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Abstract

Mantle cell lymphoma (MCL) is a clinically heterogeneous B cell malignancy for which a variety of prognostic factors have been
proposed. Previously, a digital gene expression profiling “proliferation signature” capable of risk stratifying MCL was identified
and subsequently developed into a multi-analyte prognostic assay, known as the “MCL35” assay. In this study, we sought to
explore the performance characteristics of the MCL35 assay in a clinical laboratory and compare results with the Ki67 prolif-
eration marker. The results describe the clinical validation of the MCL35 assay for molecular risk stratification of MCL including
accuracy, sensitivity, specificity, use in acid-decalcified bone marrow core biopsies, fixatives, lower limit of RNA input, quality
metrics, and other laboratory parameters. The resulting data indicate that this is a robust technique with outstanding reproduc-
ibility. Overall, the data support the concept of molecular signatures, as assessed with digital gene expression profiling, for
improved standardization and reproducibility for proliferation assessment in MCL.
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Introduction

Mantle cell lymphoma (MCL) is a B cell malignancy that
accounts for 2-6% of all non-Hodgkin B cell malignancies
and is recognized by the World Health Organization (WHO)
as a unique entity whose optimal clinical management is
evolving [1]. With rare exceptions, MCL is characterized by
a chromosomal translocation at t(11;14)(q13;q32) that
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relocates the CCND1 gene from its position at 11q13 to
14q32, placing it adjacent to the highly transcribed immuno-
globulin heavy chain gene (IGH), resulting in overexpression
of Cyclin D1, the downstream protein product of CCND1, and
a potent driver of cell proliferation [2]. Further underscoring
the importance of Cyclin D1 and proliferation in MCL, point
mutations and genomic deletions in CCND1 resulting in more
stable Cyclin D1 transcripts with extended half-lives are asso-
ciated with reduced survival [3].

Despite the emergence of novel agents that have substan-
tially improved MCL outcomes, there is no universally ac-
cepted standard of care for MCL and therapeutic responses
remain highly variable [1]. Treatment regimen heterogeneity
likely stems from general guidelines based on the patient’s
health and perceived ability to tolerate regimens (predomi-
nantly age). Attempts to stratify MCL patients into risk groups
have shown some promise, where the most commonly used
stratification method in clinical practice to date is the MCL
International Prognostic Index (MIPI). The MIPI relies on a
combination of both clinical factors and lab results and has
demonstrated reasonable stratification in clinical trial cohorts
[4, 5]. Immunohistochemical staining for Ki67, the most
widely used clinical marker of cell proliferation, is sometimes
used as a surrogate marker for patient stratification and is
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believed to add value when used in conjunction with the
MIPI; termed “biologic MIPI” or MIPI-b [6, 7]. However,
methods utilizing clinical data, tumor morphology, and/or im-
munohistochemistry are highly subject to inter-observer and
inter-laboratory variability [8, 9].

Using gene expression profiling, the Lymphoma/Leukemia
Molecular Profiling Project (LLMPP) research consortium
identified a proliferation signature that molecularly stratifies
MCL patients into low-, standard, and high-risk groups that
were significantly associated with overall survivals of 1.1, 2.6,
and 8.6 years, respectively (log-rank for trend p <.001) [10].
Originally discovered using targeted “LymphoChip” microar-
rays, the proliferation signature was later enhanced using the
Affymetrix GEP platform before being translated to the clin-
ically compatible, 510(k) FDA cleared digital gene expression
profiling nCounter® platform from NanoString, resulting in
the development of the MCL35 molecular profiling assay
[11]. The MCL35 assay is a 35 target gene expression risk
profiling assay that nCounter® technology (NanoString
Technologies, Seattle WA) and algorithmic classification to
robustly assign FFPE tissue specimens from diagnosed MCL
patients into one of three risk categories termed low, standard,
and high risk that has immense potential to guide prospective
clinical trials and targeted drug therapies.

The MCL35 includes 17 informative genes and 18 house-
keeping genes. Of the 17 informative genes, 13 positively and
4 negatively correlated with proliferation (poor and good sur-
vival respectively). These encompassed transcription factors,
cyclins, and cyclin-dependent kinases, as well as genes in-
volved in chromatin condensation, spindle formation, and
chromosome segregation [11].

Here we report on the evaluation of the MCL35 assay as a
clinical biomarker in the CAP-accredited/CLIA-certified
Molecular Diagnostics-Arizona Laboratory (MDAZL), a lab
with extensive experience in the development (Lymph2Cx,
Lymph3Cx) and FDA validation (LymphMark™) of similar
nCounter®-based molecular profiling assays [12].
Performance specifications for accuracy, precision, sensitivi-
ty, specificity, and clinical utility were assessed in this study.

Materials and methods

FFPE tissues were obtained via the Mayo Clinic Molecular
Epidemiology Resource (MER). Briefly, banked tissues meet-
ing the criteria of a diagnosis of MCL were identified, and the
tissue blocks reviewed for tissue content by a
hematopathologist. Blocks with sufficient tissue remaining
were sectioned at 4-5 pum, one reserved for hematoxylin and
eosin (H&E) staining at the PRC. Upon arrival in Arizona, one
section was stained with Ki67 per local laboratory protocols
(described below).
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The H&E stained slide was reviewed by an expert
hematopathologist who identified a region containing 60%
or more tumor by area and also recorded the tumor morphol-
ogy: classic, pleomorphic, or blastoid. RNA was isolated
using either the AllPrep DNA/RNA FFPE kit (Qiagen,
Germantown, MD) or the HighPure FFPET RNA Isolation
kit (Roche, Indianapolis, IN). The extracted RNA was quan-
titated using the NanoDrop and 200 ng total RNA was used as
input in the nCounter Elements hybridization reaction. The
nCounter® FLEX system purifies the reactions and counts
the number of molecules of each gene’s mRNA transcript in
each sample. The raw count data was assessed for quality
control by the nSolver™ software version 3.0, which exam-
ined the linearity of synthetic positive controls and back-
ground levels of synthetic negative controls in each well.
Once run quality was verified, the raw counts were processed
through the locked stratification algorithm housed locally. If
average counts for the housekeeping genes were < 80, the
sample was deemed “Poor Quality”, and no further analysis
was reported. The data that pass this QC step were normalized
to the housekeeping genes before calculating a model score,
which is used to stratify each case into a risk category.
Samples scored accordingly: low risk (score less than —
143.6), standard risk (score of —143.6 to less than —27.6),
and high risk (score greater than or equal to —27.6).

Synthetic positive controls Ultra-pure oligos with an RNA
backbone, or Ultramers (Integrated DNA Technologies,
Coralville, IA), were procured to use as a positive control to
be run on every cartridge. Ultramers matching the targeted
RNA sequence for each gene in the MCL35 assay were
pooled in equimolar amounts and aliquoted for single use.
While not part of the algorithmic calculation or score adjust-
ment, overall probability scores generated by the Ultramers
were monitored for fluctuation across cartridges and reagent
lots.

Chemistry comparison We initially performed a chemistry
comparison between NanoString Technologies’ (Seattle,
WA) “Standard XT” and “Elements XT” chemistries (hereaf-
ter referred to as “Standard” and “Elements”, respectively). In
the former, pre-labeled probes are purchased from
NanoString, while in the latter, unlabeled probes are hybrid-
ized to both the target RNA of interest and “tags” pre-labeled
with a standardized set of NanoString’s fluorescent barcodes.
As in our previous work with the Lymph2Cx assay, the
Elements chemistry was evaluated due to the ability of the
local laboratory to standardize the fluorescent barcodes be-
tween each run [12]. For this comparison, RNA from 12 spec-
imens previously assayed with Standard chemistry in our prior
MCL35 publication, representing the range of possible
MCL3S5 risk scores, were assessed with Elements chemistry
to examine for bias.
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Accuracy A blinded study was performed to compare the
MCL35 assay as performed in the MDAZL to the MCL35
results obtained in the published literature. Cases from all
three risk categories (low, standard, high) were included.
The MCL35 assay was performed on 25 FFPE previously
characterized and published specimens, which included re-
view by an expert panel of hematopathologists and which
had matched fresh/frozen samples analyzed using the
Affymetrix GEP platform. Additionally, the 12 samples from
the chemistry comparison were considered part of the accura-
cy validation, as well as two MCL cell lines, Mino and
Granta519. Since cell lines are designed to proliferate, it was
expected that they should type into either the standard or high-
risk groups. The cell lines were treated in the same manner as
normal patient specimens, with cell pellets fixed in formalin
and embedded in paraffin, one to five sections ranging in
thickness from 4 to 10 um used per extraction, and 200 ng
total RNA input used in the assay. Risk scores and risk groups
obtained from FFPE tissues by MDAZL were compared with
the results in the literature of the matched fresh/frozen speci-
mens processed with the Affymetrix GEP platform or
Standard chemistry with NanoString.

Precision Intra- and inter-cartridge precision were assessed
using both biological and technical replicates. To encompass
all aspects of precision (across observers, cartridges, and
days), six FFPE tissue specimens (two from each of the three
risk categories) were utilized. All six specimens had RNA
isolated independently in MDAZL by one technologist, and
in addition, three of these six (one case from each risk catego-
ry) were repeated from RNA isolation by a different technol-
ogist to represent true biological duplicates. Then, technical
replicates (RNA from the same stock RNA sample processed
multiple times with the assay) were processed by each respec-
tive technologist across multiple cartridges, days, and concen-
trations (ranging from 50 to 500 ng), for a total of 18 replicates
for the three duplicated samples and 9 replicates for the non-
duplicated cases over 13 cartridges and 8 days. MCL35 risk
score and category was assigned to all specimens as previous-
ly described. Overall concordance with previously assigned
risk categories from the GEP data was assessed for biological
replicates, while the risk score in technical replicates were
plotted to examine reproducibility and systematic bias.

Pre-analytical variables To evaluate the effect of different fix-
atives on assay performance, 11 cases with paired formalin-
fixed and B5-fixed blocks were evaluated for RNA quality
and MCL35 assay results. To evaluate the effect of different
fixatives and decalcification on assay performance, we evalu-
ated four formalin-fixed and decalcified, as well as six B5-
fixed and acid-decalcified, bone marrow core biopsies. Since
the original publication by Scott et al. [11] was performed
only on lymph node biopsies (extra-nodal tissues were not

included), we also sought to assess the performance of the
MCL35 in 44 non-nodal tissues.

Interfering substances To evaluate the effects of interfering
substances, RNA extracted from six specimens covering the
spectrum of possible risk scores were spiked at 10% by vol-
ume in the hybridization reactions with DNA, a potentially
cross-reactive contaminant, as well as potential chemical in-
hibitors that could carry through from RNA extraction (d-lim-
onene, tissue lysis buffer RLT, column binding buffer FRN,
and ethanol).

Ki67 immunostaining and morphology Whole tissue sections
were deparaffinized on-instrument (Discovery Ultra, Roche,
Indianapolis, IN). Heat-induced epitope retrieval was per-
formed followed by primary antibody incubation at 37 °C
for 32 min. Ki67 dispenser (Roche #790-4286 Clone 30-9)
was visualized using Optiview DAB detection (Roche #760-
700). Slides were counter stained with hematoxylin (Roche
#760-2021) followed by bluing (Roche #760-2037), each for
4 min. H&E stains were performed manually. Scoring was
performed by an experienced hematopathologist (LR) accord-
ing to the best practices guidelines of the European Mantle
Cell Lymphoma network [8]. The definition of agreement
between the two methods was as follows: MCL35 low risk
and Ki67 < 10%, MCL35 standard risk and Ki67 10% to <
30%, MCL35 high risk and Ki67 >30%. Tumor morphology
was recorded as assessed by the hematopathologist during
tissue review, with classic morphology representing a lower
risk than pleomorphic or blastoid morphologies.

Results

In a matched pairs analysis comparing the two different chem-
istry approaches, no attenuation based upon input or MCL35
score was observed; however, there was a systematic bias in
the data, with Elements scores being an average of 22 points
lower than the score generated by Standard chemistry (data
not shown). An offset was incorporated into the MCL35 al-
gorithm to add 22 points to scores generated with Elements
chemistry, and upon re-processing the data through the
offset algorithm, the Spearman correlation is excellent
(0.997, p <0.0001) with no attenuation (Fig. 1). All data pre-
sented herein was generated with Elements chemistry and
therefore processed using the offset MCL35 algorithm.

To assess the accuracy of the MCL35 assay, 25 pretreatment
MCL FFPE tumor specimens that had previously been charac-
terized for MCL35 risk category by Affymetrix microarray
using matched frozen material were assessed [11], where
Affymetrix MCL scores and risk categorization generated
using FF-derived RNA were considered the gold standard. Of
the 25 samples examined, the two methods were 92% (23/25)
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Fig. 1 Scatter plot of the offset
Elements MCL35 score vs the
original Standard MCL35 score,
with Spearman correlation of
0.997 (p <0.0001) indicating no
bias or attenuation between the
chemistries
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concordant, with the two mismatches occurring in borderline
cases. The MCL35 assay demonstrates a high level of accuracy
(R*=0.971), while there is not significant attenuation.
Precision was assessed as follows: six samples, two from
each risk category, were assessed. Three of the six, one from
each risk category, were re-extracted and run by a second user.
Each technologist performed 9 technical replicates of each
sample (except for sample Val002, which had one failure at
a total input of 50 ng total RNA for a total of 8 replicates),
across multiple cartridges and days and using variable inputs
between 50 ng and 500 ng. Technical precision between users,
cartridges, and days were outstanding; no replicate for any
case was discordant with the original call, and the standard
errors of the mean for all technical replicates for each sample
are reported in Table 1. The maximum error was 3.2, which
was above our original estimate of the maximum standard
error; however, the preceding literature had fewer technical
replicates and so may have underestimated the true variance.
Since there is no gold standard for reference, in order to assess
how the technical replicate spread could impact assay results,
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the mean of replicates for each precision sample was plotted
with 95% confidence intervals (CI) using a ¢ distribution for
small sample numbers (Fig. 2). Since the mathematical dis-
tance between cut-points for the low/standard risk groups and
standard/high-risk groups is 116 points, misclassification
could only occur in borderline cases between adjacent risk
groups.

Performance of the MCL35 assay with reduced RNA in-
puts was also investigated. Different RNA inputs (200 ng,
100 ng, 50 ng) were assessed for all samples from the preci-
sion cohort. The MCL35 assay demonstrated 100% concor-
dance at 200 ng and 100 ng inputs. As previously mentioned,
one sample from the precision cohort failed with a total RNA
input of 50 ng, but the same sample yielded concordant risk
group assignments across all other replicates. For small sam-
ples, such as core needle biopsies, routinely collected in clin-
ical settings, reaching a total RNA input of 200 ng is quite
reasonable while attaining a total RNA input of 500 ng would
likely be unfeasible; thus, the recommended and lower RNA

Table 1 Precision data by

technologist. Sample “Val002” All replicates
had one failure at in input of
50 ng, resulting in a number of Sample ID MCL3S5 risk group n Mean Standard error 95% confidence interval
replicates n =8
Val001 High 9 923 1.9 88.0 t0 96.6
Val002 Standard 8 —128.8 1.7 —132.8to—124.7
Val003 Low 18 —204.8 24 —209.8 to —199.8
Val004 High 18 -6.0 1.0 —82to—38
Val005 Standard 18 -109.9 1.9 —114.0 to — 105.9
Val006 Low 9 —194.0 3.2 —201.5to—186.5
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Fig. 2 MCL35 precision data,
plot of mean + 95% CI for all
replicates, and risk group cut
points are shown to demonstrate
that misclassification would only
occur for borderline cases
between adjacent risk groups
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inputs for the MCL35 assay were established as 200 ng and
100 ng, respectively.

To evaluate MCL35 performance in non-formalin fixed
samples, 11 different cases that had both formalin and B5
fixed tissue blocks were evaluated for RNA quality and assay
results. Of these 11, both the formalin-fixed and B5-fixed
blocks were “poor quality” per assay metrics in 2 cases. Of
the remaining cases, 0/9 (0%) formalin-fixed cases were of
poor quality, while 4/9 (44%) of the B5-fixed were of poor
quality. Of the 5 cases with successful assays on both
formalin-fixed and B5-fixed blocks, 4 resulted in the same
risk group (1 low risk, 2 standard, 1 high risk), while 1 case
was discrepant (low risk using the formalin-fixed block and
standard risk using the B5-fixed block). This discrepancy
could be a result of assaying different blocks (with slightly
different tumor biology) or a result of fixation method.
Adding non-paired samples as well to the paired samples,
17/29 (59%) of B5-fixed blocks failed compared with 9/36
(25%) of formalin-fixed blocks, thus showing a near doubling
of assay failure with B5 fixation (p =0.0061, one-tailed
Fisher’s exact test for FFPE generating more passing results
than BS5). Overall, given the high failure rate, B5-fixed blocks
are not preferred but may possibly provide an alternative tis-
sue source in situations when no formalin fixed blocks are
available.

To evaluate the usefulness of the MCL35 assay in bone
marrow core biopsies, a frequent site of diagnosis, we evalu-
ated samples fixed in formalin-fixed and acid decalcified (n =
4) or B5-fixed and decalcified (n = 6) blocks (p =0.5714, 2-
tailed Fisher’s exact test). Of the formalin-fixed, decalcified
samples, only 1 in 4 yielded sufficient quality RNA for use in
the assay at an input of 100 ng, while 3 of the 6 B5-fixed and

decalcified samples yielded sufficient RNA. Although a small
study, this indicates that decalcification appears to be detri-
mental to RNA retrieval.

Since the original publication by Scott et al. [11] was per-
formed only on lymph node biopsies (extra-nodal tissues were
not included), we also sought to assess the performance of the
MCL35 in non-nodal tissues. In our analysis of 65 cases, we
detected no difference in assay failure rate in nodal blocks
(8/21 or 38%) versus non-nodal blocks (18/44 or 41%) (p =
1.0000, 2-tailed Fisher’s exact test). Clinical treatment infor-
mation and patient outcome were not available on these retro-
spective cases to evaluate the prognostic power of the MCL35
in non-nodal samples. However, in a prior publication, the
MCL35 risk assessment on 42 non-nodal samples (tonsils,
gastrointestinal biopsies, soft tissue specimens, and other ma-
terials) was reported to correlate with overall survival [13].

The effect of spiking contaminants into the hybridization
reaction was also explored. To determine if we could elicit an
effect from contaminants, the reactions were spiked at 10%
total volume during MCL35 validation. We chose contami-
nants that could potentially be carried through from the RNA
extraction process, including d-Limonene deparaffinization
solution, tissue lysis buffer RLT, column binding buffer
FRN, 100% ethanol, and matched stock DNA, where the in-
put DNA concentration ranged from 80.3 to 385.5 ng/pl. The
volume of water in each nCounter reaction was reduced and
replaced by 1.5 ul of a given contaminant, thereby ensuring
that the final hybridization reaction volume (15 pul) and RNA
input (200 ng) were kept constant. With zero mis-
categorizations for all contaminants, sample Val003 appeared
to be to particularly tolerant of all contaminants, suggesting
that sample quality may play a role in contaminant tolerance.
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Fig. 3 Scatter plot of Ki67 (%) vs
MCL35 score with risk groups
denoted for each assay and
grouping of Ki67 and
morphology by MCL35 score,
indicating that while all high-risk
patients are captured by all three
methods, Ki67 proliferation index
appears to overestimate risk when
compared with MCL35
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Proper adherence to RNA purification protocols in the labo-
ratory ensure that contaminants do not carry through to assay
performance.

In comparison with Ki67 proliferation index and morphol-
ogy, the percentage of tumor nuclei with Ki67 staining is a
frequently used prognostic marker in MCL. This “prolifera-
tion index” is typically split into three groups: < 10%, 10% to
<30%, and >30% [6]. We analyzed a second series of (pre-
viously unpublished) MCL cases for both Ki67 and MCL35
(n=43), and when compared, the Spearman correlation be-
tween the two methods was 0.497 (p <0.0001). One case in
this study had a Ki67 expression < 10%, 11 cases had expres-
sion of 10% to <30%, and 31 cases had expression >30%.
Using the MCL35 assay, all 13 cases denoted high risk were
also high Ki67 expressers with a mean Ki67 expression of
72%, range 40—100%. The 15 cases denoted standard risk
by the MCL35 assay had a mean Ki67 expression of 41%,
range 10-70%; 14 of which had Ki67 expression >30%. Of
the 15 cases denoted low risk by the MCL35 assay, one case
had Ki67 expression < 10%, nine cases had expression of 10%
to less than 30%, and 5 cases had expression >30%, with a
mean Ki67 expression of 24%, range 5-50%. Overall, 16 of
43 (37%) of cases agreed between the two techniques
(MCL35 low risk and Ki67 < 10%, MCL35 standard risk
and Ki67 10% to <30%, MCL35 high risk and Ki67 >
30%), including all 13 cases of the high-risk group by
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Low Risk (<10%)

150/

Standard Risk
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MCL35, two cases of the standard risk group by MCL35,
and one case from the low-risk group by MCL35. Given the
current data, it appears that Ki67 estimates higher probability
of risk overall than the MCL35 assay. All of the cases with the
more aggressive morphologies (pleomorphic and blastoid)
were classified as high risk by the MCL35 assay. All of this
information is presented in Fig. 3.

Supplemental Table S1 summarizes all assay performance
characteristics.

Discussion

Herein, we describe the clinical validation of the FFPE-
compatible nCounter-based digital gene expression MCL35
assay for risk stratification of MCL35 patients in a CAP/
CLIA-certified clinical molecular diagnostics laboratory and
comparison with Ki67 proliferation index. Of note, the
MCL35 assay was not developed for use in leukemic, non-
nodal MCL; however, a separate assay to identify that disease
type was recently published and known as the L-MCL16 [14].

The MCL35 assay demonstrated excellent concordance
with the gold standard signature defined by Affymetrix gene
expression profiling thereby validating the accuracy of the
assay. In terms of assay performance, samples run multiple
times by different users clustered tightly together and yielded
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small standard errors indicating that the MCL35 assay is a
high-precision assay. In addition, the MCL35 assay could
robustly assign risk category from inputs as low as 50 ng of
FFPE-derived RNA. The assay was also shown to be capable
of correctly risk categorizing tumor samples in the presence of
extraordinarily high levels of contaminants that would not
likely occur in a CAP/CLIA-certified laboratory due to strin-
gent handling. Standardized operating procedures have been
written, and the assay was launched as a laboratory-developed
test in the MDAZL with plans for use in retrospective analysis
of clinical trial materials and emerging plans for use in pro-
spective clinical trials.

Acid-decalcified core biopsies were successfully analyzed
in only 4 of 10 cases attempted. Other methods of decalcifi-
cation were not evaluated. In addition, we noted that all 4
successful core biopsies resulted in high-risk MCL35 scores.
Caution is therefore advised in the use of bone marrow core
biopsies for the MCL35 assay since the proliferation of the
background hematopoietic cells is so high that it may domi-
nate the results. In this study, we could not evaluate the prog-
nostic power of the MCL35 in other types of non-nodal sam-
ples due to lack of clinical annotation. However, in a prior
publication, the MCL35 risk assessment on 42 non-nodal
samples was reported to correlate with overall survival [13].

MCL35 risk group stratification identifies low-, standard,
and high-risk patients. The overall agreement between the
MCL35 and Ki67 assays was just 37%, although there is a
general overall correlation between the 2 types of data. Of
interest, in our case series, the Ki67 proliferation rate appeared
to err on the side of a higher risk category as compared with
the MCL35 (the MCL35 identified more patients as low risk).
Since the MCL35 assay is a multiplexed assay based on the
weighted expression of 17 proliferation genes rather than a
single marker, it may provide a more accurate reflection of
the complex multifaceted/multifactorial nature of tumor biol-
ogy and, as shown here and in prior publications, is highly
reproducible as compared with other methods [9, 11].
Additional survival analyses are not available on this group
of cases, which were selected for technical purposes.

Overall, the current data support the concept of molecular
signatures, as assessed with digital gene expression profiling,
as showing outstanding reproducibility and robust perfor-
mance. The turnaround time for similar assays using the
same platform in our clinical lab is, on average, 2—3 business
days. As such, this assay may be an excellent choice foruse in
clinical trials wherein the relationships between biomarkers
and patient outcome may lead to clinical practice changes.
Recently, the MCL35 assay was successfully used in clinical
trial of younger patients treated on Nordic MCL protocols
and, along with MIPI, identified those patients with a dismal
prognosis [15]. Additional studies evaluating the clinical
utility of the MCL35 in older patients, including assessment
of TP53 mutation status, are underway.
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