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TATA-binding protein, TBP, is one of the most ubiquitously expressed transcription factors in somatic
tissues. The C-terminal amino acid sequence and structure are identical from Archaebacteria to
humans; perhaps making TBP one of nature’s most highly conserved proteins as well. Despite these
properties, work from our laboratory and others has revealed some non-ubiquitous and non-conserved
characteristics of TBP. First, rodent TBP mRNA is expressed in spermatids at levels nearly 1,000-fold
higher than levels in somatic cells. This is due three major isoforms of TBP mRNA - one ubiquitous,
one spermatid-specific and one spermatid- and brain-specific, all of which exhibit different
translational regulation in spermiogenesis. Second, gene targeting has generated a line of mice with a
modified form of tbp. Although most functions, including spermiogenesis, are normal for mice
homozygous for the mutation, mutant placentas often fail to correctly interact with the maternal
immune system. Lastly, vertebrate TBPs contain a homo-glutamine (Q) repeat that can differ in length
between individuals in a population. Gross expansion of this type of repeat in humans, similar to
expansions of the Q-repeats in other proteins (e.g., Huntingtin) can lead to neurological disorders
including trembling and ataxia. This Master of Science thesis comprises three parts that either address
the peculiarities of TBP or uses the tbp gene to investigate basic biological functions. Based on
differential translational regulation of TBP mRNA isoforms in spermatids, the first section investigated
the mechanism that times the translation of stored mRNAs during spermiogenesis. The second section
explored a potential tissue-specific function of TBP by focusing on a naturally occurring neuropathic
aspermic mutant mouse line, quaking (Qkv), and a potential link between TBP, Qkv, and the immune
system. The final section of this thesis utilized the tbp gene to study the parameters affecting
homologous recombination-mediated gene targeting in bovine cells. The system devised here may be
useful gene targeting in other mammalian species as well.
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ABSTRACT
As the core protein for transcription initiation by all three nuclear RNA
polymerases, the TATA-binding protein, TBP, is one of the most ubiquitously expressed
transcription factors in somatic tissues. The C-terminal amino acid sequence and structure
are identical from Archaebacteria to humans; perhaps making TBP one of nature’s most
highly conserved proteins as well. Despite these properties, work from our laboratory and
others has revealed some non-ubiquitous and non-conserved characteristics of TBP.
First, rodent TBP mRNA is expressed in spermatids at levels nearly 1,000-fold higher
than levels in somatic cells. This is due three major isoforms of TBP mRNA - one
ubiquitous, one spermatid-specific and one spermatid- and brain-specific, all of which
exhibit different translational regulation in spermiogenesis. Second, gene targeting has
generated a line of mice with a modified form of tbp. Although most functions, including
spermiogenesis, are normal for mice homozygous for the mutation, mutant placentas
often fail to correctly interact with the maternal immune system. Lastly, vertebrate TBPs
contain a homo-glutamine (Q) repeat that can differ in length between individuals in a
population. Gross expansion of this type of repeat in humans, similar to expansions of the
Q-repeats in other proteins (e.g., Huntingtin) can lead to neurological disorders including
trembling and ataxia. This Master of Science thesis comprises three parts that either
address the peculiarities of TBP or uses the tbp gene to investigate basic biological
functions. Based on differential translational regulation of TBP mRNA isoforms in
spermatids, the first section investigated the mechanism that times the translation of
stored mRNAs during spermiogenesis. The second section explored a potential tissuespecific function of TBP by focusing on a naturally occurring neuropathic aspermic
mutant mouse line, quaking (Qkv), and a potential link between TBP, Qkv, and the
immune system. The final section of this thesis utilized the tbp gene to study the
parameters affecting homologous recombination-mediated gene" targeting in bovine cells.
The system devised here may be useful gene targeting in other mammalian species as
well.

I
CHAPTER ONE

STUDY INTRODUCTION
TATA-binding protein and transcription initiation

Some of the key features of eukaryotic protein-coding genes include the protein
coding sequences (I), a promoter (2), various regulatory elements (3), and a
transcriptional start codon (2). Protein-coding genes are transcribed by RNA pol
(ribonucleic acid polymerase) II to produce messenger RNA (mRNA), which directs the
production of every polypeptide required by a cell (4). RNA pol II alone cannot initiate
transcription of a gene (2). Regulatory elements and the promoter moderate the
production of mRNAs, and in turn, provide the vast diversity of development,
differentiation, function, processes, and maintenance encoded within the genes of a cell
(I). Proteins known as basal and inducible transcription factors (TE) bind respectively to
the promoter and regulatory elements in a specific manner (3). RNA pol II is recruited to
this complex of proteins at the promoter and transcription is initiated (5). The production
of ribosomal RNA through RNA pol I and transfer RNA through RNA pol III is similar;
only requiring different TF arrangements at the promoter and regulatory elements (2).
The only TF that is known to be common to all RNA pol transcription initiation
complexes is the TATA-binding protein (TBP) (4). TBP is a DNA (deoxyribonucleic
acid)-binding TF that is constitutively expressed throughout development and by all cells
(6). The amino acid sequence in the carboxy-terminal region (C-terminus) of TBP is
greatly conserved between Archaebacteria and humans, and the amino-terminal region
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(N-terminus) is conserved among vertebrates (4). Consequently, the global importance of
this TF in transcription initiation is obvious. In addition, recent research has described
characteristics of TBP that extend beyond these basal or ubiquitous functions.
TBP has long been considered the universal transcription factor because of its
presence in the initiation complexes for all nuclear transcription (4). Recently, though,
evidence for the existence of TBP-related factors (TRFs) which replace TBP function in
particular cell types undermines the concept of global necessity for TBP. For example,
TRF 2 is a transcription factor found to replace TBP at certain somatic cell loci in
Caenorhabditis elegans, Xenopus laevis, and Danio rerio (6). Although TRF 2 is
necessary for the differentiation of the male germ cell in the testis of Mus musculus (7),
TBP expression in spermatids is approximately 1000 fold over that found in somatic
tissues of the same species (8). This is of particular interest because transcription arrests
at the time of spermatid differentiation (spermiogenesis). The presence of TRF 2 and
TBP in spermiogenic cells that lack transcription of any kind brings into question the true
function of TFs and TBP in the testis (9).
The importance of TBP in developmental processes has been demonstrated by
gene targeting experiments that remove all or part of the tbp gene. Embryos that cannot
produce their own TBP do not progress past the blastocyst stage (10). On the other hand,
modification of only the N-terminus of TBP does not adversely affect basic cellular
processes or development, and germ cell production in animals lacking this region is
normal as well (11). The TBP N-terminus is specific to and conserved in vertebrates (4).
This region is thought to facilitate DNA-binding by inducing conformational changes
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once additional activating transcription factors have bound to this region (6). Processes
that are affected by deletions of the N-terminus are those that are highly specialized, like
the interaction between the placenta and the maternal immune system (12). It is possible
that the N-terminus of TBP regulates expression of a very restricted subset of genes in
mammals, and that this activity is dependent upon interactions with tissue-specific
proteins.
Despite the conservation of the core amino acids within TBP among vertebrates,
the N-terminus contains a region of homo-glutamine (Q) repeats whose length can vary
among individuals in a population (4). Elongated stretches of Q repeats have been shown
to cause protein aggregation that can lead to neurodegenerative disorders in humans (13).
These diseases include myotonic dystrophy, Kennedy’s disease, fragile X syndrome,
various ataxias, and Huntington’s disease (14, 15, 16). Insoluble TBP was shown to
accumulate in the brain of patients with Huntington’s disease (17). Whether the
accumulation of TBP is a cause or a consequence of the disease is undetermined (15, 17);
however, since the Q repeats of TBP can be expanded between individuals without these
extreme pathogenic consequences as well, the conservation of amino acid sequence in
this protein is variable.
Clearly, the unconventional, less ubiquitous functional characteristics of TBP are
just beginning to be explored. Either this protein is less universal than once thought, or it
is more flexible than previously perceived. We hypothesize the latter, in that TBP
functions in specific biological processes as well as global transcription initiation.
Additional studies in unique systems are needed to address this hypothesis. I investigated
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TBP in three different biological settings: murine spermatogenesis, the male-sterile
quaking mutant mouse, and gene targeting in bovine embryonic fibroblasts. The
particulars of these systems and how they facilitate the study of TBP are defined in the
sections that follow.

Biological systems that may involve TBP unique functions
Spermatogenesis ,
The transformation of a male primary germ cell into dozens of highly specialized
spermatozoa is achieved through three sequential phases: mitosis, meiosis: and
spermiogenesis, and is termed spermatogenesis. Intricate mechanisms and thousands of
genes under stringent control guide the germ cells through each phase with precision
(18). Although the time it takes for each phase of development varies for many species,
the fundamental processes and outcomes are remarkably similar (19). The three phases of
spermatogenesis are outlined in Figure I.

Mitosis. Multiple mitotic divisions of the primary germ cell result in the
spermatogonia. Each spermatogonium maintains a diploid set of chromosomes (40 for the
mouse) and is visibly distinguishable from the primary germ only by size (20). In order to
preserve the stem cell population, one of the daughter cells from the first few divisions
remains dormant until the next cycle of spermatogenesis (21). The dividing cells are
linked to the others in the same lineage through cytoplasmic bridges and remain attached
throughout meiosis and spermiogenesis (22). An apparent failure of cytokinesis to go to
completion following division is a valuable feature because these bridges are essential for
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synchronous development at all phases of the cycle and accommodate the inherent
haploid state of post-meiotic spermatocytes by allowing cytoplasmic contents to be
shared (23).
Steps:
primary germ cell

Mitosis

/ a,
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spermatogonia
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Figure I. The three phases of spermatogenesis in the mouse. Mitosis generates 16
interconnected, diploid (2N) spermatogonia in the mouse and takes approximately 7 days.
Primary spermatocytes replicate their DNA (4N) and divide once to yield 32
interconnected secondary spermatocytes after meiosis I. The reduction division of
meiosis II results in 64 haploid (N) spermatids still connected by cytoplasmic bridges.
The meiosis phase takes approximately 13 days. Spermiogenesis, the differentiation of
the haploid spermatid, occurs in 16 distinguishable stages (only 3 are represented here:
round spermatids, elongating spermatids and spermatozoan). The nucleus is condensed,
the cells elongate, the flagella and acrosome forms, and the residual bodies (rb) are
sloughed-off during this phase. The rb contain excess cytoplasm, RNA, organelles and
proteins, and they maintain connection to other rb through cytoplasmic bridges until they
are phagocytosed by the surrounding Sertoli cells. The final product, the mature
spermatozoan, is released into the lumen of the testis after nearly 15 days of
differentiation. The complete cycle takes approximately 34.5 days. Spermatogenesis
phases are reviewed in reference 2. Picture adapted from Braun et al. (23).
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Mitosis sustains the number of undifferentiated cells, contributes significantly to the
expansion of the population of cells that will eventually be released into the lumen of the
testis, and ensures that each spermatogonium has the capacity and contents to reach the
next phase of differentiation.

Meiosis. Once the mitotic phase is complete, the cells undergo meiosis, reducing
the number of chromosomes by half (20 in the mouse) and expanding the cell number by
a factor of four. Obviously, a considerable amount of modified transcription must occur
for this specialized division. Valerio Monesi (24) found that both KNA and protein
synthesis increased in primary spermatocytes as evidenced by the uptake of tritiumlabeled uridine and arginine by cell extracts. According to the work of Yu et al. (18),
substantial up- and down-regulation of genes occurs during the transition from
spermatogonia to primary spermatocytes. Transcription and translation are rapidly
activated in primary spermatocytes, however, once the divisions begin, the nucleus
becomes silent, and polysomal loading ceases until meiosis is completed (25). In essence,
spermatocytes undergo the two divisions of meiosis and, at the end of this phase, the
round spermatids are haploid and begin to differentiate.

Snermiogenesis. The features of spermatid differentiation, including unique
structures such as the flagella, acrosome and residual body, as well as the complete
restructuring of the nucleus, are of particular importance to successful delivery of the
genomic message. While round spermatids that have completed meiosis are capable of
producing viable and fertile offspring (26), they cannot do so naturally without these
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sophisticated modifications. For instance, as the axoneme, mitochondrial sheath, and
fibrous sheath extend from the proximal and distal centrioles the flagella forms (27), the
synthesis of which occupies a significant portion of spermiogenesis (28, 29). Likewise,
the acrosome is produced by the Golgi apparatus, and although its formation is complete
by the time spermatids elongate, Yashinaga and Toshimori (30) present a model of
maturation that continues through fertilization. Excess cytoplasm, RNA, and proteins that
would otherwise make the arduous journey toward fertilization less efficient are shed in
the residual body at the end of spermatid maturation (24). Protamine replaces histones on
the DNA in order to condense the nucleus and facilitate travel, and perhaps, for important
interactions with the female genome upon fertilization (31). Each of these changes is
absolutely required to produce an efficient genome-transport vector. Yet, as in meiosis,
the events of spermiogenesis are preceded by, and dependent on, the large scale
transcription of required messenger ribonucleic acids (mJRNA)s at the onset of
spermiogenesis (32). Furthermore, the mRNAs produced at this stage come entirely from
a haploid genome (33). The remaining steps of development are no longer regulated by
the nucleus, as it has been compacted in such a way as to make transcription impossible
(34). Still, a system exists that allows translation of certain messenger ribonucleic acids
mRNAs into protein only when they are needed. Protamine, for example, is transcribed in
round spermatids but is not translated until spermatids elongate (31, 34, 35). Translation
of protamine at an earlier stage results in defective spermatid development (36). The
mechanism by which the timing of expression is achieved may be programmed into the
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mRNA itself and/or into trans-acting proteins that convert round spermatids to
spermatozoa.
For decades researchers have dissected known spermiogenic genes in order to
determine how. they are regulated and thereby infer a itiechanism for protein expression
in spermiogenesis. Unfortunately, sufficient data does not exist to make any conclusive
arguments.

Nevertheless,

ribonucleoprotein particles

as

with

somatic translational regulation, messenger

(mRNP)s

spermatogenic translation (33, 37).

have

been implicated

in regulation

of

Spermatogenic transcripts are processed in the

nucleus and are transported to the cytoplasm where most, if not all, are bound into
mRNP complexes (38). How, when, and if the mRNA escapes the mRNPs is the subject
of much speculation. Data exists to connect the untranslated regions (UTR)s of the
mRNA via sequence or secondary structure to translational expression or suppression
(33, 37, 39, 40). From the viewpoint of N. B. Hecht, the 3’ UTR establishes whether or
not the mRNA will be stored or loaded with polysomes and translated immediately (33).
R. E. Braun proposes that various elements in the 5’ and 3’ UTRs of different mRNAs
determine the sequestration or activation at particular stages of differentiation (37, 44).
Zhong et al. (39), assert that elements in the 3’ UTR are required to repress translation,
but are not also necessary for incorporation into mRNPs. Schmidt et al. (38) argue that all
transcripts are bound into mRNPs regardless of the 3’ or 5’ UTR sequence, and that
regulation involves the timing of translation of these repressed mRNAs.

Evidence

reviewed by K. Steger for the involvement of repressor genes within mRNPs such as
Poly A-binding protein (PABP) and Y-Box proteins has intriguing implications for
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outside mechanisms recognizing patterning within mKNPs at particular stages (40).
Steger also proposes that the presence of chromatoid bodies within the nucleus contain
repressed RNAs, and as such, may also be a mechanism for control of translation of
unnecessary mRNAs (40). In one review K.C. Kleene (25) points out that proteins from
inefficiently translated transcripts are abundant in spermatogenic cells due to the
promiscuous transcription following meiosis. Kleene believes that mKNPs as well as
other mechanisms, such as the alteration of the length of the poly-A tail, exist to offset
the surplus of mKNA (41, 42, 43). Hecht disagrees that such promiscuous transcription
would ensue, given the importance of this process in maintaining the species, and insists
that alternative gene products from alternative promoters play a role in how regulation is
managed in the testis (45). Using TBP as an example, Schmidt et al. (46) discuss the
possibility that promiscuous splicing may be the cause of repression of translation in the
testis. TBP, as described earlier, is a transcription factor required by all cells to initiate
production of mKNA (4). Two alternate promoters utilized only in testis (ID) or only in
testis and brain (IE), are differentially spliced and regulated during spermiogenic stages,
although each generates an identical gene product (46). The specific mechanism for
translational regulation of these isoforms is unresolved, however promoter ID TBP is
most often polysomal, and promoter IE TBP is almost entirely packaged into mKNPs (9).
While neither isoform, as defined by the traditional role of TBP, can be effective in a
transcriptionally silent cell, they may have alternative functions necessary for continued
development of spermatids (9). Definition of commonalities between mRNAs that are
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either sequestered or translated at any given moment in spermiogenesis is imperative to
the discovery of the true timing mechanism.

Timing of translation in spermiogenesis
To date, the structural DNA-binding protein, protamine I (prml), is the best
characterized of the translationally regulated genes in spermiogenesis. It has been well
established that prm I mRNAs are transcribed in round spermatids, but are not translated
until nuclear condensation begins in elongating spermatids, and that the suppression of
the prm I mRNA is likely achieved through assembly into mRNPs (44). Transgenic
experiments have isolated particular sequences within the 3’ UTR that establish prm I
translational repression (39). Other genes have been identified that are under translational
control, however, none have shown similar repression by way of sequence or structure to
prm I (37). The mechanisms of release of prm I from mRNPs and its transition to
polysomes are also unclear. R.E. Braun (37) refers to the application of activators on the
mRNPs which release the mRNA, however, the governance of the activator must then be
considered. Positional analysis of the mRNA within the cytosolic compartments has
revealed no localized storage of prm I (47). Braun, however, proposes that the
arrangement of microtubules and the proteins bound to them as the nucleus condenses
brings the activator in contact with mRNPs at particular stages of development to initiate
translational activation (37). All things considered, the mechanism that defines when an
mRNA is associated with mRNPs or is actively translated is undefined.
One of the inherent difficulties in defining the timing mechanism is that isolation
and characterization of numerous transcripts at a single stage has not been accomplished.
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The traditional method for separating spermiogenic stages has been enzymatic digestion
of the tubules followed by velocity sedimentation (48). The premise for this method is
that spherical particles will sediment linearly along a liquid gradient (usually 1% to 3%
bovine serum albumin) according to size and density (98). Although, using this method,
Bellve et al. (20) claim nearly 90% purity of each of the spermatogenic cell types,
consistent isolation of pure spermatid populations was not accomplished. Likely, this is
due to the cytoplasmic bridges which coordinate development and grant access to
contents between spermatids, and may make these cells sensitive to the explant process
(49). Dym and Fawcett (22) suggest that intracellular bridges are fairly stable connections
which, when disrupted, form a cluster of cells that fluctuate in size and vary in the
number of nuclei it contains. These multinucleated cells are referred to as a symplast by
L. J. Romrell et al. (48) who claim that the cells are capable of repairing ruptures in these
connections as evidenced by exclusion of trypan blue following digestion. Nonetheless, a
size variation in symplasts would influence the fraction in which synchronous spermatids
sediment (22). In addition, any exposure of the cytoplasm to the extracellular milieu
causes loss of mRNA. In a previous study, our group used colcemid to depolymerize the
microtubule connections within the bridges in an effort to harvest spermatids during
differentiation (38). This caused associated spermatids to form symplasts of a more
consistent nature. This study then used fluorescence activated cell sorting (FACS) to
isolate spermatids undergoing spermiogenesis, effectively separating spermiogenic cells
from those in meiosis and mitosis without velocity sedimentation.
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In order to utilize FACS, green fluorescent protein (GFP) was incorporated into a
transgene that targets expression of green fluorescence to spermiogenic cells alone (38).
GFP was chosen because is a stable fluorescent marker that is detectable in a multitude of
applications and species (109). To drive fluorescence expression in spermatids, prm I
sequences were fused into the transgenes (38). The dynamics of the prm I gene, its
promoter and UTRs, have been well established (36, 38, 39, 50, 51, 52, 53). Braun et al.
(51) show that the prm I promoter region is sufficient to bestow haploid-specific
expression of human growth hormone (hGH) mRNA in transgenic animals and that
sequences in the 3 ’ UTR of prm I contain the translational regulatory elements. Schmidt
et al. (38) exploited these characteristics by fusing GFP to the prm I promoter and either
the prm I or an arbitrary 3’ UTR to direct expression of green fluorescence to early round
or elongating spermatids in the process of differentiation. By modifying the methods used
to retrieve spermiogenic cells and utilizing two distinct fluorescent markers with
differential expression, the work presented here expands on the use of FACS to segregate
clonal spermatid populations throughout the 16 stages of spermiogenesis in the mouse.
Once separation of the distinct spermatid populations is achieved, pools of mRNA that
are in mRNP or in polysomal fractions can then be analyzed for sequence or structural
similarities at each stage. Comparison of the shared components within mRNAs that
determines expression patterns will undoubtedly resolve the timing mechanism of
spermiogenic translational regulation.
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Characterization of the male-sterile quakinp mutant mouse
Another point of contention for scientists examining the mechanisms of spermatid
development is the curious usage of altered transcripts during spermiogenesis. While
some authors in the field believe that spermatid-specific isoforms are merely the result of
accessibility of the haploid genome and up-regulation of transcription in general, others
insist that there is a spermatid-specific function for modifying genes (25). As a crucial
component of transcription, TBP is significantly over-expressed in post-meiotic
spermatids (54). That is not difficult to fathom considering that TBP is involved in the
initiation of transcription at both TATA-containing and TATA-Iess promoters (4). TBP
also generates mKNA isoforms that are specific to the testis and translationally regulated
in spermatid development (9). What is puzzling is that there is no evidence for
transcription beyond the condensation of the DNA with protamine. Determination of the
function of testis-specific isoforms of TBP could shed light on necessity or redundancy of
other protein variations in the testis. Due to the up-regulation of TBP and its isoforms in
the testis, one might assume that a mutation in TBP would cause a sterility defect. In fact,
TBP has been mapped to chromosome 17 in close proximity to the T region and hybrid
sterility genes (55, 56). It is also within the region linked to the quaking mutation (QF)
(57). TBP has also been linked to the QF-Iike neurodegenerative disorder called
Huntington’s disease (15, 17).
Qkv, a spontaneous alteration of a region on chromosome 17 in the mouse,
manifests itself as a trembling phenotype as well as a male-sterile disorder in
homozygous animals (58). Specifically, this mouse suffers from a lack of myelin in the
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central nervous system and blocked maturation of spermatids in the testis (59). The
precise genetic anomaly and immediate influence on protein composition that causes
these phenotypes is still under investigation. TA. Ebersole et al. (61) have found a large
deletion in the Qtf region that is a candidate for the quaking mutation. Qtf has a sequence
motif for RNA-binding and signal transduction, and disrupts central nervous system
myelination (60, 61, 62). The obstruction of spermiogenesis, however, is thought to stem
from an independent phenomenon in the Q tf mutant (60), even though the two
phenotypes have never been observed to segregate from one another (59). Although
many.of the molecular functions of Qtf in the testis are unknown, this locus generates
multiple isoforms as commonly seen in the haploid spermatid (63). The closely linked tbp
locus was hypothesized in this work to be a candidate gene for the homozygote trembling
and male-sterile phenotype of the quaking mutant.
A deletion in TBP has recently been linked to an immune-rejection response.
Specifically, removal of a region of the N-terminus of TBP obstructs placental
interactions between the fetus and the maternal immune system (12). Homozygous
mutants for the TBP defect were rescued in ,immune-compromised mouse lines (12).
Consequently, if TBP were responsible for the quaking mutant phenotypes, these
phenotypes may be rescued in the immune-compromised host chosen for these studies,
the CB-17 severe combined immune deficient (SCID) mouse. This mouse line is
maintained on a BALB/c background which can be distinguished from the C57B1/6
background of the quaking mutation on chromosome 17 in order to determine rescue.
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Linking Qkv to TBP would bring reconciliation to the function of TBP and its mKNA
isoforms in the transcriptionally silent spermatids.

Gene targeting frequencies in bovine embryonic fibroblasts
During the S phase of mitosis the DNA of a cell is replicated to provide a copy of
the genome to the next generation of cells (64). Replication is accomplished through a
complex of proteins called the replisome (65, 66) which is comprised of a number of
enzymes including helicase, single strand-binding protein, ligase, and the DNA
polymerases (67, 68). In prokaryotes, where DNA replication has been well
characterized, DNA polymerase I is responsible for the generation of the lagging strand,
while DNA polymerase III (DNA pol III) is the core facilitator of all DNA synthesis (67).
DNA pol III recruits 27 protein subunits to the DNA upon initiation of replication (69)
and each subunit contributes in part to the high processivity, strong DNA-binding
affinity, rapid replication rate, and minimal occurrence of errors of this holoenzyme (70,
71). Still, this replication machinery is not infallible. Secondary sequence structure, such
as the hairpin loop formed by inverted repeats, DNA-binding proteins still attached to
their binding sites, nicks, or other DNA damage can cause the replication machinery to
slow its progression along the DNA (72). A hesitation during replication often induces
the machinery to slip from the DNA momentarily and can result in recombination (73).
Gene targeting takes advantage of the tendency for the DNA replication machinery to
make mistakes. Simply put, a vector is introduced into a cell, the replication machinery
slips, copies the foreign DNA and replaces the original genomic message with the new
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sequence. Every time thereafter that the DNA is copied, the new sequence is replicated
and transmitted to the next generation.
Gene targeting has been perfected in the mouse such that almost any genomic
region is accessible to replacement, modification, and scrutiny (74, 75). Traditionally,
production of transgenic mice was accomplished by microinjection of manipulated DNA
into the pronuclei of fertilized mouse oocytes (76). This technique results in arbitrary
insertion into the genome rather than in targeted mutation at a specified locus (77).
Arbitrary insertion is often termed “random insertion”, but because some sites are
“hotspots” and preferentially recombined, “arbitrary” is a more accurate term.
Electroporation of cultured mouse embryonic stem cells (ES) produced from blastocysts
allowed the production of mice having targeted mutations (78). Initial inefficiencies were
alleviated to some extent by a number of techniques. Positive and negative selection
processes enriched cultures of successful targets and eliminated arbitrarily inserted clones
(74). Manipulation of the vector to include homologous sequence replacement (79, 80)
and the addition of nucleases or inhibition of DNA repair enzymes (77, 81, 82, 83)
stimulated recombination. Methods improved, the culturing of ES cells became routine,
and the genome of the mouse was elucidated, making gene targeting feasible for many
laboratories. Unfortunately, for mammals other than the mouse, ES cultures are rare and
genomic sequences are limited (84). Not until the transfer of nuclei from somatic cells
into oocytes produced living clones was it considered that gene targeting could be
accomplished in other mammals (84). Since the year 2000, a number of studies have used
nuclear transfer from bovine fibroblasts to produce living progeny (85, 86, 87). One study
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by Brophy et al. (87) incorporated transgenic casein genes that were expressed by the
offspring. This transmissible gene was, however, arbitrarily inserted, and not targeted to a
specific region in the bovine genome. Precise modification of a gene of interest has its
advantages, especially in the larger animals, whose value to the agricultural industry
cannot be dismissed (88). Therefore, in order to streamline genetic manipulation of cattle,
it is imperative that gene targeting efficiencies in bovine cells be increased.
Extensive mouse in-breeding has resulted in lines that are genetically pure, thus
eliminating factors that effect gene targeting due to sequence polymorphisms (79, 89,
90). Cattle, also, have been in-bred to enhance certain traits such as milk production;
however, individuals still possess a large number of allelic differences (91, 92).
Accordingly, many of the existing studies involving gene targeting implement vectors
with large amounts of isogenic sequence to the gene of interest (79, 89, 90). The current
work expands upon this concept to include the use of cell cultures of syngeneic nature to
the targeting vector in order to improve the successful cloning of transgenic bovine
embryonic fibroblasts (BEFs) and assess the efficacy of gene targeting.

Project goals

Tools for the study of timing of translation in snermiogenesis
We hypothesize that the timing mechanism for the release of all mRNAs,
including the spermatid-specific isoforms of TBP, from mRNPs for translation is encoded
within the mKNA itself. To test this hypothesis, it is necessary to first establish and
optimize the procedures for isolating spermatid sub-populations. Once pure sub
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populations are obtained, the mRNAs either expressed or sequestered at any given stage
could be analyzed for sequence and secondary structural similarities. The goals were: I)
to systematize the isolation of spermatids in various stages of differentiation and the
separation of these sub-populations via FACS; 2) to develop, inject and evaluate
transgenes that incorporate red fluorescent protein (RFP) in early developing spermatids;
and, 3) to evaluate the properties of mRNA from mRNP and polysomal fractions.
Characterization of the male-sterile quaking mutant mouse
This study augments the investigation of TBP isoforms in spermiogenic cells as
well as in the brain. We hypothesized a link between Qkv and TBP, and an association of
Qkv and TBP to an immune response in the testis and brain. To address these hypotheses,
my goals were: I) to compare expression levels of alternatively spliced TBP mRNAs in
testis and brain tissue of trembling quaking mutants and non-trembling litter-mates; 2) to
test whether the quaking phenotypes could be rescued in the immune-compromised CB17-SCID mouse line; and, 3) to evaluate genetic markers that distinguish chromosome 17
in the CB-17 SCID (BALB/c) background from the C57B1/6 background (into which the
Qkv allele is bred).

Gene targeting frequencies in bovine embryonic fibroblasts
Gene targeting of TBP by homologous recombination in mice is increased if no
allelic differences exist between the targeting vector and the sequence of the targeted
gene. In mice, this is achieved by constructing the targeting vector with isogenic
sequence to the cells used for gene targeting experiments. We hypothesized that a similar
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relationship should occur in all species. The hypothesis was tested by: I) producing a
clonal cell line of BEFs from an outbred line of free-range beef cattle; 2) isolating and
mapping a genomic bovine TBP clone and constructing a targeting vector which
incorporates the neomycin resistance cassette and GFP fused to the cytomegalovirus
promoter; and, 3) assessing the targeting efficiency of the targeting vector in an isogenic
cell line.
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CHAPTER TWO
TOOLS FOR THE STUDY OF TIMING OF TRANSLATION IN SPERMIOGENESIS

Introduction

In the mouse, male primary germ cells (PGC)s migrate to the basement membrane
of the seminiferous tubule six days after birth (93, 94). The first mitotic division produces
two type A spermatogonia (21). While one type A spermatogonium remains
undifferentiated and preserves the PGC population in the basal compartment of the
seminiferous tubule (94), the second continues to divide via mitosis to become
intermediate, type B spermatogonia and then preleptotene primary spermatocytes (20).
Up to this point, the cells directly contact the basal lamina (95). Each cell is connected to
sister spermatocytes through cytoplasmic bridges and is neighbored by Sertoli cell
membranes (95). As spermatocytes proceed through the first meiotic prophase they
develop into leptotene, zygotene, pachytene and then diplotene spermatocytes (20). It is
at the leptotene stage that Sertoli cell processes intervene between the basal lamina and
spermatocytes, forming around the cells and meeting each other to create the intermediate
compartment of the seminiferous tubule (95). Throughout the remainder of the leptotene
and into the zygotene stage, the Sertoli cells maintain tight junctions above and below
each cluster of spermatocytes (95). The formation of these junctions, called the “bloodtestis barrier”, is imperative to the seclusion of pachytene spermatocytes from immune
cells in the blood because they express immunogenic membrane proteins (96). Meiosis
and spermiogenesis occur within the adluminal compartment (adjacent to the lumen of
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the testis) once the tight junctions of the Sertoli cells dissolve (97). Still, meiotic and
spermiogenic cells remain closely associated with surrounding Sertoli cells which
continue to provide nutrients and hormonal signals, and are responsible for the continued
movement of the spermatids toward the lumen of the testis (21). The Sertoli cell barrier
and the contacts between Sertoli cells and developing spermatids must be overcome in
order to isolate various cells in the stages of spermiogenesis. Figure 2 shows a
histological cross section of the testis and the various structural features described here.

Developing
spermatocytes
and
spermatids

' testis lumen
and
maturing
spermatozoa

Figure 2. Histological cross section of the whole seminiferous tubule and the structural
features of the testis. Staining of the tunica albuginea indicates the presence of collagen.
Histological preparation by Gayle Callis.
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Originally, cells had been extracted from the testis by mechanical means. D, M.
K. Lam et al. (98) used razor blades to carefiilly cut apart the seminiferous tubules and
dispersed the cells by gentle pipeting in phosphate buffered saline (PBS). M. Meistich
(99) compared the quality of cell suspensions from the Lam et al. mechanical method, the
mechanical method with the addition of trypsin digestion, and the use of trypsin digestion
alone for cell dispersal. He recovered more cells of every type following the trypsin only
method (99). Taking this comparison a step further, Romrell et al. (48) incubated the
tubules with the enzyme collagenase prior to trypsin digestion. This investigation claims
that collagenase freed the tubules of connective tissues and loosened the spermatogenic
cells from the epithelium. The subsequent digestion with trypsin dissolved the bridges
between the cells, which reduced, but did not eliminate, the number of symplasts seen
with mechanical dispersal (48). The nature of the symplasts interfered with isolation of
the spermatogenic cells by velocity sedimentation used in all of these studies, as
discussed in chapter one. Other methods for the isolation of spermatogenic cells included
the use of EDTA for tissue dissociation and hyaluronidase treatment prior to enzymatic
dispersal (38, 100). Unfortunately, none of these approaches surrendered a significant
number of spermatids, nor were there any accounts of the 16 stages of spermiogenesis
having been identified following velocity sedimentation. Schmidt et al. (3.8) developed a
method to isolate post-meiotic spermatids specifically, using a transgenic GFP marker for
this cell type and FACS instead of sedimentation. In this investigation, however, the
sorted cells were immediately lysed for RNA analysis and as such, the presence and
purity of sub-populations was not evaluated (38).
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This chapter describes a method for isolation of spermiogenic cells, the use of
FACS to separate the various cell types into virtually pure sub-populations, the
development of a transgenic mouse line to supplement the FACS analysis and the
significance of mRNP versus polysomal fractions in determining the timing mechanism
of spermiogenesis.

Materials and Methods
Materials
Potassium chloride (KCl), potassium phosphate, sodium chloride (NaCl), sodium
phosphate, calcium chloride (CaCl2), magnesium chloride (MgCl2), ethylene diamine
tetraacetic acid (EDTA), guanidinium thiocyanate, sodium citrate, sodium Sarkosyl,
dithiothreitol (DTT), RNase inhibitor (RNasin), Triton X-100, chloroform, and isoamyl
alcohol were purchased from Fisher Scientific. Chloroform referred to in the remainder
of this thesis was prepared as 24:1 chloroformrisoamyl alcohol. Ethylene glycol-bis
tetraacetic acid (EGTA), hyaluronidase, alpha-32 phosphate labeled UTP and 2mercaptoethanol were purchased from ICN. Collagenase, Trypsin, Dispase, Dulbecco’s
Modified Eagle’s Medium (DMEM) with or without phenol red, and newborn calf serum
(NCS) were purchased from GibcoBRL LifeSciences. Fetal bovine serum (FBS) was
purchased from Hyclone. Deoxyribonuclease (DNase), cholesterol, sphingomyelin,
proteinase K (PK), ethidium bromide (EtBr), ethanol (EtOH), and sodium acetate were
purchased from J. T. Baker. Sephadex G50 was purchased from Sigma, formalin was
purchased from Protocol, colchecine and PIPES were purchased from Acros, Whatman
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filter paper was purchased from ISC Bioexpress, and Tris was purchased from !SB.
Klenow, T l RNA polymerase, RNA polymerase buffer, and all restriction enzymes were
purchased from New England Biolabs. Accutase was purchased from Innovative Cell
Technologies,

RQl

DNase

was purchased from Boehringer Mannheim and

penicillin/streptomycih/fungizone combination was purchased from Cellgro. Sodium
dodecyl sulfate (SDS), cesium chloride (CsCl) and agarose were purchased from
OmniPur.

Transgenic mouse lines
Previously described spermatid-specific GFP expressing mouse lines were used in
this study (38). The first of these lines has GFP flanked by the prm I promoter and 5’
leader sequence in the upstream region, and the prm I 3’ UTR downstream. Observations
of this line, designated hereafter as transgene I, show GFP expression limited to
spermatids in the course of elongation. Because GFP is a stable protein, it is visible in the
remaining stages of differentiation and in the residual body shed from the mature
spermatozoan. The second transgene, transgene 2, retains most of the prm I leader
sequence, however transcription is initiated front start sequences in the GFP gene and the
3’ UTR is a long segment of the human growth hormone (hGH) 3’ UTR. This arbitrary
UTR modified the expression pattern of GFP such that translation was no longer delayed,
and GFP was visible for the duration of spefmiogenesis. Transgene I and 2 were
maintained on a C57B1/6 background.
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Isolation of spermio genic cells
Sexually mature wild type C57B1/6 and transgene I and 2 male mice were
euthanized. As per the methods in reference 38, the tunica albuginea of whole testis was
removed (“decapsulated”) and the seminiferous tubules placed for 15 minutes into ice
cold lx PBS (2.7mM KC1, 1.5mM potassium phosphate, 0.14M NaCl, and 8.3mM
sodium phosphate) containing 5mM EGTA, and 20ug/ml colcemid/colchecine. Each set
of tubules was transferred to tubes containing 200ul of lOmg/ml hyaluronidase diluted in
IxPBS. The tubes were incubated at 35 0C for 5 minutes; 5ug/ml collagenase and 5mM
CaCla was added with an additional 5 minute incubation at 35 0C.,Trypsin (at 25ug/ml lx
in PBS) and Dispase (at lOug/ml in IxPBS) were added at 2ml each and the tubes were
gently rotated for 45 minutes at 35 0C in a FisherBiotech Hybridization Incubator. NCS
was used to neutralize the proteases, and the resultant supernatant fluid was filtered
through the 35um nylon mesh of a Falcon 5ml Polystyrene Round-Bottom Tube with
Cell-Strainer Cap. After careful observation of the cell types retrieved from this method
some modifications were made to the protocol. Histological analysis revealed that
collagen is not abundant in either the basement membrane or the seminiferous epithelium
(see Fig. 2), and the addition of CaCl2 was detrimental to most cell types, therefore, this
step was eliminated. Trypsin did not prove to efficiently extract spermiogenic cells, and
was also removed from the repertoire. Sensitivity to oxidation prompted the use of 2mercaptoethanol as a reducing agent (at O.luM during the hyaluronidase digestion and in
each subsequent step), and DNase was added to prevent lysed cell DNA from entangling
viable spermatids. DNase at lug/ml and ImM MgCl2 was included in the Dispase
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solution. Some preparations included cholesterol at 500ug/ml, sphingomyelin at 50ug/ml
or 20% milk proteins to help strengthen the membranes. The supernatant was filtered
through 35um mesh of a 5ml polystyrene round-bottom tube with a cell-strainer cap 12x
75mm (Falcon) into 500ul DMEM without phenol red, and with LOmM 2mercaptoethanol. Some preparations included 5% formalin at this step to fix the RNA. A
small sample of the cells was examined under bright field and fluorescent microscopy
with Nikon Inverted Fluorescent Microscope. Images were taken with a Diagnostic
Instruments Spot Imager. The cell suspension was then sorted via Becton Dickinson
FACS Vantage or FACS Calibur using sterile IxPBS as sheath fluid. The effluent was
centrifuged at 4,OOORPM for 5 minutes in a Labnet spectrafuge, and the pellet
resuspended in IOOul 2x polysome lysis buffer (I Ox = 1.5M NaCl, IOOuM MgCl2, and
200uM Tris, pH 7.5, IOuM DTT, and 2% Triton X 100). IOOul of O.lx TES (IOx =
IOOmM Tris, pH 7.5, 5OmM EDTA, 10 % SDS, and lOOug/ml PK was added and each
sample was incubated for 15 minutes at 55 0C. Each sample was extracted in an equal
volume of phenol- chloroform and precipitated in 3 times the volume of 100% EtOH.
Following a 2 hour period at -20 0C, the samples were centrifuged at 14,000RPM in a
Labnet spectrafuge for 15 minutes at 4°C to pellet the RNA. Pellets were resuspended in
IOul O.lxTES. mRNA quality for the samples was evaluated as follows: 20% glycerol
was added to the suspension and loaded into the wells of a 1% agarose in lx TBE (I Ox =
0.89M Tris OH, 0.89M boric acid, 0.025 M EDTA) plus lx TES. After electrophoresis at
100 volts for I hour with an IBI electrophoresis power supply, the gel was stained with
5ug/ml EtBr in 100ml lx TBE and examined under ultraviolet light on a FisherBiotech
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Transilluminator FBTIV-88. Photographs were taken on a Sony video graphic printer.
High molecular weight markers were Lambda DNA cut with Eco RI and Hind III, low
molecular weight markers were pBluscript PBS+ DNA cut with H inf I.
Whole RNA preparation
Whole testis from wild type C57B1/6 and transgene I and 2 male mice were
decapsulated and sonicated in a solution containing 0.2 g/ml CsCl, SM guanidinium
thiocyanate, SmM sodium citrate, pH 7.0, IOOmM 2-mercaptoethanol, and 0.5% sodium
Sarkosyl. This solution was layered on 5.5 M CsCl containing ImM EDTA, and was
centrifuged in Seton cone-top centrifuge tubes at either 52,OOORPM for 16 hours or
88,000RPM for 3 hours in a Beckman TLA 120K rotor and TL 100 ultracentrifuge. The
supernatant was drawn off and the pellet was resuspended in 200 ul 0.5x TES plus 0.5%
sodium Sarkosyl, followed by 200ul O.lx TES. NaCl was added to 25OmM and each
sample was extracted with an equal volume of phenol-chloroform, and RNA was
precipitated by adding 3 times the volume of 100% EtOH. The samples were then
centrifuged at 14,000RPM and 4°C in a Labnet Spectrafuge to pellet the RNA and the
pellets were resuspended in 200ul O.lx TES.

Construction of the red fluorescent protein trans genes
To complement the GFP expression in mouse spermatids, and thus improve the
range of FACS analysis, we wished to express RFP in early round spermatids, but then
have it degrade prior to the onset of GFP expression in elongating spermatids. The
stability of RFP has not been well characterized in mammalian cells. Therefore, to ensure
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appropriate expression, a number of transgenes were tested. The RFP transgenes were
patterned after transgene 2 as described above. RFP was fused to the 4kb protamine I
promoter (prmlp) at Bam HI. For the first RFP transgene, ornithine decarboxylase
(mODC) sequences were ligated to the Xba I site in RFP and the human growth hormone
(hGH) termination sequence at another Bam HI site. The mODC sequences were in the
PEST region of the ornithine decarboxylase gene believed to signal the rapid degradation
of the protein as described by Li et al. (101). This transgene is henceforth called
RFPmODC. In the event that RFP was not as stable as expected, the stop codon at the 3’
end of RFP was regenerated to render mODC a part of the 3’ untranslated region (this
transgene is called RFPstop mODC). To regenerate the stop codon, the vector was cut at
the Xba I site between RFP and mODC, filled in to a blunt end with Klenow, and re
ligated. The transgenes were linearized at the Hind III site at the 5’ end of the prmlp.
Each transgene was microinjected at a concentration of l-3ug/ml into the male
pronucleus of C57B1/6 fertilized embryos at 0.5 days post coitus (dpc) and these embryos
were then transplanted into the uteri of pseudo-pregnant surrogate CDl females as per
protocols described by Hogan et al. (102).

Genotyping
Tail segments from each of the progeny were obtained and subjected to digestion
using lOOug/ml PK in 50mM Tris HC1, pH 7.5, IOOmM NaCl, IOOmM EDTA, and 1%
SD S. After a 16 hour digestion, NaCl was added to 2M and the samples were incubated
on ice for 30 minutes. Tubes were centrifuged at 14,000 RPM at 4°C for 5 minutes in a
Labnet Spectrafuge and the supernatant was poured into tubes containing Iml 100%
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EtOH. After mixing, the floating DNA pellets were transferred into 200ul of ImM TrisHC1, pH 7.5, 0.5M EDTA. PCR was used to determine transgene-positive animals.
Primers #229 and #169 for genotyping are shown on the transgene map in the Results
section (Fig. 7, page 40). Parameters for the PCR reactions were as follows: 94°C for 30
seconds for one cycle; 32 cycles at 94°C for 15 seconds, 61.5°C for 30 seconds, 72°C for
I minute; and one cycle of 72°C for 5 minutes on an Eppendorf Mastercycler. A PCR
product of 460 base-pairs is amplified from animals that are positive for the transgenes
indicated. Mice positive for the transgene were mated to wild-type C57B1/6 mates and
pups were tested via PCR to follow transmittance.
Analysis of RFP transgenes
To evaluate transgene function, RFP mODC and RFPstop mODC were also fused
to the cytomegalovirus promoter (CMVp), a strong promoter in eukaryotic cells. The
transgenes were introduced into and bovine embryonic fibroblast cells (BEFs) by
electroporation. BEFs were lifted from the culture dish with lx Accutase and were
washed twice in transfection medium (DMEM with phenol red containing ImM 2mercaptoethanol and 0.5% NCS). Between washes, the cells were centrifuged at 3,000
RPM in a swinging bucket rotor (International Clinical Centrifuge). After the second
wash, the pellet was resuspended in 5OOul transfection medium and IOug of linearized
transgene was added. The cell suspension was transferred to an electroporation cuvette
(Electoporation Cuvettes Plus model # 620, BTX) and the cells were subjected to 220V
for 60 to 75msec at high capacity (.950uF), and “high range” in the BioRad Genepulser
II. The cells were plated in DMEM containing 10% NCS, 2.0% FBS, and 2x penicillin
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(10,000IU/ml)-streptomycin (10,000 ug/ml)-fungizone (25UG) (ab/am) on a 100x20mm
tissue culture dish. One day after transfection the cells were viewed on a Nikon Inverted
Fluorescent Microscope and the images of the CMVp linked transgene in BEFs were
taken with a Diagnostic Instruments Spot Imager.
Probes for RNase Protection Assays IRPAl
Probes were designed to measure RNA expression of the transgehe in positive
animals. The probe for RFPmODC included 19 base pairs (bp) of RFP from primer #329,
the Xba I site between RFP and mODC and the entire 13Obp of mODC PEST. This probe
yielded a 155bp band for transgenic animals and a 13Obp band when hybridized to
endogenous mODC. The RFPstop mODC probe included the extra 4bp created by filling
in the Xba I site to produce a stop codon. Both RFP transgene probes are cloned into a
PBS+ vector and linearized with Not I. Probes were radiolabeled with alpha-32
phosphate-labeled UTP with the T7 RNA polymerase in lx RNA polymerase buffer,
IOmM DTT and I unit/ml RNasin. Following I hour incubation at 37°C, RQl DNase at
IunitM was added to eliminate remaining probe template and the suspension was
incubated for 30 minutes at 37°C. Unincorporated nucleotides were removed by using a
Sephadex G50 fine column and capturing the first peak measured with a Ludlum
Measurements, Inc. survey meter. The probe was extracted with an equal volume of
phenol-chloroform, and precipitated by adding 3 times the volume of 100% EtOH. After
I hour at -80PC, the solution was centrifuged at 4°C and 11,000RPM in a Sorvall HB-4
swinging bucket rotor and RC-5B Refrigerated Superspeed Centrifuge to pellet the probe.
The pellet was resuspended in 400ul O.lx TES. Percent incorporation for radioactive UTP
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was measured by a Packard Tri-Carb 1500 Scintillation Analyzer and specific activity
was calculated to ensure that 2 femtomoles (fin) of probe/reaction were used.
Polysome and mRNP fraction preparation
Whole testes from wild-type C57B1/6 and RFPstopmODC male mice were
homogenized in 1.5M NaCl9 IOOmM MgCl2, 200mM Iris, pH 7.5. The cytosol was
separated from the nuclear fraction by centrifugation at 4,OOORPM in a Labnet
Spectrafuge at 4 0C. The cytosol was then placed on linear sucrose gradients of 15 to 50%
sucrose for transgene analysis and step sucrose gradients of 10% to 85% for polysomal
versus mRNP experiments. Sucrose in these gradients also contained ISOmM NaCl,
IOmM MgCl2, 20mM Tris, pH 7.5. The gradients were centrifuged at 36,OOORPM in a
Beckman SW41 swinging bucket rotor and Beckman Optima LE-80K Ultracentrifuge for
HO minutes at 4°C with slow acceleration and no brake. Fractions of 500ul each were
obtained by ultraviolet scan in an ISCO model 185 Density Gradient Fractionator
collected into 1.5ml Eppendorf tubes. RNA was isolated from each fraction by adding
500ul IxTES plus 20ug/ml PK and incubating at 55°C for 30 minutes. 25mM sodium
acetate was added and each sample was extracted with an equal volume of phenolchloroform. The aqueous layer was transferred to a new tube containing 500ul of 100%
isopropanol and the samples were mixed on a VWR Scientific Vortex Genie-2. The tubes
were centrifuged at 14,OOORPM for 15 minutes at 25°C in a Labnet Spectrafuge. The
supernatant was aspirated and washed one time in 500ul of 70% ETOH and mixed by
inversion. The samples were centrifuged at 14,000RPM for 10 minutes at room
temperature in a Labnet Spectrafuge and the supernatant was aspirated from the pellet.
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Pellets were resuspended in 5Oul O.lx TES. Fractions were analyzed for RNA quality and
messenger ribonucleoprotein particle (mRNP) versus polysomal fractionation as follows:
a portion of each fraction was run on 1% agarose in lx TBE plus lx TES and stained
with EtBr. RPA was done on fractions with RFPstop mODC probe.
RPAs
For whole RNA preparations, IOug of RNA were used for each RPA. Ten
microliters of each sample was analyzed by RPA. Probes were added to the samples at a
2 finol/ul concentration and enough yeast RNA was included to equal 5Oug of total RNA
(usually 40ug). The samples were lyophilized in a Savant Speedvac Concentrator SVC
IOOH and hybridized overnight in 80% deionized formamide (DF), 400mM NaCl, 40mM
PIPES, pH 7.0, ImM EDTA at 52 0C in a Fisher Scientific Isotemp Incubator. Following
incubation, lx RD (IOx = IOOmM Tris, pH 7.5, 5OmM EDTA, 3M NaCl), 0.2% Triton X
100, 10 ug/ml RNase A , and 0.35units/ul RNase Tl were added and the samples were
incubated I hour at 37°C. PK at lug/ml in IOx TES was added followed by an incubation
of 15 minute at 37°C. Each sample was extracted using 500ul phenol-chloroform, and
nucleic acids were precipitated by adding Iml of 100% EtOH. After I hour at -80 0C the
samples were centrifuged at 16,000g for 15 minutes at 4°C and resuspended in 66% DF,
33% O.lx TES, 0.0033% bromphenol blue and 0.0066% xylene cyanol. Prior to running
the samples on an SM Urea, 6.5% polyacrylamide, 0.25% bisacrylamide gel, they were
heated to 75 0C for 5 minutes. Gels were run at 65 Watts using a GibcoBRL
electrophoresis power supply PS 3002 and were dried on Whatman filter paper at 80°C
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under vacuum in a BioRad Model 583 gel dryer for one hour. Dried gels were exposed to
autoradiography film overnight or longer to optimize signal intensities.

Results
Testis cell explants and FACS
The standardized procedure presented here incorporated methods used by several
authors. In the first step, EGTA was used to separate the spermiogenic cells from Sertoli
cell associations and colcemid was used to dissolve the microtubule cytoskeleton causing
the cells to form symplasts (38). Hyaluronidase, a natural testicular enzyme (106) and
Dispase, a gentle protease (107) both assist in the further separation of spermatids from
the seminiferous epithelium. To neutralize reactive oxygen species, 2-mercaptoethanol
was used as a reducing agent in every step of the explant process (108). Each step of the
testis cell extraction was observed under bright field and fluorescent microscopy. Digests
of GFP transgene 2 testes demonstrated that the modifications to previous protocols
produced a wider range of cells in spermiogenic stages (Fig 3a). Since only post-meiotic
cells will express GFP, nearly half of the cells recovered were those undergoing
spermiogenesis as seen under fluorescent lighting (Fig 3b). The motion of the flagella in
the maturing spermatids (black triangles, Fig 3a) indicated the gentleness of the
procedure and the viability of the cells following explant. The larger cells, possibly
pachytene spermatocytes, did not express GFP (black arrow, Fig 3a). Various elongating
spermatids were visible as evidenced by the lemon-drop shape and preliminary flagella.
Figure 3b shows that GFP was shed in the residual body and was not visible in the mature
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spermatozoa (upper right). Interestingly, the cell preparation in Figure 3 did not show any
multi-nucleated symplasts that displayed GFP fluorescence (giant cells, lower left and
lower center Fig. 3a).
Testis cell explants were also examined by transmission electron microscopy. The
features of the symplasts are shown in Fig 4. Many of these cells were undamaged
following the explant procedures as evidenced by intact membranes containing multiple
large nuclei. Interestingly, several of the cytoplasmic bridges between these cells were
unaltered by the colcemid treatment (arrow. Fig. 4).

Figure 3. Brightfield (A) and fluorescent (B) images of explanted testis from the GFP
transgenic mouse line 2. Black arrow points to a pachytene non-fluorescing
spermatocyte, black arrowheads (A) and white arrows (B) show almost mature
spermatids in the process of eliminating the residual body (fluorescing green in B).
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Figure 4. Transmission electron micrograph of symplasts from testis cell explants. Black
arrow indicates the cytoplasmic bridge still intact. Microscopy performed on my explants
by John Blixt and Kathy Prokop at the Transmission Electron Microscope Laboratory,
Department of Veterinary Molecular Biology, Montana State University, Bozeman.

To facilitate FACS, the cell suspensions were filtered through nylon mesh to
minimize aggregation and into phenol-red-free DMEM to protect the cells until sorting.
DNase enhanced by the addition of magnesium chloride eliminated interference of the
DNA from lysed cells during sorting. The cells were sorted by size and complexity,
which varied greatly between differentiating spermatids. Figure 5A shows the FACS
profiles for forward scatter (FSC-H, size) and side scatter (SSC-H, granularity) of GFP
transgene I explanted testis cells. A large population was concentrated in the center of
the profile for forward scatter, and low on the side scatter scale. Because nuclear
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condensation would increase complexity, and therefore, side scatter, this population was
likely to be the pre-meiotie spermatocytes, round spermatids, and possibly the residual
bodies. The cells that appeared higher on the FSC-H scale were likely to be the
symplasts, and those higher on the SSC-H scale were likely elongating spermatids. One
of the characteristics of spermatogenic cells observed here was the intensity of auto
fluorescence as exhibited by wild-type cell explants (Fig SB). The first peak in the green
(FL-I) and red (FL-2) channels, for both wild-type and transgenic testis (Fig SC) could
not be compensated. Still, the peak for true green fluorescence was distinguishable from
most of the auto-fluorescence (Fig SC beyond the IO1 mark on the logarithmic scale in
the FL-I channel). GFP accumulates over time and is very stable (38). Cells on the higher
end of the scale were brighter and considered more mature than those on lower end of
this scale that had not been expressing GFP for long. In that case, the dimmer cells for
transgene 2 were likely to be the elongating spermatids, which had just begun to
fluoresce. The cells further out on the scale were likely included spermatozoa and this
population may have also included the residual bodies. The scatter profile for the GFP
expressing cells did not show a distinguishable population. These cells Were interspersed
with non-GFP expressing cells in the populations described above for Figure 5A. A gate
was established for sorting according to GFP expression. Regrettably, re-sorts of the
gated cells (Fig 5D) as well as mRNA analysis revealed that the population of gated cells
had shifted in number and GFP intensity, and no mRNA could be retrieved from any of
the large number of sorts attempted when analyzed by gel electrophoresis. Neither the
addition of the membrane components sphingomyelin and cholesterol, nor milk proteins,
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Figure 5. FACS scans of explanted spermatids from GFP transgenic mice. (A) The
forward versus side scatter profiles for spermatids with the highest concentration of cells
at intermediate size and low complexity. (B) The FL-1(green) versus FL-2 (red) profile
for cells that lack GFP expression, showing a significant amount of auto-fluorescence in
both the green and red channels. (C) Transgenic spermatids exhibit the same autofluorescence as cells that do not express GFP; however, the GFP positive cells are clearly
visible on the FL-I scale. Those cells above the IO2 on the FL-I axis were gated and
sorted. (D) Gated GFP spermatids were resorted by FACS to determine purity. The cells
that were GFP positive in the original sort show a distinct decline in numbers and
intensity of GFP expression. The purity of the sort was limited as indicated by the large
population of cells in region not gated (10° to IO1).
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was able to stabilize the membranes and prevent this phenomenon. Cross-linking the cells
and mRNA with formalin prior to sorting was also unsuccessful. It is therefore
determined that an alternate method must be devised to explant and/or sort testis cells.
RFP transgenes
Directing the expression of the RFP transgene to early round spermatids will
ultimately complement the GFP expression of the transgene I mouse line only if RFP is
degraded prior to the elongation stage of spermiogenesis. The destabilization domain
described for mODC was chosen due to its ability to modify the stability of GFP in
previous experiments (109). A series of prolines, glutamic acids, serines, and threonines
(PEST) in the C-terminus portion of mODC are the signal for rapid protein degradation
(101). Primers for PCR amplification of this region of mODC were manufactured with
convenient restriction enzymes sites to facilitate ligation to RFP and the prmlp complex.
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An illustration of the transgenes is provided in Figure 6.
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Figure 6. RFP transgenes. Prmlp is protamine I promoter sequence and targets
expression of the transgene to post-meiotic spermatogenic cells. RFP is red fluorescent
protein sequence and is fused to mouse ornithine decarboxylase PEST sequences
(mODC) with either an Xba I site or a Stop codon between the two. The human growth
hormone sequences provide the termination signal (hGH TX) for the transgene. Vector
arrows indicate the direction of the primers. Each transgene has all primer sites.
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One founder from each transgene was identified by PCR analysis. Lanes with the
upper band in Figure 7 indicated animals that were positive for the RFPstop mODC
transgene. The lower band was primer residue and was not indicative of a positive
outcome. The lane marked “founder” was the original mouse from the RFPstop mODC
microinjections and the mice represented in the lanes under F2, numbers I, 6 and 8 were
second generation progeny to which the gene was transmitted. Lanes numbered 3, 4 and 5
under F3 were third generation pups that inherited the transgene. The frequency at which
the offspring were expected to inherit the transgene would be approximately 50%
because the founder was heterozygous and mated to a wild-type C57B1/6 mouse.
Therefore, the transmittance observed was within the normal range.
The founder mouse that was positive for the RFPmODC transgene did not
transmit the gene to subsequent generations. Interestingly, the testis from neither the
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Figure 7. PCR of tail DNA to determine presence and transmittal of the RFPstop mODC
transgene. F2 are second generation offspring from the founder animal and those marked
F3 are third generation offspring. The upper band indicates a mouse that is positive for
the transgene. The control DNA was a wild-type C57B1/6 mouse that was not used in
transgenic experiments. The pictured agarose gel was at 1.5%.

40
RPPmODC founder nor any of the RFPstop mODC later generation males exhibited
detectible red fluorescence. That being the case, transgene expression was evaluated in
alternate mammalian cells. BEFs shown in culture in Figure BA were electroporated with
each of the transgenes fused to the CMVp. The expression of RFPstop mODC transgene
was robust and pervasive (Fig SB) while the expression of RFPmODC seemed to be
limited to the area surrounding the nucleus (shown in Fig BD and the overlay of bright
field in 8C).

Figure 8. Confocal images of transgenes in bovine embryonic fibroblasts. (A) Brightfield
of BEFs in culture. (B) The expression of the RFPstop mODC transgene linked to the
CMVp promoter in BEFs was distributed throughout the cytoplasm and nucleus. (C) and
(D), expression of the RFP mODC transgene was limited and punctate, as if the transgene
was expressed but then rapidly degraded.
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To be sure that the RFP mRNAs were transcribed in the testis, whole testes
mRNA from the RFPmODC founder and the progeny of the RFPstop mODC founder
was tested with RPA probes. The larger protected fragments using both the RFPmODC
and RFPstop mODC probes for the RFPmODC founder mouse showed that the mRNA
for the transgene was transcribed (Fig 9). Only endogenous mODC mRNA was
transcribed in any of the RFPstop mODC transgenic mice. Mouse numbers correspond to
those in Figure 7.
Since there was evidence for the translational repression and/or translational
activation of mRNAs with certain 3’ sequences (37, 38, 39), the cytosol from the testes of
the RFPmODC transgene positive mouse was subjected to polysome gradient
fractionation and RPA with the RFPstop mODC probe. We hypothesized is that the PEST
sequence of mODC has signaled the sequestration the RFP mRNA into mRNPs, but it
was never released for translation. This would explain why RFP mRNA was present, yet
the protein was not seen. Polysome gradients, like sedimentation velocity, are based on
the movement of particles according to their density. A linear sucrose gradient that varies
from 50 % (at the bottom) to 10 % (at the top) will separate cytosolic components into
the upper layers of the gradient that are small, such as the tRNA, mRNPs, and the
subunits of the ribosome, and the larger components, the polysomes, into the lower layers
(Fig I OB). The more polysomes that are attached to the mRNA, the larger it is and the
faster it sediments (HO). By testing the testes fractions with the RPA probe for RFPstop
mODC it was evident that the RFPmODC mRNA was both in the mRNP fractions and
the polysomes (Fig 10A). In other words, the RFPmODC should have been actively
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translated. The reason that it was not visible under fluorescent light has yet to be
determined.

-2 4 0 b p

Figure 9. RPA of transgenic testis using RFPstop mODC and RFPmODC probes. The
mRNA of the two founder mice and the offspring of the RFPstop mODC founder were
probed with RFPmODC and RFPstop mODC. The presence of the 134bp or 155bp band
indicated that mRNA for the specific transgene was expressed. The 13Obp band
represents endogenous mODC mRNA fragments. The difference in probe sizes was due
to the presence or absence of the stop codon between RFP and mODC sequences.
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Figure 10. RPA (A) and fraction readout (B) of linear sucrose gradient fractions for RFP
mODC transgene in testis showed that RFPmODC transgene mRNA was present both in
the mRNP (sequestered) and polysomal (translated) fractions in the testis of the founder
mouse.

mRNA quality
Generally, separation of the cytosolic components on a sucrose gradient is used to
determine the rate of translation for a given mRNA (110). The more ribosomes attached
to a particular mRNA, the more it is translated (HO). To define commonalities between
mRNAs that are sequestered or polysomal in a particular step of spermiogenesis,
however, it is more important to separate the mRNPs from the polysomes than the
polysomes from one another. Using a step sucrose gradient of sucrose from 10% to 85%
sucrose, the cytosol from whole testes was allowed to sediment under centrifugation. The
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fractions obtained from this type of gradient are shown in Figure 11A. The mRNPs are in
the first peak, and the polysomes are in the second. The mRNA quality was evaluated on
a 1% agarose gel. Each fraction number in figure I IA corresponds with that in I IB. The
expected 18s RNA of the 40s ribosomal subunit and 28s RNA for the 60s ribosomal
subunits are indicated. The bright streak of mRNA between these bands was likely
mRNA (Fig I IB). Portions of testes were tested in this manner to determine the range of
mRNA quantities that could be obtained with reasonable quality. Volumes as low as 1/50
of a single testis were similar in mRNA quality to those observed here.
c

mRNPs

polysomes

mRNPs

polysomes

Figure 11. Fraction readout (A) and mRNA gel (B) from step sucrose gradients. mRNPs
are located in the first peak (in the lighter fractions) on the readout and in lanes marked I
to 4 on the gel. Polysomes begin to appear in fraction 5 (the heavier fractions) and
continue to sediment in the remaining fractions. The RNA from the ribosomal subunits
were distinguishable and the mRNA was distributed throughout the lane.
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Discussion

Isolation of sub-populations of spermiogenic cells is essential to the subsequent
evaluation of the timing mechanism involved in the expression of mRNAs during
spermiogenesis. Several limiting factors must be overcome to acquire purified stages of
spermatids: the intimate interaction of spermatids with the Sertoli cell (103); the fragile
nature of the spermatid membrane (104); the susceptibility of maturing cells to reactive
oxygen species (105); and rupture of the cytoplasmic bridges that lead to loss of mRNA
(38). The first step in attaining sub-populations of spermatids was to evaluate previous
methods used to isolate cells from the seminiferous epithelium. Presented here is a
procedure for the isolation of spermiogenic cells from their encasement in the
seminiferous epithelium. Coupled with FACS, this method could provide a means in
which the timing and other curious mechanisms of developing sperm cells in the testis are
elucidated. Unfortunately, based on the results presented above, the fragility of the
spermatid membrane makes separation by FACS virtually impossible. It is therefore
necessary to implement alternative methods for sorting cells in the various stages of
development. Assortment by hand would be inefficient and error-prone. Sedimentation
velocity separation would also be untrustworthy: mature spermatids in motion
contaminate the other fractions; and isolated cells of similar size, but not spermiogenic,
cannot be removed from the samples (111). One option is to take advantage of what is
called the spermatogenic wave. It is known that it takes four cycles of the seminiferous
epithelium for a primitive type A spermatogonium to mature into spermatozoa (112). In
other words, new type A spermatogonia are dividing in the basal compartment at about
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the time other cells have reached the pachytene stage in the adluminal compartment, and
so on (112). This phenomenon is facilitated by the epithelium in such a way that
successive stages occur adjacent to one another along the seminiferous tubule (21). Once
the two fluorescent reporter genes are established in transgenic mouse testis, careful
dissection by mechanical means could afford a method for isolation of relatively pure
sub-populations. New microscope technologies make this alternative even more feasible
and practical (113). Otherwise, further strengthening of the spermatid membrane must be
attempted, perhaps through the addition of lipids such as phosphatidylcholine (114) or
carbohydrates that reinforce the glycocalyx (115). In any case, once the techniques for
purifying spermatid subpopulations have been instituted, mRNP and polysomal fractions
from even small quantities of mRNA can be analyzed.
There are a number of possible reasons for the absence of expression of RFP in
the testes of transgenic mice. In the instance of the RFPmODC transgene, the mODC
PEST sequences may cause the transgene to degrade too rapidly to be seen. This seems
unlikely considering the highest levels of endogenous' mODC, with the same C-terminal
sequences, occur in stages 1-8 of spermiogenesis (116), and the transgene produced
protein in other mammalian cells (Fig. SC and 8D). On the other hand, the lack of
expression is not due to sequestration in mRNPs, as demonstrated by its presence in
polysomal fractions. The intensity of the bands suggests that there is as much, if not
more, transgenic mRNA as there is endogenous mODC present in the spermatid
cytoplasm (Fig. I GA). Altogether, this would suggest that the RFPmODC protein is posttranslationally silenced. Silencing, however, has not been demonstrated for any protein
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made from the prmlp thus far. Aspects of RFP itself or the fusion to mODC must be
responsible for silencing. Sacchetti et al. (117) have demonstrated that oligomerization of
RFP is necessary to achieve fluorescence. Several other authors have pointed out that the
maturation of RFP is often slow and sometimes incomplete (118, 119). Therefore, it is
possible that the PEST sequence may cause the degradation of RFP before it can
fluoresce in the spermatids. We produced another transgene that has the mODC PEST
region removed. Transgenic mice from this line should reveal characteristics of RFP
unique to mouse spermiogenesis.
The RFPstop mODC transgene was transmitted to the offspring of the founder;
however, it is not transcribed into mRNA. Methylation of foreign DNA has long been
recognized as a defense mechanism for cells against deleterious genes, including
transgenes (120), and methylated genes in spermatogenic cells are often transcriptionally
silenced (25). The CpG islands found within many promoters are particular regions for
DNA methylation (121). Ironically, the prmlp has a CpG island and is located in a highly
methylated region, yet is transcribed in round spermatids (122). Perhaps, the prmlp must
be methylated in order to function properly. Obviously, though, the region of the
chromosome into which a transgene is incorporated is vitally important for subsequent
expression. Genes that integrate in proximity to heterochromatin (the centromeres of
mammalian chromosomes, for instance) are often silenced due to high condensation of
the DNA in these regions (123). It is also possible that a part or the entire promoter or
gene was not incorporated into the genome. PCR primers for the promoter in conjunction
with RFP primers produced a band of appropriate size; however, RFP primers in
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conjunction with the hGH termination sequence do not produce a band. This suggested
that the incorporation of the termination signal into the genome may have been
incomplete. The remedy for these occurrences is to re-introduce these transgenes into the
mouse and produce other transgenic animals for further evaluation.
One other interesting observation for future investigation is the persistence of
cytoplasmic bridges despite colchecine application. Colchecine binds to tubulin and
prevents the assembly of microtubules (124). Perhaps the composition of cytoplasmic
bridges, at least those between round spermatids (Fig. 4), is not as dependent upon the
microtubule formation as once thought.
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CHAPTER THREE

CHARACTERIZATION OF THE MALE-STERILE QUAKING MUTANT MOUSE

Introduction
Correlations between QTi1and TBP are numerous. Both genes are loci mapped to
the proximal end of chromosome 17 in the mouse (5,5, 56, 57), and a spontaneous
mutation in that vicinity was described by Sidman et al. in 1964 (58). The trembling
phenotype of what was thereafter called Qkv becomes noticeable around day IO post
partum and worsens as the mouse ages (58). Spermatogenesis in males homozygous for
the Qkv mutation arrests at the time of spermatid differentiation (59). Likewise, TBP
mRNA is significantly up-regulated just prior to spermiogenesis (9, 25, 46). As is
common in the testis, Qkv and TBP are both transcribed from TATA-Iess promoters (25,
63, 125). Additionally, studies have linked QF proteins to developmental processes (60,
63, 126), including myelination of the central nervous system via alternative splicing (62,
127). Ethylnitrosourea (ENU) mutational experiments have shown that many mutations
in the QF region are embryonic lethal (described in 60). The TBP isoforms, including ID
and IE, result from alternative splicing (46), and TBP is crucial for development, as
embryos lacking TBP die in utero (6, 128). The delay in the emergence of both QF
mutant phenotypes suggests that the mutation is not one of production of QF (or TBP)
proteins, but more likely the alteration of expression characteristics (59). The precise
mutation which causes the QF phenotypes has yet to be identified, and although the QF
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deletion was a candidate (62), gene targeting and BAC clone rescue experiments have yet
to confirm this premise. TBP, therefore, was considered a reasonable candidate for Qkv.
Although much of the research focus has been on the lack of myelin in the Qtf
mutant central nervous system, it has been determined that Qtf has a conserved RNAbinding motif (60) which may also function in spermiogenesis. Isoforms of this protein
are involved in translational repression (129), export of proteins from the nucleus to the
cytoplasm (130, 131), and induction of apoptosis for which the RNA-binding activity is
not required (126). The most important function for Qtf in the testis however, may be in
the regulation of alternative splicing. A 5kb isoform of the Q tf gene (QK-5) that differs
from other forms only by the carboxyl-terminus is expressed in the brain and regulates
splicing events in the nucleus (62). In fact, QK-5, itself, has been shown to translocate
between the nucleus and cytoplasm (130). An intriguing theory presented by Ebersole et
al. (60) links signal transduction to RNA-binding during differentiation processes like
that of myelination. These authors suggest that a protein which regulates splicing is
phosphorylated, enters the nucleus and changes the relationship of mRNA transcripts and
the splicing machinery, thereby causing alternate isoforms and eliminating the need for
transcription (60). QK-5, with its ability to move between the nucleus and cytoplasm,
may function in this manner. While the expression of QK-5 in mouse testis remains
undisclosed, an ortholog in the chicken is the dominant isoform in adult testis (132). It is
therefore proposed that a link between Qtf and TBP would not only provide a function
for TBP isoforms in transcriptionally silent spermatids, but also legitimize the presence
of other spermatid-specific isoforms in the testis.
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Hypothesizing a connection between Qkv and TBP prompted the breeding of the
Qk? mutation into the SCID mouse model. SCID mutant mice were first described by
G.C. Bosma et al. (133) as mice that lack mature B and T immune cells. Hobbs et al. (12)
have rescued a TBP mutation in the SCID mouse and the Rag I gene knockout mouse,
which are both deficient in B and T cell populations. If SCID could likewise rescue the
Qkv mutant phenotypes, it might suggest an immune component has contributed to these
phenotypes.
Because only homozygous mutant Qkv mice exhibit a phenotype, it was vital to
distinguish between chromosome 17 of the SCID CB-17 (BALB/c) background and that
of the QJc mutant C57B1/6 background. In other words, heterozygous mice must be
distinguishable from rescued homozygous mutants. Therefore, several polymorphisms in
the region of Qkv and TBP were analyzed. Methods for screening the SCID allele on
chromosome 16 have already been established (122).

Materials and Methods
Materials

.

All materials and the company who provided them are listed in the Chapter I
unless otherwise indicated in the following sections.

Okv Mutant Mice
Male and female heterozygous B6.Cg-T2J+/+qk mice were obtained from
Jackson Labs. RNA from kidney, brain and testis was isolated from the Fl and
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subsequent generations exhibiting the trembling phenotype as well as non-trembling
littermates (wild-type and heterozygous for Q tf allele).
RNA extraction
Whole testis from trembling and non-trembling male littermates and whole brain
from trembling and non-trembling male and female littermates were sonicated in a
solution containing 0.2 g/ml CsCl, SM guanidinium thiocyanate, SmM sodium citrate, pH
7.0, IOOmM 2-mercaptoethanol, and 0.5% sodium Sarkosyl. This solution was layered on
cushions of 5.5 M CsCl containing ImM EDTA, and centrifuged in Seton cone top
centrifuge tubes at either 120,000g for 16 hours or 350,000g for 3 hours in a Beckman,
TLA 120K rotor and TL 100 ultracentrifuge. The supernatant was drawn off and the
pellet was resuspended in 200ul 0.5x TES plus 0.5% sodium Sarkosyl, followed by 200ul
O.lx TES. NaCl was added to 25OmM and each sample was extracted with an equal
volume of phenol-chloroform, and RNA was precipitated in 3 times the volume of 100%
EtOH. The solution was centrifuged at 14,000RPM at 4°C in a Labnet Spectrafuge to
pellet the RNA and each pellet was resuspended in 200ul O.lx TES.

Polysome and mRNP fraction preparation
Whole testes from trembling homozygous Qtf mutant male mice and non
trembling littermates were homogenized in I.SM NaCl, IOOmM MgCfe, 200mM Tris at,
pH 7.5. The cytosol was separated from the nuclear fraction by centrifugation at l,300g
in a Labnet Spectrafuge at 4°C. The cytosol was then placed on linear sucrose gradients
of 15% to 50% for polysome versus mRNP experiments. Sucrose in these gradients also
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contained 1.5mM NaCl5 IOmM MgClz5 and 20mM Tris at, pH 1.5. The gradients were
centrifuged at 36,000RPM in a Beckman SW41 swinging bucket rotor and Optima LE8OK Ultracentrifuge for HO minutes at 4°C with slow acceleration and no brake.
Fractions (500ul) were isolated based on an ultraviolet scan from an ISCO model 185
Density Gradient Fractionator. RNA was isolated from each fraction by adding SOOul
IxTES plus 20ug/ml PK and incubating at SS0C for 30 minutes. 25mM sodium acetate
was added and each sample was extracted with an equal volume of phenol-chloroform.
The aqueous layer was transferred to a new tube containing SOOul of 100% isopropanol
and the samples were mixed on a VWR Scientific Vortex Genie-2. The tubes were
centrifuged at M5OOORPM for 15 minutes, at 25°C in a Labnet Spectrafuge. The
supernatant was aspirated and the pellet washed one time in SOOul of 70% ETOH. The
samples were centrifuged at M5OOORPM for 10 minutes at room temperature in a Labnet
Spectrafuge and the supernatant was aspirated from the pellet. Pellets were resuspended
in SOul O.lx TES. RNA preparations were analyzed for RNA quality as follows: ,a portion
of each fraction was run on 1% agarose in lx TBE plus lx TES and stained with
ethidium bromide. RPAs for fractions were prepared with probes described below.
Probes and RPA
Whole brain, whole testis and testis fraction RNA were subjected to RPA using a
probe for testis-specific TBP mRNA (exon IE) and the somatic cell promoter (exon 1C)
of TBP. These probes are described in detail (46), and a simplified picture of tbp and the
expected splice products are illustrated in Figure 12. Briefly, sub-fragments of cDNA
clones for TBP included the Bgl II and Stu I restriction sites for exon 1C, and the Apa I
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and Bgl II restriction sites for ,exon I E/exon 2. The exon IC probe protects an RNA
fragment approximately 200 bp in length, the exon I E/2 just over IOObpi The probes
were synthesized as described in Chapter 2. Serial dilutions from 3ug to 0.3ug of RNA
for testes and 3ug of brain RNA were hybridized to the probes and prepared by the
method described in Chapter 2 for RPA. Control probe and yeast RNA were included in
all assays.

OF mutant and SCID crosses
Heterozygous B6.Cg-T2J+/+qk mice were bred to homozygous CB17 SCID mice.
F2 generation heterozygous animals for both the Q tf and SCID alleles were interbred and
genotyped for the Qtf and SCID alleles.

SCID Genotyping
The SCID allele located on chromosome 16 was genotyped via the previously
described method (134). Essentially, the SCID mutation is a single point mutation in the
DNA-dependent protein kinase gene whereby a tyrosine is replaced with a premature stop
codon by way of a thymine (T) to adenine (A) transversion (135). PCR primers were
designed on either side of the transversion and the PCR product was sequenced. The
chromatograph on the ABI 310 DNA sequencer reveals a peak for T only if the mouse is
wild-type for the SCID allele, both an A and T peak if the mouse is heterozygous, and
only an A peak if it is homozygous for the SCID mutation. DNA was obtained from tail
snips and PK digestion as described in Chapter I . Both heterozygous and homozygous
mice for the SCID mutation were then genotyped for the Qtf allele.
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OK’ mutant mouse genotvping
There were a number of polymorphic markers described by various authors for
the proximal region of mouse chromosome 17 for BALB/c versus C57B1/6 backgrounds
(136-140). PCR products were obtained by primers designed at Jackson Labs to amplify
the D17mitl64 cM 4.1 region (140). Parameters for this PCR were as follows: one cycle
at 96°C for 2 minutes, 26 cycles at 94°C for 15 seconds, 63.8°C for 45 seconds, and 72°C
for 45 seconds, and one cycle at 72°C for 5 minutes. The PCR product for these primers
was very small, and was therefore run on 4% Metaphor agarose (Cambrex).
RNA preparation and Olt mutation analysis
After careful analysis of each polymorphic marker, it was determined that a
marker discovered in our laboratory (A.A. Bondareva and E.E. Schmidt, unpublished)
was the most satisfactory method for genotyping these crosses. The marker was located
in the MHC I gene complex of chromosome 17. In order to genotype this locus, RPAs
were employed. Tail snips (approximately 1.5 cm in length) were obtained from
anesthetized mice at 6 weeks of age, and snap frozen on dry ice. As soon as possible after
the tails were cut, they were crushed and sonicated in 5M guarddinium thiocyanate, 5inM
sodium citrate, pH 7,0, IOOmM 2-mercaptoethanol, 0.5% sodium Sarkosyl, 0.2 g/ml
CsCl. The resultant material was layered on a 0.9ml CsCl pad in Seton cone-top
centrifuge tubes and centrifuged at 52,OOORPM for 16 hours at 25°C in a Beckman TLA
120K rotor and TL 100 ultracentrifuge. The supernatant was drawn off and the pellet was
resuspended in 200ul 0.5x TES plus 0.5% sodium Sarkosyl, followed by 200ul O.lx TES.
SM NaCl was added at a 20ul volume. Each sample was extracted with an equal volume
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of phenol-chloroform, and RNA was precipitated by adding three times the volume of
100% EtOH. The solution was centrifuged at 14,000RPM at 4°C in a Labnet Spectrafuge
to pellet the RNA and each pellet was resuspended in 200ul 0. Ix TES.
RPA probe and RPA for MHC I genes for genotyping OF/SCID crosses
Previously in our laboratory numerous MHC I classical and non-classical
complementary DNA (cDNA) regions were cloned from placenta as part of an MHC I
family expressed sequence tag project (A.A. Bondareva and E.E. Schmidt, unpublished).
Twenty seven RPA probes were produced from these clones, one of which was made
from clone 493-5A-50, which had the following sequence:

TTTAGGGGGGGGTTTTAGGGGGTTTTTTACGAGCCTCGCTCCCC
CTCAGTCACGTATCTAGCTTGTATCAATTCTCAGGAGCCCCGTC
ATCTCTGTCGGCTATGGACAACAAGAGTTCGTGCGCTTCGACAG
CGACGCGGAGAATCCGAGATATGAGCCGCGGGCGCCGTGGATG
GAGCACGACGGGCCGGAGTATTGGGAGCGGGAAACACAGAAA
GCCAAGGGCCAAGAGCAGTGGTTCCGAGTGAGCTGAGATCCAC
TAGTTCTAGAGCGGCCGCACCGCGGTGGAGCTCAATTCCCTATA
GTGAGTCTTTACAAAG,

The sequence aligned best to the H2-D region of the MHC I complex at cM 18.5.
The cDNA fragment was cloned into the KS+ vector, linearized with Eco Rf and
transcribed with T l RNA polymerase. This probe was prepared as described for other
RPA probes in this document (Chapter I) and was hybridized to total RNA obtained from
each tail preparation. The larger protected fragment is produced from the C57B1/6
background and the lower is from the BALB/c background. A mouse heterozygous for
chromosome 17 shows both protected fragments.

I
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Results
TBP isoforms in OF mutant and sibling mice
The aim of this project was to determine if the <2&v phenotypes were due to the
mis-regulation of TBP isoforms. To test this hypothesis, RNA from the afflicted regions
(brain and testis) was obtained from homozygous Qkv mice. The determination of
homozygosity was the trembling phenotype alone, and, therefore, non-trembling
phenotypes were regarded and designated hereafter as “wild-type”. As a part of the
general transcription machinery, all cells express TBP from the exon IC promoter region
(4), whereas exon IE TBP is testis- and brain-specific (46). Figure 12 illustrates the
region of the tbp gene referred to here and the splice products that result following
transcription. The exon IC probe detects ubiquitous forms of TBP mRNA, and the exon
IE probe detects testis- and brain-specific TBP mRNA as well as all other isoforms of
TBP that do not contain exon IE sequences.
The probes for these two TBP isoforms detected no difference in TBP expression
for either IC or IE between the wild-type and QJc testis or brains from these animals
(Fig. 13). It is important to take into consideration that the whole testis includes somatic
cells such as Sertoli cells, Leydig cells, and testicular macrophages (141), and that these
may mask a difference in TBP expression in spermatogenic cells.
Although there was no difference between wild-type and Qkv testis TBP mRNA
expression, there may have been a difference attributable to mis-regulation of TBP in
mRNPs. To determine if this was the case, polysome fractionation was performed on
whole testis cytosol and RNA from the fractions was hybridized to the exon IE probe.
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Figure 12. Illustration of the tested region of tbp and the TBP splice products following
transcription. Exon IC is present in all cells of the body, whereas exon ID and IE are
limited to testis, or testis and brain, respectively. The RNA probes used in this study
protect fragments of exon IC mRNA, exon IE mRNA and exon IE-lacking mRNA (all
other TBP mRNA).

whole testis RNA
Iimiii
3ug lu g OAiig O.liig 30Hg

Figure 13. RPA for whole brain and testis RNA preparations with mouse TBP
exon IC and exon IE probe. Serial dilutions from the testis showed no difference
between wild-type and homozygous Qkv mutants for both the exon IC and IE
probes. Brain RNA exhibited no difference in the expression of either isoform
between the wild-type and mutant Qkv mice.
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The results showed that RNA for TBP IE was equivalent in both the mRNP and
polysomal fractions for wild-type and Qkv testes (Fig. 14).

wfld-tvpe testis fm ctioits

quaking testis ft nctions
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TBP mRNA

-lE-bckms
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Figure 14. RPA of linear sucrose gradient fractions from wild-type and Qkv litter-mate
testis using mouse TBP exon IE as the probe. mRNA distributions in wild-type and Qkv
mutant testis fractions were similar.

Evaluation of polymorphic markers
Published polymorphic markers for the proximal region of chromosome 17 to
distinguish the C57B1/6 and BALB/c backgrounds include: I) a restriction fragment
length polymorphism (RFLP) in the T-complex polypeptide I (TCP-1) near cM 7.0
(136); 2) a “random amplification of polymorphic DNA” (RAPD) sequence at cM
4.1(138); and 3) a PCR fragment polymorphism at the D17mitl64 locus also at cM
4.1(139, 140). Sequences within TBP itself were also searched for a marker in the 8.25
cM region; however, after sequencing more than 5 kilobases of the TBP gene from
C57B1/6, Qk' and BALB/c DNA, no polymorphisms were found (T.A. Tucker, J. Graff
and E.E. Schmidt, unpublished). The reported thymine to cytosine transition in TCP-1
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was found to be inexplicably absent, both when we used the Southern blotting method
used by the previous authors (136), and through PCR with primers designed for the TCP1 gene. PCR for the l,400bp band that designates a BALB/c chromosome 17 using
primers designed for RAPD by Y.-C. Cheah et al. (138) could similarly not be repeated in
our studies. The D17mitl64 PCR primers published by W. Dietrich et al. (139), and V.
Panoutsakopoulou et al. (140), produced bands of expected sizes for C57B1/6 (136bp)
and BALB/c (126bp). Surprisingly, DNA from the Qkv mutant mouse yielded a PCR
band of the same size as from the BALB/c mouse DNA and different than the size of the
band found in the Qkv parental C57B1/6 strain (Fig. 15). The usefulness of this primer set
for genotyping SCID versus Qkv DNA requires further investigation.

Figure 15. PCR for D17mitl64 with Qkv and SCID tail DNA. The larger band amplified
for the C57B1/6 mouse DNA measured at approximately 136bp while the Qkv and
BALB/c band amplified at 126 bp. The IObp difference is likely due to a truncation of a
C/A repeat region identified by sequencing the PCR products.

The MHC I genetic marker established a method for genotyping the SCID and
Qlc mice for chromosome 17. RPAs produced discernible bands for each genotype as
shown in Figure 16.
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pup genotypes

Figure 16. RPA with MHC I gene probe for QkvISClD cross genotyping. Wild-type
C57B1/6 (and homozygous mutant Qkv) mouse tail RNA generates only the upper band,
while wild-type BALB/c (and SCID) tail RNA generates only the lower band. A mouse
that is heterozygous at the MHC I locus has both bands.

Rescue of the Qkv mutant phenotypes
Using the MHC I marker that we had established, mice were genotyped and the
frequency of rescue of the Qkv phenotypes was determined. The total number of pups
from heterozygous g&Vheterozygous SCID interbred crosses was 72, with 34 males.
Eighteen of these were genotyped as Qkv homozygous, regardless of the SCID allele,
seven of which were male. The numbers given in Table 1.1 represent Qkv homozygous
mutants that were either trembling or not and shows the SCID genotypes that segregated
with each phenotype. Table 2 indicates those males that were genotyped Qkv
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homozygous/SCID heterozygous, with or without mature spermatozoa. There were no
Qkv homozygous/SCID homozygous males and, as such, the rescue in the testis could not
be measured for this genotype. It is important to note that the four males listed in Table
1.2 as having mature spermatozoa were also among the SCID heterozygous non
trembling Qkv homozygous animals in Table 1.1. Consequently, as demonstrated by
previous authors, these phenotypes did not readily segregate from one another (59).

Table LI: Rescue of the trembling phenotype in 0&7SCID crosses for animals with Qkv
homozygous allele on chromosome 17.
Genotype
SCID heterozygous

Trembling
7

Non-trembling
6

SCID homozygous

4

I

Table 1.2: Rescue of the male-sterile phenotype in gF/SCID crosses for animals with
Qkv homozygous allele on chromosome 17.
Genotype
SCID heterozygous

No mature
spermatozoa
3

Mature
spermatozoa
4

The data suggested that rescue of the trembling phenotype occurred at a frequency
of nearly 50% in heterozygous SCID mice and 20% in homozygous SCID. A 57% rescue
was seen in the testis for heterozygous SCID males.
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Discussion

Results from RPAs performed on testis and brain RNA extracts indicate that the
Qkv mutant phenotypes were not caused by a variation in TBP expression. A difference
between TBP IE mRNA and total TBP mRNA was not seen in whole testis extracts (Fig.
13), and the RPA for testes fractions did not show a difference in the regulation of mRNP
mRNA for these TBP isoforms (Fig. 14). The intensity and distribution of the bands
between mRNPs and polysomes were similar for the trembling and wild-type mice. The
decrease in the number of fractions obtained for mRNPs in the Qkv mouse or polysome
fractions in wild-type testes is likely due only to small variations in the sucrose gradients.
DlVmitl 64 produces a small PCR product with a IObp difference between
C57B1/6 and BALB/c backgrounds (138). This difference was also observed between
C57B1/6 and Qkv mice prior to matings with SCID mice on the BALB/c background (Fig.
15). Sequence data revealed that a long cytosine (C)Zadenine (A) repeat in the C57B1/6
mouse was truncated in the BALB/c PCR band. Sequence for a pure Qkv mutant mouse
was similar to both the BALB/c and C57B1/6 sequences, but retained the truncation of the
C/A repeat of the BALB/c DNA. The importance of this finding is that this
polymorphism segregates with the Qkv allele. A review of the literature has found that the
proposed 40kb deletion previously described by Ebersole et al (61) has neither been
reproduced, nor has it been used as a polymorphic marker in any other investigation. My
results, then, might represent a very closely linked polymorphism that can be used to
distinguish between a wild-type C57B1/6 chromosome 17 and the Qkv mutation on a
C57B1/6 background. This argument is supported by evidence that polymorphic markers
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in this region of chromosome 17 worked for other studies (such as a straight C57B1/6 and
BALB/c cross), but did not work for genotyping Qkv mice. Likewise, the polymorphism
occurred in every Qkv mouse that was genotyped, whether it had been crossed with the
BALB/c background of SCID or not, indicating that the 4cM region, and perhaps the
entire proximal end, of chromosome 17 is altered in the Qkv genome. This alteration
might be somehow related to the Qkv mutation.
Genetic complementation and what is hereafter referred to in this thesis as rescue,
is defined as follows: two different mutant genes on different chromosomes, when
inherited together, a) affect the same phenotype, and/or b) restore a wild-type phenotype
(64). Failure of the SCID mutation to completely rescue either of the Qkv phenotypes in
our study indicates that Qkv is not likely due to an immune response in the testis or the
brain. The minimal amount of rescue that was observed may be attributable to another
gene which compensates for the Qkv phenotypes on a different chromosome from the
BALB/c background. Nevertheless, Qkv has been mapped to the region near cM 5.9 on
chromosome 17 (57) and MHC I to cM 18.5 (55, 56). In regard to the perceived rescue,
and due to the separation of the genotyped alleles, homologous recombination events
must be considered.
For ease in monitoring both alleles, the genotypes are organized in the following
manner and are illustrated in Figure 17: the MHC genotype is listed first and the
chromosome 17 alleles are superscripted; the q represents a Qkr allele (from the C57B1/6
background on chromosome 17), and the n indicates a non-quaking wild-type BALB/c
chromosome 17 allele; the Qkv genotype on the same chromosome 17 is listed second and
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the alleles are superscripted respectively; the phenotype of the mouse follows each
genotype in brackets. Only the trembling or non-trembling phenotype is considered for
this analysis. For instance, the heterozygous Fl offspring are designated as MHCq/n qkq/n
[normal] because they could not have received a recombined chromosome 17 allele from
either the. homozygous Qkv parent or the homozygous SCID parent and they do not
tremble. The heterozygous Fl generation may recombine their chromosome 17 alleles
during meiosis, and therefore pass on various genotypes with altered phenotypes to the
F2 generation. The expected genotypes without recombination are as follows:
MHCn7nqkn/n [normal]; MHCq7q qkq/q [trembling]; MHCn7q qkn7q [normal]; MHCq7n qkq7n
[normal]. If one Fl parent recombined the chromosome 17 allele between MHC I and
Qkv, the additional genotypes may appear as: MHCn7n qkq7n [normal]; MHCq7n qk"7"
[normal]; MHCn7q qkq7q [trembling]; MHCq7q qk"79 [normal]. In other words, the genotype
at the MHC I locus may read as homozygous for Qkv, but it is actually heterozygous at
the Qkv locus (MHCq7q qkn7q [normal]). The animal would appear to be rescued, because it
did not tremble. Along those lines, an animal that was actually homozygous at the Qkv
locus, yet appeared heterozygous at the MHC I locus (MHCn7q qkq7q [trembling]) would
tremble although this phenotype was not expected.
One cM equals 1% recombination during male or female gametogenesis and is
additive for each cM difference between loci (67). There is an approximate 13cM
between the Qkv locus and MHC I genes. Therefore, the probability of having an F2
mouse with a non-recombined phenotype is approximately 87%, but due to meiotic
recombination segregating Qkv from MHC I at a frequency of 13%, the probability of
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Figure 17. Illustration of chromosome 17 in a homozygous Qtf and homozygous SCID
cross, and the subsequent genotype of the Fl generation from that cross. MHC is the
genotyped allele, while Qtf is the linked allele. The heterozygous Fl offspring has one
non-recombined chromosome from each parent and is labeled MHCqynQkqzn. During
meiosis in the Fl generation, each chromosome may recombine with its homologous
partner, contributing to four possible genotypes in the F2 generation.
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getting an F2 mouse with either the MHCq/q qkn/q [normal], or MHCn7q qkq/q [trembling]
genotype, after the four possible recombinations are considered, is approximately 3.2% .
Figure 18 clarifies the determination of probability percentages.

Possible gametes coiitiibiited to offspring
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Figure 18. Illustration of the possible gametes and resultant phenotypes for offspring
from an Fl heterozygous cross considering meiotic homologous recombination. The
probability that one parent will recombine its gametes between MHC I and Qkv is 13%.
Therefore, 87% of the time one of the non-recombined combinations will contribute to
the genotype of the offspring with each of the four combinations occurring in 21.8% of
the progeny. If the Fl parent recombines its gametes (in this instance Fl parent-1), the
probability that a single genotype might occur in the offspring is 3.2%. The offspring
phenotypes that can affect the results in this study are indicated by the red arrows.

There were a total of 72 pups from the Fl crosses, 34 of these were male and were
examined for mature spermatozoa. The frequency of homologous recombination at 3.2%
would be expected to account for two or three of the seven animals that exhibited no

68

trembling, despite what appeared to be a qkq/q genotype and only one of the four males
that exhibited mature spermatozoa (see Table LI and 1.2 in the Results section of this
chapter). Similarly, just one of the two expected mice with the MHCn7q qkq/q [trembling]
genotype appeared in this study. It is likely, then, that the rescue of the Qkv phenotypes
observed in this study is, in part, due to complementation by a BALB/c chromosome. To
be certain of these findings, back-crosses to SCID mice are being repeated, as are crosses
into a pure BALB/c background without the SCID allele.
It should also be noted that meiotic recombination occurs more frequently in
regions of the genome known as “hot-spots” (142), and analyses of the MHC I region of
chromosome 17 have revealed a cluster of hot-spots within this locus (143, 144, 145).
Since MHC I genes are a major component of the adaptive immune system, this
recombination likely confers advantageous genetic diversity (146). Therefore, it may b e '
that the region genotyped in this study recombines more frequently than the mapped
difference could account for.
We are fortunate to have found a marker closer to the QF locus in order to truly
declare rescue of the mutant QF phenotypes. DNA samples from all the mice in this
study have been archived and catalogued in our laboratory. Using the D17mitl64
polymorphic marker to differentiate between the QF, C57B1/6, and BALB/c (CB-17
SCID) chromosome 17 at the QF region, we will be able to retroactively determine
whether any of the animals in this study were truly rescued by genetic complementation.
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CHAPTER FOUR
GENE TARGETING FREQUENCIES IN BOVINE EMBRYONIC FIBROBLAST
CELLS
Introduction

Non-homologous end joining (NHEJ) and homologous recombination (HR) are
two of the pathways by which recombination events occur during mitosis (147). NHEJ
and HR repair double strand breaks that result from slips of the replication machinery
(148). The damaged ends are directly re-ligated, and small deletions may occur with
NHEJ, whereas genetic information is synthesized and replaced from sequence with
homology to the damaged region by a cross-over event with HR (149). Although HR is a
more accurate means of repair, NHEJ is often the predominant pathway (149). Arbitrary
insertions of foreign DNA, transgenes for example, are thought to incorporate into the
genome by NHEJ (77, 150). In fact, arbitrary insertions out-number HR events in gene
targeting experiments as well (74, 80, 81). For gene targeting experiments in the mouse,
this phenomenon was generally acceptable because ES cells were limitless and
positive/negative selection eliminated arbitrary integrants (74). In larger mammals,
though, gene targeting required more efficiency. A proliferative cell line had to be found
that could replace the need for ES cells and/or selection of the HR pathway over NHEJ
had to be achieved. The use of proliferative bovine embryonic fibroblasts (BEFs) for
clonal cell work in cattle was established with the successful introduction of transgenes
into these cells and transfer of fibroblast nuclei into enucleated oocytes that produced.
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viable offspring (86, 87, 151, 152). None of these studies had attempted gene targeting by
HR.
The advantages of gene targeting over conventional transgenics are pronounced in
application to large animal studies. The mouse is capable of producing a large number of
oocytes and can be induced to ovulate with hormonal injections (102). Coordination of
ovulation and fertilization in the donor and receptivity in the female surrogate are
straightforward such that the pronuclei of fertilized eggs can be injected with the
transgene and transplanted into the surrogate with relative ease (102). For ruminants, the
number of ovulated oocytes is limited and the coordination between donor and surrogate
would be difficult (84). Furthermore, transgenes are designed to rely on a synthesized
promoter that can target gene expression to a certain tissue (for example see ref. 87), but
pronuclear injection of a transgene often results in multiple copies of the gene inserted at
arbitrary into the genome (75). This phenomenon has been shown to cause variations in
transgene expression, interruption of an endogenous gene, and/or silencing of the
transgene (75). Additionally, arbitrarily inserted transgenes may or may not be expressed
in the next generation (75). The number of transgenic animals that would have to be
produced to account for these events limits its use in ruminant species (85). Gene
targeting offers a more direct and controllable means of manipulating specific genes by
using endogenous promoters and natural gene expression levels that. are reliably
transmitted to subsequent generations (88). Since cloning in a bovine system benefits
from a nearly endless supply of fibroblasts obtained from a single fetus, and nuclear
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transfer from fibroblasts has been successful, all that remains is to determine the efficacy
of introducing genes by gene targeting into these cells.
Efforts have been made to enhance HR and gene targeting in the mouse by
including in the vector segments sequence with homology to the target gene (80, 89, 90).
Construction of a homologous sequence targeting vector (HSTV) in animals that have not
been as extensively inbred as the mouse is complicated by heterologous genes (88).
Differences in the allelic composition between individuals in a population, and in the two
alleles in the animal itself, are abundant, even for cattle that have been inbred for specific
traits (91, 92).
Agriculture has long benefited from selective breeding of desirable traits such as
milk production, disease resistance and even the ability to survive in hostile environments
(153, 154, 155). Still, genetic uniformity can have deleterious effects on fertility and can
increase disease susceptibility (153, 156). A balance is consequently maintained between
genetic diversity and inbreeding in cattle populations (154), resulting in genomic
variation at many loci in the bovine genome. In fact, single nucleotide polymorphisms
(SNPs) throughout the bovine genome are used to identify individual animals in a herd
and for paternity testing just as it would be in human genetic analyses (161). Because the
HR pathway relies on homology of sequence to initiate a cross-over event, it is likely that
high levels of SNPs inhibit HR and therefore gene targeting by HR in a bovine system.
This study proposes that a HSTV constructed from the same cell line that is used for gene
targeting experiments (isogenic) will increase HR frequency and the targeting of a
specified gene.
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To address this hypothesis and determine the -efficiency of gene targeting by HR
in isogenic BEFs, the tbp gene was chosen as a candidate for the HSTV. Our group has
considerable experience cloning and characterizing the mouse tbp gene (mTBP). In the
laboratory, mTBP has been successfully targeted by several different HSTVs in mouse
ES cells (12, unpublished data). The expression level of TBP is low but ubiquitous in
somatic cells, and single copy integration is innocuous (12). For these reasons and
because the tbp gene is also highly conserved, isolation of the bovine tbp gene (bTBP),
construction of the HSTV and gene targeting in isogenic BEFs was straightforward.
Materials and Methods
Materials
All materials and the company who provided them are listed in the Chapter I
unless otherwise indicated in the following sections. Dimethyl sulfoxide (DMSO), Ficoll,
polyvinylpyrrolidone, and bovine serum albumin (BSA) provided by Fisher Scientific.
IOx Trypsin is 2.5% Trypsin in Hanks balanced salt solution without calcium or
magnesium and was provided by Cellgro.

Establishing a clonal cell line of BEFs
BEFs were established for isogenic DNA library and recombination analysis by
removal of 40 to 45 day fetus from a Holstein uterus. BEFs cultures from a Black Angus
cross were also established as follows:
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Two American Holstein heifers were purchased and both heifers were in-vitro fertilized
with American Holstein semen. Pregnancy was verified by ultrasound and surgery was
performed by Dr. Bruce Sorenson, D.V.M. The whole fetus contained within the
amniotic sac and surrounding decidua was harvested into sterile ice cold lx PBS, moved
into a sterile tissue culture hood and dipped into 70% EtOH. The fetus/deciduas were
washed 3 times in successive beakers filled with sterile lx PBS, 2x penicillin
(10,000IU/ml)-streptomyein (10,000 ug/ml)-fungizone (25UG) (ab/am). After the third
wash, the amniotic sac was removed, and the fetus was placed on a 100 x 20mm tissue
culture dish (Nalgene Nunc International) containing the sterile lx PBS and the 2x ab/am
solution. This single fetus was used both to establish a clonal cell line of BEFs and to
harvest genomic DNA for the production of a genetically identical cDNA library.
For the establishment of the cell line, the outer tissue layers were teased from the
fetus and placed in 15ml Falcon Tube with lx Trypsin, plus lOug/ml DNase and ImM
MgCl2. The falcon tube was centrifuged at 3,000 RPM for 5 minutes to pellet the
suspension, and the supernatant was removed. The pellet was resuspended in IOmI
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% NCS, 2% FBS and 2x
ab/am (referred to hereafter as complete DMEM). To an equilibrated (7.5% CO2, 37 0C)
tissue culture dish containing complete DMEM' 5OOul of the tissue suspension was added
and incubated at 7.5% CO2, 37 0C until the plates were 100% confluent. To harvest the
fibroblasts, the medium was removed from the dish and the dish was washed twice in
sterile lx PBS. Iml of 2x Trypsin was added to each dish and the dishes were incubated
at 37 0C for 5 minutes. When the cells were loosened from the bottom of the dish, 3ml
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complete DMEM was added to each dish to quench the Trypsin. The cell suspension was
transferred from each plate to a 50ml Falcon tube and centrifuged at 3,000 RPM for 10
minutes. The supernatant was removed and the pellet was resuspended in 25ml complete
DMEM. After triturating gently to suspend the cells, 25ml 2x freezing media (50ml
DMEM, 16% DMSO, 10% NCS) was added. Iml aliquots were slowly frozen to -80 0C
in 1.8ml star-bottom Nunc cryotubes (Nalgene Nunc International), and permanently
stored in liquid nitrogen labeled as the first passage (P0). 10ml Complete DMEM was
added to the original culture dishes and incubated at 7.5% CO2, 37 0C until 100%
confluent. From these dishes, the harvest procedure was repeated twice more for the
second P1, and third P2 passages.
For isolation of genomic DNA to produce the cDNA library, the remaining fetal
tissues were used. The samples were placed in 10 ml O.lx TES with lOug/ml PK and
incubated at 55°C for 16 hours. 1.5M NaCl was added, mixed and heated at 55°C for 10
minutes. The solution was refrigerated at 4°C for 16 hours then centrifuged 19,500g in a
Sorvall HB-4 swinging bucket rotor and RC-5B Refrigerated Superspeed Centrifuge at
4°C. The supernatant was transferred to 30ml 100% ethanol and stored at -20°C.
Other procedures
Karyotyping prepared by E. E. Schmidt (Fig. 19). The cDNA library was
produced according to manufacturer protocols by our collaborator Dr. Matthew Hockin at
the University of Utah. Library screening and clone purification was provided by Justin
Prigge.
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Figure 19. Karyotyping of BEFs. The diploid number of chromosomes for bovine cells is
60. Images provided by E. E. Schmidt.

Southern blot probe for mTBP exon I C/2
Because the sequences for the exons of TPB are well conserved among
vertebrates (4), a PCR fragment of 270bp for mouse TBP (mTBP) at exon 2 was used as
the probe for Southern blots of bovine TBP (bTBP). The probe was prepared using 50ng
of the PCR product, the Random Primer labeling kit from Stratagene, and alpha-32
phosphate labeled dCTP (ICN). The reaction was incubated at 37°C for 10 minutes. To
stop the reaction, 150ul of lx TES was added, and the solution was run through a
Sephadex G50 (Sigma) fine column to remove unincorporated nucleotides. The effluent
captured was the first peak measured with a survey meter (Ludlum Measurements, Inc.).
The entire probe solution was added to the filter for Southern blotting described below.
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Southern blots for TBP
Several genomic clones of bovine TBP were obtained and Img was cut with the
restriction enzymes Hind III, Bam HI, Bgl II, and Eco RI at 2 units per reaction. The
samples were run by electrophoresis on a 0.8% agarose gel in lx TBE (0.89M Tris-OH,
0.89M Boric acid, 0.025M EDTA) for 2 hours at I OOvolts by a Gibco BRL model 250
Electrophoresis Power Supply. The gel was then soaked in Southern base (0.5 M sodium
hydroxide, 1.5 M NaCl) for I hour and neutralization buffer (I.SM NaCl, 0.5M Tris, pH
8) for I hour. The DNA from the gel was transferred overnight to Optitran Supported
Nitrocellulose Transfer and Immobilization Membrane (Schleicher & Schuell), and
ultraviolet crosslinked to the filter using a UV Stratalinker 1800 (Stratagene). In a rolling
bottle incubator (FisherBiotech Hybridization Incubator), the filter was soaked 1.5 hours
at 55°C in a pre-hybridization buffer: 50ml Denharf s solution (Img/ml Ficoll, I mg/ml
polyvinylpyrrolidone, I mg/ml BSA, 5ml IOx TES, 75ml 20x SSC (SM NaCl, 0.3M
sodium citrate, pH 7.0), 25Oul sheared single-stranded salmon testis DNA (lOmg/ml),
250ul yeast RNA (lOmg/ml), and 435ul sheared single-stranded mouse tail DNA
(2.3mg/ml) to bind non-specific DNA on the filter. The pre-hybridization buffer was
removed and the probe, along with 50ml of fresh pre-hybridization buffer, was added to
the filter and incubated at 55°C rolling overnight. The filter was then washed 3 times in
lx SSC, O.lx TES, and 1% pre-hybridization buffer. With each wash, the filter was
incubated at 55 0C rolling for 15 minutes. The filter was also washed 3 times in O.lx SSC,
O.lx TES with the same incubation for 30 minutes. The fourth wash in the second buffer
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was carried out at room temperature for 15 minutes. The filter was allowed to dry and
placed on film for 12 hours or longer to optimize signal intensities.
HSTV construction
Originally, the 3’ region believed to include exons four through eight of bTBP
was restriction mapped and sequenced in the laboratory (S. Wallin and V. Lochridge,
unpublished) (Fig. 20). V. Lochridge constructed an HSTV with a neomycin resistance
gene and an MG I promoter between the Bgl II site downstream of the unique Nhe I site
and the adjacent Hind III site (Fig. 20). Cells were electroporated in the presence of this
vector as described below in Electroporation section this chapter, plated on 100cm tissue
culture dishes in G418 selection medium and colonies were identified by eye
approximately two weeks later. The colonies were transferred to smaller tissue culture
dishes and allowed to grow for several more days before harvesting the DNA and testing
for arbitrary insertion versus targeted clones. Several difficulties were identified with this
procedure pertaining to the BEF cultures and DNA analysis. It was observed that the cells
were migratory, and not likely to settle and divide for a time following electroporation.
As a result, the cells would begin to senesce prior to selection in the drug media. Colonies
would form surrounded by dead or dying BEFs that did not contain the targeting vector,
however; once the colony was transferred to a new plate for isolation, the cells would
very rapidly cease to divide. Because of this, DNA concentrations obtained from these
cultures was low, making subsequent Southern blotting for targeted clones problematic.
Attempts were made to discourage the cells from migrating, including affixing
various matrices such as lamanin (2mg/ml), gelatin (10% - coated culture dishes provided
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by E. E. Schmidt), fibrinogen (Img/ml), and fibronectin (lOOug/ml) coating to the tissue
culture dishes (all reagents except gelatin provided by Drs. Mark Quinn and Steve Swain,
Montana State University). Each solution was prepared in sterile lx PBS, added to the
tissue culture dish and allowed to air dry under a sterile tissue culture hood prior to
plating. Cells were added to the coated dishes following electroporation and clonal
isolation. The migratory activity observed in BEF cells was not halted on any of these
matrices (data not shown).
The region of bTBP that was selected for the original targeting vector is labeled in
blue in Figure 20. Several subclones were made in the attempt to produce a Southern blot
probe from this region which would distinguish positive stable targets from arbitrary
insertions, and PCR primers #330 and #331 were designed for this purpose, as Well.
Non-specific hybridization of the Southern probes, lack of PCR product and additional
sequencing revealed that the 3’ region of bTBP is highly repetitive. Targeted isolates
could not be identified for this HSTV.
For these reasons, a second HSTV in a different region of bTBP was designed
with modifications that would assist in a more rapid isolation and identification of
positive and negative clones. The bTBP clone determined by Southern blot to contain
exon 2 (Fig. 21) was systematically sequenced to find restriction sites for cloning a
targeting vector containing the neomycin resistance gene and GFP under the control of
the promoter for Cytomegalo virus (CMVp) (Fig. 22). The neomycin resistance cassette
was fused in frame with the start codon at exon 2 at a manufactured Bam HI site with a
Bgl II restriction digest such that the Bam HI sequence was destroyed (denoted by
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parenthesis). The CMVp GFP and SV40 termination sequences were ligated to a Hind III
and Eco RI restriction site within the bTBP gene, and the targeting vector ends at the
bTBP Eco RV site approximately 2.5 kilobases (kb) from the Eco RI site. The targeting
vector also contained approximately 1.5 kb of sequence homologous to a region of bTBP
5’ to the start codon fused to the targeting vector with a Bam HI/ Bgl II ligation. The
vector was cloned into pBluescript KS+ plasmid and was linearized at the unique Spe I
site.

Electroporation
BEFs were lifted from the culture dish with lx Accutase and washed twice in
DMEM containing ImM 2-mercaptoethanol, and 0.5% NCS (hereafter called transfection
medium, "TM"). Between washes, the cells were centrifuged at 3,000 RPM in a swinging
bucket rotor (International Clinical Centrifuge). After the second wash, the pellet was
resuspended in 500ul TM and 10 mg of linearized targeting vector was added. The cell
suspension was transferred to an electroporation cuvette (Electroporation Cuvettes Plus
model # 620, BTX) and the cells were subjected to 220V for 60 to 75msec at high
capacity (.950uF), and “high range” in the BioRad Genepulser II. The cells were plated in
complete DMEM on a 100 x 20 mm tissue culture dish. Three days post electroporation,
300ug/ml G418 (Promega) was added to the complete DMEM and the cells remained in
this medium until FACS and until DNA was collected from the isolated clones.
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Fluorescence Activated Cell Sorting (TACSs)
One week following electroporation the BEFs were lifted with lx Accutase and
washed twice with sterile lx PBS. Between washes the cell suspension was centrifuged at
3,000 RPM in the International Clinical Centrifuge to form a pellet. After the second
wash, the cells were resuspended in Iml sterile lx PBS and filtered through 3Sum nylon
mesh to remove clumps. The cells were, then sorted via Becton-Dickinson FACS Vantage
with IxPBS as sheath fluid by L. Jackiw. Following sorting, a small sample of the sorted
cells was re-sorted to determine purity. Cells exhibiting green fluorescence were
collected and placed at one stably transfected cell per well (approximately 300 green cells
were plated in each well in order to obtain a frequency of at least one stable transfectant)
in a 96 well dish (Nalgene Nunc International). DNA was collected from the cells in each
well following an additional week to ten days of growth.

DNA extraction for genotyping clones
Once the cells reached nearly 100% confluence in the 96 well culture dish
(approximately one week following the sort), the DNA was harvested using 75ul lx RD
(IOx = IOOmM Tris, pH 7.5, 50mM EDTA, 3M NaCl), 0.2% Triton-X-100, 10 ug/ml
RNase A and were incubated at 37°C for I hour. This was followed by a 30 minute
incubation at 37°C after the addition of 25ul I mg/ml PK in IOx TES to each sample.
Each sample was equilibrated to 400ul lx TES and extracted with an equal volume of
phenol-chloroform, and chloroform. The supernatant was transferred to Iml of 100%
EtOH. The solution was maintained at -20°C for two hours then centrifuged at
14,000RPM at 4°C in a Labnet Spectrafuge for 15 minutes to pellet the DNA. The pellet
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was resuspended in 20ul ImM Tris-HCl5pH 7.5, 0.5 M EDTA. Each sample was used for
PCR to determine stable and specific gene targets.
PCR
Primers were designed within and outside of the targeting vector in order to
differentiate between clones that had recombined the targeting vector into the correct
location, and those that were transiently transfected or arbitrarily inserted. Primer
sequences, location and orientation in the targeting vector and/or genome are listed in
Table 4.1, in Figure 20 and 22. The primers most often used to determine arbitrary,
targeted and non-targeted clones were as follows: primer #441 is bovine sequence outside
the targeting vector; #443 and #414 are within the targeting vector; and, # 442 is in the
neomycin resistance gene (Fig. 22). In gene targeted positive clones, #442 and #441 will
yield an approximately 1.5kb PCR product that will not appear otherwise. The other
primers in conjunction with one another can determine if there is only genomic bovine
DNA in the sample or if the targeting vector is present but arbitrarily inserted. PCR
parameters for these primer sets are as follows: one cycle at 94°C for 30 seconds; 32
cycles at 94°C for 15 seconds, 60°C for 30 seconds, and 72°C for 3 minutes; and one
cycle at 72°C for 10 minutes.

Results

HSTVs for the mouse often include a selectable marker in the form of the
neomycin resistance cassette, attached to a promoter, which confers resistance to the drug
G418 (74, 75, 79). In media containing G418, non-stable transformants will die,

82

theoretically leaving only those clones with recombined genes able to form colonies. The
G418 resistant colonies are then tested by PCR and/or Southern blot to verify stable,
targeted transfection (74). In work I present here, done by myself and others, we
established that BEFs were not amenable to similar selection schemes involving G418
alone. These cells, although proliferative at the start, tended to migrate and senesce
before the lengthy process of drug selection was complete, leaving very few cells to
colonize and little DNA to analyze. Alternative matrices used to limit the migratory
activity of the BEFs were ineffective. It was also determined that the original HSTV was
in a region of the bTBP gene that was highly repetitive, further impeding Southern blot
and PCR verification of positive targeting. Therefore, steps were taken to circumvent
these obstacles by reducing the amount of time required for the isolation of stable clones,
accelerating selection and DNA harvest and modifying the HSTV.

Southern blotting for bTBP
The region selected for the construction of a second HSTV was exon 2 of bTBP.
Previous experience in cloning and sequencing mTBP in our laboratory suggested that
this region was less likely to be overly repetitive and gene targeting in mouse ES cells in
this vicinity had been successful. Several genomic bTBP clones had been isolate from
screens in the laboratory by Justin Prigge. The mTBP probe for exon 2 was used to
identify a clone which contained exon 2 for bTBP (Fig. 21, Southern). Subsequent
restriction digests and sequencing determined that the complete exon for bTBP exon 2
was present and could be used to construct a HSTV.
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Figure 20. Genomic bTBP. The unbroken black line indicates regions that have been restriction mapped and/or sequenced.
Only general restriction enzyme sites are listed. Primer regions are approximate and proceed in the direction indicated by the
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the reporter genes within the HSTV. The 3’ region was mapped by Stephanie Wallin and Vance Lockridge. The first HSTV
was constructed by Vance Lochridge.
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Table 4.1: PCR and sequencing primers used to map the bTBP gene and determine
arbitrary, non-targeted or specifically targeted clones. The orientation and location of
each primer are shown in Figure 20 and 22.

P r im e r
330
331

S e q u e n c e ( 5 ’ t o 3 ’)
TATACTAgTAAAggCT ACCCgCTCCAgT
CATTTTgTTAggAggCATAAC

368
369

CTACCCgCTCCAgT

392

AAgTgAAgTCCTCAgTCATgT

393
394
395
396

AAgATCgTgCAAACAACTCTTTC

397
414

ATACAAggAATggTgCCgCAA

415
416

TTgAggCTAATgTTATCCTgT

434

T ATCACgT AgT gAATTCgCCCTTT gACgTT ggAgTC

435
436
437

TATgAATTCTgTTgTTCggATCCATgACgT

441
442

gAggT ACAT gCgCATCTTT gAC

443

gTCCATTTTCAACAgAggCT

CATTTTgTTAggAggCATAACTgCCAg

gC A AgATTT AggTCTCgTT gT
ggAC ACT gTT AATCT ATT ACA
AggAACCACCgTCAgTTgCA
TgACAgTTTgCTTAggAATTC
ggA AAgCC AggT ACggCATCg

TATAgATCTATCggCCATTgAACAAgA
TATAAgCTTCCgATCCgAACAAACgA
CTgCgTgACATCCATCTTgTTC

Construction of the HSTV
Because the uncommon features of BEFs in culture could not be alleviated by
physical manipulations such as a change in the matrix, the new HSTV needed to
accommodate the accelerated selection of stable transfectants. Neomycin resistance
combined with green fluorescent protein employed in previous bovine fibroblast
transgenic experiments had met with great success (157). In this study, GFP under the
control of CMVp and the neomycin resistance gene under the control of the Simian Virus
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Figure 21. Southern blot for bovine clones containing TBP exon 2 using mouse TBP
probe. The image in the top panel is the 1% agarose gel that shows the restriction digests
of all the bTBP clones. The bottom panel marked “Southern” indicates the bTBP clone
that hybridized to the mTBP exon 2 probe. Clone 2 was used to make the HSTV. M is
Hinfl cut PBS+ size molecular weight markers.

40 (SV40) promoter had been transfected into adult and fetal bovine fibroblasts using a
polyamine transfection reagent (157). The GFP allowed for the rapid isolation of stable
arbitrary inserts which were then used for somatic cell nuclear transfer (157). Neither the
adult nor the fetal fibroblasts were observed to be negatively affected by the presence of
GFP (157). It was determined, then, that the use of GFP in an HSTV would benefit gene
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targeting in a similar manner. The presence of GFP on the CMVp promoter allowed for
the isolation of cells that had either incorporated the targeting vector arbitrarily or
targeted the vector to an allele for exon 2 of bTBP in the genome as both of these cell
types fluoresce in the green channel during FACS. Sorted cells were isolated before
senescence and harvested as a single colony to be tested for specific or arbitrary
targeting.
Selection in G418 media is not immediate. Therefore, it was also determined that
by fusing the neomycin resistance gene in frame with the TBP start site, G418 resistance
is conferred at a minimal level from a natural somatic cell promoter. Potentially,
arbitrarily inserted vector sequences will have no G418 resistance. Arbitrary targets
sorted by FACS are subsequently selected against by G418 used in the medium,
rendering these clones obvious following drug selection. In this manner, the ratio of
arbitrary integration to gene targeting by HR could be calculated. Once gene targeting
frequencies have been established in an isogenic cell line, comparative analyses can be
done in an alternate breed of cattle and by mutagenizing the HSTV.
The HSTV included 1.2kb of isogenic bTBP sequence at the 5’ end prior to the
start codon and 2.5kb of isogenic sequence at the 3’ end. The inclusion of the reporter
genes, the neomycin resistance gene and CMVp GFP, assist in the determination of stable
targeting and integration of the targeting vector at the precise location in the genome. For
stable targets, the entire sequence from the (Bam HVBgl II) site to the Eco RV site should
be integrated into the bovine genome (Fig. 22). Arbitrary stable targets may have more or
less of the homologous bTBP sequence because NHEJ is not precise. Therefore, some of

87
the arbitrarily inserted transfectants cannot be detected by PCR. Still, this occurrence
should be negligible in determining the frequency of specific gene targets.
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Fig. 22: Homologous sequence targeting vector (HSTV) for fusion to exon 2 start codon
of bovine TBP (bTBP). The legend denotes the sequence identities for the components of
the vector. GFP is green fluorescent protein, neo is the neomycin resistance gene, SV40
provides the termination signal for the vector, and CMVp is the cytomegalovirus
promoter which is activated by most eukaryotic cells. The enzyme restriction sites used
for cloning and linearizing the vector are listed perpendicularly.
FACS for BEFS electroporated with the HSTV
The FACS profiles for these cells are shown in Figure 23. The cells varied from
large and complex to small and simple according to the FSC and SSC profiles in the top
panel of Figure 23. Those cells that do not fluoresce were relegated to the lower left
region of the profile for the fluorescence channels FLl-H (green) to FL2-H (red). Cells
that fluoresce green appear in the lower right panel and were captured for plating on 96
well tissue culture dishes.
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Figure 23. FACS of BEFs electoporated with the HSTV. The top panel is the forward
(FSC-H) versus side (SSC-H) scatter profiles for BEFS following electroporation with
the HSTV. The bottom panel shows the fluorescing and non-fluorescing BEFS. Those in
the lower right quadrant fluoresce green and were sorted for isolation into 96 well culture
dishes. FACS scans performed by Larissa Jackiw.

Cells following a sort are shown in Figure 24. In any given FACS there were a
number of cells that were captured that did not fluoresce (Fig. 24). Cells that do not
incorporate GFP into the genome may still translate and express GFP due to the strong
CMVp. These cells are considered transient for GFP and are collected in the sort, but lose
their fluorescent property in a short period of time, and succumb to G418 selection.
During these experiments it was also observed that several colonies did not retain
GFP expression but were still G418 resistant. Possibly, GFP expression at one copy per
cell conferred by the HR was not always visible by the means used in these experiments.
Additionally, because arbitrary insertion of a gene by the NHEJ pathway is haphazard.
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Brightfield

Fluorescence

Overlay

Figure 24. BEFs following sort with FACS. The upper left panel is a bright field image of
the BEF culture following sorting. The upper right shows the number of cells fluorescing
in the colony, and the bottom panel is an overlay of these two images. A little more than
half of the cells did not fluoresce green following sorting and are likely to express GFP
by transient means.
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parts of the HSTV may or may not have been inserted into the genome. One possible
explanation for non-targeted G418-resistant cells would be that the neomycin resistance
cassette had arbitrarily inserted adjacent to a different promoter. It should also be
considered that multiple inserts of this gene in opposing orientations might have
conferred G418 resistance using the same CMVp promoter that is fused to GFP. Since
clones not visibly expressing GFP were fairly common, calculations were made to ensure
that one stably transfected cell per well, on average, would populate each of the 96 wells
in one tissue culture dish and all colonies were tested by PCR whether or not GFP was
visibly discemable.

PCR and analysis of gene targeting in BEFs
The DNA from the cells in each of the 96 wells was harvested and tested by PCR
to determine whether the cells were arbitrary incorporation of the targeting vector, or if
the vector was incorporated into the genome at the bTBP exon 2 start site. The DNA
*■
from two isolated clones, isogenic and out-bred DNA and two polyclonal samples were
subjected to PCR with primer combinations #414/ #443, and #441/ #442. The presence of
genomic bTBP in each sample appeared as a 0.5kb PCR product and an arbitrarily
inserted gene yielded an approximately 2.5kb band (Fig. 25, left panel). A stable and
specific target appeared as a 2.Okb PCR product (Fig. 25, right panel).
Parameters for the isolation of DNA from individual cell cultures and PCR
require further optimization. The results to date are observations from tissue cultures in
96 well dishes following FACS. Transient and arbitrary expression of the HSTV is
determined by the lack of neomycin resistance. These cells die in culture one to two
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weeks following sorting. Only stable specific targets and certain arbitrary integrants are
able to withstand the introduction of G418 into the medium. A total of 468 clones have
been cultured in 96 well dishes: 385 of these appear to be transiently transfected or
arbitrarily inserted; 67 are clones that appear to have no GFP expression but are still
G418 resistant; and 16 express GFP and have thrived in G418 selection medium.

Arbitrary
in sertgen om ic-

primer set 414/443

primer set 441/442

Figure 25. PCR for targeting in BEF clones. Clone A and B were isolated by FACS and
the DNA harvested from a 96-well tissue culture dish. Isogenic DNA was from the
Holstein embryo and the out-bred DNA was from the Angus embryo. For the two
polyclonal samples all cells were harvested from the tissue culture dishes one week after
electroporation. The two polyclonal samples had the HSTV inserted arbitrarily, and only
polyclonal 2 had cells with a specifically targeted allele in this assay. The lower band
seen in polyclonal 2 was likely amplified due to a repeat region in the 5’ bTBP sequence
within the HSTV.

Discussion

Southern blots, restriction enzyme digestion, sub-cloning and sequencing
established that bovine genomic clone 2 contained TBP exon 2 and could be used to
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construct an HSTV. The design for the HSTV intended that GFP be expressed
ubiquitously even if arbitrarily inserted into the genome. This type of expression pattern
was provided by the CMVp. GFP allows the cells to be quickly identified by their
fluorescence pattern, isolated via FACS, and PCR amplified to distinguish genomic,
arbitrary insertion and specifically targeted bovine DNA. Figures 23 through 25 indicate
that the HSTV produced here can be electroporated into and expressed in BEFs. The
BEFs can be immediately sorted by FACS. This eliminates the difficulties previously
experienced by rapid senescence of BEFs prior to isolation.
The design of the HSTV also included the neomycin resistance gene fused in
frame to exon 2 of bTBP in order to mimic the dynamics of TBP expression in BEFs.
G418 resistance was conferred ubiquitously, but at a low level only to those clones that
had successfully incorporated the synthesized gene by HR in the correct orientation into
the genome. Therefore, even though arbitrary targets would be selected by FACS, they
would later be recognizable by G418 susceptibility. This method would allow a
frequency for HR to still be determined by visual means, even if PCR or Southern
blotting was as difficult as previously determined with the first HSTV.
Unfortunately, though, a number of other issues regarding the isolation of stable
transfectants have been recognized. The tendency for FACS to include non-GFP
expressing cells, and transient GFP expressing cells complicated the visual identification
of arbitrary inserts. Because both clonal types were not G418 resistant, the numbers of
wells that succumbed to drug selection taint the results. Improvement in these numbers
could be achieved by limiting the number of transiently transfected cells that are sorted
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with each culture, accomplished by a longer period of time between electroporation and
sorting. This would also allow for the accumulation of GFP, a very stable protein, in
those cells that are stably targeted, increasing the number of this cell type isolated. The
caveat, however, is the original difficulty with senescence observed in BEFs. An
alternative experimental design that would allow for rapid sorting of positive clones prior
to senescence while limiting the collection of transient transfectants would be to use the
destabilized fluorescent protein, RFPmODC described in Chapter I of this thesis. Since
this fluorescent marker is rapidly degraded, transiently transfected clones would quickly
lose their fluorescence, while the fluorescent cells collected by FACS would more likely
be the stable arbitrary and specific targets. Still, observation of this gene may preclude its
use, as its expression is faint at the outset (see Fig. 8, page 40). At one copy per genome,
it may not be detectable by FACS.
It is important to consider that by having a promoter-less neomycin resistance
cassette, the HSTV used in these studies was constructed in such a way as to promote the
identification of only specific targets. If this is so, then a frequency of HR to arbitrary
insertion and transient expression cannot be compared to most other targeting vectors.
The presence of clones resistant to G418 but without GFP fluorescence could be HR
clones that have skipped back to the original chromosome without including the entire
GFP gene. This possibility is testable by including a sort for cells that had been subjected
to the same treatment apart from the addition of the HSTV. These cells would be
electroporated with a neomycin resistance gene fused to an arbitrary promoter like the
SV40p or MG Ip and CMVp GFP. Plated at the same number of cells per well, and
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evaluated by PCR, this method could provide a means of comparison to the number of
arbitrary insertions obtained by gene targeting and validate the use of this type of HSTV
construct.
Most importantly, though, the HSTV contained sequence that was isogenic to the
endogenous bTBP gene. There is persuasive evidence for the improvement of gene
targeting by homologous recombination given the amount of sequence identity between
the targeting vector and the targeted cells (89, 90, 158, 159). Analysis of the length of
sequence required to initiate HR events determined sequences as short as 5OObp on either
side of a targeting gene could cause a cross-over event (160). Nevertheless, gene
targeting by HR was increased when the length of homology increased (160). In mouse
ES cells, electroporation of a targeting vector resulted in only one HR event out of every
one million electroporated cells (90, 159). Using a cell line that was isogenic to the
targeting construct improved HR almost 20 fold (89), although some experiments
reported only a 4 to 5 fold increase (90). Even if that is so, I out of every 200,000 cells
on average would be a recombined target due only to the inclusion of isogenic sequence
in mouse ES cells. The HR frequency in a somatic cell line such as fibroblasts has not
been previously determined.
As stated earlier, the gene targeting method for genetic manipulations in cattle is
impeded by the persistence of heterologous chromosomes despite in-breeding. An
isogenic fibroblast cell line from which to clone the gene and make the targeting vector
guarantees homology to the target in the genome. This thesis proposes that gene targeting
in bovine cells is achievable through these means. If only the 16 clones that are G418
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resistant and express GFP are considered (of 468 total wells), the data so far indicate that
the HSTV designed here targets by HR 4% of the time. An average of 300 cells per were
calculated to yield one stably targeted clone per well. By that estimation, approximately
one out of 8,700 cells sorted by FACS was a potential gene targeted clone. While these
numbers are preliminary and need to be tested molecularly, gene.targeting by HR in
bovine cells is achievable, and may lead to large scale experimentation including nuclear
transfer of nuclei from targeted fibroblast cells. In the near future, however, the rate of
HR in the isogenic cell line will be compared to HR of the same targeting vector in the
out-bred Angus BEF cell line described in this thesis and to HR in the isogenic cell line
after mutagenizing the targeting vector. These data will aid in determining the absolute
HR gene targeting frequency in bovine cells of isogenic lineage to the targeting vector.
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CHAPTER 5

CONCLUSIONS

The projects encompassed within this thesis were designed to address aspects of
TBP which are uncharacteristic of the conserved and ubiquitous nature of this important
basal transcription factor and to use tbp to investigate biological functions. These peculiar
traits include the over-expression of TBP in transcriptionally silent spermiogenic cells.
We hypothesized that the translational timing mechanism in spermiogenesis was encoded
within the mRNAs that were regulated in this process. During this work, the framework
for the isolation of spermiogenic cells was established and several sub-hypotheses were
generated and resolved. The first of these hypotheses involved the isolation of cells
within the spermiogenic stages of spermatogenesis. We have successfully developed a
procedure for the dissociation of developing spermatids from the surrounding Sertoli
cells and other cells in spermatogenic stages. Secondly, we considered that the mODC
PEST sequence may be a timing regulator encoded within mRNAs during
spermiogenesis, but found that this particular sequence in the 3’ UTR is probably not
involved in release or sequestration of mRNAs in spermiogenesis. We also hypothesized
that minute amounts of mRNA would be obtained from sorted cell populations, but that
this would be sufficient for comparison of sequence similarities. We demonstrated that a
small sample size does not affect our ability to obtain satisfactory mRNA, such that once
the sub-populations are sorted and purified, mRNAs can be evaluated to determine the
timing mechanism. Therefore, further investigation will ultimately provide more
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information about TBP mKNA and other transcripts in the testis at the various stages of
differentiation and the timing mechanism which regulates translation during the
formation of these highly specialized cells.
The study of the non-conserved, non-ubiquitous, tissue specific expression of
TBP was also examined in connection with Ql?. Despite the correlations between these
two genes, no clear connection was made to link a) the disruption of spermiogenesis in
this male-sterile mutant mouse to TBP isoforms or the tbp gene, b) tbp and/or Qkv to an
immune response in either of the regions affected by the Qkv mutation, c) Qkv and tbp Nterminus Q repeat neurodegenerative disorders, or d) TBP function in anything other than
typical transcription initiation. From this investigation we can infer that the Qkv
phenotypes are not caused by a disruption of the immune-privileged sites of the testis and
brain. Nevertheless, discovery of a polymorphism in these studies which differentiates
the Ql? mutation from its C57B1/6 background and the complementation by a BALB/c
chromosome for Qk? phenotypes will clarify the genetics of Ql? mutation. Elucidation of
the Qkv gene may lead to a breakthrough in identifying important mechanisms in
myelination and spermiogenic failure.
Lastly, tbp was used to investigate homologous recombination and the frequency
of gene targeting in a non-mouse system. The hypothesis that we tested for gene targeting
in bovine cells was that if the targeting vector was isogenic to the targeted cells, then the
frequency of homologous recombination would be optimized. The parameters established
in these experiments will undoubtedly advance gene targeting in large mammals. The use
of GFP in conjunction with G418 antibiotic selection to accelerate isolation of targeted
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clones will improve the successful application of gene targeting in somatic cell nuclear
transfer and cloning. The bovine system was chosen for these experiments largely
because gene targeting in these animals would prove to be of great benefit to agriculture.
Disease resistance, increased milk production, and other valuable traits that would
otherwise take years and several generations to breed into a line of cattle could be
obtained in a matter of months and a single generation. Truly, the possibilities for cloning
are illimitable.
These projects focused on understanding the non-ubiquitous functions of TBP and
using TBP as a model for basic cellular processes in different systems. While we have yet
to resolve the original hypothesis regarding whether TBP is more or less flexible than
previously perceived, we have established the foundation for the study of TBP in
alternate systems that will ultimately lead to the determination of TBP tissue-specific
functions.
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