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The development of high throughput technologies based on the knowledge of the human genome has opened the

possibility to search for global genomic alterations in tumors responsible for their development and progression

that may have important clinical implications. One of the major applications of this genomic knowledge has been

the design of different types of microarray platforms for the analysis of DNA alterations and gene expression

profiling (GEP). The main contributions of the DNA studies in lymphoid neoplasms include the definition of

relatively characteristic genomic profiles for specific disease entities, the demonstration of common

chromosomal alterations across entities, the identification of genes and pathways targeted by the altered

chromosomal regions, and the identification of chromosomal alterations with prognostic implications. RNA GEP

studies in these tumors have enhanced the molecular characterization of known entities and facilitated the

recognition of new subtypes and categories of lymphoid neoplasms, the identification of new biomarkers and

prognostic models, and the detection of oncogenic pathways with potential implications for targeted therapies.

The recent development of the next generation sequencing (NGS) technologies and its application in lymphoid

neoplasms already have provided an initial view of the complex landscape of somatic mutations in these tumors

and some findings with important functional and clinical implications. This review addresses the major

contributions and limitations of the microarray technologies in the understanding of lymphoid neoplasms

and discusses how this knowledge may be transferred into the clinics. The initial results of the NGS studies are

also presented.
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Hematopathology has advanced in parallel with
technological developments that have expanded
our understanding of the phenotypic, genetic, and
molecular characteristics of the hematological neo-
plasms. The translation of this knowledge into
clinical practice has changed the conceptual frame-
work of our work over the years with an increased
ability to generate more precise and reproducible
diagnoses of the different entities and sustaining the
progressive expansion of more effective and tailored
therapeutic strategies.

The initial elucidation of the Human Genome a
decade ago and the development of high throughput
technologies opened the possibility to search for
comprehensive views of the genomic alterations
responsible for tumor development and progression
(Figure 1). One of the major applications of this
genomic knowledge in the study of lymphoid
neoplasms has been the design of different types of
microarray platforms for the global analysis of DNA
alterations and gene expression profiling (GEP).1,2

The recent development of a new generation of
sequencing technologies (next generation sequenc-
ing (NGS) or massively parallel sequencing) and
their systematic application to human cancer and in
particular to lymphoid neoplasms are revealing a
landscape of somatic mutations of unprecedented
complexity.3 These studies already have provided a
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number of important findings with functional and
clinical implications including new potential targets
for advanced therapies. It is perhaps too early to
define what will be the real influence of the new
knowledge gained from NGS in clinical practice but
the perspectives are challenging and promising.
This review addresses the major contributions and
limitations of the microarray technologies in
diagnostic hematopathology and the initial results
of the NGS studies in lymphoid neoplasms that will
give us a glimpse of what these studies may offer us
in the very near future.

Microarray technologies

The use of DNA microarrays has represented a major
technological advance in the study of lymphoid
neoplasms. The information generated has had
an important impact in the understanding of their
genetic and molecular pathogenesis that has
supported changes in the recognition and diagnosis
of some tumor subtypes and different lymphoma
categories. However, it has been difficult to translate
some of these findings into clinical practice.

Different platforms have been developed based
on DNA fragments cloned in different vectors
or on oligonucleotides of short or longer length,
which require slightly different technical ap-
proaches but the information generated is relatively
similar and robust. These platforms have
been designed for the study of RNA GEP and DNA
changes, including chromosomal copy number

alterations (CNA), genotyping, and epigenetic
modifications. Integrative studies using both types
of platforms for DNA and RNA have facilitated
the discovery of target genes and pathways
that, together with global signatures and genomic
profiles, have provided new perspectives in the
understanding of lymphoid neoplasms.

Microarrays for DNA studies

Platforms

The first arrays for DNA studies followed the
strategy introduced by the comparative genomic
hybridization (CGH) technique, which allows the
detection of unbalanced DNA copy number changes.
In this approach, tumor and a reference normal DNA
of the same gender are labeled with different
fluorochromes and competitively hybridized on
normal chromosome metaphase spreads. The differ-
ent intensity of the tumor and normal DNA
hybridization signal indicates the presence of gains
or losses in specific chromosomal regions of the
tumor. In the initial CGH arrays, the metaphase
spreads were substituted by DNA fragments
cloned in plasmid, bacterial, or yeast artificial
chromosomes, and more recently by long oligonu-
cleotides (50–75-mer).1 The current high density
oligonucleotide arrays cover the whole genome
(WG) with probes spaced about 1–5 kb apart. The
single-nucleotide polymorphism arrays (SNP arrays)
are alternative platforms to the CGH arrays. These
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Figure 1 High throughput technologies for genomic studies. Global alterations of the genome and transcriptome can be studied by
different types of microarray platforms or next generation sequencing technologies.
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arrays use short oligonucleotides (25-mer) that
distinguish the different genotypes of a given SNP.
The distribution of the probes throughout the
genome is variable and depends on the number of
known SNPs with some areas of the genome less
covered than others. The more recent SNP arrays
also contain probes to identify regions of copy
number variants (CNV), a major source of individual
genetic variation (Figure 2). CNV are DNA segments
of 1 kb or larger that are present in constitutional
DNA at variable copy number in comparison with a
reference genome. They may have a simple struc-
ture, such as tandem duplication of a single copy, or
may involve complex gains, losses, or inversions of
homologous sequences.4

The two types of high density platforms have
advantages and disadvantages and provide comple-
mentary views of the genome (Table 1). Both CGH
and SNP arrays allow the detection of CNA at high
resolution but both require approximately at least
30% of cells carrying the same abnormal region to be
detected.1 This sensitivity may turn into an
advantage since it may filter out small irrelevant
clones, although, on the other hand, it may miss
small clones that may be important later on in the
evolution of the disease. These platforms also allow
the use of DNA extracted from routinely processed
formalin-fixed and paraffin-embedded (FFPE)
tissues.5 CGH arrays have an increased sensitivity,
have a more homogeneous coverage of the genome
and may detect small alterations with higher
resolution but they need the combination of a
normal reference DNA with the tumor DNA. The

use of the constitutional DNA of the same patient
provides the advantage of filtering out the indi-
vidual CNV. These regions may be interpreted as
gains or losses if the tumor DNA is compared with
non-related constitutional DNA from other indivi-

Table 1 Advantages, limitations, and contributions of the DNA
microarrays in the study of lymphoid neoplasias

Advantages

� High resolution in the identification of DNA copy number
alterations

� SNP arrays allow the detection of regions with copy-neutral
loss of heterozygosity (uniparental disomies)

� Protocols available for DNA obtained from formalin-fixed
paraffin-embedded tissues

Limitations

� Chromosomal translocations are not identified
� Sensitivity restricted to alterations present in at least 30% of

total cells in material DNA is extracted from
� Need for constitutional DNA of the same individual to filter our

copy number variations (highly recommended)
� High cost for routine diagnosis

Contributions

� Definition of profiles of secondary genomic alterations specific
for different entities

� Recognition of chromosomal regions commonly altered in
different entities

� Identification of genes and pathways targeted by altered
chromosomal regions

� Description of chromosomal alterations or genomic complexity
related to patient outcome

Figure 2 Germline copy number variants (CNV) and somatic copy number alterations. (a) CNV are DNA segments present in
constitutional DNA at variable copy number in comparison with a reference genome. They may have different structures. (b) In the
genomic analysis of a tumor DNA, CNV can be misinterpreted as copy number alterations (gains or amplifications in the figure) if the
tumor DNA is not compared with a reference normal DNA or compared with non-related constitutional DNA from other individuals.
However, the use of the constitutional DNA of the same patient clearly identifies these regions as CNV already present in the normal DNA
and identifies a region of acquired deletion.
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duals. Although high resolution maps of CNV are
available to interpret the results, the use of reference
DNA from the same individual facilitates the
analysis (Figure 2).6 The SNP arrays provide geno-
type information that has also been used for
genome-wide association studies to determine the
relationship between single SNPs and the risk for
specific diseases including lymphoid neoplasms.7

One of the major advantages of the SNP arrays is
the possibility to detect regions of Uniparental
Disomy (UPD) or DNA copy-neutral loss of hetero-
zygosity in addition to the DNA copy number
changes.8 These regions correspond to stretches of
DNA in which both strands are identical and
therefore all the SNP are homozygous. The geno-
typing information of the SNP arrays recognizes
these regions. The simultaneous measurement of the
copy number based on the intensity of the
hybridization signal identifies the presence of two
strands of DNA in these regions and distinguishes
them from the homozygosity generated by a deletion
of the chromosomal region in which the
hybridization signal would be weaker correspond-
ing to only one strand of DNA. The use of SNP
arrays has shown that UPD is more frequent than
initially thought both in constitutional and in tumor
DNA and they may be relevant in the pathogenesis
of the neoplasms. UPD in tumors may occur by
different mechanisms but usually implies the
deletion of one allele and the correction of the
defect by the duplication of the remaining allele. In
this way, UPD may reduce to homozygosity a
mutated allele after the deletion of the normal
allele and the duplication of the mutated one. This
phenomenon has been observed in mutations of
TP53 in which both alleles carry the same
mutation but also associated with activating
mutations such as JAK2 mutations in myelopro-
liferative neoplasms.8,9

Contributions of DNA Microarrays in Lymphoid
Neoplasms

DNA-array studies have expanded and refined the
initial findings obtained with the metaphase CGH.
The main contributions may be summarized as
follows (Table 1):

1. Definition of genomic profiles relatively charac-
teristic of each disease entity as well as common
chromosomal alterations across entities;

2. Identification of genes and pathways targeted by
the altered chromosomal regions;

3. Description of chromosomal alterations with pro-
gnostic implications.

Several lymphomas are genetically characterized
by the presence of an alteration that occurs in
virtually all cases. In some of them, it is the sole
abnormality detected suggesting that it may be the
primary lesion required for the development of the

tumor. Most of these alterations are chromosomal
translocations targeting specific oncogenes such as
BCL2, MYC, CCND1, and others.10 The systematic
analysis of chromosomal imbalances using
metaphase- and array-CGH has also shown that
most lymphomas carry a higher number of secon-
dary chromosomal alterations than previously
observed by conventional cytogenetic studies.
Although some regions are recurrently found in
different lymphomas, the global profile is relatively
specific for each disease entity, suggesting that these
alterations may have a role in defining the biological
behavior of the tumor. In each lymphoma type, the
number and distribution of the genomic alterations
may vary from patient to patient and this
heterogeneity may account, in part, for the
different behavior of the tumor among patients
with the same disease.11–13 Examples of this are
chronic lymphocytic leukemia (CLL) and mantle
cell lymphoma (MCL) that have frequent deletions
in 13q and 11q and gains of chromosome 12.
However, gains of 3q and losses of 1p are relatively
frequent in MCL but not in CLL.14–17 Gains or
trisomy of chromosome 3 are also a frequent feature
of marginal zone lymphomas (MZL) and diffuse
large B-cell lymphoma (DLBCL) of the activated
B-cell subtype (ABC).18,19 These two types of tumors
have frequent gains in 18q but ABC-DLBCL also has
frequent deletions in 6q, 9p, and 19q not common in
MZL.19 DLBCL of germinal center B-cell type (GCB)
and primary mediastinal B-cell lymphoma (PMBL)
differ genetically from the ABC subtype. These two
subtypes do not have the common alterations of the
ABC subtype but carry frequent gains in 2p that are
uncommon in the ABC-DLBCL. Gains of 9p are seen
in PMBCL but are rare in the other two types of
DLBCL. Interstitial losses of 7q are a frequent
finding in splenic MZL (SMZL) but less frequent
in MCL and rare in CLL or other small B-cell
lymphomas.12,20 Differences in genomic profiles
have also been observed in different types of
peripheral T (PTCL) and NK-cell lymphomas. PTCL
-NOS and angioimmunoblastic T-cell lymphoma
(AITL) share gains in chromosome 8, 9, and 19 and
losses in chromosome 2 but also vary in different
regions.21 ALK-positive and -negative anaplastic
large cell lymphomas (ALCL) have different
profiles that also differ from those seen in PTCL.22

Enteropathy-associated T-cell lymphoma has frequ-
ent gains at 9q33 that not are not seen in other T-cell
lymphomas.23,24

In spite of the marked heterogeneity of the
genomic profiles in different lymphoma types, some
alterations are recurrently seen across different
entities, suggesting that they may deregulate crucial
genes or pathways in the biology of the tumors,
independent of the cell type. For instance, deletions
of 17p targeting TP53 and homozygous deletions of
9p21 including CDKN2A are seen in aggressive
forms of different lymphomas.11,25 The amplicon at
13q31 targeting the miR-17-92 cluster has been
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observed in Burkitt’s lymphoma (BL), MCL, and
ABC-DLBCL.14,19,26 Deletions of different regions of
6q are seen in different types of lymphomas but the
common involved regions may vary and the relevant
genes are not well characterized.11,14,19

The delineation of minimal common deleted or
amplified chromosomal regions and the integrative
analysis with gene expression profiles and func-
tional studies have been useful strategies to identify
the target genes of recurrent chromosomal altera-
tions. Thus, MIR17HG (host gene of the miR-17-92
cluster) is the only gene included in the minimal
amplified region of 13q31 in MCL and the amplifi-
cation is associated with overexpression of all
the miRs in the cluster.14,27 The inhibitor of
NFkB TNFAIP3/A20 was initially identified as the
target of the 6q23 deletions found in ocular MZL by
array-CGH.28 Inactivating mutations of this gene
were subsequently found in other lymphomas
carrying 6q23 deletions including ABC-DLBCL,
MCL, and Hodgkin’s lymphoma (HL).28,29

Inactivating mutations of PRDM1/BLIMP1 occur in
DLBCL with deletions of 6q21. A recent combined
CGH array and gene expression profiling study
of NK-cell neoplasms has also recognized 6q21
deletions and inactivating PRDM1 mutations in
these tumors.30

Most recurrently altered chromosomal regions
include several genes. A lesson recently learned is
that these regions may harbor more than one ‘driver’
gene having a cooperative effect in the biology of the
tumor cells. PMBL and HL have recurrent amplifi-
cation of 9p24. The amplicon includes the kinase
JAK2 and the histone demethylase JMJD2C. The
simultaneous amplification and overexpression of
these genes has an additive effect modulating the
expression of several genes including MYC.31

Interestingly, these tumors also have deletions in
16p13 associated with inactivating mutations of
SOCS1, a negative regulator of JAK2.32 SOCS1
inactivation by biallelic mutations or mutations
and deletions promotes the activity of JAK2. The
presence of 9p24 amplification and 16p13 deletions
in PMBL shows how different chromosomal
aberrations in the same type of tumor target genes
in the same pathogenetic pathway. Similar findings
have been observed in other tumors. For instance, in
MCL recurrent chromosomal alterations indivi-
dually occurring at low frequency, target multiple
genes of the same pathways including cell-cycle
regulation, DNA damage response, and cell survival
(Figure 3).14 SNP array studies have recently
revealed that the deletion of several genes of the
Hippo signaling pathway in MCL, a mechanism
controlling proliferation and apoptosis, may be
involved in lymphomagenesis.9

The presence of recurrent chromosomal altera-
tions in cancer does not always reflect a positive
selection for activated or inactivated genes with a
‘driver’ function in the pathogenesis of the tumor.
Many chromosomal deletions actually do not in-

clude genes but are located at known fragile sites,
and thus are just a manifestation of genomic
instability of the tumor.33 Local structural features
of certain DNA regions may also influence genetic
alterations. The regions flanking somatic UPD in
MCL are significantly enriched in CNV and segmen-
tal duplications, suggesting that these regions may
facilitate the recombination of DNA.14

As with conventional cytogenetic and CGH
studies, array analyses have identified a number
of chromosomal alterations related to patient out-
comes. Some of these regions reflect a well-known
underlying molecular alteration, such as the inacti-
vation of TP53 or CDKN2A in 17p or 9p21,
respectively, with direct implications in the biology
of the tumor.15,19 However, the mechanism related to
the poor outcome is not as evident with other
regions. For instance, large gains of chromosome 3
have been associated with aggressive behavior in
ABC-DLBCL and MCL but the potential target is still
not known.15,19 In some lymphoid neoplasms, such
as CLL and MCL, DNA-array studies have shown
that the genomic complexity is an important
prognostic parameter independent of other known
factors.15–17

Gene expression profiling

The microarray technologies have made possible the
study of the global GEP of tumors (Table 2). These
platforms consist of numerous DNA probes immo-
bilized on a solid surface. The initial arrays were
homemade and usually constructed with cDNA
probes but they have been progressively substituted
by commercially available platforms that use oligo-
nucleotide probes.34 The RNA of the sample is

Figure 3 Recurrent chromosomal alterations and pathways.
Recurrent chromosomal alterations individually occurring at
low frequency, target multiple genes of the same pathways. In
mantle cell lymphoma, these altered regions include genes that
regulate cell cycle and DNA damage response.
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labeled with a fluorochrome and hybridized on the
array. The signal obtained reflects the concentration
of the corresponding transcript. The results give a
quantitative measure and are highly reproducible
using the same array platform and also among
different platforms.35 Given the high number of
genes measured simultaneously, the evaluation of
global gene signatures seems more robust than
measuring individual genes.34 As in all genomic
studies, major challenges are the bioinformatics
tools and methodologies to analyze and validate
the data using other technologies such as PCR or
immunohistochemistry and in other independent
series of samples. The systematic analysis of
lymphoid neoplasms has provided relevant informa-
tion in three major areas:

(1) Molecular characterization of known entities
and recognition of new subtypes and categories
of lymphoid neoplasms.

(2) Identification of new biomarkers and prognostic
models.

(3) Detection of oncogenic pathways with implica-
tions for targeted therapies.

Characterization of Known Entities and Recognition of
New Categories of Lymphoid Neoplasms

Diffuse large B-cell lymphomas. GEP studies of
lymphoid neoplasms have revealed that each major
lymphoma entity is characterized by a unique and
robust program of gene expression.36,37 This proof of
concept has sustained the discovery of some new

categories and tumor subtypes with relevance in
clinical practice. One of the major contributions of
these studies has been the identification of two
major subgroups in the category of DLBCL, the GCB-
DLBCL, and the ABC-DLBCL. In addition, the
profile of these subtypes is also different from the
GEP of PMBL.38–40 The GCB tumors are chara-
cterized by the expression of genes related to
germinal center cells, whereas ABC tumors have
an expression pattern related to mitogenically
activated B cells close to cells with a secretory
function.36,38 ABC and PMBL, but not GCB-DLBCL,
have constitutive activation of the NFkB pathway,
that they require for survival and therefore, it may be
an interesting target for therapy. The activation of
this pathway in ABC tumors seems to occur through
BCR signaling with acquired activating mutations in
elements of this pathway including CD79a,
CARD11, and MYD88 and inactivating mutations
of the NFkB inhibitor A20.29,31 The clinical,
pathological, and biological features of these two
types of molecular DLBCL are different, supporting
the idea that they may correspond to different
entities (reviewed by J Said in this course).41,42

Other expression profiling studies have identified
alternative subgroups of DLBCL characterized by
expression signatures related to potential pathoge-
netic mechanisms. In particular, one subgroup was
characterized by high expression of genes associated
with oxidative phosphorylation (OxPhos subgroup)
and mitochondrial function such as genes of the
BCL2 family. The ‘BCR/Proliferation’ subgroup was
enriched for B-cell receptor signaling and cell-
cycle regulatory genes whereas the ‘Host Response’
(HR) subgroup had increased expression of genes
related to an inflammatory/immune response
signature.43 Unlike with the GCB vs ABC cate-
gories, these three subgroups were not of prognostic
importance. However, they may still be of clinical
interest in suggesting possible new therapeutic
strategies.

Small B-cell lymphoid neoplasms. The GEP of the
most frequent categories of small B-cell neoplasms
has provided important insights into the under-
standing of these diseases and recognized subtypes
with clinical implications. CLL and hairy cell
leukemia (HCL) have a GEP related to memory B
cells with specific features different from other
B-cell neoplasms.44–46 The two major subtypes of
CLL with mutated and unmutated IGHV also have
some differences in their expression profile. The
GEP of follicular lymphoma (FL) has revealed the
cell complexity of the microenvironment and its
influence in the prognosis, signatures related to the
aggressiveness of the tumor or associated with the
transformation to DLBCL.47–49 GEP studies of MCL
have recognized a variant of cyclin D1-negative
tumors that share the same molecular profile with
the conventional cyclin D1-positive cases.37,50

In addition, non-nodal MCL with a very indolent

Table 2 Advantages, limitations and contributions of the micro-
arrays for the study of the gene expression profiling in lymphoid
neoplasms

Advantages

� Global analysis of gene expression profile
� Quantitative measurement of the expression levels of the

transcripts examined
� Identification of complex gene expression signatures related to

the biology of the tumors
� Highly reproducible results

Limitations

� Bioinformatic tools for analysis not user-friendly and ready-to-
use in clinical practice

� Protocols for RNA extracted from formalin-fixed paraffin-
embedded tissues not optimized

� High cost for routine clinical practice

Contributions

� New insights into the molecular characteristics of known
entities

� Recognition of new molecular subtypes and categories of
tumors

� Identification of new biomarkers and robust prognostic models
based on complex gene expression signatures

� Detection of oncogenic pathways with implication for targeted
therapies
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clinical behavior have a global GEP more similar to
conventional MCL than to other small B-cell lym-
phomas,51 suggesting that they correspond to the
same disease. However, these two subgroups also
differ in the expression of a number of genes, as well
as in other clinical and biological features, suggest-
ing that they may correspond to a specific subtype of
the disease.51,52 The expression program of marginal
zone lymphomas shows that nodal and extranodal
types share common profiles with upregulation of
genes related to cell–cell and cell–extracellular
matrix interactions.53,54

Peripheral T-cell lymphomas. GEP studies in
T-cell lymphomas have been able to recognize
specific global expression patterns for the most
common entities although they are more difficult
to interpret, due to the lower frequency of these
tumors and the heterogeneity of the tumor cell
microenvironment. PTCL, NOS tend to form a
cluster in GEP studies but some of these tumors
also cluster with other molecular subtypes, indicat-
ing the heterogeneity of this category. GEP has
identified a possible subgroup of cytotoxic
PTCL.55 AITL had a strong signature related to
normal follicular T-helper cells and overexpression
of genes related to the varied components
of the microenvironment including B cells,
follicular dendritic cells, extracellular matrix, and
angiogenesis.56,57 ALK-positive and -negative ALCL
differ in their GEP and both are different from that
of PTCL, NOS, supporting their distinction in the
WHO classification.58 NK-cell lymphomas and
hepatosplenic lymphomas also have a distinctive
GEP. A group of gd T-cell lymphomas share profiling
features with NK-cell lymphomas.59

Burkitt’s lymphoma and B-cell lymphoma unclassi-
fiable with features intermediate between BL and
DLBCL. Two studies have described the GEP of BL
that refine the differential diagnosis with DLBCL.60

The BL signature shows high expression of MYC
targets and genes related to germinal center cells and
low expression of NFkB targets and MHC class I
genes.60 Intriguingly, although there was a good
correlation between the pathology and molecular
diagnosis, the discordances were also striking. Some
cases expressing the molecular signature of BL (mBL)
were diagnosed by expert pathologists as DLBCL or
high-grade B-cell lymphomas. On the contrary, only a
minority of cases without the molecular signature of
BL had been called BL. Curiously, both studies
identify occasional cases of molecular BL that
lacked a demonstrable MYC rearrangement. Both
studies revealed that the molecular distinction bet-
ween BL and DLBCL in some cases is not very sharp.
Tumors with an expression signature intermediate
between BL and DLBCL or discordant between the
mBL signature and the pathology diagnosis of DLBCL
or high-grade lymphoma had frequent expression of
BCL2, carried the t(8;14) and frequently additional

BCL2 or BCL6 rearrangements (double hit), had more
complex karyotypes, presented in older patients and
had a worse outcome than cases in which both the
molecular and pathology diagnosis were in
agreement.60 These observations suggest that some
aggressive lymphomas may have molecular and
pathological features intermediate between BL and
DLBCL and support the proposal of the WHO
classification10 recognizing this intermediate cate-
gory, not as a specific entity but as a biologically
heterogeneous category that should be recognized
and studied separately.

B-cell lymphoma unclassifiable with features inter-
mediate PMBL and HL. One striking finding of
the GEP studies of PMBCL was the similarity with
the GEP of HL.39,40 The major difference was the
downregulation of the B-cell differentiation program
in HL. These molecular findings further support
the previous clinical and pathological observa-
tion of a very close relationship between PMBL
and particularly mediastinal classical HL (cHL)
(reviewed in this issue by Harris).61,62 Together
with more recent genetic and epigenetic studies,
they also support the inclusion in the WHO classi-
fication of the category large B-cell lymphoma,
unclassifiable with features intermediate between
DLBCL and HL.63–66

Identification of New Biomarkers and Prognostic
Models

The discovery of clinically significant individual
gene expression and gene expression signatures based
on GEP studies have also led to more routine tests that
have been incorporated into clinical practice for
diagnostic or prognostic purposes. ZAP70 expression
was found as one of the best discriminatory genes
between IGHV-mutated and -unmutated CLL44 and its
detection by flow cytometry or immunohistochemi-
stry has been introduced in clinical studies.67,68

Annexin A1 was identified as a specific marker of
HCL that could help in the differential diagnosis with
other small B-cell neoplasms with a widely used
immunohistochemical stain now commercially
available.46 SOX11 overexpression was found as a
relatively specific feature of MCL since it was
detected in virtually all MCL but absent in other
mature B-cell lymphomas with the exception of some
BL.69,70 SOX11 was also expressed in cyclin D1-
negative MCL and therefore it is a good biomarker for
the diagnosis of this variant.70 SOX11 was also an
element of the gene signature distinguishing
conventional MCL from a subgroup of MCL with a
very indolent clinical behavior, since it was negative
in these latter tumors. The use of this marker, together
with other clinical (non-nodal presentation) and
biological features (absence of genomic complexity
and 17p/TP53 alterations), may be useful to recognize
this particular subgroup of MCL.51,52,71
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Microarray studies in malignant lymphomas have
provided new and robust prognostic information
that improves the current prognostic indices mainly
based on clinical criteria, such as the International
Prognostic Index (IPI). Interestingly, the GEP-based
prognostic models are different for each disease
entity, suggesting that the behavior of each lympho-
ma is determined by different mechanisms. Thus, in
DLBCL the best predictors of survival in patients
treated with immunochemotherapy include the
signatures related to the cell of origin combined
with signatures reflecting different cell populations
of the tumor microenvironment. The GCB-DLBCL
subtype and a signature related to extracellular
matrix deposition and inflammatory cell infiltration
are associated with better outcome, whereas the
ABC-DLBCL subtype and a signature reflecting
angiogenesis predict for poorer survival.41 In FL,
the best predictor model of survival combines a
favorable signature mainly composed of T cell-
related genes and an unfavorable profile enriched
in macrophage-related genes.47 The GEP studies of
MCL confirmed the value of cell proliferation as the
best prognostic parameter.37 Proliferation also seems
to emerge as one of the best prognostic factors
in PTCL.72 These prognostic models, derived from
expression profiling analyses, very precisely stratify
the patients according to their risk based on
quantitative models that also reflect the biology of
the disease.

Detection of Oncogenic Pathways with Implications
for Targeted Therapies

The oncogenic pathways identified by GEP in
different types of tumors may become targets of
novel drugs or identify patients susceptible to
different therapeutic strategies. Experimental studies
have shown that activation of the NFkB pathway is
required for survival in ABC-DLBCL and therefore
may be an interesting target for therapy.73 The
activation of this pathway in PMBL but not in
GCB-DLBCL may also suggest a selective indication
for target therapy in these tumors. A subset of ABC-
DLBCL has activation of the STAT3 pathway,
suggesting that this pathway may be a potential
therapeutic target in these tumors.74,75 The molecu-
lar classification of DLBCL may be important to
select different therapeutic modalities given the
apparent difference in their response to certain treat-
ments.76 The high expression of PDFGRa detected in
PTCL may be a potential target for therapy in these
lymphomas.56 The emerging information in this
field and the increasing availability of new drugs
designed to target specific molecular genes or
pathways emphasizes the need to incorporate
this knowledge into clinical practice.77 The use of
microarray studies in the context of well-designed
clinical trials may have a role in predicting the
clinical response to specifically oriented molecular
therapies.

How should genomic knowledge be
transferred into the clinic?

The application in clinical practice of what has been
learned based on the current microarray technology
remains an important challenge. The application of
individual biomarkers for diagnosis such as ZAP70,
Annexin A1, or SOX11 has been incorporated using
flow cytometry or routine immunohistochemistry.
The incorporation of more global information
generated by DNA and GEP arrays is more difficult.
This approach requires the extraction of good
quality DNA and RNA from tissues or blood. The
requirement of fresh samples is a logistic challenge
difficult to overcome in routine practice. However,
recent improvements in protocols that use nucleic
acid extracted from FFPE routinely processed
tissues for microarrays increases the likelihood that
these technologies can be used in routine prac-
tice.5,78 The information generated up to now has
been based on the use of frozen samples. Validation
studies using these new protocols for routine
samples will be necessary to confirm the
applicability of the results.

The information generated with the microarray
studies may be translated into the clinics using
different platforms such as FISH for genetic studies
and quantitative PCR (qPCR), other mRNA detection
techniques or immunophenotyping for expression
information. These approaches may be useful for
small numbers of genes but may not perform well
when algorithms using a high number of genes may
be needed. Several studies have obtained promising
results in the diagnosis of molecular subtypes of
DLBCL or applying the MCL proliferation signature
using a small number of genes by qPCR or
alternative techniques such as RNAse protection
assay.79–81

The most widely used method for translation of
GEP contributions into clinical practice is immuno-
histochemistry; however, there are a variety of
difficulties that still need to be overcome. The
immunohistochemical detection of the proliferation
activity as a prognostic factor in MCL using Ki67
seems robust in many different studies and it has
been incorporated into an integrated prognostic
model with clinical parameters.82 However, the
limitation, as with other immunohistochemical
studies, is the reproducibility of the evaluation
among pathologists.83 Different algorithms and
individual markers have been designed to capture
the molecular classification of DLBCL and the
prognostic value of different GEP-based prognostic
models. The results among different studies are
conflicting for varied reasons, probably including
case selection and technical difficulties.84 The
evaluation of the immunohistochemical results has
not overcome the limitations in standardization
procedures and evaluation. Pathologists perform
well with some markers but the reproducibility in
the precise quantification needed in some algorithms
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is relatively poor.83 A major limitation is the
complexity of the GEP signatures that usually
incorporate multiple genes, whereas immunohisto-
chemical approaches use a very limited number of
markers. On the other hand, GEP models provide a
quantitative measure of the expression whereas
immunohistochemical results are difficult to
quantify. Computerized assisted approaches have
been assessed and apparently they may overcome
part of the reproducibility and quantitative limita-
tions.85 However, these methods are difficult to
establish universally, time consuming and may be
difficult to incorporate on a routine basis. The need
to transfer the genomic information into clinical
practice will increase with the development of new
therapies. It is still difficult, however, to foresee
which methodologies will allow for this to be
accomplished in diagnostic hematopathology. The
challenges are overwhelming for individual groups
and will require the collaborative efforts of large
consortiums and a high dose of imagination.

Next generation sequencing

Principles and Applications

The new generation of sequencing technologies is
expanding the possibilities to analyze the mutational
spectrum of cancer genomes with a comprehensive
perspective thanks to their high speed, relative low
cost, and versatility to detect all types of genomic
alterations. Several methodologies have been devel-
oped that start with the fragmentation of the DNA
and subsequent amplification. The multiple frag-
ments generated are simultaneously sequenced in

parallel. The millions of sequenced reads are then
aligned against the reference genome and the
sequences compared (Figure 4). The massive pro-
duction of parallel sequences generates several reads
for each given position of the genome. The number of
reads per stretch of DNA is called coverage. A high
coverage improves the accuracy of the interpretation
of the sequences since it may filter out errors and
noise and also facilitates the detection of mutations
in tumor samples with a certain contamination of
normal cells. One of the major challenges is the
development of reliable bioinformatic algorithms to
interpret the sequences. This analysis may detect
changes in single nucleotides, the presence of small
insertions or deletions (indels), or larger structural
alterations. A number of reads above or below the
mean coverage per region of DNA will inform
about the presence of gains, amplifications, and
hemizygous or homozygous deletions. In addition,
the mapping of a number of reads in two
distant regions of the chromosome or even in
different chromosomes will indicate the presence
of translocations (Figure 4).3

These sequencing studies may be applied to the
WG, the whole transcriptome or may be targeted to
specific regions of the genome including all coding
exons (exome) (Figure 1). Comparison of the
sequences in the tumor with the constitutional
DNA of the same individual allows the detection
of somatic mutations and filters out thousands of
individual polymorphisms. The WG sequences of
several solid tumors and hematological neoplasms
already have been reported. These studies provide a
comprehensive view of all types of somatic muta-
tions but also, given the massive amount of
information, provide evidence of possible mechan-

Figure 4 Next generation sequencing. Next generation sequencing technologies may detect point mutations, small insertions or deletions
and large structural variants such as amplifications, homozygous, and heterozygous deletions and translocations. In the RNA
sequencing, the number of short reads obtained for each transcript is used to quantify the levels of expression levels of the RNA
(modified from ref.3 used with permission).
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isms involved in the mutational process.86 The
sequence of the exome or other specific targeted
regions of the genome are alternative methods that
minimize the cost and the speed and still provide
relevant information in larger series of patients. The
methodologies are based on a selective capture of
the genomic fragments of interest using tagged
complementary oligonucleotides. The sequencing
of the transcriptome or RNA sequencing (RNAseq)
starts with cDNA derived from mRNA, total RNA, or
other RNAs such as microRNAs. This approach
allows the quantification of the transcripts similarly
to microarray GEP but without the need of a plat-
form with previously known reference genes. In
addition, it allows the discovery of potential new
fusion transcripts or transcripts with alternative
splice forms. Given the power of these methodo-
logies it is possible to foresee that technologies more
adjusted to the scale of clinical problems and the
development of friendlier bioinformatic tools may
find their way into the clinical practice and may sub-
stitute for microarray platforms in the near future.

Landscape of Somatic Mutations in Lymphoid
Neoplasms

Initial studies in lymphoid neoplasms have started
to display a complex panorama of somatic mutations
in these tumors. The sequences of the WG, exome,
and transcriptome of a large number of lymphoid
neoplasms have been already reported including
CLL,86–89 HCL90 FL,91 DLBCL,91–93 and plasma cell
myeloma (PCM).94 These studies have been the
starting point for additional functional and clinical
investigations that have confirmed the oncogenic
potential and clinical impact of some of the
findings. The number of somatic mutations in the
genome is variable from around 0.8 mutations per
MB in CLL to 2.9 in PCM. The number of mutations
in coding regions also varies from 5 to 20 in CLL to
B35 in PCM, indicating the different mutagenic
potential in these tumors.86,94

Although the number of cases examined in most
of these tumors is still relatively low, some common
patterns are emerging. The profile of mutations in
most of these tumor types is characterized by the
presence of few mutated genes in large number of
cases and a higher number of mutated genes at a
very low frequency. Interestingly, HCL and Walden-
strom’s macroglobulinemia (WM) show an opposite
scenario with a single-mutated gene in almost all
cases, the BRAF V600E mutation in HCL90 and the
MYD88 L256P mutation in the majority of WM.93

Although many mutated genes occur at low
frequency, they tend to cluster in common patho-
genetic pathways. The main pathways involved in
each type of tumor also seem different, suggesting
that the transforming mechanisms may differ
according to tumor types and cell of origin.

One of the striking surprises of the sequencing
studies in CLL has been the large genetic hetero-
geneity of the disease with a relative large number of
genes mutated at low frequency (Figure 5). Only a
few mutations are recurrent in 10–15% of the cases.
Although some mutations are distributed equally
among the IGHV-mutated and -unmutated CLL,
other genes appear preferentially mutated in one of
the two subtypes. The mutated genes tend to cluster
in different pathways that include NOTCH1 signal-
ing, RNA splicing, and processing machinery,
inflammatory response, DNA damage and cell-
cycle control and WNT pathway among others.87,88

NOTCH1 mutations, found in B10% of CLL, are
associated with an adverse prognosis and higher risk
of transformation to DLBCL.86,89 Interestingly, a
study of the MCL transcriptome has also found
NOTCH1 mutations in 12% of the cases.95 As in
CLL, they were associated with a poor prognosis.
Mutations in SF3B1, an element of the spliceosome
complex, found in B10% of CLL, are also associated
with a worse outcome. Interestingly, other genes of
the RNA splicing and processing machinery are
also mutated indicating that this pathway may have
a relevant role in the pathogenesis of the dise-

Figure 5 Distribution of different somatic mutations in CLL with mutated and unmutated IGHV.87
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ase.87,88 No mutations in this gene have been dete-
cted in other lymphomas but genes of this path-
way are frequently mutated in myeloproliferative
neoplasms.87,88

The spectrum of mutations in DLBCL is similar to
CLL with few genes frequently mutated and a long
list of genes mutated at low frequency. However, the
targeted pathways are different and some of the
genes are altered in a higher proportion of cases than
that seen in CLL. For example, the histone methyl-
transferase MLL2 is mutated in 32% of DLBCL and
89% of FL. The following are the more frequently
mutated pathways: chromatin remodeling (EZH2,
MLL2, CREBBP, and EP300), immune recognition by
T cells (B2M) and post-germinal center differentia-
tion program. Similarly also to CLL, some mutated
genes occur in one of the molecular subtypes of
DLBCL, ABC, or GCB, whereas others are equally
distributed in both categories. Some genes of the
BCR signaling and NFkB pathway (CD79b, MYD88,
A20) are more commonly mutated in ABC, whereas
BCL2 or the methyltransferase EZH2 mutations are
mainly found in the GCB subtype.91,92,96

PCM has a high mutational load compared with
CLL. Interestingly, the mutated genes belong to the
protein translation machinery including genes of the
unfolded protein responses, a mechanism closely
related to the normal secretory function of plasma
cells. NFkB and histone-modifying enzymes are also
a target of recurrent mutations.94 The landscape of
somatic mutations in T-cell neoplasias are starting
to emerge. Based on NGS studies, STAT3 mutations
have been found in 40% of large granular
lymphocytic leukemia. These mutations seem to
activate the downstream STAT3 pathway and the
patients present more often with neutropenia and
rheumatoid arthritis.97

How all this expanding information may be
translated into clinical practice is difficult to foresee
at the present time. It is still too early to start making
predictions but it seems, from the functional and
clinical studies already performed for some of the
genes, that this new information will have an
important impact. On the other hand, many of the
mutated genes found were previously unknown in
cancer and, therefore, their role in oncogenesis is
uncertain. The frequency of some of the apparently
relevant mutations seems too low to design specific
studies but curiously, for some of them, the mutated
gene is usually found across different entities
although at different frequencies. For instance,
BRAF is mutated in all HCL but also in 2% of
the CLL and 4% of PCM.87,90,94 Some of the mutated
genes, such as NOTCH1 or BRAF, already have
experimental drugs available for other tumors in
which the mutations were previously found. It will
be necessary to study whether these drugs, such
as BRAF inhibitors, may be useful in these different
entities.

In conclusion, the last decade may be considered
the first postgenomic era of hematopathology that,

thanks to new technologies, has generated new
knowledge with profound impact in our under-
standing of lymphoid neoplasms. Some of this
information has been translated into the clinic but
other aspects are still difficult and will require
further studies probably with alternative methodol-
ogies and standardized procedures. The new gen-
eration of sequencing technologies is opening new
perspectives with a comprehensive view of the
mutational landscape of tumors that may have a
clinical impact as predictive biomarkers for new
therapies and in certain cases molecular diagnostic
markers.
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