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Immunohistochemical Expression of the
Transcription Factor DP-1 and Its Heterodimeric
Partner E2F-1 in Non-Hodgkin Lymphoma

*Joel A. Chan, M.D., *Maria Olvera, M.D., TRaymond Lai, M.D. Ph.D.,
*Win Naing, M.D., *Sherif A. Rezk, M.D., and *Russell K. Brynes, M.D.

DP-1 is a G1 cell cycle-related protein that forms heterodimers
with E2F, a family of transcriptional factors regulating the
expression of genes important for G1 to S progression. Al-
though the exact role of DP-1 is not well understood, it has
been shown to stabilize DNA binding of E2F proteins. By
immunohistochemistry, the authors examined the expression of
DP-1 in lymphoid tissues, including 8 cases of reactive follic-
ular hyperplasia and 69 cases of B-cell non-Hodgkin lym-
phoma. The expression of the cell cycle-related proteins E2F-1
and Ki-67 was also assessed. Scoring was based on the pro-
portion of labeled nuclei (1-10%, 11-25%, 26-50%, and >
50%). In reactive follicular hyperplasia, staining for DP-1,
E2F-1, and Ki-67 was largely confined to the germinal centers.
All 25 cases of follicular lymphoma, regardless of grade, had a
high proportion (> 50%) of DP-1-positive cells but a lower
proportion of cells marking for E2F-1 and Ki-67 (P < 0.001).
The diffuse large B-cell lymphomas (n = 24) had high DP-1
and Ki-67 scores but low E2F-1 scores (P < 0.001). Small
lymphocytic (n = 10), marginal zone (n = 3), and mantle cell
lymphomas (n 5) contained relatively low proportions of
cells labeled for all three markers. Precursor B-cell lympho-
blastic lymphoma (n = 2) displayed high proportions of cells
positive for DP-1, Ki-67, and E2F-1 (> 50% in both cases).
Except in follicular center cell lesions, DP-1 expression gen-
erally correlated with that of Ki-67. However, the expression of
DP-1 was discordant with that of E2F-1 in benign and malig-
nant follicular center cells, suggesting that DP-1 may have
functions other than facilitating E2F-1-dependent gene regula-
tion and cell cycle progression in these neoplasms.

Key Words: B-cell non-Hodgkin lymphoma—DP-1—E2F-
1—Ki-67.
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Cell cycle progression from G1 to S phase is regulated
by complex protein—protein interactions. One of these
involves the retinoblastoma protein, which acts as a sup-
pressor of cell proliferation by binding and inhibiting
E2F proteins. The E2F family of transcriptional factors
modulates the expression of a broad array of genes im-
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portant for cell cycle progression from G1 to S phase. Of
the six members identified thus far, E2F-1 is the most
extensively studied (1-7). When E2F-1 is released from
the retinoblastoma protein, it forms a heterodimer with a
member of the DP family (8). To date, two members of
the DP family have been identified and cloned in mam-
malian cells: DP-1 and DP-2 (9,10). DP-1 is the more
prevalent form (11). The exact biologic role of the DP
family is unknown, although it has been shown that DP-1
stabilizes DNA binding of E2F-1 and thereby facilitates
E2F-1-dependent cell cycle progression (12). The E2F-
1/DP-1 heterodimer has been shown to regulate genes
involved in DNA synthesis (i.e., dihydrofolate reductase,
thymidine kinase, and DNA polymerase o) and those
involved in cell growth (i.e., N-myc, c-myc, IGF-1, and
cyclin A) (13-17).

Given the importance of the E2F-1/DP-1 heterodimer
in cell cycle control, it is conceivable that abnormalities
in either protein might contribute to the deregulation of
cellular processes involved in tumor growth. Many stud-
ies have been performed to examine the oncogenic po-
tential of E2F-1. For example, ectopic expression of
E2F-1 in cell lines can override retinoblastoma protein-
imposed cell arrest and propel cells from quiescence into
S phase (18,19). In an interleukin-3—dependent myeloid
cell line, E2F-1 can replace or overcome the requirement
for growth factors and promote cell cycle progression
(20). In previous studies, we demonstrated that E2F-1
expression is increased in some types of non-Hodgkin
lymphoma (NHL), such as mantle cell lymphomas (21),
and in approximately 30% of multiple myelomas (22). It
is known that DP-1 is broadly but not uniformly ex-
pressed during murine embryogenesis (23). However,
the deregulation and oncogenic properties of DP-1 have
not been examined.

In this study, we demonstrate that DP-1 can be de-
tected using immunohistochemical techniques applied to
routinely fixed and processed, paraffin-embedded tissue
sections. We used this method to survey the expression
patterns of DP-1 and its heterodimeric partner E2F-1 in
follicular hyperplasia and in B-cell NHL. To evaluate
whether DP-1 is linked to E2F-1 expression and to cell
proliferation, we also examined the expression of Ki-67.
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MATERIALS AND METHODS

Tissues

Sixty-nine morphologically and immunophenotypi-
cally defined cases of NHL were collected from the he-
matopathology and consultation files of the Department
of Pathology at the Los Angeles County and University
of Southern California Medical Center, Los Angeles,
CA. Each case was diagnosed according to the World
Health Organization classification (24). The distribution
of chosen cases paralleled that of the major NHL sub-
types seen in the United States (25), with follicular lym-
phoma and diffuse large B-cell lymphoma making up
most of the cases studied. We also assessed eight cases of
reactive follicular hyperplasia in four tonsils and four
lymph nodes. All cases were fixed in 10% buffered for-
malin, routinely processed, and embedded in paraffin.

Immunohistochemistry

DP-1 was detected with the monoclonal antibody
1DP06 (Ab6, Neomarkers, Fremont, CA) at a dilution of
1:25. The monoclonal antibody reactive with E2F-1 pro-
tein (clone KH 95; Santa Cruz Biotechnology, Santa
Cruz, CA), was used at 1:30 dilution. For detection of the
Ki-67 antigen, a nuclear-associated proliferation antigen
expressed in G1 through S phase, the monoclonal anti-
body MIB-1 (Immunotech, Westbrook, ME), was used at
a dilution of 1:50. Control sections were immunostained
under identical conditions, substituting buffer solution
for the primary antibody.

Tissue sections were mounted onto charged slides
(Surgipath, Richmond, IL), baked at 56°C for 60 min-
utes, deparaffinized with xylene, and rehydrated with
graded ethanols to distilled water. Sections were placed
in 0.01 mol/L citrate buffer at pH 6.0 and heated to
boiling twice in a microwave oven for 5 minutes
per cycle.

Reactivity was demonstrated by an avidin-biotin im-
munoperoxidase detection system employing 3,3’ diami-
nobenzidine-tetrahydrochloride dihydrate (Vector Labo-
ratories, Burlingame, CA) as the chromogen.

Evaluation of Positive Cells

The tissue sections were initially scanned at low
power to identify evenly labeled areas. In cases of NHL,
residual reactive lymphoid follicles were avoided during
the evaluation. For assessment of DP-1, only cells ex-
hibiting strong homogeneous nuclear staining were con-
sidered positive; weak nuclear staining was not scored.
Although cytoplasmic DP-1 staining was noted in some
cases, no systematic attempt at assessment was per-
formed because of the variable amounts of cytoplasm in
different lymphoma types. For assessment of E2F-1 and
Ki-67, homogeneous nuclear staining was considered
positive, regardless of the staining intensity.

Copyright © Lippincott Williams & Wilkins. lﬁpﬁ

All cases were estimated independently by two au-
thors (J.A.C. and R.K.B.). On the basis of these results,
four grades of positivity were defined: 1 to 10%, 11 to
25%, 26 to 50%, and greater than 50% cells. These cat-
egories are similar to those used in our previous studies
(21,22). Discrepancies in the assignment of grade and
staining intensity were reconciled by joint review using a
double-headed microscope. The differences in scores
between DP-1 and Ki-67 or E2F-1 were assessed us-
ing Fisher exact test. Results with P <0.05 were consid-
ered significant.

RESULTS

Follicular Hyperplasia

Nearly all (> 90%) of the follicular center cells in
cases of follicular hyperplasia were strongly positive for
DP-1 (Fig. 1), but only rare lymphoid cells in the mantle
zone were strongly positive. Similarly, only a relatively
small proportion of the small and large lymphoid cells in
the interfollicular areas was strongly positive for DP-1.
In tonsillar tissues, nuclei in the basal layer of the squa-
mous epithelium were strongly positive. In tonsillar and
nodal tissues, the endothelial cells were often strongly
positive for DP-1.

The results for E2F-1 and Ki-67 staining patterns were
similar to those of our previous study (21). Staining for
both E2F-1 and Ki-67 was predominantly found in the
germinal centers and was strongest in the polarized dark
zones. Expression of Ki-67 was observed in greater than
50% of cells of all eight cases. In comparison, only three
of eight cases stained for E2F-1 showed greater than
50% of cells positive, and this positivity was restricted to
a small subset of the centroblasts. Table 1 shows the
distribution of scores for the three markers studied.

Non-Hodgkin Lymphoma

Cases of small lymphocytic lymphoma (n = 10), mar-
ginal zone lymphoma (n = 3), and mantle cell lym-
phoma (n = 5) demonstrated relatively low scores for all
three markers. In small lymphocytic lymphoma, staining
for DP-1 was predominantly restricted to the prolympho-
cytes in the proliferation centers (Fig. 2). Mantle cell
lymphoma tended to have intermediate scores for all
three markers, but only one case had both DP-1 and
Ki-67 scores of greater than 50%. In comparison, both
cases of precursor B lymphoblastic lymphoma had high
scores for all three markers.

Follicular lymphoma cases had high DP-1 scores and
variable E2F-1 and Ki-67 scores. Regardless of the
grade, follicular lymphoma showed greater than 50%
cells positive for DP-1, while the E2F-1 and Ki-67 scores
increased in parallel with the grade. Similarly, 23 of 24
diffuse large B-cell lymphomas showed greater than
50% cells positive for DP-1, with a lower but wider
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TABLE 1. DP-1, E2F-1, and Ki-67 expression

Diagnosis Cases

Marker

Percentage of positive cells

1-10% 11-25% 26-50% >50%

Follicular hyperplasia 8 DP-1
E2F-1

Ki-67

B-cell non-Hodgkin lymphomas

Small lymphocytic lymphoma 10 DP-1
E2F-1

Ki-67

Marginal zone B-cell lymphoma 3 DP-1
E2F-1

Ki-67

Mantle cell lymphoma 5 DP-1
E2F-1

Ki-67

Lymphoblastic lymphoma 2 DP-1
E2F-1

Ki-67

Follicular lymphoma, grade 1 7 DP-1
E2F-1

Ki-67

Follicular lymphoma, grade 2 7 DP-1
E2F-1

Ki-67

Follicular lymphoma, grade 3 11 DP-1
E2F-1

Ki-67

Diffuse large B-cell lymphoma 24 DP-1
E2F-1

Ki-67

0 0 8
0 5 3
0 0 8

[eNeNe]

-
NO =4 N=-4N=0ONMDMNMDN—2O02+2+0000O0O0

OPOODOOONODODOODOODOOOOO-=-NMNNWWOWO
O—2O0O0—=2hPO0O—-NOW—LOOOCO =MW1= =
WO—-LWNORANOWOOOODOWW L2200 NOO

range of E2F-1 scores. Ki-67 scores in this group were
consistently greater than 50%.

Since 50% positive cells appeared to represent a natu-
ral break point for the DP-1 data in follicular lymphoma
and diffuse large B-cell lymphoma (Table 1), the groups
of positive cells were collapsed into two categories: 1 to
50% and greater than 50%. When all 25 cases of follic-
ular lymphoma were grouped, the proportion of cells
positive for DP-1 was always greater than 50% (Fig. 3).
In contrast, only 10 cases had greater than 50% Ki-67—
positive cells (P < 0.001), and only one case had greater
than 50% E2F-1-positive cells (P < 0.001). When the
follicular lymphomas were divided by grade, the number
of cases showing greater than 50% Ki-67 expression in-
creased with grade. However, regardless of the grade,
there were significant differences between the DP-1
scores compared with the Ki-67 and E2F-1 scores. Simi-
lar to follicular lymphoma, almost all (23 of 24) of the
cases of diffuse large B-cell lymphoma had DP-1 scores
greater than 50% (Fig. 4). In contrast, only 10 cases had
greater than 50% E2F-1-positive cells (P < 0.001), and
21 cases had greater than 50% Ki-67—positive cells
(P = 0.30).

DISCUSSION

The goal of this study was to assess the staining pat-
terns of DP-1 in follicular hyperplasia and in various

types of B-cell NHL, and to compare its expression with
that of E2F-1 and Ki-67. Because DP-1 and E2F-1 act as
a heterodimeric unit, we expected to find DP-1 levels
upregulated in tandem with E2F-1 (23).

Not surprisingly, those lesions considered low-grade
lymphomas, such as small lymphocytic and marginal
zone lymphoma, had relatively low scores (1-50% posi-
tive) for all three markers, reflecting a lower proliferative
rate. In mantle cell lymphoma, considered a more ag-
gressive lymphoma, scores for all three markers were
slightly higher. The one case with greater than 50% cells
positive for E2F-1 and Ki-67 was a blastoid variant of
mantle cell lymphoma thought to behave very aggres-
sively (26). In high-grade lymphoblastic lymphoma, all
three markers were highly expressed (> 50%), reflecting
a high proliferative rate.

Surprisingly, in follicular lymphoma and diffuse large
B-cell lymphoma, DP-1 expression did not parallel that
of E2F-1. Follicular lymphoma had uniformly high DP-1
scores (> 50% cells positive), low E2F-1 scores, and
variable Ki-67 scores (Table 1). In this lymphoma, the
high level of DP-1 expression was independent of the
cytologic grade, although, as expected, Ki-67 and E2F-1
scores rose with increasing tumor grade. It is noteworthy
that high DP-1 scores were also observed in reactive
follicular hyperplasia. Diffuse large B-cell lymphomas
like follicular lymphoma had significantly higher DP-1
scores than E2F-1 scores. However, unlike follicular
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FIG. 1. Follicle in a reactive lymph node stained for DP-1.
Note that staining is restricted to follicular center cell nu-
clei (immunoperoxidase).

Ilymphoma, their DP-1 scores were not significantly dif-
ferent from their Ki-67 scores. Therefore, the expression
of DP-1 appeared to be closely associated with cell pro-
liferation as measured by Ki-67 staining.

The discordance between the DP-1 and E2F-1 scores
in reactive follicular hyperplasia, follicular lymphoma,
and diffuse large B-cell lymphoma suggests that the ex-
pression of DP-1 was independent of E2F-1 in these
lesions. The similarity in staining patterns for DP-1 and
E2F-1 in reactive follicular hyperplasia and in follicular
lymphoma is not surprising considering that both involve
follicular center cells. It is possible that upregulation of
DP-1 uncoupled from E2F-1 and Ki-67 expression is a
unique feature of follicular center cells and lesions de-
rived from them. This possibility suggests that DP-1 is
important during normal development of germinal cen-
ters and has functions other than acting as a transcription
regulator in cell cycle control.

Discordance between DP-1 and E2F-1 was also ob-
served in a subset of diffuse large B-cell lymphoma.
Even though almost all the diffuse large B-cell lympho-
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FIG. 2. Small lymphocytic lymphoma stained for DP-1.
Note that expression is primarily restricted to the prolym-
phocytes (immunoperoxidase).
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FIG. 3. Follicular lymphoma stained for DP-1 (immuno-
peroxidase).

mas showed high DP-1 scores, 14 out of the 24 cases had
discordant E2F-1 scores. Since some diffuse large B-cell
lymphomas are thought to arise from follicular center
cells (27), perhaps these cases displaying discordant DP-
1/E2F-1 scores developed from follicular center cells.
However, since the DP-1 scores were not significantly
different from Ki-67 scores, DP-1 in diffuse large B-cell
lymphoma is probably involved in cell cycle control, but
not in association with E2F-1.

Interestingly, in many small lymphoid cell neoplasms,
DP-1 staining was localized to the nucleus despite a rela-
tively low E2F-1 score. Since nuclear localization of
DP-1 is dependent on its dimerization with an E2F part-
ner and unbound DP-1 fails to localize in the nucleus
(12), the possibility that DP-1 might be partnered with
other E2F members in B-cell lymphoid lesions must be
considered. In support of this concept, it has been shown
that DP-1 can form heterodimers with all the other mem-
bers of the E2F family (28).

In addition, although we scored only cells that were
strongly positive for DP-1 in this study, most of the
remaining lymphoid cells in both reactive and neoplastic
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FIG. 4. Diffuse large B-cell lymphoma stained for DP-1
(immunoperoxidase).
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states showed uniformly weak nuclear DP-1 staining.
This observation suggests a basal level of DP-1 expres-
sion in these cells and supports studies demonstrating
that DP-1 is normally constitutively expressed and
awaits dimerization with E2F-1 to exert its effects
(29,30). Thus, normal E2F/DP activity is limited by
the availability of the E2F protein and not the DP pro-
teins (31).

In summary, with the exception of follicular lym-
phoma and diffuse large B-cell lymphoma, DP-1 expres-
sion paralleled that of E2F-1. The high level of DP-1
expression in reactive follicular hyperplasia and in fol-
licular lymphoma suggests that DP-1 is probably impor-
tant in follicular center cell development, but its exact
role in these cells requires further study. The dissociation
of the expression level of DP-1 and E2F-1 seen in some
types of NHL suggests that DP-1 can be expressed in-
dependently of E2F-1 and that DP-1 may have functions
other than serving as a transcription partner for E2F-1.

[

REFERENCES

1. Shan B, Zhu X, Chen PL, et al. Molecular cloning of cellular genes
encoding retinoblastoma-associated proteins: identification of a
gene with properties of the transcription factor E2F. Mol Cell Biol
1992;12:5620-31.

2. Kaelin WG, Krek W, Sellers WR, et al. A ¢cDNA encoding a
retinoblastoma-binding protein with E2F-like properties. Cell
1992;70:351-64.

3. Helin K, Lees JA, Vidal M, et al. A ¢cDNA encoding a pRB-
binding protein with properties of the transcription factor E2F. Cell
1992;70:337-50.

4. Beijersbergen RL, Kerkhoven RM, Zhu L, et al. E2F-4, a new
member of the E2F gene family, has oncogenic activity and asso-
ciates with p107 in vivo. Genes Dev 1994;8:2680-90.

5. Buck V, Allen KE, Sorensen T, et al. Molecular and functional
characterization of E2F-5, a new member of the E2F family. On-
cogene 1995;11:31-8.

6. Ivey-Hoyle M, Conroy R, Huber HE, et al. Cloning and charac-
terization of E2F-2, a novel protein with the biochemical properties
of transcription factor E2F. Mol Cell Biol 1993;13:7802-12.

7. Cartwright P, Muller H, Wagener C, et al. E2F-6: a novel member
of the E2F family is an inhibitor of E2F-dependent transcription.
Oncogene 1998;17:611-23.

8. Dyson N. The regulation of E2F by pRB-family proteins. Genes
Dev 1998;12:2245-62.

9. Girling R, Bandara LR, Ormondroyd E, et al. Molecular charac-
terization of Xenopus laevis DP proteins. Mol Biol Cell 1994;5:
1081-92.

10. Girling R, Partridge JF, Bandara LR, et al. A new component of the
transcription factor DRTF1/E2F. Nature 1993;362:83-7.

11. Bandara LR, Lam EW, Sorensen TS, et al. DP-1: a cell cycle-
regulated and phosphorylated component of transcription factor
DRTFI/E2F which is functionally important for recognition by
pRb and the adenovirus E4 orf 6/7 protein. EMBO J 1994;13:
3104-14.

12. Magae J, Illenye S, Chang YC, et al. Association with E2F-1

13.

14.

16.

17.

18.

19.

20.

21.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Applied Immunohistochemistry & Molecular Morphology, Vol. 10, No. 4, December 2002

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

J.A. CHAN ET AL.

governs intracellular trafficking and polyubiquitination of DP-1.
Oncogene 1999;18:593-605.

Li Y, Slansky JE, Myers DJ, et al. Cloning, chromosomal location,
and characterization of mouse E2F1. Mol Cell Biol 1994;14:
1861-9.

Slansky JE, Farnham P. Transcriptional control of cell growth: the
E2F gene family. In Farnham P, ed. Current topics in microbiology
and immunology. Berlin: Springer, 1996:1-30.

. Krek W, Livingston DM, Shirodkar S. Binding to DNA and the

retinoblastoma gene product promoted by complex formation of
different E2F family members. Science 1993;262:1557-60.

Helin K, Wu CL, Fattaey AR, et al. Heterodimerization of the
transcription factors E2F-1 and DP-1 leads to cooperative trans-
activation. Genes Dev 1993;7:1850-61.

Spitkovsky D, Schulze A, Boye B, et al. Down-regulation of cyclin
A gene expression upon genotoxic stress correlates with reduced
binding of free E2F to the promoter. Cell Growth Differ 1997;8:
699-710.

Johnson DG, Schwarz JK, Cress WD, et al. Expression of tran-
scriptional factor E2F-1 induces quiescent cells to enter S phase.
Nature 1993;365:349-52.

Qin XQ, Livingston DM, Kaelin WG, et al. Deregulated E2F-1
transcription factor expression leads to S-phase and p53-mediated
apoptosis. Proc Natl Acad Sci U S A 1994;91:10918-22.

Strom DK, Cleveland JL, Chellappan S, et al. E2F-1 and E2F-3 are
functionally distinct in their ability to promote myeloid cell cycle
progression and block granulocyte differentiation. Cell Growth
Differ 1998;9:59-69.

Lai R, Medeiros LJ, Coupland R, et al. Immunohistochemical de-
tection of E2F-1 in non-Hodgkin’s lymphomas: a survey of 124
cases. Mod Pathol 1998;11:457-63.

. Lai R, Medeiros LJ, Wilson CS, et al. Expression of the cell-cycle-

related proteins E2F-1, p53, mdm-2, p21waf-1, and Ki-67 in mul-
tiple myeloma: correlation with cyclin-D1 immunoreactivity. Mod
Pathol 1998;11:642-7.

Tevosian SG, Paulson KE, Bronson R, et al. Expression of the
E2F-1/DP-1 transcription factor in murine development. Cell
Growth Differ 1996;7:43-52.

Harris NL, Jaffe ES, Stein H, et al. World Health Organization
classification of neoplastic diseases of the haematopoietic and
lymphoid tissues. Lyon: IARC, 2001.

Non-Hodgkin’s Lymphoma Pathologic Classification Project. Na-
tional Cancer Institute sponsored study of classifications of non-
Hodgkin’s lymphomas: summary and description of a working
formulation for clinical usage. Cancer 1982;49:2112-35.

Bosch F, Lopez-Guillermo A, Campo E, et al. Mantle cell lym-
phoma: presenting features, response to therapy, and prognostic
factors. Cancer 1998;82:567-75.

Harris NL, Jaffe ES, Stein J, et al. A revised European-American
classification of lymphoid neoplasms: a proposal from the Inter-
national Lymphoma Study Group. Blood 1994;84:1361-92.
Loiseau L, Pasteau S, Brun G. Molecular cloning and expression
pattern of the DP members of the chicken E2F transcription factor.
Gene Expr 1997;6:259-73.

Wu CL, Classon M, Dyson N, et al. Expression of dominant-
negative mutant DP-1 blocks cell cycle progression in G1. Mol
Cell Biol 1996;16:3698-706.

Good L, Dimri GP, Campisi J, et al. Regulation of dihydrofolate
reductase gene expression and E2F components in human diploid
fibroblasts during growth and senescence. J Cell Physiol 1996;
168:580-8.

Dimri GP, Hara E, Campisi J. Regulation of two E2F-related genes
in presenescent and senescent human fibroblasts. J Biol Chem
1994;269:16180-6.





