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Deregulation of cell signaling pathways controlling cell growth
and cell survival is a common feature of all cancers. Although a
core repertoire of oncogenic mechanisms is widely conserved
between various malignancies, the constellation of pathway
activities can vary even in patients with the same malignant
disease. Modern molecularly targeted cancer drugs intervene in
cell signaling compensating for pathway deregulation. Hence
characterizing tumors with respect to pathway activation will
become crucial for treatment decisions. Here we have used
semi-supervised machine learning methodology to generate
signatures of eight oncogene-inducible pathways, which are
conserved across epithelial and lymphoid tissues. We com-
bined them to patterns of pathway activity called PAPs for
pathway activation patterns and searched for them in 220
morphologically, immunohistochemically and genetically well-
characterized mature aggressive B-cell lymphomas including
134 cases with clinical data available. Besides Burkitt lympho-
ma, which was characterized by a unique pattern, the PAPs
identified four distinct groups of mature aggressive B-cell
lymphomas across independent gene expression studies with
distinct biological characteristics, genetic aberrations and
prognosis. We confirmed our findings through cross-platform
analysis in an independent data set of 303 mature aggressive
B-cell lymphomas.
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Introduction

Bild et al' recently showed for carcinomas that oncogenic
pathway activation patterns (PAPs) artificially induced in
nonmalignant breast epithelial cells can predict outcome and
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treatment efficiency. They transfected quiescent primary human
mammary epithelial cells (HMECs) singly with each of the five
human oncogenes: MYC, activated RAS, SRC, E2F3 and
activated B-catenin. They trained five discriminatory classifiers
of oncogenic pathway activation on expression profiles from
transfected HMECs and controls using a supervised Bayesian
classification model.> The classifiers were successfully applied
to expression profiles of epithelial neoplasms including ovarian,
breast and lung cancer to predict the activity of each of the
pathways in the tumors. So far this approach has not been
followed for transcriptional profiles of lymphoid malignancies
like diffuse large B-cell lymphoma (DLBCL) and Burkitt
lymphoma (BL).

Molecular BL is a homogenous disease across patients with
respect to large-scale gene expression profiling whereas DLBCL
is shown to be heterogeneous.>® A prominent molecular
distinction is made between the germinal center- and the
activated B-cell-like gene expression phenotype of DLBCL
(GCB/ABC).>” Moreover, primary mediastinal B-cell lympho-
mas®® as well as a subset of BLs with DLBCL morphology can
be identified using gene expression profiling.** DLBCL can also
be grouped into three distinct ‘consensus clusters’ named after
the most prominent genes in the signatures (‘oxidative phos-
phorylation’: OxPhos, ‘B-cell receptor/proliferation’”: BCR and
‘host response’: HR).®

We have recently described a gene expression signature
providing an index of ‘Burkitt-likeness’ (mBL-index) for
mature aggressive B-cell lymphomas allowing their classifica-
tion into molecular Burkitt lymphomas (mBL, mBL-index
>0.95) and non-mBL (mBL-index <0.05). In-between cases
were assigned an ‘intermediate’ status (0.05<mBL-in-
dex<0.95). The majority of intermediate lymphomas and
non-mBL displayed DLBCL morphology whereas mBL
consisted of cases with and without classical BL morphology.
Most mBLs generally exhibited a fusion of the MYC oncogene
to an immunoglobulin (/G) locus in the absence of transloca-
tions involving BCL2 or BCL6. In contrast, with only few
exceptions, non-mBLs were MYC breakpoint negative. Interest-
ingly, the intermediate cases were enriched for lymphomas
with MYC fused to a non-IG locus or carrying an IG-MYC fusion
in the presence of many imbalances or BCL2 or BCL6
translocations.”
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Here we complement the molecular characterization of

mature aggressive B-cell lymphomas by grouping 220
morphologically, immunohistochemically and genetically
well-characterized mature aggressive B-cell lymphomas

including 134 cases with clinical data available® according to
patterns of pathway activity called PAPs. We identified besides
BL four distinct groups of mature aggressive B-cell lymphomas
across independent gene expression studies with distinct biolo-
gical characteristics, genetic aberrations and prognosis, which are
defined by different constellations of pathway activity.

Materials and methods

Data

Affymetrix (Affymetrix, Santa Clara, CA, USA) raw intensity files
(CEL-files) were obtained at Gene Expression Omnibus'® GEO-
accession GSE4475 (DLBCL and BL,> Affymetrix HGU133A),
http://data.cgt.duke.edu/oncogene.php (breast epithelial cell line
data," Affymetrix HGU133 plus 2.0), http:/llmpp.nih.gov/BL
(DLBCL and BL,* Affymetrix HGU133 plus 2.0 and custom
Affymetrix LymphDx 2.7k). For each data set varying sample
covariates were available from the respective accompanying
websites. This included labels from gene expression signatures
for BL,*®> GCB/ABC*” and primary mediastinal B-cell lymphoma
(PMBL).*

Data preprocessing

Affymetrix HGU133 raw data sets were merged based on
common probe sequences between HGU133A and HGU133
plus 2.0 gene chips and were preprocessed together. Probe
intensities were normalized using a variance stabilization
method (vsn)."' Gene expression levels were estimated by
fitting an additive model employing a median polish routine."”
HGU133A parameters for vsn (trim selection, sample scale and
offset) and the medianpolish (probe effects) were estimated on
the combined data set from Hummel et al.> and Bild et al.'
HGU133 plus 2 samples from Dave et al.* were added to this
core data set without changing the normalization of the
original.”® To adjust for study-specific effects (scanner genera-
tion, calibration, platform and so on), we followed the strategy
described in Wright et al.'* and additionally scaled and shifted
each gene in the data set of Dave et al.* to have the same mean
and variance across patients as in the respective reference
samples from Hummel et al.”> Affymetrix LymphDx data were
preprocessed separately using vsn'' and the medianpolish.'?

Semi-supervised class detection and PAPs

Transcriptional modules conserved between mammary epithe-
lial cell lines and lymphomas were identified as described in the
Supplementary protocol S1. We used a semi-supervised exten-
sion of the established class finding algorithm ISIS."> By
definition, we knew that for a transfected cell sample, all
transcriptional modules associated with the transfected onco-
gene were activated, and for a control sample, we knew that
they were not (labeled samples). For the lymphoma data, we did
not know the activation status of the modules a priori (unlabeled
samples). ISIS searches for bipartitions of the unlabeled samples
into two groups, which can be clearly separated by subsets of
coherently expressed genes (transcriptional modules). We
applied ISIS to the combined data set of HMECs and lymphomas
and restricted the search space to bipartitions of unlabeled
lymphoma samples that were consistent with the labeled data.
All control epithelial samples needed to fall in one group of
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lymphomas and all transfected epithelial samples in the other.
We could then classify each lymphoma according to activity
(similar to oncogene-transfected HMECs) or nonactivity (similar
to control-transfected HMECs) of each oncogenic transcriptional
module. We refer to the combination of the activity status
of multiple pathway modules in individual lymphomas as PAP
for pathway activation patterns.

Cross-platform PAP signatures

Oncogenic pathway modules were derived from data generated
with Affymetrix HGU133 gene chips. In contrast, the series of
Dave et al.* contains 303 transcriptional profiles generated with
a custom Affymetrix oligonucleotide microarray (LymphDx
2.7k) with 2524 unique genes that are expressed differentially
among the various forms of non-Hodgkin’s lymphoma. This
array holds only a fraction of the probe-sets of the HGU133-
arrays. In addition, Dave et al.* hybridized 99 cases to both
arrays. We used these cases to transfer our signatures from the
HGU133 to the custom LymphDx chips. We applied our initial
pathway signatures to add pathway activation labels to the 99
Affymetrix HGU133 plus 2 profiles and then trained new
LymphDx-chip-based classifiers using these labels. Each signa-
ture includes 25 probe-sets, which are present on both arrays.
Finally, we applied these signatures to all 303 LymphDx-chip
profiles of Dave et al.*

Survival analysis

Clinical data including information on therapy and the two
parameters age and Ann Arbor stage both used in the
international prognostic index (IP)'® was available for 134
cases of our own study and for 220 cases of Dave et al.* We
analyzed the association of survival with eight oncogenic
modules and their combination to four recurrent PAPs (PAPs
1-4) by fitting multivariate Cox proportional hazard models. The
analysis was carried out for each study separately and for the
pooled data taking both studies together. For the pooled data we
used stratified Cox models assuming separate baseline hazard
functions for both studies. The ABC signature is an established
prognostic indicator and age and Ann Arbor stage are part of the
IPL. In our analysis we have included the presence of an ABC
signature, age (age>59 years) and stage (stage=IIl or IV) as
covariates in the multivariate models, such that the estimated
hazards are independent of them. Furthermore, the analysis was
restricted to patients having received a treatment with a
combination of chemotherapy based on cyclophosphamide,
doxorubicin, vincristine, and prednisone (CHOP) or similar and
not belonging to a further PAP, which is strongly associated with
mBL (BL-PAP) as defined in this manuscript. Altogether, the
survival analysis includes 81 of our own cases and 186 cases
from Dave et al.*

Detection of chromosomal imbalances

Data on genomic imbalances from 183 cases in the GSE4475
data set determined by array-based comparative genomic
hybridization (CGH) have been described previously.” Every
clone on an array-CGH was either classified as showing
genomic gain, loss, normal copy number, or it was called
missing if it could not be classified.'” A y*-test statistic was
computed for each clone in order to test for overrepresentation
of gains and losses in PAP groups. Missing values were removed
before the computation of each statistic. Multiple testing was
performed with the step-down minP method implemented in the
R package multtest.'®
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Immunohistochemistry

Immunohistochemistry for forkhead box P1 (FOXP1) protein
expression (antibody JC12) was performed on paraffin em-
bedded tumor tissue from 27 samples of the PAP-1 and 27
samples of the PAP-2 groups according to standard protocols.
Evaluation was performed twice, first by one and then by two
different experienced hematopathologists (WK, evaluation 1; AR
and GO, evaluation 2). The FOXP1 protein expression score was
calculated by multiplying the score for the percentage of tumor
cells showing FOXP1 protein expression (0%, 0; 1-25%, 1;
26-50%, 2; 51-75%, 3; 76-100%, 4) by the score describing the
intensity of the staining (weak, 1; moderate, 2; strong, 3). Intensity
scores were computed separately for each evaluation. Intensities
in PAP-1 and PAP-2 were compared using a one-sided Wilcoxon's
test for a shift of PAP-2 intensities toward higher expression. We
performed a separate test for each expert evaluation and
conservatively reported the larger of the P-values.

Results

Detection of conserved transcriptional modules

We analyzed the original oncogenic pathway classifiers from
Bild et al." derived from primary HMEC cultures in a microarray
data set of 220 mature aggressive B-cell lymphomas. In contrast
to the situation in epithelial neoplasms, the purely supervised
application of the HMEC signatures to human tumor samples'
proved insufficient to identify signatures of pathway activation
in our lymphoma data set. Most likely, this failure was due to
global expression differences between epithelial and lymphoid
tissues (Figure 1a). In order to bridge the gap, we extended the
computational framework from Bild et al.' by searching for
oncogene-inducible modules—sets of genes—which were
differentially expressed between oncogene-activated and con-
trol HMECs, and subdivided our own lymphoma cases into two
groups: one with expression levels characteristic for the
nonactivated state of the pathway and one with expression
levels typical for the activated state (Figure 1a). For several
oncogenes, we found multiple conserved oncogene-inducible
modules (Figure 1b).

For the MYC, RAS, SRC and E2F3 oncogenes, but not for
B-catenin, we were able to identify eight nonredundant modules
in a training set of n=100 mature aggressive B-cell lymphomas
(MYC.1, E2F3.1, E2F3.2, SRC.2, SRC.10, RAS.1, RAS.4 and
RAS.6; Supplementary Tables S1-S8). Each of these oncogene-
inducible modules was either active or nonactive in a lymphoma.
The modules characterize lymphomas but they do not group
them, as they overlap. For this reason, we combined the eight
activation states to a binary pattern, which we called a PAP
(Supplementary Table S9). PAPs define nonoverlapping groups of
lymphomas from the perspective of pathway activation. Figure 2
shows the patterns together with the underlying expression data.
Expression characteristics from the training set reemerged well in
the test samples (n=120), such that virtually no signs of
overfitting were evident. Importantly, 158 of the 220 (72%)
mature aggressive B-cell lymphomas showed only five of the
possible 2°=256 PAPs. The remaining 62 samples displayed
distinct, rarely or nonrecurrent patterns (recurrence in <5% of
the lymphomas). They were subsumed in a heterogeneous pool
called mind-L for molecularly individual lymphomas.

Burkitt lymphoma is characterized by a distinct pathway
activity pattern

Recently, we and others have described mBL as a homogeneous
lymphoma entity with respect to molecular, genetic and clinical
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features.*> Also here, we found only one recurrent PAP
(BL-PAP) among the mBL cases. This pattern was expressed in
39 of the 44 (89%) mBL cases. Vice versa, 39 of the 41 (95%)
lymphomas displaying the pattern showed the mBL signature
(Table 1). Consistent with activity of the MYC.T module in the
BL-PAP, in 38 of 40 of these lymphomas, where data from
fluorescence in situ hybridization were available, a MYC
breakpoint was detectable (Table 1).

Pathway activation patterns and lymphoma stratification
In addition to the BL-PAP, we identified four recurrent patterns
in DLBCL, which we termed PAP-1 to PAP-4 (Table 1; Figure 2).
A total of 42 DLBCLs showed the most frequent pattern PAP-1,
which was exactly the inverse of the BL-PAP. The second
pattern, PAP-2, was present in 32 DLBCLs. PAP-1 and -2
lymphomas frequently expressed the BCL6 protein (28/37, or
76% and 25/31, or 81%, respectively; Table 1) but rarely CD10
(7/33, or 18% and 4/27, or 13%, respectively; Table 1). PAP-3
was the only pattern, except for BL-PAP, that displayed
activation of the MYC.T module, although this did not
commonly arise through MYC translocation, as a break was
detected in only 3 of 27 cases suggesting alternative means of
pathway activation. PAP-4, which was displayed by 16
lymphomas, was the only activation pattern more prevalent in
females (11/16). Unlike BL, neither activated B-cell-like DLBCLs
(ABC-DLBCL) nor germinal center-like DLBCLs (GCB-DLBCLY
displayed a unique PAP, nor did the consensus clusters defined
by Monti et al.® (Table 1; Supplementary Protocol S1). Finally,
mind-L included 69% (33/48) of intermediate cases’ with an
mBL-index between mBL and non-mBL. In line with this, a high
number of lymphomas with MYC breakpoints were included in
this pool (28/61, or 46% of mind-L cases), which turned out to
be particularly enriched for lymphomas with non-IG-MYC
fusion and MYC complex status (11/15, or 73% and 22/33, or
66% of all non-IG-MYC and MYC complex cases, respectively).

The PAP-groups show distinct patterns of chromosomal
changes and FOXP1 expression

Despite PAP-2 differing transcriptionally from PAP-1 only with
respect to the first E2F3 inducible module, E2F3.1, it showed a
profile of chromosomal changes markedly distinct, not only
from PAP-1, but also from PAP-3 and -4 (Figure 3). The most
frequent chromosomal changes in PAP-2 detected by array-
CGH were gains at 18¢21 and 3q27 (n=14/29 PAP-2 cases, or
48%). Gains at 18g21 containing the BCL2 and MALTI
oncogenes and 3¢27 containing the BCL6 oncogene have been
shown to be associated with ABC-DLBCL."? Notably, in PAP-2
also GCB-DLBCLs showed MALT1/18qg21 gains (2/5) and lacked
IGH-BCL2 fusions (n=5) like ABC-DLBCLs, indicating genetic
similarity of GCB- and ABC-like lymphomas in PAP-2. The most
specific chromosomal change in PAP-2 was a gain at 3p13.
Indeed, of nine lymphomas displaying a 3p13 gain, eight
belonged to PAP-2 and only one to PAP-3. The specifically
gained region in PAP-2 at 3p13 contains FOXP1, which has
been proposed as an oncogene involved in lymphomagenesis as
well as a prognostic marker in diffuse large B-cell lymphoma.?®=*
Immunohistochemical staining of the FOXP1 protein in 54 cases
(PAP-1, ny=27; PAP-2, n,=27) revealed a significantly
increased expression of the transcription factor in PAP-2 as
compared to PAP-1 (P=0.006). Furthermore, the 3p13-gain-
positive cases express the FOXP1 protein at high levels
indicating an association between FOXP1 expression, 3p13
gains and the PAP stratification.
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Figure 1 Conserved expression modules across epithelial and lymphoid tissues. The heat maps display expression levels of different gene sets
(rows) in human primary mammary epithelial cells (HMECs) and lymphoma samples (columns). Yellow encodes expression above the overall
mean of a gene, blue encodes expression below that mean and black encodes average expression levels. (a) The top heat map on the left shows the
50 most differentially expressed genes between control and MYC-transfected HMECs. The corresponding heat map in the middle column shows
the expression of the same genes in lymphomas, where only little structure becomes apparent. The plot on the top right displays all samples in the
space spanned by the first two principal components generated by this gene set. Dominant is the difference between HMECs (filled symbols) and
lymphomas (empty symbols). Green squares indicate MYC-transfected HMECs as well as corresponding lymphomas with an activated MYC
expression module, red triangles indicate the control-transfected status, respectively. Below we plotted the same for the gene set identified by our
semi-supervised selection procedure. The induced structure in the lymphoma samples is stronger and module activity becomes the dominant
feature in the principal component analysis, showing that for this gene set, hardly any systematic expression difference between HMECs and
lymphomas exists. (b) The heat maps represent two different conserved modules, which are jointly activated in HMECs in response to E2F3
overexpression but can be activated independently from each other in lymphomas. The E2F3.1 module is active in patients grouped to the right of
the plots indicated by the top red bar between the plots, an E2F3.2 is activated in lymphomas grouped to the left and indicated by the bottom red bar.

HMEC; E2F3 module 2
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PAP legend:
BL 1 2 3

Figure 2 Stratification of lymphomas based on pathway activation patterns (PAPs): the eight rows correspond to the conserved oncogenic
expression modules. In each row the left heat map shows expression of the module genes in human primary mammary epithelial cells (HMECs),
the middle heat map shows the expression of the same genes in the training samples of the lymphoma data, and the right one refers to the test
samples of the lymphoma data. The samples are sorted by module activation patterns starting with Burkitt lymphoma PAP (BL-PAP) on the left and
ending with mind-L on the right (see the color coding in the bar below the heat maps). Above each row of heat maps is a bar indicating module
activation in red. The pattern of module activation is constant in each of the groups BL-PAP, PAP-1, PAP-2, PAP-3 and PAP-4 but heterogeneous in
the pool mind-L. The horizontal bar on top of all plots encodes the type of samples (lightgreen, HMECs; cyan, non-mBL; magenta, mBL; gray,

intermediate).

The PAP groups are also present in an independent data
set

Most notably, the four recurring DLBCL-PAPs and the BL-PAP
found in our data set were also the most recurrent PAPs in the
independent study on 303 mature aggressive B-cell lymphomas
of Dave et al.* (Supplementary Table S10). This indicates that
the five PAPs widely cover the spectrum of mature aggressive
B-cell lymphomas from the perspective of pathway activation
constellations. Furthermore, 49 of the 55 lymphomas exhibiting
the BL-PAP in the data set from Dave et al.* also showed the
BL-signature defined in this paper confirming that the BL-PAP
pattern is characteristic for BL.

Survival analysis

Figure 4 summarizes the results of survival analysis of BL-PAP-
negative cases from both data sets. Hazards estimated from
multivariate analysis adjusting for ABC status, age, and Ann
Arbor stage together with their 95% confidence intervals (Cls)
are shown. In our own collection of lymphomas the PAP-1
group has a significantly better prognosis then non-PAP-1
DLBCLs (hazard ratio for death, 0.25; 95% CI: 0.1-0.65;
P=0.004), whereas PAP-2 is a group with a significantly worse
prognosis (hazard ratio for death, 2.45; 95% CI: 1.16-5.17;
P=0.019). The same trends are observed in the study of Dave
et al.,* although statistical significance is not reached. Addres-
sing the question, as to which molecular features are responsible

Leukemia

for the prognostic differences, we have extended the survival
analysis to the level of individual oncogene-inducible modules.
In the pooled analysis of both data sets, patients with
lymphomas showing activity of the first E2F3 inducible module,
E2F3.1, had a significantly better prognosis (hazard ratio for
death, 0.47; 95% Cl: 0.33-0.67; P=0.00003). This prognostic
effect, which notably is independent of the cell of origin
signature and the well-established clinical risk factors age and
Ann Arbor stage, is also visible in both individual studies. In
contrast, patients with RAS.4 active lymphomas, which are
restricted to and comprise almost one-third of the mind-L
lymphomas, display consistently worse outcome across both
studies.

Discussion

By introducing conserved oncogenic transcriptional modules to
the molecular pathology of lymphomas we have structured this
disease from the perspective of oncogenic pathway activation.
The PAPs identified four novel biologically homogenous
subgroups among the DLBCLs. In contrast, our approach
describes mBL as a lymphoma with a uniform oncogenic
pathway pattern, in line with our recent molecular definition of
this lymphoma type. Thus, mBL truly represents a single
lymphoma entity.
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Table 1 Characterization of patients in the PAP groups
All BL-FPAP PAP-1 PAP-2 PAP-3 PAP-4 Mind-L P-value

Total 220 (100%) 41 (19%) 42 (19%) 32 (15%) 27 (12%) 16 (7%) 62 (28%)

Modules E2F3.1 E2F3.1 E2F3.1 E2F3.1 E2F3.1 21 (34%)
E2F3.2 E2F3.2 E2F3.2 E2F3.2 E2F3.2 15 (24%)
MYC.1 MYC.1 MYC.A MYC.1 MYC.1 27 (44%)
RAS.1 RAS.1 RAS.1 RAS.1 RAS.1 38 (61%)
RAS.4 RAS.4 RAS.4 RAS.4 RAS.4 21 (34%)
RAS.6 RAS.6 RAS.6 RAS.6 RAS.6 33 (53%)
SRC.2 SRC.2 SRC.2 SRC.2 SRC.2 40 (65%)
SRC.10 SRC.10 SRC.10 SRC.10 SRC.10 31 (60%)

Morphologic diagnosis 0.94393
BL 8 (4%) 8 (20%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Atypical BL 28 (13%) 22 (54%) 1 (2%) 1 (3%) 1 (4%) 1 (6%) 2 (3%)
DLBCL 165 (75%) 7 (17%) 36 (86%) 30 (94%) 25(93%) 14 (88%) 53 (85%)
Aggressive B-nHL unclassifiable 18 (8%) 4 (10%) 5 (12%) 1 (8%) 1 (4%) 1 (6%) 6 (10%)
BL-leukemia 1 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (2%)

GCB or ABC signature 0.00002
ABC 58 (33%) 0 (0%) 8 (19%) 20 63%) 14 (52%) 5 (31%) 11 (19%)

GCB 79 (45%) 2 (100%) 19 (45%) 5 (16%) 7 (26%) 9 (56%) 37 (65%)
Unclassified 39 (22%) 0 (0%) 15 (36%) 7 (22%) 6 (22%) 2 (13%) 9 (16%)

Molecular Burkitt lymphoma 0.00001
mBL 44 (20%) 39 (95%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 5 (8%)

Non-mBL 128 (58%) 0 (0%) 42 (100%) 30 (94%) 22 (81%) 10 (63%) 24 (39%)
Intermediate 48 (22%) 2 (5%) 0 (0%) 2 (6%) 5 (19%) 6 (38%) 33 (63%)

MYC partner 0.00001
IG-MYC 59 (28%) 37 (93%) 1 (3%) 2 (7%) 2 (7%) 0 (0%) 17 (28%)
Non-IG-MYC 15 (7%) 1(3%) 0 (0%) 2 (7%) 1 (4%) 0 (0%) 11 (18%)
MYC-negative 140 (65%) 2 (5%) 39 (98%) 26 87%) 24 (89%) 16 (100%) 33 (54%)

Genetic group 0.00001
MYC simple 35 (17%) 28 (80%) 0 (0%) 1 (8%) 1 (4%) 0 (0%) 5 (8%)

MYC complex 33 (16%) 5 (14%) 1 (8%) 3 (10%) 2 (7%) 0 (0%) 22 (37%)
MYC-negative 140 (67 %) 2 (6%) 39 (98%) 26 87%) 24 (89%) 16 (100%) 33 (55%)

Consensus cluster 0.00001
BCR 1283 (56%) 33 (80%) 11 (26%) 21 (66%) 11 (41%) 9 (56%) 38 (61%)

HR 63 (29%) 0 (0%) 30 (71%) 11 (34%) 4 (15%) 5 (31%) 13 (21%)
OxPhos 34 (15%) 8 (20%) 1 (2%) 0 (0%) 12 (44%) 2 (13%) 11 (18%)

Abbreviations: ABC, activated B-cell-like; BCR, B-cell receptor; BL, Burkitt lymphoma; DLBCL, diffuse large B-cell lymphoma; GCB, germinal
center B-cell-like; HR, host response; IG, immunoglobulin; mBL, molecular Burkitt lymphoma; Mind-L, molecularly individual lymphoma; OxPhos,

oxidative phosphorylation; PAP, pathway activation pattern.

The first row gives the total number of patients within each PAP group. The second row indicates in bold which modules are active in the respective
PAP. The following rows contain morphological and molecular characteristics of patients in the PAP groups.® P-values reflect overrepresentation of
a characteristic in a DLBCL-PAP group and were calculated using to a two-sided %*-test including PAP-1 to 4 and mind-L, but excluding BL-PAP
cases. A full version can be found as supplementary material (Supplementary Table S13).

More importantly, the PAPs identified four novel biological
subgroups among the DLBCLs with homogenous pathway
activation constellations. Most remarkable are the differences
between the two largest groups PAP-1 and PAP-2. First, we
observed strong prognostic effects. Second, PAP-2 is character-
ized by accumulated genetic aberrations on several chromo-
somes, which are found only on baseline frequencies in PAP-1
lymphomas. Moreover, protein expression of FOXP1 is sig-
nificantly higher in PAP-2, in line with frequently observed gains
on chromosome 3p13 around the locus of this gene. Notably,
FOXP1 constitutes a target for IGH-translocations in DLBCL and
MALT-type lymphomas®®=2? and expression of the FOXP1
protein, a member of the forkhead box (FOX) transcription
factor family, has also been reported to be associated with poor
prognosis in DLBCL.**** These differences are even more
striking given that PAP-1 and PAP-2 only differ with respect to
the activity of the E2F3.1 module.

We have introduced two concepts: oncogene-inducible
modules and PAPs. Both have merits of their own. The first
E2F3-inducible module, E2F3.1, and the RAS-inducible module,
RAS.4, appear to be the strongest prognostic markers. However,
modules do not group patients, as they overlap. A patient is not
either E2F3.1-positive or RAS.4-positive, but can also have both
features or none at all. Moreover, no single module on its own
characterizes Bls. In contrast, PAPs define nonoverlapping
lymphoma groups; a feature that is important in view of
treatment decisions or molecularly stratified clinical studies.

All oncogene-inducible pathways are active in some DLBCL
and inactive in others, supporting the hypothesis that DLBCL as
a whole is a biologically heterogeneous lymphoma entity.
However, the accumulation of 72% of BL and DLBCL cases in
only 5 of the 256 possible PAPs shows that the biological
processes underlying the conserved modules are not indepen-
dently regulated in lymphomas. In contrast, their regulatory
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Figure 3 Specificity of chromosomal imbalances detected by array-CGH (comparative genomic hybridization) for pathway activation pattern
(PAP)-1 to 4. The x axis shows the genomic position of a clone. Chromosomes are separated by solid and chromosome arms by dashed vertical
lines. The y axis shows the 4 score measuring overrepresentation of gains and losses in the respective PAP groups. Scores corresponding to losses
are shown with a negative sign for clarity. Overrepresentation tests were computed for the contrasts PAP-1 (top left), PAP-2 (top right), PAP-3
(bottom left) and PAP-4 (bottom right) vs the respective rest of the cases without the Burkitt lymphoma PAP (BL-PAP) group.

interaction characterizes mBL and the four biologically homo-
genous groups of DLBCL.

Among DLBCLs (PAPs 1-4), our survival analysis suggests that
oncogene module activation patterns have clinical significance
and are associated with overall survival. Similar effects were
observed in an independent data set. Although statistical
significance and reproducibility in a second data set were
achieved, it is important to note that sample sizes are small,
studies are retrospective and patients were not treated with
today’s state of the art treatment combining rituximab with
CHOP (R-CHOP). Thus definitive conclusions concerning the
prognostic value of both modules and PAPs require further
studies, although certain trends are visible.

The oncogenes analyzed here have been chosen in the
original study by Bild et al.' due to their prominent role in
breast, ovarian and lung cancer. Although they do not give a
complete picture of oncogenic pathway activity in lymphomas
(for example BCL6, BCL2, MUMT and BLIMP1, which have not
been analyzed), the strong conservation of downstream tran-
scriptional modules is remarkable and underlines the general
importance of these pathways in tumor genesis.

The PAPs identified four novel biologically homogenous
subgroups among the DLBCLs, which could guide the design of
stratified prospective randomized studies on the efficiency of
treatment modalities. In the future, PAPs could direct
the development of inhibitors specific for oncogene-driven

Leukemia

pathways characteristically activated in our pathway-defined
lymphoma subgroups. Based on the conservation of the
oncogenic modules across various solid and hematological
cancers, targeted molecular-based therapies might well be
effective in different kinds of tumors irrespective of localization
or tissue derivation. Finally, conservation of oncogenic modules
across cancers may also help to explain why some widely used
anticancer drugs are potent in different cancers.
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Figure 4 Survival analysis of Burkitt lymphoma pathway activation pattern (BL-PAP)-negative lymphomas adjusted for activated B-cell (ABC)
status, age and Ann Arbor stage. Shown are estimated hazard ratios (x axes) and their 95% confidence intervals associated with PAPs 1-4 (top row)
and the underlying eight conserved oncogenic modules (bottom rows). Within each plot rows refer to the two individual studies and a pooled
analysis, respectively. Hazard ratios result from multivariate Cox models including ABC status, age and Ann Arbor stage and, thus, give estimations
of risks independent of these known risk factors. For the pooled data we used stratified Cox models assuming separate baseline hazard functions for
each study. The group sizes as well as the total number of samples are given on the left of each plot (n (group)/n (total)).
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