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Key Points

• Whole-genome integrative
analyses in FL reveal that
genes strongly influenced by
copy number are highly
enriched for NF-kB pathway
regulators.

• Subsignatures of the NF-kB
targets predict transformation
in FL.

Transformation of follicular lymphoma (FL) to a more aggressive disease is associated

with rapid progression and death. Existing molecular markers for transformation are

few and their clinical impact is limited. Here, we report on awhole-genome study of DNA

copy numbers and gene expression profiles in serial FL biopsies. We identified 698

genes with high correlation between gene expression and copy number, and the

molecular network most enriched for these cis-associated genes. This network

includes 14 cis-associated genes directly related to the nuclear factor kB (NF-kB)

pathway. For each of these 14 genes, the correlated NF-kB target genes were identified

and corresponding expression scores were defined. The scores for 6 of the cis-

associated NFkB pathway genes (BTK, IGBP1, IRAK1, ROCK1, TMED7-TICAM2, and

TRIM37) were significantly associated with transformation. The results suggest

that genes regulating B-cell survival and activation are involved in transformation of

FL. (Blood. 2014;123(7):1051-1054)

Introduction

Transformation of follicular lymphoma (FL) to a more aggressive
histology is commonly followed by rapid progression, treatment
resistance and death. Finding clinical and molecular markers for
transformation risk has been challenging. Existing markers have
limited clinical impact.

Several recurring DNA copy number alterations in FL have
been associated with transformation and survival.1-4 Most
alterations span large genomic regions involving hundreds of
genes, thus offering limited cues for identification of genes
driving the development of FL. Elevated expression of c-MYC
and other genes promoting proliferation, inactivation of TP53
and CDKN2A, dysregulation of p38-mitogen-activated protein
kinase (MAPK), and mutations of BCL6 have been implicated
in subsets of cases with transformation.5-8 The immunologic
microenvironment of FL may influence transformation risk9 and
a combination of 2 gene expression signatures reflecting the
presence of T-cells and macrophages was shown to predict FL
survival.10 Furthermore, an expression signature reflecting pluri-
potency was shown to predict transformation and survival in FL.11

Whole-genome integrative analysis of DNA copy number and
gene expression data have previously identified candidate driver
genes in FL and several other cancer types.12-15 Here,we describe the

first whole-genome integrative study of FLs to identify transcrip-
tional markers for transformation.

Methods

The material comprises 100 biopsies from 44 patients diagnosed with FL and
is subsequently referred to as follicular lymphoma serial biopsies (FLSB)
(supplemental Table 1, available on the Blood Web site). Copy number
profiles were obtained with a custom BAC/PAC array1 (resolution ;1 Mb)
and were segmented with PCF.16 Expression profiles were obtained from 81
of the biopsies using Affymetrix HG U133 Plus 2.0 Gene Chip. The data are
accessible through GEO Series Accession number GSE53820 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53820). Of these, 51 were from
25 patients with subsequent transformation (45 with histological diagnosis FL
and 6 with diffuse large B-cell lymphoma (DLBCL)) and 30 from 16 patients
without transformation. Median observation time was 84 and 97 months in
patients with and without transformation, respectively. In addition to the FLSB
data, previously published expression profiles from 191 FL-samples10 with
corresponding copy number profiles for 131 cases17 (referred to as the
Lymphoma/Leukemia Molecular Profiling Project [LLMPP]) were used for
validation of the unsupervised analysis.Cis-genes were defined as genes with
Pearson correlation between copy number and expression exceeding 0.4 and
differential expression (P , .05) in samples with genomic gain (or loss) vs
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samples with no change. Ingenuity Systems Pathway Analysis and the
Ingenuity Knowledge Database identified the molecular network most
significantly enriched for cis-genes. For each associated cis-gene, the
significantly correlated (P, .01) downstream target genes were identified
and a score defined by averaging the expression of the target genes.
Associations between scores and transformation were assessed by Student’s
t test and logistic regression. For significant scores (P , .05), cis-gene
messenger RNA was quantified by quantitative polymerase chain reaction
(qPCR) in 80 biopsies. Details about copy number and expression profiling,
qPCR and statistics are provided in the supplemental Material and Methods.

The study was approved by the regional committee for research ethics
(protocol number S-05209) and was conducted in accordance with the
Declaration of Helsinki.

Results and discussion

Correlations between copy number and gene expression were posi-
tively skewed in commonly aberrant genomic regions, indicating

Figure 1. In cis association between copy number

and gene expression. (A) Frequency of gain and loss

as a function of genomic position, calculated across all

the serial FL samples from which DNA copy number

were obtained (see supplemental Material and Meth-

ods). Colors indicate type of aberration, with red

representing gains and green representing losses. (B)

Pearson’s correlation coefficient as a function of

genomic position (total base pairs) for all 21 461 genes.

The genes marked in green have high cis-correlation

(Pearson’s r . 0.4) and differential gene expression in

samples with loss vs samples with normal copy number

(P , .05). The genes marked in red have high cis-

correlation (Pearson’s r . 0.4) and differential gene

expression in samples with gain vs samples with normal

copy number (P , .05). Further details about the

selection of cis-genes are provided in the supplemental

Material and Methods and in supplemental Figure 1.

Correlations between copy number and gene expres-

sion were positively skewed in commonly aberrant

genomic regions, indicating an influence of copy

number on gene expression. (C) Themolecular network

most highly enriched with cis-genes. The network

(denoted Network 1) was identified by using Ingenuity

Systems Pathway Analysis with the Ingenuity Pathway

Knowledge Database and specifying small network

size. The NFkB transcription factor plays the role as

a hub in this network, and 14 genes in the network

encode regulators and signaling molecules upstream of

the NFkB transcription factor: BTK, FASTKD1, IGBP1,

IKBKG, IRAK1,MAP3K7,PPP4R1, ROCK1, TAB2, TBK1,

TMED7-TICAM2, TRIM37, TSCD22, and USP11. The

genes/molecules colored red and green in Network 1

represent cis-genes located in regions of gain and loss,

respectively. The color intensity increases with increas-

ing frequency of the respective genomic aberration (as

shown in supplemental Figure 6).
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influence of copy number on gene expression (Figure 1A-B). Recur-
ring aberrations with concurrent significant transcriptional changes
comprised 698 cis-genes with 23% residing on chromosome X (sup-
plemental Table 2). Gain of X is associated with inferior outcome in
FL.1-4 Analysis of 131 FL-samples in the LLMPP data set10,17

confirmed these results (supplemental Figures 2-5). Using Ingenuity
Systems Pathway Analysis, the molecular network most enriched for
cis-genes was identified (Figure 1C). Among 35 genes in the network,
14 cis-genes (43%) encode regulators and signaling molecules
upstream of the nuclear factor kB (NFkB) transcription factor
and are henceforth referred to as the NFkB-linked cis-genes. Two
genes (MAP3K7 and TAB2) were downregulated in regions of
loss and the remaining upregulated in regions of gain (supplemental
Figure 6). Cis-regulation was confirmed for the 14 genes in an
independent set of 131 FL-samples10,17 (supplemental Table 3). For
each NFkB-linked cis-gene, a permutation test (n5 25000) identified
correlated NFkB targets (P , .01), resulting in 14 signatures of asso-
ciated NFkB target genes (supplemental Table 4). The overall correla-
tion pattern between NFkB-linked cis-genes and NFkB targets was
independently confirmed in 191 FL-samples10 (supplemental Figure 7).
Correlations in the 2 data sets were positively and significantly asso-
ciated for all 14 signatures. Scores found by averaging gene expressions
in each signature followed a very similar distribution in the 2 data
sets (supplemental Figure 8).

Six NFkB target signature scores corresponding to the NFkB-
linked cis-genes BTK, IGBP1, IRAK1, ROCK1, TMED7-TICAM2,
and TRIM37 were associated with transformation (P , .05 with
Student’s t test and logistic regression) (supplemental Table 5 and
supplemental Figures 9 and 10). Of interest, the average expression
of all NFkB target genes was not associated with transformation.
Subsequent qPCR quantification of the gene expression of the 6
NFkB-linked cis-genes showed positive correlations (median, 0.40;
range, 0.10-0.62) to array expression and weak positive correlations
(median, 0.21; range, 0.01-0.32) to copy number.

The most significant predictors for transformation were the
IRAK1- and TRIM37-associated scores, high scores being associated
with transformation (Figure 2A-B). A combination of the IRAK1
and TRIM37 scores resulted in improved discrimination of cases
with and without transformation (supplemental Figure 11). Most
patients with high-scoring FL biopsies (with respect to IRAK1 and
TRIM37) also had FL biopsies with low scores, suggesting variable
activation of transcriptional programs in different FL clones from
the same patient. This is consistent with divergent clonal evolution
in FL andmay explain the limited success in predicting transformation
at diagnosis from genetic changes in a single biopsy.

It is poorly understood how the signaling pathways that regulate
B-cell survival, proliferation, and differentiation are involved in FL
pathogenesis. Most cases of transformed FL are classified as GCB
subtype of DLBCL by gene expression profile or immunopheno-
type.18 Using a high-resolution SNP array, copy number profiles of
FL, and transformed FL showed similarities with the GCB, as well
as the ABC subtype of DLBCL,3,19 and genes involved in NFkB
signaling were targeted by recurrent copy number aberrations. The
predictive power of 6NFkB target gene scores suggests that attainment
of a more ABC-like phenotype predisposes FL for transformation.
Then again, the lack of association between the whole NFkB target
gene signature and transformation, combined with the correlation of 6
NFkB-linked cis-genes only to subsets of the target genes, suggest that
a trans-effect of these genes on transcription is mediated by alternative
transcription factors.

The protein encoded by IRAK1mediates Toll-like receptor (TLR)
signaling and promotes downstream NFkB activation. Approximately

Figure 2. Time diagram of clinical observations, FL biopsies, TRIM37, and

IRAK1 scores. Each horizontal line represents the time line for a particular patient,

the length indicating total observation time since primary diagnosis. Patients are

ordered according to total observation time, with FL biopsies from patients without

transformation (blue bar; 30 FL biopsies from 16 patients) and FL biopsies from

patients with transformation (red bar; 45 FL biopsies from 25 patients) shown

separately. The patients are ordered as shown in supplemental Table 1 with patient

number 1 at the bottom of the diagram. Black tick marks indicate time of death. Red

tick marks represent time of transformation. Circles indicate FL samples with copy

number and gene expression data available, the size reflecting the magnitude of the

TRIM37- and IRAK1-associated scores (left and right panel, respectively). Filled

circles represent scores exceeding a threshold chosen for TRIM37- and IRAK1-

associated scores separately to maximize the discrimination between patients with

and without transformation (indicated with red and blue bars, respectively, at the right

side of the figure). Most patients with samples showing high scores have additional

samples showing low scores. Of note, in most cases the samples showing high

scores precede transformation. A combination of the TRIM37- and IRAK1-

associated scores resulted in improved discrimination between the cases with and

without transformation (supplemental Figure 11).
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30% of ABC-DLBCLs harbor mutations in MyD88 and are
dependent on MyD88, IRAK1, and IRAK4 expression for
survival.20 The ability of the IRAK1-associated target gene score
to predict transformation suggests a role for TLR-signaling in FL
progression. TRIM37 encodes an ubiquitin ligase in the TRIM
family which comprises several proto-oncogenes.21 A role of
TRIM37 in lymphoma, to our knowledge, has not been investigated.

The predictive roles of the BTK- and IGBP1-associated scores
suggest involvement of B-cell receptor (BCR) signaling in FL
transformation. In ABC-DLBCL, chronic BCR signaling is a mech-
anism for constitutive NFkB activation.22 In FL, BCR-induced
phosphorylation of SYK was more potent in FL B-cells than in
nonmalignant B-cells. Then again, intratumoral heterogeneity is
important in FL, as a lymphoma subsetwith abnormal BCRsignaling
was identified, and the prevalence of the subset was associated with
inferior outcome.23 Clinical studies have demonstrated a positive
effect of the BTK-inhibitor ibrutinib in FL patients.24 These findings
encourage further testing of therapeutic approaches targeting BCR
signaling in FL.

In summary, the expression level of several genes involved in
NFkB signaling is affected by copy number in FL. Associated ex-
pression scores of downstream target genes predict transformation.
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