resource-critical decisions
on a patient’s treatment pathway, then the resource will be withdrawn and invested elsewhere. It is
absolutely critical that pathologists are forewarned with the right intelligence and armed with the
right tools as the molecular revolution sweeps through the practice of medicine.

It is crucial that molecular pathology is recognised and encouraged as a specialty if we are to
contribute to progress. The shift in thinking represented by systems biology means that we must
have the expertise to analyse biological complexity and exploit it in predictive, preventive and
personalised medicine. The profession must modernise or die.

APPLICABILITY IN CLINICAL PRACTICE

A criticism frequently levelled at the use of molecular approaches in the analysis of clinical ma-
terial is that tissue handling, transport and storage all make a significant impact on gene and
protein profiles independent of the disease process under study. Indeed, when healthy and malig-
nant colon tissue samples were snap-frozen at various time points after colon resection, and gene
and protein expression were determined by the two common platform technologies (Affymetrix
microarray HG-U133A chips and surface-enhanced laser desorption/ionisation time-of-flight
mass spectrometry (SELDI-ToF-MS), respectively) changes in profiles were already observed
5-8 min after colon resection (Spruessel et al., 2004). Fifteen minutes after surgery, 10-15%
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(and, after 30 min, 20%) of all detectable genes and proteins differed significantly from the base-
line values. Studies such as this have meant that control of these variables has become mandatory
to obtain reliable data in screening programmes for molecular targets and diagnostic molecular
patterns.

However, many of the same criticisms over the handling and storage of tissue samples apply
equally to technologies that the classical histopathogist now regards as part of his standard armen-
tarium, such as immunohistochemistry. A long delay between cutting the sections and immuno-
histochemical staining can decrease the immunohistochemical reaction intensity, as revealed in
a recent study of the influence of slide age on the results of IHC analyses for oestrogen receptor
(ER), progesterone receptor (PR), cyclin D1, HER?2 (HercepTest) and E-cadherin (Mirlacher et al.,
2004). The frequency of positivity on old sections (stored for 6 months at 4 °C) compared to freshly
cut sections decreased from 65 to 46% for ER (P < 0.0001), from 33 to 18.5% for PR (P < 0.0001),
from 16.3 to 9.6% for HER2 (P =0.0047), from 45.1 to 37.7% for cyclin D1 (P =0.10) and from
58.9 to 32.9% for E-cadherin (P <0.0001). Hence both classical and molecular pathologists need
to take care of their tissues if they are to have confidence in their outcomes.

More reassuringly, a recent study evaluated the validity of assessing gene expression in cervi-
cal tissues acquired in a clinical setting, investigating whether standard procedures such as the
application of acetic acid and/or Lugol’s iodine, employed for the visualisation of colposcopically
directed biopsies, altered patterns in oligonucleotide array analysis (Wang et al., 2005). Microar-
ray profiles were compared in tissues from six women, each with three adjacent samples removed
from benign hysterectomy specimens and either immediately frozen or had acetic acid only or
both acetic acid and Lugol’s iodine applied. They found that standard precolposcopic procedures
do not substantially affect the overall gene expression patterns in the normal cervix.

As clinical practice moves ever further towards minimally invasive diagnostic procedures, it
is important to note that it is feasible to generate gene expression profiles from both fine-needle
aspirates and core needle biopsies that yield (from breast cancers, for instance) an average of
1-2 ug of total RNA (Assersohn et al., 2002; Ellis et al., 2002; Sotiriou et al., 2002; Pusztai et al.,
2003; Symmans et al., 2003). The rate of successful profiling is around 70-80% with both biopsy
methods, and the gene expression profiles obtained from matching fine-needle aspirates and core
needle biopsies of the same tumour are similar (Symmans et al., 2003). At least one commercial
laboratory in the USA already offers comprehensive gene expression profiling of formalin-fixed,
paraffin-embedded human cancer tissues, although currently for research purposes only (US Lab-
oratories, Irvine, CA).

MOLECULAR DIAGNOSIS OF TUMOURS OF UNKNOWN
PRIMARY SITE

Although classical histopathology is well equipped to make the diagnosis of malignancies in their
primary site or typical metastatic locations, it is less powerful for the identification of tumours
of unknown primary site and because such cases make up perhaps 5% of new cancer presenta-
tions (Briasoulis and Pavlidis, 1997) this is a significant limitation to practice. These neoplasms
(often adenocarcinoma) represent a clinically diverse group, typically presenting with moderately
to poorly differentiated tumours involving multiple organs, including liver, bone, lung, lymph
nodes, pleura and brain (Le Chevalier ef al., 1988). Such a diagnosis may be a potential source of
financial frustration for the patient because in the USA Medicare and many private insurers will
not pay their drug costs because the diagnosis of ‘unknown primary site’ is not listed in the indi-
cations for various drugs in the United States Pharmacopeia Dispensing Information (Reynolds,
1998). Tumours of unknown primary site also cause much clinical frustration, because patients
with such disease represent a disproportionate fraction of cancer deaths due to their poor median
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survival, which is typically a matter of months (Abbruzzese et al., 1995). This is unsatisfactory
in today’s world because treatments are becoming increasingly specific, with approaches varying
significantly depending on the cellular origin (and molecular subtype) of the cancer. With recent
advances in chemotherapy, specific regimens have led to improvements in survival and quality of
life even for tumour types that traditionally have been regarded as relatively chemoresistant, such
as pancreatic and non-small-cell lung cancers.

Gene expression profiling could be an important tool to identify the site of origin of these
malignancies, and indeed several studies have shown that it is possible to identify correctly meta-
static tumours from known primary carcinoma using this approach (Ramaswamy et al., 2001;
Su et al.,2001; Bloom et al., 2004), although until recently no study had benchmarked the efficacy
of such tests for predicting the site of origin of tumours against clinical diagnostic variables. Now
a highly accurate multiclass classifier designed for clinical application to tumours of unknown
primary has been reported (Tothill ez al., 2005). A large and comprehensive data set of gene
expression was obtained from microarray analysis of 229 tumour samples, representing 14 com-
mon sites of origin in the differential diagnosis of tumours of unknown primary site. A single
c¢DNA microarray platform was used to profile 229 primary and metastatic tumours representing
14 tumour types and multiple histological subtypes (which addresses the confounding issue of
molecular heterogeneity of specific tumour classes). This data set was subsequently used for train-
ing and validation of a support vector machine (SVM) classifier that demonstrated 89% accuracy
using a 13-class model.

Of course an objection raised to the application of expression profiling in clinical practice is
that microarray analysis typically requires as a substrate fresh-frozen tissue harvested and stored
in pristine condition. However, a number of studies have shown that accurate classification of mul-
tiple cancer types can be made using a reduced number of genes — hundreds rather than thousands
(Su et al., 2001; Giordano et al., 2001; Shedden et al., 2003; Bloom et al., 2004). Hence a classifi-
cation could be achieved using cheaper, faster and more robust platforms for quantifying gene ex-
pression, such as quantitative polymerase chain reaction (PCR), and already several studies have
demonstrated that expression analysis from fixed material using quantitative PCR is perfectly fea-
sible (Specht et al., 2001; Abrahamsen et al., 2003; Cronin et al., 2004). Generating low-density
quantitative-PCR arrays or using multiplex reactions therefore offers an attractive alternative to
standard high-density microarrays for eventual clinical application in a conventional pathology
laboratory using formalin-fixed, paraffin-embedded material. Tothill and colleagues selected 79
optimal gene markers and achieved the translation of a five-class classifier to a quantitative-PCR
low-density array, allowing the assay of both fresh-frozen and formalin-fixed, paraffin-embedded
tissue. Data generated using both quantitative PCR and microarray were subsequently used to train
and validate a cross-platform support vector machine model with high prediction accuracy, and on
prospective application to a test series the classifiers were capable of making high-confidence pre-
dictions in 11 of 13 cases of tumour of unknown primary site. Importantly, Tothill et al. emphasise
that it is likely that there will be cost savings from the application of such a molecular genomics
test because it will enable more directed clinical evaluation of patients. The average cost for diag-
nostic evaluation of patients with a tumour of unknown primary site at a major US cancer centre
was estimated at $18 000 when a large series was considered (Schapira and Jarrett, 1995), whereas
a test similar to that described here is likely to cost under $1000 (Tothill ez al., 2005).

BIOLOGICAL INSIGHT INTO CONTROVERSIAL
TUMOUR ENTITIES

There are some areas of oncology where classical light microscopy has probably gone as far as it
is ever likely to go and the classification of sarcomas is a good example (as even the protagonists
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for the survival of the H&E might concede). For instance, the malignant fibrous histiocytoma was
for some decades regarded as the most common soft-tissue sarcoma of adult life, but almost from
its first description in the early 1960s controversy has raged over its histogenesis and its validity as
a clinicopathological entity (indeed the latest World Health Organization classification no longer
includes malignant fibrous histiocytoma as a distinct diagnostic category but rather as subtypes
of an undifferentiated pleomorphic sarcoma). Similar, if less incandescent, arguments break out
over other entities in the sarcoma spectrum and some order needs to be established for clinical
practice to advance.

Perhaps because it is such a fertile hunting ground for those determined to classify objectively on
grounds other than individual, subjective opinion on morphology, microarray technology has been
applied extensively in the analysis of sarcomas (Allander et al., 2001; Nielsen et al., 2002; Segal
et al., 2003). Some of the most interesting reports have described expression profiles associated
with poor clinical outcome in leiomyosarcoma (Lee et al., 2004) and Ewing’s sarcoma (Ohali e? al.,
2004), and novel biomarkers in dermatofibrosarcoma protuberans (West et al., 2004) and clear cell
sarcoma (Schaefer et al., 2004). Recently, a comprehensive study examined 181 tumors represent-
ing 16 classes of human bone and soft-tissue sarcomas on a 12 601-feature cDNA microarray (Baird
et al., 2005). A set of 2766 probes differentially expressed across this sample panel clearly delin-
eated the various tumour classes. Many genes previously associated with specific tumour types were
among those most highly weighted (for example: the muscle markers MYLK, CNNI and ACTG?2 in
leiomyosarcoma; KIT in gastrointestinal stromal tumours; SSX/ in synovial sarcoma; and PDGFB
in dermatofibrosarcoma protuberans), but each group was also associated with a highly informative
list of other associated genes, including numerous genes not previously associated with sarcoma.

The group of tumours pathologically classified as malignant fibrous histiocytomas proved to
be a rather complex group at the molecular level. On unsupervised clustering of the microarray
data, the majority of malignant fibrous histiocytoma tumours co-clustered with the more poorly
differentiated tumours, forming a large branch that included dedifferentiated and pleomorphic
liposarcomas, malignant peripheral nerve sheath tumours and the sarcomas that are not otherwise
specified. Interestingly, the most closely adjacent branch on the unsupervised clustering dendro-
gram contained the leiomyosarcomas.

Unsupervised hierarchical cluster analysis of the malignant fibrous histiocytoma tumors iden-
tified two groups of nearly equal proportions. The group of genes associated with the first group
carried a muscle profile with the genes myosin X, sarcoglycan B and tenascin C among the ten
genes, with the most significant differences in expression. In contrast, the second group of tumours
was characterized by a cluster of immune regulatory genes, with HEM1, MX1, DAP10, PLCG2 and
FOLR3 constituting the five most highly weighted genes. The distinction of malignant fibrous
histiocytoma with myogenic differentiation versus inflammatory characteristics could prove clini-
cally significant. Certainly it is known that the presence of myogenic differentiation in malignant
fibrous histiocytoma and undifferentiated sarcomas correlates with a poor prognosis (Fletcher
et al., 2001), although the prevalence of such differentiation is approximately 30% on classical
histological criteria rather than 50% on molecular profiling. Quite what the significance is of the
inflammatory signature needs more investigation, because classical histopathologists recognise an
inflammatory-type malignant fibrous histiocytoma only rarely. However, an inflammatory profile
is correlated with good prognosis in other malignancies (Lotze and Rees, 2004), such as colorec-
tal cancer with microsatellite instability (Banerjea et al., 2004) and follicular lymphoma (Fujii
et al., 2005), which is considered in more detail below.

A really significant advantage that large-scale molecular analysis such as this offers over simple
histopathological descriptions is the facility for other investigators to mine the data and build their
own hypotheses to test in other clinical series or model systems. The complete raw data from the
study are available through the Gene Expression Omnibus (GEO) data repository (GEO accession
number GSE2553) and the expression profiles of the 7788 probes of highest quality from the gene
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expression array can be viewed at http://watson.nhgri.nih.gov/sarcoma/. Similar facilities now
exist for many different tumour panels, and the future entry of clinical trial series will increase
the value of such resources.

LYMPHOMA - THE EXEMPLAR OF MOLECULAR
PROGNOSTICATION

Follicular lymphoma is a disease with marked clinical heterogeneity in which some patients un-
dergo rapid transformation to aggressive lymphoma and die, whereas others survive for years
with indolent disease. Reliable prognostic markers have not been established to guide therapy
and it is well recognised that pathological grading is highly subjective and the clinically based
International Prognostic Index identifies relatively few high-risk patients (Decaudin et al., 1999).
Significantly, it was in this disease that expression profiling had its first high-profile successes in
prognostication (Dave et al., 2004; Glas et al., 2005), and highlighted the critical impact of the
cytokine milieu in the lymphoma microenvironment (Fujii et al., 2005).

More recently, follicular lymphoma has been the exemplar for the identification of biologically
relevant differences in protein expression using reverse-phase protein microarrays (Gulmann
et al.,2005). By using reverse-phase protein microarrays and antibodies to proteins in the intrinsic
apoptotic pathway, it was shown that high ratios of Bcl-2/Bak and Bcl-2/Bax were associated with
early death from disease, with differences in median survival times of 7.3 years (P = 0.0085) and
3.8 years (P = 0.018), respectively. Such data are powerful arguments to incorporate proteomic
endpoints in clinical trial protocols to validate fully their clinical utility.

A CLASSIC EXAMPLE: DUKES’ STAGING ONLY TAKES US PART
OF THE WAY - MOLECULAR PROFILING IS NEEDED
TO COMPLETE THE JOURNEY

One of the best examples of how classical histopathology can be exploited to guide clinical prac-
tice is Dukes’ staging of colorectal cancer, which has long been the gold standard for prognostica-
tion and treatment decisions. However, considerable variability exists in the long-term survival of
patients within each class. Notably, around 50% of Dukes’ C patients will have disease recurrence
and die as a result of their disease after surgery with curative intent, whereas the other half are
surgically cured, and it has not been possible by histopathological means to distinguish between
these two subgroups of patients. The advent of routine adjuvant treatment for these patients over
the last decade has significantly improved the survival of 10-20% of these patients, but at the cost
of overtreating those who are already surgically cured. Hence, although classical histopathol-
ogy has served us well, it has reached the limit of its power in this group and more sophisticated
stratification is needed.

A recent study used high-density oligonucleotide microarray analysis to identify profiles of
expression in tumours from Dukes’ C patients who had surgery as the only form of treatment
(Arango et al., 2005). A total of 218 genes showed a significant difference in expression in tumours
from patients with good and bad outcomes. Microarray-based expression profiling outperformed
other genetic markers previously investigated, such as TP53 and K-RAS status or allelic imbal-
ance in chromosome 18q. One of the genes with the most significantly reduced expression in
tumours from patients with bad prognosis compared with tumours from good-prognosis patients
was the RAS homologue gene RHOA. Using immunohistochemistry and a tissue microarray, the
level of expression of RHOA was assessed in an independent set of 137 formalin-fixed, paraffin-
embedded tumour samples from Dukes’ C patients. Patients with low RHOA levels in the tumour
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had significantly worse overall (P = 0.03) and disease-free (P = 0.01) survival compared with
patients whose tumours had high RHOA protein levels. Interestingly, shorter survival of patients
with low RHOA tumour protein levels could also be observed in those patients who received
5-fluorouracil-based adjuvant chemotherapy. Therefore, RHOA could be used to identify a subset
of patients with a higher probability of recurrence and for whom a more aggressive treatment may
be justified. Although adjuvant treatment with 5-fluorouracil has become the standard treatment
of Dukes’ C colorectal cancer, effective alternatives exist in irinotecan and oxaliplatin. Reduced
RHOA levels could therefore identify a group of patients who could benefit from combined treat-
ment with 5-fluorouracil and CPT-11 and/or oxaliplatin.

TREATMENT INDIVIDUALISATION BY MOLECULAR PROFILING

Two subgroups of patients do not get any benefit from adjuvant chemotherapy: the first one com-
prises patients who are already cured by locoregional treatment alone (as exemplified in the
Dukes’ C group reviewed above), and the second one is represented by patients who do not profit
from adjuvant chemotherapy because of resistance to the regimens employed. There are two ways
in which we can improve the cost—benefit issue of this treatment strategy: one is to improve the
sensitivity of prognostic factors to be able to select a specific group with a good signature that does
not need adjuvant treatment; the second is to identify predictive factors that may help us to select
the optimal therapeutic strategy or the optimal regimen or drug for individual patients.

When chemotherapy is administered preoperatively to women with breast cancer, a complete
and partial response rate assessed clinically exceeding 70% is achieved with many regimens.
However, a lower percentage ranging from about 5% to 38% of patients achieve tumour eradi-
cation when response is assessed by careful pathological examination of the surgical specimen
after chemotherapy (Bonadonna et al., 1998; Fisher et al., 1998; Smith et al., 2002; Kaufmann
et al., 2003). Several studies have shown that, together with nodal status at surgery, pathological
complete response is the most significant independent variable associated with the likelihood of
benefit as measured by disease-free and overall survival. In principle, diagnostic tests that predict,
before administration of neoadjuvant therapy, which patients are going to experience Pathological
complete response will identify patients who are likely to benefit from treatment and will also
identify individuals with low or no likelihood of benefit, sparing them the toxicity of an inactive
treatment and allowing earlier application of alternative approaches. Successful prediction of a
durable benefit of chemotherapy using routinely obtained fixed tumour tissue would make pos-
sible and widely applicable the tailoring of toxic chemotherapy to individual patients. The identi-
fication of a predictive multivariate marker from microarray expression data involves three main
steps: invariant genes must be filtered from the data set to prevent noise obscuring true biological
associations, and the remaining genes of interest are ranked by their strength of association with
the outcome; a model is identified that can predict outcome using the gene expression values as
input to a mathematical formula; and a prediction rule is defined that categorises the output from
the model into clinically defined classes using cut-off points.

Expression of 250 candidate genes in tumour tissues from a total of 447 patients identified a
21-gene panel and a Recurrence Score (RS) algorithm. The RS was clinically validated to quan-
tify the risk of distant recurrence in 668 women with ER-positive, node-negative breast tumours
treated with adjuvant tamoxifen in a clinical trial conducted in the USA as the National Surgical
Adjuvant Breast and Bowel Project (Paik et al., 2004). The expression of 384 genes, including the
RS panel of 21 genes, was similarly quantified in fixed diagnostic biopsy specimens of women
with locally advanced breast cancer who were treated with chemotherapy before surgery (Gianni
et al.,2005). The 86 candidate genes that were significantly correlated with pathological complete
response in this cohort of patients were then tested for their correlation with pathological complete
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response in a separate cohort of 82 patients treated with similar neoadjuvant chemotherapy whose
tumour tissue was profiled by DNA microarrays. The predictive genes included three particularly
prominent co-expression clusters. Pathological complete response correlated, as expected, with
higher expression of genes regulating proliferation (e.g., CDC20, E2F1, MYBL2 and TOPO2A)
and lower expression of genes related to expression of the ER (e.g., ER, PR, SCUBE2 and GATA3).
The third cluster predicting pathological complete response comprised a group of upregulated
genes associated with immune response (e.g., MCP1, CD68, CTSB, CDI8, ILT-2, CD3z, FasL and
HLA.DPBI) and hence it is possible that the pretreatment host response may enhance the ability
of chemotherapy to eliminate cancer cells.

Validation of the recurrence score will require a randomised phase III study such as that
being planned by the US Intergroup Program for the Assessment of Clinical Cancer Tests. A
large randomised multinational trial (Microarray In Node-negative Disease may Avoid Chemo
Therapy, MINDACT) will compare the information obtained with genomic profiling and the clas-
sical clinicopathological index (St Gallen classification); the objective is to allow women not to be
treated with adjuvant chemotherapy if their genomic signature is ‘good’. Another trial (EORTC
10994) is being conducted to investigate whether, in patients with p53-mutated tumours, neoad-
juvant chemotherapy with docetaxel is more efficient than an anthracycline-containing regimen
(a supplementary study will evaluate gene profiles in each group). This type of treatment response
prediction may be more broadly applicable: expression profiling of pancreatic cancer cells with
differential resistance to gemcitabine has revealed that analysis of as few as six genes (among
which downregulated TNFSF6 — also known as Fas ligand — BNIP3 and AKT may be the most
informative combination) may allow the development of an algorithm for stratification of patients
before treatment (Akada et al., 2005; Nakai et al., 2005). This is now being tested as part of
large-scale prospective clinical trials in which the construction of tissue microarrays is an integral
component of protocol design.

An important outcome of the confirmatory trials will be to determine whether the new pre-
dictors of response are specific for particular chemotherapy regimens, or whether they predict
response to any cytotoxic treatment. To be most useful clinically, a pharmacogenomic predic-
tor would need to be regimen-specific and a portfolio of such predictors developed for assisting
decision points in the treatment pathway of individual patients. Multigene predictors using pre-
diction scores and machine-learning algorithms have several features distinct from traditional
single (gene) markers. The number of genes (as well as the individual sequences) included in the
prediction model can change over time as more data become available, allowing the introduction
of a series of sequential predictors with increasing predictive accuracy. Different mathematical
methods and alternative combinations of genes could yield a number of different predictors with
similar performance. The profiling methods that will be used routinely in the clinic are not yet
clear. Limited profiling using real-time reverse-transcription (RT)-PCR or small custom arrays
that measure only the genes that contribute to a prognostic predictive signature are already com-
mercially available (OncotypeDX®, Genomic Health, Inc, Redwood City CA; MammaPrint®,
Agendia, Amsterdam, The Netherlands). Similar products for chemotherapy prediction could
soon appear on the market soon after completion of the ongoing validation studies. External vali-
dation will entail the use of any molecular test in different laboratories to show that the methods
are reproducible and widely applicable to tissue in routine clinical practice.

HAS MICROARRAY TECHNOLOGY IDENTIFIED A UNIVERSAL
DEATH-FROM-CANCER SIGNATURE?

A highly provocative report has suggested recently that a ‘death-from-cancer’ gene expression
signature may be identifiable in tumour biopsies at the time of presentation, and this represents
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dominance of a stem cell population in the malignancy (Glinsky, 2005; Glinsky et al., 2005).
The hypothesis is that activation in transformed cells of normal stem cells’ self-renewal pathways
might contribute to the survival of cancer stem cells and promote tumour progression. The gene
expression pathway driven by the BMI-1 oncogene is essential for the self-renewal of haemato-
poietic and neural stem cells, and now it appears that it may be a critical determinant in cancer
cell fate. A mouse/human comparative translational genomics approach was used to identify an
11-gene (GBX2, K167, CCNBI, BUBI, KNTC2, USP22, HCFCI, RNF2, ANK3, FGFR2, CESI) sig-
nature that consistently displays a stem-cell-resembling (BMI-1-driven) expression profile in dis-
tant metastatic lesions, as revealed by the analysis of metastases and primary tumours from cancer
patients. The 11-gene set comprises two groups: those in which elevated expression levels are asso-
ciated with stem cell-ness and a poor prognosis (Ki67, CCNBI, GBX2, BUBI, KNTC2, USP22 and
RNF2, in descending order of strength of association), and those for which decreased expression
levels are associated with stem cell-ness and a good prognosis (CESI, FGFR2 and ANK3).

The prognostic power of the 11-gene signature was validated in several independent therapy-
outcome sets of clinical samples obtained from 1153 cancer patients diagnosed with 11 different
types of cancer, including five common epithelial malignancies (prostate, breast, lung, ovarian
and bladder cancers) and five non-epithelial malignancies (lymphoma, mesothelioma, medul-
loblastoma, glioma and acute myeloid leukaemia). Kaplan-Meier analysis demonstrated that a
stem cell-like expression profile of the 11-gene signature in primary tumours is a consistently
powerful predictor of a short interval to disease recurrence, distant metastasis and death after
therapy in cancer patients diagnosed with any of these distinct types of cancer. These data suggest
the presence of a conserved BMI-1-driven pathway, which is similarly engaged in both normal
stem cells and a highly malignant subset of human cancers diagnosed in a wide range of organs
and uniformly exhibiting a marked propensity towards metastatic dissemination as well as a high
probability of unfavourable therapy outcome. Other authors (Lahad et al., 2005) have already
replicated part of the analysis of the stem-cell-like phenotype association index (SPAI) in a lung
cancer study that included survival data on 125 patients and microarray data from Affymetrix
U95Av2 GeneChips, and so more universal application may be possible.

TISSUE MICROARRAYS: WHERE CLASSICAL HISTOPATHOLOGY
HANDS THE BATON ON TO MOLECULAR PATHOLOGY

The validation required for translation of tissue biomarkers from the research laboratory to the
clinical setting will depend on the combination of tissue microarray (TMA) technology with
automated quantitative analysis. Tissue microarrays offer molecular information for both RNA
and protein within the context of cellular morphology and tissue architecture. Using conventional
histopathology slides, a study of 20 biomarkers in a 400-sample cohort would take weeks to
assemble and months to process. Tissue microarrays allow processing of the biomarkers on serial
sections of the array on the same day, and at a fraction of the cost. Classical histopathologists are
clearly required for initial selection of representative areas for harvesting donor cores, but much
of the remaining processing and analysis can be automated. The high-density format of TMAs
allows variables such as antigen retrieval, temperature, washing time and reagent concentration to
be standardised for the entire cohort, and combination with fully automated systems such as the
Ventana Discovery platform (www.ventanadiscovery.com/) adds further quality control. A number
of commercial software packages have been produced for the automated analysis of TMAs based
on the optical density of chromagen-detected antigens, resulting in objective scores on a continu-
ous scale. Some systems (e.g. Chromavision ACIS,® which combines both image acquisition and
quantitative interpretation) achieve higher accuracy than microscopic analysis by classical histo-
pathologists and better agreement with the standard FISH assay for the evaluation of HER-2/neu
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overexpression by chromagen-linked immunohistochemistry (Wang et al., 2001). Similarly prom-
ising results have been reported for quantitative analysis of ER and p21 in tumours.

Immunofluorescence-based antigen detection has the well-established advantages of being
more sensitive, more linear and having a wider dynamic range. An automated quantitative analy-
sis system that measures protein expression in subcellular compartments on a continuous scale —
including in arrayed specimens — has been validated for several biomarkers (Camp et al., 2002).
An alternative immunofluorescence technique using laser imaging has been shown to give a good
correlation to well-studied biomarkers in colon cancer and can be applied to nucleic acid detection
by mRNA in situ hybridisation (Jubb et al., 2003). Using such technology, molecular definition of
subcellular compartments beyond the range of classical histopathology is possible: fluorescence-
based systems allow co-localisation with markers of specific subcellular compartments, such as
the Golgi, mitochondria or endoplasmic reticulum, or even virtual compartments, such as compo-
nents of signal transduction pathways.

Bioinformatics tools developed for the analysis of gene expression arrays are not suitable for
TMA analysis, because the TMA data structure has absolute rather than relational values and
missing data preclude the use of Euclidean distance algorithms. New methods that are specific
to the problems of TMAs but include elements of microarray annotation and epidemiological
analysis are now being developed. Advances in web-based browser systems that allow archiving
and annotation of large sets of tissue microarray data (Kim et al., 2005) will speed the process of
validating individual or clustered markers while maintaining the quality assurance of pathological
expertise.

CONCLUSION

So much is now possible in the molecular analysis of clinical material that it is important for
pathologists to develop modi operandi that enhance their chances of survival in the evolving
molecular world. Understanding the technology and embracing the informatics can be facilitated
by specialist training. Adopting the new way of thinking encapsulated by systems biology should
be mandatory, as should an open attitude to professional networks and the warehousing and min-
ing of data (perhaps, controversially, including the biological data represented by tissue).

The future for molecular medicine is bright; it is up to us to ensure that pathology is part of it.
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H&E Will Hold Sway

The Invaluable Role of Morphology
in the Molecular Era

Jason L. Hornick and Christopher D.M. Fletcher

INTRODUCTION - THE DEATH OF MORPHOLOGY?

Despite remarkable (and rapid) advances in understanding the molecular genetic basis of human
malignancies over the past several decades, recently coupled with the accumulation of vast and
often overwhelmingly complex expression profiling data, traditional surgical pathology employ-
ing conventional haematoxylin and eosin (H&E)-stained slides remains the cornerstone of tumour
classification and prognostication. It is indeed surprising how little these molecular developments
have altered current clinical practice. This overview explores the ways in which ancillary molecu-
lar methodologies have already affected diagnostic histopathology, and emphasises the central
role that ‘old-school’ light microscopic evaluation will continue to play in tumour diagnosis and
in guiding emerging applications of molecular findings for prognostication and targeted thera-
peutics. Although conventional histopathological examination will also continue to dominate the
evaluation of most other (non-neoplastic) diseases, because cancer classification and prognostica-
tion have been the most hotly debated areas in which molecular genetics might replace morphol-
ogy, tumour pathology will be the focus of this discussion.

For decades, new biomedical scientific discoveries have led to increasingly frequent proclama-
tions that H&E would soon be obsolete. Such pronouncements often criticise the lack of objec-
tivity of the technique and praise an imminent ‘scientific’ tumour classification that will replace
‘old-fashioned’ surgical pathology. However, existing (and evolving) diagnostic categories, created
in large part by meticulous attention to cytological and architectural findings, as well as careful
correlation with clinical features and patient outcome, are (to employ an overused adjective!)
‘robust’ to say the least — a sea change in the diagnosis of cancer has yet to occur, despite the great
advances in molecular genetics. Nonetheless, new techniques have refined the practice of surgical
pathology and have added useful prognostic and therapeutic information in selected cases.

ROLE OF IMMUNOHISTOCHEMISTRY

Immunophenotypic evaluation is now the most widespread and routine ancillary approach to
tumour classification (see Chapter 15 of this volume), which arguably plays its most prominent
role in haematopathology. For example, in most centres, flow cytometric phenotyping is an inte-
gral part of the assessment of virtually all haematolymphoid malignancies. Similarly, in soft-tissue
pathology, immunohistochemical findings also provide key support for the diagnosis of some of
these rare tumour types. In perhaps its most widely used application outside of haematopathology
and soft-tissue pathology, immunohistochemistry can help to suggest possible primary sites in
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many cases of metastatic carcinoma in which the primary site is clinically occult. In the uncom-
mon cases of undifferentiated malignancies that show no specific morphological features to aid in
classification, immunohistochemical evidence for a specific line of differentiation (e.g. carcinoma
versus lymphoma) can be helpful to guide subsequent therapy. Immunohistochemistry has largely
supplanted electron microscopy in this regard. In the case of pleomorphic (‘MFH’-like) sarcomas,
immunohistochemistry can help to support subclassification as leiomyosarcoma or rhabdomyo-
sarcoma, which show significantly higher rates of metastasis than other pleomorphic sarcomas
(Gafftney et al., 1993; Fletcher et al., 2001), such as dedifferentiated liposarcoma (McCormick
et al., 1994; Henricks et al., 1997) or myxofibrosarcoma (Merck et al., 1983; Mentzel et al., 1996).
Even in cases where subclassification is not possible, recent studies have suggested that myogenic
differentiation per se (defined by immunohistochemistry) is a significant indicator of more ag-
gressive behaviour in pleomorphic sarcomas (Fletcher er al., 2001; Deyrup et al., 2003; Massi
et al.,2004). This type of subclassification may in the future guide the development of specific or
more intensive therapies exploiting these differences in clinical behaviour.

ROLE OF GENETICS

The earliest contribution that genetics made to tumour classification was the identification, nearly
50 years ago, of the Philadelphia chromosome (Nowell and Hungerford, 1960), resulting from the
chromosomal translocation t(9;22) (Rowley, 1973), the defining feature of chronic myelogenous
leukaemia (CML). Several decades later, this translocation was shown to result in the juxtaposi-
tion of BCR and ABL (Bartram et al., 1983; Groffen et al., 1984), the fusion transcript of which
encodes a receptor tyrosine kinase, constitutive activation of which is believed to be the central
pathogenetic event in CML (Shtivelman et al., 1985). In the past decade, the first targeted therapy
directed against a receptor tyrosine kinase, imatinib mesylate (Gleevec or Glivec), developed to
inhibit the BCR-ABL fusion protein, has shown considerable clinical efficacy in CML (Druker
et al., 2001). This type of rational targeted molecular therapy has become a new model for the
development of pharmacological reagents in oncology (see below).

Reciprocal chromosomal translocations and other karyotypic abnormalities are a recurring
theme in haematological malignancies, including other myeloid disorders and lymphomas, the
identification of which has, in most cases, confirmed existing diagnostic categories and occasion-
ally has defined entities that were difficult to tease out. For example, mantle cell lymphoma is now
recognised as a specific clinicopathological entity chiefly following identification of the t(11;14)
chromosomal translocation, which results in fusion of the immunoglobulin heavy chain gene pro-
moter to BCL-1, which drives overexpression of cyclin D1 (Williams et al., 1990; Rosenberg et al.,
1991; Vandenberghe et al., 1991). Since this discovery, an immunohistochemical assay for cyclin
D1 has been developed and is now widely available (de Boer et al., 1995; Swerdlow et al., 1995;
Zukerberg et al., 1995), which can allow confirmation of the diagnosis of mantle cell lymphoma in
the absence of cytogenetic (or other molecular) analysis. This paradigm, namely the development
of simple immunohistochemical tests to demonstrate overexpression of proteins of pathogenetic
importance, is widely applicable not only in the subclassification of tumours (numerous examples
of which are already used clinically), but also will likely aid in prognostication and the identifica-
tion of targets for specific cancer therapies (see below).

Cytogenetics is now an invaluable adjunct to the morphological classification and prognostic
assessment of myeloid stem cell disorders. Specifically, defined chromosomal abnormalities pre-
dict outcome in myelodysplastic syndromes (Greenberg et al., 1997), and cytogenetic findings
are strong predictors of behaviour in acute myeloid leukaemias (AML) (Bloomfield et al., 1998;
Grimwade et al., 1998; Slovak et al., 2000). In fact, the presence of such recurrent chromosomal
abnormalities has largely replaced the traditional morphological/histochemical FAB classification



H&E WILL HOLD SWAY 209

as being the more clinically meaningful distinguishing features among these leukaemias and this
is reflected in the current World Health Organisation classification. Nonetheless, in the majority
of cases, the traditional classification of AML subtypes correlates remarkably well with cytoge-
netics, underscoring the power of careful morphological assessment and validating pre-existing
classification schemes.

There are also examples of chromosomal translocations that distinguish different prognostic
groups among non-Hodgkin lymphomas that are not discernible by routine histological examina-
tion. For example, patients with anaplastic large-cell lymphoma showing translocations that result
in rearrangement of the ALK gene (most frequently t(2;5)) have significantly better survival than
those whose tumours lack such translocations. Moreover, immunohistochemical detection of the
ALK protein serves as a clinically valuable surrogate for such translocations and has prognostic
value (Shiota et al., 1995; Falini et al., 1999; Gascoyne et al., 1999). As another example, in the
case of gastric extranodal marginal zone B-cell lymphoma (MALT lymphoma), in which most
patients experience sustained remission following eradication of Helicobacter pylori infection,
the presence of the t(11;18) translocation correlates with resistance to Helicobacter eradication
and a worse outcome (Alpen et al., 2000; Liu et al., 2001; Levy et al., 2005).

Simple recurrent chromosomal translocations are also characteristic of some types of soft-
tissue sarcomas, the presence of which, in the majority of cases, has served to validate existing
morphological classification schemes rather than defining new entities. For example, the t(X;18)
translocation resulting in the fusion of the SY7 and SSX/ or SSX2 genes is found in essentially
all cases of synovial sarcoma (Clark et al., 1994; de Leeuw et al., 1995), and translocations of
EWS (most often t(11;22) involving EWS and FLII) characterize the Ewing sarcoma/peripheral
neuroectodermal tumour (PNET) family of tumours (Delattre et al., 1992; Zucman et al., 1992).
These tumour types have sufficiently distinctive morphological and clinical features that the di-
agnosis can usually be based simply upon conventional H&E examination, supported by immu-
nohistochemistry, and cytogenetic or molecular genetic analysis is generally reserved for cases
with atypical histological or clinical features. However, recent clinical studies have suggested
that the specific fusion types (or breakpoint sites) may alter the prognosis for patients with these
sarcomas, but the results are contradictory. For instance, in synovial sarcoma, several studies have
shown that tumours harbouring the SY7-SSX/ gene fusion behave in a more aggressive fashion
than those with the SYT-SSX2 gene fusion (Kawai et al., 1998; Nilsson et al., 1999; Inagaki et al.,
2000; Panagopoulos et al., 2001; Ladanyi et al.; 2002), but a recent large study found no survival
difference between fusion types (Guillou et al., 2004). Similar survival benefits for specific fusion
sites have been suggested in Ewing sarcoma/PNET (Zoubek et al., 1996; de Alava et al., 1998;
Ginsberg et al., 1999) and alveolar rhabdomyosarcoma (Kelly ez al., 1997; Sorensen et al., 2002),
but the results of these studies are preliminary and also somewhat contradictory. Nonetheless,
these types of molecular analyses may ultimately prove useful in adding prognostic informa-
tion beyond that which is available from current histological and clinical parameters. It should
be emphasised, however, that the apparent prognostic information gained from these expensive
molecular tests (which can only be undertaken in specialised, usually academic, centres) is at best
modest, and widespread application may not be a reasonable expectation nor cost-effective (Hahn
and Fletcher, 2005).

In carcinomas, which constitute the overwhelming majority of human cancers, molecular
genetics has had surprisingly little impact on tumour classification and prognostication. The con-
ventional H&E-based assessment of tumour grade and the determination of tumour stage remain
the most important predictors of outcome for carcinomas arising at most anatomic sites. One
notable, but pretty much isolated, exception, which exemplifies an emerging role for molecu-
lar genetics, is in colorectal carcinomas (CRC). In these tumours, deficiencies in components of
the mismatch repair (MMR) machinery correlate with improved survival (Sankila et al., 1996;
Gryfe et al., 2000; Guidoboni et al., 2001; Popat et al., 2005), and, at the same time, decreased
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susceptibility to conventional 5-fluorouracil-based chemotherapy (Ribic et al., 2003; Carethers
etal.,2004). As a consequence of MMR deficiency, these CRCs show high levels of microsatellite
instability (MSI). Approximately 15% of all CRCs show MSI, most of which arise sporadically
secondary to promoter methylation and transcriptional silencing of the MLHI gene (Herman et al.,
1998). In a relatively small proportion of tumours, MSI is caused by inherited mutations (most
often in the MSH2 or MLHI genes) (Peltomaki and Vasen, 1997), in patients with the hereditary
non-polyposis colorectal carcinoma (HNPCC) syndrome. These patients also have an increased
risk of developing carcinomas at other anatomic sites, most often the endometrium, renal pelvis,
ureter and small bowel. Interestingly, there are some histological correlates to MMR deficiency.
Specifically, right-sided mucinous CRCs and those showing poor differentiation and numerous
tumour-infiltrating lymphocytes are more likely to show MSI (Jass et al., 1998; Shashidharan
et al., 1999). However, although such features may suggest MSI, this correlation is not very strong.
As described above in other tumour types, recent studies have shown that immunohistochemis-
try is a good surrogate for assessment of MSI (Marcus et al., 1999; Chaves et al., 2000; Lindor
et al., 2002; Shia et al., 2005): loss of expression of either the MLH1 or MSH2 protein can serve
as a good initial screening test, followed by polymerase chain reaction (PCR)-based assessment
of microsatellite repeats to confirm MSI. Although MSI determination is not yet standard practice
and is generally reserved for patients in whom there is a suspicion for HNPCC, it seems likely that
this type of analysis, whether by immunohistochemistry or formal microsatellite testing, will in
time be applied widely, given its significant prognostic and therapeutic implications.

GENE EXPRESSION PROFILING: CLINICAL APPLICATIONS?

Recently, there has been a remarkably rapid emergence of vast amounts of gene expression data for
countless human tumours, mainly in attempts to identify genes or groups of genes, the expression
of which correlates with either diagnosis or clinical outcome. Virtually all attempts at ‘diagnos-
tic’ classification by this rather expensive route have done no more than validate long-standing
(and much cheaper!) light microscopic classifications. Nevertheless, perhaps the best example thus
far of the potential for this approach is in the case of the most common type of lymphoma, dif-
fuse large B-cell lymphoma (DLBCL), which is clinically heterogeneous, with nearly half of the
affected patients entering remission following combination chemotherapy, while the remainder die
of progressive disease. Morphology alone cannot predict these differences in outcome. In 2000,
a gene expression profiling study using DNA microarrays suggested two distinct subgroups of
DLBCL, which have different expression patterns, that appeared to correlate remarkably well with
outcome: a ‘germinal centre B cell-like’ group and an ‘activated B cell-like’ group (Alizadeh et al.,
2000). Patients in this study whose tumours showed the former expression profile had a signifi-
cantly better overall survival than the latter. Because such a complex (and expensive) analysis is
not currently feasible in routine clinical practice (and is unlikely to be so in the foreseeable future),
expression array studies have in some cases stimulated follow-up studies utilising immunohis-
tochemical analysis of the most promising markers that had been identified. Along these lines,
several studies of DLBCL have attempted to recapitulate these data with a small group of tissue-
based markers (Chang et al., 2004; Hans et al., 2004; Berglund et al., 2005; Biasoli et al., 2005).
For example, detection of the ‘germinal centre’ markers CD10 and bcl-6 by immunohistochemistry
appears to predict good outcome, whereas the ‘activation’ marker MUMI1/IRF4 appears to corre-
late with poor outcome in patients with DLBCL (Chang et al., 2004; Hans et al., 2004). Although
these studies are preliminary, they provide a model for the translation of gene expression profiling
data to a much more widely applicable technology such as immunohistochemistry. It is critical that
such immunohistochemical analyses of potential prognostic markers be performed rigorously in
clinical trials to prove significance prior to introduction into the routine clinical arena.
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In this regard, it is important to remember that the results of expression profiling studies are only
as good as the initial diagnostic assignment of the tumour categories or subtypes being examined —
invaluable annotation that can be provided only by a trained anatomic pathologist. For this reason,
it is essential that a morphologist be directly involved in such studies to verify and specify diag-
noses prior to analysis, not to mention confirm that the sample analysed is in fact lesional (and not
adjacent non-neoplastic or necrotic tissue). Unfortunately, some high-profile expression microarray
studies have not been appropriately meticulous; in fact, pathologists are frequently absent from such
studies when they should be playing a central and critical role and such large-scale (and expensive)
experiments run the significant risk of yielding data that are of dubious (if any) significance. At the
same time, with few notable exceptions (such as those described above), there has generally been
insufficient effort to validate the results of these molecular studies by tissue-based clinical trials
using selected potentially prognostic markers, including critical multivariate analyses for compari-
son with conventional histological (and clinical) predictors of outcome. Again, this major gap in
bridging bench-top research and clinical medicine stems in part from the lack of involvement in
many such studies by histopathologists, who are uniquely qualified to assist in the development and
evaluation of such tissue-based markers for appropriate translation to patient care.

TARGETED THERAPEUTICS

Another promising application of molecular genetics to cancer is the development of targeted
therapeutics. One of the first examples of such a targeted therapy is trastuzumab (herceptin), a
monoclonal antibody directed against the HER-2/neu oncoprotein in breast cancer. Approximately
30% of breast cancers show amplification (and consequent overexpression) of HER-2/neu, which
not only serves as a therapeutic target but also correlates with poor prognosis (Slamon et al., 1987,
1989). In most centres (and in most, but not all, cases), HER-2/neu testing is assessed by immuno-
histochemistry and light microscopy. Initial studies of patients with metastatic breast cancer over-
expressing HER-2/neu showed a modest survival benefit with trastuzumab therapy (Baselga et al.,
1996; Cobleigh et al., 1999), strengthened by the addition of chemotherapy (Slamon et al., 2001),
and very recent studies demonstrated a dramatic survival benefit for patients with early stage HER-
2/neu-overexpressing breast cancers who were treated with adjuvant trastuzumab combined with
chemotherapy following surgery (Piccart-Gebhart et al., 2005; Romond et al., 2005). In a second
recent example of a targeted molecular therapy, a small subgroup of patients with non-small-cell
lung cancer (NSCLC) respond dramatically to the epidermal growth factor receptor (EGFR) in-
hibitor gefitinib (Fukuoka et al., 2003; Kris et al., 2003). Very recently, activating mutations in
EGFR were shown to predict gefitinib response (Lynch et al., 2004; Paez et al., 2004). Patients
who respond to such therapy are also more likely to have adenocarcinomas (particularly those with
a bronchioloalveolar component) (Miller et al., 2004; Kim et al., 2005; Yatabe et al.; 2005). Simi-
larly, and as mentioned previously, the small-molecule tyrosine kinase inhibitor imatinib mesylate,
directed against BCR-ABL, has clinical efficacy in CML (Druker et al., 2001). This same drug
is also effective in the treatment of metastatic gastrointestinal stromal tumours (GISTs) (Demetri
et al., 2002), due to its activity against the tyrosine kinase receptor c-kit (Heinrich et al., 2000;
Tuveson et al., 2001), which is mutated in approximately 85% of GISTs (Hirota et al., 1998),
leading to constitutive kinase activity. Most of the remaining GISTs harbour analogous activat-
ing mutations in the tyrosine kinase platelet-derived growth factor receptor-alpha gene (PDG-
FRA) (Heinrich et al., 2003b). Immunohistochemical detection of c¢-kit is invaluable to confirm
the diagnosis of GIST, although a small subset of GISTs are c-kit-negative (Debiec-Rychter et al.,
2004; Medeiros et al., 2004); most of these latter tumours have activating mutations in PDGFRA.
Nonetheless, tyrosine kinase inhibitors such as imatinib may also be efficacious in some of these
tumours by inhibiting PDGFRA. Interestingly, recent studies have indicated that the specific site of
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the c-kit or PDGFRA gene mutation in GISTs predicts the clinical response to imatinib (Heinrich
et al.,2003a; Corless et al., 2005). The role of DNA sequence analysis for prognostication remains
uncertain, however, because at present such an approach is time-consuming, expensive and not
widely available. The imminent possibility of different targeted therapies, most effective against
specific types of mutation, may well influence this situation.

LESS AND LESS TISSUE

Increasingly, radiology-guided core-needle biopsies and aspirations are replacing surgical (in-
cisional) biopsies as alternative approaches to tumour sampling for diagnosis. Although such
procedures may allow for decreased hospital stays and (arguably) less morbidity, the yield of
diagnostic material is lower and, even if lesional tissue is obtained, the scant nature of the speci-
men may not allow for a specific (morphological) diagnosis. In this context, in at least some cases
molecular genetics may provide useful and, at times, essential contributions to tumour classifica-
tion. Appropriate examination of immunophenotype (e.g. using flow cytometry of a lymphoid
neoplasm), detection of a fusion product of a chromosomal translocation (as described above,
using fluorescence in situ hybridisation (FISH) or reverse-transcription PCR) and/or evaluation
for an immunoglobulin or T-cell receptor gene rearrangement (to support clonality in the case of
a low-grade lymphoproliferative disorder) may then lead to a specific diagnosis. However, even in
this context, skilled morphological assessment is absolutely critical for guiding selection of the
appropriate molecular investigation that should be undertaken.

CONCLUSION

In summary, light microscopic examination of tissue specimens by surgical pathologists will
continue to remain central to tumour classification, at least for the foreseeable future. Without
question, morphology remains the gold standard against which all newer technologies have to
be validated and assessed. Expression profiling of tumours, instead of replacing conventional
H&E-based morphological assessment, will likely aid in the identification of prognostic markers
and targets for therapeutic intervention. Such an approach will likely require the development of
immunohistochemical reagents for rapid and inexpensive assessment of protein overexpression in
order for these discoveries to translate into routine clinical practice. In the future, it seems likely
that a panel of markers will be evaluated in many human cancers as adjuncts to the standard
prognostic parameters established by routine morphological assessment. The panel of markers
investigated will, of course, be determined by the specific tumour type, as established by the
surgical pathologist. Therapeutic targets can then be evaluated in a similar fashion. As we move
into this new era of rational targeted molecular therapies, meticulous attention to precise tumour
classification remains critical for the development of such therapies, and surgical pathology will
undoubtedly continue to occupy a central role.

We should also remember that any new technologies must be both affordable and as widely
available as possible to ensure maximum benefit for society, otherwise there will continue to be
increasingly wide disparities in the distribution and quality of healthcare between the extremely
wealthy and the remainder of society. Even now, 25 years after its introduction, immunohisto-
chemistry is not used in many parts of the world because of its expense and a related lack of both
technical training and interpretative expertise. If many of the world’s healthcare systems cannot
afford such established technology, it is difficult to justify the widespread dissemination of newer,
much more expensive and technically challenging molecular diagnostic approaches to tumour
classification and prognostication until broader and more basic needs are met.
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