
Regular Article

LYMPHOID NEOPLASIA

A gene signature that distinguishes conventional and
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KEY PO INT S

l A new molecular assay
identifies conventional
and leukemic nonnodal
MCL with differing
clinicobiological
features.

l The integration of the
novel assay with
genetic alterations
identifies subsets of
MCL patients with
different management
and outcome.

Mantle cell lymphoma (MCL) is an aggressive B-cell malignancy, but some patients have
a very indolent evolution. This heterogeneous course is related, in part, to the different
biological characteristics of conventional MCL (cMCL) and the distinct subgroup of leu-
kemic nonnodal MCL (nnMCL). Robust criteria to distinguish these MCL subtypes and
additional biological parameters that influence their evolution are not well defined. We
describe a novel molecular assay that reliably distinguishes cMCL and nnMCL using blood
samples. We trained a 16-gene assay (L-MCL16 assay) on the NanoString platform using
19 purified leukemic samples. The locked assay was applied to an independent cohort of
70 MCL patients with leukemic presentation. The assay assigned 37% of cases to
nnMCL and 56% to cMCL. nnMCL and cMCL differed in nodal presentation, lactate de-
hydrogenase, immunoglobulin heavy chain gene mutational status, management options,
genomic complexity, and CDKN2A/ATM deletions, but the proportion with 17p/TP53 ab-
errations was similar in both subgroups. Sequential samples showed that assay prediction
was stable over time. nnMCL had a better overall survival (OS) than cMCL (3-year OS 92% vs

69%; P 5 .006) from the time of diagnosis and longer time to first treatment. Genomic complexity and TP53/CDKN2A
aberrations predicted for shorterOS in the entire series and cMCL,whereas only genomic complexitywas associatedwith
shorter time to first treatment and OS in nnMCL. In conclusion, the newly developed assay robustly recognizes the
2 molecular subtypes of MCL in leukemic samples. Its combination with genetic alterations improves the prognostic
evaluation and may provide useful biological information for management decisions. (Blood. 2018;132(4):413-422)

Introduction
Mantle cell lymphoma (MCL) is considered one of the most
aggressive lymphoid neoplasms with relatively short responses to
therapy and frequent relapses in spite of early and intensive
treatment strategies.1 However, different studies have recognized
a subset of patients with indolent disease suitable for con-
servative management for long periods of time without neg-
atively impacting their outcome.2-5 The majority of these latter
cases seem to correspond to a distinct MCL subtype recently
recognized in the updated World Health Organization classifi-
cation as leukemic nonnodal MCL (nnMCL), which is clinically
characterized by leukemic expression, splenomegaly, and no or

minimal lymphadenopathy.2,6 These cases also have molecular,
genomic, and epigenomic features that differ from those of
conventional MCL (cMCL).2,3,7-12 Gene-expression profiling stud-
ies have identified a number of genes differentially expressed
between these 2 MCL subtypes,2,3 but their implementation in
clinical practice has been limited. One of the most discriminant
genes is SOX11, whose expression is high in cMCL and very low
in nnMCL. However, the use of this marker has been controversial
as a result of different factors that include the identification of cases
with borderline SOX11 expression levels, technical difficulties, and
concomitant confounding factors, such as the presence of TP53
alterations that impair the outcome of cMCL and nnMCL.2,7,13-15

blood® 26 JULY 2018 | VOLUME 132, NUMBER 4 413

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/132/4/413/1407452/blood838136.pdf by guest on 18 M

ay 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2018-03-838136&domain=pdf&date_stamp=2018-07-26


Given the clinical and biological differences between cMCL and
nnMCL, a robust molecular classifier of these MCL subtypes, com-
bined with additional genetic studies, may be useful for recognizing
these subtypes in the clinic, assess prognosis, and support man-
agement decisions in patients with leukemic MCL.

The need for a robust assay that may identify MCL with different
biological features is emphasized by the evolution of current
treatment strategies from conventional chemotherapy, often with
very intensive regimens, to new molecular targeted therapies.1,16-18

In addition, a “watch and wait” attitude is now considered rea-
sonable for patients who do not have immediate need for therapy
based on clinical criteria.5,19-21 A major factor determining the
evolution of MCL is tumor cell proliferation.22 The evaluation of
the Ki67-proliferation index has been incorporated with clinical
features in the biological MCL International Prognostic Index.23,24

More recently, we have generated and validated a refined novel
proliferation assay based on RNA extracted from formalin-fixed
paraffin-embedded nodal biopsies that defines groups of
patients with significantly different outcomes independently of
conventional clinical prognostic parameters and improves upon
the predictive value of the Ki67 index.25 However, a subset of
MCL patients, particularly with nnMCL, have only leukemic disease
without tissues accessible for biopsy. The value of the proliferation
signature in these samples and in the nnMCL subtype is not known.

In this study, we have designed, analytically validated, and
evaluated the clinical impact of a robust gene-expression assay
based on the digital quantification of RNA from leukemic samples
that reproducibly recognizes cMCL and nnMCL subtypes. We
have also evaluated the prognostic impact of this assay combined
with the genomic complexity, 17p/TP53, and 9p/CDKN2A
alterations of the tumors.

Methods
Study design and samples
The design of the process for developing and validating the new
gene expression–based assay for the recognition of nnMCL and
cMCL in leukemic samples is summarized in supplemental Figure 1,
available on the Blood Web site. The training cohort used to
develop the assay included pretreatment peripheral blood (PB)
samples from 12 cMCL and 7 nnMCL cases. The tumor cells were
purified (.95% as determined by flow cytometry), as previously
described.2 The selected cases were considered representative
of these 2 MCL subgroups based on previously defined criteria
(supplemental Table 1).2,6-8 All cases tested (n 5 15) had the
t(11;14)(q13;q32) translocation, and all cases had cyclin D1
overexpression. Compared with a set of 54 chronic lymphocytic
leukemia (CLL) samples described by Navarro et al,26 the cMCL
and nnMCL subgroups showed significantly higher CCND1
(MCLmarker) andCD20, and lower LEF1,CD23, FMOD, andKSR2
(CLL markers) (supplemental Figure 2).26,27 All cases of cMCL were
SOX11 positive, the patients required immediate treatment at
diagnosis, andmost of them had generalized lymphadenopathy in
addition to the leukemic phase. The nnMCL patients had leukemic
presentations with no or minimal lymphadenopathy, were SOX11
negative, and did not require treatment for$1 year after diagnosis.

Clinical validation of the assay was performed using the pre-
treatment PB samples from an independent cohort of 70 MCL

patients. Tumor cells were purified in 39 of 70 (56%) samples,
as previously described,2 and the final median tumor content
was 96% (range, 60-100%). The study was approved by the
Institutional Review Board of the Hospital Clinic of Barcelona.

Gene-expression analysis
Global gene-expression profiling of RNA extracted from the PB
samples of the training cohort was performed using Affymetrix
U133 plus 2.0 microarrays (Thermo Fisher Scientific, Waltham,
MA), already deposited under Gene Expression Omnibus ac-
cession number GSE79196.26 The raw data were normalized
using the frozen robust multiarray analysis method.28 Only the
probe set with the highest interquartile range for each gene
was used in all analyses. Gene expression of a subset of geneswas
subsequently evaluated using 200 ng of RNA on the NanoString
platform (NanoString Technologies, Seattle, WA), using the
“high sensitivity” setting on the nCounter Prep Station and
490 fields of view on the nCounter Analyzer. Normalization was
done by dividing the digital counts of all genes of a sample by
the geometric mean of the counts of the housekeeping genes
of that sample and then multiplying by 1352 (which is the mean
of the geometric means of the counts of the housekeeping
genes of the training samples). The normalized data were log2

transformed.

Molecular characterization
TP53 mutations in exons 4-11 were investigated by Sanger
sequencing7 or whole-exome sequencing,29 and copy number
alterations (CNA) were studied using Affymetrix SNP6.0 micro-
arrays (Thermo Fisher Scientific) and analyzed with Nexus Bio-
Discovery version 9 software (BioDiscovery, Hawthorne, CA).29

TP53was considered alteredwhen it wasmutated and/or deleted.
The CDKN2A locus was considered altered when it was deleted
(homozygous or heterozygous), and 11q was considered altered
when there was a deletion including the ATM gene. The total
number of CNAs for each case was computed as a measure of
genomic complexity. Immunoglobulin heavy chain genes (IGHVs)
were considered mutated when the identity with the germ line
was ,97%, as previously described.8

Statistical analysis
Limma30 was used to identify differentially expressed genes in
the microarray data. A modification of the Bayesian Compound
Covariate method, named BCCm,31 was used to build the pre-
dictor. The intra- and interlaboratory variability was estimated
using mixed models, as implemented in the R package lme4.32

Paired and nonpaired Student t tests were used to compare
the gene expression or the predictor scores between groups,
as appropriate. Spearman correlation was used to measure the
association between continuous variables. The Fisher exact
andMann–Whitney U tests were used to examine the significance
of differences in categorical and continuous variables between
groups, respectively. The median follow-up was estimated using
the reverse-censoring method.33 The end point of the study was
the overall survival (OS), which was calculated from the date of
diagnosis or the date of sampling to the date of death from any
cause. OS and time to first treatment (TTT) were estimated using
the Kaplan-Meier (KM) method. The log-rank test and Cox re-
gression were used to assess the relationship betweenOS (or TTT)
and categorical and continuous variables, respectively.
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Results
Development of the leukemic MCL assay
To develop a highly reproducible assay that could identify cMCL
and nnMCL in leukemic samples, we first analyzed the global
gene-expression profiling of the 19 training samples (12 cMCL
and 7 nnMCL). Eighteen differentially expressed genes with high
fold-change, including 15 upregulated in cMCL and 3 upreg-
ulated in nnMCL (supplemental Figure 3A; supplemental
Table 2), were selected to include in a pilot NanoString code
set, alongside 30 housekeeping genes that were previously
described.25 The digital gene expression of these 48 genes
was analyzed in the same 19 samples. These data were used to
refine the initial 18-gene signature. First, 1 gene (PLEKHG4B) with
low expression levels on the NanoString platform was removed.
Then, a leave-one-out cross-validation strategy was used to
identify the optimal number of genes with minimum classifica-
tion error, which was minimized when the number of genes
included in the model was $16 (supplemental Figure 3B). These
results suggested that we could remove 1 more gene without
losing predictive power. We decided to remove GLUL, given
that this gene had the lowest t statistic in this pilot NanoString
series and,moreover, had thepoorest correlationwith themicroarray
data (supplemental Figure 3C).

Thus, the refined signature consisted of 16 genes: 13 genes
upregulated in cMCL (including the previously identified SOX11,
HDGFRP3, andDBN1)2 and 3 novel genes upregulated in nnMCL
(CD200, BTLA, and SLAMF1). This signature, together with
18 housekeeping genes, was remeasured on the same 19 sam-
ples using a smaller NanoString code set. After data normalization,
the BCCm was used to build the final model.31 The output of
this model is a score that can be used to obtain an estimate of
the probability that a given sample belongs to the nnMCL or
cMCL category. The cases were classified as cMCL or nnMCL if
they had a $90% probability of belonging to either subgroup,
or they were considered “Undetermined” when the probability
was below this cutoff. The final model, named the leukemic
MCL (L-MCL16) assay, was locked and used to assign an MCL
subgroup to each patient in the validation cohort (Figure 1;
supplemental Figure 1).

Reproducibility and dilution analysis of the
L-MCL16 assay
To determine the intra- and interlaboratory reproducibility of the
L-MCL16 assay, we selected 11 samples with scores distributed
across the full spectrum of assay scores (5 cMCL, 5 nnMCL, and
1 Undetermined). For intralaboratory comparison, the RNA was
run on the L-MCL16 assay in duplicate or triplicate, with each run
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Figure 1. Gene-expression–based L-MCL16 scores in the validation cohort. L-MCL16 score for each validation sample in ascending order (top panel) and associated
probability of membership in the nnMCL subgroup (middle panel). L-MCL16 signature heat map (13 upregulated genes in cMCL and 3 upregulated genes in nnMCL) (bottom
panel); genes are shown in rows, and cases are shown in columns (red indicates high expression). Two clear gene expression patterns can be observed, with high scores
corresponding to cMCL samples (blue) and low scores corresponding to nnMCL samples (red). Only 5 samples have an intermediate gene-expression pattern and are
considered Undetermined (gray).
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performed on a different NanoString cartridge. For interlaboratory
comparisons, RNA aliquots were analyzed in 3 independent
laboratories in Barcelona (Spain), Scottsdale, Arizona, and
Würzburg (Germany). The results were highly concordant
across the duplicates/triplicates, as well as across the different
laboratories (Figure 2). A greater variability in scores was observed
in the samples predicted as nnMCL compared with cMCL. To
evaluate the possible impact of this variability, we calculated the
intra- plus interlaboratory standard deviation of each subgroup,
which was 21.3 for the nnMCL subgroup and 6.1 for the cMCL
subgroup. These deviations are low enough in comparison with
the range of scores of the “Undetermined” subgroup (67 points)
to ensure that the probability of a nnMCL sample being predicted
as cMCL (or vice versa) is almost negligible.

Finally, to determine whether a lower RNA input could have an
impact on the final L-MCL16 score, RNA from 6 PB samples was
run on the assay with a reduced input of 100 ng of RNA. No
significant effect was observed on the scores when they were
compared with the 200-ng scores (95% confidence interval [CI],
21.08 to 2.85; P 5 .301; supplemental Figure 4). Next, serial-
dilution experiments using RNA from a healthy PB sample (100%,
60%, 40%, 20%, 10%) were performed in 7 samples distributed
across the full spectrum of scores. As expected, dilutions had a
high impact, shifting the L-MCL16 score and CCND1 levels to the
reference blood score as the proportion of tumor RNA decreased
(supplemental Figure 5). Overall, we determined that $60% tu-
mor cell content was required to reliably identify a cMCL sample.
Given the high overexpression levels of CCND1 in all MCL cases,
the dilutional effect of the sample was minor, and we could detect
CCND1 overexpression in all cMCL and nnMCL cases, even with
only 10% of tumor cells (supplemental Figure 5).

Different clinical and biological features in nnMCL
and cMCL
The L-MCL16 assay was then applied to the pretreatment leu-
kemic samples of 70 independent patients diagnosed with MCL

(validation cohort). The assay assigned 39 cases (56%) to cMCL
and 26 (37%) to nnMCL, and 5 (7%)were Undetermined (Figure 1).
The clinicobiological features for each predictedMCL subtype are
shown in Table 1. Importantly, there were statistically significant
differences in the time from diagnosis to the time that the sample
was obtained for the study between both subgroups, with 92% of
cMCL samples obtained #1 year from diagnosis compared with
only 58% of nnMCL samples. Given that most nnMCL patients
have stable disease for long periods but eventually may progress,
we determined whether the nnMCL expression signature was
stable over time.We performed the analysis in sequential samples
of 9 cases of nnMCL and 2 cases of cMCL. The nnMCL samples
were from untreated patients at diagnosis and at follow-up (range
9-86 months). In 7 patients, the second sample was obtained at
the time of clinical progression and prior to any treatment. At the
time of the second sample, 2 patients remained untreated and
asymptomatic 1 and 4 years later, whereas 4 patients developed
splenomegaly but were still asymptomatic, and 3 patients re-
quired chemotherapy. For cMCL,we analyzed 2 caseswith a PB and
splenic sample at diagnosis and a second nodal or PB sample
obtained at relapse after treatment 4 and 38 months later, re-
spectively. The L-MCL16 prediction of the initial and sequential
samples for all 11 patients was concordant (Figure 3). Additionally,
there was no difference between the mean score of the initial and
the sequential samples (95% CI, 213.5 to 122.9; P 5 .104). These
findings emphasize the stability of the nnMCL and cMCL signatures,
suggesting that they may represent a constitutive feature of the
tumor cells.

Interestingly, patients predicted to have nnMCL by the L-MCL16
assay had significant clinical and biological differences com-
pared with those having cMCL at diagnosis (Table 1). None of
the nnMCL patients had a high Eastern Cooperative Oncology
Group score ($2), which was present in 24% of cMCL patients
(P 5 .07). Similarly, a nodal presentation was only seen in
17% of nnMCL cases vs 62% of cMCL cases (P5 .001), and none
of the nnMCL patients had high lactate dehydrogenase (LDH)
levels compared with 37% of the cMCL patients (P5 .008). Both
subgroups also received different treatment. Although 88% of
nnMCL patients did not receive any treatment at diagnosis,
74% of cMCL patients received chemotherapy-based treat-
ment. Additionally, at 3 years from diagnosis, only 31% (95%CI,
9-48%) of nnMCL patients had been treated, whereas 88%
(95% CI, 70-96%) of cMCL patients had received treatment.

nnMCL and cMCL also differed with regard to several genetic
and molecular characteristics analyzed at the time of sampling
(Table 1; Figure 4). nnMCL had more frequently mutated IGHVs
than cMCL (83% vs 13%), an absence of 9p/CDKN2A and
11q/ATM deletions (compared with 33% and 44%, respectively,
in cMCL), and a very low number of chromosomal alterations
(median of 1 in nnMCL vs 10CNAper case in cMCL) (all comparisons
P , .001). However, 17p/TP53 alterations were distributed sim-
ilarly in nnMCL and cMCL (38% and 36%, respectively).

Prognostic impact of the L-MCL16 assay
Becausewe observed that the L-MCL16 assay predictionwas stable
over time, we evaluated the outcome of the 2 predicted subgroups
of patients from the time of diagnosis and from the sampling
time. Patients with nnMCL had a significantly longer TTT than did
those with cMCL, from the time of diagnosis (patients treated at
3 years, 31%vs88%;P, .001) and from the sampling time (patients
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Figure 2. Intra- and interlaboratory reproducibility of the L-MCL16 assay.
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treated at 3 years, 44% vs 89%; P , .001) (Table 1; Figure 5A;
supplemental Figure 6A). Similarly, the OS from the time of di-
agnosis was significantly longer for nnMCL patients than for cMCL
patients, with 3-year survival of 92% and 69%, respectively
(P5 .006) (Table 1; Figure 5B). However, the difference in OS did
not reach statistical significance when it was evaluated from the
sampling time (supplemental Figure 6B). Of note, nodal pre-
sentation or LDH levels at diagnosis in the entire validation series
were not associated with shorter OS (P . .1).

We then evaluated the biological factors that may influence the
OS in both subgroups of MCL from the sampling time, given that
the genetic alterations could be acquired during the progression
of the disease. Considering all patients in the validation series, the

presence of 17p/TP53 and/or 9p/CDKN2A alterations and the
increasing number of CNAs were associated with a significantly
shorter OS (P 5 .002 and P ,. 0001, respectively) (supplemental
Figure 7). Interestingly, in cMCL, the 17p/TP53 and/or 9p/CDKN2A
alterations and the increased number of CNAs were associated
with poor OS (P 5 .038 and P 5 .025, respectively), whereas in
nnMCL, the increased number of CNAs predicted shorter OS
(P 5 .005), but 17p/TP53 alterations did not reach statistical
significance (Figure 5C,D). Of note, there was no relation-
ship between the L-MCL16 score and the number of CNAs or
TP53/CDKN2A alterations in either MCL subtype (P . .05).

Most patients with cMCL (82%) were treated at the time of di-
agnosis or shortly thereafter. However, 70% of nnMCL patients

Table 1. Clinicobiological characteristics of the MCL patients in the validation cohort according to the L-MCL16
prediction

Variable Total

L-MCL16 prediction P value
(cMCL

vs nnMCL)cMCL nnMCL Undetermined

Number of cases (%) 70 39 (56) 26 (37) 5 (7)

Clinical data (at diagnosis)
Male/female, n 40/30 24/15 15/11 1/4 .8
Nodal presentation, n (%) 28/67 (42) 24/39 (62) 4/24 (17) 0/4 (0) .001
Splenomegaly, n (%) 33/61 (54) 21/38 (55) 8/19 (42) 4/4 (100) .408
LDH (.ULN), n (%) 11/47 (23) 11/30 (37) 0/15 (0) 0/2 (0) .008
MIPI high risk, n (%) 21/40 (52) 16/26 (62) 5/13 (38) 0/1 (0) .196
ECOG ($2), n (%) 6/40 (15) 6/25 (24) 0/14 (0) 0/1 (0) .071
Lymphocytosis (L/mm3), median

(range)
9 000 (1 200-236 000) 9 100 (1 200-149 700) 9 050 (1 930-236 000) 5750 (3800-7700) .936

Pathological and molecular data
(at sampling)

Mean CCND1 expression 14.3 14.5 13.9 14.7 .029
Range CCND1 expression 11.8-17.4 12.6-17.4 11.8-16.3 11.8-17.4
IGHV (,97%), n (%) 27/68 (40) 5/39 (13) 20/24 (83) 2/5 (40) ,.001
17p/TP53 alteration, n (%) 24/68 (35) 14/39 (36) 9/24 (38) 1/5 (20) 1
9p/CDKN2A deletion, n (%) 15/68 (22) 13/39 (33) 0/24 (0) 2/5 (40) .001
11q deletion, n (%) 20/68 (29) 17/39 (44) 0/24 (0) 3/5 (60) ,.001
CNA, median (range) 6.5 (0-52) 10 (1-43) 1 (0-45) 12 (0-52) ,.001

Treatment at diagnosis, n (%)* ,.001
High-dose therapy 10/67 (15) 8/38 (21) 1/24 (4) 1/5 (20)
Immunochemotherapy 13/67 (19) 12/38 (32) 1/24 (4) 0/5 (0)
Low-dose chemotherapy 9/67 (13) 8/38 (21) 1/24 (4) 0/5 (0)
Observation 35/67 (52) 10/38 (26) 21/24 (88)† 4/5 (80)

Follow-up data
Median follow-up, mo 43 35 88 30 .019
Mean time from diagnosis to

sample (range), mo
16.6 (0-185) 2.8 (0-36) 36 (0-185) 22.8 (0-92) .002

Dead patients, n (%) 24/70 (34) 16/39 (41) 7/26 (27) 1/5 (20) .296
Treated at 3 y from diagnosis,

% (95% CI)
65 (51-75) 88 (70-96) 31 (9-48) 47 (0-79) ,.001

Treated at 3 y from sampling,
% (95% CI)

71 (57-80) 89 (73-96) 44 (19-62) 47 (0-79) ,.001

3-y OS, diagnosis, % (95% CI) 78 (69-89) 69 (55-86) 92 (81-100) 80 (52-100) .006
3-y OS, sampling, % (95% CI) 72 (61-85) 68 (53-86) 79 (62-100) 80 (52-100) .379

ECOG, Eastern Cooperative Oncology Group; LDH, lactate dehydrogenase; MIPI, mantle cell lymphoma International Prognostic Index; ULN, upper level of normal.

*High-dose therapy includes cytarabine-based immunochemotherapy and/or autologous stem cell transplantation, immunochemotherapy includes rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisone (R-CHOP)–like regimens, and low-dose therapy includes alkylating agents alone or in combination.

†Two patients underwent splenectomy.
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had not been treated 1 year after sampling. An increased number
of CNAs, but not the presence of 17p/TP53 alterations, predicted
shorter TTT in these patients (P 5 .03; supplemental Figure 8).

We also analyzed our previously described MCL35 proliferation
score in this cohort of leukemic patients.25 The assay identified
3 risk groups with low, standard, and high proliferation; only
16% of the cases were included in the latter 2 groups, whereas
this proportion was 55% in the MCL35 series24 (supplemental
Figure 9A). Given the low number of cases in the standard/high
group, we analyzed the MCL35 score as a continuous variable.
In our validation series, a higher score was significantly associated
with shorter OS (P5 .043; supplemental Figure 9B). In addition, it
predicted a poor outcome in nnMCL (P 5 .042) but not in cMCL
(supplemental Figure 9C).

Discussion
In this study, we developed a novel gene-expression assay that
identifies the 2 molecular subtypes of MCL: conventional and

leukemic nonnodal. Previous studies have identified the different
clinical and biological characteristics of these subtypes. However,
a robust diagnostic assay for their identification in clinical practice
was not yet available. The application of this assay in an in-
dependent cohort of leukemic MCL confirmed the differences
in tumors classified as cMCL and nnMCL. The combination of this
molecular assay with the analysis of the genomic complexity and
TP53/CDKN2A alterations of the tumors identified subsets of
patients with significantly different outcomes.

We designed the assay for leukemic MCL samples, because all
patients with nnMCL have lymphocytosis, andmost of themdo not
have lymphadenopathy or other accessible tissues for diagnosis.
On the other hand, up to 75% of patients with cMCL may have
lymphocytosis and, therefore, may also benefit from a precise
diagnosis with this assay.34 Althoughwe could recognize the cMCL
signatures in some tissue samples, we could not expand the study
because lymph node biopsies of nnMCL with enough tumor cells
were not available. In addition, the genes of our assay were se-
lected from purified leukemic samples, and previous studies have
shown the modulation of gene expression between lymph node
and PB MCL cells.35 One limitation of the assay is the need for
$60% of tumor cells for a reliable discrimination of the 2 subtypes.
This tumor cell content is similar to the requirement of our recently
designedMCL35 proliferation assay for nodalMCL.25 Although the
percentages of lymphocytes in most leukemic MCL are above this
number, some cases may need an initial step of tumor cell puri-
fication. In our study, only 21% of the cases would have needed
this purification step. The diagnosis of leukemic MCL with limited
access to tissue diagnosis is challenging and, not uncommonly,
these cases are misclassified as other leukemic lymphoid neo-
plasms.2 The current assay, with the added diagnostic detection
of elevated cyclin D1mRNA,may be a useful tool for the diagnosis of
leukemic MCL and assignment into the 2 molecular subtypes.

The analytical validity of the assay was confirmed by the high
intra- and interlaboratory reproducibility, similar to our prolifera-
tive MCL35 assay.25 The selected 16 most informative genes that
differentiated cMCL and nnMCL included genes previously de-
scribed as being overexpressed in cMCL, as well as new genes
overexpressed in indolent nnMCL (CD200, BTLA, and SLAMF1).
Flow cytometry studies had shown CD200 expression in SOX11-
negative MCL3 and MCL with indolent clinical behavior.11 Most
previous studies in leukemic and nodal MCL have used only
SOX11 as a discriminatory or prognostic biomarker.14,15,36,37
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Although the expression levels of SOX11 are clearly different
in most nnMCL and cMCL cases, there were some cases with
borderline SOX11 levels that required the analysis of other
genes of the signature to be properly classified. This observation
may explain, in part, the limitations in subclassifying MCL based
only on the detection of a single marker.

The identification of cMCL and nnMCL in the independent
validation series confirmed the different clinical and biological
features of these 2 subtypes of MCL, particularly the nodal
presentation, high LDH, unmutated IGHVs, 9p/CDKN2A and
11q/ATM deletions, and high genomic complexity of cMCL.
Although these features were significantly different in both
subtypes, most of them had a certain overlap between cMCL
and nnMCL and, therefore, could not be used as a single di-
agnostic parameter. These findings emphasize the value of the

L-MCL16 assay for the biological identification of these MCL
subtypes and its possible interest in future clinical and biological
studies delineating these subtypes.

Our study also shows the stability of the nnMCL and cMCL
signatures over time, in spite of the progression of the disease.
Based on this stability, we could also confirm the significantly
better outcome and, particularly, the longer TTT of nnMCL when
estimated from the time of diagnosis. However, a number of
patients with nnMCL and stable disease were only referred to our
center at the time of progression, and this was the only sample
available. Although the TTT from the sampling time was still
significantly longer for nnMCL, OS was similar in both MCL
subtypes, suggesting that nnMCL had acquired biological fac-
tors impacting further evolution. To determine parameters that
could influence this evolution, we studied the proliferation
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signature with our MCL35 assay.25 Although we could recognize
3 subgroups with high, standard, and low proliferation in the
entire series and in the 2 MCL subtypes, the prognostic power
was not as robust as previously found in nodal samples. These
results are not totally unexpected, because leukemic MCL cells
seem to downregulate the expression of proliferation genes in
leukemic samples compared with their respective nodal coun-
terpart,35 indicating that, contrary to nodal samples, leukemic cells
may not be suitable for evaluating the prognostic value of pro-
liferation in MCL. Intriguingly, a recent study has shown that the
MCL35 proliferation score and other strong MCL prognostic
factors, such as MCL International Prognostic Index and Ki67, did
not predict outcome in nodal samples from patients with indolent
disease who were managed with a watchful waiting attitude.20

These findings highlight the need for additional prognostic pa-
rameters that may identify indolent MCL where clinical outcomes
may not be compromised by an observational approach.

Aberrations in TP53 and CDKN2A were recognized early as very
detrimental factors in the evolution ofMCL,38-42 and these findings
have been recently confirmed in patients treated with intensive
immunochemotherapy regimens.43-45 On the other hand, in-
creasing numbers of chromosomal alterations and complex kar-
yotypes have also been associated with the adverse evolution of
MCL.46,47 TP53/CDKN2A aberrations are frequently associated
with complex karyotypes, but the independent prognostic rele-
vance of these parameters has not been evaluated. Genomic
complexity and TP53/CDKN2A aberrations were associated
with significantly poor outcome in our entire validation cohort
and in cMCL. Genomic complexity also predicted shorter OS and
TTT in nnMCL. Although TP53/CDKN2A aberrations were also
associated with worse outcome in these patients, they did not
reach statistical significance, probably due to the low number of
patients and events. Nevertheless, some nnMCL patients had
TP53 aberrations without increased CNA, and they had stable
disease for 6-38 months without the need for therapy. These
findings are similar to the independent prognostic value of ge-
nomic complexity over TP53 aberrations observed in CLL.48-50

In conclusion, the novel molecular assay developed for leukemic
MCL reliably identifies the 2 cMCL and nnMCL subtypes and
confirms the different clinical and biological characteristics of
these patients. The combination of this assay with the analysis
of the genomic complexity identifies subsets of patients with
different outcomes; therefore, it may provide useful biological
information for management decisions in these patients.
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