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Abstract

Classical Hodgkin lymphoma (cHL) is a cancer in which malignant “Reed-Sternberg” cells
comprise just a fraction of the bulk of the tumor and are characteristically binucleated. We
recently identified a novel gene, KLHDC8B, which appears responsible for some familial cases of
cHL. KLHDCS8B encodes a midbody kelch protein expressed during cytokinesis. Deficiency of
KLHDCSB leads to binucleated cells, implicating its involvement in Reed-Sternberg cell
formation. Interestingly, other cancer genes, such as BRCAL and BRCA2, also encode proteins
locating to the midbody during cytokinesis, even though their participation in other pathways has
received greater attention. Midbody components may be an overlooked source of tumor
SuUppressor genes.
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Classical Hodgkin lymphoma

Classical Hodgkin lymphoma (cHL) is a cancer arising in B-lymphocytes of the germinal
center of lymph nodes?. Unlike other malignancies, it demonstrates a bimodal age
distribution with peak incidence both in early and late adult years. Along with African
Burkitt lymphoma, nasopharyngeal carcinoma in Southeast Asia, and lymphoproliferative
disease found among post-transplant immunosuppressed patients, cHL is associated with
Epstein-Barr virus2. Another distinguishing feature is that the overwhelming bulk of the
tumor is comprised of benign reactive inflammatory cells; malignant cells are few and
consist of mononucleated “Hodgkin cells” and pathognomonic bi- or multi-nucleated “Reed-
Sternberg” cells.

The familial risk for cHL ranks amongst the highest for all types of cancer?, yet except for
HLA associations* and its occurrence in rare, pervasive immunodeficiency disorders®, genes
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underlying predisposition to cHL have remained largely undefined. We recently identified a
novel gene that is likely to be responsible for some familial cases of Hodgkin’s lymphoma
and that may shed light on molecular mechanisms contributing to this and other forms of
cancer.

Cloning and Characterization of KLHDC8B

In a recently published paper®, we ascertained a family where several individuals inheriting
a constitutional, balanced translocation between chromosome 2 and 3 developed cHL. We
molecularly cloned the breakpoints and determined that the translocation disrupts the
previously uncharacterized gene, KLHDCS8B, located on chromosome 3p21.31, by deleting
its upstream regulatory elements and first exon and fusing a portion of its 5-UTR to an
intergenic region on chromosome 2qg11.2, thereby abrogating its transcription. Additionally,
we found that a rare SNP at a highly phylogenetically conserved position within the 5’-UTR
reduced translational expression of KLHDC8B and was associated with and linked to cHL in
three other families. Several people with this SNP also developed lung cancer instead of, or
in addition to, cHL. Moreover, in one of three sporadically occurring cHL tumors, where
genetic markers were informative, purified Reed-Sternberg cells demonstrated loss of
heterozygosity (LOH) for KLHDCS8B.

There is evidence that this region of chromosome 3 contributes to other forms of cancer. It is
a site of recurrent cytogenetic abnormality and LOH in lymphoma’ as well as breast® and
lung and other types of cancer®, which share a genetic epidemiologic association with
cHL19, and there are linkage datall, LOH analysis!?, and chromosome transfer
experiments?3 implicating its involvement in nasopharyngeal carcinoma, another of the
EBV-associated malignancies.

Genetics notwithstanding, it is the apparent function of KLHDCB8B which may offer a
clearer picture of early pathomolecular processes leading to cHL.

KLHDCS8B is one of 71 known or predicted “kelch” family genes residing in the human
genomel4. The kelch motif comprises an approximately 50 amino acid residue repeated
sequencel® first detected in a Drosophila protein serving as a component of “ring canals”16,
which form intercytoplasmic bridges that connect primordial germ cells and that arise
through a process of incomplete cytokinesis following cell division. Other kelch family
members participate in diverse biochemical activities and consist of five, six, or seven
repeated kelch domains. Most contain additional features, the most common being a “BTB/
POZ” domain. KLHDCSB distinguishes itself by being one of just two human genes
containing seven kelch repeats but lacking other motifs.

The kelch domain is recognized for its ability to bind actin and participate in protein-protein
interactions. Kelch proteins adopt a beta-propeller structure. The crystal structurel’ for only
one seven-repeat kelch-only protein (a fungal galactose oxidase) has been resolved; we have
used it as the basis for modeling®® the predicted structure of KLHDC8B (Fig. 1). Note that
the seventh kelch domain is split between amino and carboxyl termini, whereas for those
containing fewer numbers of repeats, each kelch domain is contiguously coded within the
gene.
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Although KLHDCSB is widely expressed, per gene expression atlases, germinal center B
lymphocytes, the malignant cell of origin in cHL, do so most abundantly1®, further
implicating its involvement in lymphomagenesis. In order to decipher the function of
KLHDC8B, we generated antibodies and performed indirect immunofluorescent staining® of
HeLa cells, which, although not necessarily relevant to lymphoma, are flat and have an
abundance of cytoplasm, affording easy visualization (Fig. 2). KLHDCS8B is expressed only
in mitotic cells, where it locates to the midbody—a small intracellular structure that serves
as the last point of contact between dividing cells before they undergo separation through
the process of cytokinesis2. Moreover, quantitative RT-PCR and western blots performed
on synchronized cell populations indicate that KLHDCS8B is transcribed during S-phase and
confirms that the protein is predominantly present, and therefore presumably translated,
during cytokinesis, followed by its rapid degradation®. Based on its timing and location of
expression, KLHDCB8B appears to participate in cytokinesis.

KLHDCB8B’s mitotic expression also suggests why the 5-UTR SNP that we observed to be
associated with and linked to cHL in additional families may so profoundly disrupt
translation. The SNP, a C to T base substitution, is located in a polycytidine tract in a run of
several adjacent polycytidine repeats. Clustered polycytidine repeats can function as an
internal ribosome entry site (IRES)2L. It turns out that mitotically expressed genes rely on
CAP-independent translation of MRNA and therefore require an IRES, even for polypeptide
synthesis commencing from an ATG located at the 5" end of the transcript?: 22, Thus, the
SNP likely disrupts an IRES required for translation of KLHDC8B specifically during
mitosis.

We employed RNAI to knockdown expression of KLHDC8B in HeLa cells and found that
reduction of KLHDCB8B increased the proportion of binucleated cellsé. We corroborated this
observation by manufacturing a dominant negative form of KLHDC8B (M. Krem,
unpublished results) that also creates binucleated cells, by interrupting the proper sequence
of cytokinesis (Fig. 3). This observation is significant with respect to cHL, because the
tumor’s signature binucleated Reed-Sternberg cell forms as a consequence of defective
cytokinesis, rather than through cell fusion23-26. Therefore, haploinsufficiency of
KLHDC8B may promote Reed-Sternberg cell formation.

How a binucleated cell, whose further division may be sluggish at best, may contribute to
malignancy is uncertain. One possibility is that it is indicative of an underlying cytokinesis
defect that may also result in aneuploidy in mononuclear cells. Not surprisingly, some of the
most conspicuous mutations in cHL are chromosomal aberrations, and chromosomal
instability is strongly implicated in Reed-Sternberg cell formation and cHL pathogenesis.
Case series show strong evidence of chromosomal instability and chromosomal aberrations
in most cases of HD27: 28; there is a particularly heavy frequency of tetraploidy or near-
tetraploidy2% 30, It has been speculated that Reed-Sternberg cells or their immediate
precursors are derived from a karyotypically aberrant lineagel. The uniquely high
frequencies of tetraploidy and near-tetraploidy correlate closely with multinucleation; the
accumulation of extra chromosome sets would be simply explained by a defective
cytokinesis model.
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Of note, an affected woman in the translocation family gave birth at an early age to a child
with trisomy 21 Down syndrome®. One speculative interpretation is that KLHDC8B, as with
Drosophila Kelch, is active during gametogenesis. If so, another speculative hypothesis—
based on an observation of an abundance of twins in the translocation family and an
association between twinning and cHL in general31—is that loss of KLHDC8B may lead to
twinning through persistent cytoplasmic bridges between oocytes derived from common
progenitors. In a separate paper32, we have explored that possibility, by genetically
determining if one twin from a pair in this family might be derived from a polar body.

Kelch and Other Proteins Involved with Cytokinesis

Several other kelch proteins are involved in cytokinesis. Tealp, containing kelch repeats
along with coiled-coil domains, interacts with microtubules to correctly position the cell
division plane in fission yeast33. Similarly, Kellp and Kel2p, also containing kelch repeats
and coiled-coil domains, act in concert with the actin cytoskeleton to help localize the neck
separating mother and daughter cells in budding yeast34. Nd1, which contains kelch repeats
and a BTB/POZ domain, colocalizes with actin, and its over-expression retards cytokinesis
by interfering with reorganization of the cytoskeleton as mitosis progresses3®. Another BTB/
POZ-kelch protein, Keapl, has additionally been isolated as a component of the midbody?3.
Two more BTB/POZ-kelch proteins, KLHL9 and KLHL13, are found in the midbody37,
where they bind to the Aurora B kinase spindle checkpoint regulator and act as adapter
proteins that, analogously to Keapl’s interaction with Nrf2, direct ubiquitination of Aurora
B by cullin 3-based E3 ligase3”. Thus, participation in cytokinesis appears to be a major
function of the kelch family of proteins.

When abscission fails, cytokinesis remains incomplete, and the cleavage furrow regresses,
thus leading to the formation of binucleated cells38. Disruption of the expression of a
diversity of proteins localizing to the midbody has been consistently shown to interrupt
cytokinesis and increase binucleated cell formation, as demonstrated by RNA interference-
mediated knockdown of kelch proteins Keap13¢, KLH9%7, and KLLH133%7; the kinesin motor
proteins MKLP139 and CHO149; the endocytic adapter protein ARH4!; the filament protein
Tektin242; the product of the tumor suppressor gene BRCA243; over-expression of the
vesicle membrane associated proteins syntaxin and endobrevin®4; genetic deletion of the
inner centromere protein Incenp®; injection of antibodies against the septin Nedd546; and
expression of dominant-negative forms of Aurora B4’ and the large multifunctional protein
BRUCE?8. In fact, a proteomic analysis of microdissected mammalian midbodies identified
scores of proteins, the majority of which, when knocked down by RNA interference in C.
elegans, gave rise to multinucleated cells3®.

Cancer Genes Encoding Midbody Proteins

It is interesting that some proteins (Keapl, BRCAL, BRCA2, and BARDL) involved with
cancer and that are now known to locate to the midbody are thought to contribute to cancer
through mechanisms completely distinct from their possible functions during cytokinesis.
Could something (i.e. their function at the midbody during cytokinesis) have been
overlooked, with respect to mechanisms of oncogenesis?
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Keapl, a kelch protein family member containing a BTB-POZ domain, is most well studied
in its capacity for sensing cellular stress. Keapl binds the transcription factor NRF2, a
master regulator of response to oxidative stress, in the cytoplasm, where, through the BTB-
POZ domain, it recruits cullin E3 ubiquitin ligase to target NRF2 for ultimate proteasomal
destruction?®. However, under oxidative conditions, Keap1’s ability to bind NRF2 becomes
impaired, thereby both releasing it as a substrate for ubiquitination and allowing it to
translocate to the nucleus, where it transcriptionally activates the stress response

pathway*® 50, Somatic mutations in KEAP1 have recently been described as frequent events
in a number of tumors#® 51, At first glance, it is difficult to imagine how loss of a
component needed to activate stress-induced, cytoprotective pathways could be oncogenic.
One possibility is that constitutive activation of protective genes promotes growth and
chemotherapeutic resistance at somewhat later stages of tumor development#?: 50, We
suggest than an alternative interpretation is that loss of Keapl, at least in the early stages of
tumor formation, disrupts cytokinesis, in which case, binucleated cell formation, as observed
when it is experimentally knocked down38, could be a byproduct of a phenomenon also
generating chromosomal instability. Further study of Keapl’s role at the midbody in
cytokinesis may be warranted.

Germline mutations of BRCAL and BRCA2 cause hereditary breast and ovarian cancer and
also increase risks for other types of cancer®2. To a much lesser extent, constitutional
mutations of the gene, BARD1, encoding BRCA1-associated RING domain-1 protein, are
associated with hereditary breast cancer®3. All three proteins have overlapping and complex,
yet distinct, roles in DNA repair®4. BRCA1 is thought to primarily function in signaling
DNA damage and cell cycle regulation, whereas BRCA2 more directly participates in DNA
repair®®. Much less attention, however, has focused on the fact that BRCA1%6, BRCA243,
and BARD1°7 all locate to the midbody during cytokinesis. Cells deficient in BRCA2
additionally undergo a delay in cytokinesis®8. The precedent for such a phenomenon is the
rare mosaic variegated aneuploidy syndrome where heritable deficiency of the mitotic-
spindle checkpoint due to loss of BUB1B, encoding the BubR1 kinase, generates frequent
somatic aneuploidy and thereby predisposes to various types of cancer>? 60,

Midbody Proteins, Defective Cytokinesis, and the Reed-Sternberg Cell

The mechanisms by which alterations in midbody proteins such as KLHDC8B lead to
defective cytokinesis are gradually becoming elaborated. A leading hypothesis is that altered
expression of spindle checkpoint genes causes centrosomal amplification, demonstrated in
both mitosis®! and oocyte meiosis62. Amplification of the number of centrosomes is
implicated in polyploidy in both cHL cell lines and patient cases®. Centrosomal
amplification has recently been strongly linked to chromosomal instability, as extra
centrosomes promote chromosomal missegregation during cell division®4. One might
speculate that decreased expression of KLHDCS8B triggers centrosomal amplification and/or
aberrant spindle assembly, thus leading to defective cytokinesis and the pathognomonic
Reed-Sternberg cell.
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Whole-genome sequencing by Vogelstein and colleagues has led to the identification of
twelve major pathways susceptible to tumor-inducing mutations; notably, the list did not
include mitotic/spindle checkpoint proteins®®. It is possible then that somatic or heritable
mutations in genes encoding the cytokinetic machinery and that therefore contribute to
faithful segregation of chromosomes may represent a significant and heretofore
underappreciated category of tumor suppressors. If so, then other genes encoding
components of the midbody are excellent candidate tumor suppressor genes.

Acknowledgments

MMK is supported by NIH T32CA009515. SJS is supported by the University of Washington Medical Scientist
Training Program (NIH T32GM007266), F30AG030316, and an Achievement Rewards for College Scientists
fellowship.

References

1.

Kuppers R. The biology of Hodgkin’s lymphoma. Nat Rev Cancer. 2009; 9:15-27. [PubMed:
19078975]

. Kutok JL, Wang F. Spectrum of Epstein-Barr virus-associated diseases. Annu Rev Pathol. 2006;

1:375-404. [PubMed: 18039120]

. Altieri A, Hemminki K. The familial risk of Hodgkin’s lymphoma ranks among the highest in the

Swedish Family-Cancer Database. Leukemia. 2006; 20:2062-3. [PubMed: 16990781]

. Diepstra A, Niens M, te Meerman GJ, Poppema S, van den Berg A. Genetic susceptibility to

Hodgkin’s lymphoma associated with the human leukocyte antigen region. Eur J Haematol Suppl.
2005:34-41. [PubMed: 16007866]

. Coutinho A, Carneiro-Sampaio M. Primary immunodeficiencies unravel critical aspects of the

pathophysiology of autoimmunity and of the genetics of autoimmune disease. J Clin Immunol.
2008; 28 (Suppl 1):54-10. [PubMed: 18293069]

. Salipante SJ, Mealiffe ME, Wechsler J, Krem MM, Liu Y, Namkoong S, Bhagat G, Kirchhoff T,

Offit K, Lynch H, Wiernik PH, Roshal M, McMaster ML, Tucker M, Fromm JR, Goldin LR,
Horwitz MS. Mutations in a gene encoding a midbody kelch protein in familial and sporadic
classical Hodgkin lymphoma lead to binucleated cells. Proc Natl Acad Sci U S A. 2009;
106:14920-5. [PubMed: 19706467]

. Szeles A. Fluorescence in situ hybridization (FISH) in the molecular cytogenetics of cancer. Acta

Microbiol Immunol Hung. 2002; 49:69-80. [PubMed: 12073827]

. Yang Q, Yoshimura G, Mori I, Sakurai T, Kakudo K. Chromosome 3p and breast cancer. J Hum

Genet. 2002; 47:453-9. [PubMed: 12202982]

. Hesson LB, Cooper WN, Latif F. Evaluation of the 3p21. 3 tumour-suppressor gene cluster.

Oncogene. 2007; 26:7283-301. [PubMed: 17533367]

10. Landgren O, Pfeiffer RM, Stewart L, Gridley G, Mellemkjaer L, Hemminki K, Goldin LR, Travis

LB. Risk of second malignant neoplasms among lymphoma patients with a family history of
cancer. Int J Cancer. 2007; 120:1099-102. [PubMed: 17131330]

11. Xiong W, Zeng ZY, Xia JH, Xia K, Shen SR, Li XL, Hu DX, Tan C, Xiang JJ, Zhou J, Deng H,

Fan SQ, Li WF, Wang R, Zhou M, Zhu SG, Lu HB, Qian J, Zhang BC, Wang JR, Ma J, Xiao BY,
Huang H, Zhang QH, Zhou YH, Luo XM, Zhou HD, Yang Y X, Dai HP, Feng GY, Pan Q, Wu
LQ, He L, Li GY. A susceptibility locus at chromosome 3p21 linked to familial nasopharyngeal
carcinoma. Cancer Res. 2004; 64:1972—-4. [PubMed: 15026332]

12. Chan AS, To KF, Lo KW, Mak KF, Pak W, Chiu B, Tse GM, Ding M, Li X, Lee JC, Huang DP.

High frequency of chromosome 3p deletion in histologically normal nasopharyngeal epithelia
from southern Chinese. Cancer Res. 2000; 60:5365-70. [PubMed: 11034072]

Cell Cycle. Author manuscript; available in PMC 2015 August 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krem et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 7

Cheng Y, Poulos NE, Lung ML, Hampton G, Ou B, Lerman MI, Stanbridge EJ. Functional
evidence for a nasopharyngeal carcinoma tumor suppressor gene that maps at chromosome 3p21.
3. Proc Natl Acad Sci USA. 1998; 95:3042-7. [PubMed: 9501212]

Prag S, Adams JC. Molecular phylogeny of the kelch-repeat superfamily reveals an expansion of
BTB/kelch proteins in animals. BMC Bioinformatics. 2003; 4:42. [PubMed: 13678422]

Adams J, Kelso R, Cooley L. The kelch repeat superfamily of proteins: propellers of cell function.
Trends Cell Biol. 2000; 10:17-24. [PubMed: 10603472]

Xue F, Cooley L. kelch encodes a component of intercellular bridges in Drosophila egg chambers.
Cell. 1993; 72:681-93. [PubMed: 8453663]

Ito N, Phillips SE, Stevens C, Ogel ZB, McPherson MJ, Keen JN, Yadav KD, Knowles PF. Novel
thioether bond revealed by a 1. 7 A crystal structure of galactose oxidase. Nature. 1991; 350:87-
90. [PubMed: 2002850]

Eswar N, Eramian D, Webb B, Shen MY, Sali A. Protein structure modeling with MODELLER.
Methods Mol Biol. 2008; 426:145-59. [PubMed: 18542861]

Luckey CJ, Bhattacharya D, Goldrath AW, Weissman IL, Benoist C, Mathis D. Memory T and
memory B cells share a transcriptional program of self-renewal with long-term hematopoietic stem
cells. Proc Natl Acad Sci USA. 2006; 103:3304-9. [PubMed: 16492737]

Otegui MS, Verbrugghe KJ, Skop AR. Midbodies and phragmoplasts: analogous structures
involved in cytokinesis. Trends Cell Biol. 2005; 15:404-13. [PubMed: 16009554]

Schepens B, Tinton SA, Bruynooghe Y, Parthoens E, Haegman M, Beyaert R, Cornelis S. A role
for hnRNP C1/C2 and Unr in internal initiation of translation during mitosis. Embo J. 2007;
26:158-69. [PubMed: 17159903]

Wilker EW, van Vugt MA, Artim SA, Huang PH, Petersen CP, Reinhardt HC, Feng Y, Sharp PA,
Sonenberg N, White FM, Yaffe MB. 14-3-3sigma controls mitotic translation to facilitate
cytokinesis. Nature. 2007; 446:329-32. [PubMed: 17361185]

Kadin ME, Asbury AK. Long term cultures of Hodgkin’s tissue. A morphologic and
radioautographic study. Lab Invest. 1973; 28:181-4. [PubMed: 4687527]

Drexler HG, Gignac SM, Hoffbrand AV, Minowada J. Formation of multinucleated cells in a
Hodgkin’s-disease-derived cell line. Int J Cancer. 1989; 43:1083-90. [PubMed: 2659541]
Leoncini L, Spina D, Megha T, Gallorini M, Tosi P, Hummel M, Stein H, Pileri S, Kraft R,
Laissue JA, Cottier H. Cell kinetics, morphology, and molecular IgVVH gene rearrangements in
Hodgkin’s disease. Leuk Lymphoma. 1997; 26:307-16. [PubMed: 9322893]

Kuppers R, Brauninger A, Muschen M, Distler V, Hansmann ML, Rajewsky K. Evidence that
Hodgkin and Reed-Sternberg cells in Hodgkin disease do not represent cell fusions. Blood. 2001;
97:818-21. [PubMed: 11157505]

Barrios L, Caballin MR, Miro R, Fuster C, Berrozpe G, Subias A, Batlle X, Egozcue J.
Chromosome abnormalities in peripheral blood lymphocytes from untreated Hodgkin’s patients. A
possible evidence for chromosome instability. Hum Genet. 1988; 78:320-4. [PubMed: 3360446]
M’Kacher R, Girinsky T, Koscielny S, Dossou J, Violot D, Beron-Gaillard N, Ribrag V, Bourhis J,
Bernheim A, Parmentier C, Carde P. Baseline and treatment-induced chromosomal abnormalities
in peripheral blood lymphocytes of Hodgkin’s lymphoma patients. Int J Radiat Oncol Biol Phys.
2003; 57:321-6. [PubMed: 12957241]

Falzetti D, Crescenzi B, Matteuci C, Falini B, Martelli MF, VVan Den Berghe H, Mecucci C.
Genomic instability and recurrent breakpoints are main cytogenetic findings in Hodgkin’s disease.
Haematologica. 1999; 84:298-305. [PubMed: 10190942]

Watanabe A, Inokuchi K, Yamaguchi H, Mizuki T, Tanosaki S, Shimada T, Dan K. Near-triploidy
and near-tetraploidy in hematological malignancies and mutation of the p53 gene. Clin Lab
Haematol. 2004; 26:25-30. [PubMed: 14738434]

Hemminki K, Li X. Cancer risks in twins: results from the Swedish family-cancer database. Int J
Cancer. 2002; 99:873-8. [PubMed: 12115491]

Timms AE, Horwitz MS. KLHDCS8B in Hodgkin lymphoma and possibly twinning. Commun
Integr Biol. In press.

Chang F, Feierbach B, Martin S. Regulation of actin assembly by microtubules in fission yeast cell
polarity. Novartis Found Symp. 2005; 269:59-66. [PubMed: 16355535]

Cell Cycle. Author manuscript; available in PMC 2015 August 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krem et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
5L

52.

53.

Page 8

Knaus M, Cameroni E, Pedruzzi I, Tatchell K, De Virgilio C, Peter M. The Bud14p-Glc7p
complex functions as a cortical regulator of dynein in budding yeast. EMBO J. 2005; 24:3000-11.
[PubMed: 16107882]

Sasagawa K, Matsudo Y, Kang M, Fujimura L, litsuka Y, Okada S, Ochiai T, Tokuhisa T, Hatano
M. Identification of Nd1, a novel murine kelch family protein, involved in stabilization of actin
filaments. J Biol Chem. 2002; 277:44140-6. [PubMed: 12213805]

Skop AR, Liu H, Yates J 3rd, Meyer BJ, Heald R. Dissection of the mammalian midbody
proteome reveals conserved cytokinesis mechanisms. Science. 2004; 305:61-6. [PubMed:
15166316]

Sumara |, Quadroni M, Frei C, Olma MH, Sumara G, Ricci R, Peter M. A Cul3-based E3 ligase
removes Aurora B from mitotic chromosomes, regulating mitotic progression and completion of
cytokinesis in human cells. Dev Cell. 2007; 12:887-900. [PubMed: 17543862]

Glotzer M. The molecular requirements for cytokinesis. Science. 2005; 307:1735-9. [PubMed:
15774750]

Zhu C, Bossy-Wetzel E, Jiang W. Recruitment of MKLP1 to the spindle midzone/midbody by
INCENP is essential for midbody formation and completion of cytokinesis in human cells.
Biochem J. 2005; 389:373-81. [PubMed: 15796717]

Matuliene J, Kuriyama R. Role of the midbody matrix in cytokinesis: RNAI and genetic rescue
analysis of the mammalian motor protein CHO1. Mol Biol Cell. 2004; 15:3083-94. [PubMed:
15075367]

Lehtonen S, Shah M, Nielsen R, lino N, Ryan JJ, Zhou H, Farquhar MG. The Endocytic Adaptor
Protein ARH Associates with Motor and Centrosomal Proteins and Is Involved in Centrosome
Assembly and Cytokinesis. Mol Biol Cell. 2008; 19:2949-61. [PubMed: 18417616]

Durcan TM, Halpin ES, Rao T, Collins NS, Tribble EK, Hornick JE, Hinchcliffe EH. Tektin 2 is
required for central spindle microtubule organization and the completion of cytokinesis. J Cell
Biol. 2008; 181:595-603. [PubMed: 18474621]

Daniels MJ, Wang Y, Lee M, Venkitaraman AR. Abnormal cytokinesis in cells deficient in the
breast cancer susceptibility protein BRCA2. Science. 2004; 306:876-9. [PubMed: 15375219]
Low SH, Li X, Miura M, Kudo N, Quinones B, Weimbs T. Syntaxin 2 and endobrevin are required
for the terminal step of cytokinesis in mammalian cells. Dev Cell. 2003; 4:753-9. [PubMed:
12737809]

Cutts SM, Fowler KJ, Kile BT, Hii LL, O’Dowd RA, Hudson DF, Saffery R, Kalitsis P, Earle E,
Choo KH. Defective chromosome segregation, microtubule bundling and nuclear bridging in inner
centromere protein gene (Incenp)-disrupted mice. Hum Mol Genet. 1999; 8:1145-55. [PubMed:
10369859]

Kinoshita M, Kumar S, Mizoguchi A, Ide C, Kinoshita A, Haraguchi T, Hiraoka Y, Noda M.
Nedd5, a mammalian septin, is a novel cytoskeletal component interacting with actin-based
structures. Genes Dev. 1997; 11:1535-47. [PubMed: 9203580]

Terada Y, Tatsuka M, Suzuki F, Yasuda Y, Fujita S, Otsu M. AIM-1: a mammalian midbody-
associated protein required for cytokinesis. EMBO J. 1998; 17:667-76. [PubMed: 9450992]
Pohl C, Jentsch S. Final stages of cytokinesis and midbody ring formation are controlled by
BRUCE. Cell. 2008; 132:832-45. [PubMed: 18329369]

Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent activation of an adaptive
response in cancer. Trends Biochem Sci. 2009; 34:176-88. [PubMed: 19321346]

Kensler TW, Wakabayashi N. Nrf2: Friend or Foe for Chemoprevention? Carcinogenesis. 2009
Lee DF, Kuo HP, Liu M, Chou CK, Xia W, Du Y, Shen J, Chen CT, Huo L, Hsu MC, Li CW,
Ding Q, Liao TL, Lai CC, Lin AC, Chang YH, Tsai SF, Li LY, Hung MC. KEAP1 E3 ligase-
mediated downregulation of NF-kappaB signaling by targeting IKKbeta. Mol Cell. 2009; 36:131-
40. [PubMed: 19818716]

Campeau PM, Foulkes WD, Tischkowitz MD. Hereditary breast cancer: new genetic
developments, new therapeutic avenues. Hum Genet. 2008; 124:31-42. [PubMed: 18575892]
Irminger-Finger 1, Jefford CE. Is there more to BARD1 than BRCA1? Nat Rev Cancer. 2006;
6:382-91. [PubMed: 16633366]

Cell Cycle. Author manuscript; available in PMC 2015 August 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krem et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 9

Greenberg RA. Recognition of DNA double strand breaks by the BRCA1 tumor suppressor
network. Chromosoma. 2008; 117:305-17. [PubMed: 18369654]

Ashworth A. A synthetic lethal therapeutic approach: poly(ADP) ribose polymerase inhibitors for
the treatment of cancers deficient in DNA double-strand break repair. J Clin Oncol. 2008;
26:3785-90. [PubMed: 18591545]

Lotti LV, Ottini L, D’Amico C, Gradini R, Cama A, Belleudi F, Frati L, Torrisi MR, Mariani-
Costantini R. Subcellular localization of the BRCAL gene product in mitotic cells. Genes
Chromosomes Cancer. 2002; 35:193-203. [PubMed: 12353262]

Ryser S, Dizin E, Jefford CE, Delaval B, Gagos S, Christodoulidou A, Krause KH, Birnbaum D,
Irminger-Finger 1. Distinct roles of BARD1 isoforms in mitosis: full-length BARD1 mediates
Aurora B degradation, cancer-associated BARD1beta scaffolds Aurora B and BRCA2. Cancer
Res. 2009; 69:1125-34. [PubMed: 19176389]

Jonsdottir AB, Vreeswijk MP, Wolterbeek R, Devilee P, Tanke HJ, Eyfjord JE, Szuhai K. BRCA2
heterozygosity delays cytokinesis in primary human fibroblasts. Cell Oncol. 2009; 31:191-201.
[PubMed: 19478387]

Hanks S, Coleman K, Reid S, Plaja A, Firth H, Fitzpatrick D, Kidd A, Mehes K, Nash R, Robin N,
Shannon N, Tolmie J, Swansbury J, Irrthum A, Douglas J, Rahman N. Constitutional aneuploidy
and cancer predisposition caused by biallelic mutations in BUB1B. Nat Genet. 2004; 36:1159-61.
[PubMed: 15475955]

Matsuura S, Matsumoto Y, Morishima K, Izumi H, Matsumoto H, Ito E, Tsutsui K, Kobayashi J,
Tauchi H, Kajiwara Y, Hama S, Kurisu K, Tahara H, Oshimura M, Komatsu K, Ikeuchi T, Kajii T.
Monoallelic BUB1B mutations and defective mitotic-spindle checkpoint in seven families with
premature chromatid separation (PCS) syndrome. Am J Med Genet A. 2006; 140:358-67.
[PubMed: 16411201]

Rai R, Phadnis A, Haralkar S, Badwe RA, Dai H, Li K, Lin SY. Differential regulation of
centrosome integrity by DNA damage response proteins. Cell Cycle. 2008; 7:2225-33. [PubMed:
18635967]

Saskova A, Solc P, Baran V, Kubelka M, Schultz RM, Motlik J. Aurora kinase A controls meiosis
I progression in mouse oocytes. Cell Cycle. 2008; 7:2368-76. [PubMed: 18677115]
Martin-Subero JI, Knippschild U, Harder L, Barth TF, Riemke J, Grohmann S, Gesk S, Hoppner J,
Moller P, Parwaresch RM, Siebert R. Segmental chromosomal aberrations and centrosome
amplifications: pathogenetic mechanisms in Hodgkin and Reed-Sternberg cells of classical
Hodgkin’s lymphoma? Leukemia. 2003; 17:2214-9. [PubMed: 14523479]

Ganem NJ, Godinho SA, Pellman D. A mechanism linking extra centrosomes to chromosomal
instability. Nature. 2009; 460:278-82. [PubMed: 19506557]

Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, Mankoo P, Carter H, Kamiyama
H, Jimeno A, Hong SM, Fu B, Lin MT, Calhoun ES, Kamiyama M, Walter K, Nikolskaya T,
Nikolsky Y, Hartigan J, Smith DR, Hidalgo M, Leach SD, Klein AP, Jaffee EM, Goggins M,
Maitra A, lacobuzio-Donahue C, Eshleman JR, Kern SE, Hruban RH, Karchin R, Papadopoulos
N, Parmigiani G, Vogelstein B, Velculescu VE, Kinzler KW. Core signaling pathways in human
pancreatic cancers revealed by global genomic analyses. Science. 2008; 321:1801-6. [PubMed:
18772397]

Cell Cycle. Author manuscript; available in PMC 2015 August 03.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Krem et al.

Figure 1.
Predicted structure of KLHDCB8B, revealing a seven-bladed propeller structure.
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Figure2.
Localization of KLHDCS8B (green) during mitosis (right cell) and, in particular, at the

midbody during cytokinesis (arrow, left cell). Counterstaining of mitotic spindle with a-
tubulin (red) and nuclei using DAPI (blue). Shown is a 3D reconstruction of z-stack of
confocal imaging of indirect immunofluorescence of HeLa cells.
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Figure 3.
Binculeated cell formation in HeLa cell expressing dominant negative KLHDC8B, time-

lapse photography. Cytokinesis cannot be completed and cleavage furrow regresses.
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