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Abstract
Aim—To assess the validity and potential clinical utility of evaluating MYC protein expression
by immunohistochemistry (IHC) in mantle cell lymphoma (MCL).

Methods and results—MYC IHC was scored on a tissue microarray containing 62 MCL cases
and 29 controls by two pathologists. Inter-observer correlation was high (intra-class
correlation=0.98). MYC IHC scores correlated with MYC gene expression (Spearman’s 0.69,
p<0.0001) and weakly with Ki-67 proliferation index (Spearman’s 0.30, p=0.03). Six cases of
blastic MCL did not have higher mean MYC IHC scores or MYC mRNA expression than non-
blastic MCL cases. None of 57 cases assessed, including all the blastic cases, showed MYC gene
rearrangement by fluorescence in situ hybridization. Multivariate analysis using backward
selection from potential predictors including age, lactate dehydrogenase, leukocyte count, MIPI
score, ECOG performance status, blastic morphology, and Ki-67 index showed that MYC IHC
score is an independent predictor of progression-free survival (hazard ratio=2.34, 95% CI 1.42 –
3.88, p=0.0009) and overall survival (hazard ratio=1.90, 95% CI 1.05 – 3.43, p=0.034).

Conclusions—We show that a new monoclonal anti-MYC antibody can enable accurate and
reproducible visual assessment of MYC protein expression that is independently predictive of
clinical outcomes in MCL.
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Introduction
Mantle cell lymphoma (MCL) is an aggressive B-cell non-Hodgkin lymphoma whose
molecular pathogenesis is partly attributed to the characteristic genetic feature of t(11;14)
(q13;q32) resulting in over-expression of cyclinD1 and subsequent dysregulation of the cell
cycle. While most cases of MCL are difficult to treat, with a median survival of 5 to 7 years,
prognosis can vary considerably1–4. Gene expression studies performed in an effort to risk-
stratify patients demonstrated heterogeneity in the expression of genes involved in cellular
proliferation between MCL cases, with as much as a six year survival difference between
cases having a proliferative signature versus those that did not5, 6. However, there has been
little recent progress in translating these findings to the clinical laboratory. With the
exception of the Ki-67 proliferative index7, there are no prognostic markers currently being
assessed in the clinical laboratory to aid in risk-stratifying patients with MCL.

The MYC oncogene encodes a transcription factor that has the unique ability to globally
activate transcription of over 15% of all cellular genes, many of which regulate cell growth
and cell cycle progression8–10. Reciprocal translocations and amplifications of the MYC
gene and over-expression of MYC RNA have been found in 5 to 40% of MCL11, 12. While
MCL with MYC aberrations have been associated with blastic transformation and poor
prognosis13–17, high MYC expression itself has also been shown to be one of the strongest
predictors of poor outcome and only marginally associated with the Ki-67 proliferation
index6, 18.

Assessment of MYC aberrations in the clinical laboratory has, up until now, required
additional testing by fluorescence in-situ hybridization (FISH). Because FISH is relatively
labor intensive to perform and interpret, assessment of MYC gene aberrations in B-cell
lymphomas has largely been reserved for diagnosing cases of Burkitt lymphoma and the
detection of an aggressive form of ‘double hit’ diffuse large B-cell lymphoma (DLBCL)
which harbors a MYC translocation. Recently however, there have been several reports of
prognostically valid MYC protein expression assessment by immunohistochemistry (IHC) in
DLBCL with a new commercially available antibody19–21.

In the present study, our goal was to evaluate the validity and potential clinical utility of
assessing MYC protein expression by IHC in MCL. We characterized the performance of a
commercially available anti-MYC antibody on a MCL tissue microarray that included
control cores of normal lymphoid tissue, low grade B-cell lymphoma, and high grade B-cell
lymphoma with documented MYC-IgH translocation. MYC IHC scoring was compared to
MYC gene expression and assessed for association with clinical outcomes by multivariate
analysis.

Materials and Methods
Case selection

With approval from the appropriate institutional review boards (UW protocol M-2008-1011
and MCRF protocol SHA 10109), the pathologic archives of the University of Wisconsin
Hospital and Clinics and Marshfield Clinic were searched for cases of MCL diagnosed
between 1999 and 2010. 62 patients were identified to have archival formalin-fixed paraffin-
embedded (FFPE) tissue from pre-treatment diagnostic biopsies available for tissue
microarray (TMA) construction. All cases included expressed cyclinD1 and/or demonstrated
t(11;14) by FISH with morphologic characteristics consistent with MCL. The median
duration of follow-up was 5.47 years.
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Tissue microarray construction
Representative areas of MCL were marked on hematoxylin and eosin (H&E) stained
sections and triplicate 0.6mm cores from the corresponding paraffin block were punched and
arranged 0.2mm apart vertically and horizontally using a Manual Tissue Arrayer (Beecher
Instruments, Sun Prairie, WI). Included in the array were 6 small lymphocytic lymphoma
(SLL), 6 grade 1 follicular lymphoma (FL), 5 Burkitt lymphoma (3 with MYC
rearrangement and 2 without), 6 benign lymph nodes, and 6 benign tonsil cases.

Immunohistochemical staining and quantification
For MYC immunohistochemistry, antigen retrieval was performed in a Decloaking Chamber
(Biocare Medical, Concorde, CA) for 4 minutes at 100°C. Endogenous peroxidases were
blocked with Peroxidazed (Biocare Medical) and non-specific binding minimized with
Biocare Terminator (Biocare Medical). Background protein staining was blocked with
Background Punisher (Biocare Medical). Anti-MYC antibody (Y69, Epitomics, Burlingame,
CA) was used at a 1:200 dilution (final concentration 0.56 μg/mL), followed by addition of
Mach 2 Rabbit HRP-polymer secondary antibody (Biocare Medical). Protein expression was
scored independently on an Olympus BX41 microscope at 20X objective magnification by
two pathologists (MJO and DTY). MYC expression was identified as any clearly
identifiable nuclear staining in lymphoid cells and quantified in 5% increments by visual
estimation. MYC scores for triplicate cores were averaged for each case and each case then
averaged between pathologists, after determining that overall inter-observer agreement was
acceptable.

Ki-67 staining was performed using Ki-67 antibody (Clone SP6 Biocare Medical, Concord,
USA). The Ki-67 index was defined as the percentage of Ki-67 positive tumor cells in
representative areas of lymphoma evaluated by one observer (DTY) counting 100 cells in
two representative high power fields at 400x magnification7 for each core and then averaged
between the triplicate cores for each case.

Quantitative nuclease protection assay
MYC mRNA expression was determined by qNPA™ (High Throughput Genomics, Tucson,
AZ) assay. 5μm thick tissue specimens from the corresponding paraffin blocks utilized to
construct the TMA were dissolved in lysis buffer containing oligonucleotide probes for two
housekeeping genes (TBP and B2M) and four 25-mer probes targeting position 333 (5′-
GTCCGCAACCCTTGCCGCATCCACG-3′), 576 (5′-
CCTCAACGRRAGCTTCACCAACAGG-3′), 1281 (5′-
CCTGGTGCTCCATGAGGAGACACCG-3′), and 1534 (5′-
CCAAGAGGGTCAAGTTGGACAGTGT-3′) of MYC mRNA. Unhybridized probe was
digested by S1 nuclease and alkaline hydrolysis destroyed mRNA of mRNA-probe
duplexes, leaving intact probe in stoichiometric concentrations proportional to expressed
mRNA for chemiluminescent detection. MYC mRNA expression was normalized to the two
housekeepers. Each case was run in triplicate and results averaged.

Fluorescence In Situ Hybridization
Interphase FISH was performed on two TMA sections according to described protocols22.
100 cells from a representative core of each case were assessed for % of split signals by a
pathologist (DTY). The positive cut-off level was established as the mean number of split
signals plus 3 times the standard deviation of 6 benign lymph node cores represented on the
TMA.

Oberley et al. Page 3

Histopathology. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
Agreement between mean MYC IHC scores generated by independent pathologists was
assessed by intra-class correlation coefficient (ICC) with Bland Altman plot. Core to core
variation was evaluated using a mixed effects model assessing variability in IHC score
readings predicted by a fixed effect of inter-observer difference and a random effect of case
differences, and was estimated as the residual variance (or within subject variance).
Spearman’s rank correlation coefficient was used to assess the correlation between MYC
IHC scores and MYC mRNA levels. Progression-free survival (PFS) was calculated from
the date of diagnosis to progression of disease or death from any cause, whichever came
first, and overall survival (OS) was calculated from the date of diagnosis to date of death.
The survival functions of PFS and OS were estimated using the Kaplan-Meier (product-
limit) method and compared between two groups using the log-rank test. Cox proportional
hazards model was used to examine the association between the survival outcomes and
prognostic factors. Results were quantified in terms of hazard ratios with 95% confidence
intervals. Results were considered statistically significant if a two-tailed p-value was less
than 0.05.

Results
Patient Characteristics

The median age of the 62 MCL patients included in this study was 61 years (range 42 to 91
years) and 77% were men (Table 1). At the time of diagnosis, 16% had ECOG performance
status ≥ 2, 67% had Ann Arbor Stage 4 disease, 29% had a circulating leukocyte count ≥ 10
× 103/μL, 39% had elevated plasma lactate dehydrogenase (LDH) levels, 17% had an
elevated Ki-67 proliferation index, and 10% had blastic histology. The MCL international
prognostic index (MIPI) is a prognostic index developed specifically for MCL based on age,
leukocyte count, ECOG performance status, and LDH23. 36% of the patients were in the
MIPI high risk group. Patients included in this study were treated relatively similarly with
75% receiving frontline adriamycin-containing polychemotherapy.

Assessment of MYC Immunohistochemical Staining
In essentially all MCL cases and controls, MYC staining was clearly nuclear without any
background cytoplasmic staining. Accordingly, visual semi-quantitative interpretation was
relatively straightforward and agreement between two independent observers was excellent
with intra-class correlation coefficient of 0.98 (95% CI = 0.96–0.99) (Figure 1A). Within the
same case, there was little core to core variability in MYC staining with variance estimate of
30.3 between the replicate cores compared to 360.2 between patients.

Mean MYC expression scores (± standard deviation) (Figure 1B) were highest in Burkitt
lymphoma (77.1 ± 15.1%) and lower in the low grade B-cell lymphoma controls, small
lymphocytic lymphoma (11.3 ± 6.3%) and follicular lymphoma (6.3 ± 2.5%). Expression
scores were similarly low in the benign tonsil (8.8 ± 3.6%) and benign lymph node (8.3 ±
4.6%) controls. Positive staining cells were appropriately concentrated in the proliferation
centers and germinal centers of the small lymphocytic lymphoma and benign lymph node/
tonsil cases, respectively (Figure 2).

The proportion of MYC positive tumor cells in MCL cases ranged from 0 to 63% with a
median of 10% and mean of 14 ± 15%. The frequency distribution (Figure 1C) shows that
the majority of MCL cases have MYC scores similar to that of the benign controls and low
grade B-cell lymphomas. A subset of MCL cases have distinctly high MYC scores, in the
range of Burkitt lymphoma cases.
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Comparison of MYC Gene Expression with Immunohistochemical Staining
To further validate our assessment of MYC protein expression by IHC, MYC mRNA levels
for each case was determined by quantitative nuclease protection assay performed on a
macro-dissected 5 μm section of the same paraffin block from which the tissue cores were
obtained. MYC mRNA levels correlated well with the IHC scores; Spearman’s rank
correlation = 0.69 (p<0.0001) and 0.65 (p<0.0001) for MCL and control cases, respectively
(Figure 1D).

MYC, Blastic Morphology, and Ki-67 Proliferation Index
Given that aberrations in the MYC gene have been associated with blastic
transformation13–17, we evaluated the association between blastic histology and MYC
expression (Figure 3A,B). Remarkably, the 6 blastic cases (Table 1) had a lower mean MYC
IHC score and MYC gene expression than the remaining non-blastic MCL cases, with the
gene expression comparison reaching statistical significance (Student t-test, p=0.009). MYC
IHC scores showed a weak but statistically significant correlation with Ki-67 proliferation
index (Spearman’s = 0.3, p = 0.03) (Figure 3C).

To investigate whether MYC overexpression was associated with MYC gene rearrangement,
FISH utilizing a dual color MYC break apart probe was performed on the TMA. 57 cases
were successfully scored, including all the blastic cases. Remarkably, none of the MCL
cases showed evidence of MYC rearrangement (Table 2).

MYC Immunohistochemistry and Clinical Outcomes
Of 62 MCL patients represented on the TMA, 60 had clinical outcomes available and had a
median follow-up of 5.47 years (95% confidence interval (CI), 4.06 – 6.63) as of this
analysis. By univariate analysis, MYC IHC score on a natural log scale was predictive of OS
(hazard ratio = 2.25, p = 0.005) and PFS (hazard ratio = 2.35, p = 0.0007). Multivariate
analysis using backward selection from potential predictors including age, LDH, WBC
count, MIPI score, ECOG performance status, blastic morphology, and Ki-67 proliferation
index in the parsimonious model showed MYC IHC score as an independent predictor of OS
(hazard ratio = 1.90, p = 0.034) and PFS (hazard ratio = 2.34, p = 0.0009) (Table 3).

Unbiased dichotomization of the MCL cases at the median MYC IHC score of 10% shows
patients with high MYC IHC scores >10% had shorter PFS than those with low MYC IHC
scores ≤10% (p = 0.012) (Figure 4A). These two groups did not differ in terms of receiving
frontline adriamycin-containing polychemotherapy (Chi-square test, p = 0.21). Statistical
significance for a difference in OS at the cut-off score of 10% was not reached (p=0.054)
(Figure 4B).

Discussion
Reciprocal translocations and amplifications of the MYC gene and over-expression of MYC
RNA are found in up to 40% of MCL and have been associated with poor clinical
outcome11, 12. We assessed the immunohistochemical performance of a new commercially
available anti-MYC antibody and evaluated the ability of visually scoring MYC positivity to
predict PFS and OS.

MYC immunohistochemical staining could be interpreted with excellent inter-observer
reliability with an intra-class correlation coefficient of 0.98 (95% CI = 0.96 – 0.99) and
showed appropriate expression levels in both high and low expression controls. In addition,
average MYC IHC scores generated by 2 pathologists correlated well with MYC gene
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expression in both MCL cases as well as the controls with Spearman’s rank correlation =
0.69 and 0.65, respectively.

Ranking MCL cases by their MYC IHC scores showed a skewed distribution with a
predominance of cases having scores similar to the low MYC expression controls. A subset
of MCL cases had distinctly high MYC scores similar to the Burkitt lymphoma controls.
Despite the fact that MCL with MYC aberrations have been associated with blastic
transformation13–17, we did not find an association between high MYC scores and blastic
histology. This discrepancy may be a consequence of selection bias in the previous studies
that only included cases of MCL with MYC rearrangement. While many MCL cases with
MYC rearrangement may be blastic, it may be that only a few blastic MCL cases have MYC
rearrangement. Indeed, we show that not only do blastic cases have low MYC protein
expression, none of the MCL cases in this cohort, including the 6 blastic cases, demonstrate
MYC rearrangement by FISH analysis. MYC overexpression in MCL appears to be largely
independent of MYC gene rearrangement.

Not only were MYC IHC scores not associated with blastic change, they showed only a
weak correlation with Ki-67 proliferation index (Spearman’s = 0.3, p = 0.03), suggesting the
oncogenic effect of MYC in MCL is likely not solely manifest as cellular proliferation, but
may be imparting neoplastic cells a survival advantage through alternative mechanisms such
as inhibition of TP53-mediated apoptosis23. Similar discordance between MYC gene and
protein expression with both Ki-67 proliferation index and aggressive morphologic
transformation have been previously described in MCL and DLBCL18,19, 25–26.

As a continuous variable, MYC score was an independent predictor of OS (p = 0.034) and
PFS (p = 0.0009) after controlling for age, LDH, WBC count, MIPI score, ECOG
performance status, blastic histology, and Ki-67 proliferation index.

Cognizant that the number of MCL cases in this series was insufficient to establish a reliable
cut-off value, an unbiased dichotomization of the cases at the median MYC score (10%) was
performed. At this arbitrary cut-off, MYC score was predictive of PFS (p = 0.012), but not
OS (p = 0.054). Given the distribution of MYC scores, we speculate that a higher cut-off
value would likely yield superior predictive results. However, analysis of a larger cohort of
patients will be necessary to establish this.

While high MYC mRNA expression is one of the strongest predictors of poor outcome in
MCL6, 18, technical factors have limited efforts to develop such an assay for the clinical
laboratory. Likewise, FISH is useful for identifying MYC translocations, but is limited by its
inability to identify altered MYC expression by mechanisms other than translocations and
copy number amplification, and is not readily available in all clinical laboratories. We show
that a new monoclonal anti-MYC antibody can enable simple, accurate, and reproducible
visual assessment of MYC protein expression in MCL that is predictive of clinical
outcomes. These findings are reflective of results from Johnson et al19 and Green et al20,
who assessed MYC expression by immunohistochemistry in conjunction with BCL2 in
diffuse large B-cell lymphoma. Both studies found immunohistochemical assessment of
MYC and BCL2 expression capable of identifying a high-risk ‘double hit’ DLBCL subset
that was originally characterized in the literature by FISH positive MYC and BCL2
translocations. A simple and robust method to risk-stratify patients based on MYC
expression may be especially timely and pertinent given the recent reports of the anti-tumor
effects of BET bromodomain inhibitors whose mechanism of action is through inhibition of
MYC expression27, 28.
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In conclusion, this study demonstrates that immunohistochemical assessment of MYC
protein expression in MCL can be reliably performed and is predictive of clinical outcomes.
A larger study is warranted to establish and validate potential cut-off values for risk-
stratification.
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Figure 1. Validation of MYC immunohistochemical (IHC) staining through assessment of inter-
observer correlation, staining pattern in control tissues, and correlation with MYC gene
expression
(A) Bland-Altman plot showing the degree of agreement between two independent
pathologists scoring % MYC positive cells for 62 cases of MCL and 29 controls represented
in a tissue microarray. Intra-class correlation coefficient = 0.98 (95% CI = 0.96–0.99). (B)
MYC expression scores in control cases expressed as the average and standard deviation for
2 observers. Burkitt lymphoma (77.1 ± 15.1%), small lymphocytic lymphoma (11.3 ±
6.3%), follicular lymphoma (6.3 ± 2.5%), benign tonsil (8.8 ± 3.6%) and benign lymph node
(8.3 ± 4.6%). (C) Frequency distribution of average MYC IHC scores for 62 MCL and 29
control cases that include 5 Burkitt lymphoma, 6 small lymphocytic lymphoma, 6 Grade 1
follicular lymphoma, 6 benign tonsil, and 6 benign lymph nodes. (D) Correlation of MYC
IHC scores with MYC gene expression. Spearman’s correlation of Rho = 0.69 (p<0.0001)
and 0.65 (p<0.0001) for MCL and control cases, respectively.
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Figure 2. Examples of MYC immunohistochemical staining in control and MCL cases
represented on a tissue microarray
The benign lymph node and small lymphocytic lymphoma (SLL) shown are representative
of controls with low MYC expression and were both scored as 5% MYC positive. Note that
MYC expression is concentrated in the germinal centers of the benign lymph node and the
proliferation centers of SLL, where Ki-67 expression is also the most brisk. Burkitt
lymphoma with t(8;14) showed a diffuse distribution of numerous MYC positive cells
(represented case was scored as 92% MYC positive). MCL cases varied greatly in MYC
expression. The examples shown are of a low MYC expressing case scored as 5% MYC
positive and a high MYC expressing case scored as 63% MYC positive.
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Figure 3. Association of MYC expression with blastic histology and Ki-67 proliferation index
(A) Mean MYC IHC score of blastic (9.3 ± 8.5%) and non-blastic (15.1 ± 15.6%) MCL
cases. (B) Mean MYC gene expression of blastic (469.4 ± 218.5) and non-blastic (885.1 ±
895.7) MCL cases. (C) MYC IHC scores and Ki-67 proliferation index show a weak
Spearman’s correlation of 0.30 (p = 0.03).

Oberley et al. Page 11

Histopathology. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Association of MYC immunohistochemical staining scores with clinical outcomes in
MCL
(A) Kaplan–Meier plot of progression free survival (PFS) for MCL cases dichotomized at
the median MYC IHC score of 10%. (B) Kaplan-Meier plot of overall survival (OS).
Number of subjects at risk is listed above the X-axis. NR = not reached.
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Table 1

Clinical and laboratory characteristics of 62 MCL patients

Characteristics of patients at diagnosis

Age, years

 Mean (SD) 63 (11)

 Median (Range) 61 (42 – 91)

Gender

 Male 48/62 (77.4%)

 Female 14/62 (22.6%)

ECOG Performance Status

 <2 9/58 (15.5%)

 ≥2 49/58 (84.5%)

Ann Arbor Stage

 I – III 20/60 (33.3%)

 IV 40/60 (66.7%)

WBC count

 <10 × 103/uL 43/60 (71.7%)

 ≥10 × 103/uL 17/60 (28.3%)

LDH

 Elevated 22/57 (38.6%)

 Normal 35/57 (61.4%)

Ki-67 index

 <30% 48/58 (82.8%)

 ≥30% 10/58 (17.2%)

MIPI risk

 High 21/58 (36.2%)

 Intermediate 19/58 (32.8%)

 Low 18/58 (31.0%)

Morphologic variant

 Non-Blastic 56/62 (90.3%)

 Blastic 6/62 (9.7%)

Treatment

 Frontline adriamycin-containing polychemotherapy 45/60 (75.0%)
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Table 2

MYC gene rearrangement analysis by fluorescent in-situ hybridization with dual color break apart probes

Cases Scored
Number of cells with split signals (%)

Cases positive for MYC rearrangement *
Mean and SD Range

Benign Lymph node 6 2.5 ± 1.0 1 – 4

Burkitt Lymphoma 2 94.0 ± 4.2 91 –97 2/2

Mantle Cell Lymphoma 57 1.3 ± 0.9 0 – 3 0/57

*
The positive cut-off level was 5.5%, established as the mean number of split signals plus 3 times the standard deviation of the 6 benign lymph

node cores represented on the TMA.
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Table 3

Multivariate analysis of MYC immunohistochemistry scores as a predictor of progression free survival and
overall survival.*

Parameter Hazard Ratio p-value

PFS OS PFS OS

MYC score 2.35 1.90 0.0009 0.034

MIPI score NS 3.40 NS 0.0009

*
log(MYC score) was evaluated controlling for age, LDH, WBC count, MIPI score, ECOG performance status, blastic histology, and Ki-67

proliferation index. Predictors shown are valid in the final parsimonious model derived from backward selection. NS = not statistically significant
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