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Hereditary Hemorrhagic Telangiectasia (HHT) is an autosomal dominant disorder
that occurs once in every 8,000 people. It is characterized by epistaxis, telangiectases and
arterioveneous malformations. These symptoms are highly variable with clinical
manifestations varying even among members of the same family. There are two major
distinct types of HHT caused by different genes in the human genome: HHT1, which is
caused by endoglin (ENG), and HHT2 which is caused by activin receptor-like kinase-1
(ALK1). Both are plasma membrane receptors involved in the transduction of
transforming growth factor β (TGF- β) signals which regulate the synthesis of
perivascular matrix proteins and differentiation and recruitment of periendothelial cells
during vascular development. Restricted expression of ALK1 in arterial endothelium
suggests that ALK1 may play a pivotal role in the maturation and stabilization of arterial
vessels. ALK1-deficiency in mice resulted in embryonic lethality, with severe dilation of
large blood vessels and excessive fusion of capillaries. Impairment in the recruitment or
differentiation of vascular smooth muscle cells was also observed in these mice. With

vii

these data we hypothesized that ALK1 is essential for the morphogenetic development of
arterial vessels (arteriogenesis). The goal of this thesis is to investigate whether ALK1
signaling is sufficient for arteriogenesis. The approach taken was to overexpress the
ALK1 gene in the entire vascular endothelium including veins in transgenic mice, using a
pan-endothelial cell promoter, the Tie2 regulatory sequence. Two independent transgenic
lines have been generated and characterized. Transgene-positive mice from both lines
were viable and no apparent vascular malformations were detected, indicating that
overexpression of wild-type Alk1 gene is insufficient to cause transmorphogenesis of
veins to artery-like vessels. However, this transgenic approach has a number of
limitations to conclude for the role of ALK1 signaling in arteriogenesis: first, the wildtype ALK1 may require proper stimulation by its ligand and presence of essential Type II
receptor; second, the transgene expression varies by the copy number and insertion
location in the chromosome; third, the Tie2 (M) promoter/enhancer element that we used
may not be strong enough to produce a robust expression. To overcome these potential
deficiencies, we modified our approaches as follows. For ligand and type II receptor
dependency, we decided to use a constitutive active form (always active) of Alk1 cDNA
(caAlk1). For the issues of robust expression as well as dependency of the copy number
transgene insertion site, we decided to target the Rosa26 locus with caAlk1. This caAlk1
expression will be activated by crossing the Rosa26-caAlk1-knockin mice with known
Cre transgenic mice, such as Tie1-Cre, Flk1-Cre or Alk1-Cre. The Rosa26-caAlk1knockin targeting vector has been successfully generated.
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CHAPTER 1
INTRODUCTION
Hereditary Hemorrhagic Telangiectasia (HHT) or Rendu-Osler-Weber syndrome
is an autosomal dominant disorder characterized primarily by epistaxis (spontaneous and
recurrent nosebleeds), telangiectases (dilation of blood vessels creating small red spots)
and arterioveneous malformations (AVMs). Telangiectasis is a vascular lesion caused by
direct connections of arterioles and venuoles without intervening capillaries, and often
found in the mucosal layer of skin of HHT patients. Large AVMs occur in the internal
organs such as the lung, liver, brain and gut of the body. A minimal prevalence rate of
HHT is estimated to be one in 8,000 (1). Some of the most devastating consequences of
this disease result from cerebral vascular malformations. These become evident as either
arteriovenous fistulae (AVF), small nidus-type AVMs (places where disease lodges and
multiplies) or micro-AVMs with a nidus less than 1 cm in size (1).
Clinical Manifestations
People with HHT have a wide range of symptoms and there exists great
variability of clinical manifestations between families and even among members of the
same family. A spontaneous recurrent nosebleed from telangiectasis in the nasal mucosa
is the most common sign in more than 90% of HHT patients. The severity and frequency
of nosebleeds generally increase with age and can lead to chronic anemia and ultimately
require blood transfusion. Telangiectases can also develop in the gastrointestinal tract,
particularly in the stomach and small bowel of older patients, usually in their fifth or sixth
decades of life. Liver involvement is now more widely recognized and reported in up to
1
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40% of HHT patients. It is usually asymptomatic in up to 50% of the affected individuals
and is due to the presence of multiple intrahepatic telangiectases that lead to formation of
shunts between the major vessels of the liver (2). A significant number of HHT patients
also have AVMs in the pulmonary and cerebral/spinal circulation. Pulmonary AVMs
(PAVMs) have been reported in up to 50% of patients and are due to a direct connection
between pulmonary artery and vein. This left-to-right shunting of blood by a PAVM can
lead to hypoxemia, stroke and brain abscess. Cerebral AVMs (CAVMs), aneurysms or
cavernous angiomas can lead to seizures and life threatening or disabling hemorrhagic
stroke (3).
Molecular Genetics of HHT
The pathogenic mechanisms involved in the development of the malformed
vessels in HHT are of interest to scientists and clinicians alike. There are two distinct
locations for HHT genes within the human genome, HHT1, which maps to chromosome
9, is shown to encode the type III TGF- β coreceptor endoglin (ENG). The HHT2 locus,
which maps to chromosome 12, is shown to be a gene that encodes a further member of
the TGF- β superfamily of cytokines, known as activin receptor-like kinase-1 (ALK1)
(1). It is a mutation in the normal expression of either gene that is the cause of the
abnormal vasculature leading to HHT. The majority of ENG and ALK1 mutations appear
to lead to a loss of function. As an autosomal dominant condition, the presence of a
heterozygous mutant allele appears sufficient to predispose to the development of the
classic vascular anomalies seen with HHT. However, these are site specific rather than
generalized, suggesting that other events, either genetic or environmental, are necessary
to switch the normal equilibrium of vascular cells from a maintenance state. To date, no
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specific evidence for a second genetic hit of either gene has been brought forward but it is
a suspected mechanism.
Expression studies in human umbilical vein endothelial cells and peripheral blood
monocytes have confirmed haploinsufficiency as the mechanism in both main forms of
HHT. The identification and characterization of mutations in HHT patients revealed
extensive molecular heterogeneity (5). As a result of different selection criteria,
populations and detection methods for the mutation analysis, different groups report
different mutation detection rates. ENG has 14 exons and occupies 30 kb and to date, 114
mutations have been reported and the distribution of these mutations in the gene is shown
in figure 1 (6). ALK1 is made up of 10 exons and spans more than 15 kb of genomic
DNA. ALK1 mutations are distributed over the entire coding region with exons 3, 7, and
8 being most frequently affected with a total of 80 mutations (6). (Figure 2) When the
possible founder effects are excluded, the percentage of ENG (53%) and ALK1 (47%)
mutations causing HHT is almost the same (5).

Figure 1: Schematic of the genomic structure of ENG showing location of meditations
TGF-β Signaling
Endoglin and activin receptor-like kinase-1 are plasma membrane-bound
receptors involved in the transduction of transforming growth factor β (TGF- β) signals
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Figure 2: Schematic of the genomic structure of ALK1 showing location of meditations

which regulate the synthesis of perivascular matrix proteins and differentiation and
recruitment of periendothelial cells during vascular development. This pathway also
regulates many other biological processes as well as inhibiting proliferation, stimulation
of extracellular matrix deposition, and modulation of the immune response, therefore
TGF- β signaling has been linked to various diseases such as cancer, pulmonary and liver
fibrosis, autoimmune diseases and vascular disorders (6). Although ENG and ALK1 can
potentially be expressed in many different cells, transcripts from both ENG and ALK1
are expressed predominantly in vascular endothelial cells. The general and most studied
model of TGF- β signaling requires ligand binding to its cell surface type II receptor
which will self phosphorylate the intracellular kinase domain at serine and threonine
residues, located in the cytoplasmic GS-domain. This process enables recruitment of the
type I receptor into the activated complex, and once activated, the type I receptor
phosphorylates members of the Smad family of intracellular mediators, which act as cell
type-specific transcription factors. Specificity of the response is determined by the
components of the cascade that are activated. (Figure 3) For example, interaction of the
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type I receptor ALK1 leads to phosphorylation of receptor Smad 1, 5, and 8. Less well
characterized Smad independent pathways, together with Smad dependent processes,
may be further regulated by the expression of type III receptors such as ENG (8).

TGF-β Signaling Pathway

TβR-II
ActRIIA
ActRIIB p
BMPRII II
MIS-II

p
ALK1-7

I
Smads

Gene Regulation

Figure 3: Schematic representation of the TGF- β signal transduction pathway.
Endoglin
ENG is a type III (nonsignaling) TGF- β coreceptor (9). ENG binds different
members of the TGF- β superfamily in the presence of the signaling receptors types I and
II (10). Human ENG is a homodimeric transmembrane glycoprotein constitutively
expressed at high levels on endothelial cells of capillaries, veins and arteries. It has been
postulated that endoglin might also have the ability to recruit other Smads or downstream
second messengers into the signaling complex. Because ENG facilitates signaling by
growth factors it is plausible that a mutation in ENG could alter the constraints placed on
growth of endothelial cells and smooth muscle cells, therefore stimulating vessel
expansion as seen in HHT (11). Studies have shown that targeted inactivation of the
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endoglin gene results in vascular and cardiovascular defects in early mouse embryos.
From embryonic day 9.0, the primitive vascular plexus of the yolk sac fails to form
mature structures leading to vessel dilation, rupture and hemorrhage. The vasculature of
the ENG null embryos is also very fragile and bleeds, demonstrating a crucial role for
ENG in remodeling and sprouting required for angiogenesis. Angiogenesis refers to the
process of neovascularization by sprouting from preexisting blood vessels. Heart defects
are also observed in ENG null mice. Cushion tissue formation, essential for valve
development and heart septation, does not occur and pericardial edema is observed.
These vascular developmental anomalies lead to death at embryonic day 10–10.5 (12).
Activin Receptor-like Kinase-1
In the TGF- β pathway, there are currently seven type I receptors identified and
designated as activin receptor-like kinase (ALK) 1 to 7. The ligand specificity of these
ALKs has been determined primarily by their ability to bind to a given ligand and to
activate specific downstream genes in the presence of corresponding type II receptors.
ALK1 is able to bind to TGF-ß1 or activins in the presence of either TβR-II or activin
type II receptors, respectively (13). Restricted expression of ALK1 in the arterial
endothelium suggests that ALK1 may play a pivotal role in the maturation and
stabilization of arterial vessels. It has been shown by Oh et al that ALK1-deficiency in
mice results in embryonic lethality, with severe dilation of large blood vessels and
excessive fusion of capillaries. Impairment in the recruitment or differentiation of
vascular smooth muscle cells also being observed in these mice (14).
Role of ALK1 in Arterialization and Vascular Remodeling
The structure of arteries and veins is designed to fulfill the pressure requirements
of directional blood flow. The disruption of this network can have devastating
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consequences (15). Recent identification of genes that are differentially expressed in
arteries over veins reveals information about the mechanisms determining arterial and
venous vessel formation. These genes include notch ligand Dll4, basic helix-loop-helix
transcription factor gridlock, and membrane-bound ligand ephrin-B2. It was shown that
gridlock favors the differentiation of common angioblasts to prearterial angioblasts
(16,17). Notch signaling, which is associated with cell fate determination through lateral
specification, may also be involved in the differentiation of arterial versus venous
endothelium (18). Membrane-bound ephrine-B2 and its receptor EphB4 (putative
receptor for ephrine-B2) show restricted expression in arteries and veins, respectively,
and their bidirectional interactions are required for proper angiogenesis (12).
Various physiological factors, such as blood flow (shear stress) or pressure (cyclic
strain), have been shown to trigger the remodeling of blood vessels, which involves the
synthesis of extracellular matrix proteins and the proliferation of vascular smooth muscle
cells. Induced ALK1 expression in preexisting feed arteries distant from the wound and
tumor during wound healing and tumorigenesis, as well as in the small mesenteric
arteries corresponding to the increase of blood flow, suggest that ALK1 signaling is also
involved in the vascular remodeling of arteries. Findings by Oh et al are consistent with
the findings that TGF- β and ALK1 expression was elevated in the pulmonary vessels
with increased blood flow, and that increased TGF- β1 mRNA and protein from
endothelial cells were stimulated by laminar shear stress (14).
The exact revealing event or trigger for the formation of vascular abnormalities in HHT
patients is not yet identified. One theory is that the expression of familial diseases such as
the development of an arteriovenous malformation in HHT requires a second hit to
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inactivate the normal copy of a gene. The fact that nosebleeds and mucocutaneous
telangiectasis in the eyes and lips are the most common symptoms among variable
disease manifestations of HHT is suggestive of this second hit theory (1). However, a
more recent hypothesis, hypoxia, has come into light and its basis is on new data on the
regulation of ENG gene expression. Hypoxia causes an increase in expression of ENG
mRNA and protein in human endothelial and monocytic cell lines. In addition, when
these same cell lines are treated with TGF- β and cultured under hypoxic conditions, a
synergistic effect on ENG expression is observed. Since hypoxia and TGF- β have a
similar effect on VEGF expression in human endothelial cells and because VEGF plays
an important role in the promotion of angiogenesis, hypoxia appears to be a valid reason
for the trigger of vascular remodeling that occurs in HHT patients. Although this theory
is appealing, it still leaves some questions open, such as, why hypoxia would lead to a
different expression depending on the time of the revealing trigger, why no de-novo
lesions appear, and why only the venous site is affected (3).
The purpose of this study has been to investigate whether Alk1 signaling is
sufficient for arteriogenesis. It has been shown by Oh et al that deletion of ALK1 shows
embryonic lethality, hyperdilation of large blood vessels, excessive fusion of capillaries
and impairment in recruitment of vascular smooth muscle cells to which they could
conclude that ALK1 plays an important role in vascular development. More specifically
my hypothesis is that ALK1 may play an important role in arteriogenesis and the
remodeling of arteries. My approach involved overexpression of the ALK1 gene in the
entire vascular endothelium including veins in transgenic mice, using a pan-endothelial
cell promoter, the Tie2 regulatory sequence. However, this transgenic approach had a
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number of limitations to conclude for the role of ALK1 signaling in arteriogenesis:
including ligand and type II receptor dependency by wild-type ALK1, the transgene
expression variation by the copy number and insertion location in the chromosome and,
the Tie2 (M) promoter/enhancer element not being strong enough to produce a robust
expression. To overcome these potential deficiencies, the approach was modified as
follows. For ligand and type II receptor dependency, a constitutive active form (always
active) of Alk1 cDNA (caAlk1). For the issues of robust expression as well as
dependency of the copy number transgene insertion site, we decided to target the Rosa26
locus with caAlk1. This caAlk1 expression will be activated by crossing the Rosa26caAlk1-knockin mice with known Cre transgenic mice, such as Tie1-Cre, Flk1-Cre or
Alk1-Cre.

CHAPTER 2
MATERIALS AND METHODS
Generation of Tie2-ALK1 Transgenic Mice
The construct was done by Jihye Yun at the University of Florida College of
Medicine. The full length murine ALK1 cDNA was obtained by joining the previously
isolated partial mALK1 cDNA and an EST clone. DNA sequence analysis confirmed the
full length mALK1 cDNA. The Flag tag was added at the C-terminal end using PCR
based modification. The 3’ Primer contained the coding sequence of the last 5 amino
acids of ALK1, a flag tag and a stop codon. An in vitro translation experiment using TNT
Quick Coupled Transcription/ Translation System (Promega) was done to test for the
Alk1 protein product from the mAlk1-Flag sequence. For uniform endothelium
expression of ALK1, the Tie2 promoter and enhancer element from Dr. Thomas Sato at
the University of Texas Southwestern Medical School was used. Two transgene vectors
were engineered and designated Tie2 (M)-ALK1 and Tie2 (F)-ALK1, both contained the
Tie2 promoter and mALK1-Flag followed by SV40 polyA signal. The Tie2 (F) enhancer
has more consistent and uniform expression during postnatal stages but since the
immediate goal is to test whether ALK1 is sufficient for arteriogenesis either would
suffice. The transgenic mice were generated using standard methods by the transgenic
core with Tie2(M)-ALK1 at the University of Florida College of Medicine. The
offsprings were screened by genomic PCR analysis using primers from a primer set from
two exons that would distinguish from the transgene Alk1 and genomic ALK1 and 2
mice were identified as positive for the transgene.
10
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Staining
Adult mice were dissected with removal of the lungs, spleen and kidney which
were fixed in 4% formaldehyde. The spleen samples were serially dehydrated and then
paraffin wax embedded. Samples were sectioned at 7 µm thickness and placed on glass
slides. For H&E staining, sections were rehydrated and then stained in hematoxylin for 6
minutes and eosin for 2 minutes. For immunohistochemistry, sections were
deparaffinized and hydrated and treated with 3% hydrogen peroxide for 10 minutes. The
Antibodies used to identify specific proteins were monoclonal anti-smooth muscle αactin (Sigma) and anti-flag (Sigma) using vectastain immunohistochemical staining kits.
(Vector Laboratory, CA, USA)
Dye Injection
Adult mice were injected with 0.5 ml of avertin, and then their chest cavities were
opened with an incision in the right atrium. Two units of heparin in PBS were perfused
through the left ventricle followed by 1 mL of blue latex dye using steady pressure. The
spleens were removed for microscopic examination and cleared with organic solvent.
Western Blotting
Tissues of interest were homogenized on ice in 500µL of sample buffer (62.5 mM
Tris-Cl (pH 6.8), 2.5% SDS, 0.1% bromophenol blue, 1% 2 Beta-mercaptoethanol, 10%
glycerol) followed by the sonic dismembraner. Lysates were centrifuged at 14,000 x g for
5 minutes and the pellet discarded. Cleared cell lysates were boiled at 100 degrees for 10
minutes. Analysis by electrophoresis was done in 12% SDS-PAGE gel and then the
proteins were electrotransferred to nitrocellulose membranes and soaked in blocking
solution (PBT, 5% skim milk, 2% BSA) incubating in 4 degrees overnight.
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Immunodetection was done by anti-flag antibody (1:1000, Sigma) and membranes were
developed by chemiluminescence for 5 minutes. (Supersignal, Pierce)
Reverse Transcription PCR
RNA was extracted using Trizol reagent (Invitrogen) and Dnase I treated. First
strand cDNA was synthesized using Superscript III First-Strand synthesis kit for RTPCR. (Invitrogen) Forty cycles of PCR were ran with 2 primer sets: forward 1: 5’ AAG
AGT CGC AAT GTG CTG GTCAAG 3’, reverse: 5’ GTC GTC ATC GTC TTT GTA
GTC GTG 3’, and forward 2: 5’ TTG TGG AGG ATT ACA GGC CAC CTT 3’ from
mALK1-flag DNA. The PCR products were separated on 1.5% agarose gel and
visualized with ethidium bromide.
Northern Analysis
RNA was extracted using Trizol reagent (Invitrogen). Formamide was used to
dissolve the final RNA and total RNA was quantified by measuring the absorbance at
260nm. All samples were stored at -80°C and incubated in a 65°C water bath for 5
minutes prior to Northern blot analysis with immediate loading afterwards of 10µg.
Total RNAs together with size markers were electrophoresed on a 1% agarose gel
containing 10mM Sodium Phosphate buffer at pH 6.8 at 3 to 7 volts V/cm. Because the
buffering capacity of the electrophoretic buffer is relatively weak, constant recirculation
of the buffer is maintained. At the completion of the electrophoresis the gels were
examined on a UV light box. The gel was washed with shaking for 10 minutes in 7%
(v/v) formaldehyde and then washed twice with 50°C water for 15 minute each. The
agarose gel was then blotted with a sheet of nylon membrane (Hybond – N). The RNA
was fixed to the membrane by using an optimized UV cross-linking procedure and the
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position of the bands of the RNA ladder were marked on the filter. The blot was then
wrapped and stored at -20°C prior to prehybridization.
DNA Constructs
The constitutively active form of human ALK1 (caALK1) with a Ha tag added at
the C-terminal end was given to us by Eiichi Oeda from Yamaguchi Medical School and
inserted into the pcDNA3 vector (Invitrogen). The pcDNA3 vector with caALK1 was
double digested the enzymes Spe I and Sal I, and at the same time the pBigT vector was
double digested by Nhe I and XhoI. The caALK1 DNA was then run on 0.8% gel and
the 1.5kb band was cut out while the vector still incubated. Both the caALK1 DNA and
vector were purified with Strata Prep DNA gel extraction kit. (Stratagene, LaJolla, CA)
Once the elution of DNA was verified, both the caALK1 DNA and pBigT vector were
ligated with T4 DNA ligase overnight in a 16°C water bath. Competent cells were then
transformed with 10µl of ligated pBigT-caALK1 DNA with the plating of 100 µl on a LB
amp plate left overnight in 37°C. Next, microcentrifuge tubes and plates were inoculated
with the colonies that grew overnight and left to culture overnight at 37°C. The tubes
were then minipreped by the boiling method and then checked for correct ligation by
digestion with EcoRI which would give bands at 2.7 and 4.8 kb if there was ligation in
the correct orientation. After positive clones were identified, one was picked for
verification by digestion with Bgl II (5.6, 1.5, 200kb), Sac I (6.3, 1.3), Sph I (3.2, 2.5, 1.0,
0.8kb), EroRV/Not I (5, 2.5) producing bands at the noted sizes. Then 8mL of LB amp in
a 50ml conical tube was inoculated with the positive colony and incubated overnight at
37°C. The DNA was then minipreped and isolated using Fast Plasmid Mini (Eppendorf)
and sequenced using the primers pBigT-R (5-CACCTA CTCAGACAATGCGATG-3),
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pBigT-F2 (5-GTCTGGATCCCCATCAAGCTG-3), hA1seq (5-TGGACAGTGACTGC
ACACAG-3), hA1seq2 (5-CAAATGACCCCAGCTTTGAGGAC-3), and hA1seq3 (5GCTCTCACACGTGCAGGTCAC-3) using Big Dye Terminator 3.1 at the sequencing
core at the University of Florida. For ubiquitous endothelium expression of ALK1, the
Rosa26 promoter was used. The final linearization needed a rare cutting restriction
enzyme that needed to be modified by a Fse I adaptor oligo (5-phosGGCCGGTAC-3)
because the proposed Kpn I site is also in caALK1 DNA. The adaptor oligo (100pM)
was prepared by boiling for 5 minutes and then cooled for 30 minutes at room
temperature before using. The Rosa 26 vector was digested with Kpn I and then purified
using StrataPrep DNA gel extraction kit, eluting 10µl. The digested and purified Rosa 26
vector DNA was ligated for 1 hour with the adaptor oligo at 37°C. Prior to
transformation with 5 µl of the ligated DNA, it was digested with Kpn I to cut up any
Rosa 26 vectors that may have ligated back together. Next, 4ml of LB-amp was
inoculated and left to culture overnight at 37°C with DNA isolation using Fast Plasmid
Mini. Eluted DNA was verified for FseI modification by digestion by Fse I, and a
positive clone was picked for sequencing using M13 reverse primer (5GGAAACAGCTATGACCATG-3). The positive clone for caALK1 in pBigT being
inserted into the modified Rosa26 vector was done the same way as mentioned for
caALK1 ligation with the pBigT vector. PBigT-caALK1 DNA and Rosa26 were double
digested with Asc I and Pac I, the pBigT-ALK1 DNA produced bands at 4.7 and 2.8,
with the 4.7 band containing the caALK1 DNA insert. Verification for ligation was done
by using the same enzymes and positive clones generating bands at 11 and 4.7kb and
sequenced using M13 F (5-GTAAAACGACGGCC AG-3). There was a problem
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encountered with culturing the positive final clones at 37°C as well as poor DNA quality.
Therefore, the positive clone was inoculated in 10mL of LB amp and also streaked on a
plate and grown overnight at 30°C. Five milliliters was then inoculated into 240mL of
LB amp and grown overnight at 30°C in preparation for a large prep using Qiagen Maxi
kit.
Electroporation and ES Cell Growth
Digestion of the final DNA was done to prepare for electroporation. This was
done with 60µg of DNA in 100µl with 5µl AsiSI incubating for 2 hours at 37°C with
another 5µl of enzyme added and incubated again for another 2 hours. Two hundred
microliters of deionized water was added followed by phenol/chloroform extraction.
Two hundred and seventy microliters was transferred to a new tube with ethanol added
and kept at -20°C until used for electroporation. ES cells were cultured in a culture plate
for 2-3 days followed by centrifuging with ethanol. DNA was prepared by dissolving it in
deionized water and adding it into a freezing tube. ES cells were then washed with Hepes
followed by trypsin and incubated at 37°C. Next ES + LIF media was added and then
centrifuged followed by washing with electroporation buffer. The ES cells were then
added to the tube containing DNA and transferred into a cuvette. Electroporation was
done under the parameters of 0.25 kV, 0.25µF x 1000. These ES cells were incubated at
room temperature while the feeder cells were quickly prepared by suspending them in an
ES + LIF and EF + LIF media mix. Both cells were then plated and incubated overnight.
The plates were then washed with Hepes and the ES+LIF+G418 media was changed
daily. Once the ES cell colonies looked to be of good size, they were picked. A 96 well
plate was prepared with 20µl of trypsin. The media in the ES cell plate was changed out
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to Hepes and each picked and placed in a different well. The 96 well plate was then
incubated at 37°C for 8 minutes, and at its conclusion ES media was added into each well
and pipetted 15 times. The ES cells were then transferred to feeder cells with the ES
media being changed daily for 4 days.
Genomic Southern
Twenty four well plates were prepared with 0.5ml feeder cells per well. Media
was then removed from the 96 well plate with ES cells and washed with Hepes followed
by adding trypsin. After a 10 minute incubation, 70 µl of ES media was added and mixed
20 times by pipetting. Forty microliters of freezing media along with 40µl of ES cells are
transferred to a freezing plate and sealed with parafilm and stored at -80°C. The
remaining ES cells were transferred into the 24 well plate. The media was changed with
1/5 ES media daily for a week. At its conclusion, the DNA was extracted from the ES
cells by adding 250 µl of lysis buffer containing pk20. The plates were wrapped
thoroughly and incubated at 55°C over night with shaking at about 210 rpm. The next
day the plates were allowed to cool to room temperature and then 250 µl of isopropanol
was added and mixed. The DNA was carefully picked up by forceps; excess isopropanol
was removed and then resuspended in 25µl of deionized water. The tubes with the DNA
mixture was then incubated at 55°C overnight for complete melting. Afterwards the DNA
was stored at 4°C until southern blot analysis. The DNA was loaded onto a 0.8% gel and
run at 20 mV overnight. After the gel was run, a picture was taken with a ruler next to the
marker. Next the gel was washed in 0.25 N HCl with light shaking for 30 minutes in
order to chop the DNA into small pieces. The gel was then rinsed several times with
deionized water. The gel was then washed in 0.4N NaOH with shaking for 30 minutes
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twice with washing with water in between. Next the DNA was transferred to a
membrane. The membrane was hybridized with 250 kb probe from the 5 prime end of the
Rosa26 vector.

CHAPTER 3
RESULTS
Flag-tagged Full-length Murine Alk1(mAlk1) cDNA and In Vitro Translation
The full-length murine Alk1 cDNA was obtained by joining the previously isolated
partial mAlk1 cDNA and an EST clone (IMAGE clone: ID 2939277). DNA sequence
analysis confirmed that the combined cDNAs represented the full-length mAlk1 cDNA.
To identify the Alk1 transgene, we added the Flag tag at the C-terminal end of mAlk1
using a PCR based modification (mAlk1-Flag). The 3’ PCR primer contained the coding
sequences of the last 5 amino acids of Alk1, a Flag tag, and a stop codon. To test whether
mAlk1-Flag produces Alk1 protein product, we performed an in vitro translation
experiment using TNT Quick Coupled Transcription/Translation System (Promega). The
expected size of in vitro translated mAlk1-Flag protein is 57.6 kDa. As shown in Figure 4,
the main product of in vitro translated protein was about 60 kDa. Western blot analysis
using anti-FLAG mAb (Sigma Chemical Co.) recognized a major band at around 60 kDa
(figure 4).
mAlk1-Flag
+

111
73

47

Figure 4. Autoradiograph of In Vitro translated and western products. (A) Autoradiogram
of In vitro translated mAlk1-Flag. (B) Westen blot of in vitro translated
product with anti-Flag antibody. Expected size of mAlk1-flag is about 60
kDa. The size markers are indicated in kDa.
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Construction of Tie2-Alk1 Transgene Vector
SalI

HindIII NotI XhoI

KpnI

Tie2 Promoter pA Tie2 enhancer

pSPTg.T2FpAXK

Step 1 Replacement Tie2 minimum enhancer with PmeI linler

SalI

HindIII NotI PmeISalI

Tie2 Promoter pA

pSPTg.T2FpAPmeI
HindIII

mAlk1-Flag

Step 2

SalI

XhoI NotI

HindIII

Tie2 Promoter

NotI PmeI SalI

mAlk1-Flag

SalI

pA

pSPTg.T2FAlk1pAPmeI

NaeI

Step 3

SalI
Tie2 (M) enhancer
pgSo-2.11

SalI
Tie2 Promoter

NotI PmeI/NaeI
mAlk1-Flag

pA

SalI
Tie2 (M) enhancer
Tie2-Alk1

Figure 5. Schematic diagram showing the procedures for the generation of Tie2-Alk1
transgenic construct
For uniform endothelium expression of Alk1, we propose to use Tie2 promoter
and enhancer element, which are well characterized in transgenic mice (18-20). Plasmid
vectors containing Tie2 promoter and Tie2 minimal enhancer elements were kindly given
to us from Dr. Thomas N. Sato (University of Texas Southwestern Medical School) (18).
With multiple subcloning steps, we successfully engineered two transgene vectors,
designated Tie2(M)-Alk1, which contains Tie2 promoter and mAlk1-Flag followed by
SV40 poly A signal and the 2kb Tie2 minimal enhancer. Transgenic studies have shown
that the 2kb Tie2 minimal enhancer is identical in terms of sufficient expression in
embryonic vascular endothelium in comparison to the 10kb Tie2 full-length enhancer
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(Tie2(F)).

It was reported that Tie2(F) enhancer has more consistent and uniform

expression during postnatal stages than Tie2(M) enhancer (18). Since Alk1 expression is
predominant in embryonic and early postnatal stages and our immediate goal is to test
whether Alk1 is sufficient for arteriogenesis, either Tie2(M) or Tie2(F) would equally
suffice for our goal. With this reason we decided to use the Tie2(M)-Alk1 construct.
Generation and Screening of Transgenic Founder Mice
Transgenic founder mice were generated using standard methods by the
transgenic core at the University of Florida, College of Medicine.

Briefly, SalI-SalI

fragment of the Tie2(M)-Alk1 transgene insert was microinjected into the pronuclei of
fertilized eggs from FVB female mice. Successfully grown two-cell stage embryos were
transferred into the oviduct of pseudopregnant females (21). Offsprings were screened
by genomic PCR analysis using primer sets from two exons, which allow us to
distinguish transgene Alk1 cDNA from Alk1 genomic DNA containing introns.

We

have obtained a total of 23 offspring. PCR screening has identified 2 mice positive for
the transgene (figure 6). These founder mice were designated as Tg(Tie2-Alk1-A) and
Tg(Tie2-Alk1-B).
Initial Characterization of Tg(Tie2-Alk1-A) and Tg(Tie2-Alk1-B)
The two founder mice were initially crossed with wild-type FVB females. We
obtained transgene-positive viable F1 offspring from each line. At least three F1 males
from each line were further crossed with wild-type FVB or 129Sv/C57BL6 hybrid
females, and observed transgene-positive F2 mice in an expected Mendelian ratio at
weaning age, indicating that the Tie2-Alk1 transgene insertion in these two lines do not
affect normal embryonic and postnatal development. Morphological and histological
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1340bp

SalI

SalI
Tie2 Promoter

mAlk1-Flag

pA

Tie2 (M)

450 bp
8

9

10 11 12 13 14 15 16 17 18 19

20 21 22 23
450bp

Figure 6: Tie2(M)-Alk construct and PCR genotyping of 23 offspring from pronuclei
injections. A primer set was generated from two exons separated by 1.34kb.
The Tie2(M)-Alk1 construct contains Alk1 cDNA, and thus the same primer
set amplifies 450bp band from transgene positive founder mice (#14 and #19).
analysis of transgene-positive embryos showed no discernible defects in arteries and
veins (data not shown).
The Tg(Tie2-Alk1-B) Line Display Hemorrhages in the Spleen
We performed autopsies of Tg mice at the weaning age and found that Tg-positive
mice from the Tg(Tie2-Alk1-B) line have signs of hemorrhages in the spleen. The
hemorrhage spots were localized to the lower dorsal side of the spleen (figure 7). This
splenic hemorrhage phenotype had been observed on a consistent basis with a high
penetrance (5/6) in the initial phase of characterization. Histological analysis revealed that
the red pulp areas appeared to be irregular and dark precipitants were found along the blood
vessels indicating chronic hemorrhages (figure 8). To visualize blood vessels in the spleen,
latex dye was injected into the left ventricle of the heart, and the spleen was taken out for
microscopic examinations after clearing with organic solvent. Spleens having no sign of
hemorrhages (either wild-type or Tg-positive mice) showed more rigorous spreading of the
dye into the red pulp areas in comparison with hemorrhagic spleens (figure 9). In order to

22
determine the initial stage when hemorrhage begins to occur, offspring from Tg mice were
examined at various embryonic (E) and postnatal (PN) stages, including PN5, PN7, PN14,
and PN21. The earliest age that the hemorrhagic spleens were observed was at PN14.
(table 1) As we analyze the splenic hemorrhage phenotype further, penetrance of the
phenotype diminished. Out of a a total of 69 Tg-positive adult mice examined, 11 mice
exhibited the splenic hemorrhage phenotype. We also found one out of 20 wild-type adult
mice which displayed the similar phenotype.

Figure 7: Hemorrhages in the spleen of 4 weeks-old Tg(Tie2-Alk1-B) mice. (A) Spleens
of wild-type and Tg(B) mice, showing hemorrhage (indicated by asterisk).
The arrow indicates abnormal shape of the spleen often associated with
hemorrhagic spleen. (B) A higher magnified view of the Tg(B) spleen shown
in (A). (C) Hemorrhagic spleen found in another Tg(B) line.

Figure 8: Histological demonstration of hemorrhages in the spleen of the Tg mice. The
arrows show dark precipitants along the blood vessels. RP, red pulp; WP,
white pulp; SMA, smooth muscle alpha actin.
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Figure 9: Visualized blood vessels by latex dye in the spleens. (A) wild-type and (B)
Tg(Tie2-Alk1-B) having hemorrhages. Note spreading of dyes into red pulp
areas (indicated by arrows) in WT but not in Tg mice.

Table 1: Mice examined at various stages before weaning age
# of Wt

# of Tg

PN5

12 (0)

4 (0)

PN7

5 (0)

5 (0)

PN 14

12 (2)

5(1)

PN 21

2 (0)

5 (1)

These are total numbers of nice examined at each stage with the numbers in parenthesis
representing the number of mice with hemorrhaging in the spleen.
Analysis of Transgene Expression
In order to investigate whether transgene is expressed in the Tg-positive mice, we
performed RT-PCR as well as Western blot analysis.

To specifically amplify the

transgenic Alk1 transcripts, we generated a 3’ primer from the Flag sequence inserted at the
3’ end of mAlk1 cDNA. We also generated two different 5’ primers, with which we would
be able to detect the transgenic Alk1 transcripts by RT-PCR in two different sizes, 537 and
281 base pairs, when they are combined with the 3’ primer. Total RNA was isolated from
the lung of 4 week-old wild-type and Tg(B)-positive mice.

PCR amplification was

performed using the two primer sets on the first strand cDNA templates which were
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generated with the reverse transcriptase. As shown infFigure 10, PCR band with the
anticipated sizes were detected only in Tg-positive samples. Non-specific PCR band that
was found in the wild-type sample was appeared to be due to genomic DNA contamination
as such bands disappeared when RNA sample was treated with DNAse (data not shown).
To detect transgenic ALK1 in Tg samples, we performed the Western blot analysis using
both anti-Alk1 antibody (purchased from R&D and Santa Cruise) as well as anti-Flag
antibodies. We were unable to detect the transgenic ALK1 protein from either ALK1 or
Flag antibodies, even after much struggle, except for a faint band at the expected size.
Immunostaining was also unsuccessful. These results indicate a low level of transgenic
ALK1 expression.

Figure 10: RT-PCR analysis showing the transgenic Alk1 transcripts specifically found in
Tg(B) samples. Asterisk indicates a non-specific PCR band due to genomic
DNA contamination.

Limitations of the Transgenic ALK1 Overexpression Approach
Due to uncontrolled insertion sites and copy number of transgene, it requires
multiple independent transgenic lines to conclude that a phenotype observed in a transgenic
line is resulted from the transgene overexpression. Although we observed no apparent
vascular phenotype from two stable and independent transgenic lines, it is premature to
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conclude that increased ALK1 signaling in veins is insufficient for transmorphogenesis of
veins to artery-like vessels, because it could be owing to low level of transgene expression.
This may indicate that the Tie2 (M) promoter/enhancer element that we used is not strong
enough to produce a robust expression of the transgene. In addition, the wild-type ALK1
may require proper stimulation by its ligand and presence of essential Type II receptor.
An Alternative Approach: Rosa26-caAlk1 Knockin Mice
We sought to overcome these limitations, and decided to modify our approaches as
follows. For lignad and type II receptor dependency, we decided to use a constitutive
active form (always active) of Alk1 cDNA (caAlk1), which is independent from
availability of its ligand and type II receptor. For the issues of robust expression as well as
dependency of the copy number and transgene insertion site, we decided to target the
Rosa26 locus with caAlk1. Rosa26 is one of the most well characterized gene locus, which
drives robust and ubiquitous expression (23). Lastly, to control tissue specific caAlk1
overexpression, the caAlk1 cDNA is designed to be inserted into the 3’ region of a
translational stop codon flanked by the loxP sequences in a Rosa26 construct (14). Thus,
the inserted caALK1 would be silenced in all tissues, but constitutively overexpressed in
the tissue only where active Cre recombinase is present. Well characterized Cre transgenic
mice, such as Tie1-Cre, Tie2-Cre, or Flk1-Cre will be used for the pan-endothelium
specific caALK1 overexpression. To distinguish from the endogenous mAlk1, we use
human Alk1 and attach the Flag sequence at the carboxyl-terminal of the ca-hAlk1 cDNA.
The Rosa26-caAlk1 gene targeting construct has been successfully generated as detailed in
Materials and Method section. The linearized targeting vector was electroporated into
embryonic stem (ES) cells. We picked 96 G418- resistant ES clones, and homologous
recombination is currently being screened by genomic Southern blot analysis.

Once
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available, the targeted ES cells will be injected into blastocysts to generate germline
chimeras.

Figure 11: Schematic diagram showing Rosa26-caAlk1 gene targeting strategy

CHAPTER 4
DISCUSSION
The long-term goal of this project is elucidate the role of ALK1, an endotheliumspecific TGF-β type I receptor, in the development and remodeling of blood vessels.
Since heterozygous ALK1 mutation causes HHT, understanding in vivo role of ALK1 in
vascular biology would help us to illuminate underlying pathogenetic mechanism for
HHT as well as to develop a novel therapeutic scheme for such a malady. Based on data
using various genetically altered mouse models, Dr. Oh’s group hypothesized that ALK1
signaling is essential for arteriogenesis (13). This hypothesis can be tested by either
deletion of Alk1 in arteries (knockout or conditional KO) for its necessity, or ectopic
expression of Alk1 in veins (transgenic) for its sufficiency. Dr. Oh’s and Dr. Dean Li’s
groups have previously generated three independent constitutive knockout mice for the
Alk1 gene, and demonstrated that Alk1-deficiency results in severe dilation of blood
vessels and in formation of arteriovenous malformation (7). In addition, our laboratory
has been characterizing a conditional Alk1-knockout allele. Preliminary data show that
Alk1-deficiency leads to hyperdilation arteries, similar to the morphology of veins (Park
et al., unpublished). These data supports the necessity issue of ALK1 signaling in
arteriogenesis. The current transgenic approach deals with the sufficiency issue, which is
complementary to the ongoing conditional knockout studies.
In this thesis, we showed generation and characterization of two independent
transgenic mouse lines, in which wild-type murine Alk1 is expressed under a pan-
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endothelium promoter, Tie2. We confirmed stable integrations of the transgene in each
line as the transgene was detected in mice through multiple generations. In one of the
transgenic lines, the Tg(Tie2-Alk1-B) line, there was an interesting phenotype exhibiting
hemorrhages in the dorsal part of the spleen. Histological sections also showed chronic
hemorrhagic lesions along blood vessels. Although only 16% of Tg-B adult mice
exhibited such a phenotype, this result indicates that Alk1 overexpression in entire
vascular beds may impact development or maintenance of some selected vessels. Other
than this minor vascular phenotype, however, Tg-positive mice from both line did not
exhibited any apparent morphological or functional defects in blood vessels.
Nonetheless, we believe it is premature to conclude that elevated ALK1 signaling in
veins may not be sufficient to change the morphologies of veins to those of arteries for
the following reasons.
First, we were able to detect transgenic Alk1 transcripts, yet failed to demonstrate
protein expression or localization in the vascular endothelium, indicating a low level of
transgene expression. We used both anti-Alk1 and anti-Flag antibodies. Although we
have been unsuccessful to detect ALK1 using the anti-Alk1 antibodies even in wild-type
tissues, the anti-Flag antibodies have been successfully used to detect the in vitro
translated Alk1-Flag proteins and other Flag-tagged proteins in our hands, and thus the
failure of detecting transgenic ALK1 protein should not be attributed to the poor
condition of the antibodies or Western blot. Since each transgenic line has independent
insertion site and copy number of the transgene, it is uncommon to observe a poor
transgene expression in a few transgenic lines. Unfortunately we were unable to examine
tissues of the Tg(Tie2-Alk1-A) mice because we have lost the colonies.
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Second, it is not certain whether overexpression of ALK1 alone would have been
sufficient to elicit the signaling cascade. The chice of the transgenic approach is based on
the assumption that TGF-β and other signaling partners such as TGF-β type II receptor
and relevant Smads are present in venous endothelium. It has been shown that TGF-β is
expressed in the developing blood vessels, and physiologically sufficient quantity of
TGF-β is present in the serum. TGF-β type II receptor (TGFBR2) expression in blood
vessels has not been clearly shown. However, Alk1 expression in blood vessels and
similar vascular phenotype of Tgfbr2-null embryos with TGF-β1-null embryos suggest
that a low level of TGFBR2 is present in blood vessels indiscriminately. Therefore, it
was not unreasonable to assume that the TGF-β in the serum can interact and elicit
signaling via receptors expressed in the endothelial cells.
When we deliberated how to pursue this project further, we had to make a choice
between the Rosa26-Alk1 knockin approach and generating more transgenic lines using
the same Tie2(M) or other pan-endothelial promoters such as Tie1 and Tie2(F). The
conventional transgenic approach requires less time for the production of transgenic
mice, but a huge effort for careful analysis of multiple lines. In this regard, the Rosa26Alk1 knockin approach has a clear advantage since Alk1 overexpression can be induced
by well-characterized pan-endothelium-Cre mice. We also considered the “tet-on”
system system so that we can turn on and off the transgenic Alk1 expression. However,
this system requires two independent transgenic strains, and demands more time and
money compare to the knockin approach.
In the new approach, we decided to use the constitutively active form of Alk1
instead of the wild-type. Certainly, the use of caAlk1 would allow us to overcome the
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ligand and/or type II receptor-dependent limitations. Since caALK1 activates Smads 1,
5, and 8, regardless of ligand, however, this may result in mimicking the activation of
BMP signals. Robust, constitutive overexpression of caALK1 under the Rosa26
promoter could be another pitfall of the revised approach in terms of physiological
relevance. Therefore, the interpretation of the result would require careful attention.
Although the revised approach still has potential limitations, it appears to be the best
choice to directly address whether elevated ALK1 signaling in the vein could alter the
vessel morphology.
With the revisions in the new approach some additional invivo and invitro studies
that can be employed to examine possible phenotypes are studies examining the retina,
apoptosis, and capillary endothelial cell cultures. First some invivo studies include the
retina and apoptotic studies. The retina, having a very sensitive vessel capillary network,
makes it a prime location to study any malformations in vasculature. Also due to the ease
of examining the retina without invasive procedures in visual examination makes is a
more alluring site to study. As ALK1 is a receptor in the TGF-β signaling pathway, a
possible approach lies in the biological processes it takes part in. Among the roles that the
TGF-β signaling pathway takes part in is proapoptosis. Therefore with the increase in
ALK1 signaling there may be an increase in apoptosis and its detection can be done by
utilizing the Tunnel method and intranucleosomal DNA fragment detection by insitu end
labeling. Aside from these invivo techniques ALK1 overexpression may also be tested
by studying capillary endothelial cell cultures and examining if there are any
malformations in the visible long fibrous capillary networks. These methods along with
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the previous studies done in the transgenic mice should shed more light on the role of
AlK1 in angiogenesis
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