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Abstract

The pathogenesis and etiology of Hodgkin’s disease, a com-
mon human malignant lymphoma, is still unresolved. As a
unique characteristic, we have identified constitutive activa-
tion of the transcription factor nuclear factor (NF)-«B p50-
RelA in Hodgkin/Reed-Sternberg (H/RS) cells, which dis-
criminates these neoplastic cells from most cell types studied
to date. In contrast to other lymphoid and nonlymphoid cell
lines tested, proliferation of H/RS cells depended on activated
NF-kB. Furthermore, constitutive NF-«xB p50-RelA prevented
Hodgkin’s lymphoma cells from undergoing apoptosis un-
der stress conditions. Consistent with this dual function,
Hodgkin’s lymphoma cells depleted of constitutive nuclear
NF-kB revealed strongly impaired tumor growth in severe
combined immunodeficient mice. Our findings identify NF-xB
as an important component for understanding the patho-
genesis of Hodgkin’s disease and for developing new thera-
peutic strategies against it. (J. Clin. Invest. 1997. 100:2961-
2969.) Key words: cell cycle « apoptosis « [kBa « lymphoma
Reed-Sternberg cells

Introduction

Hodgkin’s disease (HD)! is identified histologically by the
presence of multinucleated Reed-Sternberg (RS) and mono-
nucleated Hodgkin (H) cells surrounded by a background of
lymphocytes, plasma cells, eosinophils, histiocytes, and stromal
cells in the affected lymph nodes. The pathogenesis of HD and
the cellular origin and clonality of its malignant components,
RS and H cells, are still unclear, due to the scarcity of these
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cells in the malignant tissue (for a review, see references 1-3).
H/RS cells have been investigated by histochemical character-
ization or single cell PCR in lymph node specimens, or after
establishment of cell lines from neoplastic cells obtained from
pericardial effusions. In general, the established cell lines dis-
play similar cytological features and heterogeneous surface
marker expression as the H/RS cells in biopsy specimens (2).
When injected into severe combined immunodeficient (SCID)
mice, similar disseminated growth and organ infiltration are
observed as in human HD (4). Surface marker and genotype
analysis have suggested that H/RS cells carry B lymphoid,
T lymphoid, monocytic or in many cases even shared charac-
teristics of these cell lineages. Several attempts have been
made to identify common molecular markers or other strictly
shared features for H/RS cells. Although molecules like CD30
or restin (5, 6) are often found associated with H/RS cells, their
expression is neither confined to nor always associated with
H/RS cells. EBV is likewise found often, but not regularly, as-
sociated with HD. It is still a matter of debate whether H/RS
cells are in fact clonal. Clonality of H/RS cells has been indi-
cated by Vy gene rearrangements determined by PCR of mi-
cromanipulated cells from tissue sections (7). These single cell
studies further indicated that the subgroup of H/RS cells tested
should be derived from germinal center B cells, given the high
frequency of somatic mutations in their rearranged Vy genes
(7). In contrast, a similar study claimed that H/RS cells are in
fact polyclonal, but contamination with non-H/RS cells in sin-
gle cell manipulation cannot be excluded (7, 8).

Despite the apparent heterogeneity of H/RS cells, many of
the clinical and histopathological features of HD correlate well
with the deregulated, high expression of various cytokines,
growth factors, and cell-surface receptors typical for H/RS
cells (2). The strong cytokine production of H/RS cells has in-
cited a search for deregulated transcription factors, and we
have identified as a potential common marker constitutively
activated nuclear factor (NF)-kB p50-RelA (p50-p65) both in
primary H/RS cells derived from a pericardial effusion and in
all different cell lines tested (9).

Transcription factor NF-«kB is a mediator of inducible gene
expression in response to inflammatory cytokines and patho-
gens, and is known for its crucial roles in the immune system
(for a review, see references 10-12). In most cell types, with
the exception of certain neurons (13), nuclear p50-RelA is ob-
served only transiently in response to diverse inducers. RelA
does not contribute to the constitutive NF-«B activity known
in mature B cells, which consists mainly of c-Rel or RelB along
with p50 or p52 (14-16). Several observations have suggested a
role for NF-kB and IkB gene products in cell proliferation,
transformation, and tumor development (12, 17). Members of
the mammalian NF-kB/Rel and IkB gene families have been
identified as potential protooncogenes, as in the case of p100/
lyt-10 or Bcl-3. Although to date there have been no direct
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demonstrations, indirect evidence suggests that NF«B/Rel
proteins could be directly involved in cell growth control. NF«B
controls the expression of a number of growth-promoting cy-
tokines. In fact, a nuclear NF-kB-like DNA-binding activity is
induced during the G, to G, transition after serum stimulation
(18). Interestingly, the NF-kB transactivation potential ap-
pears to be linked to signaling that controls cell-cycle progres-
sion. Cyclin-dependent kinases regulate RelA through interac-
tions with the coactivator p300 (19). Although a direct role of
NF-kB to promote cell growth has not been established, both
antiapoptotic and proapoptotic functions have been described.
NF-«B protects fibroblasts against TNF-a—induced apoptosis,
as has been shown with cells from RelA-deficient mice (20).
Furthermore, Jurkat or fibroblastic cells underwent enhanced
apoptosis after treatment with TNF-o, ionizing radiation, or
daunorubicin when nuclear translocation of NF«B was blocked
(21-23). Likewise, downregulation of the c-Rel activity in a
B lymphoma cell line resulted in spontaneous apoptosis (24).
These data suggest that some of the NF-kB/Rel target genes
have antiapoptotic functions. However, in neurons, glutamate-
induced cell death requires the induction of NF«B (25), and in
human breast carcinoma cells, TNF-a-induced apoptosis is in-
dependent of NF-xB (26), indicating cell type differences in
apoptotic functions of NF-«kB.

We show here that activated NF-kB RelA is a characteris-
tic property of H/RS cells in lymph node biopsy samples from
patients suffering from Hodgkin’s disease. With a dominant
negative inhibitor of NF-«B stably introduced into H/RS cell
lines, we demonstrate that constitutive NF-xkB-RelA activa-
tion is essential for both proliferation and survival of HD tu-
mor cells. These data demonstrate for the first time a direct re-
quirement of NF-«xB for cell growth, and a significant and
common deregulation of this transcription factor in a human
neoplastic disease. We postulate that Hodgkin’s lymphoma is a
malignancy of deregulated NF-«xB RelA which protects these
transformed cells against apoptotic elimination.

Methods

Immunostaining of biopsy samples. Biopsy samples were stained us-
ing the TSA-Indirect kit (DuPont-NEN, Boston, MA). The anti-
RelA anti-nuclear localization signal mAb was obtained from Boeh-
ringer Mannheim (Mannheim, Germany). In brief, slides were
blocked and incubated in H,O, for 30 min at room temperature, fol-
lowed by incubation with the primary antibody for 60 min. After stan-
dard washing and blocking steps, slides were incubated with biotinyl-
ated secondary antibody for 30 min and washed again. After
incubation with streptavidin-conjugated horseradish peroxidase for
30 min and washing, slides were incubated with biotinyl tyramide for
10 min. Slides were washed, incubated with streptavidin-conjugated
horseradish peroxidase, and washed again. Counterstaining was per-
formed with hematoxylin to stain nuclei blue.

Transfections and DNA-binding assays. HD-MyZ, 1540, HelLa,
and MOLT-4 cells were grown as described (9). Cells were trans-
fected with IkBaAN encoding amino acids 71-317 in pcDNA3 (27) or
with the empty expression vector by electroporation. Stable clones
were selected with G418 (GIBCO BRL, Gaithersburg, MD). Cytoso-
lic and nuclear extracts, Western blotting, and electrophoretic mobil-
ity-shift assay (EMSA) were performed as described (28). EMSA
was performed with the H2K site as probe and H2K and AP-1 sites as
competitors. Anti-IkBa and anti-RelA antibodies were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). For reporter
gene assays, cells were transfected with 5 g each of HIV—chloram-
phenicol acetyl transferase (CAT) (29) and pCMV (Clontech, Palo
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Alto, CA) per 2 X 10° cells in 9-mm culture dishes by the lipofection
technique (QIAGEN Inc., Chatsworth, CA). 24 h after transfection,
cells were extracted by a freeze—thaw procedure, and CAT activity
was determined with CAT-ELISA (Boechringer Mannheim). The
mean values were corrected for transfection efficiency.

Cell-cycle progression. Cells at 50% confluence were synchro-
nized by incubation with 3 uM aphidicolin for 24 h. After addition of
fresh medium and trypsin treatment, 5 X 10° cells were fixed for 1 h in
ethanol at —20°C, then precipitated (5 min of 2,000 rpm at 4°C),
washed with PBS, and resuspended in 0.5 ml PBS (40 U/ml RNase A,
0.1 mg/ml propidium iodide). After incubation for 30 min at 37°C,
DNA contents were determined by FACS® (Becton Dickinson,
Mountain View, CA) using the Cellquest program.

Determination of apoptotic cells. After induction of apoptosis by
serum withdrawal, cells were washed twice with ice-cold PBS and re-
suspended in 200 pl of PBS, 0.1% NaNj, 10% human IgG (Venim-
mun; Behring, Marburg, Germany). Cells were stained for 30 min
with FITC-labeled annexin V. Apoptotic cells were determined on a
FACSort® (30).

Xenotransplantation of HD cells. HD-MyZ cells (10°-107), either
mock-transfected or stably expressing IkBaAN, were injected subcu-
taneously into C.B.-17 SCID/SCID mice. The mice were obtained
from our own breeding colony and kept in isolators under stringent
conditions. Microbiological controls were performed regularly by the
addition of sterile sentinel animals to the colony. Tumors were mea-
sured in two dimensions, length (@) and width (b), by means of cali-
pers in millimeters. Tumor volume (V) was calculated according to
V = ab?2, where a is the longer of the two measurements.

Results

Abundant activated NF-kB RelA in RS cells from patients suf-
fering from HD. In a previous study, we have shown that
seven different HD cell lines as well as primary tumor cells
from a pericardial effusion shared high constitutive nuclear
NF-«B p50-RelA activity (9). This activity was specific for HD
cells and was not observed in anaplastic large cell lymphoma
(reference 9, and data not shown).

The presence of constitutive nuclear p50-RelA in all
Hodgkin cell lines tested suggests that this activity could, in
fact, be a marker for HD cells; no such common marker has
yet been described. To address this possibility and to verify
that deregulated RelA is also detectable in RS cells in lymph
node sections of patients suffering from this disease, biopsy
samples from 10 patients were tested with an anti-RelA anti-
body. This antibody recognizes the nuclear localization signal
epitope and thus preferentially free RelA, but not RelA bound
to IkBa (31).

When lymph node sections of HD patients were analyzed,
the majority of the RS cells in all of the samples tested were
positive for free RelA (Fig. 1). Interestingly, not only nuclei
but the entire cells were strongly stained, indicating the high
amount of activated NF-«B in these cells. Similarly, high levels
of constitutive NF-kB DNA binding-activity were detected in
both cytoplasmic and nuclear fractions of cultured HD cells
(data not shown). In only a few cases did we observe staining
of small mononuclear cells in the histological sections, whereas
> 90% of mononucleated Hodgkin cells or multinucleated
cells with RS morphology were positive in all patients ana-
lyzed. Several sections from non-Hodgkin’s lymphoma, in-
cluding anaplastic large cell lymphoma, did not reveal acti-
vated RelA in the malignant cells (data not shown). The
presence of high amounts of activated RelA in almost all H/RS
cells in the biopsy samples is thus in agreement with the data



obtained with H/RS cell lines, and strongly suggests that acti-
vated RelA is a common property of the malignant cells asso-
ciated with HD.

Generation of HD cell lines with artificially blocked nu-
clear NF-kB activity. To study the functional biological con-
sequences of constitutive pS0-RelA activity in H/RS cells,
HD-MyZ cells were stably transfected with IkBaAN, a domi-
nant-negative IkBa mutant that lacks the 70 amino-terminal
amino acids (Fig. 2). IkBaAN is able to bind to NF-«B and to
undergo basal turnover, but it cannot release NF-«xB upon cel-
lular stimulation since it lacks serine and tyrosine residues re-
quired for signal-dependent activation (27, 32-36). Several
clones were selected and analyzed for IkBaAN protein expres-
sion (Fig. 2 A). Interestingly, the IkBaAN expression levels in-
versely correlated with the expression of endogenous IkBa
(Fig. 2 A; compare lanes I and 2, left panel, with lanes 14,
right panel), in accordance with previous observations that NF-
kB p50-RelA stimulates transcription of the IkBa gene (37).
Correlating with its expression level, IkBaAN caused a strong
downregulation of the constitutive nuclear p50-RelA DNA-
binding activity (Fig. 2 B, left panel, lanes 1-4). Specificity and
subunit composition of nuclear NF-«xB p50-RelA in mock-
transfected HD-MyZ cells were confirmed by antibody super-
shifting and DNA competition experiments (Fig. 2 B, right
panel, lanes 1-5). The binding activities of other transcription
factors (such as AP-1) remained unaffected by IkBaAN (data
not shown). Depending on the IkBaAN expression level, not
only constitutive pS0-RelA but also transient induction of
NF-kB in these cells by TNF-a was strongly impaired or
blocked almost completely (Fig. 2 C, lane I versus lanes 2—4).
As expected, this induction was partially inhibited in the presence
of the proteasome inhibitor N-acetyl-leucyl-leucyl-norleucinal
(ALLN) (lane 4). The signal-unresponsiveness of IkBaAN was
also reflected by its inertness towards degradation compared
with endogenous IkBa (Fig. 2 C, lanes 5-8). Endogenous IkBa
but not IkBaAN was degraded rapidly after short stimulation
(lane 5 versus lane 6) and resynthesized after prolonged stimu-
lation (lane 7). To assess whether the constitutive NF-«B activ-

Figure 1. Abundant NF-kB-RelA activity
in RS cells of HD patients. Immunostain-
ing of biopsy samples from patients suffer-
ing nodular sclerosis—type HD with an anti-
RelA antibody. Two representative sam-
ples are shown from a total of 10 patients.
Arrows, Stained RS cells. More than 90%
of the RS cells were positive for RelA in
each case. Specificity of staining was con-
firmed by peptide competition (not
shown). No comparable NF-kB-RelA
staining was observed in lymph node sam-
ples from patients suffering from anaplastic
large cell lymphoma or other non-
Hodgkin’s lymphoma (not shown).

ity is functional, HIV-1-CAT reporter constructs were tran-
siently transfected into mock-transfected HD-MyZ cells, and
revealed an NF-kB binding site—dependent activation by con-
stitutive pS0-RelA (Fig. 2 D). In contrast, IkBaAN-expressing
clones did not show any NF-xB-dependent reporter gene acti-
vation (Fig. 2 D). Thus, constitutive NF-xB activity in H/RS
cells is functional and is specifically and efficiently blocked by
IkBaAN.

Similarly, L540 Hodgkin cells were stably transfected with
IkBaAN (Fig. 3). L540 cells displayed a much higher level of
constitutive NF-kB activity than HD-MyZ cells (9). The ex-
pression of IkBaAN (Fig. 3 A) led to a strong reduction in the
constitutive NF-kB activity (Fig. 3 B, lanes I and 2 versus lanes
3 and 4).

Constitutive nuclear NF-kB RelA is required for the prolif-
eration of HD tumor cells. One important role of aberrant,
constitutive nuclear p50-RelA in Hodgkin’s lymphoma tumor
cells may be to lock the cells into an activated state, mimicking
continuous growth-promoting signaling. Therefore, we in-
vestigated whether blocking of endogenous NF«B would af-
fect cell growth in vitro. A comparison of the cell number of
HD-MyZ-IkBaAN clones and —-mock-transfected clones at
several time points after the start of the cell culture revealed
that the loss of constitutive NF-kB strongly decreased cell
growth (Fig. 4 A). Cell clones expressing lower amounts of
IkBaAN displayed an intermediate reduction in the prolifera-
tion rate (not shown), reflecting a dose-response relationship
between nuclear NF-kB levels and cell growth. No differences
in spontaneous cell death could be observed, indicating that
reduced cell growth under normal cell culture conditions is
due to reduced cell-cycle progression, rather than to aug-
mented apoptosis rates. This was confirmed with a cell-cycle
analysis of synchronized cells. Cells were synchronized with
aphidicolin, which blocks cell-cycle progression in G;. Upon
aphidicolin release, mock cells proceeded rapidly into S-phase
within 3 h and subsequently showed normal cell-cycle progres-
sion (Fig. 4 B). In contrast, almost complete suppression of
cell-cycle progression in G; could be observed in IkBaAN
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clones within the observed time period. Interestingly, IkBa AN
clones (1 and 2), in which NF-kB activation was blocked only
partially (Fig. 2), were less affected in cell-cycle progression
(not shown). Thus, blocking of endogenous constitutive
NF-kB in H/RS cells leads to reduced cell growth in vitro due
to impaired cell-cycle progression.

In the same fashion, L540 Hodgkin cells revealed reduced
proliferation rates when overexpressing IkBaAN compared
with mock transfectants (Fig. 4 C). The growth reduction was
less pronounced than that observed for HD-MyZ cells, consis-
tent with the higher NF-kB activity that had to be downregu-

Figure 3. 1540 cells were stably transfected with IkBaAN. (A) West-
ern blot of mock- (lanes 3 and 4) or IkBaAN-transfected L540 cells
(lanes 7 and 2). The position of wild-type and mutant IkBe is indi-
cated. (B) EMSA with extracts of IkBaAN-transfected (lanes / and
2) or mock-transfected L540 cells (lanes 3 and 4). Extracts from a
mock-transfected clone were analyzed by competition with specific
(NF-«B) or nonspecific binding site oligonucleotides (lanes 5 and 6).
Free DNA is not shown.
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Figure 4. Blocking of endogenous NF-«kB in Hodgkin cells suppresses
proliferation by interfering with cell-cycle progression. (A) Prolifera-
tion rates of IkBaAN-expressing (clone 3, squares; clone 4, circles) or
mock-transfected (filled symbols) HD-MyZ cells. The cell density at
various days after seeding is indicated. (B) FACS® analysis of pro-
gression into S-phase of IkBaAN-transfected (right) or mock-trans-
fected (left) HD-MyZ cells at 0, 3, or 6 h after release from aphidi-
colin-induced cell-cycle arrest. (C) Proliferation of 1540 clones
expressing IkBaAN (clone 1, squares; clone 2, circles) compared with
mock transfectants (solid symbols), as cell numbers determined at
various days after start of the cell culture. The experiments shown in
A and C were performed in triplicate.

lated in L540 cells and the higher residual constitutive activity
(Fig. 3 B, and data not shown).

To assess whether the role of constitutive RelA for cellular
growth is specific for H/RS cells, other cell types were stably
transfected with IkBaAN and analyzed for proliferation rates
(Fig. 5). Neither MOLT-4 T cells (Fig. 5 A) nor HeLa cells
(Fig. 5 B) showed any effect on cellular proliferation when ex-
pressing IkBaAN compared with mock-transfected cells (Fig. 5
A and B, bottom panels). For each cell line, IkBaAN expres-
sion efficiently reduced transient NF-«B inducibility by TNF-a
(Fig. 5, middle panels). The expression of transfected IkBaAN
in these cells was in a similar order compared with endogenous
IkBa (Fig. 5, top panels).

We also observed that significantly less stable IkBaAN
transfectants could be isolated from HD-MyZ or L540
Hodgkin’s cells compared with MOLT-4 or HeLa cells, consis-
tent with a severe growth disadvantage of Hodgkin’s tumor
cells with strongly reduced constitutive NF-«B (data not
shown). Thus, our results indicate that constitutive RelA plays
a crucial role in supporting proliferation specifically of HD tu-
mor cells.

Constitutively activated NF-«kB RelA protects Hodgkin’s tu-
mor cells against stress-induced apoptosis. To investigate a po-
tential role for constitutive NF-kB p50-RelA in programmed
cell death of Hodgkin cells under environmental stress condi-
tions, we induced apoptosis in cultured HD-MyZ cells by se-
rum starvation. IkBaAN-expressing HD-MyZ cells underwent
apoptosis almost completely, whereas mock clones or untrans-
fected cells (not shown) were resistant to apoptosis within a
time frame of 5 d (Fig. 6 A, top and bottom). In the same fash-
ion, L540 cells expressing IkBaAN but not mock transfectants
were strongly driven into apoptosis after growth factor with-
drawal (Fig. 6 B). Thus, constitutive pS0-RelA appears to
serve as a survival factor, and prevents cell death when
Hodgkin’s cells are put under stress conditions. In contrast to
Hodgkin’s cells, MOLT-4 T cells, devoid of constitutive NF«B,
showed increasing numbers of apoptotic cells when deprived
of growth factors, and IkBaAN expression did not affect this
process (Fig. 6 C).

An antiapoptotic function of RelA has also been suggested
previously to explain embryonal liver degeneration in RelA-
deficient mice (38), and it has been proposed that c-Rel pro-
tects B lymphocytes against spontaneous apoptosis (24). Fur-
thermore, a protective function of transiently induced NF«B
has also been reported for TNF-a-mediated cell death in em-
bryonic fibroblasts and in a fibrosarcoma cell line (20, 21, 23).
In contrast, in other cell types, NF-kB was either required or
completely dispensable for apoptosis (25, 26).

NF-kB activity is required for growth of Hodgkin cell tu-
mors in mice. A recently established SCID mouse model for
HD (4) allows in vivo study of the effects of artificial downreg-
ulation of NF-kB. To determine the role of NF«B in tumor
growth, IkBaAN-expressing HD-MyZ cells were transplanted
into SCID mice. In contrast to mock-transfected or untrans-
fected cells, which developed rapidly growing tumors, IkBaAN-
expressing cells showed strongly diminished tumor growth
(Fig. 7). The small tumors observed at a prolonged time after
transplantation of IkBaAN-expressing cells (Fig. 7) had a dif-
ferent, soft consistency, with liquid-filled vacuoles (not shown).
Thus, constitutive nuclear NF-kB supports Hodgkin’s tumor
growth in vivo, most probably by enhancing cellular prolifera-
tion and by conferring protection against apoptosis.
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Discussion

Constitutively activated RelA as a common marker and survival
factor of RS cells. Several members of the NF-kB/Rel/IkB
families of transcription regulators have been identified in ab-
errant forms in hematopoietic neoplasms, although neither a
causative role for malignant growth nor a particularly high in-
cidence has ever been established. In this study, we have elab-
orated a critical function of NF-xB in HD, one of the least un-
derstood human malignant lymphomas. We demonstrated
previously that constitutive activation of NF«B p50-RelA
(p50-p65) is a characteristic property of H/RS cells, which dis-
criminates these neoplastic cells from most other cell types
studied to date. Activated RelA was detected in all H/RS cell
lines tested, which were derived from different HD subtypes,
as well as in primary H/RS cells obtained from a pericardial ef-
fusion (9). We showed here by in situ immunolabeling of
lymph node sections from patients suffering from HD of the
nodular sclerosing type, the most common HD subtype, that
high-level RelA activity was detected in the RS cells, which
represent the diagnostic hallmark for this disease. Strikingly,
> 90% of the RS cells in the inspected histological sections
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were positive for activated RelA. In a double staining experi-
ment, we also found expression of CD30 on the RS cells posi-
tive for activated RelA (data not shown). Sections from non-
Hodgkin’s lymphoma did not reveal activated RelA in the
malignant cells (data not shown). Since constitutively activated
RelA is not found frequently in other cell lines and cell types,
its presence in HD-derived cell lines, primary neoplastic, and
RS cells in lymph node sections must be regarded as highly sig-
nificant. In all other cell types analyzed to date, RelA is only
activated rapidly and transiently in response to a variety of sig-
nals. Constitutive NF-kB-RelA activation in the absence of
obvious exogenous stimuli or viral infection has only been
detected to date in cultured neurons isolated from the hippo-
campus or cerebral cortex (13). In contrast to H/RS cells, the
constitutive nuclear NF-kB/Rel activity characteristic of B
lymphocytes consists of c-Rel and RelB (15, 16).

We have addressed the functional significance of NF«B
for HD tumor cells by blocking both constitutive and inducible
nuclear NF-«kB activities in Hodgkin L540 and HD-MyZ cells
using a signal-unresponsive IkBa mutant (IkBaAN). These
well-characterized cell lines are derived from nodular-scleros-
ing type HD with myelomonocytic or T cell-like features, re-
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90 nuclear NF-«kB renders
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IkBaAN-transfected
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tion. Top, Representa-
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mock-transfected (solid
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transfected HD-MyZ
clones (clone 3, squares;
clone 4, circles) deter-
oo mined at various days
after serum withdrawal.
(B) Fraction of apop-
totic cells measured af-
ter serum withdrawal in
IkBaAN-transfected
(clone 1, squares; clone
2, circles) and mock-
3 transfected (solid sym-
d bols) L540 cells. (C)
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Figure 7. Impaired tumor growth of Hodgkin cells devoid of constitu-
tive NF-kB activity. Tumor volumes were measured for xenotrans-
planted IkBaAN-transfected (clone 4, diamonds) or mock-trans-
fected (squares) HD-MyZ cells at different days after subcutaneous
injection (10° cells). The mean values of four independent experi-
ments are shown.

spectively (9, 39). Downregulation of nuclear NF«B sup-
pressed cell growth of these Hodgkin’s tumor cells due to
impaired cell-cycle progression. In contrast, growth of other
lymphoid or nonlymphoid cell lines tested (HeLa, MOLT-4)
was not affected by IkBaAN expression. Furthermore, the lack
of constitutive NF-kB strongly enhanced the sensitivity of the
modified Hodgkin’s cells to undergo apoptosis after growth
factor withdrawal. This dual function of NF«B in vitro was
consistent with its role in tumor growth in vivo: HD-MyZ cells
expressing IkBaAN revealed strongly impaired tumor growth
after xenotransplantation into SCID mice.

Since the observed effects were obtained by stable IkBaAN
expression, a formal possibility would be that an NF«xB-unre-
lated property was selected when these cell lines were estab-
lished. We rule this out because both proapoptotic and anti-
proliferative effects correlated in a dose-response—like fashion
with the expression of IkBaAN, and only affected cell lines
with constitutive RelA activity.

Possible mechanisms of constitutive RelA activation in HD
tumor cells. An interesting question is how the constitutive
RelA activity in H/RS cells is acquired. The EBV-encoded la-
tent membrane protein (LMP)1 is a known activator of NF«B
(40), but the absence of EBV in most of the cell lines tested ex-
cludes the possibility that LMP1 expression accounts for the
activation of RelA. However, we cannot rule out that infection
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with a hitherto unknown virus leads to RelA activation. A fur-
ther candidate is CD30, like LMP1 a receptor belonging to the
TNF-receptor superfamily and frequently expressed on HD
cells. Stimulation of CD30 can induce nuclear translocation of
pS0-RelA, involving the signal-transducing molecules TNF re-
ceptor—associated factor 1 and 2 (41, 42). As with EBV, CD30
is not expressed by all H/RS cells. Furthermore, CD30 is not
confined to H/RS cells and is also expressed by anaplastic large
cell lymphomas, which do not contain constitutively activated
RelA (9).

We noted low steady state IkBa protein amounts in H/RS
cells, which indicated high turnover of IkBa (9). High nuclear
RelA levels are expected to cause a strong transcriptional up-
regulation of the IkBa gene, leading to a sequestering of ex-
cess free RelA. This has been demonstrated impressively with
overexpressed RelA in transgenic animals that is masked effi-
ciently by upregulated IkBa and kept in the cytoplasm (43).
Therefore, continuous elevated degradation of IkBa should
account for the constitutive RelA activity in HD cells. To this
end, we can speculate about two possibilities. H/RS cells could
stimulate NF-kB activation by an autocrine mechanism involv-
ing the expression of NF-kB-regulated receptors and cyto-
kines. Alternatively, H/RS cells may have acquired defects in
components that regulate NF-xB release from IkBa, resulting
in constitutive NF-kB activation. These components may be
any of the kinases, phosphatases, or other signal-transducers
normally involved in NF-kB-activation pathways.

Constitutive RelA and cellular proliferation. We showed for
the first time that activated NF-«kB directly promotes prolifera-
tion. A role for RelA in signal transduction pathways control-
ling T and B lymphocyte proliferation has also been deducted
from data obtained with RelA-deficient lymphocytes (44).
Other studies with knockout mice have shown that not only
RelA, but also RelB, c-Rel, and p105 at some point play a role
in B cell proliferation (45, and references therein).

Since IkBaAN expression specifically inhibited growth of
HD but not HeLa or MOLT-4 cells, devoid of constitutive
RelA activity, a direct functional coupling of NF«B with gen-
eral cell-cycle control proteins seems unlikely. As an alternate
possibility, NF-kB could directly regulate genes whose products
promote cell cycle in a cell type—specific fashion. The kBaAN-
unaffected growth of MOLT-4 or HeLa cells also excludes the
possibility that the antiproliferative effects could be due to the
requirement of low-level nuclear NF-kB/Rel activities for
some essential cellular functions. A functional interaction be-
tween NF-kB RelA with p300 and the cyclin-dependent kinase
2—cyclin E complex has been demonstrated recently, although
its significance for cell growth has yet to be established (19).

A possible level of interference with tumor growth in the
animal model is the dependency of cellular adhesion molecule
expression on NF-kB (46). It has been maintained previously
that in transformed cell lines, antisense oligonucleotides or
RNA to RelA inhibited both in vitro growth and the ability of
cells to adhere to an extracellular matrix and ablated tumor
growth in mice (47, 48). We did not observe any consistent ef-
fect reflecting impaired adherence of IkBaAN-expressing HD
cells (not shown). As a further possible mechanism, an auto-
crine action of growth factors could lock NF-«B p50-RelA into
a permanently activated state. In fact, HD cells typically ex-
press high levels of various cytokines and their receptors, sev-
eral of which are either known inducers of NF«B or are regu-
lated by NF-kB at the transcriptional level.
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An antiapoptotic function of RelA in H/RS cells. The HD
cells were protected by constitutive NF-«B against growth fac-
tor withdrawal-induced apoptosis, similar to the protective ef-
fect of transiently induced NF-«B in fibrosarcoma, fibroblast,
or HeLa cell lines against TNF-a, daunorubicin, or radiation-
induced cell killing (20-23). Recent evidence that the inhibi-
tion of NF-kB RelA did not affect TNF-induced apoptosis in
MCEF7 cells (26) clearly demonstrates cell type differences in
the involvement of NF-kB in apoptosis. In several B cell lym-
phoma and normal splenic B cells, blocking of the constitutive
c-Rel activity resulted in spontaneous apoptosis without the
requirement of further apoptotic signals (24). This is in con-
trast to the situation found in Hodgkin’s cells, which in the ab-
sence of activated RelA undergo apoptosis only when put un-
der stress conditions. Since IkBaAN binds efficiently to both
RelA and c-Rel, possible differences in these factors for anti-
apoptotic or cell growth functions have to be considered.
Whereas both HD lines used in this study contain constitutive
nuclear RelA, L540 but not HD-MyZ also contains nuclear
c-Rel (9). Therefore, the common target for the equivalent ef-
fects observed in the two cell lines upon IkBaAN expression
should be RelA, although a similar function of c-Rel cannot be
excluded at this stage. In fact, it is intriguing that in addition to
constitutive RelA, several HD lines contain activated c-Rel
(9), indicating a resemblance to B cells.

The putative genes that may be the target for the antiapop-
totic action of NF-«xB in HD cells and other cell types have yet
to be identified. Candidate genes with known antiapoptotic
functions are A20, encoding a zinc finger protein, and mito-
chondrial manganous superoxide dismutase (49, 50). The ex-
pression of both is induced by NF-«B (26, 51).

A recent single cell analysis restricted to CD30-positive
cells suggested that H/RS cells are derived from B lineage cells
and, because of their high degree of Ig variable gene somatic
mutations, possibly stem from germinal centers (7). Although
these studies cannot exclude a more complex lineage origin,
constitutive NF-kB would explain nicely the apoptosis resis-
tance required to survive in the germinal center, if H/RS cells
were B cell-derived clones with crippling mutations. Interest-
ingly, all H/RS cells tested were positive not only for constitu-
tive RelA, but also for Oct-2 (9), a hallmark for B cells.

Given that p50-RelA deregulation is a characteristic com-
mon feature for RS cells in lymph nodes and a number of
HD-derived cell lines, it may be useful as a diagnostic tool and
specific target for therapeutic intervention. RelA-based immu-
nohistochemistry may serve to detect residual diseased cells af-
ter chemotherapy, in particular for advanced stages of the dis-
ease. Studies are under way to screen systematically the
various types of lymphoma for the contribution of persistently
activated NF-kB.
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