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variation; HASL, hyaluronan synthase 1, HD, healthy donors, HPC, hematopoietic
progenitor cells, ISE, intronic splicing enhancer; ISS, intronic splicing suppressors;
MGUS, monoclonal gammopathy of undetermined significance; MM, multiple myeloma;
MT, mutated type; NCBI — National Center for Biological Information; PC, plasma cells;
PB, peripheral blood; PBMC, peripheral blood mononuclear cels; PPT, polypyrimidine
tract; SNP, single nucleotide polymorphism; SF, splicing factors; SR, splicing regulators;
SS, splice site; WM, Waldenstrom’' s macroglobulinemia; WT, wild type.
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Abstract

To characterize genetic contributions towards aberrant splicing of the hyaluronan
synthase 1 (HASL) gene in multiple myedoma (MM) and Waldenstrom's
macroglobulinemia (WM), we sequenced 3616 bp in HAS1 exons and introns involved in
aberrant splicing, from 17 patients. We identified a total of 197 HASL genetic variations
(GVs), a range of 3-24 GVd/patient, including 87 somatic GVs acquired in splicing
regions of HASL. Nearly all newly identified inherited and somatic GVs in MM and/or
WM were absent from B-CLL, non-malignant disease and healthy donors. Somatic
HAS1 GVs recurred in all hematopoietic cells tested, including normal CD34"
hematopoietic progenitor cells and T cells, or as tumor-specific GVs restricted to
malignant B and plasma cells. An in vitro splicing assay confirmed that HAS1 GV's direct
aberrant HASL intronic splicing. Recurrent somatic GVs may be enriched by strong
mutational selection leading to MM and/or WM.
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I ntroduction

Splicing of preemRNA contributes to protein diversity in humans. PreemRNA splicing is
regulated by cis- and trans-splicing elements, involving a complex repertoire of splicing
factors, with spliceosome assembly directed by splicing motifs in the DNA template *.
Evidence is accumulating for an association of defective gene splicing with susceptibility
to and progression of cancer®®. Genetic variations underlying cancer are linked to altered
splicing*®. Genetic changes in malignant cells can alter the genomic context of splice
sites by activating otherwise weak or cryptic splice sites, leading to aberrant exon
skipping and/or intron retention'. Inherited polymorphisms and somatic (acquired)
mutations underlie aberrant splicing in cancer*®. Most aberrantly spliced products
involve loss of tumor suppressor activity®®’. However two genes, cyclin D1*° and
hyaluronan synthase 1 (HAS1)'**, undergo aberrant splicing to generate proteins with
new functions or localizations that may directly promote cancer.

Hyaluronan synthases have been implicated in malignant transformation**°. HASL
overexpression has been described in patients with multiple myeloma (MM)Y,
Waldenstrom’s macroglobulinemia (WM)Y, colon'’, ovarian’®*®, bladder®* and
endometrial carcinomas”. We identified a family of aberrant HASL splice variants,
termed HAS1Va, HAS1Vb and HAS1Vc™ in MM and WM that are undetectable in B-
chronic lymphocytic leukemia (B-CLL) and healthy donors (HD)'**!. Aberrant intronic
splicing of HASL pre-mRNA, spanning exons 3-5, correlates with significantly reduced
survival in MM™, In WM, upregulation of HASL intronic splice variants occurs in a
majority of CD20" B-lineage cells, detected by single cell RT-PCR™. HAS1Va has been
detected in bladder cancer®.

Aberrant splicing results from genetic variations (GV) including substitutions, deletions
and insertions detected in the sequence of classical splicing elements and within exons
and introns™* . These mutations include missense mutations, which change amino acids
and consequently protein function, and nonsense or silent mutations leading to frame-

27,31-33

shifting and novel protein production “Degp” intronic mutations may cause

aberrant splicing of disease-related genes by creating or strengthening cryptic splicing
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elements®*®. GVs promote aberrant splicing in genes encoding MLH1, MLH2® |
CHEK2®, RB1**% p53°, NF1®, BRCA1*%® PTEN % and the cystic fibrosis

transmembrane conductance regul ator®’.

Here, the contributions of germline origin and/or malignant-cell specific GVs to aberrant
HAS1 splicing were determined by extensive sequencing of HAS1 gene segments from
buccal epithelial cells (BEC), hematopoietic progenitor cells (HPC), T, B and plasma
cells (PC) obtained from MM and WM patients. BEC represent the germline “host”
genotype, while HPC, T, B and PC represent normal and malignant components of the
hematopoietic lineagein MM and WM patients. We found atotal of 197 GVsin 17 MM
and WM patients. Nearly al of these GVs were absent from 23 control subjects,
including 4 with B-CLL, 11 with monoclonal gammopathy of undetermined significance
(MGUS) and 8 HD. In addition to 12 known HAS1 polymorphisms, in 17 patients we
found 46 novel germline GV's, 87 somatic GVs and 52 unclassified GVs among all tested
cell types. Among somatic GVs, defined as those that were absent from autogolous BEC,
26 were found in presumptively normal HPC and T cells from MM/WM patients, and 61
tumor-specific GV's were found only in B and PCs of MM and/or WM patients. An in
vitro splicing assay confirmed that a combination of germline and somatic GV's leads to
aberrant HAS1 splicing.

Materialsand Methods

Patients and Controls. The present study includes samples from ten MM (age range=41-
85 years, mean=64), seven WM patients (age range=44-76 years, mean=63), and as
control subjects: four with B-CLL, eleven with MGUS (age range=61-84 years), and
eight HDs (age range 50-69 years, with the exception of one HD who was 30 years of
age). MM patients included 5 with 1IgG myeloma and 5 with IgA myeloma.; eight had
detectable bone lesions. There are no known familial forms of disease, and no familial
relationships among the MM and WM patients analyzed. The MM and WM patients
10;11

expressed at least one HASL1 splice variant. About 60% of patients have such variants.
Patients were recruited independently at the Cross Cancer Institute and the University of
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Alberta Hospital (Edmonton, AB), and the Dana-Farber Cancer Institute (Boston, MA).
All patients were diagnosed according to the recommendations of the International
Myeloma Working Group, and the consensus guidelines from the 2™ International
Workshop on Waldenstrom’s Macroglobulinemia>>> Peripheral blood (PB), bone
marrow (BM) and BEC samples were taken at the time of diagnosis or at follow up, after
approval from the University of Alberta and the Alberta Cancer Board Institutional
Review Boards or the Dana-Farber Ingtitutiona Review Board; informed consent
according to the Helsinki Protocol was obtained from all subjects. All patients and HD

included in this study were of Caucasian origin.

Tissue and sample preparation. Tissue and sample preparation, and cell sorting, were
conducted as previously described *2. gDNA samples from sorted cells and unfractionated
PBMC or BMC wereisolated usng QlAamp DNA Blood mini kit (Qiagen, Mississigua,
ON) according to the manufacturer’s instructions. For 17 MM and WM patients
sequencing of all indicated HAS1 gene segments and HAS1 minigenes was performed on
populations of six sorted PB-B cdlls, three sorted BM-B cdlls, two sorted PCs, six sorted
T cells, eight sorted CD34+HPCs, two unfractionated PBMCs, three unfractionated
BMCs and eight BECs. Among the 23 control subjects, HAS1 gene segments were
analyzed from purified B cells of four B-CLL (intron 4), unfractionated PBMC from
eleven MGUS, sorted B and T cells from two healthy donors and unfractionated PBMC
from six HDs.

Cloning and sequencing. Cloning and sequencing of HAS1 gene segments utilized
gDNA isolated from BEC, purified cdl subsets, BMC or PBMC obtained from MM, WM
patients or HDs, PBMC from MGUS and purified B cells from B-CLL. MM and WM
patients expressed HASL and its splice variants. The HASL genomic segments from
exon 3 to exon 5 were amplified, cloned and sequenced using a series of primer sets
(Figure 1 and Table 1) spanning the region involved in the observed HASL aberrant
splicing (exons 3-4 and introns 3-4). The reverse and forward primers used in these PCR
reactions were significantly overlapped, to evaluate the accuracy of PCR and sequencing
in multiple sequencing reactions (Figure 1). PCR products were cloned and 3-19
subclones were sequenced in both directions for each HAS1 gene segment from each
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subset of cells, using the ABI3130xI DNA capillary anaysis system (Applied
Biosystems, Foster City CA). For one small segment of intron 4 from one patient, only
two subclones were sequenced. Due to primer overlap for HASL gene segments, we
obtained up to 60 sequencing reactions for each sample, which included the ~40-100 bp

range of exon-intron boundaries of the HASL gene.

For each subject, we also generated up to fifteen minigenes of 3503 bp (chromosomal
location 56912272-56908769) in length which spanned gDNA of HAS1 exon 3 to exon
5. A minigene is the product of a gDNA PCR reaction. Usually, this segment includes
exons and introns of any given gene, preserving the linkages among genetic variations on
the DNA strand that was copied. In our case, HASL minigenes include the genomic
sequence of HASL exons 3, 4, and 5 and introns 3 and 4. The main purpose for using
minigenes in this study was to determine whether or not recurrent GVs are expressed as
clusters and if they belong to the same allele. Each minigene was sequenced both
directions usng HAS1 gene primer sets shown in Figure 1. Sequencing of HAS1
minigenes allowed us to determine whether or not the recurrent GVs detected in patients
occurred as a cluster of mutations. The regions of HAS1 that were sequenced included

exons 3 and 4, introns 3 and 4 and part of exon 5.

Overall, over 4000 sequencing reactions were performed and analyzed. Sequencing runs
included a defined patient sample to validate our sequencing analysis. Additionaly,
cloning and sequencing were conducted by 7 different individuals over the course of this
study, and sequence analysis was performed by three different individuals, all with
consistent results. As a control, some samples were blinded and sequenced more than
once, with consistent results. All PCR reactions were performed using High Fidelity Tag
polymerase which has proofreading capability. For randomly chosen reactions, direct

seguencing was done to verify the subcloning analysis.

Conditions for gDNA PCR were as follows: 50ul PCR reaction mix contained 50ng
gDNA, 5ul of 1XPCR buffer, 2mM MgSO4, 0.2mM dNTPs, 0.4mM HASL primer set
(Figure 1), and 0.5U High Fiddity (HiFi) Platinum Tag (Invitrogen). The PCR cycling
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parameters were: denaturation for 5min at 94°C, followed by denaturation for 30sec at
94°C, annealing for 40sec at 60°C, and extension at 68°C for 5min for 35 cycles, with a
final extension period of 10min at 72°C. The HAS1 PCR products were cloned into the
pCR2.1 TOPO TA cloning system (Invitrogen) and sequenced using BigDye V1.1 and

V1.1 chemistry (ABI) according the manufacturer’ s instructions.

Sequencing analysis. Obtained sequences were analyzed using sequencing analysis
software, while alignment was done using SeqScape software; both software packages
were provided by ABI. Obtained sequences were compared to the HAS1 reference
sequence reported in the NCBI database. For the analysis reported here, GVs from MM
and WM patients were included if they were present on at least 20% of the subclones
sequenced for that sample, or were identified in more than one patient. HAS1 GV's were
identified as recurrent if they were detected in more than one patient. GVs were
categorized as hematopoietic/germline origin if no BEC were available for sequencing.
GV's were categorized as confirmed germline only if BEC sequences were available for
comparison with hematopoietic cells. Other categories were as reported in the results
section. HAS1 sequences from 23 control subjects were screened for the presence, or not,
of GVs previoudly identified in MM and/or WM patients.

In vitro splicing assay. A HAS1 minigene, a segment of HAS1 gDNA, extending from
exon 3 to exon 5 (NC_000049) was amplified from gDNA of a WM patient who
expressed HAS1Vb transcripts. HASL minigene includes sequence of the HAS1 exons 3,
4 and 5 and introns 3 and 4. The amplified HAS1 minigene was joined to the upstream
sequence of HAS1 cDNA including exon 1 and 2 at Smal site located within exon 3 to
generate a hybrid HAS1 cassette comprised of cDNA linked to agDNA fragment (Figure
3f). Four subclones of the hybrid fragments were cloned into pcDNA3 (Invitrogen,
Burlington, ON), yielding pcDNA3HAS1-g3-4-5 constructs. RNA splicing was analyzed
by transfecting the construct into HeLa cells using Lipofectamine 2000 (Invitrogen)
following the manufacturer's instructions. Cells were harvested 24 hours post-

transfection for RT-PCR. We made a plasmid construct containing full length HAS1
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cDNA, pcDNA3-HASI1-FL (Ghosh et al. in prep.), for use as a positive control in the
transfection experiments.

Total RNA was isolated from transfected Hel.a cells using a standard Trizol isolation
method (Invitrogen). RT-PCR reactions were conducted following a standard protocol

(Invitrogen). PCR primer sequences used in the RT-PCR reactions are as follows:

HASI1FL sense primer 5 GCGGTCCTCTAGGCCTATATAGGA 3
HASIFL antisenseprimer 5 CTGGAGGTGTACTTGGTAGCATAA 3
HAS1Vb sense primer 5 GCGGTCCTCTAGAATCCTGCCCAG 3

HASL1VDb antisenseprimer 5 CTGGAGGTGTACCTGCACGGGGGC 3

Bioinfor matic Analysis. To evaluate recurrent GV's leading to aberrant HASL splicing in
patients, we first identified classical splicing sites (5° and 3' SS, BP, PPT) and splicing
elements (putative exonic and intronic enhancers and suppressors—ESE, ISE, ESS and
ISS) located within the alternatively spliced exons and introns of this gene using “ESE
finder” web interface (Release 2.0). Additionally, cis-splicing elements (exonic and
intronic enhancers (ESE, 1SE) and suppressors (ISE, 1SS), splicing branch point (BP) and
polypyrimidine tract (PPT) of wild type (WT) and mutated (MT) HAS1 gene segments
were mapped and evaluated using the publicly available bioinformatic software-Splicing
Signal Analysis tools (http://www.ebi.ac.uk/asd-srv/wb.cgi). Next, GV's detected through

cloning and sequencing were mapped with the splicing elements identified by the above-
mentioned methods. Each GV was evaluated alone and in combination to determine
whether any of these variations or clusters of GVs had a predicted effect on the activation
of cryptic splice sitesin the HASL gene. Activation of cryptic splice sites was determined
using the Splice Site Prediction tool (http://www.cbs.dtu.dk/biolinks/pserve2.php).

Results

Sequencing analysis of HAS1 gene segmentsin MM and WM

Because of their involvement in the aberrant splicing of HAS1 preemRNA, we sequenced

genomic segments (exons and introns) and/or minigenes of HASL from exon 3 to exon 5
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(3616bp or 3503bp, chromosomal location at 56912295bp-56908679%bp or 56912272-
56908769bp). We obtained samples from 10 MM and 7 WM patients expressing HAS1
splice variant transcripts and sequenced genomic HAS1 from defined cell subsets. To
avoid false detection of GVs, 3-19 subclones or minigenes were sequenced in both
directions for each cell subset. Only those GVs present in 20% or more of the subclones

for a given sample are reported here.

GVs were defined as recurrent if they were detected in at least two patients. Sequencing
analysis identified 50 recurrent and 147 unique HASL1 GVs that include substitutions,
insertions and deletions (Table 2a-c, Supplementary Table 1). We identified 46 novel
germline and 87 somatic HAS1 GV's (acquired in hematopoietic and/or tumor cells but
absent from BEC), as well as, 52 unclassified novel GVs and 12 frequent NCBI single
nucleotide polymorphisms (SNPs). A median of 23 GVg/patient were identified
(range=3-24). The 50 recurrent HAS1 GVs included 28 inherited (16 germline origin
GVs and 12 NCBI-SNPs), 10 acquired hematopoietic origin and 7 acquired tumor-
specific GVs (Table 2a, b; classification of GVsis described below). We also detected 5
GVs that were classified as hematopoietic/germline origin, because no BEC were
available to confirm germline or hematopoietic origin for the patients in whom these GVs
were detected. Each category of recurrent HASL GV's was detected in 2 to 15 of the 17
MM and WM patients analyzed (Table 2c). Both inherited and acquired sets included
GVs recurrent only in MM (7/50, ~14%), only in WM (10/50, ~20%) or shared by MM
and WM (34/50, ~68%) (Table 2b).

The presence or not of GV's from the 17 MM/WM was determined for the NCBI HAS1
gene sequence and the HAS1 exons and introns from 23 control subjects (Table 2a).
HAS1 segments were sequenced from 4 B-CLL, 11 MGUS and 8 HDs. In contrast to
MM and WM, the HAS1 sequence from these control subjects had a higher degree of
homology with the NCBI reference sequence (NC 000019). Most of the control subjects
expressed the NCBI SNPs found in MM/WM, athough four of the HDs expressed only
major alleles. Four germline GVs were detected in B-CLL and a subset of MGUS, which

were found in only minority of subclones or were absent from the HDs; these may be as
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yet unreported polymorphisms. Of 147 unique GV's, 8 were detected sporadically in HDs
or MGUS, in only minority of subclones per sample, and with one exception, each GV
was found in only one of the 23 control subjects. Seven of the 8 unique GVs found in
control subjects were classified as germline/hematopoietic origin (see below). This
indicates that the majority of the HAS1 GVs reported here for MM and WM patients,
including all of the recurrent acquired GV's, appear restricted to MM and WM.

Classification of GVsdetected in MM and WM patients (Figure 2a)

GVs were classified as follows: 1) GVs detected only in B and PC from patients were
classified as “tumor-specific’. These GVs were absent from T, HPC and BEC, as well as
from control subjects; the stage of disease during which these were acquired is unknown.
2) GVsidentified in hematopoietic cell populations but absent from BEC were defined as
being of “hematopoietic-origin”. They were found in all hematopoietic populations tested
from MM and WM, including HPC and T cells (non-malignant) and B/PC (malignant).
Their absence from BEC indicates that these are somatic GV's acquired by presumptively
normal HPC and transmitted to their T and B-lineage progeny. Hematopoietic-origin GVs
were absent from cell subsets of control subjects. 3) Newly identified HAS1 GVs
identified in all cel populations, including BEC, were classified as “germline-origin”,
four of which were detected in control subjects and may be unreported SNPs. In MM
and WM, these substitutions were frequently homozygous, defined by their presence in
every subclone sequenced for a given patient. We also identified a high frequency of the
mutated aleles for 12 NCBI HAS1 SNPs. The mutated aleles of these SNPs were
present in most MM and WM patients and were also detectable in control subjects (Table
2a).

GVsdetected in MM and WM (Figure 2b)

Tumor cells from MM and WM had four or more tumor-specific GVs in their B and/or
PC, but the mgjority of these tumor-specific GVs were unique. In addition, 10/17 (59%)
of MM and WM patients carried recurrent tumor-specific HAS1 GVsin B/PC, while 11
(65%) had recurrent hematopoietic-origin GV's and 16 (94%) had recurrent germline-
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origin GVs (Table 2c). The type, genomic location and the distribution of recurrent GVs
in MM and WM, are reported in Table 2b. None of the recurrent somatic GV's were found
in control subjects.

Among the seven recurrent tumor-specific (TS) HASL GVs, four were detected only in
WM and three were shared by WM and MM. Among these GVs two (#1TS and #2TS)
are missense transversions and one, #5TS, is a deletion. Other recurrent GVs on intron 3
and intron 4 are transitions (Table 2b). Furthermore, groups of tumor-specific GVs are
co-expressed in the same patients. For example, exon 3 #1TS, intron 3 #3TS and intron 4
#6TS are co-expressed together; a second co-expressed group included #2TS on exon 3
and #7TSon intron 4.

For 10 recurrent GV's of hematopoietic origin (HO), distributed across 65% patients, 6
(50%) recur in both MM and WM, while 3 HO GV's (40%) are specific to MM and one,
#3HO (10%), is specific to WM (Table 2b). Acquired hematopoietic-origin GVs were
detected in as many as 5 different patients.

Of 16 recurrent germline origin (GO) HASL GVs (defined by their presencein BEC), the
majority are on exon 3 or intron 4. Most novel germline GV's (11/16) are shared by MM
and WM patients, with three (#9GO, 10GO, 15GO) recurring only in MM and two
(#6GO, 8GO0) recurring only in WM (Table 2b). These may be candidate SNPs not yet
reported. The sequencing analysis also detected mutated alleles of 12 NCBI-SNPs. These
HAS1 SNPs are found in 88% of the MM and WM patients analyzed. Coding GVs
detected on exon 3 and 4 (inserts in Figure 2b) were all shared by both MM and WM
patients.

Five recurrent GVs were provisionaly classified as “hematopoietic/germline-origin”
because no BEC were available for the patients analyzed. Of these five GVs, two were
shared by MM and WM, one was specific to MM and two were specific to WM (Table
2b).

12
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As indicated above, three tumor-specific and six hematopoietic-origin HAS1 GVs were
shared by MM and WM. The existence of these shared, somatically acquired GVs
suggests that there may exist fundamental similarities in the events that underlie

development and progression of MM and WM

Linked clustersof GVsaredetected in HASL minigenes (Table 3)

Our sequencing analysis demonstrated that recurrent GVs are distributed as linked
clusters, as distinct from random locations. The linked clusters of GV's described in Table
3 are digtributed in the vicinity of splicing elements (see below). HASL minigene
sequencing identified three distinct clusters of GVs that include three NCBI-SNPs and
germline/lhematopoietic origin GV's that are detected within a specific sequence stretch of
intron 4 (1%T" stretch, 2"“T" stretch and TTTA repeats-shown in Figure 2b), near
splicing elements at the 3 end of intron 4, where partial intron retention leads to
HAS1Vb transcripts. These GV's and NCBI-SNPs were present in every cluster detected
in MM and WM patients, and will be referred to as a “common motif”. The common

motif appears to cluster with other recurrent HAS1 GVs (Figure 2b).

The GV clustersin WM were compared to those in MM, referred to as “WM clusters” or
“MM clusters’, respectively, both including the common motif. Interestingly, GVs
comprising MM GV cluster #3 and WM GV cluster #3 are identical with the exception of
a germline origin mutation in MM exon 3 (CH56912051) instead of the
hematopoietic/germline GV in intron 4 (CH56909252) for WM cluster #3. Two other
HASL GV clusters from MM or WM patients include the common motif plus other
recurrent GVs (Table 3). MM and WM clusters appear to harbor abnormalities that may

accompany early stages of malignancy and/or characterize progression events.

Recurrent mutations detected in intron 4 promote HAS1 gene aberrant splicing
Bioinformatic analysis predicted that HAS1 GVs lead to splicing events that generate
HAS1Vb, the variant most significantly correlated with poor outcome (Figure 3a-€;
Adamia, in preparation.) °. We constructed a HAS1 minigene splicing cassette derived
from gDNA of aWM patient whose cells expressed HAS1Vb transcripts. ThisHASL
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cassette was used in an in vitro splicing assay to verify that HAS1 GVs from WM could
direct the splicing of HAS1Vb. The splicing construct incorporating the HAS1 gDNA
segment from exon 3 to exon 5 was transfected into Hel.a cells which do not otherwise
express full length HASL or the aberrant HAS1 splice variants (Figure 3f). Sequencing
analysis identified two unique substitutions in exon 3 and two in intron 4, as well as the
common motif on HAS1 minigene cassettes. After transfection of HelLa cells with the
HAS1 minigene cassettes we detected aberrantly spliced HAS1Vb transcripts, and
normally spliced full length HASL (Figure 3f). Sequencing of the HAS1Vb PCR product
confirmed its identity as HAS1Vb. This indicates that HeLa cells conserve the trans-
splicing elements (small ribonuclear proteins) required for aberrant splicing of HAS1 pre-
MRNA, but the HAS1Vb transcript is spliced only when cis-elements of the WM HASL

template are introduced via the splicing construct.

Discussion

Sequencing of the HAS1 gene in patients with MM and WM evaluated genetic
contributions to the aberrant intronic splicing of HAS1 pree-mRNA that correlates with
significantly reduced overall survival *°. We report the existence of novel inherited
(germline) and acquired (somatic) GVs in regions of HAS1 gene involved in aberrant
splicing events. Somatic HAS1 GVs appear to accumulate throughout hematopoietic
development, thereby leaving a mutational “trace” in non-malignant HPC and T cells as
well as in malignant B and PC, with the largest number of GV's occurring in malignant
MM/WM cedlls. In MM and WM patients, we identified three categories of genetic
change: inherited germline origin, acquired hematopoietic origin and acquired tumor-
specific GVs. All types included recurrent HAS1 GV, defined by their detection in two
or more MM and/or WM patients. The majority of germline GVs and all recurrent
acquired HAS1 GV's were absent from the 23 control subjects.

Of the 197 novel GVs reported here, 50 were recurrent and 147 were unique. We
anticipate that when larger cohorts are analyzed, some of the GV's currently classified as
unique will proveto be recurrent. Recurrent somatic GVs are restricted to MM, restricted
to WM or shared by both MM and WM none are detected in the 23 control subjects. The
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majority of recurrent GV's (both inherited and acquired) including three recurrent tumor-
specific GVs, are shared between MM and WM. Although global gene expression
profiling suggests that WM has more in common with B-CLL than with MM*, genomic
analysis of HASL indicates that MM and WM, but not B-CLL, share a very close genetic
relationship. The acquisition of recurrent somatic changes in the HASL gene, particularly
in the non-coding intron 4, suggests that the HAS1 gene undergoes hypermutation and
that strong selective pressures enrich these GVsin MM/WM.

Somatic mutations with the potential to alter splicing are frequent in some cancers
28361444 |In MM and WM patients we detected 87 somatic GV, including 61 tumor-
specific and 26 of hematopoietic-origin on HAS1 exons and introns (Table 2a). MM and
WM are B-lineage cancers. In malignant B cells, aberrant somatic hypermutation affects

genes outside of the immunoglobulin variable region®®>*

, which may occur prior to
neoplastic transformation *. The frequency of hypermutated genes such as BCL-6 and
PAX5 ranges from ~0.2-0.6/100bp “***, consistent with the degree of hypermutation

detected within the HASL1 genein MM and WM (~0.1-0.5/100bp).

Somatic GVs were found in all subsets of differentiated hematopoietic cells (PC, PB-B
and -T cells) and in purified CD34" HPC. Somatically mutated HPC were found in G-
CSF mobilized blood autografts or bone marrow from all eight patients from whom HPC
were available. This implies that somatic HAS1 GVs may be acquired at the earliest
stages of hmatopoietic development. HPC harbouring somatic HAS1 GV's have normal
generative capabilities and are clearly non-malignant based on the fact that their non-
malignant T cell progeny carry the same somatic GVs. Our previous work shows that
HAS1Vb transcripts are found in MM and WM cells, but are undetectable in non-
malignant MM HPC or MM T cells, and normal B cells'®*. Since at birth HPC must, by
definition, have the same genotype as BEC, our work suggests that in individuals who are
destined for MM and WM, an undefined mechanism may enrich those HPC that have
acquired somatic HAS1 GVs.
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The pattern of germline GVs suggests that MM and WM, but not B-CLL, inherit
recurrent germline GVs that are necessary but not sufficient for progression to
malignancy. Acquisition of recurrent, somatic HAS1 GVsin otherwise healthy HPC from
MM and WM patients appears to further increase the risk of MM or WM. This idea is
supported by our demonstration that transfection of a HAS1 splicing construct from a
WM patient directs the aberrant splicing of HAS1Vb (in vitro splicing assay). The B cdll
stage, at which acquisition of critical tumor-specific GV's occurs, may determine whether
an individual develops MM or WM. Our work suggests that, smilar to leukemias,
genetic changes leading to myelomagenesis may first accumulate in HPC during the non-
malignant or pre-malignant stages of hematopoietic differentiation®>*. The presence of
tumor-specific recurrent GVs restricted to MM B/PC, coupled with expression of
clinically predictive aberrant HAS1Vb transcripts by B cells™®, supports the concept that
transforming events may occur at the B cell stage™>°
mutated HAS1 alleles to their MM PC progeny.

, and that malignant B cells transfer

Provocatively, clusters of recurrent GVs are localized at sites of the HASL gene that
control premRNA splicing, particularly in intron 4, as shown in Figures 2b and 3. NCBI
HAS1 SNPs appear to be significant predisposing elements in oncogenesis, as evidenced
by their presence in combination with the “common motif” detected on the HAS1 gene.
In silico analysis predicted that this “common motif” contributes to aberrant HASL
splicing. To support the idea that HAS1 GVs play arole in HASL aberrant splicing, we
conducted an in vitro splicing assay using a HASL1 splicing cassette genetically
engineered from gDNA of a WM patient. The successful in vitro splicing of HAS1Vb
verified bioinformatic predictions that the GV's (particularly aberrations in the “common
motif” region of 1%, 2" “T” and “TTTA” stretches of the HASL cassette) would direct
splicing of HAS1VD after transfection with the WM HASL1 cassette of host cells that do
not otherwise express HAS1 or HAS1Vb transcripts.

The HAS1 GV's described here and the aberrant splicing reported previously *° are likely
to be important in malignancy. The aberrant HASL splice variants synthesize HA in ex-
vivo MM cells *° and in transfectants (Ghosh et a., submitted). In ex-vivo MM cells from
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patients, HAS1Va correlates with synthesis of extracellular HA and HAS1VD is
associated with synthesis of intracelular HA °, suggesting a contribution to,
respectively, malignant spread * and altered mitosis *’. In HASL transfectants, normally
spliced HAS1 (HAS1-FL) has a short half life and localizes to the plasma membrane
while the HASL splice variants have a prolonged half life and localize to the cytoplasm
(Ghosh et al., submitted). The aberrant splice variants form hetero-multimers with HAS1-
FL and each other, thereby prolonging the half life of HAS1-FL and providing a potential
mechanism for promoting cancer (Ghosh et al., submitted). Finally, as a single agent an
intronic splice variant, HAS1Vc, is aggressively transforming in vitro and forms tumors
in vivo (Ghosh et al., submitted). It seems likely that HAS1 family members will act

7-
5 60’ t

synergistically amongst themselves and with other molecules, eg. RHAMM (o]

confer malignant characteristics. Work isin progress to evaluate this.

If verified in large scale studies, the recurrent HAS1 GVs identified here may have the
potential to identify individuals at risk of MM/WM. Individuals with germline HAS1
GVs are predicted to have some degree of risk for MM/WM. Individuals who in addition
to inheriting HAS1 germline GVs have acquired HASL GVs, may have a greatly
increased risk of developing MM (or WM), perhaps requiring closer monitoring. The
possibility exists that early detection of acquired HAS1 mutations may identify cryptic
early stages MM or WM. Overall, this work shows that inherited and acquired HAS1
GVs may contribute to development of overt disease and/or disease progression in MM

and WM by directing the aberrant intronic splicing of HASL.
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