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INTRODUCTION
Human chromosome 17q25.1-17q25.2 is altered in a variety of solid and hematological malignancies,

suggesting the location of at least one novel cancer gene. We defined an interval of allelic imbalance in
this region by PCR using short tandem repeat polymorphisms on over 70 matched breast normal/tumor
paraffin-embedded microdissected tissue samples (Kalikin ef al., 1996, 1997). Additional studies provided
supportive evidence for the presence of a novel breast tumor suppressor gene in this area (Theile ef al.,
1995; Phelan ef al., 1998). Construction of a BAC/PAC/P1 genomic contig through the approximately 350
kb region allowed more precise mapping of genes and ESTs and the isolation of expressed sequences
(Kalikin et al., 1999). The purpose of this project is to identify this novel suppressor gene and to define its
role in normal and breast tumor development. To accomplish this, we proposed to analyze candidate genes
in breast tumor cell lines and matched normal and breast tumor pairs by RT-PCR and Northern
hybridization. Mutational analysis would be carried out in samples with aberrant expression levels or
transcript sizes. Further expression characterization would include multitissue Northern blot analyses and
in situ hybridization. Functional characterization of candidate genes for which mutations have been
identified in breast tumors would be by transfection into breast cancer cell lines and immunocompromised
mice. Yeast two-hybrid would be used to identify potential protein-protein interactions.

BODY

A. Research
As proposed in our approved Statement of Work, the first year of this grant has focused on further

characterization of a novel septin GTPase cDNA fragment as the candidate tumor suppressor gene. Septins
belong to a highly conserved gene family that localize to the cleavage furrow in yeast (review Field ef al,,
1999) and to the contractile ring in animal cells (review Sanders and Fields, 1994). Septins have been
shown to cause cell-cycle arrest and impaired cytokinesis when mutated in yeast and to result in
multinucleated cells when mutated in animal cells. They polymerize into filaments (Field and Kellogg,
1996; Frazier et al., 1998), exhibit GTPase activity (Field and Kellogg, 1996), coordinate cell cycle
progression by binding to the mitosis-inducing protein kinases HSL1, KCC4, and GIN1 (yeast; Barral et
al., 1999) and bind in a GDP-associated form to membrane phospholipids (animal cells; Zhang et al.,
1999). The initial 339 bp septin fragment was isolated by solution hybrid capture using cDNA derived
from mammary gland poly(A)" RNA and contained an open reading frame spanning its entirety. Direct
hybridization to a AGT11 breast cDNA library, RACE, and NCBI database in silico walking were utilized
to isolate the full open reading frame. PCR amplification in normal epithelial cell line cDNA and
subsequent sequencing confirmed correct gene sequence assembly. These efforts yielded two transcripts of
3737 bp and 3970 bp that differed only at their initial 36 nucleotides and 269 nucleotides respectively
(Kalikin et al., 2000). Concurrent with this work, this gene was identified as the carboxy-terminal partner
in a t(11;17)(q23;q25) fusion protein with MLL (mixed lineage leukemia) in acute myeloid leukemia
(AML) and was named MSF (MLL septin-like fusion; Osaka et al., 1999). MSF differed from our two
variants over the first 776 bp and was lacking 1642 nucleotides at the 3’ end. We designated the smaller of
our MSF variants MSF-A (Accession No. AF189713) and the larger one MSF-B (Accession No.
AF189712). A fourth transcript (KIAA0991; Accession No. AB023208) independently mapped to
chromosome 17 (Nagase et al., 1999) was unique over the first 317 bp compared to the other three variants
and included the 1642 nt at the 3’ end in our two variants. Within our lab, we called KIAA0991 (3938 bp)
MSF-C. A later report describing a t(11;17)(q23;q25) AML patient identified three other MSF variant
transcripts isolated from a normal immortalized cell line (Taki et al., 1999). All three transcripts were
identical to MSF at the 5° end but with the addition of 37 bp before the first MSF nucleotide. One
transcript matched our 3’ sequence while the other two had different 3’ deletions.
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Isoform Alignment The 5° and 3’ sequence differences in the MSF

S T —cmm—57 ariants resulted in distinct open reading frames, all
. ourr— s Of Which began at methionines within a consensus

. fm y Kozak sequence and terminated at a stop codon

T T S—— 57T ypstream of an AATAAA polyadenylation site. The
A e S MSF-A protein was predicted to be of 586 amino

v acids. The first 20 residues of MSF-A differed from

x S ewmemm—s7->*  the first 7 residues of the 568 amino acid MSF
S T —3amisere  protein after which the proteins were identical (see
. S Fig. Isoform Alignment). MSF-B and MSF-C

= e c—muser encoded identical predicted 422 residue proteins
= whose sequences were found in-frame of both larger

K alilin et al, 0saka et al., 3Nagase et al, ‘Taki et al

protein products from MSF and MSF-A. Of the
protein products predicted by Taki et al., two matched MSF except for the last 34 residues (MSF-E; 594
amino acids) and last 18 residues (MSF-F; 579 amino acids) which were replaced by 44 unique amino
acids. The third protein product was identical to MSF. All protein products contained a highly conserved
GTPase domain. In addition to binding and hydrolyzing GTP, proteins with this domain have been shown
to transmit membrane signals, direct protein synthesis and control cellular proliferation and differentiation
(review Bourne et al., 1991). A xylose isomerase 1 domain was also identified in all isoforms. This
sequence ([LI]-E-P-K-P-x(2)-P) has previously been recognized only in microorganisms using the sugar
interconverting enzyme xylose isomerase and is thought to be necessary for catalysis and cation ligand
binding (Dauter et al., 1989; Henrick et al., 1989). Itis unclear what the function of such a domain would
be in advanced organisms. A domain search of the sequence databases identified the FYN-binding protein
(FYB), also known as the SLP-76 associated protein (SLP-130), as the only other human protein to contain
this domain. FYB is expressed specifically in T cells and myeloid cells and has been shown to be involved
in FYN and SLP-76 signaling cascades (da Silva et al., 1997; Musci et al., 1997).

Thus, with its high degree of conservation to the septin family and with the presence of the highly
conserved GTPase domain known to be involved in cellular proliferation, MSF is an extremely exciting

candidate for the breast suppressor gene.
As proposed in this grant, we would initially
analyze such candidate  genes by
looking for altered ¢¢ hrxr l‘ i *t * expression levels or

sizes on Northern blots
tumor samples. A 1.7 kb

aberrant transcript W R

of breast normal and ——

Autoradiograph of MSY against Allernate al Li .
fragment common to Drcast Cell Line Northern W Altematoband ok Noroal Line all MSF transcripts was
hybridized to a breast normal and tumor cell
line total RNA Northern blot. Eight of

22 tumor cell lines exhibited apparent alternative transcript bands not found in 5 normal breast cell lines
(see Fig. Autoradiograph of MSF against Breast Cell Line Northern). Hybridization to a Southern blot of
MspI digested breast normal and tumor cell line DNA revealed rearranged and missing bands in two
additional tumor cell lines (see Fig. Mspl Southern Blot, lanes 2, 12). Sequencing through RT-PCR
products amplified from these tumor cell lines is approximately 90% complete and has only identified
silent polymorphisms with analysis of the unique 5° sequences
from each variant currently incomplete.  Similarly no
functionally significant nucleotide alterations have been found  soonp- [k
in the MSF coding region of 7 paraffin embedded breast
tumors with minimal 17g25 allelic imbalance. 310bp-

9 10 11 12 13

Mspl Southern Blot
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These initial results do not support a direct role for MSF mutations in breast tumorigenesis. However, a
role for alternatively spliced transcript expression has not been excluded. Therefore, further MSF
expression and functional analyses are underway. RNA expression studies using the MSF 1.7 kb probe
showed differential expression of 3.0 kb and 4.0 kb transcripts in all adult and fetal tissues tested (see Fig.

Northern autoradiograph). These transcripts appear to be developmentally regulated given that their ratio
of expression levels changes from fetal brain to adult brain

and from fetal kidney to adult kidney. A probe spanning

N r% 2 sequence unique to MSF-4 detected specific expression of

i ¥ % 3 é the 4.0 kb transcript in all tissues. Another probe unique
EEES £E £ z.3 to MSF-B detected a 4.0 kb transcript in only skeletal
FEEEL 2 ri = E E:i g _f_’:fé g muscle, although results from a control probe suggest that

N - this lane may be overloaded. Sequencing from BACs
F;z «’“l“’" g 'tg“ -~y 0k spanning the }cl:andidate region ident?ﬁed 9 cgommon exons
- and 3 alternatively spliced exons ranging in size from 39-
el Beuph ol W"E 40kb 291 bp (see Fig. Exon/Intron Boundaries). It is unclear as
= - to the origin of the two predicted proteins that vary in the
3 . " _ow 3’ region in the Taki et al. paper as we have not detected
g N any splice sites in this interval. Based on this genomic
= structure, we have determined that to date all the leukemic
:i a wwm. e e ® 20k rearrangements between MLL and MSF occur in-frame at

the splice junction between exon 1 and exon 3.
Interestingly, the identification of MSF as a fusion protein
partner with MLL in multiple leukemia patients suggests that MSF may have activating potential. Its
localization to a discrete region of loss in breast tumors, and the suggestion of altered MSF bands on
breast tumor cell line Northern and Southern blots supports its role as a candidate tumor suppressor gene.
These potentially opposite mechanisms for a single disease gene are not unprecedented and include the

Northern autoradiograph

RET gene that is subject to both
activating and inactivating
mutations which lead to
distinct clinical -] manifestations
(Eng, 1999). Functional
characterization ., of MSF protein-
protein ExonTuton Boundries Grey i codin sequence, interactions is
underway by yeast two-hybrid.

As an initial step, proteins of

predicted weights have been expressed from initial TA vector constructs harboring MSF-A (65.4 kDa) and
MSE-B (47.5 kDa) coding regions (see Fig. MSF Expression).

Although MSF may be interesting in leukemias or may be a novel

A B component of the cell cycle, it remains possible that our completed results

-105 kD Will not be supportive of MSF as the 17q25 suppressor gene, especially if

—_— - 75kD no mutations are identified in breast tumors. Thus, we have continued to

—__ - 50kD examine other cDNAs from this region. In our preliminary results for this

_ 35kp &rant, we had screened genes and ESTs generally localized to distal 17q24-

proximal 1725 by STS-PCR against contig Pl and BACs to identify

Fig. MSF Expression potential positional candidate genes. Of 29 genes and 10 ESTs tested, only

SECI4L1, which encodes a protein with partial homology to a yeast

secretory protein and a squid retinal-binding protein, mapped to the critical interval. As retinoic acid has

been shown to inhibit the proliferation of certain breast cancers (Wilcken et al., 1996; Van heusden et al.,

1998), loss of function of a gene with retinal binding properties could serve to augment the progression of

mammary tumorigenesis. Hybridization of a partial SECI4L] cDNA fragment to a breast tumor and
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normal cell line Northern blot revealed a potentially altered band in at least one tumor cell line (MDA-MB-
361) out of 21 (see Fig. SEC14L1 Northern Autoradiograph).

MDA-MB-{£7 cells

“{

>

SEC14L1 Northern Autoradiograph P ey

Retinoic Acid Effects on Cel! Growth

Preliminary experiments to investigate the proliferative affects of retinoic acid isomers on this cell line
suggested that its growth rate was unaffected by the presence of retinoic acid while a control breast cancer
cell line MDA-MB-157 showed reduced growth rates as expected (See Fig. Retinoic Acid Effects on Cell
Growth). However no functionally significant sequence variations were identified in the coding region.
Experiments are on-going to sequence the 5’ and 3’ regulatory regions and to investigate protein
expression.

Concurrent with MSF and SECI4L] analyses, we continue to identify other cDNAs in the candidate
region. Over the past year, we mapped by STS-PCR 10 ESTs derived from the databases. Solution hybrid
capture was utilized to isolate novel expressed sequences. Of approximately 9 kb of sequence generated
from 40 ¢cDNA fragments, only hits for SECI4LI and MSF (excluding ribosomal and repeat sequences)
have been identified from NCBI Genbank BLAST analyses, despite this past year’s vast sequencing efforts
to decode the human genome. Six database-derived ESTs and 4 solution hybrid capture-derived cDNAs
showed strong signals on multitissue Northerns (see Table ¢cDNA Tissue Expression; solution hybrid
capture clones are in gray). Several cDNA fragments did not reveal transcripts on any of the multitissue
Northern blots. One possibility is that these represent genes that are expressed in a very narrow tissue-
specific or developmental-specific range. These fragments will be hybridized against improved multitissue
Northern blots with an increased selection of tissues that are now available from Clontech. Note that while
solution hybrid capture clones were isolated from mammary gland poly(A)+ RNA and other ESTs may also
be expressed in normal mammary gland, this tissue was not available on the original multitissue Northern
blots and so are not listed in the cDNA Expression Table. Mammary gland RNA will be a lane on these

new blots. . ¢DNA TISSUE EXPRESSION
We have employed multiple [CLONE [TISSUE SIZE (KB) CLONE_|TISSUE SIZE (KB)
: 1A fetal liver 2.0,3.0 1C3A2  |spleen 7.0
methoqs to I.SOIate' complete skeletal muscle 44,75 thymus 7.0
transcripts including the liver 24 testis 44
e Al P 1: : placenta 1.2 peripheral blood leukocytes 7.0
followmg. direct hybrldlzatlon 10 (A7693509 [cart 13,20 1149244 |fetal liver 13
an ovarian, a testis and two pancreas 13,20,25 bone marrow 13
: placenta 1.3 thyroid 9.5
different mammary gland phage pg Tiver 20 TATORA_|ubiquitous 20
cDNA libraries immobilized on [AA287995 g:talbrain 6.0 A1906327 |fetal liver 6.5
. . rain 6.0 placenta 6.5
nylon ~ membranes; direct testis 60 skeletal muscle 10,70
hybridization to Human Universal [f527 jfeu wrai > 178018 fetal brin 3
. etal ey . rain A
CDI\I/SX lerary (HUCL) arrayS brain 55 others variable?
(Stratagene) with over 290,000 spleen 33

clones constructed from 29 tissues and averaging 1.7 kb inserts; PCR-based methods of RACE (rapid
amplification of cDNA ends; Clontech), SMART (switching mechanism at 5’ end of RNA template;
Clontech), and SPICE (system for PCR identification of cDNA ends; (Starrs and Davies, 1999); and in
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silico  subcloning  through  Genbank (http://www.ncbi.nlm.nih.gov/BLAST/); DoubleTwist
(https://www.doubletwist.com) and Stratagene http://www.stratagene.com/gc/clone.htm). No method has
been appreciably more successful than any other method. Inexplicably, all methods failed to produce
additional gene sequences on a number of cDNA fragments, despite observing distinct RNA expression
bands on multitissue Northerns. While we have found that smaller cDNA fragments give clear signals on
the poly(A)+ multitissue Northern blots such as those 300-500 bp fragments isolated by solution hybrid
capture, larger fragments are necessary for interpretable data against our in-house total RNA breast tumor
cell line Northern blots. Therefore, in silico sequence searches are continuing and additional methods are
being employed before direct candidate analysis on these breast tumor cell line blots can be completed.

Future studies include:

e completion of MSF sequencing in breast tumor cell lines with apparent rearranged Southern and
Northern bands.

e subcloning and sequencing of MSF Mspl rearranged breast tumor cell line fragments.

e generation of MSF polyclonal antibodies to investigate protein expression levels in breast tumor
cell lines.

e transfection of SEC14L1 protein expression construct into MDA-MB-361 and repeat of retinoic
acid experiments.

e continued cloning and candidate testing of full length novel cDNAs within the candidate region.

e use of available genomic sequence through the candidate interval, now estimated to be 80% from
in-house BAC sequencing and database entries, to aid in gene identification using especially
exon predictor programs.

B. Training
My training has adhered quite closely to that as proposed in the grant. The University of Michigan Medical

Center ranks among the top facilities in the country and provides a stimulating and exciting environment
for cancer genetic research and postdoctoral training. I attended weekly laboratory meetings with my
mentor Dr. Elizabeth Petty’s and my co-mentor Dr. Eric Fearon’s research groups. These meetings
allowed for critical comments on my data and future plans. I presented these data at the 1999 Department
of Human Genetics Annual Retreat, the 2000 Internal Medicine Research Day and the 1999 American
Association for Cancer Research Annual Meeting. Based on my research from this past year, I have been
awarded a University of Michigan Comprehensive Cancer Institutional grant from the American Cancer
Society to begin August 2000 to investigate further the role of MSF by comparative genomics in yeast. In
addition, I regularly attended the weekly Cancer Center grand rounds seminar, the monthly Cancer Center
journal club, and the monthly mouse journal club as well as other pertinent seminars as available. This
coming year I will be presenting my work at the 2000 American Society of Human Genetics Annual

Meeting.
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APPENDIX
1) Key research accomplishments:

e isolation of MSF (MLL septin-like fusion) from the 17q25 candidate breast tumor suppressor gene
region; genomic and expression analyses of MSF alternatively spliced variants.

e identification of rearranged MSF bands on Southern and Northern blots of breast tumor cell lines;
no functional sequence alterations found to date.

e identification of breast tumor cell line with an apparent altered SECI4L/ transcript; this cell line
growth rate did not decrease after treatment with retinoic acid derivatives, unlike a control
breast cancer cell line.

e identification of 10 cDNAs to the candidate region with unique multitissue expression patterns.

e generation and assembly of 80% of genomic sequence through the 350 kb candidate region.

2) Reportable outcomes:

e Kalikin LM, Sims HL, Petty EM. Genomic and expression analyses of alternatively spliced
transcripts of the MLL septin-like fusion gene (MSF) that map to a 17q25 region of loss in
breast and ovarian tumors. Genomics 1999;63:165-72.

e awarding of a University of Michigan Comprehensive Cancer Center Institutional Grant from the
American Cancer Society entitled “Functional characterization in yeast of human septin MSF,
a 17q25 cancer-associated gene” to begin August 1, 2000.

3) Please find included 3 reprints of Kalikin et al., 2000.

11




Genomics 63, 165-172 (2000)

®
doi:10.1006/geno.1999.6077, available online at http://www.idealibrary.com on I Il E }l

Genomic and Expression Analyses of Alternatively Spliced
Transcripts of the MLL Septin-like Fusion Gene (MSF) That Map
to a 17925 Region of Loss in Breast and Ovarian Tumors

Linda M. Kalikin, Heather L. Sims, and Elizabeth M. Petty’

Department of Internal Medicine and Department of Human Genetics, The University of Michigan, Ann Arbor, Michigan 48109-0638

Received September 1, 1999; accepted November 23, 1999

We previously defined a common region of 17g25 loss
in breast and ovarian tumors, suggesting localization
of at least one putative tumor suppressor gene.
Genomic clones from the interval were used to isolate
candidate transcripts. One novel transcript had
strong homology to a septin family of GTPase genes
involved in cytokinesis. This gene was recently iden-
tified as a myeloid/lymphoid leukemia (MLL) fusion
protein partner in acute myeloid leukemia and was
named MSF (MLL septin-like fusion). As this gene may
play roles in both leukemogenesis and tumorigenesis,
it is essential to understand its structure and normal
expression. We cloned two human alternative tran-
scripts and identified a third database variant of MSF.
RNA expression studies with a probe common to the
three novel sequences showed differential expression
of 4.0- and 3.0-kb transcripts in all adult and fetal
tissues tested. A probe spanning sequence unique to
one MSF variant detected specific expression of the
4.0-kb transcript in all tissues. Another probe unique
to a different MSF variant detected a 4.0-kb transcript
only in skeletal muscle. Proteins of 422 and 586 amino
acids were predicted from the novel alternate tran-
scripts and included both a xylose isomerase 1 domain
and a GTPase domain. Nine common exons, three al-
ternatively spliced exons, and six polymorphisms
were identified. © 2000 Academic Press

INTRODUCTION

Tumorigenesis is widely accepted to be a multistep
process. Based on studies in colon cancer, the progres-
sion from early adenoma to carcinoma occurs as muta-
tions accumulate in an increasing number of genes and
leads to deregulated cellular growth and proliferation
(Fearon, 1997). Characterization of these pathways

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession Nos. (MSF-A)
AF189713 and (MSF-B) AF189712.

'To whom correspondence and reprint requests should be ad-
dressed. Telephone: (734) 764-1549. Fax: (734) 647-7979. E-mail:
epetty@umich.edu.

will be important to understanding the pathogenesis
and facilitating the management of cancer. To identify
additional genes involved in breast and ovarian carci-
nogenesis, we conducted loss of heterozygosity (LOH)
studies in breast and ovarian tumors and defined the
location of a putative 17925 tumor suppressor gene
(Kalikin et al., 1996, 1997). Additional studies (Saito et
al., 1993; Theile et al., 1995; Phelan et al., 1998) pro-
vided supportive evidence for the presence of this sup-
pressor locus.

Construction of a genomic contig though the interval
allowed more precise mapping of genes and ESTs
(Kalikin et al., 1999), and contig clones were also uti-
lized to isolate expressed sequences. One novel tran-
script revealed a high level of sequence homology to the
septin subfamily of GTPase genes. GTPases have a
highly conserved domain that binds and hydrolyzes
GTP (Bourne et al., 1991). Members of this protein
family include those that transmit membrane signals,
direct protein synthesis, and control cellular prolifera-
tion and differentiation. The septin subfamily includes
CDC10, NEDD5, and H5 (Kinoshita et al., 1997). Lo-
calization of these genes to the contractile ring in mam-
malian cells and to the cleavage furrow in yeast sug-
gests that they are important in regulating cytokinesis.
Recently, this 17q25 septin-like gene was identified as
part of a fusion protein with the myeloid/lymphoid
leukemia gene (MLL) in a therapy-induced acute my-
eloid leukemia (t-AML) patient with a t(11;17)(q23;
q25) rearrangement and was named MSF (MLL sep-
tin-like fusion; Osaka et al, 1999). MLL on 11q23
provides the N-terminal portion of an in-frame fusion
protein with at least 19 other distinct genes in leuke-
mia patients with 11923 translocations (Rowley, 1998;
Osaka et al., 1999). While MLL appears to play a
causal role in leukemogenesis, evidence suggests that
the C-terminal fusion partner also is important in the
hematopoetic transformation (Corral et al., 1996).
Thus, the simultaneous identification of MSF as an
MLL fusion protein partner in a leukemia patient
(Osaka et al., 1999) and as an attractive positional
candidate breast and ovarian tumor suppressor gene
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based on our LOH analyses makes further character-
ization of the structure and expression of this gene
essential to understanding its potential roles in leuke-
mogenesis and in solid tumorigenesis.

MATERIALS AND METHODS

Isolation and assembly of transcript sequences. cDNA clones pre-
pared from normal mammary poly(A)” RNA (Clontech Laboratories)
that mapped to genomic clones in the 17¢25 candidate region were
identified by solution hybrid capture as described (Futreal et al.,
1994). Digested genomic clone DNA was ligated to Uni-Amp Sall
adaptors (5'-CCTCTGAAGGTTCCAGAATCGATAGGTCGACCG-3’
and 5'-PO,CGGTCGACCTATCGATTCTGGAACCTTCAGAGGTTT-
3, Clontech Laboratories) and amplified by PCR using a biotinylated
Uni-Amp primer (5'-biotin CCTCTGAAGGTTCCAGAATCGATAG-
3, Clontech Laboratories). Reactions were purified through a QIA-
quick column (Qiagen Inc.). Captured cDNAs were TA subcloned into
pCRII-TOPO (Invitrogen Corp.). Additional sequence surrounding
the septin-like solution hybrid capture cDNA fragment was obtained
by direct hybridization to a Agt11 breast ¢cDNA library (Swaroop and
Xu, 1993) immobilized on Hybond-N* membrane (Amersham). 3’
sequences were obtained by EST database walking (http:/www.
nchi.nlm.nih.gov/blast). 5' sequences were isolated by RACE from a
Marathon-Ready human mammary gland ¢DNA library (Clontech
Laboratories) using nested gene-specific primers R3 (5'-CACCTGCT-
TGGACGAGATGTCAATGG-3') and R4 (5'-GGAGCGTTGGCT-
TAGGGAGTCCACAT-3') with adaptor-specific primers APl and
AP2, respectively, according to the manufacturer’s instructions
(Clontech Laboratories). Amplified fragments were TA subcloned
into pCRII-TOPO (Invitrogen Corp.).

Southern and Northern analyses. BAC and P1 clones in the
17¢25 candidate region have been previously described (Kalikin et
al., 1999). DNA was purified from 500-ml cultures through Qiagen-
tip 500 columns using a modified Plasmid Maxi Kit protocol avail-
able from the manufacturer (Qiagen Inc.). Briefly, these modifica-
tions included increasing the volumes of Buffers P1, P2, and P3 to 50
ml each and eluting the DNA from the column in five aliquots of 2 ml
Buffer QF prewarmed to 65°C. DNA was digested with NotI and
separated on a 1.0% SeaKem agarose gel (FMC-BioProducts) in 0.5X
TBE on a Bio-Rad Chef Mapper at 14°C with parameters 6 V/em, 2-s
initial switch time, 10-s final switch time, linear ramping factor, 120°
angle, and 12-h run time. Gels were immobilized on Hybond-N*
(Amersham). Multitissue Northern blots were purchased from Clon-
tech Laboratories. Probes were generated by random priming (Fein-
berg and Vogelstein, 1983) with [a-**PldCTP and were hybridized to
filters at 60°C in 0.5 M NaH,PO,, 7% SDS, 1 mM EDTA buffer
(Southern blots; Church and Gilbert, 1984) or ExpressHyb (Northern
blots; Clontech Laboratories). Filters were washed twice in 2X SSC/
0.1% SDS and once in 0.1X SSC/0.1% SDS and exposed overnight on
Kodak X-Omat AR film.

Sequencing. ¢DNA plasmid clones and PCR products were se-
quenced by The University of Michigan Sequencing Core. BAC DNA
was sequenced using a modification of the manufacturer’s Thermo
Sequenase cycle sequencing protocol (USB Corp.). Template DNA
was increased to 2 ug per reaction and primer to 2.5 pmol. Termi-
nation master mix and labeled ddNTPs were all doubled in volume
for each reaction.

RT-PCR. Total RNA was isolated by Trizol (Gibco BRL Life Tech-
nologies) from cultured human epithelial cells. cDNA was synthe-
sized using dT and random primers with SuperScript II reverse
transcriptase (Gibco BRL). PCR was performed in 50 mM KCl, 10
mM Tris—HCI, pH 9.0, 0.1% Triton X-100, 1.5 mM MgCl, with each
dNTP at 200 uM, each primer at 0.5 uM, and 1 unit of Tag Poly-
merase (Promega Corp.) or using the Expand Long Template PCR
System with Buffer 1 (Boehringer Mannheim Corp.).

KALIKIN, SIMS, AND PETTY .

RESULTS AND DISCUSSION
Identification of Alternative MSF Transcripts

A candidate 17q25 suppressor gene interval defined by
LOH spanned an estimated 3 ¢cM (Kalikin et al., 1997,
1999). LOH analysis on breast and ovarian tumors with
additional polymorphic microsatellite markers further
narrowed the minimal candidate region to less than 500
kb surrounding D17S937. In an effort to identify candi-
date tumor suppressor genes, cDNA fragments were iso-
lated from BACs and P1s mapping to the smallest com-
mon interval of loss. One ¢cDNA clone isolated by solution
hybrid capture (Futreal et al., 1994) from BAC 334m6
(Kalikin et al., 1999) showed high conservation to a sep-
tin-like GTPase gene family (Bourne et al, 1991; Ki-
noshita et al., 1997) and contained an open reading frame
(ORF) spanning the entire fragment. To determine the
sequence of the full open reading frame, the 339-bp cap-
tured ¢cDNA was used to screen a AGT11 breast cDNA
library from which a 2.1-kb ¢cDNA with a complete GTP-
ase domain was isolated. Additional 5’ sequence was
isolated by RACE using a normal mammary gland Mar-
athon-Ready cDNA library (Clontech Laboratory), and 3’
sequence was obtained by database EST walking. cDNA
sequence was confirmed by amplification and sequencing
in normal epithelial cell line ¢cDNA. Sequence compari-
sons revealed a high degree of internal homology to the
recently published MSF (GenBank Accession No.
AF123052) with unique sequences at the 5’ and 3’ ends.
At the 5’ end, our RACE efforts yielded both 276- and
610-bp amplified fragments. These products had 183 bp
in common with MSF and an additional 59 bp in common
with each other before deviating with unique 36- and
269-bp 5’ ends (Fig. 1A). At the 3’ end, our transcripts
contained an additional 1642 nucleotides that were ab-
sent in the MSF sequence. However, our 3' sequence was
identical except for two bases and a shortened polyA tail
to that of KIAA0991 (Accession No. AB023208), a tran-
script independently mapped to chromosome 17 (Nagase
et al., 1999) with a high level of homology to MSF (Fig.
1A). KIAA0991 5' sequence was distinct from MSF and
our derived sequences. Thus, we have identified two
novel alternative transcripts of MSF that we designated
MSF-A (3737 bp) and MSF-B (3970 bp). These sequences
were deposited with the GenBank/EMBL database under
Accession Nos. AF189713 and AF189712, respectively.
KIAA0991, a third apparent MSF variant (3938 bp), is
referred to as MSF-C in this study. As it is not uncommon
for key elements controlling temporal- and tissue-specific
expression to be located in the 5’ and 3’ flanking regions
of a transcript (Jackson, 1993; Jean et al., 1999), the
identification of these multiple MSF variants suggests
that the expression of MSF may involve complex regula-
tion in different tissues.

Prediction of Protein Structure and Function

The 5’ sequence variability in the MSF alternate
transcripts resulted in distinct open reading frames
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FIG. 1. Analysis of variant MSF transcripts. (A) Sequence diagram of variant MSF transcripts. Similar shading between variants
indicates sequence identity. Black, front slash, vertical slash, and back slash boxes are unique 5’ regions. Black lines below each construct
represent PCR amplified fragments for expression studies and NotI genomic clone mapping. ORFs are delimited at the start codon by an
arrow and at the stop codon by the TAG. Numbers represent specific base positions in each variant sequence. Black triangles mark exon—exon
boundaries; asterisks mark polymorphisms; “v” marks additional nucleotides in MSF-A and -B lacking in MSF-C (T/2637 MSF-A, 2870
MSF-B; G/2641 MSF-A, 2874 MSF-B). Black XID domain line indicates the xylose isomerase 1 domain; gray GTP domain line indicates
position of the GTPase domain. Black probe line defines location of the 614-bp probe (Osaka et al., 1999); gray probe line defines the location
of the 1.7-kb EcoRI probe. (B) Northern blot autoradiograms of variant MSF expression. MSF probe locations are delimited in A. The 1.7-kb
probe is the fragment common to all three variants defined as the gray probe line in A. PBL denotes peripheral blood leukocyte sample.
B-actin signals in heart and skeletal muscle represent « and vy forms of actin. Probes were hybridized sequentially to the same set of blots.

(Figs. 1A and 2). All predicted ORF's began at a methi-
onine located within a consensus Kozak sequence
(Kozak, 1984) and terminated at a stop codon down-
stream of which was located an AATAAA polyadenyl-
ation site. MSF-A encoded a putative 586-amino-acid
protein beginning at nucleotide 21 with a predicted
molecular mass of 65.4 kDa. The first 20 residues of
MSF-A were distinct from the first 7 amino acids of the
published 568-amino-acid MSF protein sequence, after
which the remaining sequences were identical. Both
MSF-B and MSF-C had identical start methionines at

nucleotides 746 and 733, respectively, from which a
protein of 422 residues with a molecular mass of 47.5
kDa was predicted. An in-frame stop codon was located
189 amino acids upstream of the proposed start ATG in
MSF-B and 208 amino acids upstream of the start ATG
in MSF-C. The initiating methionine for MSF-B and
MSF-C was found in-frame of both larger protein prod-
ucts from MSF-A and MSF. All predicted protein prod-
ucts contained the previously recognized conserved
GTPase domain (Figs. 1A and 2). In addition, a xylose
isomerase 1 domain was identified in all four variants
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FIG. 2. Alignment of variant MSF predicted proteins. Gray background indicates common sequence between MSF and MSF-A. Black
background indicates sequence common to all four variants. Gray triangles mark exon—exon boundaries. Black triangle marks exon—exon
boundary that is breakpoint of MSF in MLL-MSF fusion protein (Osaka et al., 1999). Numbering on left side indicates amino acids of each

variant.

(Figs. 1A and 2). This highly conserved domain ([{LI]-
E-P-K-P-x(2)-P) is hypothesized to be important for
catalysis and magnesium ligand binding in xylose
isomerase, an enzyme that catalyzes the interconver-
sion of specific sugars in microorganisms (Dauter et al.,
1989; Henrick et al., 1989). A search of the databases
using ScanProsite (http://www.expasy.ch/tools/scnpsit2.
html) identified the FYN-binding protein (FYB), also
known as the SLP-76 associated protein (SLAP-130),
as the only human protein to contain the xylose isomer-
ase 1 domain. FYB is expressed specifically in T cells
and myeloid cells and has been shown to be involved in
the FYN and SLP-76 signaling cascades (da Silva et al.,
1997; Musci et al., 1997). Given that MSF was origi-
nally identified as part of a fusion protein in a t-AML
patient, further work will be necessary to determine
the functional significance of these highly conserved
signaling domains. The prediction of three unique
translation products from the MSF variant transcripts
further supports the hypothesis that MSF plays mul-

tiple highly regulated roles in normal cellular metab-
olism.

Analysis of Variant MSF Transcript Expression

To investigate the adult and fetal expression pattern
of MSF-A, -B, and -C, a 1.7-kb EcoRI fragment was
hybridized against multitissue Northern blots (Fig.
1B). This fragment was completely contained within all
three transcripts and partially overlapped the missing
1642-bp 3’ sequence in MSF (Fig. 1A). Variable expres-
sion of 4.0- and 3.0-kb transcripts in almost all adult
and fetal tissues was detected (Fig. 1B). However, pre-
vious results by Osaka et al. (1999) using similar mul-
titissue adult Northern blots showed ubiquitous ex-
pression of the 4.0-kb transcript and expression of the
3.0-kb transcript only in spleen, thymus, and periph-
eral blood leukocytes. In contrast, our data showed
significant expression of the 3.0-kb transcript in fetal
brain in addition to the hematopoetic tissues previ-
ously observed as well as near equal expression of the
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FIG. 3. Determination of variant MSF genomic structure. (A) Exon-intron boundaries. Boxes and connecting solid lines indicate exons
and introns, respectively. The size of each exon is listed in Table 1. Exons are drawn to scale. Lengths of introns have not been determined
except between exons 9 and 10 (257 bp). Dashed lines between exons 12 and 12A show noncontiguous sequences in exon 12A that are
contiguous in exon 12 due to the absense of 1642 bp. (B) NotI genomic mapping. Notl sites are denoted by vertical lines. Sizes of Notl
fragments are indicated in kilobases. Gene locations of MSF variant-specific 5’ probes are found in Fig. 1A. Boxes below probes indicate
location of hybridization signal determined by overlapping NotI map. SHC probe defines the location of the original 339-bp septin-like
solution hybrid capture cDNA fragment. The 3’ probe is a 594-bp PCR fragment amplified near the polyadenylation site. Vertical gray dotted

lines aid in probe alignment with NotI fragments.

4.0- and 3.0-kb transcripts in other tissues including
brain, testis, and small intestine. In addition, we failed
to detect a previously observed transcript at 1.7 kb
(Osaka et al., 1999) in any tissues. It is unclear why our
results differ from those in the initial MSF report.
Given that we also used Clontech multitissue Northern
blots, these inconsistencies may be related to varia-
tions in the stringency of hybridizations and washes.
The probe for these previously published experiments
was a 614-bp PCR fragment upstream and nonoverlap-
ping with our 1.7-kb probe (Fig. 1A). However, our
additional hybridizations with similar PCR products
spanning this more 5' region gave results consistent
with those using the 1.7-kb EcoRI fragment (data not
shown).

To characterize specific expression of each of the
MSF transcripts, fragments representing the variable
5' sequences were generated by RT-PCR (Fig. 1A). As
the unique region of MSF-A spanned only 37 bp, no
PCR fragment could be generated that was exclusively
represented in MSF-A. A 245-bp amplified fragment
that represented 7 bp unique to MSF-A and the re-
maining sequence common to MSF-A and MSF-B 5’
RACE products hybridized solely to the 4.0-kb tran-
script in all fetal and adult tissues (Fig. 1B). A 217-bp
probe that was entirely unique to MSF-B identified a
4.0-kb transcript only in skeletal muscle (Fig. 1B). No
signal was obtained with a 307-bp probe unique to
MSF-C or a 315-bp probe unique to MSF. These results
suggest that alternative splicing is involved in the ex-

pression of these transcripts, probably at the 5’ end.
The 4.0- and 3.0-kb transcripts appear to be develop-
mentally regulated given that the ratio of expression of
the two transcripts changes from fetal brain to adult
brain and from fetal kidney to adult kidney (Fig. 1B).
As the isolated sequences of MSF-A and -B are close to
the estimated length of the 4.0-kb observed Northern
blot signal obtained with unique probes from these
variants, it appears that these sequences are mostly
complete. However, while MSF-B appears to be ex-
pressed in a tissue-specific manner, it is difficult to
interpret these data completely as hybridization with a
GAPDH probe (data not shown) and B-actin probe (Fig.
1B) suggested that the skeletal muscle mRNA sample
was overloaded on this blot. The complete identity of
the 3.0-kb transcript remains unclear as no sequences
have yet been identified that hybridize solely to this
transcript.

Determination of Genomic Structure and
Identification of Polymorphisms

Evidence for the location of exon—intron boundaries
was obtained by PCR amplification of 300- to 600-bp
subfragments of MSF variants in total genomic DNA
and epithelial cell line cDNA. Those intervals in which
the expected PCR product was obtained in cDNA but
was larger than expected or was unamplifiable in
genomic DNA were sequenced in the corresponding
BAC clone. Twelve total exons were identified ranging
in size from 39 to 2091 bp (Fig. 3A). Sequence spanning
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the exon—intron boundaries is listed in Table 1. All
intron junction sequences contained the highly con-
served splice donor GT and splice acceptor AG dinucle-
otides (Senapathy et al., 1990). Reflecting the 5’ se-
quence variability, exon 1 was unique for each variant.
Exons 1 and la spanned the proposed start sites for
MSF and MSF-A, respectively, while exons 1b and 1c
contained 5’ UTR sequences for MSF-B and MSF-C,
respectively. Exon 2 was alternately spliced and found
only in MSF-A as a coding exon and in MSF-B as a
noncoding exon. Exons 3-11 were common to all vari-
ants. Exon 3 spanned the proposed start codon for
MSF-B and MSF-C and therefore contained both un-
translated and translated sequences for these variants.
Exon 12 was unique to MSF as it lacked the 1642
nucleotides found in exon 12A of the remaining three
variants. Six sequence polymorphisms all located in
the 3’ untranslated region of exon 12A were identified
(Table 1). Only polymorphisms I and II were also
present in exon 12 of MSF as the remaining polymor-
phisms were located in the additional 1642 nucleotides
of MSF-A, -B, and -C (Fig. 1A). Furthermore, polymor-
phisms I, IV, and VI were within nucleotide-specific
restriction enzyme recognition sites.

From these genomic structure results, it was deter-
mined that the MSF breakpoint in the t-AML patient-
derived MLL-MSF fusion protein (Osaka et al., 1999)
occurred at the splice junction between exon 1 and exon
3 (Fig. 2). Thus the fusion protein retained all but the
first 7 residues of MSF in-frame including both the
xylose isomerase 1 and the GTPase domains. The ori-
gin of the MSF variant-specific 1642 nucleotides in the
3’ UTR is unclear. PCR products generated from one
primer positioned in the 5' region common to all four
sequences and from one primer positioned in the
1642-bp sequence were of equal size in human genomic
DNA and c¢DNA in all samples studied (data not
shown). Similarly, PCR products amplified from prim-
ers flanking the 1642 nucleotides were also of equal
length in genomic DNA and ¢DNA, indicating that
alternate splicing was not a contributing mechanism.
A search of the EST database using the 1642-bp se-
quence plus an additional 50 bp of common flanking
sequences identified numerous overlapping sequences
spanning the interval. A search using the last 600
nucleotides of MSF did not identify any ESTs that
spanned the breakpoint at nucleotide 2595 (Fig. 1A).
However, several ESTs that contained partial se-
quences on either side of nucleotide 2595 were identi-
fied, suggesting that this region may be unstable.

To determine the genomic distance spanned by MSF,
PCR-amplified subfragments of variants (Fig. 1A) were
used as probes against a Southern blot of NotI digested
genomic clones from the contig (Fig. 3B). Individual
probes representing the variable 5’ sequences each
gave unique Notl hybridization patterns, allowing for
precise mapping. The MSF-B 5’ fragment mapped only
to BAC 370n11 and furthest from the original 339-bp
solution hybrid capture cDNA fragment on BAC
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334m6. MSF-C mapped closest to the captured septin-
like cDNA fragment while MSF-A and MSF unique 5’
PCR generated fragments localized between MSF-B
and MSF-C. A 38’ PCR product amplified just proximal
to the polyadenylation site did not hybridize to any of
the previously isolated genomic clones in the contig
and was hypothesized to map in one of the two gaps
(Kalikin et al., 1999). These primers were used to
screen a total human BAC genomic library and yielded
clone 533i7, which was determined by STS-PCR to
overlap significantly with 334m6. MSF was therefore
estimated to span 266 kb within the breast/ovarian
candidate tumor suppressor gene region.

In summary, we describe three variant transcripts of
the newly recognized MSF and note variant-specific
tissue expression patterns. Analysis of the genomic
structures provides evidence for 5’ alternative splicing
in exon 1 that accounts for the majority of variation
between transcripts. Subsequent to the submission of
this paper, two additional AML patients were found
with MLL-MSF fusion proteins (Taki et al., 1999).
Breakpoints in both patients occur at the identical
sequence in MSF as initially described (Fig. 2; Osaka et
al., 1999). Thus, the identification of this gene as mul-
tiple fusion partners with MLL suggests that it may
have activating potential while its localization to a
discrete region of loss in breast and ovarian tumors
suggests that it may be a candidate tumor suppressor
gene. A review of the literature found that some dis-
ease genes such as RET are subject to both activating
and inactivating mutations that lead to distinct clinical
manifestations (Eng, 1999). Given the role GTPases
have been shown to play in cellular proliferation
(Bourne et al., 1991) and the proposed role of the septin
subfamily in cytokinesis (Kinoshita et al., 1997), MSF
merits further investigation as an attractive positional
candidate for the 17925 breast and ovarian tumor sup-
pressor gene (Kalikin et al., 1996, 1997).
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