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Summary

Non-Hodgkin lymphomas (NHL) represent a frequent complication of human immunodeficiency
virus (HIV) infection. To elucidate HI\V-NHL pathogenesis, we performed a genome-wide DNA
profiling based on a single nucleotide polymorphism-based microarray comparative genomic
hybridization in 57 HIV-lymphomas and, for comparison, in 105 immunocompetent diffuse large
B-cell lymphomas (IC-DLBCL). Genomic complexity varied across HIV-NHL subtypes. HIV-
Burkitt lymphoma showed a significantly lower number of lesions than HIV-DLBCL (p=0.032),
whereas the median number of copy number changes was significantly higher in Epstein-Barr
virus negative (EBV-) HIV-DLBCL (42.5, range 8-153) compared to EBV+ cases (22; range
3-41; p=0.029). Compared to IC-DLBCL, HIV-DLBCL displayed a distinct genomic profile with
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no gains of 18q and specific genetic lesions. Fragile sites-associated genes, including FH/IT
(FRA3B), WWOX (FRA16D), DCC (FRA18B) and PARKZ (FRAGBE) were frequently inactivated
in HIV-NHL by interstitial deletions, and a significantly higher prevalence of FH/T alterations was
observed in HIV-DLBCL compared to IC-DLBCL. The same genes involved by fragile site
deletions were also frequently affected by aberrant methylation of regulative regions.
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Non-Hodgkin lymphomas (NHL) represent a major cause of morbidity and mortality among
individuals infected by the human immunodeficiency virus (HIV) (Grogg, et a/ 2007,
Navarro and Kaplan 2006).

The vast majority of HIV-related NHL (HIV-NHL) is represented by aggressive monoclonal
B-cell lymphomas displaying distinctive clinical features, including widespread disease at
presentation, poor prognosis and frequent involvement of extranodal sites. The pathological
spectrum of the disease includes systemic HIV-NHL, primary central nervous system
lymphoma (HIV-PCNSL), primary effusion lymphoma (HIV-PEL) and plasmablastic
lymphoma of the oral cavity ’(Carbone, et a/2009, Carbone, ef a/2001a, Grogg, et a/ 2007,
Navarro and Kaplan 2006, Swerdlow, et a/2008). Systemic HIV-NHL comprise HIV-related
Burkitt (HIV-BL) and HIV-related diffuse large B-cell lymphoma (HIV-DLBCL). The vast
majority of HIV-PCNSL is histologically represented by DLBCL.

Despite their clinico-pathological heterogeneity, the vast majority of HIV-NHL have been
demonstrated to derive molecularly from B cells that have experienced the germinal centre
(GC) reaction (Capello, et a/2008, Carbone, et a/2001b). In particular, HIV-BL and a
fraction of HIV-DLBCL express markers typical of GC B cells, whereas the remaining HIV-
DLBCL and HIV-PEL are represented by post-GC, pre-terminally differentiated B-cells.

The pathogenesis of HIV-NHL is a multistep process involving factors provided by the host,
as well as alterations intrinsic to the tumor clone (Capello, et a/2008, Carbone, et a/ 2009,
Carbone, et a/2001b, Moir and Fauci 2009). Screening of known genetic lesions has
revealed that the molecular pathogenesis of HIV-NHL is characterized by molecular
heterogeneity and involves distinct pathogenetic pathways that preferentially associate with
specific clinico-pathological entities (Carbone, ef a/2009, Carbone, et a/ 2001a, Jenner, et a/
2003, Klein, et a/2003, Nair, ef a/ 2006, Navarro and Kaplan 2006).

In order to further elucidate the molecular pathogenesis of HIV-NHL and identify genetic
lesions specifically associated with HIV infection, we: /) performed genome-wide DNA
profiling based on single nucleotide polymorphism (SNP)-based microarray comparative
genomic hybridization (a-CGH) in 43 HIV-NHL clinical specimens and 14 HIV-NHL cell
lines; /) compared the genomic profiles of HIV-DLBCL versus 105 immunocompetent
DLBCL (IC-DLBCL); iii) evaluated the prognostic impact of genomic aberrations.
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Methods

Tumour panel

Forty-three HIV-NHL clinical specimens formed the basis of this study. Based upon the
2001 World Health Organization Classification (Jaffe, ef 4/2001), HIV-NHL cases were
centrally reviewed and histologically classified as HIV-BL (11 cases), HIV-DLBCL (28
cases) and HIV-PCNSL (four cases). Eight HIV-PEL (CRO-AP/2, CRO-AP/3, CRO-AP/5,
CRO-AP/6, BCBL1, BC2, BC3 and HBL6) and six HIV-BL (PA-682, LAM-C3+, HBL2,
HBL4, BRG-IgM and AS283A) cell lines were also analyzed. For comparative purposes,
105 IC-DLBCL clinical specimens were also investigated. IC-DLBCL were diagnosed by
expert pathologists. All clinical specimens were derived from involved sites and were
obtained in the course of routine diagnostic procedures before therapy. Cases were selected
for the study based upon the availability of frozen material and for having a fraction of
malignant cells in the pathological specimen representing >70% of overall cellularity as
determined by morphological and immunophenotypic studies. All samples were studied
according to a protocol approved by the Bellinzona Institutional Review Board.

DNA extraction, Epstein-Barr virus (EBV) detection and a-CGH

DNA was extracted and its integrity was verified as previously described (Capello, et al
2003, Forconi, et al 2008). Infection by EBV was investigated by Epstein-Barr encoded
RNA (EBER) /in situhybridization (ISH) and polymerase chain reaction (PCR) analysis as
previously reported (Carbone, et al 2001b). Genome-wide DNA profiles were obtained using
the GeneChip Human Mapping 250K Nspl (Affymetrix, Santa Clara, CA, USA), as
previously described (Forconi, et al 2008). The Human Mapping 250K Nspl has probesets
targeting over 250,000 single nucleotide polymorphisms (SNPs), and is capable of providing
copy number (CN) and genotyping information with a median physical distance between
SNPs of 5 kb and an average distance between SNPs of approximately 10 kb.

Data mining

Data acquisition was performed using the GeneChip Operating Software (GCOS) v1.4 and
Genotyping Analysis Software (GTYPE) v4.1. Genotype calls were calculated using the
BRLMM algorithm (Bayesian Robust Linear Model with Mahalanobis distance classifier).
Mapping data for probes were derived from the National Center for Biotechnology
Information (NCBI) Human Genome Build 36, as provided by Affymetrix. The modified
Bayesian Piecewise Regression (MBPCR) method (Rancoita, et al 2009) was used to
estimate the copy number (CN) starting from the log2-ratios of raw CN values obtained with
Affymetrix CNAT 4.01 using a Gaussian bandwidth of 0 Kb and 46 Caucasian normal
female samples of the HapMap Project as reference samples. Afterwards, each genomic
profile was normalized to a median log2-ratio of zero (i.e. CN of two). Thresholds for loss
and gain were —0.08 and +0.08, respectively, corresponding to six times the median absolute
deviation symmetrically around zero with an associated p-value lower than <0.001 after
Bonferoni multiple test correction. Thresholds for homozygous deletion and amplification
were defined at —0.6 and +0.6, respectively. Loss of heterozygosity (LOH) profiles were
obtained applying the method with haplotype correction for tumour-only LOH inference
available in the dChip software (Beroukhim, et al 2006), using as reference the 60 Centre
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d’Etude du Polymorphisme Humain parents of the HapMap Project and computing the allele
A frequency from the data.

The recurrent minimal common regions (MCR) were defined using the algorithm by Lenz et
al. (2008a). MCR were calculated for DNA gains, losses, LOH (at least 5% of cases),
homozygous deletions and amplifications (at least two samples). To calculate the frequency
of each individual MCR, all cases bearing the specific lesion were included; i.e., a case with
a gain of a whole chromosome was also counted as positive for a SRA within that
chromosome. MCR were compared with the Database of Genomic Variants (http://
projects.tcag.ca/variation/).

For MCR occurring in at least 15% of cases, differences in frequencies between HIV-
DLBCL and IC-DLBCL were evaluated using a Fisher’s exact test followed by multiple test
correction. A false discovery rate (FDR) < 0.1 was considered as significant.

Genomic complexity and differences in the median number of DNA gains, losses and LOH
among the different HIV-NHL subtypes were calculated using the Wilcoxon rank-sum test
(Stata Corporation, College Station, TX, USA). The p-value for significance was < 0.05.

Methylation analysis

The methylation status of Fragile Histidine Triad (FHIT), WW domain-containing
Oxidoreductase (WWOX), Deleted in Colon Cancer (DCC) and Parkinson disease
(autosomal recessive, juvenile) 2, parkin (PARK?2) CpG islands was investigated by
methylation-specific polymerase chain reaction (MSP), as previously reported (Agirre, et al
2006, Hussain, et al 2004, lliopoulos, et al 2005, Miyamoto, et al 2005). DNA used as a
template was chemically modified by bisulfite treatment (EpiTect Bisulfite Kit, QIAGEN
Milan, Italy). MSP was performed with primers specific for methylated and unmethylated
sequences on 50 ng of bisulfite-treated DNA in a Verity thermal cycler (Applied Biosystems,
Milan, Italy). All MSP reactions were performed with positive and negative controls for both
unmethylated and methylated alleles. In vitro methylated DNA from normal peripheral
blood mononuclear cells (PBMC) was used as positive control for methylated allele-specific
reactions. DNA from normal PBMC was used as negative control for methylated allele-
specific reactions and as positive control for unmethylated allele specific reactions. PCR
products were separated by agarose gel electrophoresis and visualized under UV
illumination. Dilution curve experiments showed that MSP assay enabled the detection of 1
cell carrying methylated alleles out of 100 cells.

Real-time quantitative reverse transcription polymerase chain reaction (RT-PCR)

Real-time RT-PCR for FHIT, WWOX and for the housekeeping gene B-glucuronidase
(GUSB) were performed on a StepOnePlus Real-Time PCR System (Applied Biosystems)
using TagMan Inventoried Gene Expression Assays (Applied Biosystems), according to the
manufacturer’s protocol. Linearity of PCR amplification and equal efficiency for primer/
probe systems was demonstrated for all genes. The (2-AACt) algorithm was used to
determine the relative expression of FH/T and WIWOX mRNA in methylated and
unmethylated cases.
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Results

The degree of genomic complexity differs among HIV-NHL subtypes

We analyzed a total of 57 HIV-NHL including 43 primary samples and 14 cell lines by high-
resolution SNP-based a-CGH. The level of genomic complexity varied among the different
HIV-NHL subtypes. In particular, the median number of CN changes was lower in HIV-
PCNSL (7; range, 1-29) and HIV-BL primary samples (17; range, 1-64), than in HIVV-PEL
(28; range, 6-149) and HIV-DLBCL (31.5; range, 3-153). When compared to systemic HIV-
DLBCL, HIV-BL primary samples showed a significantly lower number of lesions
(1p=0.032). HIV-BL cell lines were characterized by a very unstable genomic profile (median
number of CN changes 132.5; range, 20-176), and were therefore considered separately
from HIV-BL primary samples in any further analysis.

Among HIV-DLBCL, genomic complexity varied according to EBV infection status, since
the median number of CN changes was significantly higher in the 15 EBV-negative HIV-
DLBCL (42.5, range 8-153) than in the eight EBV-positive cases (22; range 3-41; p=0.029).

HIV-NHL subtypes are characterized by distinct recurrent alterations

Figs 1 and S1 show the frequencies of DNA CN changes and of LOH, respectively, in each
HIV-NHL subgroup. To have a more precise representation of the lesions characterizing
these disorders, we determined the MCR, which are supposed to contain loci relevant for the
tumour (Table SI). Four types of MCR were defined: abnormal chromosome arm (ACA),
abnormal whole chromosome (AWC), short recurrent abnormality (SRA) and long recurrent
abnormality (LRA) (Lenz, et a/ 2008a).

ACA, detected in more than 15% HIV-BL primary samples, included gains of 1q (18%), 7p
(18%), 12p (27%), 20q (18%), losses of 16p (18%) and 17p (27%, 7P53), and LOH of 15q
(18%) and 179 (18%) (Figs 1A and S1A, Table S1). SRA and LRA mapped at 1q, 3q, 7p,
79, 12p, 12q, 15q, 179 (gains), 44, 5p, 13q, 16p, 17p (losses) and 1q, 2p, 3q, 4p, 54, 64, 7p,
8p, 13q, 14q, 179 (LOH).

Gains of 1qg, 6p LOH, SRA and LRA at 1q, 6p, 15q (gains), 2p, and 4q (losses) and 6p
(LOH) were the most common alterations observed in HIV-BL cell lines (Fig S2, Table SI).

ACA occurring in more than 15% HIV-DLBCL were represented by gains of 1q (18%), 2p
(18%, comprising BCL11A and REL), 11q (25%), and 12p (21%), losses of 17p (18%,
7P53), and LOH of 17q (Fig 1B and S1B). SRA and LRA detected in more than 15% HIV-
DLBCL are shown in Table I.

As mentioned above, HIV-PCNSL had very few genomic aberrations, with no recurrent
lesions (Figs 1D and S1D).

HIV-PEL had common aberrations of whole chromosomes or chromosome arms: gains of 2p
(29%,BCL11A, REL), 7p (29%), 7q (43%), whole 7 (29%), 8q (57%), 12p (57%), 12q
(43%), whole 12 (29%), 19p (29%), 22q (43%) and LOH of 12q (29%) (Figs 1E and S1E).
Table Sl shows the SRA and LRA detected in at least 15% of HIV-PEL, respectively.
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Occurrence of copy neutral LOH in HIV-NHL

The high density SNP array used in this study allowed the concomitant identification of CN
changes and genotyping. As expected, the detection of DNA losses vastly overlapped with
the presence of LOH. However, LOH occurred also in regions without DNA losses
(Bacolod, et a/2008, Rinaldi, et a/2006), suggesting the presence of copy neutral LOH
(uniparental disomy, UD). The incidence of UD was heterogeneous among different HIV-
NHL subtypes. The proportion of probes mapping in regions of UD was relatively higher in
HIV-PEL (median 4.6%; range, 0.2%-13.1%) and HIV-BL (2.31%; range, 0.14%-9.15%)
compared to HIV-DLBCL (0.8%; 0%-9.15%), and HIV-PCNSL (0.8%; 0.15%-10.18%).
Moreover, UD of at least 1 region longer than 5Mb (less likely due to the accidental
presence of stretches of homozygous SNPs) (Forconi, et a/ 2008), was more frequently
observed in HIV-BL (7/8; 88%) and PEL (8/11; 73%) than in HIV-DLBCL (15/28, 53%).
The regions most frequently targeted by UD were 1q (HIV-BL and HIV-DLBCL), 3q (HIV-
DLBCL), 6p (HIV-DLBCL), 10q (HIV-DLBCL), 15q (HIV-BL) and 17q (HIV-BL and HIV-
DLBCL).

HIV-DLBCL and IC-DLBCL are characterized by similar degrees of genomic complexity but
by distinct genomic profiles

With the aim of evaluating genomic differences between HIV-DLBCL and IC-DLBCL, we
compared the genomic profiles of 28 HIV-DLBCL and 105 IC-DLBCL obtained with the
same SNP array (Figs 1F and S1F). The genomic complexity of IC-DLBCL, including CN
changes (median 31.5; range, 2-154) and the proportion of probes mapping in UD regions
(median 1.15%, range 0%-12.9%), was similar to that observed in HIV-DLBCL.
Nevertheless, HIV- and IC-DLBCL showed a different distribution of the most common
MCR and a comparison of the single genomic alterations led to the identification of
statistically significant differences between the two groups of lymphomas. HIV-DLBCL
cases more commonly presented deletion of 3p14.3 (7/28, 25%, vs 5/105, 5%; p-
value=0.003, FDR 0.1), which contains the fragile site FRA3B and FH/T, and gains of
12021.31 (12/28, 43%, vs 18/105, 17%; p-value=0.007, FDR 0.1). Conversely, IC-DLBCL
more commonly had gains of 18q (21/105, 19%, vs 0/28, 0%; p-value=0.007, FDR 0.1),
containing among others BCL2and NFATCI. As 49/105 (47%) of the IC-DLBCL had been
previously characterized for their cell of origin using gene expression profiling (Lenz, et a/
2008b), we also compared HIV-DLBCL versus 30 GC-DLBCL and 19 activated B-cell like
(ABC)-DLBC. HIV-DLBCL did not show any significant difference versus GC-DLBCL
whereas again, they had less chromosome 18 gains (0/28, 0%, vs 6/19, 32%; p-value=0.002,
FDR=0.068) and more gains of 12q21.31 (12/28, 43%, vs 1/19, 5%; p-value=0.007, FDR
0.082), when compared to ABC-DLBCL.

Genes spanning fragile sites are preferentially targeted by genomic deletions in HIV-NHL

As shown before, the loss of chromosomal region 3p14, that includes the fragile site FRA3B
and the FHIT gene, was the most significant difference between HIV-DLBCL and IC-
DLBCL. The region was also frequently affected in HIV-PEL (6/8, 75%), but less in HIV-
BL (1/11, 9%). Interestingly, nine HIV-NHL with deletion of FH/7 showed the concomitant
alteration of the fragile site FRA16D, localized at 16¢g23.1 and involving the WIV/OX gene.
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The observation that 3p14, 16¢23.1 and also 6926, another known fragile site containing
region (PARK?2), were included among the MCR of HIV-DLBCL prompted thte screening
of 39 genes mapping to well characterized fragile sites (Smith, et /2007, Smith, et a/2006)
both in HIV-NHL and in IC-DLBCL (Table SlIlI). Among the loci analyzed, 13 genes,
including FHIT and WWOX, were frequent targets of alterations in HIV-NHL and were
deleted in more than 10% HIV-DLBCL. Besides the significantly higher prevalence of FHIT
alterations in HIV-DLBCL compared to IC-DLBCL, also WWOX, DCC, and DABI were
also more frequently deleted in HIV-DLBCL than in IC-DLBCL, although the differences
were not statistically significant. Importantly, HIV-DLBCL and IC-DLBCL differed not only
for the frequency of inactivation of genes associated to fragile sites, but also for the pattern
of deletions. Whereas most IC-DLBCL showed deletions affecting a wide chromosomal
region, including the entire fragile site, HI\V-DLBCL were characterized by short, interstitial,
deletions localized within the fragile site associated gene. In particular, FH/T was mainly
affected in the proximity of exon 5, whereas WWOX was preferentially targeted within the
last intron of its longest splice variant. The same pattern of interstitial deletions of fragile
site genes observed in HIV-DLBCL recurred also in other HIV-NHL subtypes.

In HIV-NHL, FHIT, WWOX, DCC and PARK2 are inactivated by deletion and/or methylation

FHIT, WWOX, DCC and PARK?Z2 are considered tumor suppressor genes that may be
inactivated by deletion and/or methylation in many tumors (Agirre, et a/ 2006, Ageilan and
Croce 2007, Arakawa 2004, Bednarek, et a/2001, Cesari, et a/ 2003, Ishii, et a/ 2003,
O’Keefe and Richards 2006).

The methylation status of FH/T, WWOX, DCC and PARKZin HIV-NHL was evaluated by
MSP and results were compared to array-CGH data. Aberrant methylation of FH/T intron 1
was detected in 8/47 (17%) HIV-NHL, including 6/28 (21%) HIV-DLBCL, 2/11 (18%) HIV-
BL, whereas it was absent in HIV-PEL (0/8). Aberrant methylation of the promoter region of
WWOX was observed in 24/47 (51%) HIV-NHL, including 6/8 (75%) HIV-PEL, 15/28
(54%) HIV-DLBCL, and 3/11 (27%) HIV-BL. In HIV-NHL, the mechanisms of inactivation
of FHIT by deletion or methylation were mutually exclusive, as none of the cases with
aberrant methylation of FH/T showed concomitant deletion of the gene. On the contrary, all
HIV-NHL with WIWOX deletion showed the presence of WIWOX methylated alleles.

To verify the association between FH/Tand WIWOX epigenetic and genetic alterations and
gene expression, we analyzed FH/T and WIWOX mRNA levels by real-time quantitative RT-
PCR in a representative panel of HIV-NHL (Fig 2).

Relative expression levels of FH/T were evaluated, comparing samples with methylation or
deletions (n=12) to samples without genetic or epigenetic alterations (n=7) (Fig 2A).
Compared to samples without genetic or epigenetic alterations, expression of FH/T mRNA
was 4.22-fold (p=0.01) lower in HIV-NHL displaying alterations of the gene.

Relative expression levels of WIWOX were evaluated comparing ten samples with deletion
and/or methylation of the gene with ten samples without alterations. (Fig 2B). Compared to
samples without genetic and/or epigenetic alterations, expression of WIWOX mRNA was
3.55-fold (p<0.001) lower in HIV-NHL displaying alterations of the gene.
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DCC methylation was detected in 16/47 (34%) HIV-NHL, and was more frequent in HIV-
DLBCL (12/28; 43%) compared to HIV-BL (3/11; 27%), and HIV-PEL (1/8; 13%). PARKZ
methylation was observed in 12/47 (25%) HIV-NHL , including 7/28 (25%) HIV-DLBCL,
4/11 (36%) HIV-BL, and 1/8 (12.5%) HIV-PEL.
Discussion

This study reports the largest series of HIV-NHL so far analyzed using a high-density
genome wide SNP-based microarray analysis. Overall, the level of genomic complexity
varied across HIV-NHL subtypes. In particular, HIV-BL primary samples were characterized
by a more stable profile when compared to both HIV-DLBCL and IC-DLBCL. The lower
genomic complexity of BL compared to DLBCL has also been observed in the context of
lymphomas arising after solid organ transplantation (Rinaldi, ef a/2006) and in
immunocompetent hosts (Hummel, ef a/2006), and therefore may represent an intrinsic
feature of BL not related to the host immune status.

Among systemic HIV-DLBCL, genomic complexity varied according to EBV infection
status, because EBV-positive HIV-DLBCL showed a lower genomic complexity than EBV-
negative cases. Notably, HIV-PCNSL, which carry EBV in virtually all cases, were also
characterized by the presence of a very low number of genomic alterations. This observation
corroborates previous studies (Capello, et a/2008, Vaghefi, et a/ 2006) and may be ascribed
to a direct EBV transforming effect, which, at least in specific cellular contexts, can replace
the need of additional chromosomal aberrations.

In our study, HIV-PEL showed a high prevalence of recurrent lesions. Overall, the HIV-PEL
genomic profile, in accordance with a previous CGH study (Nair, et a/ 2006), is different
from that of HIV-DLBCL or IC-DLBCL and multiple myeloma (Carrasco, et a/2006). The
observed genomic profile of PEL suggests that the pathogenesis of this lymphoma also
involves CN changes, in addition to human herpes virus 8 (HHV8) infection and miRNA
deregulation (Carbone, et a/ 2009, O’Hara, et a/ 2008). Intriguingly, the regions recurrently
gained by PEL contain some genes previously shown to be overexpressed in PEL cells,
including Vitamin D3 receptor (VDR, 12q13.11) and interleukin 2 receptor beta (/L2RB,
22013.1). Moreover, the presence of the gene encoding the interleukin 6 (IL6) receptor
within the gained 1931.1 region suggests a possible autocrine loop with the viral 1L6
homologue encoded by HHV8.

Although HIV-DLBCL and IC-DLBCL were characterized by an overall similar quantitative
genomic complexity, HIV-DLBCL showed peculiar genomic alterations. Comparison of the
genomic profiles of HIV-DLBCL with the profiles of 105 de novo IC-DLBCL and their GC-
and post GC-subtypes, suggests that HIV-DLBCL are intermediate between post GC- and
GCB-DLBCL, with more similarities with GCB-DLBCL. In immunocompetent hosts, de
novo post GC-cases are characterized by deletions of 6q (PRDM1 and TNFAIP3), 9p
(CDKNZA), trisomy of chromosome 3, gain/amplifications of 3p (FOXP1, NFKBIZ), 3q,
18q (BCL2) and 19q (SP/B) (Bea, et al 2005, Chen, et a/ 2006, Compagno, et a/ 2009, Lenz,
et al 2008a, Tagawa, et a/2004). On the contrary, GCB-DLBCL display more commonly
gains of 1q, 2p (REL), 7q, 99, 12q (MDM2), 13q (MIR17HG), and deletions of 1p (7P73),
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10qg (PTEN) and 13q (/NG1I) (Bea, et al 2005, Chen, et a/ 2006, Lenz, et a/ 2008a, Tagawa,
et al 2004). Analogous to GCB-DLBCL, HIV-DLBCL clearly showed recurrent gains of 2p
(REL), 7q and 12q, as well as losses of 1p. Also, lesions that characterize post GC-DLBCL,
such as gains of 18q (BCL2), were not detected among HIV-DLBCL. However, at variance
with IC GCB-DLBCL, HIV-DLBCL displayed gains in 3q, an abnormality that is absent or
extremely rare among immunocompetent patients (Lenz, et a/2008a), and did not show
preferential deletion of PTEN, which has been reported as specific in this NHL subset (Lenz,
et al 2008a).

When compared to IC-DLBCL, HIV-DLBCL showed a higher incidence of interstitial
deletions affecting genes overlapping fragile sites. Fragile sites are regions of profound
genomic instability distributed throughout the genome and are often the site of DNA
breakage in cancers (Freudenreich 2007, Smith, et a/2007). The high frequency of deletions
in fragile site-associated genes was not limited to HIV-DLBCL, but was common to other
HIV-NHL. FHIT (FRA3B), WWOX (FRA16D), DCC (FRA18B) and PARK2 (FRABE)
were the fragile site-associated genes more frequently affected in HIV-NHL, and were
characterized by interstitial deletions possibly imputable to fragile site instability.

In HIV-NHL, FHIT, WWOX, PARKZ and DCC were frequently inactivated not only by
interstitial deletion, but also by gene methylation. Inactivation of tumor suppressor genes by
deletion, mutation or methylation is a common finding in human neoplasia and tumor
suppressor genes spanning fragile sites are expected to be inactivated by similar
mechanisms.

FHITand WWOX are well-known tumor suppressor genes frequently and coordinately
inactivated in a variety of human malignancies, including hematopoietic neoplasia (Ishii, et
al 2003, Kameoka, ef a/ 2004, Ludes-Meyers, et a/ 2007). The pathogenetic relevance of
FHITand WWOX for lymphomagenesis is documented by the observation that #H/7- and
WWOX-deficient mice have a higher incidence of lymphoma (Ludes-Meyers, et a/ 2007)
(Ageilan, et al 2007, Roz, et al 2002).

The possible role of PARKZ inactivation in neoplasia is not known, although reported to be
methylated in leukemias (Agirre, ef a/ 2006). The gene encodes a RING finger E3 ubiquitin
ligase, also expressed in normal B-cells, that regulates a variety of substrates, including
HSP70 (Jiang, et a/ 2006, Moore, ef a/2008). DCC is a known tumor suppressor gene that is
inactivated in solid tumors (Arakawa 2004). DCC is expressed in GC B cells and encodes a
dependence receptor that induces apoptosis after ligand withdrawal (Bredesen, et a/ 2005,
Teyssier, et a/2001). DCC inactivation may protect B-cells bearing DNA damage from the
killing induced by ligand deprivation at the exit from the GC (Tanikawa, ef a/ 2003).

The apparent greater instability of fragile sites in HIV-DLBCL compared to IC-DLBCL
suggests a possible contribution played by viral infections, within the context of the HIV-
induced B-cell hyper-activation and dysfunction (Moir and Fauci 2009). In fact, fragile sites
have been indicated as preferential integration sites for exogenous DNA, such as viruses
(Feitelson and Lee 2007, Luo, et a/ 2004, Rassool, ef a/ 1992, Thorland, et a/ 2003). EBV,
Simian Virus 40 (SV40), Hepatitis B virus (HBV), herpes simplex virus types 1 and 2,
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adenovirus types 8 and 19, human papilloma virus 16 (HPV16), and HHV8 are only some of
the viruses that could infect B-cells, integrate into the cellular genome and induce local
genomic instability at the insertion sites (Rassool, et a/1992). In HIV-infected individuals,
as a consequence of immunodeficiency, B-cells are expected to be more exposed to viral
infections. We may hypothesize that viruses might contribute to the pathogenesis of HIV-
NHL by a direct action at the genomic level, and that this transforming effect could be, at
least in part, independent from the expression of viral oncogenes. Further experiments, such
the demonstration of viral genomes within fragile sites, are needed to validate this
hypothesis.

The results of this study expand our knowledge on the genomic heterogeneity of HIV-NHL
and underlie the clinico-pathological diversity of this disease, revealing that HIV-DLBCL
are characterized by distinct genomic lesions when compared to their counterpart arising in
immunocompetent patients.
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Fig 1.

Frgequency of DNA gains (up) and losses (down) observed in 11 HIV-BL (A), 25 HIV-
DLBCL (B), 105 IC-DLBCL (C), four HIV-PCNSL (D) and eight HIV-PEL (E). X-axis,
chromosome localization and physical mapping; Y-axis, percentage of cases showing the
aberrations.
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Fig 2.

E)?pression analysis of FHIT and WIWOX mRNA by real-time quantitative RT-PCR. Levels
of FHIT (A) and WIWOX (B) mRNA in HIV-NHL samples with and without genetic and/or
epigenetic alterations of the gene were normalized to the endogenous reference GUSB
MRNA to obtain the normalized threshold cycle (ACt) for each sample. The median ACt
value was set to 1. The ACt value of FH/T (A) and WWOX (B) of cases without alterations
of the gene was related to the ACt value of FH/T (A) and WWOX (B) of cases displaying
genetic and/or epigenetic alterations to obtain the relative threshold cycle (AACt). The
(270ACH) algorithm was used to determine the relative expression of FH/7and WWOX
mRNA. Statistical analysis, performed by the non parametric Mann-Whitney test with
Bonferroni adjustment, revealed a significant difference in FH/T and WWOX expression
between samples without genetic and/or epigenetic alterations and HIV-NHL cases
displaying alterations of the gene (p=0.01 for FH/T, and p<0.001 for WWOX).
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