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Although the neoplastic cells of classical Hodgkin’s
disease (CHD) demonstrate high levels of constitu-
tively active nuclear NF-kB, the precise physiologic
and clinical significance of NF-kB expression is cur-
rently undefined. Expression of active NF-kB
p65(Rel A) was evaluated in patient samples of CHD
and nodular lymphocyte predominance Hodgkin’s
disease. The action of the chemical NF-kB inhibitors
gliotoxin and MG132 and the effect of NF-kB inhi-
bition utilizing an adenovirus vector carrying a
dominant-negative IkBa mutant (Ad5IkB) were
then demonstrated in CHD cell lines (L428, KMH2,
and HS445). Hodgkin and Reed-Sternberg (HRS)
cells from all patient and cell line specimens
showed strong immunopositivity for active p65(Rel
A). Expression was also seen in lymphocytic/histio-
cytic cells from all cases of nodular lymphocyte pre-
dominance Hodgkin’s disease. After chemical
NF-kB inhibition, p65(Rel A) was significantly re-
duced in nuclear extracts from cultured HRS cells as
revealed by electrophoretic mobility shift assays.
Furthermore, chemical NF-kB inhibition resulted in
time- and concentration-dependent apoptosis in
HRS cells. With the exception of MG132-induced
apoptosis in HS445, apoptosis by chemical NF-kB
inhibition was not significantly altered by preincu-
bation with various caspase inhibitors (z-DQMD-

FMK, z-DEVD-FMK, z-VAD-FMK, z-VEID-FMK, and
z-IETD-FMK). Regardless of the chemical inhibitor
used, no significant change in caspase-3 functional
activity was found in CHD cell lines. HRS cells in-
fected with Ad5IkB also showed a marked increase
in spontaneous apoptosis compared with wild type
adenovirus-infected and control cells. Overall, the
inhibition of active NF-kB in HRS cells resulting in
spontaneous caspase-independent apoptosis dem-
onstrates a critical role for NF-kB in HRS cell sur-
vival and resistance to apoptosis.
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Classical Hodgkin’s disease (CHD) is a malignant
disorder characterized morphologically by the pres-
ence of neoplastic Hodgkin and Reed-Sternberg
(HRS) cells surrounded by a polymorphous stromal
background comprised of lymphocytes, histiocytes,
plasma cells, and eosinophils. Despite the apparent
heterogeneity in studies addressing the origin and
clonality of HRS cells, the histopathologic and clin-
ical features of CHD consistently correlate well with
the deregulated, high expression of various cyto-
kines, growth factors, and cell surface receptors
typical for HRS cells (1). HRS cells characteristically
express CD30, a cell surface marker also found on
activated B and T cells, CD40, and several cytokine
receptors such as CD71, the interleukin-2 receptors
p55 (CD25) and p75, and the interleukin-6 receptor
(2– 8). In addition to the expression of these cell
surface receptors, HRS cells are able to produce
several cytokines including tumor necrosis factor-a
(TNF-a), lymphotoxin-a (LTa), and interleukin-1
(IL-1) (5, 9). Stimulation of TNF-a, LTa, IL-1, CD30,
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and CD40 receptors by their respective ligands typ-
ically results in activation of the transcription factor
NF-kB (6, 10).

The NF-kB family of dimeric transcription factors
is an important regulator of genes expressed during
inflammatory responses, Ig class switching, cellular
differentiation, and apoptosis. The activated NF-kB
prototype typically consist of a heterodimer com-
posed of p50 and p65 (Rel A). Other family mem-
bers include Rel B, c-rel, v-rel, and p52. With the
exception of mature B lymphocytes and plasmacy-
tomas, inactive NF-kB is sequestered in the cyto-
plasm of most cell types by noncovalent interac-
tions with a family of inhibitory proteins called IkB
that mask the nuclear localization domain of Rel
proteins (11–13). Of the seven IkB proteins known
to date, the roles of only IkBa and IkBb have been
described in detail (14). After cellular stimulation by
a number of agents including TNF-a and IL-1,
NF-kB is activated by signal induced, site-specific
phosphorylation and rapid degradation of IkB, me-
diated by the ubiquitin-proteasome pathway (15,
16). This process allows for release of the active
NF-kB complex, which translocates to the nucleus
where it plays an important role in the transcrip-
tional activation of a large number of inducible
target genes, including growth-promoting cyto-
kines (17). As both the degradation of the NF-kB
inhibitor IkBa and the processing of the p105 pre-
cursor of p50 are controlled by the ubiquitin-
proteasome pathway, chemical inhibition of the
proteasome results in NF-kB inhibition (16, 18).
More specifically, both MG132 and gliotoxin have
been shown to specifically prevent proteasome-
mediated degradation of IkBa, resulting in NF-kB
inhibition in other experimental models (16, 18,
19).

Several investigations have suggested a role for
NF-kB and IkB gene products in cell proliferation,
transformation, and tumor development (20, 21).
Associations between members of the NF-kB and
IkB gene families and various lymphoid neoplasms
have been described including c-rel amplification
in follicular and diffuse large cell lymphoma (22,
23), gene rearrangement and point mutations of Rel
A in multiple myeloma (24, 25), and bcl-3 rear-
rangement in B-cell chronic lymphocytic leukemia
(CLL), and non-Hodgkin’s lymphoma (26). Impor-
tantly, recent investigations of CHD have shown
that a common feature of HRS cells is the expres-
sion of high levels of constitutively active NF-kB
p50-Rel A (9, 27, 28). Furthermore, the constitutive
expression of NF-kB has been shown to play a vital
role for proliferation and resistance to apoptosis of
HRS cells (27, 28). Previous investigations have also
shown an important role for NF-kB gene family
members in regards to apoptosis resistance in other
cell types. In fibroblasts, NF-kB demonstrated a

protective role against TNF-a-induced apoptosis as
has been shown with cells from Rel-A deficient
mice (29). Furthermore, Jurkat and fibroblastic cells
showed enhanced apoptosis after exposure to
TNF-a, ionizing radiation, or daunorubicin when
nuclear translocation of NF-kB was inhibited (30 –
32). Similarly, down-regulation of c-rel activity in
the murine B-cell lymphoma line, WEHI 231 re-
sulted in spontaneous apoptosis (33).

In this investigation, we demonstrate that chem-
ical inhibition of the ubiquitin-proteasome path-
way results in both significantly reduced levels of
activated NF-kB and markedly increased apoptosis
in CHD cell lines. We also show that both CHD and
nodular lymphocyte predominance Hodgkin’s dis-
ease (NLPHD) have active NF-kB p65(Rel A), as
demonstrated by immunohistochemistry in HRS
and lymphocytic/histiocytic (L&H) cells, respec-
tively. These findings suggest an important role for
NF-kB in the maintenance of cell growth and sur-
vival of HRS cells. Previously, we determined a crit-
ical role for caspase-3 in apoptosis induced by stim-
ulation of CD95(fas), which is a very important
mediator of apoptosis in CHD (34). Here we dem-
onstrate the lack of inducible increased caspase-3
functional activity and the failure of the various
caspase inhibitors to alter the apoptotic effect
caused by chemical proteasome inhibition. These
findings show that apoptosis resulting from de-
creased nuclear NF-kB expression via proteasome
inhibition occurs independent of caspase-mediated
mechanisms in CHD cell lines.

MATERIALS AND METHODS

Patient Samples
Formalin-fixed paraffin-embedded tissue sec-

tions from 16 cases of CHD (10 nodular sclerosis
subtype; six mixed cellularity subtype) and six cases
of NLPHD were selected from the surgical pathol-
ogy files of Loyola University Medical Center, May-
wood, IL and the University of Michigan, Ann Ar-
bor, MI for immunohistochemical determination of
active p65(Rel A).

Cell Culture
The CHD cell lines KMH2, L428, and HS445 were

utilized in this study. KMH2 and L428 cell lines
were obtained from the German Collection of Mi-
croorganisms and Cell Cultures (Braunschweig,
Germany). HS445 and Jurkat cell lines were ob-
tained from the American Type Culture Collection
(ATCC; Rockville, MD). Cell lines were cultured in
RPMI 1640 (GIBCO-BRL, Grand Island, NY) supple-
mented with 20% (vol/vol) heat-inactivated fetal
bovine serum (Sigma Chemical Co., St. Louis, MO),
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1 mM sodium pyruvate (Biofluids, Inc., Rockville,
MD), 5.5 3 10-5 M 2-mercaptoethanol (GIBCO-
BRL), 2 mM L-glutamine (GIBCO-BRL), 25 mM
Hepes (Sigma), and antibiotic-antimycotic solution
(100 U/mL penicillin, 100 mg/mL streptomycin, and
0.25 mg/mL amphotericin B, Sigma). All cell lines
were maintained at 37°C in a humidified incubator
at 5% CO2.

Ubiquitin Proteasome and Caspase Inhibitors
For evaluation of apoptosis due to NF-kB inhibi-

tion and its relationship to the caspase pathway, 1
3 106/mL cells from each cell line were cultured in
24-well tissue culture plates (Falcon, Lincoln Park,
NJ) and incubated with either 10 mM z-Leu-Leu-
Leu-aldehyde (MG132, Biomol Research Laborato-
ries, Inc., Plymouth Meeting, PA), 10 mM gliotoxin
(Calbiochem, La Jolla, CA) or 500 ng/mL of agonis-
tic anti-CD95 monoclonal antibody (mAb) (clone
CH11, mouse IgM, Upstate Biotechnology, Inc.,
Lake Placid, NY) for indicated time periods. Each
reaction was performed with or without 1 hour
preincubation with 100 mM concentration of one of
the following peptide caspase inhibitors: z-Asp-
Glu-Val-Asp-fluromethyl ketone (caspase-3 and-7
inhibitor z-DEVD-FMK, Enzyme Product Systems
[EPS], Livermore, CA), z-D(O-Me)-M-Q-D(O-Me)-
fluromethyl ketone (caspase-3 inhibitor z-DMQD-
FMK, EPS), z-Val-Ala-Asp-fluromethyl ketone
(caspase-1 inhibitor z-VAD-FMK, EPS), z-Val-Glu-
Ile-Asp-fluromethyl ketone (Caspase-6 inhibitor
z-VEID-FMK, EPS), z-Ile-Glu-(O-Me)-Thr-(O-Me)-
Asp-fluromethyl ketone (caspase-8 inhibitor
z-IETD-FMK, EPS). All reactions were performed at
least in duplicate.

Immunohistochemical Determination of
p65(Rel A)

Cytospins from CHD cell lines were fixed in a 1:1
mixture of acetone and methanol for 10 minutes.
Staining was performed using a monoclonal mouse
anti-human p65 (clone 12H11, 1:75 titer, Boehr-
inger Mannheim Corporation, Indianapolis, IN),
which recognizes only the unbound, active form of
p65(Rel A) dissociated from IkBa (35) and a second-
ary polyclonal goat anti-mouse IgG/IgM antibody
conjugated to fluorescein isothiocyanate (Bio-
source International, Camarillo, CA). Analysis of pa-
tient material for expression of active p65(Rel A)
was performed using a Ventana NEXES automated
stainer (Ventana Medical Systems, Tucson, AZ) and
streptavidin/horseradish peroxidase detection kit
(DAKO, Carpinteria, CA). The chromogen used was
3,3’-diaminobenzidine tetrahydrochloride. Cases
were considered positive if greater than 50% of HRS
cells (or L&H cells in NLPHD cases) showed immu-

nopositivity for p65(Rel A). All staining was per-
formed at least twice with isotypic controls.

Detection of Apoptosis
For propidium iodide (PI) staining, treated and

untreated cells (1 3 106 cells/mL) were washed in
cold FACS buffer (500 mL PBS without Mg21 or
Ca21, 2% sodium azide/ deionized water and 5%
[vol/vol] heat-inactivated fetal bovine serum [Sig-
ma]) and resuspended in a 1:6 mixture of 100%
heat-inactivated fetal bovine serum and absolute
ethanol. After 30-minute incubation on ice, the
cells were washed once again in FACS buffer. The
cell pellet was resuspended and incubated at 37°C
with 10 mg/mL RNase (Boehringer Mannheim) for
15 minutes. After brief cooling at room tempera-
ture, 100 mg/mL PI was added to each cell suspen-
sion followed by overnight incubation at 4°C in the
dark. PI fluorescence of individual nuclei from each
sample (10,000 events per sample) was analyzed on
an Epics XL-MCL flow cytometer (Coulter, Miami
Lakes, FL) and expressed on a logarithmic scale as a
measure of DNA content using Coulter System II
software. Apoptosis was quantitatively measured by
PI/cell cycle analysis for the detection of a hypo-
diploid (sub-G0) population within the cell
suspensions.

The Annexin V/7-Amino Actinomycin D (7-AAD)
staining method was performed per manufacturer’s
protocol using Annexin V-PE (PharMingen, San Di-
ego, CA) and Via-Probe™ 7-AAD (PharMingen).
Treated and untreated cells (0.5 3 106 cell/mL)
were washed twice in cold PBS and resuspended in
13 binding buffer (10 mM Hepes/NaOH (pH 7.4),
140 mM NaCl, and 2.5 mM CaCl2). Resuspended
cells were then incubated for 20 minutes at 20 to
25°C in the dark with 2 ml Annexin V-PE and 5 ml of
7-AAD. Samples (10,000 events per sample) were
then quantitated on a Coulter Epics XL-MCL flow
cytometer, recorded in LIST mode, and registered
on logarithmic scales. 7-AAD emission was de-
tected in the FL-3 channel (.650 nm). Analysis was
performed using Coulter System II software.

Determination of Caspase-3 Activity in CHD Cell
Lines Exposed to NF-kB Inhibitors

Caspase-3 activity was determined using the
ApoAlert™ CPP32/Caspase-3 colorimetric assay kit
(Clontech, Palo Alto, CA). After incubation with
MG132 or gliotoxin, duplicate samples of untreated
and treated cells (2 3 106 cells) were washed in cold
PBS, resuspended in 50 ml Cell Lysis Buffer and
incubated on ice for 10 minutes. Cell lysates were
pelleted, followed by transfer of the supernatants to
microcentrifuge tubes. 50 ml of 23 Reaction Buffer
with 5 mM 1,4 dithiothreitol and 5 ml of 1 mM
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DEVD-p-nitroanilide conjugated caspase-3 sub-
strate were added to each tube, followed by 1 hour
incubation in a 37°C water bath. For each run, the
CD95-sensitive CHD cell lines (L428 and HS445) or
Jurkat T cell line were incubated with anti-CD95
mAb, the results of which served as positive con-
trols for caspase-3 functional activity. A control re-
action of treated cells without DEVD-p-nitroanilide
was included. Optical densities for each specimen
were determined at 405 nm using the EL 312e mi-
croplate reader (Bio-Tek Instruments, Winooski,
VT). For quantification of protease activity, sample
values were plotted on a calibration curve derived
from the optical density values obtained from
each of five standards (range: 0 to 20 nmole
p-nitroanilide). For each assay, CPP32 activity were
determined by the following formula

Units of CPP32 activity 5
(DOD) 3 (calib. Curve slope)21 3 (nmole pNA/OD)

Where DOD 5 the change in optical density from
the control reaction without conjugated substrate.

Determination of Active NF-kB by the
Electrophoretic Mobility Shift Assay

Nuclear protein was extracted using the method
of Gerder et al. (36). Protein content was measured
by the Bradford method. A consensus double-
stranded NF-kB probe, 5’- AGT TGA GGG GAC TTT
CCC AGG C-3’ (Integrated DNA Technologies, Inc.,
Coralville, IA) was end-labeled using g-32P-
adenosine-5-triphosphate. 5 mg of nuclear extract
from investigated cells were then incubated in
binding buffer consisting of 10 mM HEPES (pH 7.9),
60 mM KCl, 4% ficoll, 1 mM dithiothreitol, 1 mM
EDTA (pH 8.0), and 1 mg/mL poly dI:dC (Pharmacia
Biotech Inc., Piscataway, NJ) in 20 ml volume. Af-
terward, the end-labeled probe was added (200,000
cpm). Samples were then incubated for 30 minutes
on ice followed by loading on 4% nondenaturing
polyacrylamide gel (0.253Tris-borate-EDTA [TBE]).
Electrophoresis was run for 3 hours in 0.25 TBE
buffer at 100V. Protein complexes were identified
by autoradiography. Hela cells before and after
stimulation with TNF-a were used as negative and
positive controls, respectively.

Recombinant Adenovirus Ad5IkB
The recombinant replication-deficient adenovi-

rus Ad5IkB and wild type adenovirus (Ad wt) were
generous gifts provided by Dr. David A. Brenner,
University of North Carolina, Chapel Hill, North
Carolina. Construction of the IkBa dominant-
negative by contransfection of 293 embryonic hu-
man kidney cells with the pACCMV/IkB plasmid
and the purified fragment of DNA from E1-deleted

adenovirus type 5 (Ad5) was previously described
by Graham et al. (37, 38).

Viral stocks were propagated in 293 cells, and
viral titers were determined by optical densitometry
(particles per milliliter). Ad5IkB or Ad wt stock so-
lutions were added to medium containing L428
cells at a ratio of 10,000:1 viral particles to each HRS
cell. To determine the in vitro apoptotic effect of
NF-kB inhibition by Ad5IkB infection of L428, HRS
cells were cultured for 96 hours, followed by quan-
titative measurement of apoptosis by Annexin V
staining as described above.

RESULTS

HRS Cells Demonstrate Strong Immunopositivity
for Active p65(Rel A)

Immunofluorescence staining of HRS cells from
all three cell lines showed strong immunopositivity
for nuclear and cytoplasmic expression of p65(Rel
A) (Fig. 1, A-B). Similarly, HRS cells from all patient
samples also showed strong nuclear and cytoplas-
mic immunopositivity (12 cases) or predominantly
cytoplasmic expression (four cases) of active
p65(Rel A) indicating abundant levels of activated
NF-kB in HRS cells regardless of subtype (nodular
sclerosis or mixed cellularity) (Fig. 1, C-F). Six cases
of NLPHD were also analyzed for active p65(Rel A)
expression. In all six cases, L&H cells showed pre-
dominantly nuclear expression of p65(Rel A) (Fig. 1,
G-H).

Ubiquitin Proteasome Inhibition and Ad5IkB
Infection Result in Substantial Increases in
Apoptosis in CHD Cell Lines

To investigate the potential apoptotic effect of
MG132 and gliotoxin on CHD cell lines, determina-
tions of apoptotic activity were measured at 24-
hour intervals for three consecutive days. In each
cell line, the apoptotic effect of both gliotoxin and
MG132 showed a time-dependent apoptotic effect
(Fig. 2). After 72-hour incubation with gliotoxin, the
maximum apoptotic effect was seen with HS445,
L428, and KMH2 demonstrating mean increases of
79.7%, 76.8%, and 59.0%, respectively, as deter-
mined by PI/cell cycle analysis. Although less than
gliotoxin, increased apoptosis was also seen in each
cell line after 72-hour incubation with MG132.
Once again significant apoptotic activity was seen
characterized by mean increases of 62.8%, 56.2%,
and 57.3% for HS445, L428, and KMH2, respec-
tively. All 72-hour apoptosis data were confirmed
by Annexin V/7-AAD staining performed in two
separate experiments (data not shown). For each
cell line, the effect of concentration on levels of
induced apoptosis by MG132 and gliotoxin was ex-
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FIGURE 1. Hodgkin and Reed-Sternberg (HRS) cells from all patient samples and cell lines showed strong immunopositivity for active p65(Rel A).
HRS cells from classical Hodgkin’s disease (CHD) cell lines L428 (A, 31000, p65(Rel A)/polyclonal anti-mouse-FITC) and HS445 (B, 31000, p65(Rel
A)/polyclonal anti-mouse-FITC) showed prominent nuclear and cytoplasmic expression for p65(Rel A). Similar patterns of positive staining were
obtained in patient samples with no differences seen between nodular sclerosis (C, D, 31000, p65(Rel A)/diaminobenzidine tetrahydrochloride) and
mixed cellularity (E, F, 3500, p65(Rel A)/diaminobenzidine tetrahydrochloride) subtypes. Positive staining for p65(Rel A) also was found in all cases
of nodular lymphocyte predominance Hodgkin’s disease analyzed. Typically, lymphocytic/histiocytic cells showed a predominate nuclear staining
pattern (G, H, 31000,p65(Rel A)/diaminobenzidine tetrahydrochloride.

Regulation of Apoptosis by NF-kB in Hodgkin’s Disease (K.F. Izban et al.) 301



amined over a range of 0.01 to 20 mM. For both
compounds, the apoptotic effects demonstrated
dose-dependence in each cell line with the maxi-
mum effects achieved at 10 mM and 20 mM (Fig. 3
and data not shown).

To directly investigate the biologic consequences
of NF-kB inhibition in HRS cells, L428 cells were
infected with Ad5IkB, an adenovirus strain contain-
ing a dominant-negative IkBa mutant. After 96-
hour incubation under normal cell culture condi-
tions, L428 cells infected with Ad5IkB
demonstrated an approximate 3-fold increase in
spontaneous apoptosis compared with both un-
treated controls and Ad wt infected cells (Fig. 4).

Apoptosis Induced by Proteasome Inhibition
Occurs Independently of Caspase-Mediated
Pathways

Each cell line was preincubated with 100 mM
concentrations of the caspase inhibitors z-DMQD-
FMK, z-DEVD-FMK, z-VAD-FMK, z-VEID-FMK, or
z-IETD-FMK. For each run, the ability of the
caspase inhibitors to decrease CD95-induced apo-
ptosis in sensitive CHD cell lines (HS445 and L428)
and a Jurkat cell line served as functional controls;
however, the findings of these control experiments
are alone significant. In HS445, L428, and the Jurkat
control reproducible inhibition of CD95-induced

apoptosis by the caspase inhibitors z-DMQD-FMK,
z-VEID-FMK, and z-IETD-FMK not only support
the results of our previous investigation confirming
the critical role of caspase-3 in CD95-induced apo-
ptosis in CHD, but also suggests that caspase-6 and
caspase-8 are important as well (Fig. 5). As ex-
pected, the caspase-3 deficient CHD cell line KMH2
showed no increase in apoptosis after incubation
with agonistic anti-CD95 mAb.

Regardless of the caspase inhibitor used, there
was no significant decrease in apoptosis after 72-
hour incubation with 10 mM gliotoxin for each cell
line tested (Fig. 6, A-B). Similarly, the caspase in-
hibitors also failed to decrease the apoptotic effect
induced by 72-hour incubation with 10 mM MG132
for L428 and KMH2 (Fig. 7, A-B). Interestingly, pre-
incubation with the majority of the caspase inhib-
itors resulted in significant concentration-
dependent decreases (.20%) in 72-hour MG132-
induced apoptosis in cell line HS445, suggesting
that the caspase pathway was involved, at least in
part, in MG132-induced apoptosis (Fig. 7B).

To further investigate the relationship between
MG132- and gliotoxin-induced apoptosis and
caspases, caspase-3 functional activity was mea-
sured at 24 and 48 hours postincubation with each
compound. Both 24- and 48-hour incubation with
either MG132 or gliotoxin showed no significant

FIGURE 2. Time-dependent apoptosis produced by gliotoxin and MG132 in classical Hodgkin’s disease cell lines. For each cell line, the mean
apoptotic effect showed a progressive increase over a 72-hour time course. The data are representative of three separate experiments.
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increase in caspase-3 functional activity for all three
cell lines compared with untreated controls (Fig. 8).
These findings suggest that caspase-3 does not play
a significant role in MG132- or gliotoxin-induced
apoptosis in HRS cells.

Incubation with MG132 or Gliotoxin Results in a
Significant Decrease in Active NF-kB

To investigate whether MG132- or gliotoxin-
induced apoptosis correlated with inhibition of
NF-kB activity in CHD cell lines, NF-kB activity was
tested from nuclear extracts prepared from each

cell line after 48-hour incubation with either
MG132 or gliotoxin. In all three cell lines, both
MG132 and gliotoxin significantly decreased NF-kB
DNA binding activity compared with untreated
controls (Fig. 9).

DISCUSSION

Constitutive activation of NF-kB p50-p65(Rel A)
has been observed in several CHD cell lines and in
HRS cells from primary patient samples (27, 28). In
support of these previous investigations, we found
strong nuclear and cytoplasmic expression of
p65(Rel A) by immunohistochemistry in HRS cells
from patient samples and cell lines and high nu-
clear DNA-binding activity of activated NF-kB by
electrophoretic mobility shift assay in unstimulated
HRS cells from each of our cell lines. Unlike HRS
cells, Rel A does not contribute to the constitutive
NF-kB activity observed in mature B cells, which
consists mainly of c-rel or Rel B coupled with p50 or
p52 (11, 12, 39). Because of these and other past
observations, it was once believed that constitutive
activation of NF-kB p50-Rel A was unique to HRS
cells (27). Recent investigations, however, have also
shown the involvement of the p50-Rel A het-
erodimer in promoting survival of various hemato-
poietic and non-hematopoietic neoplasms includ-

FIGURE 3. Concentration-dependent apoptosis produced by MG132 and gliotoxin in classical Hodgkin’s disease cell line HS445. At concentrations
below 1.0 mM, apoptosis in HS445 showed no significant difference from untreated control cells. Maximum apoptosis in both compounds was
obtained at 10 mM and 20 mM concentrations. The data are representative of three separate experiments. Similar concentration-dependent apoptosis
was found in L428 and KMH2.

FIGURE 4. Infection of L428 cells with recombinant adenovirus
Ad5IkB. Annexin V staining and flow cytometric analysis of Ad5IkB-
infected cells showed a marked increase in spontaneous apoptosis
compared with both Ad wt-infected cells and untreated control cells.
The percentage of apoptotic cells 96 hours after treatment is shown in
the upper right corner of each box.
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ing estrogen-independent human breast cancer cell
lines (40, 41), CLL (42), multiple myeloma (43),
adult T-cell lymphoma/leukemia cells (44), and
thyroid carcinomas (45). Additionally, for the first
time, we demonstrated expression of active p65(Rel
A) in L&H cells from cases of NLPHD. The presence
of active p65(Rel A) in CHD is consistent with in-
vestigations by Bargou et al. and others who
showed constitutive activation of NF-kB p50-Rel A
in HRS cells and revealed its functional role in
proliferation and survival of HRS cells (27, 28, 46,
47). In our investigations, increased apoptosis in
CHD cell lines correlated with markedly decreased
expression of activated NF-kB by electrophoretic
mobility shift assay, supporting the critical role of
activated NF-kB for HRS cell survival.

Our data show that the ubiquitin-proteasome
pathway plays an essential role in the maintenance
of cell survival in HRS cells, such that the inhibitors
used in this study (MG132 and gliotoxin) were ca-
pable of inducing markedly increased apoptosis in
HRS cells from all cell lines analyzed. Previous in-
vestigations involving the proteasome inhibitors
used in this study have revealed that the effects of

these compounds are tightly linked to suppression
of activated NF-kB (16, 18, 19). The proteasome has
an essential role for two proteolytic processes re-
quired for activation of NF-kB: the processing of
p105, which generates the active p50-Rel A het-
erodimer of NF-kB, and the complete degradation
of IkBa, which is necessary for the translocation of
NF-kB into the nucleus, where it stimulates gene
expression (16, 48, 49). MG132 has been shown to
block the function of both the 20s and 26s protea-
some complexes in HeLa cells, which results in
potent inhibition of both processes required for
NF-kB activation (16). Chandra et al. recently dem-
onstrated the induction of apoptosis by MG132 in
glucocorticoid-resistant CLL cells (19). Similar to
our findings in HRS cells, these investigators dem-
onstrated a relationship between suppression of
active NF-kB and MG132-induced apoptosis in CLL
cells. Furthermore, they showed the apoptotic ef-
fect to be independent of other proteasome-
regulated factors implicated in the control of cell
survival including p53, Myc, Fos, Jun, and p27. Al-
though the exact mechanism has not been fully
defined, the immunosuppressive fungal metabolite,

FIGURE 5. The effect of various caspase inhibitors (100 mM) on CD95-induced apoptosis in sensitive classical Hodgkin’s disease cell lines. For
both HS445 and L428, each caspase inhibitor produced a significant, and often marked, decrease in CD95-induced apoptosis, demonstrating the
importance of caspase proteases in mediating CD95-induced apoptosis. These data show the mean increase in apoptosis 6 SE from three separate
experiments.
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gliotoxin has been shown to act through specific
suppression of active NF-kB by preventing the pro-
teolytic degradation of IkBa in several different cell
types (18). As a whole these studies consistently
demonstrate specific inhibition of active NF-kB by
MG132 and gliotoxin. The marked apoptotic effect
rendered in HRS cells by MG132 and gliotoxin and
infection with adenovirus Ad5IkB, and the marked
decrease in active NF-kB in HRS after proteasome
inhibition strongly suggests that NF-kB is a key
factor for preventing apoptosis in HRS cells.

Both MG132 and gliotoxin prevent the degrada-
tion of IkBa by the proteasome, which was sug-
gested as a possible mechanism responsible for the

decreased expression of active NF-kB seen in HRS
cells. Considering this possibility, Bargou et al. suc-
cessfully demonstrated specific and efficient sup-
pression of constitutive NF-kB activity by stable
transfection of HRS cells with a dominant-negative
IkBa mutant (28). Additionally, these investigators
revealed low-steady state wild-type (wt) IkBa pro-
tein expression in HRS cells, indicating high turn-
over of IkBa (27). It is possible that the continuous
high level degradation of IkBa may be responsible,
at least in part, for constitutive NF-kB activity in
HRS cells. As previously mentioned, HRS cells ex-
press several cytokines and cell surface activation
receptors and are able to produce high levels of

FIGURE 6 A, The effect of preincubation with various caspase inhibitors (100 mM) on 72-hour gliotoxin-induced apoptosis in classical Hodgkin’s
disease cell lines. For each cell line, preincubation with the above caspase inhibitors resulted in no significant decrease in gliotoxin-induced
apoptosis. These data show the mean increase in apoptosis 6 SE from three separate experiments. B, DNA fragmentation analysis by propidium
iodide staining and flow cytometry. L428 was treated with 10 mM gliotoxin in the presence or absence of one of several caspase inhibitors. The DNA
content in the cells was determined 72 hours after treatment. Marker B identifies apoptotic cells with hypodiploid DNA content, and C, D, and E
represent stage G1,S, and G2/M of the cell cycle, respectively. The percentage of apoptotic cells 72 hours after treatment is shown in the upper right
corner of each box.
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TNF-a, LTa, and IL-1, all of which could stimulate
NF-kB activity by an autocrine mechanism. In sup-
port of this possibility, Krappman et al. showed
transient activation of NF-kB in Reh cells exposed
to growth medium of HRS cells (47). Additionally,
Gruss and colleagues demonstrated a relationship
between activation of NF-kB and CD30 in HRS cells
(6). Present in approximately one-third of CHD
cases in North America and up to 90% of cases in
South America, HRS cells are infected with Epstein-
Barr virus. The HRS cells infected with Epstein-Barr
virus express LMP-1 protein, which can activate
NF-kB through tumor necrosis factor-associated

factor, providing an additional explanation for con-
stitutive activation of NF-kB in at least some cases
of CHD (9, 50). Alternatively, HRS cells may acquire
defects in regulatory components responsible for
NF-kB/IkBa interaction, resulting in constitutive
NF-kB activity. Interestingly, several recent investi-
gations have shown that defective or complete ab-
sence of IkBa protein is responsible for constitu-
tively active NF-kB in some CHD cell lines (46, 47,
51). Mutations in the IkBa gene have also been
recently found in HRS cells from patient samples
(51, 52). Unlike Bargou and colleagues, these inves-
tigators failed to observe wt IkBa protein in CHD

FIGURE 7 A, The effect of preincubation with various caspase inhibitors (100 mM) on 72-hour MG132-induced apoptosis in classical Hodgkin’s
disease cell lines. Similarly to gliotoxin, the caspase inhibitors failed to produce a significant decrease in MG132-induced apoptosis in L428 and
KMH2; however, preincubation with the majority of the caspase inhibitors resulted in significant decreases in MG132-induced apoptosis. These data
show the mean increase in apoptosis 6 SE from three separate experiments. B, DNA fragmentation analysis by propidium iodide staining and flow
cytometry. L428 was treated with 10 mM MG132 in the presence or absence of one of several caspase inhibitors. The DNA content in the cells was
determined 72 hours after treatment. Marker B identifies apoptotic cells with hypodiploid DNA content, and C, D, and E represent stage G1,S, and
G2/M of the cell cycle, respectively. The percentage of apoptotic cells 72 hours after treatment is shown in the upper right corner of each box.
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cell lines, KMH2 and HDLM-2. Such contradictory
results, although unclear, may be due to sensitivity
and specificity differences of the antibodies to IkBa
employed by the two groups. Nevertheless, the ad-
dition of recombinant IkBa to nuclear extracts from
each cell line and the transfection of HRS cells with
a dominant-negative IkBa mutant again resulted in
a significant decrease in NF-kB activity, as seen in
the experimental models of Bargou et al.

The investigations of Bargou et al. (28) and Wood
et al. (46) both successfully showed decreased

NF-kB activity as a result of dominant-negative
IkBa mutant transfections; however, neither group
was able to demonstrate a significant increase in
apoptosis without the addition of apoptosis-
inducing stimuli or serum starvation. For the first
time, we were able to demonstrate a marked spon-
taneous apoptotic effect in HRS cells after infection
and incubation with Ad5IkB, without the addition
of apoptosis-inducing stimuli or serum starvation.
These results suggest that inhibition of NF-kB alone
can significantly alter the survival of HRS cells. In

FIGURE 8. Caspase-3 activity in classical Hodgkin’s disease cell lines treated with MG132, gliotoxin, or anti-CD95 mAb after 48-hour incubation.
No significant increases in caspase-3 function activity were detected in all three cell lines after 48 hours of MG132 or gliotoxin treatment. As
expected, significant increases in caspase-3 functional activity were obtained in the CD95 sensitive cell lines (HS445 and L428) after 48-hour
treatment with agonistic CD95 mAb. Values are the means 6 SE from three separate experiments.

FIGURE 9. Nuclear expression of NF-kB in classical Hodgkin’s disease cell lines after 48-hour incubation with MG132 or gliotoxin. As shown by
electrophoretic mobility shift assay, marked decreases in active NF-kB were obtained in each cell line after 48-hour treatment with either compound.
The Hela cells used as control cells do not constitutively express NF-kB (negative control); however, on stimulation with tumor necrosis factor-a,
active nuclear expression of NF-kB is identified (positive control).
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regards to proteasome inhibition, several investiga-
tors showed no decrease in NF-kB activity in CHD
cell lines L428 and KMH2 after brief incubation
with MG132 or gliotoxin (46, 51) or 8-hour incuba-
tion with ALLN (47). However, we clearly identified
consistent and reproducible suppression of NF-kB
activity in L428, KMH2, and HS445 after 48-hour
incubation with MG132 or gliotoxin, suggesting that
longer exposure to these compounds may be nec-
essary to identify their physiologic effects on NF-kB
activity. Overall, the results of this study and those
of previous investigators suggest that multiple
mechanisms contribute to constitutive NF-kB ex-
pression in HRS cells.

Having established that MG132 and gliotoxin de-
crease NF-kB activity and induce significant levels
of apoptosis in HRS cells, we attempted to deter-
mine whether these effects were caspase mediated.
Previous investigations by our group revealed a crit-
ical link between caspase-3 activity and CD95-
induced apoptosis in HRS cells (34). Preincubation
with z-VEID-FMK and z-IETD-FMK demonstrated
significant decreases in CD95-induced apoptosis in
sensitive CHD cell lines (L428 and HS445), suggest-
ing that in addition to caspase-3, caspase-6, and
caspase-8 are also important mediators of CD95-
induced apoptosis in HRS cells. Two recent studies
have shown a possible link between NF-kB activity
and caspases. Ravi et al. demonstrated that inhibi-
tion of NF-kB activity in Jurkat cells undergoing
CD95-induced apoptosis is a consequence of the
proteolytic cleavage of both p50 and Rel A by
caspase-3-related proteases (53). Furthermore, the
apoptotic effect of proteasome inhibition demon-
strated in CLL cells by Chandra et al. was found to
be related to caspase activation (19). Specifically,
the broad caspase inhibitor z-VAD-FMK completely
blocked MG132-induced DNA fragmentation and
surface exposure of phosphatidylserine (annexin
staining), revealing that caspase activity was re-
quired for proteasome inhibitor-induced apoptosis
in CLL cells (19). Although we preincubated the
HRS cell from all CHD cell lines with a variety of
caspase inhibitors, including z-VAD-FMK, no sig-
nificant decreases in either MG132- or gliotoxin-
induced apoptosis was observed with the exception
of the concentration-dependent inhibition of
MG132-induced apoptosis in HS445. This finding
suggests that the caspase pathway was involved, at
least in part, in MG132-induced apoptosis in HS445
cells. Previously, we have shown that KMH2 has
markedly diminished caspase-3 compared with
other CHD cell lines (34). Given this finding, a sim-
ilar degree of proteasome inhibition-induced apo-
ptosis was demonstrated in KMH2 compared with
the other CHD cell lines, providing additional evi-
dence that caspase-3 is not involved in this apopto-
tic process. Furthermore, HRS cells from all three

cell lines failed to demonstrate a significant in-
crease in caspase-3 functional activity after 24- and
48-hour incubation with MG132 or gliotoxin. As a
whole, these findings suggest that caspase-3 does
not play a significant role in MG132- or gliotoxin-
induced apoptosis in HRS cells.

In summary, we demonstrate that NF-kB is con-
stitutively expressed in both CHD and NLPHD and
chemical inhibition of the ubiquitin-proteasome
pathway by MG132 and gliotoxin results in both
significantly decreased levels of NF-kB activity and
markedly increased apoptosis of HRS cells. Further-
more, we also show that the effects of these protea-
some inhibitors generally occur independent of
caspase-mediated apoptosis in HRS cells. These
findings support previous studies that demonstrate
that constitutive expression of NF-kB activity is re-
quired for resistance to apoptosis in HRS cells. Ad-
ditional studies of the effects of proteasome inhib-
itors on HRS cells may provide valuable insights
into the pathogenesis of Hodgkin’s disease and po-
tentially create novel therapeutic opportunities for
the treatment of these and other neoplasms.
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Book Review

Clement PB, Young RH: Atlas of Gynecologic
Surgical Pathology, 360 pp, Philadelphia,
W.B. Saunders, 2000 ($199.00).

Clement and Young, two well-known leaders in
the field of gynecologic pathology have authored
an outstanding book. This atlas is a valuable and
timely addition to the popular series of pathol-
ogy atlases published by Saunders.

The book is comprehensive and covers all
major entities of gynecologic pathology, except
placenta. It is composed of 20 chapters orga-
nized by site within the female genital tract and
peritoneum. Gynecologic neoplasia receives
more space than non-neoplastic diseases, but
these are included as well. In a clear, well-
organized, and authoritative manner, the book
provides most of what the pathologist needs to
know about gynecologic diseases. The main em-
phasis of this atlas is on the histopathologic di-
agnostic aspect of the neoplastic and pseudo-
neoplastic diseases. The editors gave readers
good exposure to the different tumors in the
particular organ, the histologic classification, cri-
teria for diagnosis, and a large number of diag-
nostic, prognostic, and genetic biomarkers spe-
cific for that tumor. The text, even though brief,
is quite informative and instructive. The differ-
ential diagnosis is discussed masterfully, provid-
ing valuable guidance to solving complex diag-

nostic problems. As expected in an atlas, the
illustrations, most of which are in color, are of
high quality and adequately labeled. The book is
easy to navigate through and is logical in its
layout with a complete list of up-to-date refer-
ences. A personal delight is the final sections of
the book, devoted to pattern-based approach to
ovarian tumors and to the one for tumors with
functioning stroma.

We have used the book in daily surgical pa-
thology practice, and we found it very informa-
tive and entertaining. It is especially convenient
that the text is in outline format with “bullets,”
allowing one to quickly grasp the most important
points, essential for the diagnosis.

Although there are currently many textbooks
of gynecologic pathology, this atlas provides a
unique point of view and deserves to be included
in the library of each pathologist. I found this
book to be a must-have for pathology residents,
fellows, and practicing pathologists. It also
should be on the short list of assigned reading for
gynecologists and gynecology residents prepar-
ing for their specialty Board examinations or
during their rotations in surgical pathology.

Ossama Tawfik
University of Kansas School of Medicine
Kansas City, Kansas
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