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Abstract

Hyaluronan (FIA), a high molecurar weight glycosaminoglycaq is an essential

structural component of the extracellular matrix surrounding all vertebrate cells. The

degradation ofrrA by hyaluronidases is very important in biological processes involving

proliferatior¡ migration and differentiation of cells, including embryogenesis, wound

healing and metastasis. It was believed, until recentl¡ that only one neutrally-active and

one acid-active hyaluronidase existed, but at least five hyaluronidases have now been

identified: spAM r, IryAL r, IryAL 2, I{YAL 3, and IryAL 4, as wefl as an expressed

pseudogene, rrYALPl' The generation of deficient mice is a direct way to study the

functions of the individual enzymes and examine their relationships with rrA. rn the

preparation of mice with disrupted Hyall and Hyat3 alleles, the mouse Hyall and, HyaI3
genes were characterized and determined to consist offour exons. The expression ofthe
genes over a range of tissues was examined and found to be similar to its human

counterparts, but with an increased number of transcripts. Northern blot analysis and RT-

PCR confirmed that the larger transcripts resulted from the co-transcri ption of Hyall with
Hyal3, or Fus2, a gene downstream of Hyatl. The organi zationof the human and mouse

genes surrounding Hyall andHyal3 was examined using bioinformatic techniques. The

region was found to be complex and gene dense, with the Fus2 and, Hyar3genes

overlapping in both human and mice. The high abundance of the co-transcripts on the

Northern blots and the complicated arrangement of the genes had to be considered in the

generation of deficient mice. The Hyall and Hyal3 targeting vecrors, as well as the

screening methods, were carefully designed to ensure the mutation and selection strategies



will not affect the surrounding genes. To initiate the characterization ofthe fi.¡nctional

forms ofI{YAL 1, the processing of the protein was also analyzedusing metabolic

labelling studies.
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1.0 fntroduction



Hyaluronan (hyaluronic acid; HA), a unique glycosaminoglycan (GAG) located in the

extracellular matrix (ECM) surrounding all vertebrate cells, is a very important componenr

of the body' The synthesis and catabolism of HA are performed by IIA synthase and the

hyaluronidase enzymes, respectively, and changes in the rate of IIA turnover are

associated with many cellular processes. The study of the hyaluronidases ca4 in turn, give

valuable insight into their relationship with HA and their roles within the bodv.

1.1 Structure and distribution of HA

IIA is a GAG with several unique characteristics. Like other GAGs, it is an

unbranched single polysaccharide chain composed ofN-acetylhexosamine and hexose

sugars (Table 1). Specifically, HA is comprised of repeating disaccharide units ofN-

acetyl-D-glucosamine and D-glucuronic acid, linked by B(t-a) and B(l-3) glycosidic

bonds (Fig. 1) (1). However, unlike the other GAGs, HA polymers are massive in size

and can reach a molecular weight of 107 Da (Table T) (2) Further, FIA molecules are

distinct as they are not sulfated or attached to a protein core and assembled as

proteoglycans' The synthesis ofHA is also unique as it occurs at the cell membrane in

contrast to the rest of the GAGs, which are produced in the endoplasmic reticulum and

Golgi appararus (2).

HA is present in all vertebrates and found at its highest concentrations within loose

connective tissues, such as the skin, umbilical cord, and synovial fluid. Lesser amounts are

located within the lung, kidney, brain and muscle, and the lowest concentrations of HA are
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found within the blood serum of the body (2;3).

Table 1. Glycosaminoglycan components and size Q)

1.2 Functions of HA

The broad distribution and abundance ofIIA is, in itsel{, compelling evidence for its

importance. However, there are also many physical and biological properties of HA which

indicate its significance and contribute to its roles within the body. The majority of FIA is

present in the unbound form and generates the structural framework of the tissues, as it is

the dominant GAG in the ECM. Hydrogen bonds develop along the axis of the IIA

polymer, forming hydrophobic patches after folding while the side chains of the tIA

molecule generate a hydrophilic face. Due to the presence of the internal hydrophobic

Glycosaminoglycan Sugar constituents Approximate
molecular weight

(Da)

glucuronic acid & glucosamine

l0-50x103

iduronic acid & galactosamine l0-50x103

5-15x103

Heparan sulfate glucuronic and iduronic acid &
glucosamine

10-50x103

glucuronic and iduronic acid & 5-20x103



regions and interactions with the solvent, the HA molecules subsequently organize into

stifl random coils and extend throughout the ECM to form a structural network. IIA has

a high afünity for water due to its charged side groups and develops significant turgor

pressure, adding to the rigidity of the matrix. The presence ofHA is central to the

assembly of the ECM through its binding to macromolecules, termed hyaladherins, which

allows the aggregation and organization of the matrix. Hd for example, binds to

aggrecan which, in turq stabilizes the cartilage matrix (2). HA serves as a space filling

molecule within the ECM due to the large volume it occupies, and introduces steric

exclusion of large macromolecules, such as proteins. IIA also has visco-elastic properties

in its hydrated state and acts as a lubricant in locations such as the synovial joint (2).

Although most abundant in the ECM, HA has also been detected within the cell and is

hypothesized to originate from the breakdown of newly synthesized IIA. The intracellular

HA plays a role in the maintenance of cell shape and volume during mitosis (4), and has

novel roles that are dependent on the cell cycle (5).

The binding ofIIA to proteoglycans and receptors is also involved in many biological

processes. The interaction of IIA and hyaladherin proteins on the cell surface initiates a

signal cascade within the cell and influences cell behaviour. The binding ofIIA and

RTIAMM (receptor for hyaluronic acid-mediated motility) activates cell migration,

proliferation and transformation (6). HA-binding regions have also been identified on all

of the widely distributed CD44 isoforms; the IIA molecules are endocytosed after binding

to CD44 on the cell surface and induce signals within the cell Ø;7). The HA-CD44

interaction is hypothesized to be involved in developmental processes, such as in the



branching morphogenesis of ureteric bud cells of the kidney (g).

HA is believed to be essential in many different cellular processes and is often

associated with the regulation of cell differentiation. During embryonic development, the

concentration ofIIA surrounding migrating and proliferating cells increases, therefore,

creating a hydrated path for the cells and encouraging cell movement. The IIA

concentration within the ECM subsequently decreases, following differentiation of the

cells such as during morphogenesis, wound healing and regeneration (7). HA appears to

have a role in metastasis as well; it has been found to be directly involved in angiogenesis

(9), and the concentration of FIA increases within tumours, possibly facilitating tumour

cell migration and proliferation (10). An in vitro immunosuppressive effect of FIA has

also been demonstrated, potentially by inhibiting an attack on the tumour by immune cells

(10). Another function ofIIA involves the regulation of cytokines. There is evidence that

HA induces the release of IL-1p and TNF-ø from uterine fibroblasts, which in turn.

stimulates the production of additionalHA by the uterine cells and neighbouring

fibroblasts. An increase in the HA concentration promotes softening and swelling of the

uterine cervix, encouraging cervical ripening (1 t).

1.3 Synthesis of HA

Th¡ee mammalian FrA synthases, HASI, HAS2, and HAS3, encoded by the HASI, 2

and 3 genes on separate ch¡omosomes, respectively, have recently been identified as

internal cell membrane glycosyltransferases with multiple transmembrane domains (12-17).



Unlike the other GAGs, HA is synthesized at the cytoplasmic side of the plasma

membrane (18;19). Sugar units are added to the reducing end of the growing polymer and

the HA chain is extruded across the cell membrane into the ECM. Within mammalian cell

lines, any one of the synthases can produce Hd implying the three HAS proteins are

related' The enrymes do have distinct catalytic properties and developmental profiles,

suggesting they have individual roles within the body (15;20). The synthase with the least

activity, HASI, and the significantly more active HAS2, synthesize the high molecular

weight Hd while HAS3, the most active of the three enzymes, only generates short I{A

chains. It is believed that the vertebrate HAS genes originated by gene duplication,

followed by divergence.

overexpression of the lIøs genes generates transgenic mice with increased metastasis

and proliferation of transformed cells, supporting the role of FIA in tumorige nesis (21;22).

Has2 knock-out mice were generated by Camenis ch et al (23), but the deficiency was

lethal during embryonic development. The embryos were almost entirely deficient in HA

suggesting Has2 was responsible for essentially all of the HA synthesis during early

embryogenesis. Yolk sac and cardiac defects were noted with no formation of cardiac

jelly or cardiac cushions within the embryos (23). Mice deficient in Hasl and Has3 have

also been generated. They are viable and fertile, demonstrating that HA biosynthesis by

Has2 is central to embryonic development, whereas synthesis by Hasl or Has2 is not

required for normal developmental processes (23).

Studies have demonstrated that HA synthesis increases when cells are rapidly

proliferating in a culture dish and decreases when the cells reach confluency (24).



Connections between increased HA synthesis and mitosis (25-27), as well as cell motility

(28;29), have also been found

1.4 Catabolism of HA

The clearance of IIA from the body occurs through the catabolism of the

polysaccharide, not by the excretion of the molecule. The halÊlife of tIA varies

dramatically, ranging from a few minutes to a couple of weeks, depending on the

accessibility of the HA molecules (2). The majority of I{A is removed by the lymphatic

system and deposited within the bloodstream. The HA is subsequently removed from the

blood by receptor-mediated uptake and degraded in the lymph nodes or cleared from the

blood by the liver, kidney and spleen. Within the skin and joints, approximately one-third

of the breakdown of IIA occurs locally, within the tissues (2). Ithas been suggested that

the principal cell membrane receptor for IIA is CD44 which mediates HA endocytosis into

cells for subsequent breakdown (30). Another receptor, I{ARE, has been identified as

being responsible for the uptake of IIA in liver endothelial cells and lymph nodes (31), and

LYVE may be involved in HA uptake by lymph vessel endothelium (32).

Hyaluronidases are responsible for the degradation of HA within the cell and are

hypothesized to be lysosomal enzymes, as studies show HA breakdown is largely

lysosomal (33). I{A is catabolized to oligosaccharides by hyaluronidases, which are

endoglycosidases, and then cleaved to disaccharides and individual sugars within the

lysosome by exoglycosidases, B-glucuronidase and B-N-acetylhexosaminidase (33).



L.5 Hyaluronidases

Historically, it was believed that one hyaluronidase with a neutral pH optimum, as well

as a second hyaluronidase, active in an acidic environment, existed and catabolized all of

the HA within the body. A family of hyaluronidase enzymes have now been recognized.

1.5.1 Neutrally-active hyaluronidase

Only one mammalian hyaluronidase that is active at a neutral pH has been recogruzed;

it was originally identified as the sperrn antigen, PH-20. This testes hyaluronidase, PH-20,

located within the cell membrane of sperm cells and in the matrix of the acrosome (34),

was determined to be a64 KDa glycosylphosphatidyl-inositol-linked (GPIJinked) proteirq

with a neutral pH optimum. PH-20 is attached to the cell membrane by the GPI anchor,

but is cleaved into a 53 KDa soluble form, active in an acidic environment and consisting

of two fragments linked by disulfide bonds (35;36). Studies show that it degrades the

HA-rich matrix surrounding the egg, in order for fertilization to occur (37).

The gene encodingPH-20, SPAMI, was mapped to human chromosomeTq3l.l (38)

and mouse chromosome 6 (39). Both the human and mouse genes were found to consist

of four exons and three introns and the expression of both was limited to the testis

(38;3e).

1.5.2 Acid-active hyaluronidases



To date, two hyaluronidases, FIYAL I and I{YAL 2,havebeen identified as being

active in an acidic environment, with pH optima less than a.O @O;al. I{YAL I is a major

focus of the studies in this thesis and, therefore, a separate literature review ofI{yAL I is

presented in section 1.6. IIYAL 2 was determined to be a lysosomal enzyme that

hydrolysed IIA to 20K(Dapolysaccharide fragments, suggesting there are regions on IIA

molecules resistant to cleavage (al) In contrast, a recent article reported IfyAL 2 as

being a GPIJinked cell membrane protein with no hyaluronidase activity and showed that

it could act as a receptor for jaagsiehe sheep retrovirus, a virus causing lung cancer in

sheep @2). The human IIYAL 2 protein has over 35Yoidentity to the pH-20 protein at

the amino acid level. The HYAL2 gene has been mapped to human chromosome 3 (43)

and mouse chromosomeg (44), and both genes consist of four exons @a;al¡. Northern

blot analysis revealed a broad tissue profile for HYAL2, demonstrating that, with the

exception ofthe human brairq it is widely expressed @l;a6;a\.

1.5.3 Additional hyaluronidases

Three additional hyaluronidase en4¡mes have recently been discovered but have not

been fully charactenzed. One enzyme, IIYAL 3, was found to be expressed at low levels

in a limited number of tissues and was the only hyaluronidase expressed in the brain

@6;a7). The HYAL3 gene was localized downstr eam of HYAL2, on human ch¡omosome

3p2l (47), and consisted of four exons (46). Two additional hyaluronidase homologs,

HYAL4 and HYALPI, were identified downstream of SPAMI, on human chromosome

7q31.3 (47). Exptession of HYAL4 was only detected in placenta and skeletal muscle
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while HYALPI, a pseudogene, was found weakly expressed across a wide range of tissues.

Functional I{YALPI proteins are not produced due to multiple deletions in the sequence

that result in two premature termination codons (47).

Two paralogous sets of genes encoding the six distinct hyaluronidases are present

within the human genome and form two tightly linked clusters. The orders of the genes on

human chromosomes 3p21.3 and 7q3 | are HYAL2, HYALI andHYAL3, and SpAMI,

IIYAL4 and HYALhI, respectively @6;al. It is suggested that the genes originally

assembled into a cluster following two duplications and subsequently generated the second

set by a duplication of the entire block of genes (47).

1.6 Hyaluronidase 1

The only enzyme in serum with hyaluronidase activity was identified as human I{YAL

1, a 57 KDa acid-active enzyme (a0). The HYALI oDNA was determined to be 2507 bp

in length with a 1308 bp open reading frame, corresponding to a 435 amino acid protein

(a0); the mouse HyaII cDNAwas slightly longer than its human counterpart with a length

of 2125 bp and an open reading frame of 1386 bp, generating a protelrr, 462 amino acids in

length (a8). The human HYAL 1 protein was found to be over 40Yo identical to human

PH-20 at the amino acid level (40), as well as approximately 37%o identical to I{YAL 2

and IIYAL 3 (46). It has been hypothesized that IIYAL I is a lysosomal enzyme due to

its acidic pH optimum and findings from a patient deficient in serum hyaluronidase activity

(see 1.7.1). A cell membrane location forIIYAL I is also possible, as the IIYAL I
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protein was extracted and stabilized using detergents (40). A GPI anchor was not

released, thougtq after treatment with phospholipases (40), and no transmembrane

domains were identified within IIYAL l, suggesting the membrane localization may be

mediated by a GPI anchor that is resistant to cleavage or the protein may be attached to

another lipid molecule(aO).

Two forms ofIIYAL I have been identified. The predominant HYAL I protein is the

57 KDa form and a minor 45 KDa protein has been determined to be a proteolytically

processed form (40;49). The smaller species was found to contain two N-termini: one

was identical to the N-terminus of the 57 KDa form ofITyAL 1, and a second

corresponded to the sequence of the I{YAL I C-terminus, beginning at amino acid 414 of

the IfYAL I protein. It was deduced that the 45 KDa isoryme was generated by a

cleavage of the 57 KDaprotein which removed 100 internal amino acid.s and produced

two polypeptide chains, possibly linked by disulfide bonds (49).

HYALI was found to be expressed in several tissues, with the highest expression in the

liver, followed by a slightly lower expression in the kidney and heart. Two major H7ALI

transcripts of sizes 2.4Kb and2.7 Kb, as well as two minor bands, were detected by

Northern blot analysis (a6). An alternatively spliced form of HYALI, containing a retained

first intron, probably accounts for the 2.7 Kb transcript (46).

1.7 Hyaluronidase and cancer

The results in the literature suggesting a correlation between hyaluronidase and cancer
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have been contradictory and the relationship is still undefïned. Some evidence supports

the idea that hyaluronidase acts as a spreading factor and facilitates the expansion of

cancer' whereas the enzymes have also been shown to resemble tumour suppressor

proteins, inhibiting cancer progression.

A search for a candidate tumour suppressor gene, frequently deleted in small cell lung

carcinomas, identified a 700 Kb region containing 25 genes, including LuCaI, LuCa2 and

LuCa3, now known as HYALI, 2 and 3, respectively, on human chromosom e3p2l.3 (43).

After the region was extensively studied, a number of genes were excluded as candidates,

but HYALI, as well as at least five other genes, remained as candidate tumour suppressor

genes for small cell lung cancers (50). Hemizygous deletions in this same region on

human chromosom e 3p21.3 are also found in head and neck squamous cell carcinomas,

suggesting the genes, including HYALI, may be candidate tumour suppressor genes for

these cancers as well. It was found that sufficient levels of IIyAL I could be produced

with only one copy of the gene, and possibly, hypermethylation of HYALI could inactivate

the remaining copy (51). Expression of HYALI could also be prevented by aberrant

splicing, leading to the retention of the first intron. The presence of nine start codons, as

well as a number of in-frame stop codons, within the first intron of HYALI could play a

role in the silencing of the gene (46;51).

A relationship between hyaluronidase and HA in cancer progression has been

documented in the literature. Increased IIA concentrations have been detected in colon,

breast and lung cancers (52), as well as in prostrate and bladder tumour tissue (53;5a). A

variety of HA species are found in the urine of bladder cancer patients, ranging from high
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molecular mass to small angiogenic fragments, depending on the grade of the cancer (53).

r{YAL I levels are also elevated in both prostrate and bladder cancers, and the amount of

enzyme secreted from the tumour cells depends on their stage and invasiveness. The

levels of both hyaluronidase and HA in these cancers suggest they are escalated in order to

generate small rIA fragments to stimulate angiogenesis (53;5a).

More studies on the relationship between the hyaluronidases and cancer are required

before conclusive statements can be made. The contrasting roles of both hyaluronidase

and HA within an individual cancer imply they may be required at different stages of

tumour progression (54).

1.8 Lysosomal enryme targeting and deficiencies

1.8.1 Classical lysosomal enzyme targeting

The hyaluronidases that are active in an acidic environment are believed to be

lysosomal enzymes. Lysosomal proteins are initially translated on the ribosomes of the

rough endoplasmic reticulum. A signal sequence on the N-terminus of the growing

polypeptide chain directs the translocation of the protein into the lumen of the

endoplasmic reticulum. The signal peptide is removed and selected Asn residues in the

protein are co-translationally glycosylated. The proteins are then transported to the Golgi

apparatus where the sugar chains are further processed and a phosphate group is

transferred to some of the mannose residues. Mannose-6-Phosphate (M6p) receptors

recognize and bind the phosphorylated mannose residues on the lysosomal proteins,
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leading to the formation of clathrin-coated pits. The coated vesicles bud out of the Gotgi

and ñ¡se with endolysosomes. Dissociation of the M6P receptors and the lysosomal

enzymes occurs' induced by the low pH of the endolysosomes, and the receptors are

recycled back to the Golgi. To activate the enzymes and inhibit them from returning to

the Golgi, the lysosomal proteins are proteolytically processed and dephosphorylated. The

enzymes are subsequently delivered to the lysosomes via late endosomes. Some lysosomal

enzymes are secreted and eventually transferred to the lysosomes, following binding to

M6P receptors on the cell membrane.

1.8.2 Lysosomal enzyme deficiences

Lysosomal storage disorders are caused by genetic defects that affect one or more

Iysosomal en4/mes, leading to the accumulation of its substrate(s) within lysosomes. Over

time, the buildup causes the lysosome to swell and impairs its normal function. Clinical

findings of lysosomal storage disorders may include a characteristic facial appearance,

coarse hair, short stature, respiratory and cardiac problems, as well as neurological

impairment and regression. The mucopolysaccharidoses, a subset of the lysosomal storage

disorders, are caused by a deficiency in the lysosomal enzymes that degrade GAGs

(mucopolysaccharides).

There are more than thirty different lysosomal storage disorders and the molecular

bases of the majority of them are known (55). one of these diseases was important in

defining the mechanism of lysosomal ervymetransport. Inclusion cell (I-cell) disease is a

very severe disorder caused by a defect in the enzyme that phosphorylates the mannose
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residues on the lysosomal enzymes (56). Since the lysosomal enzymes will not be

recognized by the M6P receptors, they will not be targeted to the lysosomes but instead

are carried to the cell surface and secreted. This results in a significant increase in the

concentration of lysosomal enzyme activity in the plasma, as well as in the urine. The

lysosomes in some cell types of the l-cell patient, such as hepatocytes, are not deficient in

lysosomal enzymes, suggesting the presence of an alternate route of targeting (56).

Similarily, a few lysosomal en4lmes, such as ø-glucosidase (57) and glucocerebrosidase

(58), use a different targeting route to the lysosome which may be similar to the route of

targeting foTIIYAL I (see 1.8.3).

1.8.3 Deficiency of hyaluronidase 1

Prior to the identification of multiple acid-active hyaluronidases, it was believed that

there was only one mammalian hyaluronidase which acted in an environment of low pH.

It was assumed that one hyaluronidase degraded all the HA within the body and,

therefore, an absence of this enzryme would be lethal. However, a patient, identified as

having a deficiency in serum hyaluronidase activity, had only a mild clinical phenotype and

suggested the presence of multiple hyaluronidase enzymes. Clinicalfindings included mild

short stature, acetabular erosions and periarticular soft tissue masses, but no neurological

or visceral involvement. Considerable amounts of HA were found within the lysosomes of

macrophages and fibroblasts, and the serum FIA concentration was elevated 3g - 90 fold

over norrnal. The disease was determined to be a lysosomal storage disorder due to the

characteristic storage of GAGs within the lysosomes, the increased concentration of FIA in
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the serum, and the absence of plasma hyaluronidase activity (59). The disease was termed

Mucopolysaccharidosis IX and the cause was identified as a deficiency of FIyAL | (46).

The mutations in HYALI were determined to be a37 bp deletion and a 14 bp insertion

(l361del37ins14) on one allele, and a G to A mutation, resulting in a Glu to Lys

substitution at position 268, onthe other allele. The first mutation, inherited from the

patient's motheq would generate a truncated non-functional protein, due to the presence

of a premature termination codon. The second mutation, inherited from the father,

replaces a conserved residue within the enzymatic domain, presumably destroying the

activity of the expressed protein (46) As I{YAL 2 is broadly expressed within the tissues

and FIYAL 3 is the only hyaluronidase detected in the brain, the mild phenotype of the

patient may be explained by the presence of the additional hyaluronidases and their abilitv

to compensate for the absence ofIfYAL 1.

The clinical and biochemical findings of the patient with FIYAL I deficiency provide

evidence that IIYAL 1 is a lysosomal enzyme. The evidence of both lysosomal and

membrane localizations for IIYAL I suggest the protein is transported to the lysosome by

a non-conventional route, as has been shown for other lysosomal enzymes (57;58;60).

Further evidence for the targeting of FIYAL I to the lysosome by an alternate route is

provided by the finding that plasma hyaluronidase activity is not elevated in the serum of I-

cell disease patients (61). The two forms of FIYAL I may be comparable to human

chitotriosidase, in which a larger active protein is predominantly secreted, like the 57 KDa

form of HYAL l, and a smaller proteolytically processed isozyme is targeted in the

lysosome (60).
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1.9 Generation of deficient mice

The generation of mouse models is one of the most direct ways to study human disease

and define the functions of genes expressed within the body. Charactenzation of normal

and deficient (i.e. knock-out) mice can give valuable insight into the roles of the mutated

genes. Even if the model mice are phenotypically normal, or the mutation is lethal,

information can still be obtained and cell lines can be generated for fi:rther investigation.

Gene targeting, a form of homologous recombination, is the first step in the generation

of deficient mice and is used to introduce mutations into a gene of interest. A fragment of

DNA (target vector), containing a mutated allele, is transformed into a mammalian

embryonic stem @S) cell where it recombines with the endogenous genomic DN,\

replacing the homologous sequence and generating a recombinant allele. The target

vector, which essentially replaces the gene of interest, is comprised of a plasmid backbone

and at least 7 Kb of homologous sequence, the minimum region recommended for

successful targeting. The target construct must be carefully designed to ensure it will

produce a null allele. A positive selection cassette, often the neomycin resistance gene, is

usually inserted into an upstream exon where it will typically result in an artificially large

exon that will be spliced out of the mRNA5 generating a significant deletion and/or

frameshifts in the protein. If translation occurs through the positive cassette, premature

termination of the protein will result. Positive and negative selection cassettes, as well as

a restriction site outside of the homologous sequence to allow the construct to be

linearized, are also included in the tar}et construct. The positive selection marker, usually
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the neomycin phosphotransferase gene, facilitates the isolation of clones with inserted

DNA and intem¡pts the gene of interest. A negative selection marker, such as the herpes

simplex virus (rrSV) thymidine kinase gene, aids in the identification of correctly targeted

events. The promoter and polyadenylation elements from, for example, the

phosphoglycerate kinase (PGK) gene, are present within the cassette as they are position

independent and expressed in a wide range of genomic locations.

Pluripotent ES cell lines, originally derived from the inner cell mass cells of mouse

blastocysts, are used in the generation of mouse models. ES cells, if plated onto feeder

fibroblasts, can maintain their ability to form all tissues even after multiple passages and

genetic manipulations. The ünearized target vector is introduced into ES cells by

electroporation and plated onto feeder fibroblasts, containing antibiotics, such as G4lg

(geneticin) and gangcyclovir, to select for correctly targeted events. The homologous

regions of the target construct recombine with the chromosomal DNA in the ES cells,

excising the negative selection cassette and the plasmid portion of the vector. The

frequency of correct targeting is low due to the occurrence of competing insertion evenrs,

where the construct incorporates randomly into the genome. The target vector can also

concatemenze or circularize before inserting into the correct region, integrating the entire

construct including the vector sequence. Both targeted and random events will survive

positive selection since they contain the neomycin cassette. The incorrectly targeted

events will be selected against due to the presence and expression of the negative cassette

as HSV-thymidine kinase, but not endogenously expressed thymidine kinase, degrades

gangcyclovir into toxic byproducts. Only the clones that have been correctly targeted and
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do not contain vector sequence should survive.

Southern blot and PCR screening strategies are also designed to isolate colonies which

have incorporated the desired genetic change. Restriction enzymes with sites outside the

homologous regions of the target construct, as well as in the positive selection cassette,

are used to digest the genomic DNA from the surviving clones after positiv e/negative

selection. Southern blot analysis is performed using probes external to the homologous

sequence and within the positive selection marker to differentiate between the disrupted

and normal genes. If the restriction enzyme cuts outside the vector and not within the

positive cassette, the probes will identify a correctly targeted fragment that has increased

in length by the size of the positive marker. The probes will detect two smaller restriction

fragments if an en4rme is used that has a site within the positive selection cassette as well.

PCR analysis can be performed on genomic DNAusing one primer that anneals in the

positive selection marker and a second primer just beyond the homologous sequence in the

vector. Amplification only results when a targeting event has occurred; the size of the

PCR product will differentiate precise and imprecise targeting.

Targeted ES cells are introduced into developing embyros, previously removed from

pregnant mice, by the adherence of the ES cells to an 8 cell stage embryo. The embryos

are cultured into blastocysts and the resulting chimeras are transferred into the uterus of

pseudopregnant mice which have been mated with sterile males to induce the hormonal

profile of a pregnant female. The resulting chimeras are bred to obtain offspring that carry

the targeted gene and have had germline transmission. Once heterozygous (-/+) mutant

mice are identified, they are mated to produce (-/) and (+/Ð homozygous mice.
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Genotyping is performed by PCR and knock-out mice are confirmed at the DNA RNA

and protein levels. The normal and deficient mice are examined for differences in

phenotype, as well as, for example, pathological and histological abnormalities, to fully

charactenze the mice models and gain a better understanding of the functions of the gene

of interest.

f.10 Objectives and rationale of the study

The û'lnction and properties ofthe hyaluronidase enzymes are largely unknown and it

is necessary to characterize them for a better understanding of their roles in normal and

pathological processes. Studies have demonstrated a lysosomal localization for rryAl 2

and it is hypothesizedthatlrYAl- 1, and possibly IIYAL 3, are lysosomal enzymes as

well' The mild phenotype of a patient deficient in rrYAL r supported the existence of
multiple hyaluronidases that are responsible for the degradation of IIA in mammalian

tissues and able to compensate for one another due to their differing substrate

specificities (al) and expression profile s (6;47). As only a single patient with rryAl I

deficiency has been identified to date, the most direct way to fi.rlly understand where the

en4¡mes function and their distinct roles within the body is to generate mouse models of
hyaluronidase deficiency. As Hyat2 is broadly expressed over a range oftissues, it was

assumed that a mouse deficient in Hyal 2 would not be viable, therefore, we decided to

design target constructs for the production of mice with Hyal I and Hyal 3 deficiencies.

Intensive charactenzation of the Hyall and Hyat3 genes, their surrounding regions, and
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expression profiles \¡/ere required prior to the onset of gene targeting. The target

construct had to be carefully designed and the mutation strategy thoroughly examined to

ensure mice with complete deficiencies are likely to be produced. The first specific aim

of these studies was to compare the mouse Hyall and Hyal3 genes, as well as their

expression profiles, to the human genes to ensure that knock-out mice would be

appropriate models of human disease and be suitable to study the enzymes. A second

specific aim was to localize the Hyall and HyaI3 genes and isolate their corresponding

regions of genomic DNA. Thirdly, it was necessary to characterize Hyall and Hyal3, as

well as the regions around the genes, in order to design the target construct. Finally, as a

first step towards charactenzing the functional forms of FIYAL l, metabolic labelling

studies were initiated using a IfYAL I over-expressing cell line.

The characterization of Hyal I and Hyal 3 can contribute to a better understanding of

the relationship between the hyaluronidases and their substrate, HA. The examination of

normal and deficient mice can give insight into how one's presence and levels can affect

the other, as well as their roles in associated diseases and conditions.
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2,0 Materials and Methods
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2.1 Plasmid vectors and constructs

2.1.1 pBluesuipt - (pBS-)

pBS- (Stratagene) was used to subclone the genomic DNA fragments containing the

HyalI and Hyal3 genes, to generate pHLS I and pHL3, respectively. pBS- was 2959 bp

in length and contained the ampicillin resistance gene and the IacZ gene, for blue/white

screening.

2.r.2 pCR2.l

The pCR 2.1 vector was provided with the Original TA Cloning kit (Invitrogen) and

was used to clone PCR amplification products for further manipulations, such as

sequencing and subcloning. The 3.9 Kb vector contained both the ampicillin and

kanamycin resistance genes, as well as the IacZ genefor blue/white screening.

2.1.3 pPAC4-452D10 (Pl artificial chromosome (pAC) ctone)

The PAC clone, 452D10, was isolated from a Rpcl-2l mouse pAC library @2) and

supplied by the MRC Genome Resource Facility in Toronto, oN. The pAC clone

consisted of a 19.5 Kb pPAC4 vector backbone and 145 Kb of mouse genomic ClZglSv

DNA that was identified to contain the Hyall, Hyar2 and, Hyal3 genes.

2.1.4 pHLSI

pHLSI was constructed by Brandy Wicklow and consisted of an 8.0 Kb ^lall

fragment from the PAC clone, 452D10, subcloned into the .|all site of the pBS- vector.
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The insert contained the mouse Hyall gene and its surrounding region.

2.1.5 pHL3

pI[3 was constructed by Tim Salo and consisted of a 5.75 Kb SaMPmelfragment

from the PAC clone, 452DLO, subcloned into the SaNSmaIsite of the pBS- vector. The

insert contained the mouse Hyat3 gene (except for exon 1) and2.5 Kb of DNA beyond

the 3'end ofthe gene.

2.1.6 pSP6a Poly(A)

pSP64 Poly(A) (Promega) was used to clone the Hyall and Fus2 co-transcript which

was in vitro transcribed/translated with the TNT Coupled Reticulocyte Lysate System

@romega). The 3 Kb vector contained a stretch of 30 dA:dT residues at the 3'end of

the multiple cloning site and an SP6 promoter, to generate poly(A)+ transcripts in vitro.

The vector was 3030 bp in length and contained an ampicillin resistance gene.

2.1.7 pSP64 (HyalllFus2)

pSP64 (HyallÆus2) consisted of a HyalI and Fus2 co-transcript cloned into the

HindIIASmaI site of pSP64 Poly(A) (see 3.7.I for construction). The 6.5 kb construct

was in vitro transcribed/translated with the TNT Coupled Reticulocyte Lysate System

@romega).

2.1.8 pGT-N28
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pGT-N28 CÀIEB) was the source of the neomycin resistance gene used in the design

of the Hyall and HyaI3 target constructs for the generation of knock-out mice. It was

4.6 Kb in length and contained an ampicillin resistance gene, as well as a neomycin

resistance cassette (1529 bp), consisting of the neomycin gene with a PGK promoter and

polyadenylation signal.

2.1.e pGEMT(TK)

The pGEMT(TK) vector was a gift from Dr. Michael Rudnicki (University of Ottawa,

ON) and was used as the source of the thymidine kinase gene in the design of the gene

targeting constructs for HyalI and Hyal3, in preparation for the generation of knock-out

mice. The 5 Kb vector contained the thymidine kinase gene, flanked by the pGK

promoter and polyadenylation signal, and the ampicillin resistance gene.

2.1.10 pIRESIHYALI-His6

The FIYAL 1 overexpressing plasmid, pIRESÆIYAL1-His6, \¡/as constructed by Tim

Salo and encoded the IIYAL I protein with a six histidine tag on its C-terminus. A

sequence encoding a His-tag was added on to the 3' end of human HYALI by pCR

amplification of the EST clone, AA223264, using WPG 163 and WPG 253. The 724bp

PCR product was restriction enzyme digested with BspEI, fìlled in with Klenow (see

2.16.1), and subsequently digested with BglII to produce a 469 bp blunt/BgIIIDNA

fragment. The modifi ed 469 bp PCR product was subcloned back into the EST clone,

AA223264, which had been digested with XhoI, treated with Klenow, and digested with
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Bglrr, to to generate ptrYAL l-His6. Sequencing of the clone was performed to

confirm the integrity of the PCR amplified region. A 1.5 Kb IIYAL l-expressing

fragment, produced by the digestion of pFrYALl-His6 withApor and BamTil,, was

subcloned into pIRES-Neo digested with EcoRI and BamLil' to generate

pIRES/FIYALl-His6.

2.2 Preparation of bacterial media and agar

LB broth and agar were prepared using Miller's LB Broth Base and LB Agar

(Gibco), following the manufacturer's instructions. Once the LB agar had cooled to

approximately 500C, it was supplemented with ampicillin or kanamycin (50 ¡rglml) and

poured into petri dishes.

To prepare SOC medium, 4 g bacto-tryptone, 0.5 g bacto-yeast extract, 0.1 g NaCl

and 0.038 g KCI were dissolved in approximately 195 rnl ddHr0. After adjusting the pH

to 7.0, the solution was made up to a final volume of 200 ml with ddHrO and autoclaved.

After the solution had cooled below 6ooc,2 ml I M Mgcl, and 2 ml 2 M glucose (both

filter sterilized) were added and the SOC medium was aliquoted and stored at -200C.

2.3 Plasmid DNA preparations

Solutions:

GTE: 50 mM glucose, 25 mM Tris-Cl pH 8.0, 10 mM ethylenediaminetetraacetic acid
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CEDTA), 100 ¡rg/ml RNase A

Resuspension buffer: 15 mM Tris-Cl pH 8.0, l0 mMEDTAs 100 ¡rglml RNase A

Pl solution: 50 mM Tris-Cl pH 8.0, l0 mMEDTA 100 ¡rglml RNase A

P2 solution: 0.2 M NaOH, l0lo sodium dodecyl sulfate (SDS)

Precipitation solution: 5 M KOAc pH 4.8

P3 solution: 3 MKOAo pH 5.5

Buffer QBT: 750 mMNaCl, 50 mM 3-(4-morpholino) propane sulfonic acid (MopS)

pH 7.0, 15% isopropanol

Buffer QC: 1 MNaCl, 50 mMMOPS pH 7.0, l5oá isopropanol

Buffer QF: 1.25 MNaCl,50 mMTris-Cl pH 8.5, 15% isopropanol

2.3.1 Small scale plasmid isolation

Small scale plasmid isolations were performed using the alkaline lysis method (63).

Two ml of sterile LB medium, supplemented with the appropriate antibiotic (50 pglnú

ampicillin or kanamycin), were inoculated with a single bacterial colony and incubated

overnight, with shaking, at370C. One and a half ml of the bacterial cells were pelleted

and the supernatant was discarded. The cells were resuspended in 100 pl GTE and lysed

with 200 plP2 solution, followed by an incubation on ice for 5 minutes. To precipitate

protein and genomic DNd 150 ¡rl Precipitation solution was added and thoroughly

mixed. The lysate was incubated on ice for 5 minutes. The cell debris was pelleted by

centrifugation at 40C for l0 minutes and the supernatant, containing the plasmid DNA5

was transferred to a clean microcentrifuge tube. The plasmid DNA was precipitated
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with 0.8 ml cold 95Yo ethanol and incubated at -TOoCfor 15 minutes. The DNA was

collected by centrifi.rgation at 4oCfor l5 minutes and washed with 0.5 ml coldTOyo

ethanol. The plasmid DNA pellet was dried and resuspended in 25 ¡rl sterile ddHrO.

2.3.2 Small scale isolation of pAC DNA

Preparation of PAC DNA was performed following a modified alkaline lysis method.

The PAC clones were maintained in DHl0B as glycerol stocks and streaked out on LB

agar supplemented with 25 pglrnl kanamycin. A single bacterial colony for each pAC

clone was inoculated into 2 ml LB medium containing 25 Vghtnkanamycin and grown

overnight at 370C. The bacteria cells were pelleted by centrifugation and resuspended in

0.3 ml Resuspension buffer. To lyse the cells, 0.3 ml P2 solution was added, gently

mixed and incubated at room temperature for 5 minutes. To precipitate the protein and

genomic DN.\ 0.3 ml P3 solution was added, mixed thoroughly and placed on ice for at

Ieast 5 minutes. The supernatant was cleared by centrifugation for l0 min at 40C and

immediately transferred to a new microcentrifuge tube containing 0.g ml cold

isopropanol. The tube containing the precipitated PAC DNA was incubated on ice for at

least 5 minutes and then subjected to centrifugation at 40C for l5 minutes. The

supernatant was removed and the pellet was washed with 0.5 ml cold 70yo ethanol. The

PAC DNA was dried and resuspended in a0 pl ddHro using a wide bore pipet tip.

2.3.3 Large scale preparation of plasmid DNA

A starter culture of 2 ml LB medium, supplemented with the appropriate antibiotic
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(50 pglrnl ampicillin or kanamycin), was inoculated with a single bacterial colony and

incubated for approximately 8 hours at370C, with shaking. To subculture, 200 ¡rl of the

starter culture was added to 100 rnl LB medium containing antibiotic, and grown

overnight at37oC, with shaking. The bacterial cells were collected by centrifugation at

5000 x g for l5 minutes at 4oC and resuspended in 10 ml Pl solution. For lysis, 10 ml

P2 solution was added, mixed gently, and left at room temperature for 5 minutes.

Precipitation of proteins, genomic DNA and cell debris was performed by the addition of

l0 Í¡l chilled P3 buffer and incubation on ice for 20 minutes. The sample was subjected

to centrifugation at 10000 x g for 30 minutes at 40C and the supernatant was transferred

to a new centrifuge tube; the supernatant was again cleared by centrifugation at 10000 x

g for 15 minutes at 40C. A QIAGEN-tip 500 column was equilibrated with l0 rnl Buffer

QBT and the supernatant was added to the QIAGEN-tip. The column was washed twice

with 30 ml Buffer QC and the plasmid DNA was eluted offthe column with 15 ml Buffer

QF. The DNA was precipitated with 10.5 ml isopropanol and pelleted by centrifugation

at 10000 x g for 30 minutes at 40C. The DNA pellet was washed with 5 trll70yo ethanol

and subjected to centrifugation at 10000 x g for l0 minutes at 4oC. After removal of the

70Yo ethanol, the plasmid DNA pellet was dried and resuspended in 0.5 rnl ddHrO.

2.3.4 Large scale PAC DNA preparation

Large scale preparation of PAC DNA was performed as described in 2.3.3 for

plasmid DNA but with some modifications. Of a starter culture of 2 ml LB medium

supplemented with kanamycin (25 ¡tglnl} I ml was used as subculture in 500 rnl LB
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medium containing kanamycin (25 ¡rglml). The bacterial cells were resuspended in 20 mt

Pl buffer and lysed with 20 ml P2 buffer. Proteir¡ cell debris and chromosomal DNA

were precipitated with 20 ml P3 buffer and subjected to centrifugation as in 2.3.3. After

filtering the supernatant through a folded filter that had been prewet with ddHrO, PAC

DNA was precipitated with 36 ml isopropanol, washed with 5 m|70% ethanol and

pelleted by centrifugation as described in 2.3.3. The DNA was resuspended in 9.5 ml

Buffer EX (Qiagen). Genomic DNA in the sample was digested with 0.2 ml ATP-

dependent exonuclease and 0.3 rnl ATP solution, at37oC for I hour. After equilibrating

a QIAGEN-tip 500 with 10 rnl Buffer QBT, 10 ml Buffer QS (Qiagen) was added to the

DNA sample and the entire sample was applied to the column. The column was washed

and eluted with Buffer QF, prewarmed to 650C, as describedin2.3.3. The PAC DNA

was precipitated, washed and dried as in 2.3.3 and resuspended in 0.3 rnl ddHro.

2.4 Determination of nucleic acids and protein concentrations

2.4.1 Nucleic acids

DNA and RNA absorbances were determined using spectrophotometry at a

wavelength of 260 nm and their concentrations were calculated using the following

formulae:

[DNA] FglÍrl: (Azeo) (50 pglml) (dilution factor)

IRNAI pgrrú: (Azd (a0 pglml) (dilution factor)
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2.4.2 Protein

Protein concentrations were determined using the BioRad protein assay kit @ioRad),

following the method of Bradford (64). Bovine y-globulin, provided with the kit, was

prepared as 5 ¡rglml, 10 ¡rglml, and 15 pgml dilutions in 800 pl; aliquots (3 ¡rl and 5 ¡rl)

of the protein samples were diluted in 800 ¡rl as well. Aliquots, 200 ¡rl, of dye reagent

were added to the dilutions and incubated at room temperature for a minimum of 2 min.

After setting the absorbance to zero with a ddHrO blank, the bovine y-globulin dilutions

were used to generate a standard curve at 595 nm. The absorbances of the diluted

experimental protein samples were measured and their concentrations were calculated

based on the standard curve.

2.5 Separation of DNA by electrophoresis

Solutions:

1 x TAE: 40 mM Tris-acetate, I mMEDTA

6 x Loading dye: 0.25% bromophenol blue, 0.25% rylene cyanol, 30Yo glycerol

1 Kb ladder: 20 ¡rl I Kb ladder (Gibco), 33 ¡rl 6 x loading dye, 147 ¡rl ddlt0

I x TBE: 90 mM Tris-borate,2 mM EDTA

60/o polyacrylamide gel: 2 mI30% bis-acrylamide (29:1 ratio of

acrylamide:bisacrylamide),2 ml 5 x TBE, 5.9 ml ddH20, 70 ¡rl ammonium persulfate

(APS), 5 pITEMED

0.5 x modified TBE (mTBE): 65 mM Tns,22.4 mM Boric Acid, 1.25 mM NaTEDTA
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2.5.1 Agarose gel electrophoresis of DNA

Agarose gels were prepared by dissolving electrophoresis grade agarose in I x TAE,

using a microwave oven. The concentrations of the agarose gels varied from 0.8% -

2.0Yo wlv and depended on the size of the DNA fragments to be resolved; higher

concentrations of agarose allowed separation of smaller DNA pieces. Once the melted

agarose had cooled to approximately 500C, ethidium bromide (EtBr) (0.5 ¡rglrnl) was

added and the gel was poured into a casting tray containing combs with the appropriately

sized wells, and allowed to solidify.

6 x Loading dye was added to the DNA samples to a frnal concentration of I x and

the entire mixture was loaded into a well. For sizing of the DNA fragments, 5 ¡rl of 0.1

ttglþl I Kb ladder (Gibco) was concunently separated in a neighbouring lane.

Electrophoresis was performed in a horizontal electrophoresis chamber using I x TAE at

I l0 V; an ultraviolet (UV) transilluminator was used to visualize the DNA fragments for

photography.

2.5.2 DNA-PAGE (DNA-polyacrylamide gel electrophoresis)

Small fragments of DNA \¡/ere separated by DNA-PAGE in a vertical MiniProtean

@ioRad) apparatus, using I rnm spacers and combs. A,60/o polyacrylamide gel was

poured and allowed to polymerize for at least 30 mins. Approximat ely 20 ¡rl of each of

the DNA samples (in I x Loading dye) and 10 ¡rl of a 100 bp DNA sizing ladder (0.08

ltglVl, NEB) were loaded into each lane of the gel and separated by electrophoresis at

a-
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110 V in I x TBE, until the bromophenol blue dye front had run offthe bottom of the

gel. The gel was stained in 0.5 Fglml EtBr, visualized with a UV transilluminator and

photographed.

2.5.3 Pulsed field gel electrophoresis (PFGE)

Restriction enzyme digests ofPAC DNA \¡/ere separated by pulsed field gel

electrophoresis using the CIIEF-DR II system (BioRad). The cooling unit and pump

were turned on 2 L of 0.5 x mTBE was added to the gel box and precooled for t hour.

The pump was switched offbefore loading samples into a l.5yo agarose gel (1.5 g

Pulsed Field Certified Agarose @ioRad) dissolved in 0.5 x mTBE) and turned back on

after the samples had run into the gel. The samples v/ere separated by electrophoresis at

200 V for 19 hours (switch interval conditions: initial time, 3 s; final time, 8 s). To

visualize the PAC DN.\ the agarose gel was stained in ddIIrO containing EtBr (0.5

pglntl) for 15 minutes, destained in ddHrO for 25 minutes and visualized using a UV

transilluminator.

2.6 DNA isolation from agarose gels

A GENECLEAN kit (BIo lOt Inc.) was used to isolate DNA thar had been

separated by electrophoresis in a TAE agarose gel. The DNA band of interest was

excised under long wavelength UV light and the volume of the gel slice was determined

by its weight (0.1 g = 0.1 nrl). Three volumes of a sodium iodide solution were added to
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the gel slice and the agarose gel was melted at 550C for approximately 5 min. To bind

the DNA to a silica matrix, 5 ¡rl GLASSMILK was added to the agarose/sodium iodide

mixture and incubated at room temperature for 5 min, with frequent mixing. The

GLASSMILK with the bound DNA was collected by centrifugation for 5 s; the pellet

was washed three times with I ml each ofNEW WASH. After the final wash, residual

NEW WASH was removed from the pellet. To elute the DNA from the GLASSMILK,

the pellet was resuspended in 3-5 ¡rl ddHro and incubated at 550c for 5 min. The

GLASSMILK was collected by centrifugation for 30 s and the eluted DNA was removed

and transferred to a new microcentrifuge tube. The elution step was repeated and the

eluants were pooled. An aliquot of the eluted DNA was examined by electrophoresis to

determine its concentration.

2.7 Restriction enzyme digestion of DNA

single enzyme digests were performed by adding DNA (generally 0.5 ¡rg) to a

reaction containing I x restriction enzyme buffer, I ¡rl restriction enzryme (10 - 20 LI) and

ddHro up to a final volume of 12 ¡rl. Double digests contained DNA I x restriction

enzyme buffer, I ¡rl restriction enzryme À I ¡rl restriction enzryme B, and ddHro up to a

final volum e of 25 ¡rl. The reactions were incubated for 2 h at temperatures specific for

the restriction enrymes (Table 2).
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Table 2. Restriction enzymes and reaction conditions

RESTRICTION
ENZYME

CLEAVAGE
SITE

RESTRICTION
BUFFER

INCUBATION
TEMPERATURE

AÍTT C/TTAAG NEB 2 370C

BamHI G/GATCC BamHI 370C

BsilI A/GATCT NEB 3 370C

BsaHI GPu/CGPyC NEB 4 370C

BsrBI GAG/CGG NEB 2 370C

Earl CTCTTCN/ NEB 1 370C

EcolKI G/AATTC EcoRiI 370C

EcoRY GAT/ATC NEB 3 370C

Hínc'n GTPy/?uAC NEB 3 370C

Híndfr A/AGCTT NEB 2 370C

MscI TGG/CCA NEB 4 370C

Nael GCC/GGC NEB 1 370C

Ncol C/CATGG NEB 4 370C

NdeI CA/TATG NEB 4 370C

NotI GC/GGCCGC NEB 3 370C

Ns¡ï ATGCA/T NsiI 370C

PacI TTAAT/TAA NEB 1 370C

PÍTFT GACN/NNGTC NEB 4 370C

PmeI GTTT/AJL{C NEB 4 370C

SøTI G/TCGAC ,S¿II 370C

Jactr CCGC/GG NEB 4 370C

Smal CCC/GGG NEB 4 250C

SpeI A/CTAGT NEB 2 370C

,sspI AAT/ATT
^SspI 370C
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NEB I = 10 mM Bis Tris Propane-Hcl, r0 mM Mgclr, I mM DTT (pH 7.0 at zsoc)
NEB 2 = 50 mM Nacl, l0 mM Tris-HCl, l0 mM tvtgjlr, r mM orr þu 7 .9 at z5o¿)
NEB 3 = 100 mM Nacl, 50 mM Tris-HCl, t0 mM ùrgc1, I mM DTTjpH 7.9 at zsoô¡
NEB 4 : 50 mM KoAc, 20 mM Tris-acetate, l0 mM magnesium acetate, I mM DTT
(pH7.9 atZSoC)

Bamril' buffer = 150 mMNacl, l0 mM Tris-HCl, l0 mM Mrgclr,l mMDTT (pH 7.9 at
25oC)
EcoRr buffer = 50 mM Nacl, 100 mM Tris-HCl, l0 mM Mgclr, 0.025% Triton x-100
(pH 7.5 at25oC)
l/sll buffer = 100 mMNacl, l0 mM Tris-HCr, l0 mM Mgclr,l mM DTT (pH g.4 at
25oC)
,sal[ buffer : 150 mM Nacl, l0 mM Tris-HCr, l0 mM Mgclr, I mM DTT (pH 7.9 at
zsoc)

^lqpl buffer : 50 mM Nacl, 100 mM Tris-HCl, l0 mM Mgclr, o.ozsyo Triton x-100
(pH 7.5 at25oC)

2.8 Manual and automated DNA sequencing

Solutions:

Annealing buffer: I M Tris-HCl pH 7.5, 100 mM MgClr, 160 mM DTT

Labelling mix-dATP: 1.375 ¡rM each dcrp, dGTp, dTTp, 333.5 mM Nacl

Dilution buffer: 25 mM Tris-HCl pH 7.5, 5 mM DTT, 100 pg bovine serum albumin

(B SA)/rnl, 5%o glycerol

'A'Mix-Long: 840 ¡rM each dcTp, dGTp, and dTTp, 93.5 ¡rM dATp, 2.1 ¡tMddATp,

40 mM Tris-HCI pH 7.5, 50 mM NaCl

'c'Mix-Long: 840 pM each dATp, dGTp, and dTTp, 93.5 pM dcrp, 2.g ¡rM ddcTp,

40 mM Tris-HCl pH7.5,50 mM NaCl
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'G'Mix-Long: 840 ¡rM each dATp, dcrp, and dTTp, 93.5 ¡rM dGTp, 2.g ¡rM ddcTp,

40 mM Tris-HCl pH7.5,50 mM NaCl

'T'Mix-Long: 840 ¡rM each dATp, dcrp, and dGTp, 93.5 pM dTTp, 2.g ¡rM ddATp,

40 mM Tris-HCl pIJ7.5,50 mM NaCI

stop soluti on: 0 .3Yo bromophenol blue, 0.3yo xylene cyanol, l0 mM EDTA pH 7 .5,

97 .5% deionized formamide

Double stranded DNA was manually sequenced by the Sanger dideo4y method (65),

using theTT DNAPolymerase sequencing kit (usB co¡poration), following the

manufacturer's protocols. Automated sequencing was also performed on DNA using the

Sanger method (65), and separated on an ABI377 Gene Analyzer at The Centre for

Applied Genomics in Toronto, ON.

2.8.1 Annealing of primer and DNA template

To initially denature the double stranded DN.\ I ¡tl2M NaOH was added to 2 ¡tg
template DNA (in a32 pl volume), vortexed and incubated at room temperature for l0

min' The denatured template was precipitated with 7 ¡il3 M sodium acetate(pH 4.g), 4

¡tl ddHrO and I20 ¡rl cold 95%o ethanol and placed at -7)oCfor 15 min. The precipitated

DNA was collected by centrifugation at 13000 x g for 15 min at 4oC,washed with cold

70o/o ethanol, dried and resuspended in l0 ¡rl ddHrO. To anneal the sequence specific

primer and denatured DNA template, 2 ¡rl of prim er (25 pglml) and2 ¡rl Annealing

buffer were added to the resuspended DNA and incubated at 650C for l0 min: the
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mixture was quickly transferred to 370C for l0 min and then incubated at room

temperature for 5 min.

2.8.2 Sequencing reactions

The primer was extended for 5 min at room temperature by adding 3 ¡rl labelling mix-

dATP, 1 ¡rl [aJss]-dATP (rz5o cilmmol, NEllÐ and2 plTT DNA polymerase (diluted

1:5 in dilution buffer), to the annealed templateþrimer.

2.8.3 Termination reactions

To randomly terminate the sequencing reactions, 4.5 pl aliquots of the extension mix

were added to 2.5 pl aliquots of prewarmed 'A'Mix-Long, 'c'Mix-Long, 'G' Mix-

Long and 'T' Mix-Long. The termination reactions were incubated at 37oC for 5 min

and stopped with the addition of 5 ¡rl stop solution.

2.8.4 6yo sequencing gel preparation and electrophoresis

A stock of 6Yo denaturing sequencing gel mix consisted of 210 g urea (ultrapure),

28.5 g acrylamide,1.5 gbisacrylamide, 100 ml 5 x TBE, and ddHro up to a final volume

of 500 ml. To 60 ml of gel mix, 0.4 nn n% APS and 80 ¡rl TEMED were added and

immediately poured between clean glass plates; the gel was allowed to polymerize for at

Ieast I h. The gel was pre-run in I x TBE for I h at 60 W and the urea was washed out

of the wells prior to loading.

The sequencing reactions were boiled for 2 min to denature the DNA fragments and
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3.5 ¡rl aliquots were loaded into the wells. The reactions were separated by

electrophoresis at 60 w for 2 to 4 hours, transferred to Whatman 3MM paper, dried and

exposed to X-OMAT AR film overnight.

2.9 rsolation of mRNA (poly(A)+ RNA) from mouse tissues

Solutions:

stock Buffer: 200 mMNacl, 200 mM Tris pH 7.5, r.5 mMMgclr, 2% sDS

Lysis buffer: l5 nd Stock buffer + 300 ¡rl protein/RNase Degrader þroprietary mixture

ofproteases)

Binding buffer: 500 mM Nacl, 10 mM Tris-cl pIF-7.5, in diethyl pyrocarbonate

(DEPC)-treated HrO

Low Salt Wash buffer: 250 mM NaCl, l0 mM Tris-Cl piH7.5, in DEpC-treated H,O

Elution buffer: l0 mM Tris-Cl pH7.5 in DEpC-treated H"O

Poly(A)+ RNA was isolated from the livers and testes of CDI adult mice using the

FastTrack 2.0 Kit (Invitrogen), and following the manufacturer's instructions. All

equipment and solutions used during the procedure were sterile and RNase-free. Liver

and testis tissue were removed from the mouse and immediately frozen in liquid nitrogen.

Approximately I g of frozen tissue was ground to a fine powder with a mortar and

pestle, and transferred to a 50 ml sterile tube containing 15 ml Lysis buffer that had been

prepared immediately before use. To completely digest proteins and ribonucleases, the
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cell lysate was incubated at 450C for I h and subjected to centrifugation at 3000 x gfor 7

min to rernove all insoluble material. The supernatant was transferred to a new 50 ml

tube and 0.95 ml 5 M NaCl was added to the cell lysate. To shear any DNA, the lysate

was passed 3 to 4 times through a sterile syringe with a 2l gaugeneedle. Oligo(dT)

cellulose was added to the DNA-free lysate and incubated, with rocking, at room

temperature for I h. The oligo(dT) cellulose was collected by centrifugation at 3000 x g

for 5 min at room temperature and the supernatant was discarded. The pellet was

resuspended in 20 ml Binding buffer and collected by centrifugation as above. The resin

was resuspended again in l0 ml Binding buffer and subjected to centrifugation as above.

To remove SDS and rRNAs, the pellet was resuspended in l0 ml Low Salt Wash buffer

and subjected to centrifugation as above. This was repeated four more times. After the

final wash, the resin was resuspended in 0.8 nrl Low Salt V/ash buffer, transferred to a

spin column and collected by centrifugation at 5000 x g for l0 s at room temperature.

The cellulose in the spin column was washed four times with 0.5 rnl each of Low Salt

Wash buffer and the spin column was transferred to a new, sterile microcentrifuge tube.

To elute the mRNd 2 x200 ¡rl Elution buffer was added to the column, mixed

thoroughly with the cellulose using a pipette tip, and subjected to centrifugation for 30 s.

The eluted mRNA was collected and precipitated with 60 pl ZMsodium acetate and I

ml l00Yo ethanol. The precipitated mRNA was incubated on dry ice and collected by

centrifugation at 13000 x g for l5 minutes at 40C. All traces of ethanol were removed

and the mRNA was resuspended in 50 ¡rlElution buffer. Using Elution buffer as a blank,

the concentration of the mRNA was determined by spectrophotometry at 260 nm, as

41



described in2.4.1.

2.10 Polymerase chain reaction (pCR) amptification

Solutions:

I x PCR buffer: l0 mM Tris-HCl pH g.3, 50 mMKCl, 1.5 mMMgCl,

I x DyNAzyme EXT buffer: 50 mM Tris-cr pH 9.0 atzsoc,l.5 mM olH4)2so4, 1.5

mM MgCl, , 0.7Yo Triton X- I 00

I x Expand reverse transcriptase buffer: 50 mM Tris-HCl, 40 mM KCl, 5 mM Mgclr,

0.5% Tween2} (v/v), pH 8.3 at25oC

2.10.1 PCR amplification of plasmÍd DNA

Specific fragrnents of DNA were amplified from plasmid DNA by pCR following the

procedures of Saiki et al (66). To amplify a fragment shorter thanZKb, I ng plasmid

DNA was added to a reaction mix containing I x pcR buffer, 0.2 mM dNTps, 0.3 pg

forward primer, 0.3 pg reverse primer, 0.3 ¡rl Taq DNA polymerase (5 u/pr, Gibco) and

ddHrO up to a final volume of 50 ¡rl. To amplif,, fragments larger thanZKb, the

reaction mix was as above except for the substitution of I x DyNAzyme EXT buffer and

I pl of DyNAzyme EXT (1 U/¡rl, Finnzymes). As a negative control, IlO blanks with

no plasmid DNA were also amplified. The reaction mixes were overlaid with a drop of

mineral oil and the PCR reactions were performed either in a perkin Elmer Cetus DNA

Thermal Cycler or a MI Research Minicycler. The PCR programs were optimized for
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each primer pair by altering the annealing temperature and time, as well as the extension

time.

2,10.2 Reverse transcriptase-pCR (RT-PCR)

To generate first-strand cDNd 500 ng poly(A)+ RNA from the liver or testis of a

CDI adult mouse (see 2.9) was added to 0.5 ¡rg oligo(dT)rr, in a final volume of 10.5 ¡rl.

The RNA and primer were denatured for l0 min at 650C in a thermocycler and

immediately cooled on ice. To the denatured mix, I x Expand reverse transcriptase

buffer, 10 mM DTT, I mM dNTps, 0.5 pl RNase Inhibitor (40 u/¡rl), and I ¡rl Expand

Reverse Transcriptase (50 U/¡rl, Roche), were added. A negative control was also

included which contained no Expand Reverse Transcriptase. The reaction mixture was

incubated at 42oC for I h and subsequently stored at 4oC. To amplify the first-strand

cDNd a2 ¡il aliquot of the reaction mix was added to the PCR reaction components

(described in2.l0.l) containing either Taq DNA polymerase or DyNAzyme EXT, and

sequence specifïc forward and reverse primers.

2.10.3 3'Rapid amplification of cDNA ends (3'RACE)

Poly(A)+ mRNAb isolated from the livers of adult CDI mice (see 2.9), was used to

synthesize first-strand cDNd as describedinz.10.2, but using oligo(dT),radaptor

primer. To degrade the RNA template after synthesis was complete, I ¡rl RNase H (2

U/pl) was added to the first-strand synthesis mixture and incubated at 42oC for l0 min.

A'2 yl aliquot of first-strand cDNA was amplified, as in 2.10.1, using DyNAzyme EXT

43



and a sequence specific forward primer and a reverse adaptor primer. The PCR program

consisted of an initial 3 min denaturation at 940C, followed by 35 cycles: 940C for 45 s,

550C for 45 s,72oC for 90 s, and a final extension at72oC for 8 min.

2.11 TA cloning of PCR amplification products

The Original TA Cloning Kit (Invitrogen) was utilized to clone PCR products into the

pCR2.l vector supplied with the kit. Taq DNA polymerase adds 3'A overhangs onto

PCR amplification products and the linearized vector has compatible 3' T overhangs,

allowing efficient ligation. The PCR products were isolated using the GENECLEAN kit

(see 2.6) and the amount ofDNA required for the ligation was determined by the

following formula:

X ng PCR product : (Y bp PCR product) (50 ng pCR2.1 vector)
(size of pCR2.l vector: -3900 bp)

The calculated amount of PCR product was added to a reaction mixture containing I x

ligation buffer (10 mM Tris-HCl pH 8.3 at 4ZoC, 50 mM KCl, 2.5 mM MgClr, 0.e0I%o

gelatin), 50 ng pCR2.l, I ¡rl T4 DNA ligase (4.0 Weiss units) and ddltO to a total

volume of l0 ¡rl; the ligation reaction was incubated overnight at 140C and subsequently

frozen until transformation. A vial of INVøF' cells and the ligation reaction were

thawed on ice; 2 ¡rl B-mercaptoethanol was added to the cells and stirred gently with the

pipette tip. A 2 ¡rl aliquot of the ligation reaction was added to the cells and again mixed
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gently. The cells were heat shocked at 420C for 30 s and placed on ice. After adding

250 pl SOC medium, the cells were shaken at37oC and225 rpm, for I h. 50 ¡rl and 200

¡rl of the cells were plated onto LB plates containing 5-bromo-4-chloro-3-indolyl-B-D-

galactoside (X-Gal; 40 ¡rl of 40 mg/mr) and kanamycin (50 pg/ml),and incubated

overnight at370C. The following morning, the plates were moved to 40C for Z -3 h to

allow colour development.

2.12 Primer labelling

Solutions:

l0 x Phosphonucleotide kinase buffer: 0.5 M Tris pH 7.5,0.1 M Mgclr, 0.05 M DTT,

.500 pglml BSA

Klenow buffer: 10 mM Tris-Cl pIH7.5,5 mM MgClr, 7.5 mM DTT

2.12.1 Oligonucleotide end-labelling

To 5' end-label an oligonucleotide, 100 ng of the primer was added to 2 ¡rl l0 x

Phosphonucleotide kinase buffer, s ¡rl [y32p] dATp (7000 cvmmol, NE]Ð and 2 ¡rl T4

polynucleotide kinase (10 U/¡rl) and made up to a final volum e of 22 ¡rl with ddHrg.

This was incubated at370C for 45 min. The labelled oligonucleotide was precipitated

with 40 ¡rl ddHrO, 240 pl5 M ammonium acetate and 750 ¡rl cold 95Yo ethanol and

collected by centrifugation at 13000 x g for 15 min at 40C. The precipitated primer was

washed with 500 ¡rl cold 80% erhanol, dried and resuspended in 100 ¡rl ddHro. A
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scintillation counter was used to determine the cprq and based on the amount of primer

that was used, the specific activity (cpn/pg) was determined.

2.12.2 Random primer labetting of DNA fragments and preparation of probe

Following the procedures of Sambrook et at (67),75 ngof double stranded DNA

was annealed to 5 ¡rg of random hexamers, in a total volume of 14 pl, by boiling for 3

min and quickly chilling on ice. To label the DNAlhexamer hybrids, 2.5 ¡t10.5 M dNTps

(minus dATP), 2.5 ylKlenow buffer, 5 ¡rl [øJ?]-dATp (3000 ci,mmol, NEl.Ð and I ¡rl
DNA polymerase I (Klenow, NEB) were added to the annealed DNA and incubated for

2h at 370C or at room temperature overnight.

A nick column (Amersham Pharmacia) was used to separate the probe from

uninco¡porated nucleotides, following the manufacturer,s instructions. After

equilibrating the nick column with TE (pH 7.5), the entire oligonucleotide labelling

reaction (25 ¡il sample + 75 ¡il TE (pH 7.5)) was added to the column. Fractions were

collected by adding 200 ¡rl aliquots of TE (pH 7.5) to rhe column. To determine which

fraction contained the probe, the 32P in each fraction was monitered by counting I ¡rl
using the scintillation counter; the fraction representing the first peak of 32p was specified

as the probe. The specific activity and volume of the probe to use in a hybridization

were calculated using the following formulae:

Specific activity :
(cpn/pg)

Volume of probe to use
in a hybridization (¡rl)

amount ofDNA labelled (¡rg)

probe concentration (cpm/pl)
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Before adding the probe to hybridization buffer, all double stranded DNA probes were

denatured at 1000C for 3 min and immediately cooled on ice.

2.13 Primer extension

Solutions:

I5o/o polyacrylamide/urea gel: 31.5 g urea,29.5 mI 40% bis-acrylamide (38:2 ratio of

acrylamide:bisacrylamide), l5 ml 5 x TBE, 8 ml ddH2O, 0.45 ml l0% APS, 35 ¡rl

TEMED

Oligonucleotide elution buffer: 0.1% SDS, 0.5 M ammonium acetate, 10 mM

magnesium acetate

Hybridization buffer: 40 mM piperazine-N,N'-bis[2-ethanesulfonic acid] @IPES) pH

6.4, 1 mM EDTA pH 8.0, 0.4 M NaCl, 80% deionized formamide

Reverse transcriptase buffer: 50 mM Tris-Cl p}l7.6,60 mM KCl, l0 mM MgCl2, 5 mM

each dNTP, 1 mM DTT, 20 U placental RNase Inhibitor, 1 ¡rg actinomycin D

Formamide loading buffer: 80% deionized formamide, l0 mM EDTA pH 8.0, I mglml

rylene cyanol, I mg/ml bromphenol blue

2.13.1 Purification of synthetic oligonucleotides

Longer oligonucleotides are often contaminated with shorter oligonucleotides

generated during synthesis. Therefore, the oligonucleotide used in the primer extension
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experiment \¡/as first purified following the protocol of Sambro ok et al (67). The crude

oligonucleotide was dissolved in 200 ¡rl ddHro and debris was removed by

centrifugation at 12000 x g for 5 min at room temperature. The supernatant was

transferred to a new, sterile microcentrifuge tube. A 15% polyacrylamide/urea gel,

slightly thicker than a sequencing gel (a0 cm x 20 cm x 0.5 mm) and with I cm wells,

was poured and allowed to polymerize for at least 30 min. The gel was pre-run at 1500

V for 30 min in I x TBE. To disrupt secondary stucture, an equal amount of deionized

formamide was added to the oligonucleotide; the mixture was vortexed and incubated at

550C for 5 min. Urea was flushed out of the wells of the sequencing gel and the heated

oligonucleotide mixture was loaded into six wells. To moniter the position of the DNA

fragments, 5 ¡rl of a 50:50 mixture of formamide and 0.05% xylene cyanol and O.e1%o

bromophenol blue, was loaded into a neighbouring well.- The gel was subjected to

electrophoresis at 1500 V until the bromophenol blue dye front had migrated two thirds

of the way through the gel. The apparatus was dismantled, the gel was transferred to

saran \À/rap and a fluorescent thinJayer chromatographic plate was placed under the

saran wrap. The DNA absorbed long wavelength UV light and appeared as dark bands

against a fluorescent background produced by the thin-layer plate. The oligonucleotide

was excised from the gel and transferred to three microcentrifuge tubes. The gel slices

were crushed in I ml each of oligonucleotide elution buffer and incubated for lZh at

370C with shaking. The gel mixtures were subjected to centrifugation at 12000 x g for 5

min at room temperature and the supernatants were passed through a syringe filter (0.45-

micron pore, Corning). The oligonucleotide was then isolated using a Sep-pak C*
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reversed-phase column (reversed-phase ch¡omatography on a silica gel). Using a

polypropylene syringe, 10 ml of high-perforrnance liquid chromatography ([IPLC)-grade

acetonitrile, followed by l0 ml ddl{rO and 2 nrl l0 mM ammonium acetate, were slowly

pushed through the column to prepare it for use. The oligonucleotide was bound to the

column by slowly pushing the filtered solution through the column. The column was

washed three times with 10 ml each of ddHrO. The oligonucleotide was eluted three

times from the column using I ml each of methanol:ddHrO (60:40), and the efiluents

were collected in three separate microcentrifuge tubes. The solutions were analyzed by

spectrophotometry at 260 nm and the effluent containing the oligonucleotide was dried

in a centrifugal evaporator (SpeedVac). The dried oligonucleotide was redissolved in

200 ¡rl ddHrO and the final concentration was determined using the following formula:

Concentration: OD at 260 nm x dilution factor x molecular weight of oligonucleotide

€ (g/mole)

where € : extinction coefficient for the entire oligonucleotide
: (# dATPXls.4 mV¡rmole) + (# dcTPXll.T mVpmole) + (# dCTP)(7.3

mV¡rmole) + (# dTTP)(8.8 mV¡rmote)

2.13.2 Primer extension

To determine the 5' terminus of an mRNA species, primer extension was performed

using a purified, 5' endJabelled oligonucleotide, complementary to a sequence

approximately 100 nucleotides downstream from the predicted 5' end of the mRNA (67).

A solution of I ¡rg poly(A)+ RNA and 106 cpm of the 5' end-labelled primer was
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precipitated with 0.1 volume of 3 M sodium acetate (pH 5.2) and2.5 volumes of cold

95Yo ethanol and placed at -200C for 30 min. The mRNA/primer mix was collected by

centrifugation at 13000 x g for 10 min at 4oC, washed with cold 70yo ethanol and dried.

After thoroughly resuspending the mRNA/primer mix in 30 ¡rl of hybridization buffer,

the nucleic acids were denatured at 850C for l0 min and then annealed for 3 h at 4ZoC or

480C. To precipitate the annealed mRNA/prim er, 170 ¡rl ddHrO and 400 ¡il cold 95yo

ethanol were added, and the mixture was stored at 4}Cfor I h. The precipitate was

collected by centrifugation at 13000 x g for l5 min at 4oc,washed with 500 pI70%

ethanol and dried. After dissolving the mRNA/primer hybrids in 20 pl reverse

transcriptase buffer, 50 u ofExpand Reverse Transcriptase (50 u/pl, Roche) were

added and incubated at 370C for 2hto extend the primer. To stop the reaction and

degrade the mRNAr I ¡rl 0.5 M EDTA (pH 8.0) and 1 ¡rl DNase-free pancreatic RNase

(5 pdrnl) were added and incubat ed at37oC for 30 min. To remove proteins from the

mixture, 150 ¡rl TE (pH 7.6) containing 0.1 M NaCl and 200 pl phenol:cliloroform, were

added, vortexed for 30 s and subjected to centrifugation at 13000 x g for 5 min at room

temperature. The upper, aqueous phase was transferred to a new tube containing 500 ¡rl

cold 95Yo ethanol and placed at 40C for I h. The nucleic acids were pelleted by

centrifugation at 13000 x g for l5 min at 40C, washed with cold 70yo ethanol and dried.

The pellet was resuspended in 4 pl TE (pH 7.4) and 6 pl formamide loading buffer. The

nucleic acids were denatured at 950C for 5 min, quickly cooled in an ice bath and loaded

onto a 6Yo denaturing polyacrylamide gel (see 2.s.4). A sequencing reaction prepared

from DNA of known sequence was also loaded for sizing. The DNA samples were
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separated by electrophoresis and analyzed as describ ed in 2.g.4.

2.14 Southern blotting and analysis

Solutions:

Denaturation solution: 1.5 MNaCl, 0.5 MNaOH

Neutralization solution: I M Tris pH 7.4, l.S M NaCl

20 x Standard saline citrate (ssc): 3 M Nacl, 0.3 M sodium citrate, p]H7.0

Hybridization buffer: 6 x ssc, 5 x Denhardt's Reagent,0.5yo sDS, 100 pglmlsingle-

stranded salmon sperrn DNA (denatured by heating to 1000c for 5 min)

#l Wash: 2 x SSC, 0.5% SDS

#2 Wash: 2 x SSC, 0.1% SDS

#3 Wash: 0.1x SSC,0.5% SDS

2.14.1 Transfer to nylon membrane

Southern blotting was performed as described in Sambrook et at (67). DNA was

separated by electrophoresis through an agarose gel and photographed alongside a ruler.

To denature the DNd the gel was soaked in severalvolumes ofDenaturation solution

for 45 min. After rinsing the gel with ddHro, the gel was neutralized for 30 min in

several volumes ofNeutralizationsolution, followed by a change of solution and another

l5 min incubation. A piece of Whatman 3MM paper, to be used as a wick, was soaked

in 20 x SSC and wrapped around a glass plate that was longer and wider than the gel.
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The glass plate was then used as a support and placed in a dish filled with 20 x SSC.

Two pieces of whatman 3MM paper and a piece of nylon membrane (Amersham

Pharmacia) were cut to the same size of the gel and wet in 20 x ssc. The gel was

removed from the Neutralization solution and inverted on the support. The prewet nylon

membrane was placed on the ger, followed by the whatman 3MM pieces, and all air

bubbles were removed. The dish and support were covered with saran wrap, leaving the

gel and membrane exposed, to prevent short-circuiting of the system. For efficient

transfer of DNA fragments from the gel to the nylon membrane, the entire stack was

covered with paper towels and a weight, then transferred overnight. The system was

disassembled and the wells of the gerwere marked on the nylon membrane. The

membrane was rinsed in 6 x SSC, dried at room temperature and UV cross-linked

(Spectronics Corporation), before storing at 4oC.

2.14.2 Southern blot analysis

The nylon membrane containing bound DNA was prehybridized with 25 ml of

hybridization buffer at 650C for l-2 h. The prehybridization buffer was replaced with.25

ml of new, warmed hybridization buffer which contained 2 x 106 cpm/ml of denatured

probe and incubated overnight at 650C. The following day, the membrane was rinsed

with #1 Wash at room temperature for 5 min, with no agitation. The blot was then

washed for l5 min at room temperature with#ZWash, followed by a 30-60 min wash at

37oC and a 30-60 min wash at 680C with #3 Wash. The blot was wrapped in saran wrap

and exposed to BioMax MS film, between two intensiÛ,ing screens (Kodak), at _g00C.
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To strip the blot, the membrane \ryas washed with 0.5% SDS, at 90 to 1000C, until the

radioactive probe was removed; autoradiography was used to verify the absence of

probe.

2.15 Northern blot analysis of mRllA from embryo and adult mouse tissues

Solutions:

Wash solution l: 2x SSC. 0.05% SDS

Wash solution 2: 0.1x SSC, 0.1% SDS

Wash #l: 2 x SSC,0.1% SDS

Wash #2: 0.1 x SSC, 0.1% SDS

The embryo and adult mouse Northern blots contained approximately 2 ¡tg of

poly(A)+ RNA per lane. AII hybridized blots, after stringent washings, were analyzedby

autoradiography and stripped as describ ed in 2.14.2.

2.15.1 Mouse embryo northern blot

A mouse embryo Multiple Tissue Northern (MnÐ blot (Swiss Webster, Clontech)

containing mRNAs of all developmental stages, was analyzed using a random primer

labelled probe (see 2.12.2) and ExpressHyb hybridization buffer (Clontech). The

membrane was prehybndizedwith 7 ml ofwarmed ExpressHyb at 680C for 30 min. This

was replaced with 5 ml of fresh, warmed ExpressHyb containing 2 x 106 cpm/rnl of
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denatured probe and hybridized at 680C for t h. The blot was rinsed several times with

wash solution 1, followed by four room temperature washes, each for l0 min, with

wash solution I and two washes at 500c, each for 20 min, with wash solution 2.

2.15.2 Adult mouse northern blots

Northern blot analysis was performed on adult mouse polyA+ Northern blots (Swiss

webster, origene) using random primer labelled probes (see 2. L2.z) andulTRAhyb

hybridization buffer (Ambion). The Northern blot was initially prewer with 4 x SSC for

l0 min at 550c, and prehybridized for 30 min ar 4zocin l0 ml tILTRAhyb. The

prehybridization solution was replaced with 2 x 106 cpm/nrl of denatured probe in l0 ml

new, warmed ULTRAhyb and incubated overnight at 550C. After hybridization, the blot

was rinsed twice with Wash #1 at room temperature, then washed two times, each for l0

min at 42oC inWash #1, and two times, each for 15 min at 42oCin Wash #2. The blot

was monitered for background hybridazation with a Geiger counter and if needed,

further washings were performed at 420C.

2.16 Preparation of vector and inserts for cloning

2.16.1. Filling in of 5'overhangs

To fill in the 5' overhangs of DNA fragments produced by restriction enzlrmes, 33

pM dNTPs and I ¡rl Klenow (5 U/¡rl, NEB) were added to the restriction enzymedigest

and incubated at room temperature for 15 min. The Klenow en;¡Jmewas heat
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inactivated at750c for l0 min in preparation for subsequent enzymatic reactions, such as

dephosphorylation or restriction enryme digestion.

2.16.2 Removal of 3'overhangs

To remove the 3' overhangs ofPCR amplification products generated by Taq DNA
polymerase, the PCR fragments were first isolated using the GENECLEAN kit (see 2.6)

and added to a reaction containing I x Thermopol buffer (10 mM KCl,zomM Tris-HCl

pH 8.8 at250C,10 mM cNIH4)2So4, 2 mM MgSOo, 0.1% Triton X-100), 200 ¡rM dNTps

and 1 ¡rl Vent DNA polymerase (2IJ/!|,NEB). The reaction was incubated at720C for

20 min and the blunt ended DNA fragments were again isolated using the GENECLEAN

kit for subsequent restriction enryme reactions.

2.16.3 Dephosphorylation of vector fragments

To prevent the self-ligation of line anzedvector fragments, the 5' phosphate groups of
the DNA were removed with calf Intestinar Alkarine phosphatase (cIAp, NEB).

Following restriction en-ryme digestion and/or a Klenow reaction, I ¡rl of cIAp was

added to the linearized vector and incubated at 370c for I h. The dephosphorylated

vector was recovered using the GENECLEAN kit (see 2.6).

2.17 Ligation of vector and insert DNA fragments

For efficient ligation, a l:1 ratio of vector to insert lvas generally used. The amount
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of insert to use in a ligation reaction was determined by the following formula:

Amount of insert (ng) = insert size (bF) x vector concentration (200 ng)
vector size (bp)

A typical ligation reaction consisted of the calculated amount of insert DN.\ ZOO ng of

dephosphorylated vector, l0 mM DTT, I mM ATp, I x ligase buffer (50 mM Tris-HCl

pIJ7.5, l0 mM Mgclr, t0 mM DTT, 25 ¡tglmlBsA), and l ¡rl T4 DNA ligase (400

U/¡rl, NEB), in a final volume of 10 - 15 ¡rl. The ligation reaction was incubated

overnight at 740c or a minimum of 2 h at room temperature.

2.18 Transformation into competent cells

Plasmid DNA in a ligation reaction or from a plasmid preparation were introduced

into competent bacterial cells by electroporation, following the settings suggested Uy t¡.
manufacturer of the Electro Cell Manipulator 600 @TX Inc.).

2,18.1 Preparation of competent cells

Bacterial cells were grown overnight at37oC in low salt LB broth to a cell density of

approximately 106 cells/ml, and collected by centrifugation at 4000 x g for l5 min at 4oC.

The pelleted cells were washed in I volume cold, sterile ddH2O, followed by two washes

in 0'5 volumes of cold, sterile ddHro and a last wash in 0.02 volume cold, sterile ddIIrO.

The cells were pelleted after each wash by centrifugation as described above. The
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competent cells were resuspended in 0.002 - 0.003 volume of cold, filter sterili zed l}yo

glycerol, aliquoted and stored at -700C.

2.18.2 Electroporation of plasmid DNA into competent cells

An aliquot of bacterial competent cells was thawed on ice and I ¡rl plasmid (l nglpl)

or I ¡rl ligation mix was added to the cells. The cells were mixed gently, transferred to a

cold, sterile electroporation cuvette (BTÐ and electroporated at conditions

recommended by the manufacturer (2.5 KV/Resistance high voltage,I2g ohm, 1.3 KV

charging voltage). Immediately, g60 ¡rl of warmed SOC medium was mixed gently with

the cells and transferred to a sterile microcentrifuge tube. The cells were incubated at

370C for I h and 50 ¡rl and 200 ¡rl aliquots were spread onto LB plates supplemented

with the appropriate antibiotic, and incubated overnight at370C.

2.19 Mammalian cell lines

2.19.1 cos-7

COS-7 is a monkey kidney cellline obtained from the American Type Culture

Collection (Rockville, MD) and was established by Gluzman (68) by transforming

replication origin-defective SV40 into CV-1 simian cells.

2.19.2 COS-7/H1/H6

The cos-7/H1/H6 cell line consisted of the human HYAL l-His tagged over-
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expressing construct (pIRESIHYALI-His6; see 2. L 10) stably transfected into COS-7

cells.

2.19.3 COS-7/Ùtock

The COS-7/IvIock cell line was comprised of the pIRES vector stably transfected into

COS-7 cells.

2.19.4 JE

JE was a fibroblast cell line from a patient deficient in FryAL 1 activitv.

2.20 Mam.malian cell culture

2.20.1 Thawing and culturing mammalian cell lines

To recover cells from liquid nitrogen, cryovials containing stored cells were quickly

thawed at37oC and the cells were resuspended in a small volume of warmed a-Minimal

Essential Medium (a-MEM Gibco) supplemented with penicillin (100 U/ml), srreptomycin

(100 U/ml) and l0o/o fetal bovine serum (FBS) All further manipulations in g-MEM were

supplementedwithpenicillin(100U/ml),streptomycin(100U/ml)andl0%FBS. Todilute

out the DMSO from the freezing media, the rezuspension was transferred to a l5 ml sterile,

polypropylene tube containing 9.5 mt warmed a-MEM and subjected to centrifi.rgation at

7000 x g for 10 min. The supernatant was discarded and the pellet was resuspended in l0

nrl fresh, warmed a-MEM. The cells were transferred to aT25 flask and incubated atiToc
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with s%o CO, until confluency.

When cells had grown to approxim ately 80Yo confluency in a T25 or T75 flask, they

were subcultured into new flasks. Briefly, culture medium was removed and l.5 ml warmed

0.25% Trypsin-EDTA (3 ml for aT75 flasþ Sigma) was added to the cells. The flask was

tapped lightly to facilitate the detachment of the cells and I ml warmed a-MEM was used

to rinse the bottom of the flask. The resuspended cells were transferred to a sterile, l5 ml

polypropylene tube, diluted one-tenth in warmed a-MEM and aliquoted into new T25 or

T75 flasks. The cells were incubated at 370C with syo CO".

2.20.2 Storing mammalian cells

Cells were grown to approximately 80%o confluency in T75 flasks and trypsinized as

described n2.20.1. To dilute out the trypsin, the cells were resuspended in 12 ml a-MEM.

The mixture was transferred to a 15 ml sterile, polypropylene tube and subjected to

centrifugation at 7000 x g for l0 min. The supernatant was discarded and the pellet was

resuspended in 2 ml cold Cell Culture Freezing Media (Gibco). One ml was transferred to

each of two cold cryovials and the vials were stored immediately at -7OoC or in liquid

nitrogen (for long term storage).

2.21 Pulse-chase metabolic labelling of mammalian cells

Solutions:

Phosphatebuffered saline@BS): I37mMNaCl,4.3 mMNa"tIPO4,2.'l mMKCl, |.47 rnNl

59



KH2PO4, pH 7.3

Starvation media: Eagles media (met/cys-free, ICN), penicitlin (100 U/ml), streptomycin

(100 U/ml), 200 mM L-glutamine

Pulse media: starvation media, 5yo dialyzed FBS, 360 ¡rci TRANS 35S-LABEL (L-

Met[3ss], L-Cys[35S]) (1090 Cilmmol, ICN)

Chase media: c-MElt4, penicillin (100 U/ml), streptomycin (100 U/ml), l0% FBS, 0.075

mglml L-met, 0.5 mglml L-cys

2.21.I Pulse

COS-7ÆIIÆ{6, COS-7/lvfock and JE cells were grown to confluency on aZ} x 100 mm

culture dish in a-MEM supplemented with penicillin (100 U/rnl), streptomycin (100 U/ml)

and l}Yo FBS. The cells were washed with PBS and incubated for I h in 4 ml of Starvation

media to deplete intracellular methionine and cysteine. To metabolically label the cells, the

Starvation media was replaced with 4 ml ofPulse media containing 35S-labelled met/cys and

incubated for various time intervals.

2.21.2 Chase

To terminate the labelling, the Pulse media was replaced with 4 ml Chase media which

contains an abundance ofcold (i.e. not radioactive) methionine and cysteine. The cells were

incubated for various time intervals (chase times) before processing.

60



2.22 Preparation of cell extracts

After cells were grown to confluency on a 20 x 100 mm culture dish in a-MEM

supplementedwith penicillin(100U/nd), streptomycin(100U/ml)and 10%FBS, theywere

processed immediately, or metabolically labelled as describedin2.2l, and then processed.

Keeping the plates on ice, the cells were rinsed twice with 5 ml cold PBS and scraped into

500 ¡rlLysisbuffer(l0mMTris-HClpH6.8, l50mMNaCl, I xProteaselnhibitorCocktail

(Sigma) pH 7.4, l% IGEPAL), resuspending evenly. The cells were transferred to

microcentrifuge tubes and incubated on ice, for 20 min, to lyse the cells. Insoluble cell

debris was pelleted by centrifugation at 13000 x g for l0 min at 40C and the supernatants

(cell extracts) were collected. For unlabelled cells, an aliquot was removed for

determination of protein concentration and the cell extracts were stored at -700C. If the

cells were metabolically labelled, 50 ¡ú 10%BSA was added to the cell extracts and stored

at -700C.

2.23 fmmunoprecipitations of cell extracts

Solutions:

Wash buffer: l0 mM Tris-Cl pH 6.8, 150 mM NaCl, pIJ7.4,l% IGEPAL

4 x Sample buffer: 8% SDS, 250 mM Tris-Cl pH 6.8, 4Oo/o glycerol,5yo B-

mercaptoethanol, 0.4%o bromophenol blue

After metabolically labelling the cells, the cell extracts were prepared as described in
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2.22. To preclear the cell extract and remove sticþ, unwanted proteins, cell extracts

were incubated with 10 ¡rl mouse c-human GST-19 and 60 ¡rl Protein G þrewashed

with PBS and diluted in five volumes ofPBS) for I h at 40C. The extracts were

subjected to centrifugation at 12000 x g for 15 s to pellet the immune complexlProtein G

and the precleared supernatants were transferred to new tubes. The pellets, to be used

as negative controls, were washed with 3 x 800 ¡rl Wash buffer and once with PBS. All

remaining liquid \ryas removed with a25 gauge needle and the pellets were resuspended

in25 pl2 x Sample buffer. The precleared supernatants were incubated with 2 pl a-

HYAL I (0.75 frdfrl) overnight at 40C;60 ¡rl aliquots of Protein G were added and

incubated for t h at 40C. The samples were subjected to centrifugation at 12000 x g for

15 s and the supernatants were discarded. The pellets were washed with Wash buffer

and PBS as described above for the negative controls and resuspended in 25 ¡il 2 x

Sample buffer. The resuspended pellets, as well as the negative controls, were boiled for

5 min to release the immunocomplexes from Protein G. The samples were subjected to

centrifugation at 12000 x g for 15 s and the supernatants were separated by l0% or lTYo

SD S -polyacrylamide gel electrophoresi s (SD S -PAGE) (see 2.24) .

2.24 SDS.PAGE

Solutions:

l0% Resolving gel: 3.1 rnl ddH2O, 3.3 rnl 30% bis-acrylamide (29:l ratio of

acrylamide:bisacrylamide),3.4 rnl 1.5 M Tris-Cl pH 8.8, 136 ¡rl l0% SDS, 40 ¡tl l0%
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APS, 9 pl TEMED

12% Resolving gel: 2.35 ml ddlr2o, 4.0 ml 3oyobis-acqylamide, 3.4 ml l.5 M Tris-Cl

pH 8.8, 136 ¡rl 10% SDS, 40 pl t0% ApS, 9 pl TEMED

4Yo Stacþ,tng gel: 3.7 ml ddH2o, 664 ¡t130% bis-acrylamide, 625 yl1.0 M Tris-Cl pH

6.8, 50 ¡il l0% SDS, 60 ¡il l0% APS, 5 ¡rl TEMED

I x Running buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS

stain (fixing) solution: methanol:glacial acetic acid:ddHro (30:10:60) + 0.lyo

Coomassie Blue

Destain solution: ethanol:glacial acetic acid:ddHrO (30: 1 0:60)

SDS-PAGE of proteins was based on the method oflaemmli (69). A l}Yo or 7To/o

resolving gel was cast using a MiniProtean (BioRad) vertical gel casting apparatus and

allowed to polymerize lor I h. After a 4Yo stacl<tng gel was poured on top of the

resolving gel, the appropriate sized combs were inserted into the gel and the gel was

polymerized for 30 min. Cell extracts andT ¡ilprotein standard marker (0.I-0.2 mglml)

were mixed with I x Sample buffer and denatured by heating in a boiling water bathfor 2

min. The protein samples and marker were loaded onto the gel and separated by

electrophoresis at 120 V, in I x Running buffer, until the bromophenol blue dye front ran

offthe bottom of the gel.

If the protein samples were 3ts-labelled, the SDS-PAGE gel was stained and fixed in

Stain solution, and destained in Destain solution until protein bands could be clearly
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seen. Fluorography was used to enhance the radioactive signal by incubating the gel in

30 ml Dupont Entensiff solution A @upont) for 40 min and an equal time in 30 rnl

Dupont Entensify solution B @upont). The gel was dried under vacuum, and exposed

to X-OMAT-AR film (Kodak) for the required length of time.

If the protein samples were not labelled or 3H-labelled, the gel was transferred to

nitrocellulose membrane for further manipulations, as described in2.z5.

2.25 Western blot and analysis

Solutions:

I x Transfer buffer: 25 mM Tris, 192 mM glycine, ZOyo methanol

Tris-buffered saline (TBS): l0 mM Tris, 150 mM NaCl, plF.7.5

TBS + Tween-2O (TBST): l0 mM Tris, 150 mMNacr, pH 7.5, O.lyoTween-z}

5% skim milk solution: 2.5 g powdered skim milk in 50 mr TBST

2Yo Sl<tm milk solution: 2 m|5% skim milk solution. 3 ml TBST

2.25.1 Western blot

After completion of SDS-PAGE, proteins were transferred to a nitrocellulose

membrane, following the method of Towbin et al (70). Four pieces of Whatman 3MM

paper and nitrocellulose membrane, cut to the size of the gel, were wet in 1 x Transfer

buffer. A sandwich clamp was assembled and contained, in order, a transfer sponge

(prewet in transfer buffer), two pieces whatman 3MM paper, the SDS-pAGE gel,
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nitrocellulose membrane, two pieces Whatman 3MM paper, and another transfer sponge.

The clamp was placed in a MiniProtean apparatus containing cold I x Transfer buffer

and the proteins were transferred to the nitrocellulose membrane at 100 V for I h at 40C.

The membrane was rinsed in ddH,O and dried.

2.25.2 Western blot analysis

The nitrocellulose membrane was wet in ddllO and stained with g.2o/oponceau S

and3Yo trichloraceticacid, to visualize the proteins and to ensure even loading; the stain

lvas removed with TBS. The blot was blocked with SYo skim milk solution for t h.

Anti-HYAL I (0.5 Fglmt) in2Yo skim milk solution, was added ro the blot for I l¡

followed by three washes, each for l0 min, with TBST. The membrane was

subsequently incubated with horse radish peroxidase conjugated goat anti-mouse (ø-

HRP), diluted l:15000 in2Yo skim milk solution, for I h. The blot was washed five

times, each for 10 min with TBST, and rinsed with ddHro. The bound secondary

antibody, ø-HRP, was detected using the ECL western blot detection system

(Amersham Pharmacia). Equal volumes (0.5 ml each) of ECL#I and EcL#2solutions

were mixed and poured over the entire membrane. After I min, the membrane was

blotted on paper towels to remove excess solution and wrapped in saran wrap. The

nitrocellulose membrane was exposed immediately to BioMax-ML film (Kodak) and

developed at desired timepoints.

2.26 In vítro transcription/translation
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In vitro transcriptior/translation of a DNA template was performed using a TNT

Coupled Reticulocyte Lysate System @romega), following the manufacturer's protocols.

In a sterile, RNase-free microcentriftge tube, I ¡rg DNAtemplate was added to 25 ¡tl

TNT rabbit reticulocyte lysate, 2 ¡rl TNT reaction buffer, I ¡rl amino acid mixture (minus

leucine, I mM), 5 pl L-[4,5-3]Il Leucine (167 Cilmmol, Amersham Pharmacia), I pl

RNasin ribonuclease inhibitor (40 U/¡rl) and I ¡rl SP6 RNAPolymerase, in a total

volume of 50 pl. A negative control contained all of the above reaction components,

except template DNA. A second negative control consisted of only vector Dl'iA. A

reaction mixture containing luciferase DNA template (0.5 ¡rglpl), provided with the kit,

served as a positive control. The samples \¡/ere incubated at 300C for 90 min. 5 pl

aliquots of the samples,were added to 10 ¡rl I x Sample buffer, loaded into single wells

and separated on a I2Yo SDS-PAGE gel. The 3H-labelled proteins were transferred to

nitrocellulose membrane which was then exposed to BioMax MS film with a

TranScreen-LE intensifying screen (Kodak) at -800C. The membrane was subsequenctly

analyzed by Western blot.

2.27 Bioinformatic comparisons of human and mouse sequences

Using bioinformatic techniques, comparative analyses of human and mouse sequences

were performed by Michael ÏVilson (University of Victoria, B.C.) to confirm and

supplement experimental evidence. A dotplot and a percent identity plot (PIP) were

generated by submitting human and mouse sequences to PipMaker

(rrhr; ¡h¡o...Jr:.psu cdul (71); an Exons file, containing the positions of exons within the
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sequences and a Repeats file, generated by RepeatMasker2

(rru¡*: /ti¡''gcnrrrìc..ïþ-üslrin*torr.c(tü./igi-Lrin Rc.Fç¡¡|'flsslicr') (A,F.A. Smit and P. Green,

unpublished) and containing the coordinates of interspersed repeats, were also submitted

to PipMaker. Colors were added to the PIP using an Underlay file. Using DNAStar

software, mouse and human cDNAs were assembled using overlapping EST clusters

from UniGene (72);the consensus cDNA sequences were used in a BLAST search

against the mouse and human EST databases to extend any previously described oDNA

sequences and rule out any discrepancies between the sequences.

Table 3. Primer extension, PCR and sequencing primers

PRIMER DIRECTION SEQIIENCE (5'to 3')

wPG 163 forward C CCTGACTGCTACAACTATGACTT

wPG 177 forward GAGAATGAAGTCCTTCAGTCC

wPG 183 reverse CTTGTGTGAGGTAAGTGAATG

wPG 190 forward TGCCCTACGTCCAGATCTTC

WPG t97 reverse T GCCGATAôV{T GT CCTTGCTGTC

wPG 198 reverse AGCTGCACTGGTCACGTTCTC

wPG 199 forward CT GGAGC AC AGC CT GGGGGAG

wPG 200 forward CT GCACTCT CC CCCAGGCTGT

wPG 207 forward TGGGAGGAGTGGTGTCCACTC

wPG 220 reverse ACTTTCT GAGCATGCTGT GTAAGC CCAAG
CATGTC

wPG 245 reverse CCACCAGGTAGTCATGGAGATGCCA
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wPG 253 reverse TT T C C GGAT C CTAGT GGTGGT C,GT GGT GG
TGCCACATGCTCTTC CGCTCACACCA

wPG 266 forward TTTCCATGATCAGGAGGA

wPG 282 florward TGCCCTACGTCCAGATCTTC

wPG 283 reverse CTCACTCCAATAGTCTGCA

wPG 284 forward TGGAGATTCACATAATCTACC

wPG 287 forward CAGCTGAGCTTACCCTGGA

wPG 288 reverse AGTGGTGAGGTGTAGCCGTC

wPG 293 reverse TC CAACTCCTCGGTCTGC CTA

wPG 305 reverse CACCACCATCATTAGGCCTAGGTGCATGA
TCATG

wPG 306 reverse GAGGCTGCCAGGTAGACTTGTC G

ÏVPG 332 reverse CTGGAAGGTTCTGTGTTCAT GAAG

wPG 333 forward CAGCTTCTCTAAGCTGGTGCAACT

wPG 340 forward CAGGAGCAGTACCCAGGCTGACTC

wPG 341 reverse GAGGC TGC GC T C CACCAGAAAGT C

wPG 342 forward TGGATTCCACCTGTAGGC CGGAGCT

wPG 343 reverse CAGGCAGCTTGCTGAACTGGGAGCTC

wPG 34s forward CTGAGCC CAACATAGAGTCAGGA

wPG 346 forward TGCTACTTGACCCTGCTGTCA

wPG 348 reverse ATGAGTCACAGGTGTGAGGAAGAC

\ryPG 3s2 forward CT GGATATCAGTC CAGCTGGC C TC

wPG 3s3 reverse GTATAGCCCTGGCTGTCCTGGAAC

wPG 365 forward GC TACTGAGTCTGCACTTGTGC

wPG 367 forward AGCTGGCCTCTGGTGCAAGGAT CT
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GCACAAGTGCAGACTCAGTAGC

GAC TCcAcTC GACATCGA(T) 
r ?

GACTCGAGTCGACATCGA
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The preparation for the generation of mouse models with Hyal I and Hyal 3

deficiencies required that anumber of preliminary steps be completed. The human and

mouse Hyall and Hyal3 genes and their expression profiles had to be compared to veriqr

that the genes were similar, suggesting they would have comparable roles in the two

species. rt was necessary to fully charactenze the mouse genes, as well as the

surrounding regior¡ in order to design target constructs that are likely to successfully

disrupt the desired genes. Finall¡ in order to understand the forms of the Hyal I protein

that are likely to be functioning in humans and mice, a study of the processing ofHyal I

was initiated.

3.1 Isolation and localization of HyøLI, Hyø12 and Hyal3

As a first step in the localization ofthe mouse Hyall, Hyal2 and Hyal3 genes, mouse

PAC clones that hybridized to the human orthologues of these genes were isolated. The

inserts from a human HYALI EST clone, AA223264, and, aHyaL2EST clone,

44001817, were used as hybridization probes against a RPC1-21 mouse pAC library

(62). Three mouse PAC clones that were identified within the library by both probes

were isolated:452D10,52408, and 562N23. When these PAC clones were restriction

enzyme digested with EcoRI and probed with the inserts from the above human EST

clones at the MRC Genome Resource Facility (Toronto, oN), they demonstrated

identical hybridization patterns. This suggested that all of the mouse clones contained

DNA orthologous to both human HYALI andHyAL2 cDNAs.
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Restriction digests with ì/ofl and Salrwere performed on the th¡ee pAC clones and

separated by pFGE; the pAC crones \¡/ere seen to share severar bands (Fig. 2),

suggesting they contained overlapping fragments of DNA (contigs). The pAc clone,

452D10' had the smallest insert and was used in subsequent experiments as its smaller

size was likely to make its characte rizationthe simplest. To generate a restriction map

of 452D10 (Fig' 3A and B), additional single and double restriction digests were

performed and exampres of the digests, anaryzedby pFGE, are shown in Fig. 4A and B.

After totalling the fragment sizes generated by restriction digests, the insert of 45zDl0

was estimated to be 145 Kb (Fig. 3A and B).

As the mouse pAC clone, 4szDr},was isolated using human HçALI and HyAL2

probes' it was assumed that the PAC clone contained the orthologous mouse genes. To

identify and localize mouse Hyall and Hyal2 within the pAc clone, single and double

restriction digests of 452D10 usinglscl, CIaI, EcoRI, NotI, NruI, pacI, pmeI,RrrII,

salr and,rgrAr were performed and separated by pFGE (Fig. 5A). The pAC DNA
fragments within the agarose gel were transferred to nylon membrane as described in

Materials and Methods, and hybridized to mouse Hyatl and Hyar2probes. one

fragment identified with the HyarI probe was an g.0 Kb ^larl fragment (Fig. 3A and B,

Fig' 5B); the Hyat2 probe recognized a number of bands as we[ (Fig. 3A and B, Fig.

5c)' It was hypothesized that the mouse Hyat3 gene was also present in the pAc clone

since the human HYAL3 gene had been previously localized next to HyALr (46). pAC

DNA was restriction digested with Notr, pacr, pmer,,sarl and ^tgrAl (Fig. 6A),

transferred to nylon membrane and subsequently probed with a mouse Hyat3RT-pcR
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F[9. 4. Restricúion ewyÌrw digests of mouse genomÍc FAC cloæ, 452D10. A and B,
restriction enz,yme digests were performed on 452D10 and separaÞd by PFGE, in order to
generat€ a resticti on map of the PAC clore . As, Ascl; N, i/orl; P , PacI; Prr., PmeI; S, ,Sai I; Sg,

SgrAI, U, uncut PAC DNA. The sizes of the nrolecrfar weight markers, in kilobases, are shown
on the left.
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PCR atrplified uing human HYAL3 prinÉrs, WPG 207 and rüPG 245, and the PCR program
corsisted of35 cycles:940C for 80 s, 500C for 90 s,720C for 90 s. Tb 5' termints of WPG 207
begins at rrucleotide 655 of the publislæd hunau HYALS cDNA sequence, 4F036035. N, NofI; P,
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wPc 2071 TGGGAGGAGT GGTGTCCACT

51 AGTCTACCTG GCAGCCTCCT

101 TGGATCCTCA GG,AACCGCTC

151 GCCCGTGCAC TCATGGAATA
201. GAGTGGCCTC TGGGGCTTTT

25L GATGGCTTCC AACTACACAG
301 CACCCAACTG CGTTGCTCTG
351 CTACCTCCCA CCCAGACTGC

4OI ACCGCCTGGA GGAAGCCTTC
451 CTACCTGTTC TGGCTTATTC

501 CCTGTCTCTG GACGACCTGC

551 GTTCAGCTGG AGTGGTACTC

601 cAÃAAGrcci eccarcr.["" 245
TGACTACCTG GTGG

õmîîõõm^^^\-¿\JLr\lUJ.\JLr(f
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11^ õ7 T1õõõ^\-J\\-f1f1flt'\_ U \_

f-¡.l1¡TtlmîõT Ivnu a rv I \f \_¡LLl
'tl 

^I ^ì 
mî m^^ñ\-fL\ff1, J. fl' 1 \_ U

GCCACTGCAT
õõõñõ^^ñ^^(](J\-I.þ(-UJ-LL

fl¡.llmmîÕîmTvÃvf ¿çrL.\-1fl.

11t-¡¡õm^ 1õõñvs f \f J_¡L\f uu\_

mõîõõmõ^^^f \J\]\-U J. Ufì.UfI

TGCAGACTAT
¡Ttl-1111õ1õa
r \l\J\f \f Lf \lftuu

TAõm-1î-^^m\- J_ \f \f \lLlUU
n arn /-ñn î7 m^
^uõçr\/f1lfJll L]

7\ m¡ ñm¡ î^ññnrJl-\- If1Ll\- l- .t

îmõîõ^^^^^\- r_ \r\f \JUULr\Jf\
T1õõmîmõõ^Ã\f UU J. \] I- Lr\JU
t-õAîîõ^ñõisvñ\f L,L.ft l- \--å.

A t-m1õmõT õñõçr f \l\/ r u.fl,\_ J-

faõfamõT 11õ^
U\/\J J- \-f1\f \.fUU

7\ mmmm^^î ^1n r J_ I .¡_ \l\:rfl'L]fì-
f-¡. f1(1õFT 1õmvõ\, \J \f çr.f1 (] \_ _L

Í¡117 õm^^ ^ñf \J\ffl\f J- \ffl'Lr .L

rf|ñ7\ ñn mm^m^r \fÃ\Jf1-L 1 U -t \_

îõõTm^õ1 ^^\- \- \-fL J U Lffl.\_f\

¡ft¡ftt-t\rtmlîõm
¡ ¿vuvJ-\fl.l\_t

TGAGCAGGCT
f-Tõmmõõõ^^v¡l\r' L J_ \f \luuu

AATGGCATAA
õõT õõ^õ^ 1 ^\-\-¡rUU U Lrfì-êìÂ
¡TîraÕr-7. laõ1mr vvvu^\f \,fL_L

tTr¡Trmlmõõõ1 
^frr\ftUU\f¡l!_

rnrFain^nm¡îm
r ¿ v¡t\-f.]' J_ ä¡t _L

l-mî1î1^1mm\r J. çr\r\j¡fL(jrftJ- -L

îîÕ-õ1 õñ^^\f\-\-\J\-fLu J uLr

¡Tn/-rì7\îmõ^õ
¿ 

^u\r'¡1,u 
L \f.ð,|.r

Fig. 7. sequence of the mouse HyaI3 RT-pcR fragment. The 634 bp mouse Hyar3
fragment was generated using primers based on the human HYAL3 r.quån"., WpG 207
and WPG 245, as described in Fig. 6, and sequenced.
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product' The smallest band detected u/as a 5.75 Kb SaUPmelfragment (Fig. 3A and B,

Fig' 68)' The 8.0 Kb.lall fragment and the 5.75 Kb SaVPmelfragment, hybridizing to

the Hyall and Hyal3 probes, were subcloned into pBS-, as describe d in 2.1.4 and 2.1.s.

respectively.

The order of the Hyal genes was deduced from the restriction map of the mouse pAC

clone (Fig 3A and B), and the results of the hybridization studies with the mouse Hyall,

2 and 3 probes. The organization of the genes on 452D10 was determined to be Hyal2,

Hyall and Hyal3, and spanned a region of approxim ately 23 Kb (Fig. 3A and B).

3.2 Characterization of mouse Hyall and HyaIJ cDNAs

For the design of gene targeting strategies, it was necessary to characte nze themouse

HyalI and Hyal3 genes to devise the best approach to mutate the genes and generate

null alleles' The full-length cDNAs of both genes were required to identfy all of the

exons and determine the orgaruzation of the genes in that region. The published gDNA

sequence of HyalI had been deposited in the public database, but at that time. no

information pertaining to the Hyal3 
'DNA 

was available.

3.2.1 Hyal/ cDNA

The published cDNA sequence of Hyatl was available in the public database as

GenBank Accession Number AF01 1567 (48). The cDNA was reporred to be ZlZ5 bp in

length with a 1386 bp open reading frame (a8). The first l0 nucleotides of AFO11567
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v/ere determined to be contaminating vector sequence, therefore, subsequent numbering

of AFOI1567 will refer to a revised 2l 15 bp form of the published cDNd

4F011567(rev) (Fig. 8); position I of 4F011567(rev) will correspond to position l t of

4F011567. The start codon of Hyall was identifïed at positi on 44 with the numbering

corresponding to 4F011567(rev) and the protein was predicted to be 462 amino acids in

length with a molecular weight of 52 KDa (a8). Primer extension \¡/as used to determine

the transcription initiation site of mouse HyalI. An end-labelled oligonucleotide, WpG

22O,was annealed at varying temperatures to poly(A)+ RNA isolated from the livers of

cDl mice (Fig. 9A); the 5' end of wpG 220 corresponded to position 75 of

4F011567(rev). The oligonucleotide was extended with reverse transcriptase, using the

mRNA as a template (Fig. 9A). The length of the extension product defined the distance

from the beginning of the primer to the 5' end of the Hyall mRNA therefore, identifying

the transcription initiation site. Following separation on a denaturing gel and detection

by autoradiography, the primer extension product was estimated to be 105 bp by

comparison to a concurrently loaded sequencing reaction, performed on DNA with

known sequence (Fig. 9B). The transcription start site was identified at aT nucleotide

(Fig. 9B), 3 0 nucleotides upstream of AFO I I 567(rev) (i. e. -3 0), and, 73 nucleotides

upstream from the translation start codon. The sequence surrounding the site

corresponded to an alternative cap signal (CTG), a promoter element whose function

remains unknown (73), supporting the authenticity of the primer extension product.

Other extension products were ignored as they were faint and smaller than the 105 bp

product (Fig. 9B). The shorter products did not identify the furthest 5'transcription
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I ggtgcaacEa
5L ggcttacaca
101 gaggtttccc
1-51 ctctactccc
20L ccgtggtatc
251 tggtgcctga
301 ggttgccaac
351- acagagagga
401 gtatrtggrg
451 cacattccag
5 0l- tggcagtcat
551 gacagcaagg
601 gcaccctgac
651 tccaggaagc
701 gtactgcgcc
751- caacaacg,ac
80i. tccgtgatca
851 ctttacccca
901- acagatgtac
951- tttccagaga
1001 gaaatgacag
1051 ggagagtgca
1101 acaaaacaag
1151 tccacacttg
l20I cagcgaagct
L25L atcctgaggc
l-301- acacatgaug
l-351 ccgggcgcag
1401- gaggcaagtg
1451 tgcacacact
l-501 aatacagtca
1-551 ggccacagçlc
1601- agtttaggac
l-651- gcaggatcac
1,'7 0L aagctggcat
l-751- gcaagcacta
1801 gggaagctga
1851 ctgagggttg
l-90L cacaccttag
1-951 ttgagctcca
20OL cctLtaatcc
205l aggccagcct
2LOL gagaaacctg

(tgagcagcag cgccgcagct
ggaccagctt gcgggacaga atccggccaa
gcatgctcag aaagtttgga gaatgaaguc
caggctcatc ccctgccacc gcaggccacc
ttcctgactt tgctcgagtt. ggcccaagtc
caaccgçtcca tLcatcactg tttggaatgg
cggagtatgg agtggatgtg gatgtcagtg
aaggagcaga gtttccaagg ctctaacatg
attgggcacc tacccctact atacacccacgtctgcccca gaatgccagc ctggttaccc
gacaEcaagg ctgccatgcc tgaacctgac
tgat.tgggag gcttggcAcc cacggtgggc
acatttatcg gcagcgctca atggaactgg
tggccagaaa ctttagtgga ggcagcagcc
tgcagaggcc tggatggcag gcaccctcca
cccgLggcct ctggggctac tatggcttcc
tttctaagtc tcaactacac acgccagtgc
gaacgaccag ctagggtggt Èatggaaccagtatttattt gcctgcagca ctgatgggca
gttcgacacc gtgtgcaaga ggcgctccgt
cccccatgtg cccgtaatgc cctacgtcca
attatcttct gcccctggag gaactggagc
gcccagggag tggcaggagc agtgctcugg
taccaaggaa tcatgccagg ccattaaagc
ggcccttcat cgtgaacgtg accagtgcag
ctgtgttccg gccatggtcg ctgtgtccgc
tctcctcacc ctcaaccctg ccagtttccc
gcaggccccc gagcctcaag ggtaccctct
atggctatga aattcaggtg ccAatgctac
gtgtgacaag cAgggtatgÈ g.atgattagc
gaacacctga catacccagg gcctacctag
catgcccata agtcacagga gtacactcca
acataggcac agtcacggga atagtcacat
aggcactatc cattctgagc ctagaaggac
caggcagttc ctccagaatc tatgagtcag
ttgccatatg tcagctctgt gccaagccct
gaagtgggct aactcattca gtctttgcaa
gcct,ttttca ttcacttacc tcacacaagc
cccagcaaga agagacaagc aaggccaggc
atcccagtac ttgggaggca aggccagcct
ggacagccag gactacacag agagacactg
cagcacttgg gaggcagagg caggcc@UL
catctacaga gtgagttcca ggacagccag
tctca

tctctaagct )

gacatg'cttg
cttcagtcct
f ^^+ + ^^^^+e:rv u evljuq u

tgcagaggtt
agacactcat
tcttcgatgt
acaattttct
aggggaaccc
accttgctca
ttctcaggac
cttcaactgg
rccaggcaga
aaaaaccagt
actggggcag
ctgactgcta
ccagtattcg
gagctatgcc
cagagaagtc
gtggctatag
gatcttctat
a ranaal'aan

ctaagctcag
atacatggat
cl-¡l-l-t-{-a}^e v:, ev
catccaagtt
cattgagcta
cacttaagga
cgtggatgga
E.gcacccaac
gacttcctca
ccactgacat
agtgaatcag
ctaattgtca
cag'acaccaa
atgctaataa
tggacatgca
tacccagcca
atggatgatg
ggt.ctacata
ttggcgcatg
tctgagtttg
ggctaacaca

Ì'ig' 8' sequence of revised mouse Hyatl CDNA, 4F011567(rev). The published CDNA for
mouse Hyall was found to have 10 nucleotides of contaminating vector sequence at its 5' end.Thefirstl0nucleotideswereremovedandrenamedAFOll56T(rev). +lofAFoll567(rev)
corresponds to *l 0 of AFo I I 567. The sequence in brackets represents the extende d Hyal t
CDNA sequence determined by primer extension. The ATG start and the TGA stop codons are
in bold, and the putative poly(A) sitefor Hyal1 is underlined.
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initiation site and, therefore, did not generate the longest cDNA sequence. The full-

length mouse Hyall cDNA was determined to be2145 bp in length, extending the

revised published sequence by 30 bp.

The putative polyadenylation þoly(A)) site of Hyall was identified at nucleotide

2115 (numbering according to 4F011567(rev)), following a search of the EST darabase

to identify Hyall ESTs and determining that all ofthe ESTs corresponding to the 3' end

of Hyall terminated at this position. A poly(A) signal was not seen upstream of the

putative poly(A) cleavage site of Hyall .

3.2.2 Hyal3 cDNA

Initially, no sequences coffesponding to the mouse Hyat3 cDNA were identified,

using the human HYAL3 cDNA sequence (AF036035) in a BLAST search against the

GenBank EST database. A BLAST search of the mouse EST database with the

sequence of the mouse Hyal3 RT-PCR fragment (Fig. 7) subsequently identified an EST,

88376250' which had become available in the database and coresponded to the 5,end

of Hyal3. The 1.6 Kb insert of the EST clone, BE376250, was sequenced (Fig. l0).

Following a comparison with the human HYAL3 cDNA (AF036035), the ATG srarr

codon and the TGA stop codon of mouse Hyal3 were predicted at positions 4g and

1284, respectively, generating an open reading frame of 1236 bp (Fig. 10). A string of A

nucleotides at the 3'end of the insert of88376250 was believed to be the poly(A) tail of

Hyal3. Given that the Hyal3 cDNA was likely to be near full-length and due to the low

expression of Hyal3 within the tissues (see 3.5.3), primer extension was not performed.
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1 GTACTGTGTC

51 ATCATGCACC
1-01 GCATGGCCAA

151 GGAATGTACC

2OL CTCGATGCCC

25I NU\CATCTCC
301 GACCTAGAGG

351 GACCACCACT

AOL TAGCTTTGCT
451 GGGCTGGGAA

501 GTTTGGACAC

551 CNU\GCCCAT
601 CTCTGCAGCT

651 AGATATCCAG
701 AGGCCACTGC

15I TCTGGGCTGC

B01 CTGCCACTTG

851 CTTCCGTGTA
901 ATTCTCGCCT
951 CTGATGCAGA

1OO1 ACTCTGGGGG

1051 TCCATGACTA
1101 AAGGCTGACA

1151. TGCCCGGAAA

1.201. ATGACAGTCT

1251. TGGGCTGGCC

1-3O1 CAGGAGTCCC

1351 AGAGGAATTC

1401 CATATCCCAC

1451 GGCATGGTGG

1501 CCGATTTCTG
1551 AGCCAGGGCT
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Fig. 10. Sequence of the insert of EST clone, 88376250. An EST clone, 88376250,
was identified in the mouse database using a BLAST search with a Hyal3 RT-PCR
fragment (Fig. 7). The entire insert of88376250 was sequenced. The ATG start and
TGA stop codons are in bold and underlined.
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Because of the close proximity of Hyat3 to surrounding genes (refer to 3.4), the 5' end

of HyaI3 was deduced from the EST clone, 88376250, making the mouse Hyal3 9DNA

1.6 Kb in length.

During the course of this study, a genomic clone encompassing mouse Hyal3,

4F025353, became available (see 3.8.2), and allowed predictions of the Hyal3 poly(A)

cleavage sites to be made. The string of A's that was previously observed at the 3'end of

the EST clone, 88376250, was also seen in the corresponding genomic sequence within

4F025353' This questioned the authenticity of the poly(A) cleavage site and suggested

the oligo(dT) primer may have misprimed when the EST clone was generated.

Therefore, to determine the true poly(A) cleavage site of HyaI3, 3RACE was performed

on cDNA from mouse testis using a forward primeq \ryPG 345, within exon 4 of Hyal3,

and a reverse adaptor primer. As shown in Fig. 11, two amplification ptoducts , Z72bp

and 537 bp, were detected; these were cloned using the TA-cloning kit. As HyaI3 is not

highly expressed in the tissues and non-specific amplification of other mRNA species can

occur, it was necessary to determine which clones contained Hyal3 3'RACE products.

The inserts from the putative clones were excised with EcoRr, separated by gel

electrophoresis and transferred to nylon membrane. AzzT bp probe, containing

sequence immediately downstream of the forward primer used in the 3,RACE

experiment, was generated by PCR amplification of pHL3 with WPG 346 andWpG 353;

the PCR program consisted of an initial 3 min denaturatio n at 94oC, followed by 35

cycles of 940C for 45 s, 590C for 45 s,720C for 60 s, and a final extension at TZ\C for g

min' The probe hybridized to two clones with insert sizes of 272 bp and 537 bp (data
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not shown), and sequencing of the clones was performed (Fig. l2A andB). Analysis of
the sequence of the 537 bp 3RACE product identified a pory(A) cleavage site at

nucleotides 1817 to lBl9, with numbers corresponding to Ay04g6gl (Fig. l2A). Due

to the presence of two A nucleotides at positions 1818 and lglg in both the genomic

and cDNA sequences, the cleavage site could not be assigned to a single position as it

could not be determined whether the A nucleotides were part of the poly(A) tail. An

alternate poly(A) signal, CATAúL\ was found upstream of the cleavage site. The z7z

bp product identified an alternative poly(A) cleavage site between positions l5g2 to

1604, corresponding to the site seen in88376250 (Fig. l2B). This site could not be

defined as a single position, as well, because of the string of A nucleotides in both the

genomic and cDNA sequences. The string of A nucleotides, though, was much longer

within the cDNA and no amplification was seen in the negative control (i.e. no reverse

transcriptase v/as added to the first-strand 
'DNA 

synthesis reaction) (Fig. il),
supporting the authenticity of the poly(A) site. An alrernative poly(A) signal (TATACA)

was found upstream of the cleavage site (Fig. l2B). Based on this additional sequence,

the fullJengrh Hyal3 cDNA was determined to be 1.8 Kb in length and the sequence was

deposited in GenBank as Accession Number Ay04g6g r. The arternative pory(A)

cleavage site generated a r.6 Kb cDNd represented by the EST clone ,FJFj376250.

3.3 characterization of the murine HyaII and Hyal3 gene structures

3.3.1 Hyall gene structure
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TCTAGGTTCA GACAACCCCT
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TGAGGAGCCG GGCATGGTGG CGCACGCCTT TAATCCCAGC
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Fig. 12. Sequences of Hyal3 3'RACE products. 3'RACE of mouse Hyal3 generated

two specific amplification products which were cloned and sequenced. L 537 bp Hyal3
3'RACE product. B,272bp Hyal3 3'RACE product. Numbering corresponds to
4Y048681. The forward primer, WPG 345, used in the 3'RACE experiment is shown.

Putative poly(A) signals are underlined and bold lettering depicts poly(A) cleavage sites.
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The human HYALI gene \¡/as known to have four exons and three introns (46),

information essential for the characterization of the mouse Hyall gene structure. The

locations of the mouse HyaII exons were predicted using the knowledge of the human

HYALI gene structure and the revised published cDNA sequence for mouse Hyall,

4F011567(rev). Using primers within the predicted exons and close to the boundaries

of the introns, the intron sizes of Hyall were determined by PCR amplification of the

PAC clone,452Dl0, and pHLSI (Table 4,Fig. l3A). The PCR products were cloned

using the TA cloning kit and sequenced, and conventional splice signals were found at

each of the exon/intron junctions (Table a). The murine HyaII gene \¡/as found to

contain 4 exons and 3 introns and span a region of approximately 3.2 Kb.

PCRwas used to determine if there was alternative splicing within mouse Hyall.

RT-PCR of mRNA from mouse liver, using various primer sets within the gene, detected

alternative splicing within the second exon of Hyall; the PCR program consisted of 35

cycles of 940c for I min, 550c for I min, 720c for I min 30 s. RT-pcR using a primer

pair, WPG I77 and WPG 200, generated multiple amplification products and three

bands, as well as a fourth faint band, were observed when an aliquot from the PCR

reaction \¡/as separated by electrophoresis on an agarose gel (Fig. l4Jane a). The PCR

products were cloned and sequenced but only three (983 bp, 805 bp, 388 bp) ofthe four

bands \¡/ere represented. Several attempts to clone the -900 bp band resulted only in the

isolation of the 805 and 983 bp bands. Further analysis of the PCR productsby 60/o

DNA-PAGE revealed no -900 bp band (Fig. I5), suggesting the PCR product seen by

agarose gel electrophoresis was likely a heteroduplex of the 983 bp and 805 bp PCR
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Table 4. Nucleotide sequences of the exon/intron boundaries of the mouse lIyall
gene. Exon sequences are given in uppercase; intron sequences are given in lowercase.

Table 5. Nucleotide sequences of the exon/intron boundaries of the mouse Hyal3
gene. Exon sequences are given in uppercase; intron sequences are given in lowercase.

Exon Exon size (bp) 5' splice donor Intron (Kb) 3' splice acceptor

I t34 CTGAG/gtcag 0.48 gccaglGTTTC

2 924 CCCTG|gtgag 0.43 cccaglGAGGA

J 90 CCAAG/gtaag 0.13 ctcadGAATC

4 998

Exon Exon size (bp) 5' splice donor Intron (Kb) 3' splice acceptor

I 30 GCCAG|gtaag 3.0 tgcaglGTCTC

2 914 CTCTGIglaag 0.71 tgcagGACGA

a
J 90 CTGAG/gfgag 0.10 tgtaglGAAA

4 785
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Flg' 13' Mowe Hyarl andHyar3genestrucf,ures. Geræstructures of A"H)¡arandB, Hyat3,with nr¡cleotide nunúeringcorrespo'di's to1fF0 rr567(rev)(Fig. g), a'd Ay04g6gl,respecfively' The primers depicted in a ã'd B were use¿ to'pcñ anplift a'd sequeræ e the H¡tal ImdHyal3 exors Êom pHLSì and,452Dl0 PCRfi'agmens, *rp""tiuely. Both genes were fo,ndto corsist of for¡: exons and fhree intrors.
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Ffg. 15. A¡aatysb of alternaûive splícing wíthin Hyall by DN.{-F^A.GE. Alternativd spliced
products of HyalI, generated by PCR of ruuse liver oDNA using WPG 177 and WPG 200, were
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fragments. The alternative splicing within the second exon of Hyal,f resulted in the same

3' splice sites but differing 5' sires @ig. 168 and c), while the 9g3 bp fragment

represented the wild-rype species (Fig. l6A).

To further charactenze the mous e Hyall gene, another primer pair, WpG 177 and

WPG 197, was used in an RT-PCR reaction following the conditions above; three

amplification products C9B0 bp, -750 bp,496 bp) were generated (Fig. l4Jane 3). The

predominant 496 bp product represented Hyatt with no alternative splicing. To generate

the top two bands e980 bp, -750 bp), part o{ or the entire first intron of Hyall may

have been retained as is seen in humans (46;51), but no evidence was found in the mouse

EST database to support this low level alternative splicing.

As alternative splicing of Hyall had not been detected within the mouse EST

database, a number of HyaII EST clones were sequenced in order to find more examples

of alternative splicing vwtlnn Hyalt. A retained second intron of HyaII, as well as a

poly(A) cleavage site within the intron, was identified in the EST clone, AA716g90 (Fig.

16D). A potential alternative poly(A) signal (AATATG) was seen 34 bases upstream of

the cleavage site and a GT-rich regior¡ a polyadenylation element (74;7S),was observed

downstream of the site of cleavage. These results suggest the presence of alternative

polyadenylation within mouse Hyall.

3.3.2 Hyøl3 gene structure

The human HYAL3 gene structure \¡/as unknowr¡ therefore, to aid in the

charactenzation of the mouse Hyal3 gene structurq the human structure was first
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F'lg' 16' A'IÚernaÚûve splicing and poþadenylation of rnouse Hyalt. Alternative splicing ofHJ'alI was detected by RT-PCR analysis of rnRNA from moue liver. Seqrreo." ,r"t-y*i, of ESTclone, AA7 16890' identified an arternative polyadenylation site in rmuse H),ar L A, H¡tar r o.,,sstucture. B and C, alternative splicing within tte second exon of H¡,alI. i,a ,etainedsecondintron and apoly(A) cleavage site wittrin H),atI (AA716390).
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determined. Genomic sequence containing the human HYAL3 gene (U73167) was

aligned with the HYAL3 cDNA (4F036035) to predict the exor/intron junctions of the

human gene (data not shown). The sequence of the full-length Hyar3 cDNA

(4Y048681) had not been determined at this point but the mouse Hyal3 EST clone,

8F,376250, had been fully sequenced @ig.10), and was aligned with the human HYAL3

cDNA @ig. l7). Guided by this alignment and the human HYALï gene structure,

primers were specified to ampli$ each of the predicted Hyal3 exons and introns, from

the PAC clone, 452D10 (Fig. 138). The sizes of the exons and introns were estimated

from the amplification products (Table 5). The PCR fragments rvere cloned and the

exon/intron junctions were sequenced; conventional splice signals were found at each. of

the junctions (Table 5). The murine Hyal3 gene consisted of 4 exons and 3 introns, and

spanned approximately 5.7 Kb.

3.4 Localization of mouse Fus2

To fully charactenzethe Hyal gene family on mouse chromosome 9, the region

between the Hyall and Hyal3 genes was sequenced from the Hyall clone, pHLSl. A

BLAST search of the mouse EST database with fragments of the region between the

genes, identified the mouse Fas2 cDNA (AFI72275), a putative N-acetyltransferase

(76). Themouse Fus2 genebegan Tlgbpdownstream of Hyall,andthe Fus2 and

Hyal3 genes were found to be overlapping. The first exon of Hyal3 was found within

the first intron of Fus2, and the second exon of Fus2 was entirelv within the first intron
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Human : 346 caggtccctgaacgcccctfc!ctgtgctgtggaatgtaccctcagcacactgt gagg.,.-lllll lllllll ll ll lll¡ t-tiiltillllil lir-tiill
Mouse : L20 caggttcctgaacatcctttttctgtggtatggaatgtaccctcagcaagatgtaaggcc

Human z 406 "scf!lpglgtgcacctgccactcaat gc|-ci-gggeatcatagccaaccgtggccagcat|||||||t ||t It || ||-iiIt ||i|||- ii||l-l||Mouse : 1 8 0 cattttggtgtgcatctgcctctcgatgccct cggcattgtagccaa cca cggccaacaE

Human: 466 ttt cacggtgggaa catga ccattttcta caagiaa ccaa ctcggcct ctatcccta ctttllllllll ll lllll llll llllltillt I ii l nlt lltlMouse z 240 tttcacggccaaaacatctccatcttctacaagaaccagtttggtctttatccttacttt.

Human: 526 ggacccaggggcacagctcacaatgggggcatcccccaggcttt.gccccttgaccgiccac
lllll ll ll lllll lllllllllll llt liil ti l r ill-ltlMouse: 300 ggacctagaggtacagcccacaatgggggaatccct.caggctgtgtccttagaccaccac

Human: 5 I 6 ct.gggactggctgcctaccagatccaccacagcctgagacctggctttgctggcccagca
llllll llllll lllllllll llilt- it l-illrilliil illMouse : 3 6 0 ttggcacgagctgccca ccagat ccta cacagcctaggatctagctttgctggcE.E.ggca

Human: 646 gtgc!gggt!ggg"sS"stggtgtccacrctgggctgggaacrgg ggc,c.gcc'gc,cga---llllllll lllll ll llll llltlilllliirltiiiill-ll- lilMouse : 420 gtgctggactgggaagaatggtacccactctgggctgggaactggggcccccatcgacaa

Human: 703 gcttatcaggg?g9g!cttgggc!!gggcacagcaggtattccctgacctggacccccag
I ll I lllllllll llll ltli-¡lili-t llli I liÍr llti

Mouse : 4 B 0 gt.cta cctggcagcct cctgggtttgga ca cagcagatgttccctggcttggat ccL cag

Human : 7 63 SaS"?gg!gtacaaggcctatactggctttgagcaggcggcccgtgcactgacggaggaEll llllll llll lll lllll lltililliil-illri¡ill-liit--l
Mouse : 5 4 0 gaacagctccacaaagcccatactagctttgagcaggctgcccgtgca ctcatggaata c

a cgctgcgggtggcccaggca cta cggccccatgga ctctggggctt ctatca cta ccca| |il | |t | | || | | |i ||iiii¡ll ll | ill
a ctctgca g cEggg ccggaca ctt cgcccga gt ggcct.ct ggggcttttaca gatatcca

Human: I I 3 gcctgtggcaatggctggcatagtatggcttccaactataccggccgctgccatgcagcc
llllllllllllllllllllll || lll n l l l l ii¡l-l il l illill

Mouse z 660 gcctgtggcaatggctggcataagatggcttccaactacacaggccactgccaEgcagcc

acccttgcccgcaa ca ct caactgcattggct ctgggccgcct ccagtgccctctt cccc| | |t il|t |ililt ||lil||liiil i|liltitit |||tl
aE caccacccaaaacacccaactgcgttggctctgggctgcctccagtgctctcttccct

Human: 1003 agcafg!?çç!""cacccaggctgccacctgcccaccaccaggcctttgtccgacaccgc
llllllllllllllllllll lllllll ||l lt liilltiltilt lilMouse: 780 agcatctacctcccacccagactgccacttgcctaccgtcaggcct.ttgtccAacaccgc

Human: 823

Mouse: 600

Human: 943

Mousez 720
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Human: 1063 ctggaggaggccttccgtgtggcccÈtgttgggcaccgacatcccctgcctgtcctggcc
ilil|il il|||||t rr| | | lll lil|r |l lllll lllll

Mouse: 8 4 0 ctggaggaagccttccgtgtagcccttttggagcattcacatcctctacctgttctggct

Hurnan: 1123 tatgtccgcctcacacaccggagatctgggaggttcctgtcccaglø"tø.""ttgtgcag
It ilil||||ilrr ill||l Illllll I llll lllll lIll
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| ||t il||| il|t | || | |ilt l||illllllllllll

Mouse: 9 60 actattggagtgagtgccgcactgggaacagctggagtggtactcLggggggacctgagc

Human z 1243 ctctccagctctgag 
I Saøøaøtøctggcatctccatgactacctggtggacaccttgggc

|| ilil||tlI rrililr rrrrilrr I lllr lr | ill
Mouse: 1020 ttctctagctctgaglgaaaagtgctggcgtctccatgactacttagtgggcactttaggc

Human:1303 ccctatgtgatcaatgtgaccagggcagcgatggcctgcagtcaccagcggtgccatggc
|ilil|||ililrril ||t | |l||t ||rilrril || |llll

Mouse: 1080 ccctatgtgatcaatgtgaccaaggctgacatggcttgcagtcaccagcgatgtcatggc

Human:1363 cacgggcgcLgtgcccAgcgagatccaggacagatggaagcctttctacacctgtggcca
| | | tttIt It l|rtil llllllllllll||r Il llll

Mouse:11-40 catggtcgatgtgcccggaaagacccaggacaaatggaagcctttctacatctgcagcca

Human: 7423 gacggcagccttggagattggaagtccttcagctgccactgttactggggct-gggcEggc
| | |t |||t |||| l||||t ||ilt Il|| | lll lllllllll

Mouse z t200 gatgacagtcttggagcttggaattccttcagatgccattgttattcAggttgggctggc

Human: 1483 cccacctgccaggagcc L499
lllllllllllllll

Mousez 7260 cctacctgccLggagcc t216

Fig. 17. Sequence alignment of the entire insert of BF,376250 and the human HYAL3
cDNA (4F036035). To predict the exon/intron junctions of mouse Hyal3, the sequence of
the EST clone, B.F,376250, was aligned with the human HYAL3 cDNA (4F036035), using
BLAST. The junctions are represented by intersecting lines within the sequences.

Homology between the two sequences began downstream of the first exon, therefore, the
first exon/intron junction is not shown.
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of Hyal3. The new order of the genes on mouse chromosome 9Fl-F2 was determined

to be Hyal2, Hyall, Fus2 and Hyat3.

3.5 Northern blot analysis

3.5.1 Northern blot analysis of Hyatl

The expression of mou se Hyall was analyzed over arange of tissues in order to fully

charactenze the gene. A fragment within the second exon of Hyal,l was isolated by

restriction enzyme digestion and used to probe two adult Northern blots. The expression

of mouse Hyall was found in a number oftissues, with the strongest expression in the

liver and moderate expression in the kidney, lung and skin (Fig. lgA and B). The

expression profile of Hyall was found to be similar to the human gene (46), and

confirmed the studies of Csoka et at (48). Up to seven adult mouse transcriptr, orr., u

size range of 5 Kb, were observed on the Hyall Northern blot (Fig. l8A and B). This is

different from human HYALI as only four transcripts have been detected with sizes less

than 2.5 Kb (46). The predominant human HYALI transcripts were identified at 2.4 Kb

and 2.7 Kb (46), while the major mouse Hyall transcripts were seen at 6.2 Kb, 4.5 Kb,

3.3 Kb, and 1.3 Kb (Fig. l8A and B). A weak signal was also seen at 2.1 Kb and is

putatively represented by the published HyalI cDNA sequence (AFOl 1567);the 1.3 Kb

transcript may correspond to 44716890 which contains part of the second intron of

Hyall and is described in 3.3.1.

The mouse embryo Northern blot was probed with the Hyatl fragment, described.
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above, and revealed expression in mouse embryos of all developmental stages with the

strongest and most diverse expression at the 7 day stage @ig. l8E). The sizes of the

mRNA transcripts in embryo tissue corresponded to the sizes detected in the various

tissues of adult mice (Fig. l8A, B and E).

It was necessary to determine the composition of the large transcripts as they were

highly expressed and possibly of biological significance. Alternative splicing, described

in 3.3.1, could not explain the different sized transcripts detected on both the embryo

and adult mouse Northern blots; very little size differences \¡/ere found between the

alternativeþ spliced species and could only account for differences within single bands

on the Northern blots. This suggested that alternative transcription initiation of HyaII

may produce the large transcripts but no evidence was seen using primer extension and

subsequent sequence analysis would reveal no upstream candidate sequences. It was

therefore hypothesized that alternative polyadenyl ation of HyaII may generate the large

transcripts detected on the Northern blots. This led to the analysis of the expression of

the Fus2 gene, which is downstream of Hyall.

3.5.2 Northern blot analysis of Fus2

To examine the possibility that Hyall may use the polyadenylation signal of Fus2 to

generate the large transcripts seen on the Hyall Northern blot, a fragment within the

second exon ofFzs2 was used to probe one of the adult mouse Northern blots. The

pattern of expression detected for Fus2 was very similar to that of mouse HyaII, with

strong expression in the liver, kidney and skiq but also in the testis (Fig. 18C). The sizes
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of the larger Fus2 transcripts were consistent with the sizes seen on the Hyall Northern

blot and when the two blots were overlaid, the pattern of the larger transcripts within the

tissues was identical (Fig. l8A and C). This suggested that some of the larger transcripts

(6.2 Kb, 4.5 Kb, 2.4Kb) resulted from the co-transcription of HyalL and Fus2, vvtth

Hyall sometimes using the polyadenylation signal of Fus2 . The I .5 Kb transcript,

detected on the Fzs2 Northern blot, was highly expressed throughout the range of

tissues, except skeletal muscle, and is probably represented by the,Fzs2 cDNA

(Arn227s) (Fig. l8C).

3.5.3 Northern blot analysis of Hyø13

To fully charactenze the mouse Hyal3 gene, the adult mouse Northern blot (different

from the one probed in 3.5.2) was probed with the Hyal3 RT-pcR fragment (Fig. 7),

and analyzed by autoradiography. The pattern of tissue expression of mouse Hyal3 was

similar to that of Hyall with the highest expression in the liver and kidney (Fig. l8B and

D). An increased expression of Hyal3, though, was detected in the brain and testis, and

the overall level of expression of Hyal3 was found to be lower thanHyall Mouse

Hyal3 was seen to have a broader expression profile and a greater number of transcripts

than its human counterpart (Fig. 18D), as Northern blot analysis of human HYAL3 only

detected single transcripts in liver, brain and kidney (a6). The 3.3 Kb band observed on

the mouse Hyal3 Northern blot seemed to be the same size as a Hyall transcript and

when the two blots were overlaid, the 3.3 Kb transcript appeared to be identical @ig.

188 and D), implyin g HyalI and Hyal3 are sometimes co-transcribed.
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3.6 Co-transcription oÍ HyaII/FusZ and HyaII/IIyøt3

Northern blot analysis of mouse Hyall, Fus2 and Hyal3 suggested Hyall was co-

transcribed with Fus2 or Hyal3 some of the time. In order to design the Hyall and

Hyal3 knock-out constructs that will only target single genes, it was essential to confirm

the hypothesis of co-transcription and determine the exact regions of the genes that were

co-transcribed.

3.6.1 Co-transcription of HyaII and Fus2

To demonstrate that Hyall and Fus2 are sometimes co-transcribed, RT-pCR was

performed on mRNA from mouse liver, using a forward primer within the third exon of

Hyal3, WPG 199, and a reverse primer within the second exon ofFzs2, WpG 2gg @ig.

194); the PCR program consisted of an initial 3 min denaturatio n at 940C, followed by

35 cycles of 940C for 45 s, 550C for 45 s, 72oC for 5 min, and a final extension at TZ¡C

for 8 min. Gel electrophoresis of the RT-PCR reaction revealed a number of

amplification products with varying intensities (Fig. 20). Seven different clones were

generated after the PCR products were isolated and cloned using the TA cloning kit.

After sequencing the clones, it was found that both Hyall and Fus2 were present in the

same transcripts and, therefore, co-transcribed (Fig. l9B(i) - (vii)); the sequences of the

clones were deposited in GenBank as 4F4174}2-AF4I7498. The clones were classified

qualitatively by their abundance in the PCR reaction, as seen on the agarose gel in Fig.

20, with one having the most intense EtBr staining, and four, the least (Fig. 19 and 20).
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It was assumed that the degree ofEtBr staining correlated with the expression levels of

the transcripts containing Hyall and Fus2. The RT-PCR product with the greatest EtBr

staining, therefore, likely represented the most abundant Hyatl/Fus2 co-transcript within

the liver @ig. leB(i)).

3.6.2 Co-transcription of HyølI and HyaIJ

To confirm the hypothesis that Hyall and Hyat3 are co-transcribed some of the time,

PCR amplification of mouse liver cDNA was performed using a forward primer within

the third exon of Hyall, WPG 199, and a reverse primer within the third exon of Hyal3,

WPG 306 (Fig. l9C); the PCR program was as in 3.6.1, but with annealing at 500C. A

single 0.8 Kb amplification product was generated @ig. 2I), and,sequencing of clones of

this fragment determined that Hyall and, Hyal3 were both present within the clone (Fig.

l9D). This demonstrated that the two genes were co-transcribed andHyall uses the

polyadenylation signal of Hyal3 some of the time.

3.7 In vitro transcription/translation of Hyall/Fus2 and analysis of the protein

products

It was not known whether the co-transcripts containing Hyall and Fus2 could

actually be translated, indicating they were of biological significance. Therefor e, in vitro

transcriptior/translation studies were performed on a DNA template representing the

most abundant HyalllFus2 co-transcript (Fig. 198(i)), as well as templates consisting of
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orúy Hyall or Fus2 cDNA. The resulting 3HJabelled samples were then analyzedby

fluorography to detect all expressed proteins, and Western blot, using a-IfYAL 1, to

detect Hyal I proteins.

3.7.1 Construction of the bicistronic Hyall/Fusz DNA template and templates

containing only lIyall or Fus2 cDNA

To generate the construct containing both Hyall and Fus2 open reading frames, a

number of cloning steps were required @ig.22l\). Initially, the clone containing the RT-

PCRHyaII/Fus2 co-transcript depicted in Fig. 198(i), was restriction digested with,!þeI

and.EcoRV to obtain the 1.6 Kb insert and the 5' overhangs of the fragment were filled

in with Klenow. The 1.6 Kb blunt-ended insert was subcloned into the pSP64 (polyA)

vector, digested withHinctr, to create pSP6a(a). The 3'region of the construct was

generated by PCR amplification ofPAC DN,\ 452D10, using primers, WPG 287 and

WPG 305; the PCR program consisted of an initial 3 min denaturation at 940C, followed

by 35 cycles of 940C for 45 s, 550C for 45 s,72oC for 6 min, and a final extension at

720C for 8 min. The PCR amplification product was subsequently digested with SmaI

and EarI, treated with Klenow to filI in the ends, and subcloned into the SmaI site of

pSP64(a), to generate pSP6aþ). To obtain the 5' end of the construct, a fragment was

generated by RT-PCR of mouse liver mRNd using WPG 333 and WPG 183; the PCR

program was as above, except with an extension time of 2 min 30 s. The PCR product

was treated with Vent DNA polymerase to remove the 3' overhangs and subsequently

digested withilcol to produce a 1.3 Kb fragment. pSP6a@) was initially digested with
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HindlI, treated with Klenow to fill in the 5' overhangs and then digested with ilcol.

The l'3 Kb insert was subcloned into the blunt/i/col site of the psp6aþ) vector to

complete the bicistronic consrrucr, psp64gryallÆus2) (Fig. z2r\).

A construct containing only Hyall cDNA þSP6a$Iyall)) was also generated and is

depicted in Fig. 228. The Hyatl cDNA was obtained by digesting psp6aftryallÆus2)

with EcoRI and filling in the ends with Klenow. The product was subsequently digested

with EsrGI and inserted into the BsrGI/IIincII site of pSp64þolyA) ro generate

psP6a(Hyall) (Fig. 228). The DNA remplare containing only Fus2 .DNA

(pSP6a@us2)) was constructed by the digestion of psp64(fryallÆus2) Eco¿,followed

by a treatment with Klenow to fill the ends (Fig. zzc). The Fus2 
'DNA 

was then

inserted into the BamrnlücoR[ site of pSPíafttolyA) following a treatment with Klenow

(Fis.22C).

The presence ofthe poly(A) sequence in the vector, downstream from the cDNAs,

was to enhance the translation of the mRNA in the reticulocyte lysate system, by

increasing the stability of the transcript (TNT Coupled Reticulocyte Lysate System

technical notes, promega).

3.7.2 In vítro transcription/translation and analysis

The DNA template containing the Hyarl and Fus2 co-transcript

þsP6a(HyallÆus2)), rhe remplares consisring of only Hyall þsp6aftIy alt)) or Fus2

'DNA þsP6a@us2)), and the positive and negative contrors, were in vitro

transcribed/translated using the TNT Coupled Reticulocyte Lysate System. Aliquots of
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the samples were separated by electrophoresis on a SDS-PAGE gel, transferred to a

nitrocellulose membrane and examined by fluorography and western blot analysis.

Fluorography detected three identical 3H-labelled proteins in the lanes containng in vitro

transcribed/translated psP6a(HyaltÆus2) and psp64(rryalt) (Fig. 23A). Bands of

different molecular weight were also detected in the lane containing in vitro

transcribed/translated pSP64@us2) (Fig. 23A). AII of the detected proreins were

specific as they were of different size than the proteins seen in the positive luciferase

control lane and no bands were seen in the negative control lanes. The predicted

molecular weight ofFus 2 expressed from pSP64(Fus2) is 34.6 kDa, correlating to the

top band detected in the lane containing in vitro transcribed/translated pSP64(Fus2). As

a band of this size was not seen in the lane containing products expressed from

pSP64(IlyalliFus2), this suggested that Hyal l, but not Fus 2, could be expressed from

the bicistronic mRNA. The other detected bands were assumed to be the result of leaþ

scanning of the translation complex which often generates smaller proteins due to the

initiation at downstream start codons (TNT Coupled Reticulocyte Lysate System

technical notes, Promega).

Western blot analysis ofthe invitro transcribed/translated proteins, using a-IfyAL l,

detected Hyal I proteins in the lane containing the Hyatl and Fus2 co-transcript, as well

as the lane containing only the Hyall cDNA. No bands were observed in the negative or

positive control lanes (Fig. 238). The Hyal I proteins corresponded to the bands seen

on the fluorograph (Fig. 23A).
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111



3.8 Bioinformatic analyses

3.8.1 Analysis of the HyøIl putative promoter region

The identification of co-transcription of Hyall with downstream genes, Fus2 or

Hyal3, suggested that a common promoter may be used to express these co-transcribed

genes' Using a combination ofvisual scanning and TFSEARC]i^(77),the nucleotide

sequence upstream of the transcription start site (AFZ9O430) was analyzed. No classical

TATA box was seen but a potential CAAT sequence was detected at position -54 and

two GC boxes at positions -33 and -99 @ig. ZÐ.

3.8.2 Analyses of the mouse and human Hyal2 to sema3b region

With the emergence of the human genome and fragments of the mouse genome

sequence in the public databases, it was possible to use bioinformatic tools to further

analyze and compare the Hyat reg¡ons on human ch¡omosomeTq3l and mouse

chromosome 9F1-F2, as well as to confirm the experimental results from the

chatactenzation of the Hyall and Hyal3 genes. Two human genomic clones, AC0OZ455

andU73167,had been previously identified to contain the HYALI, 2 and3 genes and the

clones \¡/ere ¿uranged to represent the genomic sequence of the human genes. A

BLAST search of the High Throughput Genomic Sequence (IITGS) database with a

region of the HyølI cDNA revealed a mouse genomic clone, ACO253S1 consisting of

36 unordered contigs. Alignment of 4C025353 with the Hyall, 2 and,3 genes, as well

as the Fus2 gene, identified three contigs which were then assembled to represent the

correct order of the genes. A sequence gap was identified between the two contigs
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-5OO CAGCAGTAÄA GCACTTGGCA TGCA.AACAGG

-450 CAGCCCAAAA CAAGCAA.AAC CCAJU\CTGTT

_4OO TGTGTGAAGA CAGTCTCTGA CCTTTCTTGC

-350 CAAÃAAACCC AACTTGTTTC AATGAGGAGG

_3OO TGCCTAGGGC CAAÄACTGTC ACAGTGAGGA

_25O TAGTCCTCAG GGACCACACT GCGGGACCAC

-2OO CCACACAAAG AGTGTTGTCT GAGTAGGAGG

_150 CCGTCCCGCC CCGCCCCGTG CCAAGGCCAG

GC box GC box CAÀT box

-1OO ACTATCTCCAJUU\GCTCCAAG TTTCCCTGAG

-50 TAAGCTGGTG CAACTAGGAC CAGCTTTGCG

+]- ÀTGCTTGGGC TTACACAGCA TGCTCAGA-AA

AGATCCTGGG ATCCTGTTCC

GGAGCAATGT TTTTGTACCC

^ñ õ ^ õm^ 
^ 

la f1 /-^ A¡VU\CA]U\U I (J\/U lf1fL\r\J \vÃ

GGGTCCCACA AAGACN\JU\G

GNU\CTACTC TGGAAGCATA

ACATTTGCTT GCCCGGCTGT

GGCTGTTTGC TAGTCCAGCC

CCTATTGGTT GGGTGGGGTG

CAGCAGCGCC GCAGCTTCTC

GGACAGAATC CGGCCAAGAC

GTTTGGAGAA TGAAGTCCTT

ßig.24. Putative promoter sequence of mouse HyøtL. Analysis of the nucleotide

sequence upstream of the transcription start site of HyalL (-73), detected two GC boxes (-

135, -140) and one potential CAAT box (-127), with numbering in reference to the

translation start codon. The nucleotide sequence was deposited in GenBank as

AF290430.
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containing the Hyall and HyaI2 genes, and was determined to be 27 5 bp by pcR

amplification of the PAC clone, 4s2Dlo, using wpG 352 andwpc 348; the pcR

program consisted of an initial 3 min denaturation at 940C, followed by 35 cycles of 94oC

for 45 s, 650c for 45 s,72oc for 5 min, and a final extension atzzocfor g min. A

second sequence gap between two contigs was identified within the mouse Hyal3 gene

and was filled using the sequence ofthe full-length Hyat3 cDNA Ay04g6gl.

The assembled 57.3 Kb human and 40 Kb mouse genomic sequences, described

above, as well as the human and mouse Fus2, HyaII, 2 andi oDNA sequences u/ere

provided to Michael Wilson at the University of Victoria who anaþed the sequences

using bioinformatic techniques (see 2.27). The analyses \ryere presented in two different

formats, a traditional dotplot display where aligned segments between two sequences

\¡/ere represented by diagonal lines (Fig. 25A), and a percent identþ plot (plp) which

showed the position in one sequence and a degree of similarity between the two

sequences in an adjacent graph (Fig. 258). since, in the dotplot, a segment of one

sequence can align to more than one region of the second sequence, the genes were

aligned to their orthologous counterparts, as well as to the other genes. This

demonstrated the similarity between the orthologous genes, shown as long, solid

diagonal lines, while comparisons between the paralogous genes within the HyaI family

generated spattered, shorter lines (Fig. 25^). The similarity of the exons between

orthologous genes was displayed for human and mouse Hyal2, shown as the highlighted

region in Fig. 25At and was also evident for the other orthologous Hyal genepairs.

within the PIP, the mouse genes were presented along the x-axis while the y-axis
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demonstrated the percent identity (from 50 - 100%) between the mouse and human

genes (Fig. 25B). The genes were signified by arrows, while shaded and unshaded black

boxes depicted the translated and untranslated exons of the genes, respectively. Dark

pink (translated) and light pink (untranslated) boxes represented exons encoded on the

top strand while dark yellow (translated) and light yellow (untranslated) boxes were

exons on the bottom strand. The blue box signified a collection of 14 ESTs which were

unspliced and appeared to be non-coding, possibly genomic contamination in the public

EST database. The 275 bp gap between the contigs that contained mouse HyaII and

HyaI2, was depicted by the dark orange box. Repeat regions were identified throughout

the plot. Due to gaps in the alignment, the comparisons between the mouse and human

genes were discontinuous, therefore, generating a spattering of alignments within the

PIP. The highest similarity between the human and mouse Hyal geneswas found within

the exons, with the greatest conservation in the second exon (Fig. 258). Six genes in the

HyaI gene region were found to be linked between human and mice and the conserved

order of the genes was Hyal2, HyaII, Fus2, HyaI3, IÍrd2, and sema3å. A tightly

clustered group was formed by the Hyall, Fus2, Hyal3 and Ifrd2 genes and spanned a

region of 16 Kb (Fig. 258).

3.8.3 Analysis of ESTs within the mouse and human Hyø12 to SemøJb region

To confirm that the organization of the human and mouse genes within the Hyal2 to

Sema3b region was identical, human and mouse ESTs were analyzed. In both,, Fus2 and

Hyal3 were found to be overlapping but, in humans, evidence from a number of
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alternatively spliced FUS2 ESTs demonstrated that FUS2 and HYAL3 sometimes shared

the first exon; no evidence of this \¡/as seen in the mouse. It was also discovered that the

human HYAL3 and IFRD2 genes were overlapping, with the first exon of IFRD2

beginning in the 3'untranslated region of the HYAL3 gene, but again, no ESTs

representing this organtzation were found in the mouse database.

3.9 Design of I{yøLI anil Hyal3 replacement vectors and screening strategies

rn preparation for the generation or Hyall and Hyal3 mouse models, target

constructs had to first be carefully designed to successfully disrupt the expression of the

desired genes. It had been determined that Hyall was sometimes co-transcribed with

Fus2 or Hyal3, therefore, it was especially critical to evaluate the route used to generare

the knock-out mice, so as to not affect the other co-transcribed genes. It was necessary

to consider the placement of the PGK-neo and PGK-thymidine kinase (TK) cassettes in

the target constructs to allow positive/negative selection of the clones and successfully

knock out the genes. Appropriate Southern blot screening strategies also had to be

considered in the determination of correctly targeted events.

3.9.1 HyaIT target construct

The target construct for HyaII had to be strategically designed because Hyall was

found to be sometimes co-transcribed with both the Fus2 and Hyal3 genes. With the

help of graduate student, Dianna Martin, the plan was to knock out the Hyatl gene but

118



leave the downstream genes intact. This will be performed by replacing the entire

second exon of Hyall, plus some surrounding intronic sequence containing the splice

donor and acceptor sequences, as well as the splicing enhancer regions, with the

neomycin positive selection cassette. After transcription of the Hyatl gene, the splicing

machinery will recognize the splice donor and acceptor of the first and third exons,

respectivelY, and remove the entire neomycin cassette. Since the second exon of HyaII

contains a unit number of codons, a frameshift will not occur and no premature stop

codons, known to destabilize mRNAs, will be generated. Hyal I will be expressed but

the interior region of the protein will be missing and thus, will not be functional.

Translation of the downstream genes within the bicistronic transcripts will not be

affected as the whole mRNA is present and only the second exon of HyaII is removed.

A mouse deficient in only the Hyal I protein should, therefore, be produced.

The targeting vector is to be based on pHLSI which contains the Hyatl gene and its

surrounding regior¡ but will be modified in a number of ways @ig. 26). First, pHLSI

will be digested withl/sil and.EcoRI and treated with Klenow, to produce a blunt-ended

7.7 Kb fragment which will be reJigated to generate pHLS l(mod). To replace the

second exon of Hyall \Mththe neomycin cassette, pHLSI(mod) will be digested with

HindIII and PfIFI to remove the second exon, and treated with Klenow to produce a

blunt-ended 6.2Kb vector. Following the digestion of the vector containing the

neomycin cassette, pGT-N28, vttthXbar andXhor, and Klenow treatment, the 2 Kb

neomycin cassette will be subcloned, in the forward direction, into the 6.2Kbvector to

generate pHLSl(neo). The 3'end of the insert in pHLSI(neo) will be extended by
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subcloning a2.4Kb fragrnent, generated by a digestion of pHLSI with NdeI and XbaI,

into a 7.8 Kb vector fragment, derived from pHLSI(neo), after a similar digestion. This

will produce pHLSI(neo/mod). The 3 Kb thymidine kinase casserte will be isolated by

an EcoF.I, SaII and 
^9qpl digestion of the pGEMT(TK) plasmid and treated with Klenow

to fill in the 5' overhangs. The cassette will be cloned into the Klenow-filled Xbalsite of

pHLS I (neo/mod), to generate pHLS I (neo lmod}) . To satisfr the requirement that the

target vector must contain at least 7 Kb of homologous sequence, it will be necessary to

extend the 5'end of the insert of pHlS(neo/mod2). PCR amplification ofpAC DN.\

452Dr0, with primers, wPG 365 and \rypc 33z,vnllgenerate a 3.3 Kb product, which

will be digested wtth BgN, treated with Klenow and subsequently digested with SaII.

The 1.8 Kbblunt/Sq|Ifragment will be subcloned into pHLSt(neo/mod2) which will

have been digested withXhoI, treated with Klenow and then digested with,SølI. The

final 15.1 Kb targeting vector, pHLSl(neo/tk) @ig 26),:v'rrllbe linearized withi/orl

before electroporation into embryonic stem cells and generation of the HyaII knock-out

mouse.

The final gene targeting constru ct for Hyall, depicted in Fig. 26, will contain 3 .8 Kb

of homologous sequence on the 5' side of the neomycin cassette and 3.4 Kb on the other,

for a total of 7.2 Kb of homologous sequence. The 5'external probe to be used for

Southern blot screening, is a 0.44 Kb PCR amplification product from pAC DN,\

452Dr0, using wPG 367 andwPc 368 (Fig. 26-probe a); the 3'probe is a 0.34 Kb pCR

product from pHLSl, using primers, wPG 342 andwpc 3a3 (Fig. 26-probe c). After

the genomic DNA from the targeted embryonic stem cells is digested with a screening
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enzT¡me, PÍIFI, and transferred to nylon membrane, the 5' probe will detect a 6.7 Kb HR

(homologously recombined) restriction fragment or a7 Kb wr ("wild-type"; not a

homologous recombination event) segment. The 3'probe will recognize an 8.3 Kb PÍIFI

HR fragment or a 7.5 Kb WT band. Large fragment differences between the wild-type

and homologously recombined events are not observed as there are PfTEIsites in both

the neomycin cassette as well as the second exon of Hyall In correctly targeted events,

the PflFI site in the neomycin cassette will replace the site in the second exon as this site

is destroyed during the construction ofthe target construct. The second screening

strategy for the Hyall knock-out mouse will involve the digestion of the genomic DNA

withEcoRV and transfer to nylon membrane. Probing the Southern blot with the 5'PCR

product will detect a 12.7 Kb WT restriction segment or a smaller 6.4Kb HR fragment,

as there is an -EcoRV site within the neomycin cassette. The 3' probe will recogniz e a 6.7

Kb HR fragment oq like the 5'probe, a large 12.7 Kb wr band. Ao.4zKb neomycin

probe (Fig. 26-probe b), generated by digestion of pGT-N2B wtthMscr and, Naer, wúl

recognize both homologous recombination and insertion events. An 8.3 Kb PJtFIand a

6.4 Kb EcoRY restriction fragments will be detected by the neomycin probe if correct

targeting has occurred, and larger bands will be seen if the entire targetvector has

integrated into the Hyall locus. Fragments of various sizes will be recognized if the

target construct randomly inserts into the genome.

3.9.2 Hyø13 target construct

The design of the gene targeting construct for Hyal3 was complex, as well, as Hyatl
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and Hyal3 had been found to be co-transcribed some of the time and the transcript was

in-frame for both genes. The bicistronic mRNA species could putatively generate a

fusion protein containing both Hyal I and Hyal 3, but it is not known whether the fusion

protein is translated. The bicistronic transcript containing bothHyatl and Hyal3,

though, was found to be limited to only a few tissues and expressed at low levels.

Therefore, it is doubtful that the bicistronic transcript will affect the overall expression of

the HyaII gene in the mouse with Hyal 3 deficiency. The mutation strategy for HyaI3

will not interfere with the expression of Fus2 because the first exon of Hyal3 is within

the first intron of Fus2, and not within the coding region The neomycin cassette will be

inserted into the second exon of Hyal3, downstream of the translation start codon.

When the Hyal3 gene is transcribed and translated within the knock-out mouse, the

neomycin gene will disrupt the Hyal3 protein, resulting in a non-functional enzyme.

To generate the gene targeting construct for Hyal3, pHL3, depicted in Fig. 27, \¡g1ll

be linearized with NotI andtreated with Klenow to fill in the 5'overhangs. The 3 Kb

thymidine kinase cassette, obtained by the digestion of pGEMT(TK) with EcoRI, BamIil

and,SspI, will be treated with Klenow and inserted into the linearized pHL3 vector, to

generate pHl3(tk). The ^lqpl restriction enzyme was added to digest the pGEMT vector

as the vector migrated at the same position as the 3 Kb insert. To place the neomycin

cassette near the beginning of the Hyal3 gene, pGT-N28 will be digested wtthBamIil

and treated with Klenow to generate a 4.6 Kb vector. To obtain the Hyat3 insert that

would represent one arm of the targeting vector, pHl3(tk) will be digested with i/sll and

SaII and treated with Vent polymerase to blunt the ends of the 7.5 Kb frasment. The 4.6
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Kb Neo vector and7.5 Kb insert will be ligated to generate pHl3(neo/tk). The second

arm of the Hyal3 targeting vector will be inserted in a two-step process. Initially,

pHlS(neo/tk) will be digested withXhol and treated with Klenow. A 1.3 Kb NsiIlXhoI

fragment will be prepared from pHL3 by digesting with l/sll and XhoI, followed by a

treatment with Vent polymerase. The resulting 1.3 Kb blunted fragment will be isolated

and inserted into the blunted XhoI site of pHlS(neo/tk) to generate pHlS(neo/tkmod).

The second step will involve the digestion of the pHlS(neo/tkmod) vector withl/sll,

followed by a treatment with Vent polymerase to fill in the ends, and then a digestion

with ,SalI. 
^2.7 

Kb insert will be obtained from pHLSI by a digestion with EcoRI,

treatment with Klenow and digestion with,SalI. The2.7 Kb insert will be ligated with

the vector to generate the final 16.0 Kb HyaI3 targeting construct, pHyal3Target.

Before electroporation into embryonic stem cells, the construct will be linearized with

NotI.

As demonstrated in Fig. 2'1, the final target construct for Hyal3 will contain a total of

8.2 Kb of homologous sequence;3.7 Kb of sequence is located on the 5' side of the

neomycin cassette and 4.5 Kb on the 3' side. A 0.43 Kb Southern blot probe, 5'to the

homologous sequence in pHl3(ko), \¡/ill be generated by PCR amplification of pHLSl,

using WPG 266 and WPG 293 @ig.27-probe a). PCR amplification will also be used to

produce a0.49 Kb 3'probe, using WPG 340 and IVPG 3al @ig. 27-probe c). NslI will

be used as a screening enzyme and since the l/srÏ site in the second exon of Hyal3 was

destroyed in the construction of the target vector, a 4.4Kb WT or an 18.4 Kb HR

fragment will be recognized by the 5'probe. The 3' probe will detect the 18.4 Kb HR
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fragment or a 12 Kb WT fragments. After digestion of genomic DNA from targeted

cells with the second screening enzyme, Ndel, the 5'and 3'probes will both detect a 12.9

Kb HR fragment or 10.9 Kb WT segment. The Neomycin probe (Fig.Z7-probe b),

identical to the one that is to be used in the screening strategies for the Hyall knock-out

mouse (see 3.8.1), will detect an 18.4 Kb i/sll fragment and a I2.9 Kb NdeI fragment.

Larger band sizes will be seen if the entire vector has inserted into the Hyal3locus, while

fragments of various lengths will be recognized by the neomycin probe following random

insertion events.

3.10 Western blot analysis and processing of HYAL 1

To fully characterize HYALI, it is necessary to examine the protein it encodes as well.

Studies of the processing ofI{YAL I can provide information about the different forms

of the enzyme, as well as give insight into where the protein is localized and what

targeting route it may use. The IIYAL I protein has been hypothesized as being a

lysosomal enzyme and, therefore, to initiate the characterization ofIIYAL 1, the

processing of the protein was analyzed using metabolic labelling of mammalian cells with

35 
S -methionine/cysteine.

3.10.1 Western blot analysis of HYAL I

Western blot analysis was first used to examine the expression ofIfYAL I in the cell

lines that were to be used in the processing studies. Approximately 50 ¡rg of protein
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from the COS-7Æ{IÆI6 cell line and 100 pg of protein, each from the COS-7/lVlock and

JE cell lines, were separated by 72% SDS-PAGE and transferred to nitrocellulose

membrane. Western blot analysis was performed on the blot using a-IfYAL 1. After a

10 min exposure to filnt, n¡¿o bands were detected in each lane (Fig. 284). In the lanes

corresponding to JE and COS-7/FI1Æ6 cell lines, 57 and 53 KDa bands v/ere seen while

53 and 50 KDa bands were detected in the COS-7/Nfock cell line (Fig. 284). Since rhe

COS-7ÆI1/H6 lane was overloaded, westem blot analysis was also performed on l0 ¡rg

of protein from the over-expressing cell line; the blot was exposed for 1 min to film and

two forms ofI{YAL I were seen as well (Fig. 2BB). The human IryAL I protein,

detected as the largest band in JE and COS-7IH1/H6, had a molecular weight of 57 KDa

(Fig. 284), corresponding to the size reported in the literature (O;78).

3.10.2 Processing of HYAL I

To study the processing ofIfYAL 1, metabolic labelling of mammalian cells was

performed to detect different forms of the protein as it moved from its immature

proprotein form in the endoplasmic reticulum to its mature form in its final destination.

Ideally, fibroblasts with high levels of IIYAL I activity were to be used to study the

processing but high background demonstrated that it was not a suitable cell line. Other

readily available cell lines expressing high levels of TIYAL l-encoding mRNA were

examined but due to either low levels ofHYAL I or high background, they were found

not to be suitable as well. Therefore, the TIYAL 1 over-expressing cell line was used to

determine the specificity of the I{YAL I monoclonal antibody and set up conditions for
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the pulse/chase analysis. The COS-7/H1/FI6 cells were labelled (pulsed) with 35S-

methionine/cysteine for 3 h and then chased for time periods of 0 to 5 h. The 35S-

labelled proteins in the cell extracts from the varying chase times were

immunoprecipitated with a-rryAl- l, and examined by l0% SDS-pAGE and

autoradiography. As seen in Fig.29\ the over-expressed IryAL I protein had a

relatively long halÊlife as there was still alarge amount of labelled protein after 5 h. It

was also noted that the lower -53 KDa band ofIfYAL I was the immature form, and

the top STDaband represented the final, mature form ofrryAl I (Fig. 29A). To

determine an adequate length of time to label the cells, COS-7ÆIIÆI6 cells were pulsed

for varying time periods, from 15 to 120 min. The cells were immunoprecipitated, as

above, and it was found that apulse time of 120 min was an appropriate length of time

(Fig. 298). This experiment also confirmed that the top protein band was the mature

form ofrrYAL 1, since at early time periods, only the bottom band was present,

representing the initial protein being produced @ig. 298). Western blot analysis of

IryAL I within the cell and media extracts ofDrosophilia cells was performed by Tim

Salo. The His-tag on the carboryl terminus ofIIYAL I was determined to inhibit

secretion of the protein while an untagged form ofIfYAL I was secreted freely into the

medium @ig. 28C). Therefore, a IIYAL I over-expressing mammalian cell line without

a tag is to be constructed in the lab and the metabolic labelling experiments are to be

repeated with a cell line stably transfected with a vector expressing a non-tagged form of

the protein.
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4.0 Discussion
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HA is an ubiquitous component of the ECM within all vertebrate tissues and is central

to the development of the matrix. HA's vast array of structural and molecular

functions, including steric exclusion and cell signaling, allude to its importance and

necessity in the body (2). Changes in the turnover of HA correspond with many

biological processes, such as embryonic development, wound healing and metastasis

(3;7;10)^therefore, it is surprising that the hyaluronidase enzymes involved in the

degradation of IIA haven't been studied in more detail. It is known that IIYAL I and

HYAL 2 are active in an acidic environment (40;41), but the pH optima for FIYAL 3 and

the localizations of both IIYAL I and 3 have not yet been determined. Much work is

needed to be done on this family of hyaluronidases. OnIy a single patient with a

deficiency in IIYAL I has been identified and the resulting mild phenotype suggests the

hyaluronidase enzymes work together and compensate when one is absent (a6;59). To

generate mouse models of hyaluronidase deficiency and further study the functions and

roles of the enzymes, as well as their relationship with H,\ the mouse Hyall and Hyal3

genes and the surrounding region were fully charactenzed, and target constructs were

designed for the preparation of knock-out mice.

To fully characterize the mouse Hyall and HyaI3 genes, it was first necessary to

identify their full-length cDNAs. Following the determination of the transcription

initiation site of mouseHyall, the full-length cDNAwas calculated to be 2145bp,

increasing the length of the revised published sequence, 4F011567(rev), by 30 bp. The

full-length mouse Hyal3 cDNA was determined to be 1.8 Kb and was deposited in

GenBank as Accession Number 4Y048681; alternative polyadenylation of Hyal3
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generated a 1.6 Kb cDNAb represented by Accession Number 88376250. Based on the

full-length sequences, translation initiation codons were predicted to be within the

second exon for mouse Hyal3 and the first exon for HyalL The initiation codon is

predicted to be in exon 2 of several of the human hyaluronidase genes, HYALI, HYAL2

and SPAMI. The initiation of mouse Hyall in exon I would result in a longer protein

and the function of the novelN-terminus of the mouse Hyal I protein is not known.

It was necessary to isolate the mouse Hyall and Hyal3 genes in order to design their

corresponding target constructs. A mouse PAC clone, 452D10, identified using human

HYALI and HYAL2 probes, was found to contain mouse Hyall, 2 and 3, using Southern

blot analysis. Hyall, as well as Hyal2, had been previously localized to mouse

ch¡omosome 9F1-F2 (44;48), therefore, it was concluded that the Hyal3 gene and the

PAC clone,452Dl0, could also be mapped to this chromosome. Through extensive

restriction mapping of 452D10 and hybridizations, the order of the mouse genes was

determined to be Hyal2, Hyall and Hyal3 (Fig. 3A and B), identical to the arrangement

in humans (a6). The homologous human genes, HYALI, 2 and 3, had been previously

mapped to human chromosom e 3p21.3 (43;46;48), therefore, it was determined that ihis

set of Hyal genes, as well as its organization, \¡/as conserved between mice and humans.

A second set of paralogous hyaluronidase genes have been identified on human

chromosomeTq3l, consisting of in order, SPAMI,HYAL4 andHYALPI (7). The

SPAMI gene encodes a hyaluronidase, PH-20, that is active in a neutral environment and

essential for fertilization (35;37). The two newly discovered genes, HYAL4 and

HYALPI, have not been intensively studied. The six paralogous hyaluronidase genes are
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grouped into two tightly linked gene clusters on human chromosome3p1l and7q3l,

and were probably generated by two single gene duplications that formed a clusrer,

followed by a block duplication. Spaml has been mapped to mouse chromosome 6 (39),

suggesting a second cluster of mouse Hyatl genes, as in humans, may be present on this

chromosome as well.

The structures of the hyaluronidase genes are consistent in both mice and humans

with the exceptions of HYAL4 and HYALPI whose gene structures have not been

determined (38). The human HYAL3 and mouse Hyall and Hyal3 genes were found to

consist of four exons and three introns (Fig. l3), identical to the gene structures of

human HYALI (46), and mouse and human HYAL2 (a;ae. The mouse and human

SPAMI genes have been previously determined to also consist of four exons (38;79).

During the characterization of Hyall and Hyal3, the region surrounding the genes

was examined. The mouse Fus2 genewas identified within the Hyat gene family,

between Hyall and Hyal3, on chromosome 9F1-F2. This may support the findings of

strobl et al (44), as they report Fus2 to be on the 3'end of the Hyat2 gene, and we

found Fus2 beginrung 6.8 Kb downstream of Hyal2, withthe Hyall gene in between.

FUS2 has also been localized to human chromosom e 3pzl.3 (43), suggesting the

translocation of the FUS2 gene into the HYAL family occurred before the divergence of

the human and mouse species.

Analyses of the human and mouse Hyall, Hyal2 and Hyal3 genes and their

surrounding regions, using bioinformatic techniques, confïrmed the experimentally

determined gene orders and demonstrated the conservation of the orthologous genes
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between the species (Fig. 254 and B). A compact group of genes, including Hyall,

Fus2, Hyaß and lfrd2, was also defined, covering only 16 Kb in both human and mouse

@ig. 258). Analysis of ESTs demonstrated that some of the genes within the cluster

were overlapping. In mice, the first exon of Hyal3 was located within the first intron of

Fus2, while human FUS2 and HYAL3 were found to sometimes share the first exon

within the S'UTR. The first exon of human IFRD2, an interferon-related developmental

regulator, was also found in the 3'UTR of HYAL3, but was not observed in mice. The

complex organization and close proximity of the four genes may indicate a selective

pressure promoting this arrangement.

The expression patterns of Hyall and Hyal3 were compared to the human genes to

determine whether mice with hyaluronidase defïciency would be suitable models for

human disease. Northern blot analysis of mouse Hyall demonstrated a similar tissue

expression profrle to the human gene, while a slightly broader range of expression was

seen for the mouse Hyal3 gene when compared to the expression profile of human

HYAL3 (Fig. 188 and D) (46). A greater number of transcripts over a much larger size

range was detected for the mouse genes. Only two major bands, 2.4 and 2.7 Kb, are

seen on the human HYALI Northern blot and the retention of the first intron in HYALI

may explain the larger 2.7 Kb transcript (a6). In mouse HyalI,low level alternative

splicing was detected in the region of the fTrst intron (Fig. l4-lane 3), suggesting this first

intron may be retained in mice as wellwhich could account for the faint2.l and 2.6Kb

bands seen on the Hyall Northern blot (Fig. l8A and B). Similar expression profiles and

a shared band were noted between mouse Hyall and Hyal3 (Fig. 188 and D). Analysis
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of mouse Fus2 by Northern blot displayed a tissue profile that was consistent with Hyatl

and a number of shared bands between the genes (Fig. IBA and C).

The larger mouse Hyall transcripts detected on the Northern blot were believed to be

of biological significance as they were highly expressed within certain tissues.

Alternative splicing was detectedin HyalI but could not explain the varying transcript

sizes, possibly only differences within single bands on the Northern blot. Since the larger

transcripts could not be accounted for by the ESTs in the mouse database and no

consensus poly(A) signal was seen at the 3' end of Hyall, it was hypothesized that the

larger transcripts may have resulted from alternative polyadenylation and consist of more

than one gene. RT-PCR confirmed the co-transcription hypothesis, demonstrating thât

mouse Hyall and Fus2, as well as Hyall and Hyal3, are sometimes expressed within the

same transcript and comprise the larger bands detected on the mouse Northern blots

(Fig. l9). Co-transcription of human HYALI with other genes has not been detected,

suggesting this phenomenon has evolved in mice since its divergence from humans.

The genes present within a co-transcript are assumed to be expressed from the same

promoter and the similar tissue profiles among Hyall, Fus2 and Hyal3 are further

evidence for co-regulation of the genes. Hyall was the upstream gene in all of the

detected co-transcripts, therefore, the nucleotide sequence 5'to HyalI was analyzed for

the presence of a common promoter. A strong promoter was not identified, suggesting

alternative promoters may be found further upstream. The presence of the

monocistronic 1.5 Kb Fus2 transcripts, as well as the expression of Fus2 in tissues where

HyalI transcripts are absent, indicates that Fus2 is also expressed from a unique
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promoter (Fig. l8A and C). A separate promoter is probably used as well to express the

Hyal3 gene independent of Hyall, as unique transcripts are seen on the Hyal3 Northern

blot and are assumed to be monocistronic. Co-transcription of the genes was not

detected in humans but FUS2 and HYAL3 were found to sometimes share the first exon

within the 5'UT\ suggesting the use of a common promoter. Possibly, alternative

splicing of a single pre-mRNA could generate the two seemingly unrelated human FUS 2

and IIYAL 3 proteins, as seen for cha-I andunc-[7 which share a promoter and a non-

coding first exon but have distinct activities (80;81).

The occurrence of co-transcription in mammals is rare and to date, only a few

examples exist (82-84). Some polycistronic mRNAs, identified to be expressed from a

single promoter, are further processed into monocistronic species and subsequently

translated (80). If this processing is co-transcriptional, it may be diffìcult to detect the

polycistronic precursors and explain why evidence of co-transcription is limited and has

not been seen with human HYALI, FUS2 or HYAL3. Polycistronic mRNA can also be

translated as a single species by a number of methods (80). If the start codon of the

second gene is close to the stop codon of the upstream gene, the ribosomes can reinitiate

and encode both proteins. The ribosomes can also bypass the first start codon and

instead initiate at the second gene, generating proteins through leaþ translation

scanning. Thirdly, an internal ribosome entry site (IRES), within the non-coding

sequence between the two genes, can recruit the ribosomes and allow translation of the

downstream gene. The majority of IRES elements are found within uncapped viral

mRNAs in order to bind host ribosomes and allow translation of the viral proteins, but a
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few examples of IRES elements have been reported within cellular mRNAs (85-92).

More examples of co-transcription will likely arise due to the sequencing of mammalian

genomes and further characterization of the genes. Mutations that acted to unite genes,

which previously had separate controls, may have been selected for during evolution in

order to reduce the genome size (80).

Bacterial operons, consisting of a cluster of genes whose expression and functions are

tightly coordinated, have been well described. The idea of eukaryotic operons, or

synexpression groups, have been recently proposed and are comprised ofa set ofgenes

which have similar expression profïles and related functions (93). Possibly, the mouse

Hyall, Fus2 and Hyal3 genes may be constituents of a mammalian operon, as they are

physically linked and share very similar spatial profiles. Hyal I and potentially, Hyal 3,

are hypothesized as being lysosomal enzymes and are involved in the degradation of HA.

A role for Fus 2 as aN-acetyltransferase within the lysosome is postulated as genes that

comprise operons function within the same process. Another N-acetyltransferase,

acetyl-CoA:a-glucosaminide N-acetyltransferase, found within the lysosomal membrane,

is involved in the breakdown of heparan sulfate and is defïcient in mucopolysaccharidosis

IIIC (Sanfilippo syndrome type C) (94). Northern blot analysis of lfrd2 has not been

performed, therefore, no speculations can be made on the function and localization of the

protein due to its position with reference to Hyall, Fus2 and Hyal3.

The high abundance of the co-transcripts on the mouse Hyall, Fus2 and Hyal3

Northern blots, compared to the remaining mRNA species, implies they are significant

and the expression of the corresponding proteins is essential for normal cell activity.
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Western blot analysis and in vitro transcriptior/translation of an abundant bicistronic

transcript containing HyøII and Fus2 (Fig. l9B(i)), as well as templates consisting of

only HyaII or Fus2 cDNd demonstrated that the Hyal I protein, but not Fus 2, can be

expressed from the co-transcript (Fig. 23A and B). The in vitro studies and the high

expression of the co-transcripts within the tissues suggests all of the polycistronic mRNA

species can encode for Hyal 1 and be of importance within the body. A variety of unique

protein products due to alternative splicing would be expressed if all of the transcripts

containing Hyall and Fus2 were translated (Fig. 19). The cDNAs depicted in Fig.

19B(v) - (viÐ would encode "wild-type" Hyal I and Hyal I proteins with alternate C-

termini would be generated by the cDNAs in Fig. 198(i) - (iv) due to alternative splicing

to form different bicistronic mRNA species. Ditrering forms ofFus 2 are encoded by the

bicistronic transcripts (Fig. 198(iD,(vi) and (vii)), but our in vitro

transcription/translation studies suggest they are not produced. The co-transcript

containing Hyall and Hyal3 might encode an mRNA species that was in-frame for both

genes, generating a Hyal 1::Hyal 3 fi.¡sion protein (Fig. l9).

It was necessary to examine the IfYAL 1 protein and initiate its characterization for

the preparation of mouse models. Two forms oflIYAL I were detected in both Cos-7

and humans, but differences \¡/ere seen in the molecular weights of the proteins between

the species (Fig. 284 and B). Both JE and COS-7tHIlHí cells generate human IIYAL I

while the COS-7/NÍOCK cells express endogenous monkey I{YAL l, slightly smaller

than the human protein @ig. 284). The majority of secretory and membrane bound

proteins, as well as all lysosomal enzymes, are attached to carbohydrate chains,
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suggesting the FIYAL I proteins are modified by glycosylation. The smaller form of

HYAL I may be the immature protein prior to the addition of the sugar groups within

the ER' while the larger form is the glycosylated, mature FIYAL I enzyme (Fig. 2gA and

B)' The first radiolabelled protein to be detected by autoradiography in the metabolic

Iabelling studies was the smaller form oflIYAL l, further evidence that it is the

immature species @ig. 294 and B). PotentialN-glycosylation sites have been detected

in the amino acid sequence of human IIYAL 1, HYAL 2, I{YAL 4 andHyAl-pl, as well

as mouse Hyal I and 2. A second site has also been identified further downstream in ïhe

protein sequences of all the mammalian hyaluronidases (95).

During the characterization of the I{YAL 1 over-expressing cell line, it was found

that the expressed HYAL I was not processed like the endogenous enzryme. Western

blot analysis of HYAL I was performed on the cell and media extracts of Drosophilia

cells expressing a His-tagged or untagged form of IIYAL l. The untagged HyAL I was

seen to be secreted freely into the media while the presence of the His-tag on the C-

terminus inhibited the secretion of FIYAL I (Fig. 28C). Modifìcations to the terminus of

PH20 have been previously shown to affect the localization of the protein (36), and it is

still uncertain where FIYAL 2 actually resides as conflicting results have been reported

from studies involving tagged HYAL 2 protein @r;al. The His-tagged FTyAL I cell

line was nonetheless helpful in developing and optimizing metabolic labelling

experiments for fi.¡ture studies of the processing of FIyAL l.

The search for a candidate tumour suppressor gene for small cell lung carcinomas on

human chromosome3p2l identified the genes in the human HYAL region, as well as the
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FUS2 gene (43). Further studies resulted in the elimination of some of the candidate'

genes in the 3p2l regionbut HYALI, as well as FUS2 and SEMA3B, remained as

candidates due to the presence of mutations within the genes in lung tumour tissue (50).

No mRNA expression of HYALI and SEIIA3B was seen in some lung cancer cell lines

(50), and is further evidence of their possible involvement as tumour suppressor genes.

FUS2 was originally named during the search for the candidate tumour suppressor gene

as it was located in the fusion junction between two genomic DNA clones (a3). The

FUS 2 protein has homology to the enzymatic domain of acetyltransferases and is

reported to be a cytoplasmic N-acetyltransferase with essential roles within the body

(76). Polymorphisms in the alleles ofN-acetyltransferases I and 2 (NATI and NATî)

have been previously shown to increase the susceptibility to lung cancer (96;97), and a

number of mutations in acetyltransferases have been determined to be the cause of

several cancers, including gastric and colorectal carcinomas (98). The identification of

several mutations in FUS2 within lung cancer cell lines (50), as well as the correlations

between N-acetyltransferases and cancer, suggest FUS2 is a tumour suppressor gene.

The discovery of co-transcription between HyaII and Fus2, or Hyal3, and their

abundance throughout the tissues, as well as the presence of overlapping genes, greatly

affects the design of mice with hyaluronidase deficiency and the production of mouse

models in general. The results of these studies have demonstrated that the organization

of the gene of interest, as well as the genes in the surrounding region, must be addresied

prior to the onset of any gene targeting. It is essential that proper design be considered

so as to produce mice deficient in only one gene product, and be certain of the resulting
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phenotype by not affecting the other genes involved. Since Hyall is the upstream gene

in all of the co-transcripts, it was especially critical to evaluate the targeting scheme and

determine which was the best mutation strategy. The neomycin cassette will be placed

downstream of the translation start codon, replacing the entire second exon of HyalI

(Fig' 26). Neither Fus2 nor Hyal3 will be affected as a unit number of codons is found

within the second exon of Hyall Afr.er the positive selection cassette is spliced out of

the HyalllFus2 or HyalIlHyal3 co-transcript, a non-functional Hyal I protein with a'

large internal deletion will be translated, while the presence of an IRES between the two

genes, or leaþ ribosome scanning, will allow expression of Fus2 or Hyal3. No

functional Hyal 3 proteins should be expressed in the Hyat3 knock-out mouse due to the

insertion of the neomycin cassette into the second exon, downstream of the start codon

(Fig. 27). The expression of the upstream Hyall gene in the Hyall /Hyat3 co-transcript

may be affected as both genes are in-frame and putatively encode a fusion protein. The

low level and limited expression of the co-transcript, though, suggested the disruption of

the Hyall gene would not have a signifïcant effect in the Hyal3 knock-out mouse.

Positive and negative selection of the targeted clones will occur for both HyalI and

Hyal3 as the neomycin and thymidine kinase cassettes contain their own promoters and

will be independently expressed.

Southern blot screening of the clones that survived positive and negative selection

will identify correctly targeted events. The genomic DNA from the ES cells will be

digested with a number of different restriction enzymes and probed with DNA fragments

external to the regions of homology in the target constructs and within the neomycin
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cassette (Fig.26 and27). If a restriction site is not present within the target construct,

restriction fragments from clones that have successfully undergone homologous

recombination will have increased in lengÍh by the size of the neomycin cassette.

Restriction sites, destroyed during the construction of both the Hyatl and Hyal3 target

vectors, are replaced by identical sites within the neomycin cassette; screening probes

will detect restriction fragments from correctly targeted events that are altered in size

when compared to "wild-type" clones @ig. 26 and27). Hyatt and Hyat3 knock-out

mice will be generated following the injection of ES cells, containing the desired gene

modifications, into blastocysts and subsequent transfer to pseudopregnant mice.

Breeding of the resulting heterozygous founders will produce mice with Hyal I and Hyal

3 deficiencies.

The production of mouse models will allow a direct method of studying the functions

of the hyaluronidases in the body and the relationship with their substrate, HA.

Characterization of deficient and normal mice will resolve controversies surrounding the

hyaluronidases and provide valuable information about the distribution of the proteins

and their hypothesized roles as lysosomal enzymes.
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5.0 Future Directions
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As a first step in the generation of mice with hyaluronidase deficiencies, target

constructs, which should disrupt the Hyall and Hyal3 genes, have been designed, as well

as appropriate screening strategies to detect the correctly targeted events. Following the

construction of the target vectors, all subsequent targeting procedures will be performed

at the Training and Service Core Facility for ES cell Mediated Genome Alterations

(Toronto, Ol'Ð. At the facility, the linearized vector will be introduced into ES cells.

Positive/ negative selection using the antibiotics, geneticin and gangcyclovir, and the

Southern screening strategies will identify the clones which have successfully undergone

homologous recombination. Aggregation chimeras, formed following the adherence of

the correctly targeted clones with blastocysts, will then be transferred to pseudopregnant

mice. The resulting chimeras will be bred to determine germline transmission and obtain

heterozygous founders. Further breeding will result in mutant, heterozygous and normal

mice which will be genotyped by PCR analysis.

Charactenzation of the Hyal 1 and Hyal 3 deficient mice, as well as comparisons

between the mutant,heterozygous and normal mice will provide further insight into the

roles of the hyaluronidase enzymes in the body. Initially, any differences in morphology

will be identified between the mice. Full pathological exams will be performed on the

mice, including radiological and histological examinations. Organ and connective tissue

samples from the mice will be analyzed to determine the protein and mRNA levels of

Hyal 1 and Hyal 3. Fibroblast cell lines will be generated from the mice for use in future

experiments.

The design of en4rme assays to detect functional forms of the protein relies on the
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knowledge of its substrate specificity. Evidence in the literature suggests different

substrates for IIYAL 2 while nothing is known about the specificity ofIIYAL 3. A

complete charactenzation of the substrate specificity ofIfYAL I has not been

performed, therefore, it is necessary to examine these properties of the hyaluronidase

enzymes. It is assumed that mice deficient in an enzyme will accumulate its

corresponding substrate and examinations of the Hyal I and Hyal 3 knock-out mice

should provide evidence towards their substrate specificities. Tissue samples will be

taken from the mice where the levels of the individual hyaluronidase enzymes are

normally the highest and analyzed for GAG content to determine if GAGs, other than

Hd are degraded by the hyaluronidases. Using these results, enzõ/me assays can be

developed for future studies of the functions of the hyaluronidase enzymes.

The processing of the HYAL I protein was also examined in these studies to initiate

the charactenzation of the enzyme. Once a mammalian cell line expressing an untagged

form of FIYAL t has been constructed, metabolic labelling experiments on IIYAL I will

be repeated to detect the different forms of the protein as it moves throughout the cell.

To determine which forms result from carbohydrate processing, the labelled proteins will

be treated with Peptide N:Glycosidase F, which removes high mannose and complex

chains, and compared to undigested labelled proteins. Inhibitors of transport will also be

used to aid in the identification of the targeting route ofIfYAL 1. To determine if

IIYAL I is transported by the M6P receptor, metabolic labelling experiments will be

performed in the presence and absence of ammonium chloride, a compound which

dissociates enzymes from the M6P receptor, secreting the enzyme into the medium. The

t46



detection of elevated levels ofIIYAL I in the medium will support the involvement of

the M6P receptor in the targeting ofIIYAL 1 to the lysosome. No increase in the levels

oflfYAL I suggests an alternative targeting route is used. Future studies on the

processing and targeting oflfYAL 3 \¡/ill occur as well.
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