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Abstract
Multiple myeloma is the second most common hematological malignancy in the United States. The
disease is characterized by an accumulation of clonal plasma cells. Clinically, patients present with
anemia, lytic bone lesions, hypercalcaemia or renal impairment. The genome of the malignant plasma
cells is extremely unstable and is typically aneuploid and characterized by a complex combination
of structure and numerical abnormalities. The basis of the genomic instability underlying myeloma
is unclear. In this regard, centrosome amplification is present in about a third of myeloma and may
represent a mechanism leading to genomic instability in myeloma. Centrosome amplification is
associated with high-risk features and poor prognosis. Understanding the underlying etiology of
centrosome amplification in myeloma may lead to new therapeutic avenues.

Multiple Myeloma – A B-cell malignancy characterized by genomics
instability

Multiple myeloma (MM) is the second most common hematological malignancy1. Despite
improvement in therapy with the availability of 3 new agents (thalidomide, bortezomib and
lenalidomide) in the last 10 years2, unprecedented level of therapeutic response and at least
50% improvement in survival, the disease is currently still incurable3.

MM is characterized by complex underlying genetic abnormalities, including both structural
and numerical abnormalities. Recurrent abnormalities, which are already present in the
premalignant monoclonal gammopathy of undetermined significance (MGUS) stage, and
therefore likely to represent primary genetic abnormalities, have been described. These include
t(11;14), t(14;16), translocations involving the different MAF family members and the
immunoglobulin heavy chain (IgH) locus and hyperdiploidy4,5. Tumors with these essentially
non-overlapping primary genetic abnormalities constitute about 90% of all MM cases6. The
hyperdiploid and non-hyperdiploid genetic pathway represents early dichotomy in the
molecular pathogenesis of myeloma4. Hyperdiploid MM (H-MM) has unique associations with
trisomies of chromosome 3, 5, 7, 9, 11, 15, 19 and 21 while rarely having the primary IgH
translocations. On the other hand, non-hyperdiploid myeloma (NH-MM) is closely associated
with primary translocations7. These genetic subtypes of MM were subsequently shown to have
unique molecular signatures, further ratifying the importance of these primary genetic events
in disease pathogenesis8,9. It is generally felt that perhaps H-MM would contain more genetic
abnormalities than NH-MM in view of the increase chromosome number. However, analysis
with array-based comparative genomic hybridization showed that in fact the degree of genetic
complexities is similar between H-MM and NH-MM with the former having more numerical
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abnormalities and the latter more structural abnormalities (Chng and Fonseca unpublished
observations). In this regard, the mechanism underlying genetic instability in MM is still not
fully understood.

Mechanisms Implicated in Genomic Instability in Cancer
Genomic instability is common in cancer and can be broadly categorized into mutational
instability (MIN) and chromosomal instability (CIN). CIN, characterized by unstable
aneuploidy, similar to that seen in myeloma, is the most common form of genetic instability
in human cancer10,11. A number of different pathways may lead to the generation of CIN.

Telomerase dysfunction
Telomeres are structures that cap the ends of chromosomes. With ageing, there is increased
erosion of the telomere length. This process in greatly accelerated in cancers resulting in
exposed ends of chromosomes which are prone to breakage and abnormal fusion leading to
dicentric chromosomes12. Although telomere shortening and abnormalities have been reported
in MM13, the chromosomal abnormalities that are hallmarks of telomere dysfunctions are not
typically present in the MM karyotype suggesting that telomerase dysfunction is probably not
a significant mechanism leading to CIN in MM.

Spindle checkpoint abnormalities
Alternatively, CIN can arise due to chromosome mis-segregation during mitosis. This can
occur when mitosis occurs before the correct alignment of sister chromosomes along the
midpoint of mitotic spindle resulting in unequal separation and segregation of chromosomes
into the result daughter cells. A spindle breakpoint mechanism exists to ensure proper
chromosomal alignment during mitosis to prevent such abnormalities14,15. These checkpoint
genes, including the BUB and MAD gene families, have been found to be mutated in some
cancers and these mutations have been shown in very elegant experiments to be mechanistically
responsible for CIN16. We have screened for such mutations in MM but they appear to be
extremely rare, again suggesting that this is not a significant mechanism leading to CIN in MM
(Rafael Fonseca unpublished observations).

Centrosome abnormalities
Centrosomes are cellular microtubule-organizing centers whose normal function is important
for chromosome alignment, segregation and cytokinesis during mitosis. The centrosome
consists of 2 centrioles, align perpendicularly to each other, and are surrounded by
pericentriolar material. The centrosome is duplicated once during the cell cycle to give rise to
2 centrosomes that function as spindle poles during cell division. The centrosome duplication
cycle is therefore tightly linked and regulated with the cell cycle17–19.

Centrosome abnormalities has been detected in a broad range of solid tumors, leukemias and
lymphomas11,20–29. In solid tumors, the centrosome abnormalities are associated with more
advanced stages of disease, aneuploidy and an aggressive clinical course11,20–22,25. The
existence of centrosome abnormalities in preinvasive carcinomas suggests that they are early
events in cellular transformation30,31.

Centrosome abnormalities may come in the form of increase in centrosome numbers
(centrosome amplification) or abnormal centrosome structure and function. Typical structural
abnormalities observed included increased centrosome number and volume, supernumerary
centrioles, accumuation of excess pericentriolar material, and inappropriate phosphorylation
of centrosomal proteins. Supernumerary centrosomes can result from replication errors or
failure of cytokinesis while over-expression of centrosomal proteins, like pericentrin, TACC
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and aurora, can induce structural centrosomal abnormalities17,32. The fate of these cells is
likely dependent on disruption of the p53-dependent cell cycle checkpoint33. Elongation or
disruption of DNA synthesis, as achieved through over expression of K cyclin, a cyclin D
homolog, may cooperate with p53 loss to induce centrosomal amplification34.

Extra copies or aberrant centrosome structure or function often result in the formation of
multipolar and asymmetrical mitotic spindles with different possible cell fate. Tripolar spindles
can undergo cytokinesis, resulting in some daughter cells that are viable and aneuploid. Cells
with greater than 3 poles fail to undergo cytokinesis, triggering a p53-dependent checkpoint
response that leads to cell cycle arrest and eventually cell death35. However, in the presence
of p53 abnormalities and checkpoint failure, cells that fail cytokinesis continue to cycle and
become polypoid cells. Although many of these cells undergo apoptosis, some survive by
resuming cytokinesis. Polyploidy is known to destabilize chromosomes and may promote
further chromosome segregation errors36. Amplified centrosomes frequently form pseudo-
bipolar spindles by positioning on a bipolar axis (centrosome clustering) resembling ‘true’
bipolar spindles37. Although cells with pseudo-bipolar spindles undergo normal cytokinesis,
they are prone to chromosome segregation errors. This is because some centrosomes fail to
position on the bipolar axis but still nucleate microtubules, which capture chromosomes
causing uneven separation of chromosomes38. Occasionally monopolar spindle will form as a
result of failure of centrosome duplication. These cells also cannot undergo cytokinesis and
will either undergo cell cycle arrest or apoptosis depending on p53 status.

In addition functional defect in the centrosomes resulting in failure of duplicated centrosome
to separate, failure of proper centrosome maturation or failure of centrosome fortification to
withstand the strong pulling forces from microtubules in the mitotic spindle will also result in
abnormal spindle formation39.

Centrosome abnormalities in MM
Two studies have examined chromosome abnormalities in MM40,41. Maxwell et al41, used
multicolor immunofluorescence staining of archived bone marrow core biopsies to assessed
centrosome abnormalities. They employed antibodies against 2 well-characterized protein
components of the centrosome, pericentrin and gamma-tubulin. Structural and numerical
abnormalities were assessed. Centrosome volumes were determined by three-dimensional
rendering of confocal z-stacks labeled with gamma-tubulin. They found that centrosome
abnormalities, including the mean number of centrosomes per cell and mean total centrosome
volume, were highly correlated with one another, and are significantly higher in MM compared
to MGUS or control plasma cells from marrow of patients with lymphoma. On the other hand,
we used immunofluorescence staining of centrin, another well-established centrosomal
protein, combined with staining from clonal light chains in the cytoplasm to identify
centrosome abnormalities in clonal plasma cells40. We found that although the frequency of
patients whose tumors have centrosome abnormalities (about two-thirds of patients) is similar
in each of the stages of plasma cell neoplasm (from MGUS to MM), the percentage of tumor
cells with centrosome abnormalities increased progressively from MGUS to MM. Overall,
these results suggest that centrosome abnormalities, of which centrosome amplification is the
most prominent, occurs early in MM pathogenesis and increases with disease progression.

Clinical and biological association of centrosome abnormalities in MM
In our study, we found that a gene expression-based index (centrosome index, CI) comprising
the expression of genes encoding the main centrosomal proteins, centrin, pericentrin and
gamma globulin, correlated very strongly with centrosome amplification. Using a high CI as
a surrogate for centrosome amplification, it was found that centrosome amplification was
associated with poor prognostic features such as chromosome 13 deletion, a high plasma cell
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labeling index and high-risk genetics such as t(4;14) and t(14;16)40. A high CI is associated
with significantly poorer survival in patients treated with chemotherapy, or autologous stem
cell transplantation in newly diagnosed patients and the proteasome inhibitor bortezomib in
relapsed patients42 (Table 1). On multivariate analysis including known prognostic factors, a
high CI is an independent prognostic factor suggesting that its association with poor survival
is not entirely due to its association with other poor prognostic factors40,42. A high CI therefore
identifies a cohort of patients with poor prognosis regardless of treatment modalities, phase of
presentation, and ISS stage.

One of the expected sequelae of centrosome amplification is aneuploidy. However, in our
study40, no correlation between centrosome amplification and ploidy categories or anuesomies
in a limited number of chromosomes probed by fluorescent in situ hybridization (FISH) was
detected. The lack of correlation may be due to the investigation of limited chromosomes rather
than the complete karyotype and also the fact that the genome of non-hyperdiploid tumors is
as complex as hyperdiploid tumors. In an array comparative genomic hybridization analysis,
we found that the total number of genomic aberrations, counting both large (whole chromosome
or whole arm) and small (interstitial or breakpoints) aberration, are similar between
hyperdiploid and non-hyperdiploid myeloma. While hyperdiploid myeloma have more large
aberrations and chromosomal gains, non-hyperdiploid myeloma have more small aberrations
and chromosome loss (Chng and Fonseca,unpublished observation). Till date there are no
studies that clearly show a correlation between centrosome amplification and aneuploidy or
chromosomal complexity in MM. A study showed that high receptor of hyaluronan-mediated
motility (RHAMM) expression in a cohort with gene expression data is associated with
hypodiploid karyotype41,43. It is possible that different types of centrosome abnormalities may
cause different effect on phenotype, and centrosome amplification may not be an important
mechanism causing aneuploidy. In fact, there are some evidence that perhaps it is structural
abnormalities of the centrosomes that may lead to aneuploidy in myeloma (see below).

Gene expression profiling analysis comparing tumors with high and low centrosome index
reveal predominantly overexpression of genes in tumors with high CI. These over-expressed
genes codes for proteins associated the centrosome (TUBG1, CETN2, TACC3, NEK2, PRKRA,
STK6, AURKB, and PLK4), cell cycle (CCNB1, CCNB2, CCND2, E2F2, CDC gene family,
CDK5, CDK6, CDKN2C), proliferation (RAN, CKS1B, TOP2A, TTK, TYMS, MCM gene
family, ASPM), involvement in DNA repair/G2 cell cycle checkpoints (BRCA1, CHEK1,
CHEK2, MAD2L1, BUB1, BUB1B, FANCD2, REV1L), kinetochore and microtubule
attachment (AURKB, BIRC5, CENPA, CENPE, CENPH, ZWINT), cancer testis antigens
(GAGE and MAGE family), and implicated in other cancer (PTP4A3, EZH2)42. Centrosome
amplification is therefore associated with deregulation of cell cycle, mitosis, DNA repair and
proliferation. This is consistent with the results of a separate study on centrosome aberrations
in acute leukemia44. What is unclear is whether this molecular signature is the consequence of
centrosome amplification or it may signify the molecular processes involved in the initiation
of centrosome amplification.

Possible etiology of centrosome amplification in MM
A large number of cancer-associated proteins involved in the cell cycle, DNA repair and DNA
damage checkpoint, molecular chaperoning and nucleocytoplasmic transport are involved in
the control of centrosome number, centrosome duplication and centrosome function, and have
been implicated as causes of centrosome abnormalities in cancer (Table 2)39. Several of these
proteins are also deregulated in MM and maybe involved in centrosome amplification in MM.
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Cyclin D-RB axis
During the cell cycle, activation of CDK4/CDK6-cyclin D occurs before initiation of
centrosome duplication45. However, whether CDK4/CDK6-cyclin D activity is required for
initiation of centrosome duplicaton is still not well established. Furthermore, in cells containing
constitutively activated CDK2-cyclin E, centrosomes initiate duplication in early G1 before
CDK4/6-cyclin D is activated46, suggesting that the CDK4/6-cyclin D activity might not be
essential for the initiation of centrosome duplication. Nevertheless, a limited number of studies
have shown that over-activation of CDK4/6-cyclin D induces centrosome amplification47,48.
The major target of CDK4/6-cyclin D is the retinoblastoma (RB) protein, which is inactivated
by CDK4/6-cyclin D-mediated phosphorylation49. Inactivation of RB by human
papillomavirus (HPV) E7 protein results in centrosome amplification50. Conditional loss of
Rb in mice also results in centrosome amplification51,52. Therefore, abnormalities in the
CDK4/6-cyclin D-RB axis will lead to centrosome amplification.

In MM, abnormalities in the Cyclin D-RB axis are almost ubiquitous and important in the
initiation and progression of the disease. The recurrent genetic abnormalities involved in
disease initiation in MM, including t(4;14)(p16;q32), t(11;14)(q13;q32), IgH translocations
involving the different maf genes, and trisomies of H-MM, lead directly or indirectly to aberrant
expression of one of the 3 cyclin D genes8. t(4;14)(p16;q32) translocations resulting in the
concurrent aberrant expression of 2 genes, FGFR3 and MMSET driven by different IgH
promoters, has cyclin D2 over-expression53. The mechanism leading to this is still unclear.
Cyclin D2 over-expression is also seen in tumor over-expressing maf due to IgH translocations
because cyclin D2 is a transcriptional target of maf54. On the other hand, t(11;14)(q13;q32)
and t(6;14)(p21;q32) lead directly to over-expression of cyclin D1 and D3 respectively. The
hyperdiploid tumors have over-expression of cyclin D1 or D2 alone or both D1 and D2. The
mechanism leading to cyclin D over-expression in H-MM is currently unclear. A small number
of patients have no aberrant expression of cyclin D. Interestingly, these patients, compared to
others tend to have no expression of RB1 (Mike Kuehl, unpublished observations).
Deregulation of Cyclin D-RB is therefore early events in the pathogenesis of MM (Figure 1).

Besides Cyclin D, other components of the RB pathway are also commonly dysregulated in
MM. The p16INK4A and p15INK4A genes are methylated in about 20–30% of MGUS and MM
tumors, and in most HMCL55. Two recent studies showed that most MM tumors express little
or no p16 regardless of whether or not the gene is methylated56,57. This suggests that low
expression is mostly not due to methylation, which may be an epi-phenomenon. Therefore, it
remains unclear if inactivation of p16 is a critical and presumably early event in the
pathogenesis of MM.

By contrast, it seems apparent that inactivation of p18INK4C, a critical gene for normal plasma
cell development, is likely to contribute to increased proliferation. There is bi-allelic deletion
of p18 in 30% of HMCL, and nearly 10% of tumors in the highest quintile of proliferation, as
determined by an expression-based proliferation index58. Forced expression of p18INK4C by
retroviral infection of HMCL that express little or no endogenous p18 substantially inhibits
proliferation. Paradoxically, about 60% of HMCL and 60% of the more proliferative MM
tumors have increased expression of p18 compared to normal plasma cells. There is evidence
that the E2F transcription factor, which is up-regulated in association with increased
proliferation, increases the expression of p18, presumably as a feedback mechanism. Apart
from the lack of a functional RB1 protein in approximately 10% of HMCL, the mechanism(s)
by which most HMCL and proliferative tumors become insensitive to increased p18 levels is
not yet understood.

While abnormalities affecting the cell cycle are almost universal and early events in MM
pathogenesis, they are unlikely to lead directly to centrosome amplification since centrosome
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amplification is not found in all MM patients. Furthermore, there is no direct evidence that
abnormalities affecting the cyclin D-RB lead to centrosome abnormalities in MM. However,
these early events may create a permissive environment for centrosome amplification.

Receptor of hyaluronan-mediated motility (RHAMM)
RHAMM binds to hyaluronan, ERK kinase and microtubules, and participates in motility and
signaling59–62. It has also been implicated in oncogenesis63. RHAMM also localizes to the
centrosome and functions in the maintenance of spindle integrity64. In myeloma, RHAMM
transcripts are detected in malignant plasma cells but are weak or absent in normal B-cells or
plasma cells43,65. Furthermore, higher expression of RHAMM is associated with higher
prevalence of cytogenetic abnormalities and shorter survival43.

In a recent study, it was shown that elevated RHAMM significantly correlates with centrosomal
structural abnormalities in MM. Exogenously fluorescent-labeled RHAMM localizes to
centrosomes by targeting the spindle poles through an interaction with dynein. Introduction of
exogenous RHAMM led to an increase in the size of the centrosomes and the amount of gamma-
tubulin present, and induces aberrant mitosis41.

It was shown that RHAMM coprecipitates a significant amount of cellular TPX2 in a cell cycle
dependent manner. During spindle assembly, RHAMM interacts with a large fraction of the
cellular pool of TPX2, which may facilitate an interaction between RHAMM and dynein the
motor complex. The RHAMM-TPX2-dynein complex participates in the maintenance of
spindle integrity. Depletion of either TPX2 or RHAMM results in an imbalance of motor forces
and subsequent spindle fragmentation41. Conversely, overexpression of RHAMM results in
an opposite imbalance of force cumulating in disorganized or multipolar spindles and an
inability to appropriately align and segregate DNA. Both multipolar spindles and fragmented
spindles may potentially lead to an aneuploid progeny.

While the aberrant expression of RHAMM could mechanistically be linked to structural
centrosome aberration, the origin of abnormal RHAMM expression is less clear. The gene
encoding RHAMM, HMMR, is located on chromosome 5q33. Chromosome 5 is one of the
more commonly trisomic chromosomes in myeloma. However, trisomy of chromosome 5 is
almost predominantly found in hyperdiploid myeloma, and RHAMM over-expression is in
fact associated more with hypodiploidy. HMM is associated with better prognosis compared
to other genetic subtypes of myeloma. On the other hand, higher expression of RHAMM is
associated with shorter survival.

Aberrant RHAMM expression may be due to abnormalities upstream. Recently, BRCA1-
BARD1 has been shown to have a role in the RAN-GTP-dependent mitotic spindle assembly
by regulating RHAMM and TPX2. BRCA1-BARD1 is required for proper positioning of TPX2
at spindle poles by acting on RHAMM, such that when BRCA1-BARD1 is depleted, TPX2
fails to concentrate at poles, and centrosomal aster formation and spindle assembly are
disrupted66. The status of BRCA1-BARD1 in myeloma is yet to be established. TPX2 is known
to interact with and activate Aurora kinase A which in turns phosphorylates BRCA167–69.
Therefore TPX2 and Aurora kinase A may provide a link between RHAMM over-expression
and centrosome abnormalities.

Aurora-A kinase
Aurora-A kinase is a centrosome-associated protein that regulates both centrosome function
and mitotic control70. The localization and activation at spindle poles of aurora-A kinase is
dependent on the action of TPX2.67 Over-expression of aurora-A kinase has been implicated
in centrosome amplification, aneuploidy and tumorigenesis70. Aurora-A kinase is frequently
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over-expressed in cancers and localized to centrosomes32. Aurora-A kinase has been shown
to phosphorylate p53 at S315 priming p53 for MDM2-mediated degradation, which might at
least contribute to the generation of amplified centrosomes71.

In MM, Aurora-A Kinase is one of the genes that are significantly over-expressed in MM with
high centrosome index. Immunohistochemistry study showed that there is a good correlation
between Aurora-A kinase gene and protein expression, with tumors expressing the protein
having significantly shorter survival similar to that seen in MM with high CI42.

Potential mechanism of centrosome amplification within MM with IgH Translocation
Previous studies have found an association between the presence of high-risk IgH
translocations, chromosome 13/13q14 deletion, centrosome abnormalities, and hypodiploidy
or tetraploidy41. Based on these results, a potential mechanism for centrosome abnormalities
and aneuploidy (hypodiploidy) in MM with IgH translocation was proposed72.

This model is based on the observation that elevated RHAMM expression is associated with
centrosome abnormalities and hypodiploidy in MM. Interestingly, gene products that are
intimately related to RHAMM function map to IgH translocation partner loci or chromosome
13 (Table 3). Indeed, gene expression analysis showed that the expression of those genes
mapped to IgH translocations partner loci have higher expression in patients with IgH
translocation than those without, and genes located on chromosome 13 have lower expression
in those with chromosome 13 deletion than those without. These spindle assembly gene
products are intimately associated with each other (often in direct physical contact with
regulatory roles) and play a participatory role in the processes of microtubule dynamics, spindle
assembly, transformation and p53 function.

Therefore, it is possible that IgH translocations, in combination with 13q deletions, may disrupt
the Ran-GTP gradient, resulting in imbalances in NuMA–importin or TPX2–importin
complexes with downstream deregulation of aurora-A kinase activation and p53 ubiquitination.
Augmented expression of aurora partner proteins, like TPX2 and TACC, or NuMA partner
proteins, like dynein and pim-1, may exacerbate this imbalance with dramatic consequences
on mitotic assembly and CIN. Deregulated expression of these centrosomal proteins may
perturb anti-apoptotic pathways (i.e., p53-regulated and BRCA1 associated) by affecting
aurora-A kinase activity. Cumulatively, elongation of DNA synthesis (cyclin D family) and
deregulation of mitosis (spindle assembly family), with concurrent deregulation of p53 and
apoptotic pathways, provide a mechanism through which IgH translocations may induce
karyotypic instability with emphasis on hypodiploid and tetraploid progeny and disease
progression in a poorly proliferative cancer. This is supported by the demonstration that in
MM, centrosomal abnormalities correlated with increased expression of centrosomal/spindle
pole proteins (i.e., NuMA1, pericentrin2, and c-tubulin complex component2).

Targeting mechanisms leading to centrosome amplification in MM
Many current cancer treatment target DNA synthesis and thus selectively kill proliferating cells
yet increase the rate of secondary mutations by interfering with DNA metabolism, leading to
generation of drug resistant cells and secondary tumors. In contrast, a treatment strategy based
on the suppression of centrosome duplication will not only target the proliferating cells but
also suppress chromosome instability.

While specific strategies targeting centrosome abnormalities have not been devised, aurora
kinase inhibition has been shown in recent studies to be potentially beneficial73–76. Efficacy
of a number of aurora kinase inhibitors have been demonstrated in HMCLs, including HMCLs
resistant to various anti-MM agents such as dexamethasone, alkylating agents, anthracyclines,
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bortezomib, and immunomodulatory thalidomide derivatives. Furthermore, these compounds
have also shown efficacy in primary patient samples, and murine xenograft model. These
agents achieve significantly lower IC50 values in malignant cells compared with normal
hematopoietic cells. They are able to remain effective in the presence of protective bone
marrow– derived cytokines such as interleukin 6 or activating RAS mutation. Furthermore, the
sensitivity to these agents seems to be higher in cells over-expressing RHAMM that has been
correlated with centrosome abnormalities in MM.

Future Perspectives
The study of centrosome abnormalities in MM is still in its infancy. So far, the findings have
been mainly correlative and generally lack mechanistic insights. However, the relatively high
prevalence of centrosome abnormalities and strong association with survival suggest that the
phenomenon of centrosome abnormalities should be further pursued in myeloma especially as
therapeutic that may modulated these abnormalities are available and have shown some
efficacy in model system.

Evidence so far suggests that there are 2 predominant type of abnormalities in myeloma.
Centrosome amplification, which is associated with proliferation but not aneuploidy and
abnormalities of the centrosome, which is associated with aneuploidy. However, the studies
did not necessary look at the different centrosome abnormalities at the single cell level to be
definitive about these association. Also it is not clear if tumor cells only have one or the other
abnormalities or if they could co-exists. At the same time, it is still not certain that these
centrosomes are functional. Longitudinal studies would also be important to ascertain changes
in centrosome abnormalities in relation to genetic changes, evolving aneuploidy and other
characteristics such as proliferation. Studies till date in myeloma has been cross-sectional in
nature and any temporal relationship can only be inferred.

Intriguing circumstantial evidence and hypothesis has been presented regarding possible
aetiology of centrosome amplification in MM, based on known mechanism of centrosome
regulation and known deregulation of these pathways in myeloma biology. However, studies
demonstrating actual functional connections has still not been perform and these are areas that
should be actively pursued.

Concluding Remarks
Centrosome abnormalities are common in MM and are probably early events in disease
pathogenesis. There is a close relationship between centrosome amplification, proliferation
and NH-MM. The mechanisms leading to these abnormalities are currently unclear but may
relate to abnormalities in the cyclin D-RB pathway and deregulated expression of spindle-
associated proteins whose genes are located in the vicinity of translocation breakpoints. What
is clear is that patients with high degree of centrosome abnormalities have very bad prognosis
and targeting centrosome abnormalities may represent a good therapeutic option in these
patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cyclin D-RB pathway abnormalities in Myeloma
The primary genetic events involved in pathogenesis of myeloma either directly or indirectly
lead to deregulated expression of one of the Cyclin D molecules. In addition, CDK inhibitor
such are p16 and p18 are frequent inactivated in myeloma, the former secondary to promoter
hypermethylation and the latter through genomic deletion. Although p16 is generally not
expressed in myeloma where the gene is methylated or not and hence the role of p16 in myeloma
pathogenesis is still unclear. In the small percentage of patients where deregulation of one of
the cyclin D molecules is absent, there is usually presence of low RB1 expression. The
mechanism of this loss of RB1 gene expression is unknown at present.
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Table 1
The prognostic implications of a high CI in different datasets

Mayo UAMS Millenium

N 67 351 264

Disease Status Newly Diagnosed Newly Diagnosed Relapsed

Treatment Single ASCT Total Therapy Bortezomib

Median OS of High CI, mths 11.1 42.7 11.5

Median OS of normal CI, mths 39.1 Not Reached 20.9

p-value <0.001 <0.0001 0.0002
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Table 2
Proteins involved in regulating centrosome duplication and function with known role in oncogenesis.

Proteins Proposed Function on Centrosome

Cell Cycle Associate

CDK1-cyclin B Regulation of centrosome separation in late G2 and centrosome function in
mitosis via controlling PP1 and Eg5

CDK4/6-cyclin D Positive regulation of initiation of centrosome duplication

CDK2-cyclin E Positive regulation of initiation of centrosome duplication

CDK2-cyclin A Positive regulation of initiation of centrosome duplication

CDC25A, B, C Regulation of centrosome duplication and function by controlling the
activities of CDK-cyclin complexes

ROCK I Regulation of centrosome behavior and positioning

ROCK II Regulation of timely initiation of centrosome duplication

p53 Suppression of centrosome duplication by controlling CDK2 activity and by
physically binding to centrosomes by physically binding to centrosomes

p21 Suppression of centrosome duplication by controlling the activity of CDK2

p16 Suppression of centrosome duplication by controlling the activity of
CDK2/cyclin E

p27 Suppression of centrosome duplication by controlling the activity of
CDK2/cyclin E

E2F1 Positive regulation of initiation of centrosome duplication

E2F3 Suppression of centrosome duplication by down-regulation of cyclin E

RB Suppression of centrosome duplication by controlling E2F activity

NEK2A Regulation of centrosome separation in late G2, and centrosome
maturation in association with PLK1

Aurora A Regulation of centrosome duplication, centrosome maturation, centrosome
separation in G2, and centrosome function in mitosis

PAK Regulation of centrosome maturation via acting on Aurora A

PLK1 Regulation of centrosome duplication, separation and function 35

PLK2 Regulation of initiation of centrosome duplication

Plk3 Regulation of centrosome function and microtubule dynamics

Plk4 Regulation of initiation of centrosome duplication

PKA Regulation of centrosome function and mitotic spindle assembly in
association with pericentrin

CK2 Regulation of microtubule dynamics

MPS1 Positive regulation of initiation of centrosome duplication

CaMKII Positive regulation of initiation of centrosome duplication

Protein phosphatase 1 Regulation of centrosome separation by activating Nek2A and Aurora A

Protein phosphatase 2A Regulation of centrosome duplication, maturation and function

Protein phosphatase 4 Regulation of centrosome maturation; recruitment of γ-tubulin and PLK1

Cyclin G2 Regulation of centrosome function in association with PP2A

MYC Promotion of centrosome duplication by controlling MDM2 and p27kip1

Molecular Chaperones

Nucleophosmin (NPM) Negative regulation of centrosome duplication by centriole pairing. Positive
regulation of centrosome duplication in association with ROCK II

Mortalin Positive regulation of centrosome duplication by activating Mps1 and
inhibiting p53

HSP90 Regulation of centrosome function by stabilizing Plk1
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Proteins Proposed Function on Centrosome

E Ubiquitin Ligases

Mdm2 Positive regulation of centrosome duplication by promoting p53 degradation

BRCA1-BARD1 Negative regulation of centrosome duplication and microtubulenucleation
function. Regulation of mitotic spindle assembly.

SKP1 Regulation of initiation of centrosome duplication as a part of SCF

SKP2 Suppression of centrosome duplication as a part of SCF by (indirectly)
inducing periodical degradation of cyclin E

Transport Proteins

Ran Regulation of mitotic spindle assembly by releasing the spindle assembly
factors from Importins. Regulation of centriole pairing.

RCC1 Catalyzing Ran-GDP to Ran-GTP

Ran-BP1 Catalyzing Ran-GTP to Ran-GDP. Regulation of centriole pairing.

Importin α/β Regulation of mitotic spindle assembly via inhibitory binding to spindle
assembly factors. Regulation of centriole pairing

Exportin-1 (Crm1) Regulation of initiation of centrosome duplication by acting on NPM

DNA Damage Checkpoint

ATM, ATR Triggering the G2/M checkpoint in response to DNA damage - allowing
centrosome to re-duplicate centrosome to re-duplicate

CHK1, CHK2 Establishing the G2/M checkpoint in response to DNA damage - allowing
centrosome to re-duplicate

Rad51 Suppression of centrosome amplification

Rad51B Suppression of centrosome amplification

Rad51C Suppression of centrosome amplification

Rad51D Suppression of centrosome amplification

XRCC2 Suppression of centrosome amplification

XRCC3 Suppression of centrosome amplification

GADD45a Regulation of numeral integrity of centrosomes by controlling Aurora A

BRCA2 Suppression of centrosome amplification

MSH2 Regulation of numeral integrity of centrosomes

PARP-1 Regulation of centrosome duplication

Tankyrase Regulation of mitotic spindle assembly

Others

PML3 Negative regulation of centrosome duplication by suppression of Aurora A

Pin1 (prolyl isomerase) Negative regulation of centrosome duplication

Rint-1 Negative regulation of centrosome duplication

RHAMM Mitotic spindle assembly in association with BRCA1/BARD1

TPX2 Mitotic spindle assembly in association with BRCA1/BARD1, regulation of
mitotic centrosome function by effecting Aurora A

TACC Stabilization of microtubules at centrosomes as an effector of Aurora A

LATS2 Regulation of centrosome maturation in association with Ajuba
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Table 3
Genes involve in regulating centrosomes that are located in the vicinity of translocation breakpoints in myeloma.

Gene Locus MM Translocation/deletion Gene Function

PIM1 6p21.3 t(6;14)(p21;q32) Associates with NuMA and may promote
complex formation between NuMA and the
dynein complex

HSPE1 20q12 t(14;20)(q32;q12) Maintain stability of spindle related protiens.

TPX2 20q11 t(14;20)(q32;q12) Directly activates Aurora A. Modulated by
importins and RA-GTP gradient at
chromosomes

CHC1L 13q14.2 13 del Regulates Ran activation

TACC3 4p16 t(4;14)(p16;q32) Rely upon Aurora A for localization to spindle
poles

NuMA 11q13 t(11;14)(q13;q32) Modulated by importins and RA-GTP gradient
at chromosomes

DNCL2B 16q23 t(14;16)(q32;q22) Form complex with RHAMM and TPX to
maintain spindle integrity

AURKA 20q13.2 t(14;20)(q32;q12) Rey regulator of cell division that associates
with, regulates and is regulated by p53
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