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ABSTRACT

The Dbiological actions of insulin-like growth
factors (IGFs) are believed to be modulated by ingulin-like
growth factor binding proteins (IGFBPs). Of the six known
IGFBPs, IGFBP-1 has been the most extensively studied in
vitro and in vivo to date. However, the biological function
of IGFBP-1 remains undefined. To understand better the
biological role of IGFBP-1 in enbryonic development and
growth, I have developed a plasmid construct and generated an
Embryonic Stem(ES) cell line for future use in developing
transgenic mice. A targeting vector was designed to delete
the second and third exon of the mouse IGFBP-1 gene. The
targeting vector contains the 5' and 3" fragments of mouse
IGFBP-1 genomic DNA, a bacterial neomycin resistance
gene (Neo*) and a herpes simplex virus thymidine kinage (HSV-TK)
gene. Linearized plasmid DNA was introduced into ES cells by
electroporation. A positive-negative selection protocol was
applied to enrich for homologous recombination events. This
method involves simultaneously selecting for the Neor gene
integrated within the target DNA and against the HSV-TK gene
which is placed at the end of targeting vector. After double
selection, more than 300 ES cell colonies were analyzed by
the polymerase ‘chain reaction (PCR). No homologous
recombinants were detected. A further 342 colonies were

screened by Southern blotting. One colony showed the

11



predicted mutant allele of 4.5 kb. This mutated cell 1line
will be used to develop transgenic mice carrying a disrupted
IGFBP-1 gene. We believe that the homologous recombination
gene deletion experiment will provide a powerful tool to
study the physiological role of IGFBP-1 in development and

growth.
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Chapter 1. Introduction

The family of insulin-like growth factor(IGFs) and their
binding proteins (IGFBPs) consists of IGF-I, IGF-TI and at
least six IGFBPs. IGF-I and IGF-II, which have a structural
similarity to proinsulin, act as both a mitogen and a
differentiation factor. Postnatally, IGF-I mediates many of
the growth-promoting effects of growth hormone by binding to
the IGF-I(type 1) receptor, whereas the essential growth
promoting function of IGF-IT is restricted to the period of
embryogenesis in the mouse (Daughaday et al., 1989; Schofield
et al., 1992; Liu et al., 1993). The production of IGFs in
many tissues suggests that they play autocrine/paracrine
roles, although they also function as classical hormones,
since they circulate in the plasma in association with IGFBPs
which bind and modulate the biological action of IGF-I and

IGF-II.

Insulin-like growth factor binding protein (IGFBP)-1 isg
one of the six Structurally similar proteins. Human IGFBP-1
was first isolated from human amniotic fluid(Povoa et al.,
1984) and Hep G2 human hepatoma cell conditioned medium (Povoa
et al., 1985). The amino acid sequences of the N-terminal
region of the IGFBP isolated from amniotic fluid and the Hep
G2 cell 1line were‘identical. Koistinen et al.(1986) found
that placental protein 12 (PP12), the major secreted protein

of the human decidua, had IGF-binding activity and an N-

1



terminal sequence identical to that of amniotic fluid and Hep
G2 cell-derived IGFBP. Later studies have identified other
proteins from various biological fluids that are
immunochemically and biochemically similar to PP12 and are
most likely IGFBP-1 or another very similar IGFBP(Waites et
al., 1989; 1990). The complementary DNA for the Hep G2
derived IGFBP was first reported in 1988 (Lee et al., 1988) .
Identical sequences were subsequently reported for CDNAs from
human placenta, liver (Brinkman et al., 1988) and decidual

tissue (Brewer et al., 1988; Julkunen et al., 1988).

1.1. Molecular characterization of IGFBP-1

Human IGFBP-1 amino acid sequence has been predicted
from the cDNA sequence and confirmed by TGFBP-1 protein
sequencing( Brewer et al., 1988; Luthman et al., 1989) . Human
IGFBP-1 consists of 234 amino acids and has a predicted
molecular mass of 25.3 kDa. It migrates with an apparent Mw
of 28 kDha on non-reducing SDS-polyacrylamide gel
electrophoresis(Lee et al., 1988). Rat IGFBP-1 cDNA wasg
cloned by Murphy et al.(1990) from rat decidual and liver
CDNA libraries. The predicted protein contains 272 amino
acids and a 25 residue N-terminal signal peptide. The primary
amino acid sequence of human IGFBP-1 is characterized by an
N-terminal cluster‘of 12 cysteines.and a C-terminal cluster
of six cysteines that are conserved in rat and bovine IGFBRP-1

and may participate in ligand binding. It has been suggested
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that these cysteines may be involved in intrachain disulfide
linkage (Brinkman et al., 1991). an Arg-Gly-Asp (RGD) sequence
is located near the C-terminal of human, rat and bovine
IGFBP-1(Mohn et al., 1991; Murphy et al., 1990; Senyers et
al., 1991). However, the physiological significance of the

IGFBP-1 RGD sequence is currently undefined.

Human IGFBP-1 undergoes post-translational modifications
such as phosphorylation which appear to be related to the
affinity for IGF peptides and consequently modulate the
biological action of IGFs (Waites et al., 1989). Site-directed
mutagenesis of Serl0l to AlalOl prevents the phosphorylation
and results in decreased affinity for IGF-I(Jones et al.,
1991). IGFBP-1 does not contain N-linked glycosylation sites
but has potential O-glycosylation sites{(Julkunen er al.,

1988).

Human IGFBP-1 mRNA is a transcript of 1.55 kb. The 3'-
untranslated region contains five ATTTA motifs that are
characteristic of mRNA species with a very short half
life(Lee et al., 1993). The human IGFBP-1 gene has been
cloned (Brinkman et al., 1988; Cubbage et al., 1989) and
localized to human chromosomal region 7pld-pl2 (Ekstrand et
al., 1990). The gene is a single COpy gene and divided into
four exons with a éotal span of 5.2 kb(Brewer et al., 1988;
Brinkman et al., 1988). The rat IGFBP-1 gene was isolated and

sequenced in this laboratory. The structural organization and
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size of the rat gene are similar to the human IGFBP-] gene.
Comparison of human and rat IGFBP-1 c¢DNA sequence

demonstrates 67% amino acid identity (Murphy et al., 1990).

The promoter of the human IGFBP-1 gene has been
characterized by Suwanichkal et al.(1990). The region
immediately 5' to the IGFBP-1 mRNA cap site is typical of a
eukaryotic promoter, with a TATA sequence beginning 28 bp and
a CCAAT promoter element beginning 72 bp upstream from the
cap site. Their studies identified the CAATT box region as a
major cis element involved in basal IGFBP-1 promoter activity
in Hep G2 cells. The liver factor Bl is the major trans-
acting factor which stimulates basal IGFBP-1 promoter

activity in Hep G2 cells.
1.2. Regulation of IGFBP-1
Age and fasting

IGFBP-1 levels are elevated in fetal sera and are
approximately 15 fold higher than maternal serum levels,
which also rise during pregnancy (Drop et al., 1984; Baxter et
al., 1987). IeFBP-1 levels fall during puberty and are
inversely correlated with age. Studies have demonstrated that
serum IGFBP-1 leQels are increased in fasting human
subjects (Busby et al., 1988; Yeoh et al., 1988). an increase

in both serum IGFBP-1 and hepatic IGFBP-1 mRNA abundance in
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fasting rats was also demonstrated by Murphy et al(1991). 1In
the rat, refeeding caused a prompt decline in hepatic IGFBP-1

mRNA .
Ingulin

Hall, et al. (1980) first reported that insulin was a
regulator of PP12(IGFBP-1) levels. Insulin administration
suppressed IGFBP-1 secretion by Hep G2 cells in vitro(Conover
et al., 1990). Studies with human fetal liver, decidual cells
and human hepatoma cells have also demonstrated the
inhibitory effects of insulin on IGFBP-1 (Lewitt et al.,
1989; Thraikill et al., 1990; Singh et al., 1990). fThe
inhibitory effects of insulin occur at the Cranscription
level. The 5 flanking region from 103 to 509 bps is
responsible for the inhibitory effect of insulin in a
chloramphenicol acetyltransferase (CAT) assay (Powell et al.,
1991) . other studies have also shown that suppressive effectg
of insulin on IGFBP-1 mRNA levels are not due to a decrease
in the half-life of IGFBP-1 mRNA (Powell et al., 1991;
Unterman et al., 1991). Similar results have also been
observed in in vivo studies. It has been reported that IGFBP-
1 mRNA is increased in the liver and kidney of diabetic and
ketotic rats(0oi et al., 1990; 1992; Gelato et al., 1992).
Further, insulin tfeatment rapidly decreased IGFBP-1] mRNA to

the levels of non-diabetic control rats within 1 hr(0Ooi et



al., 1992). Restoration of euglycemia is not necessary for

insulin to decrease IGFBP-1 mRNA in diabetic rat liver.

Elevated IGFBP-1 levels have been found in patients with
insulin dependent diabetes mellitus (IDDM). IGFBP-1 levels are
negatively correlated with insulin levels in fasting subjects
as well as in patients with disorders of insulin secretion,
including IDDM and insulinoma (Suikkari et al., 1988; Brismar
et al., 1988; Conover et al., 1992). It has also been
reported that IGFBP-1 levels are elevated in streptozotocin
induced diabetes in rats(Unterman et al., 1989; Graubert et
al., 1991). Serum IGFBP-1 levels decreased after insulin
administration. however, the levels rose again if insulin
treatment was discontinued (Unterman et al., 1990). Yeoh et
al.(1988) reported that the insulin-induced hypoglycemia in
human subjects was correlated with elevated IGFBP-1 levels.
Similar results were also reported in rats(Lewitt et al.,
1992) and in vitro studies with rat liver explants(Lewitt et
al., 1990), indicating that increased glucose rather than
insulin might inhibit IGFBP-1 production. Lee et al(1993)
suggested that the hypoglycemia-associated elevated IGFBP-1
levels might also be expressed by a secondary suppression of
insulin secretion into the hepatic portal circulation. Recent
studies demonstrated that an acute increase in glucose
concentration within a physiologic range had no independent
inhibitory effect on IGFBP-1 production in the presence of a

nonsuppressive insulin level (Lee et al., 1993). The relative
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roles of insulin and glucose in IGFBP-1 regulation remain to

be defined.

Growth Hormone

Previous studies in this laboratory have shown dramatic
increases in hepatic IGFBP-1 MRNA levels in hypophysectomized
rats with a 4 fold increase in the rate of hepatic IGFBP-1
gene transcription compared to pituitary intact
rats (Senevirante et al., 1990). The abundance of a 30 kbDa
IGF-I binding protein was elevated in both hepatic extracts
and serum from hypophysectomized rats. Both long term and
short term administration of GCH caused a marked decrease in
hepatic IGFBP-1 mRNA. A single dose of GH restored the
hepatic IGFBP-1 mRNA levels and the gene transcription rates
to basal levels. However, GH had no effect on IGFBP-1
expression in primary rat hepatocytes(villafuerte et al.,

1992).

Earlier studies showed that serum IGFBP-1 was increased
in GH-deficient patients and decreased in patients with
acromegaly (Povoa et al., 1984; Busby et al., 1988). Holly et
al.(1991) studied the inter-relations between GH, insulin and
IGFBP-1 in patients with acromegaly. They found that the low
IGFBP-1 levels were unrelated to mean GH levels but inversely
related to fasting insulin levels. The short and long term

effects of GH on serum IGF-I, IGFBP-1 and insulin were
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investigated by Tapanainen et al.(1991). IGF-I and insulin
levels did not change during 4 hr after GH administration,
whereas IGFBP-1 levels decreased significantly. During the 11
day follow up period, IGF-I and insulin were significantly
higher in GH-treated than in placebo-treated women. These
results suggested that the IGFBP-1 was not completely GH
independent. They concluded that a direct inhibitory effect
of GH on the IGFBP-1 levels was unlikely since the high GH
concentration during fasting was concomitant with high IGFBP-
1 levels and low insulin levels. They proposed that an
inverse relation between GH levels and the IGFBP-1
concentration was probably due to the GH-induced insulin
release (Degerblad et al., 1989). One study in this laboratory
showed that administration of GH, but not insulin caused a
decrease in elevated hepatic IGFBP-1 mRNA levels in fasted
rats, suggesting that increased expression of IGFBP-1 in‘
fasted rats might be a consequence of GH deficiency rather
than insulin deficiency (Murphy et al., 1991). The effects of

GH on IGFBP-1 will await more investigation.

Glucocorticoid

A study from this laboratory has demonstrated that
administration of dexamethasone Lo rats results in elevated
levels of gerum IGFBP—l and a 2-10 fold increase in hepatic
IGFBP-1 mRNA abundance (Luo er al., 1990). Similar results

have also been reported in growth retarded fetal rats(Price
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et al., 1990). Multiple studies in vitro have found that
dexamethasone has a stimulatory effect on IGFBP-1 protein and
mMRNA accumulation in H4IIE rat hepatoma cells (Orlowski et al.
1990; 1991), primary adult rat hepatocytes (vVillafuerte er
al., 1992) and human Hep G2 hepatoma cells(Powell et al.,
1993). Recent studies in Hep G2 cells demonstrated that
dexamethasone stimulated IGFBP-1 gene transcription and
facilitated the stimulatory effects of caAMP and theophyllines
on mRNA and protein levels(Powell et al., 1993). The
stimulatory effect of dexamethasone on IGFBP-1 is at the
level of transcription by IGFBP-1 promoter cis elements
located between 357 and 103 bp 5' to the transcription start
site. In H4IIE cells, it was reported dexamethasone not only
stimulated transcription, but also increased mRNA
stability (Orlowski et al., 1990; 1991). However, Lewitt et
al.(1989) reported the opposite results in human fetal liver
explants.

Recently, Conover et al.(1993) investigated the
regulation of plasma IGFBP-1 Dby cortisol in humans. when
infused with cortisol, the subjects showed a 3 fold increase
in IGFBP-1 levels over the 6 hr study period as compared with
saline-infused controls. These data suggested a stimulating
role for glucocorticoids on IGFBP-1 production and a posgible

role for IGFBP-1 in glucocorticoid-induced catabolism.
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Other hormones and factors

It has been reported that glucagon, octreotide, cAMP,
relaxin and progesterone have stimulatory effects on IGFBP-1
in vitro or/and in vivo(Lewitt et al., 1989, 1991; Jensen et
al., 1991; Hilding et al., 1992; Ezzat et al., 1991, 1992;
Ren et al., 1992; Conover er al., 1989; Ppekonen et al., 1992;
Thrailkill et al., 1990; Bell et al., 1991). Later studies
have demonstrated that the effects of cAMP occur at the
transcription level in Hep G2 cells(Suwanichkul et al.,
1993) . cyclic AMP increasged IGFBP-1 gene transcription, mRNA
levels and protein levels. DNase protection assays showed
that Hep G2 nuclear extract footprinted the region from 273
to 249 bp 5' of the cap site; this region has a central CGTCA
motif common to CcAMP responsive elements (CREs). Drop et
al(1984) reported that estrogen increased serum IGFBP-1
levels in girls and androgen suppressed serum IGFBP-1 levels
in boys. Another study demonstrated that hyperestrogenemia
was correlated with elevated serum IGFBP-1 levels (Martikainen
et al., 1992). Tamoxifen, a partial antiestrogen used
therapeutically in treatment of breast cancer, was also shown

to increase plasma IGFBP-] levels. (Lonning et al., 1992).

Thrailkill et al.(1990) reported that IGF-I suppressed
IGFBP-1 production in human decidual cells. The stimulatory
effects of IGF-I have been observed in fetal fibroblasts (Hill

et al., 1989). However, IGF-I was shown to have no effect on
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IGFBP-1 expression in cultured primary rat hepatocytes
(Villafuerte et al., 1992). The effect of IGF-T on IGFBP-1

concentrations remains to be clarified in vivo.

The stimulatory effects of phorbol ester, phorbol 12-
myristate 13-acetate (PMA) on IGFBP-1 production were also
reported in human ovarian granulosa cells(Jalkanen er al.,
1989). It was suggested that the protein kinase C system
might be involved in regulation of IGFBP-1 production, gince
PMA is a PKC activator. Unterman et al(l992)demonstrated that
PMA rapidly enhanced IGFBP-1 MRNA in rat H4IIE hepatoma
cells. Similar results in human endometrial cancer cells have
been observed in this laboratory (Gong et al., 1992). The
abundance of mRNA increased 4 times after PMA administration

in human endometrial carcinoma cells.
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1.3. Biological function of IGFBP-1

At present all the known actions of IGFBP-1 are related
to its ability to specifically bind and modulate the action
of the IGFs. The IGFBP-1 affinity for IGFs plays an important
role in modifying the action of IGFs. Studies have shown that
IGFBP-1 inhibits IGF binding to cell surface receptors. It is
postulated that a conformational change resulting from ICGFBP-
1/IGF association may mask or alter the receptor binding site

on the IGF molecule(Oh Y et al., 1991).

In vitro, inhibitory effects of IGFBP-1 on IGFs have
been shown in numerous mammalian cell culture systems (Ritvos
et al., 1988; Frauman et al., 1989; Angervo et al., 1991; Liu
et al., 1991). It has also been reported that IGFBP-1
inhibited basal and IGF-T stimulated increases in cartilage
dry weight, thymidine incorporation into DNA, and 355
incorporation into proteoglycan(Burch et al., 1990). However,
studies have demonstrated that IGFBP-1 may enhance IGF-TI
mediated actions in vitro. IGFBP-1 enhanced IGF-I stimulated
mitogenesis in porcine aortic smooth muscle cells, chick
embryo fibroblasts and human fibroblasts(Eglin et al., 1887).
Koistinen et al.(1990) demonstrated that IGFBP-1 inhibited
binding of IGF-I to fetal skin fibroblasts but stimulated
their DNA synthesis. In the only direct in vivo study

published to date, infusions of human IGFBP-1 into rats
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inhibit the hypoglycemic effect of an equimolar infusion of

human IGF-I(Lewitt et al., 1991)

The presence of different forms of IGFBP-1 may partly
accout for the discrepancy of biological function. Busby et
al(1988) obtained two forms of IGFBP-1 by using ion exchange
chromatography. Amino acid sequence analysis showed that both
forms had identical N-terminal sequences. However, these two
forms, termed form C and form B, had marked difference in
bicactivity. Form C inhibited both basal and IGF-T stimulated
DNA synthesis; form B showed the stimulating effect on DNA
synthesis reported by Eglin et al.(1987). Form B was shown to
bind to the cell surface in association with [125I] IGF-T,
whereas form ¢ dig not bind. Some undefined post
translational modifications may account for the difference in
biological activities of the two forms of IGFBP-1. IGFBP-1
phosphorylation may play a role in mediating its effects. Tt
has been reported that IGFBP-1 exists in non-phosphorylated
and phosphorylated isoforms (Frost et al., 1991; Jones et al.,
1991). Phosphorylated IGFBP-1 has much higher affinity for
IGF-I than dephosphorylated form. Frost et al.(1991) have
proposed that IGFBP-1 ig secreted as a phosphoprotein and
subsequently dephosphorylated in vivo. Non-phosphorylated
IGFBP-1 was phosphorylated by multiple protein kinases in
vitro(Frost et al:, 1991). These data indicated that the
phosphorylation was a physiologically important post-

translational modification. The difference in phosphorylation
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between form B and form C has not been clarified yet. Jones
reported human IGFBP-1 was phosphorylated on three serine
residues (Jones et al., 1993). Additional studies are required
to understand the biological function of the IGFBP-1

isoforms.

1.4. Development of transgenic model

In spite of extensive studies on IGFBP-1, its exact
functions are not well understood. To understand better the
physiological role of IGFBP-1 in embryonic development and
growth, work in this laboratory has been directed toward the
development of transgenic mouse models which would provide
evidence for IGFBP-1 function. Two approaches have been
undertaken at this laboratory: 1. Development of IGFBP-1
overexpressing mice. 2. IGFBP-1 gene deletion by homologous

recombination

In this laboratory transgenic mouse models that over
express IGFBP-1 have been developed (Murphy et al., 1993). A
number of plasmid constructs were developed and used to
generate transgenic mice. Initially rat IGFBP-1 cDNA driven
by the 8V40 promoter was employed because our previous
studies showed that this construct produced high levels of
IGFBP-1 in mammaliah cells in vitro. Elevated TIGFBP-1 mRNA in
the kidney has been observed in some of the F1 transgenic

mice. No significant differences were found in serum IGFRP-1
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levels, litter size, birth weight and weight gain compared to
non-transgenic wild-type mice. Other constructs were made
using the rat IGFBP-1 gene and the mouse metallothionein
promoter (MTK1l) or the mouse phosphoglycerate kinase
promoter (PGK K1) . Preliminary studies have shown that there
is a reduction in litter size, suggesting that IGFBP-1 may
have inhibitory effects on embryonic development (Murphy et
al., 1993). Further studies of these transgenic mice are

currently underway by colleagues in this laboratory.

Gene targeting experiments provide a powerful tool for
studying gene function since the experiments can target
preselected genes of interest. Gene targeting means that we
have the potential to generate mice of virtually any desired
genotype. Recombination DNA Ctechnology is used to altered a
cloned DNA sequence of a chosen locus; the modified DNA is
then introduced into a pluripotent stem cell derived from a
mouse embryo, and homologous recombination between the
exogenous and endogenous chromosomal sequences transfers the
mutation into the genome. Microinjection of the stem cells
containing the modified locus into mouse blastocysts is used
Lo generate germ-line chimaeras. Finally, interbreeding of
heterozygous siblings vyields animals homozygous for the
desired mutation. This technology was first used to create
germ-line containiﬁg targeted disruption in the B-globin gene
in 1985 (Smithies er al.). Since then it has been widely used

to study specific gene biological functions (Nandi et al.,
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1988; stanton et al., 1990; DeChiara et al., 1991; Liu et
al., 1993). For each experiment, the particular genetic
designs and appropriate protocols wvary; however, the
underlying concept is the gsame. It ig based on the
observation that DNAs transfected into cells in culture can
recombine in a homologous fashion with their chromosomal
equivalents (Capecchi et al., 1990). Essentially, one needg
Lo construct a recombinant DNA molecule wherein the mutagenic
change one desires to make in the gene of interest is flanked
by regions of complete homology, often of considerable length
of that same gene(Thomas et al., 1987). Such a recombinant
molecule, wupon transfection into a recipient cell, may
undergoes homologous recombination in the two flanking
regions such that the interior portion of the gene of

interest is removed and replaced by its mutated equivalent.

Homologous recombination is a rare event in eukaryotic
cells. Johnson et al. (1989) reported homologous recombination
frequencies between 1 in 5107 and 1 in 6.6x106 cells
transfected with targeting constructs. It used to be a
problem because of lack of appropriate screening protocols to
find the cells which carry the disrupted gene of interest. To
identify a subset of homologousg recombinants, Mansour et
al.(1988) devised a protocol they call positive/negative
selection. With this method, the positive-selectable marker,
a neomycin registance gene (Neo’), is inserted between the

flanking regions of homology. The negative-selectable marker,
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herpes simplex virus thymidine kinase (HSV-TK), is placed at
the end of the construct outside the region of homology. The
purpose of using the Neo* gene in the targeting construct is
twofold: first, to disrupt the coding sequence of the chosen
gene and second, to act as a selective marker (conferring
resistance to the drug G418) for cells containing an
integrated copy of the recombinant vector. The wvector 1is
designed so that when replacement of the endogenous sequence
by the exogenous one occurs via homologous recombination, the
HSV-TK gene will not be transferred into endogenous target.
The HSV-TK gene represents a discontinuity in the incoming
vector between homology and non-homology with the endogenous
target sequence. Cells in which the targeting events occurred
will therefore be Neo™ and HSV-TK™. On the other hand, random
integration of the target vector into the recipient cell
genome should result in most cases, in cells that are Neor+
and HSV-TK*. The drug ganciclovir, which kills cells
eéxpressing HSV-TK, is used to select against cellg carrying
the HSV-TK gene. Predictably, the homologous recombinants
will be both G418- and ganciclovir-resistant. The
positive/negative selection protocol makes it feasible to
enrich for homologous recombination events and subsequently
detect cellular clones in which the gene has been disrupted.
To date the most successful protocol involves a
positive/negative éelection strategy in embryonic stem (ES)

cells (Mansour et al., 1988).
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Sedivy et al.(1989) developed a technique thar resulted
in a frequency of targeted gene disruption of 1 in 10,000
cells incorporating exogenous DNA. This procedure employs a
targeting vector encoding Neo’ that lacks a translation-
initiation codon and thus selects for in-frame insertions
within exons of active genes transcribed by RNA polymerase

II.

ES cell lines are derived directly from the inner cell
mass of mouse embryos. They retain the potential to
participate in normal embryonic development. ES cells can be
maintained in an undifferentiated state by growth on a feeder
layer of an embryonic fibroblastic cell line or in the
pPresence of leukemia inhibitory factor (LIF) in the culture
medium(Evans et al., 1981; Martin et al., 1981). In addition,
ES cells can undergo genetic manipulation in vitro without
any apparent loss in developmental potential if the cells are
maintained properly. When ES cells are introduced into a
carrier embryo, they will become assimilated into the inner
cell mass and take part in the formation of many tissueg,
thus providing a chimeric animal which may be used to develop
a mouse with a defective gene of interest(Smithies et al.,

1985).

Gene targeting technique is being used to study the
physiological role of insulin-like growth factors (IGFs) and

their binding proteins (IGFBPs). DeChiara et al. (1990, 1991)
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disrupted one of the IGF-II alleles in the cultured mouse ES
cells by gene targeting and constructed chimeric mice. Germ-
line transmission of the inactivated IGF-TT gene from male
chimaeras vyielded heterozygous progeny that were growth
deficient (60% of normal birthweight). 1In contrast, when the
disrupted IGF-IT allele was transmitted maternally, the
offspring were phenotypically normal. This result showed that
the IGF-II gene is subject to parental impriﬁting; the
paternal IGF-II allele is expressed, while the maternal
allele is silent 1in most tissues. Recently, it was reported
that mice homozygous for a targeted disruption of IGF-T also
exhibited a growth deficiency similar in severity to that
previously observed in viable IGF-II mutants(Liu et al.,
1993). Mice heterozygous for a targeted disruption of TIGFRP-2
has also been developed. The offspring are phenotypically
normal (Wood et al., 1993). They proposed that other IGFBPs
may compensate for IGFBP-2 function lacking in genetic
mutants. These studies provide the first direct evidence for

the physiological role of IGF-I, IGF-II and IGFBP-2.

My project described in this thesis was to develop a
plasmid construct Necessary for deletion of the IGFBP-1 gene
and generate the ES cell line for future use in generating
chimeric mice. Transgenic mice carrying a disrupted IGFBP-1

gene will be develobed in this laboratory in the near future.
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Chapter 2. Materials and Methods
2.1. Materials

Restriction enzymes ang DNA modifying enzymes were
supplied by Pharmacia (Canada) Inc. (Baie d'Urfe, Quebec),
Gibco/BRL Life Technologies Inc. (Burlington, Ontario),
Boehringer—Mannheim(Laval, Quebec) and New England Biolabg
Inc. (Beverly, Massachusetts) . [Alpha - 32P]dCTP was purchased
from ICN Biochemical Canada Ltd. (Mississauga, Ontario) and
Amersham Canada Ltd. (0akville, oOntario). Nick translation
kits were obtained from Amersham Canada Ltd. DNA sequencing
reagents were obtained from United States Biochemical Corp.
(Cleveland, Ohio). Oligonucleotides were synthesized and
obtained from DNA laboratory in Faculty of Medicine,
University of Manitoba, Winnipeg. Mousge genomic DNA
library (adult BALA/c male liver) was purchased from CLONTECH
laboratories, 1Inc. (Palo Alto, ca, USA). Mousge embryonic
stem(ES) cells were purchased from American Type Culture
Collection (ATCC, Rockville, Maryland). Leukemia inhibitory
factor (LIF) and ES cell culture Teagents were obtained from
Gibco BRL. Herpes simplex virus thymidine Kinase (HSV-TK)
cassette(plasmid PPNT) yag kindly provided by Dr. J Rossant,

Samuel Lunenfeld Research Institute, Toronto, Ontario.
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2.2, Labelling of probes

The nick translation reaction(Feinberg et al., 1983),
catalyzed by Escherichia coli DNA polymerase I, was used to
introduce radioactively labelled nucleotides into DNA. The
nick translation reaction was carried out as described by the
supplier of the kit. Usually 7 pul of 3,000 Ci/mmol [alpha-32p]
dCTP and 100 - 200 ng DNA were wused per reaction.
Radiocactively labeled DNA was separated from unincorporated
lalpha-32plgcTp by 6100 Sephadex gel filtration

Chromatography.

2.3. Subcloning, small and large sgcale Dreparation of

rlasmid DNA

The desired DNA insert was cleaved with appropriate
restriction enzyme (g) and isolated by gel electrophoresis. In
order to reduce background, enzyme (s) cleaved vector DNA was
treated with calf intestinal alkaline phosphatase (CIP) .
Although alkaline phosphatase treatment lowers the absolute
efficiency of cloning the desired DNA molecule, the great
reduction in background greatly enhances the isolation of the
desired clone(Dugaiczyk et al., 1975; Struhl et al., 1985).
The concentration of insert DNA(s) was relatively high in
order to facilitaté ligation to vectors. The molar ratio of

insert to vector used in this study wag 3 to 1. The amount of

DNA in a 20 L1l ligation mixture was 0.01 - 0.1 pg. The
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products of the ligation were introduced into competent
E.coli(JgM109), and recombinants containing the gene for
ampicillin resistance were gelected directly on ampicillin

containing plates.

The alkaline lysis procedure was used for the isolation
of small gquantities of bplasmid DNA from bacterial cells
(minipreps). The protocol is a modification of the methods of
Birnboim and Doly (1979). The large scale method for plasmid
DNA preparation was used as described by Maniatis et al.

(1984) .

2.4. ES cell culture

E14TG2a-ES cells(129/01a mouse, pluripotent embryonic
stem cells, ) were cultured in Dulbecco's Modified Eagles
Medium (DMEM) with 4.5 g/L glucose and 10-¢ M
2~Mercaptoethanol, supplemented with 15% heat inactivated
Fetal Bovine Serum(FBS) in a constant environment of 370¢C,
53C0O, and 100% humidity (Thomas et al., 1987). In the past, ES
cells required the bresence of a feeder layer of fibroblast
cells to prevent this differentiation in vitro. In this
study, leukemia inhibitory factor (LIF) was used instead of
feeder layers to inhibit spontaneous differentiation of ES
cells (Evans et al.,'1981; Martin et al., 1981). 10-3 units/ml
LTF was used to maintain the cells in an undifferentiated

state. The cultures were examined daily and passaged every 2
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or 3 days. Subcultivation ratio was 1:5. ES cell
differentiation was determined by staining with Giemsa
(Williams et al., 1988). Compact stem cell colonies could be

distinguished from diffuse differentiated colonies,

2.5. Transfection and selection of Eg cells

DNA was introduced into ES cells by electroporation
using a gene pulser electroporator (Bio-Rad) . Confluent
plates of ES cells were harvested by Crypsinization andg
resuspended in a buffer containing 20mM HEPES(pH 7.0), 137mM
NaCl, 5mM KCl, 0.7mM Na,HPO,, 6mM dextrose, and 0.1lmM
2-mercaptoethanol at 4x107 cells per ml. The NotI linearized
IGFBPl targeting construct was added to ES cells at a final
concentration of 20ug/ml  Sjust prior to electroporation.
Aliquots (0.5 ml) of the cells with DNA were electroporated
in a 0.4 cm cuvette of a Bio-Rad gel pulser get at 500v,
25UF (Tybulewicz et al., 1991; Liu et al., 1993). The cells
were equally distributed into three 10 cm plateg immediately

after electroporation.

To identify a subset of transfected cells that might
contain an homologously recombined allele, a
positive/negative selection strategy (Mansour et al., 1988)
was used to identify cells with a disrupted mIGFBPI] allele.
The positive marker we exploited was a neomycin resistance

gene (Neo'), which confers resistance to the antibiotic G418§.
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The negative selection marker was the herpes simplex virus
thymidine kinase (HSV-TK) gene placed at the end of the
construct outside of the region of homology. The drug
ganciclovir, which kills cells expressing HSV-TK, was used to

select against cells carrying the HSV-TK gene.

To allow expression of the Neor and HSV-TK genes, the
cells were first plated after electroporation on three 10cm

plates in nonselective medium and refed the next day. G418

(300pg/ml) was added 2 days after plating. For double
selection (positive selection and negative selection),
ganciclovir was added to 2 of 3 plateg 3 days after the
addition of G418. Plates were refed every 3 or 4 days. After
9 days of culture, colonies were picked. Each colony was
disrupted in Crypsin(30 pul of 0.25% trypsin with 0.57mM EDTA)
and transferred to one well of the 96 well plates. After a
further 5 days of growth, most wells were confluent and were
transferred to two sets of 24 well plates. It took another 4
days of growth to become confluent. One set of cells were
used for processing DNA, and the other set of the cells were
kept growing on another 24 well plate after each colony was

Crypsinized(Liu et al., 1993).

2.6. Preparation of ES cell DNa

After aspiration and washing with PBS, 500l of 1lysis

buffer (100mM NaCl, 100mM Tris.HC1[pH8.0], 25mM EDTA[pPpHS.0],
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0.5% sodium dodecyl sulfate[SDS], 0.2 mg/ml proteinase K) was
added to each well of the 24 well plates containing ES cells.
The lysate was transferred to a 1.5m]l microcentrifuge tube
and incubated at 550 overnight. Cell lysates were extracted
with phenol and chloroform, and the DNA was precipitated with

ethanol and recovered by centrifugation and resuspended in

50pul of TE[pHS8.0]with RNase.

2.7. Southern blot hybridization

After digesting the DNA samples with appropriate
restriction enzyme(s), DNA was separated by electrophoresis
in a 1% agarose gel with DNA size markers, and photographed.
The gel was then washed in 1.5M NaCl and 0.5M NaOH for 20 min
Lo denature the DNA and neutralized in 0.5M Tris and 3.0M
NaCl[pH 7.0] for 490 min. DNA was then transferred to
nitrocellulose filters(Nitro Plus) and the blots were baked
for 2 hr at 80°C or at 60°C overnight . Nitrocellulose filters
were prehybridized for at least 2 hr. at 42°C in a solution
containing 50% formamide, 20mM NaH,PO,[pH 7.0], 4xSSC(1x=0.15M
NaCl, 0.015M godium citrate), 2mM EDTA, d4x Denhardt
solution(1x=0.02% BSA, ficoll, and polyvinylpyrrolidine),
0.1% sSDS and 100pg/ml sonicated, denatured salmon sperm DNA.
Hybridization wasg performed at 420C overnight in the same
solution with thé addition of the DNA probes. After
hybridization, blots were washed initially at room

temperature with 2xssc and 0.1% SDS for 15-30 min and finally
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washed for 20 min at 65°C inp 0.1xSSC and 0.1% sDg.
Autoradiography was performed by exposing Kodak X-Omat AR
film to the nitrocellulose filters in the Presence of an

enhancing screen up to 7 days(Southern er al., 1975).
2.8. DNA sequencing

The DNA sequence was generated using United States
Biochemical Corp. (USB) Ssequencing kit with Sequenase version
2.0. This procedure is based on the chain termination DNA
sequencing method (Sanger et al., 1977). It includes annealing
template and primer, labelling reaction and termination
reactions. T7 primer was used in this study. Four separate
reactions, each with a different ddNTP give complete sequence
information. The labelled chains of various length were
visualized by autoradiography after separation by

electrophoresis in a 6% acrylamide gel.

2.9. Oligo Primer design and Polymerase chain

reaction (PCR)

To search for and select oligonucleotides for polymerase
chain reaction(PCR) from a sequence file, primer analysis
software (OLIGO™ version 4.0 for Macintosh, published by
National Biosciencés Inc.., Plymouth, MN.) was used. The PCR
cycling protocol was for 1 min at 949C, 1 min at 60°C and 3

min at 729C for 35 cycles. Each PCR reaction containing 50
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pmol of each primer, 0.2mM dNTPs, 2.0mM MgCl,, 20mM Trig-

HC1(pH8.4), and 50mM KC1 and 1.0 unit of Tag polymerase

(Gibco/BRL) in a final volume of 50ul.
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Chapter 3. Results

To obtain a targeted disruption of the IGFBP-1 gene, we
designed a targeting vector that would delete part of the
IGFBP-1 gene, corresponding to the second and third exons of
the rat IGFBP-1 gene. In this study, the fragments of IGFBP-1
genomic DNA, transcriptionally competent cassettes of the
bacterial neomycin-resistance gene (Neo™) and the herpes
simplex" virus thymidine kinase gene (HSV-TK), both under the
control of phosphoglycerate kinase (PGK) promoter, were used
to construct the targeting vector. The positive-negative
selection protocol was applied to enrich for homologous
recombination events by simultaneously selecting for a Neor
within the homologous DNA and against HSV-TK gene placed at

the end of the targeting vector.

3.1. Identification and subcloning of the mouse

equivalents of the rat IGFBP-1 5' and 3 fragments

Rat IGFBP-1 and mouse IGFBP-1 gene were previously
cloned in this laboratory. Rat IGFBP-1 contains 4 exons and
spans 5 kb (Figure 1A). Preliminary data suggested that
MIGFBP-1 is very similar(Figure 1B). Two bacteriophage lambda
mouse genomic clones (mouse genomic DNA library, adult BALB/c
male liver), DB1l1b énd DB2, were available in this laboratory
and contained the 5 region and 3' region of the mIGFBP-1

gene respectively.
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A. Rat IGFBP-1 gene

EcoR!l Xbal Sacl Pstl Sacl  Hindlll EcoRl
— — O
EcoRl  Xbal Sacl Pstl Sacl Hindlll
L ] R Eew—— EcoRl
probe A probe B probe C . ;
probe D
C 1okb

B. &' region and 3 region of mouse IGFBP-1 gene

Xbal Xbal Sacl Pstl Pst| Sacl  Hindlli
I l [ | | I
l ] l j
EcoRl Sall Sall EcoRl
SE5-2, 2.0 kb SE3-1, 1.0kb

Figure 1. Restriction enzyme map of the rat IGFBP1 gene(A) and the two mouse IGFBP-1
genomic fragments, SE5-2 and SE3-1 (B, See Figure 6). Rat IGFBP-1 contains 4 exons.
Preliminary data available in this laboratory suggested that the mouse genomic IGFBP-1 gene
has a similar restriction map. Rat IGFBP-1 probes(A, B, C and D) used to determine the

orientation of SE5-2 and SE3'-1 are shown.
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In order to make a plasmid construct useful for
homologous recombination gene deletion of mIGFBP-1, 5' agand 3
IGFBP-1 genomic DNA fragments first had to be identified and
subcloned from the bacteriophage into a plasmid vector.
Different fragments of rat IGFBP-1 gene were used as probes
to identify the mouse equivalents. DNA from bacteriophage
lambda clones, DB11b and DB2, were doubly digested with a
variety of restriction enzymes. DNA was separated by
electrophoresis in a 1% agarose gel, transferred to
nitrocellulose filters, and then analyzed by Southern blot
hybridization with the SacI-PstI fragment (probe B) containing
the first exon and the SacI-EcoRI fragment (probe C+D)
containing the fourth exon of rat IGFBP-1. A 2.0 kb Sali-
ECORT fragment from DB11lb which hybridized with the SacI-PstI
fragment (probe B) was chosen and subcloned into PBluescript
SK(Figure 2, 4, 5, 6). This plasmid, PSE5'-2, was used to
make the 5 fragment of the targeting construct. a 1.0 kb
SalI-EcoRI fragment from DBZ which hybridized with the SacI-
ECORI fragment (probe C D) was chosen and subcloned (Figure 3,
4, 5, 6). This plasmid, pSE3'-1, was used to make the 3
fragment of the targeting construct. For confirmation, a
Southern blot containing these two fragments were hybridized
with a mIGFBP-1 CDNA previously isolated in this

laboratory(Figure 5).
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Figure 2: Southern blot analysis of bacteriophage lambda
clone, DB1lb. DNA from DB1lb was doubly digested by a variety
of restriction enzymes, as indicated above, separated by
electrophoresis in a 1% agarose gel, and then analyzed by
Southern blot hybridization with the SacI-pstrT fragment (probe
B, see figure 1). A 2.0 kb SalI-EcoRI fragment indicated by
arrow was chosen and subsequently subcloned into pBluescript
SK(+). This pSE5'-2 was used to make the 5 fragment of the

replacement construct.
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Figure 3: Southern blot analysis of bacteriophage lambda
clone, DB2. DNA from DB2 was doubly digested by a variety of
restriction enzymes, as indicated above, separated by
electrophoresis in a 1% agarose gel, and then analyzed by
Southern blot hybridization with the SacI-EcoRI fragment
containing the fourth exon of rat IGFBP-1 (probe C+D, see
Figure 1). A 1.0 kb SalI-EcoRI fragment indicated by arrow
was chosgsen and subsequently subcloned into pBluescript SK(+).
This pSE3'-1 was used to make the 3' fragment of the

replacement construct.
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Figure 4: Isolation of inserts fromn bacteriophage lambda
clones, DBllb and DB2. DNA from DB1lb and DB2 were doubly
digested by SalIl and EcCoRI, separated by electrophoresis in a
0.6% low melting point (LMP) agarose gel. The 2.0 kb band
indicated by arrow from DB11B and the 1.0 kb band indicated
by arrow from DB2 were cut out and subcloned into
pBluescript SK. For comfirmation, a Southern blot containing
these two fragments were hybridized with a mIGFBP-1 cDNA

previously isolated in this laboratory (see Figure 5)
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Figure 5: Subcloning of 5 fragment and 3 fragment of mouse
IGFBP-1 gene. Plasmid DNA was prepared from ampicillin
resistant colonies. The DNA was then digested with SalrT and
ECORI and separated by electrophoresis in a 1% agarose gel.
Lane 1-7 shows plasmid DNA from the ligation of the 2.0 kb
fragment of DBllb(see figure 4). Lane 8-9 shows plasmid DNA
from the ligation of the 1.0 kb fragment of DB2 (see figure
4) . For confirmation, the gel was Ctransferred to
nitrocellulose membrane and hybridized with mouse IGFBP-1
CDNA. Panel A shows ethidium bromide stained gel. Panel B

shows Southern blot hybridization.

37



Lambda
Hindlll
A EcoRl 123456789

s

B 123 4567189

~— SE5-2, 2.0kb

-=— SE3-1, 1.0kb

38




Figure 6: Restriction enzyme analysis of PSE5' -2 (panel A) and
DSE3'-1(panel B) Plasmids were digested with the restriction

enzymes as indicated above. DNA was separated by

electrophoresis in a 1% agarose gel.
D g g
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PSE5'-2 and pSE3'-1 inserts were used as probes to
hybridize with genomic DNA digested with EcoRI/Sall in order
Lo determine whether there were highly repetitive sequences
contained within these genomic DNA fragments. No repeat

sequences were found in thege fragment (Figure 7).

3.2. Determination of the orientation of the mouse

fragments

The appropriate rat IGFBP-1 probes were used to
determine the orientation of mouse fragments. The PSES ' -
2(Figure 1B, 6) was digested with SacI, XbaT and PstI. The
rat IGFBP-1 SacI-PstI fragment (probe B) ang ECORI-Xbal
fragment (probe a) hybridized with the PstT fragment and the
XbaIl fragment of SE5'-2, repectively(data not shown) . Thisg
indicated that the EcoRI site of SE5'-2 was at the 5' end and
the Sall site of SE5'-2 was at the 3*' end. For the SE3'-1
fragment (Figure 1B, 6), DNA was digested with SacT,
ECORI/HindIII, SacI/HindIII. The rat IGFBP-1 SacI-HindIIT
fragment (probe ¢) and HindIII-EcoRI fragment (probe D)
hybridized with SacI-HindIII fragment and the HindIII-EcoORTI
fragment of SE3'-1, respectively(data not shown). This
indicated that the ECORT site of SE3'-1 was at the 3" end

and the Sall site was at the 5' end.
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Figure 7: Determination of genomic repeat sequences. DPSE5*' -2
and pSE3'-1 inserts were used as probes to hybridize with the
mouse genomic DNA digested with Sall and "'EcoRI in order to
examine whether there is a highly repetitive sequence in
genomic DNA. Panel A shows the genomic DNA digested with Sall
and ECORI. Panel B shows the Southern blot hybridization.
Note the SalI site at the 3' end of PSE5'-2 and 5' end of
PSE3'-1 originally came from the bacteriophage polylinker.
The 5.0 kb fragments which hybridized with SE5'-2 and SE3'-1
probes represent an EcCoORTI-EcoRT fragment (see Figure 1A).This
ECORI-EcoRI fragment probably contains entire mouse IGFBP-1

gene.
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3.3. Construction of the targeting wvector

Several approaches were undertaken in order to make the
construct. Only the successful approach is described in
detail (Figure 8). The final product, HRBP1, consists of 5
and 3' mouse IGFBP-1 genomic fragments, Neo’ cassette and HSV-
TK cassette (figure 9). To ensure the disruption of the
IGFBP-1 gene, Neo® gene was subcloned in the opposite
direction of the 5' and 3 fragment of mouse IGFBP-1 genomic

DNA and HSV-TK gene.

3.4. Gene targeting and ES cell DNA analysis

The targeting construct, HRBP1, was linearized at a
unigque NotI site and transfected on four separate occasions
into ES cells by electroporation. One third of every
electroporation was selected only with G418 and the remainder
doubly selected with G418 and ganciclovir. Table 1 shows the
results of these four experiments. The enrichment afforded by
ganciclovir selection, defined as the number of G418 colonies
divided by the number of G418 and ganciclovir colonies,

ranged from 16.4 to 30.0.
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Figure 8. Procedure for making the targeting construct,

HRBP1. The final product, HRBP1, consists of 5' and 3 mouse

IGFBP-1 genomic fragments, Neor cassette and HSV-TK cassette.
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Figure 9. Structure of the targeting construct. Neo gene goes in the opposite

direction of &' fragment, 3' fragment and HSV-TK gene
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Table 1. Results of Screens for Homologous Recombinants at the IGFBpP-1 gene locus

No.of cells No.of 6418

surviving No.of G418 and GANC No. of Method of
Experiment Electroporation Colonies Colonies Enrichment Recombinants Analysis
1 ax106 6,200 350 17.7 0/180* PCR
2 1.0x107 12,000 400 30.0 0/140* PCR
3 1.2%x107 8,000 300 26.6 0/158* Southern blot
4 1.1x107 9,000 550 16.4 1/184* Southern blot

* the number of colonies

screened




Both PCR and Southern blot hybridization were used to
analyze ES cell DNA. For PCR, a pair of primers were designed
as described in the previous section after nucleotide
Sequence of a region of the IGFBP-1 locus downstream to the
3' EcCoRI gite Present on the targeting vector was
generated (Figure 10). PCR assays for IGFBP-]1 targeting were
performed with the primer 5'—CATAGCCGAATAGCCTCTCCA—3', which
is located at a distance of 550bp 3' from the beginning of
the neomycin resistance gene, and a downstream primer 5'-
CAAAAGCAAACAACCCAGTGA—3 "(Figure 12). To obtain this
downstream primer, it was necessary to sequence a region of
the IGFBP-1 1locus downstream of the 3 ECORI site(Figure
14a). To optimize the PCR conditions, another construct was
developed as pPositive control (Figure 11, 12). Then pCcR
conditions were optimized using the positive control
construct as template. A PCR product of correct size for the
distance between the primers(1.9kb) was visualized by
ethidium bromide staining if the template (positive control
construct) amount was more than 1.0ng per reaction, and
visualized after Southern blotting if the template (positive
control construct) was more than 100pg per reaction(Figure

13).

More than 300 ES cell colonies from experiments 1 and

2(table 1) were analyzed by PCR. 21ug of each ES cell colony

DNA was used as template. No homologous recombinants were
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+1
+51
+101
+151
+201
+251
+301

+351

ECORI site
iAATTCCAGCT
TGACTTCTGG
AGATCTTGTC
TAGGCCTCTG
CCCTTTGACC
ACTGCTCCAG
TGCTTTTGAG

CAGTCCT

TTATCTTTGT

TCTGTGCTTT

TGACACTCTG

CCTGGGCCAG

TTCCAGGACC

CTGATGTCGC

ACAGGGTCTG

TCCCTCTGTC

GGGGAAAGAT

TGATTCCATA

ACTAGAGATC

CCCAGCCTCT

GTGTATCCGG

ACTCTGTAGC

CGTTTGTCTT

GGTGCTTGTT

GCCCCATTCC

CCCACCACCT

CTTTCCTTGA

GGAGCAGTCA

CAGGCTGATG

CCCCATCACC

TGCTTACAGA

CAAGCAGTAT

TGGCCCATCT

CCACTCCTCA

CTGGGTTGTT

TAGAGTACAG

Figure 10. Nucleotide sequence of the DNA fragment of mouse

IGFBP-1 locus downstream to the 3' EcoRI site(See Figure 14) .

A, C, G and T represent deoxyadenosine, deoxycytidine,

deoxyguanosine and deoxythymidine respectively.
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Figure 11. Procedure for making the PCR positive control. PCR

conditions were optimized using this positive control

construct as a template.
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Hind {1 EcoR | Bam H |

NEO R EB
—~— — — pBluescript SK(+)

Figure 12. Construct structure for positive control. EB is g 1.5 kb
genomic fragment downstream to the 3' EcoRl site present on the
targeting vector. It was used as probe E. The location of Primers
used in this study are shown as thick bars. Neo gene goes in the

opposite direction of 3' fragment and EB fragment.
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detected. The possible reasons for failing to detect

homologous recombination will be discussed in the chapter 4.

For Southern blotting, probe E, an EcoRI and BamHI
fragment downstream to the 3' EcCORI site present on the
targeting vector was used. Asg a further confirmation, probe

F, the Neo' gene, was also used (Figure 14A).

A total of 342 colonies were analyzed by Southern
blotting for the presence of a gene targeting event. Because
the Neo’ gene contains a BamHI site, its presence introduces a
new BamHI site into the IGFBP-1 gene, resulting in the
production of a smaller BamHI fragment. Hybridization of
BamHI digested DNA from an individual colony with probe 2 was
predicted to show a 10 kb fragment from the original wild-
type allele and a 4.5 kb fragment in a correctly targeted
allele. Of the 342 colonies screened, one showed the

bredicted mutant fragment of 4.5 kb(Figure 15).

To test whether ES cells were differentiated or not
after the screening, ES cells were stained with Giemsa, most
of the ES cells retained the stem cell phenotype in the
presence of LIF at concentration of 1,000 units-l. ES cells
differentiate spontaneously after withdrawal of LIF for a

week (data not shown) .
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Figure 13: Optimization of PCR conditions. PCR condition was
optimized with the positive control construct mixed with 4 ug
genomic DNA as template before testing the samples. A PCR
product of correct size (1.9 kb) was visualized by ethidium
bromide staining if the template (positive control construct)
amount was more than 1 ng(panel A), and visualized after
Southern blotting if the Cemplate was more than 100 pg (panel

B).
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A. Normal IGFBP-1 allele

Bam H | EcoR | Pst | Sacl EcoR| Bam H |
| | l
Bam H |
EcoR | Bam H |
_
Probe F Probe E

B. Targeting vector

EcoR | pst| BamHI sacl ECOR!
' { neo hsv-tk
C. Homologous recombinant
Bam H | EcoR | Pst | Ba'm Hi Sacl  EcoR| Bam H |
' ’ LI' neo - ’ | |

1.0 kb
Expected Bam H I restriction fragments

Probe E Probe F
Endogenous 10kb
Recombinant 4.5kb,10kb 4.5kb, 5.0kb

Figure 14. Distuption of the IGFBP{ gene in mouse embryonic stem cells.

, Restriction map of the mouse IGFBP-1 gene. A 10kb genomic DNA
fragment containing IGFBP-1 gene is illustrated. B, Structure of targeting
ector, HRBP1. A neo cassette was inserted to replace part of IGFBP1 gene
and used as a marker for positive selection. A HSV-TK cassefte was placed
at the end of the construct for negative selection. C, the predicted structure
ofa homologous recombinant. The probes used for identification are shown.
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Figure 15: Southern blot analysis of DNA of an ES cell colony
demonstrating homologous recombination. The left panel shows
the initial screening by Southern blot hybridization. DNA was
digested with BamHI and analyzed with probe E(see Figure 14).
The DNA sample on the right lane of the left panel
demonstrates the predicted mutant allele of 4.5 kb and a
reduction in the wild type allele of 10 kb. The sample of the
left represents a wild type ES DNA. For confirmation, probe F
consisting of the neomycin resistance gene was used to
rehybridize the DNA. The right panel shows the two predicted
fragments of 4.5 kb and 5.0 kb. The faint band at 10 kb
region was most likely due to incomplete stripping of the

bolt.
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Chapter 4. Discussion

I have developed a targeting construct for the mouse
IGFBP-1 and generated an ES cell line which will be used in
the development of transgenic mice with a deficiency for
IGFBP-1. This study is based on the fact that ES cells can be
cultured and manipulated in vitro and still retain the
developmental potential to form chimeric mice when injected

into blastocysts.

In most previous studies, ES cells required the presence
of a feeder layer of fibroblast cells to inhibit their
differentiation in vitro. In this study, leukemia inhibitory
factor (LIF) was used instead of feeder layer to prevent the
differentiation of ES cells. LIF is a 20 kDa protein which
originally used to induce differentiation in M1 myeloid
leukemic cells. It was first reported that LIF might inhibit
the differentiation of ES cell in 1981 (Evans et al., 1981;
Martin et al., 1981). Williams et al.(1988) have demonstrated
that ES cells maintained in the medium containing LIF are
capable of giving rise to germ line chimeric mice. In vVitro,
at concentrations of LIF of 1,000-5,000 units ml-!, more than
95% of colonies showed the stem cell phenotype of compact
colonies, which congist of small cells with a large nuclear
to cytoplasmic ratib. This stem cell phenotype of ES cell was
verified with the EMCA-7 antibody, which recognizes a stem

cell surface specific antigen. ES cells cultured in the
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medium containing the LIF express the stem cell specific
antigen, whereas in the absence of LIF, less than 1% of ES
cells do so(Williams et al., 1988) . ES cells were maintained
in the presence of LIF at concentration of 1,000 units ml-!
for a prolonged period of time during this study. The results
of this study demonstrated that ES cells could be maintained
in an undifferentiated state in the presence of LIF in the
medium, and could be cultured and passaged as normal cell

lines.

The PCR technique was used to screen for homologous
recombination events during the first part of this study. No
homologous recombinants were detected in targeting
experiments 1 and 2. It is possible that all the 320 colonies
picked after the double selection were not homologous
recombinants. However, when the PCR positive control
construct was used as a template, no PCR product of the right
size(1.9 kb) could be visualized, even by Southern blotting,
if the control template was present at 100 Pg per reaction.
No PCR product of right size was visualized either when PCR
was performed by using the mutant ES cell DNA as a template.
The large size(1.9 kb) of the DNA fragment might account for
the low sensitivity. In addition, the PCR condition optimized
with a positive control construct alone might not have been
suitable for amplifying the sequence in the presence of
genomic DNA. The low sensitivity encountered in detecting a

targeted gene by PCR and possible explanations were
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described by Kim et al.(1991) and Nitschke et al.(1993). a
PCR fragment of >1.0 kb is often difficult to amplify
reproducibly, even various primers and MgCl, concentrations
were tried. To date PCR has not been used widely to detect a
targeted gene. Thig isg probably due to the difficulty in
optimizing the PCR conditions. Although PCR detection is
faster, the choice of PCR ag a detection method could also
influence the design of the targeting vector because it would
limit the size of at least one of flanking genomic fragments.
While Southern blot hybridization is much more time-
consuming, it would appear from the literature still to be
the main method for screening of homologous recombinants at

present (DeChiara et al., 1991; Hasty et al., 1993).

The homologous recombination experiment is based on the
observation that DNA transfected into cells can homologously
recombine with their endogenousg chromosomal
equivalents (Smithies et al., 1985). The frequency of such
homologous recombination events is extremely low so that it
is essential to employ a sensitive screening methods to
detect the cells in which homologous recombination events
occurred. The positive-negative selection protocol makegs it
possible to screen homologous recombinants from among over 107
cellsg. In the targeting experiment 3 and 4, 1.1x107 and
1.2x107 cells were‘electroporated and doubly selected with
G418 and ganciclovir. The frequency of homologous

recombination events was 0.3% after double selection in this
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study. It has been reported in the literature that the
frequency of homologous recombinants of colonies with both
G418 and Ganciclovir resistance is between 0.1% to
10% (Tybulewicz et al., 1991; Mansour et al., 1988). In this
study, ES cells and genomic DNA library were derived from
different mouse strains. This could account for the low
frequencies since using DNA from the same mouse strain
increases recombination frequencies because of greater
homology. The small size of the 5' and 3' fragments of
targeting vector probably have an impact on recombination
frequencies, because the greater the length of the sequence
homology, the greater the recombination freqguencies. Thus,
the distances flanking the mutational insertion in the

targeting vector should be maximized (Mansour et al., 1988).

In the process of double selection, the major problem is
the growth of false positive colonies from the ganciclovir
selection. The electroporated ES cell DNA was analyzed by
Southern blotting hybridization with the HSV-TK probe at the
beginning of this study. Most of the ES cells contained the
TK gene. The reason that ganciclovir did not kill these cells
was possibly that the TK gene was not expressed in these
cells for unknown reasons or that the concentration of
ganciclovir was not sufficient to kill these cells. To get a
better selection, ﬁhe addition of ganciclovir to transfected
cells was delayed to prevent killing of cells which expressed

its TK from non-integrated plasmid. The concentration of
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ganciclovir was also increased from 2 nM to 10 nM. The
effects of those modification on selection remain to be

further investigated.

Gene deletion by homologous recombination in eukaryotic
cells was first used to create germ-line containing targeted
disruption in the B-globin gene in 1985(Smithies et al.).
Since then it has been widely used to study specific gene
biological functions and has turned out to be one of the most
exciting areas of gene research(Nandi et al., 1988; Stanton
et al., 1990; DeChiara et al., 1991; Liu et al., 1993). as
mentioned in a previous section, this technology is also
being used to study the pysiological role of IGF and IGFBP
family (Dechiara et al., 1990; 1991; Liu et al., 1993; wood et
al., 1993). In this thesis T have developed the targeting
construct and generated an ES cell line carrying a disrupted
IGFBP-1 gene. The next stage of this project is to transfer
the our genetically modified ES cell line into the mouse germ
line. Undifferentiated ES cells will be injected into mouse
blastocysts in which they participate in the formation of all
tissueg, including reproductive germ tissue. These mice can
then be breed as to develop a strain of mice which is deleted
for this gene. The ability to make Cransgenic mice with
mddified ES cells will make it possible to study the effects
of a deficiency fér IGFBP-1 in vivo. Colleagues in this
laboratory are also examining transgenic mice which

overexpress IGFBP-1. These two approaches should provide

65



insights into the physiological role of the IGFBP-1 in

embryonic development and growth.

66



References

Angervo M, Koistinen R, Suikkari AM, Seppala M. Insulin-like
growth factor binding protein-1 inhibits the DNA
amplification induced by insulin-like growth factor I in

human granulosa-luteal cells. Human Reprod 6:770-773,1991.

Baxter RC, Martin JL, Wood MH. Two immunoreactive binding
proteins for insulin growth factors in human amniotic fluid:
Relationship to fetal maturity. J Clin Endocrinol Metab

65:423-431,1987.

Bell SC, Jackson JA, Ashmore J, Zhu HH, Tseng L. Regulation
of insulin-like growth factor binding protein-1 synthesis and
secretion by progestin and relaxin in long term cultures of
human endometrial stromal cells. J Clin Endocrinol Metab.

72:1014-1024, 1991.

Bohn H, Kraus W. Isolierung and charakterisierung eines neuen
plazentaspezifischen proteins (PP12). Arch Gynecol 229:279-

291; 1980.

Brewer MT, Stetler GIL, Squires CH, Thompson RC, Busby WwWH,
Clemmons DR. Cloning, characterization, and expression of a
human insulin-like growth factor binding protein. Biochem.

Biophys. Res. Commun. 152:1289-1297,1988.

67



Brinkman A, Groffen C, Kortleve DJ, Geurts van Kessel 3, Drop
SLS. Isolation and characterization of & CDNA encoding the
low molecular weight insulin-like growth factor binding

protein(IBP-1). EMBO J 7:2417-2423,1988.

Brinkman A, Groffen C, Kortleve DJ, Drop SLS. Organization of
the gene encoding the insulin-like growth factor binding
protein IBP-1. Biochem. Biophys. Res. Commun.

157:898-907,1988.

Brinkman A, Kortleve DJ, Schuller AGP, Zwarthoff EC, Drop
SLS. Site-directed mutagenesis of the N-terminal region of
IGF binding protein 1; Analysis of IGF binding capacity. FEBRS

lett 291:264-268,1991.

Brismar K, Gutniak M, Povoa G, Werner S, Hall K. Insulin
regulates the 35 KDa IGF binding protein in patients with

diabetes mellitus. J Endocrinol Invest. 11:599-602,1988.

Busby WH, Klapper DG, Clemmons DR. Purification of a
31,000-dalton insulin-like growth factor binding protein from

human amniotic fluid. J Biol. Chemn. 263:14203-14210,1988.

Busby Wh, Snyder DK, Clemmons DR. Radioimmunoassay of a

26,000 dalton plasma insulin-like growth factor-binding

68



protein: control by nutritional variables. J Clin Endocrinol

Metab. 67:1225-1230,1988.

Burch WM, Correa J, Shively JE, Powell DR. The 25 kilodalton
insulin-like growth factor(IGF)—binding protein inhibits both
basal and 1IGF-T mediated growth of chick embryo pelvic

cartilage in vitro. J Clin Endocrinol Metab. 70:173-180,1990.

Cappcchi M. Tapping the cellular telephone. Nature

303:77,1990.

Clemmons DR, Dehoff ML, Busby wH, Bayne ML, Cascieri Ma.
Competition for binding to insulin-like growth factor (IGF)
binding protein-2,3,4 and 5 by the IGFs and IGF analogs.

Endocrinology 131:890-895,1992.

Conover CA, Lamson G, Lee PDK. Hormonal regulation of IGF
binding protein from Hep @2 cultures [Abstract 10057,
Presented at the 71th Annual Meeting of the Endocrine

Society,1989.

Conover CA, Lee PDK. Insulin regulation of insulin-like
growth factor binding protein production in culture Hep G2

cells. J Clin Endocrinol Metab. 70:1062—1067,1990.

Conover CA, Lee PDK, Kanaley Ja, Clarkson JT, Jensen MD.

Insulin regulation of insulin-like growth factor binding

69



protein-1 in obese and nonobese humans. J Clin Endocrinol

Metab. 74:1355-1360,1992.

Conover CA, Divertie GD, Lee PDK. Cortisol increases plasma
insulin-like growth factor binding protein-1 in humans. Acta

Endocrinol 128:140-143,1993.

Cubbage ML, Suwanichkul A, Powell DR. Structure of the human
chromosomal gene for 25 kilodalton insulin-like growth factor

binding protein. Mol Endocrinol 3:846-851,1989.

Daughaday W, Rotwein P. Insulin-like growth factors T and II:
peptide, messenger RNA and gene structures, serum and tissue

concentrations. Endocr Rev. 10:68-91,1989.

Dechiara T, Efstratiadis A, RoOberston E. A growth-deficiecy
phonetype in heterozygous mice carrying an insulin-like
growth factor II gene disrupted by targeting. Nature 345:78-

80,1990.

Dechiara T, Roberston E, Efstratiadis A. Parental imprinting
of the mouse insulin-like growth factor II gene. Cell 64:849-

859,1991.

Degerblad M, Ppovoa G, Thoren M, Wivall IL, Hall K, Lack of

diurnal rhythm of low molecular weight insulin-like growth

70



factor binding protein in patients with Cushing's disease.

Acta Endocrinol (Copenh) 120:195-200,1989.

Drop SLS, Kortleve DJ, Guyda HJ,Posner BI. Immunoassay of a
somatomedin-binding protein from human amniotic fluid: Levels
in fetal, neonatal, and adult sera. J Clin Endocrinol Metab.

59:908-915,1984.

Dugaiczyk A, BoyerH, Goodman H. Lagation of EcoRT
endonuclease generated DNA fragments into linear and circular

strutures. J Mol Biol. 96:174-184,1975

Ekstrand J, Ehrenborg E, Stern I, Stellan B, Zach L, Luthman
H. The gene for insulin-like growth factor binding protein-1
is localized to human chromosomal region 7Tpld-pl2. Genomics

6:413-418,1990.

Elgin RC, Busby JR, Clemmons DR. An insulin growth factor
binding protein enhances the biologic response to IGF-I. Proc

Natl Acad Sci. Usa 84:3254-3258,1987.

Evans MJ, Kaufman MH. Establishment in culture of
pluripotential cells from mouse embryos. Nature 292:154-156,

1981.

Ezzat S, Ren SG, Breunstein GD, Melmed g. Octreotide

stimulates insulin-like growth factor binding protein-1

71



(IGFBP-1) levels in acromegaly. J Clin Endocrinol Metab.

73:441-443,1991.

Ezzat S, Ren sg, Breunstein GD, Melmed g. Octreotide
stimulates insulin-like growth factor binding protein-1:a
potential pituitary-independent mechanism for drug action. J

Clin Endocrinol Metab. 75:1459-1463,1992.

Feinberg A, Vogelstein B. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity.

Anal Biochem. 132:6-13,1983.

Frauman AG, Tsuzaki &, Moses AC. The binding characteristics
and biological effects in FRTLS5 cells of placental
protein-12, an insulin-like growth factor binding protein
purified from human amniotic fluid. Endocrinology 124:2289-

226,1989.

Frost RA, Tseng L. Insulin-like growth factor binding pProtein
-1 is phosphorylated by cultured human endometrial stromal
cells and multiple kinases inp vitro. J Biol Chen.

266:18082-18088,1991 .

Gelato MC, Alexander D, Marsh K. differential tissue
regulation of insulin-like growth factor binding proteins in
experimental diabetes mellitus in the rat. Diabetes

41:1511-1519,1992.

72



Gong Y, Ballejo G, Alkhalaf B, Molnar P, Murphy LC, Murphy
LJ. Phorbol esters differentially regulate the expression of
insulin-like growth factor binding proteins in endometrial

carcinoma cells. Endocrinology 131:2747-2754,1992.

Graubert MD, Goldstein S, Phillips LS. Nutrition and
somatomedin XXVII. Total and free IGF-I and IGF binding
proteins in rats with streptozotocin-induced diabetes.

Diabetes. 40:959-965,1991.

Hilding A, Thoren M, Hall K. The effect of glucagon on serum
IGFBP-1 concentration in GH-deficient patients|[Abstract 98].
Presented at the 2nd international workshop on insulin-like

growth factor binding proteins, 1992.

Hill DJ, Camacho-Hubner C, Rashid P, Strain AJ, Clemmons DR.
Insulin-like growth factor(IGF)-binding protein release by
human fetal fibroblasts: dependency on cell density and IGF

peptides. J Endocrinol. 122:87-98,1989.

Holly JMP, Cotterill AM, Jemmott RC, Shears D, Al-othman g,
Chard T, wWass JAH. Inter-relations between growth hormone,
insulin-like growth factor-1(1G6F-1), IGF-binding protein-1
and sex hormone binding globulin in acromegaly. Clin

Endocrinol 34:275-280,1997 .

73



Jalkanen J, Suikkari AM, Koistinen R, Butzow R, Ritvos 0,
Seppala M, Ranta T. Regulation of human insulin-like growth
factor binding protein-1 production in human granulosa-luteal

cells J Clin Endocrinol Metab. 69:1174-1179,1989.

Jensen MD, Heiling VJ, Miles JM. Effect of glucagon on free
fatty acid metabolism in humans. J Clin Endocrinol Metab.

72:308-315,1991 .

Johnson R, Sheng M, Greenberg M, Kolodner R, Papaioannou vV,
Spiegelman B. Targeting of nonexpressed genes in embryonic
stem cells via homologous recombianation. Science 245:1234-

1236,1989.

Jones JI, D'Ercole AJ, Camacho-Hubner C, Clemmong DR.
Phosphorylation of insulin-like growth factor (IGF) binding
protein-1 in cell culture and in vivo: Effects of affinity

for IGF-I. Proc Natl Acad Sci usa 88:7481-7485,1991 .

Jones JI, Busby WH Jr, Wright G, Clemmons DR. Human IGFRBP-1
is phosphorylated on 3 serine residues: Effects of
site-directed mutagenesis of the major phosphoserine. Growth

Regul. 3:37-40,1993.

Johnson RS, Sheng M, Greenberg ME, Kolodner RD, Papaioannou

VE, Spiegelman BRM. Targeting of non-expressed genes in

74



embryonic stem cells via homologous recombination. Science

245:1234-1236, 1989.

Julkunen M, Xoistinen R, Aalto-Setala K, Seppa M, Janne 0Aa,
Kontula K. Primary structure of human insulin-like growth
factor binding protein/placental protein 12 and tissue

specific expression of its MRNA. FEBS lett 236:295-302, 1988,

Kim HS, Popovich BwW, Shehee WR, Shesely EG, Smithies 0.
Problems encountered in detecting a targeted gene by the

polymerase chain reaction. Gene 103:227-233, 1991.

Koistinen R, Kalkkinen N, Huhtala M-L, Seppala M, Bohn H,
Rutanen E-M. Placental protein 12 is a decidual protein that
binds somatomedin and has an identical N-terminal amino acid
sequence with somatomedin-binding protein from human

amniotic fluid. Endocrinology 118:1375-1378,1986.

Koistinen R, Itkonen O, Selenius P, Seppala M. Insulin-like
growth factor binding protein-1 inhibits the binding of IGF-T
on fetal skin fibroblasts but stimulates their DNA synthesis.

Biochem Biophys Res Commun 173:408-415,1990.

Lee Y-L, Hintz RL, James PM, Lee PDK, Shively JE, Powell DR.
Insulin-like growth factor (IGF) binding protein complementary
deoxyribonucleic acid from human HEP G2 hepatoma cells:

Predicted sequence suggests an IGF binding domain different

75



from those of the IGF-T and IGF-IT receptor. Mol Endocrinol

2:404-411,1988.

Lee PDK, Conover CA, Powell DR. Regulation and function of
insulin-like growth factor-binding protein-1. Proc Soc Exp

Biol Med. 204:4-29, 1993,

Lee PDK, Jensen MD, Divertic GD, Heiling VJ, Katz HH, Conover
CA Insulin-like growth factor binding protein-1 response to
insulin during suppression of endogenous insulin secretion.

Metabolism 42:409-414, 1993.

Lewitt MS, Baxter RC. Regulation of growth
hormone-independent insulin-like growth factor binding
protein(BP-28) in cultured human fetal liver explants. J Clin

Endocrinol Metab. 69:246-252,1989.

Lewitt MS, Baxter RC. Inhibitors of glucose uptake stimulate
the production of insulin-like growth factor binding
protein(IGFBP-1) by human fetal 1liver. Endocrinology

126:1527-1533,1990.
Lewitt MS, Denyer GS, Cooney GJ, Baxter RC. Insulin-like

growth factor binding protein-1 modulates blood glucose

levels. Endocrinology 129:2254-2256,1991.

76



Lewitt Mg, Saunders H, Baxter RC. Regulation of rat
insulin-like growth factor binding protein-1: the effect of
insulin-induced hypoglycemia. Endocrinology 131:2357-2364,

1992.

Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A.
Mice carrying null mutations of the genes encoding insulin-
like growth factor I(IGF-I) and type 1 IGF receptor. Cell

75:59-72,1993.

Liu L, Brinkman A, Blat C, Harel 1.. IGFBP-1, an insulin-like
growth factor binding protein, is a cell growth inhibitor.

Biochem Biophys Res Commun 174:673-679,19917.

Lonning PE, Hall K, Aakvaag A, Lien Ea. Influence of
tamoxifen on plasma levels of insulin-like growth factor I
and insulin-like growth factor binding protein-1 in breast

cancer patients. Cancer RES 52:4719-4723,1992 .

Luo J, Reid RE, Murphy LJ. Dexamethasone increases hepatic
insulin-like growth factor binding protein-1(IGFBP-1) mRNA
and serum IGFBP-1 concentration in the rat. Endocrinology

127:1456-1462, 1990.

Luthman H, Soderling-Barros J, Persson B, Engberg C, Stern T,

Lake M, Hall K, Jornvall H. Human insulin growth factor

77



binding protein. ILow molecular magg form: Protein sequence

and cDNA cloning. Eur J Biochem 180:259—265, 1989,

factor binding Protein-1 concentration., Ferti Steri;

58:543-546,1997 .

Martin GR, Isolation of g Pluripotent cell line fron early
mouse embryog Cultured ip medium conditioned by

teratocarcinoma stem cells. Proc Natl Acad Sci. usa. 78:7634-

7636, 1981.

Murphy LJ, Seneviratne C, Ballejo G, Croze F, Kennedy 7.
Identification and characterization of a rat decidual
insulin—like growth factor binding protein-1 c¢DNa. Mol

Endocrinol 4:329~336,1990.

78



Murphy LJ, Seneviratne C, Moreira P, Reid RE. Enhanced
expression of insulin-like growth factor binding protein-1 in
the fasted rats: The effects of insulin and growth hormone

administration. Endocrinol. 128:689-696,1991 .

Murphy LJ, Barron DJ. The IGFs and their binding proteins in

murine development. Mol Repro & Dev. 35:376-381, 1993.

Murphy LJ, Barron DJ, Seneviratne C. Hormonal regulation of
insulin-like growth factor binding protein-1 expression and
the development of transgenic mouse models to study IGFBP-1
function. Molecular Biology and Physiology of Insulin and
Insulin-like rowth Factor. 2nd Edition. New York. In press.

1993.

Nandi A, Roginski R, Gregg R, Smithies O, Skoultchi Aa.
Regulated expression of genes insertegd at the human
chromosomal beta-globin locus by homologous

recombination. Proc Natl Acad Sci. U.S.A. 85:3845-3849, 1988.

Nitschke I, Kopf M, Lamers MC. Quick nested PCR screening of

ES cell clones for gene targeting events. BioTechnigues

14:914-915, 1993,

Oh Y, Beukers MW, Pham HM, Smanik PA, Smith MC, Rosenfeld RG.
Altered affinity of insulin-1like growth factor IT (IGF-ITI)

for receptors and IGF-binding proteins, resulting from

79



limited modifications of the IGF~-IT molecule. Biochem J

278:249-254,1991 .

Ooi GT, Orlowski CC, Brown AL, Becker RE, Unterman TG,
Rechler MM. Different tissue distribution and hormonal
regulation of messenger RNAs encoding insulin-like growth
factor binding protein-1 and -2. Mol Endocrinol 4:321-328,

1990.

Ooi GT, Tseng LYH, Tran MQ, Rechler MM. 1Insulin rapidly
decreases insulin-like growth factor binding protein-1 gene
Cranscription in streptozotocin-diabetic rats. 6:2219-~

2228,1992.

Orlowski CC, 0Ooi GT, Rechler MM. Dexamethasone stimulates
transcription of insulin-like growth factor binding protein-1
gene in HAIIE rat hepatoma cells. Mol Endocrinol

4:1592-1599,1990.

Orlowski CC, Ooi @T, Brown DR, Yang YWH, Tseng LYH, Rechler
MM. Insulin rapidly inhibits insulin-like growth factor
binding protein-1 gene expression in HA4TIE rat hepatoma

cells. Mol Endocrinol 5:1180-1187,1991 .

Pekonen F, Nyman T, Lahteenmaki P, Maukkamaa M, Rutanen EM.

Intrauterine progestin induces continuous insulin-like growth

80



factor binding protein-1 production in the human endometrium.

J Clin Endocrinol Metab. 75:660-664,1992.

Povoa G, Enberg G, Jornvall H, Hall K. Isolation and
characterization of a somatomedin-binding protein from mid-

term human amniotic fluid. Eur J Biochem 144:199-204,1984.

Povoa G, Isaksson M, Jornvall H, Hall K. The somatomedin
binding protein isolated from a human hepatoma cell line igs
identical to human amniotic fluid somatomedin-binding

protein. Biochem Biophys Res Commun 128:1071-1078,1985.

Powell DR, Suwanichkul A, Cubbage ML, DePaolis LA, Snuggs MB,
Lee PDK. Insulin inhibits Cranscription of the human gene for
insulin-like growth factor binding protein-1. J Biol Chemn.

266:18868-18876,1991.

Powell DR, Lee PDK, DePaolis LA, Morris g, Suwanichikul A.
Dexamethasone stimulates expression of insulin-like growth
factor binding protein-1 in Hep G2 human hepatoma cells.

Growth Regul. 3:11-13,1993.

Price WA, Stiles AD, Moats-Staats BM, D'Ercole AJ. Gene
expression of insulin-like growth factor(IGFs), the type T
IGF receptor, and IGF-binding proteins in dexamethasone

induced fetal growth retardation. Endocrinology

130:1424-1432,1990.

81



Ren SG, Ezzat S, Melmed S, Braunstein GD. Somatostatin analog
induces insulin-like growth factor binding protein-1
(IGFBP-1) expression in human hepatoma cells. Endocrinology

131:2479-2481.1992.

Ritvos O, Ranta T, Jalkanen J, Suikkari AM, Voutilainen R,
Bohn H, Rutanen EM. Insulin-like growth factor (IGF) binding
protein from human decidua inhibits the binding and
biological action of IGF-T in cultured choriocarcinoma cells.

Endocrinology 122:2150-2157,1988.

Sanger F, Niklen S, Coulson AR. DNA sequencing with
chain-terminating inhibitors. Proc Nat Acad Sci USA

74:5463-5467,1977.

Schofield P. The insulin-like growth factors: structure and
biological functions (Oxford, England:0xford University

Presg). 1992,

Sedivy J, Sharp P. Positive genetic seletion for gene
disruption in mammalian cells by homologous recombination.

Proc Natl Acad Sci. USA. 86:227-230,1989.

Sevenirante C, Luo J, Murphy LJ. Transcriptional regulation
of rat insulin-like growth factor binding protein-1
expression by growth hormone. Mol Endocrinol. 4:1199-1204,

1990.

82



Singh A, Hamilton-Fairley D, Koistinen R, Seppala M, James
VH, Franks S, Reed MJ. Effect of insulin-like factor type
I(IGF-I) and insulin on the secretion of sex hormone binding
globulin and IGF-TI binding protein(IBP-1) by human hepatoma

cells. J Endocrinol. 124:R1-3,1990.

Smithies O, Gregg R, Boggs S, Koralewski M, Kucherlapati R.

Insertion of DNA seqguences into the human chromosomal

B-globin locus by homologous recombination. Nature 317:230-

234;1985.

Sneyers M, Kettman R, Massart S, Renaville R, Burny A,
Portetelle D. Cloning and characterization of a cDNA encoding
the bovine insulin like growth factor binding protein-1. DNA

Sequence !:407-408; 1991.

Southern EM. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J Mol Biol.

98:503-517; 1975.

Stanton B, Reid S, Parada L. Germ line transmission of an
inactive N-myc allele generated by homologous recombination
in mouse embryonic stem cells. Mol Cell Biol. 10:6755-
6758;1990. |

truhl K. A rapid method for creating recombinant DNA

molecules. Biotechniques 3:452-453,1985.

83



Suikkari AM, Koivisto VA, Rutanen EM, YKI-Jarvinen H, Karonen
SL, Seppala M. Insulin regulates serum levels of low
molecular weight insulin-like growth factor binding protein.

J Clin Endocrinol Metab. 66:266-274,1988.

Suwanichkul &, DePaolis LA, Lee PDK, Powell DR.
Identification of promoter element which participates in
CAMP-stimulated expression of human insulin-like growth

factor binding protein-1. J Biol Chem.268:9730-9736,1993.

Thomas K and Capecchi M. Site-directed mutagenesis by gene
targeting in mouse-embryo-derived stem cells. Cell 51:503-

512,1987.

Tapanainen J, Ronnberg L, martikainen H, Reinila M, Koistinen
R, Seppala M. Short and long term effects of growth hormone
on circulating levels of insulin-like growth factor-I(IGF-I),
IGF-binding protein-1 and insulin: a placebo controlled

study. J Clin Endocrinol Metab. 73:71-74,1991,

Thraikill KM, Clemmons DR, Busby WH Jr, Handwerger g.
Differential regulation of insulin-like growth factor binding
protein secretion from human decidual cells by 1IGF-1I,

insulin, and relaxin. J Clin Invest. 86:878-883,1990.

84



Tybulewicz VLJ, Crawford CE, Jackson PK, Bronson RT, Mulligan
RC. Neonatal 1lethality and lymphopenia in mice with a
homologous disruption of the c¢-abl proto-oncogene. Cell

65:1153-1163, 1991,

Unterman TG, Oehler DT, Becker RE. Identification of a type-I
insulin-like growth factor binding protein(IGFBP) in serum
from rats with diabetes mellitus. Biochem Biophys Res Commun.

163:882-887,1989.

Unterman TG, Patel K, Mahathre VK, Rajamohan G, Oehler DT,
Becker RE. Regulation of low molecular weight insulin-1ike
growth factor binding proteins in experimental diabetes

mellitus. Endocrinology 126:2614-2624,1990.

Unterman TG, Oehler DT, Murphy LJ, Lacson RG. Multihormonal
regulation of insulin-like growth factor binding protein-1 in
rat H4IIE hepatoma cells: the dominant role of insulin.

Endocrinology 128:2693-2701,1991.

Unterman TG, Lacson RG, Jentel JJ, oOehler DT. Divergent
effects of phorbol esters and insulin on insulin-like growth
factor binding protein-1(IGFBP-1) production and mRNA in rat
H4ITIE hepatoma cells. Biochem Biophys Res Commun 182:262-

268,1992.

85



Villafuerte BC, Goldstein S, Robertson DG, Pao CI, Murphy LJ,
Phillips LS. Molecular regulation of IGFBP-1 in hepatocyte

primary culture. Diabetes 41:835-842,1992,

Waites GT, James RFL, Bell SC. Human ‘pregnancy-associated
endometrial B-globulin®, an insulin-like growth factor
binding protein: Immunohistological localization in the
decidua and placenta during pregnancy employing monoclonal

antibodies. J Endocrinol 120:351-357,1989.

Waites GT, James RFL, Walker RA, Bell SC. GHuman
‘Pregnancy-associated endometrial B-globulin®, a 32 kDa
insulin-like growth factor—binding protein:
Immunohistological distribution and localization in the adult

and fetus. J Endocrinol 124:333-339,1990.

Williams RL, Hilton DJ, Pease S, Willson Ta, Stewart CL,
Gearing DP, Wagner EF, Metcalf D, Nicola NA, Gough NM.
Myeloid 1leukemia inhibitory factor maintains the
developmental potential of embryonic stem cells. Nature

336:684-687,1988.

Wood T, Rogler R, Streck J, Cerro J, Green B, Grewal A,
Pintar J. Targeted disruption of IGFBP-2 gene. Growth

Regulation 3:5-8,1993.

86



Yeoh SI, Baxter RC. Metabolic regulation of the growth
hormone independent insulin-like growth factor binding

protein in human plasma. Acta Endocrinol 119:465-473,1988.

87



