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A B S T R A C T

Purpose
Approximately 5% of diffuse large B-cell lymphomas (DLBCLs) are double-hit lymphomas (DHLs)
with translocations of both MYC and BCL2. DHLs are characterized by poor outcome. We tested
whether DLBCLs with high expression of MYC protein and BCL2 protein share the clinical features
and poor prognosis of DHLs.

Patients and Methods
Paraffin-embedded lymphoma samples from 193 patients with de novo DLBCL who were
uniformly treated with rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP) were studied using immunohistochemistry for MYC, BCL2, CD10, BCL6, and
MUM1/interferon regulatory factor 4, and fluorescent in situ hybridization (FISH) for MYC
and BCL2.

Results
FISH analysis identified DHL in 6% of patients, who showed the expected poor overall survival
(OS; P � .002). On the basis of immunohistochemical MYC and BCL2 expression, a double-hit
score (DHS) was assigned to all patients with DLBCL. The DHS-2 group, defined by high
expression of both MYC and BCL2 protein, comprised 29% of the patients. DHS 2 was
significantly associated with lower complete response rate (P � .004), shorter OS (P � .001), and
shorter progression-free survival (PFS; P � .001). The highly significant correlation with OS and
PFS was maintained in multivariate models that controlled for the International Prognostic Index
and the cell-of-origin subtype (OS, P � .001; PFS, P � .001). DHS was validated in an independent
cohort of 116 patients who were treated with R-CHOP.

Conclusion
The immunohistochemical DHS defined a large subset of DLBCLs with double-hit biology and was
strongly associated with poor outcome in patients treated with R-CHOP.

J Clin Oncol 30. © 2012 by American Society of Clinical Oncology

INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is a clini-
cally and biologically heterogeneous disease. A
general improvement in survival rates has been
achieved since rituximab (R) was added to cyclo-
phosphamide, doxorubicin, vincristine, and predni-
sone (CHOP) approximately a decade ago, and
R-CHOP has now become the standard treat-
ment.1,2 Still, approximately 40% of patients with
DLBCL suffer relapses within a short time frame and
eventually die as a result of the disease. The Inter-
national Prognostic Index (IPI) is a useful clinical
tool to risk stratify patients with DLBCL, but it

does not capture the biologic spectrum of DL-
BCL.3 On the basis of the cell-of-origin (COO)
concept, gene expression profiling has identified
two major subtypes of DLBCL with different
prognoses. The germinal center B-cell–like (GCB)
subtype of DLBCL carries a better prognosis than
the activated B-cell-like subtype.4,5 COO subtyp-
ing can supplement diagnosis and risk stratifica-
tion. Like the IPI, COO subtyping does not
identify individual patients who will suffer a par-
ticularly aggressive clinical course, given that
these patients can be found in either subgroup.
Recently, translocation of the MYC gene, a gene
that is involved in many cellular functions including
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proliferation, has been shown to be prognostically unfavorable.6-8

In addition, translocation of BCL2, a central antiapoptotic gene,
has been found to be a marker of poor prognosis in some studies
but not all.9,10 Notably, DLBCL with translocation of both MYC
and BCL2, termed double-hit lymphoma (DHL), is characterized
by poor response to standard therapy and an aggressive clinical
course.11-13 Thus, there is a synergistic clinical effect of combined
activation of these two genes; MYC promotes cellular proliferation
and BCL2 blocks cellular death. Hitherto, studies of combined
activation of MYC and BCL2 in lymphoma have focused on genetic
methods, mainly fluorescent in situ hybridization (FISH). How-
ever, both MYC and BCL2 can be activated through other mecha-
nisms that lead to increased expression of the protein products,
MYC and BCL2.14,15 The clinical and prognostic effect of com-
bined overexpression of MYC and BCL2 in DLBCL is not known.
In this study, we investigated whether the concept of DHL could be
expanded by looking at levels of both MYC and BCL2 protein
expression in 193 patients with de novo DLBCL.

PATIENTS AND METHODS

Patient Selection

For the training set, we retrospectively retrieved and included
formalin-fixed, paraffin-embedded (FFPE) pretreatment diagnostic biop-
sies from 193 patients with primary DLBCL from the five pathology
departments in the Region of Southern Denmark. The patients were iden-
tified in the Danish National Lymphoma database on the basis of availabil-
ity of tissue and administered treatment (R-CHOP). Patients who were
HIV positive and patients with primary CNS involvement were excluded.
All patient cases were reviewed by M.B.M. and T.M.G. and were classified
according to the WHO classification.16,17

All patients underwent the full spectrum of standard staging procedures
and were uniformly treated with R-CHOP with curative intent, both accord-
ing to the national guidelines of the Danish Lymphoma Group. The patients
were diagnosed and received treatment between June 2001 and April 2008.
Median follow-up time was 56 months (range, 1 to 99 months).

A separate validation set included 116 patients who were treated with
R-CHOP. These patients were diagnosed between January 2002 and October
2009 and were randomly selected from a multicenter DLBCL collaboration
study cohort. All patient cases were centrally reviewed (K.H.Y., C.V., A.O.).
The basis for selection was treatment with R-CHOP and availability of FFPE
tissue and clinical data. Median follow-up for the validation set was 33 months
(range, 1 to 102 months). The ethics committee of the Region of Southern
Denmark approved the study.

Tissue Microarray and Immunohistochemistry

Tissue fixation and processing were performed using standard methods.
Tissue microarrays (TMAs) that contained two representative 1-mm cores from
each tumor were prepared (Beecher Instruments, Sun Prairie, WI). Internal con-
trol cores were present in each TMA. Immunohistochemical stainings were per-
formed using fully automated protocols on a BenchMark Ultra immunostainer
(Ventana Medical Systems, Tucson, AZ). Sections were subjected to staining
protocols with the following antibodies: MYC (clone Y69; Epitomics, Burlin-
game, CA), BCL2 (clone 124; DAKO, Glostrup, Denmark), CD10 (clone
56C6; Leica Microsystems, Ballerup, Denmark), BCL6 (clone LN22; Leica
Microsystems), and MUM1/interferon regulatory factor 4 (clone MUM1p;
DAKO; Appendix Table A1, online only). All patient cases were stained and
scored semiquantitatively in 10% increments by two observers (M.B.M.,
T.M.G.) without knowledge of patient outcome or FISH results. Only lym-
phoma cells were scored, and patient cases that lacked positive internal con-
trols were dismissed. Thirteen cases (7%) had discrepant scoring of greater
than 10% for MYC, and 10 cases (5%) had discrepant scoring of greater than
10% for BCL2. These cases were resolved using a multiheaded microscope.
The staining pattern for MYC protein was distinctly nuclear, whereas staining
for BCL2 protein showed a well-defined cytoplasmic staining pattern (Fig 1 ).

BA
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Fig 1. Tissues stained for MYC protein
and BCL2 protein, photographed at �200
magnification. The MYC staining pattern is
distinctly nuclear, whereas staining for
BCL2 shows a cytoplasmic pattern. (A and
B) Diffuse large B-cell lymphoma (DLBCL)
scored as having (A) � 40% MYC-positive
lymphoma cells and (B) � 70% BCL2-
positive lymphoma cells (B), resulting in a
double-hit score (DHS) of 1. No breaks of
MYC or BCL2 were detected by fluores-
cent in situ hybridization (FISH). (C and
D) DLBCL scored as having (C) � 40%
MYC-positive lymphoma cells and (D) �
70% BCL2-positive lymphoma cells, re-
sulting in a DHS of 2. FISH analysis
found breaks of both MYC and BCL2 to
be present, making this a case of classic
double-hit lymphoma.
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CD10, BCL6, and MUM1/interferon regulatory factor 4 were used for COO
subtyping, as described by Hans et al.18

TMAs from the validation set were prepared in a similar manner. Immu-
nohistochemical staining was performed with identical protocols in the De-
partment of Pathology, Odense University Hospital (Odense, Denmark).
Evaluation of immunohistochemistry was performed independently (K.H.Y.,
C.V., and A.O.) without knowledge of patient outcome.

Interphase FISH Analysis

All tumors in the training set were analyzed by FISH. The Vysis LSI MYC
Dual Color Break Apart Rearrangement Probe and the Vysis LSI BCL2 Dual
Color Break Apart Rearrangement Probe (Abbott Molecular, Abbott Park, IL)
were used. Both probe sets were used according to the manufacturer’s instruc-
tions, with minor alterations,19 and evaluated as recommended20 (Appendix,
online only).

Statistical Analysis

Patient characteristics were compared using Fisher’s exact test and
Mann-Whitney test (age). Overall survival (OS) was defined as the interval
between the date of initial diagnosis and the date of death as a result of any
cause or the date of last follow-up. Progression-free survival (PFS) was
defined as the interval between the date of initial diagnosis and the date of
disease progression or death as a result of any cause.21 Complete response
rate was defined as the percentage of patients achieving a complete remis-
sion after first-line R-CHOP treatment. Survival analyses were performed
using Kaplan-Meier curves and compared using the log-rank test. The Cox
proportional hazards regression model was used for multivariate analysis.
Comparative test differences were considered significant if the two-sided P
value was less than .05. Graph Pad Prism software (version 5.01; La Jolla,
CA) and SPSS Statistics software (version 17.0.0; Chicago, IL) were used
for statistical analyses.

RESULTS

Patients

Clinical data including all IPI variables were available for all
patients. Clinical characteristics for patients from the training set are
listed in Table 1. The complete response rate was 83%. Two patients
were not evaluated because of early deaths. The 3-year OS was 73%
and the 3-year PFS was 64%. COO subtype could be determined for
189 of the 193 patients (56% GCB; 44% non-GCB; Table 1). GCB
subtype was significantly associated with longer OS (3-year OS, 77% v
67%; hazard ratio [HR], 1.66; 95% CI, 1.02 to 2.70; P � .039) com-
pared with non-GCB cases. A high IPI (� 2) was significantly associ-
ated with inferior OS and PFS (3-year OS, 57% v 81%; P � .001; HR,
2.73; 95% CI, 1.67 to 4.46) compared with patients with low IPI scores
(0 to 2). Patient characteristics of the validation set are described in
Appendix Table A2 (online only).

FISH Studies and Outcome Analysis

MYC break and BCL2 break status could be determined for 189
and 191 patients, respectively. MYC and BCL2 breaks were observed in
21 (11%) and 47 patients (25%), respectively. Eleven patients (6%)
had rearrangement of both genes and thus were determined to have
DHL. Clinical characteristics of patients with DHL are listed in Table
1. GCB phenotype correlated both with MYC break (P � .018) and
with BCL2 break (P � .027). Consequently, 10 of 11 patients (91%)
with DHL had GCB-type tumors. Compared with patients with non-
DHL, more patients with DHL had disseminated disease (P � .027)
and a high IPI score (P � .045).

Table 1. Patient Demographics and Clinical Characteristics of Included Patients With DLBCL, in Relation to DHL Status and DHS

Characteristic

All
Patients
(n � 193)

Patients
With DHL�

(n � 11)

Patients
Without

DHL�

(n � 180)
P (DHL v
non-DHL)

Patients
With DHS

0/1†
(n � 131)

Patients
With DHS

2†
(n � 54) P (DHS 0/1

v
DHS 2)

Patients
Without
DHL,�

With DHS
2†

(n � 45) P (DHL v
non-DHL

With DHS 2)No. % No. % No. % No. % No. % No. %

Age, years .474‡ .002‡ .635‡
Median 64 67 64 62 67.5 71
Range 16-91 49-87 16-91 16-91 30-88 30-88

Male 113 59 5 45 107 59 .367 78 60 32 59 1.000 28 62 .331
Stage III-IV 92 48 9 82 82 46 .027 57 44 30 56 .148 23 51 .093
Performance status

� 2 30 16 1 9 28 16 1.000 13 10 14 26 .010 13 29 .258
Elevated LDH 93 48 8 73 83 46 .121 57 44 30 56 .148 23 51 .312
Extranodal sites � 2 36 19 3 27 33 18 .376 20 15 11 20 .395 9 20 .399
IPI score of 3-5 65 34 7 64 57 32 .045 38 29 22 41 .125 16 36 .170
COO§ .025 .001 � .001

GCB 106 56 10 91 95 54 84 65 20 37 12 27
Non-GCB 83 44 1 9 81 46 46 35 34 63 33 73

Complete response
rate, % 83 64 84 .090 89 70 .004 73 .712

NOTE. P values were derived using Fisher’s exact test unless otherwise noted.
Abbreviations: COO, cell-of-origin subtype; DHL, double-hit lymphoma (fluorescent in situ hybridization positive); DHS, double-hit score; DLBCL, diffuse large B-cell

lymphoma; GCB, germinal center B-cell–like; IPI, International Prognostic Index; LDH, lactate dehydrogenase.
�DHL status was not available for two patients.
†Eight patients could not be assigned a DHS for technical reasons.
‡P value derived using Mann-Whitney test.
§COO was not available for four patients.

Double-Hit Score Predicts Survival in DLBCL
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The presence of the MYC gene break was significantly associated
with inferior OS (3-year OS, 52% v 75%; HR, 2.27; 95% CI, 1.21 to
4.24; P � .009; Fig 2A), but not PFS (P � .094). However, 52% (11 of
21) of the patients who were positive for the MYC break had DHL.
When excluding the patients with DHL from the survival analyses,
MYC gene break had no significant impact on OS (P � .459) or PFS
(P � .960). BCL2 gene break was not significantly associated with OS
or PFS, regardless of whether patients with DHL were included in the
analyses (OS, P � .159; PFS, P � .116; Fig 2B) or not included (OS,
P � .813; PFS, P � .487).

Patients with DHL had poor OS, with a median survival of 13
months v 95 months for patients without DHL. The 3-year OS rate
was 46% for patients with DHL versus 75% for patients without DHL
(HR, 3.04; 95% CI, 1.45 to 6.40; P � .002; Fig 2C). Likewise, the PFS
was poor for patients with DHL, with a median PFS of only 6 months
v 95 months for patients without DHL. The 3-year PFS rate was 46%
for patients with DHL compared with 65% for patients without DHL
(HR, 2.47; 95% CI, 1.19 to 5.15; P � .012; Fig 2D).

Double-Hit Score

Lymphomas from 185 of 193 patients in the training set (96%)
were assessable for immunohistochemical scoring of both MYC and

BCL2. Eight patient cases could not be scored for technical reasons and
were excluded from the final analyses. The median percentage of
BCL2-positive lymphoma cells was 70%, and the median percentage
of MYC-positive lymphoma cells was 40%. Using median scores as
cutoffs, we assigned each patient a double-hit score (DHS) that ranged
from 0 to 2 (Fig 1). Each patient was given one point for each of the two
markers expressed at or above the median expression percentage.
Thus, patients with BCL2 of less than 70% and MYC of less than 40%
had a DHS of 0, patients with either BCL2 of at least 70% or MYC of at
least 40% were given a DHS of 1, and patients with both BCL2 of at
least 70% and MYC of at least 40% were given a DHS of 2. Using this
index, 43 patients (23%) had a DHS of 0, 88 patients (48%) had a DHS
of 1, and 54 patients (29%) had a DHS of 2 (Table 1). Both DHS and
COO subtype could be determined for 184 patients. Fifty-four percent
of patients with lymphoma in the DHS-2 group had gene breaks by
FISH, either involving only MYC (four patients), only BCL2 (16 pa-
tients), or both (nine patients). Thus, 90% of patients with DHL were
in the DHS-2 group. One patient with DHL could not be assigned a
DHS for technical reasons.

When comparing the patients with break-positive DHL (by
FISH) with patients in the DHS-2 group without DHL (FISH

BA

0

P = .009

MYC-break positive
MYC-break negative

Ov
er

al
l S

ur
vi

va
l

(p
ro

po
rti

on
)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108 0

P = .159

BCL2-break positive
BCL2-break negative

Ov
er

al
l S

ur
vi

va
l

(p
ro

po
rti

on
)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108

DC

0

P = .002

DHL
Non-DHL

Ov
er

al
l S

ur
vi

va
l

(p
ro

po
rti

on
)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108 0

P = .012

DHL
Non-DHL

Pr
og

re
ss

io
n-

Fr
ee

 S
ur

vi
va

l
(p

ro
po

rti
on

)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108

Fig 2. Overall survival (OS) and progression-free survival (PFS) after treatment with rituximab, cyclophosphamide, vincristine, doxorubicin, and prednisone in patients
with diffuse large B-cell lymphoma (DLBCL) harboring gene breaks in MYC, BCL2, or both. Kaplan-Meier curves of (A) OS in 21 patients with DLBCL who were positive
for MYC breaks versus 168 patients with DLBCL who were negative for MYC breaks show this cytogenetic aberration to be significantly associated with inferior OS
(P � .009). Kaplan-Meier curves of (B) OS in 47 patients with DLBCL who were positive for BCL2 breaks versus 144 patients with DLBCL who were negative for BCL2
breaks show no significant association with OS (P � .159). Kaplan-Meier curves of OS (C) and PFS (D) in 11 patients with double-hit lymphoma (DHL) versus 180
patients with non-DHL DLBCL show that combined breaks in MYC and BCL2 are significantly associated with inferior OS (P � .002) and PFS (P � .012).
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negative), no significant differences were found between clinical pa-
rameters or survival, implying that patients with DHL and those in the
DHS-2 group who were double-break negative are clinically similar
and indicating that they share the same unfavorable double-hit tumor
biology (Table 1).

A DHS could be calculated for 114 of 116 patients in the valida-
tion set (98%). Seventy-nine patients (69%) had a DHS of 0/1 and 35
patients (31%) had a DHS of 2.

DHS and Outcome

No differences in clinical variables were found between patients
in the DHS-0 and DHS-1 groups. Also, no significant differences in OS
(P � .416) or PFS (P � .876) were found between these two groups
(Figs 3A and 3B). Thus, high expression of either BCL2 or MYC alone
was not significantly associated with outcome, although a strong trend
was seen for BCL2 (P � .06). On the basis of these data, it was decided
that patients with a DHS of 0 or 1 would be combined into one group

BA

0

P < .001

DHS 0
DHS 1
DHS 2

Ov
er

al
l S

ur
vi

va
l

(p
ro

po
rti

on
)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108 0

P < .001

DHS 0
DHS 1
DHS 2

Pr
og

re
ss

io
n-

Fr
ee

 S
ur

vi
va

l
(p

ro
po

rti
on

)
Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108

DC

0

P < .001

DHS 0/1
DHS 2

Ov
er

al
l S

ur
vi

va
l

(p
ro

po
rti

on
)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108 0

P < .001

DHS 0/1
DHS 2

Pr
og

re
ss

io
n-

Fr
ee

 S
ur

vi
va

l
(p

ro
po

rti
on

)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108

FE

0

P = .009

VS DHS 0/1
VS DHS 2

Ov
er

al
l S

ur
vi

va
l

(p
ro

po
rti

on
)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108 0

P = .001

VS DHS 0/1
VS DHS 2

Pr
og

re
ss

io
n-

Fr
ee

 S
ur

vi
va

l
(p

ro
po

rti
on

)

Time (months)

1.0

0.8

0.6

0.4

0.2

12 36 60 8424 48 72 96 108

Fig 3. Overall survival (OS) and progression-free survival (PFS) after treatment with rituximab, cyclophosphamide, vincristine, doxorubicin, and prednisone in patients
with diffuse large B-cell lymphoma who were divided into groups on the basis of the double-hit score (DHS). The 43 patients with a DHS of 0 (DHS 0) and the 88 patients
with a DHS of 1 (DHS 1) have similar (A) OS and (B) PFS (P � .416 and P � .876, respectively) and was considered as one group (DHS 0/1) in subsequent analyses.
Kaplan-Meier curves of (C) OS and (D) PFS in 54 patients with a DHS of 2 (DHS 2) versus 131 patients in the DHS-0/1 group show that a high DHS is significantly
associated with inferior OS (P � .001) and PFS (P � .001). Kaplan-Meier curves of (E) OS and (F) PFS in 35 patients with a DHS-2 score versus 79 patients with DHS-0/1
scores, all from the validation set (VS), confirm that a high DHS is significantly associated with inferior OS (P � .009) and PFS (P � .001).
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(DHS 0/1). Compared with the DHS-0/1 group, patients in the DHS-2
group were characterized by older age (age 68 years v age 62 years;
P � .002), poorer performance status (P � .010), non-GCB type
(P � .001), and lower complete response rate (70% v 89%; P � .004;
Table 1).

Univariate analysis showed patients in the DHS-2 group to have
significantly inferior OS and PFS than patients in the DHS-0/1 group.
Patients with a DHS of 2 had a 3-year OS rate of 43% compared with
86% for patients in the DHS-0/1 group (HR, 4.48; 95% CI, 2.69 to
7.44; P � .001). Likewise, the 3-year PFS rate for patients in the DHS-2
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Fig 4. Cell-of-origin and International Prognostic Index (IPI) dependent analyses of overall survival (OS) and progression-free survival (PFS) after treatment with
rituximab, cyclophosphamide, vincristine, doxorubicin, and prednisone in patients with diffuse large B-cell lymphoma (DLBCL). Patients were divided into groups on
the basis of the double-hit score (DHS). Kaplan-Meier curves of (A) OS in 104 patients with germinal center B-cell–like (GCB) DLBCL show that the 20 patients in the
DHS-2 group had significantly inferior OS compared with the 84 patients in the DHS-0/1 group (P � .001). Similarly, Kaplan-Meier curves of (B) OS in 80 patients with
non-GCB DLBCL show that the 34 patients in the DHS-2 group had significantly inferior OS compared with the 46 patients in the DHS-0/1 group (P � .001). Kaplan-Meier
curves of (C) OS and (D) PFS in 125 patients with low IPI scores (0 to 2) show that among this group, generally considered to have a good prognosis, the 32 patients
in the DHS-2 group had significantly inferior OS and PFS compared with the 93 patients in the DHS-0/1 group (P � .001 and P � .001, respectively). When considering
all 60 patients with high IPI scores (3 to 5), the 22 patients in the DHS-2 group had significantly inferior (E) OS and (F) PFS compared with the 38 patients in the DHS-0/1
group with high IPI (P � .001 and P � .001, respectively).
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group was 39% versus 75% (HR, 3.06; 95% CI, 1.95 to 4.78; P� .001) for
patients in theDHS-0/1group(Figs3Cand3D).Theprotein-basedDHS
was confirmed on the mRNA level (Appendix Table A3, online only).

Next, we investigated whether the prognostic value of the DHS was
dependent on COO subtype. OS analysis showed that DHS maintained
prognostic significance both within the GCB group (P � .001) and the
non-GCB group (P � .001; Figs 4A and 4B). Also, DHS was significantly
associated with PFS in both the GCB (P � .006) and non-GCB group
(P � .001).

We additionally analyzed whether the DHS was IPI dependent.
WhenapplyingtheDHStopatientswithlowIPIscores(0to2),patientsin
the DHS-2 group had significantly inferior OS and PFS compared with
patients in the DHS-0/1 group (3-year OS, 54% v 91%; P � .001; 3-year
PFS, 52% v 82%; P � .001; Figs 4C and 4D). In addition, the DHS was
highlysignificant inpatientswithhighIPIscores.PatientswithaDHSof2
and high IPI scores had a particularly aggressive clinical course, with a
medianPFSof8monthsandamedianOSof12months(Figs4Eand4F).
Finally, multivariate Cox regression models of both OS and PFS that
incorporated IPI, COO, and DHS showed that DHS (P � .001) main-
tained independent prognostic value (Table 2).

The prognostic impact of the DHS was confirmed in the validation
set. Patients in the DHS-2 group showed significantly inferior OS (HR,
2.44; 95% CI, 1.23 to 4.86; P � .009) and PFS (HR, 2.68; 95% CI, 1.49 to
4.83; P � .001) than patients in the DHS-0/1 group (Figs 3E and 3F).
MultivariateCoxregressionmodelsofbothOSandPFSthatincorporated
IPIandDHSshowedthatDHSmaintainedindependentprognosticvalue
for PFS (P � .008) and showed a trend for OS (P � .078).

DISCUSSION

In recent years, it has been well established that patients with DHL—
aggressive B-cell lymphoma harboring FISH-detected gene-activating
breaks in both MYC and BCL2— suffer from poor response to stan-
dard therapy and have a poor prognosis.8,11,12,17 FISH studies of the
prognostic impact of isolated breaks involving these genes in DLBCL
have shown discrepant results. Most previous studies have associ-
ated isolated MYC breaks with poor prognosis, whereas the prognos-
tic significance of BCL2 breaks as a single marker is more
controversial.6,7,10,22-26 In most of these studies, the prognostic effect
of combined MYC and BCL2 breaks was not investigated. Here, we
identified DHL in 6% of patients, which is similar to findings in other
studies, and confirmed the clinical characteristics and the poor prog-
nosis of DHL.6,27-29 However, we suspected that not all patients with

lymphomas with double-hit tumor biology were represented in the
DHL group. FISH technology is generally not designed to detect
genetic deregulation that affects gene expression on the transcriptional
and translational levels.20 Because proteins are the functional mole-
cules that are derived from gene activity, protein expression levels
likely represent a more direct measure of the activity of a particular
gene. Immunohistochemical analysis of BCL2 protein expression has
been performed in numerous lymphoma studies, whereas analysis of
MYC protein expression has been hampered by a lack of anti-MYC
antibodies that are suitable for immunohistochemistry. However, we
have recently shown that a newly commercialized, anti-MYC anti-
body performs well when used for immunohistochemical staining
procedures. Using this antibody, we found MYC to be expressed at
high levels in DLBCL with MYC rearrangement.19 This was also
shown by independent researchers.30 Here, we show that the combi-
nation of increased MYC protein (implying accelerated proliferation)
with increased levels of antiapoptotic BCL2 protein likely is fundamental
to the poor prognosis of DHL. By investigating the clinical correlations of
combined expression of MYC and BCL2 in 193 patients with de novo
DLBCLwhowereuniformlytreatedwithR-CHOP,weshowthatpatients
withhighexpressionofbothMYCandBCL2—thepatientswithaDHSof
2—recapitulate the clinicopathologic features and poor prognosis of
DHL, and that the prognostic significance is independent of the IPI and
COOsubtype.ImmunohistochemicalanalysisofMYCandBCL2expres-
sion therefore expands the proportion of patients with DLBCL with iden-
tifiabledouble-hitbiologyfrom6%(patientswithDHL)to29%(patients
with a DHS of 2).

Immunohistochemical studies can be hampered by technical diffi-
cultiesthatarerelatedtofixationmethods,antibodychoice,andscoringof
staining.Hereweusedstandardprocessingmethodsontissuesfrommore
than five centers and applied immunohistochemical assays described
previously.18,30-32 The DHS scoring system is simple to use and uses
dichotomouscutoffpoints,whichfacilitatesgoodagreementamongscor-
ing pathologists.31 The anti-MYC antibody produces a strictly nuclear
staining pattern that also assists in reproducible scoring.30,33

To our knowledge, there are no previously published articles on
the prognostic impact of MYC protein expression in lymphoma. In
addition, the prognostic impact of BCL2 protein expression is not yet
established. Data suggest that the implementation of R-CHOP as
standard chemotherapy for DLBCL increased the response rates of
patients who were BCL2 positive,34-36 thereby reducing the adverse
impact of BCL2 protein, which was established for CHOP-treated
DLBCL in the prerituximab era.9,24,37 However, the use of different
cutoffs for immunoscoring complicates comparisons between these
studies and precludes final conclusions.38 Consequently, because no
generally accepted cutoffs have been established for scoring MYC and
BCL2 protein expression, we used the median expression level of each
marker as cutoffs in the DHS. Alternate cutoffs did not improve the
DHS (Appendix, online only).

In conclusion, we show the value of simple immunohistochem-
ical evaluation of MYC and BCL2 expression for identifying patients
with DLBCL with double-hit biology. Using this immunohistochem-
ical approach, 29% of patients with DLBCL had double-hit biology,
which was strongly associated with poor prognosis after standard
R-CHOP therapy. These observations were confirmed in an indepen-
dent validation set of patients with DLBCL who were treated with
R-CHOP. Our data suggest that the DHS can be readily used on
routinely processed FFPE tumor samples to identify patients with

Table 2. Multivariate Analysis of DHS, IPI, and COO Subtype With
Progression-Free Survival and Overall Survival in Patients With DLBCL

Treated With R-CHOP

Overall Survival Progression-Free Survival

Variable HR 95% CI P HR 95% CI P

DHS 2 4.06 2.44 to 6.76 � .001 2.79 1.78 to 4.37 � .001
IPI score of

3-5 2.75 1.64 to 4.60 � .001 2.72 1.72 to 4.29 � .001
Non-GCB 1.08 0.64 to 1.82 .783 1.04 0.65 to 1.67 .876

Abbreviations: COO, cell-of-origin subtype; DHS, double-hit score; DLBCL,
diffuse large B-cell lymphoma; HR, hazard ratio; IPI, International Prognostic
Index; non-GCB, non–germinal center B-cell–like; R-CHOP, rituximab with
cyclophosphamide, doxorubicin, vincristine, and prednisone.
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DLBCL who have a high likelihood of demonstrating an unsatisfac-
tory response to standard treatment and who could be candidates for
novel therapeutic strategies.
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Appendix

Patients and Methods

Tissue Microarray and Immunohistochemistry. All tissues were fixated in 10% buffered formalin before embedment in paraffin.
Cores from reactive lymph nodes were included in each tissue microarray (TMA) block as internal controls. Core sizes in the validation
set TMAs were 1 to 1.5 mm.

Four-�m-thick sections were cut from each TMA, placed on glass slides, and dried at 60°C for 1 hour before deparaffinization.
Immunohistochemical stainings were performed using fully automated protocols on the BenchMark Ultra immunostainer (Ventana
Medical Systems, Tucson, AZ). Sections were subjected to staining protocols, including pretreatment with Cell Conditioner 1 (pH 8.5;
Ventana) at 99°C, followed by incubation at 36°C for 32 minutes, with optimally diluted antibodies (Appendix Table A1). Detection was
performed using the UltraView DAB system (Ventana Medical Systems), including amplification. Hematoxylin II (Ventana Medical
Systems) was used for nuclear counter staining.

Interphase Fluorescent In Situ Hybridization Analysis. All tumors (original set) were analyzed by fluorescent in situ hybridization
using 4-�m sections from the TMAs. The sections were dried at 60°C for 1 hour before deparaffinization in xylene and rehydration in
graded alcohol. The specimens were heated in a pretreatment solution (K5599; DAKO, Glostrup, Denmark) in a water bath at 95°C for 10
minutes. Afterward, the slides were submitted to proteolytic digestion using pepsin (K5599; DAKO) at room temperature for 10 minutes.
After washing and drying, hybridization was performed in a hybridizer (S2450; DAKO) at 82°C for 1 minute, followed by 20 hours at 37°C.
After a stringent wash (K5599; DAKO) at 65°C for 10 minutes and subsequent drying, the slides were cover slipped using Vectashield
(Vector Laboratories, Burlingame, CA) with diamidino-2-phenylindole. Slides were assessed on a Leica DMRBE microscope (Leica
Microsystems, Ballerup, Denmark). Images were captured with FISHView/Aquisition software (Applied Spectral Imaging, Carlsbad,
CA). A minimum of 100 nuclei were scored for each case.

Results

Patients in the Validation Set. Clinical data including all International Prognostic Index (IPI) variables were available for all patients.
Clinical characteristics are listed in Appendix Table A2 (online only). The 3-year overall survival (OS) for the 116 patients was 71%, and
the 3-year progression-free survival (PFS) was 60%. Cell-of-origin subtype could be determined for all patients (50% germinal center
B-cell–like [GCB], 50% non-GCB subtype; Appendix Table A2). In this set, GCB subtype was not associated with longer OS (P � .186).
A high IPI (� 2) was significantly associated with inferior OS and PFS (3-year OS, 45% v 89%; P � .001) and 3-year PFS (32% v 80%; P �
.001,), compared with patients with low IPI (0-2).

Validation Set: Double-Hit Score and Outcome. Overall, more patients in the validation set had high performance status, more than
two extranodal sites, high lactate dehydrogenase, and therefore also high IPI in comparison with the training set.

Patients with a double-hit score (DHS) of 2 were characterized by higher stage (P � .009), higher IPI (P � .014), non-GCB type (P �
.001), and lower complete response rate (71% v 87%; P � .009; Appendix Table A2). The strong association with non-GCB subtype was
also noted in the original set of patients. Complete response rates were similar to those from the original set of patients (Table 1).

Testing of Alternative Cutoff Points. Additional analyses were conducted to determine if the DHS could be optimized to better
differentiate between patients with good and poor prognosis. Models with different cutoffs were compared on the basis of hazard ratios
(HRs) and log-rank �2 statistics. The original model (MYC 40%/BCL2 70%) had OS �2/log-rank of 40.04 (HR, 4.48; 95% CI, 2.69 to 7.44)
and PFS �2/log-rank of 26.49 (HR, 3.06; 95% CI, 1.95 to 4.78).

Applying a � 50% cutoff for MYC combined with the original � 70% cutoff for BCL2 resulted in 44 patients being assigned to the
DHS-2 group. Survival analysis (OS and PFS) showed these cutoffs to still result in highly significant differences in survival between the
DHS-2 and DHS-0/1 groups. However, the OS �2/log-rank decreased to 21.02 (HR, 3.98; 95% CI, 2.40 to 6.60), and the PFS HR decreased
to 2.79 (95% CI, 1.77 to 4.42), meaning that this led to poorer differentiation of patients with adverse outcome.

Using lower cutoffs than � 40% for MYC led to more cured patients being assigned to the poor prognosis group and again led to
suboptimal differentiation between patient groups (results not shown).
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When applying a � 40% cutoff for MYC and a � 80% cutoff for BCL2, similar results were observed: 46 patients had a DHS of 2. The
OS �2/log-rank was 34.09 and the OS HR was 4.02 (95% CI, 2.43 to 6.66). For PFS, the �2/log-rank was 21.13 and the HR was 2.78 (95%
CI, 1.77 to 4.39).

A � 60% cutoff for BCL2 in combination with � 40% cutoff for MYC also did not improve the ability of the DHS to predict survival;
it resulted in 57 patients having a DHS of 2. The OS �2/log-rank statistic was 37.68 and the HR was 4.33 (95% CI, 2.60 to 7.20). For PFS,
the �2/log-rank statistic was 23.77 and the HR was 2.89 (95% CI, 1.85 to 4.51). An even lower BCL2 cutoff impaired the model further.
BCL2 � 30% combined with � 40% MYC (69 patients with DHS 2) resulted in a OS �2/log-rank of 25.57 and HR of 3.49 (95% CI, 2.08
to 5.84). For PFS, �2/log-rank was 12.52 and HR was 2.19 (95% CI, 1.40 to 3.42).

Thus, the DHS can predict survival with high significance over a range of cutoffs but seems to work optimally with the original cutoffs
(� 40% for MYC and � 70% for BCL2).

Validation of DHS on the mRNA Level. The DHS was also found to be applicable on the basis of transcript levels of BCL2 and MYC,
measured by quantitative real-time polymerase chain reaction (PCR). Expression levels of MYC and BCL2 were measured using the
TaqMan Array (Applied Biosystems, Foster City, CA), as described previously.19 GUSB and TBP were used for normalization of
expression levels of BCL2 and MYC. The primer/probe sets used are listed in Appendix Table A3, online only.

By applying median cut points to normalized delta Ct values, we were able to calculate a PCR-based DHS, and 173 patients (training
set) could be given a PCR-based DHS score. Of these, 123 patients (71%) were scored as DHS 0/1 and 50 patients (29%) were scored as
DHS 2. For OS, median survival was 95 months for the DHS-0/1 group and 51 months for the DHS-2 group (P � .003). Differences in
survival retained significance when stratified for IPI groups and for the non-GCB subtype, but not for the GCB subtype.

Table A1. Immunohistochemical Assays and Methods Used for DHS Evaluation and COO Subtyping

Antibody Clone Source Retrieval Dilution

MYC Y69 Epitomics, Burlingame, CA CC1, 64 minutes 1:100
BCL2 124 DAKO, Glostrup, Denmark CC1, 64 minutes 1:10
CD10 56C6 Leica Microsystems, Ballerup, Denmark CC1, 64 minutes 1:10
BCL6 LN22 Leica Microsystems, Ballerup, Denmark CC1, 64 minutes 1:40
MUM1/IRF4 MUM1p DAKO CC1, 36 minutes 1:20

Abbreviations: CC1, Cell Conditioner 1; COO, cell of origin; DHS, double-hit score; IRF4, interferon regulatory factor 4.

Table A2. Patient Demographics and Clinical Characteristics of Patients With DLBCL in Validation Set, in Relation to DHS

Characteristic

All Patients
(validation set)

(n � 116) DHS 0/1� (n � 79) DHS 2� (n � 35)

P (DHS 0/1 v DHS 2)†No. % No. % No. %

Age, years .461
Median 66 65 67
Range 29-89 29-89 38-85

Male 63 54 46 58 16 46 .229
Stage III-IV 61 53 35 44 25 71 .009
Performance status � 2 32 28 19 24 13 37 .178
Elevated LDH 65 56 40 51 23 66 .157
Extranodal sites � 2 27 23 14 18 12 34 .088
IPI score of 3-5 49 42 27 34 21 60 .014
COO � .001

GCB (%) 58 50 48 61 8 23
Non-GCB (%) 58 50 31 39 27 77

Complete response rate, % 81 87 71 .009

Abbreviations: COO, cell-of-origin subtype; DHS, double-hit score; DLBCL, diffuse large B-cell lymphoma; GCB, germinal center B-cell–like; IPI, International
Prognostic Index; LDH, lactate dehydrogenase.

�DHS could not be calculated for two patients.
†P value derived using Mann-Whitney test.
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Table A3. Genes and Primers/Probes (gene-specific assays) Measured by Quantitative Real-Time Polymerase Chain Reaction

Gene Gene-Specific Assay (assay ID)

BCL2 Hs00153350_m1
MYC Hs00905030_m1
GUSB Hs99999908_m1
TBP Hs00427620_m1

Abbreviation: ID, identifier.
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