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RHAMM and Mitosis 1

Introductory Chapter
1.1.1: Receptor for Hyaluronan (HA) Mediated Motility (RHAMM): murine isoforms and
functions

The Receptor for Hyaluronan (HA) Mediated Motility (RHAMM) was initially
identified by Hardwick et al., 1992 as a constituent of a novel HA receptor complex
(HARC). HARC, first identified in 1982 (Turley, 1982), was purified from the
supernatants of murine NIH-3T3, and murine sarcoma virus (MSV) transformed 373,
and resolved into three major HA binding protein (HABP) bands of estimated molecular
weight 70K, 66K and 56K (Turley et al., 1987). HA and HARC regulated the ras-
promoted locomotion of murine cell lines (Turley et al., 1991); ras induction elevated
HA production and a neutralizing monoclonal antibody (mAb) targeting the 56 K HABP,
3T3.5, blocked HA induced locomotion (Turley et al., 1991). 3T3.5, and the non-
blocking 3T3-7, were raised against purified HABPs, affinity purified and shown to be
neutralized by addition of HABPs (Turley et al., 1991); these antibodies specifically
immunoprecipitate ~56K protein bands, with additional detection of a non-glycosylated
48-49K band and, in response to ras-induction, a >200 K HARC band (Turley et al.,
1991) (Turley et al., 1993a). Initial cloning identified RHAMM (designated RHAMM?2)
as a ~50- 60 K protein encoded by 340 amino acids (aa), with an internal repetitive
sequence of 5 x 21 aa (Hardwick et al.,, 1992). mAb and pAb, raised against a 19mer
murine RHAMM2 (mRHAMM?2) peptide (nt sequence 804-864, aa 268-288)
corresponding to human RHAMM (hRHAMM) aa 503-522 (~68% identity),
immunofluorescence demonstrated cell surface localization and these antibodies inhibited

ras-regulated locomotion (Hardwick et al., 1992). RHAMM?2 expression was regulated
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RHAMM and Mitosis 2

by ras-induction and in vitro binding assays demonstrated that a recombinant RHAMM?2
species bound to Dbiotinylated-HA (Hardwick et al, 1992). Antibody blocking
experiments further demonstrated that RHAMM?2 mediated TGF-B-induced locomotion
(Samuel et al., 1993) and RHAMM?2, but not CD44, facilitated HA dependent motility

within ras-transformed cells (Turley ef al., 1993a).

RHAMM, unlike CD44 and other link module based HABPs (in which HA
binding utilizes tandem repeat loops with homology to the cartilage link protein), utilizes
a 35-aa COOH-terminal region to interact with HA (Yang et al., 1993). This region can
be further subdivided into two HA binding motifs, of 10 and 11 aa respectively (Yang et
al., 1993). The in vitro interaction between RHAMM and HA is largely ionic, as
determined by 68% inhibition with increasing [NaCl] (150mM vs 500mM) (Yang et al.,
1993). The HA binding domains of RHAMM, corresponding to hRHAMM aa 636-646
and aa 658-667, are highly basic (~50% Lysine or Arginine) (Yang et al., 1993); these
basic residues are essential for the interaction (Yang et al, 1994b) and the motif has
become known as Basic (B) (X); Basic (B Xy B) motifs (Yang et al., 1993; Yang et al.,
1994b). Indeed, this same domain binds to heparin, in an ionic manner and with a

slightly muted affinity compared to HA (Yang et al., 1994a).

In addition to a role in the motility of sperm (Kornovski et al., 1994), astrocyte
and microglial cells (Turley et al., 1994), bovine aortic smooth muscle cells (Savani et
al., 1995) and human malignant B cells (Turley et al., 1993b), occupation of RHAMM?2

initiated signaling events. HA induced locomotion, mediated through RHAMM?2 and
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RHAMM and Mitosis 3

induced by RHAMM antibodies (aa 443-463), initiated tyrosine phosporylation events

targeting pp125™** which led to focal adhesion turnover (Hall et al., 1994).

Additional RHAMM NH;-terminal sequence was isolated and characterized
within 3T3 murine fibroblasts (Entwistle et al, 1995) and localized to murine
chromosome 11 and human chromosome 5q33.2-qter (Spicer et al., 1995). RHAMM]I,
the major form (70K) lacking an exon, and RHAMMI1v4, a minor variant (73K), are
predominantly hydrophilic proteins with predicted helical structure (Entwistle et al.,
1995). To remain consistent with the human isoforms (to be described below), the coding
region of RHAMM2 contains exons that correspond to hRHAMM'™ exon 10-18 with 5
repetitive stretches of a segment of exon 12. RHAMMI1v4, the minor variant, contains
exons that correspond to LRHAMM"™ exon 6-18, with repetition of a segment of exon 12,
while RHAMMI, the major variant, lacks ARHAMM"™ exon 8. PredictProtein analysis
(Rost, 1996) of hRHAMM'" identified two putative phosphorylation sites, a casein kinase
II (S**ETE) and a protein kinase C (T*'EK), within exon 8 but, to date, no other specific

functions have been attributed to this segment of the protein.

In a seminal manuscript, Hall et al., 1995 demonstrated that RHAMM is
important in initiating and maintaining ras transformation. Overexpression of genomic
RHAMM clone (corresponding to hRHAMM exons 8-18) or RHAMMIv4 c¢cDNA
induced transformation, as measured by foci formation, high nuclear overlap index,
anchorage independent growth in agar and tumor formation in mice, and increased

random locomotion (Hall et al., 1995). Overexpression of a mutated RHAMMI1v4
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RHAMM and Mitosis 4

variant, in which basic residues within the COOH terminal B (X); B domain were
augmented resulting in an inability to bind HA (Yang et al., 1994b), had no such effect
(Hall et al., 1995). Indeed, ras-transformed fibroblasts were reverted with a dominant
negative suppressor mutant of RHAMM (Hall ef al., 1995). The suppressor mutant was
augmented in the B (X); B HA binding domain by replacement of five basic aa with three
acidic (glutamic acid) and two neutral (asparagine and tryptophan) aa and insertion of one
leucine (Hall et al., 1995). Clones expressing this mutant displayed flattened cell shape,
low nuclear overlap ratios and did not develop tumors in vivo despite exhibiting higher
than control levels of p21™ (Hall et al, 1995). These clones were also unable to
transiently phosphorylate FAK and signal to focal adhesions. These results suggest that
focal adhesion signaling is involved in the maintenance of ras transformation (Hall et al.,

1995).

In another important manuscript, soluble RHAMMI inhibited cell cycle
progression of H-ras-transformed fibrosarcoma cells (Mohapatra et al., 1996).
Interestingly, 48-55% of transformed cells arrested in G,/M while non-transformed cells
completely ablated growth (Mohapatra et al., 1996). Soluble RHAMMI also suppressed
Cdc2 kinase and Cyclin B1 expression with absolute loss by 48 hours post treatment
(Mohapatra et al., 1996); the effect was not immediate, however, as no significant
reduction of Cdc2 levels was observed at 24 hours post incubation (Mohapatra et al.,
1996). Interestingly, suppression of RHAMM, with a dominant suppressor RHAMM
mutant, confers resistance to ras-transformation (Hall ez al., 1995) and results in similar

reduction in Cdc2 levels (Mohapatra ef al., 1996). Addition of soluble RHAMM!1 prior to
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RHAMM and Mitosis 5

intervenous injection of ras-transformed fibrosarcoma cells significantly attenuated their
tumorigenic and metastatic potential (Mohapatra et al., 1996). Also important to note is
that Cyclin A levels, indicative of S phase progression, were unaffected by soluble
RHAMM treatment (Mohapatra et al., 1996). These results suggest that HA occupancy
of RHAMM, or inhibition of RHAMM occupancy (by addition of soluble RHAMM),
significantly alters signaling pathways upstream of ras activation with consequent affects

on FAK signaling, cell motility and cell cycle progression.

RHAMM appears to act upstream of signaling pathways that target, or regulate, ras
and FAK, and this activity is dependent upon the function of the tyrosine kinase pp60™°
(src) (Hall et al., 1996). A dominant negative src ablates the effect of RHAMMI1v4
overexpression and v-sre-transformed cells demonstrate RHAMM-independent motility
(Hall et al., 1996). Indeed, a small cellular fraction (2%) of RHAMM co-precipitates src
(this RHAMM species occurs as a 125 K protein possibly due to alternate splicing or
glycosylation events) while the reciprocal co-precipitation does not occur (Hall et al.,
1996). It was suggested that RHAMM, as a glycophophatidyl inostitol (GPI)-linked cell
surface receptor, colocalizes with src at caveolac and activation of RHAMM, through
HA, triggers a transient increase in src kinase activity resulting in ras activation and focal
adhesion signaling with consequent actin reorganization and cell locomotion (Hall et al.,
1996). In a subsequent examination, RHAMMI1v4 was identified as a cell surface and
intracellular protein (Zhang et al., 1998); inhibition of cell surface RHAMM1v4, with an

antisense construct, deters the ability of cells to respond to platelet derived growth factor

(PDGF) and activate ERK (Zhang et al., 1998). Indeed, RHAMM is required for ERK
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RHAMM and Mitosis 6

activation by mutant active ras (Zhang et al.,, 1998). Within RHAMMI1v4 transfected
cells, RHAMM coimmunoprecipitates ERK1 and MEK and vice versa (Zhang et al.,
1998). However, this reciprocal interaction does not occur in dominant mutated
RHAMM-transfected cells suggesting that the COOH-terminal basic domain facilitates

the RHAMM1v4-ERK interaction (Zhang et al., 1998).

Fieber et al., 1999 identified an additional 523 bp of RHAMM cDNA at the NH,-
terminus of the protein; the full length protein was detectable as a ~100 K protein
(Hofmann et al., 1998). While the presence of an AP-1 binding site at pos.-191 to -197
suggested that RHAMM may be inducible by ras, examination of ras-induced RHAMM
expression revealed no stimulation of message or protein levels within a rat embryonic
fibroblast line (Fieber et al., 1999). RT-PCR analysis revealed that RHAMM expression
was detected in all murine tissues examined with elevated expression in the testis and
lymphatic tissues (spleen and thymus) (Fieber et al., 1999). The authors also
demonstrated that while RHAMM interacts with HA, but in their hands not heparin or
chondroitin sulphate, it localized to the intracellular compartment and was not shed into
conditioned media (Hofmann et al., 1998). The authors suggested that the protein be
renamed intracellular hyaluronic acid binding protein (IHABP) (Hofmann et al., 1998);

for the remainder of this thesis, however, the protein will be referred to as RHAMM.
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1.1.2: RHAMM: human isoforms and functions

Human RHAMM was isolated and identified from a human breast cDNA library
as a 725 aa, predicted 84 K protein encoded by 18 exons (termed RHAMM'™) with
conservation of the COOH-terminal HA-binding domains (Wang et al, 1996).
hRHAMM contained only one copy of the 21mer sequence (exon 12) repeated 5 times in
mRHAMM (Wang et al, 1996). hRHAMM, in combination with Pl-integrins,
participates in thymocyte motility (Gares et al., 1998) and is negatively regulated by p1-
integrin occupancy (Gares and Pilarski, 1999). However, no splice variants of exon 8,
similar to mRHAMMI1v4, have yet been identified for hRHAMM. Independent
laboratories have identified two alternative splice variants of RHAMM. First, Wang et
al. 1998, identified a variant of RHAMM lacking exon 13 [termed RHAMM(-E9),
referred to as RHAMM ®*"? for remainder of thesis] within breast carcinoma samples.
Both isoforms and total RHAMM, as determined by qualitative RT-PCR and
immunostaining, significantly correlated with tumor progression (Wang et al., 1998).
Interestingly, RHAMM immunostaining demonstrated significant subcellular
heterogeneity with cytoplasmic and nuclear staining (Wang et al, 1998). Next, a
RHAMM splice variant of exon4 [termed RHAMM B, referred to as RHAMM ™ for
remainder of thesis] was identified from breast cancer cell lines (Assmann et al., 1998).
Both RHAMM'™ and RHAMM ™ were present in all examined breast cancer lines
(Assmann et al., 1998). Subcellular fractionation and immunofluorescence revealed that

RHAMM was an intracellular protein (Assmann et al., 1998).
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In 1999, Crainie et al. and Assmann et al. published seminal manuscripts
describing hRHAMM isoforms. Crainie et al., 1999 identified RHAMM"™, RHAMM’
ot and RHAMM ™" transcripts within the malignant clone of multiple myeloma
(MM) B-lineage cells. Of particular note, RHAMM transcripts were rarely detected in
the peripheral blood of normal controls while 66'/-9% of MM plasma cells and 56"/-5%
of circulating CD19+ MM B cells were RHAMM-positive by FACS analysis (Crainie et
al., 1999). RHAMM™ and RHAMM " transcripts were common while RHAMM
exonl3 transcripts were very rare (Crainie et al., 1999). Identification of products from RT-
PCR amplification ‘of RHAMM ™ transcripts required very sensitive detection
methods (Crainie et al., 1999). Assmann et al., 1999 demonstrated that RHAMM'" and
RHAMM ™ ™? are able to associate with microtubules in vitro and in vivo. RHAMM
exondhowever, does not associate with interphase microtubules (Assmann ef al., 1999).
GFP constructs of RHAMM™ and RHAMM®™? colocalized with interphase
microtubules while RHAMM ™™ targeted the nucleus (Assmann et al., 1999). All
RHAMM isoforms localized to the mitotic spindle (Assmann et al., 1999) (see Chapter
1). Secondary structure prediction demonstrated a high probability of coiled-coil structure
from aa 69 through aa 681 and deletion constructs localized a Ca**-dependent calmodulin
binding domain to aa 574-602 (Assmann et al., 1999). The calmodulin binding potential
of RHAMM was later confirmed in rat brain extracts and subcellular fractionation and
immunofluorescence identified RHAMM as a mitochondrial associated protein (Lynn et
al., 2001). Moreover, RHAMM colocalized with actin ﬁiaments in vivo and

cosedimented with polymerized actin in vitro (Assmann et al., 1999).
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1.1.3:RHAMM and cancer

The relationship between RHAMM expression and malignant phenotypes was
initially described in malignant B lymphocytes (Turley et al., 1993b). RHAMM
expression was found predominantly on malignant late stage B cells and plasma cells
(Turley et al., 1993b). Further characterization demonstrated that clonotypic B lineage
cells from MM patients were motile in a RHAMM-dependent manner (Masellis-Smith et
al., 1996). Conversely, MM plasma cells were sessile; interestingly, while MM B cells
expressed cell surface RHAMM, MM plasma cells internalized RHAMM upon HA
contact (Masellis-Smith et al, 1996). mAb experiments confirmed that RHAMM
antibodies, but not CD44 antibodies, inhibited the motility of MM B cells (Masellis-
Smith er al., 1996). These observations were duplicated in chronic lymphocytic leukemia
cells stimulated with IL-8 (Till ez al., 1999). Within these cells, RHAMM, but not CD44,
mediated IL-8-induced motility (Till ez al, 1999). The discovery of disease-specific
expression of alternate RHAMM isoforms within MM patient samples (Crainie et al.,
1999) promoted speculation that RHAMM isoforms may affect oncogenesis through

differential subcellular localization and functions.

In addition to its association with hematological malignancies, RHAMM
expression is intimately associated with tumors of epithelial origin. As previously
mentioned, hRHAMM, and its isoforms, was initially cloned from breast cancer samples
and cell lines (Wang et al., 1996; Assmann et al., 1998; Wang et al., 1998). Moreover,
RHAMM expression and intracellular localization is strongly associated with invasive

behaviour (Assmann et al., 2001), overall survival (Assmann et al., 2001) (Wang et al.,
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1998) and progression (Wang et al., 1998) of mammary carcinomas. Additionally,
RHAMM expression is correlated with progression and survival in stomach (Li et al,
2000), pancreatic (Rein et al., 2003) and colon cancer (Yamada et al., 1999) while
genetic deletion of RHAMM attenuates the formation of aggressive fibromatosis as
initiated by a targeted mutation of the adenomatous polyposis coli (APC) gene (Tolg et

al., 2003).

1.1.4: RHAMM as a tumor associated antigen

Serological identification of antigens by recombinant expression cloning
(SEREX) allows the identification of antigenic proteins in cancer (Sahin et al., 1995).
SEREX involves screening cancer patients’ sera against a tumor-derived cDNA
expression library allowing for the identification of gene products that have induced
antibody production within the patient examined. SEREX antigens can arise from normal
differentiation antigens, cancer-testis antigens, overexpressed antigens, mutated genes,
translocation products or potentially tumor specific splice variants (Line et al., 2002).
RHAMM has recently been identified by SEREX as a tumor associated antigen in colon
(Line et al., 2002), melanoma, renal cell carcinoma, breast cancer, ovarian carcinoma,
AML and CML (Greiner et al., 2002). Some (Line et al., 2002) but not others (Greiner et
al., 2002) identified postitive serological results from healthy volunteers. Interestingly,
whereas mRHAMM appears to be expressed in all tissues examined (Fieber et al., 1999),
consistent detection of hRHAMM expression appears to be limited to the testis (Line et
al., 2002) (Greiner et al., 2002). Reports of RHAMM expression have identified the

testis, spleen, colon, and stomach (Line et al., 2002), the testis, placenta and thymus
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(Greiner et al., 2002) and the testis, placenta, lung, and pancreas (Greiner et al., 2004) as
RHAMM positive tissues (in decreasing orders, respectively). RHAMM expression 1s
rare in normal peripheral blood (PB) (Greiner ef al., 2002) (Line et al., 2002) (Crainie et
al., 1999) and purified CD19" (Crainie et al, 1999) or CD34" peripheral blood
mononuclear cells (PBMC) (Greiner et al., 2004); however, RHAMM expression has
been demonstrated, at the protein level, within mobilized (from PBMC) and steady state
(from bone marrow) CD34" hematopoietic stem cells (Pilarski et al., 1999). These results
suggest that tumors may be overproducing disease-specific variants, consistent with
reports by Crainie et al, 1999, that are eliciting immune responses; alternatively,
RHAMM may be an intracellular MAP that, when overexpressed in tumors, is aberrantly,

or increasingly, presented within the context of MHC and elicits an immune response.

12.1: Microtubules and motility

The association between RHAMM, motility and microtubules appear to be in
diametric opposition. However, the regulation of microtubule dynamics and coordination
of microtubule/actin interactions are essential to the dynamic establishment of the cellular
asymmetries inherent in processes like cell motility, wound healing and division
(Rodriguez et al., 2003). Microtubules, dynamic polymers of o and P tubulin, have
inherent polarity. The minus ends of microtubules are nucleated at the centrosome while
the plus ends extend throughout the cytoplasm. Microtubules transit between two states.
They are prone to 'catastrophe’, rapid shortening towards their minus ends, and 'rescue’,
extension of their plus ends. At the leading edge of adherent cells, the balance of

microtubule polymerization/ depolymerization regulates signaling molecules that initiate
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membrane ruffling and lamellipodial protrusions (Waterman-Storer and Salmon, 1999).
At the trailing edge, and within the uropod of thymocytes, microtubule targeting promotes
the relaxation of substrate contacts allowing for detachment and motility (Waterman-
Storer and Salmon, 1999). Additional to these “regulatory” microtubule/actin
interactions, “structural” interactions exist between these cytoskeletal systems (Rodriguez
et al, 2003). Cytoskeletal crosslinkers, like plectin and BPAGla/b, may mediate
spatiotemporal regulation of focal contacts and guide cell motility (Rodriguez et al.,
2003); it is interesting to note that while RHAMM is physically much smaller than other
plakins (200-600 kD), RHAMM shares significant antigenic similarity to plectin. Indeed
a monoclonal antibody targeting plectin cross-reacts with 70 and 85 kD variants of
RHAMM (Zhou et al., 2002). Identification of MAPs that regulate microtubule dynamics
may provide insight into novel regulatory mechanisms controlling the motility of non-
adherent cells. The primary microtubule stabilizing MAP in Xenopus is XMAP215, a
228 kD protein that antagonizes the activity of microtubule destabilizers, or catastrophe
factors, and regulates the Ran-GTP-induced assembly of microtubules (Popov et al.,
2001). XMAP215 related proteins include Minispindles (Msps) in Drosophila and
colonic and hepatic tumor over-expressed protein (TOG) in humans. Regulators of
microtubule dynamics, like TOG, molecular motors and other MAPs play an essential
role in another process that is dependent on dramatic, dynamic and precise reorganization

of the microtubule cytoskeleton: mitosis.
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1.2.2: Mitosis: Centrosomes and G,/M transition

The centrosome is a non-membrane enclosed organelle that is postioned centrally
in the cell and nucleates and organizes microtubule arrays. Centrosomal defects have
been implicated in a number of diseases with particular emphasis on a putative role in the
development of chromosomal instability and oncogenesis; abnormal centrosomes,
characterized by expression of various centrosomal proteins, elevated centrosome number
and volume, have been implicated in the formation of tri-polar or multipolar spindles,
chromosomal missegregation, aneuploidy and carcinogenic progression within prostate,
pancreatic, and breast carcinoma (Pihan et al., 1998) (Pihan et al., 2001) (Lingle et al.,
1998) (Sato et al., 2001). The centrosome is a tripartite structure consisting of core
centrioles (tubulin polymers), a matrix of pericentriolar material (PCM) and microtubule
nucleating sites (Salisbury, 2003). To identify essential componenets of the PCM, Hamill
et al., 2002 screened conditional C. elegans mutants for defective spindle function.
Several defined centrosomal gene products were identified along with a novel gene,
entitled spindle defecetive-5 (spd-5). Spd-5 is a 135 K, multiple coiled coil protein that
acts as a PCM scaffold and is responsible for the centrosomal localization of gamma-
tubulin, XMAP215 and Aurora A kinase family members (see section /.2.5) (Hamill et
al., 2002). Interestingly, SPD-$ also interacts with dynein (Hamill ef al., 2002); in this
way, SPD-5 may represent a prototypic PCM component which, like pericentrin,
ninein,and CEP135, is extensively coiled coil (Salisbury, 2003) and targeted to
microtubule minus ends by the dynein motor complex (Zimmerman and Doxsey, 2000)

(Young et al., 2000).
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To maintain genetic fidelity, duplication of the interphase centrosome must occur
once during each cell cycle; failure to duplicate may result in a monopolar spindle,
mitotic failure and a polyploid phenotype while multiple duplication cycles may result in
multipolar spindle architecture, chromosomal missegregation and aneuploidy. Thus
centrosome duplication is a tightly regulated process that occurs concurrently with DNA
replication (Hinchcliffe and Sluder, 2001). Centrin, a ubiquitous Ca**-binding protein of
centrosomes, plays an essential role in centrosome structure and centriole duplication
potentially through a Ca*" responsive contractile complex with another centrosomal
protein (Salisbury, 2004); this hypothesis may explain the calcium/calmodulin
dependence of centrosome duplication in Xenopus extracts (Matsumoto and Maller,
2002). Indeed, PCM coiled coil components like pericentrin B/kendrin, myosin V, and
AKAP450 contain calmodulin-binding domains (Moisoi ef al., 2002); drug disruption of
microtubules releases calmodulin-containing ‘star-like’ structures from the centrosomal

matrix (Moisoi et al., 2002).

PCM components may be loaded onto centrosomes, in a microtubule-dependent
or independent manner, at all stages of the cell cycle but mitotic entry initiates a dramatic
increase in centrosomal volume, termed centrosomal maturation (Blagden and Glover,
2003). Centrosomal maturation, loading factors such as nuclear/mitotic apparatus protein
(NuMA), Aurora A kinase, targeting protein for Xklp2 (TPX2), TOG, and transforming
acidic coiled coil (TACC) proteins to sites of microtubule nucleation, is vital to

subsequent spindle assembly (see below).
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1.2.3: Mitosis: spindle assembly

Formation of a bipolar spindle is essential to the proper segregation of replicated
chromosomes and the maintenance of genetic stability within the two resulting daughter
cells. The process of spindle morphogenesis and chromosome segregation is highly
dynamic, coordinated and strictly monitored. The pathways and proteins responsible for
monitoring chromosomal segregation (i.e. the spindle assembly checkpoint mediated by
Bub family members, Mad family members, ROD, Zw10 and kinetochore proteins) and
mitotic exit (best described in S. cerevisiae and mediated by Mitotic Exit Network (MEN)
proteins) will not be reviewed in this thesis. Instead, this thesis will highlight the
pathways and proteins responsible for the initiation, establishment, integrity and

disassembly of a bipolar mitotic spindle.

1.2.3a: Mitosis: Xenopus spindle assembly

Within vertebrate somatic cells, the process of spindle morphogenesis has been
described by the plus-end search and capture model proposed by Kirschner and Mitchison
(1986). Briefly, dynamic microtubules, nucleated from duplicated polar centrosomes,
radiate towards and capture chromosomes through kinetochore attachment sites
(Mitchison et al., 1986). However, a centrosome independent pathway exists in some
organisms and cell types, including in female germ-cell meiosis (Karsenti and Vernos,
2001). In frog egg extracts, chromosome-induced microtubule nucleation and
organization is induced in a Ran-GTP dependent manner (Carazo-Salas et al., 1999)
(Kalab ef al., 1999) (Ohba et al., 1999) (Wilde and Zheng, 1999). The efficiency of Ran,

a Ras family GTPase, is regulated through the concerted activities of Ran-GAP, a GTPase

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 16

activating protein, and its cofactors RanBP1 and RanBP2 as well as the guanine
nucleotide-exchange factor RCC1. The presence of RCC1 promotes the accumulation of
Ran-GTP, the active form of Ran (Carazo-Salas et al., 1999); as RCC1 associates with
chromosomes while Ran-GAP and RanBP1 remain soluble, a gradient of Ran-GTP is
established with a local enrichment proximal to chromosomes (Kalab er al., 2002)
(Moore et al., 2002). Enrichment of active Ran promotes microtubule nucleation through
downstream effector proteins such as TPX2 and NuMA (Gruss ef al., 2001) (Nachury et
al., 2001) (Wiese et al., 2001). Ran-GTP, for example, has been shown to deplete
importin-B, a nuclear pore protein that binds NuMA and TPX2 and inhibits aster

formation (Nachury et al., 2001) (Wiese et al., 2001).

1.2.3b: Mitosis: mammalian spindle assembly

Evidence for chromosome-induced microtubule assembly within mammalian cells
was provided recently with the demonstration that spindle morphogenesis could be
inhibited by RNA interference targeting TPX2 (Gruss et al., 2002). Moreover, direct
observations of monostral-induced monopolar spindles demonstrated that kinetochore
microtubule fibers (K-fibers) form without direct connection to centrosomes, are
integrated into the spindle and recruited to centrosomes through the actions of NuMA and
complexed proteins, possibly dynein (Khodjakov et al., 2003). Thus, evidence exists for
the plus-end and minus-end capture of microtubules that emanate from the centrosomes
and kinetochores, respectively. Currently, the major effector proteins for chromosome-
induced microtubule polymerization and focusing appear to be TPX2, Aurora A and

NuMA.
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1.2.4: Hklp2 (Kinesin like 7) and TPX2 (repp86, p100, Ki-S2)

Xenopus kinesin-like protein 2 (Xklp2) was first cloned by Boleti et al.,1996 and
described as a plus end directed molecular motor that localizes to centrosomes and is
targeted to spindle poles through its COOH-terminal domain. Xklp2 was identified as an
important determinant of centrosome separation and spindle bipolarity (Boleti et al,
1996). Later it was determined that a COOH-terminal basic leucine zipper motif targeted
Xklp2 to microtubule minus ends through the cumulative action of the dynein-dynactin
motor complex and a 100 K microtubule associated protein (MAP) termed targeting
protein for Xklp2 (TPX2 )}(Wittmann ef al., 1998). TPX2 was described as a basic ~82.5
K protein that is nuclear during interphase and phosphorylated at mitosis during which
time it localizes to the mitotic spindle pole through the action of dynein/dynactin
(Wittmann et al., 2000). In Xenopus, augmentation of TPX2 function, through
immunodepletion and addition of excess TPX2, disrupted the organization of spindle
poles (Wittmann et al., 2000). Gruss et al.,, 2001 first linked TPX2 function to Ran by
demonstrating that Xenopus TPX2 is required for Ran-GTP and chromosome-induced
microtubule polymerization in M phase extracts. Importin-o., a nuclear transport factor,
binds and inhibits TPX2 (Gruss et al., 2001) (Schatz et al., 2003). Importin mediated
inhibition is relieved proximal to chromatin by Ran-GTP induced displacement (Gruss et
al., 2001) which facilitates TPX2 dependent microtubule nucleation (Schatz et al., 2003).
Indeed, Ran-GTP stimulates an interaction between TPX2 and Aurora A (AurA) kinase,
leading to the phosphorylation and activation of AurA in a microtubule dependent
manner (Tsai et al., 2003). The direct interaction of TPX2 with AurA ‘locks’ the active

confirmation of Aurora A (Bayliss ef al., 2003) and is specific for AurA but not AurB,
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due to a single amino acid in the kinase catalytic domain of AurA (Bayliss et al., 2004);
binding of TPX2 to AurA blocks the ability of p53 to inhibit AurA (Eyers and Maller,
2004). The above mentioned experiments were performed within Xenopus extracts.
Consistent with the Xenopus data, human TPX2 (hTPX2) is required for AurA targeting
through a direct interaction (Kufer et al., 2002). The role of TPX2 in spindle assembly,
however, has been questioned in the mammalian context. RNA inhibition of TPX2, by
some groups (Gruss et al, 2002) but not others (Garrett et al., 2002), impairs the
formation of a bipolar spindle in HeLa cells. Gruss et al., 2002 demonstrated that RNA
interference led to an accumulation of prometaphase-like phenotypes with separated
centrosomes nucleating microtubule asters but with few, or no, chromosome contacting
spindle microtubules. Garrett et al., 2002, however, demonstrated that hTPX2 RNA
interference arrested cells in a metaphase phenotype albeit with multipolar spindle
architecture. Thus, it is currently unclear if TPX2 mediated activation of AurA leads to
chromosome induced microtubule polymerization in mammalian cells or, alternatively,
TPX2 functions as an important determinant of spindle integrity and not spindle

assembly.

Interestingly, TPX2 was independently identified by Heidebrecht et al., 1997 as
pl100, and later repp86. P100 was identified as a nuclear phosphoprotein that was
exclusively expressed from Gy/S until the end of cytokinesis. A mAb that recognized
p100/rebb86, termed Ki-S2, was shown to be a more specific marker of cell proliferation
than Ki-67 (Heidebrecht et al., 1997) and its expression is strongly related to telomerase

activity in endometrioid carcinomas (Bonatz et al., 2001). Moreover, a repp86 labeling
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index (RI) was a significant determinant of adverse prognosis and the most important
predictor of event-free and disease specific survival in neuroblastoma (Krams er al,

2003).

L2.5: Aurora kinases

Aurora kinases (AurA, AurB, Aur C) are key regulators of cell cycle progression;
AurA regulates centrosome and spindle function (Andrews et al., 2003), AurB functions
in chromosome segregation and cytokinesis (Andrews et al., 2003) while little is known
of AurC, a testis specific kinase (Tseng et al.,, 1998). As this thesis focuses on AurA
rather than AurB and AurC, only a brief description of AurB mitotic function will be

reviewed (for a complete review see (Andrews et al., 2003)).

Originally identified in S. cerevisiae as Increased in ploidyl (Ipll) (Chan and
Botstein, 1993), related to Aurora in Drosophila (Glover et al., 1995) (Shevelyov, 1993),
and cloned as Aurora/Ipll related kinase (Aik) in H. sapiens (Kimura et al., 1997), the
nomenclature surrounding aurora kinases is complex. AurA [aka HsAIRK1, BTAK
(breast tumor activated kinase), Aik, ARK1, aurora2, gene name S7K6, STKI5], is a
serine/threonine kinase that localizes to the centrosome and spindle pole, is encoded at
human chromosome 20q13.2-q13.3 and is related to Xenopus Eg2 (aka Xenopus AurA)

(reviewed in (Giet and Prigent, 1999)).

In elucidating AurA function, several species have been studied with various

inhibition of function assays. Within all species examined AurA is a ~40-45 K
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phosphoprotein that localizes to centrosomes and mitotic spindle poles and is optimally
expressed at Gp/M transition. In Xenopus, inhibition of Eg2 function, through a
catalytically inactive variant incapable of autophosphorylation, led to the formation of
monopolar spindles (Roghi et al., 1998). In Drosophila, mutation, resulting in a kinase
inhibited variant, or RNA interference (RNAIi) disruption of AurA function leads to a
metaphase arrest with aberrant spindles, characterized by short spindles and reduced
astral microtubules (Giet ef al., 2002). Moreover, disruption of AurA function impairs the
spindle pole targeting of Drosophila transforming acidic coiled coil (D-TACC) protein
(Giet et al., 2002). In C. elegans embryos, RNAI disruption of AurA function leads to
aneuploidy resulting from severely disorganized bipolar spindle poles (Schumacher et al.,
1998); others, however, have used RNAIi to show that AurA is essential for the integrity
and maturation [i.e. loading of pericentriolar material (PCM) components like y-tubulin]
of mitotic centrosomes (Hannak ef al., 2001). In human HeLa cells, incomplete inhibition
of AurA function, with antibody microinjection and RNA interference, demonstrates that
AurA is critical for multiple mitotic progression events including G,/M transition,
centrosomes separation, spindle assembly, chromosome alignment and cytokinesis
(Marumoto et al., 2003). Complete inhibition of AurA, and its partner protein AJUBA,
led to an accumulation of transfected cells in late G, with accumulation of cyclin B1 but
decreased cyclin B1 kinase activity (Hirota ef al., 2003). Incomplete inhibition of AurA,
with RNAI, resulted in an increase in the proportion of cells within early mitotic stages
(i.e. prophase, prometaphase, metaphase) and an increase in apoptotic cells at early
timepoints (48 hour post transfection) (Marumoto et al., 2003). The majority of mitotic

cells demonstrated bipolar spindle architecture with misaligned chromosomes,
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characterized by MAD2" kinetochores (indicative of non-microtubule attached
kinetochores), suggestive of loose connections between microtubules and kinetochores in
early mitosis (Marumoto et al., 2003). AurA inhibition by RNAI also resulted in elevated
levels of multinucleated cells suggestive of a defect in cytokinesis; these RNAI induced
results were confirmed by antibody microinjection experiments which also resulted in the
formation of multipolar spindle architecture (Marumoto et al., 2003). Given the
importance of AurA to mitotic events, it is not surprising that its biology has been
fervently studied in the last three years leading to the discovery of a wide variety of
partner proteins and downstream phosphorylation targets. In addition to activation
complexes with TPX2 (Bayliss et al., 2004) (Bayliss et al., 2003) (Eyers and Maller,
2004) (Kufer et al., 2002) (Kufer et al., 2003) (Eyers et al., 2003) (Tsai et al., 2003) and
Ajuba (Hirota et al., 2003), Aurora A complexes with TACC1-TOG (Conte et al., 2003),
phosphorylates Histone H3 (Crosio et al, 2002), CENP-A (Kunitoku et al, 2003),
BRCAL1 (Ouchi et al., 2004), and p53 leading to mdm2-mediated degradation of p53
(Katayama et al., 2004), and regulates telomerase activity through c-myc (Yang et al.,

2004).

STK6 (aka stkl5) maps to chromosome 20q13.2, a region commonly amplified in
epithelial tumors (Reichardt ez al., 2003) (Collins et al., 2001) (Hidaka et al., 2000), and
AurA is amplified in a variety of tumors including breast, colorectal, ovarian, bladder and
hepatocellular carcinoma(Tanaka et al., 1999) (Bischoff et al., 1998) (Gritsko et al.,

2003) (Sen et al., 2002) (Jeng et al., 2004). Indeed, overexpression of AurA overrides the
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mitotic spindle assembly checkpoint leading to chromosomal missegregation, despite
Mad2+ kinetochores, failure of cytokinesis and multinucleation (Anand et al., 2003);
additionally, AurA overexpression endows cells with taxol resistance due to the defective
spindle assembly checkpoint (Anand e al., 2003). Taken together, these data support
targeting Aurora kinases in cancer therapies; initial trials are underway with a potent

Aurora inhibitor VX-680 (Harrington et al., 2004).

AurB is a chromosome passenger protein that localizes to kinetochores from
prophase to metaphase transitioning to the spindle midzone at anaphase and the cleavage
furrow at cytokinesis (Adams et al., 2001). AurB targeting is mediated by INCENP, a
chromosome passenger protein, and Survivin, an inhibitor of apoptosis (IAP)-like protein
(Adams et al., 2001) (Romano et al, 2003). In mammalian cells, AurB regulates
chromosome alignment and segregation; loss of AurB function, by microinjection of
antibodies, abrogates the mitotic spindle checkpoint leading to premature exit from
metaphase (Kallio ef al., 2002). Many studies have demonstrated that the AurB complex,
AurB-INCENP-Survivin, is essential to cytokinesis; the complex performs a combination
of functions including the regulation of microtubule dynamics through regulation of Rho,
bundling of anti-parallel microtubules, phosphorylation and regulation of intermediate
filaments and myosin II (Andrews et al., 2003). Additionally, AurB regulates chromotin
structure through the phosphorylation of chromosome proteins, including the nucleosome
component Histone H3, a centromere component CENP-A, DNA topoisomerase II and a
chromatin remodeling protein (Andrews et al., 2003). In turn, the regulation of AurB is

complex, spatial and dynamic; in vitro experiments demonstrate that AurB kinase activity
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is augmented by complexing with Survivin and INCENP while fluorescence recovery
after photobleaching experiments highlight two mitotic populations of AurB with

differential in vivo dynamics dependent on mitotic stage (Andrews et al., 2003).

12.6: NuMA

Nuclear/Mitotic apparatus protein (NuMA) is a ~238 K phospoprotein that
accumulates at mitotic spindle poles and demonstrates nuclear localization during
interphase. Like RHAMM, NuMA is an a-helical, highly coiled coil protein with a short
proline rich NH, terminal head and a longer COOH terminal tail; the COOH tail contains
the nuclear localization signal and microtubule binding domains (Zeng, 2000) (Haren and
Merdes, 2002). Also similar to RHAMM, the NuMA protein has been identified as
multiple sized molecular masses ranging from 180-240 K by immunoblot analysis (Zeng,
2000). Indeed, Tang et al., 1994 identified two shorter variants of NuMA (termed
NuMA-s and NuMa-m) that demonstrated centrosomal localization during interphase
presumably through their different COOH-terminal domains. Given the fact that
immuolocalization of endogenous NuMA fails to demarcate interphase centrosomes, it is
likely that these variants are very low abundance (Tang et al., 1994). Although NuMA is
a prominent component of interphase nucleii of most cell types examined, with the
exception of non-proliferative, highly differentiated cell types (Taimen et al., 2000), little
is known about its role in the nucleus. Therefore, this section will focus on the more
established functions of NuMA during mitosis. NuMA is concentrated at spindle poles,
where it is considered to be the principal crosslinker of microtubule minus ends, through

an association with the dynein/dynactin complex (Gaglio et al., 1996) (Merdes et al.,
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1996). NuMA may function in microtubule sliding and spindle stability by complexing
with the dynein/dynactin motor complex and anchoring one microtubule relative to
another .sliding microtubule (Gaglio et al, 1996) (Merdes et al., 1996). As NuMA
immunoblocking does not totally abolish mitotic centrosomal nucleation (Gordon et al.,
2001), it is likely that other MAPs contribute to the crosslinking of microtubule minus
ends at spindle poles. NuMA is required for mitotic spindle stability until the onset of
anaphase (Zeng, 2000) at which point it is dephosphorylated and released from spindle
poles, and the dynein/dynactin motor complex, in a Cyclin B degradation-dependent

manner (Gehmlich et al., 2004).

In a seminal paper for mammalian spindle assembly, Khodjakov et al., 2003
demonstrated that NuMA-dynein/dynactin complexes functioned in spindle
morphogenesis. Live cell imaging, following induction of monopolar spindles with a
reversible small molecule inhibitor of a mitotic kinesin, demonstrated that bundles of
microtubules extended from the centromeric region of chromosomes (termed kinetochore
(K)-fibers) to the cellular periphery (Khodjakov et al., 2003). These bundles did not
contact centrosomes and would extend to a distance of ~10um in length prior to looping
back and recontacting monopolar spindle microtubules (Khodjakov et al, 2003).
Washout experiments demonstrated that monopolar spindles could form bipolar spindles
through the capture and incorporation of K-fibers by separated centrosomal microtubules
(Khodjakov et al., 2003). Microinjection of NuMA antibodies inhibited microtubule
fiber looping within monopolar spindies and NuMA was consistently associated with the

minus-ends (non-chromosome associated) of K-fibers (Khodjakov et al., 2003). These
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data highlight that, in a mammalian context, kinetochore microtubules form without
contacting centrosomes and these K-fibers are incorporated into the spindle by minus-end

capture and recruitment in a NuMA dependent manner (Khodjakov et al., 2003).

1.2.7: Mitosis: Spindle integrity

The biology of mitotic spindle structure and dynamics, and the supportive role of
molecular motors, has been elegantly reviewed within several prominent journals (Heald,
2000) (Wittmann et al., 2001) (Sharp et al, 2000) (Karsenti and Vernos, 2001).
Mammalian spindle assembly appears to incorporate centrosome-dependent and
centrosomes-independent microtubule nucleation and polymerization (Gruss et al., 2002)
(Khodjakov et al., 2003) (Khodjakov ef al., 2000); once these fibers form, they must
contact chromosomes, or align into bipolar arrays, position and equivalently segregated
chromosomes into two daughter cells. The basis of this alignment and segregation are
dynamic molecular machinery driven by directional microtubule motors. Balance of
these motor forces is essential for spindle function and integrity. In simplistic terms,
molecular motors function in three broad categories. First, bipolar molecular motors are
responsible for establishing anti-parallel microtubule arrays that initially form the bipolar
spindle. These motors, like Bipolar in mitosis-C (Bim-C), and motor complexes (like
NuMA-dynein/dynactin) can cross-link and slide anti-parallel microtubules (for clarity,
anti-parallel refers to the polarity of microtubules within the spindle; the microtubules
are organized in a parallel manner but, as they orginate, or terminate, at opposing poles,
with differing polarities) to establish spindle bipolarity. Secondly, chromosome

associated motors, like chromokinesin and CENP-E, assemble at kinetochores, monitor
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microtubule attachment and generate molecular forces responsible for alignment and
segregation of chromosomes. Finally, the forces generated at the chromosomes, along
with those generated throughout the spindle/developing spindle body, must be stabilized
at the spindle pole. The principle cross-linker of microtubule minus ends appears to be
NuMA-dynein complexes although other molecular complexes including TPX2, TACC,

TOG and the kinesin HSET have been implicated in the maintenance of spindle integrity.

1.2.8: Mitosis: Cytokinesis

The end of the mitotic cycle involves the division of the two daughter cells. This
division initiates shortly after anaphase with an invagination in the plasma membrane
termed the cleavage furrow. The cleavage furrow is an actomyosin-based structure and
its formation is dependent upon large scale microtubule organizational changes including
the assembly of a central spindle. While the mechanisms and proteins involved in central
spindle assembly, and mitotic spindle disassembly, have not been elucidated to the extent
of spindle assembly, insights into these processes have been drawn from experiments in
C. elegans and Drosophila. The role of the MAP PRC1 and the centralspindlin complex,
a Rho-GAP and kinesin-like protein complex, in establishing the central spindle and
initiating the cleavage furrow has recently been reviewed (Glotzer, 2003). As mentioned
earlier, AurB is required for many of the elucidated processes of cytokinesis, including
centralspindlin localization and furrow initiation (Glotzer, 2003). Interestingly, recent
experimentation has revealed an important role for spindle assembly proteins, like TPX2
and TOG, in spindle disassembly. TPX2 and TOG appear to be major targets of the

AAA-ATPase Cdc48/p97 that is essential for spindle disassembly (Cao et al., 2003).
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AAA-ATPase proteins utilize their ATPase activity to catalyze a variety of cellular
processes including proteolysis, disassembly of protein complexes and unfolding of
proteins (Cao et al., 2003; Cheeseman and Desai, 2004). Cdc48, a conserved AAA-
ATPase, forms a trimeric complex that is important for targeting proteins to the 26S
proteosome (Bays and Hampton, 2002). Cao et al., 2003 demonstrated that inhibition of
this trimeric complex disregulated spindle disassembly despite normal degradation of
Cyclin B and loss of histone H1 kinase activity (indicating that cells had exited
metaphase). One component of the trimeric complex, Ufd1, associates with the Xenopus
TPX2 and TOG proteins during anaphase/late mitosis (Cao ef al., 2003); inhibition of this
association, through a dominant negative form of Cdc48, led to an increase association of
TPX2 and TOG with microtubules during late mitosis (Cao et al, 2003). Thus,
disassociation of TPX2 and TOG from spindle microtubules appears to be an important

step in spindle disassembly.

1.3.1: Myeloma: clinical features

Multiple myeloma (MM) is a malignancy of B-lineage cells symptomatically
characterized by accumulation of plasma cells in the bone marrow (BM) and an elevated
monoclonal (M) serum protein. MM accounts for ~15% of hematological malignancies
and ~1% of all cancers in Canada (National Cancer Institute of Canada, 2003). In 2003, it
is estimated that 1800 (1000 male, 800 female) newly diagnosed MM cases occurred in
Canada (125, 65 male, 60 female, in Alberta) with 1250 deaths resulting from the disease
(National Cancer Institute of Canada, 2003). The median survival for MM patients is

roughly 2.5-3 years and MM accounts for ~2% of all cancer deaths in Canada (National
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Cancer Institute of Canada, 2003). Minimal criteria for the diagnosis of multiple
myeloma include the presence of at least 10% abnormal plasma cells (PC) in the BM with
one of the following conditions: monoclonal serum protein (usually greater than 3 g/dL),
monoclonal protein in the urine, or osteolytic lesions (Kyle, 1992). MM is
symptomatically characterized by skeletal symptoms (i.e. bone pain, lytic lesions), due to
the release of osteoclast stimulating factors by MM plasma cells and the accumulation of
osteoclast cells in the BM, hypercalcemia in the blood, due to calcium release from the
bones, anemia, due in part to heavy BM infiltration, infections, due to reduced white
blood cell counts resulting from the disease or as an iatrogenic (treatment induced)
consequence, and renal problems, due to elevated protein levels in the blood.
Monoclonal gammopathy of undetermined significance (MGUS) is considered a
premalignant, or possibly a malignancy under control, plasma cell tumor that may be a
precursor disease for MM. Approximately 20-25% of MGUS patients progress to overt

MM at a rate of 0.5-3% a year (reviewed in (Fonseca et al., 2004)).

MGUS is defined as an expansion of plasma cells that does not exceed 10% of the BM
and a M-protein that is <3 g/dL (Fonseca et al., 2004). MGUS and MM share two very
important characteristics: translocations involving the isotype switch region of the
immunoglobulin heavy-chain (IgH) locus (human chromosome 14q32) and

aneuploidy/chromosomal instability.
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1.3.2: Myeloma: Immunoglobulin Heavy Chain (IgH) translocations

IgH switch translocations are speculated to be seminal events in myelomagenesis
(Bergsagel and Kuehl, 2001) (Kuehl and Bergsagel, 2002). The incidence of IgH
translocations increases with stage of disease (Bergsagel and Kuehl, 2001) (Fonseca et
al., 2004). Fluorescence in situ hybridization (FISH) detects IgH translocations in 50% of
MGUS, 55-70% of intramedullary (localized) MM tumors, 70-80% in extramedullary
MM and ~90% of MM cell lines (Bergsagel and Kuehl, 2001) (Fonseca et al., 2004). It is
currently postulated that switch translocations may initiate CIN within the malignant cell
leading to an evolution of genetic events that permits the selection and propogation of
more aggressive malignant clones (Bergsagel and Kuehl, 2001) (Kuehl and Bergsagel,
2002). This hypothesis has led to the classification of IgH translocations as primary
versus secondary translocations. Primary translocations are thought to precede CIN
whilst secondary translocations are thought to be progression events. Unlike other B-cell
tumors that are characterized by a single Ig translocations, MM patients demonstrate
diversity in primary IgH translocations partner chromosomes. Four loci have been
identified as recurrent targets: 11q13 (~15% of patients), 4p16.3 (~15%), 1623 (~6%),
and 6p21 (~4%). While somewhat controversial, the target oncogenes of these
translocations have been defined as cyclin D1 (11q13), FGFR3 and MMSET (4p16.3), c-
maf (16q23) and cyclin D3 (6p21). Complicating matters is the fact that 20-30% of MM
tumors have IgH translocations that involve other partner chromosomes, including but not
excluded to 20q11 (maf-B) and 6p25 (IRF-4/MUM-1), that occur at a prevalence of 1% or
less (Fonseca et al., 2004). Additionally, translocations at 8q24, targeting c-myc, are

thought to be late secondary events in myeloma progression. Given the heterogeneity of
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the disease’s genetics and the diverse mechanisms of the putative oncogene’s actions, a
common mechanism for myeloma initiation has yet to be defined although it is speculated
that overexpression of cyclin D genes may link all MM tumors (Fonseca et al., 2004); it is
interesting, however, that the highest expressers of cyclin D1, t(11;14)" MM patients,
have good prognosis (Fonseca et al., 2003) and cyclin D1 overexpression does not initiate

CIN (Spruck e al., 1999).

Based upon global gene expression profiling, MM patients have been classified into four
distinct groups, MM 1-4 each with elucidated prognostic characteristics (Zhan et al.,
2002). MM4 most closely cosegregate with MM cell lines, overexpressing various
proliferation gene products, while MM1 was most similar to MGUS and normal plasma

cell expression patterns (Zhan et al., 2002).

1.3.3: Myeloma: chromosomal instability (CIN)

In addition to the varying IgH partner chromosomes, the frequent occurrence of
CIN, characterized by aneuploidy, within MM malignant cells is unique among
hematological malignancies. Numerical chromosomal abnormalities are observed in
approximately 80-90% of MM patients (Ho et al., 2002); the most common being
monosomies 13, 14, 16 and 22 and trisomies 3,5,7,9,11,15,19 and 21 (Fonseca et al.,
2004). Interestingly, the percentage of PCs, within a patient at any given time, harboring
trisomies is variable and reflective of ongoing genetic instability (Fonseca et al., 2004).
The degree of aneuploidy is variable, no specific abnormalitiy is constant and the

prevalence of aneuploidy is independent of stage (Fonseca ef al., 2004). MM patients do,
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however, segregate into two broad categories: hyperdiploid and non-hyperdiploid
myeloma. Hyperdiploid MM is defined as between 46/47 chromosomes while non-
hyperdiploid MM can be further subdivided into hypodiploid (<45 chromosomes),
pseudodiploid (44/45 to 46/47 chromosomes) and near-tetraploid (75 or more
chromosomes) (Fonseca et al, 2004). Non-hyperdiploid myelomas are often
accompanied by recurrent IgH translocations, with emphasis on partner chromosomes
4p16.3, 11q13, and 16923 (Fonseca et al., 2004); the prevalence of IgH translocations in
non-hyperdiploid MM (>85%) is statistically greater than within hyperdiploid MM
(<30%) (Fonseca et al., 2004). Moreover, the prevalence of monosomy 13, a recurrent
abnormality identified in ~50% of MM patients, is more common in nonhyperdiploid
MM patients (Fonseca et al., 2004). While certain IgH translocations (t(4;14)) and
monosomy 13 are associated with an adverse prognosis, DNA ploidy, as determined by
DNA content analysis, has failed to be prognostically informative (Fonseca et al., 2004)

possibly due to its inability to discriminate between hypodiploid and pseudodiploid MM.

This thesis will investigate the biological function of RHAMM in order to
elucidate it’s association, if any, with myelomagenesis. The work presented herein is an
extension of the observation of Crainie ef al., 1999 in which RHAMM, and two splice
variants, were defined as qualitatively overexpressed within the myeloma malignant
clone. The overall hypothesis of this investigation is that expression of RHAMM,
and its isoforms, is functionally related to the generation of aggressive myeloma

clones.
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Chapter 1: RHAMM is a centrosomal protein that interacts with dynein

and stabilizes spindle poles

This research was originally published in Molecular Biology of the Cell.
Reprinted from Molecular Biology of the Cell (Maxwell, C.A., Keats, J.J., Crainie, M.,
Sun, X., Yen, T., Shibuya, E., Hendzel, M., Chan, G., Pilarski, L.M. Mol.Biol. Cell 2003

14: 2262-76) with permission by the American Society for Cell Biology.
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Introduction

The Receptor for Hyaluronan (HA) Mediated Motility (RHAMM, Intracellular
Hyaluronan Binding Protein (IHABP), CD168), first described by Turley and colleagues
(Turley, 1992; Turley et al., 1985, 1987, 1991), is a multifaceted protein with both
intracellular and extracellular functions (Hardwick et al., 1992) ,(Assmann et al.,
1999),(Pilarski et al., 2001). RHAMM mediates the HA-specific motility of a variety of
cell types, including transformed cell lines and ex vivo malignant leukocytes (Masellis-
Smith et al., 1996),(Pilarski et al., 2001). RHAMM is the founding member of the
B(X);B hyaladherin protein family and interacts with HA through basic (B) 9-11 amino
acids (aa) B(X),B motifs (Yang et al., 1994). Encoded by 18 exons, RHAMM localizes to
chromosome 5q33.2-qter (Spicer et al., 1995) and encodes an 85 kDa protein with
extensive coiled-coil structure and a basic amino-terminal globular domain (Hardwick et
al., 1992),(Assmann et al., 1999). In addition to its role in cell migration, RHAMM
expression, and overexpression, has been linked to ras transformation, tumor progression
and metastasis (Hall et al., 1995). Moreover, RHAMM has been identified as a
microtubule associated protein that also interacts with the actin cytoskeleton (Assmann et
al., 1999). Overexpression of RHAMM in B lymphoid malignancies, and other cancers,
suggests that it may play a role in human oncogenesis and disease progression (Crainie et
al., 1999),(Wang et al., 1998). Two RHAMM splice variants, RHAMM™®** * and
RHAMM "'’ have been identified in myeloma patients and cancer cell lines (Crainie et
al., 1999), (Assmann et al., 1999); all variants localize to the mitotic spindle although loss
of exon 4 inhibits interaction with interphase microtubules (Assmann et al., 1999). The

localization of RHAMM isoforms at the mitotic spindle provides a putative mechanism
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through which RHAMM expression regulates mitotic integrity, ploidy and, possibly,

carcinogenesis.

In animal cells, the duplication of centrosomes, and their subsequent polar
separation, initiates the establishment of a bipolar microtubule array. Many centrosomal
and non-centrosomal proteins, including microtubule motor complexes, coordinate early
mitotic events. Kinesin-like protein 2 family members (Xkip2, Hklp2, KRP180) are
essential for centrosomal separation and the maintenance of spindle bipolarity (Boleti et
al., 1996). The carboxy-terminal leucine zipper of Xklp2 is required for its centrosomal
and spindle pole localization, via an interaction with Targeting Protein for Xklp2 (TPX2)
and the dynein/dynactin motor complex (Wittmann et al., 1998). TPX2 has recently been
shown to mediate Ran-GTP dependent microtubule assembly and to target Aurora A
kinase to the spindle pole (Gruss et al., 2002) (Kufer et al., 2002). A recurring mechanism
in spindle pole formation and stability is dynein/dynactin mediated recruitment of
structural proteins to the spindle pole (reviewed in (Zimmerman and Doxsey, 2000).
Pericentrin, a 220 kDa coiled coil protein, plays an integral role in centrosomal stability
by acting as a molecular scaffold and interacting with numerous proteins and protein
complexes, including dynein (Zimmerman and Doxsey, 2000).  Although centrosomal
localization of pericentrin is microtubule independent (Gillingham and Munro, 2000),
based on the observations that nocodazole disruption fails to abolish pericentrin
centrosomal localization, recruitment of pericentrin to centrosomes requires an
association with the dynein motor complex (Young et al., 2000) (Zimmerman and

Doxsey, 2000). Nuclear Mitotic Apparatus protein (NuMA), a highly coiled coil 240 kDa
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protein, is also concentrated at spindle poles, where it crosslinks microtubule minus ends,
through an association with the dynein/dynactin complex (Gaglio et al., 1996). Recently,
a direct microtubule interaction has been localized to the carboxy terminal tail domain of
NuMA (Haren and Merdes, 2002). Thus, NuMA may function in microtubule sliding and
spindle stability by directly binding with microtubules at the carboxy-terminus,
complexing with the dynein/dynactin motor complex and anchoring one microtubule

relative to another sliding microtubule (Gaglio et al., 1996).

The Transforming Acidic Coiled Coil (TACC) proteins, a family of proteins that
concentrate to centrosomes through a conserved coiled coil carboxy-terminal domain
called the TACC domain, also play a role in organizing centrosomal microtubules
(Gergely et al., 2000a),(Gergely et al., 2000b; Lee et al., 2001). The TACC domain of
drosophila-TACC, D-TACC, has been shown to interact with minispindles, msps, the
drosophila homologue of human colonic and hepatic tumor overexpressed (TOGp)
protein (Lee et al., 2001),(Cullen and Ohkura, 2001). The TOG family of proteins
(TOGp, XMAP215, Msps) can bind directly to microtubules and promote their
polymerization. In drosophila, Msps is transported to microtubule minus ends by the
kinesin like protein Ncd and anchored to centrosomes by an association with D-TACC
(Lee et al., 2001),(Cullen and Ohkura, 2001); centrosomal targeting of D-TACC is
regulated by Aurora A kinase which, in turn, is dependent on TPX2-mediated targeting
(Giet et al., 2002) (Kufer et al.,, 2002). Like RHAMM, TACC proteins have been
intimately linked to carcinogenesis. TACC1 overexpression transforms mouse fibroblasts

(Still et al.,, 1999a). A TACC2 isoform has been identified as the tumor suppressor
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protein Azu-1 in breast carcinoma lines and TACC3 is upregulated in multiple cancer
lines (Chen et al., 2000), (Still et al., 1999b). Moreover, TACC3 is essential for
hematopoietic stem cell function and may play a primary role in the regulation of p53

function within hematopoietic cells (Piekorz et al., 2002).

This paper investigates the involvement of RHAMM at the mitotic spindle with
emphasis on its localization in non-adherent cell lines derived from human lymphocytes.
We demonstrate that RHAMM shares structural and functional similarity with proteins
that are essential for the maintenance of the mitotic spindle. RHAMM localizes to the
centrosome during interphase and to the spindle poles during mitosis. Consistent with
sequence similarity to the Klp2 family, we demonstrate that RHAMM interacts with the
dynein complex in vivo. The centrosomal targeting domain of RHAMM localizes to the
previously characterized hyaluronan binding domain (Yang et al., 1994); we show this
motif is phylogenetically related to the TACC and Klp2 centrosomal targeting motifs. We
find that overexpression of GFP-RHAMM leads to mitotic delays and apoptosis. We also
find that disruption of RHAMM mitotic function, through microinjection of purified anti-
RHAMM antibodies, affects spindle integrity and results in the formation of tripolar and
tetrapolar spindles. We have shown that in addition to its other functions, RHAMM is a
centrosomal protein that interacts with the dynein microtubule mofor complex, functions
in the maintenance of spindle integrity, and is chromosomally located proximal to the

putative FGFR4-TACC4 gene cluster on chromosome Sqter.
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Materials and Methods

Plasmids and antibodies

The RHAMM™, RHAMM " 4 RHAMM ****"* were all amplified with the 5'
Xhol-RHAMM and 3' Kpnl-RHAMM"™" primers using Platinum High Fidelity Taq
(Gibco/BRL) under standard conditions as recommended by the manufacturer. PCR
products were cloned into pCR2.1-TOPO (Invitrogen). The RHAMM®”, RHAMM®*,
RHAMM>® deletion constructs were all amplified from the pCR2.1-TOPO-RHAMM"*
vector, after sequencing, with 5' Xhol-RHAMM and the respective deletion primer.
These products were cloned into pCR2.1-TOPO. The respective RHAMM constructs
were then cloned into pEGFP-C1 (Clonetech) using Xhol and Kpnl. All GFP-RHAMM
constructs were prepared for transfection using the Qiagen EndoFree Maxi Kit (Qiagen).

The GFP-tubulin construct was purchased from Clonetech.

Primer Sequences:

5' Xho-lRHAMM  c¢GCtegagAtATGTCCTTTCCTAAG

3' Kpnl-RHAMM'™  ccgGTaccCTTCCATGATTCTTG

3' Kpnl-RHAMM®”®  TGGTGTTTGgTACCTAGAACTTaATTCAAT

3' Kpnl-RHAMM®? CAATAAggTAcCATATIAATCTCTTATTTTATT

3' KpnI-RHAMM®?® GAAACTGTGgTacCTTTAATTTaTGTTTCCTTTAG
5’ Xhol-RHAMM®® Cetegagat GCAACTGAGAGCTC

5’ Xhol-RHAMM®** AActcGAGATTCATATGCTAAATT

3’ Kpnl-RHAMM®® GggtaCcGT#aCTTCCATGATTCTTG
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Primer sequences are shown 5'-3', lower case letters denote mispriming from de
novo mRNA, bold sequences denote restriction endonuclease recognition sites, and italics

denote start and stop codons.

Antibodies used: o tubulin (clone B-5-1-2), y tubulin (clone GTU-88), dynein
(clone 70.1) from Sigma, pericentrin from BabCo, and the mouse monoclonal NuMA
antibodies were identified in a monoclonal antibody screen for mitotic chromosome
scaffold proteins (Compton et al., 1991). The polyclonal RHAMM antibody CM1 was
produced by Washington Biotechnology, Inc to the following carboxy-terminal peptide
sequence: G**'IKHFDPSKAFHHESK®®. The polyclonal serum was affinity purified
over a peptide loaded NHS-activated Sepharose 4B column (Amersham Pharmacia),
washed, eluted with glycine pH 2.5, neutralized and quantified by OD**. Fractions were
pooled and concentrated with Ultrafree-MC (Millipore Corp, Bedford MA) to >10mg/ml.
The specificity of this serum was tested by immunoblot, immunoprecipitation and
immunofluorescent analysis (see Fig. 5). A second anti-RHAMM serum was as
described (Assmann et al., 1999); this antiserum is a pan-specific anti-RHAMM sera
raised against a bacterially expressed GST-RHAMM fusion protein (RHAMM exons 10-
13, aa’"***)(Assmann et al., 1999). The anti-TOGp serum was as described (Dionne et

al., 2000). Secondary antibodies were from Molecular Probes.
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Cell Culture, transient transfection, nocodazole treatment and immunofluorescence

Cells from RPMI 8226, a human lymphoblastic cell line derived from the
peripheral blood of a multiple myeloma patient, and Raji, a human lymphoblastic cell line
derived from a Burkitts lymphoma patient, were grown in suspension in RPMI medium
supplemented with 10% fetal bovine serum (Gibco/BRL), at 37°C in 5% CO,. HeLa
cells, a human adherent epithelial cell line derived from a patient with cervical
adenocarcinoma, were grown in DMEM medium supplemented with 10% fetal bovine
serum (Gibco/BRL), at 37°C in 5% CO,.Cells were passaged 24 hours prior to
transfection. Suspension cells were transfected by electroporation (270mV, 960uF, 47-
53ms) and stable GFP-a-tubulin transfectants were selected for in 600ug/ml G418. HeLa
cells were transfected with Lipofectamine 2000 (GibcoBRL) following manufacturers
protocols. For nocodazole experiments, HeLa cells were incubated for 90 minutes in
25uM nocodazole (Sigma) prior to immunofluorescence. Suspension cells and HeLa
were fixed and permeabilized in cold MeOH at defined time points post transfection.
Cells were washed with PBS-0.5% Triton X-100 (Sigma) prior to immunofluorescence.
Primary and secondary antibodies were diluted in PBS-0.1% TWEEN (Sigma)+ skim
milk powder (blocking buffer) and all antibody incubations were for 30 min at room
temperature. For double staining experiments, antibodies were added sequentially. Cells
were washed 3x in PBS-0.5% TWEEN before and after incubations. Cells were mounted
in 90% glycerol/PBS + DAPI and images were acquired using a Zeiss confocal LSM 510
or multiphoton microscope. Images were processed using MetaMorph Software

(Universal Imaging Corp.) and Photoshop 5.02 software (Adobe Systems Inc.).
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Immunoprecipitations

Hela cells were transfected using Lipofectamine 2000 (GibcoBRL) and the
manufacturer's protocol. Following transfection, cells were incubated for 12-16 hours, in
the presence of OPTIMEM (GibcoBRL), while untransfected cells were incubated in
fresh DMEM-10%FBS. Following incubation, cells were released from plates with 1x
trypsin, washed 3x with PBS and lysed at 5x10°-107 cells/ml in 1% CHAPs plus 10
pg/mL leupeptin, 10 pg/mL antipain and 1 mM phenylmethylsulfonyl fluoride (all from
Sigma). For some experiments, cells were washed and lysed in situ with lysis buffer. All
immunoprecipitation procedures were performed at 4°C. Lysates were precleared with
Protein A-Sepharose beads (Pharmacia) with rotation for 30 min. Precleared lysates were
incubated with antibodies (3ul/150ml lysate) for 2 hrs at 4°C with rotation, then with
protein A beads (40ul 1:1 slurry in CHAPS +) for 1 hr at 4°C with rotation. Beads were
collected with centrifugation and washed 4x with CHAPS+ buffer. Immunoprecipitated
proteins were eluted with boiling SDS buffer and analyzed by a 5% stacking/8%
separating SDS-PAGE. 25 pl of precleared lysates and post-immunoprecipitation
fractions were analysed to determine efficiency and relative quantity of the

immunoprecipitations.

Microinjection

Hel a cells were plated onto coverslips and synchronized at the G1/S boundary by
double thymidine block (2.5 mM thymidine). Cells were injected 1 hour after release
from thymidine block.  Microinjection was performed with a semi-automatic

microinjector (Eppendorf, model 5412). For each coverslip, 200-300 cells were injected
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with each antibody mix over the course of approximately 30 minutes. Affinity purified
antibodies were kept in calcium and magnesium free PBS and were filtered through a
0.22 pm Millipore microfiltration cup before microinjection. Cells were released from
the G1/S block by washing with PBS and replaced with fresh media before
microinjection. Cells were fixed with 3.5% paraformaldehyde approximately 12 hours
after release from the G1/S boundary. Cells were permeabilized with 0.2% Triton X-100
in KB (10 mM Tris pH7.5, 0.15 M NaCl, 0.1% BSA) for 5 minutes and washed with KB
before antibody incubation. To minimize loss of loosely attached mitotic cells, the
coverslips were centrifuged at 200 g for 2 minutes in a clinical centrifuge (GPKR;
Beckman). The injected antibodies were detected by Cy5 conjugated anti-rabbit

secondary antibodies (Jackson ImmunoResearch Laboratories).
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Results

RHAMM localizes to centrosomes, spindle poles and midzone microtubules. The
carboxy-terminal structure of RHAMM is similar to the Kip2 family.

The subcellular localization of RHAMM to interphase microtubules and the
mitotic spindle has been demonstrated in adherent lines (Assmann et al., 1999). Because
RHAMM over-expression and function also characterizes human lymphocytes and B
lymphoid malignancies (Masellis-Smith et al., 1996),(Crainie et al., 1999),(Gares et al.,
1998), we investigated RHAMM localization in non-adherent, suspension cell lines
derived from lymphocyte malignancies (RPMI 8226 and Raji). The subcellular
localization of endogenous RHAMM was investigated by indirect immunofluorescence
using two polyclonal antisera. The first, termed IHABP, was previously characterized as
a pan-specific anti-RHAMM antiserum (Assmann et al., 1999) while the second, termed
CM1, is characterized below (Figure 1-5A). The adherent line HeLa was used to confirm

RHAMM localization in cells derived from solid tumors (not shown).
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Figure 1-1: Structural analysis and localization of RHAMM in suspension cell lines.

(A) Interphase localization of RHAMM (left column) by indirect immunofluorescence (a-c) and GFP-
RHAMM™™ fusion proteins (d-f) and colocalization with o-tubulin (middle column) is shown. Exponentially
growing RPMI 8226 cells were transiently transfected with GFP-RHAMM"" (d-f) or methanol treated and
sequentially stained with antibodies against RHAMM and a-tubulin. In the composite image ¢, RHAMM is
red and microtubules are green; in composite image d, GFP-RHAMM'" is green while microtubules are red
(B) Mitotic localization of RHAMM by indirect immunofluorescence (a-d) and GFP-RHAMM"" fusion
proteins (e-h) is shown. Exponentially growing RPMI 8226 cells were transiently transfected with GFP-
RHAMM'™ (d-f) or methanol treated and sequentially stained with antibodies against RHAMM and o-
tubulin. DNA was visualized with DAPI. Cells in prophase, prometaphase, anaphase and telophase are
shown. Scale bars are equivalent to 10 pm.(C). Schematic diagram of RHAMM predicted secondary
structure and functional domains with members of the Klp2 and TACC protein families. The molecular
motor domain of Hklp2 (aa 32-400) is identified in black, the amino-terminal microtubule binding domain
of RHAMM (aa 1-70) is in gradient, predicted coiled coil structure of the proteins is in grey, the carboxy-
terminal B(X);B domain of RHAMM (aa 627-70) and basic leucine zipper of Hklp2 (aa 1342-88) is shown
in hatched black. Percent identity between the COOH-terminal 200 aa are shown; percent identity within
the basic leucine zipper/HA binding domain is shown in parentheses. (i) RHAMM COOH-terminal

sequence was aligned with Klp2 family members using the PepTool software program. Identical amino
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acids are outlined in grey. The Klp2 consensus COOH-terminal leucine zipper is boxed. The HA-binding

B(X);B domains of RHAMM are underlined.

Examination of RHAMM localization within interphase, non-adherent cell lines
revealed pronounced centrosomal localization in addition to microtubule association
(Figure 1-1A). Although less pronounced in adherent HeLa cells, centrosomal
localization was identified within interphase and prophase cells (not shown). We
speculate that the more polymerized, filamentous microtubule arrays of adherent lines
have prevented previous observation of RHAMM centrosomal localization. During
prophase, in both adherent and suspension lines, RHAMM concentrated at the center of
microtubule asters and associated with microtubules growing between the two asters
(Figure 1-1B). During prometaphase and metaphase, RHAMM intensified at the spindle
pole and extended along spindle microtubules during metaphase. Additionally, RHAMM
localized to the spindle midzone during anaphase and telophase. During telophase,
RHAMM redistributed from the centrosomes and concentrated to the spindle midzone
(Figure 1-1B). To compare the localization of RHAMM in fixed and live cells and to
control for possible fixation and permeabilization artifacts, the distribution of full-length
RHAMM (RHAMM™™)-GFP was examined in transiently transfected RPMI 8226, Raji
and HeLa cells. Consistent with the localization of endogenous RHAMM in fixed
samples, RHAMM'.GFP proteins localized to centrosomes, interphase microtubules, the
mitotic spindle pole and midzone microtubules in suspension and in adherent cells.

Although microtubules are suboptimally visualized in non-adherent cells, RHAMM
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antibodies colocalized with microtubules in all interphase cells examined, including

methanol fixed suspension cells (Figure 1-1A).

Previous analysis of RHAMM established the existence of three major structural
domains: the amino-terminal head (aal-69; pI 10.72), which interacts with microtubules,
an extensive coil coiled stalk (aa70-680; pl 5.06) and a short carboxy-terminal tail (aa
681-724; pl 8.12)(Assmann et al., 1999). Sequence alignments and structural prediction
reveals a relationship between RHAMM and the Klp2 protein family (Figure 1-1C).
Structure prediction for RHAMM, like Xklp2, predicts extensive coiled-coil structure
within the carboxy-terminal 600 amino acids (Figure 1-1C)(Assmann et al., 1999),(Boleti
et al., 1996). Moreover, BLAST 2 sequence analysis (Tatusova and Madden, 1999) of
RHAMM primary structure against the Klp2 family reveals significant homology (e™® for
Hklp2) including conservation of the carboxy-terminal leucine zipper, which exhibits
72% identity (Figure 1-1Ci); this domain is vital to Klp2 centrosomal localization and
function through an indirect interaction with the dynein/dynactin complex (Wittmann et
al., 1998). The coiled-coil terminus of RHAMM, however, bears little sequence identity
to the centrosomal targeting TACC domain of TACC1. The carboxy-terminal leucine
zipper of RHAMM (boxed in Figure 1-1Ci) overlaps the defined HA-binding domains
(underlined in Figure 1-1Ci); this region is conserved amongst RHAMM proteins in
human, mouse and rat (Lynn et al., 2001). RHAMM lacks the highly conserved amino-
terminal kinesin motor domain but contains a microtubule binding domain in its place (aa
1-70, Figure 1-1C). Based on these similarities, we tested whether the conserved

carboxy-terminal leucine zipper directed RHAMM to centrosomes and spindle poles.
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The amino-terminus of RHAMM is required for interaction with interphase microtubules
while the carboxy-terminal leucine zipper targets RHAMM to the centrosome

To define the domains in RHAMM responsible for centrosomal targeting, we
constructed GFP fusion proteins that correspond to known RHAMM splice variants
(RHAMM ™" and RHAMM™®*'®) as well as RHAMM carboxy-terminal deletion
mutants (RHAMMl'5 2 RHAMM'®* and RHAMM1'679) and carboxy-terminal fragments

(RHAMM®*7® and RHAMM>*7%%) (Figure 1-2A).
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Figure 1-2 RHAMM interacts with microtubules at the amino terminus and is

targeted to the centrosomes by the carboxy terminus
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Figure 1-2: RHAMM interacts with microtubules at the amino terminus and is

targeted to centrosomes by the carboxy-terminus. A) Cartoon diagram of RHAMM"™ and the
RHAMM splice variants along with the deletion mutants utilized in the following experiments. The table
outlines results of centrosomal localization experiments. For GFP-RHAMM®” variant, no mitotic figures
(NMF) were observed for 5 transfection experiments (B) EGFP-C1 (not shown), EGFPC1-RHAMM"™ (top
box), EGFPC1-RHAMM ****"* (not shown) and EGFPC1-RHAMM **** (bottom box) were transfected into
RPMI 8226 and stained for o-tubulin six to eight hours post transfection (middle lanes). a-tubulin stain
allows identification of microtubule colocalization and microtubule organizing center (centrosome)
localization. Cells were visualized in PBS/glycerol (a-f) or cytospun at 200 rpm and visualized (g-1). Line
(inset in panel ¢ and i) profile analysis of channel intensities was used to demonstrate colocalization, or lack
thereof, between GFP-RHAMM isoforms and a-tubulin. Representative profiles are shown. Scale bars
equivalent to 10 um. (C) HeLa cells were treated with, or without, nocodazole for 90 min, and sequentially
stained for RHAMM, or pericentrin (not shown), and y tubulin, a centrosomal marker. In the composite
images, RHAMM is red, y-tubulin is green and DNA is blue. DNA was visualized with DAPIL. Scale bars
equivalent to 10 um. (D) Deletion constructs were transfected into RPMI 8226 and cells were stained for y
tubulin six to eight hours post-transfection to indicate centrosomal localization. DAPI channel is included
for the GFP-RHAMM®****? variant to demonstrate prometaphase stage of transfected cell. Interphase cells
transfected with GFP-RHAMM>****® or GFP-RHAMM®**®” demonstrated nuclear accumulation but not

centrosomal localization (not shown). Scale bars are equivalent to 10 um.

To investigate the centrosomal localization of RHAMM in non-adherent cells,
GFP-RHAMM fusion constructs were transiently transfected into RPMI 8226 and Raji
lines. Consistent with previous observations in HeLa cells (Assmann et al., 1999),
RHAMM variants that contain exon 4 (i.e. RHAMM™™ and RHAMM ") colocalized
with interphase microtubules (Figure 1-2B). The degree of colocalization is illustrated by

the intensity profile along the inset line within panel ¢ (Figure 2B). Although the low
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cytoplasm to nucleus ratio of the suspension cells makes microtubule colocalization
experiments difficult, occasional cells with well-defined microtubule networks were
observed. Within these cells, GFP-RHAMM variants, containing exon 4, demonstrated
precise colocalization with microtubules (not shown). Loss of exon 4 (GFP-RHAMM"
exondy  disrupts interphase microtubule interactions as demonstrated by the lack of
colocalization along the inset line 1 within panel 1 (Figure 1-2B). In fact, GFP-RHAMM"
xond Jemonstrated diffuse, relatively invariant, cytoplasmic localization (line 1, Figure 1-
2B). However, GFP-RHAMM ™™ localized to centrosomes (see line 2 profile) and
mitotic spindle poles (Figure 1-2B). Nocodazole inhibition of microtubule
polymerization was used to determine whether polymerized microtubules were required
for the association of RHAMM with centrosomes and the mitotic spindle pole.
Pericentrin was used as a positive control as it is known to localize at the centrosome in a
microtubule-independent manner (Gillingham and Munro, 2000). Centrosomal
localization was analyzed by y-tubulin staining and DAPI staining was used to determine
the mitotic status of the cells. In the presence of polymerized microtubules (-nocodazole),
RHAMM localizes at centrosomes and the mitotic spindle (Figure 1-2C). As
demonstrated by the RHAMM staining within metaphase cells (Figure 1-2C, panel e),
nocodazole treatment affected cellular architecture and disrupted metaphase mitotic
spindles. Consistent with previous reports, pericentrin localization at centrosomes was
microtubule-independent (not shown); in the absence of polymerized microtubules,
RHAMM maintained an association with interphase centrosomes and the mitotic spindle
pole (Figure 1-2C). It is important to note that microtubule-independent centrosomal

localization is distinct from microtubule-independent centrosomal targeting. Although
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RHAMM and other centrosomal proteins such as pericentrin do not require microtubules
to remain localized at the centrosome, it is likely that RHAMM centrosomal targeting is
facilitated through an interaction, either direct or indirect, with a minus-end directed

microtubule molecular motor (see below).

The carboxy-terminal 300 aa coiled-coil domain of RHAMM shares identity with
the basic leucine zipper (BZIP) of the Klp2 family (Figure 1-1C). To test the importance
of the conserved leucine zipper in centrosomal targeting, deletion constructs of RHAMM,
lacking the carboxy-terminal 200, 102 and 47 aa, were constructed (Figure 1-2A).
Transient transfection of empty vector EGFPC1 was used as a negative control for
centrosomal and spindle pole localization; both the centrosome and spindle pole showed
slight amplification of transfected EGFP-C1 (not shown). Deletion of the carboxy-
terminal 200 aa (RHAMM>?, not shown) or 102 aa (RHAMM®®, Fig. 2D), inhibited the
centrosomal localization of the fusion proteins. However, RHAMM proteins that
contained the leucine zipper, RHAMM™™ (Figure 1-2D), RHAMM ***" (Figure 1-2B),
RHAMM " (not shown) and RHAMM?®” (Figure 1-2D), localized to the centrosome.
The BZIP motif was also essential for localization of RHAMM constructs to the mitotic
spindle pole; after examination of 5 transfection experiments, we were unable to identify
a mitotic figure within GFP-RHAMM?®" transfected cells. This observation was tested
and quantitated in HeLa cells. Transient transfectants of GFP-RHAMM®”® and GFP-
RHAMM'™ were examined for mitotic stage at 12, 13, 14 and 20 hours post transfection
and compared to neighbouring untransfected cells. GFP-RHAMM®” transfection resulted

in only prophase transfectants (n=47) while GFP-RHAMM'™" transfection led to
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accumulation of prometaphase and metaphase cells {58.6% (34/58) of transfected cells vs
26.2% (101/386) within the untransfected population; see also Figure 1-4}. Moreover,
the majority of GFP-RHAMM?®” transfectants demonstrated large aggregation of GFP
fluorescence (not shown). Microtubule associations and centrosomal localization were
maintained in transfectants with low levels of fluorescence. Interestingly, '**TPLK’", a
consensus cdc2 phosphorylation site conserved in mouse and rat, falls within the deleted
region of RHAMM®”. To test the sufficiency of the BZIP motif for centrosomal
targeting, we constructed GFP-tagged, carboxy-terminal RHAMM fragments consisting
of the terminal 100 and 225 aa, respectively. When transiently transfected into RPMI
8226, these constructs localized to the interphase nucleus and mitotic spindle pole.
Although the carboxy terminus does not include a predicted (predictNLS analysis) simple
or bipartite nuclear localization signal, characterized by a short stretch of basic aa or two
interdependent positively charged clusters separated by a short linker region, it is highly
basic (Cokol et al., 2000). Given their basic nature, the nuclear localization of the small
carboxy-terminal fragments may be the result of transport, and not simple diffusion, into
the nucleus. Both fragments also showed slight localization to the centrosome although
not greater than GFP alone. Therefore, the carboxy-terminal basic leucine zipper of
RHAMM, which overlaps the defined B(X);B HA binding domains and is homologous to
the Klp2 family, is essential for centrosomal targeting and sufficient for spindle pole

localization.
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RHAMM interacts with the dynein motor complex in vivo

As the carboxy-terminal leucine zipper is conserved between RHAMM and the
Klp2 family and this domain mediates the indirect interaction of Xklp2 and dynein
(Wittmann et al., 1998), we investigated whether RHAMM interacts with the dynein
motor complex in cells. We first determined the spatial relationship of endogenous
RHAMM and dynein intermediate chain in HeLa cells. Double immunofluorescence by
confocal microscopy demonstrated colocalization of dynein and RHAMM at the spindle
pole within mitotic HeLa cells (Figure 1-3A). As a large fraction of intracellular
RHAMM, and dynein, does not localize to the spindle pole, it is likely that only a subset
of the total RHAMM protein interacts with the dynein/dynactin motor complex, and vice

versa.
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Figure 1-3: RHAMM interacts with the dynein motor complex (A) Endogenous RHAMM and dynein
colocalize at the spindle pole in mitotic HelLa cells. HeLa cells were methanol treated and stained
sequentially with antibodies against RHAMM (polyclonal) and dynein light intermediate chain
(monoclonal); Scale bar equals 10 um. (B) HeLa lysates were prepared as described in Materials and
Methods. Immunoblot analysis of RHAMM and dynein levels indicates equivalent amounts within
transfected and untransfected lysates. An additional band at 120 kDa within the transfected populations
represents the GFP-RHAMM"" species. Immunoprecipitation experiments were separately performed on
150 pl precleared lysates using a polyclonal RHAMM antibody, the prebleed immune sera, a polyclonal
TOGp antibody, a polyclonal NuMA antibody, a monoclonal dynein intermediate chain antibody (Sigma)
or a IgG2a isotype control antibody (Southern Biotechnology Inc.) as described in Materials and Methods.
25ul (one-fifth of the immunoprecipitation volume) of precleared lysate and post-IP fractions were analysed

to determine relative quantity and efficiency of the precipitations. The resulting immunprecipitates were
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blotted with dynein intermediate chain monoclonal antibodies (i. Dynein immunoblot)) or 2 RHAMM
polyclonal serum (ii. RHAMM immunoblot). The expected band size for dynein (dynein immunoblot) as
well as endogenous RHAMM and GFP-RHAMM (RHAMM immunoblot) are shown with arrows.
Transfected (+ GFP-RHAMM) and untransfected (- GFP-RHAMM) lysates are indicated above the blot as
are the precipitating antibodies for the experiment. Post precipitation (IP) fractions for the transfected
lysates are shown to indicate the relative efficiency of precipitation for IgG and dynein (dynein
immunoblot) or prebleed and RHAMM (RHAMM immunoblot). For Dynein immunoblot, all lanes exposed
for 30 seconds. For RHAMM immunoblot, lanes 2-6 were exposed for 15 secs while lanes 1,2,7-14 were
exposed for 60 secs. Lane 1; untransfected (ut) lysates. 2; transfected (t) lysates. 3; ut lysate precipitated by
prebleed (PB) antiserum. 4; t lysates precipitated with PB antiserum. 5; ut lysate precipitated by RHAMM
(RH) antiserum. 6; t lysates precipitated with RH antiserum. 7; ut lysate precipitated by IgG isotype
matched monoclonal antibody. 8; t lysates precipitated with IgG antibody. 9; ut lysate precipitated by
monoclonal anti-dynein (Dyn) antibody. 10; t lysate precipitated by monoclonal anti-dynein (Dyn) antibody.
11; ut lysate precipitated by TOG antiserum. 12; t lysates precipitated with TOG antiserum; t lysates
precipitated with anti-dynein antibody. 13; post-IP fractions following negative control precipitation (IgG or

PB). 14; post-IP fractions demonstrating efficiency of positive control precipitation (Dyn or RHAMM).

To extend the confocal colocalization data, we investigated the ability of
RHAMM antibodies to coimmunoprecipitate dynein intermediate chain from interphase
and mitotic Xenopus extracts. A cell cycle-dependent NuMA-dynein-dynactin complex
has been identified in immunoprecipitates using either anti-dynein or anti-NuMA
antibody within the Xenopus system (Merdes et al., 1996),(Merdes et al., 2000).
However, the NuMA-dynein-dynactin complex seems to be less stable in higher
vertebrate cells with some, but not others, able to co-immunoprecipitate these protein
complexes (Zeng, 2000). This raised the possibility that it may also be difficult to detect

a RHAMM-dynein complex in HeLa cells. Thus, we analysed RHAMM-dynein
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interactions in Xenopus extracts. Immunoprecipitation of mitotic and interphase
Xenopus extracts with RHAMM antibodies revealed a major species at 95 kDa as well as
minor bands around 150, 113 and 85 kDa (not shown). These sizes are consistent with
those published for RHAMM species in various mammalian tissues (Assmann et al.,
1999), (Hall et al., 1995). RHAMM antibodies coimmunoprecipitated dynein, with slight
amplification within M phase extracts, but some dynein was found to interact with
RHAMM during interphase (not shown). Interestingly, the monoclonal dynein
intermediate chain antibody was unable to co-immunoprecipitate RHAMM protein,
consistent with our observation that only a fraction of dynein was associated with

RHAMM, and vice versa.

To confirm this association in mammalian cells, HeLa extracts were transiently
transfected with GFP-RHAMM'™. CHAPS soluble lysates from transfected, or
untransfected, populations were separately immunoprecipitated with an anti-intermediate
chain dynein monoclonal antibody, IgG2a control antibody, a polyclonal RHAMM
antibody, a polyclonal TOGp antibody, a polyclonal NuMA antibody and a non-immune
serum. As demonstrated in Figure 1-3C lanes 1 and 2, transfected and untransfected
lysates contained comparable amounts of endogenous proteins with the transfected
populations overexpressing a GFP-RHAMM species of approximately 120 kDa
molecular weight (lane 2, RHAMM immunoblot). Recently, dynein has been
coimmunoprecipitated from HeLa extracts with NuMA antiserum; for this reason, we
included a NuMA immunoprecipitation as a positive control for association with dynein

(Bhattacharya et al., 2002). Also, as the drosophila homolog of TOGp, msps, utilizes the
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Ncd motor, and not the dynein complex, to localize to centrosomes (Cullen and Ohkura,
2001), TOGp immunoprecipitation of dynein served as a negative control. RHAMM
antibodies coimmunoprecipitated dynein from transfected and untransfected lysates.
Comparison of the amount of co-precipitated dynein with the western blot signal seen in
the total lysates indicates that, under the conditions used here, only a fraction of dynein is
recovered in a complex with RHAMM. Although the level of coprecipitated dynein was
low, the amount was similar to that precipitated by NuMA antibodies. The specificity of
the RHAMM-dynein interaction is demonstrated by the inability of TOGp antibodies,
control IgG2a and non-immune serum to coimmunoprecipitate dynein. The reciprocal
coimmunoprecipitation of RHAMM with dynein intermediate chain antibodies was
achieved in transfected and untransfected HelLa lysates; again, comparison with the
western blot signal indicates that only a fraction of endogenous RHAMM is precipitated
by dynein. TOG antibodies also co-immunoprecipitated GFP-RHAMM™ from
transfected lysates; this result is consistent with live cell observation, within RPMI 8226,
of accumulation of GFP-RHAMM'™ aggregates at the cell periphery and vectoral
movement of GFP-RHAMM'" towards the cell body (see Chapter 2, Figure 2-3B). Thus,
the dynamic redistribution of GFP-RHAMM'" in live suspension cells is consistent with
minus-end directed motion, mediated by the dynein motor complex, and plus-end

association, likely mediated through an interaction with TOG.
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Overexpression of GFP-RHAMM fusions initiates a mitotic block in RPMI 8226 and
HelLa cells

As GFP-RHAMM'™ does not generate stable transfectants within RPMI 8226 and
HeLa cells, time-lapse confocal microscopy was used to follow the kinetics of mitosis
within these transfectants. Transiently transfected GFP-RHAMM™ cells arrested in
mitosis (Figure 1-4Ai). These transfected cells failed to divide, mitotic spindles broke
down and the cells underwent apoptosis (Figure 1-4i). In order to demonstrate that the
visualization techniques were not causing the mitotic block and that the GFP tag was not
influencing the kinetics of mitosis, tubulin-GFP fusions were stably transfected into 8226
cells and followed through mitosis. These cells demonstrated normal division (Figure 1-

4Aii).
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A. )GFP-RHAMMF" (8226)

i\GFP-tubulin (8226)

C. Cells Cells Mitoses  Mitotic Metaphases* Metaphase/ Apoptotic "
Ex?rr,r)zined (n) Index (n) Mitotic M A+C™ Abnormal
822 3680 186 505 48 2580% 111 030% 0
8226_EGFPC! 3952 20 509 54 26.90% 121 170% 0
8226_C1RHAMMFL 343 1% 3% 77 5662%  43:1 520% 390%
826 CIRHAMMFLO X post) 2142 100 467 68 6300%  49:1 750% 660%

*Metaphases (M) defined by bipolar spindle or nuclear envelope breakdown
**ration of M to the sum of Anaphases (A) and Cytokinesis (C)

***defined by large GFP clusters

Cells examined 12, 16, 20 and 36 hours post transfection

Figure 1-4  GFP-RHAMM'™" overexpression inhibits mitotic progression in 8226 and

HeLa (not shown).
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Figure 1-4: GFP-RHAMM " overexpression inhibits mitotic progression in RPMI

8226 and HeLa (not shown). RPMI 8226 or HeLa cells were transfected with EGFPC1-RHAMM'™",

incubated at 37°C for six hours and visualized in the presence or absence of Hoescht 33342 at Sug/ml. i)
Overexpression of EGFPC1-RHAMM'™ within RPMI 8226 and HeLa (not shown) during metaphase
induced a block in chromosome alignment and spindle separation, leading to spindle breakdown and cell
death. Transfected cells were incubated at 37°C, 5% CO, and visualized every 5min for 10 hrs. (ii)
Overexpression of EGFPCl1-tubulin within RPMI 8226 did not affect progression through the cell cycle.
Within this population, anaphase was completed (~40min) approximately 25 min following metaphase
(14min). Scale bars equivalent to 10 pm (B) Overexpression of GFP-RHAMM'™" in RPMI 8226 led to the
accumulation of mitotic cells in prometaphase (a-c) and metaphase (d-f) with unaligned chromosomes. Cells
were transfected, methanol treated at defined timepoints and stained with monoclonal antibodies against a-
tubulin. DNA was visualized with DAPI. Scale bars equivalent to 10um (C) Graphical representation for
time-line analysis of mitotic and apoptotic status of untransfected RPMI 8226, EGFP C1 (vector control)
transfected RPMI 8226, and GFP-RHAMM'™" transfected RPMI 8226 at 12, 16, 20 and 36 hours post
transfection. Transfected cells were sorted based on viability and fluorescence at 8-10 hours post
transfection. Transfected cells were identified as interphase, prophase, prometaphase, metaphase, anaphase,
cytokinesis and apoptotic based on the state and condensation of their DNA. Transfected cells were
classified as abnormal if they contained large aggregates of GFP-RHAMM (data not shown); the
microtubule staining of these cells seemed more diffuse and less organized than cells lacking these

aggregates. However, DAPI staining did not indicate that these cells were apoptotic.

To quantitate the level of GFP-RHAMM™ overexpression and its effect on
mitosis, RPMI 8226 cells were transiently transfected with GFP-RHAMM'™" or EGFP-C1
vector and sorted 8 hours later. An aliquot of transfected cells was examined by
immunoblot for overexpression at 16 hours post transfection (Figure 1-5A). 8226

transfected with EGFPC1 (Figure 1-5A, lane 1) expresses an endogenous RHAMM
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species of approximately 90 kDa while the 8226 cells transiently transfected with GFP-
RHAMM"™ (Figure 1-5A, lane 2) express endogenous RHAMM and a GFP-RHAMM
protein at approximately 120 kDa. Band intensities, using digital imaging quantitation,
indicated that the GFP-RHAMM intensity was approximately 5x that of the endogenous
RHAMM. The level of overexpression in these sorted populations of transiently
transfected RPMI 8226 cells is greater than that in the unsorted population of HeLa cells
used in the immunoprecipitation experiments. This difference is due to the sorting of
populations (i.e. many unsorted, lysed HeLa cells may not be expressing GFP-RHAMM)
and likely gives a more definitive representation of the level of GFP-RHAMM, relative to
endogenous RHAMM, within transfected cells. Transfected cells were fixed at 12, 16, 20
and 36 hours post transfection and stained with o tubulin, to identify the spindle, and with
DAPI, to determine mitotic status. Untransfected RPMI 8226 and EGFPCI1 (control
vector) transfected RPMI 8226 served as controls. GFP-RHAMM'™" overexpression
resulted in an increase in the frequency of prometaphase cells; approximately 70% of
mitotic GFP-RHAMM'" cells were prometaphase arrested 20 hours post transfection
(Figure 1-4B and 1-4C). Interestingly, true metaphase alignment of chromosomes was not
achieved in GFP-RHAMM'™ transfected cells. Likely due to the prometaphase arrest,
few GFP-RHAMM™™ transfected cells were observed in anaphase or cytokinesis as
demonstrated by the increasing metaphase: anaphase + cytokinesis ratio (Figure 1-4C). In
combination with the prometaphase arrest, GFP-RHAMM'" overexpression resulted in a
dramatic increase in apoptotic cells as well as the presence of cells with large GFP-
RHAMMF™" clusters (not shown). It is unclear if these large GFP-RHAMM'™ clusters

precede apoptosis; these clusters did not colocalize with a-tubulin and were
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phenotypically similar to those identified by overexpression of GFP-TACC domain

fusions (Gergely et al., 2000a).

Inhibition of endogenous RHAMM results in abnormal mitotic figures

In order to further investigate the mitotic functions of RHAMM, a polyclonal
peptide-specific antibody was created against the carboxy-terminal peptide sequence
G%2.K%" of RHAMM (Figure 1-5A). This sequence is outside the conserved basic
leucine zipper motif to avoid inhibiting Hklp2 function. This serum was affinity purified
and the specificity of the antibody was tested by immunoblotting endogenous RHAMM
and GFP-RHAMM"™, immunoprecipitating endogenous RHAMM from HeLa and 8226

and colocalization with GFP-RHAMM'" in HeLa and 8226 (Figure 1-5A).
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B. Injected CM1/  o-tubulin/
DNA

DNA Composite

Injected CM1/ NuMA/
NuMA DNA

.

Comioste

C. Injected IgG Cells Examined{n) Bipolar (%) Tripolar (%) Tetrapolar (%)

- 325 92 +/-47 5+/-25 3+/-3
non-immune 177 91 +/-7.6 5+/-5 4+/-25
CM!1 272 75 +/- 2.1 11 +/-3.5 14 +/-4.3

Figure 1-5  Microinjection of anti-RHAMM antibodies induce multipolar spindles
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Figure 1-5: Microinjection of anti-RHAMM antibodies induces multipolar spindles.

(A) A representation of the location, relative to Hklp2, and sequence of the peptide from which a
polyclonal anti-RHAMM serum (CM1) was derived. The specificity of the purified CM1 serum was
determined by immunofluorescence, immunoblotting (lane 1 and 2), immunoprecipitation (lane 3-6) and
reactivity with GFP-RHAMM"™" fusion proteins. Lane 1 and 2 demonstrates that CM1 specifically blots
endogenous RHAMM and GFP-RHAMM in RPMI 8226 cells transfected with GFP-RHAMM (lane 2) or
vector control (EGFP-C1, lane 1). Lanes 3-6 demonstrates that CM1 immunoprecipitates from HeLa and
RPMI 8226 lysates an equivalent sized protein as the previously validated IHABP antibody. Scale bar
equals Sum. (B) Hela cells were plated onto gridded coverslips and were synchronized at the G1/S
boundary by a double thymidine block. Cells were injected 1-2 h after they were released from the G1/S
boundary. Asymmetrical and symmetrical tripolar and tetrapolar spindles were observed. DAPI staining
revealed that all spindles in these abnormal mitotic figures segregated DNA. Microinjected RHAMM Ab
(first column) reveals that the injected antibody localizes to the spindle poles. NuMA staining (g-i)
confirms that the abnormal spindle poles contain NuMA. (C) Graphical representation of microinjection
results, Four separate experiments were performed and spindles were scored as bipolar, tripolar, tetrapolar
and hexapolar spindles (not shown). The results are given as mean percentage and standard deviation of the

mean for each spindle phenotype.

To determine whether spindle integrity was affected by disruption of RHAMM
function, RHAMM peptide antibodies were microinjected into the cytoplasm of cells
arrested at the G;/S boundary. The microinjected cells were released from the G/S
boundary and allowed to proceed to mitosis before fixation and analysis by
immunofluorescence. In four separate experiments, microinjection of anti-RHAMM
antibodies into HeLa cells led to the formation of tripolar and tetrapolar spindles within
11+/- 34 % and 14 +/- 43 % of injected cells, respectively (Figure 1-5B).
Immunoblocking RHAMM function resulted in symmetrical and asymmetrical tripolar

and tetrapolar spindles. Asymmetrical tetrapolar spindles (Figure 1-5B) were
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phenotypically similar to those observed within NuMA-immunoblocked CFPAC-1 cells
(Gordon et al.,, 2001); however, microinjection of RHAMM antibodies did not
significantly affect spindle focussing. Thus, RHAMM does not appear to be essential for
spindle focussing but rather for maintenance of spindle integrity. The fact that roughly
three-quarters of injected cells have phenotypically normal spindles suggests that other
proteins can compensate for loss of RHAMM function. With all abnormal spindles, the
injected RHAMM antibodies and NuMA colocalized to the aberrant spindle poles (Figure

1-5B).

Chromosomal location and phylogenetic analysis of RHAMM primary sequence suggests
membership in the TACC family.

The TACC protein family members are centrosomal proteins that associate with
microtubules minus ends through a conserved coiled-coil carboxy-terminal TACC
domain and are putative regulators of the mitotic apparatus. Despite the low sequence
identity within the TACC domain (Figure 1-1C), RHAMM shares structural and
functional similarity to the TACC family. A defining feature of the TACC proteins is an
evolutionary conserved relationship with the fibroblast growth factor receptor (FGFR)
gene family (Still et al., 1999b). TACC 1,2 and 3 genes map proximal to FGFR]1, 2, and
3 genes on chromosomes 8pll, 10q26 and 4p16.3, respectively. Currently, no TACC
gene has been identified proximal to the FGFR4 locus on chromosome 5q35.1-qter.
RHAMM maps to a chromosomal region near to the FGFR4 gene locus at 5q33.2-qter.

Given the proximity of RHAMM to FGFR4, we utilized phylogenetic analysis to compare
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the carboxy-terminal 240 aa of RHAMM to its current protein family members, the

B(X);B hyaladherins, the TACC family and the Klp2 family (Figure 1-6).

s so— 1.23 f;:‘;,?m
pres— 147 CD44(C term)
- 1.75

IHABM

[ FGFRL
FGFR2
FGFR3

FGFR4

*schematic
Figure 1-6: Phylogenetic relationships between members of the BX;B, TACC, Klp2

and FGFR families. Phylogenetic relationships and distances were determined by the

MEGA software package using UPGMA phylogenetic analysis. COOH-terminal sequnces were aligned
with BLAST and PEPTOOL software, the alignments were entered and analysed by MEGA Software. (A)
Relationship between the COOH-terminal 240 aa, which contains the BX;B motif (s), of BX;B family
members. (B) Relationship between the COOH-terminal 240 aa, which contains the leucine zipper motif, of
klp2 family members and RHAMM. (C) Relationship between the COOH-terminal 240 aa, which contains
the TACC domain, of TACC family members and RHAMM. (D) Schematic relationship between FGFR

family members as outlined in Still et al., 1999b.
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Phylogenetic analysis was performed with the MEGA software program using
carboxy-terminal sequences previously aligned by BLAST and PEPTOOL software
(Kumar et al., 2000) (Tatusova and Madden, 1999) (Wishart et al., 1997). Phylogeny
inference was performed using the Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) and Neighbour-Joining (not shown) distance methods and branch
lengths are shown. Theoretically, the evolutionary distance separating two sequences can
be defined as the number of mutational events per site underlying the evolutionary history
separating these sequences (Brocchieri, 2001). We utilized the Poisson-correction method

to approximate these distances.

BLAST analysis of the B(X);B family members revealed no significant similarity
in the B(X);B containing domains. CD44, which binds HA with a classical extracellular
link domain, contains an intracellular, carboxy-terminal B(X);B domain and this motif
was included in the phylogenetic analysis. As demonstrated by their pairwise evolutionary
distances, the B(X);B family members maintain little evolutionary convergence in their
functional domains. The carboxy-terminus of RHAMM, currently defined as a B(X);B
domain, shares no significant sequence similarity, and a minimal evolutionary

relationship, with other B(X);B family members.

Comparison of the carboxy-terminus of RHAMM with the TACC family reveals
that RHAMM diverged prior to the formation of the TACC3 and TACC1/2 ancestor. This
is consistent with the divergence of FGFR4 in the phylogenetic tree of the FGFR family.

The carboxy-terminus of RHAMM shares minimal identity (~20%) with TACCI.
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Therefore, we included the PACT domain of human pericentrin in the phylogenetic
analysis to control for the possibility that the RHAMM/TACC relationship is wholly due
to RHAMM's coiled-coil structure. The PACT domain is an alternative conserved
centrosomal targeting domain (Gillingham and Munro, 2000). Pericentrin occupied a
separate branch that was 1.10 evolutionary distance units from TACC1 (not shown).
Thus, the carboxy-terminus of RHAMM is more closely related to the TACC domain

than is the PACT domain of human pericentrin.

BLAST analysis of the carboxy-terminal 240 aa of RHAMM reveals significant
homology to the Klp2 family (e-"). As there is currently only one human protein member
of the Klp2 family (Hklp2), we compared the carboxy-terminal domain of human
RHAMM and the sea urchin Klp2-related KRP-180 with those of Hklp2 and Xklp2 to
estimate the evolutionary distance between these motifs. As shown in Figure 6, the
evolutionary distance between RHAMM (0.73) and Hklp2/Xklp2 approximates that of
KRP-180 (0.64). Therefore, the centrosomal targeting motif of RHAMM is more closely
related to the Klp2 family than the TACC family. However, the fact that RHAMM lacks
the highly conserved molecular motor domain precludes it from membership in the Klp2

family.
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Discussion

In this study, we have identified an important functional association between
RHAMM, the centrosome, and microtubule associated proteins. We find that: (1)
RHAMM is a centrosomal protein that localizes to interphase microtubules, spindle
poles, the anaphase midbody and the telophase midzone microtubules; (2) RHAMM
contains a centrosome targeting, carboxy-terminal basic leucine zipper and, like Xklp2,
interacts with the dynein motor complex; and (3) RHAMM participates in the
maintenance of the mitotic spindle. Moreover, RHAMM is an 85 kDa, acidic coiled coil
protein that is transforming when overexpressed (Hall et al., 1995), functionally related to
other TACC family members and, like TACC 1-3, the RHAMM gene is located near the

putative FGFR4-TACC4 gene locus.
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Figure 1-7  Sequence comparison at the cDNA and protein level suggests that

rTACC4 is a TACC3 variant initiating at an alternative 5’ start site
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Figure 1-7: Sequence comparison at the cDNA and protein level suggests that

rTACC4 is a TACC3 variant initiating at an alternative 5' start site. Schematic

representation of BLAST 2 sequence (nucleotide) analysis of rabbit TACC4 (1TACC4; accession number
AF372837) and murine TACC3 (mTACC3; accession number NM_011524) against human TACC3
(hTACC3; accession number NM_006342). The length of the sequences, in base pairs, are bracketed under
the sequence name. 1TACC4 and mTACC3 were compared to hTACC3 sequence. The overall identities
between 1TACC4, or mTACC3, and hTACC3 are shown in large font while the identities of smaller
segments are shown in small font. The lower levels of identity (</= 60%) were insignificant from BLAST
analysis and were obtained by PEPTOOL alignment of the sequences. B) Schematic representation of
BLAST 2 sequence (protein) analysis of rabbit TACC4 (rTACC4; accession number AAKS4244) and
murine TACC3 (mTACC3; accession number XP 132002) against human TACC3 (hTACC3; accession
number Q9Y6A5). The length of the sequences, in amino acids (aa), are bracketed under the sequence
name. 1TACC4 and mTACC3 were compared to hTACC3 sequence. The overall identities between
ITACC4, or mTACC3, and hTACC3 are shown while the level of identity between mTACC3 and rTACC4

is bracketed.

To date, no human TACC4 protein has been identified. A TACC4 protein has
been identified in rabbits (tTACC4) (accession number AAKS54244, 454 aa) and shown
to directly interact with AKAP350 (Steadman et al., 2002). However, BLAST analysis of
the corresponding cDNA (AF372837) against the human genome localized this gene to
chromosome 4p16.3 (up to e>’) with exon boundaries that mirror TACC3. This gene
product may be the result of a secondary start site in rTACC3 rather than a bone fide
rTACC4; in fact, alignment of rTACC4 protein sequence (AAKS4244) with a hTACC3
variant (Q9Y6AS5) reveals higher identity (60%) than alignment of mTACC3

(XP_132002) with hTACC3 (57%) (Figure 1-7). Perhaps more convincingly,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 91

examination of rTACC4, hTACC3 and mTACC3 cDNA demonstrates that regions of
lowest identity between rTACC4 and hTACC3 are also less conserved in mTACC3
(Figure 1-7). Moreover, the tissue expression of rTACC4 is similar to that defined for
mTACC3. MTACC3, but not mTACC?2, is highly expressed in the testis, spleen, and lung
and absent in the brain, liver, kidney and muscle (Piekorz et al., 2002); similarly,
rTACC4 is highly expressed in the spleen and gut and absent in the brain and liver
(Steadman et al., 2002). Interestingly, RHAMM, like TACC3 and rTACC4, is highly
expressed in the testis, colon and stomach but absent in the brain, liver, heart, kidney and

lung (Line et al., 2002).

Currently, RHAMM is characterized by its HA binding potential through the
carboxy-terminal B(X);B domains (Yang et al., 1993, 1994). RHAMM has two
additional B(X);B domains within its NH,-terminal globular head (K40(X)7K48 and
R¥(X);K") which, like the carboxy-terminal domains, contain two internal basic
residues.These domains have been identified as binding motifs for interphase and mitotic
microtubules (Assmann et al., 1999). We have also shown that the Klp2 family contain
putative B(X);B HA binding domains that are virtually identical to those in RHAMM.
For the Klp2 family, these domains are defined as a BZIP motif that allows for
centrosomal localization through an indirect interaction with the dynein/dynactin motor
complex. We suggest that in addition to their participation in HA binding (Yang et al.,
1993), the carboxy-terminal B(X);B domains of RHAMM are vital components of a
consensus BZIP domain that targets this protein to the centrosome and allows for an

interaction with the dynein/dynactin complex.
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As an acidic (pI 5.64), extensively coil coiled centrosomal protein that maintains mitotic
spindle integrity and is chromosomally located proximal to the FGFR4 locus, RHAMM
is a good candidate to be the fourth member of the TACC family. However, RHAMM
does not contain the highly conserved, carboxy terminal, centrosomal targeting TACC
domain. In fact, RHAMM utilizes a carboxy-terminal BZIP motif (L-Xe-L-Xs-L-Xg),
preceded by lengthy coil coiled structure, to localize to centrosomes. Interestingly, many
centrosomal targeting domains may be defined by coiled coil structure terminating in a
BZIP motif. Examination of the alignments of two defined centrosomal targeting
domains, the TACC and PACT domain protein, reveals carboxy-terminal conservation of
leucine residues (not shown). Interestingly, Xenopus and Human NuMA, which also
interact with the dynein motor complex, contain a stretch of conserved leucines, L*%-X,-
L-X;3-L-Xo-L-X3-L-X6-L that precedes an extensive predicted coiled coil structure (not
shown). Recent sequence analysis predicts that NuMA may interact with dynactin
through a predicted CH domain (aa 110-210) interaction with Arp 1 (Novatchkova and
Eisenhaber, 2002); interestingly, the conserved BZIP motif outlined above lies at the
terminus of the predicted CH domain. Moreover, a direct interaction between EB1 and
the dynactin subunit p1508* has recently been localized to the carboxy-terminus of EB1
which contains a BZIP motif (Askham et al., 2002). Thus, evolutionary pressures may
have allowed for divergence amongst centrosomal targeting domains while dictating
conservation of coiled-coil structure terminating, or initiating, in a BZIP motif. RHAMM
is unique to the human TACC family in its ability to interact with the dynein motor
complex. To date, no association has been demonstrated between TACC1,2 or 3 and the

dynein motor complex although it has been suggested that D-TACC and Msps may be
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maintained in the vicinity of the spindle poles by the activity of microtubule-motor
complexes like NuMA/dynein/dynactin (Lee et al., 2001). The divergence of the
carboxy-terminal coiled coil domain of RHAMM from the TACC domain may have
enabled a RHAMM-dynein interaction allowing for RHAMM-specific mitotic functions.
Thus, RHAMM may be a new member of the TACC family or there may be another, yet
to be identified, TACC protein located at 5q35.1. Currently, we conclude that RHAMM

is a TACC-like protein and may, in fact, be TACC4.

As RHAMM can interact with microtubules both directly and indirectly, through
an interaction with dynein, RHAMM may function in the maintenance of mitotic spindles
by crosslinking centrosomal microtubules. A similar function has been proposed for
NuMA, although NuMA has also been shown to affect spindle focussing as well as
integrity. As RHAMM (85 kDa) is much smaller than NuMA (240 kDa), RHAMM-
dynein complexes may function proximal to the centrosome compared to NuMA-dynein
complexes. Thus, in RHAMM immunoblocked cells, NuMA-dynein complexes may
maintain spindle focussing but, in a quarter of injected cells, not spindle integrity. In fact,
NuMA is not displaced from the RHAMM-immunoblocked abnormal spindle poles.
Endogenous RHAMM function may assist in spindle integrity and microtubule focussing,
along with the minus end directed KIN C motor HSET, in the absence of NuMA but be

inadequate to maintain spindle focussing.

To date, it is unclear if the interaction between RHAMM and the dynein motor

complex is direct or indirect; the structural similarity of the carboxy-terminus of
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RHAMM to Xklp2 would suggest that RHAMM, like Xklp2, is targeted to microtubule
minus ends through an association with TPX2. The localization of RHAMM, as
determined by immunofluorescence and GFP-RHAMM™, mirrors that of TPX2
throughout mitosis (Gruss et al, 2002). GFP-hTPX2 overexpression, like GFP-
RHAMM'™", initiates a prometaphase block and inhibition of TPX2 function, through
microinjection of anti-TPX2 antibodies, resulted in abnormal mitoses in 37.8% of
injected cells (Gruss et al., 2002). Interestingly, TPX2 has been recently shown to be
essential for the spindle targeting of Aurora A kinase (Kufer et al., 2002). Thus, it is
possible that RHAMM, like Aurora A kinase and Klp2, is dependent on TPX2 for spindle

pole localization.

This work outlines an essential role for RHAMM in the organization and integrity
of a bipolar spindle. The role of RHAMM in mitotic stability may partially explain its
relationship to cancer. Overexpression of RHAMM, and its variants, characterizes both
hematological malignancies and solid tumors (Crainie et al., 1999; Wang et al., 1998);
additionally, RHAMM has been identified by SEREX (serological identification of
antigens by recombinant expression cloning) analysis to be a tumor associated antigen in
colon cancer, AML and CML (Greiner et al., 2002; Line et al., 2002). Autoantibodies to
centrosomal proteins, like pericentrin, are a hallmark of autoimmune disease, like
scleroderma (Doxsey et al., 1994)(Gavanescu et al., 1999)(Rattner et al.,, 1998).
Moreover, NuMA has been investigated as a biomarker for colorectal cancer (Briggman
et al., 1999). It is possible that the tumor-specific anti-RHAMM autoantibodies may be

indicative of overexpression of RHAMM, or tumor specific expression of RHAMM
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variants. Such RHAMM disregulation could potentially affect centrosomal and spindle
pole dynamics with consequent dramatic, and possibly oncogenic, effects on cell shape,

motility and ploidy.
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Chapter 2: Receptor for hyaluronan mediated motility (RHAMM) overexpression:
A potential mechanism contributing to extensive centrosomal abnormalities in

multiple myeloma

This research was submitted to Cancer Research April 2004. MS# CAN-04-1416 by C.A.

Maxwell, J.J. Keats, A.R. Belch, L.M. Pilarski, T. Reiman is currently under review.
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Introduction

The receptor for hyaluronan mediated motility (RHAMM), first described by
Turley(Turley, 1982), has cell surface and intracellular distribution, has been shown to
bind HA(Yang et al., 1993), erk kinase(Zhang et al., 1998), microtubules(Assmann ef al.,
1999) and the centrosome(Maxwell et al, 2003). RHAMM participates in cell
motility(Masellis-Smith et al,, 1996), signaling (Turley et al, 2002) and oncogenic
events(Hall ez al., 1995). RHAMM is also a microtubule associated protein that localizes
to the centrosome and spindle pole(Maxwell et al., 2003). RHAMM, like Nuclear protein
of the mitotic apparatus (NuMA), may function in the maintenance of spindle integrity by
cross-linking microtubules through direct microtubule interactions at one terminus and an
interaction with the dynein motor complex (Assmann et al., 1999) (Maxwell et al., 2003).
RHAMM bears striking structural similarity to human kinesin-like protein 2 (Hklp2)
within it carboxy-terminus including conservation of a basic leucine zipper domain
(Maxwell et al., 2003); this motif is essential for the cell-cycle specific interaction
between Hklp2 and the dynein motor complex, which is mediated through targeting
protein for Xklp2 (TPX2)(Wittmann ef al., 1998). Thus, it is intriguing to hypothesize
that RHAMM may interact with the dynein complex and TPX2 and function in spindle

assembly and integrity.

By RT-PCR, RHAMM transcripts are detected in malignant cells from B lineage
malignancies, but are weak or absent from normal B cells of healthy donors (Crainie et
al., 1999), (Greiner et al., 2004). In multiple myeloma (MM), a malignancy of post-

germinal center B-lineage cells characterized by extensive chromosomal instability,
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elevated RHAMM expression is significantly correlated to increased disease related
events and reduced survival (Maxwell et al., in press). Moreover, the prevalence of
cytogenetic abnormalities was greater in high (n=97), compared to low (n=94), RHAMM
expressors (41% vs 30%); specifically, hypodiploidy is more prevalent with elevated
RHAMM expression (28.9% vs. 14.9%)(Maxwell et al., in press). RHAMM expression
is linked to progression and metastasis of a variety of epithelial tumors including
endometrial, stomach and breast carcinomas (Rein et al., 2003) (Li et al., 2000) (Wang et
al., 1998). The association of RHAMM with centrosomes, cell division and mitotic
integrity may explain the correlation observed between RHAMM expression and the

progression of malignancies with extensive chromosomal instability (CIN).

Centrosomes, composed of two centrioles and an amorphous cloud of
pericentriolar material (PCM), are the major microtubule organizing centers in the cell
and play an essential role in mitotic spindle assembly (Kellogg et al., 1994). Numerical
and/or structural centrosome abnormalities have been reported in a wide range of
malignant epithelial tumors including breast, colon, and pancreatic cancer with positive
correlation to genetic instability and cancer progression (Lingle and Salisbury, 1999)
(Pihan et al., 1998) (Ghadimi et al, 2000) (Sato et al., 1999); to date, however,
centrosomal disregulation has not been investigated within myeloma cells. Centrosomal
abnormalities appear to occur early in tumorigenesis as they are identified in pre-invasive
carcinomas of the uterine cervix, prostate and female breast (Pihan et al., 2003).

Structural (i.e. excess PCM), rather than numerical, centrosomal abnormalities are most
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highly associated with abnormal mitoses within breast cancer epithelia (Lingle and

Salisbury, 1999).

Formation of a bipolar spindle is essential to the proper segregation of replicated
chromosomes and the maintenance of genetic stability within the two resulting daughter
cells. In frog egg extracts, spindle assembly is induced in a Ran-GTP dependent manner
(Carazo-Salas et al., 1999) (Kalab et al., 1999) (Ohba et al., 1999) (Wilde and Zheng,
1999). Enrichment of active Ran proximal to chromosomes (Kalab et al., 2002) (Moore
et al., 2002) promotes microtubule nucleation through downstream effector proteins such
as TPX2, NuMA and Aurora A kinase (AurA) (Gruss et al., 2001) (Nachury et al., 2001)
(Wiese et al., 2001) (Tsai et al., 2003). TPX2, for example, initiates spindle assembly by
nucleating and bundling microtubules (Gruss et al., 2001) (Schatz et al., 2003) and by
directly activating AurA in a microtubule dependent manner (Wiese et al., 2001) (Tsai et
al., 2003) (Bayliss et al., 2003). The importance of AurA, TPX2 and NuMA has been
illustrated in mammalian systems as well (Gruss et al., 2002; Andrews et al., 2003)
(Khodjakov et al, 2003). Once spindles have been established, their integrity is
dependent upon the balance of forces generated by microtubule-dependent motors (ex.
Dynein/dynactin). Disruption of this balance, through overexpression or inhibition of
structural participants, would be expected to disrupt spindle structure (Garrett et al.,

2002).

Because RHAMM is associated with the progression of multiple tumors and,

within myeloma, elevated RHAMM is associated with cytogenetic abnormalities,
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aggressive disease and patient survival, we investigated the effects of RHAMM
overexpression on centrosomal and spindle structure. We demonstrate that RHAMM
overexpression induces centrosomal structural abnormalities, similar to those identified in
myeloma cells ex vivo and in situ, and abnormal spindle architecture. RHAMM interacts
with the spindle assembly factors dynein/dynactin and TPX2, but not NuMA, and
disregulation of RHAMM expression affects G,/M transition and spindle integrity. Based
upon the work presented here, we postulate that augmentation of RHAMM expression

may adversely affect chromosomal segregation.
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Materials and Methods
Cell Culture, transient transfection, immunofluorescence (IF) and RNA interference.
RPMI 8226, a myeloma cell line, Raji, a Burkitt’s lymphoma cell line, and HeLa,
a cervical adenocarcinoma line, were grown as recommended (ATCC). Cells were
passaged 24 hours prior to transfection. Suspension cells were transfected by
electroporation (270mV, 960uF, 47-53ms) while HeLa cells were transfected with
Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocols. At defined time
points post transfection, cells were fixed and permeabilized in cold MeOH and washed
with PBS-0.5% Triton X-100 (Sigma) prior to IF. For double and triple staining
experiments, antibodies were added sequentially. Cells were washed 3x in PBS-0.5%
TWEEN before and after incubations. Cells were mounted in 90% glycerol/PBS + DAPI
and images were acquired using a Zeiss confocal LSM 510 or multiphoton microscope.
Images were processed using MetaMorph Software (Universal Imaging Corp.,

Downington, PA) and Photoshop 5.02 software (Adobe Systems Inc., Ottawa, Canada).

We carried out RNA interference as described (Elbashir et al, 2001). siRNA
targeting human TPX2 (NM_012112) and human RHAMM (NM_012484) were ordered
pre-designed using the Cenix Bioscience algorithm from Ambion® (Austin, TX). TPX2
targeted sequence was 5’GGAGAUACACAAAACAUAGHtt3’ and RHAMM targeted
sequence was 5’GGUGCUUAUGAUGUUAAAALtt3’; RHAMM sequence targets all
RHAMM'™", RHAMM*** and RHAMM **'® isoforms. Control RNA, targeting Luciferase
GL2, was ordered from Dharmacon, Inc (Lafayette, CO). Oligos were annealed and

transfected with Lipofectamine 2000 (Invitrogen) as per manufacturer’s suggested
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protocols. Briefly, 1.5ul of 20mM siRNA complex was incubated with 50ul of
OPTIMEM (Invitrogen) and 1pl Lipofectamine 2000 was incubated with 50ul of
OPTIMEM. These solutions were mixed and incubated at room temperature for 20 min
before being diluted to 2ml and added to cells. Cells were isolated for immunoblotting or

immunofluorescence 24, 30 and 48 hours post transfection.

Antibodies and plasmids.

Staining utilized o tubulin (clone B-5-1-2) and vy tubulin (clone GTU-88) (Sigma,
St. Louis MO), B actin (Sigma), pericentrin (Covance, Richmond CA) CD138-FITC
(Serotec, Raleigh NC), CD38-PE (BD Biosciences Palo Alto, CA), and CD45-FITC
(Beckman Coulter). The polyclonal RHAMM antibody was produced and characterized
as described(Maxwell et al., 2003). A second polyclonal RHAMM antiserum was kindly
provided by V. Assmann (Assmann ef al., 1999). TPX2 antiserum was kindly provided
by O. Gruss (Kufer et al., 2002). The mouse monoclonal NuMA antibodies were
identified in a monoclonal antibody screen for mitotic chromosome scaffold proteins
(Compton et al., 1991). CENP-F antiserum was kindly provided by G. Chan (Chan et al.,
1999). Secondary antibodies were from Molecular Probes. GFP-RHAMM'" and pEGFP-
C1 (Invitrogen, Carlsbad CA) plasmids were prepared as previously described (Maxwell

et al.,2003).

Image Analysis and three-dimensional volume rendering.
Following IF, confocal z-slices were imaged from core biopsies. For all analysis,

confocal slices were imaged at defined zoom (40x objective, 8 zoom), speed and depth
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(0.2pm) and were acquired using a Zeiss confocal LSM 510 or multiphoton microscope.
In general, 3 confocal stacks, including at least 30 PCs, were collected. Centrosomes were
identified by fy-tubulin immunofluorescence and regions of interests, containing
individual centrosomes, were extracted using Zeiss 510 image analysis software.
Centrosomal images were transferred to Imaris™ 3.2.2 software (Bitplane AG) for
volumetric analysis. Centrosomes were manually counted for at least 80 CD138" PCs per
patient; PCs with >3 centrosomes were considered abnormal. Abnormal centrosomal

structure was assessed using previously published parameters (Pihan et al., 1998).

Patients and Clinical Data.

Bone marrow (BM) biopsies from 41 MM patients, 8 monoclonal gammopathy of
uncertain significance (MGUS, a “pre-malignant” condition that may precede
development of myeloma) and 4 lymphoma patients with uninvolved BM were identified
from the pathology records at the Cross Cancer Institute from 1997-2000. BM core
samples from lymphoma patients were examined for malignant infiltration and
uninfiltrated marrows were selected to provide control archived BM samples; thus,
control plasma cells (PCs) were processed and archived analogously to archived MM
cores. The results may underestimate the true extent of centrosomal abnormalities in
MM if these uninvolved marrows include cryptic lymphoma cells. If cryptic involvement
were present, this potentially minimizes the differences between control and MM
samples, possibly biasing the results against the conclusions drawn here. Aspirates were
BM from newly diagnosed MM patients (n=12), relapse myeloma (n=3) and non-

infiltrated BM from lymphoma patients (n=2). All patients consented to the use of their
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BM samples. Patient records were reviewed retrospectively to verify the diagnosis of MM

based on standard criteria (Hussein, 1994).

Preparation and analysis of MM BM aspirates and core biopsies.

BM core biopsies were fixed, decalcified and paraffin embedded. Sections (4pum)
were mounted on sialinized glass slides. For antigen retrieval, slides were placed in
EDTA (1.0 mM, pH 8.0) pre-heated to 100° C and placed in a temperature-controlled
microwave (TTMega) for 10 minutes. Biopsies were sequentially stained with y tubulin
(1:200), anti-mouse Alexa>**(1:200), mouse IgG for blocking, and CD138-FITC (1:20),

and mounted with glycerol medium containing DAPI for DNA staining.

For fluorescence activated cell sorting (FACS) analysis of intracellular RHAMM,
purifitd BMMC were fixed and permeabilized with Intraprep (Beckman Coulter,
Mississauga CAN). Prior to fixation, cells were stained with 1:20 CD138-FITC followed
by fixation, permeabilization, according to the manufacturer’s suggested protocol, and
sequential staining with anti-RHAMM polyclonal serum (CM1 at 1:200), or prebleed
serum (1:200), followed by RPE- goat anti-rabbit Ig (Molecular Probes). Normalized
RHAMM fluorescence was calculated as the geometric mean fluorescence of RHAMM,

divided by that for prebleed, for CD138" cells within the patient’s population.

Quantitative RT-PCR.
BMMC were stained with anti-CD138 microbeads (Miltenyi Biotec, Auburn CA)

as suggested by the manufacturer and single column isolations were performed on an
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autoMACS Magnetic Cell Sorter (Miltenyi Biotec). Purity of the selected, CD138
positive plasma cells, was verified to be greater than 90% by cytospin and morphology
examination. DAPI staining, following EtOH fixation, confirmed the cell cycle stage of
cell lines analyzed by q-RT-PCR. RNA isolation, sample quality examination, and
reverse transcription were as suggested by the manufacturer Applied Biosystems, Foster
City CA). Each quantitative RT-PCR reaction was performed in a 50 ul volume
consisting of 1x Universal PCR Master Mix No AmpErase® UNG (Applied Biosystems),
2 ul of the respective Tagman® Assays-on-Demand™ Gene Expression Products primer
and probe mix for GAPDH (Hs99999905 m1) or RHAMM (Hs00234864_m1)(Applied
Biosystems), and 5 ng of RNA converted to cDNA as template. Reactions were run on an
ABI PRISM™ 7700 Sequence Detection System (Applied Biosystems). Quantitation
using the Relative Standard Curve Method was performed using a 2 Log dilution range of
Raji cDNA to generate a standard curve for each reaction. The expression level of each
sample was normalized to the sample with the lowest level of RHAMM expression,

which was set to an expression level of 1.

Synchronization, immunoprecipitations and quantitation

Raji (QRT-PCR) and HeLa (qQRT-PCR and co-immunoprecipitation) cells were
synchronized by double thymidine (2mM, 14-16 hours) and nocodazole (300ng.ml, 10-12
hours) block. Unsynchronized populations were released from plates with 1x trypsin.
Both mitotic and unsynchronized populations were then washed 3x with PBS and lysed at
5x10%-107 cells/ml in 1% CHAPs plus 10 pg/mL leupeptin, 10 pg/mL antipain and 1 mM

phenylmethylsulfonyl fluoride (all from Sigma). All immunoprecipitation procedures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 114

were performed at 4°C as previously described (Maxwell ez al., 2003). For quantitation of
co-precipitated proteins, post IP lysates were collected and analyzed by SDS-PAGE.
Protein quantitation utilized the Odyssey v1.1 Infrared imaging system (LI-COR) with
detection of polyclonal sera using IRDye 800 conjugated anti-rabbit IgG (Rockland,
Gilbertsville, PA)
Statistical Methods.

Data were analyzed using SAS version 8.2 for Windows (SAS Inc). Correlation
between centrosomal parameters and continuous variables utilized Pearson’s correlation
coefficient. Two-group comparisons of centrosome parameters utilized Student’s t-test.

Statistical significance was set at a p-value of 0.05 using two-sided analysis.
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Results
RHAMM overexpression affects centrosomal size and structure

RHAMM is a multifunctional protein that localizes to centrosomes and the
mitotic spindle (Maxwell et al., 2003). To examine the effect(s), if any, that elevated
RHAMM expression has on centrosomal structure, RPMI 8226 cells were transiently
transfected with EGFP-C1 empty vector or GFP-RHAMM'™ and centrosomal structure
was examined 16-20 hours later. Centrosomal volumes were determined by three-
dimensional rendering of fluorescent signals from indirect immunofluorescence with y-
tubulin, a defined centrosomal structural protein, or GFP-RHAMMFL, a putative
component of the PCM (Figure 2-1). Measurement of centrosomal volumes significantly
correlated with structural and numerical centrosomal abnormalities (see below) and is a

quantitative measurement that incorporates the two phenotypes.
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A. GFP-RHAMMF vy-tubulin Composite
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Figure 2-1: RHAMM overexpression, both exogenous and endogenous, induces

extensive centrosomal defects. A) RPMI 8226 cells were transiently transfected with GFP-
RHAMM™, or EGFP-C1, and stained with y-tubulin. Confocal z-stacks were collected through individual
cells and regions of interest, containing the y-tubulin signal, were exported to Imaris™ for three-
dimensional rendering. Scale bars equal 10 um. Inset boxes are 2.5 pm x 2.5 pm extracted regions around
the centrosome. A median (of 2 pixels) filter was applied to extracted regions. Effective zoom is 4x original

image. Scale bars equal 1 um. B) RHAMM expression within purified MM CD138" PCs was determined by
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quantitative RT-PCR analysis. Relative RHAMM expression was normalized to the lowest patient expresser
(Patient 1). C) Archived diagnostic MM BM cores were immunofluorescently labeled with CD138-FITC,
to indicate plasma cells, and y-tubulin. CD138" PC were scored for structural (cell i) and numeric (cell ii)
centrosomal abnormalities. White arrows indicate abnormal centrosomes. Scale bar equals 10 pm. D) i)
Archived diagnostic MM BM cores (ex. B97-62) were immunofluorescently labeled with CD138-FITC, to
indicate PC, and y-tubulin. Scale bar equals 50um. Boxed area (red) shown in ii) Confocal slices were
collected through the core sections. Individual centrosomes are labeled alphabetically and indicated with
white arrows. Scale bar equals 10um. The y-tubulin channel was analyzed by Imaris™ software and the
centrosomes were 3-dimensionally rendered. Volumes for represented centrosomes (white arrows) are C:
0.849 um’, F: 0.177 pm’, I: 0.926 pm®, J: 1.171 pm’, K: 0.587 pm®, L: 0.270 pm® for sample B97-62. E)
Scatter plot graph for range in centrosomal volumes, centrosome/cell, and percent abnormal centrosome
calculations for MM (n=42), MGUS (n=8) and control (n=4) PC. Mean values (see Table 4) are as

indicated with bar lines.

RPMI 8226 transiently transfected with GFP-RHAMM' ", under the control of a
CMV promoter, express approximately 5 fold more exogenous RHAMM protein than
endogenous levels by immunoblot analysis (Maxwell et al., 2003), comparable to the
overexpression levels observed in vivo (see below). y-tubulin fluorescence within RPMI
8226 transfected with EGFP-C1 and RPMI 8226 cells that failed to express GFP-
RHAMM"™ was used as a negative control for PCM volume determination (Figure 2-1).
The mean centrosomal volumes for negative control samples were 0.541 */- 0.081 pm’
and 0.532 */- 0.123 pm’, respectively (Table 2-1). Overexpression of GFP-RHAMM"™
dramatically increased the PCM volume as determined by GFP-RHAMM"" fluorescence
(1.039 */- 0.262 pm?) (Table 2-1). Interestingly, transient overexpression of GFP-

RHAMM'™ also resulted in larger y-tubulin volumes (0.682 */- 0.079 pm’) suggesting
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that RHAMM may not only localize to centrosomes but also recruit y-tubulin to the
centrosome (Table 2-1). Thus, overexpression of RHAMM affects both centrosomal size

and structure.

Table 2-1: Disregulation of centrosomal volumes with GFP-RHAMM"" overexpression.
RPMI 8226 transient transfection

Transfection Centrosomal Mean Centrosomal Fold overexpression
Signal Volume (um’) GFP-RHAMM"™
Non-transfected y-tubulin 0.532 £0.123 1.0
EGFP-C1 y-tubulin 0.541 £ 0.081 1.0
GFP-RHAMM ™~ y-tubulin 0.682 + 0.079° 5
GFP-RHAMM"™ 1.039 + 0.262* 5°

RPMI 8226 cells were transiently transfected with GFP-RHAMM'™ using
electroporation. Following transfection, live cells were adhered to 1 mg/ml fibronectin,
MeOH fixed and stained for y-tubulin. At least ten measurements (i.e. confocal stacks and
three-dimensional rendering) were acquired for GFP-RHAMM'™ and y-tubulin signals
within transfected and nontransfected cells.

A p<0.05 compared to EGFP-C1 and nontransfected values

B p=0.22 compared to nontransfected values

e Immunoblot analysis: Maxwell et al., (2003) MBOC 14(6):2262-76(2003)

RHAMM expression varies within MM patient plasma cells

To examine the physiological relevance of these findings we utilized quantitative
RT-PCR to investigate whether RHAMM expression varied dramatically within MM
patients. RNA was obtained from MM patient (n=15) CD138" PC for quantitative
analysis; sufficient purified CD138" PCs could not be obtained from control patients for
qRT-PCR analysis. Previous experimentation demonstrated that RHAMM is
undetectable, or weakly detectable, in the peripheral blood (PB) of control patients

(Greiner et al., 2003) (Crainie et al, 1999) and RHAMM is undetectable in bulk

populations of control BM and infrequently detected in single CD138" normal PCs by
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highly sensitive (sensitivity limit 10"'®g) RT-PCR and fragment analysis (Maxwell et al.,
in press). Within this cohort, RHAMM expression was normalized to the level of the
lowest RHAMM expresser (Figure 2-1B). MM patients varied considerably in the

absolute amount of RHAMM expression (Figure 2-1B).

Elevated RHAMM expression within myeloma patient plasma cells coincides with
centrosomal abnormalities.

We hypothesized that elevated RHAMM expression may coincide with
centrosomal abnormalities in myeloma. To investigate our hypothesis, centrosomal
volumes were measured in CD138-FITC labeled MM PCs from MM patients for which
quantitative RHAMM data was known (n=5). Centrosomal volumes were determined by
three-dimensional rendering of fluorescent signals from indirect IF with y-tubulin, a
defined centrosomal structural protein. Within these patients, elevated RHAMM
expression was accompanied by centrosomal amplification suggesting that RHAMM, in
part, may contribute to centrosomal disregulation (Table 2-2). These results were
confirned at the protein level (flow cytometry analysis) by examining RHAMM
expression in control patient (n=2) PCs versus MM patient (n=2) PC; on average, the
MM patients examined contained elevated RHAMM expression (4.2 fold) accompanied

by larger centrosomal volumes (0.98 */. 0.2 vs 0.40 */. 0.05).
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Table 2-2: Dlsregulatlon of centrosomal volumes with RHAMM overexpression.
Ex Vivo Patient CD138" cells Analysis

Patient Fold Overexpression Mean Centrosomal
(qQRT-PCR) Volume (um3 )
MM?7 241 0.57£0.11
MMS5 1.74 0.60+ 0.05
MM10 7.58 0.75+£0.14
MM12 8.80 0.95 +0.21
MM11 8.77 0.99+0.13

BMMC were derived from BM aspirates. Patients are numbered as in Figure 1B. RNA
was prepared as described for quantitative RT-PCR analysis. Fold overexpression was
normalized to the lowest RHAMM expression within the MM patient cohort (Patient 1,
Figure 1B). Prior to CD138" PC isolation, an aliquot of BMMC were cytospun, fixed and
examined with indirect IF against centrosomal markers and CD138-FITC. One
microscope slide was examined with at least ten measurements per patient.

Centrosomal abnormalities characterize myeloma cells.

As RHAMM expression is a prognostic factor in myeloma, RHAMM induces
centrosomal abnormalities in vitro and elevated RHAMM expression is related to centrosomal
abnormalities in vivo, we analyzed centrosome number, structure and volume in situ within
CD138" PCs from archived BM core biopsies using multicolor immunofluorescence to
determine if centrosomal abnormalities, if present, are also prognostic. BM cores were
examined from MM patients (n=41), monoclonal gammopathy of undetermined significance
(MGUS) (n=8) patients, and control patient (n=4) PCs. Myeloma patient characteristics are
summarized in Supplemental Table 2-1.  Experimenters were blinded to sample
identity/diagnosis at the time of analysis and quantitation. Centrosomes in CD138" PCs were
visually assessed for qualitative structural abnormalities (see Abnormal centrosomes, Table 2-
3) as previously described (Pihan et al., 1998). The number of centrosomes per cell was also

visually determined. To simultaneously quantitate numerical and structural abnormalities, PC
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centrosomal volumes were determined using image analysis of three-dimensional confocal

stacks transversing CD138" cells (Figure 2-1).

N (%) 41
median (range)
Age (yrs) 67(44-85)
Sex 29 male, 17 female

No. (%

Stage I 7(17)

II 5(12)
11| 34 (83)
B (sCr >2 mg/dL) 14 (34)
Clinical Isotype IgG 22 (54)

IgA 6(14)
light chain 11(27)

other/unspecified 2(5)
Lytic bone disease 26 (63)
Calcium >12 mg/dL 5(12)
Hgb < 8.5 g/dL. 10 (24)
Elevated LDH 5(12)
Urine protein > 4 g/day 9(22)
Primary Therapy Radiation only 4 (10)
Chemotherapy 27 (66)
Auto SCT 14 (34)

Allo SCT 1(2)
Patients deceased, No. (%) 22 (54)

Median overall survival, years 2.7
median (range)
Survivor follow-up, years 3(0-8)

Supplemental Table 2-1: Myeloma patient characteristics for examination of

centrosomal abnormalities
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%abnormal cells #centrosomes/cell volume
%abnormal cells 1 0.28 0.13
#icentrosomes/cell - 1 0.27
volume - - 1

Supplemental Table 2-2:Correlations between centrosomal parameters in 41 MM

patients. Pearson’s r-squared values are shown. P<0.001 for all correlations.

PC from all MM samples analyzed demonstrated numerical, structural and
volumetric abnormalities (Figure 2-1). Centrosome abnormalities, including the mean
number of centrosomes/cell and the mean total centrosome volume, were highly
correlated with one another in MM (Pearson's 1* coefficient 0.27, p<0.001, Supplemental
Table 2-2). Qualitative assessment of centrosomal abnormalities demonstrated a
significant difference in the percentage of abnormal centrosomes within MM PCs and
MGUS or control PCs (p<0.001). On average, MM PCs demonstrated a significantly
greater number of centrosomes per cell than MGUS and control PCs (p<0.05). Finally,
quantitative volumetric assessment of structural abnormalities revealed a highly
significant difference between MM and MGUS or control PCs (p<0.005). MGUS PCs
had centrosomal parameters intermediate to those of control PCs and MM PCs (Table 2-
3); indeed, MGUS PCs had larger centrosomal volumes that approached a statistically
significant difference when compared to those within control PCs (p=0.08). In this small

sample, no statistically significant relationship was seen between any of the centrosome
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measurements and survival, either from the date of diagnosis or from the date of the bone

marrow biopsy.

Table 2-3: Centrosomal abnormalities characterize MM CD138" BM PC.

Patients  Centrosomal Centrosomal Centrosomes/ Centrosomes/ Abnormal Abnormal
Examined Volume Volume Cell Cell Centrosomes Centrosomes
CD138" in situ PCs (n) (mean, pm*) (range, um®) (mean) (range) (Mean , %) (range, %)
MM 41 0.86+ 0.04" [0.43-1.76 | 1.52+0.03® | 1.2-2.0 | 26.4+2.11* |4.0-62
MGUS 8 0.62+ 0.05 0.47-0.86 1.37+ 0.06 1.2-1.6 14.1+2.19 5-244
Control 4 0.42+ 0.08 0.30-0.65 1.25+0.08 1.1-1.5 12.3+£2.15 6.3-16.3

BM cores were fixed, decalcified, paraffin embedded and sectioned. Antigen retrieval
preceded double immunofluorescence with CD138-FITC, to highlight PC, and y-tubulin,
to demarcate centrosomes. Centrosome/cell values and percent abnormal centrosomes
were determined by qualitative assessment; experimenters were blinded to core diagnosis
at the time of assessment and quantitation. Centrosomal volumes were determined by
three-dimensional rendering of confocal z stacks.

A p<0.005 compared to control and MGUS values

B p<0.05 compared to control and MGUS values

RHAMM overexpression affects mitotic integrity.

While centrosomal abnormalities can occur through amplification of structural
pericentrosomal material, a major pathway for centrosomal disregulation is the disruption
of mitosis. We next analyzed whether RHAMM overexpression augmented mitotic
integrity. For these experiments, transiently transfected HeLa cells were examined as
they represent a standard in vitro system within which mitoses, and aberrant mitoses, can
be analyzed and compared. Similar experiments were performed in RPMI 8226, a
myeloma cell line. EGFP-C1 transfected and neighboring, non-transfected HeLa were

used as negative controls for spindle abnormalities induced by GFP-RHAMM"™

overexpression. Similar to observations in RPMI 8226 (Maxwell et al., 2003), GFP-
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RHAMMF™ transfection results in a metaphase block with dramatically fewer transfected
cells observed in prophase (3.92% vs. 12.1% and 9.8%) and telophase/cytokinesis (13.1%
vs 33.5% and 29.1%) compared to EGFP-C1 and non-transfected controls (Table 2-4A).
Despite the high transfection efficiency (60-70%), fewer GFP-RHAMM'™" transfected
cells were mitotic (n=153) than non-transfected controls (n=306) suggesting a significant
decrease in viable mitotic cells dependent on GFP-RHAMM'" overexpression (Table 2-

4A).
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normal Spindles Chromosomes Spindles Anaphase
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Figure 2-2: RHAMM overexpression affects mitosis, mitotic RHAMM interacts

with the dynein motor complex in vivo and colocalizes with TPX2 A) Hela cells were

transiently transfected with GFP-RHAMM"™, or EGFP-C1, and stained with o-tubulin (not shown). DNA
was visualized with DAPI. Both transfected and non-transfected cells were scored within GFP-RHAMM™
transfected populations. Cells were examined for normal DNA alignment and segregation as well as for
symmetrical, organized bipolar spindles (GFP-RHAMM'™" and a-tubulin signals). Individual metaphase
cells were scored as normal, disorganized spindles, unaligned chromosomes, monopolar, tripolar, tetrapolar

or mulitpolar spindles. Cells scored as unaligned chromosomes had phenotypically normal spindles. Scale
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bars equal 10 pm. B) HeLa, or RPMI 8226 (not shown), cells were transiently transfected with EGFPC1-
RHAMM'™. Live RPMI 8226 were plated on coverslips coated with 100pg/ml HA to facilitate imaging.
Cells recovered for 8-12 hours post transfection at 37°C, 5% CO, and were visualized at room temperature
and 5% CO,. 40 images were collected at 15 sec intervals (time= 10 min) and velocities were analyzed on
MetaMorph software. Arrow (time=0 sec) indicates a GFP-RHAMM aggregate that is relatively
positionally stable. Line (time=0sec) indicates MetaMorph-determined, minus end directed path of GFP-
RHAMM aggregate. Mean velocities of minus-end movement was 2.34 +/- 0.39 (HeLa), or 1.48 +/- 0.28
(8226, not shown), pm/min. C) RHAMM and TPX2 colocalize throughout mitosis. HeLa were transiently
transfected with GFP-RHAMM'™ as described. RHAMM localization was indicated by GFP-RHAMM'™,
TPX2 and a-tubulin localization was determined by indirect immunofluorescence with polyclonal TPX2
antiserum and a monoclonal anti-a-tubulin antibody followed by goat anti-mouse Alexa-546 and goat anti-
rabbit Alexa 633. DAPI staining indicates DNA. White arrows in prophase panel indicates extra
centrosomal aggregates. Bottom prometaphase panel demonstrates RHAMM and TPX2 colocalization

within abnormal (multipolar) mitotic cells. Scale bars equal 10 um.

Table 2-4A: Overexpression of GFP-RHAMM"™" induces metaphase block.

Percentage of Mitotic Cells

N Prophase | Prometaphase | Metaphase | Anaphase | Telophase/
Cytokinesis
EGFP-C1 182 12.1 9.3 38.5 6.6 33.5
GFP-RHAMM'™ | 306 9.8 6.9 42.8 8.2 29.1
(non-transfected)
GFP-RHAMM'™ | 153 3.92 15 65.4 52 13.1

HeLa cells were grown on coverslips and transiently transfected with Lipofectamine 2000
according to manufacturers suggested protocol. Three coverslips were examined for
EGFP-C1 and GFP-RHAMM'™" transfections. Transfections resulted in 60-70%
transfectants; both transfected (60-70%) and non-transfected (30-40%) populations were
analyzed on GFP-RHAMM' ™" transfected slips. Coverslips were fixed and permeabilized
in cold MeOH 20 hours post transfection and immunofluorescently labeled for a-tubulin,
to detect microtubules, and DAPI, to detect DNA. DNA condensation, alignment and
segregation, bipolar spindle formation and midzone microtubules were utilized to
differentiate mitotic stages.
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Table 2-4B: Overexpression of GFP-RHAMM'" induces extensive mitotic defects.
Percent Abnormal Mitotic Cells (cells examined)

Prophase | Prometaphase | Metaphase Mono/ Anaphas | Telophase/
Multipolar® € Cytokinesis
EGFP-C1 0(22) 5.9(17) 17.1 (70) 8.6 16.7(12) | 3.3(61)
GFP-RHAMM'™|  0(30) 0(21) 10.7 (131) 6.9 0(25) 3.4 (89)
(non-transfected)
GFP-RHAMM'™| 16.7 (6) 21.7 (23) 63.0 (100) 25 37.5(8) 20 (20)

HeLa cells were grown on coverslips and transiently transfected with Lipofectamine 2000
according to the manufacturers suggested protocol. Three coverslips were examined for
EGFP-C1 and GFP-RHAMM'™ transfections. Transfections resulted in 60-70%
transfectants; both transfected (60-70%) and non-transfected (30-40%) populations were
analyzed on GFP-RHAMM'™" transfected slips. Coverslips were fixed and permeabilized
in cold MeOH 20 hours post transfection and immunofluorescently labeled for a-tubulin,
to detect microtubules, and DAPI, to detect DNA. DNA condensation, alignment and
segregation, bipolar spindle formation and midzone microtubules were utilized to
differentiate mitotic stages. Binucleated prophase, aberrant/disorganized bipolar spindles,
mono/tri/tetra/multipolar spindles, tri/multipolar anaphase segregation, lagging anaphase
chromosomes, telophase chromosomal bridges, tripolar telophase/cytokinesis daughter
cells were scored as abnormal. Number of transfected cells examined are indicated in
brackets.

A percentage of metaphase cells that were scored abnormal. Metaphase cells examined are
bracketed in metaphase column.

To further investigate the effects of RHAMM overexpression on the disregulation
of mitosis, the number of abnormal mitotic cells, at various stages, was quantitated. To
differentiate between normal and abnormal mitotic cells, DNA condensation, alignment
and segregation was analyzed with DAPI while microtubule organization and the number
of spindle poles were analyzed with a-tubulin, indirectly labeled with anti-mouse
Alexa®®*, and GFP-RHAMM'" fluorescence. The criteria for abnormal metaphase and
anaphase was similar to that reported for Aurora A inhibited S2 cells (Giet et al., 2002).
GFP-RHAMM'™" overexpression induced multiple abnormalities at various stages with

the most frequent being disorganized/long metaphase spindle fibers (28/100) and

mono/tri/tetra/multipolar metaphase spindles (25/100) (Figure 2-2); the frequency of
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disorganized spindle phenotypes was 0/131 (0%) and 1/70 (1.4%) while mono/multipolar
spindles occurred in 9/131 (6.9%) and 6/70 (8.6%) cells within non-transfected and
EGFP-C1 transfected control populations, respectively (Table 2-4B). Similar aberrant
metaphase spindles are identified in RPMI 8226 transfectants (not shown). In RPMI 8226
transfectants, however, frequent spindle poles appear shorter than non-transfected
controls (not shown). As mentioned previously, few (n=28) mitotic, GFP-RHAMM'™
overexpressing HeLa and RPMI 8226 (Maxwell et al., 2003) cells were observed post
metaphase (Table 2-4B). Interestingly, 7/28 (25%) transfected HeLa cells demonstrated
lagging chromosomes, multipolar segregation or chromosome bridges (Table 2-4B).
These phenotypes were present in 3/114 (2.6%) and 4/73 (5.5%) of non-transfected and

EGFP-C1 transfected controls.

RHAMM functionally interacts with the dynein motor complex and colocalizes with TPX2

in mitosis

Previous investigation of RHAMM function revealed that a subset of RHAMM
colocalized, and coprecipitated, dynein, and vice versa (Maxwell et al., 2003). To extend
upon these findings, we investigated the dynamics of GFP-RHAMM'™" in transiently
transfected live HeLa, and RPMI 8226 cells, at room temperature (22-25°C). In addition
to the mitotic spindle association, we observed aggregates of GFP-RHAMM' " that would
occasionally load to the spindle pole with vectoral movement (Figure 2-2B). We observed
poleward movement of RHAMM' "-GFP aggregates with velocities ranging from 0.62-

3.80 um/min (HeLa) and 1.25- 1.81 (8226) um/min and an average velocity of 2.34 +/-
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0.39 (HeLa, n=7) and 1.48 +/- 0.28 (8226, n=5) pm/min (Figure 2-2B). The observed
RHAMM™-GFP velocities are similar to those observed for minus-end directed
movement of NuMA-GFP by cytoplasmic dynein (1.0 +/- 03 to 2.6 +/- 1.0
um/min)(Merdes et al., 2000). These observations, in combination with our previous co-
precipitation data (Maxwell et al., 2003), demonstrates that RHAMM associates with the

dynein motor complex to localize to the spindle pole within live cells.

Experiments with deletion constructs of GFP-RHAMM revealed that the protein’s
COOH-terminus is responsible for spindle pole localization (Maxwell et al., 2003).
Structural and sequence analysis revealed that this motif bears significant homology to
the COOH-terminal, microtubule minus end targeting domain of Xklp2 (Maxwell et al.,
2003) (Wittmann et al., 1998). Xkip2 targeting requires the dynein/dynactin motor
complex and TPX2 (Wittmann et al., 1998); thus we investigated whether RHAMM
colocalizes with TPX2 during mitosis. During interphase, GFP-RHAMM"™" colocalizes
with microtubules and centrosomes while TPX2 is nuclear (Figure 2-2C). At prophase,
however, both RHAMM and TPX2 redistribute to the separating centrosomes (Figure 2-
2C). At prometaphase, and throughout metaphase, both proteins localize to the poles, and
along the arms, of phenotypically normal, as well as multipolar, mitotic spindles (Figure
2-2C). Both proteins localize to the spindle midzone during anaphase and concentrate at

the midzone during telophase (not shown).
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GFP-RHAMM™ localizes at centrosomes and proximal to kinetochores during
prometaphase

To further investigate the prometaphase localization of GFP-RHAMM'", RPMI
8226 were examined in early and late prophase, as determined by centrosomal separation.
Centrosomes (single arrows, Supplemental Figure 2-1A) were identified by y-tubulin
staining and confocal z-stacks were acquired through the mitotic cell body. Consistent
with observations in HeLa, GFP-RHAMM " localized to the centrosomes as well as to
discrete aggregates throughout the replicated chromosomes (Supplemental Figure 2-1A).
To identify these aggregates as kinetochores, prometaphase cells were stained with the
kinetochore marker BUBR1. Early in prometaphase, GFP-RHAMM" " localizes proximal
to kinetochore sites with (single arrow) and without (double arrow) attached microtubules

(Supplemental Figure 2-1B).
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Supplemental Figure 2-1: RHAMM localizes to sites of microtubule nucleation

during prophase A) RPMI 8226 cells were transiently transfected with GFP-RHAMM'™" and examined

for centrosomal localization at prophase. Early and late prophase were determined based upon degree of
separation of replicated centrosomes (as indicated by y-tubulin stain). Arrows indicate centrosomes.
Confocal slices were acquired throughout the mitotic cell body. Extra-centrosomal aggregates, which are
phenotypically similar to kinetochore localization, are present throughout the condensed DNA. Scale bars
equal 10 um. B) RHAMM localizes proximal to kinetochores with and without attached microtubules.
Polyclonal anti-BUBR1 antiserum and monoclonal anti-a-tubulin antibodies, detected by goat anti-mouse
Alexa-546 and goat anti-rabbit Alexa 633, confirm the kinetochore localization of GFP-RHAMM'™ in
HeLa. Single arrow indicates kinetochores with attached microtubules while double arrows indicate

kinetochores without detectable a-tubulin immunofluorescence. Scale bar equals 10pum.

RHAMM co-immunoprecipitates a significant fraction of TPX2, and vice versa, in a cell
cycle dependent manner

To investigate a putative RHAMM-TPX2 association, Hela cells were
synchronized through double thymidine and nocodazole block to provide mitotic extracts.
Mitotic and unsynchronized extracts were separately immunoprecipitated with prebleed
serum and sera targeting RHAMM, TPX2 and NuMA. NuMA/dynein complexes play an
integral role in spindle assembly and focussing (Khodjakov et al., 2003) (Merdes et al.,
2000) and thus NuMA served as an excellent control for the specificity of a putative
RHAMM-TPX2 interaction. Lysis of equivalent numbers of cells from mitotic (M) and
unsynchronized (US) populations resulted in amplification of both RHAMM and TPX2
levels in the mitotic extracts (Figure 2-3A). These results are consistent with a previous

report (Gruss et al., 2002) demonstrating cell cycle regulation of TPX2 levels within
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HeLa cells and suggest that RHAMM, like TPX2, is up-regulated during mitosis (see
Figure 2-3D,E). The high efficiency of immunoprecipitation was confirmed by
examination of post-IP lysates with 70-100% of mitotic TPX2 and RHAMM being
precipitated (Figure 2-3A). During mitosis, RHAMM antibodies co-precipitated a
significant amount of TPX2, and vice versa. This reciprocal co-precipitation was not
obtained within unsynchronized lysates. To quantitate the level of co-precipitation,
infrared detection of protein was utilized to determine the levels of RHAMM, and TPX2,
remaining in the post-IP lysates (Figure 2-3B). The fraction remaining is directly affected
by the efficiency of precipitation. Infrared detection, unlike ECL detection, results in
linear detection of IRDye 800-labeled antibodies, as opposed to detection of enzymatic
amplifications resulting from HRP-labeled antibodies; as a consequence of different
detection methodologies, the levels of RHAMM, and to a lesser extent TPX2, within
analyzed mitotic lysates appear greater with ECL™, as compared to Odyssey ",
detection. Neither prebleed nor NuMA precipitation resulted in a significant loss of
RHAMM or TPX2 protein levels in the post IP fractions. For this reason, the
concentrations of the bands resulting from PB and NuMA precipitations, the negative
control experiments, were averaged to give an expected post-precipitation fraction. Thus,
the fraction remaining was determined by dividing the band concentration of each lane by
the expected post-precipitation fraction. Immunoprecipitation with RHAMM antibodies
resulted in a depletion of 36% and 100% of the cellular TPX2 and RHAMM in mitotic
lysates, respectively. Within mitotic lysates, TPX2 precipitation resulted in a 70% and

56% loss of TPX2 and RHAMM, respectively (Figure 2-3B). These results demonstrate
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that a significant population of RHAMM is associated with TPX2 within HeLa mitotic

cells and vice versa.
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Figure 2-3: RHAMM antibodies co-immunoprecipitate TPX2 in a cell cycle

dependent manner. A) Hela lysates were prepared as described in Materials and Methods.
Immunoblot analysis of RHAMM and TPX2 levels indicates equivalent amplification of RHAMM and
TPX2 in mitotic (M), as compared to unsynchronized (US), lysates. IP experiments were separately
performed on 150 pl precleared lysates using a polyclonal RHAMM antibody, the prebleed (PB) immune
sera, a polyclonal TPX2 antibody, and a monoclonal NuMA antibody as described. 25ul (one-fifth of the IP
volume) of precleared lysate (Loading control) and post-IP fractions were analysed to determine relative
quantity and efficiency of the precipitations. The resulting IP were blotted with a RHAMM polyclonal
serum or a TPX2 polyclonal serum. Blots showing RHAMM and TPX2 detection of Prebleed and

RHAMM precipitation lanes were performed in repetitive experiments. Detection of protein bands utilized
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ECL™ detection (Amersham biosciences). B) Post-IP fractions for the mitotic lysates are shown to indicate
the relative amounts of RHAMM or TPX2 co-precipitated by various antisera. Quantitative detection
utilized the Odyssey v1.1 Infrared imaging system (LI-COR) with detection of polyclonal sera using IRDye
800 conjugated anti-rabbit IgG (1:20000) to determine protein band concentrations. Quantitation of protein
bands with the Odyssey™ systems subtracts background fluorescence intensity around the region of interest
(in this case, the boxed regions outlining the protein bands). The top row shows the bands without
concentration determination while the bottom row indicates the raw concentration measurements. The
concentrations of the PB and NuMA bands were averaged to give a mean total fraction. Thus, the fraction
remaining was determined by dividing the band concentration of each lane by the mean total fraction. C)
HeLa and Raji (not shown) cells were synchronized by double thymidine block followed by nocodazole
treatment. Mitotic HeLa cells were shaken off the plate and examined for DNA, message and protein
content. Flow cytometry profile of DAPI stained HeLa populations confirms >90% synchronization. Go/G,
populations are defined by M1 marker, S populations by M3 marker and G,/M populations by M2 markers.
D) Unsynchronized (US) and mitotic (M) HeLa, and Raji (not shown), populations were lysed in CHAPS
and the soluble fraction was analysed by quantitative immunoblot analysis. Quantitative detection utilized
the Odyssey v1.1 Infrared imaging system (LI-COR) with detection of polyclonal sera using IRDye 800
conjugated anti-rabbit IgG. Note that detection of RHAMM antiserum utilized 1:5000 dilution while TPX2
detection utilized 1:20000. B-actin intensities were determined and utilized as a quantitative control for lane
loading; M phase lysates consistently contained more protein per cell volume lysed. E) Unsynchronized
(US) and mitotic (M) HeLa, and Raji (not shown), populations were reverse transcribed as per
manufacturer’s (Applied Biosystems) recommendation for quantitative RT-PCR analysis. RHAMM

expression in mitotic populations were normalized to the unsynchronized populations.

RHAMM, like TPX2, is regulated during the cell cycle
As mentioned, TPX2 is subject to cell-cycle regulation (Gruss et al., 2002). As
RHAMM interacts with a significant proportion of TPX2 during mitosis, we investigated

whether RHAMM was also cell cycle regulated. HeLa, and Raji (not shown), lines were
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synchronized during Go/M with a double thymidine/nocodazole block. The efficiency of
these treatments were confirmed by flow cytometry analysis of DAPI staining within the
synchronized populations (Figure 2-3C). Cell lysates were prepared through equivalent
CHAPS lysis of HeLa (5x10%ml), and Raji (20x10%ml), synchronized populations.
Quantitative immunoblot analysis was performed by normalizing the RHAMM, or TPX2,
level to the corresponding B-actin levels. Qualitative, and quantitative, analysis reveals
that RHAMM protein levels, like TPX2, are cell-cycle regulated (Figure 2-3D). The level
of RHAMM protein in G,/M populations is 1.5-2.0 times greater than in unsynchronized
Raji and HeLa lysates. Quantitative RT-PCR revealed a 1.43-1.75 times amplification of

RHAMM message in G»/M Raji and HeLa populations (Figure 2-3E).

Inhibition of RHAMM function results in aberrant mitoses that approximate TPX2
inhibition

As significant amounts of RHAMM and TPX2 interact during mitosis, we hypothesized
that RNA inhibition of RHAMM may induce similar phenotypes to that of TPX2
inhibition. RNA inhibition resulted in sustained loss of greater than 95% of cellular
RHAMM and TPX2 protein 24 hours, through 48 hours, post transfection (Figure 2-4A).
Cells were lysed and examined by immunoblot 24 and 48 hours post transfection and
compared to control-treated cells (GL2, Dharmacon). Treatments were examined in
triplicate. Inhibited and control cells were then fixed at defined timepoints and examined
for mitotic index, using the marker CENP-F and a-tubulin. CENP-F expression, and
localization, varies during the cell cycle demonstrating increasing nuclear staining during

G, and accumulation on kinetochores early in G,/M transition (Liao ef al., 1995). Mitotic
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index was scored for an average of 493 cells per treatment at 30 and 48 hours post

transfection.
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Figure 2-4: RNA inhibition of RHAMM and TPX2 reveal a common role in the

maintenance of mitotic integrity. We carried out RNA interference as described (Elbashir et al.,
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2001). A) Cells were treated with test, or control, duplexed RNA/Lipofectamine 2000 mixes overnight in
OPTIMEM (GibcoBRL). At 24 and 48 hours, CHAPS soluble fractions were analysed by immunoblot.
Immunoblotting confirmed greater than 95% inhibition of RHAMM and TPX2 24 and 48 hours post
transfection. Blots were detected with ECL (shown) and LICOR detection. Equivalent loading was
confirmed with B-actin B) Coverslips were recovered at appropriate timepoints following transfection. Cells
were stained with CENP-F, a-tubulin and DAPI to quantitate mitotic index. At the 30 hour timepoint, |
inhibited cells were scored for stage, mitotic spindle structure and chromosome condensation/alignment.
Error bars represent the standard deviation of mitotic index calculations (approx. 500 cells per treatment
scored). For analysis of mitotic defects, RNA inhibition was confirmed in individual cells by staining for
the appropriate target protein. Individual inhibited cells were assessed for DNA alignment and spindle
structure to determine mitotic stage. TPX2 inhibition resulted in a significant increase in mitotic index
(p=0.017) while RHAMM inhibition resulted in a significant increase in G; cells (p=0.007) when
compared, by a student t-test, to control inhibited cells at the 30 hour timepoint. At the 48 hour timepoint,
both RHAMM and TPX2 inhibition resulted in significant increases in metaphase cells (p<0.05) and in
multipolar architecture (p<0.03). All graphical data is shown as percentage of all cells examined. C)
Control RNA inhibition did not affect normal localization or intensity of RHAMM and TPX2 staining at all
mitotic stages. Scale bars equal 10 um. D) At the 30 hour timepoint, RHAMM inhibition induced
phenotypically normal spindles with a proportion of metaphase cells (28.2%) exhibiting chromosome
missegregation defects as demonstrated by DAPI (shown in white to facilitate viewing). TPX2 intensity
and localization was not affected by RHAMM inhibition. At the 30 hour timepoint, TPX2 inhibition
induced an increase in mitotic cells with prometaphase-like phenotypes (separated microtubule asters,
condensed chromosomes but little microtubule connections between the two asters). RHAMM localization
to microtubule asters was reduced within TPX2-inhibited cells. Nuclear CENP-F intensity and localization
initiates and increases throughout G,, loading onto prekinetochore at G/M transition. Control inhibition
resulted in a G, index of approximately 20.5% while RHAMM inhibition resulted in a significantly
increased G, index (41.6%, p<0.01). Scale bars equal 10 pm. E) At the 48 hour timepoint, RHAMM

inhibition resulted in a significant increase in metaphase cells. A large proportion of these metaphase cells
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(27.1%) contained mutlipolar spindle architecture. TPX2 localization to multipolar spindles was not
affected by RHAMM inhibition. At the 48 hour timepoint, TPX2 inhibition also resulted in a significant
increase in metaphase cells. Like RHAMM inhibition, these metaphase cells frequently (27.0%) displayed a

multipolar phenotype. RHAMM localization to poles was dependent upon TPX2. Scale bars equal 10 um.

At 30 hours, inhibition of TPX2 resulted in an increased mitotic index (7.0% vs
3.3%, p<0.02) and the suppression of spindle formation (Figure 2-4C). As described by
Gruss et al. 2002, prometaphase-like phenotypes, characterized by chromosome
condensation, aster separation and decreased microtubule polymerization, were observed
in 82.1% of TPX2 inhibited mitotic cells (Figure 2-4D). Within these cells, RHAMM
fluorescence was not significantly localized to the separated microtubule asters
suggesting a role for TPX2 in the spindle pole targeting of RHAMM (Figure 4D). Very
few mitotic cells (2.4%) were observed post-metaphase which strongly supports the
hypothesis that TPX2 is important in the initiation of spindle assembly (Figure 2-4D).
However, as TPX2 inhibited cells clearly proceed through mitosis, albeit at later
timepoints and with significantly aberrant spindles (see Figure 2-4E), we conclude that it
is not essential for mitotic assembly. We confirm previous work(Garrett et al., 2002) and
report that, at later timepoints, TPX2 inhibition induces a mitotic block with
approximately 30.9% of TPX2-inhibited metaphase cells containing multipolar spindle
phenotypes. Within this population of cells, we detected reduced amounts of TPX2 at the
spindle poles. In the presence of reduced TPX2, RHAMM localized to the poles (Figure
2-4E). However, a proportion of TPX2-inhibited cells lacked polymerized spindles
similar to that described above; within this population RHAMM was not localized to

microtubule asters.
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At 30 hours, RHAMM inhibition resulted in a significant increase in G, cells
(41.6% vs 20.5%, p<0.01), characterized by CENP-F positive nucleii (Figure 2-4B,D).
Although bipolar spindles formed by the 30 hour timepoint, approximately one-third of
the metaphase cells had chromosomal missegregation defects (see Figure 2-4D). The
increased G; population suggests that RHAMM inhibition results in a G/M stall prior to
the initiation of prophase. At the 48 hour timepoint, RHAMM inhibition resulted in an
accumulation of mitotic cells in metaphase (See Figure 2-4B,E). A large proportion of
these metaphase cells (36.8%) contained multipolar architecture, confirming our previous
microinjection observations (Maxwell ef al., 2003). RHAMM inhibition also resulted in a
population of mitotic cells, designated abnormal metaphase, with small spindles or no
spindles (similar to that described for TPX2 inhibition). Within the RHAMM-inhibited
multipolar populations, TPX2 localized to the mitotic spindle poles (Figure 4E). At the
48 hour timepoint, both RHAMM and TPX2 inhibition resulted in dramatic increases in
apoptotic cells and few G1/S cells, demarcated by CENP-F negative nucleii (not shown).
These results support a role for RHAMM and TPX2 in the maintenance of mitotic
integrity, consistent with the conclusions drawn previously for TPX2 (Garrett et al,
2002). Temporal examination of RHAMM and TPX2 inhibition reveal that these
proteins perform distinct roles early in mitotic assembly; inhibition of RHAMM delays
mitosis at the G,/M boundary while TPX2-inhibition delays spindle assembly after
nuclear envelope breakdown. These differences in early mitotic function are to be
expected between proteins that localize to the centrosome and nucleus during interphase.

However, the functions of these proteins converge during metaphase. In the absence of
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RHAMM (or TPX2), mitotic spindles stall and fragment during metaphase; this
phenomenon implicates both RHAMM and TPX2 as structural components of the
spindle that cross-link microtubules and maintain spindle integrity as various microtubule

—dependent motors exert force on spindle microtubules.
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Discussion

In myeloma, chromosomal instability and elevated RHAMM expression
characterize aggressive malignant cells; we hypothesized that elevated RHAMM
expression may affect centrosomal and mitotic integrity with consequences on
chromosomal segregation. This hypothesis is strengthened by ex vivo analysis of
myeloma patients. Elevated RHAMM expression coincides with centrosomal
abnormalities and cytogenetic abnormalities (CA) (Maxwell et al., in press.). 41% of MM
patients with elevated RHAMM expression contained CA while 30% of low expressers
contained CA; within the elevated RHAMM population 70% of CA were hypodiploid
phenotype versus 50% of low expressers (p=0.095) (Maxwell et al, in press ). Here, we
report that exogenous GFP-RHAMM™, like endogenous RHAMM (Maxwell et al.,
2003), localizes to centrosomes, increasing their size and the amount of y-tubulin present.
These results model the aberrant centrosomal phenotypes observed within MM PC ex
vivo; centrosomal abnormalities characterize MM PCs but fail to be prognostic. We
further report that overexpression of GFP-RHAMM'™ has dramatic consequences on
mitotic division. Nearly two-thirds of metaphase cells overexpressing GFP-RHAMM'"-
have aberrant spindle phenotypes or misaligned chromosomes. Indeed, one quarter of
these cells have monopolar or multipolar metaphase spindles. While the data suggests
that the majority of these aberrant metaphase cells do not progress through subsequent
mitotic phases (due to the low frequency of anaphase and telophase/cytokinesis
transfected cells), one quarter of those that do progress demonstrate chromosome
missegregation defects (i.e. lagging chromosomes, chromosome bridges) and may

proceed through aberrant divisions.
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Live cell GFP-RHAMM dynamics, coimmunoprecipitation and RNA inhibition
experiments were utilized to investigate the mechanism(s) responsible for RHAMM-
induced mitotic abnormalities. Live cell imaging revealed poleward movement of
RHAMM aggregates in a manner and velocity consistent with dynein mediated
movement; these observations confirm previous coprecipitation data and suggest that
RHAMM targets spindle poles through an interaction with the dynein motor complex.
We hypothesized that RHAMM, like Hklp2, may interact with TPX2, the protein that
facilitates the klp2-dynein interaction and plays important roles in spindle assembly and
integrity (Wittmann et al., 2000) (Gruss et al., 2002) (Garrett et al., 2002). RHAMM
colocalizes with TPX2 throughout mitosis and coprecipitates a significant amount of
cellular TPX2 in a cell cycle dependent manner. Like TPX2, RHAMM protein and
message is upregulated during mitosis. RNA inhibition experiments demonstrate that at
early timepoints TPX2 plays an important, but non-essential, role in spindle assembly
while RHAMM functions in the progression through G,. Interestingly, addition of a
soluble RHAMM variant, lacking the NH,-terminal microtubule binding domain, also
disregulates G,/M progression (Mohapatra et al., 1996) while overexpression of a
RHAMM COOH-deletion variant inhibits mitotic progression (Maxwell et al., 2003).
After spindle assembly, RHAMM and TPX2 converge to play essential roles in

maintaining spindle integrity.

During metaphase, chromosomal alignment and segregation is dependent on the

generation of forces by microtubule based motor proteins and microtubule crosslinking
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proteins, like RHAMM. Our results demonstrate that TPX2 function is important to
RHAMM spindle pole localization. This data is consistent with a model in which TPX2
facilitates an interaction between RHAMM and the dynein motor complex. This ternary
RHAMM-TPX2-dynein complex is essential to the maintenance of spindle integrity.
Depletion of either TPX2 or RHAMM results in an imbalance of motor forces and
subsequent spindle fragmentation. 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. Similarly, TPX2 overexpression in
Xenopus extracts results in unbalanced monopolar spindles (Wittmann et al., 2000).
While multipolar phenotypes are likely catastrophic, disorganized or fragmented spindles
may induce more subtle losses of genetic material (see Figure 2-4D), or impede mitotic
progression, and potentially result in hypodiploid progeny. The progression of such
defects through mitosis is likely dependent on simultancous disruption of the p53-
dependent cell cycle checkpoint (Meraldi et al., 2002) (Raff, 2002) (Figure 2-5). A direct
link between RHAMM overexpression, oncogenesis and apoptosis may be mediated

through TPX2 and Aurora A kinase (AurA).

Like RHAMM, AurA localizes to interphase centrosomes, duplicating prophase
centrosomes and the mitotic spindle pole (Maxwell et al., 2003) (Katayama et al., 2004),
AurA localization and function at spindle poles is also dependent on the action of TPX2
(Eyers et al., 2003) (Kufer et al., 2003). Multiple studies have demonstrated that TPX2 is
responsible for the activation of AurA at the mitotic spindle (Bayliss ef al., 2003) (Eyers

et al., 2003) (Kufer et al., 2002) (Kufer et al., 2003). Here, we describe a cell cycle
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dependent interaction between significant mitotic fractions of RHAMM and TPX2
suggesting that RHAMM may affect TPX2-mediated AurA activation. AurA is an
essential determinant of G,/M progression (Hirota et al., 2003) that regulates, and is
regulated by, the activities of p53 (Chen et al., 2002; Gigoux et al., 2002; Katayama et
al., 2004), ras-GAP (Gigoux et al., 2002), BRCA1 (Ouchi et al., 2004) and apoptotic
pathways (Anand et al, 2003). Overexpression of RHAMM, through an
interaction/sequesteration of TPX2, may disrupt these pathways and induce/permit
aberrant, or abortive, mitoses with consequent centrosome amplification and
chromosomal instability; alternatively, overexpression of RHAMM may disrupt spindle
forces leading to spindle fragmentation and chromosomal segregation defects. It is most
likely that within MM, overexpression of RHAMM acts in concert with other genetic
events to disregulate centrosomal structure, and/or replication, and modify mitotic

chromosomal segregation and genetic stability.
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Figure 2-5: Model for the effects of RHAMM on centrosomal structure and

tumorigenesis. As a centrosomal protein, overexpression of RHAMM may directly affect centrosomal

size and structure. Consistent with previous reports, inhibition of RHAMM function impairs mitotic
progression. During mitosis, RHAMM-TPX2-dynein form a ternary complex that functions in the
maintenance of mitotic spindle integrity by crosslinking spindle microtubules. Overexpression of RHAMM
may initiate an imbalance in spindle forces leading to disorganized spindles phenotypes and chromosomal
missegregation. Alternatively, RHAMM directly interacts with a large cellular fraction of TPX2 which may
alter the ability of TPX2 to regulate, and activate, Aurora A kinase with consequent downstream affects on
multiple pathways including spindle assembly, ras, pS3, apoptosis and oncogenesis. RHAMM has reported
to affect Cyclin Bl activation (Mohapatra et al., 1996); inhibition of this function may impair G,/M

progression.
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Chapter 3: RHAMM expression and isoform balance predicts aggressive disease

and poor survival in multiple myeloma

This research was originally published in BLOOD. C.A. Maxwell, E. Rasmussen, F.
Zhan, J. J. Keats, S. Adamia, E. Strachan, M. Crainie, R. Walker, A.R. Belch, L.M.
Pilarski, B. Barlogie, J. Shaughnessy Jr., T. Reiman. RHAMM expression and isoform
balance predicts aggressive disease and poor survival in multiple myeloma. BLOOD.

2004; August 15, 2004; 104 (4) © by the American Society of Hematology.
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Introduction

Multiple myeloma (MM) is a B-cell neoplasm characterized by accumulation of
clonal plasma cells (PC) in the bone marrow, secretion of a monoclonal protein (M-
protein), and osteolytic lesions accompanied by bone pain and anemia (Grogan et al.,
2001). MM is further characterized by chromosomal instability (CIN) and a defining
VDJ rearrangement of the immunoglobulin heavy chain (IgH) gene locus, termed
clonotypic (Kuehl and Bergsagel, 2002) (Szczepek et al., 1997). Recurrent genetic
translocations into switch recombination regions of the IgH locus occur in up to 75% of
myelomas (Avet-Loiseau et al., 2002) (Fonseca et al., 2004); one of the most common of
these is t(4;14)(p16.3;932) (Avet-Loiseau et al., 2002) (Keats et al., 2003). MM PC
contain extensive chromosomal abnormalities, both numerical and structural (Fonseca et
al., 2004). The presence of specific genetic lesions are prognostic (Grogan et al., 2001)

(Avet-Loiseau et al., 2002) (Keats et al., 2003).

An additional ubiquitous feature MM is the expression of the Receptor for
Hyaluronan Mediated Motility (RHAMM) (Crainie et al., 1999). RHAMM was cloned in
1992 and described as a hyaluronan binding protein (Yang et al., 1993) (Hardwick et al.,
1992). A variant of RHAMM, that is predominantly cytoplasmic and involved in
multiple signaling pathways (Hall et al., 1996) (Zhang et al., 1998), is transforming and
essential for ras transformation (Hall et al., 1995). Human RHAMM'™ was cloned in
1996 as a predicted 85-95 kDa protein encoded by 18 exons (Wang et al, 1996).

RHAMM'™" has been described as an actin and microtubule associated protein that
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localizes to the centrosome and mitotic spindle pole and is essential for mitotic stability
(Assmann et al., 1999; Maxwell et al., 2003). The NH,-terminus of RHAMM directly
interacts with microtubules, via exon 4, while the COOH-terminus targets the
centrosome, presumably through an indirect interaction with dynein (Assmann et al.,
1999; Maxwell et al., 2003). Loss of exon 4 inhibits the ability of RHAMM to interact
with interphase microtubules (Assmann et al., 1999); disruption of the COOH-terminus,
by microinjection of polyclonal antiserum, affects mitotic integrity and induces tripolar

and tetrapolar spindles (Maxwell et al., 2003).

While RHAMM is ubiquitously expressed in murine tissues (with elevated
expression in testes, thymus and spleen) (Fieber et al., 1999), consistent detection of
RHAMM expression within normal human tissues appears to be limited to the testis (Line
et al., 2002) (Greiner ef al., 2002). Reports of RHAMM expression have identified the
testis, spleen, colon, and stomach (Line et al., 2002), the testis, placenta and thymus
(Greiner et al., 2002)and the testis, placenta, lung, and pancreas (Greiner et al., 2004) as
RHAMM positive tissues (in decreasing orders, respectively). RHAMM expression is
rare in normal peripheral blood (Greiner et al., 2002) (Line et al., 2002) (Crainie et al.,
1999) and purified CD19" (Crainie et al., 1999) or CD34" PBMC (Greiner et al., 2004).
RHAMM expression influences tumor progression and metastasis in melanoma,
pancreatic, breast and endometrial carcinomas (Abetamann et al., 1996; Wang et al.,
1998; Ahrens et al, 2001; Rein et al., 2003) and RHAMM is detected as a tumor
associated antigen in AML, CML (Greiner et al., 2002) and colon cancer (Line et al.,

2002). A splice variant of exon 4, RHAMM ™™ (RHAMM™®), was first described in
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myeloma patients and subsequently identified in diverse tumours and cancer cell lines
(Assmann et al., 1999; Crainie et al., 1999; Line et al., 2002). RHAMM ™ is also
found in normal tissues, and the relative ratio of these two isoforms differs between
paired cancerous and adjacent normal tissue in colon cancer patients (Line et al., 2002).
While RHAMM™" and RHAMM ™ expression are associated with malignancy, until
now it has been unclear whether RHAMM isoforms are expressed concurrently in the

same cell and what, if any, is the clinical significance of their expression.

In this study we report MM PC gene expression array data showing that elevated
RHAMM mRNA levels correlate with the presence of osteolytic bone lesions, and that
high RHAMM expression negatively correlates with event-free and overall survival. We
identify a partial correlation in MM PC between elevated RHAMM expression and
increased splicing of RHAMM™™™. In cell lines, while absolute RHAMM expression
increases through mitosis, exon 4 splicing remains consistently low. We further
demonstrate that individual myeloma plasma cells rarely express both isoforms
concurrently, and that patients differ in their RHAMM isoform expression profiles.
RHAMM isoform ratios in the blood vary within individual patients through the course of
disease, decreasing post treatment and increasing with disease relapse. High RHAMM®
exont PHAMM'™ ratios in the bone marrow at the time of diagnosis correlate with poor

survival, independent of standard prognostic factors.
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Materials and Methods
Patients and Clinical Data

In Alberta, Canada, total RNA extracts from BM biopsies of 101 newly diagnosed
MM patients were used to assess the prognostic impact of RHAMM exon 4 splicing.
Sorted BM PC from an additional 22 patients were used to examine RHAMM expression
and splicing at the single-cell level (n=8) and absolute RHAMM expression at the
population level (n=14). Peripheral blood cellular RNA samples from 5 t(4;14)" MM
patients were obtained at various time points in the course of disease, as described
previously (Keats et al., 2003), and were used to examine temporal changes in RHAMM

expression patterns.

In Arkansas, USA, samples for microarray experiments included purified PC from
a separate cohort of 210 newly diagnosed cases of MM. Isolation from mononuclear cell
fraction was performed and purity was confirmed as previously described (Zhan et al.,
2002). Skeletal roentgenogram surveys (n=199) and skeletal MRI (n=193) were
performed on the Arkansas cases to sub-classify patients as having no focal bone lesions,
at least one focal lesion, and three or more focal lesions. Arkansas patients were treated
with Total Therapy II (Barlogie et al., 1999; Shaughnessy et al., 2003) and were followed

for event-free and overall survival.
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Total RNA isolation, cDNA synthesis, preparation of labeled cRNA, hybridization to

microarrays, and analysis of GeneChip data (Arkansas patients)

Total RNA was isolated from PC using the RNeasy Mini kits (QIAGEN,
Valencia, CA). Detailed protocols for cDNA synthesis, cRNA preparation, hybridization
to the U95Av2 microarray (Affymetrix Inc., Santa Clara, CA) and analysis of raw data
have been described (Zhan et al., 2002). All microarray data used in the analyses were
derived from Affymetrix 5.0 software. GeneChip 5.0 output files provide signal that
represents the difference between the intensities of the sequence-specific perfect match
probe set and mismatch probe set, or as a detection of present, marginal, or absent as
determined by the GeneChip 5.0 algorithm. Gene arrays were scaled to a target intensity
of 1,500 and then analyzed independently. All signal calls were transformed by the log
base 2 and each sample was normalized to give a mean of 0 and variance of 1. The
oligonucleotide probes target the carboxy terminal sequences of RHAMM mRNA and
therefore detect both RHAMM ™™ and RHAMM™ without distinguishing the two
variants. High and low RHAMM gene expression is defined as expression above and

below the median.

RNA extraction, cDNA synthesis and RT-PCR (Alberta patients)
Patient bone marrow mononuclear cells (BMMC) and peripheral blood
mononuclear cells (PBMC) were purified on Ficoll-Hypaque Plus (Amersham Pharmacia

Biotech, Uppsala, Sweden) density gradients. For single cell analysis, BMMC were
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stained with CD138 or CD38 to mark PC. Individual PC, or 1000 cells/well, were sorted
into PCR tubes using a direct lysis protocol, followed by single cell RT-PCR as
previously described (Szczepek et al., 1998). For aggregate populations (PBMC, BMMC
or sorted PC), cells were suspended in TRIzol Reagent (Invitrogen, Carlsbad, CA) at 2-10
x 10° cells/mL and total RNA was extracted according to the manufacturer's instructions.
Poly-A-tailed RNA was reverse transcribed for 1 hour at 42°C followed by enzyme
inactivation at 99°C for 3 minutes from 1 pg total RNA with 500 uM dT15, 500 uM each
dNTP, 10 mM dithiothreitol (DTT), 50 mM Tris (tris[hydroxymethyl]aminomethane)-
HCl, 75 mM KCl, 3 mM MgCl,, and 200 U Superscript RNase H Reverse Transcriptase

(Invitrogen) in a 20-pL reaction.

All RT-PCRs contained 20 mM Tris-HC1, 50 mM KCl, 2.0 mM MgCl,, 200 uM
each dNTP, 1.0 U Platinum Taq DNA polymerase (Invitrogen), and 0.2 pM each PCR
primer. Reactions were carried out in 25-uL reactions using 4% of the cDNA as template.
Reactions consisted of an initial 5-minute denaturation at 94°C, followed by 30 cycles of
amplification at an annealing temperature of 64°C and 30 second extensions at 72°C.
RHAMM primers were as follows:

5’ primer: TGACAAAGATACTACCTTGCCTGCT

3’ primer: CAGCATTTAGCCTTGCTTCCATC

The primers were designed to flank exon 4, so that two RT-PCR products of
different sizes could be detected in a single reaction, representing full-length RHAMM

and the splice variant lacking exon 4. A 6-FAM fluoresceinated label was added to the 3’
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primer for detection using fragment capillary electrophoresis (FCE) (ABI3100, Applied
Biosystems, Foster City, CA). RT-PCR products were visualized by ethidium bromide
(EtBr) staining on 2% agarose (Invitrogen) gels or by capillary electrophoresis as
described (Pilarski et al., 2002; Adamia et al., 2003). Single cell RT-PCR products were
precipitated prior to capillary electrophoresis, to increase sensitivity of detection.

Sequencing of clonotypic VDJ was performed as described (Szczepek et al., 1998).

The relative amount of exon 4 splicing in a given sample was estimated by
calculating the ratio of fluorescence intensity of the RHAMM ™™ and RHAMM™
products following RT-PCR and FCE (i.e. the RHAMM **"/RHAMM'" ratio, hereafter
“RHAMM ratio”). Each sample was analyzed in triplicate. Fluorescence intensity was

analyzed using GeneScan ® software (Applied Biosystems).

Quantitative RT-PCR (Alberta).

BMMC were stained with anti-CD138 microbeads (Miltenyi Biotec, Auburn CA)
as suggested by the manufacturer and single column isolations were performed on an
autoMACS Magnetic Cell Sorter (Miltenyi Biotec). Purity of the selected, CD138
positive PC, was verified to be greater than 90% by cytospin and morphology
examination. RNA isolation, sample quality examination, and reverse transcription were
as suggested by the manufacturer Applied Biosystems, Foster City CA). Each
quantitative RT-PCR reaction was performed in a 50 ul volume consisting of 1x
Universal PCR Master Mix No AmpErase® UNG (Applied Biosystems), 2 ul of the

respective Tagman® Assays-on-Demand™ Gene Expression Products primer and probe
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mix for GAPDH (Hs99999905 ml) or RHAMM (Hs00234864 ml)(Applied
Biosystems), and 5 ng of RNA converted to cDNA as template. Reactions were run on an
ABI PRISM™ 7700 Sequence Detection System (Applied Biosystems). Quantitation
using the Relative Standard Curve Method was performed using a 2 Log dilution range of

Raji cDNA to generate a standard curve for each reaction.

Cell Culture, transient transfection, and plasmids

Cells from RPMI 8226, a human lymphoblastic cell line derived from the
peripheral blood of a multiple myeloma patient, and HelLa cells, a human adherent
epithelial cell line derived from a patient with cervical adenocarcinoma, were cultured as
recommended. Cells were passaged 24 hours prior to transfection. Suspension cells were
transfected by electroporation (270mV, 960uF, 47-53ms) while HeLa cells were
transfected with Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocols.
GFP-RHAMM'™", GFP-RHAMM™®*™ * and pEGFP-C1 (Clonetech) plasmids were

prepared as described (Maxwell et al., 2003).

Fluorescence Recovery After Photobleaching

A laser-scanning confocal microscope (Zeiss LSM 510) with a 15-mA argon laser
was used to perform all photobleaching experiments using a 40 1.3 N.A. objective. We
performed FRAP experiments as described previously (Lever et al., 2000). Briefly,
defined regions of interest (ROI) within cells (i.e. spindle pole, centrosome, cytoplasm)
were exposed to 100% laser intensity for 10-20 iterations. Imaging was performed at 1-4

% laser intensity. The interval between scans was set so that between 25 and 40 image
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scans were collected per experiment. Recovery was considered complete when the
intensity of the bleached ROI stabilized. For quantitative analysis, fluorescence intensity
was measured at each time point for (1) the photobleached region, (2) the entire cell
volume and (3) the extracellular background intensity using Zeiss LSM software.
Background was subtracted from each data point. Fluorescence loss occurs during
bleaching and the repeated image acquisition. The fluorescence in each ROI was
therefore corrected at each time point for whole-cell fluorescence (i.e. if the whole-cell
fluorescence at time t, was 85% of time ty (postbleach) then the fluorescence at t, was
corrected (divided) by 0.85). The mobile population (percent recovery) was determined
by dividing the normalized photobleached region at maximal recovery (the mean
normalized fluorescence of the last five scans) by the corrected fluorescence intensity of
the - photobleached region before photobleaching. Because of the contribution of
electronic noise in the detector system, some measured recoveries were greater than

100%.

Synchronization, Immunoprecipitations and quantitation (Alberta)

HelLa and Raji cells were synchronized by double thymidine block. Briefly, cells
were plated at sub-confluency and incubated with, or without, 2mM thymidine for 14-16
hours. Cells were washed, released from thymidine block and incubated in fresh media
for 8 hours. Cells were washed and the synchronized populations were incubated with
2mM thymidine for 14-16 hours. Cells were released into fresh media for 3-4 hours and
synchronized populations were incubated in 300ng/ml nocodazole (Sigma) for 10-12

hours, washed with PBS and released by shake-off. Unsynchronized HeLa populations
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were released from plates with 1x trypsin. Both mitotic and unsynchronized populations
were then washed 3x with PBS and lysed at 5x10°107 cells/ml in 1% CHAPs plus 10
pug/mL leupeptin, 10 pg/mL antipain and 1 mM phenylmethylsulfonyl fluoride (all from
Sigma). Protein quantitation utilized the Odyssey v1.1 Infrared imaging system (LI-COR)
with detection of polyclonal sera using IRDye 800 conjugated anti-rabbit IgG (Rockland,

Gilbertsville, PA).

Statistical Methods

Statistical analyses were performed with the software packages SPSS (SPSS,
Chicago, IL) and SAS v8 for Windows (SAS Inc., Cary, NC). Differences in proportions
were compared using Fisher’s Exact Test. Between-group comparisons of continuous
variables were with Student’s t-test, or the Wilcoxon rank sum test. Linear relationships
were determined by Pearson's or Spearman’s correlation coefficient. Survival curves were
plotted using the Kaplan-Meier method. Comparison of survival distributions was with
the log rank test. Logistic regression was used to assess the independent associations of
RHAMM and DKK1 with osteolytic lesions. Cox proportional hazards analysis was used
to assess the independent prognostic significance of the RHAMM ratio. Statistical

significance was set at a level of p < 0.05 using 2-sided analysis.
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Results

Increased RHAMM expression levels correlate with bone lesions, but not with DKKI
expression (Arkansas patients)

The characteristics of the 210 Arkansas patients are outlined in Table 3-1, for the
total population as well as for the two subgroups of patients defined based on the median
level of RHAMM expression. Patients expressing RHAMM at levels below the median
are classified as “low” RHAMM expressers; patients above the median are classified as
“high” RHAMM expressers. Among the conventional measures of disease severity listed

in Table 1, only LDH is correlated with RHAMM at a p-value of 0.05 or less.

Preliminary microarray experiments had identified RHAMM as one of the genes
most highly correlated with the presence of bone lesions in myeloma (Zhan et al., 2002),
prompting us to investigate further the association between RHAMM and bone lesions.
The proportion of patients with 1+ MRI-detected focal bone lesions was significantly
higher in the “high” than in the “low” RHAMM expressers (Table 3-1). The association
between bone lesions and RHAMM expression was also found to be significant when
using the less sensitive technique of skeletal x-rays as the basis for assessment of bone
disease, or when comparing only those patients with multiple bone lesions to the group

lacking bone lesions (Table 3-1).
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Age>=65 28/210 14/105 14/105 (13%) | 1.000
(13%) (13%)

White 186/210 93/105 93/105 (89%) | 1.000
89%) (89%)

Female 84/210 48/105 36/105 (34%) | 0.091
(40%) (46%)

Kappa 124/196 | 60/98 (61%) | 64/98 (65%) | 0.553
(63%)

Lambda 72/196 | 38/98 (39%) | 34/98 (35%) | 0.553
(37%)

IgA Isotype 48/195 25/102 23/93 (25%) | 0.971
(25%) (25%)

B2M>=4 mg/L 771210 40/105 37/105 (35%) | 0.667
(37%) (38%)

Creatinine>=2.0 21/210 | 8/105(8%) | 13/105(12%) | 0.250

mg/dL (10%)

LDH>=190 UI/L 67/210 23/105 44/105 (42%) | 0.002*
(32%) (22%)

Albumin<3.5 31/210 12/105 19/105 (18%) | 0.173

g/dL (15%) (11%)

HGB<10 g/dL 57/210 32/105 25/105 (24%) | 0.277
(27%) (30%)

PCLI>=1.0% 28/184 | 11/91 (12%) | 17/93 (18%) | 0.242
(15%)

BMPC>=33% 107/169 | 56/90 (62%) | 51/79 (65%) | 0.753
(63%)

Cytogenetics 68/191 | 28/94 (30%) | 40/97 (41%) | 0.098

abnormalities (36%)

--CA13 or 42/68 | 14/28 (50%) | 28/40 (70%) | 0.095

hypodiploid (62%)

--Other CA 26/68 | 14/28 (50%) | 12/40 (30%) | 0.095
(38%)

FISH13 20% 88/168 | 42/89 (47%) | 46/79 (58%) | 0.153
(52%)

FISH13 80% 46/168 | 23/89 (26%) | 23/79 (29%) | 0.635
(27%)

1+ MRI focal 151/193 | 65/93 (70%) | 86/100 (86%) | 0.007*

bone lesions (78%)
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3+ MRI focal 120/193 | 45/93 (48%) | 75/100 (75%) | <.001*
bone lesions (62%)
1+ X-ray focal 122/199 | 52/97 (54%) | 70/102 (69%) | 0.030*
bone lesions (61%)
3+ X-ray focal 80/199 | 27/97 (28%) | 53/102 (52%) | <.001*
bone lesions (40%)

Table 3-1. Clinical characteristics of 210 myeloma patients from the Arkansas cohort,
stratified by RHAMM expression below or above the median level for the cohort (dubbed
“low” or “high” expression). RHAMM expression was determined from oligonucleotide
microarray experiments on sorted MM PC. P-values refer to statistical comparisons
between low and high RHAMM expressers; p-values <0.05 are labeled with an asterisk

*).

A recent publication by the Arkansas group has demonstrated a significant
correlation between expression of the DKK1 gene and the presence of osteolytic lesions
(Tian et al.,, 2003). We examined the correlation between RHAMM and DKXKI
expression in the microarray experiments. Remarkably, there was no statistically
significant correlation between the expression of RHAMM and DKK1 (Spearman’s
r=0.077, p=0.26). Logistic regression modeling of MRI-detectable bone lesions revealed
that RHAMM and DKK1 are both independently and significantly associated with the
presence of lytic bone disease (Odds Ratio (OR) for bone lesions in 2-variable regression
model: for DKK1, OR = 1.37 (95% CI, 1.18-1.60), p<0.0001; for RHAMM, OR = 1.72

(95% CI, 1.14-2.59), p<0.001).
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RHAMM expression correlates with poor disease-free and overall survival (Arkansas
patients)

Figures 3-1a and 3-1b show overall and event-free survival for 210 Arkansas patients
stratified by high versus low RHAMM expression (median cutoff) as assessed by
microarray. High RHAMM expression is significantly associated with poor outcome. The
2-year overall survival estimate for patients with high RHAMM expression is 76% and
with low RHAMM is 88% (p=0.04). The 2-year event-free survival in high RHAMM

expressers is 76%, versus 88% in the low RHAMM expressers (p=0.05).
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Overall Survival by RHAMM
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Figure 3-1: RHAMM expression predicts event-free and overall survival. Figures 1a

and 1b show Kaplan-Meier overall and event-free survival distributions for 210 Arkansas patients stratified
by high versus low expression of RHAMM (median cutoff) according to Affymetrix U95Av2 microarray
experiments. High RHAMM expression is significantly and negatively associated with both event-free and

overall survival.
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RHAMM isoforms are rarely co-expressed in individual MM plasma cells.

Previous examination of RHAMM expression within myeloma revealed the
presence of splice variants; RHAMM ™™ was qualitatively detected at a level
approximating RHAMM"™ while detection of RHAMM ****"3 transcripts required more
sensitive methodologies(Crainie et al., 1999). Within colon cancer patients, the ratio of
RHAMM “™/RHAMM"™" increases qualitatively in tumor, compared to autologous
normal, tissue(Line et al., 2002). Moreover, in AML, CML and renal cell carcinoma
patients, RHAMM"™" expression was accompanied with RHAMM ™ expression while
RHAMM ™™™ was undetectable (Greiner et al., 2002). We thus investigated the

differential expression of RHAMM **** and RHAMM"" within single MM PC.

To investigate the differential expression of RHAMM ™ and RHAMM™, we
utilized RT-PCR, with fluoresceinated RHAMM primers, and FCE to detect RHAMM
isoform transcripts at the single cell level (Figure 3-2A). Optimal PCR conditions were
determined to provide reproducible RHAMM ratios from purified PC, PBMC and BM
samples (Figure 3-2B). FCE was approximately 5000x more sensitive than agarose
detection, detecting PCR products resulting from amplification of attogram (10™'%g) levels
of template. Moreover, FCE could discriminate the RHAMM ™ and/or RHAMM"™"
products resulting from amplification of attogram amounts of template while agarose
detection required 100 femtograms of template for such discrimination. Sequencing of
randomly selected RT-PCR products confirmed the identity of the two fragments as
RHAMM'™ and RHAMM ™, Consistent with previous reports (Line et al., 2002) the

RHAMM clones (n=12), sequenced from three patients, all exhibited an additional triplet
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(AAG), as compared to the sequence reported by Assmann et al., 1998, at the 5 end of

exon 4.
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Figure 3-2  Single cell analysis of RHAMM isoform expression patterns in MM

plasma cells.
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Figure 3-2: Single cell analysis of RHAMM isoform expression patterns in MM

plasma cells. A. Electropherogram analysis of sorted, single, clonotypic MM (Patient 2) plasma cell

(PC) expressing (clockwise from top left) RHAMM™ alone, neither RHAMM'™ nor RHAMM ****, both
RHAMM™ and RHAMM ™ and RHAMM ™ alone. All samples were RT-PCR positive, by ethidium
bromide detection, for B,—microglobulin and clonotypic message. RT-PCR products were EtOH
precipitated prior to GeneScan® analysis. To maximize the sensitivity of the single cell assay, large
amounts of RT-PCR product were analyzed, as seen by the large product peaks. B. Electropherogram
analysis of RHAMM-specific RT-PCR amplification of cDNA from 1000 sorted MM (Patient 2) plasma
cells. For ratio determination, product peaks were kept below 3500 relative fluorescent units (RFU) and size
standards were within the manufacturer’s suggested levels (i.e 150-600 RFU). C. Plot of RHAMM ratio
(1000 cells) versus the fraction of RHAMM ™ single cells. A Pearson’s r* correlation coefficient of 0.667

indicates a significant linear relationship (p<0.02) between the two parameters.

CD38+ or CD138+ BM PC from eight Alberta MM patients, for whom patient-
specific clonotypic IgH primers had been derived, were sorted into PCR tubes at 1 or
1000 cells per well and frozen until analyzed. For each patient, 24, or 48, single cell RT-
PCR reactions were performed depending on available samples (mean 31.5 cells). For
each single cell sample, cDNA was produced and divided to detect 3,-microglobulin (to
control for RNA integrity), clonotypic VDJ (to identify clonal PC) and RHAMM. Table
3-2 illustrates the findings for single PC cDNA preparations from these eight patients that
were positive for clonal transcripts (mean 26.8 cells per patient). Interestingly,
RHAMM™ and RHAMM ™ transcripts are rarely detected within the same clonal MM
PC (mean 6.1% of PC, range 0-17.4 %). Rather, a population of PC within individual
myeloma patients predominantly expresses RHAMM'™, or RHAMM ™™ or neither

transcript (Figure 3-2A). Single and 1000 PC samples were isolated from three control
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patients and evaluated for RHAMM expression. Interestingly, in control samples
RHAMM-expressing PC predominantly express both isoforms. A greater fraction of
single PC (63% vs. 43%) lack detectable RHAMM transcripts in the control populations
examined; due to low expression levels we were unable to determine RHAMM ratios
within purified 1000 PC control samples. We expanded our analysis to include total
RNA from unpurified BM of additional control patient (n=4) samples. Again, expression
levels were too low to determine RHAMM ratios from these samples. These results
strongly suggest that within populations of control PC the absolute levels of RHAMM
transcripts, although detectable by extremely sensitive FCE at the single cell level, are so

insignificant as to be undetectable at the bulk cell population level.
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MM patient | RHAMM ****/RHAMM'" |  Clonal RHAMM™ [ RHAMM™®™ | Both Absent
Ratio (/- S.E.) in 1000 Cells Expression Expression (%)
PC Examined
1 0.404 */- 0.01 24 20 2 1 1
4.2)
2 0.548 */- 0.18 35 11 6 3 15
(42.9)
3 0.565 */- 0.13 24 4 2 1 17
(70.8)
4 0.655 */- 0.06 17 8 0 0 9
(52.9)
5 0.802 */- 0.07 15 4 2 0 9
(60.0)
6 0.875 */- 0.001 46 21 6 3 16
(34.8)
7 0.987 */- 0.02 29 4 2 1 22
(75.9)
8 1.799 */- 0.01 24 3 14 4 3
(12.5)
Mean 26.8 94 43 1.6 11.5
(MM) (35.0) (15.9) (6.1) (43.0)
Control | RHAMM®™/RHAMM™ | Plasma | RHAMM'™ | RHAMM™®™* | Both | Absent
Patients Ratio (+/- S.E.) in 1000 Cells Expression Expression (%) (%)
PC Examined (%) (%)
(n=3) UD 92 8 8 18 58
(8.7) (8.7) (19.6) (63.0)

CD138" or CD38" PC derived from BM aspirates, were sorted into PCR tubes containing lysis buffer at 1
cell/tube or 1000 cells/tube and stored at —80°C. RT-PCR was performed as outlined in Methods using
RHAMM-specific primers that flank exon 4. Only cDNA samples that were positive for both beta-2-
microgobulin (MM and control) and clonal message (MM) are tabulated. Single cell RT-PCR products
were precipitated prior to GeneScan® analysis. RHAMM specific RT-PCR amplification of 1000 cell/well
samples resulted in two product peaks representing RHAMM ***™ product (150 bp) and RHAMM™™" product
(200 bp). The area under each peak was calculated by GeneScan® Analysis software and exported to
Microsoft® Excel to determine the ratio of RHAMM ™™/RHAMM'™ peak intensities. UD= unable to
determine. RHAMM ratios were unobtainable from 1000 PC/well (n=3 patients examined) and bulk
BM(n=4 patients examined) populations from 7 control patient populations.

Table 3-2: Comparable patterns of RHAMM isoform expression by PC in individual and
aggregate PC.
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RHAMM ratios measured in populations of MM PC reflects the distribution of RHAMM
isoforms seen in individual clonal cells.

RHAMM ratios were determined for 1000 sorted PC from the same 8 patients
who were examined at the single PC level. As expected from previous data (Crainie et al.,
1999; Line et al., 2002), RT-PCR of aggregate populations of PC using exon 4 spanning
primers resulted in two fluoresceinated peaks (198 and 150 bp) representing both
isoforms (Figure 3-2B). To determine the RHAMM ratios for individual patients, RT-
PCR was performed, in triplicate, and the area under the peak for the 150 bp fragment
(RHAMM™®™™) was divided by the area under the peak for the 198 bp fragment
(RHAMM™). Three of four patients whose individual PC predominantly expressed
RHAMM™" (patients 1, 2 and 4) had RHAMM ratios lower than 0.7, while the patient
whose individual PCs predominantly expresssd RHAMM™®™ (patient 8) had a
dramatically higher RHAMM ratio in the 1000-cell samples (1.8 */- 0.01). Two patients
whose individual PC tended not to express detectable RHAMM (patients 5,7), as well as
one RHAMM'"- expresser (patient 6), had moderate RHAMM isoform ratios in 1000-cell
samples ranging from 0.8-1.0. Thus, there is a strong relationship between the single cell
results and the 1000-cell results in these patients. Regression analysis revealed a
significant linear relationship (p<0.02) between single PC isoform expression and 1000
PC RHAMM ratio (Figure 3-2C). From these results we conclude that the RHAMM ratio
in aggregate populations of cells, detected semi-quantitatively by RT-PCR, provides a

valid indicator of the RHAMM isoform expression profile at the single cell level.
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Elevated RHAMM expression, in MM patient PCs, correlates modestly with a relative
increase in RHAMM " expression

We investigated whether elevated RHAMM expression was associated with
preferential expression of one isoform (high or low RHAMM ratio). RNA was isolated
from purified CD138" PCs from fourteen MM patients, quantitative RT-PCR was
performed as described and ratios were determined. RHAMM expression was
normalized to the lowest RHAMM expresser and plotted against the corresponding
RHAMM ratio for individual patients. As shown in Figure 3-3, the patients clustered into
three groups based upon their RHAMM ratios; three patients exhibited ratios <0.9, six
patients exhibited ratios 0.9>N<1.2, and five patients exhibited ratios >1.2. Three of four
of the lowest RHAMM expressers were clustered in the <0.9 group while four of six of
the highest RHAMM expressers were clustered in the >1.2 group. While these two
parameters demonstrated a statistically significant linear relationship, the degree of
correlation was modest (r’= 0.337, p<0.03), and one patient exhibited an elevated
RHAMM ratio (1.33) in the absence of elevated absolute RHAMM expression (1.2 fold).
The partial correlation of RHAMM expression and splicing results suggest that RHAMM
expression and splicing are two phenomena that are linked but are also, in part,

independently regulated.
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Figure 3-3. Plot of absolute RHAMM expression versus RHAMM ratios for fourteen

MM patients. Elevated expression of RHAMM is significantly related to an increase in RHAMM"

exond expression within MM patients. RHAMM expression within purified MM CD138" PCs was
determined by quantitative RT-PCR analysis. Relative RHAMM expression was normalized to the
lowest patient expresser. RHAMM ratio (+/- Standard Error) was determined as described.

Statistical comparison utilized the Pearson correlation coefficient.

RHAMM expression, but not exon 4 deletion, is upregulated during mitosis
Previous experimentation demonstrated that RHAMM expression is upregulated
during mitosis in adherent (HeLa) and suspension (Raji) cell lines (Maxwell et al.,

submitted). We investigated whether RHAMM ratios were also altered during mitosis.
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Interestingly, while both RHAMM message and protein levels were elevated
during mitosis, the RHAMM ratio did not change significantly (Table 3-3). Within both
mitotic and unsynchronized populations of cycling cell lines, the level of RHAMM'~ was
much greater than RHAMM ™™ This fits with our previous work suggesting that
RHAMM may function in the crosslinking and stabilization of the mitotic spindle,
through microtubule contacts at its NH;- and COOH-termini (Maxwell et al., 2003); as
RHAMM ™™ is inhibited in its NH,-terminal interphase microtubule interactions and
may not associate/stabilize spindle poles as efficiently as RHAMM'™, amplified
expression of this variant during mitosis may have debilitating effects on spindle
integrity. Thus, while increases in RHAMM expression levels could reflect in part the
mitotic rate in MM PC, increases in RHAMM exon 4 splicing are not expected to be

associated with an increased mitotic rate.
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Quantitative | Quantitative RHAMM ratio
RT-PCR" | Immunoblot’
HeLa 1.0 1.0 0.48 +/- 0.06
(unsynchronized)
HeLa 1.74 7/- 0.08 1.62 0.56 +/- 0.04
(mitotic)
Raji 1.0 1.0 0.61 +/- 0.05
(unsynchronized)
Raji 1.43 */- 0.08 1.51 0.57 +/- 0.03
(mitotic)

HeLa and Raji cells were synchronized by double thymidine and nocodazole block. Quantitative
RT-PCR was performed as described. Quantitative immunoblot analysis was performed on
CHAPS+ soluble lysates using infrared detection and Odyssey imaging as described. Band
quantitation was normalized to B-actin levels. RHAMM ratios were determined as described.

* data included in Maxwell et al., submitted.

Table 3-3: Relationship between absolute RHAMM expression, at the message and

protein level, and RHAMM isoform ratio in mitotic and unsynchronized cell lines.

RHAMM isoforms differ in exchange with the mitotic spindle in cell lines

During mitosis, RHAMM likely functions by crosslinking microtubules through a
direct NH,-terminal interaction and an indirect COOH-terminal interaction (Maxwell et
al., 2003). We have demonstrated that inhibition of RHAMM function, through injection
of polyclonal serum targeting the COOH-terminus, dramatically affects mitotic integrity
(Maxwell et al., 2003). As loss of exon 4 affects interphase microtubule interactions
(Assmann et al., 1999)(Maxwell et al., 2003), we speculated that RHAMM ®*°™ may be
inhibited in the ability to associate with the mitotic spindle. Thus, we investigated the in
vivo affinity of GFP-RHAMM™ and GFP-RHAMM™®°™ for sub-cellular structures,
including the centrosome, cytoplasm and spindle pole, with fluorescence recovery after
photobleaching (FRAP) experiments (Supplemental Figure 3-1). FRAP analysis allows

quantitative assessment of the recovery of fluorescent molecules into a laser bleached
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region. The mobile population, that is the population that recovers fluorescent intensity,
is a direct measure of the fluoresceinated molecules that diffuse into/out of, or are not
immobilized within, the bleached region. Therefore, the greater the mobile fraction, the
lower the affinity of the fluoresceinated molecule for the region of interest. GFP alone is
diffusely distributed throughout the cell (not shown) and demonstrates rapid (ti, < 0.5
sec) and complete recovery (mobile fraction 1.04 */- 0.08) following photobleaching

(Supplemental Table 3-1).
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Supplemental Figure 3-1: Fluorescence recovery after photobleaching (FRAP)
demonstrates that RHAMM isoforms differ in mobilities at the mitotic spindle but

not at the MTOC or within the cytoplasm. A. FRAP analysis of GFP-RHAMM" and GFP-

RHAMM ™ * at the mitotic spindle within HeLa. Cells were plated on coverslips, transiently transfected
with GFP alone, GFP-RHAMM'™, or GFP-RHAMM “*°™ using Lipofectamine 2000 and live cells were
analyzed on a Zeiss 510 confocal or multiphoton microscope 20 hours later. Contrast of images adjusted to
correct for photobleaching due to imaging. Scale bars equal 10 um. B. Normalized recovery at the spindle
pole for representative HeLa cells transfected with GFP-RHAMM™" and GFP-RHAMM ™, Mobile

populations were determined within Microsoft® Excel after correcting for whole cell fluorescent loss due to
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initial bleach and progressive bleaching during scans. In addition to differences in FRAP results, the
morphology of the spindle also appears consistently different between the two transfectants, with a more
widened spindle appearance in the RHAMM"™ transfected cells compared to the RHAMM ™ transfected

cells.

Supplemental Table 3-1: Fluorescence Recovery After Photobleaching analysis of the
relative mobility of GFP alone and GFP fusion constructs of RHAMM isoforms at
specific sub-cellular locations.

Mobile Fraction (/- Standard Error)

GFP-Fusion Cell line Cytoplasm Interphase MTOC |  Mitotic Spindle
EGFP-C1 8226 1.04 */- 0.08 - -
GFP-RHAMM'™- 8226 0.71 */-0.04 4 0.52%/-0.098 -

GFP-RHAMM & 8226 0.77 */-0.03 4 0.52%/-0.058 -

GFP-RHAMM'™ Hela - - 0.37 */-0.03
GFP-RHAMM ™ Hela - - 0.63 */-0.06
P (RHAMM™" vs. 0.18 0.96 0.002

RHAMM ™)

RPMI 8226 cells were transiently transfected with EGFP-C1, GFP-RHAMM ™, or GFP-RHAMM"™
using electroporation. Following transfection, live cells were adhered to 1 mg/ml fibronectin on coverslips
and visualized with a Zeiss 510 confocal or multiphoton microscope. HeLa cells were grown on coverslips
and transiently transfected with Lipofectamine 2000 according to the manufacturer’s suggested protocol.
All photorecovery experiments were performed with identical parameters (i.e. scan speed, zoom, scale,
bleach iterations, ROI size etc.); only the amount of recovery scans and the time between them varied.

A p=0.03 compared to EGFP-C1 motility (cytoplasm)

B p=0.0013 compared to EGFP-C1 motility (cytoplasm)

The mobility of GFP-RHAMM isoforms within interphase cells was examined in
RPMI 8226. Mean values are given for normalized mobile fractions obtained from nine
measurements at the centrosome (MTOC) for each isoform and at least 18 measurements
within the cytoplasm for each isoform (Supplemental Table 3-1). The mobility of both

isoforms differed significantly from GFP alone (p<0.03, data not shown) at all sub-
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cellular sites, indicating that neither variant is freely diffusable. Both isoforms showed a
higher affinity for the MTOC than for the cytoplasm; these differences were at or near
statistical significance (p=0.081 for GFP-RHAMM'", p=0.001 for GFP-RHAMM "),
Although the mobile fraction at the interphase centrosome is similar for the two isoforms
(Supplemental Table 3-1), the rate of exchange is twice as high for RHAMM ™ (t,,=

3.37%/- 0.54 sec) as for RHAMM'™ (t;,,= 7.36"/- 2.35 sec).

The mitotic mobility of GFP-RHAMM isoforms was analyzed in the adherent line
HeLa due to the increased vibrational movement and low transfection efficiency of
mitotic RPMI 8226. Mean values are given for normalized mobile fractions obtained
from 15 measurements at the spindle pole for each isoform (Supplemental Table 3-1).
Typical time course experiments are shown in Supplemental Figure 3-1A for FRAP
analysis at the spindle pole and within the mitotic cytoplasm. Normalized recovery
curves for two separate FRAP experiments examining GFP-RHAMM " and GFP-
RHAMM'™ recovery with transiently transfected HeLa cells are also shown
(Supplemental Figure 3-1B). These data indicate a significant difference (p=0.002)
between GFP-RHAMM ®*™ and GFP-RHAMM'™ recovery at the spindle pole. The
affinity of GFP-RHAMM ™ for the spindle pole approximates, or is slightly less than,
that for the interphase MTOC. From in vivo FRAP analysis we conclude that GFP-

RHAMM **°™ has a decreased affinity for mitotic spindle poles.
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RHAMM ratios in the peripheral blood reflect disease burden over time

Our lab has previously published the temporal examination of FGFR3 expression
within t(4;14) positive myeloma patients (Keats et al., 2003). t(4;14) positive patients
can be identified by RT-PCR amplification of IgH-MMSET fusion transcripts (Chesi et
al., 1998). This provides an extremely specific, sensitive assay for the detection of the
myeloma cells. To investigate whether the expression of RHAMM™®™ relative to
RHAMM™ changes over the disease course, PBMC samples from sequential clinic visits
were examined for five MM patients. The use of PBMC allows examination of multiple
timepoints throughout the course of disease but necessitates detection and differentiation
between samples with, or without, transformed cells. PBMC samples from patients,
previously identified as t(4;14)", with sequenced clonotypic transcripts were examined.
The advantage of using blood samples from these particular patients is that three RT-PCR
reactions can detect malignant clones within the blood: amplification of clonal transcript
(CDR2/CDR3), In1-MMSET and JH-MMSET hybrid transcripts. The sensitivity of the
single-stage In1-MMSET, and the single stage JH-MMSET, assay is 2% positive cells
(Keats et al., 2003). Thus, for all IgH-MMSET" blood samples, at least 2% of the total
PBMC population is malignant. The integrity of each cDNA sample (n=88) was
confirmed with B;-microglobulin. Only the t(4;14) status of the patient was known to the
experimenter; the analysis was blind for all other parameters. For each patient, the
RHAMM ratio was plotted against time and compared to a standard clinical measure of
BM PC burden, the serum M protein level (g/L). RHAMM ratios from samples that were
positive for clonotypic transcript and for at least one t(4;14) RT-PCR reaction, as well as

the immediate neighboring negative samples, are plotted and trendlines, generated with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 189

Microsoft Excel software, are given. Figure 4 illustrates results typical of the patients
examined. For samples in which t(4;14) message was detected, an increase in the relative
RHAMM ™™ message was associated with increasing serum M-protein levels. For
samples lacking detectable IgH-MMSET transcript (not shown), the RHAMM ratio
fluctuated from ~0.6-0.9. As shown in Figure 3-4, the fluctuations of the RHAMM ratio
closely approximate that of the M protein prior to transplant and following relapse. In
four out of five patients examined, clinical relapse coincided with a dramatic increase in
RHAMM ratios. These observations illustrate a significant association between RHAMM"

xon? MRNA expression in PBMC and tumor burden.
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Figure 3-4: Timeline analysis of RHAMM “°/RHAMM'™" ratios within t(4;14)" MM

patient blood samples.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 191

Figure 3-4. Timeline analysis of RHAMM “*"/RHAMM™ ratios within t(4;14)"

MM patient blood samples. PBMC samples were acquired and archived between 1998 and 2002 as

described previously’. Detection of t(4;14) fusion transcript utilized two RT-PCR reactions targeting
JH/MMSET and Ip/MMSET respectively’. Samples are classified as MMSET negative (-), MMSET
positive for both reactions (+), or MMSET positive for one reaction (/-). Samples are also classified as
containing clonotypic CDR2/3 message (+) or lacking clonotypic CDR2/3 message (-). Only samples that
were MMSET positive in at least one reaction are shown along with the immediately neighboring MMSET
negative samples. Polynomial trendlines for RHAMM “**/RHAMM"™ ratios (Excel) are indicated for
samples with detectable t(4;14) message. Serum M-protein levels at the time of each PBMC sample are also

indicated. Arrows indicate time of transplant and disease relapse.

High RHAMM ratios in the diagnostic bone marrow correlate with poor survival in MM
We investigated the prognostic significance of relative RHAMM ®°™ expression
in diagnostic bone marrow samples. The RHAMM ratio was measured in total RNA
extracts from the bone marrow of 101 MM patients from Alberta, Canada. The fact that
RHAMM ratios in control BM were too low to determine RHAMM ratios indicates that
the RHAMM ratio in total BM from MM patients is largely contributed by the malignant
cells, justifying the use of the available total BM samples for this experiment. These
patients are a subset of a previously described cohort (Keats er al., 2003). The

characteristics of the 101 Alberta patients are listed in Table 3-4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis

Age>=65

63/101 (63%)

Female 35/101 (35%)
Kappa 58/95 (61%)
Lambda 34/95 (36%)
IgA Isotype 19/97 (20%)
B2M>=4 mg/L 41/74 (55%)
Creatinine>=2.0 | 19/100 (19%)
ng/dL

LDH elevated 13/75 (26%)
Albumin<3.5 44/98 (45%)
J/dL

Hypercalcemia 7/97 (7%)
HGB<10 g/dL 40/100 (40%)

BMPC>=33%

54/98 (55%)

1+ X-ray focal
esions

72/101 (71%)

3+ X-ray focal
esions

59/101 (58%)

High-dose
shemotherapy

30/101 (30%)

192

Table 3-4: Characteristics of 101 Alberta patients for whom RHAMM ratio
determination was assessed in bone marrow samples taken at the time of diagnosis.

RHAMM ratios did not significantly correlate with any of the parameters listed.

There was no statistically significant correlation between the RHAMM ratio and
any baseline characteristic examined (age, sex, clinical isotype, M-protein level,
creatinine, calcium, LDH, or -2 microglobulin). Although patients in this portion of the
study were treated heterogeneously, there was no association between RHAMM ratio and

the type of therapy received. There was no correlation between the RHAMM ratio and the
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presence of X-ray detectable lytic bone lesions; these patients did not undergo MRI
scanning. In spite of the correlation between disease burden and the RHAMM ratio seen
in our studies of circulating cells, there was no correlation between the BM RHAMM
ratio and the level of BM plasmacytosis. Of the 101 patients, 18 had RHAMM ratios less
than 0.8. Twenty patients within the cohort had ratios greater than 1.20. Thus, patients
were classified as RHAMM'™ expressers (n=18, R<0.80), RHAMM “™* expressers
(n=20, R>1.20) and intermediate expressers (n=63, 0.80>R<1.20), analogous to what was
seen in the sorted PC experiments. These three groups exhibited significantly differing
overall survival (OS) distributions (Figure 3-5), with increasingly poorer outcomes

associated with increasingly higher RHAMM ratios (p=0.003).

In a single-variable Cox model, an increasing RHAMM ratio significantly
correlated with poor survival (HR=2.18, 95% CI, 1.11-4.26, p=0.024). The RHAMM
ratio was an independent predictor of survival when included in a multivariable Cox
regression model with albumin and B2M as covariates (HR=3.34, 95% CI 1.14-9.79,
p=0.028). Albumin and B2M are the factors used in the SWOG model (Jacobson et al.,
2003), a currently accepted standard prognostication method in MM; thus, the RHAMM

ratio adds independent information to standard prognostic factors.
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Figure 3-5: RHAMM isoform balance in BM samples are prognostic in multiple

myeloma. Kaplan-Meier survival curves for myeloma patients with RHAMM ratios of <0.8 (red), 0.8-1.2

(green), and >1.2 (blue) in the bone marrow at diagnosis. Survival is increasingly poor with increasing

RHAMM ratio (p=0.003 by the log rank test). RHAMM ratios were determined using RT-PCR and

capillary fragment analysis.
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Discussion

The clinical impact of RHAMM ™ was evaluated in 101 newly diagnosed MM
patients by correlating the RHAMM “"/RHAMM"" ratio in the diagnostic BM sample
to survival. A high RHAMM ratio strongly correlates with poor survival, and provides
information on prognosis that is independent of standard factors such as beta-2-
microglobulin and albumin. In five t(4;14)+ MM patients, we performed time course
analysis of blood samples; we found that in samples containing malignant cells, as
assessed with both t(4;14) and clonotypic mRNA assays, the RHAMM ratio decreased
post autologous transplant and increased at the time of relapse. While the RHAMM ratio
in circulating malignant cells correlates with tumour burden, a high RHAMM ratio in the
BM does not appear to be simply a measure of disease burden, since it does not correlate

with the degree of marrow plasmacytosis, nor with LDH or beta-2-microglobulin levels.

Also interesting is the finding that, in eight patients, RHAMM™®™ and
RHAMM'™ are rarely co-expressed within individual malignant MM PC, despite the fact
that both isoforms are present in all patients examined. RHAMM exon 4 splicing appears
to be largely an “all or none” phenomenon in individual plasma cells. There is clearly
heterogeneity of RHAMM splicing among MM malignant cells from individual patients
suggesting the presence of aggressive myeloma subclones, characterized by preferential

RHAMM ™ expression, which may mediate disease progression.

RHAMM expression levels, irrespective of exon 4 splicing, correlate with the

presence of bone disease in microarray studies, as well as event-free and survival.
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Osteolytic lesions in myeloma presumably result from a disruption of the bone
deposition/resorption balance towards resorption. DKK1 is an inhibitor of osteoblast
differentiation which is secreted by myeloma cells in patients with lytic bone disease
(Tian et al., 2003). However, the impact of RHAMM expression in MM cells on this
balance of bone growth and bone loss is unclear. Given the lack of correlation between
RHAMM and DKK1 expression, and given the lack of any currently known biological
link between the two genes, the mechanism underlying the association between RHAMM
and osteolytic lesions is in all probability quite distinct from that for DKK1. The simplest
explanation for the association between RHAMM levels and disease severity would be
that RHAMM expression is intimately linked to myeloma proliferation; elevated
RHAMM expression may be analogous to an elevated bromodeoxyuridine plasma cell
labeling index (PCLI), a measure of proliferative activity that is an important prognostic
factor in newly diagnosed MM (Steensma et al., 2001). However, actively cycling cell
lines predominantly express RHAMM'™ as indicated by their reduced RHAMM ratios.
Further, within MM patients, elevated RHAMM expression did not correlate with a high
PCLI (Table 1). A parallel hypothesis is that altered RHAMM expression may
dramatically affect chromosomal segregation and chromosomal instability (CIN) within
the malignant clone, analogous to the mitotic errors seen previously in our RHAMM
immunoblocking experiments (Maxwell et al., 2003). We have previously postulated that
RHAMM mitotic function depends upon microtubule crosslinking resulting from
microtubule interactions at the NH;- and COOH- termini (Maxwell et al., 2003).
Antibody targeting of the COOH-terminus of RHAMM disrupts spindie integrity leading

to fragmentation and multipolar spindle architecture (Maxwell et al., 2003). Elevated
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expression of RHAMM®™™ a variant incapable of interacting with interphase
microtubules (Maxwell et al., 2003) (Assmann ef al., 1999), may have similar deleterious
effects on spindle integrity. Increasing CIN within the malignant clone may have
substantial effects on gene expression profiles in malignant ‘sub-clones’ with dramatic

consequential effects on the bone marrow microenvironment.

Both RHAMM isoforms exchange with the centrosome during interphase.
Interestingly, while the mobile fractions in interphase RPMI 8226 are comparable (at 0.52
for both isoforms), the exchange rate for RHAMM ™ is twice as rapid as RHAMM™".
Thus, the inhibited microtubule binding capability of RHAMM ™ may increase its
exchange rate by disrupting its ability to maintain centrosomal localization. The very low
mobile fraction for GFP-RHAMM' " during mitosis strongly suggests that it functions as a
structural protein of the mitotic apparatus. In striking contrast, GFP-RHAMM ®°™ is
quite mobile at the mitotic spindle pole, strongly suggesting that it, unlike RHAMM"™,
does not structurally support the spindle pole. Analogies to our data can be found in
previous FRAP experiments done with other centrosome/spindle pole proteins; the
structural proteins NuMA and gamma-tubulin have slower recovery rates and lower
mobilities (Stenoien et al., 2003)(Khodjakov and Rieder, 1999), whereas other non-
structural centrosome proteins such as Aurora A kinase have rapid exchange rates
(Stenoien et al., 2003). Given that RHAMM'" and RHAMM ***™ are rarely co-expressed
in MM plasma cells, expression of RHAMM ***™ alone may detrimentally affect spindle
integrity in a manner analogous to RHAMM inhibition. These data, in combination with

previous functional evidence for the RHAMM isoforms (Maxwell et al., 2003)(Assman
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et al, 1999), suggest that differences in isoform function at the centrosome/mitotic
spindle may explain at least part of the link between isoform balance and survival in MM

patients.

The association of RHAMM expression and isoform balance with disease relapse
and survival is intriguing, particularly the clinical impact of clonal expansion by
individual MM plasma cells preferentially expressing RHAMM ™, Standard markers of
poor prognosis may not have any direct bearing on disease pathogenesis, but are simply
markers of tumor burden and/or poor physiological functioning (e.g. serum beta-2-
microglobulin and albumin levels) (Jacobson et al., 2003). At present, standard
prognostic factors in MM are not particularly useful for determining the best treatment for
each patient. Newer, molecular prognostic factors, such as RHAMM, t(4;14) (Keats et al.,
2003) and other IgH translocations (Moreau et al., 2002; Fonseca et al., 2003), are
exciting not just for their prognostic value but because their associations with survival are
also linked to a biologically plausible reasoning behind the observed association. It is
hoped that such molecular epidemiological studies as this one will be more clinically
useful than older studies of prognosis by helping us to understand the biology of

myeloma, and more particularly by identifying novel targets for therapy.

In summary, we speculate that abnormal RHAMM " splice variant expression
in MM promotes mitotic abnormalities, genetic instability and possibly spread of disease,
providing mechanistic insight into the adverse clinical impact of RHAMM™®*™ on

survival. We show that co-expression of both isoforms is rare in individual MM plasma
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cells and, at the cell population level, elevated expression of RHAMM ™™ relative to
RHAMM™ coincides with disease relapse and is prognostic of poor outcome when
assessed at the time of diagnosis. The association of RHAMM expression with lytic bone
disease, disease-related events and survival in microarray experiments provides further
evidence of the importance of this gene in myeloma. Further study of the role of
RHAMM in myeloma pathogenesis is warranted. There may be value in the development
of therapeutic strategies to target RHAMM, with the goal of slowing myeloma disease

progression.
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Final Chapter: Discussion

D.1: RHAMM: potential structure and function relationships

The receptor for hyaluronan mediated motility (RHAMM) was initially cloned in
1992 and has since been characterized as a 58-125 K protein that is secreted and localizes
to extracellular and intracellular compartments. RHAMM has been termed an itinerant
receptor, potentially GPI-anchored, that interacts with HA at the cell surface and
functions in intracellular signaling through interactions with ERK, MEK, and src and
localizes to mitochondria, microtubules, actin and the nucleus. The complex roles of
extracellular hyaluronan, and its receptors CD44 and RHAMM, in tumorigenesis has
recently been reviewed by Toole (Toole, 2004). While the primary structure of RHAMM
argues against a direct membrane association for this receptor (see below), the literature
highlights a number of observations, including its initial cloning as a member of the
hyaluronan receptor complex, which are consistent with RHAMM functioning as a
receptor, or co-receptor, for hyaluronan (Hardwick et al., 1992)(Masselis-Smith et al.,
1996)(Hall et al., 1994). Moreover the evidence is mounting for the accumulation of
intracellular hyaluronan, at various subcellular localizations, during cellular processes
like mitosis and inflammation (Hascall et al.,, 2004). During mitosis, HAS2 and
RHAMM expression is amplified (Cho et al., 2001)(Chapter 2) and extracellular
hyaluronan accumulates; it appears that uptake and translocation of extracellular HA
leads to accumulation of intracellular pools (Hascall et al., 2004). The accumulation may

be CD44 dependent but may also require extracellular RHAMM-HA interactions as
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demonstrated for intracellular HA accumulation within the nucleus of motile cells (Collis
et al., 1998). Thus, the possibility exists for inter-compartmental cross-talk involving
RHAMM-HA interactions outside and within the cell during processes such as motility
and mitosis; the effect(s) of this putative cross-talk on signaling pathways and
cytoskeletal dynamics are currently undefined and may shed considerable insight into the
oncogenic mechanism(s) of RHAMM. Although RHAMM has other documented
functions, the focus of this thesis is the investigation of the role this protein plays at the
centrosome within mitosis and myeloma. As such, this final chapter will discuss these
centrosome specific functions in the context of the protein’s structure, tissue distribution
and previous experimental findings. Given the heterogenous nature of this protein’s
diverse functions, it is important to take a step back and inquire what the protein’s

primary and predicted secondary structure infers of RHAMM’s putative functions.
D.1.1: RHAMM and predicted motifs

Motif searches of RHAMM primary sequence, utilizing the PROSITE database
(Bairoch et al.,, 1997), revealed potential N-glycosylation sites (4), potential N-
Myristylation sites (3), a putative amidation site and several putative phosphorylation
sites (including consensus sites for Protein Kinase C (7), Casein kinase II (CK2)(12),
tyrosine kinase (1) and CAMP/cGMP dependent protein kinase (2)) (see Figure D.1). N-
glycosylation is a very common modification and the consensus sequence utilized by the
PROSITE database, N-X- /s, is abundant in proteins and only glycosylated ~2/3 of the
time (Ben-Dor et al., 2004). A survey of SWISS-PROT by Ben-Dor et al., 2004 further

characterized N-glycosylation sites and established sequences that tend to be glycosylated
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or non—glycbsylated. Utilizing these rules, only one site, N**XSL, is favored for N-
glycosylation; the presence of an asp residue upstream of N**XTL and a prohibitive
lysine residue within N>*KTK suggests that these sites may remain nonglycosylated
while N°®*TTA contains neither glycosylated nor non-glycosylated favored sequences
(Ben-Dor et al., 2004). While glycosylation of RHAMM is still speculative it is
interesting that the favored glycosylation site lies in exon 13, an alternative splice variant
of yet undetermined function. Unfortunately, the consensus myristylation sequence
utilized by PROSITE has been shown to be an inconsistent predictor (Boisson and
Meinnel, 2003) (Maurer-Stroh et al., 2002) and the location of the sites within the
interior, and not at the NH,-terminus, of RHAMM (GIOO, G'” and G'®) strongly implies
that RHAMM is not N-terminally myristylated; likewise, the position of the consensus
amidation site, E>>°GRK, within the interior of the protein strongly implies that RHAMM
does not undergo post-translational COOH-terminal amidation. RHAMM contains
multiple putative phosphorylation (POy) sites; while a COOH-terminal site may be the
target of AurA (see below), these sites have not been investigated for PO, potential. It is
interesting to note that RHAMM ™" loses 3 potential CK2 sites (of 12) while
RHAMM ™ Joses a putative protein kinase C site. CK2 is a vital regulator of Goy/M
transition regulating the activation of cdc25B, through phosphorylation (Theis-Febvre et
al., 2003). Additionally, PROSITE prediction indicated the presence of two leucine
zipper motifs at L'?® and L?’® however no transmembrane domains, signal peptides or

nuclear localization signals were identified.
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D.1.2: RHAMM and extracellular secretion

Multiple studies have implicated RHAMM in extracellular processes; the majority
of these studies utilize mAbs, raised against the 58 K constituent of the HARC, to
specifically block HA dependent motility. A requirement for ‘classical’ cell surface
expression or extracellular secretion is entrance into secretory organelles such as the
endoplasmic reticulum (ER) and golgi apparatus; a handful of proteins and polypeptides
do undergo what is coined ‘non-classical secretion’(reviewed in (Prudovsky et al., 2003)
(Nickel, 2003)). Most RHAMM literature highlights the absence of a defined signal
sequence but examination of the hydophophobicity profile of RHAMM reveals an
absolute deficit of hydrophobic stretches (Figure D.2). Indeed when one compares the
hydrophobicity profile of RHAMM with that of another defined transmembrane HA
surface receptor, CD44, and a defined glycosylphosphatidylinositol-(GPI)-anchored
receptor, glypican 1, it is evident that RHAMM not only lacks the NH,-terminal
hydrophobic signal sequence and an internal hydrophobic transmembrane stretch but that

RHAMM is an entirely hydrophilic protein (Figure D.2).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 211

RHAMM and CD44 Hydrophobicity
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Figure D.2: Hydrophobicity profiles for RHAMM and prototypic transmembrane (CD44)
and gpi-anchored (glypican) proteins

A current hypothesis speculates that RHAMM may be a GPI-anchored receptor
which localizes to caveolae in migrating cells (Zaman and Savani, 2003). GPI-anchored
proteins represent about 0.5% of eukaryotic proteins and result from the action of a GPI
transamidase within the ER (Mayor and Riezman, 2004). The GPI-anchor attachment

site 1s defined as a stretch of three aa with small side chains followed by a hydrophobic
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spacer region and a COOH-terminal, hydrophobic signal sequence (Mayor and Riezman,
2004). Importantly, RHAMM lacks the hydrophobic NH,-terminal signal sequence and
the COOH-terminal GPI-anchor sequence necessary for insertion within the ER, cleavage
and addition of a GPI-anchor. Moreover, should a GPI-anchor be added to the COOH-
terminus of RHAMM, a process that requires cleavage of a 15-40 aa hydrophobic stretch,
the position of the anchor would nearly overlap the defined HA-binding domains. Thus,
the primary structure of RHAMM strongly argues against it functioning as a GPI-

anchored cell surface receptor.

Proponents of RHAMM’s extracellular functions highlight that other defined
extracellular proteins (i.e. bFGF, epimorphin, HIV Tat protein, the homeobox protein
engrailed, and the heat shock protein gp96) lack signal peptides (Turley et al., 2002). Of
the listed proteins, only epimorphin is a defined surface receptor while the others are
secreted proteins or polypeptides. Interestingly, while all lack defined signal sequences
(Turley et al., 2002), epimorphin contains significant hydrophobicity (~20 aa) at its
COOH-terminus while gp96 and bFGF contain a hydrophobic stretch (~20 aa) at their
NH; terminus suggesting that insertion and translocation of these proteins into the ER and
subsequent transit through secretory pathways may be possible. As mentioned, multiple
non-classical secretion pathways have been elucidated. Secretion of FGF1 (150 aa), IL-
Io (271 aa), and IL-If (269 aa) appears to be stress-induced through a Cu?*-dependent
‘molten globule’ (reviewed in (Prudovsky et al., 2003)) while HIV Tat , a small (14K,

86-101 aa) multi-functional, cationic polypeptide (Brigati et al., 2003) that is released

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 213

from HIV-infected cells (Ensoli et al, 1993), has been shown to utilize a protein
transduction domain to directly traverse membranes (reviewed in (Nickel, 2003)). Other
viral proteins (i.e. Herpes simplex virus VP22 and foamy virus Bet) are also exported by
non-conventional means (Nickel, 2003). Given the much larger size of RHAMM, it is
unlikely to share the non-conventional pathways enjoyed by much smaller polypeptides;
the secretion of Engrailed, however, may shed some light into a potential mechanism for

RHAMM secretion.

Engrailed (EN) is a member of the homeobox containg protein family, termed
homeoproteins. Homeoproteins are a class of transcription factors that are defined by a
60 aa long DNA binding domain. Chicken EN2 predominantly localizes to the nucleus, as
expected for a transcription factor, but is excreted in an unconvential manner (Joliet et al.,
1998). The homeodomain, located at the COOH-terminus of the protein, is necessary for
this regulated secretion (Joliot et al., 1998) as is Casein-kinase 2 (CK2) protein kinase
(Maizel et al., 2002). Maizel et al., 2002 demonstrated that a serine-rich domain (SRD)
in the NH, terminus of EN2 (S'**GAELSVSSDSDSSQAG'®) is phosphorylated by CK2,
and this phosphorylation inhibits the secretion of EN2. It was also shown that the
position of the SRD within the protein dramatically affects the PO, status and
intercellular transfer/secretion (Maizel e al., 2002). Interestingly, RHAMM also contains
a SRD within its NHp-terminus (S®ARKVKSSESKKESQ™) and multiple CK2
phosphorylation sites. Even more provocative is that the SRD contains the alternatively

spliced exon 4 (aa 76-91); if RHAMM is targeted by CK2, and if RHAMM is secreted in
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a manner analogous to that documented for EN2, loss of exon 4 may inhibit CK2

dependent phosphorylation resulting in an isoform that is more readily secreted.

D.1.3: RHAMM and coiled coil proteins

Alignment software, such as BLAST (Altschul et al., 1997), allows for the
identification of primary structure similarities between a defined sequence and sequences
contained within a database. Examination of the extremely proline rich NH,-terminus of
RHAMM revealed no significant homology with sequences other than RHAMM variants.
However, BLAST alignment of the complete sequence of RHAMM with the NCBI non-
redundant database revealed significant homology (up to ¢®) with a number of coiled
coil proteins (including myosin heavy chain, CENP-E and Xklp2). Interestingly, the
alignments between these proteins and RHAMM all occurred throughout the middle ~600
aa of RHAMM sequence with the exception of Xklp2 which demonstrated significant
additional homology with the COOH terminal B X; B domains in RHAMM.
Provocatively, alignment of the COOH-terminal 650 aa of HKlp2 sequence (excluding
the NH, terminal motor domain) revealed significant homology (¢>°) with RHAMM
sequence; BLAST2 sequence comparison of the HKlp2 defined basic leucine zipper
(BZIP) motif with the RHAMM defined HA-binding domain revealed 55% identity and
75% homology. Manual alignment of the sequences for Xenopus KLP2, human KLP2
and the sea urchin homologue KRP180 with RHAMM sequences revealed that >72% of
residues within the B X7 B HA-binding domain of RHAMM are conserved in at least one

variant of the Klp2 BZIP motif (see Chapter 1). The extensive coiled coil nature of the
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COOH terminus of RHAMM, in combination with the conservation of the BZIP motif in
human, mouse and rat RHAMM (Lynn et al., 2001a) suggested that, like the KLP2
family, RHAMM may target microtubule minus ends and localize to centrosomes and the

spindle pole.

Both COILS (Lupas et al., 1991) and PAIRCOIL (Berger et al., 1995) software as
well as analysis by Assmann et al.,1999 predict extensive coiled-coil structure through
the ‘stalk’ region of RHAMM (aa 80-670). These assessments are supported by the
significant BLAST alignment of RHAMM sequence with other coiled coil proteins. The
o-helical coiled coil is a protein oligomerisation motif consisting of two or more a-
helices that supercoil around one another. Coiled-coil proteins can be classified into two
general categories. Leucine zippers are short coiled-coil domains that form homo- and
hetero-dimers. Longer coiled-coil domains, as found in members of the intermediate
filament family and RHAMM, form central rod configurations and have high
polymerisation potential. In general, intermediate filament proteins function in the
structural organisation of cells, as molecular scaffolds and also as cytoskeletal motors.
As mentioned in the introduction, core centrosomal proteins, as well as spindle pole
proteins, are characterized by extensive coiled coil structure (Salisbury, 2003) (Blagden

and Glover, 2003).
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Thus, analysis of RHAMM primary and secondary structure suggests that
RHAMM is not secreted/surface expressed by classical means, RHAMM, therefore, is
unlikely to be GPI-anchored but RHAMM may be secreted in an, as yet, poorly
elucidated non-classical manner. The RHAMM ®*°™ variant is altered within a potential
NH,-terminal SRD, which in EN2 directs non-classical secretion, and this alteration may
promote secretion. RHAMM shares considerable homology to various intermediate
filament like coiled coil proteins, the secondary structure of RHamm is consistent with
that seen in molecular scaffolding proteins and RHAMM shares intimate homology with

the KLP2 protein family throughout the non-motor domains.

D.1.3b: RHAMM and coiled coil proteins: The TACC family

Chapter 1 investigates the structure, localization and function of RHAMM and
demonstrates similarities between RHAMM and two distinct families of centrosomal
proteins: the Transforming acidic coiled coil (TACC) and kinesin-like protein 2 (Klp2)
families. Chapter 1 describes RHAMM as a ~90 kD, extensively coiled coil protein that is
targeted to the centrosome through a basic leucine zipper (BZIP) motif within its COOH-
terminus. Moreover, RHAMM participates in the maintenance of mitotic spindle integrity
and interacts with the dynein motor complex. These functional data in combination with
the chromosomal location of the RHAMM gene (5q33.2-qter) led to the hypothesis that
RHAMM may be related to the TACC protein family. The TACC proteins, a family of
proteins that bind to microtubules and concentrate to centrosomes through a conserved

coiled coil carboxy-terminal domain called the TACC domain, also play a conserved role
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in organizing centrosomal microtubules(Gergely ef al.,2002)(Lee et al., 2001). A defining
feature of the TACC proteins, in addition to the TACC domain, is an evolutionary
relationship with the fibroblast growth factor receptor gene family (Still et al.,1999).
TACCI-3 genes map proximal to FGFRI-3 genes on chromosomes 8pll, 10926 and
4p16.3, respectively.  Chapter 1 investigates the phylogenetic relationship between
RHAMM COOH-terminal sequence and the TACC family to decipher whether RHAMM
may represent a distant member of the TACC family, specifically TACC4. In
constructing an argument for RHAMM as a potential member of the TACC family,
Chapter 1 postulated that rabbit TACC4, identified by Steadman et al., 2002, may in fact
be a TACC3 orthologue. Although RHAMM shares functional similarities, and a
minimal phylogenetic relationship, with the centrosomal targeting domain of the TACC
family, Chapter 1 highlighted the controversial nature of assigning RHAMM to the
TACC family due to its lacking a true TACC domain; Chapter 1 concluded that
“RHAMM is a TACC-like protein and may, in fact, be TACC4”. A detailed examination
of TACC family structural evolution has recently been published online to address these

controversies (Still et al., 2004).

As demonstrated in Chapter 1, Still et al., 2004 provide additional evidence that
the identified rabbit TACC4 represents a partial rabbit TACC3 cDNA with potentially
artifactual sequence due to the 5° RACE methodology. Still et al., 2004 outline an
argument that the chordate genome has undergone 2 duplication events occuring roughly

700 million years ago; if the ancestral TACC gene was duplicated during both events, one
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would expect to find four TACC genes. Analysis of the chromosomal regions containing
FGFR genes revealed conservation of chromosomal segments between human, mouse
and D. melanogaster suggesting that the ancestral chromosomal segment, containing
TACC and FGFR genes, was duplicated twice (Still ef al., 2004). The first duplication
resulted in human chromosome 4p16/5q32-qter potentially leading to FGFR/TACC genes
at these loci (Still et al., 2004). Analysis of human chromosome 5q32-qgter and 4p16.3
demonstrates significant paralogous gene clusters (see Fig. 2 Still er al., 2004);
interestingly, a cluster of genes, containing the RHAMM gene (HMMR), maps precisely
to location of a putative TACC4 (Still et al., 2004). Still et al., 2004, however, were
unable to locate a TACC4 gene and speculated that HMMR, as well as other members of
the gene cluster outlined by GPX3 and NKX2E, were inserted at the site of TACC4. Still
et al., 2004 also analysed RHAMM and TACC primary sequence and, in agreement with
Chapter 1, demonstrated that RHAMM does not contain a TACC domain and is
phylogenetically more closely related to the Klp2 family. Still er al.,, 2004 further
demonstrate, by phylogenetic analysis, that RHAMM forms a family of coiled coil
proteins distinct from the TACC family. Still ez al., 2004 conclude that the second round
of chromosomal duplication of the FGFR/TACC ancestor cither did not include TACCY,

and only TACCH4, or the TACC4 gene was lost very early in vertebrate evolution.

It is interesting to note, however, that the analysis of Still et al., 2004 definitively
locates HMMR precisely at the location of a putative TACC4 (i.e. on hs chromosome

5q32-qter between PDE6A/SLC26A2 and FGFR4/NSD1I). 1t is also important to note that
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Still et al., 2004 conclusively argue that a potential hsTACC4 should most closely
resemble hsTACC3 in structure and function. Chapter 1 highlights similar centrosomal
localization and a participatory role in the maintenance of mitotic integrity for RHAMM
and TACC3. Moreover, the structure of TACC3 and RHAMM proteins can be divided
into three sections: a NH; terminal region (~100-150 aa), a highly variable coiled coil
central region and a centrosomal targeting COOH-terminal region (Still et al.,
2004)(Assmann et al., 1999). Murine RHAMM contains an internal repeat (5 x 21 aa) as
does murine TACC3 (7 x 24 aa) within the central stalk (Hardwick et al., 1992)(Still et
al., 2004). All TACC proteins interact with the TOG family of centrosomal proteins and
Aurora kinases (with TACC3 binding AurA)(Still ez al., 2004); our lab has demonstrated
a RHAMM-TOG mitotic interaction (our unpublished observations, Chapter 1) and has
suggested a role in AurA biology (Chapter 2). TACC proteins localize in the interphase
nucleus, as do RHAMM variants (Gergeley et al., 2000)(Sadek et al., 2003)(Assmann et
al., 1999), and both have been implicated in the post-transcriptional regulation of cell
cycle determinants (i.e. Cyclin B1 and cdc2)(Mohapatra et al., 1996)(Groisman et al.,
2002)(Cao and Richter, 2002). Therefore, while the lack of a COOH-terminal TACC
domain precludes the assignment of TACC4 to RHAMM, the HMMR gene is located at
the predicted site for TACC4, RHAMM and TACC3 share multiple similarities including
predicted secondary structure and, in the case of rodent species, primary structure repeats,
subcellular localization, protein interaction partners, and participation in parallel
functional pathways. Therefore, it is likely that insight into RHAMM biology may be

provided by the TACC family and vice versa (see Section D.4).
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D.2: RHAMM, microtubules, centrosomes, spindle poles: Looking back on the past

Chapters 1 and 2 of this thesis introduce and support the hypothesis that RHAMM
is a centrosomal MAP which plays an essential role in maintaining mitotic spindle
integrity. These chapters demonstrate the following: a) endogenous and exogenous
RHAMM localize to these subcellular locations in adherent and suspension cells, b) this
localization is dependent upon the COOH-terminus of the protein, c) RHAMM interacts
with dynein and TPX2 but not NuMA, d) RHAMM, like TPX2, is cell cycle regulated, )
overexpression of GFP-RHAMM impairs mitotic progression and affects spindle
integrity, and f) inhibition of RHAMM function, through microinjection of polyclonal
antiserum or RNA inhibition, retards G,/M transition and disrupts spindle integrity. The
following section will evaluate this hypothesis in the context of experimental evidence

provided by others.

As mentioned in Section D.1.3, the primary structure and predicted secondary
structure of RHAMM strongly suggests that it may function as a molecular scaffold at
centrosomes and spindle poles. The intermediate filament like structure is shared by
multiple centrosomal and spindle pole proteins, including NuMA, TACC, and pericentrin
proteins. Two additional features of RHAMM, each described by Assmann et al., 1999
and independently confirmed by others (Maxwell ef al., 2003) (Lynn et al., 2001b), are
the ability of exon 4 to interact with interphase microtubules and a calmodulin binding

domain encoded by exon 16/17 (aa’>>%%).
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D.2.1a: RHAMM, microtubules, centrosomes, spindle poles: signal transduction

Assmann et al., 1999 described the NH,-terminal 69 aa (pI 10.72) as a basic
‘head’ domain responsible for an interaction between RHAMM and microtubules in vitro.
In vivo microtubule binding is dependent on the retention of exon 4 (Maxwell et al.,
2003) (Assmann et al., 1999). The ability of RHAMM to associate with microtubules
likely explains its ability to associate with multiple signaling molecules (see 1.1.1). The
role of microtubules within signal transduction has been exhaustively detailed; of
particular interest to this thesis, disruption of microtubule dynamics, without addition of
growth factors, will induce the rapid assembly of focal adhesions and FAK
phosphorylation (Bershadsky et al., 1996). The binding of ERK requires the basic
leucine zipper/HA binding domains in the COOH terminus of RHAMM (Turley and
Harrison, 1999). It is possible then that the COOH-terminus of RHAMM may be
responsible for targeting RHAMM to a site at which it may interact with ERK (i.e. the
centrosome). MAPK localizes to the centrosome during mitosis (Verlhac et al., 1993)
and RNA inhibition of ERK1 or MEK1, like RHAMM, results in a G, arrest (Liu et al.,
2004). Early work with MAPK/ERK revealed that ERK not only regulated microtubule
dynamics, through the phosphorylation of MAPs (Hoshi et al, 1992), but that a
significant cellular proportion of ERK (~one-third) is associated with the microtubule
cytoskeleton and this proportion increases to approximately one half upon mitogen
stimulation in murine fibroblasts (Reszka et al., 1995). Interestingly, c-src demonstrates
two main distributions within murine fibroblasts: one that appears to be associated with

the cell surface and one that coincides with centrosomes with additional patchy
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distributions that are dependent on microtubules but not Golgi and rough ER (David-
Pfeuty and Nouvian-Dooghe, 1990). Thus, previous demonstrations of the association of
RHAMM with signaling factors that are important to mitosis and motility, localize to
microtubules and centrosomes and are responsive to microtubule dynamics are entirely
consistent with the current hypothesis that RHAMM is a centrosomal protein that
functions in mitotic entry and spindle assembly and integrity. Indeed given the current
hypothesis, one would predict that modulation of RHAMM expression levels, or
expression of RHAMM variants lacking NH,-terminal sequence (i.e. RHAMMIv4,
RHAMMI1, RHAMM?2), may directly affect microtubule dynamics with consequent,
indirect effects on intracellular signaling (see (Hall ef al., 1994) (Hall et al., 1995) (Zhang
et al., 1998) etc.), cytoskeletal rearrangement (Hall et al., 1994), motility (see (Turley et
al., 1993); (Kornovski et al., 1994); (Turley et al., 1994); (Savani et al., 1995) etc.),
division (see (Mohapatra et al., 1996)) and, potentially, transformation (see (Hall ez al.,

1995)).

D.2.1b: RHAMM, microtubules, centrosomes, spindle poles: Calmodulin

Calcium plays an essential role in multiple signaling pathways, centrosome
maturation and mitotic, and meiotic, division. As mentioned in the introduction, and
expanded upon below, RHAMM functions in the regulation of cdc2 (cdk1) (Mohapatra et
al., 1996). The focuses of this thesis has been the role of RHAMM in the mechanical
processes of spindle assembly, integrity and disassembly and, thus, has not discussed the

control of cell cycle progression. To further highlight the potential significance of a
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calmodulin-binding domain within RHAMM, this section will briefly discuss the role of
Ca® in cell cycle control, with a particular focus on oocyte meiosis. Meiosis is
essentially mitosis that is designed to produce haploid gametes from the diploid
precursors (Whitaker, 1996). Following chromosomal recombination, meiosis consists of
two cycles of chromosome separation without intervening DNA synthesis; during the first
cycle chromosome pairs are separated with haploid gametes being produced during the
second meiotic divisions (Whitaker, 1996). Oocytes arrest twice during meiosis: the first
arrest occurs at Go/M, following recombination, just before the first meiotic division and
the second arrest occurs during meiotic metaphase II (Whitaker, 1996)). Within oocytes,
cell cycle control proteins were identified by transferring cytoplasm from a mitotic
arrested oocyte into a quiescent oocyte and driving the quiescent oocyte into mitosis; this
technique identified maturation promoting factor (MPF) (Maller, 1985). MPF was further
characterized as two components, cell division control protein 2(cdc2) (now cyclin
dependent kinase (cdk) 1) (Lee and Nurse, 1987) and cyclin B (Evans ef al., 1983)
(Whitaker, 1996). Calcium signaling is responsible for breaking the second meiotic arrest,
and in most species the first arrest as well (Whitaker, 1996). Calmodulin (CaM) is a
calcium modulated protein that senses calcium levels and relays signals to calcium
sensitive proteins and channels. Fertilization sets off a calcium transient which activates
CaM, activating CaM kinase II leading to the destruction of cyclin, through ubiquitin
mediated degradation, and the release of meiotic arrest (Whitaker, 1996). In mammalian
oocytes, repeated calcium pulses may be essential for normal development (Whitaker,
1996). Calcium/calmodulin signaling are intimately associated with mitotic cell cycle as

well (Santella, 1998). CaM-kinase II participates in G/M transition by activating cdc25C
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in HeLa cells (Patel et al., 1999) and participates in nuclear envelope breakdown in some
systems (Santella, 1998). Transient Ca®" increases occur (a) in late G, prior to initiation
of S phase; (b) in G, before entry into M phase; (c) during mitosis between metaphase
and anaphase, and (d), during cytokinesis (Santella, 1998). Interestingly, RHAMM

function is potentially vital during the latter three stages.

As mentioned in the introduction (Section 1.2.2), calcium/calmodulin play
important roles in centrosomal replication and maturation. Centrosomes contain a pair of
centrioles and pericentriolar material (PCM), which is the major microtubule-nucleating
component consisting of a matrix-like protein structure and hundreds of y-tubulin ring
complexes (YTuRC). yTuRCs are composed of Tub4p complexes, which are tethered at
the spindle pole via a calmodulin binding protein, Spc110 (Knop and Schiebel, 1997).
Kendrin and AKAP450, also calmodulin binding proteins, bind to GCP2, an additional
component of human yTuRC (Takahashi et al., 2002), while centrin, a ubiquitous protein
of the centrosome, is also responsive to Ca’* (Salisbury, 2004). Thus, it is interesting to
speculate that human centrosomal replication and maturation is regulated by calmodulin
and calmodulin binding proteins, a hypothesis that has been supported by human
(Takahashi et al.,, 2002) yeast ((Kilmartin and Goh, 1996),(Stirling et al., 1996),
(Sundberg et al., 1996)) and Xenopus (Matsumoto and Maller, 2002) studies. Thus, the
presence of a calmodulin binding domain in RHAMM is consistent with a putative role

for the protein in centrosomal maturation.
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The past observations that RHAMM interacts with actin, microtubules,
mitochondria and calmodulin (Assmann et al., 1999) (Lynn et al., 2001b), led the authors
to speculate that RHAMM may represent a cytoskeletal accessory protein capable of
participating in calmodulin signaling to the cytoskeleton. These hypotheses are consistent
with the current hypothesis. However, qRT-PCR analysis reveals that RHAMM message
increases 3.32 */. 0.08 and 2.52 */. 0.08 fold in Go/M versus S lysates of HeLa and Raji.
This data demonstrates a cell-cycle specific upregulation of RHAMM consistent with an
important role for the protein during periods of centrosomal replication/maturation and
division. RHAMM expression in normal tissue is greatly elevated within the testis of all
species examined (see below) suggesting a role in meiotic and/or mitotic division.
Moreover, overexpression of exogenous RHAMM leads to an increase in the y-tubulin
centrosomal volume. While one may argue that the increased centrosomal volume, as
measured by GFP-RHAMM fluorescence, is an artifact of GFP-RHAMM overexpression,
an increase in the amount of y-tubulin at the centrosome argues for a role for RHAMM in
y-tubulin nucleation. Thus, the hypothesis that RHAMM is a centrosomal/spindle pole
protein is consistent with its coiled coil structure, signal transduction effects, as well as its

calmodulin and microtubule binding potential.

D.2.2a: RHAMM, transformation and cell cycle

As mentioned in the introduction (See Section 1./.1), two seminal papers were

published in the mid-1990s regarding the participation of RHAMM in ras-transformation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 226

and G,/M progression. The former paper, Hall et al., 1995, demonstrated the effects of
RHAMM both upstream and downstream of ras activation. The latter publication
demonstrated that soluble RHAMM induced arrest of cells at the G»/M transition. This

section will discuss these two findings in the context of the current hypothesis.

The major findings by Hall ez al., 1995 were that overexpression of RHAMM1v4 (recall
RHAMMI1v4 is analogous to human RHAMM'" exons 6-18 with repetition of exon 12)
induced transformation of murine fibroblasts in a manner similar to ras-transformation,
overexpression of a dominant negative variant of RHAMM (altered in the B (X); B,
recently identified BZIP, domain) reverted ras-transormed fibroblasts impairing their
ability to form tumors in vivo, and antisense RHAMM conferred resistance to mutant H-
ras transformation. The authors concluded that overexpression of RHAMM, a GPI-
anchored cell surface receptor, led to HA dependent activation of FAK signaling and ras
activation with consequences on cell motility and transformation (Hall et al., 1995). This
section will utilize the findings of Chapter 1 and 2 to propose an alternate explanation for
the observations published by Hall et al., 1995. Interestingly, six months after the
publication of the findings of Hall ez al., 1995, another seminal paper was published in
Cell that may illuminate an alternate explanation for the effect of RHAMM on ras
transformation. Boleti et al., 1996 cloned a centrosomal plus-ended molecular motor,
named Xklp2, which functioned in mitotic spindle assembly in Xenopus extracts. Xklp2
was a large (1387 aa, ~160 kD) extensively coiled coil (~900 aa) protein characterized by
an NH,-terminal molecular motor domain and a COOH-terminal basic leucine zipper

(Boleti et al., 1996). To elucidate the function of this protein on Xenopus spindle
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assembly, the authors microinjected the COOH-terminal tail (~250 aa) of the protein
postulating that, given the coiled coil nature, this polypeptide would associate with the
endogenous protein and act as a dominant negative inhibitor of function (Boleti et al.,
1996). The presence of this polypeptide, as well as the addition of anti-XklIp2 antibodies,
led to a 46-80% reduction in bipolar spindle assembly with a predominance of monopolar
or asymmetric spindles (Boleti et al., 1996). Anti-Xklp2 antibodies also significantly
disrupted spindle integrity (Boleti et al., 1996). As mentioned in Chapter 1, the COOH-
terminus of RHAMM bears significant homology to the analogous domain of Xklp2.
While RHAMM lacks a NH,-terminal motor domain, it does contain a NH; microtubule
association domain and loss of exon 4, an important facilitator of interphase microtubule
binding, dramatically affects the mobility of this isoform at the spindle (see Chapter 3).
Given the homology at the COOH-terminus and the extensive coiled coil nature of both
proteins, it is likely that RHAMM, like XKIp2, homodimerizes and introduction of a
RHAMM variant lacking NH;-terminal microtubule binding capacity (i.e. RHAMM1v4)
may inhibit function analogous to microinjection of RHAMM antibodies (see Chapter 1)
or RNA inhibition (See Chapter 2). Given these observations, it is reasonable to
speculate that overexpression of the RHAMMIv4 variant may have affected clonal
genetic stability which, after the 3 week G418 selection, led to selection of aggressive
clones with transformed phenotypes. The dominant effect of RHAMM overexpression,
and variant overexpression (See (Mohapatra et al., 1996)), is a mitotic block; thus,
introduction of a mutated dominant negative RHAMM variant (with modified basic
residues of HA binding domain but conserved leucine residues of the BZIP domain)

would be expected to inhibit the replication potential of ras-transformed cells. In this
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way, overexpression of RHAMM, and the truncated RHAMM1v4 variant, may induce
experimental results that are consistent with a conclusion that RHAMM functions both
upstream and downstream of ras activation. As mentioned above, the observed effects of
RHAMM1v4 overexpression on FAK phosphorylation and motility may be associated

with a putative regulation of microtubule, or cytoskeletal, dynamics.

D.2.2b: Soluble RHAMM and G,/M

Additional insight into the effect of RHAMMIv4 overexpression on ras-
transformed fibroblasts was provided by Mohapatra et al., 1996. The authors noted that
incubation of ras-transformed cells with soluble GST-RHAMMI1v4 led to the
accumulation of cells in G»/M with suppression of cdc2 and cyclin B (Mohapatra et al.,
1996). The described effects required incubation periods greater than 48 hours
(Mohapatra et al.,, 1996). After 48 hours, incubation with soluble RHAMMI1v4 was
associated with an increased degradation rate of cdc2 and resulted in reduced
tumorigenicity and metastasis (Mohapatra et al., 1996). These observations led to the
hypothesis that soluble RHAMM interfered with extracellular RHAMM:HA signaling;
RHAMM signaling, thus, targets cdc2 and cyclin Bl synthesis and controls entry into

mitosis (Mohapatra et al., 1996).

Should RHAMM be subject to non-classical secretion, it would likely be subject
to internalization; for example, engrailed-2 is subject to intercellular transfer based upon

nonconventional secretion and non-endocytic internalization (Maizel et al., 2002). Even
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if a regulated process for RHAMM internalization does not exist, the incubation of 10
ug/ml fusion protein for 48 hours would likely result in a degree of intracellular
accumulation. The lack of noticeable response at 5, 10 and 24 hours incubation time
suggests that the observed effects may not be due to dominant suppression of
extracellular signaling, which should be immediate; this timeframe and the resulting
effects, however, are consistent with the passive, or active, internalization of
RHAMMI1v4 fusion proteins leading to RHAMM inhibition, analogous to antibody
microinjection or RNA inhibition, resulting in cell cycle arrest at Go/M or metaphase,
possibly with abberant spindle phenotypes and unaligned chromosomes. The authors also
noted degradation of cyclin B1 by the 48 hour timepoint. While the precise timing of
cyclin B1 degradation may depend upon the cell model used, cyclin B is degraded prior to
the onset of anaphase in mammalian systems (Chang et al., 2003). Within HeLa cells,
cyclin B1 protein levels begin to decrease at early metaphase and 94.2% of cyclin B1 has
been destroyed prior to the onset of anaphase (Chang et al., 2003). Thus, cyclin Bl
degradation, resulting from soluble RHAMM1v4, is consistent with the establishment of
a metaphase block through the internalization of RHAMM1v4 protein. The authors state
that the level of cdc2 (aka cdk1) remains constant throughout the cell cycle (Mohapatra et
al., 1996); the manuscript provides convincing evidence for the RHAMM1v4 dependent
stimulation of cdc2 degradation (Mohapatra et al., 1996). As mentioned in Chapter 1,
RHAMM contains a consensus cdc2 phosphorylation site "**TPLK’" within the COOH-
terminus which is maintained in mouse, rat and human (as well as in RHAMMI1v4).
Overexpression of a RHAMM variant that lacks this site, RHAMM®”, results in failure

to progress through G,/M. This observation suggests a functionally important interaction
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between RHAMM and cdc2. Chapter 2 demonstrates a significant interaction between
mitotic pools of RHAMM and TPX2 and suggests that this interaction may affect Aurora
A (AurA) kinase activation. Interestingly, AurA kinase is intimately linked to cdc2. RNA
inhibition of AurA, like RNA inhibition of RHAMM (Chapter 2), significantly impaired
progression through G, (Hirota et al., 2003). The mechanism for this impaired
progression is through the AurA mediated recruitment and activation of Cyclin Bl/cdc2
complexes at G, centrosomes (Hirota et al., 2003). Indeed, cdc2-cyclin B complexes,
themselves activated by active AurA, are responsible in part for activation of AurA
(Marumoto et al., 2002) (Maton et al., 2003). This reciprocal regulation is suggestive of
feedback mechanisms; thus, if RHAMM affects AurA, either through TPX2 or another
mechanism, the downregulation of cdc2 message noted by Mohapatra et al., 1996,
through increased cdc2 breakdown, may be a feedback response to the presence of excess
COOH terminal RHAMM protein or a response to the inactivation of native RHAMM
through RHAMMI1v4:native RHAMM heterodimerization. Mechanism aside, the
message degradation of cdc2 is provocative, and unique (by this author’s literature
review), and may further demonstrate an intimate associtation between RHAMM and

AurA.

D.2.3: RHAMM, tissue distribution and SEREX

Evolution is an inherently efficient process; thus, one would postulate that a
protein’s function, which is dictated by its structure, would dictate its expression. Given

the intimate association between centrosome replication/maturation and cell division, one
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would expect that proteins involved in centrosomal replication/maturation would be more
highly expressed in proliferative tissues. We have demonstrated that RHAMM is indeed
upregulated ~3 fold from S through G,/M but these experiments utilized transformed cell
lines. Evident within meiosis/mitosis, the centrosome plays an essential role in
microtubule organization and the establishment of cellular polarity. Indeed, the
centrosome, along with APC, is essential to the establishment of asymetrical cell division
during cell differentiation (Yamashita et al., 2003). In drosophila testis, maintenance of
stem cell identity, or initiation of differentiation, is determined by asymmetrical division
(Yamashita et al., 2003). These two cell fates are determined by centrosome position
relative to the stem cell niche (Yamashita et al., 2003). Centrosome position is dependent
upon centrosomal components (i.e. centrosomin) and signaling intermediates (i.e. APC,
DE-cadherin, armadillo) at the interface between the stem cell and its niche (Yamashita et
al., 2003). Should RHAMM play an essential role in centrosome and spindle integrity,
one would expect elevated RHAMM expression within normal tissues that are
characterized by proliferation and differentiation and lower, or absent, expression in non-

proliferative, differentiated tissues.

RT-PCR examination of RHAMM expression in murine tissues revealed
ubiquitous expression in all examined tissues (including pancreas, heart, lungs, liver,
kidney, brain, stomach, colon and salivary gland) with significantly elevated expression
in the thymus spleen and testes. Consistent detection of RHAMM expression within

normal human tissues appears to be limited to the testis (Line et al., 2002) (Greiner et al.,
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2002) (Greiner et al., 2004) with various reports of elevated expression in the placenta,
thymus, and spleen and lower expression in colon, stomach, lung and pancreas. Thus,
RHAMM expression within human tissues is consistent with a role for the protein in

proliferation and differentiation.

Tumors express an altered range of gene products when compared to autologous
normal tissue. SEREX (serological identification of antigens by recombinant expression
cloning) is a novel strategy for the identification of these aberrant tumor antigens
(reviewed in (Sahin et al, 1997)). Interestingly, RHAMM has been identified as a
SEREX antigen in colon (Line ef al, 2002), AML, CML, melanoma, renal cell

carcinoma, breast cancer and ovarian carcinoma (Greiner et al., 2002).

The initiation of a tumor-specific immune response depends upon the release of
antigens from tumor cells (i.e. secretion, shedding or necrosis), followed by their uptake
and presentation by antigen-presenting cells and the generation of an anti-tumor humoral
response within the patient. The basic approach of SEREX is to screen a cDNA library,
constructed from fresh tumor tissue or cell lines, expressed recombinantly in E. coli
(note: this expression system will mask glycosylated epitopes and epitopes that are
inappropriately folded within bacteria) and transferred to nitrocellulose, with patient
serum (Sahin et al., 1997). High-titer IgG antibodies are detected, by ELISA, and the

targeted cDNA is cloned and sequenced (Sahin et al, 1997). This methodology has
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identified a wide range of antigens that can be classified into seven categories: 1. ‘shared’
tumor antigens that are expressed in a variety of tumors but restricted to testis expression
in normal tissues; 2. differentiation antigens that are lineage-specific gene products that
are expressed in tumors but also expressed in normal cells of the same origin; 3. mutated
gene products. These antigens are rarely detected with mutated p53 being an exception; 4.
overexpressed gene products that override immunological tolerance; 5. splice variants; 6.
cancer-related autoantigens that are expressed at similar levels in tumor and autologous
normal tissues but elicit antibody responses only in cancer patients; 7. cancer-independent
autoantigens that are antigens that ellicit antibody responses in cancer and autoimmune
diseases (an example is pericentriolar material-1, PCM-1, which is an autoantigen in

scleroderma and a SEREX identified antigen)(Sahin et al., 1997).

When considering SEREX identification of RHAMM, one must analyze its
potential membership in each of the preceding categories with the exception of
differentiation antigen (RHAMM may be involved in differentiation but RHAMM does
not demonstrate lineage-specific expression in normal or tumor tissues). RHAMM does
not meet the definition of a cancer-related autoantigen as it is clearly overexpressed in a
variety of cancers (see Chapter 2 and 3) (Wang et al., 1998) (Line et al., 2002) (Li et al.,
2000) (Crainie et al., 1999). However, additional research will be necessary to exclude
RHAMM from the cancer-independent autoantigen group. Many centrosomal/spindle
pole proteins have been identified as autoantigens (Balczon and West, 1991) (Mack et al.,

1998) (Gavanescu et al., 1999); indeed, centrosomal proteins appear to be major targets
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of autoantibodies in systemic sclerosis (Gavanescu et al., 1999). Some groups (Line et
al., 2002), but not others (Greiner et al., 2002), have reported RHAMM reactive
antibodies in the sera of healthy donors (3/35 tested vs. 0/20 tested). This discrepancy
may be due to the presence of autoimmune RHAMM-reactive antibodies within patients
of one ‘healthy’ group but not the other. Greiner et al., 2002, however, reported that an
additional 7 patients, with autoimmune diseases (of unspecified origin), contained
RHAMM negative serological results. Thus, a more detailed and extensive study of
healthy individuals will be needed to examine the presence of RHAMM positive sera

within healthy and autoimmune patient populations.

Cancer/testis (CT) antigens are promising therapeutic targets as they are
immunogenic in cancer patients and exhibit highly tissue-restricted expression (reviewed
in (Scanlan et al., 2004)). As mentioned, RHAMM is expressed in various human tissues
which would apparently exclude it from the CT antigen family. However, RT-PCR
screening has demonstrated that only 19/43 identified CT antigens are truly tissue
restricted (Scanlan et al., 2004); indeed, 10/43 demonstrated expression in >3 additional
tissues (with common expression in placenta and pancreas), 9/43 demonstrated
expression in 3-6 additional tissues and 5/43 were ubiquitously expressed (Scanlan et al.,
2004). Like RHAMM, however, testis expression was significantly greater than non-
gametogenic tissues (Scanlan et al., 2004). Indeed, Guinn et al., 2004 recently presented
an abstract (AACR 2004) that identified RHAMM as one of 45 AML antigens presented

in a testes cDNA library derived from 5 normal donors (Guinn ez al., 2004). As is often
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the case in science, a label (like CT antigen) does not provide additional insight into
protein function. However, if RHAMM is indeed a CT antigen, this does raise novel
questions. For example, what are the underlying mechanisms controlling elevated
RHAMM expression in the testis and restricting RHAMM expression in non-
gametogenic tissues and are these mechanisms utilized by tumors? DNA methylation and
histone acetylation influence CT gene expression (De Smet ef al., 1997) (Weiser et al.,
2001) and random hypomethylation in cancer has been implicated as a triggering event
for CT expression (Scanlan et al., 2004). Is RHAMM also targeted by these epigenetic

regulation events?

Identification of NY-CO-13, a mutated version of p53, is one of the rare
observations of antigenic mutated gene products in cancer (in this specific instance colon
cancer) (reviewed in (Scanlan et al., 2004)). Like NY-CO-13, RHAMM is an
immunogenic antigen in colon cancer (Line ef al., 2002) and is mutated in a subset of
colorectal cancers (microsatellite instable (MSI-H)) (Duval et al., 2001). RHAMM was
identified as a target gene likely to be mutated during MSI-H tumoral progression (Duval
et al, 2001). MSI-H tumors represent about 10-15% of colorectal, gastric and
endometrial cancers but are much less frequent in other sites (Boland et al., 1998). The
SEREX detection of RHAMM in colon cancer may be due to the detection of mutated
products. However, Line et al., 2002 highlighted overexpression of total cellular

RHAMM, or a splice variant, as potential mechanisms.
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As described in Chapters 2 and 3, RHAMM overexpression characterizes aggressive
myeloma plasma cells and predicts for poor patient survival; RHAMM is differentially
expressed up to ~25 fold within myeloma patients. While it is unknown whether
myeloma patients, especially those with elevated RHAMM expression, contain
RHAMM-reactive antibodies, a subset of patients with other tumors do. For example,
sera from ~67% of patients with breast cancer elicit serological response to RHAMM
(Greiner et al., 2002) and RHAMM overexpression is a significant parameter in breast
cancer progression (Wang et al., 1998). In colon cancer, RHAMM was overexpressed
2.2-7.5 fold (semi-quantitative RT-PCR) in cancer compared to adjacent non-cancerous
tissue in 6/15 patients examined (Line et al., 2002); interestingly 5/24 colon cancer
patients exhibited RHAMM-positive serological response (Line et al., 2002). Line et al.,
2002 also described a qualitative increase in RHAMM ™™ message in tumor tissue.
Thus, the observed RHAMM -reactive serological response in colon cancer may be due to
absolute RHAMM expression or elevated RHAMM ®°™ expression; it may be interesting
to test MM patients for RHAMM reactive antibodies and determine if a serological
response correlated with absolute RHAMM expression or RHAMM™/RHAMM <™

ratios.

D.3: RHAMM, microtubules, centrosomes, spindle poles: Looking to the future

The previous sections demonstrate that the primary structure, predicted secondary
structure, defined functional domains, tissue distribution and past publication results for

RHAMM support its role as a centrosomal protein which participates in spindle assembly
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and mitotic integrity. In Xenopus, XMAP150, a homolog of human RHAMM, has been
cloned and characterized. XMAP150 is a centrosomal MAP that localizes to spindle
poles in a dynein dependent manner and appears to recruit TPX2 (Groen et al., 2002); it
is postulated that XM AP150 may regulate the sequestration of TPX2 by importins (Groen
et al., 2003). These results complement the findings of Chapter 1 and 2 and introduce

exciting research avenues for future investigation of RHAMM function.

The discussion section of Chapter 1 investigates the RHAMM dependent
maintenance of mitotic spindle integrity and suggests that this activity may be assisted by
TPX2. Chapter 2 expands upon this hypothesis and demonstrates that RHAMM does
indeed interact with a significant cellular proportion of TPX2 during mitosis. Moreover,
inhibition of RHAMM function delays G,/M progression suggesting that RHAMM may
be involved in this process as well. The following sections will expand upon potential

mitotic functions for RHAMM.

D.3.1: RHAMM and mitosis: a role in G/M transition

The significant mitotic association of RHAMM and TPX2, in mammalian and
Xenopus systems (Groen et al., 2003), in combination with the demonstration that
RHAMM is functional in G,/M transition, with both RNA inhibition (Chapter 2) and
soluble RHAMM (Mohapatra et al., 1996), is provocative and suggestive of a functional
interaction between RHAMM and AurA kinase. Other provocative correlations exist

between RHAMM and AurA including: 1. similar cell cycle dependent intracellular
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localization; 2. similar cell cycle dependent elevated expression (Hirota et al., 2003); 3.
overexpression of both induces centrosomal abnormalities and genetic instability (Zhou et
al., 1998); 4. RNA inhibition of both affects G/M transition (Hirota et al., 2003); 5.
FRAP analysis demonstrates similar mobilities on mitotic centrosomes (Stenoien et al.,
2003); and 6. RHAMM contains a putative AurA kinase phosphorylation site within it
COOH-terminus; loss of this site inhibits mitotic progression. Given these observations,
a cell cycle dependent interaction between RHAMM and AurA is likely, and may involve
cell-cycle dependent phosphorylation of the COOH-terminus of RHAMM, and should be

investigated.

AurA undergoes both spatial and temporal activation through G,/M (Hirota et al.,
2003); AurA protein levels are dynamic, elevated in late G,, as are the protein’s
intracellular localization and phosphorylation state (Hirota et al., 2003). Initially, AurA
localizes to G, centrosomes and becomes activated, through phosphorylation, during late
G; (Hirota et al., 2003). Activated AurA strongly localizes to the nucleus coincident with
chromation condensation, later redistributing back to centrosomes, and spindle poles,
following nuclear envelope breakdown (Hirota et al., 2003). This dynamic cell-cycle
dependent redistribution may help explain why variants of RHAMM (RHAMM ™ and
RHAMM &°n#/exonldy have been identified within the nucleus (Assmann et al., 1999). Like
RHAMM (Mohapatra et al., 1996), AurA is involved in the activation of cyclin Bl-
Cdkl1(cdc2) at G, centrosomes, a process that is essential for centrosome maturation

(Hirota et al., 2003). RHAMM inhibition, like AurA inhibition and RHAMM
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overexpression (Chapter 2), may also affect centrosomal maturation. AurA
autophosphorylation during G, was dependent upon an interaction with a novel mitotic
regulator termed Ajuba (Hirota ez al., 2003). Ajuba may stabilize active AurA or induce
an activating conformational change, as demonstrated for TPX2-AurA interactions
(Bayliss ef al., 2003). It would be interesting to investigate whether RHAMM interacts
with Ajuba, as it does with TPX2, to function as a regulator of the regulators of AurA
activation. Once activated, AurA interacts with and phosphorylates p53 (Katayama et al.,
2004). AurA mediated phosphorylation of p53 Ser315 facilitated degradation of p53
through Mdm 2 dependent ubiquitination (Katayama et al., 2004). Overexpression, and
inhibition, of AurA affected cisplatin-induced p53-dependent apoptosis (with
overexpression of AurA confering resistance to apoptosis) (Katayama et al., 2004). AurA
also interacts with and phosphorylates BRCA1 at centrosomes, a process that may
regulate mitotic entry (Ouchi et al., 2004). Insight into a putative association, or
regulatory relationship (through associations with TPX2 or Ajuba), between RHAMM
and AurA would likely shed considerable insight into the relationship between RHAMM
and carcinogenesis with particular emphasis on tumors characterized by extensive CIN

(i.e. breast/epithelial and MM).

D.3.2: RHAMM and spindle integrity

In some systems spindle assembly is dependent upon a centrosome-directed
pathway (Mitchison et al., 1986) while other systems utilize a chromosome-directed

pathway (Karsenti and Vernos, 2001); it appears that both systems are important for
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mammalian spindle assembly (Mitchison et al., 1986) (Khodjakov et al., 2000) (Gruss et
al., 2002) (Khodjakov et al., 2003). RHAMM:TPX2:dynein complexes are involved in
the maintenance of spindle integrity however the role that RHAMM plays in spindle
assembly requires further elucidation. A number of observations presented within this
thesis may help illuminate the role of RHAMM in chromosome-directed épindle
assembly. Overexpression of GFP-RHAMM reveals punctuate chromosomal localization
that is proximal to kinetochores and consistent with a role in chromosome directed
assembly; however, RNA inhibition of RHAMM, unlike that of TPX2 (Gruss et al.,
2002)(Chapter 2), does not result in separated microtubule asters lacking chromosome
contacting microtubules. These results indicate that RHAMM may not be involved in
microtubule nucleation at chromosome kinetochores. Microinjection of anti-RHAMM
antibodies, unlike that for anti-NuMA antibodies (Gordon et al., 2001), does not result in
unfocussed spindles but rather multipolar spindles (Chapter 1). These results suggest that
RHAMM, unlike NuMA, may not be the principle mechanism for focusing of
chromosome directed microtubules into a bipolar spindle. However, the localization of
RHAMM proximal to kinetochores, and a mitotic interaction with dynein, is consistent
with a role for RHAMM in this process. Endogenous NuMA and HSET, due to their
larger sizes, may be sufficient for spindle focusing while RHAMM:TPX2:dynein

complexes play a supportive role.

RHAMM and NuMA share similar secondary structure, with RHAMM being
much smaller (240 K vs. 95 K), can both directly contact microtubules (Assmann et al.,

1999) (Maxwell et al., 2003) (Haren and Merdes, 2002) and interact with the dynein

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 241

complex (Maxwell et al., 2003) (Merdes et al., 1996) (Gaglio et al., 1996), and may both
support spindle focusing by coupling with the dynein motor complex to bind and recruit
chromosome microtubules into a bipolar spindle as seen with NuMA (Khodjakov et al.,
2003). Analysis of monastrol treated cells (initiating a monopolar spindle by inhibiting
the mitotic kinesin Eg5) may illuminate a role for RHAMM:dynein complexes in minus-
end capture and focusing of mammalian kinetochore fibers. It is currently clear, however,
that a role for RHAMM in spindle assembly may be important but not essential

(Chakravarty et al., 2004).

D.3.3: RHAMM and cytokinesis

There are a number of experimental observations that suggest RHAMM may be
important during spindle disassembly and cytokinesis. First, RHAMM localizes to the
central spindle and daughter cell centrosomes during cytokinesis. Second, RHAMM
regulates cdc2 (cdkl) post-transcriptionally (Mohapatra et al., 1996); a prevailing theory
for mitosis is that cyclin dependent kinases regulate the activity of microtubule
stabilizing, and destabilizing, proteins through phosphorylation events (Ookata et al.,
1995) (Desai and Mitchison, 1997). Degradation of cyclin B inactivates cdc2 (cdk 1) and
leads to dephosphorylation of spindle assembly factors and mitotic disassembly (Desai
and Mitchison, 1997). The Mitotic Exit Network (MEN), in S. cerevisiae, is the best
described process for the inactivation of cdc2 (Simanis, 2003). Third, RHAMM interacts
with spindle assembly factors (TOG and TPX2) that are spindle disassembly targets (Cao

et al., 2003).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RHAMM and Mitosis 242

The MEN monitors spindle position in anaphase; once metaphase-anaphase transition has
been initiated, by the sequential ubiquitin-dependent degradation of numerous proteins
cumulating in cleavage of cohesins, complete inactivation of mitotic CDK activity is
essential for normal exit from mitosis (reviewed in (Simanis, 2003)). The MEN, a signal
transduction pathway that targets spindle pole proteins, results in the activation
(dephosphorylation) of Cdcl4 phosphatase, and its release from the nucleolus, and a
subsequent dephosphorylation wave that inactivates cyclin B-cdk1 and leads to actin ring
formation and cytokinesis (Simanis, 2003). Recent examination in Xenopus egg extracts
has highlighted an additional pathway, separate from cyclin B degradation, which is
necessary for the regulation of microtubule structures during mitotic exit. This alternate
pathway utilizes a member of the AAA-ATPase family, cdc48/p97, to disassociate
spindle assembly factors from microtubules (Cao et al., 2003) (Cheeseman and Desai,
2004). In combination with adaptor proteins (Ufd1-Npl4), Cdc48/p97, known to unfold
proteins and dissociate multimolecular complexes, interacts with spindle assembly factors
(i.e. TPX2, TOG and a polo-like kinase1l) post-metaphase (Cao et al., 2003). This protein
complex is required for mitotic exit, even after cyclin B degradation, and results in the
ubiquitin dependent degradation of some proteins but not of TPX2 or TOG; these
proteins are apparently released from microtubules, in a cdc48 dependent manner,

without degradation (Cao et al., 2003) (Cheeseman and Desai, 2004).

RHAMM influences mitotic spindle integrity, can affect microtubule/y-tubulin

nucleation, interacts with significant amounts of mitotic TPX2 and localizes to spindle
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pole bodies and the central spindle in mammalian (Maxwell et al., 2003)(Chapter 2) and
Xenopus (Groen et al., 2002) (Groen et al., 2003) systems. Taken together, these data
suggest that RHAMM may be involved in the process of spindle disassembly during
cytokinesis. The difficulty with investigating the mechanisms of spindle disassembly,
which remain rather enigmatic compared to those of spindle assembly, is that inhibition
of function, or overexpression, experiments for proteins involved in spindle disassembly
often lead to pre-disassembly (pre-cytokinesis) mitotic arrest. For example, TPX2 RNA
inhibition arrests prometaphase (Gruss et al.,, 2002)/metaphase (Garrett et al,
2002)(Chapter 2) while classical MEN mutants arrest with extended spindles and
separated chromosomes (Simanis, 2003). Likewise, Chapters 1 and 2 describe a
metaphase arrest for RHAMM overexpression and inhibition of function experiments.
However, initial RNA inhibition experiments targeting RHAMM utilized constructs
synthesized by Dharmacon, Inc (Boulder, CO) that were designed according to rules
outlined by Elbashir et al, 2001. The RHAMM constructs targeted exon 4
(aatgataaagatttgaagatatt) or exon 6 (aatgaactactaaaatctaagtt) while the TPX2 construct
was as described (Gruss et al., 2002). Immunoblot analysis revealed little inhibition of
RHAMM, or TPX2 (positive control), protein expression levels at 24 or 48 hours (not
shown); however, cell cycle analysis of RHAMM, TPX2 and GL2 (negative control)
inhibition revealed differential cell cycle populations (see Figure D.3). With these
constructs TPX2 inhibition resulted in a metaphase arrest without aberrant spindle
phenotypes while RHAMM inhibition resulted in a cytokinesis block. While immunoblot
analysis suggested that inhibition failed, or was incomplete, immunofluorescence analysis

of RHAMM inhibited cytokinesis cells demonstrated repressed RHAMM expression
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within these cells (Figure D.3). These results, while initially unexpected, may
demonstrate that partial inhibition of RHAMM allows for G,/M progression, segregation
of chromosomes and transition through the spindle checkpoint but impairment of, and
accumulation at, cytokinesis. A detailed investigation of RHAMM involvement in

cytokinesis may provide further insight into this protein’s biology and its participation in

oncogenesis.
iGL2 iIRHAMM
a
3 g
< s
- iGL2 (n=228) iRHAMM (n=220) iTPX2 (n=295)
Prophase ‘ 15.3 16.4 10.5
Prometaphase 24.1 20.5 21.7
Metaphase 24 .6 16.8 46.5
Anaphase 4 4.5 7.5
Cytokinesis 22 41.8 10.5

Figure D.3: RNA inhibition results demonstrating an increase in mitotic cells in
cytokinesis dependent upon RHAMM, and not GL2 or TPX2, inhibition. Table shows
percentage of cells within defined cell cycle stage. n is the numberof cell examined for
each treatment.
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D.4 A role for RHAMM, and other centrosomal proteins, in myelomagenesis

Multiple myeloma is a malignancy of post-germinal center B-lineage cells that are
characterized by extensive chromosomal instability, a unique rearrangement of the
immunoglobulin heavy chain (IgH) gene locus, termed clonotypic, and recurrent, genetic
translocations of defined partner chromosomes into regions of the IgH locus. Similar to
tumors of epithelial origins, myeloma clonotypic cells demonstrate extensive structural
and numerical chromosomal anomalies in addition to recurrent primary and secondary
IgH translocations (Ho et al., 2002) (Sawyer et al., 1995) (Smadja et al., 1998) (Avet-
Loiseau et al., 2001) (Fonseca et al., 2003a). Myeloma lacks a defining IgH translocation
further differentiating it from other hematological malignancies, like mantle cell
lymphoma in which all malignant cells contain a characteristic t(11;14)(q13;q32). Rather,
myeloma is characterized by recurrent IgH translocations, the most frequent being
t(11;14)(q13;932), t(4;14)(p16.3;q32) and t(14;16)(q32;q23), that disregulate cell cycle
progression by  targeting oncogenes, including Cyclin D1, FGFR3,
WHSC1/MMSET/NSD2 and c-maf (Bergsagel and Kuehl, 2001) (Kuehl and Bergsagel,
2002). It is postulated that these recurrent IgH translocations may be progression, or
initiating, events that dramatically affect, or induce, chromosomal instability (CIN) and
disease progression (Kuehl and Bergsagel, 2002). Currently, however, the mechanisms
responsible for linking IgH translocations with chromosomal instability are unclear. This
section will attempt to model IgH translocation-mediated CIN through examination of the

effects of RHAMM on centrosomal and mitotic spindle integrity.
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The majority of myeloma patients (55-70% of intramedullary MM) demonstrate
recurrent translocations of specific genetic loci; the frequency of individual translocations
1s 5- 15% of the MM patient population (Avet-Loiseau et al., 1998). These translocations
are often unbalanced resulting in loss of derivative chromosomes and altering oncogene
expression patterns (Keats et al., 2003)(Santra et al., 2003). The heterogeneity of partner
chromosomal loci combined with the frequent loss of derivative chromosomes suggests
that a common disregulated myelomagenesis pathway, based upon overexpression of
defined gene products translocated proximal to the IgH locus, may not exist. There is
strong evidence, however, that MM patients may be classified based upon the karyotype
of the malignant plasma cells (Fonseca et al, 2004) (Smadja et al, 1998) with
hypodiploidy, or non-hyperdiploidy, being a major prognostic factor (Smadja et al.,
2001). Provocatively, recurrent IgH translocations, despite their heterogeneous nature,
strongly associate with non-hyperdiploid MM (Fonseca et al., 2003b); indeed, 88% of
tested patients with hypodiploidy (16 of 18) and 90% of tested patients with tetraploidy (9
of 10) had an IgH translocation (Fonseca et al., 2003b). These data suggest that IgH
translocation positive MM may have a common disregulated pathway which induces
chromosomal instability with a strong predisposition for hypodiploid or tetraploid
progeny. For this to be the case, however, one would expect that the disregulated target
genes would need to be oncogenic, or induce genetic instability, when overexpressed or
underexpressed, due to the frequent occurrence of unbalanced translocations (Keats et al.,

2003) (Santra et al., 2003) (Fonseca et al., 2003a), and the target genetic loci (4p16.3,
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11q13, 16923 and minor sites 6p21, 20ql11) be intimately linked to a common pathway

regulating genetic stability.

Cyclin D family members (D1 and D3) have been implicated as targets of
recurrent t(11;14) and t(6;14) translocations, respectively (Chesi et al, 1996)
(Shaughnessy et al., 2001). Overexpression of these gene products, due to their proximity
to the IgH enhancer, may elongate DNA replication, induce centrosomal amplification
and increase CIN. A similar pathway has been demonstrated for K cyclin (Verschuren et
al., 2002). FGFR3 is implicated as the defined target gene of t(4;14) however it is
unclear whether wild-type FGFR3 is oncogenic or overexpressed in t(4;14) patients
(Intini et al., 2001) (Karoui et al., 2001) with some t(4;14)" patients failing to express
detectable FGFR3 (Keats et al., 2003) (Santra et al., 2003). C-maf is implicated as the
target oncogene in t(14;16)" MM (Chesi et al., 1998) (Hurt et al., 2004) with maf-B
potentially targeted in t(6;14)" MM (Hanamura et al., 2001) (Hideshima et al., 2004). C-
maf transactivates the cyclin D2 promoter and enhances myeloma proliferation (Hurt ez
al., 2004); these results have prompted the hypothesis that MM is characterized by cyclin
D disregulation leading to plasma cell proliferation and chromosomal instability
(Bergsagel and Kuehl, 2001) (Hideshima et al., 2004). However, overexpression of cyclin
D1 does not initiate chromosomal instability (Spruck et al., 1999), MM plasma cells are
poorly proliferative, and MM patients with elevated levels of Cyclin D1 expression
demonstrate improved survival (Fonseca et al., 2003a) (Soverini et al., 2003). Moreover,
gene expression analysis of 190 primary tumors of 14 different histological types

highlights striking differences between the biochemical activities of cyclin D1 and cyclin
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D3, genes previously thought to perform similar if not identical functions (Lamb et al.,
2003). These discrepancies led us to postulate that additional disregulation was occurring
at sites of IgH translocations and speculate that centrosomal/spindle pole proteins may be

involved.

Centrosomes, the major microtubule organizing center in the cell, are composed
of two centrioles and an amorphous cloud of pericentriolar material (PCM) (Kellogg et
al., 1994). Centrosomal structure undergoes maturation during cell cycle phases through
recruitment of centrosomal proteins, such as y-tubulin and pericentrin, that increase the
microtubule nucleation potential (Kellogg et al., 1994) (Schnackenberg et al., 1998)
(Dictenberg et al., 1998). Numerical and/or structural centrosome abnormalities have
been reported in a wide range of malignant epithelial tumors, including breast, colon, and
pancreatic cancer (Lingle and Salisbury, 1999) (Pihan ef al., 1998) (Ghadimi et al., 2000)
(Sato et al., 1999), as well as AML (Neben et al., 2003) and MM (Chapter 2); structural
(1.e. excess PCM), rather than numerical, centrosomal abnormalities are most highly
associated with abnormal mitoses (Lingle and Salisbury, 1999). Centrosomal
abnormalities appear to occur early in tumorigenesis as they are identified in pre-invasive
carcinomas of the uterine cervix, prostate and female breast (Pihan et al., 2003). Several
investigations have demonstrated positive correlation between centrosomal amplification,
genetic instability and cancer progression (Pihan ef al., 1998) (Lingle et al., 2002). In
fact, altered centrosomal structure is associated with abnormal mitoses in breast tumors
while overexpression of a key centrosomal structural protein, pericentrin, induces

centrosomal defects, alters DNA content and enhances cell growth in soft agar (Lingle
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and Salisbury, 1999) (Pihan et al., 2001) (Pihan et al., 2003). Overexpression of other
centrosomal proteins, such as TACC and aurora, also induce tumor like features (Gergely
et al., 2000) (Meraldi et al., 2002) (Zhou et al., 1998); these features are likely dependent
on disruption of the p53-dependent cell cycle checkpoint (Meraldi et al., 2002) (Raff,
2002). In fact, multiple investigations have demonstrated centrosomal amplification
resulting from loss of the p53 pathway (Fukasawa et al., 1996) (Carroll et al., 1999).
Disruption of the p53 pathway may rescue cells that have undergone aborted division or
affect centrosomal replication, which occurs concurrent with DNA replication (Nigg,
2002). Moreover, elongation or disruption of DNA synthesis, as achieved through
overexpression of K cyclin, a cyclin D homolog, may cooperate with p53 loss to induce
centrosomal amplification, CIN and oncogenesis (Verschuren et al., 2002). Thus, it is
attractive to speculate that disregulation of centrosomal proteins, in combination with cell

cycle alterations, induce and/or escalate chromosomal instability and cancer progression.

Given the strong positive correlation between centrosomal abnormalities and CIN
in a variety of human tumors (Nigg, 2002), it is not surprising that myeloma exhibits
centrosomal abnormalities (see Chapter 2). Chapters 2 and 3 highlight a number of
interesting additional correlations: 1. patients with elevated RHAMM expression, by
gRT-PCR analysis, also contain elevated centrosomal volumes (Chapter 2); 2. patients
with elevated RHAMM expression, by gene expression profiling (GEP) analysis, contain
elevated levels of genetic instability characterized by hypodiploidy (Chapter 3); 3. the
observed frequency of supernumerary centrosomes (mean percentage 21.3 '/- 2.91)

described herein (Chapter 2) approximates the published frequency of abnormal mitoses
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(9.6/33.5, 28.5%) previously characterized by chromosomal analysis of 81 MM patients
(Smadja et al., 1998); and 4. MM patients demonstrate differential degrees of
centrosomal abnormalities; while no correlation existed between elevated centrosomal
abnormalities and patient survival within this small cohort, centrosomal abnormalities
approximated levels of chromosomal instability (i.e. low in normal patients, moderate in
MGUS patients and higher in MM patients). These ex vivo correlations suggest a

relationship between RHAMM expression, centrosomal abnormalities and CIN.

To support a causal relationship between RHAMM expression, centrosomal
abnormalities and mitotic integrity, we demonstrated that in vitro overexpression, and
inhibition of function, of RHAMM affected centrosomal structure, similar to those
observed within ex vivo MM plasma cells, and chromosomal segregation, inducing G,/M
arrest and multipolar spindle phenotypes (Chapters 1 and 2). Mulitpolar spindle
architecture can result in hypodiploidy or tetraploidization, following G,/M arrest and
spindle defects (Chen ef al., 2003) (Dekker et al., 2003) (Meraldi et al., 2002). Thus,
RHAMM overexpression (and inhibition) can induce centrosomal disregulation, retard
G»/M progression and induce spindle defects with resulting hypodiploid or tetraploid
progeny.  These results perfectly model IgH translocation-positive MM with
chromosomal instability, emphasizing non-hyperdiploid karyotypes, resulting, in spite of
impaired cell cycle progression, from overexpression (due to a strong IgH promoter) or
underexpressibn (due to an unbalanced translocation), of a putative target gene product.

RHAMM, however, does not map to a recurrent site of IgH translocation; interestingly
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however, gene products that are intimately related to RHAMM function do map to IgH

translocation partner loci.

At the 2001 annual ASH meeting, we noted that other centrosomal/spindle
assembly gene products (i.e. TACC3, NuMA, dynein light intermediate chain 2B) map
proximal to recurrent IgH loci (see Figure D-4) (Maxwell et al., 2001); additionally, the
motor HSET and pim-1, centrosomal gene products at 6p21.3, and aurora A (20q13.2-
13.3) and TPX2 (20q11.2) map to minor IgH sites and are located proximal to postulated
MM oncogenes (cyclin D3 and maf-B, respectively). These gene products are intimately
associated (often in direct physical contact with regulatory roles) and, like RHAMM,
essential for mitotic integrity, transformation and p53 function (Hall et al., 1995)
(Maxwell et al., 2003) (Eyers and Maller, 2004) (Meraldi ef al., 2004) (Katayama et al.,
2004) (Gordon et al., 2001) (Tsai et al., 2003) (Piekorz et al., 2002) (Bhattacharya et al.,

2002) (Roh et al., 2003).

While TACC3 maps 49K telomeric to FGFR3, NuMA and DNCL2B map 2.0 and
0.9 Mb telomeric to CyclinD1 and MAF at 11q13 and 16q23, respectively (Figure D-4).
Molecular analysis of 11q13 and 16q23 breakpoints demonstrates translocation specific
overexpression of cyclinD1 and MAF despite distances of greater than 300K and 700K
from the IgH enhancer (Ronchetti et al., 1999) (Chesi et al., 1998). In fact, some cell
lines (U266 and 8226) overexpress cyclinD] and MAF despite breakpoints telomeric to
their genetic loci (Ronchetti et al., 1999) (Chesi et al., 1998). Given the proximity of

these gene products to translocation sites, we speculated that slight disruption of these
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centrosomal/spindle pole gene products, concurrent with amplification of defined
translocation oncogenes (i.e. Cyclin D family members), may affect centrosomal
structure, spindle integrity, cell cycle progression and CIN. At ASH 2001, our
characterization of extensive centrosomal abnormalities in MM was the first
demonstration of these abnormalities in hematological malignancies (Maxwell et al.,
2001); Neben et al., 2003 later showed similar centrosomal aberrations within AML
patients and postulated, as we had previously in MM, that these abnormalities were
related to acquisition of karyotypic abnormalities (Neben et al., 2003). Neben et al., 2004
expanded upon their previous AML observations and demonstrated that, similar to our
postulate in MM, centrosomal abnormalities correlated with increased expression of
centrosomal/spindle pole proteins (i.e. NuMA1, pericentrin, dynein and y-tubulin) (Neben
et al., 2004). Proteomic analysis of leukemic blasts demonstrated elevated expression of
NuMA (Ota et al., 2003) which, like RHAMM in MM, was related to complex karyotype
anomalies (Ota et al., 2003). Conditional overexpression of NuMA in mouse myeloid
32D cells resulted in aneuploidy, G,/M arrest and apoptosis (Ota et al., 2003). Thus,
slight augmentation of centrosomal/spindle pole proteins (i.e. RHAMM, NuMA, dynein)

can disrupt centrosomal and genetic integrity within hematological malignancies.
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Figure D.4 Centrosomal/ spindle pole proteins map proximal to recurrent IgH
translocation sites in multiple myeloma. Breakpoint sites are shown for myeloma cell
lines containing defined IgH partner chromosomes. Expression of currently defined
oncogene is denoted by + . Chromosomal location, in Mb from NCBI Map viewer, are
given for gene products proximal to breakpoints.

While research in the AML field supports a role for centrosomal proteins in
oncogenesis, little is known about the role, if any, of these proteins in myeloma. Three of
four tested t(4;14)" myeloma cell lines show slight amplification of TACC3 by qRT-PCR
(Keats and Pilarski, unpublished observations). However, MM patients do not
demonstrate overexpression of TACC3 message at a level that approximates that for

FGFR3 or MMSET, and its variants (Keats and Pilarski, unpublished observation). The
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nature of these gene products are such that one would not expect dramatic differential
overexpression; indeed, loss of expression of these gene products may be as dysfunctional
as overexpression. DNCL2B, for example is consistently downregulated in hepatocellular
carcinoma (Jiang et al., 2001) and loss of function experiments with RHAMM, TPX2,
Aurora A, NuMA, HSET and TACC proteins show dramatic disregulation of
chromosomal segregation and mitotic progression (Chapter 1 and 2) (Garrett et al., 2002)
(Gruss et al., 2002) (Gordon et al., 2001) (Gergely et al., 2000). Cell cycle regulated
expression of these gene products adds to the complexity of the issue as these postulated
targets are upregulated during proliferation (Gruss et al., 2002) (Tanaka et al., 2002)
(Taimen et al., 2000) (Aitola et al., 2003); thus for a disease like MM, where proliferation
is associated with aggressive disease and poor outcome (Zhan et al., 2002), an aggressive
translocation-negative MM patient, with elevated proliferation, may express significantly
more TACC3 than a less-proliferative t(4;14)" positive patient. Thus, correlating
TACC3, or NuMA, expression with t(4;14), or t(11;14), in a heterogeneous patient
population may be impractical. Examination of translocation positive cell lines, within
homogeneous cell cycle populations, may be the only method to determine if these
postulated targets are indeed disregulated by IgH translocations. Alternatively,
examination of MM patient cohorts with low proliferation indices (i.e. MM 1-3 but not
MM4 as defined by Zhan et al., 2002) for correlation between TACC3, or NuMA,
expression with FGFR3, or Cyclin D1, expression may provide insight into the role, if
any, of centrosomal spindle assembly factors in myelomagenesis. This analysis takes on
a greater significance as gene products that are important prognostic indicators for

aggressive MM, by gene expression analysis, are intimately related to G,/M progression
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and spindle assembly (J. Shaughnessy, personal communication). We speculate that
recurrent IgH translocations within MM result in the disruption of both cell cycle (cyclin
D family) and centrosomal/spindle assembly (NuMA, TACC3, dynein, TPX2, Aurora A)
systems, which lead to delayed, and dysfunctional, cell divisions. Deregulated expression
of these centrosomal proteins may perturb anti-apoptotic pathways (i.e. p53-regulated and
BRCAL associated) by affecting aurora-A kinase activity (Katayama et al., 2004) (Eyers
and Maller, 2004) (Ouchi et al, 2004) (Tsai et al., 2003) (Conte et al., 2003).
Cumulatively, elongation of DNA synthesis (Cyclin D family) and disregulation of
mitosis (spindle assembly family), with concurrent augmentation of p53 and apoptotic
pathways, may be the mechanism through which IgH translocations induce karyotypic
instability, with emphasis on hypodiploid and tetraploid progeny, and disease progression

in a poorly proliferative cancer.
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Conclusions:

The underlying hypothesis of this thesis was that expression of RHAMM, and its
isoforms, is functionally related to the generation of aggressive myeloma clones. Previous
investigations within the lab had demonstrated differential mobilities of malignant clonal
B lineage MM cells as well as the overexpression of RHAMM, and the splice variants
RHAMM ™ and RHAMM ™°"'®  within clonal MM cells (Masellis-Smith et al., 1996)
(Crainie et al., 1999). RHAMM™®™™!® was identified as a relatively minor transcript
within myeloma (Crainie et al., 1999), and is absent in colon cancer (Line et al., 2002),
while RHAMM " is present at approximately equivalent levels as RHAMM™ in tumor
tissues (Crainie et al., 1999) (Line et al., 2002). Here we demonstrate a novel interphase
centrosomal localization for RHAMM that is dependent on the COOH terminus
BZIP/HA binding domain. During mitosis, we demonstrate that RHAMM complexes
with the spindle assembly factors TPX2 and dynein, but not NuMA, and functions in the
maintenance of spindle integrity. Loss of function experiments (i.e. antibody
microtinjection and RNAi) demonstrate that RHAMM functions in spindle integrity, but
possibly not assembly, and G,/M transition. These observations are consistent with
previous experimentation by Mohapatra et al., 1996 and we speculate that RHAMM may
regulate the regulator of Aurora A kinase (i.e. TPX2). RHAMM overexpression also
disrupts spindle integrity and affects centrosomal structure. The in vitro effects of
RHAMM overexpression on centrosomal structure model ex vivo observations within
MM plasma cells. Patients with elevated RHAMM expression, as determined by qRT-
PCR, also demonstrate elevated centrosomal volumes. While centrosomal volumes do

not appear to be prognostically significantly, within the small cohort examined, RHAMM
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expression, as determined by gene expression profiling (GEP) anaylsis, is significantly
related to disease outcome and provocatively related to the degree of chromosomal
instability. Thus, we demonstrate that RHAMM is vital to mitotic integrity, in vitro
disruption of RHAMM expression, through inhibition of function or overexpression,
augments centrosomal structure and is detrimental to proper chromosomal segregation,
and elevated RHAMM expression, as determined by QRT-PCR and GEP analysis, within
ex vivo MM plasma cells is related to centrosomal abnormalities, elevated chromosomal
instability, aggressive MM disease and adverse outcome. These data point to a pivotal

role for RHAMM in myelomagenesis.

We further investigated a putative correlation between RHAMM isoform
expression and disease outcome. Due to the differential ability of RHAMM™ and
RHAMM ™ to interact with interphase microtubules (Assmann et al., 1999) (Maxwell
et al., 2003), we speculated that RHAMM ™ may be impaired in its ability to crosslink,
and stabilize, antiparallel mitotic microtubules with detrimental effects, analogous to loss
of function experiments, on mitotic integrity. With FRAP analysis, we demonstrate
significantly different mitotic mobilities for RHAMM™ and RHAMM™®°™ that are
consistent with our hypothesis. Ex vivo analysis further demonstrates that RHAMM ©°™
expression falls with remission and rises with relapse and, thus, may characterize the
malignant MM clone. Indeed, elevated RHAMM ***™ expression, at diagnosis, is a
significant independent prognostic indicator within MM. These data further illustrate the
significance of RHAMM expression, and isoform balance, in myelomagenesis and

suggests that the maintenance/disruption of mitotic stability may be a contributing factor
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to this process; however, differential interphase effects of these isoforms, including but
not restricted to regulation of cytoskeletal networks, extracellular secretion, and

intracellular signaling events, may significantly contribute to this process as well.

In support of a seminal role for RHAMM and other centrosomal proteins in
myelomagenesis, we demonstrate a potential relationship between IgH translocations and
centrosomal disregulation (whether through the disruption of known centrosomal
regulators, and defined MM oncogenes, like the cyclin D1 family or through the
concurrent disregulation of additional potentially oncogenic determinants of MM, like
TACC3, NuMA, and AurA). Many of these postulated MM determinants have been
investigated in AML and found to be significantly related to chromosomal instability
(Neben et al., 2004) (Ota et al., 2003); the significance of these gene products is unknown
within MM however related gene products, intimately associated with spindle assembly,
are very significant prognostic determinants of MM (personal communication J.

Shaughnessey, Jr.).

Overall, this thesis outlines a novel biological function, and mechanism of action,
for RHAMM that is consistent with previous data, primary and predicted secondary
structure, tissue distribution, and recent, unpublished examination of the Xenopus
RHAMM homologue (Groen et al., 2002) (Groen et al., 2003). Moreover, this thesis
outlines a significant correlation between RHAMM expression and myelomagenesis and,
while investigating the mechanism of action of RHAMM, highlights a process (i.e.

centrosomal structure and chromosomal stability) that is universally desregulated in MM.
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This thesis provides insight into the biology of a protein and a mechanism of disease
while highlighting potentially novel therapeutic targets (i.e. RHAMM, TPX2, AurA,
TACC3) that may be important in multiple chromosomally unstable malignancies,

including MM.
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