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Molecular Diagnostics

Rita M. Braziel, Margaret A. Shipp, Andrew L. Feldman, Virginia Espina, Mary Winters,
Elaine S Jaffe, Emanuel F. Petricoin Ill, and Lance A. Liotta

to detect cancer at an early, more curable stage; to pre-
The monumental research advances in genomic adidt drug efficacy against a cancer and also drug toxic-
protein research over the past several years have méggto improve disease staging for determination of risk
it possible to envision, in the not too distant future, thef distant spread and subsequent relapse; and to asses
development of medical care that is truly tailored toesponse to therapy by monitoring for residual disease.
each individual patient. Clinicians are anxious to inHow close are we in 2003 to providing our patients
corporate this new knowledge into the selection of mokeith this type of individualized medical approach? Un-
specifically targeted therapies, and there is generaltunately, it must be acknowledged that we are still
agreement that new research insights need to be trafas-from this ideal. Thus far, few of the exciting scien-
lated into useful clinical tests. Ideally, information frontific advances of the recent past have been translated
all available studies, including traditional morphologidnto improved patient care or better technology for
and immunophenotypic findings as well as data frormolecular diagnostics. Nonetheless, the field of mo-
new genomic, proteomic, and pharmacogenomic stulcular diagnostics is growing, adapting, changing con-
stantly, and beginning to permeate virtually every area of
* Oregon Health and Sciences University, Department of medicine.Table 1 provides a listing of some of the cur-

Pathology, L471, 3191 SW Sam Jackson Park Rd, Portland "ent _and anticipated technigues used _in molecular diag-
OR 97239 nostics today. These techniques are discussed below.

It is increasingly evident that molecular diagnos- discussed, and some of the challenges to clinical

tics, that is, the use of diagnostic testing to implementation of new molecular information and
understand the molecular mechanisms of an techniques will be highlighted. g
individual patient’s disease, will be pivotal in the In Section II, Dr. Shipp provides an update on g
delivery of safe and effective therapy for many current scientific knowledge in the genomic &
diseases in the future. A huge body of new infor- profiling of malignant lymphomas, and describes §“
mation on the genetic, genomic and proteomic some of the technical aspects of gene expression =
profiles of different hematopoietic diseases is profiling. Analysis methods and the actual and 2
accumulating. This chapter focuses on new potential clinical and therapeutic applications of é
technologies and advancements in understanding information obtained from genomic profiling of z
the molecular basis of hematologic disorders, malignant lymphomas are discussed. %
providing an overview of new information and its In Section Ill, Dr. Liotta presents an update on s
significance to patient care. proteomic analysis, a new and very active area of ]
In Section I, Dr. Braziel discusses the impact research in hematopoietic malignancies. He §
of new genetic information and research technolo- describes new technologies for rapid identification 8
gies on the actual practice of diagnostic molecular of different important proteins and protein net- g
hematopathology. Recent and projected changes works, and the potential therapeutic and prognos- §
in methodologies and analytical strategies used tic value of the elucidation of these proteins and 2
by clinical molecular diagnostics laboratories for protein pathways in the clinical care of patients §
the evaluation of hematologic disorders will be with malignant lymphomas. §
I. MoLEcuLAR DiaGNOSIS OF ies would be applied to define a patient's disease pro- §
HemaTorPoIETIC DISORDERS file. This profile could be used not only to confirm and ‘g
refine primary diagnoses, but potentially might also be £
Rita M. Braziel, MD* used to determine the risk for development of cancer; g
g
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Tests for Genome-Wide Screening for map of the DNA copy number changes in the tumor
Chromosomal Abnormalities genome:* CGH assays are not yet available for rou-
Routine cytogenetics is the traditional method for @ine clinical use, but technical permutations of this re-
survey of genome-wide chromosomal abnormalities, baearch methodology are reputedly in the pipeline for
standard karyotyping studies, even with chromosonwdinical laboratories. A variant of CGH, called matrix
banding, miss many subtle chromosomal abnormalitieSGH, uses genomic cDNA fragments instead of the
Other methodologies for genomic profiling of chromoehromosome targets used in standard CGH, and even
somal abnormalities have been developed, which hawere powerful is the use of arrayed cDNA sequences
considerably augmented our knowledge of the genetigth CGH. These latter techniques allow detection of
features of various hematopoietic malignancies. Thesaknown amplified genes, not just gene regions, and
assays for genomic profiling are based on screeningmfovide even higher resolution for identification of ge-
chromosomes or DNA for loss or gain of chromosomea®mic imbalances.
or genes, in contrast to geagression profiling per-
formed on RNA. These assays detect changes in chii@sts Targeting Specific
mosome/gene location and number, not gene expres-Chromosomal Abnormalities
sion and function; for all of these studies, at least fdviultiple methods can be used for the detection of spe-
disomic loci, the normal reference copy number is Zific chromosomal abnormalities, including various
Spectral karyotyping (SKY) and comparative genomipermutations of the polymerase chain reaction (PCR),
hybridization (CGH) are complementary fluorescenBouthern blotting, and fluorescence in situ hybridiza-
molecular genetic techniques for detection of wholgon (FISH) with molecular probes. PCR-based meth-
genome chromosomal abnormalities. With SKY, 24ds, often multiplexed, have been the screening test of
differentially labeled painting probes representing atthoice for most molecular laboratories if the chromo-
chromosomes are cohybridized, Fourier spectroscopgpmal abnormality of interest was amenable to PCR
is used to distinguish the different spectrally overlapnalysis. However, as the number of genes important
ping probes, and special imaging software is used for diagnosis and prediction of prognosis has increased
analysis. This technique has been found to greatly fakmost exponentially over the past few years, a differ-
cilitate the detection of many previously cryptic chroent molecular testing algorithm has evolved for hemato-
mosomal translocations and rearrangements, and is @dbietic malignancies. The development, validation, and
ready available for clinical purposes in many institumaintenance of numerous PCR analyses for detection
tions® CGH uses the hybridization of differentially of the ever-increasing important chromosomal abnor-
labeled tumor DNA and reference DNA to produce ealities in hematopoietic malignancies is simply not
practical for most laboratories. Fortunately, the devel-
opment of molecular probes for use in FISH assays has
provided a valuable alternative method to standard PCR
analyses. FISH assays are not as sensitive as PCR as-
says, but FISH analyses are used predominantly at di-
agnosis and relapse, a time when only a low level of
analytical sensitivity is needed since there are usually
high levels of abnormal cells. The use of FISH assays
for molecular evaluation of malignant lymphomas and
leukemias has increased remarkably over the past 1-2
years, and has blurred the lines between classical cyto-
genetics and molecular pathology.

FISH is a very useful technique for detection of
targeted chromosomal abnormalities. It can be done on
blood, bone marrow, tissue touch preparations, body
fluids, and even paraffin-embedded fixed tissue, so it is
applicable to many specimen types. FISH overcomes

Table 1. Summary of techniques for molecular analysis of
hematopoietic disorders.

Tests for Genome-Wide Screening of Chromosomal Abnormalities

Spectral karyotyping (multicolor fluorescence in situ
hybridization)

Comparative genomic hybridization (research)
Tests Targeting Specific Chromosomal Abnormalities
PCR (polymerase chain reaction analysis of DNA)
RT-PCR (reverse transcriptase PCR analysis of RNA)
Real-time PCR (automated PCR))
Genotyping for single nucleotide polymorphisms (PCR-SSP)
Fluorescence in situ hybridization (FISH)
Tests for Gene Expression Profiling
Global microarrays (research)

Focused microarrays (research)

Microarray of amplified RNA from microdissection (research)
Molecular Tests for Minimal Residual Disease Detection

Nested PCR

Quantitative real-time PCR (Q-PCR or Q-RT-PCR)

280

one of the biggest problems with routine cytogenetic
analysis of many lymphoma and chronic leukemia
samples (i.e. the need for metaphases), as FISH can be
done with either metaphase or interphase preparations.
In FISH assays, the target is usually nuclear DNA of
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interphase or metaphase cells attached to glass midations. FISH with centromeric probes is useful for de-
scope slides. Most FISH assays are based on the abitaggtion of changes in chromosome number (i.e., mono-
of single stranded DNA to bind (hybridize) to complesomy, diploidy, trisomy}:2
mentary DNA, although some RNA FISH assays are Genomic probes for the genetic abnormalities of
available® The molecular test probes (DNA) can benany leukemias, lymphomas, and even myeloprolif-
labeled with biotin or digoxigenin-labeled nucleotidegrative and myelodysplastic disorders are now readily
and detected with fluorophor-conjugated antibodies, awvailable from commercial sources. The most notable
may be directly fluorophor-labeled. With the use of duadxpansion in the library of molecular FISH probes is
or triple pass filters, multicolor FISH can be dérie. for the B-cell malignancies; some of the B-cell lym-
There are several different strategies for the dghoma-associated chromosomal abnormalities for
sign of FISH assays. Single fusion-dual color FISH asvhich FISH analysis can be performed are listed in
says for translocations utilize 2 probe hybridization taffable 2. FISH assays are particularly useful in detec-
gets located on 1 side of each of the 2 genetic brealon of chromosomal translocations that are not ame-
points; the usual level of false positive background celisable to PCR detection due to widely distributed
from incidental overlap of signal in this type of assay ibreakpoints, because FISH probes are much larger than
5%-10%. Dual fusion-dual color FISH assays for transhe probes and primers used in PCR analysis. Like SKY,
location utilize large probes that span 2 breakpoints ¢iSH assays will detect some genetic abnormalities that
the different chromosomes. Dual fusion-dual coloare karyotypically silent.
FISH is optimal for detection of low levels of nuclei It should be remembered that FISH assays are use-
possessing a simple balanced translocation, as it gredtliymainly around the time of initial diagnosis or at re-
reduces the number of normal background nuclei wilhpse, when there is a relatively high level of abnormal
an abnormal signal pattern. FISH using dual color-breaells. FISH is not useful for detection of low level mini-
apart probes is very useful in the evaluation of genesal residual disease (MRD) following therapy, as the
known to have multiple translocation partners; the dikensitivity of even the best dual fusion-dual color FISH
ferently colored probes hybridize to targets on opp@ssay is only approximately 1 positive cell in 100 nor-
site sides of the breakpoint in the known geneamal cells, not sufficient for detection of MRD. It is also
Multicolor FISH using 3 to 4 differently colored probesmportant to remember that, despite the glamor of some
can be done in selected cases to determine the overdiphe newer techniques, standard cytogenetics contin-
of different genetic abnormalities in different cell popuues to be extremely important in the initial diagnosis

Table 2. Non-random chromosomal abnormalities in B-cell ymphomas.

Nonrandom Assay Used for
Lymphoma Subtype =~ Chromosomal Alterations Genes Involved Diagnosis / Prognosist
CLL/SLL Del 13q14 Unknown FISH
Trisomy 12 Unknown FISH
Del 11g22-23 ATM FISH
Del 17p1 TP53 FISH, karyotyping
LPL (9;14)(p13;932) PAX5/IgH FISH, karyotyping
MZL t(11;18)(921;921) API2/MALT1 FISH, PCR
t(1;14)(p22;932) BCL10/IgH FISH, PCR
t(14,18)(932;921) IgH/MALT1 FISH
Trisomy 3 ?BCL6 FISH
FL t(14,18)(932;921) IgH/BCL2 PCR, FISH
MCL t(11;14)(913;932) Cyclin D1/IgH FISH, PCR
DLBCL 3q27 BCL6 FISH
t(14,18)(932;921) IgH/BCL2 FISH, PCR
BL/BLL t(8;14)(q24;932) c-MYC/IgH FISH for c-MYC
t(2;8)(p11;924) Igk/ic-MYC FISH for c-MYC
(8;22)(q24;q11) c-MYC/lgl FISH for c-MYC

Abbreviations: CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; LPL, lymphoplasmacytic lymphoma; MZL, marginal
zone lymphoma; FL, follicular ymphoma; MCL, mantle cell ymphoma; DLBCL, diffuse large B-cell lymphoma; BL/BLL, Burkitt/Burkitt-like
lymphoma.

TThe assays listed are the most commonly used today for clinical testing today, but many of these abnormalities can also be detected by
other techniques.
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and follow-up of patients with hematopoietic malig-a high level ofZAP-70 expression correctly predicted
nancies. Focusing only on tests that target specific ggamutated IgHv gene status in most patié&This
netic abnormalities, like FISH and PCR, can result iis clinically relevant because the absence of somatic
the failure to detect the additional important cytogemutations in the variable regions of the IgH gene has
netic abnormalities that may be present initially or thdteen determined to have adverse prognostic significance
may occur following therapy. For example, the neemh CLL/SLL patients; those with unmutated IgHv re-
for intermittent cytogenetic analysis is very clear igions often have progressive disease while those with
chronic myelogenous leukemia (CML) patients. A nummutated IgHv regions often pursue a more indolent
ber of these CML patients have developed clonal karyoeurse. Since molecular testing for IgHv mutation sta-
typic abnormalities in Philadelphia chromosome—negéads involves multiple complex PCR reactions and se-
tive cells while on therapy with imatinib mesylate; thesquencing procedures, the analysis is impractical for
abnormalities would not have been detected by FIStlinical testing. Fortunately, the ZAP-70 protein is
or PCR analyses for BCR/ABL. readily detected by either flow cytometric analysis or
Genotyping for single nucleotide polymorphismsmmunohistochemical stainirf§and these procedures
(SNPs) is relevant to both research and routine moleare currently being set up in many clinical laboratories
lar diagnosis. Allele-specific PCR amplification techin lieu of molecular analysis for somatic mutation of
niques using sequence-specific primers (PCR-SSP) d@ne IgH, regions or microarray GEP.
widely employed for detection of SNPs in the genes There are some caveats about GEP data; these may
that encode immunogenic proteins such as alloantigebhg part of the reason for delay in implementation of
The status of certain alloantigens (i.e., human leukthis technique in clinical practice. Numerous GEP da-
cyte antigens, blood group antigens, human platelet ékbases are now available in the public domain for dif-
loantigens) is frequently investigated by this methoderent lymphomas, acute leukemias, and myelomas, and
ology before organ transplantation. Technical advanceuultiple publications have resulted from independent
in genotyping of SNPs have improved the ability t@nalyses of these databases. It turns out that different
perform testing for HLA and blood group antigens ommvestigators do not always find the same results and
small samples of DNA, such as those obtained frodraw the same conclusions from analyses of the same

patients with low leukocyte counts!! databases. This has made it apparent that, because of
the extreme complexity, there are potential problems
Gene Expression Profiling with analyses of GEP microarrays and databases that

Despite glowing predictions of future clinical utility andcan produce erroneous GEP restlts A few of the
multiple published reports on the use of microarraysroblems that have been described include sampling
for gene expression profiling (GEP) in lymphomas andariability of tumors, chip differences and defects, dif-
leukemiasi?'® no microarrays are available yet forferences and biases in analysis of GEP data, and sources
molecular diagnostics. However, focused arrays utilinf systematic error in microarray analysis. Clearly, sift-
ing fewer, but highly significant genes, are currentlyng the real GEP changes from artifacts and noise in
available for research studies and are in the develapicroarray experiments is often difficult, but rapid iden-
ment pipeline for B-cell non-Hodgkin lymphomas andification and neutralization of spurious results is es-
acute leukemias. The diffuse large B-cell lymphomasential to prevent them from becoming accepted facts.
are likely to be the lymphoma subtype for which foAnother potential problem with GEP is the possibility
cused microarrays will first be used for routine clinicabf missing relevant cell populations present at a low
purposes. Needless to say, molecular laboratories d&®el in the tumor specimen. Since GEP provides an
anxiously awaiting the shift of this technology into theaverage expression profile for an entire cellular popu-
clinical arena. lation, small subpopulations of important cells are un-
Although microarrays for GEP have not yet madékely to be recognized. The application of new meth-
it into the clinical molecular laboratory, informationods for microdissection, followed by RNA amplifica-
gained from GEP data is impacting clinical laboratoryion, would allow targeting of specific populations of
testing. One example is flow cytometric analyses dfiterest that were previously missed by GEP. In con-
ZAP-70 expression in chronic lymphocytic leukemiasklusion, there are enough problems with GEP micro-
small lymphocytic lymphomas (CLL/SLL). Pilot GEP arrays and interpretations that it is important to have
studies in patients with CLL/SLL identified genes thavalidation of significant GEP changes from more than
were differentially expressed between leukemic cloneme laboratory/database before important clinical de-
that did not have mutated IgHegions and those that cisions are based on this data.
did. The best discriminator was a gene call&@-70;
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Molecular Tests for Minimal out the need for patient-specific primers. If the malig-
Residual Disease Detection nant clone does not carry a good translocation target
Although many patients with hematologic malignanfor PCR analysis, patient-specific gene rearrangements
cies achieve a complete clinical remission (CR) anthay be targeted, using either nested or quantitative real-
even a complete pathologic remission by standard maime PCR. Nested PCR analyses can detect up to 1
phologic and immunologic criteria, a relatively highmalignant cell in 1®normal cells. Quantitative real-
proportion of them will ultimately relapse. The sourcéime PCR assays, with a sensitivity of 1 irf-10°, are
of this relapse is clearly from a persistent maligna@imost as sensitive as the nested PCR. A substantive
cellular population that is present at a low level, belowumber of studies of MRD detection have been per-
the limit of detection by standard techniques. For thimrmed in only a few hematopoietic malignancies, spe-
reason, considerable effort has been devoted by nwfically chronic myelogenous leukemia, follicular lym-
lecular laboratories in the past 5 to 10 years to develppoma, and childhood acute lymphoblastic leukemia.
new molecular techniques to increase the sensitivity @he different methods used for detection of MRD in
detection of neoplastic cells. The application of thedbese 3 different hematopoietic malignancies are dis-
techniques has demonstrated the presence of residussed below.
neoplastic cells in many patients in CR. This reservoir
of neoplastic cells, detected only by sensitive moleci@hronic myelogenous leukemias
lar methods, is commonly referred to as minimal reA/jith imatinib mesylate therapy, a complete cytogenetic
sidual disease (MRD). The detection of MRD in a variresponse (CCR) can be achieved for most patients with
ety of hematologic malignancies suggests that obtainewly diagnosed chronic myelogenous leukemia
ing a molecular remission should be a goal of therap§¢ML).2® Quantitative real-time RT-PCR analysis (Q-
and the results of most studies of MRD detection suRT-PCR) is most often used to monitor for MRD in
port this concept. However, it has still not been clearlyatients who have achieved a CCR by bone marrow
established for many hematologic malignancies thaytogenetics and/or FISH. Interestingly, Q-RT-PCR
patients with only a few residual malignant cells, demonitoring for BCR/ABL can be performed on either
tected only by very sensitive techniques, will benefperipheral blood or bone marrow; comparable results
from additional therapy. have been found on analysis of simultaneous blood and
If achieving a molecular remission is confirmed tanarrow specimei$(R Braziel, unpublished data). This
be an important goal following therapy for most heméacilitates follow-up of imatinib-treated CML patients.
tologic malignancies, as seems likely, then MRD tesReal-time PCR is a relatively new molecular technique
ing will become a much larger component of testing ithat allows simultaneous PCR amplification and detec-
molecular diagnostics laboratories. Ideally, techniquen of target DNA or cDNA sequences. The specimen
used for MRD detection should have a sensitivity levéé normalized against an internal control, typically a
in the 10 to 1Crange, be applicable to almost all pasingle copy gene; for CML MRD testing, ABL or
tients with the disease, provide some quantification @6PDH is typically used as the internal control. A stan-
the target, and be rapid, inexpensive, readily standamhrd curve is made from a dilution series of a BCR/
ized, and disease-specific. Also of critical importancABL-positive cell line, and the amount of residual leu-
for the clinical utility of tests for MRD detection is goodkemia cells is calculated by using this standard curve
interlaboratoryreproducibility and standardization of (Figure 1; see Appendix, page 600). Advantages of
reporting. In reality, most commonly used moleculareal-time PCR over standard nested PCR for BCR/ABL
analyses for MRD detection do not meet many of thegeclude a decreased turnaround time, decreased chance
criteria. A particular problem for clinicians is the lackfor post-PCR contamination, decreased variability of
of standardization of testing techniques and primergesults because the data collection occurs in the expo-
between laboratories, which essentially mandates followmential phase of the PCR reaction, high throughput, and
up testing for MRD be performed in the laboratory thahe possibility of obtaining quantitative results. Real-
did the previous testing to allow comparison of resultsime PCR procedures are much more amenable to
With frequent shifts in patient locations and changing innterlaboratory standardization than nested PCR analy-
surance carrier requirements, sending follow-up speaes. The major disadvantage of real-time PCR testing
mens to the same laboratory may be impossible. is the inability to compare the size of any detected re-
Only a few commonly used technigues are senssrrangements to that of the original malignant clone
tive enough for detection of MRD in leukemias andvithout additional testing. However, this is not a prob-
lymphomas. Nested PCR and quantitative real-time PG&n with MRD testing in CML, as there is not a back-
can be used for disease-associated translocations, wijheund population of normal cells carrying the BCR/
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ABL translocation. Quantitative real-time PCR techlog less than that of nested PCR for IgH/BCL2. An ad-
nology can be used with many translocation targetditional and under-recognized problem in interpreta-
and can also be used for antigen receptor gene rei@wn of real-time PCR analyses for MRD in FL is the
rangement analysis. The determination of the trend potential for false positive results from occasional be-
the quantitative numbers of residual BCR/ABL-posinign IgH/BCL2 translocation-carrying cells. These are
tive cells over a period of time is thought to providgresent in 30-40% of normal individuals, and with a
important therapeutic information in the follow-up ofhighly sensitive test, a false positive result could occur if
CML patients?>2¢ Optimal methods for quantitative a comparison to the original FL clone is not m&de.
real-time PCR detection of MRD in CML patients have his comparison is readily performed with nested PCR
not yet been established, and this testing is currentlyigure 2), but would require substantial additional
performed mainly in a few reference laboratories. molecular analysis with real-time PCR. Using a quan-
Once again, the importance of remembering th#ative real-time PCR method on serial bone marrows
limitations of very targeted molecular testing in CMLfor MRD detection in FL, determining a trend over time,
must be stressed. The clinician must be alert for devahay obviate the necessity for this additional testing.
opment of clonal abnormalities in BCR/ABL negativeAdditional studies are needed to evaluate the clinical
cell® or the development of resistance to imatinikefficacy of MRD detection in FL patients in general, and
mesylate. The presence of mutations or amplificaticl compare the relative clinical value of the nested and
of BCR/ABL is known to be associated with resistancquantitative real-time PCR MRD detection methods.
to imatinib mesylate in CML patientsand testing for
these abnormalities is likely to become a standard péhtecursor B-cell lymphoblastic leukemias
of the evaluation of CML patients in the future, at leadtlultiple large prospective studies have clearly demon-
for those who fail to achieve and maintain a CCR. strated the high prognostic value of MRD monitoring
in children with precursor B-cell lymphoblastic leuke-
Follicular lymphomas mias (pre-B-ALL)¥®¥-3In childhood pre-B-ALL, stud-
The recent use of therapeutic modalities such as des of MRD have generally targeted patient-specific IgH
tologous bone marrow transplant following ex vivaantigen receptor gene rearrangements. This method
purging of bone marrow B cells, monoclonal antibodyakes advantage of the fingerprint-like sequences of the
therapy, and vaccine therapy has resulted in improv@hctional regions of rearranged IgH genes, which dif-
clinical outcomes of patients with follicular lympho-fer in length and composition for each lymphocyte
mas (FL). PCR analysis for MRD performed on seriatlone. To obtain these sequences, standard IgH PCR
bone marrow samples in treated FL patients in comanalysis is performed at diagnosis and/or relapse and
plete remission has shown that some patients do achi¢hre PCR products are Southern blotted, followed by
a molecular remission, and that the failure to achiewequencing of junctional regions of the clonal IgH re-
or maintain a molecular remission is predictive of rearrangements. The different IgH rearrangements are
lapse?®34 Although the optimal methodology and tim-then used for design of patient-specific oligonucleotide
ing for detection of MRD has yet to be determined, therimers that are subsequently used in real-time PCR
t(14,;18)(q32;921)-IgH/BCL2 translocation, seen irassays to follow the patient. Patient-specific IgH prim-
80%-90% of FL, is a good target for MRD detectioners increase PCR sensitivity up to 1000-fold compared
Unlike MRD testing in CML, in patients with FL, boneto standard consensus primers for |géne rearrange-
marrow analysis is clearly more sensitive for detectioments; reactive background rearranged B cells do not
of MRD than peripheral blood. Many FL patients cleaobscure the clonal PCR products. At the present time,
FL cells from the blood, while they still have persistenpatient/clone-specific IgH PCR is not practical outside
marrow involvement. of a funded clinical trial setting, but this technique
Nested PCR assays have been used historically astdarly offers the best potential for a sensitive, specific,
remain the most sensitive methodology for FL MRand rapid analysis method that could be used over the
detection; nested PCR can detect one translocation-cemurse of therapy in most patients with pre-B-ALL.
rying cell in 10 normal cells and is still used in many  Indeed, this same type of patient/clone-specific IgH
laboratories for detection of this translocation. HowPCR technology could be used for MRD detection in
ever, other molecular laboratories have switched fromost other B-cell lymphomas (BCL) also, in which ei-
nested PCR to quantitative real time PCR. Real-timtber no translocation-associated molecular event is
PCR for IgH/BCL2 is less labor-intensive and lacks thavailable for MRD testing or the recurrent transloca-
risk of contamination of standard nested PCR, but doens occur in too low a proportion of the BCL subtype
have an analytical sensitivity that is usually at leasttb be clinically useful. Standard IgH gene PCR with
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Figure 2. An example of nested polymerase chain reaction (PCR) analysis for detection of minimal residual disease (MRD) in
marrows from 2 follicular lymphoma (FL) patients.

Each sample is subjected to PCR for 3-globin housekeeping gene and IgH/BCL2; PCR products undergo gel electrophoresis and (+)
bands are detected by ethidium bromide staining (center gels = 3-globin and bottom gels = IgH/BCL2 MBR). A band is seen only if an
appropriate product is detected; specificity of bands is confirmed by Southern blot using BCL2 probe (top autoradiographs).

(Panel A): Multiple controls are run in parallel with patient samples (see box insert). (+) controls are serial dilutions of an IgH/BCL2 (+)
cellline (lanes 4-7). The 108 dilution is run twice; as shown, a (+) result is often detected in only 1of these samples at the lower limit of
analytical test sensitivity.

(Panels B andC ): Parallel PCR analyses of 5 sequential marrows from 2 different FL patients are shown. For each patient, sample A
was at diagnosis, before any treatment, B was 1-2 months after completion of CHOP chemotherapy but before treatment with anti-CD20
monoclonal antibody, and marrows C, D, and E were obtained at 2 months, 6 months, and 12 months after CD20 therapy. PCR of all
clinical samples is run in duplicate. The patient in Panel B has a (+) nested PCR for IgH/BCL2 MBR at diagnosis and after CHOP, but the
marrow becomes PCR (-) by 2 months after CD20 therapy and remains (-) at 6 and 12 months. The patient in Panel C is also PCR (+) at
diagnosis and after CHOP, but also has a (+) band in 1 lane at 2 months after CD20 therapy. The (+) band is confirmed to represent a
benign IgH/BCL2-carrying cell, not MRD, as it is not present in the duplicate sample and is clearly a different size from the patient’s FL
clone. Note that results are more easily interpreted on the BCL2-probed Southern blots than on the ethidium bromide—stained gels.

consensus rather than patient-specific IgH primers camuld not be useful, the advantages and the limitations
usually detect only 1 malignant cell i @ormal cells, of the test, and how to interpret the results. Many clini-
so the only sufficiently sensitive and specific methodians and pathologists are unfamiliar with molecular
of testing for MRD detection in most BCL is thereforgests for hematologic malignancies, and misinterpret
the use of patient/clone-specific Ig gene rearrangeesults of molecular testing. To avoid this, clinicians
ments. Quantitative real-time PCR techniques usingust be knowledgeable about the molecular test they
standard IgH primers may provide some early inforare ordering and cautious about overinterpretation of
mation about the trend of the disease course over timmesults. Physicians ordering molecular tests must be
but will become negative when the patient could stilprepared to offer counseling on them, either personally
have substantial residual disease. The combination @fby referral. Good patient consent forms for molecu-
patient-specific IgH primers and quantitative real-timéar testing are crucial, and should explain to patients
PCR could make a major contribution to the achievéhe meaning of a positive test, a negative test, and an

ment of standardized MRD detection in BCL. inconclusive test. The consent form should inform the
patient that the test could uncover other clinically rel-
Conclusion evant information, things that were not even being

Whether offering or ordering a molecular test, the phyeoked for.
sician should know the circumstances in which the test Clinical molecular laboratories today are faced with
should be ordered, the circumstances in which the teaio daunting tasks. First and foremost is the necessity
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of expanding test menus to meet the increasing cliniaalicroarrays include oligonucleotide probes deposited
demand for testing for new genetic markers in hemator synthesized directly on the surface of a silicon wa-
logic disorders. Expanding test menus to meet clinicér. Oligonucleotide microarrays can potentially offer
needs will require technical advances, as the curresdditional specificity by tailoring probes to reduce
technology in clinical molecular laboratories does natross-hybridization and discern splice varigmfsom-
allow rapid screening for a broad panel of relevant gene®n oligonucleotide array platform also facilitates com-
at a reasonable cost. However, equipment developmgatrisons across datasets of different tumor fyffeg-

has not been aimed at clinical laboratories, which trawe 3; see Appendix, page 600).

ditionally have low budgets for new equipment, but at Two main approaches have been used to analyze
large pharmaceutical companies with abundant cash fgene expression datasets: unsupervised and supervised
new purchases. This disconnect must clearly be a@arning Table 3).2 Unsupervised learning methods
dressed if clinical molecular testing is to be advancedggregate samples into groups based on the overall simi-
but even if the technological bottleneck preventingarity of their gene expression profiles without a priori
translation of new genetic knowledge to the clinicaktnowledge of specific relationship$able 3). Com-
arena is alleviated, the lack of a reasonable level ofonly used unsupervised learning algorithms include
reimbursement for molecular testing in general is stilelf-organizing maps (SOMs), hierarchical clustering,
a major roadblock to successful implementation of neand probabilistic clusteringr@ble 3). In contrast, su-
techniques for clinical molecular diagnostic testing. Iipervised learning techniques group tumors based on
most cases, the amount reimbursed for molecular didgiown differences (i.e., cured versus fatal disease) and
nostic testing in hematopoietic malignancies in thdevelop transcriptional profiles of the defined groups
United States today is inadequate to even cover the co@table 3 andFigure 4; see Appendix, page 601). Fre-
of test reagents. Little progress in the ideal model guently used supervised learning algorithms include
“personalized” medicine will occur if this lack of fund- weighted voting, k-NN, support vector machine (SVM),

ing persists. and IBM SPLASH Table 3).
One of the lymphoid malignancies in which gene
I1. MOLECULAR SIGNATURES OF L YMPHOID expression profiling has been informative is diffuse large
M ALIGNANCIES. | DENTIFICATION OF NoveL Disease ~ B-cell lymphoma (DLBCL). The most common lym-
SuUBTYPES AND RATIONAL THERAPEUTIC TARGETS phoid malignancy in adults, DLBCL comprises almost
40% of all ymphoid tumors. Although a subset of DLBCL
Margaret A. Shipp, MD* patients can be cured with standard adriamycin-con-

taining combination chemotherapy, the majority die of

Lymphoid malignancies are currently classified on th#eir disease. Robust clinical prognostic factor models
basis of morphology, immunophenotype, genetic feguch as the International Prognostic Index can be used
tures, clinical characteristics, and possible normal celi@ identify patients who are less likely to be cured with
of origin! With the sequencing of the human genomgtandard therapyHowever, such models do not pro-
and associated development of representative DNAde specific insights regarding more effective treat-
microarrays, it is now possible to obtain broad-basdtient strategies. For these reasons, additional insights
transcriptional profiles of specific lymphoid malignan-
cies and previously unidentified disease subtypes. |, . 3. Analysis of gene expression datasets,
The most commonly used platforms for gene ex-

pression profiling are cDNA and oligonucleotide, U , .

. . . . nsupervised Learning
microarrays Figure 3; see Appendix, page 600)Vith
cDNA arrays, polymerase chain reaction (PCR) prod-
ucts of cDNA clones are spotted on filters or glass slides.
A potential advantage of cDNA arrays is that they can
be designed to address specific biologic questions. For ' _
example, the recently described “lymphochip” cDNA® Supervised Learning
arrays are enriched for genes with documented impor-* Model trained to distinguish between 2 classes

tance in lymphocyte biology.Oligonucleotide ¢ Algorithms
= Weighted voting

4 Data clustered according to intrinsic properties
4 Algorithms

= Self-organizing maps (SOMs)

= Hierarchical clustering

= k-NN
* Dana-Farber Cancer Institute, 44 Binney Street, Room = Support vector machines
D940, Boston MA 02115-6084 = IBM SPLASH
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into molecular bases for the observed clinical hetero- 1. PRoTEOMIC ANALYSIS OF

geneity in DLBCL are critically needed. In addition, HemATOLYMPHOID NEOPLASMS:
the multiple genetic abnormalities associated with sub- DiaGNosTIc, BioLoaic, AND
sets of DLBCL reflect additional molecular heteroge- THERAPEUTIC | MPLICATIONS

neity in this disease

Investigators have utilized gene expression profil-  Andrew L. Feldman, MD, Mirginia Espina, MS,
ing to elucidate molecular bases for observed differ-vary Winters, BS, Elaine S. Jaffe, MD, Emanuel F.
ences in DLBCL, identifying possible normal cells of petricoin 111, PhD, and Lance A. Liotta, MD, PhD*
origin,” tumors with different responses to standard
combination Chemotheraﬁ?,nOVE| rational treatment Hemato|ympho|d neop|asms are responsib|e for over
targets; and related disease entities (Savage et al, u§p,000 deaths annually in the United States, and are
published material). For these reasons, the lessons frgfg most commonly occurring cancers in childfen.
gene expression profiling in DLBCL are likely to bepespite these sobering statistics, it is within this field
broadly applicable to other lymphoid malignancies. that molecular medicine has made its earliest and great-
In one of the earliest applications of gene expregst strides, the promise of which is just beginning to be

sion profiling, cDNA microarrays (lymphochips) andrealized. The past few decades have seen the discovery

unsupervised learning techniques (hierarchical clustest the t(9;22) BCR/ABL translocation in chronic my-
ing) were used to characterize the transcriptional prgtogenous leukemia (CM[the characterization of the
files of DLBCL and normal lymphocytes, includingrole in apoptosis of the BCL-2 family of proteihthe
germinal center (GC) B cells and in vitro activated pqjse of microarray analysis to delineate new subsets of
ripheral blood B cellé.In a pilot study, subsets of diffuse large B-cell lymphoma (DLBCL)and the in-
DLBCLs were found to share gene expression patterfigduction of novel biologic agents such as rituxifab
with normal GC B cells or in vitro activated PB B Cé”S.and |mat|n|b61 which a|ready have had far-ranging im-
In an expanded analysis, a refined cell-of-origin signgsact in reducing the burden of cancer in selected pa-
ture (100 genes that distinguished GC-B-cell-like anfents. The field of hematolymphoid neoplasms remains
activated-B-cell-like lymphomas at a significance levefertile ground for the application of technology in the

of P <.001) was used to identify tumors with featuregolecular diagnosis, characterization, and treatment of
of above-mentioned normal B cells and a third unrejyman disease.

lated subset.
Additional investigators have utilized supervisevyerview of Proteomics

learning methods to develop transcriptional profiles ofhe functional effectors of cellular pathways and pro-

cured versus fatal/refractory DLBCEsGenes impli- cesses are proteins. While these proteins are encoded

cated in outcome signatures included ones that regdy the genome, only a subset of the possible protein
late B-cell receptor signaling, critical serine/threoningroducts of the genetic code are produced, and the func-
phosphorylation pathways, and apoptésisio of the  tional status of these proteins often depends heavily on
genes and pathways identified in this supervised oosttranslational modifications that are not reflected in
come analysfshave already been credentialed as pogheir genomic sequences. Thus, while significant ad-
sible rational therapeutic targets in DLBCL. In addivances have been made from the ana|ysis of the ge-
tional analyses, a combination of unsupervised and sgpme and its transcribed complement of mRNA, the
pervised learning methods were used to developpgotein end products of these processes are the effector
DLBCL outcome model that included the cell-of-ori-arm of cellular events and offer an in vivo, functionally
gin distinction and additional parameters including HLAelevant window into the workings of the cell. The study
class Il expression and indices of proliferation. of this wide complement of proteins derived from the
These extremely powerful computational strategiegenome is known as proteomics, and the proteins col-
provide new mechanisms for identifying discrete subectively are called the proteome.
sets of DLBCL and other lymphoid malignanci¢ghe The analysis of proteins is used daily in the clini-
next Challenges will be to link the molecular Signature(§a| diagnosis and treatment of hemato|ymph0id neo-
of cell-of-origin and prognosis in lymphoid tumors withplasms. An example is BCL-2 protein, an antiapoptotic

implicated biological pathways, specific pathogenetigrotein overexpressed as a result of the t(14;18) trans-
mechanism4&'212 and associated rational targets of

therapy**

* National Cancer Institute, National Institutes of Health, 10
Center Drive, MSC 1500, Bethesda MD 20892-1500
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location in follicular lymphomad.Detection of BCL-2 the neoplastic cells, but also conveyed prognostic in-
protein by immunohistochemistry is used routinely ifiormation beyond that obtained using the International
the diagnostic evaluation of B-cell ymphomas. Th&rognostic Index (IPI) alone.
presence of BCL-2 protein can yield prognostic infor- Proteomic technology has now advanced to the
mation as well, such as in DLBCL, where BCL-2 propoint where proteomic patterns can be analyzed as “fin-
tein expression has been correlated with decreased gerprints” in much the same way DNA array data have
vival.? Biologically, the elucidation of the mechanismbeen analyze#. Importantly, while conventional pro-
by which the BCL-2 protein acts has led to the discovein assays query individual protein biomarkers,
ery of a large family of proteins related to apoptosigroteomic pattern analysis uses complex bioinformatic
with relevance to a wide variety of human diseases inols to interpret spectra representing thousands of pro-
addition to follicular lymphomé&.Finally, understand- teins to distinguish between clinical entities, such as
ing the role of BCL-2 has led to molecular therapiethe presence or absence of cancer. Unlike DNA
such as antisense oligonucleotide approaches to less@nroarrays, where target sequences must be available
the antiapoptotic effects of this protéinThus, clini- to be printed on the array, proteomic pattern analysis
cians may use a single protein to assist in diagnostickes not mandate identification or isolation of each pro-
prognostics, biologic understanding, and developmetgin comprising the overall pattethThis is important
of targeted therapies. However, analyzing proteins ongince the proteome is significantly more complex than
by-one is laborious, time consuming, and likely to misthe genome, incorporating the results of multiple alter-
critical biologic events due to the sheer number of exative splicing variants and posttranslational modifica-
isting proteins that could be assayed. New proteomiions. While the genome is now thought to encode ap-
technology allows us to gain an overview of thousangsoximately 30,000 genes, the number of protein spe-
of proteins simultaneously as a proteomic pattern, angies may exceed 300,080.
lyze the individual protein signaling pathways being Proteomic pattern analysis has been greatly facili-
utilized by neoplastic cells, characterize the neoplastated by advances in high-throughput mass spectrom-
biologically, and select specific targeted treatment metry, especially surface-enhanced laser desorption ion-
dalities, known as “personalized” molecular mediéine.ization time-of-flight (SELDI-TOF) analysisF{gure

5). In SELDI-TOF, proteins from a patient sample (e.g.,
Diagnostics serum, urine, tissue lysate) are bound to a chip. After
The power of molecular diagnostics has been demowashing off unbound proteins and impurities, a matrix
strated for hematolymphoid neoplasms perhaps madeeapplied that is subjected to photoactivation by laser
than in any other field. The ability to assay for the pregnergy. As proteins are desorbed by the laser they are
ence of characteristic translocations and detect clofalinched as charged ions, and analysis of their time-
immunoglobulin gene rearrangements not only is used-flight (TOF) allows calculation of their mass-to-
for diagnosis on a routine basis, but has helped suppoliarge ratios (m/z). The spectrum of m/z ratios thus
the classification of distinct disease entities, such abtained is processed using self-learning bioinformatic
anaplastic large cell lymphor¥A major advance has pattern recognition software. Analysis of large cohorts
been the use of large-scale gene expression analysistalata using learning algorithms based on artificial
develop genomic patterns or “fingerprints” to aid in théntelligence approaches can allow the discrimination
classification of hematolymphoid neoplasms. Alizadehetween two groups of samples (“supervised” learn-
et af demonstrated the ability of microarray data obing, such as distinguishing the presence or absence of
tained from diffuse large B-cell lymphomas to delin€ancer), or to identify data clusters within a population
eate distinct patterns of gene expression, which not ordgt that may represent novel disease entities (“unsuper-
had biologic correlates in terms of the phenotype afised” learning).

Mass Speciremetny Figure 5. Overview of mass spectrometry.

Patient proteins bound to a chip are irradiated

® by a laser, launching desorbed proteins as
Q000 ® charged ions. Detection of the time-of-flight
~ © 4 | (TOF) of these ions yields a spectrum of mass-
etector " Ly A A N N
laser to-charge ratios (m/z). This spectrum, reflecting

the protein constituents of the original sample,
is then analyzed by self-learning pattern
recognition software and compared to
previously encountered spectra.
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An example of the power of this approach is th&ute these profile¥. Even at the single protein level,
recent report of the ability to characterize the proteomtbe protein CD20 has been used widely as a marker of
spectra derived from sera of women with and withol® cells and a target for anti-B-cell monoclonal anti-
ovarian cancef SELDI-TOF mass spectra were usedody therapy, although these uses are not primarily
as a training set to develop an artificial intelligence abased on its specific cellular function. Clearly, how-
gorithm that, when applied to blinded samples, coulever, the widespread analysis of the proteome will yield
accurately identify 100% of patients with ovarian canextensive data regarding function and utilization of criti-
cer and 95% of controls. This approach was sensitigal protein pathways, as was discussed for the BCL-2
enough to accurately identify all cancer patients, evegmotein, and is expected to have far-ranging implica-
those with stage | disease; specificity was demonstratgans for the identification of molecular targets for path-
by including women with benign ovarian conditions invay-specific biologic therapy.
the control group, as well as finding the algorithm in-  The ability to analyze the nature of the proteome
capable of detecting the presence of cancer in sera framhuman tissues has been greatly facilitated by rapid
patients with prostate canééiA recent improvement in developments in the field of protein microarr&/she
mass spectrometry allowed correct identification of seower of this technique has been enhanced by the de-
from ovarian cancer patients and controls with 100% sevelopment of laser capture microdissectioim which
sitivity and 100% specificit}# subpopulations of cells, such as lymphoid folli&es,

The classification of hematolymphoid neoplasmsan be isolated from tissue sections using a laser pulse.
has evolved from a system based on morphology aloReotein lysates prepared from these samples then can
to one based on cell of origin, the determination dfe robotically applied in miniature dilution curves to a
which is aided by detection of lineage-specific proteisolid phase array with multiple other samples. Hundreds
markers using flow cytometry or immunohistochemisef replicate arrays can be generated and probed for the
try.2® This classification also utilizes detection of addiexpression of a large complement of proteins using spe-
tional protein markers which are not lineage-specificific antibodies, including those that differentially rec-
but rather relate to the pathogenetic mechanism of tbgnize cleaved and/or phosphorylated forms of key sig-
disease (e.g., BCL-2) or other clinically relevant genal transduction moleculés.In this way, protein
netic events (e.g., p53 mutatiéfisin many cases, pan- microarrays can identify the particular signaling path-
els of antibodies are chosen in part due to limitations wfays utilized by a population of neoplastic cells to tai-
the techniques employed, such as assaying cell surfd@especific targeted therapy to modulate the function
molecules by flow cytometry, or ability of antibodiesof these pathways.
to detect antigens in paraffin-embedded tissue sections. One particularly attractive use of this technology
The use of proteomic patterns representing tens of thas-characterizing the status of apoptotic pathways in
sands of protein species may be an enormously powbkematolymphoid neoplasms. Apoptosis is an essential
ful tool to complement the ongoing efforts to classifielement for the normal development and maintenance
hematolymphoid neoplasms in ways that are biologéef the immune systedi.The development of a healthy
cally accurate and clinically relevant. immune repertoire is a highly stringent process, neces-

Additional ways that proteomic profiles might besitating the elimination of most developing lympho-
used diagnostically include screening for minimal recytes; conversely, the ability to avoid apoptosis is criti-
sidual disease after treatméhscreening for the de- cal to the rapid expansion of quiescent lymphocytes in
velopment of neoplasia in high-risk populations (e.gresponse to foreign antigen. Families of proteins re-
posttransplant} screening for transformation of a low-lated to apoptosis, such as the BCL-2 family, therefore
grade neoplasm into a high-grade &nd character- include both proapoptotic and antiapoptotic members
izing/predicting responses to therapeutic interventibnsto aid in the homeostatic regulation of these immune
For example, lymphoma cells in vitro have been showprocesses. Perturbation of these homeostatic mecha-
to demonstrate characteristic proteomic patterns afteisms is exemplified by the t(14;18) translocation in
exposure to chemotherapeutic agéhtmd character- follicular lymphoma, leading to overexpression of BCL-
ization of in vivo patterns may serve as an early predi2- Further studies have indicated that antiapoptotic sig-

tor of response and/or toxicity. nals from BCL-2 are important in nonfollicular neo-
plasms as well, in which complex interactions among
Molecular Characterization and Treatment multiple BCL-2 family members appear to be criti€al.

As previously mentioned, proteomic profiles can havA downstream level of regulation is the inhibitor of
important diagnostic and prognostic implications withapoptosis protein (IAP) family, which exerts its effect
out reference to the individual proteins which constby inhibiting effector caspasé&sBecause multiple pro-
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teins and pathways modulate apoptosis Cleaved Caspase 3 Negative Control
protein microarrays are ideally suited tc

assay these pathways and determin

which are functionally active in a neo- seecossssse

plastic cell populationRigure 6) in or- J:;:::t e

der to select molecular targets for biologic  +Fas o Bl Bk
therapy. A similar approach could be use( ligand

w

assaying cell cycle regulatory genes, tu -4

. . o

mor suppressor genes, transcription fac =

tors, etc. g

2

- 3
Conclusion Untreated

Revolutionary technological advances ir Jurkat

the field of proteomics have generatec ¢ells

powerful new tools for the analysis of

human neoplasia and cell signaling path

ways. High-throughput mass spectrom

etry has generated proteomic patterns

from patient samples that have had powrigure 6. Application of protein arrays to apoptotic signaling pathways.

erful implications in the diagnosis of sev-Jurkat cells were treated with Fas ligand to induce apoptosis. Arrays were printed

eral human malignancies, and this techusing cell lysates in serial dilutions and probed using an antibody specific to the

cleaved (active) form of caspase 3. Increased cleaved caspase 3 is noted in the

nology 1S ready to be app"ed to hematofzas ligand—treated cells (upper left). Hundreds of replicate arrays can be printed

lymphoid neoplasms to aid diagnosisand probed with other antibodies; arrays then can be scanned, quantified, and

monitor response, and refine disease clagempared.

sification. Coupled with a new generation

of protein microarrays capable of characterizing the method. Blood. 1992;79:1796-1801.

functional status of mu|t|p|e Signa"ng pathways in neol L_e Beag MM. Fluo_rescence in situ hybridization in cancer

plastic cells, these advances are leading to “personal-4129nosis. In: De Vita VT, Hellman S, Rosenberg SA, eds.

. " .. . ) . Important Advances in Oncology. Philadelphia, PA:

|;ed .molecular medicine, in WhICh' proteomic analy.—. Lippincott; 1993:29-45.

sis will be used to select therapeutic agents to specHi- Jiang F, Lin F, Price R, et al. Rapid detection of IgH/BCL2

cally target critical pathways in each individual neo- rearrangement in follicular lymphoma by interphase fluores-

plasm to optimize therapeutic efficacy and minimize cence in situ hybrldlza_tlon with bacterial artificial chromo-
.. ial lid he clinical fth some probes. J Mol Diagn. 2002;4:144-149.

toxicity. Trials to validate the clinical use of these teChg. O’Dwyer ME, Gatter KM, Loriaux M, et al. Demonstration of

nologies are currently under way. Philadelphia chromosome negative abnormal clones in
patients with chronic myelogenous leukemia during major
cytogenetic responses induced by imatinib mesylate.
Leukemia. 2003;17:481-487.

10. Bugert P, Lese A, Meckies J, et al. Optimized sensitivity of

I. Molecular Diagnosis of Hematopoietic Disor ders allele-specific PCR for prenatal typing of human platelet

1. Schrock E, du Manoir S, Veldman T, et al. Multicolor spectral  alloantigen single nucleotide polymorphisms. Biotechniques.
karyotyping of human chromosomes. Science. 1996;273:494- 2003;35:170-174.
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