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Background: The large multinucleated Reed-Sternberg cell is the driving force behind Hodgkin lymphoma pathogenesis.
Results: Disrupting KLHDC8B function leads to multinucleation, failed mitoses, centrosomal amplification, and aneuploidy,
the major pathologic features of the Reed-Sternberg cell.
Conclusion: KLHDC8B protects against mitotic errors and chromosomal instability.
Significance:Midbody proteins play a previously unappreciated key role in Hodgkin lymphoma pathogenesis.

Themalignant cell in classical Hodgkin lymphoma (HL) is the
binucleated giant Reed-Sternberg cell. Chromosomal instability
and mitotic errors may contribute to HL pathogenesis; one
potential mitotic regulator is the kelch protein KLHDC8B,
which localizes to themidbody, is expressed duringmitosis, and
is mutated in a subset of familial and sporadic HL. We report
that disrupting KLHDC8B function in HeLa cells, B lympho-
blasts, and fibroblasts leads to significant increases in multi-
nucleation, multipolar mitoses, failed abscission, asymmetric
segregation of daughter nuclei, formation of anucleated daugh-
ter cells, centrosomal amplification, and aneuploidy. We reca-
pitulated the major pathologic features of the Reed-Sternberg
cell and concluded that KLHDC8B is essential formitotic integ-
rity and maintenance of chromosomal stability. The significant
impact of KLHDC8B implicates the central roles of mitotic reg-
ulation and chromosomal segregation in the pathogenesis ofHL
and provides a novel molecular mechanism for chromosomal
instability in HL.

Hodgkin lymphoma (HL)2 accounts for 11% of new lym-
phoma diagnoses in the United States (1). The pathologic hall-
mark of HL is the multinucleated giant Reed-Sternberg (RS)
cell. Morphologically, RS cells are scant in number and are sur-
rounded by nonclonal lymphocytes and other reactive cells. In
recent years, the RS cell has been determined to be a B cell of
germinal center origin (2, 3), as demonstrated by the presence
of rearranged and somatically mutated immunoglobulin vari-
able region genes (4–6). The multinucleated appearance of RS
cells is thought to be attributable to a disturbance in cytokine-
sis, rather than cell fusion, by mononuclear Hodgkin cells
(7–10).

Some of the most conspicuous mutations in HL are chromo-
somal aberrations; case series show strong evidence of chromo-
somal instability and chromosomal aberrations inmost cases of
HL (11, 12), where there is a particularly heavy frequency of
tetraploidy or near-tetraploidy (13, 14). It has been speculated
that RS cells or their immediate precursors are derived from a
karyotypically aberrant lineage (2). Amplification of the num-
ber of centrosomes is implicated in polyploidy in both classical
HL cell lines and patient cases (15–17). Centrosomal amplifica-
tion has been linked to chromosomal instability, as extra cen-
trosomes promote chromosomal missegregation during cell
division (18); such phenomena could be related to altered
expression of spindle checkpoint genes (19). Telomere dysfunc-
tion in Hodgkin cells is also believed to lead to complex karyo-
types and genetic instability, leading to a transition to RS cells
(20, 21). Nevertheless, the mechanisms underlying chromosomal
instability in HL remain only partially explored.
We recently reported a candidate gene for the role of mitotic

regulator in HL (22). A familial balanced translocation between
chromosomes 2 and 3 resulted in classical HL occurring in sev-
eral different familymembers due to interruption ofKLHDC8B
on chromosome 3, which encodes a midbody kelch domain
protein expressed during mitosis. Additionally, a single nucle-
otide polymorphism in the 5�-untranslated region of the gene,
which was associated with reduced translation, was also asso-
ciated and linked with HL in other families. We also identified
acquired loss of heterozygosity in a sporadic case of HL.
Taken together, the genetic data provide compelling evi-
dence that KLHDC8B participates in lymphomagenesis.
Kelch proteins are known to facilitate protein-protein inter-
actions and play key roles in cell division (23), yet despite the
new insights frommutation of KLHDC8B, the mechanism of
its function and molecular consequences of its dysfunction
are unknown.
Here, we investigate the role of the HL-related protein

KLHDC8B. We interfered with the function of KLHDC8B by
both stable knockdown and expression of a dominant-negative
KLHDC8B-GFP fusion protein. We generated multinucleated
lymphoblasts that mimic the appearance of the RS cell. Video
microscopy revealed the aberrant mitotic mechanisms by
whichmultinuclear cells are generated, andwe showed that loss
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of KLHDC8B function induces centrosomal amplification and
aneuploidy, key pathologic characteristics of RS cells. Thus, we
demonstrate that KLHDC8B is essential for mitotic integrity
and maintenance of chromosomal stability and that loss of
KLHDC8B recapitulates the major pathologic features of HL.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The tetracycline-inducible, stably
transfectable anti-KLHDC8B short hairpin RNA plasmid was
generated as follows. We amplified the short hairpin RNA
(shRNA) from the vectorTI369558 (Origene) using the forward
primer 5�-CTTGTGGAAAGGACGCGCTCGAGTGCTG-3�
and the reverse primer 5�-CACCCTAACTGACACACATTC-
CACAGGG-3�. The shRNA segment was subcloned into the
vector pSingle-tTS-shRNA (Clontech), which contains ampi-
cillin and neomycin resistance markers. The shRNA plasmid
TI369559 and noneffective GFP negative control vector
TR30003 (Origene), both containing a kanamycin/puromycin
selection cassette, were used without modification.
The stably transfectable expression vector for the fusion of

KLHDC8B and Aequorea coerulescens GFP was generated by
amplifying the cDNA of KLHDC8B with the forward primer
5�-TAGCTAGCCGAGGCGGAACGGCG-3� and the reverse
primer 5�-GTAAGCTTGACCCCACGCAGACACAG-3�. The
ensuing product was subcloned in-frame into pAcGFP1-N1
(Clontech), resulting in the linker peptide RILQSTVPRARD-
PPV followed by the GFP domain at the C terminus of
KLHDC8B.
Cell Culture—HeLa cells (ATCC) and the hTERT-immortal-

ized human foreskin fibroblast line 82-6HT (kindly provided by
P. Rabinovitch) were cultured in DMEM supplemented with
15% fetal calf serum (Invitrogen). HeLa cells were transfected
using Lipofectamine and Plus reagents (Invitrogen). Stable
HeLa clones were selected by plating serial dilutions and grow-
ing with medium containing 200 �g/ml G418 (Invitrogen).
82-6HT cells were transfected with an Amaxa device, utilizing
Nucleofector Solution V (Lonza). Stable 82-6HT clones were
selected by plating serial dilutions and grown in medium con-
taining 0.5 �g/ml puromycin. Surviving colonies were har-
vested by trypsinizing within metal cylinders.
HMy2.C1r (ATCC) and T5-1 (kindly provided by K. Muc-

zynski) B lymphoblastoid cells were cultured in RPMI medium
supplemented with 10% fetal calf serum. Lymphoblasts were
transfected with an Amaxa device, utilizing Nucleofector Solu-
tion C (Lonza). HMy2.C1r clones were plated at serial dilutions
and grown inmedium containing 400�g/ml G418. T5-1 clones
were plated at serial dilutions, over an irradiated feeder layer of
82-6HT cells, with medium containing 0.25 �g/ml puromycin.
Antibodies, Western Blotting, and Immunohistochemistry—

Chicken polyclonal IgY antibodies were raised against
KLHDC8B as described previously (22). Cell extracts were pre-
pared using a hypotonic lysis buffer supplemented with prote-
ase inhibitors (complete Mini, Roche Applied Science). Pro-
teins were subjected to SDS-PAGE and blotted onto a PVDF
membrane (Bio-Rad). Anti-KLHDC8B Western blots used a
1:10,000 dilution of primary antibody followed by a 1:10,000
dilution of horseradish peroxidase (HRP)-conjugated goat anti-
chicken IgY secondary antibody (Aves), developed with the

ECL Western blotting detection kit (Amersham Biosciences).
Anti-GFP Western blots used a 1:200 dilution of rabbit poly-
clonal antibody SC-8334 (Santa Cruz Biotechnology), followed
by a 1:5000 dilution of horseradish peroxidase (HRP)-conju-
gated goat anti-rabbit IgG secondary antibody SC-2054 (Santa
Cruz Biotechnology), developed with the ECL kit as above.
Actin loading control was detected with the C-11 HRP-conju-
gated antibody (Santa Cruz Biotechnology) at 1:1000 dilution.
For immunofluorescence staining, cells were fixed in meth-

anol-free 4% formaldehyde and permeabilizedwith 0.1%Triton
X-100. Blocking was with 0.5% BSA. We used a 1:10,000 dilu-
tion of anti-KLHDC8B antibody, 1:1000 dilution of rabbit anti-
pericentrin antibody ab4448 (Abcam), and 1:500 dilution of
mouse anti-�-tubulin antibody ab7291 (Abcam) for the pri-
mary antibodies. This was followed by a 1:1000 dilution of
Alexa Fluor 555-labeled goat anti-chicken, 1:1000 Alexa 594-
labeled donkey anti-rabbit, and 1:500 Alexa Fluor 555-labeled
goat anti-mouse secondary antibodies (Invitrogen) for
KLHDC8B, pericentrin, and �-tubulin, respectively. 4�,6-Di-
amino-2-phenylindole (DAPI) was used for nuclear counter-
staining. Images were obtained with a Zeiss Axioplan fluores-
cence microscope and a Nikon A1R confocal laser scanning
microscope, using NIS Elements acquisition software.
Cell Counting and Multinucleation Analysis—HeLa and

82-6HT cells were plated at low density to coverslips, followed
by formaldehyde fixation as above. Nuclei were stained with
DAPI. Cells were counted manually using a Zeiss Axioplan
fluorescence microscope using both fluorescence and differen-
tial interference contrast microscopy. HMy2.C1r and T5-1
lymphoblasts were cultured to a density no greater than
500,000 cells/ml, spun onto poly-L-lysine-coated slides
(Thermo), and subjected to Wright staining with the Hema 3
kit (Fisher). Cells were defined as multinuclear if two or more
nuclei were contained within the border of a single cell.
Live Cell Imaging—HeLa cell lines were plated at low density

to 6-well plates. For live cell imaging, cells were cultured in
DMEM devoid of phenol red, supplemented with 15% fetal calf
serum. DNA was labeled with 0.8 �M Hoechst stain for 20 min
prior to imaging. Images were obtained with a Nikon TiE
inverted fluorescence microscope equipped with an incubator
to maintain cells at 37 °C in 5% carbon dioxide. Images were
recorded every 4 min over 16–24-h periods in the differential
interference contrast, GFP, and DAPI channels, with exposure
times and gains adjusted to minimize exposure to ultraviolet
light. Acquisition software was NIS Elements. Mitoses of
mononuclear cells were considered to be aberrant if the result
was anything other than two mononuclear cells. Mitoses of
multinuclear cells were considered to be neither normal nor
aberrant. Mitoses were considered to start with regression of
the cell membrane (release of surface attachments) and were
considered to end when the midbody bridge resolved or, in the
case of failed cytokinesis, when the daughter cell membrane
stabilized. The above timeline definitionswere chosen based on
the knownmidbody localization of KLHDC8B and its effect on
multinucleation. Boundaries between mitotic phases were
defined as follows: the end of prophase occurred with maxi-
mum condensation of chromosomes; the end of metaphase
occurredwith separation of chromosomes; the end of anaphase
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occurred with formation of a cleavage furrow; and the end of
telophase occurred with stabilization of the nuclear mem-
branes.We reasoned that mitotic timeline definitions based on
cell sorting-measured transitions were not fully applicable to
our imaging modality; furthermore, such boundaries are also
fraught with subjectivity (24). The supplemental movies were
generated with the Nikon Elements software package.
Karyotyping and Fluorescence in Situ Hybridization (FISH)—

Cytogenetic analyses were performed with the assistance of the
University of Washington Cytogenetics Laboratory. To obtain
karyotypes, Giemsa banding was performed, with examination
of five metaphases. For FISH, exponentially growing cells from
each clone were incubated starting at a density of 4 � 105
cells/ml at 37 °C for 24 h, after which time colcemid was added
to a final concentration of 0.2 mM to arrest the cells in meta-
phase. Cells were harvested 2 h later by centrifugation, and
slides were prepared from the fixed cell suspensions. Fixed
nuclei were stained with AneuVysion probes specific for chro-
mosomes 13 and 21 (Abbott) and counterstained with DAPI.
Statistics—The p values for multinucleation assays are

derived from two-tailed, two-sample t tests assuming equal
variances. The p values for micronucleation and aneuploidy
assays are derived from two-tailed, two-sample �2 tests using
the Fisher exact test.

RESULTS

Stable KLHDC8B Knockdown Produces a Multinucleation
Phenotype—Patients with familial classical HL due to a bal-
anced translocation between chromosomes 2 and 3 have hap-
loinsufficiency of KLHDC8B, which is predicted to lead to con-
stitutive but partial loss of protein expression. We replicated
that disease scenario with stable but partial knockdown in
human cell linemodels.We stably transfectedHeLa cells with a
tetracycline-inducible shRNA (“shRNA1”) construct targeting
KLHDC8B. Based on Western blot analysis of KLHDC8B
expression, we generated two derivative cell lines with partial
knockdownupondoxycycline induction (Fig. 1A). The cell lines
demonstrate an increased number of multinucleated (defined
as two or more nuclei) cells upon doxycycline administration
(Fig. 1, B andC) for 72 h, corresponding to �3 cell generations.
The effect is maintained after 144 h of doxycycline induction,
suggesting that prolonged partial loss of expression leads to a
stable multinucleation phenotype.
We used the same construct to stably transfect the human B

lymphoblastoid cell line HMy2.C1r (25). After cloning by lim-
iting dilution and Western blot assessment of protein expres-
sion, we produced a derivative cell line with partial KLHDC8B
knockdown (Fig. 1D). As seen with HeLa, more than one band
was sensitive to doxycycline induction, suggesting that themul-
tiple bands may result from a post-translational modification.
The knockdown line demonstrated increased numbers of
multinucleated cells (Fig. 1E). The morphology of the multinu-
cleated cells is reminiscent of the Reed-Sternberg cell, with
copious cytoplasm and vacuolization (Fig. 1F).
KLHDC8B-GFP Fusion Protein Disrupts Cytokinesis—We

sought to further explore the role of KLHDC8B in cytokinesis
and multinucleation by generating a green fluorescent protein
(GFP) fusion construct, suitable for in vivo cell imaging. We

placed theGFP domain at the C terminus to avoid disruption of
the KLHDC8B-sensitive 5�-untranslated region, point muta-
tion of which influences translational efficiency and is associ-
ated with HL (22). We transiently transfected HeLa cells with
an expression plasmid encoding the fusion construct of
KLHDC8B and GFP (FuKG). Western blotting of lysates for
both KLHDC8B and GFP confirmed the predicted protein’s
molecular mass of 65 kDa (Fig. 2A). We also transfected HeLa
with the same plasmid, selected for stable transfectants with
G418, and we used Western blotting for GFP to select deriva-
tive lines that stably expressed FuKG.
Surprisingly, HeLa cells transiently transfected with FuKG

had a multinucleation rate approximately three times greater
than baseline (Fig. 2B). Confocal microscopy with immuno-
staining forKLHDC8B,GFP fluorescence, andDAPI staining of
DNA revealed occasional post-mitotic cell pairs with agglom-
erations of fusion protein between daughter cells or embedded
within multinucleated cells (Fig. 2C). Chromosome-like mate-
rial, stained with DAPI, was stranded between the daughter
cells or nuclei (supplemental Fig. 1). Thus, FuKG has the unan-
ticipated ability to interferewithmidbody function and appears
to function as a dominant-negative form of KLHDC8B, in the
sense that it disrupts function by the presence of small quanti-
ties that antagonize the normal function of the wild-type
protein.
We generated stably transfectedHeLa lines expressing FuKG

to better explore the mitotic effects of interfering with
KLHDC8B’s function. Stable expressors of FuKGwere selected
by Western blot screening of cell lysates for KLHDC8B and
GFP (Fig. 2A). Stable transfectants expressed lower quantities
of FuKGprotein than transient transfectants.We surmised that
high levels of FuKG expression were toxic and interfered with
cell line viability. Stable expression of FuKG (clones 10 and 19)
induced the highest rates of multinucleation that we had
observed, up to 14%. As controls, we utilized untransfected
HeLa and derivative clones (clones 1 and 22) that demonstrated
G418 resistance but no detectable FuKG expression by West-
ern blot (Fig. 2D). Confocal imaging of the stable expressors
once again revealed the presence of fusion protein aggregates
(Fig. 2E).We found that the presence ofGFP-fluorescing aggre-
gates was statistically associated with the characteristics of
multinucleation (Table 1), supporting the argument that inter-
feringwithKLHDC8B function contributes tomultinucleation.
Our imaging experiments uncovered an increased presence of
micronuclei in cell lines expressing FuKG, suggesting that the
fusion protein additionally contributes to missegregation of
chromosomes (Table 2).
To assess the impact of KLHDC8B on the mitotic spindle,

we performed confocal imaging with immunofluorescence
directed against �-tubulin. Stable FuKG expressors showed
fraying of microtubules and an increased propensity to form
multipolar spindles, although inadequate numbers of spindles
were available for statistical analysis (supplemental Fig. 2).

We performed live cell fluorescent video microscopic obser-
vations of the twoFuKG stable transfectant lines to explore how
the dominant-negative fusion protein caused multinucleation.
Three control cell lines were utilized (two FuKGnonexpressors
and untransfectedHeLa) to evaluate for the effects of UV expo-
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sure and DNA labeling on cell division. We did not observe
any cell fusion events for the expressor lines FuKG10 (n �
375) or FuKG19 (n � 283), supporting our working hypoth-
esis that KLHDC8B disruption induces multinucleation
through disruption of cytokinesis. We defined aberrant
mitoses of mononuclear cells as those resulting in an out-
come other than two mononuclear daughter cells (Fig. 3A).
The FuKG expressor lines demonstrated increased rates of
aberrant mitoses compared with nonexpressor and untrans-
fected controls (Fig. 3B). Peri-mitotic blebbing was a fre-
quent observation in expressor cell lines. Among aberrant
mitoses, failed abscission events (inability to initiate or com-
plete a cleavage furrow) were most common; there were also
high rates of anucleate cell generation and multipolar mito-
ses, occasionally with generation of three daughter cells
(Table 3 and supplemental Movies 1–5).
FuKG expressors demonstrated a longer average duration of

mitosis, with abnormal mitoses accounting exclusively for the

difference in the length of time required to complete mitosis
(Fig. 3C). This suggests that the abnormal mitoses induced by
the fusion protein are qualitatively different somehow from
mitotic errors that would be present at baseline. We arbitrarily
culled 62 mitoses (29 normal, 33 aberrant) from two separate
live cell imaging experiments on line FuKG10 for detailed anal-
ysis of mitotic phase times. We found that prophase, meta-
phase, and anaphase were not statistically prolonged for aber-
rant mitoses. However, cytokinesis duration was roughly
tripled, and telophase demonstrated a statistically significant
butminor prolongation (Fig. 3D). Among the 33 aberrantmito-
ses, the phase of failure was distributed as follows: cytokinesis
16, telophase 10, anaphase 6, and metaphase 1.
Although FuKG expressor lines produced only small

amounts of fusion protein, we recorded several instances of
perimitotic fusion protein expression accompanied by aberrant
mitoses (supplemental Fig. 3 and supplementalmovie 6). Taken
together, the results suggest that KLHDC8B is a key component

FIGURE 1. Partial but stable knockdown of KLHDC8B induces a multinucleation phenotype. A, Western blotting of KLHDC8B knockdown in HeLa stable
transfectants pSK12 and pSK17. Knockdown was induced using the tetracycline-responsive vector pSingle-tTS-shRNA carrying anti-KLHDC8B shRNA. Cells
were plated at low density to ensure optimal growth and harvested at 72 h. B, multinucleation in the presence (crimson) and absence (blue) of KLHDC8B
knockdown induction. Three experiments were performed. Cells were plated at low density and fixed after 72 and 144 h. 600 cells were counted in each
experimental arm. Statistical significances for multinucleation are as follows: pSK17, 72 h, p � 0.0031; pSK17, 144 h, p � 0.0019; pSK12, 72 h, p � 0.0147; pSK12,
144 h, p � 0.0079. C, multinucleated cells of clone pSK17. D, Western blotting of KLHDC8B knockdown in the HMy2.C1R clone pSK2, carrying pSingle-tTS-shRNA
with anti-KLHDC8B shRNA. Cells were subcultivated at low density to ensure optimal growth and harvested at 72 h. ACTB, �-actin. E, multinucleation occurred when
KLHDC8B knockdown was induced by doxycycline (dox) after 72 h of growth. Three experiments were performed, with 2000 cells counted for each condition, p �
0.058. F, multinucleated lymphoblasts under KLHDC8B knockdown demonstrate vacuolation and extensive cytoplasm, similar to the pathologic RS cells of HL.
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FIGURE 2. Expression of KLHDC8B-GFP fusion protein (FuKG) is a potent inducer of multinucleation. A, Western blotting of HeLa lysates with both anti-GFP and
anti-KLHDC8B probing demonstrates expression of the expected 65-kDa fusion product. Lane 10, FuKG-stable transfectant clone 10; lane 19, FuKG-stable transfectant
clone 19; lane KG, FuKG transiently transfected cells; lane G, GFP transiently transfected cells; null, untransfected HeLa control. In the case of transient transfectants, cells
were harvested 48 h after transfection. B, multinucleation of untransfected HeLa controls (n � 600) and FuKG transient transfectants (n � 800), p � 0.0001. Cells were
plated at low density to ensure optimal growth and harvested at 72 h. C, accumulation of FuKG fusion protein located centrally within a binucleate cell. Fluorescence
microscopy shows FuKG fusion protein fluorescence (green), anti-KLHDC8B staining (red), and DNA staining with DAPI (blue). D, multinucleation of FuKG stable clones
10 (n � 1400) and 19 (n � 1000), compared with nonexpressor stable clones 1 (n � 1000) and 22 (n � 600), as well as untransfected HeLa (n � 1600). E, binucleated cell
from line FuKG10, demonstrating fusion protein expression. The white arrow indicates a micronucleus.

TABLE 1
Correlation of green fluorescent aggregates with multinucleation

Green
aggregates

No
aggregates

%
incidence p value

FuKG10
Multinuclear 15 185 7.5 �0.0001
Mononuclear 5 1195 0.42

FuKG19
Multinuclear 6 90 6.25 0.0001
Mononuclear 4 900 0.44

TABLE 2
Correlation of micronucleation with FuKG expression

Micronuclei
No

micronuclei
%

incidence

HeLa 34 766 4.25
FuKG1 25 775 3.13
FuKG22 83 717 10.4
Total, controls 142 2258 5.9a
FuKG10 82 718 10.3
FuKG19 155 615 19.4
Total, FuKG expressors 237 1363 14.8a

a p value shows higher percentage of micronucleation in FuKG expressor cell lines
versus control cell lines �0.0001 (boldface values).
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of midbody function, affecting not just abscission but also
appropriate chromosomal and nuclear segregation.
KLHDC8B-GFP Fusion Protein Induces Centrosomal Am-

plification—Induction of tripolar mitoses and anucleate
daughter cells suggested that KLHDC8B influences centro-
some function. Therefore, we asked whether expression of
the FuKG protein could induce centrosomal amplification.
We assessed centrosome number and architecture by per-
forming immunohistochemistry studies on stable HeLa
expressors of FuKG, using antibodies against pericentrin, a
centrosomal protein commonly used to visualize centro-

somes. Control cell lines were the same as those used for the
multinucleation and live cell imaging assays. The cell lines
expressing the FuKG protein demonstrated marked
increases in the number of cells with centrosomal amplifica-
tion (three or more centrosomes) compared with controls
(Fig. 4A). Among the cells with centrosomal amplification,
three was the most common number; it is notable that even
numbers of centrosomes were not predominant (Fig. 4B).
We did not observe significant alterations in centrosomal
architecture such as enlargement. Centrosomal amplifica-
tion was strongly correlated with multinucleation, and

FIGURE 3. Expression of FuKG disrupts mitosis. A, schematic depicting possible mitotic results from a metaphase of a mononuclear cell division; the expected
result is two mononuclear daughter cells, whereas all other outcomes (dashed box) are considered aberrant. B, video microscopic observation reveals that cell
lines expressing the FuKG protein suffer from an increased rate of mononuclear cells undergoing abnormal mitotic events (mitotic product being any
combination other than two mononuclear daughter cells or the presence of multiple cellular blebs forming during mitosis). Expressors were FuKG10 (n � 360)
and FuKG19 (n � 276); controls were FuKG1 (n � 96), FuKG22 (n � 82), and HeLa (n � 181). C, cell lines expressing FuKG show an increase in the duration of
mitosis, predominantly attributable to longer durations of abnormal mitoses. The duration of normal mitoses did not differ among the cell lines. For this
calculation, binuclear cells undergoing symmetric segregation of nuclei were considered to be normal mitoses. FuKG10, n � 375; FuKG19, n � 283; FuKG1, n �
98; FuKG22, n � 83; HeLa, n � 183. D, frame-by-frame analysis of 29 mitoses with normal outcomes and 33 aberrant mitoses from line FuKG10. Durations of
mitotic phases are indicated for normal (blue) and abnormal (crimson) mitoses. Prophase (p � 0.13), metaphase (p � 0.10), and anaphase (p � 0.19) showed
nonsignificant trends toward prolongation, whereas telophase (p � 0.023) and cytokinesis (p � 0.0004) were statistically prolonged in aberrant mitoses.

TABLE 3
Aberrant mononuclear mitoses

FuKG
expressors

% of mononuclear
mitoses Controls

% of mononuclear
mitoses Total

1 nuc to 2 nuc 70 11 16 4.46 86
1 nuc to 2 nuc � anucleate 16 2.52 5 1.39 21
1 nuc to 2 nuc � 1 nuc 16 2.52 1 0.28 17
1 nuc to 1 nuc � anucleate 5 0.79 6 1.67 11
1 nuc to 3 nuc 7 1.1 0 0 7
1 nuc to 3 cells 6 0.94 0 0 6
1 or more cells die 5 0.79 1 0.28 6
1 nuc to 3 nuc � 1 nuc 1 0.16 1 0.28 2
1 nuc to 2 nuc � 2 nuc 2 0.31 0 0 2
1 nuc to 1 nuc 1 0.16 0 0 1
1 nuc to 3 nuc � anucleate 1 0.16 0 0 1
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greater numbers of nuclei appeared linked with greater num-
bers of centrosomes, although the size of the sample was
inadequate for statistical analysis. However, expressor lines
demonstrated an elevated incidence of centrosome amplifi-
cation even in mononuclear cells (Table 4). Fig. 4, C and D,
demonstrates centrosomal amplification in expressor lines,
including a metaphase notable for three centrosomes and
FuKG expression.
Stable KLHDC8B Knockdown Induces Aneuploidy—To

investigate whether KLHDC8B protects against chromosomal
instability, we sought diploid but transfectable and clonable cell
lines. The B lymphoblastoid line T5-1 and the human foreskin
fibroblast line 82-6HTmet our requirements, with minor devi-
ations from otherwise diploid karyotypes as follows: 46,XY,t(6;
11)(p11;p11.1) for 82-6HT and 46,X,-X or -Y,dup(7)(q11.2q32)
for T5-1. To confirm the knockdown phenotype, we deter-
mined whether T5-1 and 82-6HT would also be vulnerable to
multinucleation after knockdown of KLHDC8B. For cytoge-
netic experiments, we utilized a puromycin-selectable, consti-
tutively expressed shRNA (“shRNA3”) with a more potent
knockdown effect than the shRNA1 we used above, as shown
previously by Salipante et al. (22). Stable transfectant clones of
T5-1 and 82-6HT were derived and screened for KLHDC8B
knockdown by Western blotting (Fig. 5A). We analyzed two
lines each from T5-1 and 82-6HT that displayed increased
multinucleation (Fig. 5B). Furthermore, immunostaining dem-
onstrated that the two fibroblast lines have centrosomal ampli-
fication (supplemental Fig. 4).
We assessed chromosome segregation abnormalities by per-

forming interphase FISH on chromosomes 13 and 21. Both
chromosomes are acrocentric, and we reasoned they might
undergo nondisjunction events at higher frequency. Chromo-
some numbers were assessed per nucleus, rather than per cell,
as the protocol involved cell lysis. Among T5-1 cells, knock-
down lymphoblast clone 1 (KL1) demonstrated statistically sig-
nificant increased numerical abnormalities for chromosomes
13 and 21 individually. Abnormalities ranged from absence of a
chromosome to the presence of as many as seven copies of a
particular chromosome. Knockdown lymphoblast clone 2
(KL2) trended toward an increase in numerical chromosomal
abnormalities. For both lines, numbers of nuclei with tetrasomy
of either chromosome were statistically significant, with a ratio
of 3:1 for knockdown to control. Among 82-6HT, knockdown
fibroblast clone 2 (KF2) demonstrated statistically significant
increased numerical chromosomal abnormalities, with tetra-
somy for either chromosome 13 or 21 being the most com-
monly seen aberration; other abnormalities of number were
also observed, but no cell had more than four copies of either
chromosome. Knockdown fibroblast line 1 (KF1) did not dem-
onstrate an increase in numerical aberrations by FISH (Fig. 5C).
Thus, in three of the four diploid cell lines evaluated, across two
different cell types, there was statistically significant induction
of aneuploidy caused by depletion of KLHDC8B. Notably, the
propensity for tetrasomy appears to correlate with tetraploidy
and near-tetraploidy as common cytogenetic abnormalities in
HL.

FIGURE 4. Expression of FuKG induces centrosomal amplification.
A, fusion protein expressors and control lines were plated to coverslips at low
density and grown for 48 h. Anti-pericentrin immunofluorescence was used
to determine the number of centrosomes per cell. Cells with three or more
centrosomes were considered to be have centrosomal amplification. 600
cells were counted for each line, with the exception of HeLa (n � 800). Fusion
protein expressors FuKG10 and FuKG19 demonstrated significant centro-
somal amplification. B, centrosomally amplified cells were categorized by the
number of centrosomes in each cell. Greater numbers of centrosomes were
associated with decreasing numerical frequency, suggesting that centro-
somal amplification is not merely the result of duplication secondary to failed
abscission events. C, representative cell with centrosomal amplification. The
inset shows the differential interference contrast image of this binucleate cell.
Confocal microscopy shows the staining for pericentrin (red) and DNA (blue),
with expression of fusion protein (green) also present. The image shown is the
composite overlay of a Z-stack of images. D, FuKG expressor cell with three
centrosomes present at metaphase, rather than the expected two. Staining
performed as in C. There is expression of fusion protein at the time of mitosis.
Notably, centrosomal amplification is present prior to completion of mitosis.
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DISCUSSION

The RS cell, of germinal center B lymphocyte origin, is the
malignant cell of HL (2, 3). By interfering with the function of
the midbody protein KLHDC8B, we reproduced the major
pathologic features of the RS cell as follows: multinucleation,
defective cytokinesis, centrosomal amplification, and aneu-
ploidy. Using shRNA knockdown of KLHDC8B, we generated
multinucleated B lymphoblasts that are morphologically simi-
lar to RS cells; we also induced aneuploidy, in particular tetra-
ploidy, in B lymphoblasts and fibroblasts by means of
KLHDC8B knockdown. Expression of the dominant-negative
KLHDC8B-GFP fusion protein resulted in defective cytokine-
sis, with multiple instances of failed abscission, generation of
anucleate daughter cells, and multipolar mitoses, providing
potentialmechanistic explanations for howRS cellmorphology
might arise. The presence of these alterations in several differ-
ent derivative lines from multiple cell types, also seen in the
FuKG cell lines, reinforces the validity of the findings and
strongly argues against an off-target shRNA effect. The multi-
nucleation data and live cell imaging provide evidence support-
ing the long held hypothesis that defective cytokinesis, rather
than cell fusion, is responsible for the appearance of the RS cell
(8, 9). Our data suggest that disruptions of mitotic mechanics
play a central role in the pathogenesis of HL.
Aneuploidy, especially tetraploidy, and other chromosomal

abnormalities are well documented in HL, pointing toward
chromosomal instability as an underpinning of HL pathogene-
sis (11, 12, 16, 26).Wepresent data suggesting that deficiency or
malfunction of amidbody protein, in this case KLHDC8B, leads
to failed cytokinesis and centrosomal amplification. In turn,
centrosomal amplification increases the propensity of cells to
missegregate individual chromosomes and perhaps even entire
sets of chromosomes (i.e. nuclei). The results described were
not limited to lymphoid cells, suggesting that the mechanism
for chromosomal instability in HL may also be applicable to a
variety of malignant and nonmalignant diseases characterized
by defectivemidbody function. Interestingly, disruption of nor-
mal telomere length has also been shown to lead to similar
anucleate cells inHL cell lines and is implicated in the transition
from the Hodgkin cell to the RS cell, suggesting an alternate
mechanism for mitotic errors that might lead to formation of
the RS cell (20, 21, 27).
The KLHDC8B-GFP fusion protein (FuKG) appears to func-

tion as a dominant-negative mutant. The GFP fusion protein
induces multinucleation more potently than depletion of
KLHDC8B by RNAi. Stable transfectants, which produce small
amounts of FuKG protein relative to native KLHDC8B, have a

FIGURE 5. Stable knockdown of KLHDC8B in diploid lymphoblasts and
fibroblasts leads to multinucleation and aneuploidy. A, Western blots
of KLHDC8B expression in knockdown T5-1 lymphoblasts and 82-6HT
fibroblasts. Cell lines were plated or subcultivated at low density and har-
vested after 48 h of growth. Enhanced GFP (eGFP) controls carried plasmid
TR30003, containing an anti-GFP shRNA. KL and KF refer to knockdown
lymphoblasts and knockdown fibroblasts, respectively; knockdown lines
carried plasmid TI369559, containing an anti-KLHDC8B shRNA. B, cells
were plated at low density to ensure optimal growth and harvested at
72 h. 800 cells were counted for each line, with the exception of KL1 (n �
600). C, FISH analysis of chromosomes 13 and 21 demonstrates increased
aneuploidy among cell lines KL1, KL2, and KF2, compared with enhanced
GFP controls. Tetrasomy (crimson) was the predominant chromosomal
abnormality seen. 1200 cells were counted for each line. p values for ane-
uploidy relative to enhanced GFP control were as follows: KL1, p � 0.01;
KL2, p � 0.15; KF1, p � 0.55; KF2, p � 0.02. p values for any tetrasomy
relative to enhanced GFP control were as follows: KL1, p � 0.004; KL2, p �
0.02; KF1, p � 1; KF2, p � 0.005. D, image of FISH hybridization of two
adjacent nuclei for line KL1. It is not discernible whether the nuclei origi-
nate from the same cell, a pair of daughter cells, or are associated ran-
domly. The upper left nucleus demonstrates tetrasomy 13, and the lower
right nucleus demonstrates complete loss of 13 (green staining). Both
nuclei demonstrate disomy 21 (red staining).

TABLE 4
Correlation of multinucleation and centrosomal amplification

Multinuclear
Multinuclear, centrosomal

amplification
%

amplified Mononuclear
Mononuclear, centrosomal

amplification
%

amplified

HeLa 12 6 50 788 7 0.89
FuKG1 13 7 53.8 587 5 0.85
FuKG22 21 6 28.6 579 8 1.38
Total, controls 46 19 41.3 1954 20 1.02a
FuKG10 58 31 53.4 342 15 4.39
FuKG19 50 33 66 550 23 4.18
Total, FuKG expressors 108 64 59.3 892 38 4.26a

a p value shows higher percentage of centrosomal amplification in mononuclear expressor cells versusmononuclear nonexpressor cells � 0.0001 (boldface values).
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profound effect onmultinucleation and centrosomal amplifica-
tion, presumably due to prolonged expression of the protein
under selection pressure. Expression of FuKG replicates the
effects of RNAi-mediated depletion of KLHDC8B, most nota-
bly multinucleation and centrosomal amplification, although it
is not certainwhether the effects of protein depletion andFuKG
expression operate by the same mechanism. Occasional mid-
body localization of FuKG and perimitotic expression of FuKG
support the notion of the dominant-negative role of FuKG. The
fusion protein may interfere with normal functions of
KLHDC8B. Those findings also suggest the possibility that
aggregates of FuKG in themidzone region cause steric interfer-
ence. There is recent evidence that dominant-negative muta-
tions occur naturally in some types of kelch proteins and can be
disease-causing; one example is KBTBD13, which is linked to
nemaline rod myopathy (28).
KLHDC8B is one of 71 known or predicted human “kelch”

family genes (29). Kelch proteins contain five to seven repeats of
the �50-amino acid kelch motif, coming together to form a
�-propeller configuration (23); most kelch proteins contain
additional domains, such as a “BTB/POZ” domain. KLHDC8B
is one of only two kelch proteins containing seven kelch repeats
and one of only seven lacking other recognizable domains.
Kelch proteins participate in diverse biochemical activities, but
a unifying theme is widespread participation in the machinery
of cytokinesis (30). Participation in cytokinesismay be linked to
the kelch domain’s recognized ability to bind actin and partic-
ipate in protein-protein interactions; the biochemical interac-
tions of KLHDC8B are an intriguing topic for future explora-
tion. KLHDC8B may not be unique in contributing to proper
lymphoid development; the closely related BTB-kelch protein
KLHL6 is necessary for B cell receptor signaling and germinal
center formation (31).
Our results clarify the role of KLHDC8B in mitosis.

KLHDC8B contributes to proper completion of abscission; this
is consistent with our frequent video microscopic findings of
failure to initiate or complete cleavage furrows. KLHDC8Bmay
also contribute to the appropriate delivery of daughter nuclei to
daughter cells, as evidenced by the significant number of
anucleate cells generated by aberrant mitoses. Another kelch
protein that localizes to the midzone, KLHL21, appears to be
required for cytokinesis as well (32). BRCA2, most famous for
its role in DNA damage control in the nucleus, localizes to the
midbody; cell lines deficient in BRCA2 have difficulty complet-
ing cytokinesis and an increased fraction of binucleate cells
(33). Thus, there is precedent for the behavior of KLHDC8B
among midbody proteins. These observations are consistent
with the hypothesis of Harvey (34) that binucleate cells arise by
the failure of cell division after nuclear division. Cytokinesis
failure alone increases the risk for tumorigenesis, due to the
creation of tetraploid cells that are prone to chromosome mis-
segregation and chromosomal rearrangements (35).
We observed a longer aggregate duration of mitosis with the

dominant-negative protein FuKG. This delay, which is con-
fined to cells undergoing aberrant mitoses, suggests activation
of a checkpoint duringmitosis (24).One example is the “mitotic
checkpoint” during the metaphase-anaphase transition, which
is triggered by unattached kinetochores and can delay anaphase

for several hours (36). However, delayed or failed resolution of
the midbody bridge accounts for the majority of the prolonged
mitoses in our study. Similar outcomes have been demon-
strated with depletion of BRCA2; multinucleated cells result,
and cytokinesis is delayed (33, 37).
KLHDC8B plays a role in maintaining mitotic integrity,

which likely is responsible for the findings of missegregation of
chromosomes and even entire nuclei, which can occur in the
presence of the dominant-negative FuKG.Other kelch domain-
containing proteins may play similar roles. Keap1 appears to
have a significant function in the midbody, where it locates
during cytokinesis. RNA interference of Keap1 has been shown
to contribute tomultinucleation and chromosomal segregation
defects in Caenorhabditis elegans (38). KLHL21 has been
shown to associate with the chromosome passenger complex
and aurora B (32), supporting the notion that differentmidbody
kelch proteins can play essential roles in spindle checkpoint
regulation and maintenance of chromosomal stability. As
KLHDC8B lacks other recognizable functional domains (29),
its range of intermolecular interactions may be more limited
than those of BTB-Kelch proteins.
Centrosome amplification has been described in a variety of

solid tumor and hematologic malignancies (39). Our results
strongly imply that impairedmidbody function ormissing spin-
dle checkpoint regulators can lead to centrosomal amplifica-
tion in HL, although the mechanisms require further elucida-
tion. Previous studies have also suggested that centrosomal
amplification may arise independently of mitotic failure. It has
been proposed that increased even numbers of centrosomes
(i.e. 4, 6, 8, etc.) imply that mitotic failure is the driving force
behind centrosomal amplification (40).We observed odd num-
bers, with three being predominant, in addition to even num-
bers (Fig. 4B), suggesting that KLHDC8B may have an impact
on centrosome number outside of mitotic failure; a similar
observation was made with centrosome amplification in endo-
thelial cells (41). Nevertheless, KLHDC8B also seems tomake a
significant contribution to centrosomal amplification due to
abscission failure, as centrosome number appeared correlated
with multinucleation. Supernumerary centrosomes are known
to cause multipolar mitoses and chromosome missegregation
(18, 40, 42), suggesting a direct link between centrosome ampli-
fication and chromosomal instability, both of which are
observed in our cell line models. We did find that multipolar
mitoses were increased in the FuKG fusion protein expressors
but were not present in large numbers. Malignant cells often
have extra centrosomes but likely suppress multipolar mitoses
as part of their survival strategy (43).
The strongest link between KLHDC8B and malignant trans-

formation is the induction of aneuploidy upon knockdown.The
estimated baseline rate of aneuploidy in human primary cells is
about 0.01 per cell (44); the base-line rates of aneuploidy in our
controls were roughly similar (0.005 per fibroblast and 0.02 per
lymphoblast). KLHDC8B knockdown produced an approxi-
mate doubling in the numerical abnormalities of individual
chromosomes. The increase was consistent across three cell
lines in two different cell types and mirrors the increase in
multinucleation seen with KLHDC8B depletion. Furthermore,
increased rates of chromosomal aberrations such as aneuploidy
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and micronuclei are associated with increased risk of cancer
(45). Aneuploidy due to either loss or overexpression of spindle
checkpoint proteins has been linked to tumorigenesis in studies
of the kinetochore-localized protein kinases BUB1 and BUB1B
(46, 47). In addition, the most common cytogenetic abnormal-
ity induced by KLHDC8B knockdown, tetrasomy, correlates
with the tetraploid changes frequently seen inHL (13, 14). Find-
ings of aneuploidy in response to KLHDC8B knockdown are
thus consistent with results from other midbody proteins,
although midbody proteins may impact chromosomal stability
by playing roles that extend beyond regulation of abscission.
The accumulation of whole-genome sequencing data from

individual malignancies has led to the identification of major
pathways susceptible to tumor-inducing mutations (48).
Twelve major groups of genes were referenced in the initial
study.We suggest that mitotic and spindle checkpoint proteins
should also be considered one of the key susceptible pathways,
as demonstrated by the mounting body of evidence elucidating
the roles of kelch and other functionally analogous proteins
(30). Continued study of proteins such as KLHDC8B is demon-
strating how genes encoding the cytokinetic machinery con-
tribute to faithful cell division and segregation of chromo-
somes. KLHDC8B and other midbody proteins represent a
significant category of albeit underappreciated tumor suppres-
sors; the revelation of their mechanisms of action continues to
bear out the hypotheses laid down many decades ago by pio-
neers such as Boveri (49) and Harvey (34).
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